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A B S T R A C T   

The receptor for thyroid stimulating hormone (TSHR), a GPCR, is the primary antigen in autoimmune hyper
thyroidism (Graves’ disease) caused by stimulating TSHR antibodies. While we have previously published a full 
length model of the TSHR, including its leucine rich domain (LRD), linker region (LR) and transmembrane 
domain (TMD), to date, only a partial LRD (aa 21–261) stabilized with TSHR autoantibodies has been crystal
lized. Recently, however, cryo-EM structures of the full-length TSHR have been published but they include only 
an incomplete LR. We have now utilized the cryo-EM models, added disulfide bonds to the LR and performed 
longer (3000 ns) molecular dynamic (MD) simulations to update our previous model of the entire full-length 
TSHR, with and without the presence of TSH ligand. 

As in our earlier work, the new model was embedded in a lipid membrane and was solvated with water and 
counterions. We found that the 3000 ns Molecular Dynamic simulations showed that the structure of the LRD and 
TMD were remarkably constant while the LR, known more commonly as the “hinge region”, again showed 
significant flexibility, forming several transient secondary structural elements. Analysis of the new simulations 
permitted a detailed examination of the effect of TSH binding on the structure of the TSHR. We found a structure- 
stabilizing effect of TSH, including increased stability of the LR, which was clearly demonstrated by analyzing 
several intrinsic receptor properties including hydrogen bonding, fluctuation of the LRD orientation, and radius 
of gyration. 

In conclusion, we were able to quantify the flexibility of the TSHR and show its increased stability after TSH 
binding. These data indicated the important role of ligands in directing the signaling structure of a receptor.   

1. Introduction 

The thyroid-stimulating hormone receptor (TSHR) is the major factor 
for thyroid growth and development and the major regulator of thyroid 
hormone synthesis and secretion. We now know that the TSHR is also 
the target of autoantibodies in Graves’ hyperthyroid disease and thyroid 
eye disease [1]. The TSHR has a large ectodomain (ECD) and 
membrane-bound signal transducing transmembrane domain (TMD) [2, 
3]. The ECD can be divided into a curved leucine rich domain (LRD) 
attached to the TMD by a 130 amino acid (AA) linker region (LR) more 
commonly called the “hinge region” (AA280-410). The TSHR has a large 
50 amino acid cleavage region (AA316-366) within the LR that is 
cleaved from the ectodomain which then attaches to the TMD via 3 
cysteine bonds [4,5]. 

We recently generated a full length model of this complex TSHR 
structure [6] that combined, using a heuristic procedure, the 

extracellular part of the TSHR generated with the AI-based Alphafold2 
[7] program together with our recently reported model of the TSHR 
TMD [8]. After a 1000 ns Molecular Dynamics (MD) simulation we were 
able to conclude that the LR was an intrinsically disordered protein 
(IDP) explaining its difficulty to crystallize. We also generated a model 
for the TSHR with TSH ligand bound to its ectodomain, which suggested 
that introducing TSH into the system might have induced more stability 
to the LR. 

Shortly after the completion of our model, cryo-EM structures 
involving the full-length TSHR were reported [9–11]. A comparison of 
our model with the cryo-EM structures showed that our extracellular 
domain was rotated abnormally by about 180◦. Therefore, we generated 
a new version of the TSHR, guided by the cryo-EM data, after combining 
the Alphafold2 model for the LRD and LR with our model of the TMD. In 
addition, we then obtained an analogous new model for the TSHR-TSH 
complex. 

The most important conclusion from our earlier simulation of the 
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full-length TSHR was that the LR was an intrinsically disordered, pro
tein. One of the major aims of the present work, in addition to correcting 
the orientation of the ECD was, therefore, to test the hypothesis that TSH 
ligand would indeed stabilize the disordered LR structure. We compared 
the simulated trajectories (3000 ns long each) of the TSHR and TSHR- 
TSH complex under identical conditions and quantified the effect of 
adding TSH to the TSHR, which we found to result in improved stability 
as hypothesized. 

