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Chapter 2

Abstract

Background: Leucine 341 has been predicted from crystal structure as an important residue
for thyroid hormone receptor $ (TR) function, but this has never been confirmed in functional
studies. Here, we verify the role of Leu341, driven by the identification of a novel L341V
mutation in a 12-year-old girl with resistance to thyroid hormone B (RTHp).

Methods: Genomic DNA was sequenced for mutations in the THRB gene. A novel L341V
mutation as well as three artificial mutations (L341A, L3411, and L341F) were modeled in the
wild-type (WT) T3-bound TRB1 crystal structure. T3 binding affinity and transcriptional activity
of the mutants were determined and compared with WT TR1.

Results: A heterozygous missense mutation in THRB (c.1021C>G; p.L341V) was found in
a patient presented with diffuse goiter, tachycardia, and high serum FT4 and FT3 with non-
suppressed TSH, indicative of RTHR. Structural modeling of this mutation showed altered
side-chain orientation and interactions of T3 with receptor. This was confirmed by in vitro
studies demonstrating reduced affinity for T3 and impaired transcriptional activity of TRB1-
L341V. In addition, substitution of Leu341 by an alanine (A), isoleucine (l), or phenylalanine
(F) reduced receptor function to various degrees, depending on their side-chain size and
orientation and thus ability to maintain important structural interaction.

Conclusion: Leu341 has a critical role in T3 binding and hence TR function, and its mutation
results in the clinical phenotype of RTH.
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Introduction

Thyroid hormone (TH) is crucial for normal growth, development and metabolism.
It is widely accepted that TH predominantly mediates its effects via transcriptional regulation
of genes by binding of the active hormone, triiodothyronine (T3), to nuclear thyroid hormone
receptors (TRs). Three functional TR isoforms, i.e., TRa1, TRB1 and, TRB2, are encoded
by two different genes, THRA on chromosome 17 and THRB on chromosome 3 (1). The
expression of TRs varies among tissues. TRa1 is mainly expressed in the brain, bone, heart,
intestine, and skeletal muscle, whereas TRB1 is principally expressed in the liver, kidney,
and thyroid gland. TRB2 is predominantly expressed in the retina, cochlea, as well as the
hypothalamus and pituitary, where it plays a crucial role in a negative feedback control of the
hypothalamic-pituitary-thyroid (HPT) axis.

Mutations in the THRB gene cause resistance to thyroid hormone  (RTHR), which
was first described in 1967 (2) and the first mutation was subsequently identified in 1989
(3). The estimated incidence is approximately 1:40,000 live births (4,5). The biochemical
characteristics are elevated T4 and T3 with non-suppressed TSH concentrations because
of impaired TRB2 function in hypothalamus and pituitary, which consequently alters negative
feedback control. The clinical phenotype is variable and may include goiter, tachycardia, and
learning disability with or without hyperactive behavior.

RTHR is usually inherited in an autosomal dominant fashion (6,7). Single nucleotide
substitutions resulting in amino acid replacement are more common than frameshift or
nonsense mutations that lead to premature protein truncations (8-10). These mutations mainly
locate in 3 CpG transition and CG rich cluster regions (cluster 1; codon 426-461, cluster 2;
310-353, and cluster 3; codon 234-282) which encode the ligand binding domain (LBD) and
the hinge region of TR protein (6). Therefore, mutations commonly impair affinity for T3 and
consequently reduce transcriptional activity of the receptor.

The affinity for T3 of TR is determined by the interactions between the T3 molecule
and the amino acid residues that form the ligand-binding cavity (11,12). For instance,
crystallization of the TR protein and subsequent in vitro studies revealed that Arg282 and
His435 play a crucial role in hormone binding (13-17). Another residue that was found to line
the ligand binding pocket is Leu341 (18,19). A proline substitution at this position (L341P)
has previously been described in RTHB patients, supporting the importance of this residue
(20,21). However, functional studies on the role of this Leu341 for the function of TRB1 have
not yet been established.

