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ABSTRACT 
 

Congenital Hypothyroidism (CH) is the deficiency of thyroid hormones at birth and a major 

cause of mental retardation if left untreated. The frequency of CH is much higher in Bangladesh 

than that of the global incidences and late-diagnosis is a common scenario. There is limited 

data on genetic etiology of Congenital Hypothyroidism in Bangladesh and patients diagnosed 

at late-stage suffer from clinical complications even under treatment with levothyroxine drug. 

The present study aimed to investigate the genetic spectrum and metabolic profiling of 

Congenital Hypothyroid children of Bangladesh in order to correlate the clinical complications 

of CH with the blood acylcarnitines and amino acids levels. 

 

A total of 65 confirmed cases of Congenital Hypothyroid children under follow-up treatment 

were enrolled in this study. Among them 44 participants with thyroid Dyshormonogenesis 

were considered for TPO gene analysis; and 21 cases with thyroid Dysgenesis were studied for 

TSHR and PAX8 gene. Moreover, 107 healthy subjects were enrolled for metabolic profiling. 

Molecular analysis was performed using PCR followed by Sanger sequencing of TPO, TSHR 

and PAX8 genes. The effect of mutations on the 3D structure of the TPO monomer and dimer 

structures along with TSHR proteins were analyzed by Molecular Docking and Molecular 

Dynamics Simulations using Autodock vina/PyRx protocol and YASARA computational 

software. Finally, High Resolution Melt (HRM) curve analysis method was set up to detect the 

common mutations found in the TPO gene. For metabolic profiling, blood acylcarnitines and 

amino acids levels of patients were compared with healthy controls using LC-MS/MS 

technique. 

 

Analysis of TPO gene identified 12 mutations. In almost all patients, 4 mutations belonging to 

Exon 8 and Exon 12 (hotspot region) were commonly detected. Analysis of the effect of the 

three non-synonymous mutations c.1117G>T (p.Ala373Ser); c.1193G>C (p.Ser398Thr); and 

c.2173A>C (p.Thr725Pro) on the 3D structure of TPO protein revealed alterations in the 

binding affinities of the ligands (Heme, H2O2 and I-) for the wild type cases compared to mutant 

cases.  A HRM (High Resolution Melt) curve analysis method was established to detect these 

3 mutations in homozygous, heterozygous and wild type states. Analysis of TSHR gene on the 

other hand, found a mutation c.1523C>T (p.Ser508Leu) in one patient and 20 patients had 
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c.2181G>C (p.Asp727Glu) mutation in Exon 10 of the gene. The effect of these two mutations 

on 3D structure of small molecules drug (MS437 and MS438) binding site was investigated 

and we found that the binding affinities of the small molecules were decreased in case of 

mutant TSHR protein compared to wild type TSHR protein. No mutation was detected in 

PAX8 gene.  

 

Profiling of acylcarnitines showed that the mean concentration of long chain acylcarnitines 

was significantly lower in the patients group than that of the Healthy Controls (HCs) group 

(with a P=0.0014). Also, the indicator ratio of β-oxidation rate, namely C0/(C16+C18) was 

significantly higher in the patient group than that of the HC group (P<0.0001), suggesting a 

low activity of CPT-I enzyme in the patients. Furthermore, the mean plasma TG level of the 

patients was significantly higher than that of the HC group (P=0.02) suggesting that the patients 

might have been suffering from fatty liver. Moreover, in terms of the analyzed amino acids 

profile, 9 out of 15 amino acids were significantly decreased in the patients compared to the 

healthy controls (P<0.0008). Serum albumin levels were also significantly (P<0.0001) lower 

in the patients group compared to the HCs, suggesting that there might be a decreased rate in 

overall protein metabolism. 

 

This study is the first of its kind that demonstrated the genetic basis of Congenital 

Hypothyroidism in Bangladeshi patients. The correlation between mutation and functional 

activity of specific proteins were also investigated using several in silico tools. In conclusion, 

metabolic profiling combined with mutation analysis might help to better understand the 

disease severity and to modify the treatment strategy of congenital hypothyroid children in 

Bangladesh. 
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CHAPTER 1: INTRODUCTION 

__________________________________________________________________________________ 

 

1.1. Background 

1.1.1. Hypothyroidism 

Hypothyroidism is the most common endocrine disorder in which thyroid hormone deficiency 

occurs. Thyroid hormones (T4 and T3) play a significant role in regulating the metabolism, 

overall growth of the body and improvement of neurodevelopmental milestones. 

Hypothyroidism can be classified into different clusters based on the time of onset, malfunction 

of the thyroid gland and severity of the disorder. A number of crucial factors including 

autoimmune disease, treatment for hyperthyroidism, thyroid surgery and radiation therapy can 

play a significant role to develop the disorder. Sometimes, it may result from congenital 

disease, pituitary and hypothalamic disorder, pregnancy and Iodine deficiency.  

 

1.1.2. Congenital Hypothyroidism (CH) and the Global Incidence 

Congenital Hypothyroidism is the most common preventable endocrine disorder in which the 

thyroid hormone deficiency occurs at birth [1]. The global data showed that the frequency of 

CH is 1 in 3000-4000 children, whereas a pilot study reported an incidence rate of 1 in 1300 

in Bangladesh [2,3]. The most common cause of CH is a shortage of iodine in the diet of the 

mother and the affected infants. CH is classified as permanent or transient in which permanent 

CH requires lifelong treatment and transient CH requires short-term treatment. 

1.1.3. Clinical Features 

Congenital hypothyroid children experience various clinical complications such as prolonged 

jaundice at birth, dry skin, constipation, delayed developmental milestone, lethargy, umbilical 

hernia, weight gain, open fontanelle, protruded tongue, hoarse voice and idiotic face, etc. 

 

1.1.4. Confirmatory Test of Congenital Hypothyroidism 

To diagnose CH at early age after birth, biochemical tests are performed. At first blood TSH 

(Thyroid Stimulating Hormone) level is measured using Heel prick and if blood TSH is ≥20 
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mU/L, neonate's peripheral blood is analyzed for FT4 (Free T4) to determine whether the baby 

is at risk of hypothyroidism. When Initial TSH > 30 mU/L and Initial T4 < 10th percentile then 

it is suggestive of Congenital Hypothyroidism [1]. Moreover, Anti-TPO antibody and T3 level 

are also measured to categorize the disorder. Ultra sonogram of thyroid gland is also required 

to classify patients either as thyroid Dyshormonogenesis or thyroid Dysgenesis. 

 

1.1.5. Treatment and Prevention  

Newborn screening is important to detect Congenital Hypothyroidism so that early treatment 

can be initiated to avoid mental retardation of the patients. Treatment should be started within 

the first 1-2 weeks of life with a daily dose of thyroxine hormone replacement therapy. The 

most commonly recommended dose range is 10-15 μg/kg/day [4,5]. 

 

1.2. Molecular Genetics of Congenital Hypothyroidism  

Congenital Hypothyroidism can be caused by a variety of factors and only some of which are 

genetic in origin. Genetic causes account for about 15 to 20 percent of cases of Congenital 

Hypothyroidism. 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 including 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 

[6]. Till now, mutations in seven genes, namely NIS (sodium iodine symporter, SLC5A5), PDS 

(Pendrin or SLC26A4), TPO (thyroid peroxidase), Tg (thyroglobulin), IYD (iodotyrosine 

deiodinase, DEHAL1), DUOX2 and DUOXA2 (Dual oxidase) have been reported to be 

involved in pathogenesis of Thyroid Dyshormonogenesis (TDH) [7]. 

 

The above-mentioned databases also described that about 80-85% of CH cases are associated 

with disorders of thyroid gland development (Dysgenesis) which is characterized by agenesis 

(absent of thyroid gland, 40%), ectopic (located in a distant region, 40%) and the remaining 

cases are associated with hypoplasia (small size). Although the actual cause of thyroid 

dysgenesis is still under investigation, some studies have suggested that 4 major genes which 

play roles in the proper growth and development of the thyroid gland, such as TSHR (Thyroid 

https://ghr.nlm.nih.gov/gene/TSHR
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stimulating hormone receptor) and three transcription factors- TTF-1, TTF-2, and PAX8 

(paired box-8, transcription factor) [8,9]. Mutations in these genes prevent or disrupt normal 

development of the gland.  

 

1.2.1. Major Features of TPO Gene and Mechanism of Action of TPO Protein 

TPO is the major enzyme in thyroid hormone biosynthesis pathway and it catalyzes both 

iodination and coupling of iodotyrosine residues in thyroglobulin and resulting iodotyrosines 

to form the thyroid hormones T3 and T4 [10]. TPO gene is located on chromosome 2p25 

containing 17 Exons which code for 933 amino acids [11,12]. TPO is a glycosylated Heme 

binding extracellular protein of 110 kDa anchored to the apical membrane of thyroid follicular 

cells by a transmembrane region [13]. Mature TPO exists as homodimers in vivo, however, the 

localization of dimerization process in the cell is still unknown [14]. Figure 1.1 shows the 

chromosomal location of the TPO gene. 

Figure 1. 1. Chromosomal location of TPO gene (source: Genetics Home References) 

The chemical reactions catalyzed by thyroid peroxidase occur on the outer apical membrane 

surface and are mediated by hydrogen peroxide and iodine. The tyrosine residues of 

Thyroglobulin become iodinated by sequential reactions catalyzed by TPO as stated below. 

 

+ I− + H+ + H2O2 → 

 

+ 2 H2O 

Iodide is oxidized to iodine radical which immediately reacts with tyrosine. 

 

+ I− + H+ + H2O2 → 

 

+ 2 H2O 

https://ghr.nlm.nih.gov/gene/PAX8
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Different studies showed that Asp238, His239, Arg396, Glu399 and His494 are the crucial 

amino acids found in the catalytic site of TPO and also involved in the formation of active 

complex which is known as “Compound 1”. The proximal histidine His494 and distal histidine 

His239 interact with the heme molecule, whereas Arg396 participates in the cleavage of 

peroxide O–O bond and Asp238 and Glu399 interact covalently with the heme molecule. 

These amino acid residues are conserved in TPO and other mammalian peroxidases [15,16].  

1.2.2. Effect of Mutation in TPO Gene and the 3D Structure of TPO Protein 

Global data shows that there are more than 60 mutations found in TPO gene which are 

associated with total iodide organification defect (TIOD) or partial iodide organification defect 

(PIOD) and these phenomena have been described as the most common form of thyroid 

Dyshormonogenesis [17,18]. The high resolution crystallographic structure of TPO protein is 

under determined since only a low resolution structure is available [19-21]. The very close 

homologous proteins of TPO are mentioned as lactoperoxidase (LPO), myeloperoxidase 

(MPO), and eosinophil peroxidase (EPO) with a sequence identity of 48%, 47% and 47% 

respectively, and the crystallographic structure of MPO and LPO gave an depth insight of 

exploring the structural basis of TPO protein [20,22].  

However, Sarah et al. determined the possible modes of TPO monomer and dimer organization 

using in silico approach [23]. Conversely, the effect of mutation on 3D structure of TPO protein 

and its enzyme activity are still under examination. A very recent study showed that mutations 

can affect at least less than or equal to 75 percent of activity of TPO dimer protein [24]. 

Analysis of mutation spectrum is essential to study the genetic disorders since it explores the 

actual reason behind disease pathogenicity as well as severity. Countries like Argentina, 

Netherlands, Japan, Portugal, and China have examined and reported different mutations in 

TPO gene through screening of patients with TIOD and PIOD [17,25-28].  

Moreover, the correlation of mutation and the TPO enzyme activity were studied in vitro by 

different group of scientists and mild to severe TPO enzyme inactivity were found due to 

specific mutations compared to wild type cases [29,30]. Even though, the incidence rate of 

Congenital Hypothyroidism is much higher in Bangladesh than the global ratio, genetic 

spectrum of this disorder is still under investigation. Moreover, only a small data on the effect 
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of mutations on 3D structure of the major protein TPO was published very recently among the 

Bangladeshi patients [31]. 

In the present study, we investigated the mutational spectrum in TPO gene among the patients 

with thyroid Dyshormonogenesis to explore the possible effect of specific non-synonymous 

mutations on the 3D structure of TPO protein (both of monomer and dimer structures) and 

MPO-like domain of TPO through in silico approach, such as homology modelling, molecular 

docking followed by QM/MM (Quantum Mechanics/Molecular Mechanics) and Molecular 

Dynamics (MD) Simulation. 

1.3. Significance of in silico Approach to Study 3D Structures of Proteins  

Since a mutation can affect the biological activity of a protein, in silico approach has the 

potential of speeding up the process of classifying these effects into pathogenic or neutral 

through computer-based techniques. Currently, computational methods have become essential 

for studying different complex biological systems such as protein-ligand, protein-protein, 

drug-protein interactions that play important roles in signal transduction, cell regulation and 

macromolecular assemblies. Molecular docking simulations is one of the major computational 

methods for virtual screening of biological compounds in protein-ligand interactions for known 

structural and functional domains of protein molecules [32]. 

1.3.1. Modelling of 3D Structures using Bioinformatics Tools 

3D structures of proteins  are modelled from amino acid sequences using computer algorithms 

which can give different folding pattern and domain information of a specific protein [33]. In 

many cases, 3D structures provide valuable information for the large fraction of sequences 

whose structures are hard to determine by crystallography [34]. 3D structures of proteins are 

usually important in the field of drug screening process [35]. The I-TASSER server is an 

integrated platform for automated generation of protein structure and function prediction tool 

based on the sequence-to-structure-to-function paradigm with 3 main basics such as C-score 

(confidence score), TM (Templates score) score and RMSD (root mean square deviation) 

value. The cutoff value of C-score is -1.5 to select models of correct topology [36]. The 3D 

structures must be validated by different bioinformatics tools such as Varify3D and 

RAMPAGE to investigate the accuracy of basic structural features of protein. 
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1.3.2. Basic Parameters to Calculate the Energy Level of 3D Structures of Protein-Ligand 

Complexes (Quantum Mechanical Calculations and Density Functional Theory) 

Quantum mechanics (QM) has been used in the study of biomolecular structures and functions 

which  provides information about the energy levels of the proteins, the charges of their amino 

acid side chains, their electrostatic potentials and permanent dipole moments (μ) [37,38]. QM 

methods analyze various protein-ligand interactions such as hydrogen bonds, hydrophobic 

interactions and electrostatic interactions. The combined QM/MM (quantum 

mechanics/molecular mechanics) method is one of the important tools in computational 

biology especially in the study of enzyme chemistry. This method utilizes quantum mechanics 

and MM force field to calculate the electronic structure of the active site and modeling of the 

protein environment that deals with the long-range electrostatics and steric effects on the 

enzyme reactivity [39]. 

Density functional theory (DFT) is the most common quantum mechanical methodology used 

in the field of chemistry, physics and biological systems. A basis set is a set of functions in 

theoretical and computational chemistry that is used to represent the electronic wave function 

in the Hartree–Fock method or density-functional theory. B3LYP is the most popular DFT 

model used for optimization of ligands in Gaussian 9 software package [40]. The SDD,  6-31G  

and MIDIX basis sets are also used to optimize different ligands such as the Heme, H2O2 and 

I- [41]. 

1.3.3. Study of Protein Structures using Molecular Docking Approach  

Molecular docking approach is the most common computer simulation procedure to predict 

the predominant binding mode(s) of ligands with a known 3D structure of protein in a protein-

ligand complex [42]. Since molecular docking serves as a virtual screening tool, it selects the 

most desired compound from a database or library of molecules. The process describes the 

interactions between protein and ligands through the lowest energy pathway [43]. Molecular 

docking consists of a number of mathematical methods used to predict the strength of the non-

covalent interaction, such as the binding affinities based on force-field, empirical, knowledge-

based and consensus scoring. The protein-ligand docking procedure can be performed as rigid 

body docking and flexible docking [44]. Several types of noncovalent bonds such as hydrogen 

bond, electrostatic bond, hydrophobic bond are critical in maintaining the three-dimensional 

https://en.wikipedia.org/wiki/Function_(mathematics)
https://en.wikipedia.org/wiki/Theoretical_chemistry
https://en.wikipedia.org/wiki/Computational_chemistry
https://en.wikipedia.org/wiki/Hartree%E2%80%93Fock_method
https://en.wikipedia.org/wiki/Density_functional_theory
https://www.ncbi.nlm.nih.gov/books/n/mcb/A7315/#A7679
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structures of macromolecules. All types of these weak interactions are effective only over a 

short range and require close contact between the reacting groups [38]. 

1.3.4. Molecular Dynamics Simulation 

Molecular Dynamics (MD) simulation is a powerful method to investigate the dynamic 

properties of proteins at atomic level for discovering the functional mechanisms in biological 

systems. MD simulation can be applied to generate a set of docking convenient structures and 

can additionally be used to estimate the stability of a ligand-receptor complex proposed by 

molecular docking. In the MD simulation process, RMSD value predicts the stability of ligand-

receptor complex. When the RMSD value is more than a cut-off value, the protein-ligand 

complex is considered as unstable. Now a-days super computers permit MD simulations for 

several nanoseconds to determine the atomic fluctuations of protein-ligand complexes in 

biological system. In this process, the flexible regions of proteins are also determined for 

stability enhancement that are influenced by a number of interactions such as hydrophobic, 

electrostatic interactions and Hydrogen bonding. The increasing protein stability is one of the 

main target of protein engineering [45]. In case of absence or low crystallographic structures 

for a particular molecular target, MD simulations can produce alternative conformational states 

corresponding to these ligand-induced structures based on force field such as CHARMM, 

AMBER, and GROMACS [46]. MD simulations are important in the study of membrane 

proteins, for which experimental characterization of structural dynamics tends to be 

challenging [47]. In the present study, we used YASARA dynamics program applying 

AMBER14 force field to calculate and to visualize possible interactions of TPO wild type and 

mutant protein structures with selective ligands. The premade MD-scripts of YASARA 

simplified the complex analysis of membrane protein TPO by creating a membrane in the 

simulation process [48].  

1.3.5. In silico Approach for the Study of Dimerization of TPO Protein Structures 

Since TPO acts as a homodimer protein in biological systems, we tried to study the effect of 

mutation on TPO dimer structure and its biological function. Dimer structure can be formed 

by using bioinformatics tools such as PatchDock, FireDock and Symmdock web servers. 

Among them, Symmdock server provides symmetry-based result using homology modeled 

monomeric unit for the prediction of cyclically symmetric homomultimers describing the basic 
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parameters such as score, area and atomic contract energy values for each structure to select 

the desired structure of protein [49]. 

1.3.6. The Sequential Docking Approach for TPO Dimer Protein 

In biological systems, most of the reactions occur in an organized networking or in a cascade 

pathway such as signal transduction, regulation of gene expression and sequential enzymatic 

reactions [50]. When a macromolecule consists of multiple binding sites, the binding affinity 

for a specific ligand could be altered by the occupancy of other binding sites by the same or 

different ligands [51]. In this circumstance, the reaction events occur sequentially through the 

one directional flow of signal or information [50]. Following this cascade pathway, the present 

study aimed to perform sequential docking approach for H2O2 and I- with TPO dimer structures 

of wild type and mutant cases to investigate the effect of non-synonymous mutation on 3D 

structures and function of the protein.  

1.4. High Resolution Melt (HRM) Curve Analysis to Detect Mutations in 

TPO Gene 

A recent study from our lab showed that only genetic cause accounts for all of the Congenital 

Hypothyroid patients with Dyshormonogenesis in hospital settings in Bangladesh and didn’t 

find any other etiology [31]. So we tried to set up an easy-to-use method to detect the common 

mutations in TPO gene. Since CH is easily treatable, it is important to investigate the etiology 

which would help to determine how long the patients need hormone replacement therapy and 

the CH patients with genetic etiology need lifelong hormone therapy [52]. Sometimes neonatal 

CH screening using biochemical tests becomes difficult due to the presence of maternal TSH 

in the specimens of neonates and this problem can be overcome by genetic screening at an 

early age [52].  

 

High Resolution Melt (HRM) curve analysis is a real time PCR based molecular technique 

which is able to differentiate the genetic variations such as homozygous or heterozygous state 

for specific mutation compared to the wild type state in various genetic diseases including 

autosomal recessive, autosomal dominant and X-linked recessive disorders [53-56]. In this 

study, we aimed to detect the common mutations in the TPO gene associated with thyroid 

Dyshormonogenesis in Bangladeshi patients and targeted 3 non-synonymous mutations to 
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establish HRM curve analysis as a supplementary screening approach that could be faster, 

cheaper and reliable. 

1.5. Molecular Investigation of TSHR and PAX8 Gene  

Genetic Home Reference suggested that TSHR and PAX8 genes are the major genes 

responsible for thyroid Dysgenesis. In the present study we tried to explore the effect of 

mutations in these genes and investigated the small molecular drug binding affinity on proteins 

3D structure. 

1.5.1. Structure and Function of TSHR Gene 

TSHR gene is primarily associated with thyroid Dysgenesis, since most of the mutations occurs 

in the gene in CH patients [8]. 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. 

TSHR gene is located on chromosome 14q31 and contains 11 Exons code for a receptor protein 

of 764 amino acid residues [57,58]. Figure 1.2 shows the chromosomal location of TSHR gene. 

 

Figure 1. 2. Chromosomal location of TSHR gene (Genetics Home References) 

TSHR has high affinity binding sites for TSH. Mutations in TSHR gene results in mutant 

TSHR protein which lacks its binding affinity to TSH or loses its ability to activate adenylate 

cyclase. And thus, mutant TSHR protein disrupts thyroid gland development and proper 

functioning. TSHR mutation may also be present with a normally placed thyroid gland. TSHR 

gene mutation is reported to be inherited as autosomal recessive manner and Exon 10 is known 

to carry majority of the mutations [59].  
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1.5.2. PAX8 (Paired Box Eight) Gene 

The PAX8 gene is located on chromosome 2q12-q14 and it is consisted of 11 Exons. PAX-8 

gene plays an important role in thyroid cell differentiation as well as in the maintenance of the 

differentiated state [9]. Heterozygous PAX8 mutations are found to be inherited as autosomal 

dominant manner in some of the patients. These patients either had hypoplastic or ectopic 

thyroid gland. Figure 1.3 presents the location of PAX8 gene in chromosome 2. 

 

 

Figure 1. 3. Chromosomal location of PAX8 gene (Genetics Home References) 

PAX8 mutation results in mutant PAX8 protein which has reduced or lost transcriptional 

activation function. As TPO is somehow dependent upon PAX8 for its efficient transcription, 

PAX8 mutation may cause partial iodine organification defect due to reduced TPO expression 

[60]. A study conducted by Macchia and team showed that common sites for PAX8 mutation 

are in Exon 2 and Exon 3 [9]. 

