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ABSTRACT The syndrome of resistance to thyroid hor-
mone is characterized by elevated serum free thyroid hor-
mones, failure to suppress pituitary thyrotropin secretion,
and variable peripheral refractoriness to hormone action.
Here we describe a novel leucine to valine mutation in codon
454 (L454V) of the thyroid hormone b receptor (TRb) in this
disorder, resulting in a mutant receptor with unusual func-
tional properties. Although the mutant protein binds ligand
comparably to wild-type receptor and forms homo- and het-
erodimers on direct repeat, everted repeat, or palindromic
thyroid response elements, its ability to activate transcription
via these elements is markedly impaired. The hydrophobic
leucine residue lies within an amphipathic a-helix at the
carboxyl terminus of TRb and the position of the homologous
residue in the crystal structure of TRa indicates that its side
chain is solvent-exposed and might interact with other pro-
teins. We find that two putative transcriptional mediators
(RIP140 and SRC-1) exhibit hormone-dependent association
with wild-type TR. In comparison, the interaction of this
natural mutant (L454V) and artificial mutants (L454A,
E457A) with RIP140 and SRC-1 is markedly reduced. Fur-
thermore, coexpression of SRC-1 is able to restore the tran-
scriptional activity of the L454V mutant receptor, indicating
that the interaction of this residue with accessory proteins is
critical for transcriptional activation. Finally, the occurrence
of the L454V mutation in resistance to thyroid hormone,
together with impaired negative regulation of the thyroid-
stimulating hormonea promoter by this mutant, suggests that
the amphipathic a-helix also mediates hormone-dependent
transcriptional inhibition, perhaps via interaction with these
or other accessory factors.

Resistance to thyroid hormone (RTH) is characterized by
elevated serum-free thyroid hormones, failure to suppress
pituitary thyroid-stimulating hormone (TSH) secretion, and
variable refractoriness to hormone action in peripheral tissues.
Following the observation that familial RTHwas tightly linked
to the thyroid hormone receptor b (TRb) gene locus (1), a
growing number of b-receptor mutations have been identified
in kindreds with this disorder (2, 3). In keeping with other
members of the nuclear receptor superfamily, the TR is
organized into distinct functional domains (4). The carboxyl-
terminal (DyE) region of TR mediates hormone binding and

nuclear localization functions and also contains sequences that
mediate homodimeric TR interactions and the formation of
heterodimers with the retinoid X receptor (RXR) (5). All the
RTHmutations described to date localize to the DyE domains
and the majority cluster within two hot spots (6, 7). Their
properties have provided valuable insights into structure–
function relationships in the receptor. Most mutant receptors
exhibit reduced hormone binding (6–8), whereas their ability
to localize to the nucleus is not impaired (8). With a few
exceptions (9–11), mutant receptors retain the ability to form
homodimers and they all heterodimerize with the RXR (9, 12).
These properties correlate with the location of mutation
clusters outside regions that are involved in heterodimeriza-
tion (5) and which are less important for hormone binding
(13).
The DyE domains of TR also confer the ability to regulate

target gene transcription in a hormone-dependent manner. A
nine amino acid sequence at the receptor carboxyl terminus
has been shown to be essential for this ligand-inducible trans-
activation function (AF-2) and is deleted in v-erbA, the
oncogenic counterpart of TR (14). This region is highly
conserved among nuclear receptors and mutational analyses in
a number of them have demonstrated its importance in
transactivation (15–20). Here we describe a natural mutation
substituting valine for leucine at codon 454 within this se-
quence motif in TRb. Although it retains DNA binding,
hormone binding, and dimerization functions, this mutant
receptor transactivates target genes poorly and is a powerful
dominant negative inhibitor of wild-type (WT) receptor ac-
tion. Comparison with the crystal structure of the ligand-
binding domain of TRa (21) indicates that this leucine residue
is solvent-exposed with the potential to interact with other
proteins. To test this hypothesis, we examined the interaction
of WT and mutant TRs with two putative transcriptional
mediators, RIP140 and SRC-1, which have recently been
isolated (22–24). RIP140 is a 140-kDa protein that exhibits
hormone-dependent binding to the estrogen receptor (ER)
and was identified by Far Western blot analysis. SRC-1 is a
125-kDa protein that was identified by its binding to the
progesterone receptor in the presence of ligand in a yeast
two-hybrid assay system.

