
Direct Interdomain Interactions Can Mediate Allosterism in
the Thyroid Receptor*□S

Received for publication, May 28, 2009, and in revised form, June 25, 2009 Published, JBC Papers in Press, June 26, 2009, DOI 10.1074/jbc.M109.026682

Balananda-Dhurjati K. Putcha and Elias J. Fernandez1

From the Department of Biochemistry and Cellular and Molecular Biology, University of Tennessee, Knoxville, Tennessee 37996

The thyroid (TR) and retinoid X receptors (RXR) belong to
the nuclear receptor (NR) superfamily of ligand-mediated tran-
scription factors. At the molecular level, TR activity is specifi-
cally modulated by interactions with the ligand 3,3�,5 triiodo-L-
thyronine (T3), RXR, DNA, and co-activators such as SRC1,
occurring in concert or sequentially. Although binding sites for
DNA and coregulators such as SRC1 are distinct and at distal
regions of these receptors, cell-based and EMSA studies have
suggested that these molecules can regulate binding of each
other to the receptor. We present evidence of direct, DNA-de-
pendent, communication between the DNA and ligand binding
domains (DBD and LBD) that can allosterically regulate inter-
actions with SRC1 and DNA, respectively, using isothermal
titration calorimetry (ITC) and cell-based assays. Additionally,
we note that interdomain communication is affected by RXR in
RXR:TR.We also noticed aDNA-dependent cross-talk between
RXRandTRwithinRXR:TR. Finally, we suggest that differences
in transactivation on different TRE may be the consequence of
different affinities between TRE and RXR:TR.

The nuclear receptor (NR)2 protein superfamily of transcrip-
tional regulators have distinct domains that interact with
ligands, co-regulatory proteins, and DNA response elements
(RE) for diverse responses (1). Heterotropic signaling within
and across these domains is a recognized feature of NR activity
with distant residues participating through inter and intramo-
lecular pathways (2–6). For instance, ligand binding induces
conformational changes in NRs, which result in docking sur-
faces for cofactor molecules that regulate gene transcription
(Fig. 1a). Additionally, REs can provide both, platforms for
nucleation over which the transactivation complex assembles
and function as effectors that modulate NR transactivation (1,
7–9).
The thyroid hormone receptor is a non-steroidal NR that

regulates gene expression primarily in response to the agonist
ligand T3. The multiple domains of TR include an N-terminal

transcriptional activation function 1 (AF-1), a central DNA
binding domain, and a C-terminal ligand binding domain,
encompassing the activation function 2 (AF-2) (10). Het-
erodimers of RXR and TR are the major functional form of TR,
although functional TR monomers, homodimers, and multim-
ers have been reported (8, 11, 12). Isoforms and oligomeric
states of TR exhibit preferential binding to specific REs (8).
These thyroid hormone response elements (TRE) have consen-
sus AGGTCA (half-sites) arranged as direct repeats (DR), pal-
indromes (Pal) or inverted palindromes (IP) with differing
spacing between half-sites. T3 binding to the TR LBD switches
the dormant TR into an active conformational state that can
recruit coactivator proteins such as SRC1, SRC2, SRC3, TRAP,
PGC-1, and TRBP (13, 14). Coactivator recruitment by TR is
not only regulated by T3 but also by its oligomeric/RXR-bound
state and by TRE (1). Coactivators can, in turn, modulate the
affinity of TR for TRE (15, 16). This delicate regulation of mac-
romolecular interactions is the basis of molecular association
dynamics within the cellular environment, particularly with the
REs, leading to controlled transactivation levels (17, 18). Thus
far, studies of isolated TR LBDwith coactivator and of DBDs of
TR:RXR heterodimers with DNA have provided significant
insights into mechanisms of biological response to TR activa-
tion (19, 20). However, cooperative interactions between mul-
tiple NR domains have also been reported tomodulate transac-
tivation suggesting additional layers of regulation (21).
We have identified direct, DNA-dependent interactions

between the TR DBD, and LBD that form the basis of allosteric
communication between these domains. Furthermore, to
quantify the allosteric role of direct DBD% LBD interactions,
we have overexpressed the DBD-LBD of TR (residues 37–372,
�AF1) and RXR (residues 131–463,�AF1) in E. coli and recon-
stituted the core TRE/RXR�9c:TR�T3/SRC1 transactivation
complex (9c,9-cis retinoic acid) (Fig. 1b and supplemental Fig.
S1). Here, we compare the recruitment of SRC1 (13-mer coac-
tivator peptide) and TRE (minimal oligonucleotide fragment of
DR4 and IP6) by TR and RXR:TR heterodimers using isother-
mal titration calorimetry. We establish that TRE/RXR�9c plays
a regulatory role on TR activity and determine the role of each
component within the TRE/RXR�9c:TR�T3/SRC1 complex.