1.6. Metabolic Profiling of Congenital Hypothyroid Children 

Hypothyroid patients suffer from many clinical complications which are associated with 

body’s overall metabolism. Thus metabolic profiling for amino acids and acylcarnitines levels 

can also be described as a marker of fatigueness or energy crisis of the patients. 

 1.6.1. Profiling of Acylcarnitines 

In the present study, all the patients were under treatment with levothyroxine drug. An elevated 

serum TSH and low T4 or free T4 (FT4) level indicates a hypothyroid condition which is 

reversible with appropriate LT4 treatment. Although LT4-mediated management of 

hypothyroidism has been considered comparatively straightforward, data suggested that 5-10% 

of LT4-treated patients suffer from persistent clinical complications of hypothyroidism despite 

maintenance of normal blood levels of TSH and FT4 [61-63]. Among the physiological 

distresses in these patients, fatigue and fatigue-related symptoms are the most commonly 



11 
 

documented manifestations. However, the mechanism causing persistent fatigue in these 

patients remains unclear [61,62]. 

L-carnitine is an endogenous compound and its major biological role is in the transport of fatty 

acids across the inner mitochondrial membrane for fatty acid oxidation via the reversible 

binding of acyl groups from Coenzyme A (CoA) [64]. Carnitine has also a role in regulating 

the cellular to mitochondrial ratio of free CoA to acyl-CoA [65]. Alterations in carnitine 

homeostasis can have a harmful effect on human health and are associated with muscle 

weakness, progressive cardiomyopathy and encephalopathy [66-68]. Carnitine 

supplementation increases fatty acid oxidation and has been used in management of patients 

suffering from muscular hypoxia, peripheral vascular disease, angina pectoris, congestive heart 

failure, and hemodialysis [69-71]. 

In this study, whole blood carnitine-acylcarnitines profiling of 65 late-diagnosed hypothyroid 

patients was analyzed using liquid chromatography-mass spectrometry/mass spectrometry 

(LC-MS/MS). Although these patients were kept on prescribed treatment regimen with LT4 to 

maintain normal ranges of serum TSH and FT4 levels, they still had been suffering from 

various fatigue-related complications. We hypothesized that the fatigue-related symptoms in 

these hypothyroid patients may be associated with altered carnitine-acylcarnitines 

homeostasis. Thus, this study aimed to profile carnitine-acylcarnitines levels of the 

hypothyroid children and to investigate whether any alterations of blood carnitine-

acylcarnitines levels had correlation with their ongoing fatigue and fatigue-related 

complications. 

1.6.2. Profiling of Amino Acids 

Since thyroid hormones are essential for body’s overall metabolism and energy production, we 

wanted to correlate the energy crisis of late-diagnosed congenital hypothyroid children with 

amino acids and acylcarnitines levels. Normally, thyroid hormones accelerated the 

biosynthesis of proteins by altering various amino acid pools [72]. In case of thyroid hormone 

deficiency, the amino acid concentration might be altered and manifests some clinical 

complications such as fatigue, even under treatment with LT4. The functions of all types of 

amino acids are associated with different mechanism in human body such as in energy 

production, neurotransmission, immune function and regulations of growth hormones, etc. 
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[73]. In the present study, almost all the patients were late-diagnosed and they manifested some 

major complications like fatigue, delayed developmental milestone, dry skin, neonatal 

jaundice, etc. even though they were under treatment and their blood TSH and FT4 levels were 

normal during the study period.  
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1.7. Rationale of the Research Work 

Congenital Hypothyroidism (CH) is the most common preventable endocrine disorder that is 

associated with partial or complete loss of functions of the thyroid gland which affects infants 

from birth (Genetics Home References). The iodinated thyroid hormones are biosynthesized 

from thyroid gland and they play a significant role in the development of brain, regulation of 

overall growth and they control the metabolic reactions of the body. A previous study showed 

that the frequency of CH is 1 in 1300 children in Bangladesh, which is much higher than the 

global incidence [3]. There is also a lack of newborn screening program of CH in Bangladesh, 

so late diagnosis is a common phenomenon in Bangladesh. Early diagnosis and initiation of 

treatment is necessary to prevent the clinical complications experienced by these patients. If 

treatment is initiated within the first two weeks after birth, growth of infants develops 

normally. If the infants remain untreated for several months after birth, severe Congenital 

Hypothyroidism can lead to growth failure and permanent intellectual disability. Due to late 

diagnosis, patients experience many clinical complications even with levothyroxine treatment. 

There is limited data regarding Congenital Hypothyroidism in Bangladesh and the genetic 

etiology of CH is still under investigation. Moreover, the metabolic profiling is important to 

correlate the clinical complications of hypothyroid children to improve the quality life. In this 

study, we aimed to investigate the mutations in specific genes such as TPO, TSHR and PAX8; 

associated with Congenital Hypothyroidism in Bangladeshi patients as well as to correlate the 

clinical complications with metabolic profiling of these participants. 
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1.8. Objectives of the Research Work 

General objectives 

a. To investigate the genetic spectrum of congenital hypothyroid children 

b. Metabolic profiling in terms of amino acids and carnitine/acylcarnitines of hypothyroid 

children  

Specific objectives 

a. Mutation detection of TPO gene responsible for thyroid dyshormonogenesis and 

investigation of the effect of mutations on 3D structures for both cases of monomer and 

dimer TPO proteins 

b. Translations of the laboratory findings into an easy-to use approach (High Resolution 

Melt curve analysis) for screening of common mutations in TPO gene 

c. Mutation detection of TSHR and PAX8 gene associated with thyroid dysgenesis 

d. Profiling of Acylcarnitines and Amino acids in hypothyroid patients 
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CHAPTER 2: MATERIALS AND METHODS 

__________________________________________________________________________________ 

 

2.1. Study Design, Clinical Settings and Ethical Clearance  

The study was designed as a cross-sectional one with purposive sampling and carried out on 

65 confirmed cases of Congenital Hypothyroid children 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 and the study was collaborated with 

NINMAS and Dept. of Endocrinology, BSMMU for specimen collection. 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. Figure 2.1 shows a 

representative workflow of the study. 

 

Figure 2. 1. A Representative flowchart of the present study 
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2.1.1. Study Participants (Visits at BSMMU) 

Since the study was cross sectional, we recruited patients from BSMMU for over 3 years and 

collected specimens during 2016 to 2019. The frequency of Congenital Hypothyroidism (CH) 

is 1 in 3000-4000 children worldwide and we enrolled a total of 65 participants (aged less than 

18 years) which represents a total of 227,500 children in Bangladesh. Every visits were 

performed twice a week. In the OPD (Outpatient Department) of Pediatrics Endocrinology and 

NINMAS, about 50-60 children visited per day with different endocrine disorders. Among 

them 1 or 2 children were confirmed cases for Congenital Hypothyroidism who visited 

BSMMU for their follow-up examinations. Almost all the patients were late-diagnosed and 

kept under treatment of Levothyroxine (LT4) drug. If we wanted to collect more samples for 

CH, then we had to visit more times and enrolled more populations, that was actually not 

possible in this study period.  

 

2.1.2. Healthy Subjects 

A total of 107 participants (aged 2- 18 years) without any thyroid complications and fatigue 

were enrolled in this study as the healthy controls. All the healthy participants were the 

residents of Mirpur, Dhaka. A written informed consent was obtained from a parent or a legal 

guardian of each healthy participant.  

 

2.1.3. 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 5ml blood was collected from each 

participant. Then it was aliquoted in different tubes for different types of analysis, such as 

(1) 3 mL blood in EDTA tube for DNA isolation, (2) 75 µl blood to prepare Dried Blood 

Spots (DBS, Whatman® 903 generic multipart filter paper, GE Healthcare, Westborough, 

USA) for metabolic profiling, (3) 250 µl of blood in tube containing 750 µl Trizol® LS 

(Ambion, Life Technology, Cat. No. 10296-028) for conducting genetic study using RNA 

and (4) rest of the blood was used for separation of plasma-serum for biochemical test. 

All the samples were transported to the laboratory immediately. The DBS cards were dried 

for at least 4 hours at room temperature and once dried, they were stored at -70°C freezer with 

desiccant for protection from moisture. All the plasma, serum and Trizol containing specimens 
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were stored at -20°C freezer. After the genomic DNA isolation, EDTA containing blood was 

stored at -70°C freezer. 

 

2.2. Molecular Analysis of TPO, TSHR and PAX8 Gene 

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

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

Figure 2.2 presents the overall procedures of molecular analysis. 

 

 

Figure 2. 2. Overview of Molecular and Bioinformatics analysis 
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2.2.1. 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 micro-

centrifuge 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 x 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 dissolved 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 650C 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 process can make it difficult to dissolve the DNA. Depending 

on the pellet size, 25-50 µl of nuclease free water was added and the tube was vortexed for 5 

seconds and the mixture was incubated at 65o C for one hour in water bath for dissolving DNA 

or left overnight at room temperature. Nuclease free water was used instead of FG3 buffer 

(Elution buffer). Finally, the concentration and the purity of the DNA was measured using a 

Nano drop machine and adjusted the concentration for PCR.  

 

2.2.2. Polymerase Chain Reaction (PCR) Amplification of TPO Gene 

The isolated DNA was then amplified by PCR using TPO gene-specific primers. At first, we 

performed PCR using primers set that could flank the sequence between Exon 8 to Exon 14, 

since global data showed that most of the common mutations in the TPO gene of the patients 

with Congenital Hypothyroidism were confined in this region. Next, we conducted PCR for 

other regions of the TPO gene.  The primer sequences are listed in the Table 2.1 as follows. 
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Table 2. 1. List of primers for PCR amplification and Sanger sequencing of TPO gene 

Primer Name Sequence (5’-3’) Product size(base pair) 

TPO_Ex1F CTCGACTTCCTAGCATCTTGAC 
306 

TPO_Ex1R CACTCATCAGTCAGTCAGTCAG 

TPO_Ex2F TCTGTAACCTCCTGACATGGACG 
384 

TPO_Ex2R GCCTAAAGTGACTCTCAGGAGC 

TPO_Ex3F CTGTCAGTGAATCGCTGAACTG 
306 

TPO_Ex3R CAGTTCTGTCTGCTGCTTGCAC 

TPO_Ex4F CAGTGCCTGTCACATTGTCTGG 
365 

TPO_Ex4R CCTGCACAAAGTCAAGGTGTCC 

TPO_Ex5F GCTGGAGTCACTTTTGAGACTGC 
289 

TPO_Ex5R TGATGGCATCTAGTCATGTTCAG 

TPO_Ex6F CTTGAAGCCAGTCATGACCTGG 
433 

TPO_Ex6R GAGGATCTGAAGGGATTGCACG 

TPO_Ex7F CACAGGGTCCTCCTATGTCCTG 
392 

TPO_Ex7R TGCACCAGATATTCACAACTGC 

TPO_Ex8F TCCAGAGTCTTACAAAGGGTGC 
679 

TPO_Ex8R GTACCTGGGAGAGAGAAGCCAC 

TPO_Ex9F GAGGTGCTGTCTCTTGCCACTG 
568 

TPO_Ex9R GGAAGAGTTCATGGGGACCAGC 

TPO_Ex10F TAGAACTGAGCCAAGAGCTGTC 
292 

TPO_Ex10R CTAGCAGCAGGTTGCTAGCTCG 

TPO_Ex11F GACCATGGCATGAGTGAGATGG 
363 

TPO_Ex11R CTGCCTCTGTGCAGAACGTG 

TPO_Ex12F GGTTCTCCATGCACTGTGACCT 
1044 

TPO_Ex13R GATTCCACGTGCCTGTCCTGAG 

TPO_Ex14F CCTCATCACCTTTTCGGATGTGC 
512 

TPO_Ex14R CAGACAGCAGGCACACGAAGTG 

TPO_Ex15F CACGTCACATTCGGATCTGGAC 
404 

TPO_Ex15R CCAGTAACCTGTGTTAGCTTCG 

TPO_Ex16F GAGACAGGGTCCTCTTGGCTGC 
557 

TPO_Ex16R AGGCTCACATTCTGGCTCACTG 

TPO_Ex17F GCAGATCCCACTCTGTGAGTAG 
636 

TPO_Ex17R GAGCACGGCATCAGAGATGC 

 

To amplify the desired target sequence of TPO gene, PCR amplification was conducted on a 

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

addition 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. 

2.2.3. PCR Amplification of TSHR Gene 

The isolated DNA from Congenital Hypothyroid patients with Dysgenesis was then amplified 

by PCR using TSHR gene-specific primers listed below in Table 2.2. 

 

Table 2. 2. List of primers for PCR amplification and Sanger sequencing of TSHR gene 

Primer name Primer sequence Tm Product size 

TSHR_Ex1F GGCATCTAAACTAGGCTTTGGAG 62.6 ºC 

646 bp 

TSHR_Ex1R CTTCGGGCTGTTATTGAGCTGC 65.2 ºC 

TSHR_Ex2F AGTGTGATGCGAGGCAAGAC 64.3 ºC 

645 bp 
TSHR_Ex2R CAGCTAAGGTTTTGCCATATCCC 63.1 ºC 

TSHR_Ex3F GTGGAACATTCCACAGGGTGAC 64.7 ºC 

622 bp 
TSHR_Ex3R CTTCCAACCATGGAATTGAGGTG 63.3 ºC 

TSHR_Ex4F AAAGTGGACAGAAACCAAGCC 62.9 ºC 

470 bp 

TSHR_Ex4R GATCATTTCACCCGATACCTTGC 63 ºC 

TSHR_Ex5F CCGAGCAGATGTATTGACACCAG 64.3 ºC 

577 bp 
TSHR_Ex5R TACCCAAGTCTCTCTTGAGCC 62.7 ºC 

TSHR_Ex6F TCCAGGTGCATGTCATCTAGG 63.1 ºC 

556 bp 
TSHR_Ex6R GGTTGCATGGTCTGTAATGCC 63.4 ºC 

TSHR_Ex7F AGAGACTGCAGCTGCTCCTCC 67.2 ºC 

646 bp 

TSHR_Ex7R AGCTTTGGAACTTACCATTGGAG 62.7 ºC 
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Primer name Primer sequence Tm Product size 

TSHR_Ex8F GAATGTTTTAAGTGCTCAAGCCAG 62.4 ºC 

834 bp 
TSHR_Ex8R GGCAATGATACAGAGGCTTCAGG 65.2 ºC 

TSHR_Ex9F AGCATTTGTACTACTGGATACTGG 61.8 ºC 

533 bp 

TSHR_Ex9R CTTCCAATTTCCTCTCCACCTG 62.3 ºC 

TSHR_Ex10F1 AGGAATGATGTCACAGAAACAGGC 64.7 ºC 

1151 bp 
TSHR_Ex10R1 GTGATGGCATACCAGCGCTCCAG 68.4 ºC 

TSHR_Ex10F2 CGCTTTCTCATGTGCAACCTGGC 67.7 ºC 

1030 bp 

TSHR_Ex10R2 GGGTGTCATGGGATTGGAATGC 65.2 ºC 

 

To amplify the desired target sequence of TSHR gene, the master mix preparation was same 

like the master mix for TPO gene amplification except the annealing temperature of the primer 

was 60 to 62 ºC. All the downstream procedures were same which were used for TPO gene 

PCR. 

2.2.4. PCR Amplification of PAX8 Gene 

The PAX8 gene was amplified to investigate whether there was any mutation found in CH 

patients with problem in thyroid gland formation (Dysgenesis). A set of primers that could 

flank the hotspot region of the PAX8 gene was used to amplify the target region. PCR master 

mix was prepared as mentioned earlier for TPO gene. Table 2.3 shows the primes used in case 

of PAX8 gene. 

Table 2. 3. List of primers for PCR amplification and Sanger sequencing of PAX8 gene 

Primer Name Sequence (5’-3’) Product size(base pair) 

PAX8_Ex3_F AGCATCTTGGGAGTGAGAACTGG 
404 bp 

PAX8_Ex3_R GATCAGCTGGAGAAGTCAAGC 

 

The optimized conditions used for PCR were pre-denaturation at 95°C for 15 minutes; 35 

cycles of denaturation at 94°C for 30 seconds, annealing at 60°C for 45 seconds and extension 

at 72°C for 1 minute; and a final extension at 72°C for 10 minutes. All the downstream 
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processes for Sanger sequencing and data analysis of PAX8 gene were similar to TPO gene 

sequencing. 

 

2.2.5. Agarose Gel Electrophoresis and Gel Documentation 

All the PCR products were analyzed in 1% (w/v) agarose gel to visualize the signals of PCR 

band of specific product size. Gel documentation was performed by Fusion Plus and Biorad 

documentation systems. 1kb plus ladder was used in the gel electrophoresis process. 

 

2.2.6. Purification of PCR Products 

Prior to sequencing, All the PCR products (TPO, TSHR and PAX8) were purified using Qiagen 

PCR purification kit according to the manufacturer’s instruction. The PCR products were spun 

and then transferred to an Eppendorf tube. 1:250 volume pH Indicator-I was added to the 

Buffer PB. pH indicator I was added to the entire buffer contents. Ethanol (96-100%) was 

added to the Buffer PE. Five volumes of Buffer PB were added to 1 volume of the PCR 

products and mixed properly. It was ensured so that the color of the mixture was yellow 

(similar to Buffer PB). If the color of the mixture was orange/violet, 10 µL 3 M sodium acetate 

(pH 5.0) was added and mixed well by pipetting up and then inverting. The mixture was 

transferred to a MinElute Column that was placed in a 2 mL collection tube. The preparation 

was allowed to stand at room temperature for 5 mins and then it was centrifuged at 17,900 × g 

for 1 min. The flow-through was discarded, and the MinElute Column was placed back into 

the same collection tube. 750 µL Buffer PE was used to wash the column. The tube was 

allowed to stand at room temperature for 5 min and then centrifuged for 1 min. The flow-

through was discarded and the column was placed back into the same collection tube followed 

by repetition of the centrifugation. Each column was then placed in a new 1.5 mL micro-

centrifuge tube. Depending on the amount of PCR products, nuclease-free water was applied 

to the center of the column membrane for complete elution of the bound DNA and was allowed 

to stand at room temperature for 5 mins and then centrifuged at 17,900 x g for 1 min. The 

purity of the purified PCR product was then checked and the concentration was adjusted for 

cycle sequencing reaction. 
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2.2.7. Cycle Sequencing Reaction Followed by Sanger Sequencing 

Cycle sequencing was performed for all the purified PCR products using BigDye Chain 

Terminator v.3.1 Cycle Sequencing Kit (Applied Biosystems, USA) according to 

manufacturers’ instruction. For each reaction, a master mix was prepared by adding 2.0 µL of 

5X sequencing buffer, 0.5 µL of BigDye® chain terminator, 0.3 µL of individual primer (either 

forward or reverse) and nuclease free water. The template was spun and concentration was 

checked in a Nanodrop machine and the concentration was set depending on the PCR product 

size. In this reaction, 9 µL master mix and 1 µL purified PCR product was added to make the 

total volume 10 µL. The PCR tubes were spun at 4000 rpm for 3 minutes and then placed in 

the PCR machine. The thermal cycling profile included (a) initial denaturation at 94oC for 1 

minute, (b) cyclic denaturation at 94°C for 10 seconds and annealing at 58°C for 5 seconds 

and extension at 60°C for 4 minutes; and (c) final extension at 60°C for 10 minutes for 25 

cycles. 

 

2.2.8. Purification of Cycle Sequencing Product 

The PCR product obtained from cycle sequencing PCR was then purified using a BigDye 

XTerminator® Purification Kit (Applied Biosystems). The products were centrifuged for 2 

mins at 4100g. Purification of cycle sequencing products were performed by mixing with 45 

µL of SAM solution and 10 µL of X-terminator solution in an automated shaker for 30 minutes. 

After centrifugation at 8000 X g for 10 minutes, 10 µL supernatants from each tube were 

transferred to a new 0.2 mL PCR tube strip. Finally, sequencing of the purified cycle 

sequencing product was performed on the ABI PRISM 310 automated sequencer (Applied 

Biosystems, USA). 

 

2.2.9. Analysis of Sanger Sequencing Data 

After completion of sequencing run, all the data were collected using ABI PRISM 310 data 

collection software version 3.1.0 (Applied Biosystems). Collected FASTA format of 

sequencing data was used to identify substitution or deletion mutations in the TPO gene by 

alignment with the reference sequence (for TPO gene, Accession number; NC_000002.12 

retrieved from the NCBI database) using the basic local alignment search tool (BLAST). The 

accession numbers for TSHR and PAX8 genes were NG_009206.1 and NG_012384.1, 

https://www.ncbi.nlm.nih.gov/nucleotide/NG_009206.1?report=genbank&log$=nuclalign&blast_rank=5&RID=ZNR79YAB01R
https://www.ncbi.nlm.nih.gov/nucleotide/NG_012384.1?report=genbank&log$=nuclalign&blast_rank=1&RID=ZNRB4TZK014
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respectively. Finally, ExPASy translate tool was used to convert nucleotides sequence into 

corresponding amino acids and analyzed whether there was any substitution of amino acids. 

 

2.3. Study of the Effect of Non-Synonymous Mutations on 3D Structure of 

TPO Protein 

2.3.1. Modelling of 3D Structure of TPO protein through in silico Approach 

The present study found three common non-synonymous mutations such as p.Ala373Ser, 

p.Ser398Thr and p.Thr725Pro in the hotspot region of the full length TPO1-933 protein. So that 

we set our first goal to consider the effect of these mutations on the 3D structure of MPO-like 

domain of the TPO protein. Additionally, we expected to understand whether the mutations 

had any effects on the Heme interactions with specific amino acid residues in the catalytic site 

of TPO protein. The corresponding positions of the mutations including p.Ala373Ser, 

p.Ser398Thr and p.Thr725Pro in the MPO-like domain of TPO142-738 were p.Ala232Ser, 

p.Ser257Thr and p.Thr584Pro and designated as TPO142-738MT1, TPO142-738MT2 and TPO142-

738MT3, respectively as mentioned previously [31]. Since the high resolution crystallographic 

structure of TPO protein was not available and to understand the effect of mutations in the 

structure of MPO-like domain of TPO142-738; amino acid sequence of wild type and sequences 

containing different non-synonymous mutations were submitted to I-TESSER server in order 

to obtain the 3D structures [33,36,74]. Based on C-score, Template Modelling (TM) score and 

Root Mean Square Deviation (RMSD) score, we obtained 1 model for each structure. 