MATERIALS AND METHODS

Clinical and Genetic Studies. The proband (AJ) presented
at the age of 20 with palpitations and was noted to have a goiter
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and raised serum thyroid hormones. Following initial treat-
ment with carbimazole she underwent thyroid surgery and was
free of symptoms for 10 years. The goiter and tachycardia
recurred, necessitating radioiodine treatment, following which
she developed hypothyroidism requiring thyroxine replace-
ment. Despite 200 mg thyroxine daily, the TSH response to
TRH was exaggerated, rising from a basal value of 35 muyliter
to a peak of 275 muyliter 30 min after TRH. The TSH response
was reduced (95 muyliter), but preserved following T3 admin-
istration (120 mgy4 days), suggesting a diagnosis of resistance
to thyroid hormone. The daughter of the proband (CJ) had low
weight, tachycardia, tremor, and a small goiter at birth. A
diagnosis of neonatal thyrotoxicosis was made initially and
carbimazole treatment instituted. Symptoms improved during
infancy and thyroxine therapy to control her goiter was
discontinued at puberty. Current symptoms include palpita-
tions, muscle weakness, and sensitivity to bright light. The
sister (ES) of the index case showed abnormal thyroid function
on biochemical screening and was asymptomatic for many
years, but recently developed a persistent tachycardia. Serum-
free T4 and serum-free T3 levels were measured with fluoro-
immunometric assays using Delfia technology (Wallac, Milton
Keynes, U.K). TSH measurements were performed using a
sensitive ‘‘second generation’’ assay (Wallac). Current thyroid
function tests in the affected individuals are as follows: pro-
band (AJ) free T4 75 pmolyliter (normal 9–20), free T3 16
pmolyliter (normal 3–7.5), and TSH 0.4 muyliter (normal
0.4–4); daughter (CJ) free T4 49 pmolyliter, free T3 14
pmolyliter, and TSH 1.3 muyliter; sister (ES) free T4 54
pmolyliter, free T3 18 pmolyliter, and TSH 1.7 muyliter.
Leukocyte DNA from each affected individual was ex-

tracted using standard techniques. Coding exons of the human
(h)TRb gene were amplified using PCR and then sequenced
directly as described (7). The presence of a receptor mutation
was verified by at least two independent PCRs and sequencing
reactions in each individual. The nomenclature used to de-
scribe the receptor mutation conforms to a consensus state-
ment from the First Workshop on Thyroid Hormone Resis-
tance (25).
Hormone- and DNA-Binding Assays.Mutations were intro-

duced into the receptor by site-directed mutagenesis of the
hTRb1 cDNA in M13mp18 as described (9) and verified by
sequencing. WT and mutant receptor proteins were synthe-
sized by coupled in vitro transcription and translation with
rabbit reticulocyte lysate (TNT, Promega) and the T3-binding
affinity of each was determined using a filter-binding assay (7).
Receptor binding to DNA was determined by electro-

phoretic mobility-shift assay using in vitro translated receptors
and oligonucleotide duplexes corresponding to an optimized
palindromic thyroid response element (TRE), a direct thyroid
response element TRE from the malic enzyme gene promoter,
and an everted repeat TRE from the chicken lysozyme gene
(9). The ability of WT and mutant TR-RXR heterodimers to
bind T3 was tested using a reverse gel mobility-shift assay. The
procedure was identical to the conventional assay except that
the in vitro translated receptor was labeled with [35S]methi-
onine and incubated with a non-labeled oligonucleotide duplex
in the presence or absence of 1 nM 125I-labeled T3. Receptor-
associated 125I-T3 was selectively detected by autoradiography
in the presence of a 35S filter.
Transfection Assays.WT and mutant receptor function was

assayed by cotransfection with reporter genes into JEG-3
human choriocarcinoma cells as described (9). WT andmutant
hTRb cDNAs were expressed using a vector containing the
Rous sarcoma virus (RSV) enhancer and promoter. RSVCAT,
driving the expression of chloramphenicol acetyltransferase,