EXPERIMENTAL PROCEDURES

Protein Expression and Purification—DBD, LBD, and DBD-
LBD cDNA of chicken TR-� (N-terminal 36 amino acids delet-
ed; kind gift fromDr. BarryM. Forman) were cloned intoNdeI-
BamHI of pET15b vector (Novagen Inc.) and human RXR�
(N-terminal 130 amino acids deleted) was cloned into pET-
SUMO vector (Invitrogen Inc.). Proteins were expressed in
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Escherichia coli BL21 (DE3) RIPL cells (kind gift fromDr. Mar-
tin Privalsky). Cells were grown for 20 h at 20 °C after isopropyl-
1-thio-�-D-galactopyranoside induction at 0.6 OD. Harvested
cells were lysed by sonication. Expressed protein from cell
lysate supernatant was purified using Ni-NTA. Purified His-
tagged DBD-LBDs of SUMO-RXR and TR were mixed in
equimolar ratio for heterodimers. Tags were removed from TR
monomers or RXR homodimers or RXR:TR heterodimers by
thrombin digestion. Proteins were further purified using anion
exchange and size exclusion chromatography (supplemental
Fig. S1).
Isothermal Titration Calorimetry (ITC)—Gel filtration-puri-

fied TR monomers or RXR homodimers or RXR:TR het-
erodimers were directly used for ITC (VP-ITC MicroCalorim-
eter, MicroCalTM). Each titration contained 5–15 �M of the
protein or protein-DNA complex in 20 mM Tris, pH 8, 125 mM

NaCl, 5 mM MgCl2, and 1 mM TCEP. TR DBD and LBD were
prepared in 20 mM HEPES (pH 8), 125 mM NaCl, and 1 mM

TCEP. 2 mM stocks of TRE (DR4: 5�-CTAAGGTCATCT-
AAGGTCAG-3�; IP6: 5�-TTATTGACCCCAGCTGAG-
GTCAAGTT-3�; Pal0: 5�-AGGTCAACTGGA, IDT Inc.) were
prepared in 10 mM Tris, pH 8, 50 mM NaCl, and 1 mM EDTA
and used at a concentration of 50–90 �M for ITC. TRE were
prepared by mixing the complementary strands in equimolar
ratios, followed by heat denaturation and slow annealing.
13-mer SRC1 (W. M. Keck Biotechnology Resource Center,
Yale University) prepared in 30 mM Tris, pH 7.2 was used at a
concentration of 120–360 �M. C values of titrations ranged
from 6 to 20 for SRC1 recruitment and 7–240 for TRE recruit-
ment. Stocks ofT3were prepared at 25mM in 50mMNaOHand
9c was prepared as 20 mM stock in 100% DMSO. Saturating
levels of ligands, TRE (DR4 and IP6) or SRC1were used for ITC
experiments. Ligands were used in 5-fold molar excess; SRC1
and TRE in 2–3-fold molar excess. Consistent with the EMSA
data, the Pal0 TRE does not interact with heterodimers (8).
Therefore, binding studies were confined to DR4 and IP6 TRE.
All the titrations were done at 25 °C and SRC1 recruitment by

RXR:TR�T3 and RXR�9c:TR�T3 were additionally conducted at
20 °C, 30 °C, and 35 °C (supplemental Fig. S2). The buffer pH
(20 mM Tris, 125 mMNaCl, 5 mMMgCl2, and 1 mM TCEP) was
adjusted to 8.0 at the corresponding temperature.
Luciferase Reporter Assay—CV-1 cells were transiently

transfected, using Effectene transfection method (Qiagen),
with pGL4cp-TK plasmids carrying 2� TRE (100 ng) corre-
sponding to direct repeats (DR4) (5�-TAAGGTCATTTAA-
GGTCATTTAAGGTCATTTAAGGTCA-3�) and inverted
palindromes (IP6) (5�-TTATTGACCCCAGCTGAGGTC-
AAGTTATTGACCCCAGCTGAGGTCAAGTTA-3�) and
co-transfected with pSG5-cTR-�1 (50 ng) for TR-�1 expres-
sion (kind gift from Dr. Martin Privalsky). Assays were per-
formed using Dual-Luciferase� reporter assay system (Pro-
mega). Cells were induced with 250 nM of 9-cis retinoic acid
(MP Biomedicals) and/or 1 �M T3 (Acros). Control experi-
ments with the DMSO and NaOH were performed. The plate
was read using SynergyTM multidetection plate reader (Bio
Tek� Instruments).

