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Hearing loss (HL) is the most prevalent sensory disorder whose etiology comes from environmental and/
or genetic factors. Approximately 60 % of HL cases are due to mutations in genes responsible for main-
taining a normal hearing function. Despite the monogenic inheritance of hereditary hearing loss (HHL),
its diagnosis is challenging as both clinical and genetic heterogeneity characterizes it. Through the devel-
opment of next-generation sequencing (NGS) techniques, the number of identified mutations responsible
for HHL has increased exponentially during the last decade. Mutations in the TMC1 have been reported in
several patients with nonsyndromic hereditary hearing loss (NSHHL), more precisely in cases with an
autosomal recessive inheritance pattern. In this study, we conducted whole-exome sequencing (WES)
analysis of a United Arabs Emirates (UAE) family with autosomal recessive nonsyndromic hearing loss
(ARNSHL). This analysis revealed segregation of the TMC1 missense mutation c.596A > T (p.Asn199Ile)
with the disease. Bioinformatics analysis supported the pathogenic effect of this mutation and predicted
its impact at the proteomics level. Molecular docking analysis of TMC2WT, TMC2R123K, TMC2Q205R, and
TMC2R123K + Q205R. Finally, protein docking results suggest a role for TMC2 variants in the phenotypic
variability observed within the investigated family.
� 2022 The Authors. Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Hereditary hearing loss (HHL) is among the most common sen-
sory disorders and is categorized by heterogeneity on multiple
levels - clinical, genetic, and allelic (https://hereditaryhear- in-
gloss.org/). Almost every probable inheritance mechanism for this
disease has been described, with prevailing recessive forms (World
Health Organization Global Health Estimates, 2016). Around 70 %
of all HHL cases are asymptomatic and are classified as non HHL
(World Health Organization Global Health Estimates, 2016). Auto-
somal recessive nonsyndromic HHL (ARNSHHL) represents the
glob- ally predominant form of deafness, with 76 genes and 108

loci reported so far (https://hereditary- hearingloss.org/) leading
to this condition. Such genetic heterogeneity associated with
extreme allelic heterogeneity renders next-generation sequencing
(NGS) techniques a sensible approach to unraveling genetic defects
related to deafness in patients with HHL. Moreover, this approach
can rapidly detect tens of thousands of DNA variants quickly and
cost-effectively compared to Sanger sequencing (Giese et al., 2017).

TMC1 (Transmembrane channel-like gene 1) gene mutations
were identified as causative for ARNSHL, linked to the DFNB11
and DFNB7 loci (Global Costs, 2021). TMC1 gene is the sixth most
frequent cause of hereditary hearing loss among all
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ARNSHHL-related genes. It accounts for 6 % of deafness cases
within Eastern Turkish populations and 3 % to 5 % in European,
Tunisian, Pakistani, and Indian communities, respectively (Mehl
and Thomson, 2002; Kitajiri et al., 2007; Kalay et al., 2005;
Schrauwen et al., 2013). The TMC1 gene belongs to the gene family
predicted for encoding transmembrane proteins (Tlili et al., 2008).
It encodes for the transmembrane channel-like protein 1 (TMC1),
containing six transmembrane domains and one conserved TMC
domain (Kurima et al., 2002). TMC1 protein is expressed in the
murine organ of Corti and has a significant role in the maturation
and survival of inner ear hair follicular cells (Jia et al., 2020). The
transformation of a mechanical stimulus to an electrical signal
within the cochlea is referred to as mecha-no-electrical transduc-
tion (MET) (Kawashima et al., 2011). Evidence suggests that the
MET within the inner ear is present as a complex of six differing
proteins: TMC1, TMC2, TMIE, Protocadherin-15 (PCDH15), Lipoma
HMGIC fusion partner-like 5 (LHFPL5), and Calcium and integrin-
binding protein 2 (CIB2) (Hudspeth, 1989). Moreover, other gene
mutations including mutations in the GJB2 (gap junction protein
beta 2) gene are very common and the most prevalent in individ-
uals with hereditary hearing loss (reference). GJB2 mutations are
responsible for almost 50 % of all cases with ARNSHL in most pop-
ulations. This genetic heterogeneity is also emphasized by the vari-
ation in frequency of specific mutations among different
populations. To date, >100 deafness mutations have been reported
in the GJB2 gene (The Connexin-deafness Homepage: https://da-
vinci.crg.es/deafness/).