was used as control expression vector. PALTKLUC, MALT-
KLUC, and F2TKLUC contain two copies of a palindromic
TRE or a single copy of a direct repeat or everted repeat TRE,
respectively, upstream of the thymidine kinase promoter and
luciferase cDNA (9). TSHaLUC contains the 59-f lanking
region of the human TSHa-subunit gene from2846 to144 bp,
coupled to luciferase (9). The internal control plasmid Bos–
b-galactosidase (b-gal), containing the human elongation fac-
tor 1a gene promoter driving b-gal, was used to correct for
variations in transfection efficiency. SRC-1 was amplified from
a human B-cell cDNA library with primers based on the
previously reported SRC-1 sequence (24) and cloned into a
eukaryotic expression vector (pSG5).
Protein–Protein Interaction Assays. Fusion proteins con-

taining the ligand-binding domain of WT of mutant receptors
linked to glutathione S-transferase were expressed in Esche-
richia coli and purified as described (18). The vector containing
RIP140 has been described elsewhere (23). The SRC-1 cDNA
described above was cloned into pBluescript SK1. [35S]Me-
thionine-labeled proteins were synthesized by coupled in vitro
transcription and translation of each cDNA (TNT system,
Promega). Aliquots of immobilized fusion protein were incu-
bated with either in vitro translated 35S-labeled RIP140 or
SRC-1 proteins in PD buffer (50mMTriszHCly0.1MKCly0.14
M NaCly0.5% Nonidet P-40y10% glycerol, pH 8.0) in the
presence or absence of 5 mM ligand for one hr at room
temperature, then washed four times with NETN buffer (20
mM TriszHCly0.1 M NaCly1 mM EDTAy0.5% Nonidet P-40,
pH 8.0) and analyzed by SDSyPAGE (18). Gels were Coo-
massie stained to check for equal loading of fusion protein,
then exposed to autoradiography.

RESULTS

Genetic Analyses. Direct sequencing of exon 10 of the TRb
gene in the proband (AJ) indicated that she was heterozygous
for a single nucleotide substitution (1645 TTG to GTG), which
corresponded to a leucine to valine mutation at codon 454
(L454V) in the predicted amino acid sequence. Exons 4–9,
encoding all but the first eight amino acids of the b receptor,
were also sequenced in this individual and no other abnor-
malities were detected. Subsequent analyses showed that her
daughter (CJ) and sister (ES) were also heterozygous for this
mutation, demonstrating concordance between the presence
of a receptor defect and biochemical abnormalities that are
typical of RTH.
Hormone and DNA Binding. To determine its functional

consequences, the L454V mutation was introduced into the
WT TRb1 cDNA and mutant protein generated by coupled
transcription and translation in vitro. Hormone-binding assays
showed comparable binding of 125I-T3 to WT and mutant
receptor proteins and Scatchard analysis indicated that their
ligand-binding affinities were similar [Mean and SEM of at
least three determinations: WT, Ka 5 1.8 3 1010 M21 (60.3);
L454V, Ka 5 1.2 3 1010 M21 (60.1)].
Previous studies (26, 27) indicate that TR can bind to DNA

either as a homodimer or as a heterodimer with RXR on
different TRE configurations. Accordingly, the DNA-binding
properties of WT and mutant receptors were studied using
everted repeat (F2), palindromic (PAL), and direct repeat
(ME) TREs in the presence of hRXRa (Fig. 1a). Under these
conditions the L454V mutant formed homodimer and het-
erodimer complexes on F2 and PAL and heterodimers on the
direct repeat (MAL) comparably with WT. The WT and
mutant homodimer complexes were equally attenuated fol-
lowing ligand binding (28), whereas the TR–RXR complexes
were quantitatively unaffected but showed a small change in
mobility. Recent studies have shown that in some contexts,
heterodimerization can induce allosteric changes, which pre-
clude the binding of ligand to either receptor partner (29, 30).
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To confirm that the L454V receptor mutant was still able to
bind ligand while complexed with RXR, reverse electro-
phoretic mobility-shift assays were performed using MAL
TRE. [35S]Methionine-labeled TR and RXR were incubated
with unlabeled TRE in the presence or absence of 125I-T3 and
analyzed by PAGE (Fig. 1b). Fig. 1b (Upper) displays the
formation of [35S]methionine-labeled TR–RXR complexes
(lanes 3, 8, and 9). Exposure of the same gel to detect 125I-T3
(Fig. 1b Lower) showed that bothWT and mutant heterodimer
complexes were labeled with radioligand (lanes 8 and 9).
Functional Activity and Dominant Negative Inhibition. The

