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Abstract: The TSH receptor (TSHR) transmembrane domain (TMD) lives in the plasma 28 

membrane consisting of lipids and water molecules. To understand the role of TSHR-associated 29 

water molecules we used molecular dynamic simulations of the TMD and identified a network of 30 

putative receptor associated transmembrane water channels. This result was confirmed with 31 

extended simulations of the full length TSHR with and without TSH ligand binding. While the 32 

transport time observed in the simulations via the TSHR protein was slower than via the lipid 33 

bilayer itself we found that significantly more waters traversed via the TSHR than via the lipid 34 

bilayer which more than doubled with the binding of TSH. Using rat thyroid cells (FRTL-5) and 35 

a calcein fluorescence technique we measured cell volumes after blockade of aquaporins 1 and 4, 36 

the major thyroid cell water transporters.  TSH showed a dose-dependent ability to influence water 37 

transport and similar effects were observed with stimulating TSHR autoantibodies.  Small 38 

molecule TSHR agonists, which are allosteric activators of the TMD, also enhanced water 39 

transport illustrating the role of the TMD in this phenomenon.  Furthermore, the water channel 40 

pathway was also mapped across two activation motifs within the TSHR TMD suggesting how 41 

water movement may influence activation of the receptor.  In pathophysiological conditions such 42 

as hypothyroidism and hyperthyroidism where TSH concentrations are highly variable this action 43 

of TSH may greatly influence water movement in thyroid cells and many other extrathyroidal sites 44 

where the TSHR is expressed thus affecting normal cellular function. 45 

  46 
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INTRODUCTION 47 

The thyroid-stimulating hormone receptor (TSHR) is a membrane-bound glycoprotein sharing a 48 

common architecture with other members of the G-protein coupled receptor (GPCR) family with 49 

seven transmembrane helices making up the transmembrane domain (TMD).  Similar to other 50 

GPCRs, the general activation process of the TSHR involves re-arrangement of these 51 

transmembrane helices and its association with other membrane protein partners and includes 52 

dimeric forms (1,2).   Although it is known that a network of intramolecular and water-mediated 53 

interactions are important for stabilizing GPCR structures by linking the transmembrane helices 54 

(3-5) such associations of water channels within the TSHR nor other glycoprotein hormone 55 

receptors have not been examined. 56 

 Recently, we developed a computational model of the TSHR transmembrane domain 57 

(TMD) called TSHR-TMD-TRIO (6) which was based on molecular dynamics simulation. This 58 

dynamic model consisted of three representative structures extracted from a 600 ns molecular 59 

dynamics (MD) simulation of the TSHR TMD embedded in a dipalmitoyl-phosphatidyl-choline 60 

(DPPC) membrane and solvated with water, as well as counterions, to ensure neutrality and 61 

physiological ionic strength. The simulation preserved the seven-helix transmembrane bundle. The 62 

backbone of the third model of TRIO (that led us to the question whether the TSHR TMD can 63 

serve as a water channel) was superimposed on the corresponding atoms of the cryoEM models 64 

that were available (7) resulting in RMSDs of 6.3, 5.9 and 5.7 Å for PDB ids 7xw5, 7xw6, 7xw7, 65 

respectively. The C-terminal tail was not included but the loops connecting the helices were.  In 66 

the present work we first examined this model for water that may enter the interior of the TMD.  67 

We obtained water positions in the TMD’s interior based on the concept of generic water sites (8). 68 

Such sites are places whose vicinity most likely contains a water molecule.  These calculations 69 
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revealed a contiguous chain of waters across the TMD.  Examination of the same MD simulation 70 

that produced the TRIO model for the movements of waters during the simulation showed waters 71 

crossing the cell membrane through the TMD and also through the DPPC membrane bilayer. 72 

Biological support for these events was then obtained using an intracellular calcein fluorescence 73 

technique to detect changes in thyroid cell volume caused by water flux (see Figure 1 and 74 

METHODS section below) which confirmed that in the presence of aquaporin blockade the TSH 75 

ligand was able to induce marked changes in cell volume, indicative of water transfer. Together 76 

these data indicate the presence of functional water channels within the TSHR-TMD and may 77 

reveal important new consequences of TSH action. 78 

 79 

MATERIALS AND METHODS 80 

The TSHR-TMD-TRIO model:  The calculations started with our TMD model as 81 

described previously (9) which used the Uniprot server (10) to obtain an initial model of the seven 82 

transmembrane helices using the rhodopsin model (PDB:1F88) as the template. We generated the 83 

loops connecting the helices with a Monte Carlo procedure (11). Water molecules inside the TMD 84 

were obtained as generic sites (8) based on a grand-canonical ensemble Monte Carlo simulation 85 

(12). Such simulations vary the number of waters using periodic insertion and deletion attempts, 86 

and are accepted based on the Boltzmann factor including a target chemical potential that was 87 

obtained by tuning to experimental density in the bulk (13); generic sites represent density maxima 88 

of the water positions generated by the simulation. We then generated the membrane environment 89 