Moreover, we studied the effects of the mutations on full length TPO protein structure and 

functions with the structural features of MPO like domain in order to compare the basic 

variation. For this reason, we also predicted the structures of full length TPO protein (TPO1-

933) of the wild type (TPO WT) and mutant cases (TPO MT1, TPO MT2 and TPO MT3) 

through the I-TASSER server and obtained five models for each described in our study [31]. 

From the models, we selected the suitable ones based on the organization of its various 

domains  such as myeloperoxidase (MPO)-like domain (residues 142–738), Complement 

control protein (CCP)-like domain (residues 740–795), and Epidermal growth factor (EGF)-

like domain (residues 796–846) of the whole protein according to the published article [23]. 
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2.3.2. Validation of the 3D Structures 

The predicted 3D structures of full length TPO protein and MPO like TPO protein such as  

TPO1-933WT, TPO1-933MT1, TPO1-933MT2 and TPO1-933MT3; and TPO142-738 WT, TPO142-

738MT1, TPO142-738 MT2 , TPO142-738 MT3, were validated using different web-servers, namely 

Verify3D server and RAMPAGE server [75-77]. The PDB format of the predicted 3D 

structures were submitted to both the servers to validate the structures. From Verify3D server, 

we obtained the results including the percentage of the amino acids having the average 3D-1D 

score of ≥ 0.2. The RAMPAGE webserver implements Ramachandran Plot Analysis by 

providing results comprising the percentages of the amino acid residues within the favored, 

allowed and outlier regions. The results of the Verify3D and the RAMPAGE webservers were 

summarized in the results section. 

2.3.3. Optimization of Heme using Quantum Mechanical (QM) Calculations 

Since TPO is dependent on Heme for its activity, we investigated the effect of mutation on 

binding affinity of Heme with TPO and its interactions with specific amino acid residues. The 

initial structure of Heme was obtained from the Protein Data Bank (PDB) database, (PDB ID: 

HEM). Quantum mechanics (QM) calculation had been used to optimize the Heme. The QM 

calculation was performed in Gaussian 09 program based on density functional theory (DFT) 

employing Becke’s (B) exchange functional combining Lee, Yang and Parr’s (LYP) 

correlation functional, known as B3LYP density functional [78-80]. SDD basis set had been 

used for optimization of  the Heme [81,82]. 

 

2.3.4. Molecular Docking Analysis of Heme with 3D Structures of TPO protein 

Autodock vina protocol was employed  to perform molecular docking approach [83,84]. This 

method is associated with the prediction of the interactions between a small molecule and a 

protein in atomic levels delivering us the opportunity to inspect the behavior of small 

molecules in the binding site of target proteins and to explain the fundamental biochemical 

processes.  The information about the position of ligand binding sites in the target protein could 

significantly increase the docking efficiency during the molecular docking analysis [85]. The 

binding sites of Heme with TPO had been identified. It was found that Asp238, His239, 

Arg396, Glu399 and His494 were present in the active site of TPO1-933 i.e., MPO-like domain 
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and these amino acid residues were involved with Heme interactions and thus the catalytic 

activity of TPO [15,16]. But in case of MPO-like domain of TPO142-738, the corresponding 

position of Asp238, His239, Arg396, Glu399 and His494 would be Asp97, His98, Arg255, 

Glu258 and His353, respectively. Optimal confined search space had been selected for 

successful flexible molecular docking of Heme with TPO142-738 WT, TPO142-738 MT1, TPO142-

738 MT2 and TPO142-738 MT3. The center of the grid box for TPO142-738 WT was set to71.337Å, 

73.748Å and 72.888Å, whereas they were set to 71.281Å, 73.813Å and 73.314Å for TPO142-

738 MT1, 73.115Å, 74.888Å and 73.156Å for TPO142-738 MT2 and 73.273Å, 75.433Å and 

74.247Å for TPO142-738 MT3 in the x, y and z directions, respectively as mentioned in our 

previous study [31]. The grid box size was set to 25.0Å, 25.0Å and 25.0Å for TPO142-738 WT, 

MT1, MT2 and MT3 in the x, y and z directions, respectively. Grid box value center and grid 

box size were also optimized for full length TPO1-933 (Table 2.4). 

 

Table 2. 4. Grid box center and grid box size for full length TPO1-933 WT, MT1, MT2 and MT3 

Proteins 
Grid box center (Å) Grid box size (Å) 

X Y Z X Y Z 

TPO1-933  WT 109.7751 128.9632 119.5649 24.5891 20.8773 31.4612 

TPO1-933  MT1 105.160 102.301 98.7798 25.0 25.0 25.0 

TPO1-933  MT2 99.6151 102.226 100.5057 25.0 25.0 25.0 

TPO1-933  MT3 102.196 124.345 113.7515 25.0 25.0 25.0 

 

 
 

2.3.5. Visualization and Analysis of Molecular Docking Results 

The molecular docking results of Heme with the MPO like domain of TPO such as TPO142-738 

WT, TPO142-738 MT1, TPO142-738  MT2 and TPO142-738 MT3 and also for the full length TPO 

protein TPO1-933 were visualized and analyzed using the PyMol (version 2.0) and BIOVIA 

Discovery Studio 2017 software [86,87]. The binding affinity of Heme with wild type TPO 

(TPO WT) were compared to 3 mutants (TPO MT1, TPO MT2 and TPO MT3) proteins. 

Furthermore, the corresponding non-bond interactions of amino acids in the catalytic pocket 

of TPO protein and Heme were also considered for wild type and mutant 3D structures as 

described in the published article [31]. 
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2.3.6. Validation of Molecular Docking Results using QM/MM and Molecular Dynamics 

(MD) Simulation 

Since published data showed that MT1 and MT3 had severe effect on enzyme activity than 

MT2 then we further validated the molecular docking results by quantum chemical method 

QM/MM and Molecular Dynamics (MD) simulations for full length TPO proteins (Wild type, 

MT1, MT3). The QM/MM calculations of the selected protein-ligand complexes were 

performed by a two-layer ONIOM method available in the Gaussian09 software package [88-

94]. The QM and MM regions have been shown in supplementary figure 03. The Heme 

molecule was included in the QM region and semi-empirical PM6 level of theory was 

considered due to large structure of the Heme molecule that was depicted in the previously 

published data [31,95]. The regions of full-length protein were computed in the MM region 

and the Universal Force Field (UFF) was used for the energy minimization. The total ONIOM 

energy of the entire system was described as, EONIOM = Ereal,MM + Emodel,QM – Emodel,MM [96]. 

The real system consists of all the atoms and was calculated only at the MM level depicted in 

Supplementary Figure 3. The model system consists of the part of the system (such as Heme) 

that was treated at the QM level [88].  

 

To perform Molecular Dynamics simulation, YASARA dynamics program was employed and 

AMBER14 force field was considered for all calculations [96,97].  The size of the cubic 

simulation box was 167.17Å* , 167.17 Å* and 167.17 Å; and 151,343 water molecules were 

added to maintain a solvent density of 1.0 g/ml as mentioned in our article [31]. The total 

number of atoms in the system was 469,240. Due to the large size of the protein, we have 

performed 5000 ps MD simulation [98]. For short-range van der Waals and Coulomb 

interactions, a cut-off radius of 8.0 Å was considered. Long-range electrostatic interactions 

were taken into consideration using the Particle Mesh Ewald algorithm [98]. MD simulation 

was performed for 5000 ps at 310K having a time step of 1.25 fs and the simulation snapshots 

were saved at every 100 ps. To check whether the ligand stayed in the same binding pocket 

after 5000 ps of simulation, the Heme ligands were retrieved from the simulated ligand-protein 

complexes and molecular docking was performed again using Autodock Vina protocol as 

mentioned earlier. The Molecular docked structures were analyzed using the same protocol as 

stated previously. 
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2.4. Modelling and MD Simulation of TPO Dimer Structures  

To investigate the effect of mutation on TPO dimer structures, we selected the previously 

predicted monomer structures of TPO proteins for wild type, MT1 and MT3 to model dimer 

structures (TPO WT-HD, TPO MT1-HD, and TPO MT3-HD) using SymmDock web server 

and BIOVIA Discovery Studio version 4.5. Then the molecular dynamics simulation was 

performed using YASARA software to stabilize those dimer structures. As TPO is a membrane 

bound protein, membrane was attached during the simulation process. Then the dynamics 

result was analyzed by comparing van der Waals surface area, solvent accessible surface area 

(SASA) and molecular surface area for TPO wild type and mutant dimer proteins. 

 

2.4.1. Analysis of Binding Energies After Sequential Docking Approach 

2.4.2. Molecular Docking of Hydrogen Peroxide (H2O2) and Iodide (I-) with TPO WT-

HD, TPO MT1-HD and TPO MT3-HD Homodimer Structures by PyRx 

As TPO dimer protein exerts its effect through a sequential reaction with H2O2 and I- to 

synthesize the thyroid hormones, we optimized these ligands structures and depicted in 

Supplementary Figure 4 and Supplementary Table 3. In the sequential docking process, H2O2 

and I− were treated as ligands for Heme-bound dimer structures of TPO protein, such as TPO 

WT-HD, TPO MT1-HD and TPO MT3-HD. The docking procedures were performed step by 

step for both of the “L (left)-monomer” and “R (right)-monomer”) of dimer structures. At first 

H2O2 was docked with the heme-bound TPO dimer structure and finally I- was docked with the 

Heme and H2O2 bound TPO dimer structures. In the biological systems, the binding of H2O2 

with the TPO dimer initiates the catalytic reaction by forming the “Compound I” in which 

iodide binds and oxidizes to form “Compound II” and finally reacts with tyrosine residue of 

Tg (thyroglobulin) to synthesize thyroid hormones. After flexible docking, we analyzed the 

binding energies of H2O2 and I- with the predicted dimer structures and also visualized the 

interactions with specific amino acids by using the PyMol (version 2.3.2) software packages 

and BIOVIA Discovery version 4.5 respectively. 

 

2.4.3. Molecular Dynamics (MD) Simulation After Sequential Docking  

YASARA dynamics program was used to conduct molecular dynamics simulation where 

AMBER14 force field was considered for all calculations. As TPO is a membrane bound 
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protein, a membrane was attached with the dimer structures during simulation process. MD 

simulation was performed for 5000 ps at 310K having a time step of 1.25 fs and the simulation 

snapshots were saved at every 100 ps. To observe whether the ligands H2O2 and I- stayed in the 

same binding pocket after 5000 ps of simulation, the H2O2 and I- ligands were retrieved from 

the simulated ligand-protein complexes and molecular docking was performed again using 

Autodock Vina protocol by PyRx version 0.8 software. The binding affinities and 

corresponding position of ligands were analyzed from the re-docked structures. 

 

2.5. Setting Up and Validation of High Resolution Melt (HRM) Curve 

Analysis 

For analysis of TPO gene mutations by HRM method, we targeted 3 common non-synonymous 

mutations in the TPO gene identified by Sanger sequencing. For this purpose, we designed 3 

sets of primers for detecting c.1117G>T and c.1193G>C mutations in Exon 8 and c.2173A>C 

mutation in Exon 12. Firstly, 20 pre-sequenced specimens with known mutations were used to 

set up the HRM method. Homozygous, heterozygous and wild type specimens for the specific 

mutations were subjected to HRM curve analysis. Finally, 16 unknown samples were run to 

validate the method (Supplementary Table 4 and 5). These 16 samples were further tested by 

Sanger sequencing to confirm the mutation and validate the HRM approach. Table 2.5 shows 

the primers which were designed for HRM study. 

 

Table 2. 5. List of primers used in HRM curve analysis 

Primer name 
Mutation 

(nucleotide position) 
Primers sequences (5’-3’) 

Product size 

(base pair) 

TPO_G1117T_Ex8 c.1117G>T 
CGCCTACCTGCCCTTCGTGC 

101 
CGTCTCCGGCCAGGAAGCAG 

TPO_G1193C_Ex8 c.1193G>C 
CTGCTTCCTGGCCGGAGACG 

65 
ACAGCGTGTGCAGTGCCGTCAG 

TPO_A2173C_Ex12 c.2173A>C 
AGACTTTGAGTCTTGTGACAGC 

90 
GTGAGAGGAGACCGAACTTCACC 

 

To amplify the target sequence, master mix was prepared following the protocol provided with 

Precision Melt Supermix kit (Bio-Rad). To prepare a reaction mixture of 5 µL of 2X precision 

melt super mix, 0.2 µL of each forward and reverse primer and 1 µL of DNA (50ng); 3.6 µL 
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nuclease free water were added to make the reaction volume up to 10µL. Moreover, for 

detection of c.1193G>C mutation by HRM, 8mM MgCl2 was added to the reaction mixture 

and the reaction volume was adjusted accordingly. The cyclic condition was divided into 2 

steps, namely real time PCR amplification followed by melt curve analysis using a single 

program. The real time PCR-based HRM was performed on a CFX96 Touch™ Real-Time 

PCR machine (Bio-Rad). The real time PCR cyclic condition was as follows: initial 

denaturation at 95°C for 3 min; 40 cycles of denaturation at 95°C for 10 s, annealing at 60 °C 

for 15 s and extension at 72°C for 15 s. After completion of the real time PCR, the subsequent 

melt curve program was initiated through cycles of denaturation at 95°C for 30 s, renaturation 

at 60°C for 1 min, and then melting at 65°C to 95°C with an increment of 0.1°c per 5 s for 

c.1117G>T, c.2173A>C mutation. And notably, an increment of 0.2°c per 5 s was used for 

c.1193G>C mutation. After completion of the real time PCR-HRM, the data were analyzed 

using a Precision Melt Analysis™ Software (BioRad).  

 

The melt curve shape sensitivity for cluster detection was set to 100%. The difference in Tm 

threshold for the cluster detection was set to 0.1 to 0.2 and the normalized and temperature-

shifted views were used for analysis. The results of pre-sequenced samples were compared 

with HRM analysis and additional 16 unknown samples were subjected to validate the HRM 

method using the same procedure that was followed for the pre-sequenced known samples. 

Finally, the normalized melt curve and the difference curves for both wild type and mutant 

specimens (homozygous and heterozygous) were calculated and analyzed to detect the 

mutations in the TPO gene. 

 

2.6. Effect of Mutation on Predicted 3D Structure of Transmembrane 

Region of TSHR Protein 

After performing the Sanger Sequencing technique, we detected 2 mutations in 

Transmembrane (TM)-region of TSHR protein. Since the small molecules drug binds to the 

TM region of TSHR protein, we targeted this region to see the effect of mutations in that 

particular site. TSHR protein is composed of a total of 764 amino acids and the TM region 

belongs to 368 to 764 amino acids of the full length TSHR protein. We used i-TASSER tool 

to predict the 3D structures of TM-region namely TSHR 368-764 by following the procedures as 

mentioned earlier for TPO protein. We selected two promising small molecules ligands 
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(MS437 and MS 438) which act as agonist to TSHR protein. The optimized structure of MS437 

and MS438 were depicted in Supplementary Figure 5. Finally, the molecular docking study 

was performed using the same tools mentioned earlier for TPO study. Non bond interactions 

were also observed both for of MS437 and MS438 molecules. Figure 2.3 describes the protocol 

followed for TSHR study. 

 

 

Figure 2. 3. Analysis of the effect of mutation on the 3D structure of TSHR protein 

 

2.7. Profiling of Acylcarnitines and Amino Acids using LC-MS/MS 

2.7.1. HPLC and MS/MS Settings 

A total of 28 acylcarnitines and 15 Amino acids were measured in this study. Quantification 

of the levels were done by using ABSCIEX-3200MD-QTRAP and Shimadzu LCMS-8050 

mass spectrometer (Shimadzu Corporation, Kyoto, Japan) equipped with electrospray 

ionization interface in the positive ion mode and multiple reaction monitoring (MRM) system. 

The overall settings for data acquisition were as follows: The interface voltage at 4.5 kV, 

interface temperature at 250°C, block temperature at 250°C, heat block temperature at 400°C, 

Prediction of 3D structure by I-TASSER

Selection of TSHR agonist MS437 and MS438 

Optimization of the ligands MS437 and MS438 
using Gaussian 09 software

Molecular Docking through PyRx software 

Non bond interactions of amino acids with the 
ligands observed using Discovery studio
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nebulizing gas flow at 3.0 L/min, drying gas flow at 15.0 L/min, collision gas (argon) pressure 

at 230 kPa and a well time of 5 msec. 

 

2.7.2. Validation of Method 

Before testing the samples of patients, the LC-MS/MS method validation was performed for 

both of ABSCIEX-3200MD-QTRAP and Shimadzu-8050 LC-MS/MS machines. The LC-

MS/MS method validation was performed using three different levels of quality control DBS 

spots, namely low-, medium- and high- level controls that were provided with the NeoMass 

AAAC kit (Lab systems Diagnostics Oy, Vantaa, Finland). Method validation included inter-

assay and intra-assay accuracy, precision, linearity and recovery. 

 

2.7.3. Preparation of Specimens from Dried Blood Spots 

Extraction and quantification of acylcarnitines from the DBS cards were done using a NeoMass 

AAAC kit (Labsystems Diagnostics Oy, Vantaa, Finland) according to the manufacturer’s 

instructions. Briefly, the lyophilized internal standards were reconstituted according to the 

manufacturer’s specifications and the daily working solution was prepared by diluting the 

reconstituted internal standards 1:100 (v/v) using the extraction solution. A blood spot with a 

diameter of 3.2 mm was punched into a U-bottomed microplate well and 100 µL extraction 

solution with internal standard was added. The 96-well microtiter plate was then covered with 

a piece of adhesive film and incubated for 20 min at room temperature with shaking speed of 

650 rpm. After incubation time was over, 70 µL of the content from each well was transferred 

to a V-bottomed analysis plate. The plate was covered with aluminum foil to minimize 

evaporation of the solution. Finally, the analysis plate was placed to the auto-sampler of the 

instrument and 1 µL sample was injected to perform the analysis.  

 

2.7.4. Data Collection and Data Processing 

The settings for data acquisition and data processing has been performed using analysis 

software MD analyst and ChemoView. The concentration of each analyte was measured using 

the formula: Concentration of an analyte (nmol/mL) = the area of the analyte × the 

concentration of the internal standard/ the area of the internal standard. Figure 2.4 describes 

the overall process of LC-MS/MS technique. 
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         Figure 2. 4. Outline of metabolic profiling 
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2.7.5. Measurement of Plasma Triglycerides (TG) 

The plasma triglycerides (TG) levels of both patients and healthy controls were quantified by 

enzymatic colorimetric assay using Randox Triglycerides assay kit (Randox Laboratories Ltd., 

Crumlin, UK). The test was performed following the instructions of the manual of the kit. The 

absorbance of the sample was read on a DR-7000D semi-automatic analyzer (Dirui, Jilin, 

China). 

 

2.7.6. Analysis of Gene Expression Level of CPT1 (Carnitine Palmitoyltransferase1) 

From Trizol containing blood samples, total RNA was isolated and the RNA from each eluate 

was used in separate reverse transcription reactions using a real time PCR machine (BIORAD, 

USA). RNA concentrations were quantified and triplicate of each sample was compared with 

a housekeeping reference gene GAPDH. CPT1A (Carnitine Palmitoyltransferase1-A) and 

CPT1B (Carnitine Palmitoyltransferase1-B) gene expression profiles were compared with the 

control gene. The average fold change of gene expression was calculated using the formula, 

∆Ct = Ct[Target]-Ct[Housekeeping] and ∆∆Ct = (∆Exp.)-(∆Control) and got the -∆∆Ct log-

fold-change. 

 

2.7.7. Quantification of Plasma Albumin 

The plasma Albumin levels of both patients and healthy controls were measured by enzymatic 

colorimetric assay using Randox Albumin assay kit (Randox Laboratories Ltd., Crumlin, UK). 

The test was performed following the procedure provided in the manual of the kit. 3 µL of 

plasma samples was added to 1000 µL of diluted BCG (bromocresol green, BCG) solution and 

incubated for 20 min at room temperature (between 20 - 25°C). Plasma albumin bound to BCG 

and the absorbance of the Albumin-BCG complex was measured at 630 nm in a DR-7000D 

semi-automatic analyzer (Dirui, Jilin, China). The concentration of Albumin in plasma was 

measured by this equation: Conc. of Albumin in plasma sample = (Abs. of plasma sample/Abs. 

of Standard)*Conc. of standard and the measured unit of albumin was g/dL. 
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2.7.8. Statistical Analysis 

Mean, standard deviation (SD), coefficient of variance (CV), interquartile range (IQR) and 

SEM (Standard Error of Mean) were calculated using Microsoft Excel (2016). Unpaired t-tests 

with Welch's correction for patients and healthy controls were performed using GraphPad 

Prism 7.0 software. A P-value <0.05 was considered statistically significant. 
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CHAPTER 3: RESULTS 

__________________________________________________________________________________ 
 

3.1. Baseline Information of the Study Participants 

Among 65 patients, 44 participants were diagnosed with thyroid Dyshormonogenesis and 21 

was diagnosed as thyroid Dysgenesis. Table 3.1 summarizes the baseline information of all 

study participants including patients and healthy controls. The enrolled hypothyroid patients 

(N=65, 30 males; 35 females) had an average age of 7.97 ± 4.29 years and a body mass index 

(BMI) of 17.0±4.4 kg/m2. The healthy subjects (N=107, 54 males & 53 females) had the 

average age of 7.24 ± 4.27 years and a BMI of 15.78±2.62 kg/m2. As shown in Table 3.1, the 

enrollment was age- and sex-matched because there were no significant differences in age and 

gender distribution between the patients and the healthy control groups. The mean BMI, too, 

did not differ between the two groups. 

 

Table 3. 1. Baseline information of the hypothyroid patients and healthy participants 

Parameters Patients Healthy Controls 

Male/ Female 30/35 54/53 

Age (years) mean±SD 7.97±4.29 7.24±4.27 

BMI (kg/m2) mean±SD 17.0±4.4 15.78±2.62 

Serum TSH (mIU/L) before treatment initiation, 

mean±SD 

66.07±57.38 NA 

Serum TSH (mIU/L) during treatment, mean±SD 3.61±4.41 NA 

*Serum FT4 (pmol/L) during treatment, mean±SD 17.68±5.09 NA 

Average LT4 treatment initiation time in months, 

mean±SD 

19.7 ± 4.72 NA 

* FT4 level before treatment initiation was not recorded for majority of the patients. NA= Not Applicable. 

