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Abstract 

Abstract 

Connexin26 (Cx26) is a ~-class gap junction protein expressed in the cochlea, inner ear and 

in the epidermis. Mutations in Cx26 are responsible for at least 20% of all genetic hearing 

loss and 10% of all childhood hearing loss. Gap junctional proteins join together at their 

extracellular membrane and fonn intercellular channels, permitting the distribution of K + 

and Ca2+ ions, second messengers (e.g., cAMP and inositol 1,4,5-triphosphate), and small 

metabolites (e.g., glucose) that are essential for normal cellular development and functions . 

Any damage to these gap junctions would lead to the disturbance of equilibrium of the cells 

which may result in various diseases. The majority of mutations that cause non-syndromic 

hearing loss are responsible for either generalized folding problems resulting in the failure 

of Cx26 movement to the cell surface, or are permissive for the fonnation of gap junction, 

which prevent intercellular channel functions. It is impOliant to analyze the entire 

environment for a large class of biomolecular processes, i.e. , those that take place within 

biological membranes. Current study establishes the use of structural proteomics and 

molecular dynamics simulation studies to identify the alterations in Cx26 structure and its 

interactions with membrane lipid due to T8M mutation that is the major cause (6.1 %) of 

inherited deafness in the Pakistani population. 3-dimensional structure of Cx26MUT protein 

was generated tlu'ough homology modeling via MOD ELLER. Then it was used to explore 

the differences in transmembrane topology and gap junctional tunnel between wild type 

and mutated Cx26. MD simulation results revealed that the Cx26wT was more stable as 

compared to the Cx26MUT protein. T8M mutation resulted structure instability and reduced 

functionality due to which second messenger are no more able to pass through Cx26 

creating functional disturbances leading to non-syndromic deafness. 
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1. Introduction 

Deafness or hearing loss (HL) IS a sensory disability to perceive sounds. Hearing 

impainnent effects millions of people all over the world. Although it is not life threating 

but it can be a major problem in social and professional life (Kempennan et ai., 2002). 

Deafness is affecting almost 600 million people in the world (Traynor et al., 2011), and it 

is the 1110St common genetic abnormality, affecting 2 to 6 per 1,000 neonates (Traynor et 

aI., 2011, Morton et al., 1991). At least two-thirds of these cases in the world are inherited 

while the remaining one-third is attributed to enviromnental and infective factors (Hilgeli 

et ai., 2009) . 

1.1 Types of deafness 

Deafness can be distinguished as Syndromic and Non-Syndromic deafness depending on 

whether other distinctive physical features are present or absent respectively. Non

Syndromic deafness doesn ' t include any other abnormality and is typically sensorinemal 

(Bitner-Glindzicz et al., 2002), while syndromic deafness can be sensorineural, conductive, 

or mixed. This type of deafness includes additional disability like cognitive impairment 

(Van-Naarden et ai., 1999) or cardiac dysfunction (Baig et ai., 2011). Almost 400 

syndromes include hearing loss as a paIi oftheir phenotypic signature (Hilgert et ai., 2009) . 

Most inhelited forms of deafness segregate as monogenic traits but digenic inheritance has 

also been reported (Zheng et al., 2005). Based on the mode of inheritance, monogenic 

hearing loss is categorized as autosomal recessive, autosomal dominant, X-linked, and 

mitochondrial (Cryns et ai., 2004). Epidemological features determine that prelingual 

deafness is 0.2-0.6%, genetically caused 50%, syndromic 25%, non-Syndromic 75%, 

autosomal dominant 20%, autosomal recessive 74%, X-linked 5% and mitochondrial is 1 % 

(Kemperman et al., 2002). 

1.2 Genes associated with deafness 

Deafness is genetically heterogeneous disorders, with more than 100 mapped loci and more 

than 60 genes are located in these loci (Van-Camp et al., 2012). It is expected that 

approximately 1 % of human genes playa role in hearing (Friedman et al., 2003). By genetic 

linkage technique, many non-syndromic forms of deafness have been localized on the 
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Chapter 1 Introduction 

human genome SInce 1997. These loci include DFNA (autosomal dominant), DFNB 

(autosomal recessive) and DFN (X-linked), depending upon the pattern of inheritance 

(Kemperman et ai., 2002) . 

Deafness is more common in developing countries of Asia. Like other genetic disorders, 

deafness has high occurrence among consanguineous populations (Zakzouk et ai., 2002). 

Pakistan, where >60% maLTiages take place within families, has high frequency of deafness 

(Hussain and Bittles et ai., 1998). Pakistani population is one of the richest genetic 

resources to study inherited deafness . More than 35 autosomal recessive non-syndromic 

loci have been mapped in Pakistan (Riaz and Iqbal et aI., 2012). Deafness is higher in the 

Pakistani population (0.16%) than rest of the world (average 0.1 %) due to high 

consanguinity (Hussain and Bittles et ai. , 1998). 

Genes that are more frequently involved in inherited deafeness in Pakistan are mentioned 

in table 1.1. 

Table 1.1: Genes involved in causing deafness in Pakistan. 

Gene name Locus Reference Incidence of Deafness 

MARVELD2 DFNB49 Nayak et ai., 2015 1.5% 

LRTOMT DFNB63 Ahmed et at., 2008 0.5% 

CDH23 DFNB12 BOl'k et al., 2001 5% 

Riaz et al., 2012 

TMCl DFNB7 Kitajiri et al., 2007 3.4% 

DFNB11 Santos et aI., 2005 4.4% 

C90rj75(TPRN) DFNB79 Rehman et at., 2010 0.25% 

TRlOBP DFNB28 Riazuddin et al., 2006 1.6% 

RDX DFNB24 Khan et al., 2007 0.3% 

Ali et aI., 2010 

MY06 DFNB37 Ahmed et ai., 2003 1.2% 

MY015A DFNB3 Nal et ai. , 2007 5% 

Riaz et al., 2012 
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MSRB3 DFNB74 Ahmed et at., 2011 1.1 % 

