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Abstract 
 
Connexins (Cx) are major proteins of gap junctions, dynamic pores mediating the relay of 

ions and metabolites between cells. Cxs 40, 43 and 45 are the predominant cardiac 

isoforms and their distinct distribution raises questions about their functional differences. 

Their cytoplasmic (C)-terminal domains are involved in protein-protein interactions. 

Furthermore, mutations in the myotonic dystrophy protein kinase (DMPK)-causative 

gene are associated with disruptions in cardiac conduction similar to that described for 

Cx knock-out mice. DMPK is a Cx43 ligand, raising the possibility that defects in Cx40 

ligands may be involved in the development of cardiac conduction disturbances. We 

hypothesised that delineation of the protein ligands of the C-termini of Cx40 and of Cx45 

(parallel study conducted by N Nxumalo) would help elucidate their functional roles.  
 

Yeast-two-hybrid methodology was used to identify putative Cx40 ligands. Primers were 

designed to amplify the C-terminus-encoding domain of the human Cx40 gene (Cx40), 

the DNA product was cloned into the pGBKT7 vector which was used to screen a cardiac 

cDNA library in Saccharomyces cerevisiae. Successive selection stages reduced the 

number of putative Cx40 ligand-containing colonies (preys) from 324 to 33. The DNA 

sequences of the 33 ligands were subjected to BLAST-searches and internet database 

literature searches to assign identity and function and to exclude false positive ligands 

based on subcellular location and function. Eleven plausible ligands were identified: 

cysteine-rich protein 2 (CRP2), beta-actin (ACTB), creatine kinase, muscle type (CKM), 

myosin, heavy polypeptide 7 (MYH7), mucolipin1 (MCOLN1), voltage-dependent anion 

channel 2 (VDAC2), aldehyde dehydrogenase 2 (ALDH2), DEAH box polypeptide 30 

(DHX30), NADH dehydrogenase, 6, (NDUFA6), prosaposin (PSAP) and filamin A 

(FLNA). Cxs 40 and 45 showed differences in the classes of proteins with which they 

interacted; the majority of putative Cx40 interactors were cytoplasmic proteins, while 

Cx45 interactors were mitochondrial proteins. These results suggest that Cxs 40 and 45 

are not only functionally different, but may also have different cellular distributions. 

Further analyses of these protein interactions will shed light on the independent roles of 

Cxs 40 and 45.  
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Opsomming 
 

Connexins (Cx) is die hoof proteїne van gaping verbindings, dinamiese poriёe wat die 

aflos van ione en metaboliete tussen selle bemiddel. Cxs 40, 43 en 45 is die hoofsaaklike 

hart iso-forme en hul afsonderlikke distribusies rig vrae omtrent hul funksionele verskille. 

Hul sitoplasmiese (C)-terminale domeine is betrokke by proteїn-proteїn interaksies. 

Verder, mutasies in die miotoniese distrofie proteїn kinase (DMPK)-verantwoordelikke 

geen is geassosieerd met versteerings in hart impuls geleiding soortgelyk aan die gevind 

in Cx uit-klop muise. DMPK is ‘n Cx43 ligand, wat die moontlikheid lig dat defekte in 

Cx40 ligande mag verantwoordelik wees vir die ontwikkeling van hart impuls geleiding 

abnormaliteite.  

 

Gis-twee-hibried tegnologie was gebruik om Cx40 ligande te identifiseer. ‘Primers’ was 

ontwerp om die C-terminus-kodeerende domein van die mens Cx40 geen (Cx40) te 

amplifiseer. Die DNS produk was in die pGBKT7 vector in cloneer wat gebruik was om 

a hart cDNA biblioteek in Saccharomyces cerevisiae te sif. Agtereenvolgende seleksie 

stappe het die getal moontlikke Cx40 ligand-bevattende kolonies (prooi) van 324 na 33 

verminder. Die DNS volgordes van die 33 ligande was onderworp aan BLAST-soektogte 

en internet databasis literatuur soektogte om identiteit en funksie te bepaal, sowel as om 

vals positive ligande uit te sluit op grond van hul subsellulêre lokasie en funksie. Elf 

moontlikke ligande was identifiseer: cysteine-rich protein 2 (CRP2), beta-actin (ACTB), 

creatine kinase, muscle type (CKM), myosin, heavy polypeptide 7 (MYH7), mucolipin1 

(MCOLN1), voltage-dependent anion channel 2 (VDAC2), aldehyde dehydrogenase 2 

(ALDH2), DEAH box polypeptide 30 (DHX30), NADH dehydrogenase, 6, (NDUFA6), 

prosaposin (PSAP) and filamin A (FLNA). Cxs 40 en 45 het verskille getoon in die 

klasse van proteїne waarmee hul interaksies gehad het; die moontlikke Cx40 ligande was 

hoofsaaklik sitoplasmiese proteїne, terwyl Cx45 ligande hoofsaaklik mitokondriale 

proteїne was. Die resultate stel voor dat Cxs 40 en 45 nie net funksioneel van mekaar 

verskil nie, maar dat hulle moontlik ook verskillende sellulêre distribusies het. Verderre 

analiese van die proteїn interaksies sal die indiwiduele rolle van Cxs 40 en 45 openbaar.  
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Preface 

 
The Heart. A source of life. The work horse of the person called Man. The house that 

stores emotions, that drives thoughts and actions, and most importantly, that on which life 

depends. The study to unravel its deepest workings is in its youth and has shone light on 

many avenues of which its electrical core strikes with intrigue. Many find the emotional 

heart intriguing, while we, the scientists, are enticed by the electrical heart. We, with all 

our science, try to paint a portrait of the electrical heart to understand its deepest thoughts 

and workings. To, in the end, be able to say without doubt - yes, we understand - and find 

that the smallest seemingly insignificant is the most significant which brings to a close 

the questions asked. This is a study to find the seemingly insignificant, to analyse and, to 

this end, answer the questions that will help us understand the deeper workings of the 

heart we know as the electrical work horse of the person called Man (Keyser, 2007). 

 

1.1 The heart 
 

Electrical impulse generation and propagation thereof in the specialised conduction 

system of the heart are essential for adequate heart function. A factor influencing the 

spread of electrical impulse is the cell-to-cell communication between cardiomyocytes in 

the working myocardium (Severs, 2000). The cell-to-cell communication is brought 

about by specialised membranous intercellular channels, namely, gap junctions (Herve et 

al., 2005; van der Velden et al., 2002). 

 

The gap junction channels function in connecting adjacent cells and provide pathways for 

intercellular current flow which results in the coordinated spread of impulse through the 

specialised conduction system (Lampe et al., 2000; Wei et al., 2004). Connexin (Cx) 

protein subunits form the building blocks of gap junction channels, of which Cx40, 43 

and 45 are the predominant cardiac forms (Lampe et al., 2004). Interestingly, each has 

been shown to have distinct developmental and regional distribution patterns which raise 

questions about their functional similarities (Söhl et al., 2004).    
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The Cx-encoding genes have been candidate causative genes for cardiac conduction 

system diseases because of their predominant role in electrophysiological function (Söhl 

et al., 2004). Interestingly, it has been shown that mutations in the myotonic dystrophy 

protein kinase (DMPK)-causative gene are associated with disruptions in cardiac 

conduction similar to that described for Cx knock-out mice (Berul et al., 1999). DMPK is 

a ligand of Cx43 (Mussini et al., 1999; Schiavon et al., 2002) which raises the possibility 

that defects in other unidentified Cx ligands are involved in the development of 

conduction disturbances.  

 

It was therefore the focus of the present study to identify ligands interacting with the 

cytoplasmic carboxyl terminus of Cx40, which is a region involved in regulation of 

channel properties and protein-protein interactions (Goodenough et al., 1996; Sosinsky et 

al., 2005; Duffy et al., 2002). Identification of Cx40 ligands will shed light on the 

molecular and cellular function of Cx40 in the heart and will aid in the investigation of its 

possible involvement in conduction disturbances. A comparison with other studies will 

help define the specific individual roles of cardiac Cxs. For these reasons, the following 

sections will describe the cardiac conduction system, the gap junction channels, the 

cardiac Cx isoforms with focus on Cx40, and the South African cardiac conduction 

diseases for which Cxs, or their ligands, are novel candidates.   

 

1.1.1 The cardiac muscle cell   
  
A typical cardiac muscle cell, i.e. cardiomyocyte, is an elongated cell with a length of 

100 to 150 µm and a width of 20 to 35 µm. The contractile myofilaments, namely, actin, 

myosin and associated proteins, are packed together to form the striated myofibrils that 

fill most of the cardiomyocyte cell as shown in figure 1.1A. Intercalated disks occur at 

the blunt ends of each myocyte thereby joining it with multiple neighbouring myocytes 

(figure 1.1B) (Severs, 2000). The gap junctions, fascia adherens and desmosomes are the 

three types of cell junctions that physically connect the disk membranes. They act in 

concert to integrate cardiac electromechanical function. Shown in figure 1.2 are the three 

types of junctions at the intercalated disks. 
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B A 

Figure 1.1 Confocal microscopy of cardiac muscle cells. (A) A single cardiomyocyte. The 
myofibrils are seen as striations. (B) Section of cardiac muscle. Numerous cells like that in (A) 
joined together at intercalated disks (id) (Severs, 2000). 

 
 
 

 
Figure 1.2 Thin-section electron micrograph illustrating the three types of cell junction of 
the intercalated disk. Gap junctions are recognised where the adjacent plasma membrane 
profiles run in close contact. The fascia adherens and the desmosomes are characterised by a 
much wider intermembrane space and by prominent electron-dense membrane-associated 
proteins (Severs, 2000).   
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1.1.2 Impulse propagation throughout the heart  
 

Contraction of the cardiac chambers is brought about by the orderly spread of action 

potentials throughout the heart. Each wave of electrical excitation spreads rapidly along 

the plasma membranes of adjoining cardiac muscle cells, which triggers release of 

calcium from an intracellular membrane-bound compartment, namely, the sarcoplasmic 

reticulum, which in turn stimulates contraction of the myofibrils (Gaussin et al., 2004). 

Integration of the electrical and mechanical properties of each and every myocyte within 

the heart is achieved by the intercalated disks (Severs, 2000).  