All the hypothyroid patients received thyroid hormone replacement therapy on daily basis and 

LT4 dosages were adjusted based on age, sex and BMI of the patients. Dose-adjustment was 
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also needed for the hypothyroid patients who had clinical manifestations atypical of 

hypothyroidism. The mean serum TSH level of the patients before initiation of hormone 

replacement therapy was recorded 66.07±57.38 mIU/L, whereas the baseline TSH level 

following LT4 therapy was 3.61±4.41, indicating that there was as much as 18.3-fold higher 

level of serum TSH before treatment initiation. All the patients enrolled in the study could 

maintain a normal serum free T4 (FT4) level (17.68±5.09 pmol/L) following LT4 therapy. 

However, the study could not compare the FT4 levels of pre-treatment period with that of post-

treatment period because the former was not recorded for majority of the patients. All the 

patients received only LT4 treatment and none of them had a history of therapy with 

triiodothyronine (T3) or combination therapy with LT4 and T3.  

 

Table 3. 2. Distribution of hypothyroid patients among different types of hypothyroidism  

Type of thyroid disorder (N=65) No. of Patients 

Dyshormonogenesis: 

Dysgenesis: Agenesis 

Ectopic 

Hypoplasia 

44 

15 

1 

5 

 

Among 65 enrolled hypothyroid patients, the majority were suffering from 

Dyshormonogenesis (67.69%, n=44), whereas about 32.30% (n=21) had thyroid dysgenesis 

with variable degree of thyroid anatomy defects including thyroid gland agenesis (23.07%), 

ectopic (1.5%) and hypoplasia of thyroid gland (7.6%), respectively (Table 3.2). However, all 

the patients could persistently maintain the normal TSH and FT4 levels upon hormone 

replacement therapy, although they did have various complications due to late diagnosis and 

delayed treatment initiation (19.7 ± 4.72 months) (Table 3.1).  

Among the hypothyroid patients, 39 (60%) had delayed developmental milestone which could 

be due to delayed diagnosis and treatment initiation. In addition, 22 (33.84%), 20 (30.76%), 7 

(10.76%), 6 (9.23%) and 9 (13.84%) patients had dry or rough skin, ill-looking or lethargic, 

thyromegaly or enlarged thyroid gland, constipation and other complications like decreased 

activity, increased sleepiness or poor school performance, respectively (Table 3.3). 
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Table 3. 3. Clinical complications manifested by hypothyroid patients. 

Clinical complications No. (No. %) 

Delayed developmental milestone 39 (60%) 

Dry/Rough skin 22 (33.84%) 

Ill looking/Lethargic 20 (30.76%) 

Thyromegaly/Enlarged thyroid gland 7 (10.76%) 

Constipation 6 (9.23%) 

Other complicationsa 9 (13.84%) 

a Decreased activity, increased sleepiness, Poor school performance) 

 

3.2. Identification of Mutation in TPO Gene  

Since mutations in the TPO gene are commonly associated with thyroid Dyshormonogenesis 

and related complications, we analyzed the TPO gene to find whether there were mutations in 

this gene of the study participants [27,99]. First, we performed Sanger sequencing of 

specimens from the patients targeting the hotspot region from Exon-8 to Exon-14 which are 

commonly reported in TPO-associated thyroid Dyshormonogenesis and mutations were 

detected in all 44 samples. After investigating the hotspot region, we also performed the 

detection of mutations in other regions of the TPO gene. Figure 3.1 and Figure 3.2 show a 

representative chromatogram and BLAST result of specific mutations.  

A total of 12 mutations detected in TPO gene are summarized in Table 3.4. Among these 

mutations, four were commonly identified in the hotspot region of TPO gene of the study 

participants. A total of 18 patients had mutations in Exon 8, seven patients had mutations in 

Exon 12 and twenty-two patients had mutations in both Exon 8 and Exon 12. Since almost all 

of the patients had mutations in the  hotspot region that included Exon 8 and Exon 12, we 

further tried to investigate the effect of selective 3 non-synonymous mutations namely 

c.1117G>T (p.Ala373Ser), c.1193G>C (p.Ser398Thr) and c.2173A>C (p.Thr725Pro) on 3D 

structures of the TPO protein which were previously reported in the patients with thyroid 

Dyshormonogenesis and the reaction kinetics catalyzed by the mutant TPO enzyme proved to 

be similar with non-enzymatic reaction rates by several other studies [29,31,100,101]. 
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Figure 3. 1. A representative chromatogram showing a heterozygous mutation in Exon 8 of TPO gene 

 

 

Figure 3. 2. Alignment of BLAST result presenting two mutations in Exon 8 of TPO gene 
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Table 3. 4. Mutation detection in the TPO gene of hypothyroid patients 

Exon No. Nucleotide 

position 

Amino acid position Exon No. Nucleotide position Amino acid 

position 

2 c.103C>G p.35Glu>Glu 10 c.1728G>A p.Ala576Ala 

5 c.404C>A p.Pro135His 11 c.1998C>T p.Asp666Asp 

7 c.860G>T p.Leu287Leu 11 c.2120G>A p.Asp707Asp 

7 c.769G>T p.Ala257Ser 12 c.2145C>T p.Pro715Pro 

8 c.1117G>T p.Ala373Ser 12 c.2173A>C p.Thr725Pro 

8 c.1193G>C p.Ser398Thr 15 c.2540T>C p.Val847Ala 

 

3.2.1. Modelling of 3D Structure of Myeloperoxidase (MPO)-Like Domain TPO142-738 and 

Full-Length TPO1-933 Protein 

The low resolution crystallographic structure of TPO protein is available and the catalytic 

domain of TPO142-738 is similar to human Myeloperoxidase (MPO). Since the commonly 

identified three non-synonymous mutations in the present study were confined in the MPO-

like domain of TPO protein, we explored the effect of mutations on the 3D structure of MPO-

like domain (TPO142-738) of TPO protein. Additionally, we desired to investigate whether the 

mutations caused any alteration in the interactions of various amino acid residues in the 

catalytic pocket of TPO protein with the ligand (Heme). We submitted the amino acid TPO142-

738 sequence for the wild type (WT), mutants- MT1, MT2 and MT3 to the I-TASSER server 

and obtained 3D structures with C-scores of 2, 2, 1.99, and 1.99 for TPO142-738 WT, TPO142-738 

MT1, TPO142-738 MT2 and TPO142-738 MT3, respectively (Table 3.5) (Figure 3.3 and 

Supplementary Figure 2). To explore the effects of the mutations on the full-length TPO 

protein structure and functions, we also predicted the 3D structures for TPO1-933 WT, TPO1-933 

MT1, TPO1-933 MT2 and TPO1-933 MT3 using the I-TASSER server and compared the results 

with the MPO-like domain. Finally, we obtained 5 models from the server for each of TPO1-

933 WT, TPO1-933 MT1, TPO1-933 MT2 and TPO1-933 MT3 and we chose the best model by 

analyzing the organization of the MPO-like domain (residues 142–738); complement control 

protein (CCP)-like domain (residues 740–795) and Epidermal growth factor (EGF)-like 
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domain (residues 796–846) if they were in correct arrangement [102-106] (Figure 3.3). The 

corresponding C-score, TM-score and RMSD score of TPO1-933 WT, TPO1-933 MT1, TPO1-933 

MT2 and TPO1-933 MT3 were summarized in Table 3.5 as mentioned in published article [31]. 

 

Table 3. 5. Features of 3D structures predicted by I-TASSER server. 

Features 
TPO142-738 

WT 

TPO142-738 

MT1 

TPO142-738 

MT2 

TPO142-738 

MT3 

TPO1-933 

WT 

TPO1-933 

MT1 

TPO1-933 

MT2 

TPO1-933 

MT3 

Model no. 01 01 01 01 02 01 05 01 

C–score 2 2 1.99 1.99 –3.35 –3.23 –3.27 –2.9 

TM–score 0.99±0.04 0.99±0.04 0.99±0.04 0.99±0.04 – 0.35±0.12 – 0.38±0.13 

RMSD (Å) 3.5±2.4 3.4±2.4 3.6±2.5 3.6±2.5 – 17.2±2.7 – 16.2±3.1 
 

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.Ala373Ser), MT2 = Mutant 2 (p.Ser398Thr), MT3 = Mutant 3 

(p.Thr725Pro). 

 
 

 

Figure 3. 3. The representative predicted 3D structures of the TPO proteins. (A) TPO142-738 WT, (B) 

TPO1-933 WT, (C) Catalytic site of TPO with crucial amino acids Asp238, His239, Arg396, Glu399 and 

His494. The specific regions of the TPO1-933 WT structure are indicated with the corresponding color 

written in the brackets. EC=Extracellular region shown in green color, TM=Transmembrane region shown 

in cyan color, IC=Intracellular region shown in red color. 
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3.2.2. Validation of the 3D Structures of MPO Like Domain and Full-Length TPO protein 

The 3D structures of TPO WT, MT1, MT2 and MT3 proteins were validated by Verify3D 

server which measures the compatibility of the predicted 3D structures. In verify3D, more than 

80% amino acid residues had the average 3D-1D score of ≥ 0.2 which confers the validity of 

the 3D structures of TPO142-738 WT (96.15%), TPO142-738 MT1 (89.78%), TPO142-738 MT2 

(94.14%) and TPO142-738 MT3 (94.64%) (Table 3.6). In addition, validation of the structures 

by the RAMPAGE web server also provided the percentages of the amino acid residues within 

favored, allowed and outlier regions. In case of TPO142-738 WT, 84.5% residues were within 

the favored region, 11.6% were within the allowed region and 3.9% were within the outlier 

region. For TPO142-738 MT1, 84.4% residues were in the favored regions, 11.1% in the allowed 

region and 4.4% in the outlier regions.  

Differently, for TPO142-738 MT2, 85.2% residues were confined in the favored regions, 10.4% 

in the allowed region and 4.4% in the outlier regions and on the other hand, for TPO142-738 

MT3, 81.2% residues were confined in the favored region, 14.3% in the allowed region and 

4.5% in the outlier regions (Table 3.6). The Verify3D results revealed that the percentages of 

amino acid residues having average 3D-1D score of ≥ 0.2 for TPO1-933 WT, TPO1-933 MT1, 

TPO1-933 MT2 and TPO1-933 MT3 were 73.10%, 70.74%, 76.10% and 76.63%, respectively. 

The results provided by RAMPAGE server for TPO1-933 WT, TPO1-933 MT1, TPO1-933 MT2 

and TPO1-933 MT3 were summarized in Table 3.6. 

 

Table 3. 6. 3D Structure Validation Data Obtained from Verify3D and RAMPAGE Webserver  

Tools 
TPO142-738 

WT 

TPO142-738 

MT1 

TPO142-738 

MT2 

TPO142-

738 MT3 

TPO1-933 

WT 

TPO1-933 

MT1 

TPO1-933 

MT2 

TPO1-933 

MT3 

Verify3D 96.15% 89.78% 94.14% 94.64% 73.10% 70.74% 76.10% 76.63% 

R
A

M
P

A
G

E
 

Favored 

region 
84.5% 84.4% 85.2% 81.2% 68.40% 69.60% 66.90% 69.80% 

Allowed 

region 
11.6% 11.1% 10.4% 14.3% 17.20% 16.20% 18.40% 18.80% 

Outlier 

region 
3.9% 4.4% 4.4% 4.5% 14.40% 14.20% 14.70% 11.40% 

 

Verify3D: Percentages of amino acids having the average 3D-1D score ≥ 0.2; RAMPAGE: Percentages of 

the amino acid residues within the favored, allowed and outlier regions. WT = Wild type, MT1 = Mutant 

1 (p.Ala373Ser), MT2 = Mutant 2 (p.Ser398Thr), MT3 = Mutant 3 (p.Thr725Pro). 
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3.2.3. Optimization of Heme, Hydrogen Peroxide (H2O2) and Iodide (I-) 

Density functional theory using B3LYP/SDD was employed for the optimization of the Heme 

prosthetic group, H2O2 and I- using Gaussian 9 software. Slight changes in bond distances and 

bond angles were observed between crystal and DFT structures mentioned in Supplementary 

Figure 1 and 4. 

3.2.4. Comparison of Molecular Docking Results Between Heme and 3D Structures of 

MPO like domain and full-length TPO protein (Wild Type and Mutant TPO Cases) 

Molecular docking analysis showed that Heme interacted with TPO1-933 WT through a total of 

21 non-bond interactions including Arg491 and Arg582 through hydrogen bonds, interactions 

with His239, Val400, Phe490, Arg491, His494, Ile497, Phe523, Leu560, Leu564, and Leu575 

through hydrophobic bond and interactions with Arg396, Glu399, and Arg491 through 

electrostatic bond (Table 3.7 and Figure 3.4). On the other hand, 21 non-bond interactions of 

amino acids with Heme were also observed for MPO-like domain (TPO142-738 WT) of wild 

type TPO protein (Figure 3.5). However, not all of these 21 interactions for TPO142-738 and 

TPO1-933 were common. The TPO142-738 WT interactions with Heme included Arg582, and 

Arg586 through hydrogen bonds, His239, Val400, His494, Ile497, Phe523, Leu560, Leu564, 

Val566, Leu567, and Leu575 through hydrophobic bonds and Arg396, and Glu399 through 

electrostatic bonds. The common 11 interactions for TPO1-933 WT and TPO142-738 WT included 

His239, Arg396, Glu399, Val400, His494, Ile497, Phe523, Leu560, Leu564, Leu575, and 

Arg582. Furthermore, of the aforementioned 11 residues, 4 residues including His239, Arg396, 

Glu399 and His494 had been reported to be crucial for enzyme activity presented within the 

MPO like domain of full length TPO protein [15,16]. 

 

A total of 12 residues were found to interact with Heme for TPO1-933 MT1 case. Among them, 

2 residues namely, His239 and His494 interacted with Heme through hydrogen bonds and 5 

residues including His239, Phe243, Arg396, Phe524, and Leu567 interacted through 

hydrophobic bonds (Table 3.7, Figure 3.4 and Supplementary Table 1 and 2). In case of TPO1-

933 MT1, total number of interactions decreased significantly compared to the TPO1-933 WT 

and the crucial amino acid residue Glu399 was absent in the TPO1-933 MT1 interactions.  

Differently, molecular docking results showed that when TPO142-738 MT1 predicted structure 

was docked, a total of 19 residues were found to interact with Heme (Table 3.7 and Figure 3.5) 
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(Supplementary Table 1 and 2). Among the 19 amino acid residues, 4 residues including 

Met231, Gly234, Ser402, and Gly493 interacted with Heme through hydrogen bonds, the 

residues Gly234, Gln235, Val400, Phe490, Arg491, Ile497, Phe523, Leu560, Leu564 and 

Leu575 interacted through hydrophobic bonds and the residue Glu399 interacted through 

electrostatic bond with the Heme ligand (Table 3.7). Nevertheless, the crucial interactions of 

Heme with His239, Arg396 and His494 were absent in the mutant case TPO142-738 MT1. The 

3D structure-based molecular docking data for both of TPO1-933 and TPO142-738 suggested that 

MT1 mutation was damaging for the TPO enzyme activity due to the absence of the crucial 

amino acids in the catalytic pocket of the TPO enzyme. 

 

In case of TPO1-933 MT2, Heme ligand was interacted with a total of 20 amino acid residues. 

Among them, 3 amino acids including His239, Arg491, and Arg582 interacted with Heme 

through hydrogen bonds, 9 residues including His239, Val400, Arg491, His494, Ile497, 

Phe523, Leu564, Val566 and Leu575 interacted through hydrophobic bonds and 2 residues 

including Arg396 and Glu399 interacted through electrostatic bonds (Table 3.7 and Figure 3.4) 

(Supplementary Table 1 and 2). All the four crucial amino acid residues, namely His239, 

Arg396, Glu399 and His494 which are important for MPO- like domain activity in TPO 

enzyme were found to be interacted with Heme in mutant protein TPO1-933 MT2. On the other 

hand, MPO like TPO protein TPO142-738 MT2 interacted with 20 residues with Heme through 

molecular docking study. Among the 20 interacted amino acid residues, 3 residues including 

Arg491, Asn579 and Arg582 interacted with Heme by hydrogen bonds, the residues Phe243, 

His494, Phe523, Phe524, Leu564, Phe565, Val566, Leu567 and Leu575 interacted through 

hydrophobic bonds and the residue Glu399 interacted through electrostatic bond (Table 3.7, 

Figure 3.5 and Supplementary Table 1 and 2). However, the crucial interactions of Heme with 

the important residues His239 and Arg396 were absent in the mutant case TPO142-738 MT2. 

The full length TPO1-933 structure-based molecular docking analysis revealed that this mutation 

did not result in any major changes in interactions and all crucial interacting residues were 

present, while the TPO142-738 structure-based docking result showed that almost all the 

interactions were similar to TPO1-933 except that the crucial amino acid residues His239 and 

Arg396 were absent. In the molecular docking approach, MT2 for both of full length and MPO 

like domain presented that the results are suggestive of the fact that this mutation might have 

an association with PIOD. 



45 
 

On the other hand, Heme was interacted with 21 amino acid residues in case of TPO1-933 MT3. 

Among them, 3 residues including Gln246, Arg491 and Ser568 interacted with Heme through 

hydrogen bonds, 11 residues including Phe243, Val400, Arg491, His494, Ile497, Phe523, 

Phe524, Leu560, Leu564, Val566 and Leu575 interacted through hydrophobic interactions and 

the residue Glu399 interacted through electrostatic bond (Table 3.7 and Figure 3.4) 

(Supplementary Table 1 and 2). Two crucial amino acid residues, namely His239 and Arg396 

which are important for TPO enzyme activity were absent in the mutant case TPO1-933 MT3. 

Alternatively, when docking was performed for TPO142-738 MT3 predicted structure, a total of 

16 residues were found to be interacted with Heme. Among them, 4 residues including His239, 

Arg396, Arg491 and Arg582 interacted with Heme through hydrogen bonds, the residues 

Phe243, Phe523, Phe524, Leu564, Phe565, Leu567 and Leu575 interacted through 

hydrophobic bonds and the residue Glu399 interacted through electrostatic bond (Table 3.7 

and Figure 3.5) (Supplementary Table 1 and 2). However, the crucial interactions of Heme 

with His494 was absent in the TPO142-738 MT3. The docking result of Heme with mutant 3 

cases for both of TPO1-933 and TPO142-738 domain suggested that this MT3 might have 

damaging effect to the TPO enzyme activity.  
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Table 3. 7. Comparison of Binding energies and non-bond interactions of Heme with MPO domain (TPO142-

738) of TPO protein and full length TPO protein (TPO1-933) after flexible docking 

Protein type 

Binding 

Affinity 

(kcal/mol) 

Hydrogen bond Hydrophobic bond 
Electrostatic 

bond 

Total 

interactions 

TPO142-738 WT –11.9 
Arg441 (Arg582), 

Arg445 (Arg586) 

His98(His239), Val259(Val400), 

His353(His494), Ile356(Ile497), 

Phe382(Phe523), Leu419(Leu560), 

Leu423(Leu564), Val425(Val566), 

Leu426(Leu567), Leu434(Leu575) 

Arg255(Arg396), 

Glu258(Glu399) 
21 

TPO142-738 MT1 –10.8 

Met90(Met231), 

Gly93(Gly234), 

Ser261(Ser402), 

Gly352(Gly493) 

Gly93(Gly234), Gln94(Gln235), 

Val259(Val400), Phe349(Phe490), 

Arg350(Arg491), Ile356(Ile497), 

Phe382(Phe523), Leu419(Leu560), 

Leu423(Leu564), Leu434(Leu575) 

Glu258(Glu399) 19 

TPO142-738 MT2 –2.5 

Arg350(Arg491), 

Asn438(Asn579), 

Arg441(Arg582) 

Phe102(Phe243),His353(His494), 

Phe382(Phe523), Phe383(Phe524), 

Leu423(Leu564), Phe424(Phe565), 

Val425(Val566), Leu426(Leu567), 

Leu434(Leu575) 

Glu258(Glu399) 20 

TPO142-738 MT3 –5.3 

His98(His239), 

Arg255(Arg396), 

Arg350(Arg491), 

Arg441(Arg582) 

Phe102(Phe243), Phe382(Phe523), 

Phe383(Phe524), Leu423(Leu564), 

Phe424(Phe565), Leu426(Leu567), 

Leu434(Leu575) 

Glu258(Glu399) 16 

TPO1-933 WT –11.5 Arg491, Arg582 

His239, Val400, Phe490, Arg491, 

His494, Ile497, Phe523, Leu560, 

Leu564, Leu575 

Arg396, Glu399, 

Arg491 
21 

TPO1-933 MT1 –3.2 His239, His494 
His239, Phe243, Arg396, Phe524, 

Leu567 
Not found 12 

TPO1-933 MT2 –11.5 
His239, Arg491, 

Arg582 

His239, Val400, Arg491, His494, 

Ile497, Phe523, Leu564, Val566, 

Leu575 

Arg396, Glu399 20 

TPO1-933 MT3 –7.9 
Gln246,Arg491, 

Ser568 

Phe243, Val400, Arg491, His494, 

Ile497, Phe523, Phe524, Leu560, 

Leu564, Val566, Leu575 

Glu399 21 

 

The amino acid residues and their positions are designated as the three letter abbreviations and the 

corresponding number; in case of TPO142-738 the amino acid outside the first bracket indicates the position 

in predicted structure for TPO142-738 and the amino acid residues in first bracket indicates the real position 

in TPO1-933 protein; WT = Wild type; MT1 = Mutant 1 (p.Ala373Ser); MT2 = Mutant 2 (p.Ser398Thr); 

MT3 = Mutant 3 (p.Thr725Pro). 
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Figure 3. 4. Non-bond interactions of Heme with 3D structures of full length TPO protein using BIOVIA 

Discovery Studio 2017. (A) TPO1-933 WT, (B) TPO1-933 MT1, (C) TPO1-933 MT2, and (D) TPO1-933 

MT3. The amino acid residues and their positions are designated as the three letter abbreviations and the 

corresponding numbers 
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Figure 3. 5. Non-bond interactions of Heme with 3D structures of MPO like domain (A) TPO142-738 WT, 

(B) TPO142-738 MT1, (C) TPO142-738 MT2, (D) TPO142-738 MT3. The amino acid residues and their 

positions are designated as the three letter abbreviations and the corresponding numbers. 
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3.2.5. Validation of Molecular Docking Analysis through QM/MM and Molecular 

Dynamics (MD) Simulation 

To validate the molecular docking results and to compare the amino acid interactions of Heme 

with the wild type structure and the mutant cases, we performed QM/MM and Molecular 

Dynamics Simulation. A study by Guria et. al. explored that TPO1-933 MT1 (p.Ala373Ser) and 

TPO1-933MT3 (p.Thr725Pro) showed more damaging effect on the catalytic activity of TPO 

protein [29]. Moreover, the present molecular docking-based study specified that the full 

length TPO1-933 MT2 (p.Ser398Thr) structure interacted to all the crucial amino acids in the 

catalytic site of TPO, suggesting that this mutation might have less damaging effect on TPO 

enzyme activity [31]. Hence for further analysis, we selected the docked structures of wild type 

TPO protein (TPO1-933 WT) and mutant cases 1 and 3 namely, TPO1-933 MT1 (p.Ala373Ser) 

and TPO1-933MT3 (p.Thr725Pro) respectively. The interactions between the amino acid 

residues of TPO1-933 WT, TPO1-933 MT1 and TPO1-933 MT3 proteins and the Heme group was 

studied by QM/MM and the type of interactions are illustrated in Figure 3.6. It is identified 

that the interacting residues were same as acquired from the initial docking results.   

