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The ligand binding domain (LBD) of nuclear hormone receptors adopts a very compact, mostly o-helical
structure that binds specific ligands with very high affinity. We use circular dichroism spectroscopy and
high-temperature molecular dynamics simulations to investigate unfolding of the LBDs of thyroid hormone
receptors (TRs). A molecular description of the denaturation mechanisms is obtained by molecular dynamics
simulations of the TRo and TRS LBDs in the absence and in the presence of the natural ligand Triac. The
simulations show that the thermal unfolding of the LBD starts with the loss of native contacts and secondary
structure elements, while the structure remains essentially compact, resembling a molten globule state. This
differs from most protein denaturation simulations reported to date and suggests that the folding mechanism
may start with the hydrophobic collapse of the TR LBDs. Our results reveal that the stabilities of the LBDs
of the TRa and TRS subtypes are affected to different degrees by the binding of the isoform selective ligand
Triac and that ligand binding confers protection against thermal denaturation and unfolding in a subtype
specific manner. Our simulations indicate two mechanisms by which the ligand stabilizes the LBD: (1) by
enhancing the interactions between H8 and H11, and the interaction of the region between H1 and the Q-loop

with the core of the LBD, and (2) by shielding the hydrophobic H6 from hydration.

1. Introduction

Nuclear hormone receptors (NRs) are the largest family of
transcription factors of eukaryotes.! ™ NRs are one of the most
prominent targets for pharmaceutical development because of
their broad spectrum of functionality in humans. Steroids,
vitamins A and D, thyroid hormones, and contraceptives are
just a few examples of pharmaceuticals that act by binding and
activating nuclear hormone receptors.* NRs such as the retinoic
acid receptor (RAR), the thyroid hormone receptor (TR), and
the receptors of sexual hormones progesterone, testosterone,
and estrogen have important roles on tissue development and
differentiation, and are involved in several types of human
cancers.’

Nuclear receptors are proteins of variable size containing three
domains: An N-terminal domain, a DNA binding domain
(DBD), and a ligand binding domain (LBD). The structure of
the N-terminal domain is mostly unknown and appears to be
unstructured in solution. The DBD and the LBD, on the other
hand, have well-known folds.® The DBD folds into a double
zinc-finger motif responsible for binding specific response
elements in the DNA, whereas the LBDs are very compact,
mostly o-helical structures, composed of about 12 helices and
a few [ strands. The ligand binding pocket is buried in the
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hydrophobic core of the domain.”~!” Similar to other NRs, TRs
interact with specific hormone response elements within target
promoters via their DBDs. The TRs then utilize multiple
protein—protein interaction surfaces to assemble the active
transcription heterodimer complexes with retinoid X receptors
(RXRs) and coactivator/corepressor complexes that, in turn,
modify gene expression by remodeling local chromatin and
recruiting the transcription machinery.

Most of what is known about the structure and function of
nuclear receptors at a molecular level has been obtained from
crystallographic analyses which, in spite of the wealth of atomic
details, provide limited dynamical information. This poses
several questions of biological relevance: How does the mobility
of the LBD affect ligand binding affinity? How do ligands bind
to and dissociate from these receptors? Which are the mecha-
nisms of thermal denaturation of nuclear receptors? How do
ligands affect such processes? How does the LBD fold? As new
structural models of NR LBDs become available, answers to
these questions are being unveiled with experimental and
theoretical methods.!'3726

The description of the denaturation mechanisms of any protein
is very challenging. Detection of molecular mechanisms and
intermediate states is not always accessible experimentally. In
addition, the unfolding rates of stable proteins are rarely below
the microsecond range, even under severe conditions of high
temperatures and high concentration of denaturant species. Such
processes are too slow for realistic computer simulations.?” From
the computational point of view, the study of the denaturation
of NRs LBDs poses still a greater challenge, since their very
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Figure 1. Sequence and canonical secondary structure of the LBDs of hTRa and hTRp. Residues that differ in both isoforms are shaded, and

residues belonging to the binding site are in red.

compact folds are stable even at temperatures well above the
physiological ones.

Simulations of protein denaturation have suggested that
proteins start to unfold by the expansion of their hydrophobic
cores. This expansion leads the identifiable transition state,
which has relatively small structural deviations from the native
structure.?® Simulations starting from these structures at physi-
ological temperatures restore the native fold, while simulations
starting after the transition state evolve to denatured or partially
denatured structures.?? Nevertheless, the exact sequence of
events of folding or unfolding seems to be protein-dependent.
For example, Zhou and Karplus proposed that during folding
of a small a-helical protein, intrahelical contacts can be formed
rapidly in the absence of collapse.*® For other proteins, however,
it has been experimentally observed that the hydrophobic
collapse precedes formation of the secondary structure.®! Virtu-
ally all these studies have focused on the denaturation of
peptides, small proteins (usually less than 150 residues), or
proteins known to have fast folding kinetics.?® In this work we
provide the first molecular picture of the denaturation mecha-
nisms of the LBD of a nuclear receptor and investigate how
they are affected by ligand binding.

Insights into the denaturation of the NR LBDs are interesting
since these domains are relatively large, composed of about 260
residues, and differ from reported protein denaturation simula-
tions in two very important aspects: First, there are structural
motifs within the LBD structure (whole o-helices, for example)
that are completely buried within the protein core and have no
contact with the solvent in the native state. Proteins such as
barnase,*> BPTL?>? the engrailed homeodomain,?” and the villin
headpiece subdomain,* among others,?®3>% for which the
denaturation mechanisms have been studied by computer
simulations, do not exhibit complete elements of the secondary
structure protected from solvent. Moreover, knowledge of the
denaturation pathways of the LBDs may help to identify residues
that are important for large-amplitude motions of the protein
and, therefore, contributes to better understanding the molecular

basis of the diseases caused by their mutations. Second, the vast
majority of available computational studies on protein dena-
turation were performed on proteins that do not bind ligands.
In this work we show experimentally that the ligand plays an
important role in TRs stabilization and use MD simulations to
investigate the underlying molecular reasons. Moreover, the
denaturation mechanisms suggested by the simulations provide
insights into the folding pathways of this important protein
family. The mechanisms proposed may be general for other
NRs.

