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Abstract

Determination of the full-length thyroid-stimulating hormone receptor (TSHR) structure 
by cryo-electron microscopy (cryo-EM) is described. The TSHR complexed with human 
monoclonal TSHR autoantibody K1-70™ (a powerful inhibitor of TSH action) was detergent 
solubilised, purified to homogeneity and analysed by cryo-EM. The structure (global 
resolution 3.3 Å) is a monomer with all three domains visible: leucine-rich domain (LRD), 
hinge region (HR) and transmembrane domain (TMD). The TSHR extracellular domain 
(ECD, composed of the LRD and HR) is positioned on top of the TMD extracellular surface. 
Extensive interactions between the TMD and ECD are observed in the structure, and 
their analysis provides an explanation of the effects of various TSHR mutations on TSHR 
constitutive activity and on ligand-induced activation. K1-70™ is seen to be well clear 
of the lipid bilayer. However, superimposition of M22™ (a human monoclonal TSHR 
autoantibody which is a powerful stimulator of the TSHR) on the cryo-EM structure shows 
that it would clash with the bilayer unless the TSHR HR rotates upwards as part of the 
M22™ binding process. This rotation could have an important role in TSHR stimulation by 
M22™ and as such provides an explanation as to why K1-70™ blocks the binding of TSH 
and M22™ without activating the receptor itself.

Introduction

The G-protein coupled receptor (GPCR) for thyroid-
stimulating hormone (TSH) receptor (TSHR) has a key role 
in the regulation of thyroid function and is a major thyroid 
autoantigen (Rees Smith et al. 1988, Rapoport et al. 1998, 
Morshed et al. 2012, Furmaniak et al. 2015). In particular, 
TSHR autoantibodies (TRAbs) bind to the receptor in such a 
way as to mimic TSH action and cause the hyperthyroidism 
of Graves’ disease (Rees Smith et  al. 1988, Rapoport et  al. 
1998, Furmaniak et al. 2022). TRAbs also act on TSHRs in 
the orbit and have an important role in the eye signs of 
Graves’ disease (Bahn 2010, Furmaniak et al. 2022).

TSH and TRAbs bind principally to the concave 
surface of the receptor’s leucine-rich-repeat domain (LRD, 
amino acids 22–279). The crystal structures of the human 
TSHR LRD (amino acids, 22–260; TSHR260) bound to the 
thyroid-stimulating human monoclonal autoantibody 
(MAB) M22™ (Sanders et  al. 2003) and the blocking type 
MAB K1-70™ (Evans et  al. 2010, Furmaniak et  al. 2019) 
have been solved at 2.55 and 1.9 Å resolution, respectively 
(Sanders et  al. 2007, 2011). Also the crystal structure of a 
thermostable ligand-free TSHR LRD has been solved at 2.83 
Å resolution (Miller-Gallacher et al. 2019). Also, the crystal 
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structure of the TSHR LRD (Sanders et  al. 2007) and the 
crystal structure of the FSHR extracellular domain (ECD) 
(Jiang et al. 2012) allowed structural modelling of the full-
length TSHR by different groups (Davies et al. 2014, Brüser 
et al. 2016, Schaarschmidt et al. 2016, Kleinau et al. 2017).

We now describe the structure of the full-length 
TSHR (amino acids 22–764) in complex with K1-70™ Fab 
determined by cryo-electron microscopy (cryo-EM).

Materials and methods

Preparation of TSHR–K1-70™ complexes

Full-length human TSHR (amino acids 22–764) was 
expressed in CHO-K1 cells as described previously (Oda et al. 
1998). The cells were resuspended in 10 mmol/L Tris–HCl 
pH 7.5 supplemented with complete protease inhibitors 
(Roche), homogenised and centrifuged at 12,000 g for 30 
min at 4°C to obtain a crude membrane preparation. This 
was suspended in 10 mmol/L Tris–HCl pH 7.5, 50 mmol/L 
NaCl, re-sedimented and re-suspended in the same buffer.

K1-70™ IgG was purified from heterohybridoma culture 
supernatants, Fab was prepared using mercuripapain 
(Sanders et  al. 2011) and added to the TSHR membrane 
preparation. The mixture containing 10 μg/mL of K1-70™ 
Fab was then incubated for 1 h at 20°C followed by 
centrifugation at 12,000 g for 45 min at 4°C and the pellets 
were homogenised in 10 mmol/L Tris–HCl pH 7.5, 50 
mmol/L NaCl, 2% lauryl maltose neopentyl glycol (LMNG), 
0.2% cholesteryl hemisuccinate (CHS) containing 25 
µg/mL K1-70™ Fab. After incubation for 2 h at 4°C, the 
homogenate was centrifuged at 90,000 g for 1 h at 4°C and 
the supernatant containing solubilised TSHR–K1-70™ Fab 
complex was stored in aliquots at −70°C.

