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Thyroid hormone receptors (TRs) are ligand-gated transcription factors with critical roles in de-
velopment and metabolism. Although x-ray structures of TR ligand-binding domains (LBDs) with
agonists are available, comparable structures without ligand (apo-TR) or with antagonists are not.
It remains important to understand apo-LBD conformation and the way that it rearranges with
ligands to develop better TR pharmaceuticals. In this study, we conducted hydrogen/deuterium
exchange on TR LBDs with or without agonist (T3) or antagonist (NH3). Both ligands reduce
deuterium incorporation into LBD amide hydrogens, implying tighter overall folding of the do-
main. As predicted, mass spectroscopic analysis of individual proteolytic peptides after hydrogen/
deuterium exchange reveals that ligand increases the degree of solvent protection of regions
close to the buried ligand-binding pocket. However, there is also extensive ligand protection of
other regions, including the dimer surface at H10–H11, providing evidence for allosteric commu-
nication between the ligand-binding pocket and distant interaction surfaces. Surprisingly, C-
terminal activation helix H12, which is known to alter position with ligand, remains relatively
protected from solvent in all conditions suggesting that it is packed against the LBD irrespective
of the presence or type of ligand. T3, but not NH3, increases accessibility of the upper part of
H3–H5 to solvent, and we propose that TR H12 interacts with this region in apo-TR and that this
interaction is blocked by T3 but not NH3. We present data from site-directed mutagenesis experiments
and molecular dynamics simulations that lend support to this structural model of apo-TR and its
ligand-dependent conformational changes. (Molecular Endocrinology 25: 15–31, 2011)

NURSA Molecule Pages: Nuclear Receptors: TR� � ER�; Ligands:Thyroid hormone � 4-hydroxyta-
moxifen � NH3.

Thyroid hormone receptors (TRs) are physiologically
important transcription factors that belong to the nu-

clear hormone receptor (NR) family and play roles in
regulation of cholesterol levels, metabolism and heart
function in adults (1–4). TRs mediate actions of thyroid

hormones, predominantly T3 (3,5,3� triiodo-L-thyronine)
but are transcriptionally active with and without ligands
because they bind constitutively to chromatin, often as
heterodimers with retinoid X receptors (RXRs). T3 mod-
ulates gene transcription by altering the conformation of
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the TR ligand-binding domain (LBD), which in turn alters
the complement of TR-associated coregulators (1–4).

It is important to understand how ligands influence TR
LBD conformation to develop better pharmaceuticals to
modulate receptor activity (5–8). We, and others, ob-
tained x-ray structures of TR LBDs with agonists (4, 6,
8–12). These structures, with subsequent similar struc-
tures of other NRs, reveal that the LBD adopts a canon-
ical three-dimensional fold comprised of 12 conserved
�-helices (H) and 4 �-strands (S) (13–18). Hormone oc-
cupies a buried ligand-binding pocket (LBP) formed by
H5–H6 on the top, by H7 and H11 on one side, and along
the opposite side by H2, S3 and S4, and H3, being en-
closed by a lid formed by the C-terminal part of H11 and
H12 (10–18). At present, x-ray structures of unliganded
(apo-) TRs or TRs with available antagonists have not
been reported. Thus, it has not been possible to perform
detailed comparisons of TR conformation in active ago-
nist-bound and unliganded and inactive states.

One hormone-dependent change in apo-TR conforma-
tion has been inferred from mutational analysis of TR and
comparison of liganded TR structures with available x-
ray structures of other apo- and antagonist-bound NR
LBDs (14–17); agonist promotes packing of C-terminal
H12 into an active position against the LBD. This event
completes a coactivator binding surface [activation func-
tion 2 (AF-2)] that includes surface-exposed hydrophobic
residues from H3 and H5 and partly occluding an over-
lapping corepressor binding surface that is also comprised
of residues from H3 and H5 but extends below the usual
position of H12 in the liganded state (15–18). Although
H12 must adopt a distinct position that fully exposes the
corepressor binding surface in the absence of ligand, the
organization of H12 in apo-TR is unknown (18).

Hormone induces other rearrangements in the LBD.
Analysis of dynamics of several NR LBDs suggests that
they are disordered without hormone (19, 20). Early
models suggested that ligand stabilizes the region near the
LBP, with the rest of the domain remaining more orga-
nized in the absence of ligand (21–23). Several specific
ligand-dependent changes have been inferred from muta-
tional analysis of TRs. First, in vitro assembly assays in-
dicate that H1, which links the LBD to the receptor DNA-
binding domain (DBD), packs tightly against the LBD
(H2–H11) with agonists (24–26). Second, analysis of
temperature (B) factors in x-ray structures of liganded
TR-LBDs with human resistance to thyroid hormone syn-
drome mutations reveals instability in the H1–H3 region
(25, 26). Because resistance to thyroid hormone mutants
retain features of apo-TR LBD conformation with ago-
nists, it is likely that the H1–H3 region is unstructured
without ligand. Last, T3-dependent rearrangements in

surface salt bridge clusters in the H7–H8 region and H11,
near the TR dimer surface, stabilize bound T3 and in-
hibit apo-TR homodimer formation (24 –26). Pres-
ently, however, the true extent and function of confor-
mational changes that occur upon hormone binding are
not known.

It is also important to understand structural alterations
that occur in response to TR antagonists to comprehend
the molecular basis of their action and to provide infor-
mation for the structure-directed development of useful
antagonist compounds for treatment of thyrotoxicosis
and cardiac arrhythmias (18). We identified the first TR
antagonists, based on TR LBD x-ray structures and the
knowledge that active H12 conformation is required for
coactivator binding. We reasoned that ligands that resem-
ble native hormone with appropriately placed extensions
could compete for agonist but would dislodge H12, in-
hibiting coactivator binding and receptor activity (27).
Later, x-ray structures of estrogen receptors (ERs) reveal
that many antagonists indeed contain bulky extensions
that displace H12, which packs over the H3–H5 region of
AF-2 (7, 14, 17, 28). Our lead antagonist, NH3, is derived
from the synthetic TR� agonist GC-1 and contains a 5�-
nitrophenylethynyl extension predicted to dislodge H12
(27). NH3 binds TRs with nanomolar affinity, blocks TR
LBD interactions with coactivators, and antagonizes T3

responses in cell culture, tadpoles, and rats. More surpris-
ingly, NH3 also inhibits TR LBD interactions with core-
pressors, and we proposed that the ligand repositions
H12 so that it occludes the coactivator and the corepres-
sor binding surfaces (27). This idea is not proven, and the
extent to which NH3 alters other aspects of LBD confor-
mation is not clear.