2. Results 

2.1. The new full-length TSHR model 

The initial structure of the TSHR as assembled from the Alphafold2 
derivative, the cryo-EM available data and our TMD model (called 
TRIO) [8] and embedded in a DPCC lipid bilayer membrane is shown in 
Fig. 1. Our previous TSHR model is shown in Fig. 2A and compared with 

the new corrected version followed by the result of docking TSH to this 
new model (Fig. 2B and C). While our previous TSHR model was built 
without the help of the cryo-EM data, these diagrams show the different 
parts of the new model from Alphafold2 (LRD and most of the LR), 
cryo-EM (part of the LR) and molecular dynamics (TMD) using different 
colors and can be compared with the original. 

The models of the TSHR and the TSHR-TSH complex, which included 
Monte Carlo-generated internal waters in the TMD, were sent to the 
Charmm-gui [12,13] server where they were embedded in a DPCC lipid 
bilayer and immersed in water with counterions. Charrmm-gui added 
178 and 177 DPPC molecules in the upper and lower layer, respectively, 
to both systems. The total number of waters was 15,074 and 52,043 for 
the TSHR and TSHR-TSH systems, respectively. 150 K+ ions were added 
to both systems while the number of Cl− ions was 157 and 151 for the 
TSHR and TSHR-TSH systems, respectively. While the structure was 
simulated for 3000 ns; some of the analyses were performed only on the 
last 2000 ns of the trajectory since the structures submitted to the 
Charmm-gui server to initiate the calculation of the conformations was 
the same as in the longer simulation. In addition, as our earlier work 
presented atomic-level modeling of the LRD-TSH complex [8], this 
report was focused more on describing the changes in the LR and in the 
TMD upon TSH binding to the TSHR. 

2.2. Integrity and fluctuation of the structure 

The preliminary results for the TSHR-TSH complex in our earlier 
work showed that the inclusion of the TSH put a strain on the LR-TMD 
interface; In fact, we found that even though in our earlier ligand-free 
run of 1000 ns two of the cysteine pairs in the LR stayed close without 
forming a disulfide bond. But the addition of TSH then pulled the LR 
away from the TMD, which was unsatisfactory since without LR-TMD 
contact there may be no signal transduction. In the current version, 
and with a three times longer simulation, and now with all three di
sulfide bonds included in the model, the LR-TMD interface stayed un
changed, as observed both by animating the trajectory (using VMD) and 
from the hydrogen-bond histories discussed below. Animation of the 
trajectories also showed that both the LRD and the TMD structures 
maintained their fold but the LR again displayed large structural vari
ations. However, the relative orientation of the LRD to the TMD also 
showed significant variations. Fig. 3 show the radius of gyration (Rg, 
calculated) of the LR in the TSHR and compared to the TSHR-TSH 
complex. The effect of TSH was a clear reduction in the Rg., both in its 
magnitude and in its fluctuation as indicated by red trace line. 

2.3. Structural variations 

The 2D RMSD maps of just the LR backbones are shown on Fig. 4 for 
the last 2000 ns of the simulations with and without TSH. The trajec
tories are clustered into 5 clusters and representative structures were 
extracted from each. While the maximum RMSD among the TSHR 
conformations was 17.7 Â, in the TSHR-TSH system the maximum was 
only 9.5 Â, showing that the introduction of TSH resulted in the 
reduction of the disorder in the LR. The five representative structures 
of the LR frozen at different time points of simulation are shown in Fig. 5 
for both the TSHR and TSHR-TSH systems. 

2.4. Fluctuation of the LRD orientation 

For the calculation of the circular variances of the LRD the local 
coordinate system was defined so that the X–Y plane of the coordinate 
system is essentially the plane of the leucine-rich beta sheets with the Y 
axis being roughly parallel with the beta sheets. The circular variances 
and the normal distribution equivalent standard deviations are given in 
Table 1 for the last 2000 ns of the simulations. The largest fluctuations 
are seen around the Y axis. Furthermore, the fluctuations are uniformly 
smaller in the TSHR-TSH system, providing another indication of the 

Abbreviations 

AA amino acid 
cryo-EM cryo electron microscopy 
DPPC Dipalmitoylphosphatidylcholine 
ECD ectodomain 
GCE grand-canonical ensemble 
GPCR G protein coupled receptor 
LR linker region 
LRD leucine-rich domain 
MD molecular dynamics 
SSE secondary structure element 
TMD trans-membrane domain 
TSH thyroid stimulating hormone 
TSHR TSH receptor  