In this study, we describe a 12-year-old girl with RTHB caused by a novel L341V
mutation in TRP. /n silico studies suggest altered T3 binding of TRB1-L341V which is confirmed
by reduced affinity for T3 and impaired transcriptional activity in in vitro studies. In addition,
substituting Leu341 with other non-polar amino acids also impairs receptor function to various
degrees, depending on their side-chain size and orientation and thus ability to maintain
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important structural interactions. These findings emphasize the functional importance of
Leu341 for TRP activity.

Materials and methods

Clinical and genetic assessment

The index patient was referred to our institute because of poorly controlled
Graves’ disease. Thyroid function tests were evaluated after one month of methimazole
(MMI) withdrawal using an electrochemiluminescence immunoassay kit (Roche Diagnostic,
Mannheim, Germany). Informed consent was obtained from the parents of the index patient.
The study was approved by the Medical Ethics Committee of the Faculty of Medicine, Chiang
Mai University, Thailand.

Genomic DNA was extracted from peripheral blood leukocytes by QlAamp® DNA Mini
Kit (Qiagen, Hilden, Germany). Exons 7-10 of the THRB gene [GeneBank: NM_000461.4],
including exon-intron boundaries, were amplified (see Supplementary Table S1 for primers).
Sequencing was performed as described previously (22). The exon carrying the mutation was
re-amplified and sequenced to exclude a PCR error.

In silico prediction of mutant TRB1 function

YASARA Structure Software (YASARA Bioscience GmbH, Vienna, Austria) (23) was
used to model the TRB1-L341V patient’s mutation and three artificial mutants (L341A, L341]
and L341F) into a T3-bound wild-type (WT) TRB1 crystal structure (PDB-ID: 3GWS) (24)
using the side-chain substitution tool. Side-chain orientations were optimized using SCWALL
(Side-Chain conformations With ALL available methods) (25,26), after which the final models
were minimized without further constraints. All images were created using YASARA Structure
and Pov-Ray v3.6 software (www.povray.org).

DNA constructs and mutagenesis

The human TRB1 cDNA was amplified and subcloned into the EcoR/ and Xbal sites
of the pcDNAS3 expression vector fused at the 5-end to the sequence encoding the FLAG-
epitope tag and downstream of an optimized Kozak sequence (see Supplementary Table S1
for primers). The TRB1-L341V patient’s mutation (c.1021C>G) and three artificial mutants,
including L341A, L3411 and L341F, were introduced using the QuickChange Il Mutagenesis
kit (Agilent Technologies, Amstelveen, The Netherlands) according to manufacturers’ protocol
(see Supplementary Table S1 for primers). Sequences of mutant constructs were confirmed
by Sanger sequencing.
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['#1]T3 competitive binding assay

Human FLAG-tagged TRB1 WT and mutant (L341V, L341A, L341l and L341F)
receptor proteins were synthesized in reticulocyte lysate using the TnT® T7 Quick Coupled
Transcription/Translation System (Promega, Leiden, The Netherlands). The protein lysate
was incubated with 0.02 nM of ['?°I]T3 in 0.5 mL binding buffer (20 mM Tris, pH 8.0, 50 mM
KCI, 1 mM MgCl,, 10% glycerol, 5 mM DTT) and 0-10,000 nM unlabeled T3 for 2 hours
at 30°C. Protein-bound ['#I]T3 was captured by filtering through a nitrocellulose filter
membrane (Millipore HA filters, 0.45 um) under vacuum. The data was corrected for non-
specific binding (counts bound at 10,000 nM unlabeled T3) and expressed as percentage
maximal ['#1]T3 binding (counts bound at 0 nM unlabeled T3). The ['#I]T3 displacement curve
and the dissociation constant (Kd) were computed by GraphPad Prism program version 5.0
(GraphPad, La Jolla, CA) and shown as mean + standard error of the mean (SEM) of three
independent experiments performed in duplicate.