 

During molecular dynamics simulation, the protein-ligand complex after 5000 ps of simulation 

was superimposed on the initial docked protein-ligand complex to examine the structural 

deviations. The superimposed structures of TPO1-933 WT, TPO1-933MT1 (p.Ala373Ser) and 

TPO1-933MT3 (p.Thr725Pro) proteins are represented in Figure 3.7. From the analysis, it was 

observed that the Heme ligand was found within the catalytic sites of TPO protein. 
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Figure 3. 6. Non-bond interactions of Heme with corresponding predicted structures as obtained using a 

BIOVIA Discovery Studio 2017, after QM/MM calculations of the structures with Heme molecule in the 

active site performed at the ONIOM- (PM6: UFF) level of theory. (A) TPO1-933 WT, (B) TPO1-933 MT1, 

(C) TPO1-933 MT3. The amino acid residues and their positions are designated as the three letter 

abbreviations and the corresponding numbers. 
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Figure 3. 7. Superimposed structures of protein-ligand (Heme) complexes before and after 5000 ps MD 

simulation. (A) TPO1-933 WT, (B) TPO1-933 MT1 and(C) TPO1-933 MT3. Grey & Blue colors indicate 

results= before MD simulation whereas Green & Pink indicate results=after MD simulation. 
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The retrieved protein structure after 5000 ps simulation was again docked with the Heme 

ligand since protein flexibility can give rise to difference in binding interaction of a ligand with 

its target protein. The re-docked results after simulation was depicted in Figure 3.8. The 

molecular docking analysis after implementing molecular dynamics simulation of the protein 

structures revealed that Heme interacted with TPO1-933WT through all the crucial amino acids 

including Asp238, His239, Arg396, Glu399 and His494, whereas it interacted through Glu399 

and His494 residues in case of TPO1-933MT1 and TPO1-933MT3 cases. Therefore, there were 

no interactions with the other 3 crucial amino acid residues, namely Asp238, His239 and 

Arg396 in the mutant cases 1 and 3. Since these 5 amino acid residues are essential for the 

catalytic activity of the TPO protein, the lack of interactions with one of these crucial amino 

acids could affect the structural as well as functional activity of the protein.  
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Figure 3. 8. Non-bond interactions of Heme with corresponding predicted structures as obtained after 

docking with the structures retrieved from the 5000 ps simulation using a BIOVIA Discovery Studio 2017. 

(A) TPO1-933 WT, (B) TPO1-933 MT1 and (C) TPO1-933 MT3. The amino acid residues and their 

positions are designated as the three letter abbreviations and the corresponding numbers. 
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3.3. Modelling of TPO Dimer Structures (TPO WT-HD, TPO MT1-HD & 

TPO MT3-HD) and MD Simulation 

Since TPO exists as a homodimer in biological systems, we wanted to see the effect of 

mutations (MT1 and MT3) in TPO dimer structures and thus the structures were modelled by 

SymmDock server based on Score, Area and ACE values (Table 3.8). Then MD Simulation 

was performed to analyze the van der Waals surface area, solvent accessible surface area 

(SASA) and molecular surface area for all the dimer structures and found that the wild type 

dimer (TPO WT-HD) structure was more stable than mutant structures (TPO MT1-HD and 

TPO MT3-HD) (Figure 3.9). 

 

Table 3. 8. SymmDock server predicted structural comparison for TPO WT HD, TPO MT1 HD, TPO MT3 

HD 

Proteins Score Area ACE 

TPO WT HD 22554 3691.70 -361.26 

TPO MT1 HD 21964 2683.40 271.65 

TPO MT3 HD 25706 3988.80 -249.80 

ACE=Atomic contact energies to global energies 

 

Figure 3. 9. A representative dimer structure of TPO protein predicted by Symmdock server. The specific 

regions of the structures are indicated with the corresponding color written in the brackets. 

EC=Extracellular region shown in green color, TM=Transmembrane region shown in cyan color, 

IC=Intracellular region shown in red color, Catalytic center shown in blue color 
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Figure 3. 10. Graphical presentation of (a) van der Waals surface area, (b) Molecular surface area, (c) 

Solvent accessible surface area of TPO WT HD, TPO MT1 HD, TPO MT3 HD after MD simulation. 

 

 

Finally, MD simulation analysis showed that the ligand (Heme) binging pocket of TPO dimer 

structures was consistent with the TPO monomer structures. 

 
 

3.3.1. Analysis of Molecular Docking Results (Sequential Approach)  

3.3.2. Molecular Docking of Hydrogen Peroxide (H2O2) and Iodide (I-) With Predicted 

3D Structures of TPO Dimer Proteins (TPOWT-HD, TPOMT1-HD and TPOMT3-HD) 

Sequential docking approach suggested that at first H2O2 was docked with the Heme bound 

TPO dimer structures (MD simulated) and then  iodide(I−) was docked on that structures 

bound with Heme and H2O2. The docking procedures were performed individually on each of 

the monomers (“L- monomer” and “R-monomer”) of TPO dimer structures of wild type and 

mutant cases. Table 3.9 described that the average binding energies of H2O2 with TPO WT-

HD, TPO MT1-HD and TPO MT3-HD were -2.85, -2.65 and -2.75 (kcal/mole), respectively, 
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which suggested that there was a slight alteration of binding energies between the wild type 

and the mutant structures.  

 

In case of sequential docking of iodide (I-) with TPO WT-HD, TPO MT1-HD & TPO MT3-

HD, we found that the average binding energies for TPO WT-HD was -1.2 kcal/mole (-1.3 

kcal/mole for L- monomer and -1.1 kcal/mole for R-monomer). Analysis of TPO MT1-HD 

protein showed the binding energies for the left and the right monomers were -1.1 kcal/mole 

and -1.3 kcal/mole, respectively and the average binding energy was same as wild type dimer 

protein. TPO MT3-HD showed the binding energies for iodide (I-) was -1.1 kcal/mole both for 

of the left and right monomers. This result demonstrated that there was no significant change 

in the binding energies for iodide (I-) with both of wild type and mutant TPO dimer structures. 

Finally, it was analyzed that in most cases, L-monomers of wild type and mutant dimer 

structures showed attachment of iodide (I-) with carbon atom. R- monomer of TPO WT-HD 

interacted with iodide (I-) through His239, Arg396, Ala397 and Thr404; whereas, R-monomers 

of mutant cases (TPO MT1-HD and TPO MT3-HD) did not interacted properly with those 

amino acids (Figure3.11). 

 

Table 3. 9. Binding energies of H2O2 and iodine (I-) with TPO WT HD, TPO MT1 HD, TPO MT3 HD 

protein after flexible sequential docking 

TPO dimer 

 

Protein 

Monomer 

Binding energies 

for H2O2 

(kcal / mole) 

Binding energies 

for iodide (I-) 

(kcal / mole) 

Average Binding 

energies for H2O2 

(kcal / mole) 

Average Binding 

energies for 

 𝐢𝐨𝐝𝐢𝐝𝐞 (𝐈−) (kcal / 

mole) 

TPO WT-HD 

L -2.8 -1.3 

-2.85 -1.2 

R -2.9 -1.1 

TPO MT1-HD 

L -2.7 -1.1 

-2.65 -1.2 

R -2.6 -1.3 

TPO MT3-HD 

L -2.6 -1.1 

-2.75 -1.1 

R -2.9 -1.1 
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Figure 3. 11. Non-bond interactions after sequential docking with H2O2 and iodide (I-) with both of left 

and Right monomer of (a) TPO WT-HD, (b) TPO MT1-HD and (c) TPO MT3-HD. 
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3.3.3. MD Simulation of TPO Dimer Structures after Sequential Docking 

Molecular Dynamics simulation was performed for 5000 ps using YASARA software to 

observe whether the ligands H2O2 and iodide (I-) stayed in the same binding pocket after 

simulation. To do so, the ligands were retrieved from the simulated protein-ligand complexes 

and molecular docking was performed again and found that the binding energies for both of 

H2O2 and iodide (I-) were same as stated in Table 3.9. Thus, the dynamics results showed that 

the binding pocket of TPO protein for essential ligands was consistent with the monomer study 

by observing the presence of crucial amino acids of the catalytic site.  

 

3.4. Setting Up of High Resolution Melt (HRM) Curve Analysis  

In the first phase of the experiments, 36 participants were recruited for HRM study and among 

them 20 specimens were sequenced to find out the mutational hotspot region from Exon 8 to 

Exon 14 of TPO gene to get the pre-genotyped samples with known mutations. The ultimate 

goal of this Sanger sequencing experiment was to define the mutational hotspot region of TPO 

gene in the hypothyroid patients that could be targeted for HRM primer design for generation 

of known HRM curve patterns. Furthermore, additional 16 samples were recruited to validate 

and check the specificity and sensitivity of the HRM method. Upon sequencing the specimens 

of initially recruited 20 participants, four different substitution mutations were identified such 

as c.1117G>T (p.Ala373Ser), c.1193G>C (p.Ser398Thr), c.2145C>T (p.Pro715Pro) and 

c.2173A>C (p.Thr725Pro) from which we targeted the three non-synonymous mutations to 

develop HRM method. 

 

3.4.1. Screening of C.1117G>T Variant 

To establish a rapid HRM-based screening approach targeting the c.1117G>T variant, a pair 

of primers (TPO_G1117T_Ex8) was designed that flanked the c.1117G>T variant. Then the 

pre-genotyped samples were subjected to real-time PCR followed by HRM analysis. The HRM 

curve analysis generated three distinctive clusters which corresponded to wild type, 

homozygous and heterozygous c.1117G>T variants (Figure 3.12 and Figure 3.13). Figure 3.12 

represents the Normalized melt curves targeting the c.1117G>T variant. As we could see here, 

the c.1117G>T variant resulted in a decrease in melting temperature in the homozygous and 

heterozygous specimens compared to the wild type allele. Even the heterozygous samples were 
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distinguishable from the homozygous samples, as the fluorescence started to drop quickly at 

the initial phase of melting for heterozygous samples. However, in the later phase of melting, 

the homozygous samples started to lose fluorescence intensity quicker than the heterozygous 

samples and as a consequence they crossed each other at a certain point of melting making 

them distinguishable from each other. Similar to the normalized melting curve, the temperature 

shifted difference curve could generate distinctive melting patterns for the wild type, 

homozygous and heterozygous specimens (Figure 3.13). The reliability of the method was 

further validated by analyzing 16 unknown samples with Dyshormonogenesis. At first, these 

samples were tested by HRM and then Sanger sequencing was done to check the sensitivity 

and specificity of the method. A total of 5 specimens had c.1117G>T variant in heterozygous 

states, 6 specimens were in a homozygous state and the remaining 5 had the wild type allele. 

The HRM result was consistent with the sequencing data, which implies that sensitivity and 

specificity for the detection of c.1117G>T variant was 100% for both homozygous and 

heterozygous alleles. 

 

 

Figure 3. 12. Normalized melt curves for the specimens targeting the c.1117G>T variant (Exon-8). 

Normalized melt curves showing that the specimens with homozygous and heterozygous states are clearly 

distinguishable from the wild type specimens, as manifested by the difference in relative fluorescence unit. 
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Figure 3. 13. Difference curves generated by specimens targeting the c.1117G>T variant (Exon-8). 

Discernable changes in three difference curves showing that the specimens with homozygous and 

heterozygous states are clearly distinguishable from the wild type allele, as manifested by the difference in 

relative fluorescence unit. 

3.4.2. Screening of C.1193G>C Variant  

The second set of primers, namely TPO_G1193C_Ex8 was used for analysis of c.1193G>C 

variant by the HRM approach. When the pre-genotyped samples were subjected to HRM 

analysis, three different clusters were observed in the melt curve analysis. One of the clusters 

corresponded to the heterozygous samples, other two were for the homozygous samples and 

for the wild type samples (Figure 3.14). However, in the difference curve analysis, 3 different 

clusters were clearly observed for homozygous, heterozygous and wild type variant of 

c.1193G>C (Figure 3.15). Similar observation was observed with 16 unknown samples that 

were subjected to HRM analysis. Four out of 16 samples came out as heterozygous by HRM 

analysis and this result was consistent with the sequencing data. However, 8 homozygous and 

4 wild type samples formed different clusters in this case. This observation implies that both 

heterozygous and homozygous states for c.1193G>C variant could be detected with 100% 

sensitivity and specificity.  
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Figure 3. 14. Normalized melt curves generated by specimens targeting the c.1193G>C variant (Exon-8). 

Discernable changes in normalized melt curves showing that the specimens with homozygous (orange 

color) and heterozygous (green color) states are clearly distinguishable from the wild type (purple color) 

alleles, as manifested by the difference in relative fluorescence unit. 

 

 

Figure 3. 15. Difference curves for specimens targeting the c.1193G>C variant (Exon-8). Discernable 

changes in difference curves showing that the specimens with homozygous and heterozygous states are 

clearly distinguishable from the wild type states, as manifested by the difference in relative fluorescence 

unit.  
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3.4.3. Screening of C.2173A>C Variant  

The third set of primers, namely TPO_A2173C_Ex12 was used to analyze another TPO gene 

mutation designated as c.2173A>C. The pre-genotyped wild type, homozygous c. 2173A>C 

and heterozygous c. 2173A>C specimens were subjected to HRM analysis. The wild type, 

homozygous and heterozygous variants formed distinct clusters (Figure 3.16 and Figure 3.17). 

The homozygous c. 2173A>C substitution resulted in an increase in melting temperature and 

thus the specimens with homozygous c. 2173A>C variant had higher fluorescence intensity 

than that with the wild type allele during melting, as manifested by the relative fluorescence 

unit (Figure 3.16). On the other hand, although the specimens with the heterozygous c. 

2173A>C variant followed a pattern of melting that had initially lower fluorescence intensity 

compared to the wild type, the melting curve patterns almost overlapped with each other in 

later stage (upper panel of Figure 3.16). Thus the homozygous c. 2173A>C, heterozygous c. 

2173A>C and the wild type alleles were discernable form each other. Similar to the normalized 

melting curve, the difference curve analysis could also distinguish different states involving c. 

2173A>C variant (Figure 3.17). HRM analysis of 16 unknown samples targeting the c. 

2173A>C variant was also 100% sensitive and specific. The HRM approach showed that 5 out 

of 16 unknown samples were wild type, 6 were homozygous and the rest 5 were heterozygous. 

Sequencing of those 16 unknown samples revealed that real time PCR-HRM-based result was 

consistent with the sequencing result.  

Figure 3. 16. Normalized melt curves for specimens targeting the c.2173A>C variant (Exon-12). 

Discernable changes in normalized melt curves showing that the specimens with homozygous and 

heterozygous states are clearly distinguishable from the wild type alleles, as manifested by the difference 

in relative fluorescence unit. 
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Figure 3. 17. Differential curves for specimens targeting the c.2173A>C variant (Exon-12). Discernable 

changes in difference curves showing specimens with homozygous and heterozygous states are clearly 

distinguishable from the wild type, as manifested by the difference in relative fluorescence unit.  

 

3.5. 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.Asp727Glu). 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.Asp727Glu). The variants 

were then analyzed 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. Figure 3.18 

represents a chromatogram showing the mutation (c.1523C>T) for the specific participant and 

Table 3.10 shows the mutation found in TSHR gene. 
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Figure 3. 18.  A representative chromatogram showing a mutation in Exon 10 of TSHR gene 

 

Table 3. 10. Mutation detection in the TSHR gene of hypothyroid patients and analysis of the effect of 

mutation 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.Asp727Glu Benign Benign Neutral 

 

 
 

3.5.1. Modelling of the Transmembrane Region of TSHR Protein 

 Since the small molecules drug bind to the transmembrane region of the TSHR protein, we 

predicted the structure by using I-TASSER tool according to previously described TPO 

protein. The predicted structures were designated as wild type TSHR 368-764 WT, p.Ser508Leu 

variant as TSHR 368-764 MT1 and p.Asp727Glu variant as TSHR 368-764 MT2. Table 3.11 shows 

the C-score for wild type, MT1 and MT2 was -0.71, -0.61 and -0.63, respectively. The TM 
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score and RMSD were 0.62±0.14, 8.4±4.5Å for TSHR 368-764 WT; 0.64±0.13 and 8.2±4.5Å 

TSHR 368-764 MT1; 0.63±0.13 and 8.2±4.5Å for TSHR 368-764 MT2. Figure 3.19 depicts the 3D 

structures of the TM-region of TSHR protein and the small molecules MS437 and MS438.  

 Table 3. 11. Summary of the corresponding model numbers, C–score, TM–score and the RMSD–score of 

the predicted 3D structures of TSHR 368-764 WT, TSHR 368-764 MT1 and TSHR 368-764 MT2. 

 

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.Asp727Glu). 

 

 

Figure 3. 19. The predicted 3D structures of transmembrane region of TSHR proteins (368-764) showing 

crucial amino acids responsible for binding with MS437 and MS438 molecules.  

3.5.2. Molecular Docking of MS437 and MS438 with TM Region of TSHR Proteins (Wild 

Type and Mutant)  

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

docking was performed using PyRx software.  The Table 3.12 showed that the binding affinity 

of the wild type TSHR protein (-6, kcal/mol, TSHR
368-764

WT) was higher compared to the 

mutant cases (-4.8 kcal/mol for TSHR
368-764 

MT1 and -5.7 kcal/mol for TSHR
368-764 

MT2). 

Features TSHR 368-764 WT TSHR 368-764 MT1 TSHR 368-764 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 
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Total non-bond interactions were 11, 19 and 12 for wild type, MT1 and MT2, respectively. 

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

transmembrane helix3 (TMH3) in full length TSHR protein with corresponding amino acid 

position Thr134, Ser138 and Glu139, respectively in TM-region [107]. We tried to investigate 

whether these crucial amino acids could interact with small molecules thyrogenic drug. We 

found that in case of MS437 none of these three amino acids could interact with either 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 (TSHR
368-

764 
MT1 and TSHR

368-764 
MT2), it could interact only with Ser138. The binding affinities were 

-7.1 kcal/mol, -5.4 kcal/mol and -2.6 kcal/mol for TSHR
368-764

WT, TSHR
368-764 

MT1 and 

TSHR
368-764 

MT2, respectively. The binding affinity of wild type protein was much higher for 

both of the ligands (MS437 and MS438). All the non-bond interactions were depicted in Figure 

3.20 and Figure 3.21 for MS437 and MS438 respectively. 
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Table 3. 12. Binding energy and non-bond interactions of MS437 with TSHR368-764WT, TSHR368-764 

MT1 and TSHR368-764 MT2 proteins after flexible docking 

Protein type 

Binding 

Affinity 

(kcal/mol) 

Hydrogen 

bond 
Hydrophobic bond 

Total 

interactions 

TSHR
368-764 

 WT -6 SER274(641) 

VAL219(586), ALA277(644), VAL135(502), 

MET270(637), ILE273(460), PRO204(571), 

VAL297(664) 

11 

TSHR
368-764 

MT1 -4.8 - 

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 

TSHR
368-764 

MT2 -5.7 - 

VAL261(628), LEU310(677), ILE313(680), 

ALA306(673), LEU302(669), CYS305(672), 

ALA306(673), PHE309(676) 

12 

 

Table 3.13. Binding energy and non-bond interactions of MS438 with TSHR368-764WT, TSHR368-764 

MT1 and TSHR368-764 MT2 proteins after flexible docking 

Protein type 

Binding 

Affinity 

(kcal/mol) 

Hydrogen bond 

Electros

tatic 

bond 

Hydrophobic bond 
Total 

interactions 

TSHR
368-764 

 WT -7.1 

ASN223(590), VAL135(502), 

SER138(505), GLU139(506), 

ASN223(590), 

- 
THR134(501), VAL142(509), 

MET270(637), VAL297(664) 
13 

TSHR
368-764 

MT1 -5.4 

SER138(505), ILE273(640), 

VAL135(502), SER274(641), 

CYS202(569), 

LYS293

(660) 

LEU100(467), LEU203(570), 

ALA277(640), LYS293(660), 

VAL297(664), ILE273(640) 

14 

TSHR
368-764 

MT2 -2.6 
SER138(505), LEU278(645), 

SER274(641), ALA277(644), 
- 

VAL219(586), 

ALA277(644), LEU278(645), 

LEU100(467), VAL297(664), 

PRO301(668), VAL219(586) 

14 

Table 3.12 and 3.13. the amino acid residues and their positions are designated as the three letter 

abbreviations and the corresponding number; in case of TSHR
368-764 

the amino acid outside the first bracket 

indicates the position in predicted structure and the amino acid residues in first bracket indicates the real 

position in TSHR
1-764

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

(p.Asp727Glu). 
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Figure 3. 20. Non-bond interactions of MS437 with corresponding predicted structures as obtained using 

a BIOVIA Discovery Studio 2017. (A) TSHR368-764WT and MS437, (B) TSHR368-764MT1 and MS437 

and (C) TSHR368-764MT2 and MS437. 

 

Figure 3. 21. Non-bond interactions of MS438 with corresponding predicted structures as obtained using 

a BIOVIA Discovery Studio 2017. A. TSHR368-764WT and MS438 B. TSHR368-764MT1 and MS438 and 

C. TSHR368-764MT2 and MS438 

3.5.3. Molecular Dynamics Simulation of TSHR Protein Structures 

To see the effect of mutation, MD simulation was performed for 5000ns and RMSD was 

calculated. Here the more RMSD value indicated the more possibility of instability of the 3D 

structures of protein. In case of MS437 molecule, the 3D structures of mutant cases were found 

more unstable compared to wild type TSHR protein. On the other hand, although MS438 

showed that the mutant cases were unstable initially, the wild type case became unstable after 

completion of 5ns run during the MD simulation (Figure 3.22).  
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Figure 3. 22. After MD simulation, RMSD calculation for both of the ligands (A)MS437 and (B)MS438 

among WT, MT1 and MT2 structures of TSHR protein. 