Fig. 1. The structure of the TSHR in the context of the lipid bilayer (transparent 
sticks) and counterions (spheres). TSHR LRD and LR, residues 24–381 from 
Alphafold 2: red; TSHR LR residues 382–413 from Alphafold2 for which cryo- 
EM structure exists: blue; TSHR TMD, residues 414–717: green. (For interpre
tation of the references to color in this figure legend, the reader is referred to 
the Web version of this article.) 
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stabilizing effect of TSH on the TSHR. The evolution of the angle be
tween the membrane normal and the first principal axis of the LRD 
(calculated on the backbone atoms only) is shown on Fig. 6. While both 
systems show significant fluctuations, the TSHR-TSH complex appears 
to settle at a somewhat larger angle than the average of the TSHR only 
system. 

2.5. Hydrogen-bond history 

The histories of residue pairs that were hydrogen bonded during 
more than 20 % of the time for the TSHR and for the TSHR-TSH complex 
are shown in Fig. 7A and B. The residue pairs represented by each line of 
the plots are given in Supplementary Tables S1 and S2 for the TSHR and 
the TSHR-TSH complex respectively. The number of similarly filtered 
hydrogen bonded residue pairs over the last 2000 ns of the simulation, 
categorized by the domains the residues are in, are shown in Table 2. 
The number of LR-TMD hydrogen bonds in the TSHR-TSH complex had 
more than twice the number of hydrogen bonded residue pairs than in 
the TSHR alone while the number of LR-TMD hydrogen-bonded residue 
pairs were the same in both systems. The sum of the percentages was 157 
for the TSHR and 206 for the TSHR-TSH complex, which showed a 
strengthening of the interface. Two of the LR residues (LYS290 and ASN 
288) were involved in hydrogen bonding with the TMD in both systems 
while the TMD residues involved were all different suggesting a rear
rangement of the LR-TMD interface upon TSH binding and activation. 
The intra-helix hydrogen bonds were excluded so these plots could be 
considered to complement the DSSP plots discussed below. These plots 
also assessed the convergence of the simulations since unconverged runs 
keep forming new hydrogen bonds. 

2.6. DSSP plots 

The DSSP plot is a compact representation of the history of secondary 
structure element formation and unraveling during the simulation. 
Fig. 8 shows these plots for the TSHR and the TSHR-TSH complex. The 
DSSP plot of the TSHR (Fig. 8A) showed that the residue range 345–408 
(outlined) is an intrinsically disordered protein. Comparison of the two 
plots shows that, as suggested in our earlier work, the introduction of 
TSH induced a significant amount of structure in this region. 

2.7. Domain-domain distances 

The distances between the three domains of the TSHR (LRD, LR and 

Fig. 2. (A) The structure of our original TSHR model (from 6); (B) The initial structure of the TSHR built with the help of cryo-EM data; (C) The initial structure of the 
TSHR-TSH complex. TSH: yellow; TSHR LRD and LR, residues 24–381 from Alphafold 2: red; TSHR LR residues 382–413 from cryo-EM: blue; TSHR TMD, residues 
414–717: green. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 

Fig. 3. The radius of gyration (in Å) of the LR during the simulation for the 
TSHR (blue) and the TSHR-TSH complex (red). (For interpretation of the ref
erences to color in this figure legend, the reader is referred to the Web version 
of this article.) 
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TMD) were also examined for both the TSHR and the TSHR-TSH com
plex. Table 3 shows the average domain-domain distances and the cor
responding standard deviations. The data suggested that the addition of 
TSH increased the LR-TMD distance by 3.5, a difference that was sig
nificant at p < 0.0001. 

The effect of increasing the overall LR – TMD distance was also 
examined by calculating the contacts between the LR and TMD. Two 

Fig. 4. The 2D RMSD maps of the LR (without the N-terminal tail and using the backbones only) during the simulation for the TSHR (4A) and the TSHR-TSH 
complex (4B). 

Fig. 5. The representative structures of the five clusters of the LR backbone obtained from the last 2000 ns of the simulations. A: TSHR, B: TSHR-TSH.  

Table 1 
Fluctuation of LRD orientation.   