Cell culture and transfection

JEG-3 cells were cultured and transfected as previously described (27). In brief, 20
ng of FLAG-tagged WT or mutant TRB1 expression vectors and 120 ng of luciferase reporter
constructs containing either direct repeat (DR4), inverted repeat (IR0) or everted repeat
(ERB) thyroid hormone response element (TRE) (28), as well as 60 ng pMaxGFP transfection
control, were transiently transfected into cells in TH depleted medium using Xtreme Gene 9
transfection reagent (Roche Diagnostics, Aimere, The Netherlands). To determine the effect
of TRB1-L341V on WT function (dominant-negative effect), we co-expressed WT and TRB1-
L341V receptors (1:1 equimolar ratio), or either WT or TRB1-L341V with empty vector (EV)
(as gene dose control). After 24 hours, cells used for luciferase assays were incubated in
DMEM/F12 medium supplemented with 0.1% bovine serum albumin and containing 0-10,000
nM T3 for 24 hours.

Immunoblotting

To determine the expression of FLAG-tagged TRB31 WT and mutants in JEG-3 cells,
nuclear proteins were extracted as described previously with slight modifications (29). Briefly,
cells were swollen on ice for 15 min in buffer A (10 mM Hepes, 10 mM KClI, 0.1 mM EDTA, 1 mM
DTT, pH 7.9) supplemented with the Complete Protease Inhibitor cocktail (Roche Diagnostics)
and were lysed by addition of 0.6% NP40. The nuclei were pelleted by centrifugation for 10
min at 2500 g and extracted for 45 min in buffer C (20 mM HEPES, 0.4 M NaCl, 1 mM EDTA,
1 mM DTT, Complete Protease Inhibitors, pH 7.9) at 4°C. After centrifugation for 15 min at
20000 g, the supernatants containing nuclear proteins were collected and diluted in buffer D
(20 mM HEPES, 1 mM EDTA, Complete Protease Inhibitors, pH 7.9). Immunoblotting was
performed as previously described (27). The FLAG-tagged TRB1 and Histone 3 (as loading
control) were detected by FLAG-M2 antibody (#F1804 Sigma-Aldrich) and Histone 3 (H3;
1B1B2) antibody (#14269 Cell Signaling Technology), respectively, at a 1:1000 dilution and
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visualized by Enhanced Chemiluminescence (Thermofisher Scientific) on the Alliance 4.0
Uvitec platform (Uvitec Ltd).

Luciferase assays

Luciferase activity of WT and mutant receptors was measured using the Dual
Glo Luciferase kit (Promega, Leiden, The Netherlands) as previously described (22). The
ratio between luciferase and GFP was calculated to adjust for transfection efficiency. Data
were expressed as percentage maximal response of WT and half maximal effective T3
concentration (EC.)) and maximal response calculated using GraphPad Prism program
version 5.0 (GraphPad, La Jolla, CA). The results are shown as mean + SEM of at least three
independent experiments performed in triplicate.

Statistical analysis

Statistical differences of logKd and logEC, values between WT and mutants were
analyzed by student’s t-test. The percentage maximal response of mutants was compared to
WT by one sample t-test. The statistical difference of logkd and logEC,, values between four
mutants (L341V, L341A, L3411, and L341F) was determined by one-way ANOVA with Tukey’s
post-test. Statistical significance was considered when p-values < 0.05.