Waryah et at., 2009 

PJVK DFNB59 Mujtaba et ai., 2012 0.8% 

GJB2 DFNBl Anjum etai. , 2014 6.1 % 

DFNA3 Padma et al., 2009 

Brown et at., 1996 

SLC26A4 DFNB4 Anwar et ai., 2009 5.2% 

Park et al., 2003 

TMPRSS3 DFNB8 Ahmed et aI., 2004 1.8% 

DFNB10 

TMIE DFNB6 Naz et ai., 2002 1.3% 

CIB2 DFNB48 Riazuddin et al., 2012 1.5% 

Ahmad et ai., 2005 

MY0 7A DFNB2 Riazuddin et ai., 2008 3.5% 

ESRRB DFNB35 Collin et al., 2008 0.6% 

ILDRl DFNB42 Borck et al., 2011 0.5% 

HGF DFNB39 Schultz et ai., 2009 2.1% 

OTOF DFNB9 Choi etal. ,2009 2.3% 

Gap Junction Beta 2 (GJB2) mutations are the major cause of inherited deafness and are 

accountable for >50% of non-syndromic deafness (Chen et al., 2014). Although it is 

involved in autosomal dominant form of deafness (DFNA3), most of its mutations result in 

autosomal recessive deafness (DFNB 1) (Cohn et al., 1999, Denoyelle et al., 1999). DFNB 1 

is the 15t locus which is involved in autosomal recessive non-syndromic deafness and gene 

present on this locus is GJB2 (Kelsell et al., 1997). GJB2 is a small gene located at the 

chromosomal location: (GenBank M86849, OMIM: *121011) 13q11. It is 5.5 kbp long and 

has two exons but only one of them has coding sequence. The mRNA is 2.4 kbp long and 

encodes Connexin26 (Cx26) protein (Kelley et ai., 2000). 
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Chapter 1 Introduction 

1.3 Connexin protein family 

Connexins belong to a large family of transmembrane proteins which allow intercellualar 

communication (Dbouk et al., 2009). Human Connexin family comprises of 21 members, 

each encoded by a different gene. These are divided into five distinct subgroups, named as 

a, p, y, 8 and £ (Bosco et at., 2011). Phylogenetic tree ofConncxin family is given in figure 

1. 1. 

CX59 

Cx40 

Cx30.2 

Cx26 -_~ 

Cx32 ____ --..:I~----.,-- .....-.--.......::~---- Cx45 

Cx31.1-__ ___ 
Cx47 

Cx30.3 

Cx31.9 

Cx40.1 

Figure 1.1: Phylogenetic tree of Connexin family (Bosco et al., 2011). 

Connexins (Cxs) are expressed in almost every cell type in the human body (Bruzzone et 

al., 1996) such as Cx43, which is found in the brain, kidneys, heati and reproductive organs, 

among others (Saez et aI., 2003), Cx29 is restricted to myelin-forming glial cells, (Sohl et 

aI. , 2001) or Cx26 and Cx30 in the inner ear. Cxs form two types of channels; hemichalmels 
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Chapter 1 Introduction 

(HCs) and gap junction channels (GJCs). HCs are formed by the oligomerization of six Cxs 

monomers and travel through vesicles to the plasma membrane (Vinken et aI., 2006, Laird 

et al., 2006). Connexins HCs and GJCs arrangement in plasma membrane is shown in 

figure 1.2. 

Cell 1 

Gap Junction Channels 

--
:::::::! 

Cell 2 
===' == =-=-
~ 
~= ----

Figure 1.2: Plasma membrane arrangements of Cxs (Retamal et al. , 201 5) . Six Cxs 

oligomerize to form a HC that traveled to the plasma membrane to form free HCs, which 

provide a communication pathway between the cell and the extracellular environment. 

Alternatively, can dock others HCs provided by an adjacent cell (appositional plasma 

membrane) to form intercellular aqueous pore named GJCs. 

Connexin25 (Cx25), Connexin26 (Cx26), Connexin30 (Cx30), Connexin31 (Cx3 ]) , 

Connexin36 (Cx36) , Connexin40 (Cx40), Connexin43 (Cx43), Connexin46 (Cx46) are all 

involved in noh-syndromic deafness. Cx26 is responsible for at least 20% of all genetic 

hearing loss and 10% of all childhood hearing loss. Cx26 is a ~-class gap junction protein 

expressed in the cochlea and in the epidermis (Kelsell et al., 1997). It has 226 aminoacids 

(Kelley et ai., 2000). It consists of six chains that form a hexamer complex called connexon. 
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Chapter 1 Introduction 

Two hexamers in membrane of adjacent cells form a cell to cell channel or a tunnel called 

as gap junction (Kikuchi et aI., 2000) . Each chain consists of four transmembrane helices 

(TMI-TM4), two cytoplasmic loop and one extracelluar loop. Each connexin has a 

positively charged cytoplasmic entrance, a negatively charged transmembrane pathway and 

an extracellular cavity (Maeda ct aI., 2009). 

1.4 Cx26 mutations associated with deafness 

Mutations in Cx26 and their frequencies are largely dependent on ethnicity (Yilmaz et aI., 

2010). Mutations in Cx26 that cause non-syndromic deafness are mentioned in table 1.2. 

Table 1.2: Cx26 mutations that are responsible for deafness. 

Codon location Mutation type Reference 

MIV Missense Estivill et al., 1998 

T8M Missense Anjum et al., 2014 

35delG Deletion Iframeshift CalTasquillo et aI., 1997 

Denoyelle et al., 1997 

Zelante et al., 1997 

31-68del(38) Deletion/frameshift Denoyelle et al., 1997 

35insG Insertion/frameshift Estivill et al., 1998 

W24X Non-sense Kelsell et aI., 1997 

V271 Variant Kelley et aI., 1998 

M34T Missense Kelsell et aI., 1997 

V371 Variant Kelley et al., 1998 

W44C Missense Denoyelle et al., 1998 

E47X Non-sense Estivill et al., 1998 

Denoyelle et aI., 1997 

167delT Deletion Iframeshift White et al., 1998 

V52L Missense Snoeckx et al. , 2005 

Q57X Non-sense Snoeckx et al. , 2005 

V63M Missense Snoeckx et al., 2005 

Y65X Non-sense Estivill et aI., 1998 
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R75W Missense Rabionet et aI., 1998 