CVx CVy CVz SDx SDy SDz 

TSHR 0.037 0.108 0.107 15.8◦ 27.4◦ 27.3◦

TSHR-TSH 0.031 0.043 0.041 14.4◦ 16.9◦ 16.6◦
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(heavy) atoms ALR and BTMD are considered to be in contact if they are 
mutually proximal; i.e., ALR is the nearest LR atom to BTMD and BTMD is 
the nearest TMD atom to ALR. The average number of contact pairs was 
found to be 17.6 and 12.7 for the TSHR and TSHR-TSH complex, 
respectively and the average contact distances were 3.52 ± 0.28 and 
3.66 ± 0.37 (± indicates one S.D.) for the TSHR and TSHR-TSH com
plex, respectively (p¼<0.0001) based on 8000 structures. 

2.8. The TMD helix bundle 

The helix geometry of the two systems were compared based on 4000 
evenly spaced structures from the last 2000 ns of the MD simulations. 
First, the 2D RMSD maps of the 4000 structures were generated and 
clustered (Fig. 9). The RMSDs were calculated, after superimposition, 
only on the backbones of the TMD, without the C-terminal tail. The 

inertia plots [14] suggested 4 and 3 clusters for TSHR and TSHR-TSH. 
The clustering also extracted representative structures from the trajec
tories as the structure whose largest distance from the rest of the cluster 
members is the smallest. Fig. 9 shows the 2D RMSD maps for the TMD of 
the TSHR and the TSHR-TSH complex. The helices of the representative 
structures were identified with the TRAJELIX [15] module of Simulaid. 
This program is based on the geometry of the Cα atoms, defining the 
helix axis. Helices with proline are broken up into sub helices. Data in 
Table 4 shows the average change upon TSH binding (positive number 
indicates increase) and their significance in the helix length (measured 
as the end to end distance) and in the radius of the circle fitted to the Cα 
atoms. This latter is a measure of the bend of the helix - the smaller it is, 
the more bent is the helix. The largest changes were observed in helices 
3 and 8. In both cases the change in length is largely the result in the 
change in the curvature. 

Changes in the distance between the helix axis centers and the 
change in the closest approach of the helix axes are shown in Table 5. 
Changes of similar magnitude indicated that the helix axes moved in the 
membrane plane. When the center-center distance change was larger 
than the change in the axis-axis distance, the helix movement is inter
preted as largely in the direction perpendicular to the membrane plane. 

Upper triangle: distances between the helix axis centers; lower tri
angle: distances between the helix axes. 

The changes upon TSH binding in the helix-helix angles are shown in 
Table 6. The largest changes were seen for helices 7 and 8. Helix 7 
previously displayed the largest changes when our earlier TSHR model 
was compared with simulation of the TMD only [8]. However, the large 
changes in the angles that helix 8 formed with the rest of the bundle 
were not seen earlier. 

2.9. Adequacy of sampling 

The adequacy of the sampling is always of concern as most processes 
occur at time scales far exceeding the simulation times accessible. Figs. 7 
and 8 provided some indication that our sampling was rather extensive: 

Fig. 6. Evolution of the angle between the first principal axis of the LRD and 
the membrane normal. Red: TSHR; Blue: TSHR-TSH. (For interpretation of the 
references to color in this figure legend, the reader is referred to the Web 
version of this article.) 

Fig. 7. Plot of the residue pairs involving the LR that were hydrogen bonded at some parts of the simulation. The lines are only present when the residue pair was 
hydrogen bonded. Blue represents residue pairs within the LR, red represents hydrogen bonds between residues in the LR and the LRD, green represents hydrogen 
bonds between the LR and the TMD, and cyan represents hydrogen bonds between the LR and the TSH. Residue pairs have to be at least five residues apart (to exclude 
the many intra-helix hydrogen bonds) and be hydrogen-bonded at least 20 % of simulation time to be represented. A: TSHR, B: TSHR-TSH. (For interpretation of the 
references to color in this figure legend, the reader is referred to the Web version of this article.) 

Table 2 
Number of hydrogen-bonded residues by domains.   

LR-LR LR_LRD LR-TMD LR-TSH 

TSHR 25 26 4 0 
TSHR-TSH 55 12 4 15  
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not only hydrogen bonds were formed, broken and reformed several 
times, no new significant hydrogen bonds appeared after the first ~1000 
ns of simulations. Similarly, and perhaps more importantly, secondary 
structures (that take much longer to form) were seen to form, unravel 

and reform. 