function of WT and L454V mutant receptors was studied in
transient transfection assays using a reporter gene
(TSHaLUC) containing the negatively regulated human
TSHa promoter (Fig. 2a). Inhibition of TSHaLUC by mutant
receptor was impaired, exhibiting a right-shifted profile com-
pared with WT, with maximal inhibition attained at higher T3
concentrations. This is particularly evident when the signifi-
cant background inhibition of TSHaLUC activity in RSV-
CAT-transfected cells, which may be mediated by endogenous
TR, is taken into account.
Similar studies were performed using the positively regu-

lated direct repeat (MALTKLUC), everted repeat
(F2TKLUC), and palindromic (PALTKLUC) TRE-contain-
ing reporter genes. In comparison with significant hormone-
dependent activation seen with WT on MAL and F2 (Fig. 2 b

and c), the L454V mutant was unable to induce significant
reporter gene activity, even with saturating concentrations of
T3. With a palindromic TRE (Fig. 2d) the mutant receptor
retained some hormone-dependent activation potential, but
this was markedly reduced ('30%) compared with its WT
counterpart.
The dominant negative potential of the L454V receptor

mutant was tested. Either WT receptor alone or WT plus an
equal amount of L454V mutant was cotransfected with re-
porter genes (TSHa, MAL, F2, PAL) at low (0.05 nM TSHa;
1nM MALyF2yPAL) or high (10 nM TSHa; 1000 nM MALy
F2yPAL) T3 concentrations, and luciferase activity was mea-
sured. In the presence of mutant receptor, induction of all
three reporter genes by WT receptor was markedly inhibited
(MAL, 31%; F2, 50%; PAL, 32% versus 100%withWT alone)
at low T3 concentrations (Fig. 2 f–h). Even at higher T3
concentrations, the L454V mutant continued to exert a sig-
nificant inhibitory effect (MAL, 40%; F2, 34%; PAL, 68%).
The mutant receptor also exerted a dominant negative effect
with the negatively regulated TSHa promoter at low T3
concentrations, which was reversed at higher levels (Fig. 2e).
Location of Homologous Leucine in Structure of the rTRa

Ligand-Binding Domain and Protein–Protein Interaction As-
says. The crystal structure of the ligand-binding domain of
TRa has recently been elucidated (21), enabling us to examine
the position of the residue homologous to Leu-454 of TRb,
Leu-400. As shown in Fig. 3a, this hydrophobic residue is not
directly involved in interaction with ligand, in keeping with its
preserved hormone-binding affinity. Furthermore, the residue
is solvent accessible (Fig. 3b), suggesting that it could be
involved in protein–protein interactions.
To test this proposal, we examined the interaction of WT

andmutant TRs with RIP140, a protein known to interact with
the ER. In addition to the natural L454V mutant, we tested
artificial mutations of this (L454A) and an adjacent charged
residue (E457A, E457D). We have shown previously that these
mutations also have little effect on ligand binding (18). How-
ever, the L454A mutant exhibits negligible ligand-dependent
transactivation and the transcriptional activity of the E457A
mutant is also markedly attenuated. The E457D mutant does
retain modest transcription activation function (18). In a
protein–protein interaction assay the ligand-binding domain of
WT TRb exhibited strong T3-dependent interaction with
35S-labeled RIP140, comparable to hormone-dependent inter-
action of this protein with ER (Fig. 4a). In comparison, the
ligand-dependent binding of the transactivation mutants
(L454A, L454V, E457A) to RIP140 was abolished or markedly
attenuated, whereas the E457D mutant retained weak associ-
ation with this protein. The relative interaction of different
mutants with RIP140 was too low to be reliably quantitated.
In a further study, the association of these mutant receptors

with the putative transcriptional coactivator SRC-1 was also
examined (Fig. 4b). As with RIP140, the L454A and E457A
mutations severely reduced ligand-dependent interaction of
the receptor with SRC-1 (2 6 1% and 6 6 2%, respectively,
relative to WT), in accordance with the minimal transcrip-
tional activity of these mutants. The L454V mutant, which is
less transcriptionally impaired than L454A and E457A, re-
tained moderate interaction with SRC-1 (39 6 4%). In con-
trast to its binding to RIP140, interaction of the E457Dmutant
with SRC-1 was comparable to that of WT receptor (96 6
13%).
Effect of Coexpressed SRC-1 on Activity of WT and L454V