(vide infra), equilibrated the system and first performed a 600 ns molecular dynamics simulation. 90 

The TMD conformations generated by the MD run were  clustered, using the backbone root mean 91 

square deviation (RMSD) method, as the distance measured using Simulaid (14). This indicated 92 
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the presence of   clusters. Since the first cluster had few members it was discarded and additional 93 

equilibration and representatives were selected only from the three larger clusters - hence we gave 94 

it the name TSHR-TMD-TRIO (6). 95 

 96 

The membrane model:  As described in our earlier publication, the TSHR protein 97 

structure with internal waters was then submitted to the Charmm-Gui server (15). The server 98 

immersed the protein into a bilayer of 188 DPPC molecules and added a further water layer, 99 

resulting in a total of 15,277 waters, and also added counterions (40 K+ and 52 Cl- ions), both to 100 

ensure electroneutrality and an ionic strength of 0.15 to represent physiological conditions. The 101 

Charmm-36 force field (16) was used. This approach also provided the input for a six-step 102 

equilibration of the system that involved the progressive release of constraints on all non-water 103 

components in the system (17) to ensure that releasing local strains did not compromise the overall 104 

fold of the protein. The simulations were performed with the program NAMD (18). 105 

 106 

Generic water sites: The calculation of the generic sites was an iterative process using a 107 

well-defined algorithm (8). Starting from the first conformation for each structure in the trajectory 108 

this algorithm assigned each water to a site or, if no suitable site was found, assigned it to a new 109 

putative site. The process was then repeated until the sites no longer changed and converged. The 110 

algorithm assigned to each site a fractional occupancy and RMSD (8). These calculations were 111 

performed by the program MMC (19). 112 

 113 



TSH Receptor 
 

6 
 

Membrane transits: Using the program Simulaid (14) the trajectory was scanned for 114 

waters entering and exiting the membrane. Each time a water entered, its position and structure 115 

number was noted. Each time a water exited, the program recorded a successful transit if the exit 116 

occurred at the membrane side opposite the entry. The entry and exit points were categorized as 117 

being within the TSHR protein or the lipid region by calculating the circular variance (CV) of the 118 

entry and exit points of the protein since the CV was shown to be capable of determining whether 119 

a point is inside/outside/around the boundary of a set of points forming an irregular shape (20). 120 

The CV calculation used only the coordinates of the seven-helix bundle, projected onto the 121 

membrane plane (2D-CV). 122 

 123 

Internal waters: The average number of waters inside the TMD were obtained by 124 

calculating the CV of each water of each frame saved in the trajectory w.r.t. the TMD and keeping 125 

the ones whose CV were above the threshold. 126 

 127 

Measurement of cell volume changes using calcein fluorescence quenching: Water is 128 

transported within eukaryotic cells by passive diffusion and/or active transport when there is an 129 

osmotic change. This occurs via water channels known as aquaporins. The concept of cell volume 130 

changes due to water flux measured using calcein fluorescence is represented in Figure 1. The 131 

assay was  performed using a rat thyrocyte line (FRTL5) and CHO cells overexpressing the human 132 

TSHR (21). Bovine TSH (Millipore Sigma, MA USA)  which binds with high affinity to human 133 

and rat TSHR was used for activating the receptors. For the assay, 40,000 thyrocyte cells were 134 

seeded per well of clear bottom black 96 well plates and allowed to grow overnight in TSH-135 

containing (6H) medium as described earlier. After attaining 80-90% confluency, the medium was 136 



TSH Receptor 
 

7 
 

changed to TSH-free (5H) medium for 2 days to remove the effect of TSH.  Prior to the assay the 137 

cells were first loaded with calcein AM at 5μM concentration in the presence of an inhibitor of 138 

anion transport (1mM probenecid) for 90 minutes at 37°C.  Calcein, which is a non-fluorescent 139 

dye, becomes a fluorescent dye by cleavage due to intracellular esterases (44). The loaded cells 140 

are then washed twice with 37°C warm medium. To block both AQP1 and AQP4, the cells were 141 

further incubated for 30 minutes at 37°C with medium containing AQP1 inhibitor (TC- Tocris Cat 142 

# 5412) at 8µM and/or AQP4 inhibitor (TGN020 - Tocris Cat # 5425) at 3µM. After decanting the 143 

medium from the aquaporin blocked cells, the wells were then loaded with 50ul of medium 144 

containing either TSH, stimulating TSH receptor antibodies (MS1 at 10µg/ml and M22 at 1µg/ml) 145 

or TSHR small molecule agonists MS437/MS438 at 10µM in triplicates and incubated further for 146 

20 minutes at 37°C. The plates were shifted immediately to a pre warmed microplate reader and 147 

the kinetic preset program started with an initial read of 5 sec followed by the  injection of 50 µl 148 

of D-mannitol (400mM) resulting in a hyperosmotic extracellular milieu.  An initial read at 5 sec 149 

for each well was followed by the 50µl injection of mannitol at a speed of 300µl/sec followed by 150 

a 37 sec continuous read of fluorescence for each well via bottom well optics. The average decrease 151 

or increase in fluorescence was calculated from measurements in triplicate wells for each treatment 152 

or no treatment using the excitation wavelength of 485 nm and emission wavelength of 525 nm.  153 