3. Discussion 

We now know that the TSHR consists of a large extracellular ligand 
binding domain incorporating 11 leucine rich repeats (LRD) and a 
transmembrane domain (TMD), linked via a 130 AA linker region (LR). 
As in most GPCRs, the TMD is made up of eight helices joined by 
extracellular and intracellular loops and a C-terminal cytoplasmic tail. 
Importantly, the TMD is embedded in a phospholipid bilayer and 
transmits signals by engaging various G proteins [16] as well as β 
arrestins [17,18]. Mapping of TSH binding sites and other interaction 
partners was revealed by homology modeling [19] and then crystalli
zation of the partial ectodomain bound to TSHR autoantibodies [20,21]. 
This information suggested several possible mechanisms by which 

Fig. 8. DSSP plot showing the secondary structure elements formed in the LR during the simulation of the TSHR with and without TSH. The X axis is the simulation 
time and the Y axis is the residue number. A: TSHR; B: TSHR-TSH. 

Table 3 
Domain-domain distances.  

TSHR TSHR-TSH 

d(LRD- 
LR) 

d(LRD- 
TMD) 

d(LR- 
TMD) 

d(LRD- 
LR) 

d(LRD- 
TMD) 

d(LR- 
TMD) 

32.1 ±
7.1 

65.2 ± 2.4 51.9 ±
3.3 

33.8 ±
1.4 

62.9 ± 3.3 55.4 ±
1.7 

Center-of-mass – center-of mass distances in Å averaged over 2000 ns MD runs. 
± indicates one S.D. 

Fig. 9. 2D RMSD (in Å) map of the TMD during the last 2000 ns simulation. Black lines delineate the clusters identified and the black discs on the diagonal indicate 
the representative structure. 
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receptor activation may occur [22–24]. However, a full-length model of 
the receptor remained incomplete due to the lack of a defined structure 
for the large TSHR linker region (LR). 

Our present studies developed a revised full-length model of the 
TSHR and the TSHR-TSH complex that was built on the ectodomain 
structure generated by the artificial intelligence (AI) based protein 
folding program Alphafold2 [7] together with our MD-refined homology 
model of the TSHR TMD [8]. The amalgamated full-length structure was 
further refined with 3000 ns molecular dynamic (MD) simulations in a 
DPCC membrane environment. In our earlier study of the TSHR we 
concluded that the LR was an intrinsically disordered protein and we 
speculated that the highly flexible nature of the LR allowed the TSHR to 
accommodate either the TSH ligand or autoantibodies to the LRD which 
act as TSH agonists. We also presented preliminary data supporting the 
notion that the natural ligand of TSHR, the hormone TSH, may induce 
more order into the LR. 

The current work has improved the TSHR model by (a) using the 
cryo-EM structures that appeared in the meantime [10,25] to correct the 
TMD-LR interface, (b) including three important disulfide bonds into the 
LR which were previously absent and (c) performing longer MD simu
lations on both the TSHR alone and the TSHR-TSH complex. 

Despite the improvements listed above, it is important to point out 
the limitations of our work that is inherent in (a) the limited accuracy of 
the force field employed and (b) the (still) limited extent of sampling. 
While the force field used has been significantly improved from its 
original version, it is important to remember that multibody effects are 
only included in an average manner, limiting its accuracy, especially 
when charged species are involved. As for the adequacy of the sampling, 
we noted that the hydrogen-bond histories indicated saturation, i.e., no 

new hydrogen bonds were seen in the second half on the simulations. On 
the other hand, the 2D RMSD plots, that are more sensitive to confor
mational changes, showed them to be reaching a significantly different 
conformational basin near the end of the run of the TSHR system sug
gesting that the runs are not long enough to quantitate the equilibrium 
constant between the two states. 

However, analysis of these simulations permitted a more detailed 
examination of the effect of TSH binding on the structure of the TSHR. 
The structure stabilizing effect of TSH on the TSHR was then demon
strated by analyzing several intrinsic properties:  

(a) The radius of gyration of the LR in the TSHR-TSH complex was 
significantly smaller than in the TSHR alone. Furthermore, the 
fluctuations in the LR were essentially eliminated in the TSHR- 
TSH complex while they persisted in the TSHR simulation.  

