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Abstract

The disorder of thyroid gland development or thyroid dysgenesis accounts for 80–85% of

congenital hypothyroidism (CH) cases. Mutations in the TSHR gene are mostly associated

with thyroid dysgenesis, and prevent or disrupt normal development of the gland. There is

limited data available on the genetic spectrum of congenital hypothyroid children in Bangla-

desh. Thus, an understanding of the molecular aetiology of thyroid dysgenesis is a prerequi-

site. The aim of the study was to investigate the effect of mutations in the TSHR gene on the

small molecule thyrogenic drug-binding site of the protein. We identified two nonsynon-

ymous mutations (p.Ser508Leu, p.Glu727Asp) in the exon 10 of the TSHR gene in 21

patients with dysgenesis by sequencing-based analysis. Later, the TSHR368-764 protein was

modeled by the I-TASSER server for wild-type and mutant structures. The model proteins

were targeted by thyrogenic drugs, MS437 and MS438 to perceive the effect of mutations.

The damaging effect in drug-protein complexes of mutants was explored by molecular dock-

ing and molecular dynamics simulations. The binding affinity of wild-type protein was much

higher than the mutant cases for both of the drug ligands (MS437 and MS438). Molecular

dynamics simulates the dynamic behavior of wild-type and mutant complexes. MS437-

TSHR368-764MT2 and MS438-TSHR368-764MT1 showed stable conformations in biological

environments. Finally, Principle Component Analysis revealed structural and energy profile

discrepancies. TSHR368-764MT1 exhibited much more variations than TSHR368-764WT and

TSHR368-764MT2, emphasizing a more damaging pattern in TSHR368-764MT1. This genetic

study might be helpful to explore the mutational impact on drug binding sites of TSHR pro-

tein which is important for future drug design and selection for the treatment of congenital

hypothyroid children with dysgenesis.
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1. Introduction

Congenital hypothyroidism is associated with various factors including genetics. Genetic

causes account for about 15 to 20 percent of congenital hypothyroidism (CH). Although CH is

a genetically heterogeneous disorder, the candidate genes divide the disorder into two main

groups namely thyroid dysgenesis and thyroid dyshormonogenesis. Different studies includ-

ing online databases such as Genetics Home Reference and Online Mendelian Inheritance in

Men (OMIM) suggested that about 10–20 percent of total cases with CH were associated with

thyroid dyshormonogenesis that would result from mutations in one of several genes involved

in the biosynthesis of thyroid hormones [1]. The above-mentioned databases also described

that about 80–85% of CH cases are associated with disorders of thyroid gland development

(Dysgenesis) which is categorized as ectopic (located in a distant region, 40%), agenesis (absent

of thyroid gland, 40%), and the other cases are accompanying with hypoplasia (small size).

Although the actual cause of thyroid dysgenesis is still under investigation, some studies have

suggested that 4 major genes that play roles in the proper growth and development of the thy-

roid gland, such as TSHR (Thyroid 3 stimulating hormone receptor) and three transcription

factors- TTF-1, TTF-2, and PAX8 (paired box-8, transcription factor) [2]. Mutations in these

genes prevent or disrupt the normal development of the gland. The TSHR gene is predomi-

nantly related to thyroid dysgenesis, as most of the mutations occurs in the gene in CH

patients [2]. TSHR is a G protein-coupled transmembrane receptor which is present on the

surface of thyroid follicular cells. TSH, secreted by the anterior pituitary, mediates its effect

through TSHR which is crucial for thyroid gland development and function. The TSHR gene

is located on chromosome 14q31 and contains 11 exons code for a receptor protein of 764

amino acid residues [3, 4]. TSHR has high affinity binding sites for TSH. Mutations in the

TSHR gene result in mutant TSHR protein which lacks its binding affinity to TSH or loses its

ability to activate adenylate cyclase. Thus, mutant TSHR protein disrupts thyroid gland devel-

opment and proper functioning. TSHR mutation may also be present in a normally placed thy-

roid gland. TSHR gene mutation is reported to be inherited as an autosomal recessive manner

and exon 10 is known to carry the majority of the mutations [5]. In a high-throughput screen-

ing system, two small molecule agonists (MS437 and MS438) exhibited pharmacotherapeutic

potential with the highest potency (EC50 of 13x10-8 M, and EC50 of 5.3x10-8 M respectively)

[6].

Very limited data are available on genetic study of Bangladeshi hypothyroid patients.

Therefore, the present study tried to explore the effect of two non-synonymous mutations in

the 3D structure of TSHR368-764 targeted by thyrogenic drugs, MS437 and MS438 which will

help to update any future treatment strategy including suitable drug design for Congenital

Hypothyroid children.

2. Methods and materials

2.1. Study design, clinical settings, and ethical clearance

The study was designed and carried out on 21 confirmed cases of Congenital Hypothyroid

children with dysgenesis who were kept under treatment of Levothyroxine (LT4) drug in the

Department of Endocrinology and National Institute of Nuclear Medicine and Allied Sciences

(NINMAS) of Bangabandhu Shaikh Mujib Medical University (BSMMU). Ethical permission

was obtained from the Ethical Review Committee of University of Dhaka (CP-4029) and the

study was collaborated with NINMAS and Dept. of Endocrinology, BSMMU for specimen col-

lection. Prior to enrollment of study participants, a written informed consent along with the

clinical information was collected from the parent(s) or legal guardian(s) of each patient.
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2.2. Collection and processing of blood specimens

Blood Specimens were collected from the participants to conduct the molecular, biochemical

and metabolic profiling tests. A total of 3ml blood was collected from each participant. All the

samples were transported to the laboratory immediately. After the genomic DNA isolation,

EDTA containing blood was stored at -70˚C freezer.

2.3. Molecular analysis of TSHR gene

Now-a-days, gene-based study plays the key role to explore the actual cause of a particular dis-

ease. The present study was designed to perform the molecular analysis in various steps.

2.3.1. Genomic DNA isolation to perform PCR. Genomic DNA was isolated from the

EDTA blood by using Qiagen DNAeasy mini kit according to the manufacturer’s instruction.

500 μl of FG1 buffer was taken in a 1.5 ml microcentrifuge tube. 200 μl of whole blood was

added to the FG1 buffer and mixed by inverting the tube 5–10 times. The mixture was then

centrifuged at 10,000×g for 5 minutes in fixed angle rotor. The supernatant was carefully

removed so that the pellet remained in the tube. 1μl of QIAGEN protease was added to 100 μl

of FG2 buffer and mixed by vortex in a fresh Eppendorf tube. Then 100 μL of FG2/QIAGEN

protease was added to the pellet and vortexed immediately until the pellet was completely dis-

solved and the color was changed into olive green so that all the protein components were

degraded. The mixture was then incubated in a water bath or heat block at 65˚C for 5 minutes.