RESULTS AND DISCUSSION

We utilized ITC to compare the recruitment of an SRC1-
derived LXXLL peptide and TREs by TR and RXR:TR het-
erodimers. Several studies have shown that ITC can be reliably
utilized to characterize in vitro coactivator recruitment by NRs
using the SRC1 peptidewith the LXXLLmotif (22, 23). All titra-
tions were performed at 25 °C. Differences in the SRC1 affinity
to the several complexes are also consistent at three tempera-
tures (supplemental Fig. S2). The affinities (Kd) to the SRC1
peptide and TRE are used solely as a measure of interdomain
communication within the TR monomers and RXR:TR het-
erodimers. Our results provide evidence for direct interactions
between the DBD and LBD, thereby correlating recognition of
REs with recruitment of SRC1.
Interdomain, DBD % LBD Interactions Are DNA-depen-

dent—We have discovered that the TR DBD and LBD interact
directly with each other, in a DNA-dependent manner, provid-
ing the basis for communication between the two domains dis-
cussed in sections below. The evolution of heat in a dose-de-
pendent manner upon titrating isolated TR�T3 LBD into TR
DBD suggests that there is an appreciable interaction between
the two domains (Kd � 3.2 �M � 0.8) (Fig. 2a). To examine the
role of TRE on this DBD-LBD interaction TR�T3 LBD was
titrated into preformed TR DBD/TRE (DR4) complex. To
ensure that all the TR DBD was complexed with DNA, the
TRE/DBD was prepared with 3-fold molar excess of the DNA
adduct over the DBD. We noticed a substantial decrease in
affinity of TR DBD and LBD in the presence of TRE, and the
binding constants cannot be quantitatively analyzed (Fig. 2b).
This suggests that there is a DNA-induced conformational
change within the DBD that lowers its affinity for the LBD.
Studies on the androgen receptor have indicated that DNA
binding can influence coactivator recruitment, albeit through
interactions between the AR N terminus and SRC1 (24). The
recent structure of the DBD-LBD of the PPAR�-RXR het-
erodimers has determined that the PPAR� LBD interacts with
DBD of both, the PPAR� and the RXR, although the DNA-
dependence of this interactionwas not addressed (25). The data

FIGURE 1. TR transactivation compared with SRC1 recruitment in
response to ligands. a, schematic of molecular model of TR-mediated gene
regulation. RXR:TR binds TRE upstream to the promoter. Ligand (T3 (Œ) and or
9c (�))-mediated conformational changes provide surfaces for co-activator
recruitment. b, protein constructs used in the study: TR�: DBD (residues
37–97), LBD (residues 148 –372), DBD-LBD (residues 37–372), and RXR�: DBD-
LBD (residues 131– 463).
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presented above suggests that the LBD-DBD interaction in TR
can be both, a feature of the individual, monomeric NR and,
more importantly, is regulated by DNA binding.
TRE Binding to the DBD Can Influence Recruitment of SRC1

to the LBD—The interaction between the TR DBD and LBD
reported above provides the basis for direct communication
between the DBD and LBD. When the allosteric effect of DNA
was quantified we noticed that TRE/TR�T3 can bind SRC1with
3-fold greater affinity than TR�T3 (without TRE) (Fig. 3, a2 and
a4 and Table 1: a, b, and c). It was also noticed that RXR:TR�T3
binds SRC1with 3-fold greater affinity thanTR�T3 alone (Fig. 3,
a2 and a3 and Table 1, a and h). However, the TRE/RXR:TR�T3
complex can bind SRC1 with only 2-fold higher affinity than
TR�T3 (Fig. 3, a1 and a2 and Table 1, a, i, and j). This indicates
that contributions by the individual components of TRE/RXR:
TR�T3 toward SRC1 binding by TR are 1) not additive, and
SRC1 binding follows the general scheme: RXR:TR�T3 � TRE/
TR�T3�TRE/RXR:TR�T3�TR�T3 and 2) dependent on DNA
such that TRE can have an attenuating effect on SRC1 binding
by RXR:TR�T3.
We also examined the role of RXR ligand, 9c on SRC1