Results

Clinical and genetic assessment

A 12-year-old Thai girl (11.3) born to non-consanguineous parents presented with
goiter and palpitations for four years. She had been diagnosed erroneously with Graves’
disease and treated with methimazole for three years without remission. During treatment,
she had fluctuating thyroid hormone and increased TSH concentrations. Physical examination
showed a height of 134 cm (-3.17 SDS), a weight of 27.2 kg, a BMI of 15.1 kg/m? (-1.83
SDS), tachycardia (heart rate 144/min) and diffuse thyroid gland enlargement. Her thyroid
function tests showed high FT4 and FT3 with non-suppressed TSH concentrations (Figure 1,
Supplementary Table S2). Interestingly, an older sister (11.2) and her mother (1.2) also suffered
from presumed Graves’ disease, for which the mother had undergone a subtotal thyroidectomy
and subsequently developed postoperative hypothyroidism, which required high doses of
levothyroxine (300 pg/day). Because of the high TH with non-suppressed TSH concentrations
of the index patient and affected family members, Graves’ diagnosis was incorrect and RTH
was suspected in this family.
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Figure 1. (A) The pedigree demonstrates three RTHR patients in the family. (B-F) The graphs show
thyroid function tests of affected family members (closed dot [e]: during antithyroid drug treatment and
normal TSH; open dot [o]: during antithyroid drug treatment with high TSH; triangle [A]: no treatment;
[-----]: reference ranges).

After obtaining informed consent, genomic DNA of exons 7-10 of the THRB gene from
the index patient and family members was sequenced and a novel heterozygous missense
mutation at codon 341 leading to a leucine to valine substitution (c.1021C>G, p.L341V) was
found in the index patient (11.3), the older sister (I1.2) and the mother (1.2) (Supplementary
Figure S1). This mutation was not found in the father (1.1) and is not present in public databases
(dbSNP, 1000 Genomes, and Exome Aggregation Consortium [ExAC]).
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In silico modeling of the TRB1-L341V mutant

Inspection of the crystal structure of the T3-bound WT TRB1 receptor (PDB-ID:
3GWS) revealed that Leu341 is located at the TRB1 ligand-binding pocket (Figure 2A). Its
aliphatic side-chain is predicted to form a direct hydrophobic interaction with the outer ring of
the T3 molecule (Figure 2B). In addition, Leu341 interacts with several surrounding residues,
amongst others the ligand-interacting residues Phe272, Leu330, and Leu346. In this way,
Leu341 likely determines their orientation towards the T3 molecule and the overall shape and
integrity of the ligand-binding pocket. Next, the L341V mutant was modeled into the T3-bound
WT TRp1 receptor crystal structure (Figure 4A). As a consequence of the shorter side-chain
length of valine and an altered side-chain orientation as compared to the original leucine
residue, it is not likely to form a direct interaction with ligand. Moreover, at least part of the
hydrophobic interactions with surrounding residues, most importantly Leu330, is likely to be
disturbed, which may impede the structural integrity of the ligand-binding pocket. All together,
these observations suggest that the L341V mutant may reduce ligand-binding affinity and
consequently receptor function.

Leu330 Phe272 Leu346

Arg282 His435

Figure 2. (A) Crystal structure of T3-bound WT TRB1 (PDB-ID: 3GWS) in which the side chain of the
affected Leu341 is depicted in red. (B) Close-up view of the ligand binding domain showing the side-
chains of ligand-interacting residues. Arg282 and His435 form hydrogen bonds with the carboxyl group of
the alanine side-chain and phenolhydroxyl group of T3, respectively (purple dashed lines). Together with
Leu330, Phe272, and Leu346, Leu341 (in red) forms a hydrophobic pocket accommodating the two
phenolic rings of the T3 molecule through hydrophobic (green lines) and pi-pi (pink-red lines) interactions.
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In vitro functional analysis of TRB1-L341V

To understand the effect of the L341V mutation on TRB1 function, we performed
['251]T3 competitive binding assays to determine the T3 binding affinity of the WT and mutant
receptors. TRB1-L341V showed a 16-fold higher dissociation constant (Kd) than WT TRf1,
indicating an impaired T3 binding affinity for the mutant (Figure 3A, Supplementary Table S3).