 

Each cardiac cycle is initiated in the sinoatrial (SA) node, which is fast autorhythmic 

tissue located in the right atrium (Gaussin et al., 2004). The spread of electrical excitation 

through the heart and the important components of the conduction system are illustrated 

in figure 1.3. After generation in the SA node, the action potential spreads through the 

atrial myocardium from right to left and superior to inferior. This causes a wave of 

contraction to extend down toward the ventricles. The impulse is prevented from passing 

to the ventricular myocardium by a thick non-conductive connective tissue septum, and is 

delayed as it passes slowly through the atrioventricular (AV) node located at the junction 

of the atria and ventricles.  

 

The impulse is then rapidly conducted along the His-bundle (or AV bundle), which 

separates into a left and right bundle branch (LBB and RBB), in order to excite the 

ventricular myocardium at the bottom part of the heart. From here, Purkinje fibres spread 

off to left and right to carry the action potential throughout all the ventricular tissue 

(Gaussin et al., 2004). The net result is a wave of contraction that travels upward back 

through the ventricles, expelling their contents into the pulmonary artery and aorta 

(White et al., 1999). The spread of the action potential throughout the heart, and 

anomalies there of, can be monitored by means of electrocardiography (ECG) (Severs, 

2000). 
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Figure 1.3 Illustration of the spread of electrical excitation throughout the heart and the 
important components of the conduction system. Arrows indicate spread of electrical 
excitation. Abbreviations; SA: sinoatrial, AV:atrioventricular (http://www.bmb.psu.edu). 
 

1.1.3 Cardiac conduction disturbances - heart block and arrhythmias 

 
Disturbances in the conduction system disrupt the normal spread of the electrical impulse 

throughout the heart and thereby lead to impaired functioning of the heart by causing 

conditions to develop such as heart block (atrioventricular and intraventricular block) or 

arrhythmias. Disturbances in cardiac conduction can occur due to a variety of factors, 

such as developmental and congenital defects, acquired injury or ischemia of portions of 

the conduction system, or by inherited diseases that alter cardiac conduction system 

function (Wolf et al., 2006).    

 

Heart block can occur anywhere in the specialised conduction system beginning with the 

SA connections, the AV junction, the bundle branches and their fascicles, and ending in 

the distal ventricular Purkinje fibres (figure 1.3). Atrioventricular heart block (or AV 

block) is a condition in which the electrical signals that stimulate heart muscle 

contraction are partially or totally blocked between the atria and ventricles. It has been 

classified according to the level of impairment - slowed conduction (1st degree heart 

block), intermittent conduction failure (2nd degree heart block), or complete conduction 
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failure (3rd degree heart block) (Otomo et al., 2005; Benson et al., 2004). Intraventricular 

heart block occurs when the electrical impulse is slowed or blocked as it spreads through 

the two divisions of the His bundle branches in the ventricles; the right bundle branch 

(RBB) and left bundle branch (LBB). Pathologies such as hypertensive heart disease, 

cardiomyopathy and coronary artery disease have been shown to have association with 

bundle branch block (Mueller et al., 2006; Go et al., 1998). 

 

Irregular heart rhythms (or arrhythmias) can be caused by damage to the electrical 

pathways of the heart and can be detected by looking for abnormal ECG readings. For 

example, a heart block at the AV node occurs because of tissue damage at this region. 

This severs the signal from the atria to the ventricles which causes the autorhythmic cells 

of the ventricles to go at their own pace and subsequently cause the atria and ventricles to 

contract out of synchrony, causing cardiac arrhythmia (Seferovic et al., 2006).   

 

Atrial fibrillation occurs when the electrical signals do not spread out evenly from the SA 

node when it generates an action potential. Cell death or other heart tissue damage can 

slow down the action potential in some parts and let it spread rapidly in other parts. This 

causes a circular pattern to the spread of action potential such that the signals keep 

occurring over and over. Rather than having a uniform cardiac contraction from top to 

bottom, an array of different parts of the atria are trying to contract. Contractions 

eventually cease when the atria are not contracting uniformly. Heart efficiency is reduced 

since the ventricles are no longer completely full when they contract. 

 

Ventricular fibrillation has the same cause and effect as atrial fibrillation but with more 

severe consequences. When the atria are functioning poorly, the ventricles still pump 

blood but with less efficiency. When the ventricles cease to function, no blood is pumped 

and death rapidly ensues (http://www.gpnotebook.co.uk) (http://www.americanheart.org)   

(http://www.bmb.psu.edu). 
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1.2 The Gap Junction Channel 
 

1.2.1 The membrane channel: Gap junction 
 

Gap junctions form part of the class of cell contact-mediating protein complexes and 

other members of this class include tight junctions, desmosomes and cell adhesion 

molecules (Herve et al., 2005). Gap junctions are recognised by electron microscopy as 

being regions where the plasma membranes of adjacent cells closely approach each other 

but are separated by a small gap of 2-3nm as indicated in figure 1.2 and figure 1.4 

(Severs, 2000). The following sections will describe the protein subunits that fill the 

space between the plasma membranes in order to form the gap junction channels.  

 

Gap junctions function in connecting the cytoplasm of adjacent cells and thereby enable 

direct chemical communication to occur (Lampe et al., 2000; van Veen et al., 2001). 

Various compounds up to a molecular mass of 1000 Dalton (Da), such as metabolites, 

ions, secondary messengers (e.g. calcium [Ca2+], inositol-1,4,5-triphophate [IP3], cyclic 

adenosine monophosphate [cAMP]) and water, can be exchanged through gap junction 

channels. The passage of charged molecules allows for electrical impulses to be 

conducted through the channels (Sőhl et al., 2004, Lampe et al., 2000, 2004; van der 

Velden et al., 2002). Abnormal cell-to-cell communication through gap junctions is 

believed to play a role in the pathogenesis of diverse diseases such as cardiac arrhythmias 

and uterine malfunction at birth, X-linked Charcot-Marie-Tooth demyelinating disease, 

cardiac malformation and defects of laterality, epileptic seizures, spreading depression 

and Chagas’ disease (Peracchia et al., 1997). 

 

Gap junctions have been identified in all tissues except in striated muscle where the cells 

have fused during development. Cells not using the gap junction mode of cell-to-cell 

communication are erythrocytes, platelets and sperm (Severs, 2000). In the heart, the 

cardiomyocytes synchronise their contractions by communicating electrically across the 

gap junctions in the intercalated disks (Yeager et al., 1998; Wei et al., 2004). The 

summation of the synchronous beating of the individual myocytes accounts for the 
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rhythmic pumping of the heart (Kanno et al., 2001). The signaling pathways produced by 

the gap junctions not only permit rapidly coordinated activities such as contraction of 

cardiac and smooth muscle cells, but also transmission of neuronal signals at electrical 

synapses (Severs et al., 2004; Bennett et al., 1997). Gap junctional communication has 

also been shown to function in slower physiological processes, such as cell growth and 

development (Loewenstein et al., 1992). 

 
Figure 1.4 Diagram of gap junction joining two adjacent cells. Two connexon (hemi-
channels) from adjacent cells dock to each other to form a full gap junction channel. A connexon 
is formed by six protein subunits, called connexins (Suzuki et al., 2001). 
 

1.2.2 The gap junction channel unit 
 

Gap junctions are composed of connexin (Cx) protein subunits that are encoded by a 

family of closely related genes. Twenty Cx genes have been identified in the mouse 

genome and 21 in the human genome (table 1.1), as will be discussed in following 
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sections (Sőhl et al., 2004). A hemi-channel (connexon) is formed when six Cx subunits 

converge and a complete gap junction channel is assembled when two hemi-channels 

from adjacent cells dock to each other (figure 1.4 and figure 1.5) (Segretain et al., 2004). 

Connexons can be composed of six identical Cx subunits to form a homomere or they can 

contain more than one Cx isoform to form a heteromere. Homotypic channels are 

composed of two identical connexons and heterotypic channels of two connexons having 

different Cx isoforms (Evans et al., 2002; Krutovskikh et al., 2000). 

 

The formation of these different types of channels offers greater complexity in the 

regulation of communication through gap junctions (Sosinsky et al., 2005). The 

formation of different types of channels is possible because most cell types express more 

than one Cx isoform (Evans et al., 2002; Goodenough et al., 1996). The large number of 

different Cx isoforms expressed makes it important for precise regulation of the 

biosynthesis of gap junctions, their structural composition, and their degradation for 

proper gap junctional functioning (Segretain et al., 2004; Krutovskikh et al., 2000). 

 
Figure 1.5 Possible arrangements of connexins in a gap junction channel unit (Evans et al., 
2002). 
 

1.2.3 Synthesis, assembly and degradation of gap junction channels 
 

The process of synthesis, assembly and degradation of gap junction channels can be 

divided into eleven steps according to current literature (figure 1.6). The process starts 

with synthesis of Cx polypeptides at endoplasmic reticulum membranes after which the 

Cxs oligomerise into homo- and heteromeric gap junction connexons (step 1, 2) (Falk et 
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al., 1994, 1998). They then pass through the golgi stacks (step 3), where some are 

intracellularly stored in trans-golgi membranes (step 4) (Zhang et al., 1996). Trafficking 

of the connexons occurs along the microtubules (step 5), after which they are inserted 

into the plasma membrane (step 6) (Ahmad et al., 2001). 

 

Lateral diffusion of connexons (step 7) in the plasma membrane occurs for aggregation of 

individual gap junction channels into plaques (step 8) (Ahmad et al., 1999; Falk et al., 

1997; Evans et al., 1999; Martin et al., 2001). Peripheral microtubule plus-ends are then 

stabilised by binding to the gap junctions (step 9). The channel plaques are then 

internalised (step 10) which leads to cytoplasmic annular junctions. The half-life of Cxs 

is about 1 to 5h.  Complete degradation of the gap junction channels (step 11) occurs by 

lysosomal and proteasomal pathways (Segretain et al., 2004; Evans et al., 2002; Jordan et 

al., 2001; Larsen et al., 1978; Laing et al., 1995; Spray et al., 1998).  

 

The Cxs come into contact with an array of cellular elements, each affecting the Cxs’ life 

cycle during the process of synthesis, assembly and degradation of gap junction channels. 

Changes in these interactions could have deleterious consequences for normal gap 

junction functioning, which may contribute to the pathogenesis of diseases.   