This study conducted an NGS-based analysis on a United Arab
Emirates (UAE) family with hearing loss and negative for GJB2

mutations. We identified one known-TMC1 mutation (c.596.

A > T) that segregated the disease within the affected family.
Bioinformatics and 3D protein modeling analysis confirmed the
pathogenic effects of the c.596 A > T mutation on the protein.
Moreover, the analysis of variants associated with MET genes
within all affected individuals suggested a role for TMC2 variants
in the phenotypic variability observed in the studied family.
2. Materials and methods

2.1. Patients and samples

A UAE family affected with ARNSHHL and negative for GJB2
mutations volunteered to be part of this study regarding their con-
dition. Following audiological and medical evaluations, all patients
(or their parents) provided written informed consent. The Univer-
sity of Sharjah’s experimental procedures were approved by the
Ethics Committee (Sharjah, UAE). Saliva samples were collected
using Oragene-DNA� (OG-500) Kit [DNA GenotekTM, Canada], and
the genomic DNA extraction was performed using the prep IT-
L2P� (DNA GenotekTM, Canada) protocol.

2.2. Whole exome sequencing and Bioinformatics analysis

The Whole Exome Sequence (WES) was conducted on the pro-
bands from each family. DNA was extracted from Saliva using
the Oragene-DNA� (OG-500) extraction Kit [DNA GenotekTM,
Canada]. SureSelect V5-post kit� was employed for capturing gen-
ome libraries [Agilent TechnologiesTM, Santa Clara, CA, USA]. Target
regions were sequenced at a depth of 142X using 150 bp paired
end reads on an Illumina HiSeq 4000� [IlluminaTM, San Diego, CA,
USA]. Burrows- Wheeler Alignment (BWA) (Langmead et al.,
2009)tool was used to align sequences to the hu- man reference
genome (hg19). The variant call was conducted with the Genome
Analysis Toolkit (GATK v4.2.2.0) (McKenna et al., 2010). Annotation
of the variants was performed with SnpEff.
2

v4.1. Variant filtering was conducted as follows: (1) prioritiza-
tion of variants in candidate genes known to be responsible for
hearing loss (2) inclusion of non-synonymous, frameshift, and
stop/start codon gains/loss variants; (3) inclusion of variants
with < 1 % allele frequency within the Genome Aggregation Data-
base (GnomAD v2.1.1) (https://gnomad.broadinstitute.org); and
(4) prediction variant pathogenicity by applying PolyPhen2 and
SIFT scores. Sanger sequencing analysis was also performed to val-
idate candidate variants among probands and their segregation
within families.

2.3. TMC1 exon 11 amplification

To amplify exon 11 harboring the c.596 A > T mutation, the fol-
lowing primers were used:

TMC1_Ex11_F GAAGGCAACCAAGACAAAGC and TMC1_Ex11_R
ACCCCCTTTAGTG-CAAGGAT. The reaction mixture was prepared
using the AmpliTaq GoldTM 360 Master Mix� [NY, USA], and the
PCR conditions were 95 �C for 5 min, followed by 35 cycles of 95
�C for 15 s, 53 �C for 30 s, 72 �C for 1 min, concluding with a single
extension step at 72 �C for 10 min. The PCR product was size vali-
dated using 2 % agarose gel, and the band size was noted to be
376 bp. Prior to the Sanger sequencing reaction, PCR products were
treated using the ExoSapIT cleanup� reagent kit [AffymetrixTM,
USA].

2.4. Sanger sequencing

Big Dye Terminator v3.1 Cycle Sequencing Kit� [Applied Biosys-
tems, Thermo Fisher Scientific TM, USA] was used to sequence the
treated PCR products. As a result, the resulting sequencing reac-
tions were purified using the Qiagen TM DyeEX 2.0 spin kit�. Cap-
illary sequencing was carried out on a Genetic Analyzer 3500�

platform [Applied Biosystems, Thermo Fisher Scientific TM, USA],
and data analysis was performed using the Sequencing analysis
software with KBTM SeqScape� Software and Gene mapper software
v5.0. Sequenced samples were compared using BLAST with the
NCBI Reference Sequence: NG_008213.1.