(b) The number of hydrogen bonds (even without counting the intra- 
helix hydrogen bonds) was more than doubled in the TSHR-TSH 
complex than in the TSHR alone.  

(c) Unlike the TSHR-TSH complex, the residue range 345–408 only 
contained short-lived transient secondary structures in the TSHR 
simulation.  

(d) The fluctuation of the LRD with respect to the TMD was also 
reduced by the inclusion of TSH.  

(e) TSH binding increased the distance between the centers of mass 
of the LR and the TMD. While the number of hydrogen-bonded 
residues did not change upon TSH binding, the number of 
atom-atom contacts were significantly reduced upon TSH 
binding. 

Table 4 
Changes in TMD helix length and radius of curvature upon TSH binding.  

Helix #: 1 2 3 4 5 6.1 6.2 7.1 7.3 8 

Length: − 0.6 0 − 0.2 0 − 3.6 2 0.3 1 − 0.7 2 1.2 3 ¡0.3 3 0.7 2 0.3 1 2.7 3 
Radius: − 1.1 2 − 0.8 1 − 3.0 2 0.2 2 ¡0.5 3 0.7 3 ¡0.3 1 0.3 2 0.0 0 2.1 3 

A positive number indicates an increase upon TSH binding. The integers 0–3 indicate the number of TSHR-TSH representative structures that were outside the range of 
the TSHR values. Changes where the TSHR value range was outside all TSHR-TSH values are shown in bold face. The labels of the proline-separated segments of helices 
6 and 7 have 0.1 and 0.3 added. 

Table 5 
Helix-helix distance changes.  

HX 1 2 3 4 5 6.1 6.2 7.1 7.3 8 

1   2.0 2 1.6 3 2.2 3 − 0.7 0 ¡2.6 3 − 3.2 1 − 2.4 2 3.6 3 − 1.3 0 
2 1.2 2   1.3 3 0.6 2 1.8 3 − 0.8 2 − 1.1 2 2.7 3 4.5 3 1.2 3 
3 0.2 1 1.1 3   0.6 1 1.5 1 − 0.7 1 − 2.1 1 3.3 3 3.3 3 3.0 2 
4 ¡9.0 3 0.8 1 − 0.3 2   2.4 2 ¡1.3 3 − 0.7 1 3.9 3 2.2 0 3.9 2 
5 − 2.7 1 0.8 3 1.5 1 2.5 2   ¡0.4 3 − 0.0 0 1.4 3 − 1.8 1 1.2 2 
6.1 ¡5.0 3 − 2.0 2 − 2.7 1 4.0 3 0.7 0   0.2 1 0.1 0 − 3.6 2 ¡1.5 3 
6.2 − 5.9 1 − 0.7 0 − 1.2 1 0.6 0 − 0.0 0 − 0.3 1   0.8 1 − 0.7 2 ¡1.9 3 
7.1 0.0 2 4.1 2 5.8 3 8.1 2 4.1 3 1.7 2 − 0.0 1   0.7 0 ¡2.8 3 
7.3 − 0.1 2 6.2 3 11.4 3 6.4 3 7.8 1 − 2.7 2 − 1.4 1 − 2.6 1   0.2 3 
8 1.9 2 4.8 2 5.2 3 5.2 2 ¡0.9 3 7.4 3 − 1.0 2 0.4 0 ¡1.0 3    

Table 6 
Helix-helix angle changes.  