 

 
Figure 1.6 Representation of the steps that lead to synthesis, assembly, and degradation of 
gap junction channels based on current literature (Segretain et al., 2004).  
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1.3 The Connexins 
 

1.3.1 The connexin gene family 
 

Twenty Cx genes have been identified in the mouse genome and 21 in the human genome 

(table 1.1) with the genes generally showing 40% nucleotide sequence identity (Willecke 

et al., 2002). Nineteen of the genes can be grouped as orthologous pairs, with some 

differing in their tissue or cellular expression (Sőhl et al., 2002). There are Cx genes that 

occur only in the mouse (mCx33) or the human genome (hCx25 and hCx59) and the 

biological reasons for this are unknown. Another family of gap junction proteins is the 

innexins, which are only expressed in invertebrates such as Drosophila melanogaster 

(fruit fly) or Caenorhabditis elegans (nematode worm), and do not show any sequence 

similarity to Cxs (Phelan et al., 2001; White et al., 1999). Genes that show some 

sequence identity to innexins were discovered in the genomes of higher vertebrates and 

are called pannexins (Sőhl et al., 2002; Panchin et al., 2000).  

  

Cxs have been divided into major α- and β-classes and a minor γ-class according to their 

extent of sequence identity and the length of their cytoplasmic loop (Eiberger et al., 2001; 

Krutovskikh et al., 2000; White et al., 1999). They are abbreviated as “GJ” for ‘gap 

junction’ and numbered according to the order of discovery. Connexin 40, with the 

number referring to the molecular mass of the protein in kDa, is therefore also known as 

‘GJA5’ because it is the fifth connexin of the α group (Sőhl et al., 2004; Wei et al., 

2004).  

 

Cxs are differentially expressed throughout the human body with morphologically 

complex tissues having the broadest Cx profile. The three major Cxs associated with 

cardiomyocytes are Cxs40, 43 and 45, which all exhibit different channel properties 

(Gros et al., 1996; Sőhl et al., 2004). Cx37 is a minor cardiac Cx and is synthesised in the 

endocardial cells. Unlike Cx40, 43 and 45, which will be discussed below, Cx37 is not 

associated with human heart defects and no heart defects have to date been detected in 

studies with Cx37-deficient mice (Gros et al., 2004). Each of the cardiac Cxs has distinct  
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Table 1.1 The connexin gene family and chromosomal distribution of its members in mouse and 
human (Söhl et al., 2004).  

Mouse connexin Human connexin 
Cx GJ chr chr GJ Cx 
mCx23  10 6  hCx23 
   6  hCx25 
mCx26 Gjb2 14 13 GJB2 hCx26 
mCx29 Gjb1 5 7 GJE1 hCx30.2 
     (hCx31.3) 
mCx30 Gjb6 14 13 GJB6 hCx30 
mCx30.2 Gjb11 11 17 GJA11 hCx31.9 
mCx30.3 Gjb4 4 1 GJB4 hCx30.3 
mCx31 Gjb3 4 1 GJB3 hCx31 
mCx31.1 Gjb5 4 1 GJB5 hCx31.1 
mCx32 Gjb1 X X GJB1 hCx32 
mCx33 Gjb6 X    
mCx36 Gjb9 2 15 GJA9 hCx36 
mCx37 Gjb4 4 1 GJA4 hCx37 
mCx39  18 10  hCx40.1 
mCx40 Gjb5 3 1 GJA5 hCx40 
mCx43 Gjb1 10 6 GJA1 hCx43 
mCx45 Gjb7 11 17 GJA7 hCx45 
mCx46 Gjb3 14 13 GJA3 hCx46 
mCx47 Gjb12 11 1 GJA12 hCx47 
mCx50 Gjb8 3 1 GJA8 hCx50 
   1 GJA10 hCx59 
mCx57 Gjb10 4 6  hCx62 
Σ20     Σ21 

This table reflects the current state of the sequence information available from the NCBI database 
(http://www.ncbi.nlm.nih.gov). Cx31.3 is the only transcript isoform known of the hCx30.2 gene. chr, 
chromosomal assignment (Sohl et al., 2004).     
 
 
 
Table 1.2 Different features of mouse and human cardiovascular connexin genes (Söhl et al., 
2004). 

 Cx37 Cx40 Cx43 Cx45 
Protein sequence identity 
Mouse vs. human 

91% 85% 98% 98% 

Transcript sizes 1.7kb 3.5kb 3.0kb 2.2kb 
Cell types with major 
expression 

Endothelial cells Cardiomyocytes 
Endothelial cells 

ubiquitous Endothelial cells, 
neurons, smooth 
muscle 

Cell-type specific 
expression in heart 

Endothelial cells Cardiomyocytes 
Endothelial cells 

Cardiomyocytes 
 

Cardiomyocytes 
 

Unitary conductance 300pS 200pS 60-100pS 20-40pS 
Phenotype(s) of Cx-
deficient mice 

Female sterility Atrial arrhythmias Heart malformations Defective vascular 
development 

Human hereditary 
disease(s) 

Association with 
atherosclerosis 

n.a.  Oculodentodigital 
dysplasia (ODDD) 
syndactyly type III 

n.a. 

 n.a. : not analyzed 
 
 
 
 
 
 

  

http://www.ncbi.nlm.nih.gov/
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developmental and regional distribution, which raises the question about the similarities 

and differences in their functions in the cardiovascular system, and if their functions are 

differentially affected by proteins, i.e. ligands, that interact with them. Table 1.2 indicates 

the distinctive features of mouse and human cardiovascular Cx genes.  

 
1.3.2 Connexin gene structure 

 
Shown in figure 1.7 are the gene structures of the three major cardiac Cx isoforms Cx40, 

43 and 45. Most of the Cx genes have a common structure starting with the first exon that 

contains the 5’ untranslated region (5’-UTR) which is followed by an intron of varying 

length. Next is the second exon that contains the remaining 5’-UTR, the coding sequence, 

and the 3’-UTR (Wei et al., 2004). Different splicing patterns exist which result in 

different gene products for most of the Cx genes, including Cx40. It is a tissue specific 

event for which the mechanism is not yet known (Sőhl et al., 2004).  

 
The different splicing patterns that exist for Cx40 result in the transcription of two 

variants, namely, variant A and B. Variant A represents the longer transcript and is 

expressed in endothelial cells. Variant B differs in the 5’-UTR compared to variant A 

because of the different splicing patterns (figure 1.7), and is expressed in placental 

cytotrophoblasts (Wei et al., 2004; Sőhl et al., 2004; Teunissen et al., 2004). The gene 

sequence of variant A which encodes the C-terminus of Cx40 was used in the present 

study as a bait in the Y2H assay to identify ligands (section 1.8), because it is expressed 

in heart tissue.  
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Figure 1.7 Gene structure of connexin 40 (A), 43 (B) and 45 (C). Exon (E) sequences are 
indicated as boxes and the shaded parts represent protein-coding sequences. Positions of reported 
transcription initiation sites (TIS) and regions with promoter activity (double-headed horizontal 
arrows) are indicated. Different splicing patterns (dotted lines) result in the occurrence of RNA 
species derived from the following exons: Cx40-E1A/E2 (human, rat, mouse), E1B/E2 (human); 
Cx43-E1/E2 (human, mouse, rat); Cx45-E1/E2/E3, E2/E3 (mouse) (Teunissen et al., 2004). 
 

1.3.3 Connexin protein structure 
  
The archetypal Cx protein is a four alpha-helical transmembrane spanning protein, as 

illustrated in figures 1.8 and 1.9 (Moreno et al., 2002; Richard, 2000). It has two 

extracellular loops (E1 and E2), one cytoplasmic loop (CL), four membrane-spanning 

domains (1M, 2M, 3M and 4M) and one cytoplasmic amino (N) and one carboxyl (C) 

termini (Goodenough et al., 1996; Bukauskas et al., 2004; van Veen et al., 2001). 

Various functional properties have been assigned to parts of the protein. The extracellular 

loops have three highly conserved cysteine residues, which function in forming disulfide-

bridges that stabilise the loops during docking of the connexons to each other, in order to 

form a functional channel (Wei et al., 2004; Richard, 2000). 

 

  



 16

 
 

Figure 1.8 Illustration of the secondary structure of a single connexin protein in the 
membrane (Moreno et al.,  2002). 

     
Figure 1.9 Diagram of a connexin protein with its structural motifs and their presumed 
function. M1-M4: transmembrane domains; E1/E2: extracellular domains 1 and 2; CL: 
cytoplasmic loop; NT: amino-terminus; CT: carboxyl-terminus (Richard, 2000). 
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Each of the transmembrane domains participates in oligomerisation into hexameric 

connexon hemichannels. They form the pore of the gap junction channel and are 

therefore important for channel permeability (Krutovskikh et al., 2000; Sosinsky et al., 

2005). The N-terminus has been shown to play a role in voltage-gating of gap junction 

channels (Krutovskikh et al., 2000) and it forms a voltage-gating mechanism with the 

M1/E1 boundary and the M2 (Richard, 2000). Studies done with Cx32 have shown that 

the highly conserved N-terminus incorporates a putative calmodulin binding motif and is 

necessary for the insertion of connexins into the membrane (Torok et al., 1997). The 

calmodulin binding motif is also essential for Ca2+-mediated regulation of cell coupling 

(Krutovskikh et al., 2000). 

 

Most of the amino acid sequence variability, among the different Cxs, occurs in the 

intracellular domains, namely, the CL and C-terminus (Sosinsky et al., 2005; Peracchia et 

al., 1997). Different protein-protein interactions with these domains have been found 

among the different Cxs and the functions and regulatory aspects of gap junctions may be 

influenced by these different protein-protein interactions (Duffy et al., 2002). The CL and 

C-terminus are also not independent subdomains but have been shown to interact with 

each other under physiological stimuli such as pH, in a particle and receptor model 

fashion, during channel gating which will be discussed in section 1.6 (Sosinsky et al., 

2005).  