Amide hydrogen/deuterium (H/D) exchange can be
used to probe protein conformation and dynamics (29–
31). In this technique, protein samples are incubated in
deuterated (D, heavy) water, and exchange of deuterium
with protein amide hydrogens (H, light isotope) is de-
tected by mass spectroscopic analysis of complete pro-
teins or individual proteolytic peptides. Because amide
hydrogens must contact solution for deuterium exchange
to occur, the increase in protein/peptide mass after incu-
bation in heavy water provides a useful index of solvent
exposure in different conditions (29–34). Several studies
confirmed that this technique yields information about
ligand-dependent structural perturbations and dynamics
of different NR (21–23, 32–34), including the full-length
peroxisome proliferator-activated receptor-RXR het-
erodimer (34). Molecular dynamics (MD) simulations
complement this method, and MD has been used to ex-
amine other aspects of LBD dynamic behavior (35–41).
Here, we use H/D exchange to probe TR LBD conforma-
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tion with or without T3 or NH3. This analysis, coupled
with TR LBD x-ray structures, prior knowledge of ligand-
dependent conformational rearrangements of the LBD,
site-directed mutagenesis experiments, and MD simula-
tions, allows us to generate specific hypotheses about
apo-LBD organization and effects of TR agonists and
antagonists on LBD structure.

Results

TR LBD characterization
Mass-spectroscopic analysis of humanTR�1 LBD

preparations revealed that the protein is intact and com-
posed of dimers and monomers. The average molecular
mass of TR�1 LBD monomer (amino acids 209-461) pre-
dicted by MS-digest software is 30,049 Da (28,645 Da
from TR plus 1422 Da from His tag and linker). Mass-
spectroscopic analysis of apo-TR�1 LBD preparations
reveals peaks of 60,108.1 � 26.8 Da and 30,039.2 � 19.3
Da, which correspond to LBD average molecular mass of
TR dimers and monomers. The proportion of monomers
and dimers determined in apo-TR mass-spectroscopic
measurements, based on the absolute intensity of each
peak, was approximately 62 and 38% for dimers and
monomers, respectively. The monomer/dimer distribu-
tion was consistent with previous studies of the protein by
size exclusion chromatography and native gel electro-
phoresis (10, 42). Analysis of TR�1 LBD preparations
liganded to T3 and NH3 reveals that they are also com-
prised of a mix of monomers and dimers in similar con-
ditions (data not shown).

We performed pepsin digestions of apo- and liganded
TR LBD preparations and analyzed the mass of each pep-
tide by mass spectroscopy. Proteolysis generated 68 iden-
tifiable peptides, covering 92% of the amino acid se-
quence (Fig. 1). Of these, 31 peptides exhibited better
signal to noise ratio (solid underline), covering about
88% of TR�1 LBD amino acid sequence, and these pep-

tides were used for H/D exchange analysis. The other
peptides were found at low intensity in the mass spec-
trum, and they cover the same region of the protein as
the selected peptides. The profile of deuterium incor-
poration for each peptide of apo-TR, TR�T3, and
TR�NH3 is presented in Supplemental Fig. 1 (pub-
lished on The Endocrine Society’s Journals Online web
site at http://mend.endojournals.org).

Ligand reduces LBD solvent exposure
Global mass exchange in apo-TR, TR�T3 and

TR�NH3 complexes was analyzed by ESI MS reveal-
ing that total deuterium incorporation increased with
incubation time in all samples. Deuterium exchange
was detected in approximately 80% of amide hydrogen
in apo-TR peptides, 48.8% in TR�T3, and 47.2% in
TR�NH3 peptides. Thus, the agonist (T3) and antag-
onist (NH3) both induce tighter folding of the LBD
(Fig. 2).

FIG. 1. Alignment of all peptides generated by pepsin cleavage shows almost complete coverage of the TR sequence (92%). The peptides used in
our analysis (88% of sequence coverage) are shown in continuous line.

FIG. 2. Ligand-dependent reductions in TR LBD solvent exposure.
Deuterium levels at amide bonds in the TR LBD during the total time
of the experiment for the receptor in the absence of ligand (apo TR,
light gray), in presence of agonist (TR�T3, dark gray) and of
antagonist (TR�NH3, medium gray). H/D exchange of the liganded-
protein is lower than apo-protein, indicative of protection against
deuterium uptake.
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Apo-TR LBD conformation
We analyzed deuterium incorporation into individual

apo-TR LBD proteolytic peptides as a function of time
and projected positions of each peptide onto x-ray struc-
tural models of T3-TR LBDs. Analysis of effects of short
(1 min) heavy water incubation implies that the apo-LBD
is well folded (Fig. 3A). Some apo-LBD peptides were
only weakly deuterated, even after long D2O incubation
times, as shown by blue color (�15% D incorporation) in
the structure projection in Fig. 4A.

Analysis of positions of peptides and the extent of deu-
teration suggests that apo-LBD conformation resembles
agonist-bound LBD (Fig. 3A). Peptides with amino acids
that are predicted to form the folded core of the domain
(H1, H2, H6, H9, and H10, and �-strands S2 and S3)
exhibit low deuterium incorporation (blue). By contrast,
peptides with amino acids that lie on the surface of the
domain exhibit intermediate or high levels of deuterium
incorporation (green and yellow, 15–50%, H3, H5, and
the center of H11; orange and red, �50%, the H1 C

FIG. 3. Deuterium incorporation into individual TR-LBD peptides varies with ligand. Deuterium uptake at each time point (t1 to t8 - 1, 3, 8, 15,
60, 180, 300 and 480 min, respectively) for apo-TR, TR�T3 and TR�NH3 is shown, respectively, in A, B and C. The rates of deuterium uptake are
color-coded: red shows an uptake over 75%; orange, from 74 to 50%; yellow, from 49 to 40%, dark green, from 39 to 25%, light green, from
24 to 15%; blue, below 14%. The secondary structure was determined by DSSP software program. �-helices are given as �1 - �12, and �-strands
are termed as �1 - �4. The last line represents the hydrophobicity of each residue, plotted by Texshade software. The first two residues in each
peptide are not colored because they do not participate in H/D exchange (31).
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terminus, S1, H4, and H8). Surprisingly, three parts of the
predicted protein surface appear well protected from sol-
vent; the N-terminal H0/H1 region, part of H3 in the
AF-2 surface (amino acids 280-286), and the region that
encompasses the loop between H11 and C-terminal acti-
vation H12 and H12 itself.