Next, we measured T3-dependent transcriptional activity of overexpressed WT
or TRB1-L341V receptors in JEG-3 cells using a luciferase reporter assay. The expression
of receptor constructs was confirmed by immunoblotting (Figure 3B). The mutant receptor
showed a significantly higher EC,, compared with WT TRB1 on all TREs (60-fold on DR4, 40-
fold on IR0, and 90-fold on ERG), reflecting an impaired T3-induced transcriptional activity of
this mutation. However, the TRB1-L341V showed similar maximal transcriptional activity with
WT TRB1, demonstrating that supra-physiological doses of T3 can rescue the transcriptional
activity of the TRB1-L341V (Figure 3C-E, Supplementary Table S3).
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Figure 3. Functional analysis of TRB1-L341V. (A) The ['#I]T3 dissociation curve of mutant shifts to the
right suggesting an impaired affinity for T3 (data presented as mean + SEM of three independent
experiments performed in duplicate). (B) Immunoblotting confirms the expression of WT and TRB1-L341V
in JEG-3 cells. (C-E) The TRB1-L341V shows impaired transcriptional activity on all TRE tested, as
indicated by the right shift of the T3-induced dose-response curves. Co-transfection of WT with TRB1-
L341V alters transcriptional activity of WT in a dominant-negative manner (data presented as mean +
SEM of four independent experiments performed in triplicate).
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The effect of TRB1-L341V on WT TR function or its dominant-negative activity was
tested by co-expressing WT and TRB1-L341V. The EC,; of co-expressed WT and TRB1-
L341V was higher than that of WT only (3-fold on DR4, 5-fold on IR0, and 14-fold on ERG6)
suggesting a dominant-negative effect of the mutant receptor (Figure 3C-E, Supplementary
Table S4). Together, these in vitro studies support an important role for Leu341 in substrate
binding and receptor function.

In silico modeling and in vitro functional analysis of artificial mutations at
341 residue

To further delineate the function of Leu341, we generated expression constructs in
which the Leu341 was substituted by an isoleucine (L3411), alanine (L341A), or phenylalanine
(L341F). All of them have hydrophobic side-chains but of different sizes and structural
properties (Figure 4A). In case of the isoleucine substitution, the branched chain character
and the size of the side-chain are maintained, whereas the side-chain of an alanine is smaller.
In contrast, the side-chain of phenylalanine is more bulky and rigid compared to the original
isoleucine. Structural modeling of the L3411 mutant suggested loss of direct contacts with
ligand and slight alterations in the interactions with the surrounding residues. Obviously,
these interactions were predicted to be even more extensively disturbed in case of the L341A
mutant as a consequence of the size reduction of the side-chain. Although the bulky side-
chain of phenylalanine was predicted to slightly alter the local architecture of the ligand-
binding pocket, most of the essential interactions with the surrounding residues as well as the
direct interaction(s) with the T3 molecule were preserved.

In vitro studies confirmed the functional impairment of these artificial mutants. The
Kd of all three mutants indicating their affinity for T3, was significantly higher than WT. (Figure
4B, Supplementary Table S5). These results demonstrate that substitution of Leu341 by other
non-polar amino acids with different side-chain size and orientation results in impaired T3
binding affinity of TRB1. Interestingly, the shift in Kd was proportional to the size of the side-
chain that was introduced and hence the distance to the substrate molecule and surrounding
residues. Substitution by alanine and valine, which have a smaller size of the side-chain than
isoleucine and phenylalanine, produced the higher shifts in Kd.