2.5. In silico analysis of the c.596 A > T mutation

Function of the new variant c.596 A > T was predicted and
explored by SIFT [https://sift.bii.a- star.edu.sg/], PROVEAN
(https://provean.jcvi.org/index.php), and PolyPhen-2 (https://ge-
net- ics.bwh.harvard.edu/pph2/).

2.6. Computational methodologies for predicting mutation impact

The three-dimensional structure of mouse TMC1 was published
by Ballesteros et al., reference. But we haven’t utilized this struc-
ture as our subject of study was human samples. For this purpose,
the wild-type protein sequence of human TMC1was retrieved from
Uniprot. Consequently, protein homologs to TMC1 in 9 vertebrates
(chimpanzee, rhesus monkey, equine, ca- nine, bovine, murine,
brown rat, zebrafish, and chicken) were extracted from Uniprot
and Ensembl databases. These sequences were aligned utilizing
Clustal Omega using default parameters (https://www.ebi.ac.uk/
Tools/msa/clustalo/).

Swiss model (https://swissmodel.expasy.org/interactive) was
employed for model building. Web-based modeling was performed
for acquisition of comparatively most optimal and reliable model.
The web servers including I-TASSER, Phyre2, Robetta, were utilized
for prediction of 3D structures for TMC1 and TMC2. Furthermore,
the predicted 3D models were evaluated by Molprobity and UCLA

(https://saves.mbi.ucla.edu/).
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Consequently, wild type (w + ) and Asn199Ile-mutated (m) iso-

forms of human TMC1 were submitted to the Swiss model (https://

swissmodel.expasy.org/interactive) for automated structure pre-
diction. Furthermore, possible homology-modeling templates were
manually searched in Protein Data Bank (PDB), employing NCBI
BlastP. The structures of TMC1w + and TMC1m were also modeled
in Phyre2 and Robetta servers. The Phyre2 and Robetta server’s
models were further evaluated through the Molprobity online
suite. The comparison of the TMC1 structure published by Balles-
teros et al., and the TMC1 structure predicted in this study was also

made using UCLA structure validation server (https://saves.mbi.

ucla.edu/) to avoid any constraints.
Due to the absence of the experimentally established structure

of human TMC2WT, I- TASSER (World Health Organization Global
Health Estimates, 2016) was utilized to predict the 3D structure.
The model with reasonable values of C-.

scores were selected. Furthermore, to explore the effect of
mutated TMC2 on TMC1-TMC2 binding, the 3D structure of
TMC2R123K, TMC2Q205R and TMC2R123K + Q205R were predicted
using the TMC2WT structure as a template via MODELLER 10.1 tool
(Giese et al., 2017). Verifications of the predicted models were car-
ried out by the MolProbity tool (Global Costs, 2021). ’s Structure
refinement and optimization was carried out by the Yasar server
(Pacentine and Nicolson, 2019).

Molecular docking analysis of TMC2WT, TMC2R123K,
TMC2Q205R, and TMC2R123K + Q205R against TMC1N199I was
accomplished by PatchDock (Gorlin et al., 1995), along with the
refinement and re-scoring tool FireDock (Diaz-Horta et al., 2012);
to identify the binding domain of TMC2 responsible for interacting
with TMC1. In PatchDock, the input parameters were the PDB co-
ordinate files of TMC1 and TMC2. Each candidate transformation
was evaluated using a scoring function that was geometrically con-
sistent with the atomic desolvation energy (Jain et al., 1995).
Finally, Root Mean Square Deviation (RMSD) was used to eliminate
redundant solutions from the candidate solutions. To analyze their
conformational alterations, the best-docked structures of the top-
ranked solutions were chosen and visualized using UCSF Chimera
1.11.2. (Tlili et al., 2008).
Fig. 1. (A) Pedigree of the family analyzed in this st
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3. Results

3.1. Clinical description: Hearing loss is an autosomal recessive trait

A large UAE consanguineous family was investigated, including
three patients with congenital deafness. The pedigree analysis sug-
gested an autosomal recessive inheritance pattern (Fig. 1). Audio-
gram analysis (Fig. 1) revealed profound deafness in one affected
individual and severe-to-profound deafness in the two other
affected siblings. Interestingly, all affected siblings had undergone
cochlear implantation in their right ears, and their hearing exhib-
ited improvement at low frequencies (250 and 500 Hz).
3.2. Clinical description: Hearing loss is an autosomal recessive trait