W77R Missense Carrasquillo et ai., 1997 

W77X Non-sense Padma et ai., 2009 

Q80P Missense Snoeckx et aI. , 2005 

182M Missense Snoeckx et aI., 2005 

235deiC Deletion Iframeshift Scott et aI., 1998 

V84L Missense Kelley et ai., 1998 

267insT Inserti 0 n/fram eshi ft Green et ai., 1999 

L90P Missense Snoeckx et aI., 2005 

V95M Missense Kelley et ai., 1998 

R98Q Missense Green et ai., 1999 

H100Y Missense Green et ai. , 1999 

314-327del 14 Deletion Iframeshift Kelley et aI., 1998 

333- 334del(AA) Deletion Iframeshift Kelley et ai., 1998 

S113R Missense Scott et ai. , 1998 

358del(GAG) Deletion Iframeshift Denoyelle et aI., 1997 

R127H Missense Estivill et aI., 1998 

L132V Missense Snoeckx et ai., 2005 

S139N Missense Snoeckx et aI., 2005 

R143W Missense Scott et ai., 1998 

E147K Missense Snoeckx et aI., 2005 

510insA Inseliion/frameshift Denoyelle et aI., 1997 

F161 S Missense Rabionet et ai., 1998 

P173R Missense Rabionet et al., 1998 

R184P Missense Rabionet et aI. , 1998 

572delT Deletion Iframeshift Murgia et ai., 1999 

S199F Missense Green et ai., 1999 

631-632del(GT) Deletion Iframeshift Kelley et aI. , 1998 

N206S Missense Snoeckx et ai., 2005 

T208P Missense Snoeckx et al., 2005 
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1.5 Connexin passage through lipid bilayer 

Lipids provide a structural and functional fl.-amework to all membrane proteins (Locke et 

al., 2009). Interactions of membrane proteins with membrane lipids are of structural and 

functional significance (Lee et ai., 2004). Proteins of Connexin family are known for their 

ability to fonn hexamers in the plasma mcmbrane. These hexameric proteins join together 

at their extracellular membrane and form intercellular channels (HalTis et ai., 2008). 

Intercellular channels cluster together to form gap junctions that are typically long, distinct 

at the specified regions of plasma membrane. The lipid composition of this portion differs 

from sUlTOunding plasma membrane. HCs and GJCs are shown in Figure 1.2. Gap junctions 

directly bind with the cytoplasam of adjacent cells, pennitting the distribution of K+ and 

Ca2+ ions, second messengers (e.g., cAMP and inositoI1,4,5-triphosphate (IP3», and small 

metabolites (e.g. , glucose) that are essential for normal cellular development and functions 

(Lawrence et al., 1978 , Malewicz et al., 1990). The majority of mutations that cause non

syndromic hearing loss are responsible for either generalized folding problems that result 

in the failure of Cx26 movement to the cell surface, or are permissive for the formation of 

gap junction, but prevent intercellular channel functions (Xu et al., 2013). 

1.6 Comparative modelling 

Functional characterization of a protein sequence is one of the most frequent problems in 

biology. This problem can be solved by accurate three-dimensional structure of the protein. 

In the absence of an experimentally detem1ined structure, comparative modelling or 

homology modelling is a useful method to model three-dimensional protein structures 

using experimentally determined structures of related family members as templates (Eswar 

et al., 2006). Building homology models involves specialized programs and up-to-date 

sequence and structural databases (Arnold et al., 2005). Many web-based as well as offline 

desktop tools can be used for homology modelling. SWISS-MODEL 

(http://swissmodel.expasy.org), Gen03D (http ://geno3d-pbil.ibcpF), ESyPred3D 

(http://wwwfundp.ac.belurbmlbioinfolesypredl). 3D-JIGSAW 

(http: //bmm. crick. ac. uk/~ 3 dj igsawl) , 

(http ://www.cbs.dtu.dk/services/CP Hmodelsl) and 

CPHModel 

PHYRE2 

(http: //www.sbg.bio.ic.ac.uklphyre2/html/page.cgi? id=index) are some of the common 
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web based homology modelling servers. FoldX, Prime, CABS, RaptorX and MOD ELLER 

are some easy downloadable desktop tools for comparative modelling. 

1. 7 Lipid bilayer simulation 

Over the last few decades, molecular dynamics simulation has become a common tool in 

theoretical studies of simple liquids as well as large biomolecular systems such as proteins 

or DNA in real world solvent environments. By this technique, statistical properties such 

as free energy of solvation or binding of small molecules and protein folding rates etc. can 

be extrapolated (Hess et al., 2008). It is impOliant to analyse the entire environment for a 

large class of biomolecular processes, i.e., those that take place within biological 

membranes (Israelachvili et al., 1980). Despite complete infonnation of 3D structures of 

membrane proteins, many of the factors responsible for the conformational stability of 

membrane proteins are still not well understood. The complications in finding detailed 

information at the molecular level about the phospholipid bilayer environment and its 

influence on lipid-protein interactions contribute to the problem. The main effect on the 

membrane is that of a thermodynamic driving force involved in partitioning the amino acids 

according to their solubility i.e. hydrophobic amino acids are more likely to be found within 

the core of the membrane whereas charged and polar amino acids are more likely to be 

found in the bulk solvent (Terwilliger et al., 1982, Wesson et al., 1992). Molecular 

dynamics (MD) simulation assay of complete atomic models based on the realistic 

microscopic interactions is a powerful tool to gain insight into the structure and dynamics 

of complex macromolecular systems such as membrane proteins (Brooks et al., 1990). 

Simulations of lipid bilayers, biomembranes and related systems by MD (Haile et al., 1992) 

and Monte Carlo (Mooney et al., 1997) is an area of rapid growth (Pastor et al., 1994). The 

membrane environment effects the function of membrane proteins through electrostatic and 

steric interactions as well as through the membrane's internal pressure. Therefore, the 

environment needs to be properly taken into account in MD studies (Gumbati et al., 2005). 

One drawback of the membrane simulation approach is that its success depends on various 

methodological issues such as force fields, constraints, and the accuracy of incorporation 

orders for the equations of motion (Tieleman et a/., 1997; Chiu et a/., 2000; Besold et al., 

2000; Vattulainen et al., 2002). In particular, the treatment of electrostatic interactions 
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needs special attention, since biomembrane systems are highly charged i.e. lipid molecules 

are either polar or charged and they interact with each other, the polar water environment, 

counterions (Pandit and Berkowitz et aI., 2002), proteins (lbragimova and Wade et aI. , 

1998), and DNA (Bandyopadhyay et al., 1999). Suitable handling of electrostatic 

interactions in MD simulations is therefore one of the most important issues in this fi eld. 

In particular, the particle-mesh Ewald (PME) teclmique has been increasingly used often 

in lipid bilayer simulations to avoid such problems (Venable et al., 2000; Saiz and Ylein et 

ai., 2001 ; Feller et al., 2002; Tobias et al., 2001 ; Pandit and Berkowitz et al., 2002). 