After incubation, 100 μl of isopropanol (100%) was added and mixed by inversion until DNA

was precipitated as visible threads. The tube was centrifuged for 5 minutes at 10000×g. The

supernatant was discarded and the pellet was dried by keeping the tube inverted state on a

clean tissue paper for one minute. 100 μl of 70% ethanol was added and vortexed for 5 seconds.

The tube was centrifuged for 5 minutes at 10000×g. The supernatant was carefully aspirated

using a micropipette and keeping the micro-centrifuge tube in the inverted state on the tissue

paper to allow the pellet to air dry for at least 5 minutes. Over-drying was avoided as the pro-

cess can make it difficult to dissolve the DNA. Depending on the pellet size, 25–50 μl of nucle-

ase free water was added and the tube was vortexed for 5 seconds and the mixture was

incubated at 65˚C for one hour in water bath for dissolving DNA or left overnight at room

temperature. Finally, the concentration and the purity of the DNA was measured using a

Nano drop machine and adjusted the concentration for PCR.

2.3.2. Polymerase Chain Reaction (PCR) amplification of TSHR gene. The isolated

DNA was then amplified by PCR using TSHR gene-specific primers. At first, we performed

PCR using primers set that could flank the sequence between exon 1 to exon 10, since global

data showed that most of the common mutations in the TSHR gene of the patients with Con-

genital Hypothyroidism were confined in this region. Next, we conducted PCR for other

regions of the TSHR gene. The primer sequences are listed in the Table 1 as follows. To amplify

the desired target sequence of TSHR gene, PCR amplification was conducted on a thermal

cycler (Bio-Rad, USA). The final reaction volume was 10 μl for each of the reactions which

contained 1 μL 10X PCR buffer, 0.3 μL 25mM MgCl2, 2 μL 5X Q-solution, 1.6 μL 2.5 mM

dNTPs mixture, 0.2 μL 10mM Forward primer and 0.2 μL Reverse primer, 0.05 μL Taq DNA

Polymerase, 50 ng of genomic DNA and total reaction volume was made up to 10μL by addi-

tion of nuclease free water. The thermal cycling condition included (a) initial denaturation at

95˚C for 5 minutes, (b) cyclic denaturation at 95˚C for 40 seconds and annealing at 58˚C for

35 seconds and extension at 72˚C for 40 seconds; and (c) final extension at 72˚C for 5 minutes

for 35 cycles.

2.3.3. Sanger Sequencing of PCR products. Before sequencing, the PCR products were

purified using a Qiagen PCR purification kit (Qiagen) following manufacturer’s instruction.
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The cycle sequencing PCR was then performed by BigDye Chain Terminator version 3.1 Cycle

Sequencing Kit (Applied Biosystems, USA) applying manufacturer’s instructions. The thermal

cycling profile comprised (i) initial denaturation at 94˚C for 1 minute, (ii) 25 cycles of denatur-

ation at 94˚C for 10 seconds, annealing at 58˚C for 5 seconds and extension at 60˚C for 4 min-

utes, and (iii) final extension at 60˚C for 10 minutes. After cycle sequencing PCR, the products

were purified using BigDye XTerminator1 Purification Kit (Applied Biosystems). Then,

sequencing of the purified cycle sequencing products was executed on the ABI PRISM 310

automated sequencer (Applied Biosystems, USA) [7].

2.3.4. Sequencing data analysis. The Sequencing data were obtained from ABI PRISM

310 data collection software version 3.1.0. FASTA format of sequencing data were utilized to

identify mutations in the TSHR gene by alignment with the reference sequence (Accession

number; NG_009206.1 retrieved from the NCBI database) through the basic local alignment

search tool (BLAST). The nucleotides sequence was converted into corresponding amino acids

by ExPASy translate tool [7].

2.4. Prediction of 3D structure of TSHR protein and ligand selection

After performing the Sanger Sequencing, we detected two mutations, one was in the trans-

membrane (TM)-domain and another was in cytoplasmic (CT)-domain of TSHR protein.

TSHR protein is composed of a total of 764 amino acids where the TM-domain and CT-

domain belong to 368 to 764 amino acids of the full length TSHR protein. I-TASSER server

was used to predict the 3D structures of wildtype and mutant TSHR protein (TM and CT

domains) due to lack of the full-length experimental structure. I-TASSER provided the five

models for TSHR368-764 based on the detected template rhodopsin x-ray crystal structure

Table 1. List of primers for PCR amplification and Sanger sequencing of TSHR gene.

Primer name Primer sequence Tm Product size

TSHR_Ex1F GGCATCTAAACTAGGCTTTGGAG 62.6˚C 646 bp

TSHR_Ex1R CTTCGGGCTGTTATTGAGCTGC 65.2˚C

TSHR_Ex2F AGTGTGATGCGAGGCAAGAC 64.3˚C 645 bp

TSHR_Ex2R CAGCTAAGGTTTTGCCATATCCC 63.1˚C

TSHR_Ex3F GTGGAACATTCCACAGGGTGAC 64.7˚C 622 bp

TSHR_Ex3R CTTCCAACCATGGAATTGAGGTG 63.3˚C

TSHR_Ex4F AAAGTGGACAGAAACCAAGCC 62.9˚C 470 bp

TSHR_Ex4R GATCATTTCACCCGATACCTTGC 63˚C

TSHR_Ex5F CCGAGCAGATGTATTGACACCAG 64.3˚C 577 bp

TSHR_Ex5R TACCCAAGTCTCTCTTGAGCC 62.7˚C

TSHR_Ex6F TCCAGGTGCATGTCATCTAGG 63.1˚C 556 bp

TSHR_Ex6R GGTTGCATGGTCTGTAATGCC 63.4˚C

TSHR_Ex7F AGAGACTGCAGCTGCTCCTCC 67.2˚C 646 bp

TSHR_Ex7R AGCTTTGGAACTTACCATTGGAG 62.7˚C

TSHR_Ex8F GAATGTTTTAAGTGCTCAAGCCAG 62.4˚C 834 bp

TSHR_Ex8R GGCAATGATACAGAGGCTTCAGG 65.2˚C

TSHR_Ex9F AGCATTTGTACTACTGGATACTGG 61.8˚C 533 bp

TSHR_Ex9R CTTCCAATTTCCTCTCCACCTG 62.3˚C

TSHR_Ex10F1 AGGAATGATGTCACAGAAACAGGC 64.7˚C 1151 bp

TSHR_Ex10R1 GTGATGGCATACCAGCGCTCCAG 68.4˚C

TSHR_Ex10F2 CGCTTTCTCATGTGCAACCTGGC 67.7˚C 1030 bp

TSHR_Ex10R2 GGGTGTCATGGGATTGGAATGC 65.2˚C

https://doi.org/10.1371/journal.pone.0282553.t001
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(PDB:1F88) [6] by LOMETS (local meta-threading-server) from the PDB library [8]. Target-

template alignment was also provided for each model structure. On the basis of Confidence

score (C-score), template modelling (TM) score, root mean square deviation (RMSD) score,

and target-template aligned structures, we obtained best model for each structure. The I-TAS-

SER predicted structure was compared with AlphaFold predicted structure by TM-align algo-

rithm which detects the best structural alignment (https://zhanggroup.org/TM-align/) [9].