A large UAE consanguineous family was investigated, including
three patients with congenital deafness. The pedigree analysis sug-
gested an autosomal recessive inheritance pattern (Fig. 1). Audio-
gram analysis (Fig. 1) revealed profound deafness in one affected
individual (II-3) and severe-to-profound deafness in the two other
affected siblings (II-2 and II-5). Interestingly, all affected sib-
lings had undergone cochlear implantation in their right ears,
and their hearing exhibited improvement at low frequencies (250
and 500 Hz).
3.3. Molecular analysis: Hearing loss trait is linked to c.596A > T
mutation in TMC1

The GJB2 gene was screened for mutations to identify the
disease-causing mutation within the investigated family, but no
pathogenic variants were identified. Consequently, WES has per-
formed in II-2 and II-3 affected individuals, generating 129,497
and 136,072 variants, respectively. After considering only homozy-
gous variants with a frequency < 0.001, these numbers were re-
duced to 6,881 and 7,587, respectively. After screening rare DNA
variants between these affected individuals, and the ones located
within genes responsible for ARNSHHL, we obtained a total of 19
variants (Table 1). Eighteen DNA variants were located within
udy. (B): Audiogram of the affected individuals.
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Table 1
Cross analysis results. Rare variants between samples II-2 and II-3 are located within ARNSHHL genes.

Chromosome Gene DNA variation Location Consequence

6 COL11A2 c.3594 + 56dupG Intronic –
7

HGF
c.865 + 6443_865 + 6442insGTGTGTGT

GTGTGTGT
Intronic –

7 MET c.2638-23del Intronic –
8 ESRP1 c.644 + 52dupT Intronic –
9 TMC1 c.596 A > T Exonic Missense
9 TMC1 c.1695 + 36delT Intronic –
11 EPS8L2 c.1753 + 8G > C Intronic –
11

MYO7A
c.2587-110_2587-111in-

sCTGCCAAATTATTTGG
Intronic –

11 MYO7A c.3108 + 81dupG Intronic –
11 MYO7A c.3285 + 91dupA Intronic –
11

MYO7A
c.3751-118_3751-

119insGCTGGGGCCTGGAGC
Intronic –

12 OTOGL c.1133-115dupT Intronic –
12 OTOGL c.1684 + 60_1684 + 63dup Intronic –
12 OTOGL c.2439-44delA Intronic –
12 OTOGL c.6094 + 48dupT Intronic –
12 PTPRQ c.1175–38 T > A Intronic –
12 PTPRQ c.1870 + 33_1870 + 35 Intronic –
15 CIB2 c.198 + 503 T > C Intronic –
17 MYO15A c.6957-64A > G Intronic –
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intronic regions, and only one was within a coding region, located

on TMC1 and representing a missense mutation: c.596 A > T (p.
Asn199Ile).

3.4. Missense mutation c.596 A > T led to Drastic structural changes in
TMC1

The protein sequences of human (Uniprot ID: Q8TDI8) and mur-
ine (Uniprot ID: Q8R4P5) TMC1 were aligned with homologs of
chimpanzee, rhesusmonkey, equine, canine, bovine, brown rat, zeb-
rafish, and chicken (Ensembl identifiers: XP_016816447.1,
XP_014973432.1, XP_023482822.1, XP_022283106.1,
XP_024851786.1, NP_001101991.1, XP_021331962.1, and
NP_001006580.1, respectively) using Clustal Omega. The Asn199
change in human TMC1was conserved across all lineages. SIFT, Poly-
Phen, and PROVEAN analyses demonstrated that this mutation is
considered harmful, probably damaging, and deleterious,
respectively.

The impact of the missense mutation within the TMC1 protein
structure was predicted using multiple databases and software

packages. The Swiss model (https://swissmodel.expasy.org/inter-

active) yielded four TMC1w+ and TMC1m with maximum sequence
identities of 13.75 % and a Cryo-EM structure of calcium-bound
nhT- MEM16 lipid scramblase in nanodisc (PDBs: 6QM6, 6QMA,
6QM9, and 4WIT). Additionally, the BlastP query for template
search in the PDB returned no successful hits. Consequently, all
the predicted structural models from Robetta and Phyre2 were
evaluated in the Molprobity server.