Deuterium incorporation into apo-TR peptides gen-
erally increased as a function of time (note progression
of color from blue through green, yellow and orange to
red in Fig. 3A). The most striking changes (�15% deu-
terium incorporation after 1 min to �85% deuterium
incorporation after 5 h) involved the dimer surface (C
terminus of H10 and the N terminus of H11) and the

H5–H6 region. Thus, both regions of protein are ini-
tially protected from solvent but undergo motions that
bring them into contact with solution during the in-
cubation. Interestingly, H12 exhibited only moder-
ate deuterium incorporation during the experiment
(�15%, blue, to �49%, yellow), implying that it is not
highly solvent exposed. Four TR segments remained
completely protected (blue) throughout the experi-
ment: the N-terminal part of H1 (amino acids 209-
221); �-strands S2 and S3; the C-terminal part of H3
(amino acids 280-286); and a fragment from the C-
terminal part of H11 and the loop between H11 and
H12 (amino acids 434-450).

FIG. 3. Continued.
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Together, our results suggest that apo-TR is well struc-
tured and that its fold resembles that of liganded LBD. In
addition, the fact that most TR peptides are, at least,
partly accessible to deuterium exchange during 5-h incu-
bations implies that apo-LBD is relatively dynamic.

T3-TR conformation
Measurement of deuterium exchange into TR-T3 com-

plex proteolytic peptides supports the conclusion that li-
gand induces a more compact configuration than apo-
LBD (Figs. 3B and 4B). Whereas deuterium incorporation
into apo-TR approached 100% after 5 h for some pep-
tides (Table 1), rates of deuterium incorporation into
T3-TR peptides reached only 67%, at best, and were usu-

ally lower (Table 1 and Fig. 3B). Nearly all peptides from the
TR-T3 complex were poorly accessible after 1 min heavy
water incubations (�15% incorporation, blue) (Fig. 3B and
Table 1). At this time, only H4, the S2/S3 �-sheet region, and
H8 exhibited intermediate levels of deuterium incorporation
(15–49%). Most regions of TR remained inaccessible (blue)
during longer incubations or exhibited only intermediate
levels of deuterium incorporation (15 – 40%, green)
(Table 1 and Fig. 3B). Exceptions were peptides in the
loop between S1 and H3, the upper part of H3, H4, the
S3/S4 region, H8, and the center of H11, which all
exhibited more than 40% deuterium exchange.

Projection of peptides that exhibit increased solvent
protection in the presence of T3 vs. apo-TR onto struc-

FIG. 3. Continued.
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tural models of the T3-LBD complex suggests that ligand
binding altered the conformation and dynamics of the
whole domain (Fig. 3B). Several peptides that comprise
the region that envelopes the LBP (including the C termi-
nus of H1, H2, H6, and H7–H8) or comprise the hydro-
phobic core of the domain (part of H4, S2, and parts of
H9 and H10) exhibit greatly increased solvent protection
with hormone. As predicted from previous mutational
studies of TRs (see introductory section), we observed
striking increases in ligand protection of the C-terminal
part of H1, H2, S1, the loop between H2 and H3, and the
H7–H8 region.

Some peptides that comprise part of the LBP that in-
teracts with the outer ring of the ligand, including the
N-terminal part of H3, H11, the loop between H11 and
H12, and H12 itself, did not exhibit great changes in
solvent accessibility with T3. The sole difference was that
H12 exhibits a modest increase in solvent protection with
hormone [note the transition from yellow (apo) to green
(T3) for amino acids 456–461]. Equally surprising, T3

binding led to extensive protection of several regions of
the domain that are relatively distant from the LBP, in-
cluding parts of H4, H9, and the dimer surface at the
junction of H10–H11. Thus, solvent accessibility of part
of the LBD does not change greatly with hormone and
hormone-dependent structural rearrangements affect the
entire domain.

Three regions of the domain exhibited increased
rates of deuterium exchange after T3 binding, consis-
tent with increased solvent exposure (Fig. 3B). These
were S2–S3, implying that ligand binding must pro-
mote rearrangements in this region of the LBP that
bring this region into contact with solvent. More sur-
prisingly, we observed increased deuterium incorpora-
tion at the hinge/H1 region after T3 binding. This is the
first evidence that hormone alters the conformation of
this region of TR (which links the LBD to the neigh-
boring DBD). Finally, there are striking increases in
deuterium incorporation in the upper part of H3 that
comprises part of the AF-2 surface along with modest

FIG. 4. Projection of deuterium exchange rates onto structural models of TR. The TR LBD structures colored by differences in deuterium uptake,
in a gradient color, showing the deuterium incorporation after a 5-h experiment, evidencing the differences among apo-TR (A), TR�T3 (B),
andTR�NH3 (C). The scale from low to high D2O uptake is represented by a gradient color, from blue (protected) to red (exposed). D, Close-up
view of protected area of H3, H4, H5, and H12 for apo-TR and TR�NH3, which is more exposed in TR�T3. Note that the same area exhibits
greatly increased protection from solvent in inactive conformation (apo-TR and TR�NH3, green to blue) when compared with active conformation
(TR�T3, orange to red).
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increases in deuterium incorporation in the neighbor-
ing H4 region relative to apo-TR. Thus, hormone bind-
ing must expose the upper part of AF-2 to solvent (see
Discussion).

NH3-TR conformation
As seen with T3-TR, the NH3-TR complex appeared

more tightly packed than apo-TR. H/D exchange rates for
individual peptides reached only 60% (down from 100%
without ligand; Fig. 3C and Table 1). Most peptides ex-
hibited low levels of deuterium incorporation (blue) dur-
ing short heavy water incubations and reached interme-

diate levels (green) only after extended incubation, as seen
with T3.