The data are presented as percentage change over control cells.  Control percentage (100%) 154 

represented in the data refers  to either  a) maximum  fluorescence of cells not subjected to 155 

hypertonic mannitol and not treated with aquaporin inhibitor(s) or b) maximum fluorescence of 156 

cells subjected to mannitol and in the presence of both aquaporin inhibitors depending on the 157 

experimental situation. The increase or decrease in the average fluorescence measured refers to 158 

equivalent changes in cell volume because calcein fluorescence decreases with aggregation of the 159 
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dye molecules and, in contrast. The fluorescence increases with dispersion of the molecules in this 160 

short time scale as illustrated in Figure 1 following their increased exposure to intracellular 161 

esterases. 162 

 163 

Detection of aquaporins by PCR:  FRTL5 cells grown in TSH-free 5H medium for 2 164 

days were harvested and total RNA extracted using the RNA Easy kit (Qiagen cat # 74004). The 165 

RNA was further subject to column DNAase treatment to remove genomic DNA. 5µg of total 166 

RNA was converted to cDNA using the reverse transcriptase reaction using a SuperScript IV VILO 167 

cDNA kit (Thermo Fisher Inc). The cDNA was further diluted 1:3 and 2µl of diluted cDNA was 168 

then subjected into a PCR reaction using custom designed primer pairs for AQP1 and AQP4 169 

(Supplementary Table S1 (22)). The PCR products were then run on 2% agarose gels for 170 

visualization of the amplified products. Primers for the cytoskeleton actin and beta- macroglobulin 171 

were used as controls. 172 

 173 

Immunostaining for aquaporins 1 & 4:  The presence of aquaporin protein expression 174 

was ascertained by immunostaining (22) using commercial polyclonal aquaporin antibodies for 175 

AQP1 using  anti AQP1 (Proteintech Cat# 20333-1-AP, RRID:AB_10666159) and AQP4  using 176 

anti AQP4 (Proteintech Cat# 16473-1-AP, RRID:AB_2827426).  Briefly, FRTL 5 cells grown on 177 

8-well chamber slides with a density of 40,000 cells per well were washed twice with 1xPBS and 178 

fixed in 4% paraformaldehyde for 20 minutes at room temperature. The washed cells were then 179 

stained using a 1:200 dilution of the primary aquaporin antibody followed by 1hr incubation at 180 

room temperature. Bound primary antibody was detected using anti rabbit conjugate with Alexa 181 

547 (1:500) (Jackson ImmunoResearch Labs Cat# 711-585-152, RRID:AB_2340621). The cells 182 

http://antibodyregistry.org/AB_10666159
http://antibodyregistry.org/AB_2827426
http://antibodyregistry.org/AB_2340621
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were mounted using Vectashield containing Dapi for nuclear staining of cells. As controls we used 183 

FRTL5 cells stained with normal rabbit IgG followed by secondary antibody. Images of the cells 184 

were acquired using a Nikon Ti E wide field microscope using a 100x oil objective plan Apo with 185 

NA 1.45 and using Dapi and Texas red filters. Images were processed using the open-source  Fuji 186 

Image J software. Minor adjustments were made on the images only for brightness and contrast.  187 

 188 

Data analysis and statistical methods used: All experimental data were derived from 2-189 

3 biological replicates all experiments. Were repeated 2-3 times. Statistical significance was 190 

calculated using the Student t test in Excel.  191 

 192 

 193 

RESULTS  194 

Identification of generic water sites associated with the TSHR TMD:  Figure 2 (A-C) shows 195 

the TSHR-TMD models employed and illustrate three sets of generic water sites with occupancy 196 

greater than 30% corresponding to the three representative TMD structures in our earlier TRIO 197 

model (6).  We found that the generic sites, when based on the third structure of the TRIO model 198 

(Figure 2C) (6), which represented more than half on the trajectory, formed a contiguous path 199 

between helices 6 and 7, reaching halfway from the intracellular side and an analogous shorter 200 

channel between helices 5 and 3 from the extracellular side. This suggested that waters could 201 

transit the membrane by passing through the interior of the TSHR protein as shown. Note, also, 202 

that the generic sites showed that there may be a path branching from the main path near the center 203 

of the bilayer, leading into the bilayer interior.  204 
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 205 

Simulation assesment of TSHR-TMD water transit: The appearance of the contiguous chain of 206 

water sites suggested we could track individual waters to detect their actual passage through the 207 

membrane. The result of tracking showed that during a 600 ns simulation there were 370 water 208 

transits observed (the number of waters in the system was 15,371) representing 2.4% of the waters 209 

in the system. However, only 188/370 (50.8%) of transits occurred through the receptor protein. 210 