Purification of TSHR–K1-70™ complexes

A mouse monoclonal TSHR antibody (14C4) that binds 
to  a conformational epitope within amino acids 22–260 
of  the TSHR (but distinct from the K1-70™ binding site) 
was  coupled to CNBr-activated Sepharose 4B (Sigma-
Aldrich) and a 3 mL column was used to affinity purify 
solubilised TSHR–K1-70™ Fab complex. After washing 
with  6 column volumes of 50 mmol/L Tris–HCl pH 
8.0,150   mmol/L NaCl, 0.2% LMNG and 0.02% CHS 
containing  2 µg/mL of K1-70™ Fab, the complex was eluted 
with 0.1 mmol/L sodium citrate pH 4.5, 0.2% LMNG and 
0.02% CHS, 2 µg/mL K1-70™ Fab. One-millilitre fractions 
were collected and dialysed into 50 mmol/L Tris pH 8.0, 
150 mmol/L NaCl, 0.02% LMNG and 0.002% CHS.

After dialysis, the complex was concentrated using a 
10 kDa MWCO spin concentrator (Thermo Scientific) and 
run on a Superdex 200 XK 16-100 column (GE Healthcare) 
in 50 mmol/L Tris–HCl pH 8.0, 150 mmol/L NaCl, 0.02% 
LMNG and 0.002% CHS. The fractions containing 
the  complex (Fig. 1) were collected and concentrated to 
1 mg/mL for cryo-EM.

Analysis of TSHR–K1-70™ complexes

During purification of the complex, total protein 
concentration was determined by Bradford assay (Biorad). 
Also, the presence of K1-70™ Fab and the presence of the 
TSHR in various fractions were monitored. Briefly, 150 μL 
of TSHR–K1-70™ complex was incubated overnight at 4°C 
in ELISA plate wells coated with a mouse MAB which binds 
to the C-terminus of the TSHR. The wells were washed 
thrice with wash buffer (50 mmol/L NaCl, 10 mmol/L Tris–
HCl pH 7.8, 0.05% LMNG) and 100 μL of either TSHR MAb 
14C4 labelled with horse radish peroxidase (14C4-POD; 
RSR Ltd, Cardiff, UK) or anti-human Fab-specific antibody 
labelled with horse radish peroxidase (Sigma Aldrich) was 
added and the samples were incubated for 20 min at room 
temperature. The plate wells were then washed twice with 
wash buffer, once with water before the addition of 100 
μL 3,3’,5,5’ tetramethylbenzidine substrate and a further 
35 min incubation in the dark at room temperature. The 
reaction was then stopped by the addition of 50 μL of 0.5M 
H2SO4 and the absorbance was read at 450 nm using an 
ELISA plate reader.

The purity of the final complex was assessed by 12% 
non-reduced sodium dodecyl sulphate-PAGE (SDS-PAGE) 
(Laemmli 1970) and Western blotting (Birk & Koepsell 
1987) with anti-human Fab-specific antibody labelled with 
peroxidase (Sigma Aldrich) to detect the presence of K1-70™ 
Fab and peroxidase-labelled mouse MAB to the N-terminus 
of the TSHR (8E2; Oda et  al. 2000) to detect TSHR. The 
concentration of the purified complex was determined 
by optical density measurements at 280 nm using the 
extinction coefficient of 1.330 mL/mg/cm calculated from 
the amino acid sequence using ProtParam (https://www.
expasy.org/resources/protparam).

Cryo-EM grid preparation and data collection

The purified complex (3 μL of 1 mg/mL) was applied to 
UltrAufoil R1.2/1.3 300 mesh grids and the grids glow 
discharged once per slide, the foil side being the most 
recently charged. A total of 12 cryo-TEM grids were 
prepared using Vitrobot Mark IV (Life Sciences). The data 
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were collected from the UltrAufoil grid from undiluted 
complex (1 mg/mL) with 0 blotting force and 3 s blot time.

Data collection was performed on a Titan Krios 
300kV (at Cryo-EM Facility, Department of Biochemistry, 
University of Cambridge, UK) using 130,000× 
magnification, corresponding to a pixel size of 0.652 
Å/pixel. The data were collected with a Falcon 3 Direct 
Detector in electron counting mode. A total dose of 47.3 
e/Å2 and 50 fractions were used for recording movies 
during each exposure which lasted 501.34 s and a defocus 
range from −2.4 to −1.0 µm with a defocus step of 0.2 µm.

A total of 8219 movies were collected during the 
data collection session. WARP (Tegunov & Cramer 2019) 
identified about 1,600,000 particles which were then 
passed into Cryo-SPARC processing for 3D reconstruction 
(Punjani et al. 2017).

Molecular replacement and refinement

The electron density of the TSHR–K1-70™ complex showed 
the TSHR bound to K1-70™ Fab. The crystal structure of the 
TSHR LRD in complex with K1-70™ Fab (Sanders et al. 2011; 
PDB-Id: 2xwt) and the model of TSHR (AlphaFold database: 

https://alphafold.ebi.ac.uk/; Tunyasuvunakool et al. 2021) 
were fitted into the electron density.

The structure was manually refined using COOT v0.9 
(Emsley et al. 2010) as the first step. Then, the Refinement 
Cascade protocol within the Discovery Studio 2021 suite 
of programs (BIOVIA Dassault Systèmes 2021) was run to 
automatically refine the structure of the complex. Finally, 
minimisation was carried out with MODELLER (Sali & 
Blundell 1993, Webb & Sali 2016) followed by an automatic 
All-atom Refine protocol with COOT. This process was 
repeated three times.