1.8 Aims and Objectives 

Membrane protein specific processes, pathways and interactions can ' t be characterized 

without knowing their interactions and placements in cell membrane. The basic aim of this 

study is to explore how connexin family proteins behave in lipid bilayer of cell membrane 

and to find the effect of T8M mutation in Cx26 i.e. , how it behaves in plasma membrane 

that ultimately causes deafness. There is very little knowledge about MD simulations using 

Lipid-protein system and handling oflipid bilayer simulation is a difficult task. This study 

will largely help in establishing novel clues for Cx26 functional disturbances leading to 

non-syndromic deafness . 
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2. Material and Methods 

2.1 Data collection 

Literature survey was perfol111ed to determine the causes of deafness. As 50% of Hearing 

loss is due to genetic abnormalities (Birkenhager et al., 2007), genes involved in hearing 

were checked. Numerous genes were found to be affected in deafness. Out of these, Cx26 

was selected for further analysis as rate of deafness caused by thi s gene was high as 

compared to other genes. As our study was focused on the deafness in Pakistan; so 

mutations of Cx26 frequently associated with deafness in Pakistani population were 

selected (Table 2. 1). 

Table 2.1: Cx26 mutations causing deafness in Pakistani families. 

Mutation Reference 

p.T8M Anjum et al. , 2014 

p.W24R Snoeckx et al. ,2005 

p.M34T Kemperman et al., 2002 

c. 167delT Snoeckx et al. ,2005 

p.W24X Kelsell et aI. , 1997 

p.R143W Snoeckx et al.,2005 

c.35delG Carrasquillo et al., 1997 

Denoyelle et aI. , 1997 

Zelante et aI. , 1997 

p.W77X Padma et al., 2009 

Among these mutations, T8M mutation is responsible for >6% cases of non-syndromic 

deafness in Pakistan (Anjum et ai., 2014). 
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2.2 Protein sequence and structure retrieval 

Protein sequence of Cx26 was retrieved through Ensembl genome browser (Flicek et a1.. 

2011, Hubbard et al., 2002) (http://www.ensembl.orglindex.html), UCSC genome browser 

(Karolchik et a!. , 2014, Fujita et a!. , 2010) (h ttp://genome.ucsc.edu) and Uniprot 

(http ://www.uniprot.org/). Structurc of Cx26 (PDB ID: 2ZW3) was obtained through 

Protein Data Bank (PDB) (Bel111an et ai., 2000) with 3.5A resolution (Maeda et ai., 2009). 

This structure was employed for predicting the structures of mutated Cx26. 

2.3 Structure prediction and minimization 

Structure of mutated (T8M) Cx26 was predicted and minimized by Modeller9.14 (h ttp: 

Iisa lilab. orglmodeller). UCSF Chimera 1.8.1 (Goddard et ai., 2007) 

(https:llwww.cgl.ucsfedulchimeral) was used for structure visualization, sequence 

structure integration, structure minimization and 3D superimposition. 

2.3.1 Modeller 

Modeller is a program used to predict 3D models with good stereochemistry and close to 

crystallographic structure of template (Sali et ai., 1995). Modeller predicts 3D structure of 

a query protein (target) by aligning it with one or more proteins of known structures 

(templates). The steps of prediction process include: fold assignment, target-template 

alignment, model building, and model evaluation. Modeller is a comparative or homology 

based program, therefore errors may exist in case of no alignment between the query and 

template (Eswar et ai., 2006). 

If sequence similarity between query and template is 40%, the predicted structure has about 

90% of main chain atoms modeled with Root Mean Square Deviation fi'om ~ 1 A resolution 

X-ray structure of template (Sali et ai., 1995, Eswar et al., 2008) . 

2.3.2 UCSF Chimel'a 

UCSF Chimera is an extensible interactive visualization tool for the analysis of molecular 

structures and related data. It provides easy analysis of sequence alignments, docking 

results, structural details. High-quality images and animations can also be generated 

(Pettersen et ai., 2004, Yang et aI., 2012). Chimera provides deep integration of sequence 

and structure, far beyond mapping where the primary sequence of protein falls in secondary 
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or tertiary structure. Thus sequence structure integration which was considered as a difficult 

task can be easily accomplished in Chimera. Chimera is used to superimpose structures so 

that they can be compared and analyzed (Meng et ai., 2006). 

2.4 Structure validation and refinement 

Validation of stereochemical properties of structures such as Ramachandran favoured 

residues, good and bad bonds and angles are checked by Molprobity and followed by 

refinement through Wincoot. 

2.4.1 MolProbity 

MolProbity (http://molprobity.biochem.duke.edul) 1S a general-purpose web program 

which offers quality validations for three-dimensional (3D) structures of proteins, nucleic 

acids and complexes. It provides thorough analysis of all-atom contacts to find steric 

problems within the structures (Davis et ai., 2004). All diagnostics are presented in charts 

and graphical forms which help the researchers to make a quickly review structural details 

of proteins (Chen et ai., 2009). MolProbity is unique to the related programs in offering 

all-atom contact analysis and up-to-date, high-accuracy Ramachandran and rotamer 

distributions. MolProbity applies to both X-ray and NMR structures, and to both proteins 

and nucleic acids. 

2.4.2 Will Coot 

WinCoot is a molecular-graphics application which is utilized for model building and 

validation of biological structures. The program displays electron-density maps and atomic 

models (Emsley et ai., 2004). It allows model manipulations such as real-space refinement, 

manual rotation/translation, rigid-body fitting, ligand search, solvation, mutations, 

rotamers and Ramachandran idealization (Emsley et ai., 2010). WinCoot helps in refining 

the structures such as poor rotamers, ramachandran outliers etc. are removed. WinCoot is 

built around two major libraries: mmdb (A library for handling molecular macromolecules) 

and clipper (Cowtan et ai., 2002). 

2.4.3 Y ASARA 

Y ASARA is a modeling, minimization and dynamics program built around the 

visualization algorithm (Krieger et ai., 2014). YASARA features a complete homology 
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modeling module to automatically generate a high-resolution model using a CASP (Critical 

Assessment of Structure Prediction) approved protocol (Krieger et al. , 2009). It is powerful 

enough to handle large amounts of data produced in structural and functional proteomic 

projects i.e. all-in-one solution to map protein sequence onto 3D structure. The functional 

annotation of proteins ultimately aids the process of drug designing. Y ASARA IS a 

platform to perform fl exible ligand-receptor dockings as well as short simulations. 

2.5 Visualization and analysis 

Visualization of the interaction of docked and simulated complexes is done with LigPlus 

(http ://www.ebi.ac. uklthornton-srvlsoftwarelLigPlusl) 

(http://pymol. orgleducationall), 

and Pymol 

TmRPres2D 

(h ttp://bioinformatics.biol.uoa.grlTMRPres2DI) is used to visualize Cx26 in membrane. 