Two promising small molecule ligands (MS437 and MS 438) were selected which act as agonist

to TSHR protein. Since among the small molecules MS437 interacts with threonine 501

(T501), and MS438 interacts with residues serine 505 (S505) and glutamic acid 506 (E506)

bind to the intrahelical region of TM3 of TSHR protein [6], we targeted the region to see the

effect of mutations on that particular site.

2.5 Molecular docking, protein-ligand interactions, and molecular

dynamics (MD) simulation

Finally, the molecular docking was performed for I-TASSER predicted and AlphaFold pre-

dicted wild-type and mutant proteins using PyRx software [10, 13, 14]. Grid box center was

x = 72.5922; y = 72.4245; z = 72.6927 and Grid box size was 25 in every axis during docking

encompassing the active site residues Thr134 (501) for MS437, and Ser138 (505) and Glu139

(506) for MS438 in the intrahelical region of TM3 of TSHR protein. The binding affinity for

both I-TASSER predicted and AlphaFold predicted structures was analyzed using PyRx soft-

ware and PRODIGY [11, 12]. Non-covalent interactions were also observed both for of MS437

and MS438 molecules using BIOVIA Discovery Studio version 4.5.

The MD simulation was implemented through YASARA suits [13] employing AMBER14

force field [14] for calculations. The membrane was built during simulation. YASARA scanned

the plausible transmembrane region comprising hydrophobic residues among the secondary

structure elements of proteins. The protein was projected to the membrane, YASARA pre-

sented the recommended membrane insertion with required size (69.2 Å × 7.3 Å) containing

phosphatidyl-ethanolamine, -choline, and -serine lipid constituents. The whole simulation sys-

tem was equilibrated for 250 ps. During the equilibration phase, membrane was artificially sta-

bilized. The entire environment was equilibrated at 310K temperature with 0.9% NaCl and

water solvent. The temperature was controlled by Berendsen thermostat process during simu-

lation. The particle Mesh Ewald algorithm maintained long-range electrostatic interactions.

The periodic boundary condition was applied for the whole simulation. The time step was 1.25

fs during 50 ns MD simulation. The snapshots were collected at every 100 ps [12]. Diverse data

containing root mean square deviation (RMSD), root mean square fluctuation (RMSF), total

number of hydrogen bonds, radius of gyration, solvent-accessible surface area (SASA), and

molecular surface area (MolSA) were retrieved from MD simulations, following our earlier

MD data analysis [13, 14].

2.6. Principal Component Analysis (PCA)

MD simulation data were applied to explore the structural and energy variabilities via principal

component analysis (PCA) among TSHR-small molecule ligand (MS437 and MS438) com-

plexes. The different multivariate energy factors were employed to explore the existing vari-

ability in the MD trajectory applying the low-dimensional space [13]. The variables from MD

data were bond distances, bond angles, dihedral angles, planarity, van der Waals energies, and

electrostatic energies considered for the structural and energy factors [14]. The data pre-pro-

cessing were implemented by centering and scaling. In the analysis, final 45 ns MD trajectories

were applied for exploration of the variations. The PCA model is reproduced by the following
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equation:

X ¼ TkP
T
k þ E

Where, multivariate factors are presented into the resultant of two new matrices by X matrix

i.e. Tk and Pk; Tk matrix of scores correlates the samples; Pk matrix of loadings associates the

variables, k is the number of factors available in the model and E demonstrates the matrix of

residuals. The trajectories were analysed through R, RStudio and essential codes. The R pack-

age ggplot2 was utilized for PCA plots generation.

3. Result

3.1. Investigation of mutation in TSHR gene

All the 21 patients with dysgenesis had mutation in exon 10 among a total of 11 exons in

TSHR gene. The mutations we found namely, c.1523C>T (p.Ser508Leu) and c.2181G>C (p.

Glu727Asp). Among the 21 patients, only one patient had mutation c.1523C>T (p.Ser508Leu)

and 20 patients had the other variant c.2181G>C (p.Glu727Asp). The variants were then ana-

lyzed by bioinformatics tools to explore the pathogenic effect. Firstly, the mutations were

tested by Polyphen 2, Mutation taster, and PROVEAN bioinformatics tools to see whether

they possessed damaging effect or not. We found that the mutation c.1523C>T probably had

damaging effect and c.2181G>C variant showed benign effect. Fig 1 represents a chromato-

gram showing the mutation (c.1523C>T) for the specific participant and Table 2 shows the

mutations found in TSHR gene.

3.2. Effect of mutations on predicted 3D structure of TSHR protein

The I-TASSER predicted best structures were designated as wild-type TSHR368-764WT, p.

Ser508Leu variant as TSHR368-764 MT1 and p.Glu727Asp variant as TSHR368-764 MT2. Table 3

Fig 1. A representative chromatogram showing a mutation in exon 10 of TSHR gene.

https://doi.org/10.1371/journal.pone.0282553.g001
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shows the C-score (Confidence score) for wild-type, MT1 and MT2 was -0.71, -0.61 and -0.63,

respectively. The TM score (Template Modelling score) and RMSD were 0.62±0.14, 8.4±4.5Å
for TSHR368-764 WT; 0.64±0.13 and 8.2±4.5Å for TSHR368-764 MT1; 0.63±0.13 and 8.2±4.5Å
for TSHR368-764 MT2. C-score indicated confidence score to assess the global accuracy of pre-

dicted models which is calculated based on the significance of threading template alignments

and the convergence parameters of the structure assembly simulations. C-score of higher value

[–5,2] suggests a model with a high confidence [8]. The global quality of the protein model pre-

diction had been assessed by the TM-score. The TM-score represents the similarity between

two protein structures and the accuracy of structure modeling. The TM-score (TM-

score > 0.5) of the predicted proteins indicated structures were in correct global topology [15].

From the analysis of TM-score, the target and template (rhodopsin x-ray crystal structure,

PDB:1F88) alignments for TSHR368-764 WT, TSHR368-764 MT1, and TSHR368-764 MT2 were

62%, 64%, and 63% respectively. The target-template superimposed structures were displayed

in Fig 2A–2C.