Projection of positions of peptides that exhibited in-
creased protection from solvent in the presence of NH3
onto the TR-T3 structural model revealed strong similar-
ities between effects of both ligands on TR conformation.
We observed 1) concerted protection in regions of the LBP
that envelop the charged ligand carboxylate group and
inner ring, especially the region between H1 and H3, the
N terminus of H7, and the C terminus of H8; 2) few
alterations in solvent accessibility in the region of the LBP
that envelops the outer ring and 5�-phenyl ring extension

TABLE 2. Mutations, location in protein structure, and effects in transactivation assays

TR mutant
Interactions in

active state
Predicted interactions in

inactive state
T3

activation
Basal

repression
F455A T3 (binding) I302 (H5) � �
L456A F451 (loop H11–H12) � �
E457A Coactivator T281 (H3) � �
V458A L454 (H12) V284 (H3), I302(H5) � �

TABLE 1. Differences in deuterium uptake after 5 h of deuteration

Structurea Sequence

Residuesb

Apo-TR
(%)c

� Error
(%)

TR-T3
(%)d

� Error
(%)

TR-NH3
(%)e

� Error
(%)

Apo-TR �
TR-T3 (%)f

Apo-TR �
TR-NH3

(%)gBeginning End

L0/H1 GHKPEPTDEEWEL 209 221 9 0.2 27 0.3 18 0.4 �18 �9
H1 KTVTEA 223 228 33 0.6 33 0.4 17 0.4 0 17
H1/L1 HVATNA 229 234 100 1.7 17 0.2 33 0.7 83 67
L1 TNAQGSHW 232 239 25 0.4 25 0.3 38 0.8 0 �13
H2/B1 KQKRKF 240 245 100 1.7 0 0.0 33 0.7 100 67
L2 LPEDI 246 250 100 1.7 50 0.6 50 1.1 50 50
L2 PEDIGQA 247 253 50 0.9 67 0.7 33 0.7 �17 17
L2 PIVNA 254 258 75 1.3 50 0.6 50 1.1 25 25
L2/H3 PEGGKVDLEA 259 268 33 0.6 22 0.2 22 0.5 11 11
H3 SHFTKI 270 275 50 0.9 50 0.6 50 1.1 0 0
H3 ITRVVDF 280 286 14 0.2 57 0.6 14 0.3 �43 0
H4 PMFCEL 291 296 100 1.7 40 0.4 20 0.4 60 80
H5 PCEDQII 297 303 83 1.4 33 0.4 33 0.7 50 50
H5/H6 LKGCCMEI 305 312 63 1.1 25 0.3 13 0.3 38 50
H6 MSLRA 313 317 40 0.7 40 0.4 60 1.3 0 �20
B2/B3 VRYDPESETL 319 328 22 0.4 22 0.2 11 0.2 0 11
B3/B4 TLNGEMA 329 335 57 1.0 57 0.6 29 0.6 0 29
B4/H7 VTRGQL 336 341 67 1.1 33 0.4 33 0.7 33 33
H7/H8 KNGGLGVVSDA 342 352 20 0.3 20 0.2 30 0.6 0 �10
H8 DLGMSL 355 360 100 1.7 17 0.2 33 0.7 83 67
H8/L9 SSFNL 361 365 100 1.7 60 0.7 40 0.8 40 60
H9 DDTEVA 366 371 83 1.4 33 0.4 50 1.1 50 33
H9/L10 MSSDRPGL 378 386 50 0.9 38 0.4 38 0.8 13 13
L10H10 CVERIEKY 388 395 75 1.3 25 0.3 25 0.5 50 50
H10 QDSFL 396 400 100 1.7 20 0.2 60 1.3 80 40
H10H11 NYRKHHVTHF 408 417 50 0.9 0 0.0 30 0.6 50 20
H11 LMKVTDL 422 428 86 1.5 43 0.5 43 0.9 43 43
H11 RMIGA 429 433 80 1.4 40 0.4 40 0.8 40 40
H11 CHASRF 434 439 17 0.3 17 0.2 33 0.7 0 �17
H11/L12 HMKVECPTELF 441 451 10 0.2 10 0.1 10 0.2 0 0
H12 EVFED 457 461 40 0.7 20 0.2 40 0.8 20 0

a Location of the peptide in protein structure.
b Number of residues in the beginning and in the end of the peptide.
c Percentage of deuterium uptake in Apo-TR.
d Percentage of deuterium uptake in TR�T3.
e Percentage of deuterium uptake in TR�NH3.
f Deuterium uptake difference percentage between Apo-TR and TR�T3.
g Deuterium uptake difference percentage between Apo-TR and TR�NH3.
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of the ligand, the N terminus of H3, H11, the loop be-
tween H11-H12 and H12; 3) marked increases in solvent
protection of several regions of protein that are distant
from the LBP, including H9 and H11; 4) increased solvent
exposure of H0/H1 with ligand.

Several regions of the TR protein did exhibit differ-
ences in deuterium exchange rates with NH3 vs. T3 (Ta-
ble 1). Most strikingly, the C-terminal part of H3 (amino
acids 279-285) appeared well protected from solvent in
the presence of NH3 but not T3. There were also modest
increases in protection in the nearby H4 region (amino
acids 290-295) with NH3 vs. T3. These regions were also
well protected from solvent in apo-TR, suggesting that
NH3-TR conformation resembles apo-TR conformation
at this location. NH3 also gave better protection of sev-
eral regions near to the LBP relative to T3, including the
center of H1, the loop between H2 and H3, the N termi-
nus of H6 and S2–S4. Conversely, there was increased
solvent exposure of the C terminus of H6 (amino acids
313-317) and the C terminus of H11 with NH3 relative to
T3. These variations probably reflect differences in bind-
ing mode of the two ligands (see Discussion). Finally,
there were differences in regions that are relatively distant
from the LBP; NH3 increased solvent protection of H10
relative to apo-TR, but the degree of protection was less
than with T3. This implies differences in dimer surface
configuration with T3 vs. NH3.

Model of TR�1 LBD in inactive conformation
suggests that H12 docks over H3

Differences between deuteration rates obtained with
different TR complexes in the H3–H5 region are shown in
Fig. 4 (A–C). Comparison of deuteration in apo-TR and
T3-TR complexes or NH3-TR and T3-TR complexes (Fig.
4D) highlight the fact that there is increased protection of
the upper part of H3 in the absence of ligand or the pres-
ence of the antagonist.