Caver is used to calculate pore size of normal and mutated (T8M) Cx26, to determine the 

influence of pore size in causing deafness . 

2.5.1 TmRPres2D 

TmRPres2D is the abbreviation of "Transmembrane Re-presentation in 2D". It is a java 

based application which takes protein sequence as input and presentsuniform and two

dimensional high quality graphical models of alpha-helical or beta-ban'el regions of 

transmembrane proteins (Spyropoulos et al., 2004). 

2.5.2 Caver 

Caver is a downloadable program developed in JAVA which serves to identify transport 

pathways of macromolecules. It can be used either as PyMol plugin or independent 

application. It not only predicts tunnel locations in protein structures but also supports their 

analysis and calculation, real-time visualization of tunnels and channels (Kozlikova et al., 

2014) . A trajectory from a molecular dynamics simulation serves as the typical input 

(Chovancova et al., 2012). Other than protein system caver is able to analyze any molecular 

system i.e. nucleic acids or inorganic material (Petrek et al., 2006) 

2.5.3 LigPlus 

LigPlus is an intuitive java interface which allows on-screen editing of the plots via mouse 

click-and-drag operations. This application generates two dimensional (2D) protein-ligand 
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interaction diagrams from 3D coordinate files. Using this program, hydrogen and 

hydrophobic interactions between ligands and amino acid residues within the active site 

can be analyzed (Wallace et al., 1995). To facilitate interaction analysis of multiple ligands 

within the same protein, the application is now able to plot all related sets ofligand-protein 

interactions in thc same orientation (Laskowski ct aI., 2011) . 

2.5.4 Pymol 

Pymol (http://pymol.org/educationall) is an open-source and user-sponsored molecular 

visualization system created by WalTen Lyford DeLano and commercialized by DeLano 

Scientific LLC. It can produce high-quality 3D images of small molecules and biological 

macromolecules, such as proteins. It is one of the few open-source visualization tools 

available for use in structural biology. Almost a quarter of all published images of 3D 

protein structures in the scientific literature are created in Pymol. It is used for 3D 

visualization of proteins, small molecules, molecular surfaces, and simulation trajectories. 

It also includes functions such as molecular editing (Baugh et al., 20 11). 

2.6 Molecular dynamics simulation assays 

Gromacs 4.5.5 with Gromos93a6 force field was used for simulating the wild type and 

mutated Cx26 in lipid bilayer i.e., Dipalmitoylphosphatidylcholine (DPPC). RMSD, 

Radius of gyration, RMSF, hydrogen bonds and energy plots were generated by 

GROMACS tools to check the quality of simulations. 

2.6.1 GROMACS 

Molecular dynamics (MD) is a computer simulation technique that allows one to predict 

the time evolution of a system of interacting particles. MD simulations are based on classic 

mechanics laws and Newton 's laws of motion. GROMACS (Groningen MAchine for 

Chemical Simulation) was developed at the University of Groningen, in the early 1990s. It 

is fast, flexible and free server for simulation of real world processes (Berendsen et ai., 

1995, Van Der Spoel et ai., 2005, Hess et ai., 2008, Pronk et aI., 20 13). It is compatible 

with a variety of force fields such as GROMOS, OPLS, AMBER, and ENCAD. 
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2.6.1.1 Preparation of PDB files 

Some residues or atoms may be damaged dUling minimization; therefore PDB fi les were 

checked for missing residues and repaired by AutoDock before running molecular 

dynamics simulations. 

2.6.1.2 Topology building 

Topology coordinates were generated by GROMACS pdb2gmx commands. The files 

contain force field parameters and information about the composition of the artificial 

system to be created. 

2.6.1.3 Periodic box generation and pack the lipid around protein 

Water model for salvation is selected. In our case we used SPC216 as it suited our 

system. Protein and membrane were oriented in a cubic periodic box and then lipids were 

packed around the protein. 

2.6.1.4 System neutralization 

Neutralization of overall system is important, therefore charge on the system was calculated 

and ions were added to neutralize the system. 

2.6.1.5 Energy minimization 

Energy minimization of the system was perfonned to determine the lowest energy. In total, 

50,000 steps were run through steepest descent algoritlun. 

2.6.1.6 Equilibration 

For membrane protein simulations, we created special index groups consisting of 

solvent + ions and protein + lipids. Then system was equilibrated for 10000 ps at 

constant temperature (300K) and pressure (1 ATM) with hydrogen bond length constraints 

for numerical integration with leap-frog algorithm. NVT and NPT equilibration phase is 

important for stabilizing the temperature and pressure of the system (Yu et al., 201 2). 

2.6.1. 7 MD simulation run 

Finally, after completion of equilibration phase MD simulation runs were performed for 

IOns time scale under constant temperature and pressure. PME (Padicle Mesh Ewald) 

algorithm was used for all calculations. 
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2.6.1.8 Trajectory Analysis 

After the completion of molecular dynamics simulations we wanted to analyze how our 

protein behaved in the course of time; therefore analysis of various dimensions (RMSF, 

RMSD, Radius of Gyration, hydrogen bonds, energy, and interaction analysis) was 

pcrfonned. To analyse conformational changes, PDB files at time scale 1, 3, 6 and 9 ns for 

protein as well as lipid were generated to determine their interaction. 

2.7 Work Strategy 

Work flow of whole process that has been followed during research is given in figure 2.1. 

PDB/ 

Structure retrieyal 

\ UCSC & Ensembl genome browser 

Sequence retrieval 

WinCoot, YASARA, 1 
Avogadro, MolProbity 

Stnlcture 
reftnement & 

yalidation 
Chimera, Pymol, 

~Plot 
Structure 

yisunlization 
& analysis 

TmRPres2~ 

},,-Iembrane 
topology Analysis 

Lipid bilayer 
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Figure 2.1: Primary steps followed in research project. 
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3. Results 

3.1 Structure Prediction 

Mutated structure for T8M (Cx26MUT
) was predicted by mutating the residue T8 into M 

using the Cx26wT as reference structure. Cx26MUT structures were verified by Molprobity 

results for steriochemical properties such as Ramachandran plot, Ramachandran outlier and 

bad bonds etc.These Molprobityresults were compared with reference Cx26wT structure 

results to confirm valid prediction. Mo1probity results for Cx26wT and Cx26MUT were given 

in Table 3.1 and Table 3.2 respectively. 