recruitment by TR (within TRE/RXR�9c:TR�T3) especially
because transactivation in response to both T3 and 9c is signif-
icantly lower than in response to T3 alone (Fig. 4a). As
expected, TRE/RXR�9c:TR�T3 binds SRC1 with lower affinity
than TRE/RXR:TR�T3 (Fig. 3, a1 and b4 and Table 1, i, j, l, and
m). TRE and RXR together have been shown above to decrease
the affinity of TR�T3 (within TRE/RXR�9c:TR�T3) for SRC1 and
the presence of 9c reduces SRC1 affinity by the complex even

further. Thus, while there are two SRC1 peptide binding sites
on RXR�9c:TR�T3 (�TRE), the stoichiometry of SRC1 binding
(n� 1.5), and the overall affinity is less than sum of the individ-
ual SRC1 binding events on RXR�9c and TR�T3 (Table 1, k, l,
andm).With the binding data above, it is tempting to speculate
that the lower transactivation with the combination of ligands
T3 and 9cwhen comparedwithT3 alonemay be a consequence
of this damping effect of TRE/RXR�9c on TR (Figs. 4a and 3b4).
Thus, we describe the RXR:TR� response to a combination of
T3 and 9c as being negatively permissive in contrast to the
permissive, non-permissive, or conditional response defini-
tions applied to other RXR heterodimers (5). However, this dif-
ference in permissivity is isoform-specific because RXR:TR�
heterodimers are reported to be non-permissive (5). 9c-in-
duced dissociation of RXR:TR� has been suggested as an alter-
native mechanism for the negative permissivity of RXR�9c:
TR��T3 (26).Our results argue against thismodel sincewehave
consistently purified the RXR:TR�T3, RXR�9c:TR�T3, and
RXR�9c:TR heterodimers by size exclusion chromatography
without any evidence of dissociation of the heterodimers. Addi-
tionally, we do not detect dissociation of the TRE/RXR:TR
complex upon saturation with T3 and/or 9c. Finally, ITC titra-
tions indicate that affinity of RXR:TR heterodimers to TRE
(DR4 and IP6) is unaltered by 9c andT3. (Table 2, a, b, g, and h).
Whereas the above results display a broad effect of TREs on

RXR:TR, we also noticed distinct effects of TRE onRXR andTR
within the RXR:TR heterodimers. For instance, RXR:TR�T3
binds SRC1 with �2-fold higher affinity than TRE/RXR:TR�T3
(Fig. 3, a1 and a3; Table 1, h, i, j). On the other hand,

FIGURE 2. DNA-dependent interaction between the isolated TR DBD and LBD. a, in the absence and b, presence of TRE. Affinity between DBD and LBD is
marginal with large errors when LBD is titrated into the preformed DR4 TRE/DBD complex. Additionally, interactions between DBD and LBD are endothermic,
and the representative isotherms are shown below. ND, no data.
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RXR�9c:TR binds SRC1 with �40% lower affinity than TRE/
RXR�9c:TR (Fig. 3, b1 and b2; Table 1, e, f, and g). Intrigu-
ingly, the presence of both ligands, 9c and T3, appears to
over-ride the differential effects of TRE since both, TRE/
RXR�9c:TR�T3 and RXR�9c:TR�T3 bind SRC1 with equiva-
lent affinities (Table 1, k, l, and m).
There is no significant heat change upon titrating SRC1 pep-

tide into unliganded RXR:TR (supplemental Fig. S3). This sug-
gests that interactions between SRC1 and unliganded receptor
are minimal.