The top-scoring models of TMC1w+ and TMC1m from Molprobity
exhibited 97.27 % and 97.12 % Ramachandran-favored rotamers,
respectively. Drastic structural re-adjustments were observed in
TMC1m, in contrast to TMC1w+. The helices at the distal C-
terminal end displayed significant deviations, leading to the clos-
ing of the inner channel. Moreover, many helical repositioning,
elongations, and deletions were also witnessed.

3.5. Two coding genotypic variabilities within MET genes

WES results were re-analyzed to understand the phenotypic
heterogeneity between II and 2 and II-3 affected individuals at
4

low frequencies to understand the variation of the genotypes for
genes interacting with TMC1 protein (Supplementary Table S1).
Entirely 22 variants were detected in the heterozygous state (one
in LHFPL5, 4 in CIB2, and 18 in TMC2) within sample II-3, though
they were absent in the II-2 sample. Among them, only two vari-
ants within the TMC2 gene were coding - c.368G > A (p.Arg123Lys)
and c.614A > G (p.Gln205Arg).

3.6. Structure validation

The sequence determines the specific proteomic structure,
while such a structure determines proteomic function. Conse-
quently, the complete and valid structure is essential for under-
standing its behavior, such as binding affinities, domain, and
motifs. The 3D structure of targeted proteins was validated
through Molprobility to validate the chemistry for the investigated
protein, including bad angles, rotamers, and amino acid patterns.
All such features were refined, and the structure was prepared
for docking.

3.7. Structure comparison

The structure of TCM1 published by Ballesteros et al. (Oza et al.,
2018) was compared with the predicted structure used in this
study. Both models for TCM1were submitted to the UCLA structure

validation SERVER (https://saves.mbi.ucla.edu/) for Ramachandran
analysis, ERRAT, and Verify3D predictions justifying the selection
of the model used in this study. The results elucidated that the
Ramachandran quality of the mouse TMC1 structure predicted by
Ballesteros et al. was more significant than our predicted structure
for human TMC1. For human TMC1 predicted in this study, 71 % of
amino acids were located within the most favorable region, 18 %
were found in the additional regions, and 5 % were located within
allowed regions. In comparison, only 3 % of residues were located
within the disallowed region, as shown in Table 2. For mouse
TMC1 predicted by Ballesteros et al., 94.8 % of amino acids were
located within the most favorable region, 18 % of.

the residues were located in the additional regions, and 3.9 % of
residues were located within allowed regions. In comparison, only
0.7 % of residues were located within the disallowed region, as
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shown in Table 2. But ERRAT quality factor for our predicted struc-
ture (80.2 %) was more significant than the already published
TMC1 structure (57.43 %) (Fig. 2B,2D). ERRAT is a so- called ‘‘overall
quality factor” for nonbonded atomic interactions, with higher
scores indicating higher quality. The generally accepted range
is > 50 for a high-quality model (Ballesteros et al., 2018). Similarly,
the Verify3D (Ballesteros et al., 2018) score for our predicted struc-
ture (40.53 %) was slightly more significant than the already pub-
lished TMC1 structure (39.86 %) (Fig. 2).

3.8. TMC2-3D structural development

To obtain the complete 3D structure of TMC2WT, TMC2R123K,
TMC2Q205R, and TMC2R123K+Q205R, multi-scale structure-based stud-
ies were carried out. The model of TMC2WT with the value of C-
scores �1.01 was selected. C-score is typically in the range of [-5,
2], where a C-score of a higher value signifies a model with higher
confidence. A Ramachandran plot designated the presence
of > 86 % residues of modeled structures in the sterically allowed
region, while 0.16 % residues were considered outliers. Parameters
such as peptide bond planarity, non-bonded interactions, Ca-
tetrahedral distortion, main chain H-bond energy, and overall G-
factor for the modeled structure were all lying in the favorable
range. The optimized and modeled structure is illustrated in Fig. 3.

3.9. p. Arg123Lys and p. Gln205Arg led to conformational alterations
in TMC2 3D structure

To explore the effect of variants on TMC2 structure, predicted
structures of TMC2R123K, TMC2Q205R, and TMC2R123K+Q205R were
superimposed with TMC2WT by UCSF Chimera. An RMSD value of
1.1 Å, 0.8 Å, and 0.9 Å, respectively, depict the structure’s confor-
mational changes. Through comparative analyses of TMC2R123K,
TMC2Q205R, and TMC2R123K+Q205R with TMC2WT, pronounced confor-
mational alterations were witnessed. Regarding TMC2R123K, confor-
mational variations in Thr74-Glu85 and Arg358-Gly369 of the
cytoplasmic domain resulted in the helical region’s extension. A
considerable conformational change was observed at the region
encompassing Phe520-Ile714 residues, comprising a transmem-
brane helical domain and an extracellular topological domain at
the c-terminus (Fig. 4).