The shift of T3-induced transcriptional activity of the mutant receptors on the DR4 TRE
showed a similar trend as the shift in affinity for T3. The EC, of all mutants was significantly
higher than that of WT TRB1. In addition, the degree of the shift in EC,, also depended on the
size and orientation of the side-chain (Figure 4C, Supplementary Table S5).
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Figure 4. (A) Crystal structure of WT TRB1 (PDB-ID: 3GWS) and structural models of the L341V and
three artificial mutants (L341A, L3411 and L341F) showing the side-chain size and orientation toward the
T3 molecule and surrounding residues of the different residue side-chains. The WT Leu341 residue forms
a direct interaction with ligand as well as extensive hydrophobic interactions (green lines) with its
surrounding residues by which it stabilizes the hydrophobic pocket. All mutants were predicted to disturb
these interactions to various degrees, with the L341F having the smallest impact. (B) The ['#I]T3
dissociation curve show the diverse severity of T3 binding impairment of the mutants (data presented as
mean + SEM of three independent experiments performed in duplicate). (C) Transcriptional activity of the
mutant receptors is impaired, as indicated by the right-shifted of T3-induced dose-response curves tested
on DR4 TRE (data presented as mean + SEM of three independent experiments performed in triplicate).
(Insert) Immunoblotting confirms the expression of all receptor constructs.
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Discussion

In this study, we describe the role of Leu341 in TRB function prompted by the
identification of a novel TRB1-L341V mutation in an RTH family. /n silico modeling of TRB1-
L341V predicted interference with T3 binding, which was verified by ['®I]T3 competitive
binding assays. Transcriptional impairment and dominant-negative ffect of this mutant was
confirmed by in vitro studies. Additional artificial mutants (L341A, L3411, and L341F) were
created based on the in silico predictions, showing different degrees of receptor impairment
which depended on the side-chain size and exact orientation. With detrimental effects being
observed even with subtle L3411l and L341V mutations, illustrates the importance of Leu341
for TRB1 function.

The novel L341V mutation reported in this study was identified in a patient and
affected family members that had all been misdiagnosed with Graves’ disease and treated
with antithyroid drugs without remission. The mutation is located in a commonly mutated
region (i.e., cluster 2) of TRB1. Although the other mutation at this position, L341P, has been
previously described (20,21), functional studies on the role of Leu341 in TR are lacking.
Based on crystallographic analyses (24,30), Leu341 is predicted to be part of the TRB1 ligand-
binding surface.

Our in silico models suggest the presence of a direct hydrophobic interaction
between Leu341 and the outer ring of the T3 molecule. Importantly, Leu341 also interacts with
several other residues that line the ligand binding pocket, some of which (Phe272, Leu346)
have been previously suggested to play an important role in ligand binding (15,31). Mutations
in the latter have indeed been identified in RTH patients (20,32). Given its branched-chain
character, Leu341 may therefore function as an important residue stabilizing the orientation
of its surrounding residues. Shortening of its side-chain to valine would then affect the direct
interaction with the T3 molecule, as well as the positioning and hence interactions of this
residue with surrounding residues. The great impact of removing one side-chain methylene
group in case of the TRB1-L341V indeed suggests that the exact side-chain size and
orientation at this position is of vital importance for substrate binding and hence receptor
activity. We additionally confirmed this by studying three artificial mutations, L341A, L341l and
L341F. The side-chains of these three amino acids all have similar hydrophobic properties but
a different size and orientation, resulting in a variable distance to the T3 molecule.

The in vitro studies confirmed the results of the in silico modeling. The TRB1-L341V
has a reduced affinity for T3, as indicated by the higher Kd compared to WT TR@1, and
impaired T3-dependent transcriptional activity, as indicated by the increased EC, on all TREs
tested. These data illustrate the resistance of TRB1-L341V to T3 stimulation, which can,
however, be overcome in case of higher (supra-physiological) doses of T3. Such rescue of
function at high T3 concentrations has also been described with other TR31 mutations (33-
35) and is probably due to the fact that T3 binding affinity of these mutants is not completely
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abolished. In addition to the in vitro studies of TRB1-L341V, the three artificial mutants also
showed significantly reduced affinity for T3 and impaired transcriptional activity. Interestingly,
the degree of the shift in EC,, related to the distance between the side-chain and T3. These
results further confirm that the interaction between T3 and TRB1 receptor requires a proper
distance between the amino acid at position 341 and inner ring iodine of T3.