Later, I-TASSER predicted structure was compared with AlphaFold predicted structure

based on analysis of their TM score (0.68) by TM-align algorithm. TM score (0.68) indicated

AlphaFold and I-TASSER predicted structures were in same fold with correct global topologies

(TM score>0.5). AlphaFold and I-TASSER both provide highly accurate structures [8, 16, 17]

while I-TASSER (https://zhanggroup.org/I-TASSER/) got recognition as the No 1 server for

protein structure prediction in community-wide CASP experiments. Hence, I-TASSER pre-

dicted models were utilized for further analysis. Moreover, the full length TSHR protein pre-

dicted by AlphaFold was shown (Fig 2D) and the structural alignment of TSHR368-764 for

AlphaFold, and I-TASSER was shown in superimposed pose (Fig 2E). Fig 3 depicts the struc-

tures of the TSHR protein and the small molecules MS437 and MS438.

3.3. Molecular docking and protein-ligand interactions of MS437 and

MS438 with TSHR proteins (wild-type and mutant)

The structures of the small molecules MS437 and MS438 were optimized. After molecular

docking best docking poses for the protein-ligand complexes were selected evalutating their

binding affinity and interaction. The binding affinities for the small molecules were obtained

Table 2. Mutations detected in the TSHR gene of hypothyroid patients and analysis of the effect of mutations using different bioinformatics tools.

Nucleotide position Amino acid position Polyphen 2 Mutation Taster PROVEAN

c.1523C>T p.Ser508Leu Probably Damaging Disease causing Deleterious

c.2181G>C p.Glu727Asp Benign Benign Neutral

https://doi.org/10.1371/journal.pone.0282553.t002

Table 3. Summary of the corresponding model numbers, C–score, TM–score and the RMSD–score of the pre-

dicted 3D structures of TSHR368-764 WT, TSHR368-764 MT1, and TSHR368-764 MT2.

Features TSHR368-764 WT TSHR368-764 MT1 TSHR368-764 MT2

Model no. 01 01 01

C–score -0.71 -0.61 -0.63

TM–score 0.62±0.14 0.64±0.13 0.63±0.13

RMSD (Å) 8.4±4.5Å 8.2±4.5Å 8.2±4.5Å

C–score = Confidence score range: [–5,2]; TM–score = Template Modelling score, TM–score < 0.17 indicates

random similarity and TM–score > 0.5 indicates correct similarity; RMSD = Root Mean Square Deviation.

WT = Wild-type, MT1 = Mutant 1 (p.Ser508Leu) and MT2 = Mutant 2 (p.Glu727Asp).

https://doi.org/10.1371/journal.pone.0282553.t003
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Fig 2. Comparison of TSHR protein model structures. Superimposed snapshots of TSHR protein, (A) TSHR368-764

WT (purple), (B) TSHR368-764 MT1 (orange), and (C) TSHR368-764 MT2 (lemon) with PDB:1F88 (Pink). (D) Full

length TSHR protein predicted by AlphaFold. Mutations are presented in yellow color. (E) Superimposed snapshot of

TM-domain and cytoplasmic domain of TSHR protein predicted by AlphaFold (blue) and I-TASSER (deep Pink).

https://doi.org/10.1371/journal.pone.0282553.g002

Fig 3. The structure of TSHR protein (368–764) showing crucial amino acids responsible for binding with MS437

and MS438 molecules.

https://doi.org/10.1371/journal.pone.0282553.g003
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from both PyRx software and PRODIGY. The Table 4 showed that the binding affinities of the

wild -type TSHR protein (-6 kcal/mol, -5.45 kcal/mol for TSHR368-764WT) were higher com-

pared to the mutant cases (-4.8 kcal/mol, -5.28 kcal/mol for TSHR368-764 MT1 and -5.7 kcal/

mol, -5.27 kcal/mol for TSHR368-764 MT2) in both PyRx software and PRODIGY. Also, the

binding affinities for the small molecules were obtained from both PyRx software and PROD-

IGY for AlphaFold predicted structures and the values were included in Table 4. Total non-

covalent interactions were 11, 19 and 12 for wild-type, MT1 and MT2, respectively (Table 5).

MS437 bound to Threonine 501 and MS438 bound to Serine 505 and Glutamic acid 506 of

transmembrane helix3 (TMH3) in full length TSHR protein [6] with corresponding amino

acid position Thr134, Ser138 and Glu139, respectively in TM-region (Fig 3). We tried to inves-

tigate whether these crucial amino acids could interact with small molecule thyrogenic drugs.

We found that in case of MS437 none of these three amino acids could interact with both

wild-type and mutant cases. On the other hand, MS438 interacted with all the crucial amino

acids including Thr134, Ser138 and Glu139 for wild-type case and for the mutant cases

(TSHR368-764 MT1 and TSHR368-764 MT2), it could interact only with Ser138. The binding

affinities were -7.1 kcal/mol; -5.59 kcal/mol, -5.4 kcal/mol; -5.77 kcal/mol, and -2.6 kcal/mol;

-5.50 kcal/mol for TSHR368-764WT, TSHR368-764 MT1, and TSHR368-764 MT2, in both PyRx

software and PRODIGY respectively. In Table 6 the binding affinity of wild-type protein was

much higher for MS438 than mutants. Also, the binding affinities for the small molecules were

obtained from both PyRx software and PRODIGY for AlphaFold predicted structures and the

value were included in Table 6. All the non-covalent interactions (Table 7) were depicted in

Figs 4 and 5 for MS437 and MS438 respectively.

Table 4. Binding Affinity (kcal/mol) of MS437 with TSHR368-764 WT, TSHR368-764 MT1 and TSHR368-764 MT2 proteins, and AlphaFold predicted full-length TSHR

proteins after flexible docking.

Protein type PyRx software PRODIGY

TSHR368-764 WT -6 -5.45

TSHR368-764 MT1 -4.8 -5.28

TSHR368-764 MT2 -5.7 -5.27

AlphaFold_TSHR-WT -8.6 -5.46

AlphaFold_TSHR-MT1 -8.6 -5.45

AlphaFold_TSHR-MT2 -8.4 -5.41

WT = Wild-type; MT1 = Mutant 1 (p.Ser508Leu) and MT2 = Mutant 2 (p.Glu727Asp).

https://doi.org/10.1371/journal.pone.0282553.t004

Table 5. Non-covalent interactions of MS437 with TSHR368-764 WT, TSHR368-764 MT1, and TSHR368-764 MT2 proteins after flexible docking.