Here we focus on the denaturation of two isoforms of the
human thyroid hormone receptor, hTRa and hTR/ (hereafter
referred simply as TRa and TRf). A sequence alignment of
the two subtypes is shown in Figure 1. TRs are important for
the regulation of the basal metabolism, for the control of serum
cholesterol levels, and for tissue differentiation.’ TRs are related
to important human diseases such as cancer, obesity, hypothy-
roidism and hyperthyroidism, and the thyroid hormone resistance
syndrome. The TRa subtype is found mostly in heart tissues
and plays an important role in the control of cardiac activity.
TR} is predominantly expressed in the liver and is responsible
for fat loss and control of metabolic rates. Some of the ligands
that bind TRS selectively have a very promising pharmaceutical
potential since they increase the metabolic rate and lower
cholesterol levels without promoting deleterious effects on heart
tissues.>”!* Although these effects were already demonstrated
in vivo and several TR/ selective ligands have been developed,
there is so far no such drug approved for human administration.*’

In this work we present results from molecular dynamics
simulations of denaturation of TR LBDs which suggest a
mechanistic picture of the denaturation process. We also report
results from circular dichroism experiments (far-UV CD) on
the thermal denaturation of the LBDs of TRa and TR/ bound
to the natural S-selective ligand Triac (a comprehensive analysis
of Triac binding and selectivity, and additional thermal dena-
turation experiments with Triac and other ligands are described
in Martinez et al.?®). Our experimental data show that the
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denaturation mechanism of the TR-LBD is highly dependent
on ligand binding and to different extents for each subtype. High
temperature simulations suggest that denaturation of TR-LBD
proceeds through the loss of native contacts and secondary
structure prior to the expansion of the hydrophobic core, contrary
to smaller proteins that tend to lose the compactness of their
hydrophobic core before rupturing of secondary structural
features.”®(b) Details of the denaturation mechanisms are
provided. Ligand-induced stabilization and folding mechanisms
are discussed in view of the simulation results.

2. Materials and Methods

A. Ligand-Induced Thermal Stability and Protein Dena-
turation. The human-TR ligand binding domain (TR LBD)
region encompassing residues 202—461 and the human-TRa
(TRo) LBD covering residues 148—410 were expressed in E.
coli and purified as described previously,'**® and their purities
were checked by SDS-PAGE. Thermal unfolding of TRa and
TR LBDs were monitored by far-UV CD spectroscopy, over
a wavelength range of 200—250 nm, using a J-715 Jasco
spectropolarimeter equipped with a temperature control. CD
spectra were measured from samples in 1 mm path length quartz
cuvettes and were the average of 16 accumulations, using a
scanning speed of 100 nm/min, a spectral bandwidth of 1 nm,
and a response time of 0.5 s. The TRa and TRS LBDs
concentrations were 5 uM in 20 mM phosphate (pH 7.4) buffer,
50 mM NaCl, 1 mM DTT, 5% glycerol in the presence or
absence of Triac (15 uM). All spectra were smoothed by Fourier
filtering prior to subsequent analysis. Thermal denaturation of
TRa and TRA LBDs were characterized by measuring the
ellipticity changes® at 222 nm induced by a temperature increase
from 293 to 363 K at steps of 2 deg. Subsequently, 16 data
acquisition scans were recorded, each of which took 30 s,
leading to a total of 12 min per data point. CD spectra were
obtained on a degree ellipticity scale. The buffer contribution
was subtracted in all of the experiments. The fraction of
denatured protein (o) was calculated from the ellipticities by a
= (Gfolded - Hobs)/(gt‘olded - Hunfolded)’ where eobs is the elllPUClty
at a particular temperature and Oojgeq and Oypgorgeq are the values
of the ellipticity characteristic of the denatured and native states,
respectively. To determine the apparent 7, and enthalpy of
folding, data were fit to the following equations, assuming that
all the ellipticity change was due to a two-state transition
between the folded and unfolded receptor: k = exp{[AH/
(RDI(TIT) — 1]}, a = k/(1 + k), where AH is the apparent
van’t Hoff enthalpy of folding, 7, is the midpoint of the folding
transition (melting temperature), and R is the ideal gas constant.

B. Molecular Dynamics Simulations. The structures of TRa
and TR/ bound to Triac were recently obtained by our research
group and were refined to 2.0 and 2.5 A, respectively.?® The
complete simulated systems were built with Packmol,*4!
containing the LBD of either subtype, water, and one counterion
for each charged residue for electroneutrality: 43 Na* and 30
Cl™ ions for TRa and 43 Nat and 30 CI~ for TRf bound to
Triac. For the apo-structures of both LBD subtypes there is one
less Na™ in solution. We use a cubic box with 16600 waters
molecules with side dimensions of 81 A for the constant-
temperature simulations. The average thickness of the hydration
layer is approximately 25 A. Auxiliary simulations in which
the temperature was gradually increased (see below) were
performed using larger cubic boxes (86 A), containing 18000
water molecules, because greater levels of protein denaturation
and expansion are reached during these runs. In all cases, the
box dimensions were chosen such that the solvent density away
from the protein surface equals that of ambient water (1 g/cm?).
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Therefore, above 298 K, the systems are pressurized. The
average pressure of the 498 K simulations described below was
approximately 4.2 kbar. Similar conditions have been used for
studying thermal denaturation of proteins using high temperature
MD simulations.?”%