Of the remaining transits, 87 occurred entirely through the DPPC bilayer and 95 occurred using a 211 

path that used the TSHR protein channel only for exit or entry. The average time required for the 212 

transit was extracted from the simulation history. It turned out to be 16.3 ns for the transit through 213 

the TSHR protein, 13.5 ns for the transit using partially the protein and lipid bilayer, and only 1.2 214 

ns for the transit across the lipid bilayer.  While the water channel transport time observed in the 215 

simulation via the TSHR protein was longer than via the lipid bilayer itself we found that 216 

significantly more waters traversed the bilayer via the TSHR than via the cell membrane. This is 217 

illustrated by straight lines connecting the entry and exit points as shown in Figure 3. Naturally, 218 

this does not imply that the path was a straight line, only to give a general sense of the distribution 219 

of the location and direction of transits.  Transits that only partially use the TSHR appear to exit 220 

the protein into the membrane in the region where the generic water sites form a diverging path.  221 

The figure also shows that the transit lines involving the TSHR protein form two distinct bundles 222 

while the lines representing membrane bilayer transits are scattered and show significant lateral 223 

movements inside the bilayer.  The lack of a contiguous water path in the first representative 224 

structure from our TRIO model (Figure 2A) is a reminder that the starting structure we actually 225 

used for the simulation is a homology model, based on proteins that may not always have a defined 226 



TSH Receptor 
 

11 
 

path for the waters. The number of waters within the TMD of the different systems studied (Table 227 

1) follows a similar pattern. 228 

 229 

Specificity of transit modelling:  The existence of a water channel raises the question whether that 230 

channel can also facilitate the transit of ions. To examine this question, the potassium and chloride 231 

ions in the neutral model water system were also tracked.   However, no ion transits were observed 232 

at all. Tracking just the entries, we found that the ions did indeed enter the membrane but did not 233 

transit. Table 2 shows the number of ions reaching different depths. It was clear that, unlike for 234 

water, the ion entries were significantly shallower within the TSHR protein than within the 235 

membrane bilayer. Potassium penetrated both the bilayer and the protein deeper than chloride and 236 

for entries into the protein potassium favored the extracellular side and chloride the intracellular 237 

side. Also, given that three potassium ions were seen within 4 angstrom of the bilayer center during 238 

the 600 ns molecular dynamic run it is was likely that longer simulations of microseconds in length 239 

may have seen actual transits of some potassium ions. 240 

 241 

Simulation with the full length TSHR bound to TSH:  Analysis of our simulations of the full-242 

length TSHR model with and without the TSH, rather than just the TMD, showed that the inclusion 243 

of TSH resulted in an increase by a factor of ~2.2 in the number of water transits via the TMD (Table 244 

3).  Furthermore, constitutive transit through the lipid bilayer was nearly 10-fold lower than the via 245 

the TSHR protein itself (Table 3) suggesting active transport of water through the TSHR channel in 246 

the presence of TSH. 247 

Aquaporin expression:   In order to study actual TSHR water transport we used a well-established 248 

rat thyrocyte cell line (FRTL5). Since aquaporins are the major water transporters in all eukaryotic 249 
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cells, we first researched RNA seq data derived from   the Human Protein Atlas (https://www. 250 

proteinatlas.org/) and Rat Genome Database (https:// rgd.mcw.edu/)  to evaluate the  expression of 251 

the different aquaporin’s that are distributed in human  and rat thyroid tissue. Analysis and 252 

representation of normalized transcripts per million (nTPM) levels from these datasets are shown in 253 

Figure 4A and suggested that aquaporin 1 (AQP1) and aquaporin 4 (AQP4) messages were the 254 

predominant isoforms expressed in both rat and human thyroid tissue.  We then confirmed the 255 

expression of these two aquaporins in FRTL5 cells by qPCR and immunostaining of fixed cells 256 

(Figure 4B upper). Amplified PCR products of ~150 bases were observed using two different 257 

primer sets for each aquaporin and on immunostaining we identified both peripheral and cytoplasmic 258 

distribution of these aquaporin proteins (Figure 4B lower).  259 

 260 

Aquaporin blockade: To establish if these aquaporin water transporters could be chemically 261 

inhibited we used a calcein fluorescence assay as detailed in Materials and Methods and as explained 262 

in Figure 1.  We first observed a significant decrease in cell volume (~60%) as a result of the 263 

hypertonic change in the external milieu of the cells (Figures 5A & 5B). In contrast, in the presence 264 

of specific aquaporin inhibitors in concentrations greater than their IC50 and under the same 265 

hypertonic conditions there was no decrease in cell volume (Figures 5A & 5B) during the 37 sec 266 

measurement window. This occurred with blockade of either aquaporin suggesting that the inhibitors 267 

were not highly specific in the conditions used. 268 

 269 

 TSH effects on receptor water transport:   We confirmed the influence of TSH on water flow by 270 

in-vitro analyses carried out on FRTL5 cells in the presence of combined AQP1 and AQP4 271 

inhibitors. These data showed a clear TSH dose-response induced change in cell volume under 272 

https://www/
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hypertonic conditions causing more than a 50% reduction in cell volumes (Figure 6A).  The 273 

specificity of this regulation by TSH was verified by blocking the binding of TSH to its receptor 274 

using human blocking antibody K1-70 (23) which restored some of the cell volume towards its initial 275 

state (Figure 6B). This action of TSH was also evaluated in a non-thyroid cell using heterologous 276 