Because NR H12 docks over the H3–H5 region in the
presence of some antagonists (14, 18, 28, 42, 43), we
asked whether similar interactions could account for T3-
dependent increases in solvent accessibility of the C-ter-
minal part of H3. We created hybrid structural models
consisting of the H0 to H11 of TR LBD�T3 [Protein Data
Bank (PDB) ID 3GWS] (10) and H12 from an ER�-an-
tagonist structure with an inactive H12 conformation
(the ER-hydroxytamoxifen complex (PDB ID 3ERT) (43)
(Fig. 5, A and B). This model shows that H12 binds to the
same part of TR H3 that exhibits increased solvent expo-
sure with T3 (Fig. 5, C and D); this corresponds to the
upper part of the coactivator/corepressor binding surface.
Alignment of TR and ER sequences reveals only 23.7%
identity and 58% similarity between LBDs and between
the two regions that interact in our apo-TR model, the

C-terminal portion of H3, and center of H12 (not shown).
Nevertheless, specific residues from TR and ER H3 and
H12 that are predicted to interact are conserved (Fig. 5E).

Because the TR-ER hybrid model predicts that TR
H12 is required for optimal T3 response and masking of
the corepressor binding surface at H3–H5, we mutated
TR� H12 and tested activity of mutant TRs in transacti-
vation assays with or without T3 (Fig. 6 and Table 2). As
expected, the deletion mutant F451X (which removes
H12) eliminated the T3 response at a standard T3-induc-
ible reporter (Fig. 6A). Ala substitutions at F455, L456,
E457, and F459 reduced or eliminated the T3 response,
whereas similar mutations at V458 and E460 modestly
increased activity. This is consistent with the known
structure of the T3-TR complex and previous functional
analysis (Fig. 6B); residues that are required for the T3 re-
sponse contact the hormone (F455 and F459), play a role in
packing of H12 against H3–H5 (L456), or contact coacti-
vator (E457), whereas residues that are dispensable for
the T3 response (V458 and E460) are partly or com-
pletely solvent exposed and make only weak side-chain
contacts with nearby residues (I302 on H5 and K443 in
H11, respectively).

The same mutations exhibited different effects on un-
liganded TRs. TR�451X showed increased transrepres-
sion relative to unliganded wild-type TR (Fig. 6C), con-
sistent with the idea that the corepressor binding surface
is fully exposed and that TR H12 masks the corepressor
binding surface in vivo in the absence of ligand (18, 44–
46). More surprisingly, TR H12 mutations, including
TR�V458A and E460A mutations that showed increased
T3 response, exhibited a similar phenotype in the absence
of ligand. Our TR-ER hybrid model (Fig. 6D) predicts
that H12 is buried in the cleft between H3 and H5, with
H12 residues in contact with the floor of the cleft (L456,
E457, and F459) or side chains of amino acids that sur-
round the cleft (V458 and E460). Thus, multiple H12
amino acids are required to suppress transrepression ca-
pacity of unliganded TR, and we suggest that this require-
ment is consistent with the model in Fig. 5, which predicts
that multiple H12 amino acids participate in interactions
with the H3–H5 hydrophobic cleft.

MD simulations support the new apo-TR
structure model

Our structural model for apo-TR illustrates one possi-
ble H12 conformation that explains experimental results
from H/D exchange. To explore the likelihood that H12
will adopt this position without ligand, we performed a
series of MD simulations, starting from the active confor-
mation of the TR LBD, but with ligand removed.
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We did not detect H12 repositioning in the apo-TR
model under normal MD simulation conditions. Our pre-
vious MD studies revealed that the main TR ligand dis-
sociation pathway involves the mobile part of the LBD
comprising H3, the loop between H1 and H2, and nearby
�-sheets, located opposite to H12 (39, 40), but ligand
dissociation occurred without appreciable changes in the
H12 position. We confirmed that H12 did not change
position in three independent simulations at normal tem-
perature (298 K) with or without T3 (Fig. 7). The root
mean square deviation (RMSD) between the ligand-free
LBD and the crystallographic holo structure remains con-
stant at about 1.5 Å (Fig. 7A, top panel, black line) and at
about 12.5 Å relative to the hybrid apo model (red curve).
It is likely that displacement of H12 is kinetically sup-
pressed because of extensive packing against the body of
LBD and therefore unlikely to occur during relatively
short timeframes that are currently feasible with existing

MD simulation approaches. A similar result was obtained
in simulations of the ER LBD (37).

To increase the likelihood of observing changes in the
H12 position, we carried out three simulations at higher
temperature (498 K, Fig. 7A, lower panel) to increase sam-
pling rate of protein motions and overcome energy barriers
that prevent large-amplitude movements of H12. Although
this temperature is unrealistically high, its overall impact on
the LBD structure is not very strong in short simulation
times of the order of 10–20 nsec or less, as previously ob-
served under similar simulation conditions (47). At high
temperature, H12 RMSD in the holo-TR increases from 1.5
to 10.0 Å (black line, bottom panel, Fig. 7A). This means
that the structure diverges from the holo-LBD structure, as
expected in high-temperature simulations. However, the
RMSD of H12 in the apo model drops from 12.5 to about
6.5 Å. Therefore, behavior of H12 in the apo structure dif-
fers from the holo crystallographic structure.

FIG. 5. Model of TR�1 LBD in inactive (apo) conformation. A, ER� LBD crystal structure used as template for the modeling (gray, PDB ID 3ERT);
the H12 (dark gray) is positioning in inactive conformation, docking over H3. B, TR � T3 crystal structure (dark gray, PDB ID 3GWS), also used as
template for modeling, with H12 (light gray) in active conformation. C, The proposed model of apo-TR LBD (light gray), with the H12 (dark gray)
positioned over H3 in inactive conformation. D, Superposition of holo-TR structure and apo-TR model presenting the two different conformations
of H12: active (H12A, gray) and inactive (H12I, dark gray). E, Alignment of ER H3 and TR H3 where the residues that make contacts with H12 are
considered similar (gray); alignment of H12 of TR and of ER, where the residues that contacts H3 are similar (gray).
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Results outlined above are a consequence of the fact
that H12 adopts a new position closer to the one sug-
gested by the apo model than to the holo structure.
Comparisons of average apo-LBD structure in simula-
tions at 298 K (red) and the lowest RMSD structure
(around 6 Å) obtained from the 498 K simulations
(green) reveals H12 in a new position, docked over
H3–H5 (Fig. 7B). This is similar to our hybrid apo-TR
LBD model (gray) but distinct from the T3-TR LBD
complex (blue). Thus, MD simulations performed
without ligand predict that H12 displays tendency to
dock over the H3–H5 region.