HX 1 2 3 4 5 6.1 6.2 7.1 7.3 

2 4.0 2                 
3 ¡5.4 3 ¡0.2 3               
4 0.8 3 3.0 2 2.8 1             
5 1.9 0 ¡5.9 3 − 0.4 0 − 3.3 2           
6.1 7.6 3 − 1.4 1 − 0.5 0 ¡7.5 3 ¡10.6 3         
6.2 − 0.1 0 1.2 1 3.0 0 − 1.1 0 − 0.5 0 − 0.6 0       
7.1 18.1 2 ¡18.6 3 15.9 3 ¡15.0 3 17.1 3 − 7.5 2 2.1 0     
7.3 ¡22.6 3 19.4 3 ¡16.0 3 20.8 3 − 2.4 0 14.2 1 − 2.2 1 − 4.6 0   
8 31.5 3 ¡27.9 3 26.9 3 ¡30.6 3 30.1 3 ¡25.9 3 ¡25.3 3 11.9 2 25.2 3  
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The significant change in the average LR-TMD distance between the 
centers of mass was likely to have an electrostatic origin since the formal 
charges, defined as the difference between the number of basic residues 
(i.e., ARG and LYS) and acidic residues (i.e., ASP and GLU) were 0, -11 
and + 12 for the LRD, LR and TMD, respectively. In contrast, the formal 
charges on the TSHα and TSHβ were +2 and + 4. The inclusion of TSH 
would weaken the electrostatic interaction between the LR and the TMD 
as found. Since inclusion of TSH activates the TSHR, it can be concluded 
that the movement of the LR from the TMD is a significant step in re
ceptor activation. 

The comparison of the TMD helices in the two simulations also 
showed a number of significant changes. The reduction in the number of 
clusters upon TSH binding suggested a reduction in the conformation 
variability of the TMD, somewhat similarly to its effect on the LR. Helix 
3, that was seen to bend and shorten in the earlier TSHR model when the 
ectodomain was included in the system, was now seen to straighten, thus 
lengthening upon TSH binding. This would suggest the possibility that 
the TMD, even without its ectodomain, could be constitutively active. 
The observation about the LR movement upon TSH binding also leads to 
this same conclusion. 

The structures of the LRD and the TMD of the TSHR have been 
described in earlier studies [26,27] and here we have focused on the 
structure of the LR, its intramolecular and molecular bonding dynamics 
and its structural variations. Based on these studies we can conclude that 
the LR in the TSHR is highly flexible and without a well-defined tertiary 
structure although contacts between the LR and the LRD persisted 
throughout the simulations. These observations, together with the 
earlier difficulties in obtaining its crystal structure [7], indicate that the 
LR protein is intrinsically disordered and allows it to accommodate both 
the ligand or the autoantibodies to the LRD. 

In conclusion, our simulation of the full length TSHR embedded in a 
lipid membrane, solvated with water containing counterions, i.e., in a 
biologically relevant environment, suggested:  

(a) the LRD and the TMD continue to maintain their fold after TSH 
binding;  

(b) the LR is flexible, but maintains protein-like behavior forming 
secondary structure elements that are, however, transient, and  

(c) the relative orientation of the LRD is also variable. 

Both the orientation of the LRD and the structural flexibility of the LR 
suggests that these features are likely to be important for the TSHR to 
accommodate the diverse ligands such as TSH and autoantibodies that 
are known to bind to its extracellular region. These aspects add to the 
confirmation that TSH adds structural stability to the TSHR-TSH com
plex, which then effectuates a complex signaling procedure. 

4. Materials and methods 

4.1. Formation of a full-length TSH model by combination of the 
Alphafold2 LRD and LR model with the TRIO TMD model guided by a 
cryo-EM structure 

The TSHR model was generated in a three-step process guided by the 
cryo-EM structure obtained from the PDB (PDB ID: 7XW5). First, the 
Alphafold2 model of the extracellular domain (residues 24–408, 
downloaded from the Swissprot database [28]; Uniprot #: P16473 and 
Swissprot file/P1/64/73) was aligned to the cryo-EM structure, using 
only the LRD for the alignment. Next, the TMD model with the internal 
waters was aligned to the TMD of the cryo-EM model. This, however, 
resulted in a large distance between the C terminal of the ectodomain 
and the N terminal of the TMD. To bridge this gap, we replaced residues 
381–413 of the aligned parts with the corresponding coordinates of the 
cryo-EM structure. This range was chosen because the cryo-EM structure 
of the LR contained only residues >380 and residue 413 of the cryo-EM 
model was found to be the nearest to the N terminal of the TMD. We also 

incorporated all three disulfide bonds since our preliminary work 
showed that they are important in maintaining the integrity of the 
structure once the TSH is bonded to it. 

The model for the TSHR-TSH complex was generated by aligning the 
LRD-TSH complex from our earlier model to the LRD of the new model. 
The coordinates of the aligned structure than were added to the new 
TSHR model. 