Results

TSHR–K1-70™ complex

The peak fractions from the preparative size exclusion 
chromatography (SEC) of the TSHR–K1-70™ complex were 
pooled and concentrated to 1 mg/mL. This preparation 
bound to 14C4-POD and to anti-Fab-POD, confirming the 
presence of both TSHR and K1-70™ Fab components in the 
complex and analytical SEC of the preparation, indicated 
purity of >95% (Fig. 1A). On non-reduced SDS-PAGE, the 

Figure 1
(A) Analysis of purified TSHR–K1-70™ complex by 
size exclusion chromatography (Superdex 200 XK 
16-100 column run in 50 mmol/L Tris–HCl pH 8.0, 
150 mmol/L NaCl, 0.02% LMNG and 0.002% CHS). 
(B) Analysis of purified TSHR–K1-70™ complex by 
SDS-PAGE (12% acrylamide gel) under non-
reducing conditions. The positions of the 
molecular weight standards are shown and the 
positions of the TSHR and the K1-70™ Fab are 
marked (lane 1: molecular weight standards; lane 
2: purified TSHR–K1-70™ complex). (C) Western 
blotting analysis of purified TSHR–K1-70™ 
complex. Lane 1: blotting with mouse monoclonal 
TSHR antibody 8E2 labelled with horseradish 
peroxidase; lane 2: blotting with mouse 
anti-human IgG (Fab-specific) MAB labelled with 
horseradish peroxidase. See text for experimental 
details.
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complex separated into two components corresponding to 
TSHR (molecular weight 89–116 kDa) and K1-70™ Fab (47 
kDa) (Fig. 1B). Western blotting analysis also confirmed the 
presence of both the TSHR and K1-70™ Fab in the complex 
(Fig. 1C).

Full-length human TSHR structure

Processing of the cryo-EM data resulted in a final structure 
for the TSHR–K1-70™ Fab complex at 3.32 Å overall 
resolution (Supplementary Fig. 1 and Supplementary Table 
1, see section on supplementary materials given at the end 
of this article). It consists of the TSHR bound to K1-70™ Fab 
with the electron density showing the TSHR structure from 
Glu30 to Arg707. This is composed of three domains, the 
ECD (amino acids 22–409) consisting of the LRD (amino 
acids 22–279) and hinge region (HR; amino acids 280–
409), the TMD and the intracellular C-terminus (amino 
acids 410–764) (Fig. 2A and B). The structure of the ECD, 
formed by the LRD and HR, is that of a typical leucine-
rich-repeat (LRR) structure with 11 repeats in the LRD and 
1 repeat in the HR. Each LRR consists of a parallel β-strand 
on its concave surface while the N-terminal cap (N-cap) 
has an additional β-strand antiparallel to the β-strand of 
the first repeat (Supplementary Fig. 2A). The LRD and 
the HR form a continuum structure with the N-cap, with 
two disulphide bonds, and a C-terminal cap (C-cap) with 
three disulphide bonds and an alpha helix. One of the two 
N-terminal disulphide bonds between Cys31 and Cys41 is 
visible in the structure while the other one between Cys24 
and Cys29 is not. All three intra-domain disulphide bonds 
which form the C-cap are visible in the structure between 
Cys283 and Cys398, Cys284 and Cys408, and Cys301 and 
Cys390. However, TSHR residues from Asn302 to Ile389, 
which form part of the unstructured long hinge loop, are 
not visible in the structure.

The cryo-EM structure shows five N-linked glycans in 
the LRD in all the positions expected from the sequence 
consensus for N-linked glycosylation and shown in the 
TSHR LRD crystal structures (amino acids Asn77, Asn99, 
Asn113, Asn177 and Asn198). A further glycosylation site, 
Asn302, is not visible in the cryo-EM structure (Fig. 2A, B 
and Supplementary Fig. 2A).

The structure of the TSHR TMD (Supplementary Fig. 2B) 
is that of a typical GPCR 7 helices TMD (Núñez Miguel et al. 
2017a) with an 8th helix (TM8) parallel to the membrane. 
The long extracellular loop (ECL) 2 is disulphide bonded 
to transmembrane helix (TM) 3 through cysteine residues 
569 and 494. The long ECL1 loop has an α-helix close to 
its C-terminus and proline kinks are seen in the structure 

of helices TM6 and TM7 which correspond to a change 
in direction of the helix axis. Helix TM4 is broken by the 
Gly–Gly sequence at residues 544 and 545 and a proline 
distortion is seen at the extracellular end of the helix.

Cation–π interactions are observed between LRD 
residue Trp258 (10th LRR) and TMD residue Lys565 of 
ECL2. Residues Lys261 and Tyr279, in the 10th and 11th 
LRR, respectively, and Ser281, Cys284 and Asn288 in 
the HR helix interact with residues in ECL1 (Table 1). 
Furthermore, residue E404 in the C-cap interacts with both 
ECL2 and the extracellular part of TMD helix 7.

The TSHR P10 peptide (Brüser et al. 2016) (amino acids 
405–414 of the TSHR) is visible in the cryo-EM structure 
and forms the C-terminal half of the linker between the 
TSHR ECD and the TMD. The P10 peptide interacts with 
TMD residues in ECL1, ECL2, TM1, TM2 and TM7 (Table 1) 
forming two salt bridges, six hydrogen bonds, three ion 
pairs and several polar, aromatic, hydrophobic and induced 
dipole interactions. The intracellular C-terminal tail of the 
TSHR is visible up to amino acid 707 with the last 57 amino 
acids not visible in the structure.