All simulations were performed with NAMD* applying
periodic boundary conditions and CHARMM parameters.** The
TIP3P model was used for water.** The parameters for the
ligands were reported previously.?*?! A time-step of 2.0 fs was
used in the control and constant temperature simulations. For
the increasing temperature denaturation runs the time step was
1.5 fs. All hydrogen-to-heavy-atom bonds were kept rigid. A
14 A cutoff with smooth switching function starting at 12 A
was used for the van der Waals interactions, whereas electro-
static forces were treated via the particle mesh Ewald method.*

Equilibration was performed as follows: The energy of the
system was minimized by 700 conjugate gradient (CG) steps
keeping all protein atoms fixed, except the modeled regions,
which were always allowed to move. Fixing only the Cat atoms,
another 500 CG steps were performed. Finally 300 CG steps
were carried out without any restrictions. After minimization,
2 ns MD simulations were performed under constant temperature
and pressure conditions (NPT) at 298 K, with velocity rescaling
every 2 ps and Langevin barostat with damping coefficient of
5 ps~L. Three independent control simulations of the TRa and
TR LBDs bound to Triac and also ligand-free were performed
in the NPT ensemble at 298 K and 1 bar under similar
conditions, lasting 20 ns each. The control simulations reproduce
relatively well the mobility of the LBD, as inferred from
temperature B-factors from crystallographic structures (Figure
2), thus providing additional validation of the MD simulation
protocols. A total of nine independent 20 ns simulations were
carried out at 498 K for the holo- and apo-structures of both
LBD subtypes for the denaturation analyses under NVT
conditions. The initial configurations for these runs, taken from
the 298 K control simulations, were thermalized at 498 K by
rescaling atomic velocities every 0.1 ps with a Berendsen
thermostat during 500 ps before starting production runs. From
the simulations at these thermodynamic conditions, we were
able to investigate the early stages of the LBD denaturation,
but not the complete unfolding and expansion of the protein
hydrophobic core.

An additional set of simulations, reaching higher temperatures,
has been performed in order to observe the complete denatur-
ation of the LBDs accompanied by the actual expansion of the
hydrophobic core. For that, temperatures around and above 650
K were necessary in order to promote full unfolding during the
typical length of our simulations. For these auxiliary runs, we
have chosen to computationally promote full denaturation by
progressively heating the system. This approach differs from
conventional, fixed temperature, protein denaturation simulations
since kinetic and thermodynamic aspects are convoluted. The
heating was such that the temperatures around which denatur-
ation is observed were rapidly reached, but subsequently varied
less steeply. In this way, we were able to promote a broader
sampling of the conformational space as the mobility of the
protein increases. Therefore, starting from 298 K the temperature
was scaled at each 1.5 ps according to the equation: 7 = 298
+ 5(/1.5ps)"? where T is the temperature in Kelvin and ¢ is the
simulation time in ps. Four independent auxiliary simulations
were performed for different systems, namely: Triac-TRa and
Triac-TRS complexes and TRa and TR without Triac. For
simulations of apo-structures, the models were equilibrated at
298 K for 2 ns before heating because the protein structural
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Figure 2. Temperature B-factors obtained from the TRo and TRf crystal structures and computed values relative to the averaged structures
obtained from the 20 ns control simulations, in arbitrary units. The incomplete region of the red line corresponds to the €2-loop, absent in the crystal

structures.

models have been obtained from the ligand-bound structures
(no structural models for the apo-forms of the TR LBDs are
available to date). These simulations were performed with
constant volume at a density equals to that of liquid water at
298 K.

The protein structure and dynamics were characterized by
the following order parameters: (1) the secondary structure,
which was computed using STRIDE* for each frame; (2) the
radius of gyration (R,); (3) the root-mean-square deviations
(rmsd’s) for Co atoms, computed by aligning each frame to
the initial structure with the algorithm described by Kearsley;*’
(4) the native contacts, which were defined between two residues
if, in the native structure, their Co. atoms were less than 7 A
apart. For this calculation, a list of contacts was obtained for
each residue during the course of the simulation starting from
the first frame, thus generating a time-history for the number
of native contacts; (5) the protein solvation level, computed by
counting the number of water molecules in the first solvation
shell around the protein. A water molecule was considered in
the first solvation shell if any of its atoms were less than 4 A
apart from any atom of the protein.

3. Results and Discussion

A. Experimental Measurements of the Effect of Ligand
Binding on Protein Thermal Stability. The CD spectra of
purified TRa and TRS LBDs are typical of proteins containing
elements of o-helical secondary structure, characterized by two
negative bands at 208 and 222 nm. The thermal stabilities of
the TRa-Triac and TRA-Triac complexes, and of the apo-LBDs
were experimentally investigated by far-UV CD spectroscopy
as a function of the temperature (see Material and Methods).
This can be readily followed by accompanying the ellipticity
at 222 nm, which is the dominant peak characteristic of o-helical
structure and falls within a region of the spectrum where the
signal-to-noise ratio is high. The analyses were performed by
fitting the data to a two-state transition. The best fitting
parameters 7, and apparent enthalpies of the unfolding transition
are presented in Table 1. Triac was chosen because it is the
ligand that promotes the greatest stabilization among several
TR ligands in preliminary denaturation experiments.”® Figure 3
panels a and b show the thermal unfolding transitions for TRa

TABLE 1: Effect of Triac on the Thermal Unfolding of
TRo and TR LBDs. Data Were Fit as Described in the
Materials and Methods

apo holo
Tn (K)  AH (kcal/mol) T, (K) AH (kcal/mol)