Table 3.1: Molprobity results of Cx26wT• 

Favoured Rotamers 733 67.87% 
Poor Rotamers 153 14.17% 
Ramachandran favoured 1100 93.06% 
Ramachandran outliers 6 0.51% 

Bad angles 0/10170 0.00% 

Bad bonds 133113818 0.96% 

Table 3.2: Molprobity results of Cx26MUT• 

Favoured Rotamers 1032 84.31 % 

Poor Rotamers 78 6.37% 

Ramachandran favoured 1094 91.5% 
Ramachandran outliers 8 0.60% 
Bad angles 44/13818 0.3% 
Bad bonds 211 0170 0.019% 

3.2 Structure Analysis 

Structure of Cx26 hexamer is a simple an'angement of six chains in which each chain is 

composed of four transmembrane helices (TMl-TM4), two cytoplasmic loops and an 

extracellular loop. Both wild type and mutated 2-dimemnsion (2D) structures were 

compared. 2D structure comparison was given in Figure 3.1. Evidently, some a-helices 

changed their conformations and ~-sheets were smaller and less in number in Cx26MUT. To 

confirm these alterations, 3-dimension (3D) structures of both Cx26wT and Cx26MUT were 
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superimposed. An RMSD value of 0.450A was observed. 3D structure of Cx26MUT was 

scattered and disorganized, while Cx26 wT was compact as shown in Figure 3.2. pl 

transmembrane a-helix was 30 residue long (21 - 50 AA) in Cx26wT structure, while in 

Cx26MUT
, there was a helix break occurred in 1 sl a-helix at Trp44. In Cx26MUT structure, 

two a-helices (from 20 - 43 AA and 45 - 49 AA) were detected compared to one helix in 

Cx26wT
• In Cx26wT structure, Va152-Cys53 residues were located in p-sheet which was 

absent in Cx26MUT structure. An a-helix present at residue Ser72-Phe106 in Cx26wT was 

shifted at Ile73-Ile1 07 residues in Cx26MUT structure. Another a-helix was a little bit longer 

in Cx26MUT structure from Va1126 - Va1156 AA as compared to Cx26wT where it was from 

Gly130 -Met1 57 AA. Two p-sheets were present exactly at same locations in both 

structures (1 sl p-sheet at residue Leu166-Cys169 and 2nd at Val178 to Phe181). Last a-helix 

was present at residue Arg184-Arg216 in Cx26wT and at residue Pro185-Arg216 in 

Cx26MUT structure. Thus T8M mutation resulted in a lot of structural changes leading to 

functional disturbance. 

Figure 3.1: 2D structure of Cx26wT and Cx261\'IUT. Red rectangles show a-helices, green 

arrows represent p-sheets and solid lines show loops in both structures. Arrow indicates the 

position of mutated residue. 
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Figure 3.2: Ribbon representation of Cx26WT and Cx26MUT 3D structures. A and B 

shows front view, while C and D shows side view of structures. 
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3.3 Topology analysis 

Membrane topology of a-helices plays an important role in proper functioning of 

membrane proteins. Cx26wT exhibited two cytoplasmic loops and one extracellular loop, 

while it was located at opposite orientation in Cx26MUT which contained two extracellular 

loop and one cytoplasmic loop (Figure 3.3). C-terminus of Cx26wT was located in the 

extracellular region, while in Cx26MUT
, it was adjusted in cytoplasmic region. Helical 

positions with in membrane, cytoplasmic and extracellular regions were different between 

two structures. Cx26wT exhibited four transmembrane helices in an organized arrangement. 

In case of Cx26MUT
, 1 sl a-helix had a break which caused disturbance in transmembrane 

helical arrangements. Placement of transmembrane helices in plasma membrane for 

Cx26wT and Cx26MUT was shown in Figure 3.3. 

3.4 Pore and tunnel statistics 

Membrane proteins have cavities or pores and f011n intercellular tunnels for the passage of 

2nd messengers (ions and small molecules) between adjacent cells. This intercellular 

transportation is important for proper body functioning. Cx26 is a hexamer membrane 

protein and has a pore in the form oftunnel for the passage of 2nd messengers. Pore diameter 

measured for Cx26wT was 21.5A (Figure 3.4) which was shorten in case ofCx26MUT due 

to conformational alterations that caused disturbance in whole structure. Pore diameter 

measured for Cx26MUT was 12A (Figure 3.4). Area of pore measured for Cx26wT was 

363A2, while it was 113A2 for Cx26MUT (Figure 3.5). 

Cx26 pore leads to a tunnel for passage of ions (Ca2+ and K +) and small molecules (IP3) 

between cells. Length of tunnel for Cx26wT was 17.128A while for Cx26MUT it was 14.4A 

(Figure 3.7). A drastic shortening of tunnel occurred in Cx26MUT (Figure 3.6) due to T8M 

mutation. Tunnel statistics comparison was given in table 3.3. 
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Figure 3.3: Membrane topology of transmembrane helices of Cx26wT and Cx26MUT• 

Green part represents topology of Cx26 wT structure, while red color shows topology of 

Cx26MUT structure. 
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FigUl"e 3.4: Pore diameters of wild-type (A) and mutated (B) Cx26. 
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Figure 3.5: Area representation for wild-type (A) and mutated (B) Cx26 structures. 
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Table 3.3: Tunnel statistical analysis of Cx26wT and Cx26MUT structures. In this table 

Avg_BR [A] (average bottleneck radius). Max_BR [A] (maximum bottleneck radius). 

Avg_L [A] (average channel length). Avg_C (average channel curvature). 

Properties Cx26'\'T 

Avg_BR [A] 10.772 

Max BR [A] 10.77 

Avg_L [A] 17.128 

Avg_C 1.24 

A Q48 

E4 7 

W44 

K41 
A40 

L36 

R3 2 

F29 

L2S 

K22 

Cx26MUT 
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1.142 

B 

Figure 3.6: Tunnel representation in Cx26wT (A) and Cx26MUT (B) structures. 
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Figure 3.7: Side view of Cx26wT (A) and Cx26MUT (B) T unnel. 
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3.5 Lipid bilayer simulation Analysis 
Study of membrane proteins like Cx26 with lipids is of structural and functional 

significance. In order to check the overall protein stabi lity and time-dependent interactions 

with membrane lipids, MD simulations of Cx26wT and Cx26MUT with in lipid bilayer of 

Dipalmitoylphosphatidylcholine (DPPC) were performed for IOns. Resulting trajectories 

were carefully analysed to detennine stabi lity, convergence, interactions, energetics and 

structural propeliics during MD simulations. To evaluate the stability and fluctuations of 

Cx26wT and Cx26MUT with in DPPC, time series of root mean square deviation (RMSD), 

root mean square fluctuation (RMSF) and radius of gyration (Rg) were generated. 