CHO cells transfected with the human TSHR and control CHO cells lacking the receptor. CHO cells 277 

retained the same aquaporin effects and their chemical inhibition was observed as in thyrocytes 278 

(Supplementary Figures S1A and S1B (22)). In the presence of TSH an even more exaggerated 279 

effect than seen with FRTL5 cells was observed in this overexpressed model with up to 80% volume 280 

reduction illustrating TSHR specific water channels are likely to be effective conduits of water 281 

transit in all TSHR expressing cells. 282 

 283 

TSHR antibodies and agonists also affect water transit: Since the TSH ligand binds to the 284 

ectodomain of TSHR and induced an alteration in water transport, we also tested if other modes of 285 

TSHR activation would have a similar effect. We examined two well-characterized stimulating 286 

monoclonal antibodies to the TSHR using the calcein assay. MS1, a in-house hamster TSHR 287 

stimulating monoclonal antibody (24) was tested at a dose of up to 10µg/ml and M22 (23) a human 288 

stimulating TSHR monoclonal antibody was tested at a dose up to 1µg/ml. The results indicated that 289 

both these antibodies, like TSH itself, were able to cause significant decreases in cell volume of 290 

FRTL5 cells (Figure 6C). Hence, perturbation of the receptor ectodomain resulted in water transit 291 

from the cells most likely by affecting the TSHR TMD. This conclusion was confirmed by direct 292 

stimulation of the TMD by using the TSHR small molecule agonists MS437 and MS438 which we 293 

had identified earlier (25). These allosteric activators also induced a significant decrease in cell 294 

volume in the calcein assay when tested at their maximum activation dose of 10μM (Figure 6C). 295 
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Therefore, changes in the transmembrane either by direct stimulation as seen by the allosteric 296 

activators or via the ectodomian due to TSH or stimulating TSHR antibodies resulted in changes in 297 

water transit via the receptor.       298 

 299 

Receptor activation motifs on the TSHR water channel: To examine if water transit via the water 300 

channel could be affected by published TMD activation motifs we mapped the two most well defined 301 

activation motifs - the CMxP on TM6 and NLxxD motif on TM2 (26) using our TSHR TMD model 302 

from the molecular dynamic simulation (Figure 7). Overlaying these motifs with the water transit 303 

path, we noted that the path of the water transit through the helices fell within these activation motifs 304 

that may indeed affect  activation of the receptor.  305 

 306 

DISCUSSION  307 

The TSH receptor (TSHR), which is central to G protein signaling in thyrocytes, resides as 308 

an integral membrane protein in a hydrated lipid bilayer environment in the plasma membrane. 309 

Crystallographic structures of the TSHR, both active and inactive (7,27-29) forms including the 310 

recent full-length cryo-EM (30) structure, have expanded our understanding of how the TSH 311 

ligand and TSHR autoantibodies bind to the receptor. However, these studies have not addressed 312 

the behavior of water molecules associated with the receptor because of the static 3D images 313 

obtained in such studies. In our attempt to further understand the behavior of the TSHR in a lipid 314 

embedded and hydrated environment, we further analyzed the molecular dynamic (MD) 315 

simulation studies which resulted in our previously reported transmembrane domain (TMD) model 316 

named TRIO (31) and an improved version of our recently reported full length TSHR structure 317 

(32).   Using our previous experience in modeling and the MD simulations of the TSHR-TMD, we 318 
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identified a network of putative transmembrane water channels within the TSHR protein. In this 319 

report, we have examined the role of the receptor associated water molecules in-silico as well as 320 

in-vitro to begin to understand their physiological relevance to the receptor protein.   321 

On further analyzing our molecular dynamics simulation, we identified the potential 322 

trajectory of water molecules crossing a model of the TSHR embedded in a plasma membrane, 323 

which provided evidence that water molecules could indeed cross the membrane via these well-324 

defined putative receptor channels in the TMD (Figure 2). These receptor water channels were 325 

confined mostly within H6 and H7 which are the sites of reported activation motifs among other 326 

GPCRs (26) including the TSHR (33).  Furthermore, the transit lines constructed from the 327 

trajectories of water molecules in this model identified a bifurcated channel associated with the 328 

TSHR indicating the presence of both a complete channel through the receptor protein and a partial 329 

protein- membrane channel suggesting novel routes for these receptor waters.   330 

The presence of receptor water networks is common in GPCRs (34,35) although they have 331 

not been characterized in the TSHR.  It has been reported, however, that water molecules may 332 

form a network with receptor residues and hydrophobic amino acid side chains and may be 333 

intimately involved in activation of a receptor (35). To confirm the physiologic relevance of these 334 

receptor water channels in thyrocytes and possibly other extra thyroidal TSHRs, we used changes 335 

in cell volume as a measure of water transport using a calcein quenching fluorescence assay (36). 336 