TRa LBD 317.5+0.5 37+3 3269403 66 £ 6
TRALBD 3155+0.3 55+4 330.24+0.3 96 £ 10

and TRS LBDs in the absence (apo) and presence (holo) of
Triac. In the absence of Triac, the spectral profiles of the
recombinant TRo. and TRA LBDs remain relatively constant
below 310 K and are progressively altered as the temperature
increases above 310 K, with a loss of definition of the o-helix
characteristic minima at 222 nm. Triac binding stabilizes the
TRa LBD, increasing the melting temperature (7;,) in ap-
proximately 9 deg (from 317 to about 327 K, see Table 1). The
stabilizing effect of Triac on TRf is more prominent, as shown
in Figure 3b. Triac induces a higher increase in the protein
thermal stability, and the values determined for the melting
temperature are Ty, = 330 K for TRS-Triac complex and Ty, =
315 K for apo-TRp. The larger stabilization effect promoted
by Triac on the /3 subtype is correlated with the 3-selectivity of
Triac.?® No unfolding intermediates are distinguishable from the
CD signal for TRa or TR, with or without ligand. This suggests
that the LBD unfolding is highly cooperative. The denaturation
profiles of the apo- and holo-TR3 LBD exhibit steeper slopes
than the TRa counterparts, indicating that the TR LBD is more
cooperative than the TRa. LBD, as monitored by the increase
in the apparent enthalpy of unfolding (Table 1), both with and
without ligand (a vertical slope indicates a fully cooperative
two-state transition). Similar profiles showing cooperative
unfolding were obtained for the estrogen receptor-o. LBD.?
Different experimental techniques also indicate that the peroxi-
some proliferator-activated (PPAR) LBD structure is also highly
cooperative.*$

From these experiments alone one cannot obtain molecular
level information about how Triac stabilizes the LBD. One may
hypothesize, for instance, that the ligand stabilizes solely the
folded state and that denaturation would proceed from the apo-
LBD, after the ligand has dissociated from the protein core (say,
promoted by the initial temperature rise). Alternatively, one could
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argue that the ligand may remain bound to a partially unfolded
structure, thus stabilizing the intermediates of the denaturation
processes. These are two very distinct hypothetical unfolding
scenarios which cannot be discerned from the present experiments.
As we shall see, the simulations presented here support the view
that denaturation proceeds through the formation of a molten
globule state which preserves a hydrophobic core and, therefore,
is still able to interact effectively with the ligand.

B. Denaturation Events at 498 K. Nine independent 20 ns
simulations of the denaturation of TRa and TRf at 498 K were
performed. The structural characteristics of the LBDs during
these simulations are compared with control simulations per-
formed at 298 K. Figure 4 shows the rmsd of Ca carbon atoms
of the TRa-Triac (left panels) and TRA-Triac (right panels) LBD
complexes at the two temperatures. At 298 K the rmsd’s relative
to the initial structures oscillate only slightly around an average
value of 1.4 A, indicating that the LBD structures are stable at
this temperature and display only local fluctuations. In contrast,
the rmsd’s of the Co atoms during the simulations at 498 K
increase systematically to more than 6 Ainall independent runs.
The increase in the rmsd at 498 K indicates that important
conformational drifts relative to the initial structures took place.
Furthermore, the rmsd’s increase steadily in all runs (more
sharply up to ~13 ns and leveling off at longer times), therefore
indicating that the structures continue to deviate from the native

state. The rmsd of the f isoform at 498 K increases slightly
above that of TRa due to the motions of the -sheets, which
are more prominent in the former.

At the same time, the variation of the radius of gyration (R,)
reveals only a modest expansion of the LBDs during the 498 K
simulations. At 298 K the radius of gyration oscillates mildly
around an average value of 18 A. During the course of the 498
K simulations the maximum value of R, observed was 19.6 A
(8% greater than at 298 K), but it oscillates around 18.6 A most
of the time, representing only some 3% increase relative to the
average R, of the control run. Most notable, however, is the
fact that the radii of gyration do not increase systematically
during the high-temperature simulations in either LBD subtypes.
The relatively modest expansion of the structure had occurred
essentially during the initial thermalization stage at the beginning
of each run and remains oscillating around a constant value
thereafter. For example, the maximum value of R, is obtained
for one of the TRp runs at 498 K (Figure 4, right, blue curve)
at 12.7 ns of simulation. For the same run, R, also attains the
smallest value of all simulated systems at a later time (~18 ns
of simulation). These results show that the expansion of the
structures as indicated by the radius of gyration is not correlated
with the increase of the rmsd. Therefore, the simulations suggest
that unfolding must be a consequence of internal rearrangements
of the structure, yet preserving the LBD fold density.
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Figure 5. Content of secondary structure of the liganded TR LBDs: Global a-helical content of TR (a) and TRS (b) at 298 and 498 K. (c)
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the TR/ structure and summarizes the results of this figure. The most stable secondary structure elements are HS, H6, and H9 (blue), followed by
H1, H3, HS, H10, and H11 (cyan), which show partial loss of helical structure at 498 K runs.