RMSD profiles for both Cx26wT-DPPC and Cx26MUT-DPPC were calculated with 

unbound Cx26wT state as a reference. Average RMSD for C-at"pha atoms of overall system 

was below 3.sA while for DPPC system, it was lA (Figure 3.8). RMSD plot showed that 

DPPC interactions resulted in the stabilization of protein, as it remained stable throughout 

simulations. 
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Figure 3.8: RMSD of Cx26wT-ullbound, Cx26WT-DPPC and Cx26MUT-DPPC systems. 
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Radius of gyration (Rg) is degree of stability and compactness of the system and gradually 

inclines to change over time due to protein folded-unfolded states. Rg plot for Cx26wT 

without lipid system showed that the system was unstable at stmi (deviation upto 2.7 A), 

while later on, it stmied to get stabilize and the protein was stabi lized at 1 ns (Figure 3.9). 

For Cx26wT and Cx26MUT in DPPC system, Rg curves were throughout stable fro111 1 ns as 

shown in Figure 3.10. Rg plots for the systems were consistent with their corresponding 

RMSD plots. 
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Figure 3.9: Rg plot of Cx26wT-Unboulld. 
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Figure 3.10: Rg plots of Cx26wT and Cx26MUT with in DPPC lipid bilayer system. A 

shows plot for Cx26wT, while B shows plot for Cx26MUT. 
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Analysis ofRMSF indicated that fluctuations were observed in both Cx26wT and Cx26MUT
. 

Most of fluctuations were in the loop regions, while the helix region remained stable. 

GlyI2-AsnI4, Thrl8-Ile20 and Ilel07-Glyl09 showed major fluctuations (Figure 3.11). 

RMSF for DPPC during MD simulation demonstrated that lipid bilayer (DPPC) also 

exhibited fluctuations. DPP79-DPP81, DPP4, DPP6, DPPI01-DPPI05, DPPII0-DPP-112 

and DPP126 showed major fluctuations (Figure 3.12). 

During MD simulations, interactions of both proteins at different time intervals were 

determined to observe connections of both proteins with lipid bilayer system. In lipid 

bilayer environment, positions of both Cx26 wT and Cx26MUT remained same, however, 

there were significant differences in interaction of these two structures with lipid bilayer of 

cell membrane. Details of hydrogen bonding interaction with DPPC were given in Table 

3.4 and Table 3.5. Position of proteins within lipid (DPPC) was shown in Figure 3.13 and 

interactions were shown in Figure 3.14. 

T8M mutation in Cx26 changed interactions with other helices and the lipid bilayer that 

correlated with decreased functionality. This prevented Cx26 interaction with 2nd 

messenger i.e. IP3 that resulted in low concentration of Ca2+ ions through pore of Cx26MUT 

(Figure 3.15). These Ca2+ ions were compulsory to keep balance of K+ ions (necessary for 

sound generation). Inhibition ofIP3 interaction with Cx26 along with low concentration of 

Ca2+ ions ultimately caused non-syndromic deafness. 

Table 3.4: DPPC bonding with Cx26wT• 

Lipid name Hydrongell bond length (A) 

DPP-5 1.9 

DPP-7 1.7 

DPP-8 1.6 

DPP-9 2.2 

DPP-l 1 1.9 

DPP-12 2.7 

DPP-15 2.0 
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DPP-16 2.3 

DPP-22 2.5 

DPP-29 l.6 

DPP-67 1.8 

DPP-75 1.7 

DPP-76 3.2 

DPP-77 3.1 

DPP-80 3.3 

DPP-100 1.5 

Table 3.5: DPPC bonding with Cx26MUT• 

Lipid name Hydrongen bond length (A) 

DPP-5 1.6 

DPP-8 2.2 

DPP-9 1.9 

DPP-12 2.7 

DPP-15 2.0 

DPP-16 2.3 

DPP-22 2.5 

DPP-23 1.6 

DPP-26 1.8 

DPP-29 1.7 

DPP-47 3.2 

DPP-65 3.1 

DPP-76 3.3 
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Figure 3.13: Cx26wT and Cx26MUT positions with in lipid bilayer system. A and B show 

Cx26wT side view and front view, respectively. C and D show Cx26MUT side view and front 
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Figure 3.15: Passage of 2nd messengers (Ca2+ ions and IP3) through Cx26wT (A) and 

Cx26MUT (B). 
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The binding characteristics of Cx26wT and Cx26MUT with DPPC were analyzed through 

plotting time-dependent intel1110lecular hydrogen bonds. In Cx26MUT-DPPC system 

binding was increased after 1.5 ns but overall Cx26wT-DPPC system exhibited higher 

number of bonds as compared to Cx26MUT-DPPC system. These results verified that 

Cx26wT exhibited more stable binding to DPPC compared to Cx26MUT (Figure 3.16). 

The potential energy of a system is measure of its stability. By plotting potential energy as 

a function of time, we observed that systems were well equilibrated and remained stable 

throughout MD simulations. The Cx26wT-DPPC (-328000 kcallmol) system had showed 

lower potential energy value as compared to Cx26MUT_DPPC (-326000kcallmol) complex 

(Figure 3.17). 
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Chapter 4 Discussion 

4. Discussion 

Hearing loss is the third 1110st common disorder in the world. In Pakistan, prevalence of 

hearing loss in 2014 was 7-8 per 1000 live births with an increasing rate every year 

(http ://tribune. com.pklstoryl67 8415Idisability-hearing-toss-deafness-on-the-rise/) . 

Typically, sensorineural involves non-Syndromic deafness that doesn' t include any other 

abnormality (Bitner-Glindzicz et at. , 2002). Non-syndromic deafness accounts for about 

70% of genetic deafness and remaining cases are of syndromic deafness in which deafness 

is associated with other diseases such as Alport and Branchio-oto-renal etc. (Liu et aI., 

1997). 

Multiple evidences indicate that mutations in GJB2 gene; which encodes for Cx26 protein 

is one ofthe most leading causes of hearing loss (Ogawa et at. , 2007) accountable for >50% 

ofnon-syndromic deafness (Chen et at. , 2014). In this study our focus was to expolore the 

underlying cause of deafness due to T8M mutation in Cx26 as it is a major cause (6.1 %) of 

deafness in Pakistan (Anjum et at., 2014). 