The TMD model used was obtained from previous work [8] that 
generated an the MD trajectory of the TMD. We used our previous model 
for the TMD (instead of the cry-EM structure) to minimize the need for 
equilibration as the full structure was to be run with the same MD setup 
as the earlier model. The MD trajectory was clustered into three clusters 
using k-medoid clustering [29], performed by the program Simulaid 
[30]. The largest cluster formed during the second half of the MD tra
jectory and its representative structure was chosen for our model. The 
positions of internal waters were determined using grand-canonical 
ensemble Monte Carlo simulation [31], followed by circular variance 
[32] filtering [33] and derivation of generic sites [34]. The Monte Carlo 
simulation, as well as the circular variance and generic site calculations, 
were performed with the program MMC [35]. 

4.2. Immersion in bilayer 

Both the full model of TSHR, and the TSHR-TSH complex, including 
the internal waters, were uploaded to the Charmm-gui server [12,13] to 
(a) immerse it into a bilayer of DPPC molecules; (b) add a water layer; 
and (c) add counterions (K+ and Cl− ions), both to ensure electro
neutrality and an ionic strength of 0.15 M to best represent physiological 
conditions. Hexagonal prism periodic boundary conditions were 
applied. A six-step protocol [12] equilibrated the system by progres
sively releasing constraints, as set up by the Charmm-gui server. All 
simulations were run using the program NAMD [36]. 

4.3. Molecular dynamics simulation 

The simulations used the default parameters set by Charmm-gui. The 
protein and the ions were represented by the (pairwise additive) 
Charmm36 m force field [37] and the TIP3P model [38] was used to 
represent water. The Ewald method was used to treat the long-range 
electrostatics and the VdW interactions were smoothly cut off to zero 
at 12 Â, starting at 10 Â. Two fs time step was used and the simulations 
were run in the (T,P,N) ensemble. 

Analyses - The program Simulaid [30] performed most analyses on 
the trajectories. 

Hydrogen bonds were defined as X⋅⋅⋅H–Y where X and Y are polar 
heavy atoms, the X⋅⋅⋅H–Y angle is above 120◦ and the X–H distance is 
below threshold. The thresholds used for N–H, O–H, P–H, and S–H were 
2.52, 2.52, 3.24, and 3.15 Å, respectively. Note, that this definition ig
nores the actual charges thus it includes salt bridges as well; several of 
the hydrogen bonds thus defined indeed qualified for being a salt bridge. 
The variation of the shape of the LR was tracked by calculating the 
radius of gyration. The formation and unraveling of secondary 
structure elements in the LR was tracked with the DSSP algorithm 
[39]. 

The orientation fluctuation of the LRD was characterized with two 
properties: (a) the circular variance of the three coordinate axes 
attached to the LRD and (b) the angle between the membrane plane 
normal and the first principal axis of the LRD. For the circular variance 
calculations, a local coordinate system was attached to the LRD and for 
each axis the circular variance of the angles between the axes in the 
initial orientation and in the trajectory frames analyzed was calculated. 
The local X axis was defined as the unit vector connecting the average 
(over 20 frames) of the Cα atoms of residues 48 and 220, an approximate 
Y′ axis was defined as the unit vector connecting the Cα atoms of residues 
115 and 126. The Z axis was defined as the vector product of the X and Y’ 
unit vectors and the exact Y axis was defined as the vector product of the 
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Z and X unit vectors. The standard deviation corresponding to a circular 
variance value was estimated by assuming normal distribution of the 
angles. The principal axis calculation used the backbone atoms only. 

The clustering of the LR and TMD conformations were performed 
using k-medoid clustering. The number of clusters requested was ob
tained by generating an inertia plot. The representative structure of a 
cluster was obtained as the member of the cluster whose largest RMSD 
w.r.t. the rest of the cluster members is the smallest. 

The changes in the helix properties were calculated using the 
representative structures as follows. First, each property was averaged 
over the four representative TMD structures of the TSHR. Then, differ
ence between these averages and each of the three representative 
structure of the TSHR-TSH complex was calculated and their average 
was given in the tables of change. Furthermore, as a measure of signif
icance, for each property it was checked how many of the TSHR-TSH 
complex value was outside the range of the TSHR value. 
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