Other structural parameters are consistent with the above
interpretation. The solvation of the LBD, as measured by the
number of water molecules within 4 A shells around protein
residues, increases about 10% within first 5 ns of simulation,
and then remains, on average, constant (Figure 4c). Here again
one sees that the level of residue hydration is somewhat higher
for TR, which is in part responsible for the S selectivity of
Triac.® The solvent accessibility of the LBD resembles the
expansion of the structures as given by the time evolution of
the radii of gyration, but not the increase observed in the rmsd.
In contrast, the number of native contacts decreases steadily
for all runs at 498 K (Figure 4d), indicating internal rearrange-
ments of the structure. Three representative snapshots were
extracted from a 498 K run of the TRS-Triac complex and are
displayed in Figure 4e. Consistently with the structural order
parameters, the snapshots suggest that the structure is unfolding
without losing its globular character. The formation of a molten-
globule state is thus characterized. Although we cannot rule out
putative pressure effects in the maintenance of the globular shape
in these simulations, it is worth pointing out that simulations
of staphylococcal nuclease conducted at 8 kbar and 298 K have
shown that high pressure did not prevent expansion of the
protein structure, which was characterized as an early stage of
the denaturation process.*

Figure 5a shows the secondary structure of the protein as
function of time during the 20 ns runs at 498 K. For comparison,
results from the control simulations at 298 K are also shown.
The native structure is formed mostly by a-helices, and contains
only four small 3-sheets (Figure 1). Therefore, we monitor the

secondary structure by the a-helical content. At 298 K, a-helices
comprise about 160 residues in the native fold. Roughly 5% of
the secondary structure is very unstable at 498 K, being lost
during the 500 ps thermalization runs for both isoforms. Further
secondary structure is lost during the high-temperature simula-
tions, but at least 100 residues preserve their a-helical confor-
mation during the entire course of the simulations in all cases.
Both LBD subtypes lose secondary structure with similar rates.
There are greater variations in the behavior of Ng for different
simulations of the same subtype than between distinct isoforms.
The same applies to the results shown in Figure 4, discussed
above, indicating that the subtype specific unfolding observed
experimentally could not be resolved by the present simulations.

The time-history of distinct secondary structure elements of
the LBD were monitored independently. Results are shown for
TR} in Figure 5b. At 298 K, only small potions of F1, H2, H4,
and the N-terminal domain lack secondary structure (not shown).
At 498K runs, these parts of the molecule were almost totally
unstructured. Significant losses of secondary structure are also
observed in almost all other helices, particularly H1, HS, H11,
and H12, followed by helices H3 and H7. H1 loses 40% of its
native secondary structure content, H11 loses about 35%, and
H12 loses more than 35%. In one of the simulations, the
secondary structure of H12 has been completely lost. H3 loses
about 25% of its helical arrangement, H7 around 20% (fully
unwinding in one of the runs), and H8 loses up to 40% of its
helical content. Not surprisingly, the A-hairpin also loses
secondary structure in all cases.
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Figure 6. Structural parameters as a function of time for the continuous
heating runs: (a) rmsd, (b) radius of gyration, (c) a-helical content, (d)
fraction of native contacts, (e) hydration number.

The most resilient helices are H5, H6, H9, and H10. H10
loses at most 20% of its native helical structure, H9 remains
more than 95% preserved, and almost no denaturation is
observed in helices 5 and 6 (which behave as a single helix in
control and denaturation simulations). H5, H6, and H9 are,
therefore, the most stable secondary structure elements and, not
surprisingly, form the inner core of the LBD. The center panel
in Figure 5b provides an overall view of these results by color-
coding the LBD according to the relative resilience to thermal
denaturation of its different structural elements.

C. Full Denaturation Runs. To observe complete denatur-
ation events and to verify some of the main conclusions drawn
from the 498 K simulations using a different simulation protocol,
we have performed auxiliary simulations of the TR LBDs by
gradually increasing the temperature from 298 to 800 K, as
described in Materials and Methods. At 800 K, the LBD was
completely unstable during short trial simulations.

Full denaturation of the LBDs was reached during these
simulations, as evidenced by the structural indicators depicted
in Figure 6. The fraction of native contacts approaches zero,
the rmsd of all structures becomes greater than 25 A, all
secondary structure elements are lost, and the residues are
completely hydrated. The radii of gyration increase to more than
25 A in all structures, reaching a maximum of 50 A for the
apo-TRa simulation. This suggests that the proteins have
reached a random-coil state during these simulations. The
profiles of these structural indicators as functions of simulation
time support the view of the initial denaturation stages provided
by the 498 K simulations. Namely, at 6 ns of simulation (when
the temperature reaches ~685 K), about 30% of the a-helical
content is lost for all structures, the rmsd’s approach 10 A, and
only 40% of the native contacts persist. Yet, only small increases
in the radius of gyration are observed (at 6 ns, the R, values
are only slightly greater than the initial value of 20 A). The
radius of gyration undergoes a sharp increase only after
approximately 9 ns (~772 K) of simulation, when there is almost
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no residual native fold, as inferred from the fraction of native
contacts, N¢, (Figure 6d) and the a-helical content, Ng, (Figure
6c). At this temperature, the rmsd’s of all structures are still
below 25 A. The extent of residue hydration is also well
correlated with the expansion of the structure, since significant
increase in the hydration level of the residues appears only as
the protein expands.

Therefore, these simulations indicate, like the constant
temperature runs at 498 K, that the molten-globule state of the
LBD is preserved while the secondary structural elements
denature by internal rearrangements. Part of the secondary
structure of the LBD is lost before the expansion of the
hydrophobic core. This expansion is then accompanied by the
loss of more stable secondary structure elements leading to
the final stages of the denaturation. The denatured state is
composed of small elements of secondary structure contained
in a mostly globular arrangement of random coils. This model
is different from the unfolding mechanisms described for most
other proteins for which molecular dynamics simulations have
been performed. These differences are due to the size of the
proteins and the hydrophobicity of the protein core. The loss
of native tertiary contacts and the denaturation of secondary
structure elements that are totally buried within the protein occur
simultaneously, while the expansion of the structure occurs
afterward. This behavior is similar to that experimentally
observed for the Barstar protein®’ and contrasts the case of
smaller proteins, particularly small o-helical proteins,*** with
small hydrophobic cores, which tend to lose compactness before
most secondary structure denatures.