To determine the conformational stability of the
new H12 position and to confirm that it is not depen-
dent on structural rearrangements in the LBD that are
specific for high temperature, we performed additional
simulations that started from different high-tempera-
ture apo conformations (labeled I–III, Fig. 7A) and
were cooled to 298 K to restore annealed LBD struc-
tures. The resulting annealed apo structures aligned
closely with the holo-LBD, except for H12, which re-
mained docked over H3–H5 (Fig. 7C, II/III) or trapped
in an apparent transition state between conformations
(Fig. 7, C and I). Conformational differences were de-

tected in other parts of the apo-LBD, affecting H1, H3,
H5, and the lower part of H11, which partly folds into
the open LBP as shown in Supplemental Fig. 2. Thus,
the novel apo-H12 position was preserved in annealed
apo structures, whereas organization of most LBD sec-
ondary structure elements was restored to a conforma-
tion that resembled holo-TR.

Comparisons of main polar residue interactions that
hold H12 in place in the holo (gray) and annealed apo
(color) structures were consistent with those predicted
by our hybrid TR-ER model (Fig. 7D). In the holo
structure, H12 is anchored by salt bridges between res-
idues E457, E460, and D461 with K443 and K288, in
addition hydrophobic contacts with protein and the
ligand. In structure I, H12 is caught in transition to an
inactive position in which interactions between E460/
E461 and K306 are prominent. In structures II/III, H12
is found in the suggested apo-structure conformation,
where residues D461 and K288 form a salt bridge pro-
tecting the hydrophobic region of the C terminus of H3
from hydration (see also Supplemental Fig. 2). Overall,
the computed hydration numbers of the C-terminal
portion of H3 (comprised of residues 280-285) are
markedly smaller in the apo structures II/III relative to

FIG. 6. TR H12 is needed for activity of T3-TR and unliganded TR. A, Transactivation assay for TR wild-type and TR point mutations in H12
showing responses to T3. B, Structural model of TR H12 interactions in the presence of T3 derived from T3-TR crystal structure showing positions of
key residues and interactions with protein or ligand. E457 contacts coactivator. C, Transrepression in the absence of ligand. TR H12 mutations
cause increased repression by unliganded TR. D, Structural model of TR H12 interactions in the absence of T3 derived from the ER-TR hybrid model
in Fig. 5. Note that V458 and E460 are predicted to form tight interactions with nearby residues on H3.
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TR-T3 (Supplemental Fig. 2), consistent with results of
HD exchange.

Discussion

It is important to understand apo-TR conformation and
structural alterations that occur with agonist or antago-

nist binding (see introductory section). Presently, there
are no crystal structures of apo-TR or antagonist-bound
TRs to compare with agonist-bound TR-LBD. Thus, it
has not been possible to perform detailed comparisons of
structures of TRs in different activity states.

In this study, we used H/D exchange to learn about
apo-TR LBD conformation in solution and structural alter-
ations that occur with different classes of ligands. We find
that agonist- and antagonist-liganded TRs are more com-
pact than the equivalent apo-LBD complex. This agrees with
previous studies of other NRs that employed a variety of
techniques to probe domain organization, including H/D
exchange, nuclear magnetic resonance, protease sensitivity,
and melting temperature determination (19–23, 32–34, 47).
All suggest that the apo-NR LBD is mobile and that ligand
induces a tightly packed conformationally restricted state.
However, apo-TR is not completely unfolded. Analysis of
solvent protection of TR proteolytic peptides, coupled with
mapping of their positions onto TR x-ray structures, sug-
gests that apo-TR partly resembles a loosely folded version
of agonist-bound TR.

Several investigators have proposed that the NR LBP
region (roughly corresponding to the lower part of the
domain in Fig. 4) will be completely disordered without
ligand (19, 20–23). This is only partly true for TR�. The
portion of the LBP that binds the T3 inner ring and amin-
opropionate group, including H1, the H1–H3 region, H6,
and H7–H8, is indeed highly solvent exposed in apo-TR
and better protected with T3 or NH3. Interestingly, some
ligand-dependent rearrangements (involving H1, the
H1–H3 loop region, and H7–H8) were previously pre-
dicted from TR mutational analysis (see introductory sec-
tion). However, the opposite part of the LBP near the T3

outer ring (H3, H11, H11-H12 loop, and H12) is well
protected from solvent, implying that it is relatively or-
dered with or without ligands. We do not think that this
region is completely unaffected by ligand; it is well estab-
lished that H12 changes location after hormone binding.
Rather, we suggest that ligand-dependent conformational
rearrangements that affect this region involve transitions
between distinct well-ordered states (see below).

Another surprise was the extent to which ligands affect
the entire domain, not just the LBP region. We observed
increased protection of the dimer surface at the junction
of H10 and H11, indicative of allosteric communication
between the LBP and dimer surface. T3 is known to in-
hibit TR LBD homodimer formation in solution (42), and
we expected that hormone would increase overall expo-
sure of the dimer surface to solvent as dimers dissociate to
form monomers. The fact that we obtain the converse
result implies that hormone remodels the dimer surface

FIG. 7. Conformational transition from the holo-LBD structure
without ligand to apo-TR model via MD. A, RMSD of the H12 C�
atoms positions in two different structural references: the TR�T3

(black line) and apo-TR model conformations (red line). The upper
panel shows average RMSD of three independent simulations at
298 K. No conformational change is detected. The lower panel
depicts the RMSD of one of the three independent simulations at
498 K. There is an increase in RMSD for holo conformation and a
reduction when the reference is the proposed apo model. The
arrows indicate the three lowest RMSD structures for the apo model
(I–III) selected as starting structures to be annealed to 298 K. B,
Structural superposition of the holo-TR LBD bound to T3 (blue), the
average LBD structure obtained from simulations at 298 K (red), the
hybrid apo-TR LBD model (gray), and the lowest RMSD structure
(�6 Å) for the model obtained in the simulation at 498 K (green).
Note similarities in conformations between the former two models
and later two models, respectively. C, Comparison between the
holo-TR LBD (gray) and the annealed apo-LBD average structures I
(red) and II (blue), obtained from the last 5-nsec portions of the
annealing runs. Average structures obtained from initial
conformations II and III are nearly identical. D, The main polar
interactions and hydrophobic contacts (yellow surface) between
H12 and the LBD body in the three structures.
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itself and that tight packing of this region of protein is
incompatible with homodimer formation.