 

The C-terminus functions as a vital regulatory element of channel gating and has an 

influence on the rates of Cx trafficking and the synthesis, assembly and degradation of 

gap junction channels (Lampe et al., 2000). The C-terminus contributes to defining 

channel properties, as truncation of this domain in Cx43 has been shown to modify 

channel conductance (Sosinsky et al., 2005). The C-terminus and the CL are the only 

domains that contain phosphorylation sites for different kinases (Krutovskikh et al., 

2000). Phosphorylation (a form of post-translational modification) of the C-terminus is a 

general mechanism for setting thresholds in the regulation of protein-protein interactions 

and also plays roles in channel gating (Fishman et al., 1991). The mechanism of channel 

gating by means of phosphorylation will be discussed in section 1.6.4. 
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1.3.4 Connexins of the cardiovascular system 
 

Gap junctions are important in cardiac function because they mediate the spread of the 

electrical impulses throughout the heart which allows for the synchronous contraction of 

the cardiac chambers (Severs et al., 2001). As discussed in previous sections, Cx proteins 

are the building blocks of gap junction channels and Cx40, 43 and 45 are the 

predominantly expressed cardiac isoforms with each having different conductive 

properties and distribution patterns (Gaussin et al., 2004). Cx40 channels have the largest 

unitary conductance (160 pS), Cx43 channels have unitary conductance of 100-120 pS 

and Cx45 channels have the smallest unitary conductance (30-40 pS) (Veenstra et al., 

1992; Elenes et al., 2001).  

 

The different parts of the specialised conduction system have different conductive 

properties; the SA and AV nodes are pacemaking and slow conducting, whereas the 

bundle of His and Purkinje fibres are fast-conducting pathways. Therefore, the 

distribution patterns of the cardiac Cxs are determined in part by their individual 

conductive properties and functions (Gaussin et al., 2004; van Veen et al., 2001). They 

also have different expression patterns during the stages of development. Figure 1.10 

shows a diagram representing their distribution patterns in the heart and table 1.2 shows 

the different features of mouse and human cardiovascular Cx genes. 
 

Cx43 

Cx43 is principally responsible for electrical synchrony and electrical impulse 

propagation in the ventricles. It is abundantly expressed in all the cardiac compartments, 

regardless the stage of development, except for the SA and AV nodes, the His-bundle and 

the proximal parts of the bundle branches (figure 1.10) (Gros et al., 2004; van Rijen et 

al., 2001; van Veen et al., 2001).  
 

Cx45 

Cx45 is essential for embryonic heart development and is at this stage expressed in all 

heart compartments, after which it is downregulated in the adult heart (Gaussin et al., 
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2004, van Veen et al., 2001). In the adult myocardium, its expressed in the SA and AV 

nodes, the various parts of the ventricular conduction system, the most peripheral regions 

of the interventricular septum and at low levels in the surrounding working myocardium 

of atria and ventricles (figure 1.10) (Gros et al., 2004; Coppen et al., 1999).   
 

Cx40 

Cx40 is a major determinant of electrical impulse propagation in the atria and the 

specialised conduction system (Gu et al., 2003). Cx40 is strongly expressed in both the 

atria and ventricle in early stages of development, after which it is downregulated causing 

it to be absent in the ventricular working myocardium (Veen et al., 2001). In the adult 

heart, it is mainly expressed in the atrium, coronary vascular endothelium, and the fast 

conducting tissue of the His-Purkinje system, which is a network of cells specialised for 

rapid conduction of excitation to the apical ventricular myocardium (figure 1.10) (Saffitz 

et al., 2000; Gourdie et al., 1993; Veenstra et al., 1992). 
 

Therefore, this compartmentalised expression pattern of Cx40, 43 and 45 controls the 

orderly sequential spread of activation from the atrial to ventricular chambers which is 

essential for normal heart function (Gourdie et al., 1999).   

 

 
Figure 1.10 Generalised expression pattern of Cx40, Cx43 and Cx45 in the different regions 
of the mammalian heart. SAN: sinoatrial node; AVN: atrioventricular node; AVB: 
atrioventricular bundle or His-bundle; BB: bundle branches; PF: Purkinje fibers (van Veen et al., 
2001). 
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1.3.5 Knockout mouse studies 
 

Knockout mouse studies have been done with the cardiac Cxs, in order to broaden the 

knowledge of their functions in the cardiovascular system. The studies showed the 

importance of them in heart morphogenesis; Cx40-deficient mice had AV septation 

defects and outflow tract malformations (Kirchhoff et al., 2000; Gu et al., 2003), Cx45-

deficient mice had endocardial cushion defects and Cx43-deficient mice had heart 

outflow tract defects and defects in their coronary arteries (Reaume et al., 1995; Ya et al., 

1998).   

 

Knockout studies with Cx43 showed that mouse embryos in which both alleles of the 

Cx43 gene had been disrupted survived until birth but died of asphyxiation shortly after 

delivery. Their death was caused by an obstruction of the right ventricular outflow tract, 

which prevented the blood flow from reaching the lungs. The heterozygous mutants were 

viable and able to breed (Gros et al., 2004; Kirchhoff et al., 2000; Reaume et al., 1995). 

Cx45 homozygous-null mice died early in gestation, at embryonic day 10.5, with 

conduction block and endocardial cushion defects. Studies with Cx40 showed slowed 

conduction and partial AV block in the Cx40 knockout mice (Kumai et al., 2000; 

Kirchhoff et al., 1998, 2000; van Veen et al., 2001). Studies in which the Cxs were 

substituted with each other indicated that they could only partially fulfill the functions of 

the Cxs for which they were substituted (Gros et al., 2004). Knockin gene replacement 

studies, in which Cx40 were substituted for Cx43, showed no conduction abnormalities. 

This indicated that heart conduction is independent of the unitary conductance of the gap 

junction channel (Plum et al., 2000). 

 

1.3.6 Human diseases associated with connexin mutations 
 

Deficient or improper gap junction channel function caused by mutations in the genes 

encoding Cx proteins has recently been associated with a variety of diseases such as 

peripheral neuropathy, oculodentodigital dysplasia (ODDD), sensorineural deafness, skin 

disorders, cataracts and visceroatrial heterotaxia (Lampe et al., 2004). These different 
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phenotypes not only show the diversity of the expression patterns of Cxs, but they also 

illustrate that gap junctions play different roles in different tissues (Goodenough et al., 

1996). Following is a discussion from current literature of the diseases associated with Cx 

mutations. Interestingly, Cx43 and 40, which will be discussed in section 1.4.2, are the 

only ones in which mutations have been found to have association with cardiac diseases. 

 

1.3.6.1 Peripheral neuropathy  
 

The first human disease to be associated with the impairment of Cx function was 

Charcot-Marie-Tooth X-linked inherited peripheral neuropathy (CMTX). CMTX is a 

demyelinating syndrome with progressive degeneration of peripheral nerves brought on 

by a defect in Schwann cells. Over 200 mutations have been identified in Cx32, that is 

located on the X chromosome, in CMTX patients (Nelis et al., 1999; Bergoffen et al., 

1993). Most of the mutations are sited in the coding region of Cx32 and span the entire 

length of the protein. The mutations differ in their ability to affect the function of the 

Cx32 protein and also the clinical phenotype of the disease (Ionasescu et al., 1996) 

 

1.3.6.2 Sensorineural deafness 

 

Five Cxs have been found to be involved in deafness (syndromic and nonsyndromic), 

namely, Cx26, Cx30, Cx31, Cx32 and Cx43, with Cx26 being the most frequently 

causative one out of the five (Kelsell et al., 2001; Richard et al., 2003). The mutations are 

not restricted to any functional domains of the proteins and are distributed throughout the 

length of the proteins. Autosomal-recessive and autosomal-dominant forms of hearing 

impairment have been associated with 50 mutations in the coding region of the Cx26 

gene. The most common mutation is a recessive frame shift mutation (35delG), which 

causes premature translation termination (Zelante et al., 1997). Studies have shown that 

Cx26 is essential for cochlear function and cell survival in the sensory epithelium of the 

inner ear (Cohen-Salmon et al., 2002). 
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1.3.6.3 Skin disorders   

 

Studies in mice revealed that at least nine different Cx genes are coexpressed in the 

epidermis. Gap junctions of the epidermis play important roles in regulating keratinocyte 

growth and differentiation (Choudhry et al., 1997). Some of the mutations in Cx26, Cx30 

and Cx31 have been found to associate not only with deafness but also with skin 

disorders (Richard et al., 2003). Mutations in Cx26 have been shown to be linked to 

Vohwinkel syndrome, which is a autosomal-dominant condition with mutilating 

keratoderma accompanied by deafness (Maestrini et al., 1999). Mutations in Cx30.3 and 

Cx31 are associated with erythorokeratoderma variabilis (a skin disease) (Richard et al., 

1998, 2003). The mutations associated with skin disorders have also been found not to be 

restricted to any particular Cx protein domain, just as in the case with the Cx mutations in 

CMTX and deafness. 

 

1.3.6.4 Cataracts 

 

Three Cxs are expressed in the lens of the eyes, namely, Cx43, Cx46 and Cx50. The fibre 

cells of the lens are interconnected by an extensive network of gap junctions containing 

Cx46 and Cx50. These Cxs play roles in maintaining homeostasis and supporting cell 

growth (White et al., 2002). Mutations in Cx46 and Cx50 have been identified in patients 

with inherited zonular pulverulent cataracts. Different from the mutations associated with 

CMTX, deafness and skin disorder, these mutations associated with cataracts, are largely 

restricted to the extracellular loop or transmembrane domains of the Cx proteins (Berry et 

al., 1999; Berthoud et al., 2003; Jiang et al., 2003). 

 

1.3.6.5 Oculodentodigital dysplasia (ODDD) 

 

ODDD is a human disease that has recently been shown to have association with Cx 

mutations. It is a congenital disorder characterized by developmental abnormalities of the 

face, eyes, limbs and dentition and is associated with dominant mutations in Cx43 

(Paznekas et al., 2003). The mutations are not restricted to any functional domains and 
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are distributed throughout the length of the proteins, except for the C-terminus (Wei et 

al., 2004). 

 

1.3.6.6 Visceroatrial heterotaxia 

 

Mutations of Cx43 have been reported in patients with heart malformations and defects of 

laterality (heterotaxia) such as visceroatrial heterotaxia (Krutovskikh et al., 2000; Wei et 

al., 2004). Some of these mutations occur in the C-terminus, which is a region containing 

multiple consensus motifs for phosphorylation by several intracellular protein kinases 

(van Veen et al., 2001). It is proposed that these motifs are disrupted by the mutations 

and thereby impair cell-cell communication during the stages of development. This, in 

turn, causes malformations of the heart and defects of laterality (Britz-Cunningham et al., 

1995). 