To provide further view into the molecular events culminating
with the complete denaturation of the LBD, we have depicted
in Figure 7 a few trajectory snapshots of the TRp-Triac
structures taken at different stages of the full denaturation runs.
The movement of the Q-loop is the first notable step of
denaturation, clearly observed when the temperature increases
from 572 to 581 K. This displacement is readily accompanied
by the denaturation of the [-hairpin. At 590 K there is a
significant loss of secondary structure in H1 and that H§, H11,
and H12 have been affected. H8 and H11 were displaced from
each other, and the denaturation of the C-terminal end of H11
becomes evident. When the temperature reaches 606 K, H3
becomes significantly unwound. The bottom of the protein,
including H12, is almost totally unstructured. The ligand has
not left the structure, and while its native contacts are greatly
affected, its orientation in the structure is still somewhat
preserved. From 622 to 658 K there is a progressive unwinding
of other secondary structure elements. At 622 K important
secondary structure elements, particularly H6 and H9, still
remain. H11 is also mostly preserved, but H10 seems to be lost.
At 644 K, HI1 is lost, whereas the presence of residual
secondary structure from the inner helices, such as H6 and H9,
is apparent. The ligand is displaced from its original position
and leaves the receptor at 658 K. From then on, the top part of
the receptor continues to exhibit some secondary structure,
which becomes only residual at 695 K. The overall structure is
a molten globule which is not expanded until higher tempera-
tures are reached.

These results can be put into a more quantitative basis by
comparing the compactness and secondary structure content for
different regions of the LBD. The compactness factor, Ccg,
around an individual residue is computed for each Co. atom
according to the expression Ccq = 2co(1 + dyo®) !, where the
sum extends to all other Co” atoms of the protein, except the
ones closer than four residues from the reference Ca along
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Figure 7. Snapshots of the denaturation of TR bound to Triac during continuous heating runs.

the protein sequence, and d,, is the distance between a pair of
Ca atoms. This parameter is large for a given Ca if there are
several other Co. atoms spatially close to it, indicating a compact
tertiary structure. As the protein unfolds, Cc, must decrease,
since the tertiary structure is lost and the protein becomes less
compact. Figure 8 shows the compactness factor and the level
of secondary structure for the Triac-TRS complex. Similar
results are obtained for the other three systems (apo-TRf, apo-
TRa, and holo-TRa) and are presented as Figures S1, S2, and
S3 in the Supporting Information. From the evolution of the
compactness factor we see that two regions are affected very
early in the simulation: The hinge before H1 and the coil
between H2 and H3, which includes the Q-loop. The regions
that remain compact for most of the time are H1, the end of
H3, H6, HY, and to some extent the region comprising H11.
The secondary structure is more stable for H1, the end of H3,
H6, and HO.

For TRf in the absence of ligand, most elements of the
secondary structure denature faster, but particularly H1 which
is lost before the first 6 ns of simulation. H9 and the N-terminal
region of H11 emerge as the most stable secondary structures.
For TRa, on the other hand, ligand binding appears to strongly
stabilize H6, but the stabilization effect on H1 is not observed
and H6 appears to be more stable than H9 (see Figure S3). H9

seems to be destabilized by the presence of the ligand in TRa
in contrast to a greater relative stabilization of H6.

The elements that are first exposed (as measured by the
compactness factor) are the hinge before H1 and the region
between H1 and H3, particularly the regions comprising the
Q-loop and the S-hairpin. Secondary structure is rapidly lost
for H4, H7, and H12, followed by the N-terminal region of H3,
HS5, HS, and some regions of H10. In TRa, HS is as stable as
H9, contrary to apo- and holo-TRf structures, for which H9 is
more stable. A more comprehensive analysis of the ligand effect
upon protein folding could be obtained if crystallographic
structures of the LBD without the ligand were available.
Although we have equilibrated the apo structures for 2 ns before
simulating their thermal denaturation, some of the events
observed here may occur in physiological conditions not only
during denaturation, but as a rearrangement of the structure in
response to ligand dissociation.

Therefore, the most stable elements concerning all simulations
are parts of H3, H6, H9, and the N-terminal region of H11. As
we shall see in more detail below, ligand binding promotes
stabilization particularly of H1 and H9 in TRS and of H6 in
TRa. The recurrent appearance of H6 and H9 as the most stable
elements of the structure comes from the fact that the compact
structure protects inner helices from denaturation to a higher
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o-helical residues are blue and f-sheets are green in the secondary structure map (right).

extent. This has implications to the putative folding mechanisms,
as discussed later.

D. The Role of Ligands. Experiments demonstrate that Triac
has an important role in stabilizing the LBD toward denaturation.
This has been previously observed for ER and PPAR LBDs, in
addition to other experimental evidence that ligand binding leads
to an overall more compact LBD.*73! For ER, in particular, it
was experimentally demonstrated that the LBD can acquire a
partially unfolded structure, which may bind and release ligands
rapidly.’ In the context of the present simulations, one can
suggest that this partially unfolded state can be a molten-globule,
with structured inner-core secondary structural elements. These
elements, particularly H6 in the case of TRs, form native
contacts with the ligand. Evidently not all native ligand-protein
contacts are preserved during the 498 K simulations. In fact, in
one of the 498 K runs performed in the presence of Triac, the
ligand appears to be driven out of its native binding mode toward
the exterior of the LBD through the region comprising the
[-sheets and helice 3 (not shown). In this partially unfolded
Triac/TRf structure, the ligand’s carboxylate group makes
hydrophilic contacts with surrounding water molecules, resem-
bling one of the ligand dissociation pathways encountered by
previous MD simulations.?”2?

The major unfolding events in the increasing-temperature
simulations occur between 500 and 650 K (i.e., ~3 to 9 ns).
Therefore, we analyzed the rmsd per residue in this section of
the trajectories in order to obtain insights into the most important
steps of denaturation and the role played by the ligand in the
protein stabilization. Figure 9 depicts the rmsd per atom at four
different temperatures in the range from 500 to 650 K,
corresponding to simulation times of 3, 6, 7.5, and 9 ns.