Additional ligand-dependent increases in solvent pro-
tection involve H4 and H9. We have not uncovered a
function for this region of TR, but the analogous region of
the androgen receptor is needed for transcriptional activ-
ity (48). Ligand also decreased solvent protection of the
hinge and N terminus of H1, implying that the TR hinge
is packed against the LBD without hormone and exposed
with ligands (24–26). We have previously suggested (on
the basis of low-resolution x-ray structural models of TR
dimers and tetramers in solution (10, 42) that differences
in LBD conformation affect hinge organization. Our H/D
exchange data support this idea and raise the possibility
that ligand-dependent changes in hinge position could
communicate information about LBD conformation to
the nearby DBD.

The most striking ligand-dependent alteration in TR
conformation involves the C terminus of H3; T3 greatly
increases solvent accessibility of this region relative to
apo-TR and the NH3-TR complex. Although T3 could
directly increase the mobility of the AF-2 surface, we
think that the simplest explanation for this result is that
H12 packs against H3 without ligand and that T3 in-
creases solvent accessibility by altering H12 position so
that it adopts the position similar to that observed in
TR-T3 crystal structures. This hypothesis is attractive for
several reasons. First, ER H12 adopts a similar position in
ER-antagonist x-ray structures (14, 17, 28, 38), as shown
in our hybrid TR-ER model in Fig. 5. Second, it would
explain why H12 and nearby regions of the TR LBP are
protected in the apo state; H12 adopts an ordered and
discrete conformation packed against H3. Third, individ-
ual H12 residues play different roles with or without hor-
mone, suggesting that H12 adopts different positions in
the apo-TR and T3-TR complex. The fact that all C-ter-
minal amino acids are required for suppression of unli-
ganded TR activity implies that they are required for
docking of H12 into the cleft and occlusion of the core-
pressor binding site in vivo. H/D exchange results with
NH3 support this notion. Although T3 and NH3 induced
a more compact overall LBD structure, NH3 did not in-
crease solvent exposure of this segment of TR H3. Thus,
we predict that NH3 changes LBD conformation but does
not alter H12 position relative to apo-TR; if H12 is in-
deed docked over the H3–H5 region in the presence of
NH3, this result would explain why NH3 blocks both
coactivator and corepressor binding.

Apart from differences in H3 solvent accessibility, few
aspects of TR conformation appear different with T3 and
NH3. There were subtle differences in solvent protection
pattern that can be attributed to differences in ligand-

binding mode. Several regions of TR near the LBP exhib-
ited increased solvent exposure with T3 relative to NH3,
including the C terminus of H1, part of the loop between
S1 and H3, the S2–S4 region, and H8. Conversely, the C
terminus of H6 was solvent exposed with NH3 and less so
with T3. We cannot explain these effects without detailed
TR-NH3 atomic structures, but the fact that these pep-
tides lie near the T3 aminopropionate group suggests that
conformational differences are related to the shorter, neg-
atively charged carboxylic acid substituent at this posi-
tion in NH3. However, other differences may reflect vari-
ations in LBD allosteric communication. Unlike T3, NH3
did not induce complete protection of the dimer surface at
C terminus of H10 and the H10–H11 loop. This obser-
vation has a functional correlate; NH3 does not inhibit
TR-TR dimer formation as efficiently as T3 (27). Although
we cannot eliminate the possibility that some NH3-specific
effects on TR conformation contribute to its antagonist ac-
tions, we nevertheless note that the largest difference be-
tween T3 and NH3 involves H3 and propose that specific
changes in H12 position and AF-2 surface conformation are
most important for the ability of NH3 to block TR activity,
exactly as predicted by the extension hypothesis (18).

Our model of apo-TR H12 position has implications
for current hypotheses about TR/corepressor interac-
tions. The TR LBD corepressor binding surface is com-
posed of hydrophobic residues from H3, H5, and H6
(49). Thus, packing of H12 over H3 should block core-
pressor binding. This agrees with experimental observa-
tions; H12 truncation enhances apo-TR/corepressor in-
teractions in solution (41). Moreover, NH3 prevents TR
interactions with corepressors (50). Additionally, point
mutations that are predicted to interfere with contacts
between H12 and H3–H5 enhance unliganded TR activ-
ity, consistent with the idea that inhibit TR H12 interac-
tions with this region of the LBD surface and expose the
corepressor binding site in vivo. MD simulations also lend
support to hypothesis by revealing spontaneous, nonin-
duced, H12 conformational transitions from ligand-free
holo-TR LBD to structures very similar to the proposed
apo-TR LBD model, in which the corepressor binding
surface will be occluded.

Finally, it is interesting to compare H/D exchange re-
sults for TRs with published studies for other NRs.
Whereas we observed strong solvent protection of TR
H11 and H12 in the absence and presence of different
ligands, other groups observed that glucocorticoid recep-
tor H11 and H12 becomes more exposed with antagonist
(RU486) relative to agonist and that RXR agonists de-
creased deuterium incorporation into H11 but not H12
(21, 23). These studies suggest that there are consider-
able differences between NRs in terms of response of
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H11–H12 to ligands. It will be important to under-
stand these influences to design ligands to control TR
and NR activity.

Materials and Methods

Protein expression and purification
Human TR� LBD (residues 209-461), fused in frame to the C

terminus of a poly-histidine (his) tag in a pET dueT plasmid
(Novagen, Darmstadt, Germany), was expressed in the Esche-
richia coli strain BL21 (DE3) as described (51). After purifica-
tion, protein buffer was changed to 50 mM ammonium acetate
(pH 7.0) using a HiTrap desalting column (GE Healthcare, Pis-
cataway, NJ) because we found that this buffer provided best
results for mass spectroscopic analysis. To produce liganded
TRs, T3 (Sigma Chemical Co., St. Louis, MO) or NH3 was
added in a 3-fold molar excess and incubated for 1 h at 4 C. The
protein was concentrated up to 12-fold by ultrafiltration (Ami-
con Ultra 10MWCO; Millipore, Billerica, MA). Protein concen-
tration was determined by Bradford assay, and purity was as-
sessed by Coomassie Blue-stained SDS-PAGE.