Mutant Receptors. As the L454V mutant receptor exhibits a
significantly reduced affinity for SRC-1 in vitro, we hypothe-
sized that enhancing the level of SRC-1 expression might
alleviate its loss of transactivation function. WT or L454V
mutant receptors were tested with MAL or PAL reporter
genes together with increasing amounts of cotransfected
SRC-1 expression vector, in the absence and presence of a

FIG. 1. (a) DNA binding and dimerization of WT and mutant
(L454V) receptors. Electrophoretic mobility-shift assays show the
formation of TRb homodimers and TRyRXRa heterodimers (arrow-
heads) in the presence (1) or absence (2) of 10 nM T3 on everted
repeat (F2), palindromic (PAL), and direct repeat (ME) configura-
tions of TRE. (b) Both WT and mutant (454V) receptors retain the
ability to bind T3 when bound to DNA as a heterodimer with RXRa.
35S-labeled receptors were incubated with unlabeled malic enzyme
TRE oligonucleotide duplexes in the presence or absence of 125I-
labeled T3. (A) Formation of heterodimers with RXRa by 35S-labeled
TRb. (B) A 125I-selective exposure of the same gel showing retention
of ligand binding by both WT and L454V TR-RXR heterodimers. RL
denotes reticulocyte lysate control.
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maximal T3 concentration. With MALTKLUC, hormone-
dependent activation by WT receptor was not significantly
enhanced by SRC-1 (Fig. 5a). In contrast, the transcriptional
activity of the L454V mutant was markedly augmented, in-
creasing from 7% to 47% of WT levels with incremental
amounts of SRC-1. The addition of SRC-1 had little effect on
basal reporter activity with either WT or mutant receptor.
With the PALTKLUC reporter, cotransfection of SRC-1
increased hormone-dependent activation by the WT receptor.
However, activation by the L454V mutant receptor was also
progressively augmented by SRC-1, restoring its function to
levels attained by WT receptor (Fig. 5b). Again, coexpressed
SRC-1 had negligible effects on basal promoter activity, except
at the highest level of added SRC-1.

DISCUSSION

The three affected individuals in this kindred showed bio-
chemical abnormalities which are characteristic of RTH, with
markedly elevated serum FT4 and FT3 levels and a failure to
suppress TSH secretion. The proband’s sister (ES) had been
virtually asymptomatic and was therefore classified as a case of
generalized resistance. In contrast, the proband (AJ) and her
daughter (CJ) had experienced thyrotoxic symptoms, suggest-
ing predominant pituitary resistance. The coexistence of gen-
eralized resistance and pituitary resistance phenotypes in a
single family with the same receptor mutation highlights the
variability of clinical features in RTH and supports previous
observations that indicate that generalized resistance and
pituitary resistance are differing manifestations of a single
genetic disorder (7, 31).
When the transcriptional and hormone-binding properties

of natural mutant receptors associated with RTH are consid-
ered, three types of mutants have been described (32): type I
mutants exhibit reduced transactivation in keeping with their

altered ligand binding, but higher T3 concentrations elicit full
activation; type II mutants have disproportionately reduced
transactivation relative to their altered ligand binding at both
low and high T3 concentrations; type III mutants neither bind
ligand nor transactivate. The activation profiles of the L454V
mutant (Fig. 2) are most consistent with type II properties. A
possible cause of impaired transactivation is an alteration in
receptor DNA binding or dimerization functions. For example,
another natural transactivation mutant (R429Q) exhibits im-
paired homodimer formation on some TREs (9, 11). However,
normal homo- and heterodimer formation by the L454V
mutant (Fig. 1a) does not favor this hypothesis. These assays
also demonstrate that L454V mutant homodimer complexes
are attenuated in the presence of T3 (Fig. 1a) and that
heterodimers retain 125I-T3 binding (Fig. 1b). The latter
suggests that allosteric changes in the mutant receptor follow-
ing DNA binding, which might preclude ligand occupancy (29,
30) are also an unlikely explanation for its altered transacti-
vation.
Significantly, we and others (9, 33) have identified a number