SRC1 Binding to the LBD Affects TRE Recruitment to the
DBD—Interdomain communication in TR reported above can
also occur in reverse i.e. conformational changes within the
LBD can be transmitted to the DBD. Studies on the glucocorti-
coid receptor (GR) have shown that ligand binding can regu-
late the dynamic association of GR with DNA (18). To
extrapolate the observations on GR to the RXR:TR system
we monitored the effect that SRC1 binding to LBD has on the
DBDof TR and RXR:TR. ITC titrations with preformedTR�T3/
SRC1 show that DR4 and IP6 bind this complex with 40 and
100%higher affinity, respectively, than eitherTR�T3or unligan-
ded TR (Fig. 3, c1 and c2 and Table 2, d–f and j–l). Thus, the TR
DBD responds to changes in the conformation of the LBD and
this behavior is similar to other monomeric and homodimeric
NRs, such as the GR and androgen (AR) receptors. Our ITC
titrations show that the affinity for TRE by RXR�9c:TR�T3/
SRC1 is the same as RXR�9c:TR�T3 (Table 2, a–c and g–i). The
role of RXR reported here is unique in that RXR(�9c):TR�T3/
SRC1 can override the allosteric effect of SRC1 on the DBD.
There have been earlier reports suggesting that SRC1 canmod-
ulate DNA binding by interacting at once with both, AF1 and
AF2 of some NRs such as the androgen receptor (15, 16, 27).
Therefore, by utilizing the 13-mer LXXLL peptide in ITC titra-
tions with the TR and RXR:TR DBD-LBD constructs, our data
show that the SRC1 binding site in TR� is allosterically coupled
to the DBD by an additional pathway that is independent of an
external bridging link. Therefore, we conclude that binding of
SRC1 to the LBD can remotely influence TRE binding to the
DBD in TRmonomers, but not in RXR:TR heterodimeric com-
plexes further suggesting distinct activation modes for the var-
ious TR oligomeric states.
The fragility of the RXR:TR DBD-LBD constructs in these

assays has only permitted a limited analysis of the thermody-
namic parameters. While the affinities of TR �T3 �SRC1 for
DR4 and IP6 are similar, the energetics of binding between TR
and TRE (DR4 and IP6) predict that discrete mechanisms may
drive these interactions. For instance, TRE binding to TR�T3 �

FIGURE 3. Binding constants of SRC1 (a and b) and TRE (c) to TR monomers, RXR homodimers, and RXR:TR. The different complexes are �T3 (Œ), �9c (�)
with corresponding isotherms shown below. a, SRC1 binding to DR4/RXR:TR�T3 (1) compared with TR�T3 (2), RXR:TR�T3 (3), and TRE/TR�T3 (4). b, SRC1 binding
to DR4/RXR�9c:TR (1) compared with RXR�9c:TR (2), RXR�9c: RXR�9c (3), and DR4/RXR�9c:TR�T3 (4). c, DR4 recruitment by TR�T3 (1) and TR�T3/SRC1 (2). The two TR
monomers are shown to be separate, non-interacting molecules. Corresponding isotherms are shown on the right.

TABLE 1
Thermodynamic parameters for SRC1 recruitment by TR monomers, RXR homodimers, and RXR:TR heterodimers in the presence of ligands or
effectors indicated
The reported values are the average of three independent experiments. Standard deviations are shown for Kd, �H, and N.

Kd �H �T�S �G N

�M kcal/mol kcal/mol kcal/mol
a TR�T3 (monomers) 1.8 � 0.02 �16.3 � 0.03 8.5 �7.8 0.9 � 0.1
b DR4/TR�T3 0.5 � 0.03 �5.5 � 0.16 �3.0 �8.5 0.9 � 0.2
c IP6/TR�T3 0.4 � 0.14 �6.5 � 0.6 �2.2 �8.7 0.8 � 0.1
d RXR�9c (homodimers) 1.3 � 0.01 �8.1 � 0.2 0.1 �8.0 1.8 � 0.2
e RXR�9c:TR 2.4 � 0.2 �9.3 � 0.9 2.3 �7.0 1.0 � 0.05
f DR4/RXR�9c:TR 1.8 � 0.01 �7.3 � 0.13 �0.6 �7.9 1.0 � 0.3
g IP6/RXR�9c:TR 1.7 � 0.01 �6.9 � 0.15 �1.0 �7.9 1.0 � 0.2
h RXR:TR�T3 0.5 � 0.1 �6.5 � 0.07 �1.9 �8.4 0.9 � 0.05
i DR4/RXR:TR�T3 1.1 � 0.2 �6.2 � 0.2 �1.9 �8.1 0.8 � 0.2
j IP6/RXR:TR�T3 1.2 � 0.05 �6.9 � 0.4 �1.0 �7.9 0.8 � 0.1
k RXR�9c:TR�T3 1.4 � 0.06 �7.3 � 0.08 �0.6 �7.9 1.4 � 0
l DR4/RXR�9c:TR�T3 1.6 � 0.17 �6.3 � 0.42 �1.6 �7.9 1.6 � 0.1
m IP6/RXR�9c:TR�T3 1.6 � 0.14 �6.3 � 0.06 �1.6 �7.9 1.5 � 0.2