A structural superimposition of the TSHR ECD residues 
30–257, which are present in all four available TSHR 
structures (cryo-EM TSHR–K1-70™, TSHR260–K1-70™ (PDB 
code 2XWT), TSHR260–M22™ (PDB code 3G04) and the 
thermostable TSHR260–JMG55™ (Miller-Gallacher et  al. 
2019), gave low root-mean-square deviation (RMSD) values 
(0.51–0.75 Å; Supplementary Table 2). A superimposition 
of the hinge region (residues 261–301 and 390–411) of our 
cryo-EM structure of the TSHR with the hinge region of the 
AlphaFold TSHR model (Tunyasuvunakool et al. 2021) gave 
a high RMSD of 3.5 Å mainly due to a longer hinge helix 
in the AlphaFold models of all 3 glycoprotein hormone 
receptors (GPHRs).

K1-70™ structure

The K1-70™ Fab structure consists of K1-70™ heavy chain 
(HC) residues Gln1 to Ser229 and light chain (LC) residues 
Ser2 to Ala212 and is the structure of a typical Fab fragment.

TSHR–K1-70™ complex structure

K1-70™ Fab binding is principally to the concave surface 
of the TSHR LRD (Fig. 3 and Supplementary Fig. 4), which 
has no glycans attached. K1-70™ Fab HC and LC bind 
to the N-terminal repeats of the TSHR (Tables 2 and 3) 
from amino acid Glu35 in the TSHR N-cap to Lys183 in 
the 7th LRR. There is a mixture of an extensive hydrogen 
bonding and salt bridge network (20 hydrogen bonds 
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Figure 2
Structural features of the full-length TSHR. (A) TSHR structure (amino acids E30 to R707) in two views rotated 180o. The structure is a space fill 
representation with the leucine-rich-repeat domain (LRD) in orange, the hinge region (HR) in beige and the transmembrane domain (TMD) in red with the 
intracellular C-terminus in purple. (B) TSHR structure in two views rotated 180o. The structure is in cartoon representation with the disulphide bonds and 
glycosylation sites in ball and stick representation with oxygen in red, nitrogen in blue and sulphur in yellow. The glycans are shown in purple. The LRD, 
HR and TMD are marked. Cys301 forms a disulphide bond with Cys390 and the residues in between (amino acids 302–389) are missing from the 
structure.
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and salt bridges), 5 ion pairs, 13 polar interactions and 13 
hydrophobic/aromatic contacts. Differences in some of 
the interactions seen in the cryo-EM structure of the full-
length TSHR bound to K1-70™ Fab compared to the crystal 
structure of the TSHR LRD in complex with K1-70™ Fab are 
most likely due to side chain flexibility in the interacting 
amino acids. There are no interactions between the K1-70™ 
Fab and either the HR or the TMD.

Discussion

The TSHR LRD structure seen by cryo-EM is in good 
agreement with the three LRD structures determined 
previously by X-ray crystallography (Sanders et  al. 2007, 
2011, Miller-Gallacher et al. 2019). All four structures show 
the extensive concave surface of the LRD forming the 
binding site for K1-70™ Fab and M22™ Fab. Also, no glycans 
are seen on the concave surface of the LRD in any of the four 

Table 1 Interactions between the TSHR ECD and TMD.

TSHR ECD TSHR TMD
Interaction typesResidue Location Residue Location

W258 10th Repeat K565 ECL2 Cation–π
K261 10th Repeat I486 ECL1 Induced dipole

T490 ECL1 Hydrogen bond, hydrophobic
Y279 11th Repeat I486 ECL1 Hydrophobic

T490 ECL1 Polar
S281 HR-helix Y482 ECL1 Hydrogen bond, induced dipole

A485 ECL1 Hydrophobic
I486 ECL1 Induced dipole

C284 HR-helix Y482 ECL1 Hydrophobic
N288 HR-helix Y482 ECL1 Hydrogen bond, hydrophobic, induced dipole
E404 C-ter cap V566 ECL2 Hydrophobic, induced dipole

S567 ECL2 Induced dipole
I568 ECL2 Induced dipole
K660 TM7 Hydrophobic
V656 TM7 Induced dipole

F405 P10 seg Q489 ECL1 Hydrophobic, induced dipole
A564 ECL2 Induced dipole
K565 ECL2 Hydrophobic, induced dipole
V566 ECL2 Hydrophobic
S567 ECL2 Polar, hydrophobic, induced dipole

P407 P10 seg Y481 ECL1 Hydrophobic
C408 P10 seg Y481 ECL1 Hydrogen bond, induced dipole

Y482 ECL1 Hydrogen bond, induced dipole
E409 P10 seg T477 ECL1 Induced dipole

S479 ECL1 Polar, hydrophobic, induced dipole
E480 ECL1 Hydrogen bond, induced dipole
Y481 ECL1 Hydrogen bond, hydrophobic, induced dipole

D410 P10 seg R418 TM1 Salt bridge (2), ion pair (3), induced dipole, long-range charge–charge
D474 TM2 Polar, induced dipole
T477 ECL1 Polar, induced dipole
S479 ECL1 Induced dipole