Protein type Hydrogen

bond

Hydrophobic bond Acceptor Donor Total

interactions

TSHR368-764

WT

SER274 (641) VAL219 (586), ALA277 (644), VAL135 (502), MET270 (637), ILE273 (460), PRO204 (571),

VAL297 (664)

_ _ 11

TSHR368-764

MT1

- VAL135 (502), LEU222 (589), VAL219 (586), MET270 (637), ILE273 (640), VAL219 (586),

ALA277 (644), LEU203 (570), LYS293 (660), VAL297 (664), LYS293 (660), VAL297 (664),

PHE218 (585), TYR300 (667)

_ _ 19

TSHR368-764

MT2

- VAL261 (628), LEU310 (677), ILE313 (680), ALA306 (673), LEU302 (669), CYS305 (672),

ALA306 (673), PHE309 (676)

_ _ 12

The amino acid residues and their positions are designated as the three letter abbreviations and the corresponding number; in case of TSHR368-764 the amino acid

outside the first bracket indicates the position in predicted structure and the amino acid residues within the first bracket indicates the real position in full structure,

TSHR1-764 protein; WT = Wild-type; MT1 = Mutant 1 (p.Ser508Leu) and MT2 = Mutant 2 (p.Glu727Asp).

https://doi.org/10.1371/journal.pone.0282553.t005
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3.4. Molecular dynamics simulation

MD simulation was performed for each complex of TSHR368-764WT, TSHR368-764 MT1, and

TSHR368-764MT2 with two designated drugs (MS437 and MS438) for 50 ns time range.

In case of MS437 (Fig 6), the RMSDs for TSHR368-764MT2 (0.973–4.965 Å) displayed less

fluctuations for α-carbon atoms than TSHR368-764WT (0.906–5.91 Å), and TSHR368-764 MT1

(0.939–5.504 Å) in Fig 6A. Thus, suggesting that, comparatively MS437-TSHR368-764 MT2 was

stable in physiological conditions, while more fluctuations were visible in TSHR368-764WT at

43.8 ns (RMSD 5.91 Å) and TSHR368-764 MT1 till 26.5 ns (RMSD *5.2 Å). The Rg manifested

quite similar pattern in TSHR368-764 MT1 and TSHR368-764 MT2. However, TSHR368-764WT

exhibited more fluctuations initially up to 5.5 ns and later from 46 ns. The average value

remained *25.40 Å for the three protein complexes. However, low compactness in ligand-

mutant complexes was observed during simulation (Fig 6B). In case of SASA, more deviations

were found in TSHR368-764WT (18587.716–24360.945 Å2) compared to TSHR368-764MT1

(18106.599–22314.102 Å2) and TSHR368-764 MT2 (19148.648–22851.2 Å2) complexes. How-

ever, TSHR368-764 MT1 and TSHR368-764 MT2 manifested some deviations at 7–19 ns, and 24–

43 ns during simulation. Overall, mutant structures TSHR368-764 MT1 and TSHR368-764 MT2

were more stable as MS437 bound complexes than TSHR368-764WT (Fig 6C).

For MolSA in Fig 6D, TSHR368-764WT showed (21208.043–25437.671 Å2) much fluctua-

tions in the whole run than TSHR368-764MT1 (21135.321–24580.781 Å2) and TSHR368-764

Table 6. Binding Affinity (kcal/mol) of MS438 with TSHR368-764 WT, TSHR368-764 MT1 and TSHR368-764 MT2 proteins, and AlphaFold predicted full-length TSHR

proteins after flexible docking.

Protein type PyRx software PRODIGY

TSHR368-764 WT -7.1 -5.59

TSHR368-764 MT1 -5.4 -5.77

TSHR368-764 MT2 -2.6 -5.50

AlphaFold_TSHR-WT -10.5 -5.55

AlphaFold_TSHR-MT1 -10.6 -5.44

AlphaFold_TSHR-MT2 -9.6 -5.57

WT = Wild-type; MT1 = Mutant 1 (p.Ser508Leu) and MT2 = Mutant 2 (p.Glu727Asp).

https://doi.org/10.1371/journal.pone.0282553.t006

Table 7. Non-covalent interactions of MS438 with TSHR368-764 WT, TSHR368-764 MT1 and TSHR368-764 MT2 proteins after flexible docking.

Protein

type

Hydrogen bond Electrostatic

bond

Hydrophobic bond Acceptor Donor Total

interactions

TSHR368-764

WT

ASN223 (590), VAL135 (502),

SER138 (505), GLU139 (506),

ASN223 (590),

_ THR134 (501), VAL142 (509), PRO204 (571), TYR215

(582), MET270 (637), VAL297 (664)

ASN223

(590)

(H-

acceptor)

_ 16

TSHR368-764

MT1

SER138 (505), ILE273 (640),

VAL135 (502), SER274 (641),

CYS202 (569),

LYS293 (660) LEU100 (467), LEU203 (570), PRO204 (571), TYR215

(582), PHE218 (585), ILE273 (640), ALA277 (640),

LYS293 (660), VAL297 (664)

_ SER138

(505)

H-donor

18

TSHR368-764

MT2

SER138 (505), LEU278 (645),

SER274 (641), ALA277 (644),

- VAL219 (586), ALA277 (644), LEU278 (645), LEU100

(467), VAL297 (664), PRO301(668), VAL219 (586)

_ SER138

(505)

H-donor

14

The amino acid residues and their positions are designated as the three letter abbreviations and the corresponding number; in case of TSHR368-764 the amino acid

outside the first bracket indicates the position in predicted structure and the amino acid residues within first bracket indicates the real position in full structure, TSHR1-

764 protein; WT = Wild-type; MT1 = Mutant 1 (p.Ser508Leu) and MT2 = Mutant 2 (p.Glu727Asp).

https://doi.org/10.1371/journal.pone.0282553.t007
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MT2 (21739.906–24397.155Å2). TSHR368-764WT was unstable, but TSHR368-764 MT1 and

TSHR368-764 MT2 were more stable as the ligand bound complexes in physiological condition.

The RMSF value deviated most for TSHR368-764WT in between 1(368)-30(397) and 326

(693)-397(764) residues, where, TSHR368-764 MT1 exhibited more fluctuations in 1(368)-47

(415) residues than TSHR368-764 MT2. Overall, TSHR368-764 MT2 was more stable as a complex

than others due to least deviation in the whole run (Fig 6E). The total number of hydrogen

bonds indicated structural rigidity of protein. In case of TSHR368-764WT high frequency of

hydrogen bonds (average *633) was observed during interaction while TSHR368-764 MT1

exhibited average 593, and TSHR368-764 MT2 manifested average 600 hydrogen bonds. Among

the mutant structures, TSHR368-764 MT2 displayed more structural stability in the simulation

(Fig 6F). During simulation, for MS438 (Fig 7), the RMSD values of α-carbon atoms remained

*5.251 Å in TSHR368-764-WT, *5.53 Å in TSHR368-764 MT1, and *5.39 Å in TSHR368-764

MT2. The fluctuations had been observed in TSHR368-764 MT1 and TSHR368-764 MT2 during