The interaction analysis of membrane proteins with membrane lipids is of structural and 

functional significance (Lee et at. , 2004). As a gap junctional protein, Cx26 is expressed in 

the inner ear such as the cochlea or the auditory nerve and provides a direct communication 

among adjacent cells to allow passage of 2nd messengers like ions (Ca2+ and K+ ions) or 

small molecules (IP3) across the membrane (Matiin et at., 1999). IP3 maintains the 

required ionic balance around the hair cells. IP3 activates the release of Ca2+ ions (Figure 

4.1) which in turn maintains the balance of K+ ions around the hair cells . If Ca2+ ion 

concentration is low, it will imbalance the overall function (Figure 4.2) . Any change in the 

structure of Cx26 may influence its interaction pattern with membrane lipids and lead to 

the disturbance in its regular passage of ions and small molecules, ultimately causing nOll

syndromic deafness. 

By comparison of2D and 3D structures ofCx26wT and Cx26MUT
, it was observed that T8M 

mutation completely disorganized the structure of Cx26MUT, while Cx26wT structure was 

well organized and compact (Figures 3.1 and 3.2). In Cx26MUT
, multiple conformational 
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changes were observed i.e. absence of a B- sheet at Val52 and breakage of pI 

transmembrane helix (TM1) at Trp44 that led to abrupt change in membrane topology of 

Cx26. Topology analysis illustrated two cytoplasmic and one extracellular loop in Cx26wT 

which exhibited both N- and C-termini in extracellular region, while Cx26MUT contained 

two extraccllular and one cytoplasmic loops. Its N-terminus was localized in extracellular 

region, while C-tenninus was present in the cytoplasmic region (Figure 3.3). The drastic 

change in structural topology led us to analyse pore and tunnel morphologies to detelm ine 

their effects in the passage of 2nd messengers. Cx proteins are different due to their 

molecular weights and altered pore diameters. Nonnal pore diameter range fo r Cxs is 15-

25A (Harris et ai. , 2001). Our analysis revealed the pore size ofCx26w T in the normal range 

(21.5A), however, for Cx26MUT
, it reduced to 12A (Figure 3.4). Similarly, Area profiles 

calculated for Cx26wT and Cx26MUT were 363A2 and 113A2, respectively (Figure 3.5). 

Cx26 has a tunnel for the passage of 2nd messengers between adjacent cells. Tunnel stalts 

from Asp2 leading to main pore at Lys41 and ends at Leu56 (Zonta et ai., 2012). Therefore, 

tunnel analysis for Cx26wT and Cx26MUT was performed which revealed the decrease of 

the tunnel length in Cx26MUT
. Results indicated disorganized and distOlted tunnel in 

Cx26MUT at Lys41 which is an important pore residue, while in case of Cx26wT
, tunnel was 

well organized (Figure 3.6). In Cx26M UT
, length of tunnel was also decreased from 17.128A 

to 14.4A (Figure 3.7). These data indicated that T8M mutation drastically affected pore as 

well as tunnel characteristics of Cx26. This change in size and length of pore as well as 

tunnel may lead to narrowing of passage for 2nd messengers. 

To further explore the stability as well as time-dependent behavior and dynamics of 

Cx26wT and Cx26MUT structures, MD simulations in lipid bilayer system CDPPC) were 

can"ied out. This approach helped to check the overall stability of Cx26wT and Cx26MUT 

proteins in lipid bilayer system of cell membrane. Individual Cx26wT without lipid bilayer 

system was taken as a reference. 

Cx26WT exhib ited strong binding with DPPC as compared to Cx26MUT (Figure 3.15). The 

RMSD, RMSF, hydrogen bonding and energy plots for both Cx26 wT and Cx26MUT were 

generated. RMSD plot indicated that Cx26wT attained more stability than Cx26MUT. 

Deviation ofCx26wT was upto 0.6A (Figure 3.8), while it was upto 0.9A for Cx26MUT• 
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RMSF analysis revealed the fluctuating amino acid residues of Cx26wT and Cx26MUT in 

lipid bilayer system. The fluctuating residues were Gly12-AsnI4, Thr18-Ile20, LeuS6, Met93, 

Ala96 and Ilel07-Gly109 which were located in loop region (Figure 3.1 2). RMSF analysis of 

DPPC was performed to evaluate fl uctuations in lipid bilayer (DPPC). Major fl uctuations 

included DPP79-DPP81, DPP4, DPP6, DPPIOI -DPPIOS, DPPIlO-DPP-112 and DPP126 

(Figure 3.13). These residues were not involved in any interaction (Figure 3.\ S). Analysis 

of hydrogen bonds plot revealed that binding was increased after O. S ns for Cx26wT-DPPC 

system and after 1.S ns for Cx26MUT-DPPC system. Overall, number of bonds were higher 

in Cx26wT-DPPC as compared to Cx26MUT-DPPC (Figure 3.1 6). These data indicated that 

Cx26MUT lost structural as well as functional features due to decreased binding of Cx26M UT 

and DPPC. 

To check the overall stabili ty of system, potential energy of a system, we plotted potential 

energy as a function of time. Resulted plot depicted that both systems were well 

equilibrated and remained stable throughout MD simulations. The Cx26w T-DPPC (-328000 

kcallmol) system had shown lower potential energy values compared to Cx26MUT-DPPC (-

326000kcal/mol) complex (Figure 3.17). 

It is important to analyse the entire environment for a large class ofbiomolecular processes, 

i.e. , those that take place within biological membranes (Israelachvili et ai., 1980). We 

employed structural analysis as well as lipid bilayer simulation techniques to explore the 

behaviour of normal and T8M mutated Cx26 within lipid bilayer membrane. T8M mutation 

resulted structure instability and reduced functionality due to which 2nd messenger are 

unable to pass through Cx26 creating functional disturbances leading to non-syndromic 

deafness. 
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Figure 4.1: Pathway of Cx26'VT involved in hearing mechanism. IP3 diffuses across the cell, binds to an IP3 receptor and 

simulates Ca2+ ions release from endoplasmic reticulum. It generates an intracellular Ca2+ wave. Diffusion of IP3 through a gap 

junction to an adjacent cell initiates a 2nd intracellular Ca2+ wave. In addition, the stimulated cell releases ATP via hemichannels. 

This extracellular diffusion of ATP to adjacent cells activates P2 receptors which in tum, stimulate IP3 production to generate a Ca2+ 

ion signal in the adjacent cell. 
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Ca2+ ions release from endoplasmic reticulum. It generates an intracellular Ca2+ wave. Diffusion of IP3 through a gap junction 

is inhibited due to T8M mutation and cell is unable to initiate a 2nd intracellular Ca2
+ wave. It blocks the releases ATP for 

further process. This incomplete process ultimately causes non-syndromic deafness. 
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