1.4 Connexin 40 

 
The following section will focus on Cx40 because this cardiac isoform is the focus of the 

present study. Abnormal cardiac conduction in Cx40-deficient mice, polymorphisms in 

the Cx40 gene and association of Cx40 polymorphisms with hypertension are the aspects 

that will be addressed in this section. 

 

1.4.1 Abnormal cardiac conduction in Cx40-deficient mice     
   

Knockout mice studies have been done in order to delineate the function of Cx40 in the 

cardiac conduction system. In these studies, AV and intraventricular conduction 

abnormalities were observed in the Cx40 knockout mice. Figure 1.11 shows the slowed 

conduction in Cx40 homozygous knockouts compared with wild-type mice. The 

decreased AV conduction can be seen on the ECG in the form of the PR interval being 

~20% longer in the knockouts than in the wild-type or heterozygote control mice. The PR 

interval reflects the time required for excitation to traverse the atrium, AV node, and His-

Purkinje system (White et al., 1999; van Rijen et al., 2001). 
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Figure 1.11 ECG taken from a wild-type and a Cx40 knockout mouse. The first deflection, 
the P wave, represents the depolarisation of the SA node and both atria. This is followed by a 
long PR interval, which corresponds to the slow conduction through the AV node and rapid 
conduction through the His-Purkinje system. The QRS complex represents the ventricular 
depolarisation and atrial repolarisation that occurs simultaneously. The T wave, which is the last 
deflection on the ECG, is caused by the ventricular repolarisation (White et al., 1999; 
http://www.bmb.psu.edu)] 
 

The delay in intraventricular conduction can also be seen on the ECG in the form of the 

QRS complex being ~33% longer than wild-type control mice (White et al., 1999; van 

Rijen et al., 2001). The QRS complexes of the Cx40 knockout mice are also more 

notched than the wild-type mice, which suggests altered ventricular activation sequences. 

These abnormalities observed by ECG indicate bundle branch block in one of the two 

major divisions of the His-Purkinje system, namely, the RBB (Saffitz et al., 2000). 

  

http://arjournals.annualreviews.org/na101/home/literatum/publisher/ar/journals/production/physiol/1999/61/1/annurev.physiol.61.1.283/images/large/ph61_0283_6.jpeg�
http://www.bmb.psu.edu/
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In a study done by Tamaddon and colleagues (Tamaddon et al., 2000), they mapped the 

activation sequence of the mouse RBB. They observed that absence of Cx40, in the 

knockouts, reduced propagation velocity in the RBB by ~40% without apparent delay in 

the left bundle branch (LBB) or slowing in ventricular propagation velocities (Saffitz et 

al., 2000). This is a characteristic that has been observed in patients with cardiovascular 

disease (Gros et al., 2004). Clinical studies have shown that the RBB is more vulnerable 

to conduction block than the LBB, possibly because of its smaller diameter in comparison 

with the LBB. This causes minor discontinuities to be more prominent in causing 

activation block by means of load mismatching (van Rijen et al., 2000).  

 
In a study done by Gu and colleagues (Gu et al., 2003), it was shown that both Cx40 

heterozygous and homozygous-null mice exhibited a variety of complex cardiac 

malformations such as conotruncal defects and endocardial cushion defects, which 

suggested the involvement of Cx40 expression in cardiogenesis. The molecular 

mechanisms in which the Cx40-deficiency leads to these cardiac malformations are 

unknown. These animal studies revealed that Cx40 is an important determinant of 

impulse propagation in the atria and the specialised conduction system and that it has a 

role in cardiogenesis (Gros et al., 2004; Gu et al., 2003).    
 

1.4.2 Polymorphisms in the Cx40 gene 
 

Two closely linked polymorphisms were identified by Groenewegen and colleagues 

(Groenewegen et al., 2003) within the promoter region of Cx40, at nucleotides -44 

(G→A) and +71 (A→G). The Cx40 haplotype (-44AA/+71GG) was shown to have 

strong association with familial atrial standstill, which is primarily an electrical 

excitability and conduction disorder (Makita et al., 2005). Functional characterisation 

revealed that this Cx40 haplotype lead to a >50% reduction in promoter activity (Firouzi 

et al., 2004). They therefore suggested that the Cx40 polymorphisms may possibly cause 

changes in expression levels and distribution patterns of the protein, which could 

modulate atrial electrophysiological properties that favour susceptibility for atrial 

arrhythmia (Gollob et al., 2006). 
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The distance between the two polymorphisms is very small and the following will 

therefore be a report of the position of the -44 polymorphism in the Cx40 promoter 

region. The –44 position in the promoter is located a few nucleotides from two major 

regulatory sites, an Ets-1/NK-box/T-box/SP1 site and a GATA site (Dupays et al., 2003). 

The transcription factors functional at these sites are important regulators of Cx40 

expression. The SP1 factor maintains basal promoter activity. The T-box transcription 

factors such as T-box2, T-box3, T-box5 and T-box20 may activate or repress 

transcription and NK and GATA factors such as Nkx2-5, GATA4 and GATA5 confer 

tissue specificity (Linhares et al., 2004).  

 

Recent work has demonstrated the complexity of transcriptional regulatory mechanisms 

governing selective promoter usage, alternative 5’-UTR splicing, tissue-specific 

expression and translational efficiency of Cxs (Anderson et al., 2005). It is thus possible 

that a small change in the regulatory region of Cx40 may have an impact on the level of 

its expression; for example, through modification to the initiation or stabilisation of the 

transcriptional complex (Schiavi et al., 1999; Pfeifer et al., 2004). 

 

1.4.3 Association of Cx40 polymorphisms with hypertension  
 

Hypertension is a risk factor for a multitude of potentially life-threatening complications, 

such as myocardial infarction, congestive heart failure, renal failure and stroke. The 

pathogenesis of high blood pressure is multifactorial and involves both genetic and 

environmental factors (August et al., 2003). It was recently suggested that gap junctions 

may play key roles in the pathogenesis and eventual clinical manifestations of 

cardiovascular disease, including hypertension (Haefliger et al., 2004). They have been 

shown to play critical roles in the coordination of vasomotor responses and the regulation 

of vascular tone in the cells of the vascular wall (Hill et al., 2002; Christ et al., 1996; 

Rummery et al., 2004). 

 

A study by Firouzi and colleagues (Firouzi et al., 2006) showed a significant association 

between the Cx40 polymorphisms (-44A/+71G) and hypertension in men, but not in 
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women. As the male sex is a risk factor for cardiovascular disease and as men have 

higher blood pressure than women, it has been proposed that female sex hormones might 

offer protection against a genotypic predisposition in women (Fisher et al., 1997; 

Mendelsohn et al., 1999).  

 

The Cx40 polymorphisms may enhance the risk of hypertension through the impaired 

control and coordination of vasomotor responses along the vessel wall as supported by 

studies in Cx40-deficient mice (Figueroa et al., 2003). Recent studies in Cx40-deficient 

mice revealed a key role for this protein in the control and regulation of blood pressure. 

Cx40-deficient mice had significantly higher blood pressure levels, compared with the 

wild-type mice, and also displayed irregular arteriolar vasomotion and impaired 

conduction of vasodilatory signals along their arterioles (de Wit et al., 2000, 2003).  

 

1.5 Speculative model of protein-protein interactions 
 

Recent work has been done by means of yeast-two-hybrid (Y2H) screens, glutathione-S-

transfers (GST)-pull down assays, antibody arrays, and proteomic analysis in order to 

identify potential Cx binding proteins of which the functions are being elucidated 

(Segretain et al., 2004). Wei and colleagues proposed a speculative model of protein-

protein interactions based on studies done with Cx43, the most studied isoform (Wei et 

al., 2004). This model could also apply to the other cardiac Cx isoforms, in particular 

Cx40, because of biochemical studies that have shown that Cx43 and Cx40 co-localise in 

order to form heteromeric connexons (Valiunas et al., 2001; Evans et al., 2002). Figure 

1.12 is an artist’s impression of this speculative model. Wei and colleagues proposed a 

diverse array of protein binding partners such as signaling proteins (a/B-catenin, 

p120ctn), structural proteins (ZO-1, caveolin-1), membrane proteins (cadherins), and 

proteins that interact with, or are part of, the cell cytoskeleton (a-actinin, microtubule) 

(Wei et al.,2004). 

 

Several protein kinases such as Src, protein kinase C (PKC) and mitogen-activated 

protein kinase (MAPK) can phosphorylate the C-terminus of Cx43 or Cx40. This could 
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alter channel gating or protein-protein interactions that may be important in cell 

signaling. Transcriptional effects may be elicited by means of p120ctn/Kaiso or B-

catenin-T-cell factor (TCF)/lymphoid enhancer-binding factor (LEF), which could result 

in long-term effects through gene expression changes. The proposed protein-protein 

interactions may cross talk with cell signaling pathways, which regulate cell adhesion, 

cell motility and the actin cytoskeleton. Protein-protein interactions identified in the 

present study with similar functions to those proposed for Cx43 will make it possible to 

draw a speculative model of the Cx40 interactome, in order to better understanding the 

molecular and cellular functions of Cx40 in the heart. 

 
Figure 1.12 Artist’s impression of the speculative model of protein-protein interactions 
made with Cx43. The following are ligands of Cx43: signaling proteins (α/β-catenin, p120ctn), 
structural proteins (ZO-1, caveolin-1), membrane proteins (cadherins), proteins that interact with 
or are part of the cytoskeleton (α-actinin, microtubule) and protein kinases (Src, PKC, MAPK) 
(Wei et al., 2004).  
 
 

1.6 Differential gating of gap junction channels 
 

Proper gating of the gap junction channel is essential for normal cell-to-cell 

communication, and subsequently for adequate impulse propagation throughout the heart. 

Abnormal gating may account for certain defects of the conduction system (Sőhl et al., 
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2004, Lampe et al., 2004). Functional channels are mostly in an open state, but can close 

in response to certain changes in the ionic composition of the cytosol. As a result of the 

channel closure, neighbouring cells uncouple from each other electrically and 

metabolically (Peracchia et al., 1997).  