For TR/ bound to Triac (Figure 9a) one can observe that at
521 K (3 ns), most of the structure has a rmsd lower than 10
A; the structure is still similar to the native state. However,
denaturation proceeds fast and at 572 K (6 ns) the residues from
the N-terminal end, near HI, are significantly displaced from
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Figure 9. Root mean square deviation at selected temperatures of the

LBD Ca atoms for (a) TRS bound to Triac, (b) TR without ligand,
(c) TRa bound to Triac, and (d) TRa without ligand.

e

their original position, as well as the loop between H2 and H3
(the Q-loop), some regions before H7, and portions within H10
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H11

Figure 10. (a) Stereo view of the LBD structure with the regions for which the ligand appears to stabilize denaturation in blue for both o and
isoforms (helices H7—H9 and start of H10) and in yellow for TRa only (helices HS and H6). (b) Details of the contacts that the ligand forms with
H6 (yellow), H8 (blue), and H11 (cyan), that may explain why the ligand stabilizes the LBD toward denaturation.

and H11. A large deviation is also observed for the C-terminal
portion of the protein, particularly the end of H11 and H12.
Once the temperature reaches 615 K (7.5 ns) some of these
structural deviations become more important, particularly in H4
and H5. The displacement of H7 becomes more apparent and
the loops between H9 and H10, and the loop between H11 and
H12 are distorted. At 652 K (9 ns) the Q-loop (between H2
and H3) is highly mobile, the region concerning the loop
between H6 and H7 is affected, and the mobility of the
C-terminal portion of H11 becomes more important.

Figure 9b shows similar data for the denaturation of TRf
without ligand. The most important differences relative to the
denaturation in the presence of ligand are that the loop between
H6 and H7 does not appear to be as affected as in the holo-
LBD simulation, except for a peak between residues Glu325
and Ala335. However, large rmsd’s are observed in the region
comprising H7, H8, and H9, which are much more affected by
denaturation in the apo form of the LBD than in the Triac bound
receptor. The loop between H10 and HI11 seems to be
destabilized in the absence of the ligand, and the loop between
H11 and H12, on the contrary, has a smaller rmsd in the absence
of ligand.

The denaturation of both holo and apo structures of TRo. LBD
shares many features with the denaturation of the TRf structures.
Large rmsd deviations are observed in the N-terminal region
and for the Q-loop between H2 and H3 (Figure 9c,d). Like in
the S subtype, the region between H7 and H9 of TR has
become structurally more perturbed in the absence of the ligand
in the later stages of this time window. The loop between H9
and H10 and most of H10 in the Triac bound TRo structure,
however, exhibit higher values of rmsd in comparison to the
other simulated systems.

Figure 10 highlights the substructures of the Triac bound TR
LBD which are most affected during denaturation by the ligand
binding. The region comprising H7—H9, stabilized by ligand
binding in both isoforms, is shown in navy blue. HS8, particularly,
plays an important role in promoting the gain in stability of
both isoforms upon ligand binding. A key step toward unfolding
is the opening of the H§—HI11 interface and the exposure of
the ligand’s hydrophobic pocket. The ligand interacts simulta-
neously with both H8 (with Ile353 in TRS) and HI1 (an
important hydrophilic interaction with His435), as shown in
Figure 10b, thus stabilizing the relative orientation of the two
helices. In the absence of the ligand, H8 becomes more mobile
and, along with it, so does H7 and H9.

The region that appears to be ligand-stabilized only in the
TR subtype is depicted in yellow (H5 and H6). Helix 6 appears

to be one of the most stable secondary structure elements of all
systems considered, but the displacement of HS resulted in a
higher mobility of H6 in the apo-TRa structure. In this region
of the protein, the ligand forms a hydrophobic contact with
Met310 (TRS numbering), and the loss of this interaction results
in greater mobility of the apo-structure. However, this effect
was not observed for TRf.

The reasons why the ligand promotes greater stabilization of
TR} relative to TRat remain elusive. From the experimental
data, we first noticed that TR, in the absence of ligand, appears
to be slightly more stable than TRS. However, upon ligand
binding, the melting temperature of TR/ becomes as much as
15 degrees higher than the melting temperature of TRo.. Some
regions of TRf, particularly the region between H1 and H3
(containing the -hairpin), and the Q-loop, have greater
mobilities relative to TRa, as indicated by temperature factors
in crystallographic models.>'* Mobile regions have already been
shown to drive the first stages of denaturation in other
proteins,?>?® and this may explain why the onset of TRp
denaturation occurs at a slightly smaller temperature than TRa
in the absence of ligand. One hypothesis as to why the
stabilization effect of the ligand may be greater on TRf relative
to TRa is related to the mobility of -loop and its role in the
stabilization of the H3—HI11 interface. In contrast with the TR
isoform, the Q-loop in the TRo. model appears to be compactly
folded over the structure of the LBD, forming interactions with
both the N-terminal end of H8 and the C-terminal region of
H11. Therefore, in TRa there is already a stabilizing factor for
the Q-loop which is absent in TR/ because of the high mobility
of the Q-loop in this isoform. Thus, if the ligand represents an
important factor in the stabilization of this interface, the relative
importance of the effect should be greater for TRf3. Nevertheless,
if this were the only factor, the absolute stability of TRo. should
still be greater for the liganded structures.

The aperture of the HS—H11 interface and the high mobility
of H12 provide further insight into the mechanism of ligand-
induced stabilization. As shown in Figure 11, the ligand protects
H6 from the solvent in both structures, particularly in TR The
ligand prevents water from solvating H6 by blocking water from
entering the apertures formed by the displacement of HS, H11,
and H12. The solvation of H6 is very likely a key step toward
denaturation since H6 is an inner, hydrophobic helix. The
protection of the inner core of the protein from hydration may
provide stabilization for both isoforms in a similar fashion.