FIGURE 4. a, luciferase reporter assay showing ligand (T3 and 9c)-mediated
RXR:TR transcriptional activity on DR4 and IP6 TRE in CV-1 cells. b, normalized
ITC data showing relative affinity of SRC1 for RXR�9c:TR, RXR:TR�T3, and
RXR�9c:TR�T3 � TRE (DR4 and IP6). Data presented are averages of three inde-
pendent experiments with error bars for S.D.
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SRC1 is enthalpically less favorable but entropically more
favorable compared with unliganded TR and follows the
enthalpic favorability trend: unliganded TR�TR�T3�TR�T3/
SRC1 (Table 2, d–f and j–l). Interestingly, there are no signifi-
cant differences in the affinities (Kd) or�G values of unliganded
TR versus TR�T3 for TRE (Table 2, d, e, j, and k). Efforts to
stabilize TR at different pH values and temperatures have been
limited and this has prevented us from estimating the contri-
bution of buffer ionization and the role of water molecules in
binding. In the absence of this data or the associated three-
dimensional structures, we speculate that the complexed
TR�T3/SRC1 ismore rigid than the uncomplexed TR. Thismay
result in a relatively smaller loss in degrees of freedom by
TR�T3/SRC1 upon binding DNA and consequently a more
favorable �S. Additionally, relative to the uncomplexed TR,
TR�T3/SRC1 may have a better defined DNA binding site with
fewer structural rearrangements upon binding TRE that results
in a less favorable�H. From the ITC titrations we estimate that
two molecules of TR occupy two half-sites, one molecule of
DR4 or IP6 (Table 2, d–f and j–l). Published EMSA results indi-
cate that onlymonomers of TR� can bindTRE (8). Therefore, it
is very likely that two TR molecules bound to the TREs are
independent monomers of TR, each binding one half-site on
the RE, and the ITC data are insufficient to determine if there
are any direct interactions between these TR monomers.
Again, although the Kd and �G values are comparable, TRE

recruitment to RXR�9c:TR�T3 displays disparate energetics of
binding (�S, less unfavorable; �H, less favorable) than RXR�9c:
TR�T3/SRC1 (Table 2, b, c, h, and i). Surprisingly, �S and �H
values upon TRE recruitment to unliganded RXR:TR are simi-
lar to RXR�9c:TR�T3/SRC1 (Table 2, a, c, g, and i). The physio-
logical relevance of the measured energetics of binding is
unclear, but these differences suggest that discrete processes
underlie the mechanism of allosteric regulation of these mul-
tidomain systems.
Relative Affinities to TRE Can Modulate RXR:TR Activity—

There is growing evidence that TREs can also regulate NR tran-
scriptional activity by directly affecting the assembly of the
transactivation complex, as shown for the GR (18). In NRs such
as the estrogen (ER) and retinoic acid (RAR) receptors, both,
the RE half-site sequence and the spacing between these half-

sites have been shown to affect coactivator binding (4, 28). In
our transfection assays, TR transactivation is identical on DR4
and IP6 TRE when the ligands T3 and 9c are applied individu-
ally. However, when transactivation is measured with both
ligands, T3 and 9c at once, the response is�50% higher onDR4
versus IP6 elements (Fig. 4a) (2). To examine the molecular
basis for the difference in transactivation, we first compared
SRC1 recruitment by DR4 and IP6 TRE/RXR�9c:TR�T3, sepa-
rately. In vitro, recruitment of SRC1 by RXR:TR is similar on
DR4 and IP6 TRE (Fig. 4b). Next, we measured affinity of the
RXR:TR complexes for the two TREs, DR4 and IP6. Surpris-
ingly, there is a 2-fold difference in affinity between RXR:TR
�ligands �SRC1 and DR4 (Kd � 0.05 � 0.006 �M) compared
with RXR:TR �ligands �SRC1 and IP6 (0.1 � 0.03 �M) (sup-
plemental Fig. S4 andTable 2, a–c and g–i). Taken together, the
ITC data above suggest that differences in transactivation of
RXR-9c:TR-T3 on DR4 versus IP6 may be a consequence of
differences in affinity to these REs.
By comparison, TR monomers exhibit a 10-fold lower