Furthermore, we found that TSH and other TSHR agonists enhanced the water flow from 337 

thyrocytes.   338 

We first examined water transit across the protein and lipid bilayer in our simulation. 339 

Transit of water through the lipid bilayer plasma membrane model was expected since it has been 340 

well shown that water passes through cell membranes by passive diffusion or facilitated diffusion 341 
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in live cells. The speed and, especially the quantity, of such membrane transits are known to be 342 

influenced by a variety of factors such as temperature, pH, fatty acid composition of the membrane, 343 

level of hydration, cholesterol in the membrane and including the osmotic pressures on each side 344 

of the membranea (37,38). To obtain an estimate of the speed of waters passing through the 345 

membrane in our simulation we first observed that there were about 600 waters in a single layer 346 

of the ~4 nm membrane.  In the 600 ns simulation we observed that over 80 waters would cross 347 

the membrane, so it would take 600*(600/80)=4500 ns to move across all 600 waters, resulting in 348 

a speed of 4/4500 nm/ns, or about 10-4 nm/ns.   We then found that this time spent by waters in 349 

membrane transit was an order of magnitude less than for transfers involving the TSHR protein. 350 

The difference in the frequency of transits via the protein and via the membrane reflects the high 351 

activation barrier that the membrane headgroups form. The difference in the transit times reflects 352 

the fact that the membrane interior is purely hydrophobic and thus creates a largely flat energy 353 

surface while the inside is at least partially polar and, as a result, it has several local minima that 354 

the water needs time to proceed through. Recent experiments mirror this result (39) where waters 355 

moved orders of magnitude faster through a hydrophobic channel lined with fluorine than through 356 

water transporting protein channels like aquaporin channels. It seems that the hydrophobic 357 

environment, by lacking the option to form hydrogen bonds with waters, is more ‘slippery’ than 358 

the interior of the protein. Nevertheless, it is not transit time alone that determines water flow but 359 

also the quantity of transits. While the transport time observed in the simulation via the TSHR 360 

protein was longer than via the membrane itself we found that significantly more waters traversed 361 

the bilayer via the TSHR protein than exclusively via the lipid bilayer (see Table 2).  To understand 362 

the effects of ligand TSH on this water transit, we then examined 2000 ns long simulations of the 363 

full length TSHR (32), with and without TSH. We saw a significant increase over constitutive 364 
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water transport through the receptor, indicating that the capacity of the receptor channels to move 365 

water more than doubled with the binding of TSH in our simulation.   366 

Using the calcein assay we were then able to confirm that such simulations reflected the 367 

physiological activity of TSH where we found large changes in cell volume under TSH stimulation 368 

of both thyroid cells as well as control non-thyroid cells expressing the TSHR. These in vitro 369 

studies in thyrocytes and heterologous cells were performed after chemical blockade of the two 370 

major aquaporins found in thyrocytes.  Aquaporins are major water transporting proteins in all 371 

eukaryotic cells and distribution of these aquaporins isoforms is heterogeneous (40).  This effect 372 

was not only mirrored when TSH or a stimulating TSHR antibody bound to the ectodomain of the 373 

full-length TSHR but was also seen upon binding of allosteric activators to the receptor TMD.  374 

Water passes non-specifically and with ease in membrane models as well as in actual 375 

physiologic assessments (41). This suggests that passage of water molecules  in any other way, 376 

such as via the TSHR protein, may have a physiological relevance.  Since water paths appear to 377 

be possible through a variety of GPCRs (42) what advantage would this have?   Since such 378 

receptors are thought to have evolved for G protein signaling, we can assume that water passage 379 

through the TSHR must have signaling significance and could maintain, enhance or inhibit such 380 

TSH signaling. In addition, receptor activation, which follows TSH or stimulating TSHR 381 

autoantibody binding to the large extracellular domain, likely leads to a rearrangement of the 382 

transmembrane helices and possibly an extension or alteration of the water network from the 383 

ligand-binding extracellular surface to the cytoplasmic surface (42).  However, the model 384 

presented here of the TSHR is one of a constitutively active GPCR (43). In fact, the TSHR is never 385 

quiescent and it is known that this constitutive activity resides within the TMD and is thought to 386 

be kept in check by the ectodomain (44). The activation mechanism of the TSHR TMD has been 387 
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examined by comparative modelling of the TSHR model with active and inactive structures of 388 

three other GPCRs (33). The rearrangement of helices and distortion of the conserved motifs 389 

leading to activation of the TSHR is similar to other GPCRs but the role of water has not been 390 

evaluated before.   Hydrophilic contacts in the TMD are complimented by conserved water 391 

molecules localized close to highly conserved residues and constitute a network of intramolecular 392 

and water-mediated interactions that could indeed be important for stabilizing the GPCR structure 393 

by linking the transmembrane helixes (34).  Studies have shown that GPCRs have highly 394 

conserved motifs in their TMD and one such motif is the “ionic lock” (26). Additionally, the motif 395 