Regarding TMC2Q205R, the mutation from Lysine to Arginine
brings alterations within the N-terminal cytoplasmic domain - a
helix from Thr74-Gly84 that is elongated upon mutation. Substan-
tial conformational changes were observed in the transmembrane
helical and extracellular topological domains. Remarkably, upon
mutation, loop region Gly638-Phe641 transformed into a-helical
conformation resulting in the extension of the a-helix encompass-
ing Ala628-Leu662 residues.

Regarding TMC2R123K+Q205R, conformational variations were
observed at the Lys72-Gly84 region of the cytoplasmic domain,
which resulted in the extension of the a-helix. Moreover, signifi-
cant conformational alterations were observed, specifically in the
proximity of Ser650-Val710 and Ser802-Ser822 residues, resulting
in an alteration of the active site.

3.10. R123K and Q205R variations in TMC2 disrupted binding between
TMC1N199I and TMC2 proteins

To determine the TMC2-specific binding regions required for
interaction with TMC1N199I, molecular docking studies were per-
formed. By comparing the residual contributions of mutated
(TMC2R123K, TMC2Q205R, and TMC2R123K+Q205R) and TMC2WT in
TMC1N199I binding, this study investigated the mutational effect
on binding modalities. Regarding TMC2WT/TMC1N199I complex,
Lys399, Arg454, Gln457, and Lys807 residues of TMC2WT were



Fig. 3. 3D model of TMC2. TMC2 comprises three topological features: Cytoplasmic domain (green), Helical trans-membrane domain (orange), and extracellular domain
(yellow).

Fig. 2. Structure comparison and evaluation of human and Mouse TMC1. (A) Ramachandran values for mouse TMC1. (B) ERRAT factor for mouse TMC1 (C) Ramachandran
values for human TMC1. (D) ERRAT factor for human TMC1.
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hydrogen bonding with Tyr490, Val708, and Asp729 residues of
TMC1N199I (Fig. 5A). In addition to H-bonding, several TMC2WT resi-
dues were involved in hydrophobic contacts, as illustrated in
Table 3. The binding energy value for the complex is �21.37 kcal/-
mol (Supplementary 2).

Regarding TMC2123K/TMC1N199I complex, this study identified
the involvement of TMC2 specific Glu58, Met259, Val262,
Asn263, and Ser305 residues being intricately involved in H-bond
formation with TMC1N199I. Asn30, Arg42, Asn634, Asp729, and
Lys735 residues of TMC1N199I participated in developing hydrogen
bonds. Upon binding of TMC2123K with TMC1N199I, the binding
6

energy of the selected complex was �15.66 kcal/mol. Interestingly,
TMC2123K exhibited a differing binding pattern than TMC2WT

(Fig. 5B). Overall, R123K mutation within TMC2 disrupted the for-
mation of an interactive surface for TMC1N199I binding. Due to
mutations of R123k and Q205, complex of tmc2 became more
stable as it distract pattern of compex.

In TMC2Q205R/TMC1N199I complex, Val475, Met525, His682,
Arg610 and Tyr614 residues of TMC2Q205R were involved in H-
bonding with TMC1N199I (Fig. 5C). Furthermore, such hydrogen-
bond contacts were strengthened by hydrophobic associations.
Upon binding of TMC2123K with TMC1N199I, the binding energy of