of other natural RTH mutations (P453A, P453H, P453S,
P453T) with impaired transactivation, involving the proline
residue that immediately precedes the leucine at codon 454, as
well as seven additional residues at the TRb carboxyl terminus.
This sequence motif can be delineated in a number of other
nuclear receptors (15), with striking conservation of hydro-
phobic and negatively charged residues. Studies have shown
that mutation of a negatively charged glutamic acid residue in
the ER (15), retinoic acid receptor (RARa) (19), or TR
(16–18, 34) impairs transactivation with little effect on ligand
binding. A double mutation (L543AyL544A) of hydrophobic
residues in mouse ER (mER) (15) also disrupts transactivation
and the L454V mutation we have described is homologous to
the proximal leucine residue in mER. Together, these findings
underscore the importance of this proximal hydrophobic res-

FIG. 2. (a–d) Modulation of reporter gene expression by WT (M) or L454V mutant receptors (E). Six-well plates of JEG-3 cells were transfected
with 2 mg (TSHaLUC, MALTKLUC, PALTKLUC) or 4 mg (F2TKLUC) of reporter gene, 100 ng of receptor expression vector, and 200 ng of
Bos–b-gal. Following incubation with T3, luciferase activity was normalized for b-gal activity. Hormone-dependent inhibition of TSHaLUC is
expressed relative to values in non-T3 treated cells. Inhibition of TSHaLUC in control cells transfected with 100 ng RSVCAT is also shown (D).
Activation of MALyPALyF2 reporters by L454V is expressed as a percentage of the maximal induction by WT receptor. The results shown are
the mean of at least three independent transfections in triplicate and the SEM was less than 5% (TSHaLUC) or 10% (MALyF2yPAL). (e–g)
Dominant negative activity of L454V mutant receptor. JEG-3 cells were transfected with reporter and reference plasmids as in a–d and 100 ng
of WT receptor expression vector together with an equal amount of RSVCAT (shaded) or L454V mutant (solid) expression vectors. Inhibition
or induction of reporter activity was calculated following incubation with low or high T3 concentrations as indicated. The results are the mean of
at least three transfections in triplicate.
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idue, which is conserved in a number of nuclear receptors (15),
in transactivation.
Crystal structures of the ligand-binding domains of hRARg

and rTRa bound to ligand have recently been elucidated (21,
35) and confirm that this C-terminal sequence does indeed
form an amphipathic a-helix. In the rTRa ligand-binding
domain, some hydrophobic residues in the carboxyl-terminal
a-helix (e.g., Phe-401; Fig. 3a) are oriented toward the hor-
mone-binding cavity and participate in ligand binding, in
keeping with the detrimental effects of mutations at these
positions on ligand-binding affinity (16, 18). In contrast, the
conserved negatively charged residue (Glu-403) is solvent
exposed and is not involved in hormone binding. A similar
presentation of Leu-400 (the residue homologous to Leu-454
in TRb and Leu-543 in mER) on the surface of the receptor
raised the possibility that both of these residues might be
involved in receptor interaction with heterologous proteins.
A number of proteins that exhibit hormone-dependent

interaction with the carboxyl-terminal domains of nuclear
receptors have been described. ERAP160 (36) and RIP140
(22, 23) were identified using FarWestern blot assays with ER.
TIF1 (37), Trip1ySug1 (38), and SRC-1 (24) were isolated

following interaction in a yeast two-hybrid assay system with
RARyRXR, TR, or progesterone receptors, respectively.
Most recently, the coactivator CBP has also been shown to
interact with nuclear receptors (39). Although the precise role
of these proteins remains to be elucidated, their recruitment by
liganded receptors probably reflects a realignment of the
carboxyl-terminal activation helix in the presence of hormone.
Our data indicate that mutation of either leucine 454 or