 

Channel closure may be affected by a change in conformation of the channel protein or 

by specific domains in the C-terminus which may flip over like a “ball and chain” to 

block the pore (Moreno et al., 2002; Ahmad et al., 2001). Gating via these mechanisms is 

regulated by cellular calcium concentrations, intracellular pH (pHi), transjunctional or 

transmembrane voltage, and protein phosphorylation (Severs, 2000). The Cx40 ligands 

identified in the present study may function in the gating mechanisms of channels 

composed of this Cx protein subunit and therefore influence gap junctional conductivity.   

 

1.6.1 Cellular calcium concentrations 

 

Closure of the channels occurs in the presence of high concentrations of calcium ions and 

this suggests that the channels can be modulated by a variety of calcium-dependent 

cellular events. It has been proposed that calmodulin serves as a mediator for the calcium 

effect because it has been found to bind to Cx32 (Ahmad et al., 2001; Hertzberg et al., 

1987). The depletion of calmodulin has been shown to reduce the sensitivity of gap 

junctional communication to elevated calcium levels in Xenopus oocytes (Peracchia et 

al., 1996; Bukauskas et al., 2004). 
 

1.6.2 Intracellular pH (pHi) 
 

The regulatory sites for pH gating are located at the CL and C-terminus of the Cx 

proteins (figure 1.9). These are regions with low homology across the family of Cx genes, 

which may explain why different homotypic and heterotypic channels exhibit a variable 

degree of sensitivity to intracellular acidification (Yahuaca et al., 2000). A particle-

receptor (“ball and chain”) model has been described for the mechanism of Cx pH gating 

(van Veen et al., 2001; Moreno et al., 2002). This model has been suggested to function 

as follows, according to biochemical studies done with Cx43: Intracellular acidification 
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leads to the binding of Cx43 C-terminus (acts as a particle) to a region in the CL domain 

which includes a histidine 95 residue (acts as a receptor). This action causes the closure 

of the channel. It is not known whether all of the Cxs make use of this mechanism (Ek-

Vitorin et al., 1996; Eckert et al., 2002; Bukauskas et al., 2004).   

 

1.6.3 Transjunctional or transmembrane voltage 

 

Cxs are sensitive to transjunctional or transmembrane voltage and form closed channels 

when large voltages are applied (Dahl et al., 1996). Different homotypic and heterotypic 

channels exhibit voltage gating to different degrees and the voltage-gating properties of a 

Cx may be species-specific (White et al., 1995). It has been shown that the C-terminus, 

N-terminus, M1/E1 boundary, and a conserved proline residue in the M2 participate in 

the voltage-gating properties of the channels, probably in a similar way to pH gating; 

according to a particle-receptor model (figure 1.9) (Suchyna et al., 1993; Verselis et al., 

1994; Revilla et al., 1999). Voltage-gating might also be influenced by the interaction of 

a connexon with its opposing connexon (van Veen et al., 2001).   

 

1.6.4 Protein phophorylation   

 

Sequence analysis of the CL and the C-terminus has revealed multiple consensus motifs 

for phosphorylation by several intracellular protein kinases, with the C-terminus being 

the primary region to be phosphorylated (van Veen et al., 2001; Lampe et al., 2000). 

Once the C-terminus of a Cx is phosphorylated, it may interact with either the pore-

forming region of the channel or a intermediary molecule, i.e. ligand, to form a complex 

resulting in closure of the channel, which may cause the neighbouring cells to uncouple 

from each other electrically and metabolically (Herve et al., 2005; Peracchia et al., 1997). 

It has been shown that gap junctional communication and phosphorylation of Cx proteins 

are linked and highly regulated during the cell cycle (Lampe et al., 2004). Phophorylation 

is a common form of post-translational modification, which has not been reported for the 

N-terminus. Cx26 is the only isoform that is not phosphorylated (Goodenough et al., 

1996) and this could be due to the fact that it is the shortest Cx and only has few C-
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terminus amino acids that could interact with cytoplasmic signaling elements (Segretain 

et al., 2004).  

 

Phosphorylation has also been shown to play important roles in the synthesis, trafficking 

and removal of Cxs from the plasma membranes (Goodenough et al., 1996; Lampe et al., 

2004). Some kinases act in inhibiting the formation of channels and others function as 

important conduits of channel formation. Phosphorylation of Cx43 by several different 

kinases such as protein kinase C (PKC), extracellular signal-regulated kinases (ERK), 

and casein kinase 1 (CK1) has been shown to stimulate gap junction removal of this Cx 

from the plasma membrane (Segretain et al., 2004). Also, many reagents, growth factors 

and viral oncogenes influence gap junction gating and their effects are often associated 

with changes in basal patterns of connexin phophorylation (Goodenough et al., 1996). 

 

Phosphorylation may also serve to create a specific binding site that promotes interaction 

with a domain that governs protein-protein interactions (Wei et al., 2004). These domain-

driven interactions may represent novel means of regulating Cx processing or function 

that has so far been inadequately investigated (Lampe et al., 2000). 
 

1.7 Conduction system diseases for which connexins are                     

novel candidates 
 

Inherited cardiac conduction diseases of many different etiologies have been identified 

such as Holt-Oram syndrome, Atrial septal defect, Progressive familial cardiac 

conduction disease (PCCD), Isolated cardiac conduction disease (ICCD), and Progressive 

familial heart block type I and type II (PFHBI and PFHBII) (Kleber et al., 1997; Zipes et 

al., 1998; Smits et al., 2005). The following discussion will focus on the two South 

African diseases which apply to the present study, namely, PFHBI and PFHBII, for 

which originally Cxs were novel candidate genes because of their dominant role in 

electrophysiological function (Söhl et al., 2004). However, they were subsequently 

excluded as candidate genes because they did not map to the disease target loci (Arieff, 

2004; Fernandez et al., 2005). Also included in this section is a discussion on Myotonic 
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dystrophy (DM), in which cardiac expressed Cx43 has been reported as a ligand of the 

myotonic dystrophy protein kinase (DMPK)-causative gene product (Mussini et al., 1999; 

Schiavon et al., 2002). This finding raised the question of whether other functionally 

related interactions may occur with the C-terminus of Cx40 in a similar way to that 

identified for Cx43 and DMPK, and whether these interactions contribute to development 

of PFHBI or PFHBII when defective ligands are involved. 

 

1.7.1 Myotonic dystrophy - co-localisation of DMPK with Cx43 
 

Myotonic dystrophy is a dominantly inherited disease characterised by myotonia and 

progressive muscle wasting, arrhythmia and cardiac conduction defects, mental 

retardation, cataracts, and disorders of the endocrine system (O’Brien et al., 1984; Perloff 

et al., 1984; Harper, 1989). It is one of the most prevalent muscular diseases in adults and 

is caused by expansion of a trinucleotide (CTG) repeat in the 3’untranslated region of 

DMPK (Brook et al., 1992; Berul et al., 1999). Studies to identify the localisation of 

DMPK in the heart found that DMPK localises to the cytoplasmic surface of junctional 

and extended junctional sarcoplasmic reticulum, which suggested that DMPK is involved 

in the regulation of excitation-contraction coupling (Salvatori et al., 1994, 1997; 

Shimokawa et al., 1997). DMPK was also found associated with gap junctions along the 

intercalated disks, whereas it was absent in the two other kinds of junctional complexes, 

namely, fasciae adherens and desmosomes (Mussini et al., 1999; Schiavon et al., 2002). 

 

Immunogold labeling of gap junction purified fractions showed that DMPK co-localised 

with Cx43 (Mussini et al., 1999) (figure 1.13). Phosphorylation of Cxs is important in 

several physiological events such as assembly, docking and gating of gap junction 

channels (Lampe et al., 2004; Evans et al., 2002; Segretain et al., 2004). It is therefore 

suggested that DMPK plays a regulatory role in the transmission of signals between 

cardiomyocytes through its interaction with gap junctions and, when defective, might 

cause the development of cardiac conduction defects associated with DM (Mussini et al., 

1999; Schiavon et al., 2002; Berul et al., 1999). Therefore, it has been proposed that it is 

the Cx-associated role of DMPK that is responsible for the cardiac phenotype in 
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individuals affected by DM. The possibility exists that other functionally related 

interactions may occur with the C-terminus of Cx40 in a similar way to that identified for 

Cx43 and DMPK. 
 

 
 

Figure 1.13 Immunogold labeling of cardiac gap junctions demonstrating the co-localisation 
of DMPK and connexin 43. DMPK (large gold particles) and connexin 43 (small particles) 
(Mussini et al. 1999). 
 

1.7.2 Progressive familial heart block type I  (PFHBI) 
 

Clinical description 

Progressive familial heart block type I (PFHBI) (OMIM 113900) was first described by 

Brink and Torrington in 1977 in several branches of a large South African pedigree 

(Brink and Torrington 1977). It is an autosomal dominantly inherited, progressive BB 

conduction disorder which may progress to complete heart block (Brink et al., 1995). It is 

defined on ECG by evidence of BB disease, namely, RBBB, left anterior or posterior 

hemiblock, or complete heart block with broad QRS complexes (Van der Merwe et al., 

1988, 1986). Figure 1.14 shows the three apparently unrelated pedigrees 1, 2, and 5 in 

which PFHBI has been shown to segregate (Brink et al., 1995). Members of pedigree 2, 

consisting of 9 generations, are descendents from one ancestor who emigrated from 

Lisbon, Portugal in 1696. Pedigree 1 and 5 are smaller pedigrees, in which the affected 

members display the same phenotype and disease-associated haplotype as individuals in 

pedigree 2. There is, however, at this stage, no family data that links pedigree 1 and 5 to 

the same ancestor of pedigree 2 (personal communication with Brink).  
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Figure 1.14 Representation of the pedigrees in which PFHBI segregates. A) Pedigree 2, a 
nine-generation kindred. B) Pedigree 1 and 5, two smaller families that could not be linked to the 
main pedigree. Affected individuals had either right bundle-branch block (RBBB), complicated 
right bundle-branch block (RBBB), or complete heart block (Brink et al., 1995). 
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Refining the target locus 

Initially, Brink and colleagues mapped the gene for PFHBI, by means of genetic linkage 

analysis, to a 10cM region on chromosome 19q13.2-q13.3 (figure 1.15) (Brink et al., 

1995). At this time, a French group mapped a second conduction defect, namely, ICCD, 

by linkage analysis to the same region on chromosome 19 as PFHBI (De Meeus et al., 

1995). It was shown that these two diseases shared common clinical features and was 

subsequently decided that they are likely the same disease. Subsequent studies used 

genetic fine mapping to reduce the target locus to a 7cM region (personal communication 

with Brink).   