30–50 ns while least was found in TSHR368-764-WT. However, the average RMSD values of all

the complexes were almost close (Fig 7A). The Rg manifested quite high deviations among

Fig 4. Non-covalent interactions of MS437 with corresponding predicted structures of TSHR368-764. (A) TSHR368-

764 WT and MS437, (B) TSHR368-764 MT1 and MS437 and (C) TSHR368-764 MT2 and MS437.

https://doi.org/10.1371/journal.pone.0282553.g004

Fig 5. Non-covalent interactions of MS438 with corresponding predicted structures of TSHR368-764. (A) TSHR368-

764 WT and MS438 (B) TSHR368-764 MT1 and MS438 and (C) TSHR368-764 MT2 and MS438.

https://doi.org/10.1371/journal.pone.0282553.g005
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three complexes. However, TSHR368-764 MT1 exhibited maximum 27.068 Å, which indicated

higher stability than other complexes (Fig 7B). The SASA values remained close among three

complexes. However, TSHR368-764 WT manifested least deviations during 10–20 ns and 30–50

ns (Fig 7C). In case of MolSA, the graphical patterns for three complexes were almost same

through the whole MD run (Fig 7D). The RMSF value more diverged in TSHR368-764 MT2 till

first 15 residues while least deviation was observed for TSHR368-764 WT through whole run.

However, three complexes showed quite similar pattern between 130(498)-240(608) residues

(Fig 7E). The highest number of hydrogen bonds (about 678) was observed for TSHR368-764

MT1 while TSHR368-764 WT exhibited about 669 hydrogen bonds and TSHR368-764 MT2

showed almost 665 to maintain stable conformation. Thus, TSHR368-764MT1 showed highest

Fig 6. Analysis of 50 ns MD simulation of TSHR368-764 in complex with MS437 ligand. (A) Root mean square

deviation values of C-α atom. The structural changes of TSHR368-764 proteins by means of (B) radius of gyration, (C)

solvent accessible surface area, (D) molecular surface area, (E) root means square fluctuations, and (F) total number of

hydrogen bonds formed during the simulation.

https://doi.org/10.1371/journal.pone.0282553.g006

Fig 7. Analysis of 50 ns MD simulation of TSHR368-764 in complex with MS438 ligand. (A) Root mean square

deviation values of C-α atom. The structural changes of TSHR368-764 proteins by means of (B) radius of gyration, (C)

solvent accessible surface area, (D) molecular surface area, (E) root means square fluctuations, and (F) total number of

hydrogen bonds formed during the simulation.

https://doi.org/10.1371/journal.pone.0282553.g007
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structural stability among the complexes (Fig 7F). Moreover, we had visualized the binding

pattern of MS437 and MS438 ligands with the wild-type and mutants TSHR368-764 through the

snapshots from MD simulation (Fig 8). In simulation, MS437 exhibited persistent interaction

with the residues LEU302(669), ALA306(673), LEU310(677) of TSHR368-764MT2. The MS438

ligand mostly showed stable interactions with the residues LEU100(467), VAL135(502),

SER138(505), LEU203(570), PRO204(571), LYS293(660). Both ligands remained within the

binding site in stable mutant proteins.

3.5. Principal Component Analysis (PCA)

Two PCA models were generated for structural and energy profiles of the protein-ligand com-

plexes to assess and realize the dissimilarities among wild-type and mutant proteins during

Fig 8. The snapshots of the generated conformers for TSHR368-764 and ligands: MS437 (red), MS438 (blue) over

the 50 ns MD simulation. (A) TSHR368-764-WT (cyan), (B) TSHR368-764-MT1 (pink), and (C) TSHR368-764-MT2

(green) structures.

https://doi.org/10.1371/journal.pone.0282553.g008
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MD simulation. The scores plot for MS437-protein (Fig 9A) and MS438-protein (Fig 9C) com-

plexes had exhibited the different clusters for the wild-type and mutants of TSHR368-764. It was

observed that in both protein-ligand complexes, TSHR368-764WT and TSHR368-764MT1 were

remotely situated. Consequently, pathogenic TSHR368-764 MT1 was liable for the differences.

However, TSHR368-764WT and TSHR368-764 MT2 were overlapped. The loading plots (Fig 9B

and 9D) demonstrated that bond, bond angles, van der Waals energies, and dihedral angles

were closely distributed and displayed quite similar graphical pattern. The distribution mainly

contributed for PC1 variance while coulomb energy difference contributed to PC2 variance. In

MS437-protein complexes, the total 92.7% of the variance had been unveiled by PC1 and PC2,

where PC1 expressed 76.1% and PC2 expressed 16.6% of the variance. Moreover, in

MS438-protein complexes, the total 88.3% of the variance had been disclosed by PC1 and PC2,

where PC1 expressed 72.1% and PC2 expressed 16.3% of the variance.

4. Discussion

The newborn screening for endocrine disorders is not frequently practiced in Bangladesh. In

this study, we focused on the etiology of dysgenesis types of Congenital Hypothyroid patients

Fig 9. PCA analysis on 50 ns MD simulation. (A, C) The score plots represents three clusters for TSHR368-764 wild-

type and mutant protein structures, where each dot specifies one time point. The clustering is attributable as:

WT-MS437 (sky blue), MT1-MS437 (pink), MT2-MS437 (navy blue), and WT-MS438 (sky blue), MT1-MS438

(orange), MT2-MS438 (navy blue), (B, D) Loading plots display the energy and structural profile data from principal

component analysis.

https://doi.org/10.1371/journal.pone.0282553.g009
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having small glands or ectopic gland or agenesis (absent of thyroid gland). Different studies

suggested that TSHR was the major gene responsible for growth and development of thyroid

gland [2, 18]. TSH binds to the receptor and creates the signaling pathway through G-protein

coupled-receptor and Cyclic AMP-mediated adenylate cyclase. The full-length protein struc-

ture of TSHR is still under investigation through crystallography. The available structures do

not include the all-cytoplasmic residues. Mutations in the TSHR gene results from loss or gain

of function of the protein that causes different phenotypic variations and lead to hyperthyroto-

pinemia to severe Congenital Hypothyroidism [18, 19]. Analysis of TSHR gene showed that

two mutations were found, namely c.1523C>T and c.2181G>C in the patients and we ana-

lyzed the effect of mutations by using different bioinformatics tools. Almost all the tools such

as Polyphen 2, Mutation Taster and PROVEAN were very much popular to analyze the muta-

tional effect. The mutation c.1523C>T was found to be damaging, disease causing or deleteri-

ous and c.2181G>C was found to be benign or neutral. Since MS437 and MS438 are

thyrogenic potent molecules, we selected these two molecules as ligands for molecular docking

with the wild-type and mutant structures of TSHR protein [6]. The molecular docking analysis

showed that the binding affinity for both of the ligands with mutant cases was decreased com-

pared to the wild-type TSHR protein. MD simulation indicated that, the RMSDs for

MS437-TSHR368-764 MT2 (average 4.37Å) showed less deviations for α-carbon atoms. Thus,

proposing the complex as most stable in biological environments. However, MS438-protein

complexes manifested quite close average RMSD values during simulation. The Rg of

MS437-TSHR368-764WT exhibited more instabilities at start and end of the simulation. Con-

versely, TSHR368-764 MT1 and TSHR368-764 MT2 displayed quite similar pattern of lesser com-

pactness as well as more stability for interaction with MS437. In case of MS438, TSHR368-764

MT1 exhibited highest Rg value, which identified higher stability than other complexes. The

analysis of SASA and MolSA values revealed that TSHR368-764 MT1 and TSHR368-764 MT2

mutant structures were more stable in their complex form with MS437 than TSHR368-764WT.