I411 P10 seg V473 TM2 Hydrophobic
D474 TM2 Polar, hydrophobic, induced dipole
Y481 ECL1 Hydrophobic
S567 ECL2 Induced dipole

M412 P10 seg R418 TM1 Polar, hydrophobic, induced dipole
I568 ECL2 Hydrophobic
K660 TM7 Polar, induced dipole
V664 TM7 Induced dipole

G413 P10 seg K415 N-ter Polar, induced dipole
Y414 P10 seg F416 TM1 Hydrogen bond, aromatic, hydrophobic, induced dipole

L417 TM1 Polar, hydrophobic, induced dipole
S657 TM7 Hydrogen bond
I661 TM7 Hydrophobic

ECLX, extracellular loop X; HR-helix, hinge region helix; P10 seg, P10 segment; TMX, transmembrane helix X.
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structures and this would be expected from the assessment 
of the consensus sequence for N-linked glycosylation (Asn-
Xxx-Ser/Thr, where Xxx is any amino acid except proline; 
Núñez Miguel et  al. 2017b). The full-length TSHR used to 
determine the cryo-EM structure was not deglycosylated in 
the process (in contrast to the deglycosylation carried out 
during preparation of material for X-ray crystallography), 
and this provides further evidence of the absence of glycans 
on the concave surface of the TSHR LRD.

The cryo-EM structure of the TSHR has intact 
disulphide bonds at five of the six expected disulphide 
bond sites, confirming the disulphide bond arrangements 
at the N-terminus, the intra-domain disulphide bonding 
which forms the C-cap of the HR and the disulphide bond 
between the ECL2 and TM3 in the TMD. The disulphide 
bond between Cys301 and Cys390 in the HR long loop is 
clearly visible in the structure; however, residues 302–389 
between these cysteine residues lack clear electron density 
in this region. This could be due to both flexibility of the 
long unstructured loop and cleavage of the TSHR into two 
subunits (A and B; Rees Smith et al. 1988), with the removal 
of approximately 50 amino acids (Chazenbalk et al. 1997, 

Oda et  al. 2000). Part of the cleaved region (amino acids 
316–366) which is not visible in our structure has been 
reported to bind to neutral TSHR antibodies (Morshed et al. 
2012).

There are clear interactions between some TSHR ECD 
and TMD residues. Amino acid Trp258 in the 10th LRR 
interacts with Lys565 in ECL2 and Lys565 also interacts 
with F405 (P10 segment). Mutation of the amino acid 
tryptophan 258 of the TSHR ECD to alanine results in 
a decrease in the constitutive activity of the TSHR by 
approximately 50% (unpublished data) and decreased 
stimulating activity by TSHR stimulating human MABs 
such as M22™ and K1-18™ (Núñez Miguel et  al. 2012). 
Furthermore, TSHR Trp258 is seen to form important 
interactions with M22™ in the crystal structure of the 
TSHR-M22™ complex (Sanders et al. 2007). Also, mutation 
of TSHR Lysine 565 to alanine has been reported to stop 
the constitutive activity of the TSHR and strongly impair 
hormone-induced signalling activity (Kleinau et al. 2007). 
The decrease in the constitutive activity of the TSHR when 
the interaction between Trp258 and Lys565 is disrupted 
by the introduction of alanine at either position 258 or 
565 suggests an important role for this interaction in the 
constitutive activity of the TSHR. No interactions between 
K1-70™ Fab and TSHR Trp258 are seen in the cryo-EM or 
crystal structures (Sanders et  al. 2011). This is consistent 
with the observation that K1-70™ has no effect on the 
constitutive activity of the TSHR despite being a powerful 
inhibitor of TSHR stimulation by TSH and by TRAbs. 
Furthermore, the luteinizing hormone (LH)/chorionic 
gonadotrophin (CGR) has no constitutive activity (Van 
Sande et al. 1995) and no interaction is seen between the 
equivalent residues, Tyr254 and Lys510, in the inactive LH/
CGR cryo-EM structure (WT LH/CGR bound to the small 
molecule antagonist, compound 26) (Duan et al. 2021).

Mutations in Ser281 to alanine, asparagine, threonine 
or isoleucine are well documented for their ability to 
increase the constitutive activity of the TSHR. In the TSHR 
cryo-EM structure, Ser281 is involved in interactions with 
three residues of ECL1 including one hydrogen bond (Table 
1). In addition, Ser281 also interacts with residues Cys283, 
Cys284 and Ala285 of the HR and Asn606 of the P10 
segment. Disruption of some or all of these interactions 
leads to increased constitutive activity of the TSHR.

Amino acid substitutions in TSHR ECL1, ECL2 
and ICL3 have previously been shown to increase the 
constitutive activity of the TSHR, with Ile486 (ECL1) and 
Ile568 (ECL2) showing strong activating activity (Parma 
et  al. 1995). In our cryo-EM structure residues Lys261, 
Tyr297 and Ser281 in the 10th LRR, 11th LRR and HR helix 

Figure 3
Structural features of the full-length TSHR in complex with the blocking 
monoclonal autoantibody K1-70™. The TSHR–K1-70™ Fab structure is in 
cartoon representation with the glycans shown in purple sticks. The 
K1-70™ heavy chain is shown in blue, the K1-70™ light chain in light green 
and the TSHR in green. The TSHR, extracellular domain (ECD), 
transmembrane domain (TMD) and intracellular C-terminus are marked.
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all interact with Ile486 (ECL1). Furthermore, Glu404 
(C-cap of HR) and Met412 (P10 region) interact with Ile568 
(Table 1). Disruption of these interactions with amino acid 
mutations will weaken the binding of the ECD to the TMD 
and cause the observed increase in constitutive activity.