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 
 
 
 
 
Figure 1.15 Representation of progressive refining of the PFHBI locus 
Abbreviations: apolipoprotein C2 (APOC2), kallikrein (KLK1), related RAS viral 
oncogene homolog (RRAS), Chr: chromosome (accumulated data from Arieff, 2004). 
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The DMPK gene was originally an attractive candidate gene for PFHBI because of the 

cardiac complications shared between DM and PFHBI. However, the direct involvement 

of DMPK in PFHBI was excluded because of genetic recombination events which placed 

it outside the target locus (Brink, 1997). Subsequent studies reduced the PFHBI locus to a 

4cM region on chromosome 19q13.3 (between markers D19S606 and D19S866) (figure 

1.15). This was translated to a physical distance of 3,743,618bp (3,74Mb), by using 

sequence information available from the Human Genome Project. This physical distance 

was subsequently reduced to 2,422,562bp (between markers D19S902 and D19S866) 

(figure 1.15) by means of genetic fine mapping (Arieff, 2004). Chromosome 19 is one of 

the most gene-rich chromosomes and it is predicted that 62 genes lie at the PFHBI locus, 

of which some might be genes encoding ligands of Cxs.    

 
1.7.3 Progressive familial heart block type II (PFHBII) 

 
Progressive familial heart block type II (PFHBII) (OMIM 140400) is an autosomal 

dominantly inherited cardiac conduction disorder which segregates in a South African 

family which was first described by Brink and Torrington in 1977. It has been defined on 

ECG as a sinus bradycardia with a left posterior hemiblock and narrow QRS complexes 

(Brink et al., 1995). PFHBII presents clinically with syncopal episodes and Stoke-Adams 

seizures when complete heart block supervenes and the conduction abnormalities are 

accompanied by dilated cardiomyopathy (Fernandez et al., 2004). Recently, the PFHBII 

locus has been placed in a 3.9cM region on chromosome 1q32.2-q32.3 (between markers 

D1S70 and D1S505) by means of linkage studies (figure 1.16) (Fernandez et al., 2005). 

The locus was found to lack Cx-encoding genes and their direct involvement in PFHBII 

was therefore excluded. However, it is possible that some of the genes that lie at the locus 

might be genes encoding ligands of Cxs. 
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Figure 1.16 Representation of refining the PFHBII locus  
Abbreviations: laminin β3 (LAMB3), tumor necrosis factor receptor Jun N-terminal kinase-
activating modulator (TRAF3IP3), synaptotagmin XIV (SYT14), hedgehog acyltransferase 
(HHAT), potassium voltage-gated channel H (KCNH1), REST corepressor 3 (RCOR3), zinc 
transporter 1 (SLC30A1), never in mitosis gene A-related kinase 2 (NEK2), 
lysophosphatidylglycerol acyltransferase 1 (LPGAT1), retinoic acid regulated nuclear matrix 
associated protein (RAMP), protein phosphatase 2A b56alpha (PPP2R5A).  
             = target locus between markers D1S70 and D1S505 (Fernandez, 2004). 
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1.8 The present study 

 

The aim of the present study was to identify ligands of the C-terminus of the human 

cardiac expressed Cx40, in order to understand the role of the interactions at a molecular 

and cellular level and to investigate the possible involvement of specific ligands in 

cardiac conduction disturbances. Figure 1.17 shows an outline of the present study. In 

order to identify Cx40 ligands, the C-terminus encoding domain, an important region 

involved in regulation of channel properties and protein-protein interactions, was used as 

a bait construct, to screen a commercially available cardiac cDNA library to identify prey 

ligands as part of the Y2H analysis. The sequenced inserts of the putative Cx40 ligands 

retrieved from the library screen were then subjected to BLAST-search and internet 

database literature searches, in order to assign identity and to determine plausibility of 

them being true Cx40 ligands, on the bases of their function and their subcellular 

localisation.  

 

The putative Cx40 ligands were subjected to M2H analysis, in order to verify the 

interactions identified between the Cx40 bait and the library of putative ligands. To this 

end, a speculative model of the Cx40 interactome was drawn in order to speculate about 

the functions of Cx40 in the heart through its interactions with the ligands identified in 

the present study. In addition, Y2H and M2H results obtained from a parallel study done 

with Cx45, were compared, in order to shed light on the functional differences of Cx40 

and 45 in the heart. Furthermore, the sequences of the putative Cx40 ligands were 

BLAST-searched against DNA databases covering cardiac conduction disorders, such as 

PFHBI and PFHBII, in order to identify genes encoding newly identified Cx40 ligands as 

candidate disease causative genes 
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Outline of the present study 
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Figure 1.17 Flowchart showing the outline of the present study 
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Materials and methods 
 

2.1 Summary of methodology 
 

The yeast-2-hybrid (Y2H) method was used in the present study to screen a library of 

cardiac cDNA in order to identify the ligands of the C-terminus of human cardiac 

expressed Cx40 (i.e. GJA5). Figure 2.1 shows an outline of the methodology. Initially, the 

bait-insert fragment for the assay was generated by PCR-amplification of the C-terminus 

encoding domain of Cx40 from genomic DNA using specially designed primers with 

engineered restriction enzyme sites. The bait-insert fragment was subsequently cloned 

into a Clontech pGBKT7 shuttle vector. The pGBKT7-GJA5 bait construct was then 

transformed into E.coli and its integrity verified by sequencing, after which it was cloned 

into S.cerevisiae yeast strain AH109 for the library screening. Preliminary assays were 

conducted to ensure that the pGBKT7-GJA5 bait construct was not associated with 

activation of endogenous reporter genes (ADE2, HIS3, MEL1), toxicity or dimished 

mating efficiency in the S.cerevisiae host. 
 

Thereafter, the bait-containing strain of S.cerevisiae was mated to a Clontech, 

commercially available, S.cerevisiae yeast strain Y187 pretransformed with a cardiac 

cDNA library. This allowed identification of interactions between the pGBKT7-GJA5 

bait construct and the prey clones (encoding putative ligands) contained within the 

library. To this end, the S.cerevisiae mating mixture was plated onto primary selection 

media which selected for diploid His+ colonies. These colonies were subjected to more 

stringent selection media that selected for diploid Ade+, His+ colonies which were 

subsequently tested for expression of the MEL1 reporter gene by means of X-α-

galactosidase assay. Positive colonies that were selected from this round of screening 

indicated the presence of strong bait and prey interactions and were subjected to another 

round of selection. An interaction specificity test (i.e. heterologous mating) was 

conducted in order to verify the pGBKT7-GJA5 bait construct and putative prey clone 

interactions and to exclude non-specific interactions. The inserts of putative prey clones 

were sequenced and BLAST-searched against the Genbank DNA database in order to 
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assign identity and function. Furthermore, the sequenced inserts were also BLAST-

searched against Genbank databases covering the PFHBI and PFHBII loci in order to 

determine whether they were candidate causative genes for these South African cardiac 

conduction diseases. Results showed that the genes encoding the putative preys were not 

candidates for these diseases. Internet database literature searches were done with each of 

the putative prey clones in order to prioritise them according to function and their 

subcellular localisation in order to asses their candidature for being true Cx40 ligands. 

Those identified as good candidates were subjected to mammalian-2-hybrid (M2H) 

analysis, in order to assess the validity of the pGBKT7-GJA5 bait construct and prey 

clone interactions and to subsequently shed light on the function of Cx40 in the cardiac 

conduction system.  
 

The M2H analysis was performed using the MatchmakerTM Mammalian Assay Kit 2 

which included the pM, pVP16 and pG5SEAP vectors. Initially, the pM-GJA5 bait and 

pVP16-prey constructs was generated in the same way as the pGBKT7-GJA5 bait 

construct was, i.e. PCR-amplification of a bait and prey insert fragments with specially 

designed gene specific primers with engineered restriction enzyme sites and subsequent 

cloning of the inserts into the designated vectors. The pM-GJA5 and pVP16-prey 

constructs were subsequently co-transfected with the pG5SEAP reporter vector and a 

pSV-β-Gal reporter vector, which was used for a β-Galactosidase enzyme assay, into 

cultured H9C2 mammalian cells. The Great EscAPeTM chemiluminescent Detection Kit 

was used, in order to determine whether the SEAP (secreted alkaline phosphatase) 

reporter gene was activated by an interaction of the bait and prey proteins. The SEAP 

activity in the culture medium of the transfected cells was determined by means of a 

chemiluminescent substrate. The level of SEAP activity is directly proportional to the 

intensity of the bait and prey interaction and can therefore be used in determining the 

validity and specificity of their interaction. Several control assays were included as 

comparisons for each experiment, in order to asses the efficiency of the system. 

Furthermore, the chemiluminesence values obtained from the SEAP assay were 

normalised with the absorbance values obtained from the β-Gal assay, in order to 

determine transfection efficiency of the mammalian cells. 
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Outline of the methodology 
 

 
CONSTRUCTION OF GAL4 DNA-BD-TARGET FUSION PROTEIN               

(Bait construct) 
Design primers to amplify cytoplasmic C-terminus-encoding domain of Cx40  

Clone product into CLONTECH pGBKT7 shuttle vector 
 
↓ 
 

VERIFICATION OF FRAME AND INTEGRITY OF INSERT                                               
Automated DNA sequencing 

 
↓ 
 

EXPRESSION OF FUSION PROTEIN & AUTOACTIVATION ASSAY                                        
Transform bait construct into yeast strain AH109 (Ade-, His-, Leu-, Trp-, MATa)                                     

Test for autonomous reporter (ADE2, HIS3, MEL1) gene activation and cell toxicity 
 
↓ 
 

YEAST-2-HYBRID ASSAY                                                                             
Identify putative ligands using yeast-2-hybrid methodology                                                       

[mate bait strain with the prey strain (yeast pretransformed with a cardiac cDNA library)] 
 
↓ 
 

IDENTIFY PUTATIVE LIGANDS OF CX40                                                          
BLAST-search sequenced inserts of interacting prey clones                                                

against Genbank DNA databases to identify genes, Internet database 
literature searches 

 
↓ 
 

VERIFICATION OF TRUE PROTEIN:PROTEIN INTERACTORS                                            
OF CX40 C-TERMINUS                                                                                
Mammalian-2-hybrid assay 

 

 

 

Figure 2.1 Outline of the methodology 
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2.2 DNA extraction 

 

In order to amplify the C-terminus-encoding domain of Cx40 from genomic DNA, a 

previously banked sample was used. The DNA had been extracted from 5ml of an 

anonymous blood sample of a subject enrolled as control in a project approved by the 

University of Stellenbosch ethics committee, following a method modified in the 

Molecules and Genes in Inherited Conditions (MAGIC) laboratory, of the Department of 

Biomedical Sciences (Corfield et al., 1993).  