Fig. 4. Comparative analysis of TMC2WT, TMC2R123K, TMC2Q205R and TMC2R123K+Q205R. The above panel represents the super- imposition of TMC2WT (spring green color)
with TMC2R123K (sky blue), TMC2Q205R (plum color), and TMC2R123K+Q205R (tan color), while regions indicating the variation in the conformation of mutated and wild type
TMC2 are also labeled. The below panel represents the individual TMC2 structures. (A) TMC2WT, (B) TMC2R123K, (C) TMC2Q205R, (D) TMC2R123K+Q205R.
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the selected complex was �28.50 kcal/mol. TMC2Q205R. However,
upon docking of mutated TMC2Q205R with TMC1N199I, it was
observed that mutation has consider- able effects on the binding
site of TMC1N199I. Similar to TMC2WT, Ser716-Gln737 residues of
the extracellular topological domain revealed a significant contri-
bution in TMC1N199I binding (Table 3). Regarding TMC2123K+Q205R-
TMC1N199I complex, this study identified the involvement of
TMC2- specific Asn263, Asn551, Arg561, Arg571, and Asn776 resi-
dues involved in hydrogen bonding with Met211, Lys164,
Glu171, and Leu730 of TMC1N199I (Fig. 5D). Several residues were
involved in the hydrophobic association. The binding energy value
for this complex was �25.53 kcal/mol.

Mutated TMC1N199I interacted with TMC2 residues that were
physically distant from the region, which is considered a crucial
domain for interaction. These results predicted the effective bind-
7

ing of the TMC1 and TMC2 interactions, which can be further vali-
dated by computer-based simulations and experimental studies in
the future to provide efficient findings.

In summary, such results demonstrated that R123K and Q205R
variations in TMC2 disrupted the binding between TMC1N199I and
the TMC2 proteins, which can explain the severity of hearing loss
(10–20 dBL) observed for II-3 at low frequencies when compared
to her sister, II-2. In addition, according to the recommendations
for autosomal recessive segregation evidence (PP1) listed within
the American College of Medical Genetics and Genomics/Associa-
tion for Molecular Pathology (ACMG/AMP) variant interpretation
guidelines (McKenna et al., 2010); such a mutation scored 1.2
and therefore implying moderate recommendations. Furthermore,
TMC1 is listed as an autosomal dominant determinant of NSHL
with solid supportive evidence 12.5 assigned points (out of 18)



Fig. 5. Comparative binding analysis of TMC1N199I with TMC2WT and mutated TMC2123K, TMC2Q205R, and TMC2123K+Q205R complexes. Optimal docked complexes of (A) TMC2WT/
TMC1N199I TMC2123K/TMC1N199I (C) TMC2R123K+Q205R/TMC1N199I (D) TMC2123K/TMC1N199I. TMC2 domains, including cytoplasmic, helical trans-membrane, and extracellular
domains, are demonstrated by green, orange, and yellow colors, TMC1 bound with TMC2R123K, TMC2Q205R, and TMC2R123K+Q205R are illustrated in plum, sky blue, cornflower
blue, and purple color, respectively. Residues involved in hydrogen bonding are represented in their respective ribbon colors and illustrated in ball-and- stick representation.
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according to the ClinGen Clinical Validity Framework (11/3/2017

version – https://www.clinicalgenome.org), encompassing both
case-level family segregation or supportive case-control data and
also genomic experimental proof that backs up such gene-disease
link. Further details can be found on the Clinical genome muta-

tional variant curation repository (https://www.clinicalgenome.

org).
Upon interaction of TMC1wt- TMC2wt, the binding energy of

complex was –21 kcal/mol. TMC1 shows phe 203, Ile204, Phe207,
ILE285, HIS 606, SER 657, LYS 735, MET 736, GLN 737 binding resi-
dues with TMC2. TMC2wt bind with N-terminus of TMC1wt. Inter-
estingly TMC1wt-TMC2wt complex shows different binding
pattern as compared to mutant structures of TMC1- TMC2 (Fig. 6).
4. Discussion

Hearing impairment is a monogenic disorder and one of the
most common health problems worldwide. Reports claim that
4 % of the UAE population suffers from HL defects, estimated at
155 patients per 100,000 live births (Scott et al., 1996; Hilgert
et al., 2008). This study analyzed a UAE family affected with
ARNSHL, using WES followed by Sanger sequencing validation
bioinformatics analysis to assess the impact of detected mutations.
Results revealed a missense mutation (c.596 A > T) in exon 11,
resulting in the substitution of an Arginine with Isoleucine at posi-
tion 199 (p. Asn199Ile). The functional consequences of Asn199Ile
mutation on human TMC1 function were assessed using Polyphen
(score = 1) and SIFT, predicting a damaging and harmful impact,
respectively. Additionally, this study demonstrated Asn199 being
8

conserved across all analyzed lineages through comparative
analysis.