TRB1-L341V also showed a dominant-negative effect on transcriptional activity of co-
expressed WT TRB1 on all TREs tested, but strongest on the ER6 TRE. The strong dominant-
negative effect on this TRE has also been observed in other TRB1 mutants (34,36). In contrast
to the DR4 and IR0 TREs, where TRB1 engages predominantly as a heterodimer with RXR,
TRB1 acts on ER6 as a homodimer (37). This means that in the heterozygous situation, only
25% of homodimers are formed by WT receptors. If both receptors of the homodimer need to
bind ligand in order to exert transcriptional activity, this may explain the stronger dominant-
negative effects on ER6 TRE.

To our knowledge, this is the first study showing the role of the Leu341 residue in
TR function, gaining more detailed insight into T3 and TR interaction. Taking into account
the predictive nature of structural modelling, we managed to develop an in silico model
that correctly predicts the degree of receptor impairment compared with in vitro studies. In
addition, the creation of artificial mutations based on the in silico modeling proved to be a good
approach to further explore the role and importance of affected amino acid residues.

In conclusion, we verify the importance of the Leu341 residue for TR function. The
interactions between Leu341, its surrounding residues, and T3 are required for optimal affinity
for T3 and transcriptional activity. Mutations at this amino acid residue can reduce affinity for
T3 and impair transcriptional activity of TRp.
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Supplementary Materials

Supplementary Table S1. Primers for THRB sequencing, FLAG-TRB1 cloning, and FLAG-TRB1

mutagenesis.
Condition Primers (5’-3’)
Exon 7 THRA Forward: TGCAGCTTGCTGTGTATCTTG
Reverse: CCCAAGGTGATGAGGACTG
Exon 8 THRA Forward: CTTTCTGCAGCAACAGTCC
Reverse: GTATTCCTGGAAACTGATGAAAC
Exon 9 THRA Forward: GAAAACCATGGGCTCAAAG
Reverse: TGAAGCTAAAGGGGGACTG
Exon 10 THRA Forward: TAAAGGCCTGGAATTGGAC
Reverse: TGCTTGGTGCTGGTGAG
FLAG-TRB1 cloning Forward: GTAGAATTCTGGCCGCAGAAATGGACTACAAAGACGATGACG
ACAAGATGACTCCCAACAGTATGACAGAAAATG
Reverse: CTATCTAGACTAATCCTCGAACACTTCCAAGAAC
L341V Forward: GACACGGGGCCAGGTGAAAAATGGGGG
(CTG>GTG) Reverse: CCCCCATTTTTCACCTGGCCCCGTGTC
L341A Forward: GTGACACGGGGCCAGGCGAAAAATGGGGGTCT
(CTG>GCG) Reverse: AGACCCCCATTTTTCGCCTGGCCCCGTGTCAC
L3411 Forward: AGTGACACGGGGCCAGATCAAAAATGGGGGTCTTG
(CTG>ATC) Reverse: CAAGACCCCCATTTTTGATCTGGCCCCGTGTCACT
L341F Forward: AGTGACACGGGGCCAGTTCAAAAATGGGGGTCTTG
(CTG>TTC) Reverse: CAAGACCCCCATTTTTGAACTGGCCCCGTGTCACT
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Supplementary Table S2. Clinical and biochemical characteristics of index patient and family members.

Parameter Index case (I1.3) Sister (11.2) Mother (1.2)
Age (year) 12 23 51
Clinical presentation goiter, tachycardia  goiter, tachycardia goiter
Thyroid function tests [normal range]
- TSH (ulU/mL) [0.5-4.8] 3.29 245 1.2
- TT4 (ug/dL) [4.2-13.0] N/A 13.5 12
- FT4 (ng/dL) [0.8-2.3] 5.37 N/A N/A
-TT3 (ng/dL) [55-170] N/A 221 190
- FT3 (pg/mL) [2.3-4.2] 14.31 N/A N/A
- Anti-TPO (IU/mL) [<40] 5.0 N/A N/A
- Anti-TG (IU/mL) [<125] 19.9 N/A N/A
- TRAD (IU/L) [0.00-1.75] <0.3 <0.3 N/A
Previous treatment MMI 15 mg/day MMI Ml\t/Ith:r;ie;ir;Cstztr:?/tal