affinity for TREs (DR4 and IP6) over RXR:TR (Table 2).
Thus, relative to TR, RXR:TR may have an optimal confor-
mation for DNA binding, making RXR:TR the dominant
form of TR transactivation.
RXR Plays an Important but Supportive Role in TR Trans-

activation—Transactivation of RXR:TR is primarily driven by
TR�T3 and the consequent coactivator recruitment to RXR:
TR�T3 complex. Transcriptional activity of RXR:TR is also elic-
ited by 9c, but the response is significantly lower than with T3
(Fig. 4a). In vitro, affinity of SRC1 for RXR:TR�T3 (Kd � 0.5
�M � 0.1) is significantly higher than RXR�9c:TR (Kd �
2.4 �M � 0.2) and follows the same trend as the transactivation
profile observed in response to each ligand (Fig. 3, a3 and b2
and Table 1, e and h). Also, when we compare SRC1 binding to
RXR and TR independently, we noticed that heterodimeriza-
tion has opposite effects on TR and RXR within the RXR:TR
complex (Fig. 3, a2, a3, b2, and b3). For instance, while SRC1
binding to RXR:TR�T3 is 3-fold higher and entropically more
favored thanTR�T3, SRC1binding toRXR�9c:TR is 2-fold lower
and entropically less favored than RXR�9c (Table 1, a, d, e, and
h). From these results, it appears that TR has an attenuating
effect on RXR while RXR enhances SRC1 recruitment by TR.

TABLE 2
Thermodynamic parameters for DR4 and IP6 TRE interaction with TR monomers and RXR:TR heterodimers saturated with and without T3
and/or SRC1
The reported values are the average of three independent experiments. Standard deviations are shown for Kd, �H, and N.

Protein complexes Kd �H �T�S �G N

�M kcal/mol kcal/mol kcal/mol
Recruitment of DR4 TRE
a Unliganded RXR:TR 0.05 � 0.006 �14.4 � 1 4.5 �9.9 0.8 � 0.05
b RXR�9c:TR�T3 0.06 � 0 �10.4 � 0.2 0.5 �9.9 0.9 � 0.01
c RXR�9c:TR�T3:SRC1 0.07 � 0.02 �14.9 � 2.2 5.2 �9.7 0.9 � 0.2
d Unliganded TR 00.7 � 0.007 �15.1 � 1.4 6.7 �8.4 0.5 � 0.02
e TR�T3 00.7 � 0.017 �13.7 � 0.5 5.3 �8.4 0.5 � 0.02
f TR�T3:SRC1 00.5 � 0.07 �10.9 � 0.2 2.3 �8.6 0.5 � 0.03

Recruitment of IP6 TRE
g Unliganded RXR:TR 0.1 � 0.03 �15.0 � 0.1 5.5 �9.5 1.0 � 0.15
h RXR�9c:TR�T3 0.1 � 0.01 �11.7 � 1.4 2.1 �9.6 0.9 � 0.2
i RXR�9c:TR�T3:SRC1 0.1 � 0.01 �15.8 � 0.01 6.2 �9.6 1.0 � 0.1
j Unliganded TR 1.0 � 0.02 �9.6 � 0.7 1.4 �8.2 0.5 � 0.05
k TR�T3 1.0 � 0.27 �8.6 � 0.7 0.1 �8.2 0.5 � 0.01
l TR�T3:SRC1 0.5 � 0.3 �7.2 � 0.4 �1.4 �8.6 0.4 � 0.1
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This is analogous to a phenomenon reported earlier that
describes the reduction in ligand (LG69) binding by the RXR:
TR�T3 complex and this decrease in ligand binding follows the
trend, RXR�RXR:TR�RXR:TR�T3 (2). To compensate for the
reported decrease in affinity for ligand by RXR, these titrations
were performed at super-saturating levels of 9c (see “Experi-
mental Procedures”). The subordination of RXR ligand-re-
sponse is a recognized feature of RXR:NRheterodimers and has
been postulated as a mechanism to prevent redundancy in NR-
mediated signaling processes (29). Specific to this study, the
suppression of RXR activity by TR (within RXR:TR) has been
suggested to be a mechanism to limit 9c responsiveness of TR-
regulated genes (2). However, the permissivity of RXR het-
erodimers also depends on the cell type and expression levels of
RXR and coactivators (30).
Contrary to the effect of TR on RXR reported above, the

increased affinity of TR for SRC1 in RXR:TR�T3 relative to
TR�T3 suggests that RXR functions as an allosteric enhancer of
TR activity without affecting T3 binding (11). Because REs for
RXR (e.g. DR1) are different from those for TR and RXR:TR,
these experiments are performed in the absence of DNA (31).