However, the SASA presented close pattern and MolSA exhibited almost same graphical pat-

tern among the three complexes for the interaction with MS438. In case of hydrogen bonds,

MS437-TSHR368-764MT2 manifested average 600 hydrogen bonds which was close to

TSHR368-764WT (average *633). The complex was more stable than the other mutant. On the

other hand, MS438-TSHR368-764 MT1 displayed maximum structural stability compared to

other complexes. Considering RMSF values, MS437 rendered more stability to TSHR368-

764MT2 than others. The RMSF value more diverged in TSHR368-764MT2 while minimum

deviance was detected for TSHR368-764-WT and TSHR368-764 MT1 mostly remained between

both complexes. However, three complexes displayed almost similar stability between 130

(498)-240(608) residues while interacting with MS438. Moreover, PCA analysis for

MS437-protein and MS438-protein complexes had revealed the existing differences among

structural and energy profiles of the structures. It was observable that TSHR368-764 MT1 exhib-

ited much variations than TSHR368-764WT and TSHR368-764 MT2, emphasizing more damag-

ing pattern in TSHR368-764 MT1. In the study, we had utilized allosteric ligands MS437 and

MS438 as agonists against the identified mutants for TSHR368-764. These two ligands had

‘drug-likeness’ as well as previously confirmed their efficacy by conducting in vivo animal

studies [6]. The agonists (MS437 and MS438) displayed different binding sites in the TSHR

protein [6]. After analyzing all data, it can be proposed that low-affinity binding infers, a com-

paratively high concentration of the ligands can maximally occupy the binding sites to achieve

maximum physiological response. Moreover, modifying chemical properties or ligands with

novel scaffolds targeting signal-sensitive amino acids surrounding the allosteric binding sites

might lead to design agonists with even higher efficiency to activate TSHR [19].
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5. Conclusion

The study investigated the molecular etiology of thyroid dysgenesis. Sequencing-based analysis

detected two mutation (p.Ser508Leu, p.Glu727Asp) in TSHR gene in Bangladeshi patients.

The effect of mutations on TSHR protein was investigated targeting by small molecules drugs

(MS437 and MS 438) via in silico approach using bioinformatics tools. The damaging effect in

drug-protein complexes of mutants was revealed by molecular docking, non-covalent interac-

tion, molecular dynamics simulation, and principle component analysis. The findings will be

helpful to realize the molecular etiology of thyroid dysgenesis (TH) via exploring the muta-

tional impact for TSHR protein and suggest more efficient treatment strategies including suit-

able drug design in future.

Acknowledgments

The authors are grateful to the Institute for Developing Science and Health Initiatives (ideSHi),

Bangladesh and Dr. Mohammad A. Halim, Division of Computer Aided Drug Design, The

Red-Green Research Centre, Bangladesh.

Author Contributions

Conceptualization: Mst. Noorjahan Begum, Kaiissar Mannoor, Sharif Akhteruzzaman, Fir-

dausi Qadri.

Data curation: Mst. Noorjahan Begum, Rumana Mahtarin.

Formal analysis: Mst. Noorjahan Begum, Rumana Mahtarin, Md. Tarikul Islam, Sinthyia

Ahmed.

Investigation: Mst. Noorjahan Begum, Rumana Mahtarin, Md. Tarikul Islam, Sinthyia

Ahmed, Tasnia Kawsar Konika.

Methodology: Mst. Noorjahan Begum, Rumana Mahtarin, Sinthyia Ahmed.

Supervision: Kaiissar Mannoor, Sharif Akhteruzzaman, Firdausi Qadri.

Visualization: Mst. Noorjahan Begum.

Writing – original draft: Mst. Noorjahan Begum, Rumana Mahtarin.

Writing – review & editing: Mst. Noorjahan Begum, Rumana Mahtarin, Kaiissar Mannoor,

Sharif Akhteruzzaman.

References
1. Lee CC, Harun F, Jalaludin MY, Lim CY, Ng KL, Mat Junit SJBri. Functional analyses of c. 2268dup in

thyroid peroxidase gene associated with goitrous congenital hypothyroidism. 2014;2014.

2. Cangul H, Aycan Z, Saglam H, Forman JR, Cetinkaya S, Tarim O, et al. TSHR is the main causative

locus in autosomal recessively inherited thyroid dysgenesis. Journal of Pediatric Endocrinology and

Metabolism. 2012; 25(5–6):419–26. https://doi.org/10.1515/jpem-2012-0053 PMID: 22876533

3. Kakinuma A, Nagayama YJEj. Multiple messenger ribonucleic acid transcripts and revised gene organi-

zation of the human TSH receptor. 2002; 49(2):175–80.

4. Nagayama Y, Kaufman KD, Seto P, Rapoport BJB, communications br. Molecular cloning, sequence

and functional expression of the cDNA for the human thyrotropin receptor. 1989; 165(3):1184–90.

5. De Roux N, Misrahi M, Brauner R, Houang M, Carel J, Granier M, et al. Four families with loss of func-

tion mutations of the thyrotropin receptor. The Journal of Clinical Endocrinology & Metabolism. 1996; 81

(12):4229–35. https://doi.org/10.1210/jcem.81.12.8954020 PMID: 8954020

6. Latif R, Ali MR, Ma R, David M, Morshed SA, Ohlmeyer M, et al. New small molecule agonists to the thy-

rotropin receptor. Thyroid: official journal of the American Thyroid Association. 2015; 25(1):51–62.

PLOS ONE Investigation of TSHR gene in Bangladeshi congenital hypothyroid patients

PLOS ONE | https://doi.org/10.1371/journal.pone.0282553 August 10, 2023 16 / 17

https://doi.org/10.1515/jpem-2012-0053
http://www.ncbi.nlm.nih.gov/pubmed/22876533
https://doi.org/10.1210/jcem.81.12.8954020
http://www.ncbi.nlm.nih.gov/pubmed/8954020
https://doi.org/10.1371/journal.pone.0282553


Epub 2014/10/22. https://doi.org/10.1089/thy.2014.0119 PMID: 25333622; PubMed Central PMCID:

PMC4291085.