TSH, thyroid-stimulating hormone; TT4, total thyroxine; FT4, free thyroxine; TT3, total triiodothyronine; FT3,
free triiodothyronine; Anti-TPO, anti-thyroid peroxidase; Anti-TG, anti-thyroglobulin; TRAb, thyrotropin receptor
autoantibody; MMI, methimazole; N/A, not available

Supplementary Table S3. Functional analysis of WT and TRB1-L341V.

Parameter TRE WT TRB1 TRB1-L341V
LogKd [Kd(nM)] - -0.5120.13 [0.31] 0.70+0.06** [5.01]
LogEC50 [EC,,(nM)] DR4 -0.45+0.04 [0.35] 1.32+0.04*** [21.1]
IRO -0.17+0.04 [0.67] 1.69+0.16*** [49.5]
ER6 0.31£0.09 [2.03] 2.430.16*** [269]
% WT maximal response DR4 100 106+22.6
IRO 100 10722.5
ER6 100 83.948.41

student’s t-test compared to WT, *p<0.05, **p<0.01,
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Supplementary Table S4. The dominant-negative effect of TRB1-L341V on transcriptional activity of WT
receptor.

L341V+ p-value
Parameter TRE  WT+WT WT+EV L341V+EV WT+L341V (One way
L341V
ANOVA)
-0.45+0.04 -0.47+0.04  1.32+0.04 1.3620.02  0.05+0.13™11*
DR4 [0.35] [0.34] [21.1] [22.9] [1.11] <0.0001
- - “t
LogEC,, IR0 0.17£0.04 -0.11+0.15  1.69+0.16 1.53+£0.18 0.52+0.13 <0.0001
[EC,,(nM)] [0.67] [0.77] [49.5] [33.7] [3.29]
0.31£0.09  0.32+0.30  2.43+0.16 2.43+0.19 1.460.45
ER .
6 [2.03] [2.11] [269] [267] [28.9] <0.0001

Tukey’s post-test compared to WT+WT, *p<0.05, **p<0.01, ***p<0.001, and WT+EV, Tp<0.05, T'p<0.01, 1fp<0.001

Supplementary Table S5. Functional analysis of artificial mutants at 341 amino acid residue.

p-value
Parameter WT TRB1  TRB1-L341V TRP1-L341A TRPB1-L3411 TRB1-L341F (One way
ANOVA)
LogKd -0.51+0.13 0.70+0.06"  0.66+0.06"  0.47+0.10"  0.53%0.11" 0.2606
[Kd(nM)] [0.31] [5.01] [4.54] [2.94] [3.42] ’
LogEC,, -0.47+0.03  1.33£0.04™  1.37+0.04™  1.19+0.35™  0.33+0.06™ 0.0113

[EC,,(nM)] [0.34] [21.38] [23.12] [15.35] [2.14]

student’s t-test compared to WT, **p<0.01, ***p<0.001
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G G G G C C A G C/G T G A A A A AT
6 6 6 6 C CA G S T G AAA A AT
Index case ¢

11.3

Mother

G G G G C C A G C
6 6 6 6 C CAGTC

Father (normal)

I.1 /\/\/\/\

1006 GTGACACGGGGCCAGCTGAAAAATGGGGGTCTT 1039

WT THRB
336 V. T R G Q L K N G G L 346

1006 GTGACACGGGGCCAGGTGAAAAATGGGGGTCTT 1039

L341V
336 V. T R G Q V K N G G L 346

Supplementary Figure S1 Sequence analysis of exon 9 of THRB shows a heterozygous missense
mutation (c.1021C>G) in index case (II.3), older sister (1l.2) and mother (1.2), resulting in a valine
substitution at codon 341 (p.L341V).
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