 

3.6. Genetic Study on PAX 8 Gene 

Since PAX8 gene is associated with thyroid Dysgenesis, we tried to investigate the association 

of mutation in this gene. However, we didn’t find any mutation in the hotspot region (Exon 3) 

of PAX8 gene in the study participants. Study of the full gene along with other factors might 

be associated with our Bangladeshi patients. 
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3.7. Profiling of Acylcarnitines using LC-MS/MS 

3.7.1. Free Carnitine, Total Carnitine and Total Acylcarnitine Profile 

Despite daily thyroid hormone replacement therapy, the CH patients had been suffering from 

persistent fatigue. As carnitine plays a critical role in mitochondrial fatty acid oxidation, it has 

been suggested that fatigue-related complications may involve in altered carnitine-

acylcarnitine homeostasis. Table 3.14 shows a comparison among L-carnitine (C0), total 

carnitines and 13 long chain acylcarnitines as well as total acylcarnitines between the 

hypothyroid patients with fatigue or fatigue-related symptoms and healthy controls. The mean 

(±SD) free carnitine concentration was 45.38±12.61 µmol/L in the patient group, whereas it 

was 41.54±9.85 µmol/L in the healthy control group and the difference between the 2 groups 

generated a P value of 0.049. On the other hand, the concentrations of total acylcarnitines and 

total carnitines of the patient group were 21.95±7.66 µmol/L and 67.33±18.27 µmol/L, 

respectively, which were higher than that of the control group (total acylcarnitine=20.96±5.61 

µmol/L; total carnitine=62.51±14.13 µmol/L), although the difference did not generate a 

significant P value. 

 

3.7.2. Long Chain (LC)-Acylcarnitine Profile 

In this metabolomic profiling study, 13 long chain acylcarnitines were analyzed which 

included 6 saturated (C14, C16, C18, C14OH, C16OH and C18OH), 5 monounsaturated 

(C14:1, C16:1, C18:1, C16:1OH and C18:1OH) and 2 polyunsaturated (C14:2 and C18:2) 

acylcarnitines. The blood concentrations of acylcarnitines with saturated long chain fatty acids 

were 0.09±0.05 µmol/L, 1.02±0.32 µmol/L, 0.39±0.14 µmol/L, 0.01±.007 µmol/L, 

0.001±0.002 µmol/L and 0.001±0.003 µmol/L for myristoylcarnitine (C14), palmitoylcarnitine 

(C16), stearoylcarnitine (C18), hydroxymyristoylcarnitine (C14OH), 

hydroxypalmitoylcarnitine (C16OH) and 3-hydroxystearoylcarnitine (C18-OH), respectively, 

in the patients group. The C16, C18 and C16OH acylcarnitine concentrations in the blood of 

hypothyroid patients were significantly lower than that of the healthy control participants with 

C16, C18 and C16OH acylcarnitine concentrations of 1.24±0.43, 0.47±0.17 and 0.01±0.003 

µmol/L, respectively and the differences between the two groups produced significant P values 

of 0.0003, 0.002 and 0.001, respectively (Table 3.14).  
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Table 3. 14. Comparison of free carnitine, long chain acylcarnitines, total carnitines and total 

acylcarnitines between the patients and the healthy controls 

Parameters 

Patient 

µmol/L 

(mean±SD) 

CV 

(%) 

IQR 

Healthy Control 

µmol/L 

(mean±SD) 

CV 

(%) 

IQR p value 

Free Carnitine (C0) 45.38±12.61 27.79 17.45 41.54±9.85 23.72 4.9 0.049* 

Total acylcarnitines 21.95±7.66 36.1 11.54 20.96±5.61 25.48 6.02 0.4 

Total Carnitines 67.33±18.27 29.43 24.92 62.51±14.13 29.14 15.95 0.08 

Long chain acylcarnitines        

Myristoylcarnitine (C14) 0.09±0.05 53.0 0.04 0.09±0.05 59.65 0.03 0.95 

Myristoleylcarnitine (C14:1) 0.07±0.03 54.7 0.05 0.07±0.03 46.29 0.04 0.76 

Tetradecadienoylcarnitine 

(C14:2) 
0.03±0.02 72.18 0.03 0.03±0.02 52.0 0.02 0.95 

Palmitoylcarnitine (C16) 1.02±0.32 31.67 0.43 1.24±0.43 34.38 0.47 0.0003* 

Palmitoyleylcarnitine (C16:1) 0.06±0.02 34.02 0.02 0.06±0.02 31.03 0.02 0.58 

Stearoylcarnitine (C18) 0.39±0.14 37.95 0.19 0.47±0.17 35.5 0.25 0.002* 

Oleylcarnitine (C18:1) 0.7±0.21 30.32 0.32 0.81±0.25 31.43 0.3 0.007* 

Octadecadienyl carnitine 

(C18:2) 
0.29±0.1 36.83 0.1 0.32±0.1 31.13 0.11 0.113 

Hydroxymyristoylcarnitine 

(C14OH) 
0.01±.007 66.37 0.008 0.01±.006 64.17 0.008 0.76 

Hydroxypalmitoylcarnitine 

(C16OH) 
0.001±0.002 71.58 0.004 0.01±0.003 42.13 0.005 0.001* 

Hydroxypalmitoleylcarnitine 

(C16:1OH) 
0.03±0.01 51.71 0.01 0.03±0.014 46.96 0.01 0.26 

3-Hydroxystearoylcarnitine 

(C18-OH) 
0.001±0.003 83.99 0.004 0.001±0.003 59.98 0.004 0.013* 
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Parameters 

Patient 

µmol/L 

(mean±SD) 

CV 

(%) 

IQR 

Healthy Control 

µmol/L 

(mean±SD) 

CV 

(%) 

IQR p value 

Hydroxyoleylcarnitine 

(C18:1OH) 
0.01±0.006 54.72 0.008 0.01±0.004 38.2 0.006 0.91 

Total long chain 

acylcarnitines 
2.67±0.87 31.02 1.13 3.15±0.93 29.36 1.09 0.0014* 

 

CV= Coefficient of variance; IQR= Interquartile range; * P< 0.05 was considered significant, Total acylcarnitines= Total long chain 

acylcarnitines + Total medium chain acylcarnitines + Total short chain acylcarnitines; Total Carnitine= Free carnitine + Total 

acylcarnitines 

 

However, C14, C14OH and C18OH acylcarntine levels remained almost unaltered in the 

patients and healthy control groups. On the other hand, the mean concentrations of all the 

monounsaturated long chain acylcarnitines were almost similar in the patients and the control 

participants except oleylcarnitine (C18:1). It is noticeable here that oleylcarnitine (C18:1) 

decreased significantly in the patients (0.7±0.21 µmol/L) compared to the healthy controls 

(0.81±0.25 µmol/L), generating a P-value of 0.007. Among the two polyunsaturated 

acylcarnitines, octadecadienyl carnitine (C18:2) level was found to be decreased in the patients 

compared to the controls without generating statistically significant difference (P= 0.113), 

whereas the concentration of tetradecadienoylcarnitine (C14:2) of the patients and the healthy 

controls did not differ. However, in contrast to the short and medium chain acylcarnitines 

(Supplementary Table 6), the mean concentration of these 13 long chain acylcarnitines was 

significantly lower in the patients (2.67±0.0.87 µmol/L) than that in the healthy controls 

(3.15±0.93 µmol/L) and the difference between the two groups generated a significant P-value 

of 0.0014. 

 

3.7.3. Indicator Ratios of Metabolic Process and Measurement of Triglyceride (TG) Level 

With a significant decrease in blood concentrations of long chain acylcarnitines (C16, C18, 

C18:1, C16OH and C18OH) along with a total decline in concentration of LC-acylcarnities 

and an increase in blood level of free carnitine (C0); C0/(C16+C18) ratio was found to be 

significantly higher in the patients (ratio= 34.55± 14.88, IQR=12.9, %CV=43.07) than that in 
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the healthy controls (ratio= 25.73± 6.87, IQR=8.48, %CV=26.71 (P< 0.0001) (Figure 23.A). 

All these results translate that the activity of CPT-I enzyme which plays a pivotal role in the 

β-oxidation of long chain fatty acids by converting them to acylcarnitines for translocation 

from the cytosol into the inner mitochondrial matrix is low in patients group [108,109]. 

 

The data demonstrating a disturbance in the metabolism of long chain acylcarnitines in the 

hypothyroid patients with fatigue due to an insufficient CPT-I activity prompted us to ask 

whether the long chain fatty acids had diverted use in the biosynthesis of TG. Accordingly, we 

quantified plasma TG levels. Figure 23.B demonstrates that the plasma TG level was 

significantly higher in the patients (88.92± 59.54 mg/dL) (IQR= 77.85, %CV= 66.96) than that 

in the healthy controls (58.33± 15.79 mg/dL) (IQR= 24.75, %CV= 27.06). The difference in 

TG concentration between the two groups generated a significant P-value of 0.02. 

Interestingly, although the TG level in the hypothyroid patient’s blood was higher and none of 

the patients was overweight (average BMI was 17.0±4.4 kg/m2), the findings indicate that the 

deposition of TG might not have occurred in a significant level in the adipose tissues. 

 

 

Figure 3. 23. Comparison of CPT-I enzyme deficiency indicator and plasma TG concentration between the 

patients and the healthy controls. (A) C0/(C16+C18) ratio, an important indicator of CPT-I enzyme 

activity, was significantly higher in the patients than in the control group (P<0.0001). (B) Plasma 

Triglyceride (TG) concentrations was found higher in hypothyroid patients compared to the healthy 

controls and the difference generated a significant P-value of 0.02. A P-value<0.05 was considered 

significant. 
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3.7.4. Measurement of CPT1 Gene Expression Levels 

Since the indicator ratio C0/(C16+C18) showed that there might be defect in CPT1 activity, 

we quantified the mRNA level of CPT1A and CPT1B gene expression for both healthy 

controls and congenital hypothyroid children. GAPDH housekeeping gene expression was 

compared with CPT1A and CPT1B gene expression. 

 

The average fold change of CPT1A and CPT1B was calculated and compared to GAPDH 

(Figure 3.24). In case of CPT1A activity, we found that the CPT 1A gene expression was 

higher in patient group (5.66 times of GAPDH) compared to the healthy control (2.66 times of 

GAPDH) group and the CPT1B was significantly lower in patient group (0.39 times of 

GAPDH) compared to healthy control group (3.67 times of GAPDH). Further, the ratio 

CPT1A/CPT1B was also calculated between CH patients with the non-hypothyroid 

participants. The primary result showed that the ratio was approximately 14 times higher in 

patients group (14.31) than that of the healthy controls (0.73) depicted in figure 3.24. (C). 

 

 

Figure 3. 24. Comparison of CPT-I gene expression level with GAPDH housekeeping gene between the 

patients and the healthy controls. (A) CPT-IA gene expression level. (B) CPT1B gene expression level from 

mRNA and (C) CPT1A/CPT1B ratio. 
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3.8. Profiling of Amino Acids using LC-MS/MS technique 

Similar with the acylcarnitine levels, all the patients and healthy subjects without any signs 

symptoms of hypothyroidism were enrolled for further analysis of their amino acid levels using 

LC-MS/MS. All the patients were under levothyroxine (LT4) treatment. None of the enrolled 

patients were treated using T3 or combination of LT4 and T3.  During enrollment for this study, 

serum TSH and FT4 level of the patients were within normal range. Although all the patients 

were under LT4 treatment and their serum FT4 levels were within normal range, majority of 

the patients were suffering from several clinical complications.  

 

3.8.1. Levels of Blood Amino Acids 

Several animal model study proves that alteration of blood concentration of amino acids occurs 

because thyroid hormone status influences the protein and amino acid metabolism [72,110]. 

As mentioned previously, all the enrolled hypothyroid patients were under LT4 treatment but 

their treatment was delayed because of late diagnosis. In this study, we assessed whether the 

LT4 treatment could have any effect on the concentration of blood amino acids of late-

diagnosed hypothyroid patients compared to the healthy controls using dried blood spot 

specimens. As depicted in Table 3.15, among the essential amino acids; Phenylalanine, 

Methionine, Leucine and Valine were significantly decreased in the hypothyroid patients 

compared to the control group (Phe: 49.66 ± 1.626 µmol/L vs. 65.56 ± 1.483 µmol/L, 

P<0.0001*; Met: 20.36 ± 0.8299µmol/L vs. 24.38 ± 0.8278 µmol/L, P=0.0008*; Leu: 128 ± 

4.539 µmol/L vs. 156.5 ± 3.399 µmol/L, P<0.0001*, Val: 125.3 ± 5.372 µmol/L vs. 147.9 ± 

3.156 µmol/L, P=0.0005*) while Lysine did not reach statistical significance (Lys: 208.8 ± 

5.539 µmol/L vs. 219.2 ± 3.706 µmol/L, P=0.1236). As compared to the control group, 

although non-essential amino acids Glycine, Tyrosine, Glutamate, Serine and Ornithine were 

significantly lower in the patient group (Gly: 321 ± 18.87 µmol/L vs. 465.4 ± 16.57 µmol/L, 

P<0.0001; Tyr: 38.75 ± 2.504µmol/L vs.  48.4 ± 2.16 µmol/L, P=0.0041*; Glu: 242.6 ± 11.09 

µmol/L Vs. 334.1 ± 7.448 µmol/L, P<0.0001; Ser: 210.1 ± 8.911 µmol/L vs. 248.4 ± 5.744 

µmol/L, P=0.0005* and Orn: 88.99 ± 3.153 µmol/L vs. 114.5 ± 2.441 µmol/L, P<0.0001), 

Alanine and Proline didn’t generate a significant P value (Ala: 166.3 ± 7.607µmol/L vs. 183.8 

± 4.536 µmol/L, P=0.0508; Pro: 149 ± 7.613 vs. 163.2 ± 5.035, P=0.1226). Besides, blood 

levels of Arginine and Aspartate were significantly higher in the patient group than the control 
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group (Arg: 26.07 ± 1.985 µmol/L vs. 16.17 ± 1.211 µmol/L, P < 0.0001 and Asp: 194.5 ± 

17.54 µmol/L vs. 148.9 ± 9.968 µmol/L, P = 0.0258*). In addition to, there was no significant 

difference in Citruline levels between the two groups.  
 

Table 3. 15. Comparison of concentrations of amino acids between hypothyroid patients and healthy 

controls. 

Amino acids 
Patient (Mean±SEM) 

Conc.(µmol/L) 

Healthy (Mean±SEM) 

Conc.(µmol/L) 
p value 

Phenyl alanine 49.66 ± 1.626 65.56 ± 1.483 <0.0001* 

Methionine 20.36 ± 0.8299 24.38 ± 0.8278 0.0008* 

Leucine 128 ± 4.539 156.5 ± 3.399 <0.0001* 

Valine 125.3 ± 5.372 147.9 ± 3.156 0.0005* 

Lysine 208.8 ± 5.539 219.2 ± 3.706 0.1236 

Glycine 321 ± 18.87 465.4 ± 16.57 <0.0001* 

Tyrosine 38.75 ± 2.504 48.4 ± 2.16 0.0041* 

Alanine 166.3 ± 7.607 183.8 ± 4.536 0.0508 

Glutamate 242.6 ± 11.09 334.1 ± 7.448 <0.0001* 

Aspartate 194.5 ± 17.54 148.9 ± 9.968 0.0258* 

Arginine 26.07 ± 1.985 16.17 ± 1.211 <0.0001* 

Serine 210.1 ± 8.911 248.4 ± 5.744 0.0005* 

Proline 149 ± 7.613 163.2 ± 5.035 0.1226 

Ornithine 88.99 ± 3.153 114.5 ± 2.441 <0.0001* 

Citruline 21.41 ± 0.8501 22.45 ± 0.6368 0.3295 

* P< 0.05 was considered significant, SEM=Standard Error of Mean 

 

3.8.2. Metabolic and Nutritional State Indicator Amino Acid Ratios and Plasma Albumin 

Level 

Metabolic and nutritional state can be determined using ratios between certain amino acids or 

groups of amino acids. The phenylalanine to tyrosine (Phe/Tyr) and Glycine to sum of 

branched chain amino acids (Gly/ƩBCAA) ratios can be used as indicator of catabolic state 

and protein intake, respectively [111-113]. We compared these ratios between patient group 

and healthy control group to assess the metabolic and nutritional state of the patient group. 

Catabolic state indicator amino ratio (Phe/Try) did not differ significantly between the patient 

group and the healthy control group (1.747 ± 0.1764 vs. 1.677 ± 0.122, P=0.739). Figure 3.25 

indicates that indicator ratio of protein intake (Gly/ƩBCAA) and plasma Albumin level were 
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significantly lower in the patient group compared to the healthy control group (Gly/ƩBCAA: 

0.5301 ± 0.01718vs. 1.456 ± 0.05663, P <0.0001). Since the amino acids level decreased in 

patient group compared to the healthy group, we tried to investigate the actual cause of amino 

acid deficiency and Plasma albumin. The level of plasma albumin was significantly lower in 

the patient group (3.174 ± 0.09163) compared to the healthy controls (3.655 ± 0.1066) with a 

p-value of <0.0009. 

 

 

Figure 3. 25. Comparison of blood Gly/ƩBCAA indicator of protein intake ratios and plasma Albumin 

between the hypothyroid patient and the healthy controls. (A) Gly/ƩBCAA indicator ratio and (B) 

measurement of plasma Albumin level respectively 
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CHAPTER 4: DISCUSSION 

__________________________________________________________________________________ 

 

4.1. Analysis of Genetic Spectrum of Congenital Hypothyroid Patients 

Newborn screening for genetic and endocrine disorders is not commonly practiced in 

Bangladesh. Globally, Congenital Hypothyroidism (CH) is the most common preventable 

disorder but due to late diagnosis and initiation of treatment, hypothyroid patients experience 

various clinical complications even under levothyroxine drug treatment. Though there are at 

least seven genes reported to be involved in thyroid Dyshormonogenesis (TDH), TPO gene 

mutations are mostly associated with mild to severe consequences resulting in partial iodine 

organification defect (PIOD) to total iodine organification defect (TIOD) [30]. In this study, 

we explored (a) the mutational spectrum in the TPO gene of patients with Dyshormonogenesis 

and (b) the effect of specific mutations on 3D structures of monomer and dimer form of TPO 

protein using in silico approach. Further, we selected the patients with thyroid dysgenesis and 

analyzed TSHR and PAX8 gene. To the best of our knowledge, this is the first molecular 

analysis on genetic etiology of Congenital Hypothyroid children in Bangladesh. 

 

In this study, we found a total of 12 mutations in TPO gene namely c.103C>G (p.35Glu>Glu) 

in Exon 2, c.404C>A (p.Pro135His) in Exon 5 c.860G>T (p.Leu287Leu) and c.769G>T 

(p.Ala257Ser) in Exon 7, c.1117G>T (p.Ala373Ser) and c.1193G>C (p.Ser398Thr) in Exon 8, 

c.1728G>A (p.Ala576Ala) in Exon 10, c.1998C>T (p.Asp666Asp) and c.2120G>A 

(p.Asp707Asp) mutations in Exon11, c.2145C>T (p.Pro715Pro) and c.2173A>C 

(p.Thr725Pro) in Exon12 and c.2540T>C (p.Val847Ala) in Exon 15. At first we analyzed 

Exons 8-14 of TPO gene of the TDH patients as the previous studies reported that this region 

was crucial for the enzymatic activity and mutations in this region may result in absence or 

reduction in TPO activity [29,114]. Next, we analyzed other regions of the TPO gene. Since 4 

mutations in Exon 8 and Exon 12 were commonly presented in almost all the participants, we 

further proceeded for the computational analysis with three most common non-synonymous 

mutations including p.Ala373Ser (TPO MT1), p.Ser398Thr (TPO MT2) and p.Thr725Pro 

(TPO MT3) in the hotspot region of TPO Exons and we published the data very recently [31]. 

The non-synonymous mutations detected in this study had previously been reported to be 
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pathogenic or disease-causing [99,100]. Moreover, Guria et. al. [29] conducted a cloning-

based study involving above-mentioned mutations and stated that these mutations could result 

in a low expression of TPO mRNAs as well as a reduction in TPO enzyme activity. It was also 

found that mutation p.Ala373Ser (TPO MT1) was more deleterious than mutation p.Ser398Thr 

(TPO MT2). This effect could be elucidated by a change in aliphatic amino acid to hydroxyl-

group containing amino acid at 373th position of TPO protein, whereas the other mutation 

(p.Ser398Thr) was confined within the same group of amino acids substitution. Since threonine 

is the phosphorylation site for protein activation, the mutation p.Thr725Pro (TPO MT3) in 

Exon 12  could result in TPO protein inactivation [115,116]. Furthermore, p.Thr725Pro had 

been reported to be associated with autoimmune hypothyroidism [117]. Though the actual 

cause of CH is genetically and phenotypically heterogeneous, molecular studies may afford 

additional suggestions for diagnosis, classification and prognosis of the disease. Particularly, 

when the patients have normal thyroid gland, it’s really hard to find out the reason of disorder 

whether it is due to thyrotropin resistance and Dyshormonogenesis. In this situation, genetic 

studies may expose the true etiology of the disease. In this study, at least one of these three 

damaging mutations was found in a homozygous state or two of them were in a heterozygous 

state in each of the study participants. 

  

An amino acid substitution causing non-synonymous mutation can affect the shape, function 

or binding properties of a given protein. Now a days, much attention have been given in health 

sectors to study genetics and genomics and extensive efforts have been devoted to linking 

human phenotype to genotype variations at nucleotide level and associated changes on 3D 

structures of protein [118,119]. As the identified mutations were damaging, we desired to 

explore how these mutations were correlated with Dyshormonogenesis by affecting the 

structural integrity and function of TPO protein. Till now, there is no high resolution X-ray 

crystallographic structure for any of the wild type or mutant TPO proteins in the public 

databases. Conversely, there were structures for closely-related proteins, namely 

myeloperoxidases (MPO) and lactoperoxidases (LPO) [21,120]. Therefore, we modelled and 

validated the three dimensional (3D) structures of wild type and mutant TPO (WT and MT) 

proteins using different bioinformatics tools. The effects of mutations were considered on the 

structural features, specific domain arrangement and folding patterns of the TPO protein. 

Additionally, we performed molecular docking analysis to see the effect of mutations on Heme 
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binding catalytic site of TPO and to explore how these mutations could alter the binding 

affinity and activity of TPO protein. We analyzed the binding energies of Heme for both of the 

wild type and the mutant structures of TPO protein and found a reduction in binding affinities 

in the mutant structures compared to the wild type one. Further, we investigated the 

comprehensive non-bond interactions of Heme with specific amino acid residues in the 

catalytic site of TPO to understand the effects of mutations on the functions of TPO protein 

described in our earlier publication [31]. 