Previous studies identified mutations in TMC1 that were associ-
ated with HL. Earlier studies in the Tunisian population reported
three nonsense mutations in the TMC1 gene (p.R34X, p.R389X
and p.W588X) were reported in previous studies in the Tunisian
population (Schrauwen et al., 2013; Lebeko et al., 2015;
Bakhchane et al., 2015). A novel pathogenic homozygous mutation
causing nonsyndromic hearing loss was reported to be present in
TMC1 exon 20 (c.1810C > G; p. Arg604Gly) within the Moroccan
population, causing structural changes in TMC1 protein (Lebeko
et al., 2015). In Sudan, Tunisia, and Jordan, a nonsense mutation
in the EC2 domain of TMC1 exon 15, c.1165C > T p.R389X, was
found (Jia et al., 2020; Sadeghian et al., 2019; Nishio and Usami,
2021). Within intron 23, the c.2260 + 2 T mutation was identified,
along with another mutation in exon 7, c.100C N T (p. R34X),
within the Tunisian population (Sadeghian et al., 2019). This same
mutation in exon 7 of TMC1 was also detected in a family from
Algeria (Nishio and Usami, 2021). Furthermore, TMC1 is listed as
an autosomal dominant determinant of NSHL with supportive evi-
dence 12.5 assigned points (out of 18) according to the ClinGen

Clinical Validity Framework (11/3/2017 version – https://

www.clinicalgenome.org). It encompasses both case-level family
segregation, supportive case-control data, and experimental ge-
nomic proof that backs up such gene-disease links.

The mutational spectrum of this gene can be extended by add-
ing a few more previously reported mutations. A novel missense
mutation in exon 20 (c.1979C > T, p. P660L) was found in the con-
served domain T5-T6 of TMC1. Additionally, the three novel muta-
tions p. S596R, p.N199I and c.1404 + 1G > T (skipping of exon 16)
were also reported (Lebeko et al., 2015; Sadeghian et al., 2019). The

https://www.clinicalgenome.org
https://www.clinicalgenome.org
https://www.clinicalgenome.org
https://www.clinicalgenome.org
https://www.clinicalgenome.org


Fig. 6. Docking structure of TMC1wt-TMC2wt. TMC1wt shown in grey color while TMC2wt shown in blue. Yellow and cyan color bonds are interacting residues of TMC1wt
and -TMC2wt vice versa.
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mutation identified in the UAE family analyzed in this study sug-
gests that it contributes to a minority of all ARNSHL cases in the
UAE population. All such results set forth a remarkable contribu-
tion to ARNSHL by mutations in the TMC1 gene. The identified
mutations were detected in the investigated family, suggesting
that they can significantly contribute to DFNB7- and DFNB11-
forms of deafness in the UAE family.

The mutation introduced at amino acid position 123 with
Arg > Lys disrupted the normal inter- action between TMC1 and
TMC2 proteins. Similarly, the docking of mutated TMC1 (N199I -
mutation at amino acid position 205 with Arg > Glu), with TMC2
normal protein (205Q) revealed significant changes at the struc-
tural level by disrupting the interaction of TMC1 and TMC2 with
each other. Finally, the double mutated TMC2 protein
(123 k + 205R) was also substantially impacted. Following evalua-
tions and comparative analyses of the interactions of two differing-
mutated TMC1 proteins with TMC2 normal protein, the results
demonstrate the damaging effect of these mutations at the pro-
teomic structural level, possibly through disruption of normal
interplays be- tween both proteins. The comparison between
mutated and wild-type TMC2 proteins resulted in several struc-
tural variations in a-helices and loops. In essence, mutations in
TMC2 affected the association of TMC1N199I with TMC2, resulting
in phenotypic variability.
5. Conclusions

In conclusion, this study reported the association of TMC1 mis-
sense mutation c.596 A > T (p.Asn199Ile) with ARNSHL in a UAE
9

family, resulting in deleterious functional consequences. Addition-
ally, protein docking results suggested the involvement of TMC2
variants in the phenotypic variability observed in this particular
family. Such proteins are highly interactive, and a single nucleotide
polymorphism or missense mutation can devastate the structural
properties and protein–protein interactions. Such mutations are
highly deleterious and can cause significant damage to the normal
interaction behaviors, ultimately causing hearing loss conditions.
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