In the cryo-EM structure, the positioning of the TSHR 
HR on top of the TMD can be seen for the first time. The P10 
region (amino acids 405–414) is visible in the structure and 
forms the C-terminal half of the linker between the TSHR 
ECD and the TMD. There are multiple interactions between 
nine of the ten amino acids in the P10 region with residues 
in ECL1 and ECL2 of the TMD as well as interactions with 
TM1, TM2 and TM7 (Table 1). Furthermore, the P10 region 
residue Cys408 is disulphide bonded to Cys284 of the HR. 
The presence of this network of interactions with the P10 
region would be expected in the inactive conformation of 
the receptor. The P10 region is the most highly conserved 
among glycoprotein hormone receptors (Duan et al. 2021) 
and is known to undergo a conformational rearrangement 

during activation of some class B GPCRs (Zhang et al. 2017, 
2018). It has been proposed that activation of the TSHR 
induces a conformational change which leads to the P10 
region forming an intramolecular agonist that interacts 
with the TMD of the receptor (Brüser et  al. 2016, Krause 
et al. 2020). These proposed conformational changes in the 
TMD would allow G proteins to bind to the intracellular 
side of the TSHR. The functionally important ionic lock 
(salt bridge between Arg519 and Asp619) which stabilises 
the inactive state of GPCRs (Katritch et  al. 2012) is also 
present in the TSHR–K1-70™ structure.

The TSHR cryo-EM structure shows that Leu5123.43 in 
the TMD makes hydrophobic interactions with Ser508, 
Thr511, Thr513, Asp633 and Phe634 (superscripts refer to 
Ballesteros–Weinstein numbering; Ballesteros & Weinstein 
1995). In addition, there are also interactions (hydrogen 
bond, polar and induced dipole) between Asp6336.44 and 
Asn6747.49. Residue Leu3.43 of the glycoprotein hormone 
receptor family is functionally important and is involved 

Table 2 Interactions between the TSHR LRD and K1-70 heavy chain.

TSHR LRD K1-70 Heavy  
chain residue Interaction typesResidue Location

D36 First repeat R101 Salt bridge, induced dipole, long-range charge–charge
R38 First repeat D96 Salt bridge, ion pair (2), induced dipole, long-range charge–charge

R101 Polar, induced dipole
Y102 Hydrogen bond, polar, cation–π, induced dipole

K42 First repeat D31 Hydrogen bond, salt bridge (2), induced dipole
K58 Second repeat D31 Hydrogen bond, induced dipole

N32 Induced dipole
D96 Salt bridge, Hydrogen bond, induced dipole, long-range charge–charge
W97 Cation–π

I60 Second repeat D31 Hydrophobic, induced dipole
R80 Third repeat Y99 Hydrogen bond, induced dipole

N100 Hydrogen bond, polar, hydrophobic, induced dipole
Y82 Third repeat W97 Aromatic, induced dipole

N100 Hydrogen bond, polar, induced dipole
S84 Third repeat Y52 Polar, induced dipole

W97 Hydrophobic
H105 Fourth repeat N98 Polar, induced dipole
E107 Fourth repeat R58 Long-range charge–charge

W97 Hydrogen bond, induced dipole
R109 Fourth repeat W33 Cation–π

D54 Salt bridge (2), induced dipole, long-range charge–charge
D56 Salt bridge, ion pair (2), induced dipole, long-range charge–charge
R58 Polar
W97 Hydrophobic

N110 Fourth repeat D54 Hydrogen bond, polar, hydrophobic, induced dipole
R112 Fourth repeat D54 Long-range charge–charge
K129 Fifth repeat Y99 Cation–π
F130 Fifth repeat Y99 Aromatic
F134 Fifth repeat R58 Cation–π
N135 Fifth repeat D54 Polar, induced dipole
E157 Sixth repeat R58 Salt bridge, ion pair, long-range charge–charge
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in a network of hydrophobic interactions in the inactive 
state. Furthermore, Asp6.44 which interacts with Asn7.49 
in the inactive state of the GPHRs is Phe6.44 instead of 
Asp6.44 in most GPCRs (Tehan et al. 2014). Three naturally 
occurring TSHR Leu5123.43 polar mutants (Gln, Asn, Arg) 
that increase the constitutive activity of the receptor 
(Kosugi et  al. 2000, Trülzsch et  al. 2001, Nishihara et  al. 
2006) show reduced inter-helical packing. In addition, 
four naturally occurring TSHR Asp6336.44 mutants (Ala, 
Glu, His and Tyr) that increase the constitutive activity 
of the receptor (Porcellini et  al. 1994, Russo et  al. 1996, 
Parma et al. 1997) break or modify the interaction between 
Asp6336.44 and Asn6747.49. Mutational studies have shown 
that the interaction between Asp6.44 and Asn7.49 stabilises 
the inactive form of the TSHR TMD (Govaerts et al. 2001).