CONCLUSIONS

Our data established direct, DNA-dependent, interdomain
communication within TR as an important allosteric mecha-
nism regulating TR transactivation. The use of the 13-mer
SRC1 peptide with a single NR-binding LXXLL motif allowed
us to focus this study on direct interdomain interactions within
the NRs without the additional complexity that may arise from
allosteric pathways through SRC1 fragments that havemultiple
receptor-interacting sites. In separate experiments we noted
that the SRC1peptide utilized herewith theRXR:TRDBD-LBD
constructs in response to T3 and/or 9c exhibits a similar bind-
ing profile when a larger SRC1 fragment (SRCRID1–3, residues
Asn-617 to Asp-769) that encompasses all the three receptor-
interacting domains is titrated with isolated RXR:TR LBDs
(data not shown). Data from published studies on NRs such as
AR have shown that the N-terminal AF1 and C-terminal AF2
interact either directly or through intermediary cofactors (32–
34). Additionally, mutagenesis and pull-down assays with full-
length RXR:RAR and RXR:VDR have suggested that REs can
influence co-activator binding and activity (4, 29). Recent struc-
tural studies on GR have provided further evidence for DNA
induced conformational changes in DBD resulting in the mod-
ulation of GR activity (35). Moreover, in the recent DNA/RXR:
PPAR� structure the DBD and LBD of PPAR� appear in close
proximity, suggesting interactions and the potential for cross-
talk between these domains (25). By limiting the binding assays
here to onlyDBD-LBD constructs of RXR andTRwe are able to
characterize the role of direct interactions between the DBD
and LBD in the allosteric regulation of TR. These direct inter-
actions between the DBD and LBD are regulated by DNA bind-
ing, and this is most evident in TRmonomers. DNA binding to
the DBD appears to decrease its interactions with the LBD,
which can consequentlymake stronger interactions with SRC1.
It appears that the multidomain TRmolecule is conformation-
ally plastic with bi-directional regulation of SRC1 and TRE
binding and with additional regulation provided by RXR. The

relatively weak TRE/TR complex is strengthened with SRC1
(Fig. 3, c1 and c2).However, heterodimerizationwithRXR locks
TR in a conformationally restricted state that limits interdo-
main cross-talk but enhances interactions with SRC1 and TRE
at once making RXR:TR the dominant mode of transactivation
(Fig. 3, a3 and supplemental Fig. S4). With TR alone, the pres-
ence of TRE enhances SRC1 recruitment and vice versa; thus
TRE and SRC1 in TR monomers mimic the role of RXR within
RXR:TR (Fig. 3, a4, c1, and c2). Our data also suggest that levels
of RXR:TR transactivation observed in vivo on different TRE
(DR4 and IP6) may be a consequence of differing affinities for
these response elements (supplemental Fig. S4). Ultimately,
changes in macromolecular affinities could alter the dynamics
of assembly of NR transactivation complexes on DNA, which
can be altered by ligands, co-regulators and p23 molecular
chaperones, regulating the transcriptional activity of down-
stream genes (18, 36, 37). While studies with point mutations
can have global effects and thus complicate the analyses (38),
it is expected that three-dimensional structures of full-
length TR and cofactors, will provide a strong basis for deter-
mining a molecular mechanism for allosteric processes
within this molecule.
It is worth noting here that the complexity of NR regulatory

mechanism as suggested by the data presentedmake identifica-
tion of targets that can modulate the activity of these proteins
all the more difficult. There are many previous studies that
point out the role of inter-domain allosterism and our findings
suggest that these regulatory mechanisms may be more intri-
cate than originally suspected. Allosteric sites on the AR LBD
have been successfullymanipulated to generate small-molecule
regulators (39). Extended characterization of allosteric mecha-
nisms within larger NR fragments can increase the potential of
novel targets for drug design and discovery programs (40).
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