 

The present study aimed to apply the bioinformatics approaches on the full-length TPO protein 

(TPO1-933) and the MPO-like domain of TPO (TPO142-738) describing different non-bond 

interactions between the Heme group and amino acid residues since the identified mutations 

were found in the corresponding DNA sequence of this MPO-like catalytic domain of TPO 

protein [106]. When we obtained the predicted  3D structures of wild type and the mutant cases 

for TPO142-738 from the I-TASSER server, all the structures showed significant confidence 

score (C-score), suggesting that the structures were valid for further studies [33]. However, the 

predicted 3D structures for full length TPO1-933 had lower C-score which might be due to large 

amino acid sequence of TPO protein because I-TASSER can predict structures based on 

iterative threading as well as homology modeling and TPO has no crystallographic structure 

which is still a challenge to be resolved [33,36]. All the 3D structures were validated using the 

Verify3D and the RAMPAGE web servers that provided acceptable outcomes [77,121].  

 

As TPO depends on Heme exclusively for its catalytic activity, the molecular docking of Heme 

with the wild type and the mutant TPO structures could help us to understand the effects of 

mutations on the functions of TPO protein. The binding affinities of heme for the mutant cases 

were decreased compared to wild type TPO protein suggesting that the catalytic activity of 

mutant TPO might have been damaged. Further investigation provided the basic information 

about the Heme interactions with specific amino acid residues in the catalytic pocket of TPO 

protein. Molecular docking analysis showed that when the ligand (Heme) interacted with wild 

type structures, it worked together with all the crucial amino acid residues including His239, 

Arg396, Glu399 and His494 through non-bond interactions. But in the cases of mutant 

structures, some of the essential amino acid interactions were absent, suggesting that the 

mutations might have harmful effects on Heme interactions and thus distressing the catalytic 
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activity of TPO enzyme. Guria et al. [29] verified that MT1 (p.Ala373Ser), MT2 

(p.Ser398Thr), and MT3 (p.Thr725Pro) had damaging effect on TPO mRNA expression and 

enzyme activity. However, MT1 (p.Ala373Ser) and MT3 (p.Thr725Pro) showed iodination 

reactions similar to the non-enzymatic reaction rate, suggesting that these two mutations were 

more damaging than the MT2 (p.Ser398Thr) which showed more efficient iodination reaction 

than MT1 and MT3 but less efficient than the wild type TPO protein [29]. This finding is 

consistent with our molecular docking-based study targeting the predicted structures of both 

MPO-like domain of TPO (TPO142-738) and the full-length TPO protein (TPO1-933) mentioned 

in previous data [31]. MT1 and MT3 had more influence on the interactions between several 

crucial residues and the Heme ligand, whereas MT2 had less influence on the interaction 

between the TPO protein and the Heme prosthetic group. Additionally, different studies 

showed that quantum chemical methods such as DFT or QM/MM could also be employed for 

investigating the intermolecular interactions of protein and ligands and other molecules [122-

124]. So that, we performed QM/MM calculations to validate the molecular docking results of 

wild type TPO protein compared to mutant proteins (MT1 and MT3) that had severe damaging 

effect on the catalytic activity of TPO.  

 

During the QM/MM calculations, the Heme ligand was treated using a semi-empirical 

approach of calculations and the protein was treated using molecular mechanical approach of 

calculations. After completing the QM/MM calculations, the structures were taken into 

consideration for further analysis of the presence of non-bond interactions of the active site 

residues with the Heme group. The identified interactions were exactly similar to those 

obtained from molecular docking analysis, proposing that the obtained docking results were 

valid.  

 

In vivo, the protein structures always exist in a dynamic state. To create and mimic the cellular 

atmosphere, we performed molecular dynamics simulation with a cubic simulation box 

containing water molecules and NaCl having a pH of 7.4. After performing MD simulation for 

5000 ps under the influence of AMBER14 force field, the ultimate protein structures were 

superimposed on the corresponding molecular docked protein structure. The results inferred 

that the studied protein-ligand complexes were considerably stable over time though there was 

very small change in the coordinates of the Heme ligand after the simulation.  
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The 3D structures of protein were retrieved from the 5ns simulation snapshot and re-docked 

with the Heme ligand in order to inspect the protein dynamics simulation. The analyzed results 

indicated that the wild type protein was found to be interacted with the crucial amino acids 

presented in catalytic domain of TPO protein whereas, mutants proteins had lack of these 

crucial interactions that might cause a reduction of TPO enzyme activity. 

 

In our study, we performed in silico approach to mimic cellular environment for better 

understanding the features of wild type and mutant TPO protein structures. Nevertheless, 

different computational chemistry-based methods such as IR and Raman spectroscopy could 

detect the alterations of protein molecules in molecular level with higher specificity [125,126]. 

To observe the biochemical changes associated with different disease conditions and 

characterizing spectrums of several hormones like corticosteroid, these spectroscopic analyses 

become an essential part within cellular environment [125-127]. A study conducted by Claudio 

et al. [128] investigated the molecular vibrational spectrum of thyroid tissues from healthy 

subjects and disease conditions which could eventually signify the features of secondary 

structures of proteins. Even though the use of IR and Raman spectroscopy could offer more 

perceptions into the physiological conditions of patients having mutations in the TPO gene, 

the present study was not subjected to such approaches due to unavailability of these facilities. 

With our best capacities, we performed computational approaches such as molecular docking, 

QM/MM and molecular dynamics simulation to explore the effect of specific mutations on 

TPO protein interactions in monomer form.  

 

Further, we tried to explore the effect of mutations on dimer structures of TPO wild type, MT1 

and MT3 proteins. To do so, we used Symmdock server for dimer modeling as it provides 

cyclically symmetric result for homomultimers. We performed Molecular dynamics (MD) 

simulation for 5000 ps to understand the actual phenomena of structural and functional 

properties of TPO dimer protein and membrane was attached during simulation process since 

TPO is a membrane bound protein. The simulation was performed according to the procedure 

mentioned earlier for TPO monomer study. MD simulation showed that WT dimer was more 

stable than mutant dimers by analyzing the data from van der Walls, solvent accessible surface 

area and molecular surface area. The enzymatic processes for the biosynthesis of T3 and T4 

hormone require the presence of H2O2, iodide and Thyroglobulin (Tg). To further investigate 
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the effect of TPO mutation on the enzymatic process in the thyroid hormone synthesis pathway, 

the study was designed to explore the interaction of H2O2 and Iodide (I-) simultaneously with 

the wild type and mutant dimer structures. To understand the interaction between H2O2 and 

dimer structures, we performed sequential docking for each monomer (left- and right-side 

monomer of the dimer form). The Molecular docking analysis showed that though binding 

affinities for WT and MT structures were close but TPO WT homodimer (HD) showed higher 

binding affinity for H2O2 than mutant dimers and TPO MT1-HD showed lowest binding 

affinity for H2O2. We also observed that the binding affinities of Iodide (I-) for wild type and 

mutant homodimers were close to each other and the TPO WT-HD and TPO MT1-HD showed 

the same binding affinity, whereas TPO MT3-HD showed relatively less binding affinity than 

those structures. Although the docking approaches are more efficient to understand how the 

halogenated ligand can bind to some specific targets, but almost all the docking scoring 

functions are not capable to model the XB (halogen bonding) in a correct way, leading to some 

errors that we can interpret as false positives or vice versa [129].  

 

From the present study, we have found that the binding pocket of TPO protein for essential 

ligands was consistent with the monomer study and effect of mutations on TPO protein can 

severely affect the monomer structure compared to the dimer structure. The effect of mutation 

and ligand (H2O2, I
-) interactions with TPO dimer protein might be regulated by other cellular 

processes such as post translational processes, intracellular trafficking and targeting.  

 

A literature search on the TPO gene in hypothyroid patients demonstrated that most of the 

mutations were confined between Exon 8 and Exon 14 and very few mutations had been 

identified outside this region [114]. Then we tried to set a method to detect the common 

mutations detected in TPO gene in Bangladeshi patients. Although the mutations had been 

detected as homozygous or heterozygous states, our study had confirmed that both alleles of 

the TPO gene of all 44 hypothyroid patients had been affected by mutations, further confirming 

the recessive pattern of this disease. This is why we confined our further study on TPO gene 

mutation analysis using the target region between Exon 8 to Exon 14. The identified non-

synonymous mutations had previously been reported to be pathogenic or disease-causing 

[99,100]. The present study had identified a total of four mutations in the hotspot region from 

Exon 8 to Exon 12 of TPO gene by Sanger sequencing. Since we targeted this region to find 
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out mutations in Bangladeshi patients, we aimed to establish a supplementary method to screen 

this region. In Bangladesh, there is very little information about newborn screening and genetic 

etiology of CH is also unknown here. High resolution melt (HRM) curve analysis method 

represents a significant advancement in mutation detection over the years. Recently, HRM 

method has been established for detection of variants of beta-globin gene in thalassemia 

patients in Bangladesh [54]. Moreover, HRM approach was sensitive as well as easy-to-use 

molecular method for detection of another genetic disorder named G6PD (Glucose 6-

phosphate dehydrogenase) deficiency in Bangladesh [130]. The present study aimed to 

establish a faster, reliable and cheaper molecular-based approach to detect the common 

mutations in the TPO gene responsible for thyroid Dyshormonogenesis in Bangladeshi CH 

patients and to see whether the approach could be used as a regular screening method to 

identify the genetic etiology of Dyshormonogenesis. Since TPO gene mutation is inherited in 

an autosomal recessive manner to cause Dyshormonogenesis, its carrier state can also be 

investigated by this HRM method.  

 

The genetic study is important to investigate the cause of CH. There are some screening 

methods for diagnosis of CH, such as measurement of serum/blood TSH, T3 and T4. However, 

these approaches can only confirm the CH cases but not the actual etiology. That is, the 

conventional screening method of CH cannot say whether it is acquired or genetic. If the actual 

etiology is known, then duration of treatment can be defined based on the causes. If it is due 

to a genetic cause, the patients should be followed up because these patients are kept under 

levothyroxine treatment for their whole life. On the other hand, treatment should be continued 

for the first 3 years of life for acquired cause [52]. So, the treatment strategy will be different 

for CH cases with genetic etiology and other reasons of CH with Dyshormonogenesis. If 

genetic basis of CH is defined in the country, carrier screening is possible targeting the 

underlying genetic cause. If the parents are found to be carriers of CH involving the TPO gene, 

their children or newborns could be screened and appropriate measures can be taken, such as 

early initiation of treatment which would help preventing mental retardation.  

 

In this study, we identified 3 non-synonymous common mutations in the hotspot region of TPO 

gene detected by Sanger sequencing in Bangladeshi CH patients with Dyshormonogenesis. 

The non-synonymous mutations were c.1117G>T, c.1193G>C and c.2173A>C. To establish 
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the HRM method, we targeted these three mutations and we designed primers targeting the 

hotspot region of TPO gene. Three sets of primers were designed to keep the product size 

between 65-101 base pair which were within the required product size for HRM strategy [131]. 

The first two mutations were within Exon 8 and the 3rd one was present in the Exon 12 of TPO 

gene. A study was conducted to see the functional activity of TPO enzyme due to mutations 

which described that c.1117G>T and c.2173A>C showed non-enzymatic reaction rate and 

c.1193G>C showed slightly reduced enzymatic reaction rate compared to the wild type TPO 

protein [29]. To conduct the HRM curve analysis, the samples with heterozygous, homozygous 

and wild type alleles were subjected to experimental analysis. For the first set of primers which 

targeted the mutation c.1117G>T; both homozygous and heterozygous states were clearly 

distinguishable from wild type allele (Figure 3.12 and 3.13).  

 

However, c.1193G>C mutation was much more difficult to differentiate due to formation of 

similar number of hydrogen bonds for G>C substitution and thus similar level of bond energy 

was involved for both the wild type and mutant variants. To overcome the difficulties, the 

optimum concentration of MgCl2 was determined to be 8mM for detection of a single G>C 

point mutation by HRM because 8mM MgCl2 concentration could clearly distinguish among 

homozygous, heterozygous and wild type alleles. This showed that MgCl2 could have an effect 

on HRM study to differentiate different states of mutation of G/C alleles. For c.1193G>C 

variant, the melt curve showed almost similar patterns among the samples with the wild type 

allele and also samples with homozygous and heterozygous alleles. However, temperature 

shifted curve could clearly differentiate all the states. Different studies demonstrated that 

purine to purine or pyrimidine to pyrimidine nucleotide substitution, such as A to T or G to C 

substitution could not be distinguished by HRM method due to the same melting temperature  

[132-134].  

 

For the third mutation c.2173A>C, Adenine nucleotide was substituted by Cytosine nucleotide 

and due to the difference in bond energy between Purine and Pyrimidine group, melting 

temperature was shifted for both heterozygous and homozygous states compared to the wild 

type state. The temperature shifted pattern was differentiated in such a manner so that the wild 

type had lower Tm pattern compared to the heterozygous and homozygous states.  
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Although, Sanger sequencing is the gold standard for mutation detection, HRM can be a fast 

and less expensive supplemental approach with 100% sensitivity and specificity for screening 

and detection of mutations in the TPO gene in Bangladeshi patients where the frequency of 

genetic etiology of CH patients with Dyshormonogenesis seems to be almost 100 percent. 

 

On the other hand, we also focused on the etiology of Dysgenesis types of CH patients 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 

[8,135]. 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 

structure of TSHR is still under investigation through crystallography. Only a low small 

extracellular part of TSHR is described by crystallography. Mutations in the TSHR gene results 

from loss or gain of function of the protein that causes different phenotypic variations and lead 

to hyperthyrotopinemia to severe Congenital Hypothyroidism [136-138].  

 

Analysis of TSHR gene showed that two mutations were found, namely c.1523C>T and 

c.2181G>C in the patients and we analyzed the effect of mutations by using different 

bioinformatics tools. Almost all the tools were very much popular to analyze the mutational 

effect such as Polyphen 2, Mutation Taster and PROVEAN. The mutation c.1523C>T was 

found to be damaging, disease causing or deleterious 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 [107]. The molecular docking analysis showed that the binding affinity for both of the 

ligands with mutant cases were decreased compared to the wild type TSHR protein. There is 

no published data based on c.1523C>T mutation but c.2181G>C was found as a normal variant. 

A study showed that although Asp727Glu was found as a normal variant it was also identified 

in follicular thyroid carcinomas [139]. The RMSD value from MD simulation indicated that 

when mutations in the transmembrane region of TSHR gene occurs, MS437-bound structures 

were more unstable compared to the MS438 molecule.  Moreover, irrespective of wild type or 

mutant cases, MS437 didn’t interact with the crucial amino acids. In mutant cases, MS438 

interacted with all the crucial amino acids including Thr134, Ser138 and Glu139 which suggest 
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that mutation can affect more severely for MS437-bound than MS438-bound 3D structures of 

TSHR protein.   

 

Since PAX8 is also associated with thyroid Dysgenesis, we tried to investigate the mutations 

in this gene but we didn’t get any mutation in the PAX8 gene [9]. Due to limitation of resource, 

we only sequenced Exon 3 of PAX8 gene. Future studies on other region of the PAX 8 gene 

and the remaining genes responsible for CH might explore the full spectrum of the genetic 

etiology of Congenital Hypothyroidism in Bangladeshi patients. 

 

4.2. Metabolic Profiling of Congenital Hypothyroid Children  

This is the first LC-MS/MS-based metabolic profiling report from Bangladesh where carnitine-

acylcarnitines and amino acids metabolites in the blood of hypothyroid patients under thyroid 

hormone replacement therapy. The study aimed to inquire whether any alterations of blood 

carnitine-acylcarnitine and amino acid levels in the hypothyroid patients under treatment had 

correlation with their fatigue-related complications. 

 

Although the recommended time for diagnosis and therapeutic intervention should be initiated 

between the first two and three weeks of life, the average treatment initiation time for the 

patients of this study was 19.7 ± 4.72 months [140,141]. Clinical complications other than 

neurologic deficits, if any, in the hypothyroid patients are considered reversible upon hormone 

replacement therapy [1,142-144]. Unfortunately, although all the CH patients in the study had 

a normal blood TSH and FT4 levels upon daily LT4 treatment, they all reported at least one of 

the hypothyroidism-associated symptoms, with fatigue and fatigue-related symptoms as the 

most common complications. 

 

Wong et al. [145] reported that there were no apparent differences in serum acylcarnitines 

profiles among hypo-, hyper- and euthyroid states and inferred that the acylcarnitines profiles 

were relatively unremarkable in thyroid disease. Interestingly, in our study, the levels of free 

carnitine, total carnitines and acylcarnitines were higher in the patient group than that of the 

healthy controls, although the difference was significant for free carnitine only. Particularly, 

the total concentration of long chain acylcarnitines along with the concentrations of six 

individual long chain acylcarnitines were significantly lower in the patients compared to the 

controls. The present study differs from the study by Wong et al. [145] that we measured 
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carnitine parameters in the whole blood using DBS specimens and the comparisons of the 

parameters were made between the late-diagnosed hypothyroid patients under treatment and 

the healthy controls. In addition, small sample size and incomplete follow-up were stated as 

important limitations of their study. However, Galland et al. [146] demonstrated that hepatic 

carnitine level in rat was modified due to changes in thyroid hormone status, while the carnitine 

concentrations of kidney and skeletal muscle cells remained unchanged. According to Pande 

et al. [147] dietary thyroxine could cause an increase in carnitine level in the liver and serum, 

while carnitine levels in the heart, skeletal muscle and the urinary excretion of carnitine 

remained unaffected in experimental rats. Similarly, thyroxine treatment had also been 

reported to cause an increase in carnitine in hearts of guinea pigs [148]. However, a direct 

comparison of these results with our findings of increased free carnitine in whole blood is 

difficult due to differences among species as well as variation in duration and dose of the 

thyroid hormone replacement therapy. Maebashi et al.[149] found a positive correlation 

between urinary carnitine excretion and serum thyroxine concentration, with hyperthyroid 

subjects having significantly elevated levels of carnitine excretion and hypothyroid subjects 

having markedly reduced carnitine excretion. Urinary carnitine excretion became normal in 

both groups with correction of thyroid status. Nevertheless, renal clearance and absorption of 

carnitine were not investigated in our study. The ratio of urinary carnitine/acylcarnitines 

excretion of the patients and healthy controls could have helped us to understand better the 

altered carnitine-acylcarnitines homeostasis in these late-diagnosed hypothyroid patients under 

treatment.  

 

The present study showed that the mean concentration of total LC-acylcarnitines was 

significantly lower in the patients compared to the healthy group (P=0.0014). A study of 

chronic fatigue syndrome patients showed a significantly lower level of LC-acylcarnitines 

compared to the healthy subjects, although there was no significant differences in free 

carnitine, total carnitine or total acylcarnitines levels between the two groups [64]. Another 

study also reported a small differences in free carnitine, total carnitine and total acylcarnitines 

concentrations between the chronic fatigue syndrome patients and the healthy controls [150]. 

But the findings of An et al. [151] made it more paradoxical as they reported that carnitine 

supplementation could significantly lessen both fatigue severity scale and mental fatigue score 

of hypothyroid patients younger than 50 years of age and thus they concluded that carnitine 
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supplementation may be useful in alleviating fatigue symptoms in this group. Since fatty acid 

oxidation depends on the presence of carnitine, an increase in carnitine level may cause an 

increase in rate of fatty acid oxidation and thus contribute to energy supply. Thyroid hormone 

controls the hepatic conversion of γ-butyrobetaine to carnitine in rat and also increase carnitine 

bioavailability [146]. Elevated carnitine levels had been shown to stimulate fatty acid oxidation 

through mechanisms involving increased CPT-I activity. Interestingly, in this study, although 

the carnitine level was high in the blood of patients, a decrease in CPT-I activity was found in 

these hypothyroid patients with energy crisis having normal TSH and FT4 levels after hormone 

replacement therapy. However, several studies reported carnitine as a peripheral antagonist of 

thyroid hormone action and may act as a peripheral inhibitor of thyroid hormone uptake [152-

154]. This inhibitory effect may be part of a retro-control loop between thyroid hormone and 

carnitine and thus the reduced thyroid hormone at cellular level may hinder CPT-I activity 

[155]. Study of cellular hypothyroidism in different tissues is in requisite in order to minimize 

the discrepancy between findings of different study groups and also to devise a proper 

management strategy for hypothyroid patients with fatigue and related symptoms.  

 

In this study, the levels of six LC-acylcarnitines as well as the mean concentration of total LC-

acylcarnitines were significantly lower in the patients than in the controls, although the levels 

of short and medium chain acylcarnitines remained unaffected. The β-oxidation was found in 

a reduced rate, which was probably due to a decrease in CPT-I activity. These results motivated 

us to measure the plasma TG level of the patients. The hypothyroid patients had significantly 

higher levels of plasma TG compared to the healthy controls and the finding was supported by 

other studies [156-158]. The excess TG usually deposits inside the cells of adipose tissues and 

liver as lipid droplets [159]. However, none of the patients enrolled in this study was 

overweight (BMI= 17.0±4.4 kg/m2). Also, the lean body mass did not differ between the 

hypothyroid patients and the healthy controls (data not shown), suggesting that the hepatocytes 

might be the primary target of TG deposition in these patients. A wide range of studies reported 

both overt and subclinical hypothyroidism as a risk factor of nonalcoholic fatty liver disease 

(NAFLD) and nonalcoholic steatohepatitis (NASH), the chronic liver diseases which might 

progress to cirrhosis and hepatocellular carcinoma [160-162], although some newly published 

studies failed to find such an association [162,163]. It had been demonstrated that 

acylcarnitines levels were significantly higher in the whole blood than in the plasma because 
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higher concentrations of LC-acylcarnitines in the erythrocyte membranes could contribute 

significantly to the whole blood acylcarnitines [164,165]. However, plasma acylcarnitines 

concentrations might have a pattern of variation similar to the one observed in the whole blood 

specimens. Finally, there are some limitations in the study, notably urinary excretion levels of 

acylcarnitines of the patients were not measured. Targeting more acylcarnitines metabolites 

might have helped to delve further into the patients’ ongoing fatigue-related complications.  

 

In the study of CPT1 gene expression, it was shown that CPT1B level was decreased in the 

patient group compared to the healthy control group, whereas CPT1A was higher in the patient 

group compared to the healthy controls group. The liver isoform, CPT1A expressed in almost 

all cells of the body whereas CPT1B is expressed in heart and skeletal muscles [166-168]. 