7. Begum MN, Islam MT, Hossain SR, Bhuyan GS, Halim MA, Shahriar I, et al. Mutation Spectrum in TPO

Gene of Bangladeshi Patients with Thyroid Dyshormonogenesis and Analysis of the Effects of Different

Mutations on the Structural Features and Functions of TPO Protein through In Silico Approach. BioMed

research international. 2019; 2019:9218903. Epub 2019/03/28. https://doi.org/10.1155/2019/9218903

PMID: 30915365; PubMed Central PMCID: PMC6409061.

8. Yang J, Zhang Y. I-TASSER server: new development for protein structure and function predictions.

Nucleic Acids Res. 2015; 43(W1):W174–81. Epub 2015/04/18. https://doi.org/10.1093/nar/gkv342

PMID: 25883148; PubMed Central PMCID: PMC4489253.

9. Zhang Y, Skolnick J. TM-align: a protein structure alignment algorithm based on the TM-score. Nucleic

Acids Res. 2005; 33(7):2302–9. Epub 2005/04/26. https://doi.org/10.1093/nar/gki524 PMID: 15849316;

PubMed Central PMCID: PMC1084323.

10. Dallakyan S, Olson AJ. Small-molecule library screening by docking with PyRx. Methods in molecular

biology (Clifton, NJ). 2015; 1263:243–50. Epub 2015/01/27. https://doi.org/10.1007/978-1-4939-2269-

7_19 PMID: 25618350.

11. Xue LC, Rodrigues JP, Kastritis PL, Bonvin AM, Vangone A. PRODIGY: a web server for predicting the

binding affinity of protein–protein complexes. Bioinformatics. 2016; 32(23):3676–8. https://doi.org/10.

1093/bioinformatics/btw514 PMID: 27503228

12. Land H, Humble MS. YASARA: A Tool to Obtain Structural Guidance in Biocatalytic Investigations. In:

Bornscheuer UT, Höhne M, editors. Protein Engineering: Methods and Protocols. New York, NY:

Springer New York; 2018. p. 43–67.

13. Ahmed S, Mahtarin R, Islam MS, Das S, Al Mamun A, Ahmed SS, et al. Remdesivir analogs against

SARS-CoV-2 RNA-dependent RNA polymerase. 2021:1–14.

14. Ahmed S, Mahtarin R, Ahmed SS, Akter S, Islam MS, Mamun AA, et al. Investigating the binding affin-

ity, interaction, and structure-activity-relationship of 76 prescription antiviral drugs targeting RdRp and

Mpro of SARS-CoV-2. 2021; 39(16):6290–305. https://doi.org/10.1080/07391102.2020.1796804

PMID: 32720571

15. Zhang C, Zheng W, Cheng M, Omenn GS, Freddolino PL, Zhang Y. Functions of Essential Genes and

a Scale-Free Protein Interaction Network Revealed by Structure-Based Function and Interaction Pre-

diction for a Minimal Genome. Journal of Proteome Research. 2021; 20(2):1178–89. https://doi.org/10.

1021/acs.jproteome.0c00359 PMID: 33393786

16. Pearce R, Zhang Y. Deep learning techniques have significantly impacted protein structure prediction

and protein design. Current opinion in structural biology. 2021; 68:194–207. Epub 2021/02/28. https://

doi.org/10.1016/j.sbi.2021.01.007 PMID: 33639355; PubMed Central PMCID: PMC8222070.

17. Jumper J, Evans R, Pritzel A, Green T, Figurnov M, Ronneberger O, et al. Highly accurate protein struc-

ture prediction with AlphaFold. Nature. 2021; 596(7873):583–9. Epub 2021/07/16. https://doi.org/10.

1038/s41586-021-03819-2 PMID: 34265844; PubMed Central PMCID: PMC8371605.

18. Cangul H, Schoenmakers NA, Saglam H, Doganlar D, Saglam Y, Eren E, et al. A deletion including

exon 2 of the TSHR gene is associated with thyroid dysgenesis and severe congenital hypothyroidism.

2014; 27(7–8):731–5. https://doi.org/10.1515/jpem-2014-0011 PMID: 24690939

19. Kleinau G, Haas AK, Neumann S, Worth CL, Hoyer I, Furkert J, et al. Signaling-sensitive amino acids

surround the allosteric ligand binding site of the thyrotropin receptor. 2010; 24(7):2347–54. https://doi.

org/10.1096/fj.09-149146 PMID: 20179143

PLOS ONE Investigation of TSHR gene in Bangladeshi congenital hypothyroid patients

PLOS ONE | https://doi.org/10.1371/journal.pone.0282553 August 10, 2023 17 / 17

https://doi.org/10.1089/thy.2014.0119
http://www.ncbi.nlm.nih.gov/pubmed/25333622
https://doi.org/10.1155/2019/9218903
http://www.ncbi.nlm.nih.gov/pubmed/30915365
https://doi.org/10.1093/nar/gkv342
http://www.ncbi.nlm.nih.gov/pubmed/25883148
https://doi.org/10.1093/nar/gki524
http://www.ncbi.nlm.nih.gov/pubmed/15849316
https://doi.org/10.1007/978-1-4939-2269-7%5F19
https://doi.org/10.1007/978-1-4939-2269-7%5F19
http://www.ncbi.nlm.nih.gov/pubmed/25618350
https://doi.org/10.1093/bioinformatics/btw514
https://doi.org/10.1093/bioinformatics/btw514
http://www.ncbi.nlm.nih.gov/pubmed/27503228
https://doi.org/10.1080/07391102.2020.1796804
http://www.ncbi.nlm.nih.gov/pubmed/32720571
https://doi.org/10.1021/acs.jproteome.0c00359
https://doi.org/10.1021/acs.jproteome.0c00359
http://www.ncbi.nlm.nih.gov/pubmed/33393786
https://doi.org/10.1016/j.sbi.2021.01.007
https://doi.org/10.1016/j.sbi.2021.01.007
http://www.ncbi.nlm.nih.gov/pubmed/33639355
https://doi.org/10.1038/s41586-021-03819-2
https://doi.org/10.1038/s41586-021-03819-2
http://www.ncbi.nlm.nih.gov/pubmed/34265844
https://doi.org/10.1515/jpem-2014-0011
http://www.ncbi.nlm.nih.gov/pubmed/24690939
https://doi.org/10.1096/fj.09-149146
https://doi.org/10.1096/fj.09-149146
http://www.ncbi.nlm.nih.gov/pubmed/20179143
https://doi.org/10.1371/journal.pone.0282553