The complex of TSHR–K1-70™ Fab is seen as a monomer 
as is the case for the cryo-EM structure of LH/CGR in 
complex with hCG and G proteins (Duan et al. 2021). The 
LH/CGR complex is also described as being a rigid structure 
that would prevent receptor dimerisation (Duan et  al. 
2021) and this appears to be the case for TSHR complexed 
with K1-70™ Fab. However, there are reports that TSHR 
dimerisation and multimerisation occur (Urizar et al. 2005, 
Latif et al. 2015, Boutin et al. 2020).

A structural superimposition (Supplementary Fig. 5A, 
B and C) of the cryo-EM structure of the TSHR ECD with 
the crystal structure of the FSHR ECD (Fan & Hendrickson 
2005) shows that they are similar to each other. Structural 
differences are observed in areas with amino acid insertions 
or deletions, in the N-terminal first two repeats, in the 

C-terminal cap and mostly in the flexible and unstructured 
long hinge loop.

A structural superimposition of the full-length TSHR 
and the full-length LH/CGR cryo-EM inactive structure 
(Supplementary Fig. 5D, E and F) determined by Duan 
et  al. (2021) shows that the structures are similar. The 
functionally important linkers between the ECD and the 
TMD and the two long ECL1 and ECL2 loops are similar 
in both structures. The transmembrane helices show 
similar structures and relative positions except for TM6. 
There is a difference in the position of the extracellular 
end of TSHR TM6 which is displaced approximately 7 
Å away from the centre of the helix bundle compared to 
the LH/CGR TM6 in the inactive structure. In contrast, 
there is no displacement of the intracellular end of TM6. 
The entire intracellular region of the TSHR TMD in our 
structure superimposes well with the equivalent region of 
the inactive LH/CGR structure. In both structures, access 
to the G-protein binding pocket is blocked by TM helix 
6 which prevents the binding of G proteins and receptor 
activation. The inactive LH/CGR structure has the small 
molecule antagonist compound 26 bound within the TMD 
and this interacts with Ser586 and Met582 of the TM6 
helix. In our structure of the TSHR bound to K1-70™, there 
is no antagonist in the allosteric binding pocket within the 
TMD for TM6 to interact with. It may be that the difference 
in the position of TM6 in the TSHR structure bound to 
K1-70™ and that seen in the LH/CGR is one of the reasons 
that the TSHR displays constitutive activity while LH/CGR 
does not (Van Sande et al. 1995).

Table 3 Interactions between the TSHR LRD and K1-70 light chain.

TSHR LRD 
K1-70 Light chain residue Interaction typesResidue Location

E35 N-ter cap S56 Hydrogen bond, hydrophobic, induced dipole
D36 First repeat Y49 Polar, hydrophobic, induced dipole

P55 Polar, induced dipole
S56 Polar, induced dipole

R80 Third repeat Y32 Cation–π
D50 Long-range charge–charge

K102 Fourth repeat Y32 Hydrogen bond
D50 Long-range charge–charge

T104 Fourth repeat Y32 Induced dipole
K129 Fifth repeat N31 Induced dipole

S93 Induced dipole
I152 Sixth repeat S27A Induced dipole

G29 Hydrophobic
S30 Induced dipole

F153 Sixth repeat S27A Hydrophobic, induced dipole
S93 Hydrophobic, induced dipole
R94 Cation–π, hydrophobic, induced dipole

I155 Sixth repeat S93 Induced dipole
K183 Seventh repeat S93 Polar
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Electron density is observed in the space in the TMD 
that is created by the displacement of TM6 of the TSHR 
in the TSHR–K1-70™ complex, but this does not fit with 
the structures of LMNG or CHS used in solubilisation and 
purification of the complex. Instead the electron density 
resembles that of a small phospholipid (Supplementary 
Fig. 3) which was most probably inside the receptor prior to 
solubilisation. Testing of potential phospholipid candidates 
for their ability to fit this electron density revealed inositol-
1,4,5-triphosphate (IP3) as a good candidate which fits the 
electron density exactly. It is interesting to note that IP3 is a 
secondary signalling molecule produced by the activation 
of a Gq protein by GPCRs including the TSHR (Kleinau 
et al. 2010).

A structural superimposition of the full-length TSHR 
and the active LH/CGR structure (wild types LH/CGR in 
complex with hCG, Duan et  al. 2021) shows an upward 
rotation of the ECD of the active LH/CGR by approximately 
39o around the hinge region compared to the TSHR ECD 
(calculated using Ser281 Cα–Glu61 Cα vector from the 
TSHR and Ser277 Cα–Tyr58 Cα vector from the LH/CGR) 
and an upward displacement of approximately 2 Å between 
TSHR Ser281 and LH/CGR Ser277. A comparison of the 
TMDs of both receptors shows that TM2, TM4 and TM8 
superimpose on top of each other, whereas the positions 
of TM1 and TM3 show a small difference. In contrast, the 

position of the extracellular end of LH/CGR TM5 differs 
by 2 Å and the extracellular ends of TM6 and TM7 by 3 Å 
towards the centre of the helix bundle compared to the 
TSHR. Furthermore the position of the intracellular end 
of TM6 in the active structure of LH/CGR relative to the 
TSHR is approximately 12 Å away from the centre of the 
helix bundle typical of the difference between the active 
and inactive states of GPCRs (Choe et  al. 2011). These 
differences in the two structures suggest that our structure 
of the TSHR bound to the blocking autoantibody K1-70™ is 
not that of a fully active GPCR.