The second region of high mobility, as judged by temperature
factors in crystallographic models, comprises the area between
HI1 and H3. This region is more likely affected by differences
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in ligand binding affinity, which were generally observed to be
related to the Asn277Ser active-site mutation. This mutation
was shown to play a key role in the ligand binding affinity by
promoting the formation of a local network of hydrogen bonds
and affecting ligand mobility.>>>?¢ In both cases, it seems that
ligands with greater affinity toward TR promote the stabiliza-
tion of the loop between H1 and H2 and the f-hairpin. Indeed,
for all simulated structures the detachment of H1 from the core of
the LBD is seen as an important step toward unfolding. Thus,
according to this view, the stabilization of the loop between H1
and H2 through selective ligand binding may provide the greatest
overall contribution to the stability of the liganded TR/ structure.

Curiously, a study on PPARy have shown that H1 and its
interactions to H8 (correspondent to H9 in TRs) are critical for
the receptor’s stability.*® The reported experiments corroborate
with the notion of a highly cooperative structure, in which
regions far from the ligand are required for and affected by
ligand binding. It is interesting that one of these regions (HS in
PPARYy, H9 in TRs) was observed to have different dynamics
in the presence and absence of ligand in our simulations.
Furthermore, although no clear differences were observed for
the dynamics of H1 resulting from ligand binding, part of H1
is one of the most mobile regions in all simulations performed
here, supporting the above-mentioned view regarding the effect
of ligand on the stability of the LBD. A complete elucidation
of the structural reasons behind the differential stability of each
TR isoform bound to Triac will require, however, additional
experimental or theoretical studies.

E. Insights into LBD Folding Mechanism. It is usually
assumed that the mechanisms of protein denaturation may
provide insights into the mechanisms of protein folding due to
the principle of microscopic reversibility.?$3354 Folding to the
native structure probably occurs stepwise, by the initial arrange-
ment of substructures. These reorganize into the complete folded
protein, avoiding a random search in phase space.’* The
secondary structure elements are clearly the most plausible
candidates for being the first emerging structural motifs,
particularly for o-helical proteins.*

The LBDs of TRs are relatively large and contain several
entire secondary structure elements protected from solvent,
which may not be stable when fully exposed to water. With
this in mind, our simulations suggest that the folding of the
LBD would occur first by the collapse of the hydrophobic
residues forming an unstructured hydrophobic core (this re-
sembles the folding mechanisms observed in the microsecond
time-scale for the significantly smaller protein, villin headpice

subdomain®). The hydrophobic collapse would provide the
required environment for the inner core secondary structure
elements to be formed (HS5, H6, and H9, the most resistant to
denaturation). By taking the inner helices as templates, it is
plausible that the secondary structure elements of the protein
surface are formed in positions resembling their relative
orientation to the native LBD.

4. Concluding Remarks

The LBDs of NRs are fundamental for ligand binding,
dimerization, and cofactor recognition.® There is a growing body
of evidence revealing the fundamentals of the folding and
stability of NR LBDs, but there are only a few studies reported
on the nature of their folding pathways.’**30752 There is
evidence that the structure and dynamics of the PPARy and
ER LBDs are highly cooperative in the sense that each structural
motif is required for the stability of the other elements of the
structure.***® For ER, furthermore, it was recognized that
partially unfolded states facilitate binding without the exposure
of the protein core to solvent.’! In the context of the present
work we could interpret these partially unfolded states as
globular arrangement of unwound secondary structure elements
with native overall topologies. For TRs, in particular, mutational
studies provide information about which regions of the protein
are required for protein activity or stability, but the actual
functional roles of the mutated residues and their relationship
with the dynamics of the receptor are still largely unknown.

In the present work we report circular dichroism spectroscopy
data that corroborates the well-known stabilizing effect of Triac
on the structure of the LBD of TRs. The experiments show that
significant stabilization is promoted by ligand binding, and to
different degrees in each TR subtype. We have also presented
here the first molecular dynamics simulations of the denaturation
mechanisms of the LBD of nuclear receptors. The simulations
indicate that the unfolding mechanisms of the LBD occur by
the denaturation of the secondary structure at the same time or
prior to the expansion of the hydrophobic core. Furthermore,
the ligand presumably does not fully dissociate from the protein
until the LBD is conformationally distorted, which seems
consistent with the ligand stabilizing effects in denaturation
experiments. The inner a-helices, which are mostly hydrophobic,
seem to be the most stable elements of the structures. The
ligands affect denaturation by stabilizing the interface between
H8 and H11, an effect that in principle should affect both TRa
and TRp, but the latter to a greater extent. The presence of the
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ligand appears to protect inner helices, particularly H6, from
exposure to solvent.

Although the simulations have been carried out at much
higher temperatures than the experiments, which is a drawback
for a detailed analysis of the processes, they provide the first
molecular level description of the unfolding mechanisms of NRs
in general. Our findings may have relevant implications for the
interpretation of available experimental data, since the preserva-
tion of the compactness of the structure we encounter in our
simulations can explain how ligands may bind to partially
denatured states.>*> From the point of view of protein folding in
general, this study provides a picture of the denaturation
mechanisms and possible folding pathways of a compact
a-helical protein, which is relatively large compared with other
proteins currently studied by molecular dynamics simulations.
The denaturation mechanisms observed are ligand-dependent
and nontrivial in the context of available studies of protein
denaturation. The folding of the LBD is proposed to occur
initially by a hydrophobic collapse and the formation of the
inner elements of secondary structure, which may provide
templates for the formation of the external helices already in
their native relative orientations.
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