Sample preparation and H/D exchange
H/D exchange was initiated with TR�1 LBD by 3.5-fold

dilution of the protein in the same buffer in D2O (pD 7.0) at 25
C with or without ligands (�70% D2O). The samples were
incubated for various times (1, 3, 8, 15, 60, 180, and 300 min),
at which point 70-�l TR aliquots were added to 60 �l of 20 mM

Na�-phosphate buffer to quench the reaction (pH 2.5). The
samples were immediately applied onto a Quattro II triple-qua-
drupole mass spectrometer (Micromass, Altrincham, UK),
equipped with a standard electrospray ionization source, or di-
gested with pepsin (1 mol enzyme per 10 TR protein) at � 0 C
for 5 min and then applied to the mass spectrometer as above.

Sequence identification of
pepsin-generated peptides

Deuterium level for each peptide was determined from the
differences in centroid masses between the deuterated and non-
deuterated fragments. The nondigested protein, after deutera-
tion, was used as a control, being compared with the total deu-
terium incorporated into the peptides, to estimate deuterium
loss during the protein digestion. This procedure was applied to
both nonliganded and liganded protein.

Data analysis
The MS-Digest software (52) was used to identify the se-

quence of selected peptide ions and to calculate the protein
molecular weight to compare these data with those acquired
from deconvolution of each spectra measurement for all sam-
ples. Total H/D exchange was calculated as the total number of
peptides bound plus one N-terminal hydrogen per peptide mi-
nus the number of proline residues. The secondary structure of
the protein was calculated by the DSSP program (53). Deutera-
tion rates and hydrophobicity were plotted using TexShade soft-
ware (54).

Model building
An apo-TR�1 LBD model was built using both ER� LBD

structure complexed with antagonist 4-hydroxytamoxifen (PDB

ID 3ERT) (38) and the TR�1 LBD structure (PDB ID 3GWS)
(10) as templates. The sequences were aligned using ClustalW
software (55). For the alignment, we used the entire sequence of
TR�1 LBD, part of TR�1 structure, from helix 0 to helix 11
(PDB ID 3GWS), and the ER� structure in inactive conforma-
tion (PDB ID 3ERT) to modify the conformation of helix 12.
The model was constructed using MODELLER 9v4 software
(56). For a given alignment, 10 model structures were built and
evaluated with the PROCHECK software suite (57). All models
were similar, and only the best-evaluated model was retained
after the analysis.

Mutations and transactivation analyses
The plasmids pCMV-TR�1, pCMV-TR�1 mutants, and

TRE-F2-2x1 luciferase reporter for mammals transcription as-
says were described previously (58, 59). New TR mutants re-
ported in the present study (pCMX vectors) were created from
existing vectors using QuikChange site-directed mutagenesis
kits (Stratagene, La Jolla, CA). The mutations were verified by
DNA sequencing.

For transactivation assays, HeLa cells were seeded into 24-
well plates at a density of 1�105 cells per well and grown in
10% FBS-DMEM under 95% air and 5% CO2 at 37 C over-
night with 2 mM glutamine and 50 �g/ml streptomycin. The cells
were then cotransfected with 10 ng of pCMV-TR�1 and with
100 nM TRE (F2) linked with luciferase reporter. The plasmid
pRL containing the Renilla luciferase gene was transfected si-
multaneously and used as a control. TransFectin� lipid reagent
(Bio-Rad, Hercules, CA) was mixed with plasmids in DMEM
and incubated at room temperature for 20 min before adding to
the culture medium. The ratio of DNA (micrograms) to Trans-
Fectin (microliters) was 1:3 (wt/vol). T3 was subsequently added
to the culture medium 4 h later and was incubated with the cells
overnight. For activation assays, the ligand concentration in the
cultures was kept at 10�7 M.

For luciferase assays, the cell monolayer was washed with
PBS and harvested with lysis buffer (dual-luciferase reporter
assay system; Promega, Madison, WI) and measured in a Safire2

luminescent counter (Tecan, Durham, NC). Renilla luciferase
activity was measured in the same lysate to adjust variation
caused by transfection efficiencies. Luciferase assays were per-
formed as previously described (58, 59).

MD simulations
The complete simulated systems were built with Packmol

(60, 61), containing the LBD of TR�, water, and one counterion
for each charged residue for electroneutrality. We used a cubic
box with 16,600 water molecules with side dimensions of 81 Å.
The average thickness of the LBD hydration layer is approxi-
mately 25 Å. The initial protein structure was the T3-TR� LBD
complex in the holo conformation (PDB ID 3GWS) (10), from
which the ligand was deleted.

All simulations were performed with NAMD (62), apply-
ing periodic boundary conditions, a time step of 2.0 fsec, and
CHARMM parameters (63). The TIP3P model was used for
water (64). All hydrogen-to-heavy-atom bonds were kept rigid.
A 14-Å cutoff with smooth switching function starting at 12 Å
was used for the van der Waals interactions, whereas electro-
static forces were treated via the particle mesh Ewald method
(65). Energy minimization was performed as follows. The en-
ergy of the system was minimized by 700 conjugate gradient
(CG) steps keeping all protein atoms fixed, except the modeled
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regions, which were always allowed to move. Fixing only the C�
atoms, another 500 CG steps were performed. Finally, 300 CG
steps were carried out without any restrictions.

After this procedure, 22-nsec MD simulations were per-
formed under constant number of particles, temperature, and
pressure conditions (NpT ensemble) at 298 K and 1 bar, with
velocity rescaling every 2 psec and Langevin barostat with
damping coefficient of 5 psec�1. The first 2 nsec were discarded
for equilibration of the system. We carried out three indepen-
dent simulations with this protocol. To capture events of signif-
icant conformational changes during the course of the simulated
protein motions, we performed a set of three additional simu-
lations of the same system at the canonical ensemble with con-
stant temperature of 498 K and 1 g/cm3 density (see for instance
Ref. 47). The initial configurations for these runs, taken from
the last step of 298 K simulations, were thermalized at 498 K
by rescaling atomic velocities every 0.1 psec with a Berendsen
thermostat during 500 psec before starting the set of 20-nsec
production runs.

We characterized the helix H12 conformation with the
RMSD computed by aligning each frame to two different refer-
ences (the holo-TR LBD and the proposed ER-TR hybrid
model) with the algorithm described by Kearsley (66). The in-
dependent structures with lowest RMSD relative to the hybrid
model were used as starting configurations for 298 K anneal-
ing simulations. These runs lasted for about 20 nsec each. The
average apo structures shown in Fig. 7, C and D, and Sup-
plemental Fig. 2 were obtained from the last 5-nsec portion of
these trajectories.
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