CPT1 activity is inhibited by malonyl-CoA and this is good target for treatment of metabolic 

disorder [169]. The higher level of CPT1A gene expression and the ratio CPT1A/CPT1B in 

patients might be due to other factors including old samples collected more than 2 years ago 

in a trizol containing tube and freshly collected samples can give the actual data of CTP1 

activity. Future study on investigating mutations through sanger sequencing of CPT1 gene can 

reveal the defective situation appeared in our study participants. 

 

Additionally, thyroid hormones control the amino acid metabolism in different ways [72,110]. 

In the present study, we found a decrease in levels of 9 amino acids in the CH patients 

compared to the healthy subjects, although their TSH and T4 levels were normal under LT4 

treatment. Plasma albumin level was also significantly decreased in the patient group compared 

to the healthy group which suggested a decrease level of protein synthesis in the liver due to 

thyroid disorder [170]. This might be due to any disturbance related to exposure of the pathway 

of protein metabolism in hypothyroid condition. Catabolic state indicator amino acids ratio 

(Phe/Try) didn’t differ between the two groups, whereas the Glycine to sum of branched chain 

amino acids (Gly/ƩBCAA) ratios indicated a decreasing trend in protein intake [113,171,172]. 

These alteration of amino acid level might be also affected by nutritional status of the study 

participants. 

 

Finally, it can be discussed that hypothyroid condition affects the body’s overall metabolism 

and explore a new era to investigate more factors associated with the clinical complications of 

the patients even under treatment.   
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CHAPTER 5: CONCLUSION 

__________________________________________________________________________________ 

 

The present study investigated the genetic etiology of Congenital Hypothyroid children 

focusing on 3 major genes TPO, TSHR and PAX8 in conditions of both Dyshormonogenesis 

and Dysgenesis. In Bangladesh, due to late diagnosis, the patients experience clinical 

complications even under treatment. The metabolic profiling of the patients can reveal the 

correlation between complications and the level of amino acids and acylcarnitines. These 

analyses can help to better understand the clinical features as well as any alteration of treatment 

strategy for individual patients under the guidance of the physicians and ultimately it will focus 

on the importance of Newborn screening for Congenital Hypothyroidism. 
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Supplementary Information 

A) Before optimization B) After optimization 

View 1 View 1 

View 2 View 2 

View 3 View 3 

Figure S 1. Structural differences of Heme before and after optimization from three different points of 

view. 
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Figure S 2. The predicted 3D structures of the proteins. (A) TPO1-933 WT, (B) TPO1-933 MT1, (C) TPO1-

933 MT2, (D) TPO1-933 MT3. The specific regions of the structures are indicated with the corresponding 

color written in the brackets. EC=Extracellular region shown in green color, TM=Transmembrane region 

shown in cyan color, IC=Intracellular region shown in red color, Catalytic center shown in blue color. 

A) B) 

C) D) 
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Figure S 3. QM/MM ONIOM calcualtion set up for protein-ligand complexes,  high level ( ball and stick) 

and low level (line). 

 

 

Figure S 4. Structure of H2O2 and iodide (I-) after optimization 

 

 

Figure S 5. Bond angles of specific atoms of MS437 and MS438 after optimization. 
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Table S 1. Binding energies and non-bond interactions of Heme with TPO142-738 WT, TPO142-738 MT1, 

TPO142-738 MT2, TPO142-738 MT3 after flexible docking. 

Protein 

Binding 

energy 

(kcal / mol) 

Category 
Interacting 

amino acids 

Interaction 

types 
Distance (Å) 

Total no. of 

interactions 

T
P

O
1
4
2

-7
3
8
 W

T
 

–11.9 

Hydrogen bond 

Arg441(Arg582) 
Conventional 

Hydrogen bond 

2.668 

21 

2.897 

2.489 

Arg445(Arg586) 
Carbon 

Hydrogen bond 
2.983 

Hydrophobic 

interactions 

His98(His239) Pi-Pi T-Shaped 5.555 

Val259(Val400) Alkyl 4.305 

His353(His 494) 

Pi-Pi T-Shaped 4.356 

Pi-Alkyl 

5.235 

4.876 

Ile356(Ile497) Alkyl 4.854 

Phe382(Phe523) Pi-Alkyl 

5.023 

4.113 

Leu419(Leu560) Alkyl 5.171 

Leu423(Leu564) 

Alkyl 4.517 

Pi-Alkyl 5.288 

Val425(Val566) Alkyl 4.845 

Leu426(Leu567) Alkyl 5.458 

Leu434(Leu575) Pi-Alkyl 5.089 

Electrostatic 

interactions 

Arg255(Arg396) Pi-Cation 4.461 

Glu258(Glu399) Pi-Anion 4.296 
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Protein 

Binding 

energy 

(kcal / mol) 

Category 
Interacting 

amino acids 

Interaction 

types 
Distance (Å) 

Total no. of 

interactions 

3.602 

T
P

O
1
4
2

-7
3
8
 M

T
1

 

–10.8 

Hydrogen bond 

Met90(Met231) 
Conventional 

Hydrogen bond 

2.327 

19 

2.938 

Gly93(Gly234) 
Carbon 

Hydrogen bond 
2.338 

Ser261(Ser402) 
Conventional 

Hydrogen bond 
2.109 

Gly352(Gly493) 
Carbon 

Hydrogen bond 
2.792 

Hydrophobic 

interactions 

Gly93(Gly234) Amide Pi 

Stacked 
5.0 

Gln94(Gln235) 

Val259(Val400) 

Alkyl 3.566 

Pi-Alkyl 5.471 

Phe349(Phe490) Pi-Alkyl 4.054 

Arg350(Arg491) 

Alkyl 4.666 

Pi-Alkyl 5.031 

Ile356(Ile497) Pi-Alkyl 5.193 

Phe382(Phe523) Pi-Alkyl 

3.95 

4.787 

Leu419(Leu560) Alkyl 5.252 

Leu423(Leu564) Alkyl 4.464 

Leu434(Leu575) Pi-Alkyl 4.935 

Glu258(Glu399) Pi-Anion 3.914 
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Protein 

Binding 

energy 

(kcal / mol) 

Category 
Interacting 

amino acids 

Interaction 

types 
Distance (Å) 

Total no. of 

interactions 

Electrostatic 

interactions 
4.651 

T
P

O
1
4
2

-7
3
8
 M

T
2

 

–2.5 

Hydrogen bond 

Arg350(Arg491) Conventional 

Hydrogen bond 

2.598 

20 

2.96 

Asn438(Asn579) 2.038 

Arg441(Arg582) 
Carbon 

Hydrogen bond 
2.937 

Hydrophobic 

interactions 

Phe102(Phe243) Pi-Alkyl 

5.333 

4.615 

His353(His494) Pi-Alkyl 4.462 

Phe382(Phe523) Pi-Alkyl 3.678 

Phe383(Phe524) Pi-Alkyl 

4.897 

4.558 

Leu423(Leu564) 

Alkyl 5.269 

Pi-Alkyl 5.159 

Phe424(Phe565) Pi-Alkyl 5.105 

Val425(Val566) Alkyl 4.147 

Leu426(Leu567) 

Alkyl 

3.903 

3.824 

Pi-Alkyl 5.226 

Leu434(Leu575) Alkyl 

5.139 

5.238 
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Protein 

Binding 

energy 

(kcal / mol) 

Category 
Interacting 

amino acids 

Interaction 

types 
Distance (Å) 

Total no. of 

interactions 

Electrostatic 

interactions 
Glu258(Glu399) Pi-Anion 3.338 

T
P

O
1
4
2

-7
3
8
 M

T
3

 

–5.3 

Hydrogen bond 

His98(His239) 

Conventional 

Hydrogen bond 

1.967 

16 

Arg255(Arg396) 2.793 

Arg350(Arg491) 2.686 

Arg441(Arg582) 2.36 

Hydrophobic 

interactions 

Phe102(Phe243) Pi-Alkyl 4.516 

Phe382(Phe523) Pi-Alkyl 3.675 

Phe383(Phe524) Pi-Alkyl 

3.622 

4.795 

Leu423(Leu564) Alkyl 4.628 

Phe424(Phe565) Pi-Alkyl 

4.705 

5.304 

Leu426(Leu567) Alkyl 

4.406 

4.555 

Leu434(Leu575) 

Alkyl 4.991 

Pi-Alkyl 5.148 

Electrostatic 

interactions 
Glu258(Glu399) Pi-Anion 3.633 

 

The amino acid residues and their positions are designated as the three letter abbreviations and the 

corresponding number; in case of TPO142-738 the amino acid outside the first bracket indicates the position 

in predicted structure for TPO142-738 and the amino acid residues in first bracket indicates the real position 

in TPO1-933 protein; WT = Wild type; MT1 = Mutant 1 (p.Ala373Ser); MT2 = Mutant 2 (p.Ser398Thr); 

MT3 = Mutant 3 (p.Thr725Pro). 
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Table S 2. Binding energies and non-bond interactions of Heme with TPO1-933WT, TPO1-933MT1, 

TPO1-933 MT2 and TPO1-933 MT3 after flexible docking. 

Protein 

Binding 

energy (kcal 

/ mol) 

Category 
Interacting 

amino acids 
Interaction types Distance (Å) 

Total no. of 

interactions 

T
P

O
1
-9

3
3
 W

T
 

–11.5 

Hydrogen bond 

Arg491 Conventional 

Hydrogen bond 

2.579 

21 

2.765 

Arg582 2.445 

Hydrophobic 

interactions 

His239 Pi-Pi T-Shaped 5.589 

Val400 Alkyl 

4.169 

4.851 

Phe490 Pi-Alkyl 4.875 

Arg491 Alkyl 4.094 

His494 

Pi-Pi T-Shaped 4.139 

Pi-Alkyl 5.076 

Ile497 Alkyl 5.259 

Phe523 Pi-Alkyl 4.176 

Leu560 

Pi-Alkyl 5.115 

Alkyl 4.254 

Leu564 Alkyl 

4.066 

4.406 

Leu575 Pi-Alkyl 5.391 

Electrostatic 

interactions 

Arg396 Pi-Cation 4.894 

Glu399 Pi-Anion 

3.536 

3.585 

Arg491 Pi-Cation 4.526 
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Protein 

Binding 

energy (kcal 

/ mol) 

Category 
Interacting 

amino acids 
Interaction types Distance (Å) 

Total no. of 

interactions 
T

P
O

1
-9

3
3
 M

T
1

 

–3.2 

Hydrogen Bond 

His239 
Conventional 

Hydrogen bond 
2.209 

12 

His494 
Carbon Hydrogen 

bond 
2.809 

Hydrophobic 

interactions 

His239 Pi-Alkyl 4.919 

Phe243 Pi-Pi T-Shaped 4.875 

Arg396 

Alkyl 3.979 

Pi-Alkyl 

3.680 

4.706 

Phe524 Pi-Alkyl 

3.864 

4.435 

Leu567 

Alkyl 5.123 

Pi-Alkyl 

4.565 

5.397 

T
P

O
1

-9
3

3
 M

T
2

 

–11.5 

Hydrogen Bond 

His239 

Conventional 

Hydrogen bond 

3.155 

20 

Arg491 2.743 

Arg582 

2.999 

1.899 

Hydrophobic 

interactions 

His239 Pi-Pi T-Shaped 5.261 

Val400 Alkyl 3.558 

Arg491 Alkyl 4.362 

His494 Pi-Alkyl 

4.944 

5.043 
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Protein 

Binding 

energy (kcal 

/ mol) 

Category 
Interacting 

amino acids 
Interaction types Distance (Å) 

Total no. of 

interactions 

Ile497 Alkyl 5.116 

Phe523 Pi-Alkyl 

4.003 

5.001 

Leu564 

Alkyl 

3.729 

5.453 

Pi-Alkyl 5.391 

Val566 Alkyl 4.717 

Leu575 Pi-Alkyl 4.676 

Electrostatic 

interactions 

Arg396 Pi-Cation 4.176 

Glu399 Pi-Anion 

3.596 

3.979 

T
P

O
1

-9
3

3
 M

T
3

 

–7.9 

Hydrogen Bond 

Gln246 Conventional 

hydrogen bond 

2.295 

21 

2.351 

Arg491 3.085 

Ser568 
Carbon hydrogen 

bond 

1.969 

3.043 

Hydrophobic 

interactions 

Phe243 

Pi-Pi T-Shaped 5.806 

Pi-Alkyl 5.488 

Val400 Alkyl 5.463 

Arg491 Alkyl 4.445 

His494 Pi-Alkyl 

4.209 

4.567 
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Protein 

Binding 

energy (kcal 

/ mol) 

Category 
Interacting 

amino acids 
Interaction types Distance (Å) 

Total no. of 

interactions 

Ile497 Alkyl 4.875 

Phe523 Pi-Alkyl 4.544 

Phe524 Pi-Alkyl 5.488 

Leu560 Alkyl 4.702 

Leu564 Alkyl 

4.943 

4.317 

Val566 Alkyl 3.745 

Leu575 Pi-Alkyl 4.767 

Electrostatic 

interactions 
Glu399 Pi-Anion 

4.081 

3.653 

 

The amino acid residues and their positions are designated as the three letter abbreviations and the 

corresponding number.WT = Wild type; MT1 = Mutant 1 (p.Ala373Ser); MT2 = Mutant 2 (p.Ser398Thr); 

MT3 = Mutant 3 (p.Thr725Pro). 

 

Table S 3. Summarized data for the bond distances and bond angles of specific atoms of H2O2 after 

optimization. 

Atoms                         Bond distance (nm) Atoms                            Bond angle (degrees) 

O1…H3                       0.97 O2…O1…H3                 100.33° 

O1…O2                       1.48 

O2…H4                        0.97 

O2…O1…H4                 100.33° 
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Table S 4. Sequenced samples that were used for HRM method setup 

Sl no Specimen Mutation in Exon 08 Mutation in Exon 12 

1 Specimen-01 

1117 G→T (373 Ala→Ser) # 

1193 G→C (398 Ser→Thr) #  

No Mutation 

2 Specimen-02 1193 G→C (398 Ser→Thr) * 

2145 C→T (715 Pro→Pro) # 

2173 A→C (725 Thr→Pro) #  

3 Specimen-03 

1117 G→T (373 Ala→Ser)* 

1193 G→C (398 Ser→Thr)  

2145 C→T (715 Pro→Pro)*  

2173 A→C (725 Thr→Pro)*  

4 Specimen-04 

1117 G→T (373 Ala→Ser)* 

1193 G→C (398 Ser→Thr)*  

2145 C→T (715 Pro→Pro)*  

2173 A→C (725 Thr→Pro)*  

5 Specimen-05 1193 G→C (398 Ser→Thr) #  

2145 C→T (715 Pro→Pro)*  

2173 A→C (725 Thr→Pro)*  

6 Specimen-06 

1117 G→T (373 Ala→Ser)* 

1193 G→C (398 Ser→Thr)*  

No Mutation 

7 Specimen-07 

1117 G→T (373 Ala→Ser)* 

1193 G→C (398 Ser→Thr) #  

No Mutation 

8 Specimen-08 

1117 G→T (373 Ala→Ser)* 

1193 G→C (398 Ser→Thr) #  

2145 C→T (715 Pro→Pro)*  

2173 A→C (725 Thr→Pro)*  

9 Specimen-09 No mutation 

2145 C→T (715 Pro→Pro) # 

2173 A→C (725 Thr→Pro) #  

10 Specimen-10 1193 G→C (398 Ser→Thr) #  

2145 C→T (715 Pro→Pro) #  

2173 A→C (725 Thr→Pro) # 

11 Specimen-11 No mutation 

2145 C→T (715 Pro→Pro) # 

2173 A→C (725 Thr→Pro) #  

12 Specimen-12 1117 G→T (373 Ala→Ser)* 2145 C→T (715 Pro→Pro)*  
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Sl no Specimen Mutation in Exon 08 Mutation in Exon 12 

1193 G→C (398 Ser→Thr)*  2173 A→C (725 Thr→Pro)*  

13 Specimen-13 1193 G→C (398 Ser→Thr) * 

2145 C→T (715 Pro→Pro) #  

2173 A→C (725 Thr→Pro) #  

14 Specimen-14 

1117 G→T (373 Ala→Ser)* 

1193 G→C (398 Ser→Thr)*  

2145 C→T (715 Pro→Pro)*  

2173 A→C (725 Thr→Pro)*  

15 Specimen-15 

1117 G→T (373 Ala→Ser)* 

1193 G→C (398 Ser→Thr) #  

No mutation 

16 Specimen-16 1193 G→C (398 Ser→Thr) * 

2145 C→T (715 Pro→Pro)*  

2173 A→C (725 Thr→Pro)*  

17 Specimen-17 

1117 G→T (373 Ala→Ser) # 

1193 G→C (398 Ser→Thr) #  

No mutation 

18 Specimen-18 

1117 G→T (373 Ala→Ser)* 

1193 G→C (398 Ser→Thr) #  

No mutation 

19 Specimen-19 

1117 G→T (373 Ala→Ser)* 

1193 G→C (398 Ser→Thr)  

No mutation 

20 Specimen-20 

1117 G→T (373 Ala→Ser) # 

1193 G→C (398 Ser→Thr) #  

No mutation 

Note: * =heterozygous state, #=homozygous state 
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Table S 5. Unknown samples used for HRM method validation 

Sl no Specimen Mutation in Exon 08 Mutation in Exon 12 

1 Specimen-01 

1117 G→T (373 Ala→Ser)* 

1193 G→C (398 Ser→Thr)* 

2145 C→T (715 Pro→Pro)* 

2173 A→C (725 Thr→Pro)* 

2 Specimen-02 No mutation 

2145 C→T (715 Pro→Pro) # 

2173 A→C (725 Thr→Pro) # 

3 Specimen-03 

1117 G→T (373 Ala→Ser)* 

1193G→C (398 Ser→Thr)* 

2145 C→T (715 Pro→Pro) # 

2173 A→C (725 Thr→Pro) # 

4 Specimen-04 

1117 G→T (373 Ala→Ser) # 

1193 G→C (398 Ser→Thr) # 

No Mutation 

5 Specimen-05 No mutation 

2145 C→T (715 Pro→Pro) # 

2173 A→C (725 Thr→Pro) # 

6 Specimen-06 

1117 G→T (373 Ala→Ser) # 

1193 G→C (398 Ser→Thr) # 

No mutation 

7 Specimen-07 1193 G→C (398 Ser→Thr)* 

2145 C→T (715 Pro→Pro)* 

2173 A→C (725 Thr→Pro)* 

8 Specimen-08 

1117 G→T (373 Ala→Ser)* 

1193 G→C (398 Ser→Thr) # 

2145 C→T (715 Pro→Pro)* 

2173 A→C (725 Thr→Pro)* 

9 Specimen-09 

1117 G→T (373 Ala→Ser) # 

1193 G→C (398 Ser→Thr) # 

2145 C→T (715 Pro→Pro) 

2173 A→C (725 Thr→Pro) 

10 Specimen-10 1193 G→C (398 Ser→Thr) # 

2145 C→T (715 Pro→Pro)* 

2173 A→C (725 Thr→Pro)* 

11 Specimen-11 No mutation 

2145 C→T (715 Pro→Pro) # 

2173 A→C (725 Thr→Pro) # 

12 Specimen-12 No mutation 2145 C→T (715 Pro→Pro) # 
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Sl no Specimen Mutation in Exon 08 Mutation in Exon 12 

2173 A→C (725 Thr→Pro) # 

13 Specimen-13 

1117 G→T (373 Ala→Ser) # 

1193 G→C (398 Ser→Thr) # 

No mutation 

14 Specimen-14 

1117 G→T (373 Ala→Ser)* 

1193 G→C (398 Ser→Thr)* 

2145 C→T (715 Pro→Pro)* 

2173 A→C (725 Thr→Pro)* 

15 Specimen-15 

1117 G→T (373 Ala→Ser)* 

1193 G→C (398 Ser→Thr) # 

No mutation 

16 Specimen-16 

1117 G→T (373 Ala→Ser) # 

1193 G→C (398 Ser→Thr) # 

No mutation 

Note: * =heterozygous state, #=homozygous state 
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Table S 6. Comparison of 8 short chain and 7 medium chain acylcarnitines between patients and 

healthy controls 

Category 

Patient 

µmol/L 

(mean±SD) 

CV 

(%) 

IQR 

Healthy 

Control 

µmol/L 

(mean±SD) 

CV 

(%) 

IQR P Value 

Short chain acylcarnitines        

Acetylcarnitine (C2) 16.56±6.5 39.26 8.72 15.30±4.52 29.54 4.9 0.19 

Propionylcarnitine (C3) 1.52±0.59 38.91 0.98 1.38±0.43 30.91 0.51 0.11 

Butyrylcarnitine (C4) 0.14±0.06 44.08 0.06 0.13±0.05 42.74 0.05 0.25 

3-Hydroxybutyrylcarnitine 

(C4OH) 
0.09±0.06 68.0 0.07 0.09±0.05 60.82 0.05 0.53 

Isovalerylcarnitine (C5) 0.13±0.07 56.26 0.06 0.14±0.05 36.72 0.67 0.67 

Tiglylcarnitine (C5:1) 0.01±0.004 68.24 0.007 0.01±0.005 78.21 0.006 0.61 

3-OH isovalerylcarnitine 

(C5OH) 
0.25±0.08 34.06 0.1 0.3±0.08 28.6 0.13 0.0012* 

Glutarylcarnitine (C5DC) 0.08±0.04 48.73 0.05 0.07±0.02 39.97 0.04 0.22 

Total short chain 

acylcarnitines 
18.77±6.95 37.07 10.19 17.40±4.84 27.85 5.13 0.195 

Medium chain 

acylcarnitines 
       

Hexanoylcarnitine (C6) 0.03±0.01 69.14 0.02 0.02±0.01 97.17 0.03 0.054 

Octanoylcarnitine (C8) 0.02±0.01 132.3 0.04 0.02±0.02 194.5 0.02 0.22 

Octenoylcarnitine (C8:1) 0.19±0.13 68.49 0.18 0.16±0.09 54.33 0.1 0.14 

Decanoylcarnitine (C10) 0.08±0.05 67.85 0.06 0.07±0.04 59.97 0.04 0.24 

Decenoylcarnitine (C10:1) 0.09±0.05 70.15 0.06 0.07±0.03 52.5 0.04 0.094 

Decadienoylcarnitine 

(C10:2) 
0.02±0.01 64.78 0.01 0.02±0.08 51.6 0.01 0.66 

Lauroylcarnitine (C12) 0.05±0.02 50.05 0.03 0.05±0.02 41.74 0.02 0.42 

Total medium chain 

acylcarnitines 
0.47±0.26 55.44 0.31 0.40±0.16 39.38 0.18 0.092 
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