Analysis of the cryo-EM structures of the inactive and 
the active LH/CGR complexes (Duan et  al. 2021) shows a 
rotation in the ECD of the receptor occurs when hCG binds 
in a so-called ‘push’ movement. Furthermore, in the case of 
FSH binding to the FSHR (Jiang et  al. 2012), a sulfonated 
tyrosine residue surrounded by a negatively charged patch 
in the receptor’s long hinge loop has been shown to bind to 
the hormone, pulling the ECD upwards. In the case of hCG 
binding to LH/CGR, a similar ‘pull’ mechanism is suggested 
to occur (Duan et al. 2021). The upward movement of the 
LH/CGR ECD resulting from these ‘push’ and ‘pull’ effects 
has been proposed to cause receptor activation (Duan et al. 
2021). Also, ‘push’ and ‘pull’ mechanisms similar to that 
proposed for hCG binding to LH/CGR may be involved in 
the hormone activation of the TSHR and FSHR.

Figure 4
Proposed mechanism of TSHR activation by M22™. The cryo-EM structure of the TSHR bound to the blocking autoantibody K1-70™ was superimposed 
with the crystal structure of the TSHR leucine-rich domain (LRD) in complex with K1-70™ (A) and with the crystal structure of the TSHR LRD in complex 
with the stimulating monoclonal autoantibody M22™ (B). K1-70™ does not contact the membrane while the stimulating antibody M22™ is seen to clash 
with the membrane. This clash between M22™ and the membrane would inhibit M22™ binding to the TSHR unless the receptor’s ECD rotates upwards as 
part of the M22™ binding process. This rotation could have an important role in TSHR stimulation by M22™.
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In contrast, Tyr385 of the TSHR which has been shown 
to be required for stimulation of the TSHR by TSH (is not 
required for stimulation of the TSHR by autoantibodies or 
mouse monoclonal stimulating antibodies (Kosogi et  al. 
1991, Costagliola et  al. 2002). Consequently, binding of 
M22™ and other stimulating antibodies to the TSHR does 
not appear to cause a corresponding ‘pull’” effect via the 
hinge loop through Tyr385.

Proposed mechanism of activation by M22

The crystal structure of TSHR260 in complex with the 
thyroid-stimulating human monoclonal TRAb M22™ 
shows that M22™ interacts with TSHR amino acids more 
C-terminal than those that interact with K1-70™ (Sanders 
et  al. 2011). For example, TSHR Trp258 forms important 
interactions with the M22™ light chain, whereas Trp258 is 
not involved in K1-70™ binding.

The implications of the differences in the TSHR LRD 
binding region of M22™ (more C-terminal) and K1-70™ 
(more N-terminal) can now be accessed using our cryo-EM 
full-length TSHR structure (Fig. 4). K1-70™ is well clear of 
the lipid bilayer in the TSHR–K1-70™ complex, whereas 
M22™ binding will result in a clash of the antibody light 
chain with the lipid bilayer unless the TSHR rotates 
upwards (i.e. away from the lipid bilayer) in the M22™ 
binding process. A similar ‘push’ process occurs when 
hCG binds to the LH/CG receptor (Duan et  al. 2021) as 
mentioned earlier and stimulation of the TSHR by M22™ 
may also be caused by movements associated with such 
a ‘push’ process. This ‘push’ process would also explain 
the observations of Chazenbalk et  al. (2002) who noted 
that thyroid-stimulating antibodies but not thyroid-
blocking antibodies were partially sterically hindered 
when binding to the full-length TSHR compared to the 
TSHR ECD alone. One of their suggestions was that partial 
obstruction of the thyroid-stimulating autoantibody 
binding site may lead to a torsion effect on the TSHR ECD, 
on antibody binding, which may explain how thyroid-
stimulating autoantibodies were able to activate the 
TSHR. Furthermore, Jiang et al. (2014) reported that their 
trimer model of full-length FSHR if applied to a TSHR 
trimer may explain the difference in the activities of M22™ 
(stimulating) and K1-70™ (blocking) autoantibodies, where 
M22™ but not K1-70™ would sterically clash with the TSHR 
hinge loop.

The cryo-EM structure of the full-length TSHR in 
complex with the powerful blocking type monoclonal 
autoantibody K1-70™ (Figs 3 and 4) indicates that when 
K1-70™ binds to the TSHR LRD it does not form interactions 

with other parts of the receptor. This confirms that the 
ability of K1-70™ to prevent activation of the TSHR by TSH or 
by stimulating autoantibodies is due to the direct binding 
of K1-70™ to the same region of the TSHR LRD so that 
binding of other ligands is blocked. This understanding of 
the mechanism of action of K1-70™ is helpful in developing 
applications for its use in controlling activation of the 
TSHR in Graves’ disease (Furmaniak et al. 2022), in Graves’ 
orbitopathy (Furmaniak et al. 2022) and in thyroid cancer 
(Ryder et al. 2021).

Supplementary materials
This is linked to the online version of the paper at https://doi.org/10.1530/
JME-22-0120.
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