NLxxD in TM2 and CWxP in TM6 are important in maintaining the inactive state of some 396 

receptors (33) and any perturbation of these motifs by movement of water during activation could 397 

lead to changes in hydrogen bonding of the network and receptor activation or stabilization of the 398 

helixes (35). On mapping these well characterized activation motifs we found close proximity of 399 

these motifs with the TSHR water channel which suggested that they may play an active or 400 

surrogate role in TSHR signaling. 401 

In conclusion, these observations evidence the integral role of water molecules in TSHR 402 

action and illustrate a new role for the TSH ligand itself. Although TSH action has been extensively 403 

characterized both by its interaction with the TSHR and its use of multiple G protein signaling 404 

molecules and pathways (45,46) its importance in fluid regulation has not been well described.  405 

Although one major characteristic of high TSH levels in hypothyroidism is one of fluid retention 406 

and effusion formation, especially pleural and pericardial effusions, these disease consequences 407 

have characteristically been blamed on lack of thyroid hormone (47). Yet there is a dearth of 408 

evidence exploring fluid transfer under different levels of TSH in the setting of widespread 409 

expression of the TSHR.  Our description of TSHR water channels opens an entirely new way of 410 
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looking at fluid balance in hypothyroidism. This offers a new paradigm for TSH action as 411 

supported by the evidence that TSH can influence waters crossing into and out of the many cells 412 

expressing the receptor which  would also include fibroblasts, osteoblasts and specialized brain 413 

cells such as tanycytes  which express significant numbers of TSHR (48) and have a major 414 

contribution  in  hypothalamic hormone regulation (49). 415 
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Figures and Legends  573 
 574 

575 
Figure 1:    Measuring Cell Volume Changes Using the Calcein  Quenching Assay    576 
 577 
 Calcein becomes a fluorescent molecule within cells and its fluorescence is reduced as the 578 

calcein molecules aggregate together. In a short time scale, the concentration - dependent 579 

fluorescence of calcein can be used as a probe for studying cell volume changes. (A) Under 580 

isotonic conditions the cell maintains a normal volume and a basal calcein fluorescence. (B) Under 581 

induced hypertonic conditions caused by the addition of 400mM of D -mannitol to the extracellular 582 

milieu, water molecules transit out of the cell very actively via aquaporin channels (AQPs)  and  583 

more slowly through cell membrane diffusion (MD)  leading to a decrease in  cell volume reflected 584 

by a decrease in calcein fluorescence as a result of increased aggregation of  calcein molecules.  585 

(C)  In the presence of chemical blockers of the AQPs, this water transit is stopped, and cells lose 586 

much less water molecules only by diffusing through the plasma membrane and this prevents a 587 

major decrease in volume and little change in fluorescence.   MD = membrane diffusion, AQP = 588 

Aquaporins and B =  Blocker 589 

590 
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 591 
 592 
 593 
 594 
Figure 2:  Representation of Water Transit through the TSHR TMD 595 

 Shown are representative structures of the three clusters of the simulated trajectory in the 596 

TRIO models (A, B and C) with the site waters shown in red. The waters represent generic sites 597 

with occupancy > 0.3 for the three TRIO structures from the 600 ns MD simulation.  The helices 598 

of the TMD are shown in blue with water molecules represented by red oxygen and white hydrogen 599 

atoms which trace a channel through the TSHR-TMD. 600 

601 
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 602 
 603 
 604 
 605 
Figure 3:  Transit Lines of Water Movement in the Membrane- Embedded TMD 606 

          This diagram shows the lateral view of the transit lines extracted from the MD 607 

simulation data representing 370 transits observed. The brown lines represent transit (diffusion) via 608 

the membrane, the red lines represent transit via the TSHR protein only and the blue lines represent 609 

the path branching from the TSHR-TMD protein into the membrane suggesting a bifurcated transit 610 

of the waters. 611 
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 612 
 613 
Figure 4:  Aquaporins Expressed in Thyrocytes 614 

 Aquaporins represent the classical water transporting units found in most cells and which 615 

are found in different isoforms. We identified and confirmed the major isoforms that are present 616 

in thyrocytes. (A) The stack bars (black) are data extracted from the Human Protein Atlas 617 

(https://www.proteinatlas.org/)   for different aquaporin mRNAs present in thyroid tissue. The 618 

beige colored bars represent similar data derived for rat thyroid tissue from the Rat Genome 619 

database (https://rgd.mcw.edu/) These data demonstrated that AQP 1 and 4 are the major forms to 620 

be found in thyroid cells. (B) Confirmation of the expression of AQP1 and AQP 4 was obtained 621 

by PCR using two sets of primers for each aquaporin with actin and β microglibulin as positive 622 

controls as shown the gel image. A 100base pair ladder is shown on the left.  The lower images 623 

are of FRTL5 cells grown on glass chamber slides and fixed in paraformaldehyde and then stained 624 

with AQP1 and AQP4 rabbit polyclonal antibodies. The primary antibody was detected using anti 625 

rabbit IgG conjugated 626 

 627 
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 628 
 629 

 630 
 631 
 632 
Figure 5:  Assessment Of Aquaporin Blockade In FRTL5 Cells 633 

 In order to specifically examine TSHR water channel effects in vitro using the calcein assay 634 

we had to first assess the chemical blockade of aquaporin using inhibitor molecules.  FRTL5 cells 635 

grown on clear bottom black 96 well plates were subjected to the calcein assay in the absence and 636 

presence of AQP1 and AQP 4 inhibitors. The data shown are the average of two experiments (n=2) 637 

and are shown as the percentage change in cell volume compared to the baseline control cells (100%) 638 