glutamic acid 457 in the carboxyl-terminal a-helix of TRb
impairs receptor interaction with RIP140 and SRC-1. Fur-
thermore, the most functionally deleterious mutations
(L454A, E457A) at these positions are associated with the
greatest reduction in RIP140 and SRC-1 binding. More con-
servative substitutions (L454V, E457D) result in retention of
transcriptional activity in some contexts [L454V on a TREpal
containing reporter, Fig. 2d; a GAL4–E457D fusion on a
UASg containing reporter (18)], correlating with retention of
some binding to RIP140 or SRC-1. Furthermore, we have
shown that coexpressed SRC-1 not only enhancesWT receptor
activity (Fig. 5b), but also augments the function of the L454V
mutant, restoring it to WT levels in some TRE contexts. The
differing responses to cotransfected SRC-1 exhibited by WT
receptor on MAL versus PAL TREs suggests that the tran-
scriptional requirement for this factor may be modulated by
TRE configuration. Similarly, the higher transcriptional activ-
ity of L454V relative to WT on PAL versus MAL also suggests
that the nature of the TRE may influence the ability of the
mutant receptor to recruit SRC-1.
Overall, these findings support the notion that hormone-

dependent transcriptional activation by TRb involves receptor
interactions with intermediary proteins via critical residues in
the C-terminal amphipathic a-helix. Whether other residues
from neighboring helices are also involved in such receptor–
protein interactions, to constitute an activation surface [as has
been suggested for RARg (35)], remains to be elucidated.
Lastly, the association of a transactivation mutation (L454V)
with RTHmay also have important functional implications for
hormone-dependent transcriptional inhibition by TR. Individ-
uals harboring this mutation all exhibit raised serum thyroid
hormones with a failure to suppress pituitary TSH secretion,
and hormone-dependent negative regulation of a pituitary
target gene (the human TSHa promoter) by the L454Vmutant
receptor is impaired. This suggests that residues in the amphi-
pathic a-helix are also important for hormone-dependent

FIG. 3. (a) Ribbon drawing of the amphipathic a-helix (399-
PLFLEVF-405) from the crystal structure of rat TRa ligand-binding
domain, showing the interactions of residues that are important for
transactivation. A charged residue, Glu-403 (red), projects toward
solvent, whereas a hydrophobic residue, Phe-401 (brown), contacts the
ligand T3 (magenta). The residue homologous to Leu-454 in hTRb,
Leu-400 (green), is also solvent accessible. The gray residues (Pro-398,
Pro-399) correspond to Pro-452 and Pro-453 in hTRb. (b) Space-filling
representation of the rat TRa ligand-binding domain emphasizing the
solvent accessibility of Leu-400 and Glu-403. Phe-401 is not visible,
since it is buried within the ligand-binding cavity. The view and color
scheme are identical to that of Fig. 3a.

FIG. 4. Interaction of ER, WT TRb, and transactivation mutants
with in vitro synthesized RIP140 and SRC-1. 35S-labeled in vitro
translated RIP140 (a) and SRC-1 (b) were incubated with equal
amounts of glutathione S-transferase (GST), GST-ER, or GST-TR
fusion proteins in the presence (1) or absence (2) of 1 mM estradiol
or T3, as appropriate.
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transcriptional inhibition by TR, perhaps via interaction with
similar accessory factors.
Finally, the properties of the L454V receptor mutant high-

light the utility of analyzing naturally occurring TRbmutations
in RTH. Although the majority of natural receptor mutants
are dysfunctional as a consequence of altered ligand binding,
some are transcriptionally impaired despite normal hormone
binding. Providing the mutant receptor also retains dominant
negative activity, as in this case, an RTH phenotype should
result. Thus, it is likely that other receptor mutants with
unexpected properties will be identified in RTH and their
analysis may identify further domains involved in transcrip-
tional regulation and protein interaction.
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FIG. 5. Effect of coexpressed SRC-1 on the transcriptional activity
of WT and L454V mutant receptors. (a) 24-well plates of JEG-3 cells
were transfected with 500 ng of MALTKLUC, 50 ng of WT or mutant
vectors, 100 ng Bos–b-gal and varying amounts (0–100 ng) of SRC-1
expression vector, including empty vector where necessary to keep
total vector DNA constant. Following incubation in the absence or
presence of 100 nM T3, reporter activity was calculated and expressed
as a percentage relative to the maximum corrected luciferase activity
of WT receptor with 100 ng of SRC-1. Basal (open) versus stimulated
(dark shaded) levels for WT and basal (light shaded) versus stimulated
(solid) for L454V mutant receptor are shown. (b) JEG-3 cells were
transfected with 500 ng of PALTKLUC reporter together with other
plasmids as in a. Reporter activity with or without 100 nM T3 was
calculated as above. Note that the scale of the vertical axes have been
interrupted to show both basal and stimulated reporter activity.
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