= No mannitol +No AQP Inhibitors.  (A & B)   Cells in the presence of mannitol and no inhibitor 639 

showed a 60% decrease in cell volume which was restored to normal levels with concentrations of 640 

>IC50 of either AQP inhibitors showing good blockade of the primary aquaporins in these rat 641 

thyrocytes.   642 

 643 
 644 
 645 
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 646 

 647 
 648 
Figure 6:  Effect Of Ectodomain and Transmembrane Activation On Water Transport 649 

 The TSHR can be activated by TSH or stimulating TSHR autoantibodies that bind to its large 650 

extracellular domain (ECD) and also by allosteric  small molecule that bind to sites within the 651 

“binding pocket” of the TMD. Using the calcein fluorescence assay after blockade of AQPs 1 & 4, 652 

we tested the effect of increasing concentrations of TSH on water transit in FRTL5 cells deprived of 653 

TSH at different doses (A). This effect of TSH could be neutralized by adding a blocking antibody 654 

(B). Furthermore, we also tested stimulating monoclonal antibodies at their maximum effective dose  655 

and our previously described novel small molecule agonists (C)(25).  A dose-response with TSH on 656 

cell volume changes was observed with 102 and 103 µU/mL of TSH with significant reductions in 657 

cell size of 40-60%. Similar changes were seen with two stimulating TSHR monoclonal antibodies 658 

and with our TSHR agonist molecules MS437 and MS 438.  659 

 660 
 661 
 662 
 663 
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 664 
 665 
 666 
Figure 7:  TSHR Activation Motif within Water Channel 667 

 The amino acid sequences of GPCRs are known to show some highly conserved motifs 668 

which are involved in receptor activation via the TMD.  The NLxxxD motif in TM2 and the CWxP 669 

motif in TM6 are such motifs present in the TSHR-TMD structure. On mapping the water channel 670 

to these motifs we observed  that the route of water transit is in close proximity to both of these 671 

motifs  as shown in these lateral images  of the TSHR TMD  with helices in blue and motif residues 672 

represented by the enlarged residues in yellow, red and blue.  673 



TSH Receptor 
 

34 
 

 674 
 675 
           Table 1:    Depth of ion entries into the TSHR-TMD and lipid  bilayer 676 

 677 

 
   Depth / Å 

TSHR-TMD,  
intra-cellular entry 

TSHR-TMD, 
extra-cellular entry 

   Lipid bilayer 

 K+ Cl- K+ Cl- K+ Cl- 
> 0 122 14 265 629 5853 1027 
> 2 50 4 74 159 4150 283 
> 4 24 0 17 5 2540 72 
> 6 8 0 0 0 1342 15 
> 8 1 0 0 0 547 4 
> 10 0 0 0 0 150 0 
> 12 0 0 0 0 26 0 
> 14 0 0 0 0 5 0 
> 16 0 0 0 0 3 0 
> 18 0  0 0 0 0 0 

 678 

 679 
 680 
 681 
 682 
 683 
 684 
 685 
 686 
 687 
 688 
 689 
 690 
 691 
 692 
 693 
 694 
 695 
 696 
 697 
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 699 
 700 
 701 
 702 

Table 2:   Number of membrane transits of different types 703 

 704 

 705 

 706 

 707 

 708 

 709 

 710 

 711 

TRANSIT TYPE 
FL TSHR 

(-TSH) 
FL TSHR 
(+TSH) TMD TMD 

(scaled) 

2000 ns 2000 ns 600 ns 2000 ns 

TSHR Protein 4,948±415 11,411±1162* 202±31 673 

Lipid bilayer 293±31 632±28 88±15 293 

Memb:TSHR 220±40 380±77 41±17 136 

TSHR:Memb 205±194 414±68 39±11 129 

FL = Full length, TMD= transmembrane domain, * ±TSH – p < 0.0001 
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 712 

 713 
 714 
Table 3: Average number of waters actually inside the TMD  enhanced by TSH 715 

 716 

 717 
CVmin = the circular variance threshold used to filter the waters 718 
 719 
Nw = Number of waters   720 
  721 

 
TSHR (2000 ns) TSHR-TSH (2000 ns) TMD (300 ns) 

CVmin <Nw> Range <Nw> Range <Nw> Range 

0.85 55.4±12.6 [20,97] 107.1±13.1 [75,158] 55.7±11.7 [15,85] 

0.87 43.5±11.9 [16,85] 78.1±18.7 [34,146] 49.4±11.0 [12,75] 
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