 

2.3 Polymerase Chain Reaction (PCR) Amplification 
 

2.3.1 Oligonucleotide primer design 

 
Oligonucleotide primers were designed using sequence data available from the Genbank 

DNA database (http://www.ncbi.nlm.nih.gov/Entrez). Before synthesis, the primer 

sequences was analysed for complimentarity (self-complimentarity and primer-primer 

complimentarity) and compatibility of melting temperatures using DNAmanTM version 4 

software (Lynnion Biosoft Corp©). The oligonucleotide primers were synthesised 

according to standard phosphoramidite methodology at the Department of Molecular and 

Cell Biology, University of Cape Town (UCT), Cape Town, South Africa.  
 

2.3.1.1 Design of primers for the GJA5 bait-insert for Y2H analysis  

 
Primers were designed to PCR-amplify the cytoplasmic C-terminus-encoding domain of 

Cx40 (i.e. GJA5) from genomic DNA (section 2.2), to obtain the bait-insert fragment to 

be cloned into a Clontech pGBKT7 cloning vector (figure 1, Appendix II) (BD 

Bioscience, Clontech, Paulo Alto, CA, USA). The DNA sequence of GJA5 was obtained 

from the Genbank DNA database (http://www.ncbi.nlm.nih.gov/Entrez), and is shown in 

figure 2.2A. with the C-terminus encoding sequence indicated with a shaded box. The 

forward primer was designed to the start of the C-terminus at nucleotide nr.682 and the 
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reverse primer at nucleotide nr.1077. Amplification with these primers produced a GJA5 

bait-insert fragment of 426 nucleotides to be used in generating the Y2H construct. The 

C-terminus with the primers designed for Y2H and M2H (section 2.3.1.2 and 2.3.1.3) are 

indicated in figure 2.2B 

 

The primers were designed to consist of a universal enzyme seat sequence, a restriction 

enzyme sequence and the GJA5 bait-insert specific sequence. The universal enzyme seat 

is a 5’ overhang to facilitate the restriction enzyme digestion of the recognition sequence. 

The restriction enzymes NdeI and EcoRI were chosen for the forward and reverse 

primers, respectively. These enzymes have recognition sites in the multiple cloning site 

of the pGBKT7 vector and not in the GJA5 bait-insert. The test enzyme SfiI, which does 

not have recognition sites in the bait-insert, was also selected in order to perform 

verification tests for successful cloning (section 2.8.3). The sequences of the GJA5 bait-

insert primers are shown in table 2.1. 

 
 
        1 atgggcgatt ggagcttcct gggaaatttc ctggaggaag tacacaagca ctcgaccgtg 
       61 gtaggcaagg tctggctcac tgtcctcttc atattccgta tgctcgtgct gggcacagct 
      121 gctgagtctt cctgggggga tgagcaggct gatttccggt gtgatacgat tcagcctggc 
      181 tgccagaatg tctgctacga ccaggctttc cccatctccc acattcgcta ctgggtgctg 
      241 cagatcatct tcgtctccac gccctctctg gtgtacatgg gccacgccat gcacactgtg 
      301 cgcatgcagg agaagcgcaa gctacgggag gccgagaggg ccaaagaggt ccggggctct 
      361 ggctcttacg agtacccggt ggcagagaag gcagaactgt cctgctggga ggaagggaat 
      421 ggaaggattg ccctccaggg cactctgctc aacacctatg tgtgcagcat cctgatccgc 
      481 accaccatgg aggtgggctt cattgtgggc cagtacttca tctacggaat cttcctgacc 
      541 accctgcatg tctgccgcag gagtccctgt ccccacccgg tcaactgtta cgtatcccgg 
      601 cccacagaga agaatgtctt cattgtcttt atgctggctg tggctgcact gtccctcctc 
      661 cttagcctgg ctgaactcta ccacctgggc tggaagaaga tcagacagcg atttgtcaaa 
      721 ccgcggcagc acatggctaa gtgccagctt tctggcccct ctgtgggcat agtccagagc 
      781 tgcacaccac cccccgactt taatcagtgc ctggagaatg gccctggggg aaaattcttc 
      841 aatcccttca gcaataatat ggcctcccaa caaaacacag acaacctggt caccgagcaa 
      901 gtacgaggtc aggagcagac tcctggggaa ggtttcatcc aggttcgtta tggccagaag 
      961 cctgaggtgc ccaatggagt ctcaccaggt caccgccttc cccatggcta tcatagtgac 
     1021 aagcgacgtc ttagtaaggc cagcagcaag gcaaggtcag atgacctatc agtgtga 
Figure 2.2A Representation of Cx40 coding sequence (NM_005266) from the Genbank DNA 
database (http://www.ncbi.nlm.nih.gov/Entrez). Shaded box indicates the C-terminus encoding 
domain (nucleotides 682-1077) that was used for Y2H and M2H analysis.   
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Forward primer  
 
 
  
 
(M2H) atcgtatcg gaattc 
(Y2H) atcgtatcg catatg cacctgggctggaagaagatcagacagcgatttgtcaaa 
      ccgcggcagcacatggctaagtgccagctttctggcccctctgtgggcatagtccagagc 
      tgcacaccaccccccgactttaatcagtgcctggagaatggccctgggggaaaattcttc 
      aatcccttcagcaataatatggcctcccaacaaaacacagacaacctggtcaccgagcaa 
      gtacgaggtcaggagcagactcctggggaaggtttcatccaggttcgttatggccagaag 
      cctgaggtgcccaatggagtctcaccaggtcaccgccttccccatggctatcatagtgac 
      aagcgacgtcttagtaaggccagcagcaaggcaaggtcagatgacctatcagtgtga gaattc atcgtatcg (Y2H) 
                                                                gtcgac atcgtatcg (M2H) 

 
 
 
 
 Reverse primer  
 
 

Figure 2.2B Representation of the primers used for PCR-amplification of the C-terminus 
encoding domain of Cx40. Line boxes indicate the forward and reverse primers for the Y2H and 
M2H analysis. The different enzyme seats and digestion sites are indicated for each. Shaded boxes 
indicate the 5’ and 3’ sequences used to design the primers. Blue: Universal enzyme seat; Red: 
restriction enzyme site. 
 
 
 

 

 Table 2.1 Primers for the GJA5 bait-insert for Y2H analysis  
Name Sequence Ta (°C) 

GJA5 F 5’ -atcgtatcg catag CACCTGGGCTGGAAGAAG-3’ 51 
GJA5 R 5’ -atcgtatcg gaattc TCACACTGATAGGTCATCTG-3’ 48 

Blue: Universal enzyme seat; Red: restriction enzyme site; Black: Gene specific sequence 
Abbreviations: °C, degrees Celsius; Ta, Annealing temperature 
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2.3.1.2 Design of vector-specific primers for insert screening  
 

In order to amplify the prey inserts cloned into the pGAD library vector, and for 

subsequent sequence analysis, primers were designed to vector-specific sequences 

flanking the multiple cloning site of the pGAD vector (figure 2, Appendix II) (BD 

Bioscience, Clontech, Paulo Alto, CA, USA). The vector sequences used in the design of 

the primers were obtained from the ClontechTM MatchmakerTM vector handbook 

(www.clontech.com). Primers were provided by Clontech (BD Bioscience, Clontech, 

Paulo Alto, CA, USA) for pGBKT7, pM and pVP16 (figures 1, 3 and 4, Appendix II). 

Vector-specific primers for the pGBKT7 cloning vector (BD Bioscience, Clontech, Paulo 

Alto, CA, USA) were used in order to amplify the GJA5 bait-insert from the pGBKT7-

GJA5 construct (section 2.7.1) used in Y2H. Vector-specific primers for the pVP16 and 

pM cloning vectors, used in M2H, were used to amplify the prey- and bait-inserts from 

the vectors, respectively. Table 2.2 shows the sequences for the different vector-specific 

primers. 
 

2.3.1.3 Design of primers for the M2H analysis 

 

New primers were designed in order to amplify the GJA5 bait-insert from the pGBKT7-

GJA5 construct used in Y2H, to clone it into the pM GAL4 DNA-BD cloning vector for 

M2H (section 2.21). Primers were designed for each of the putative prey clones in order 

to amplify them from pGAD for cloning into the pVP16 GAL4 DNA-AD vector. The 

forward primers for the preys were gene specific whereas the reverse primers were 

specific for the pGAD vector. A second set of reverse primers, which were gene specific, 

shown in table 2.4., were also designed for some of the preys because of difficulty 

encountered with cloning experiments. The second set of reverse primers produced a 

gene specific PCR product lacking the pGAD vector sequence which was initially 

included in the product when using the first set of primers (table 2.3). Exclusion of the 

vector sequence improved cloning efficiency. A universal enzyme seat sequence and 

restriction enzyme sequence were included into the design of the primers. The sequences 

for the primers for M2H are shown in table 2.3, 2.4 and 2.5.   

  

http://www.clontech.com/
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Table 2.2. Primers for the pGBKT7, pGAD, pM and pVP16 vectors used in Y2H or 
M2H. 

 Vector name Primer sequence Ta (°C) 
pGBKT7 
(specific for 
the bait-insert) 

  

F TCATCGGAAGAGAGTAG 50 
R TCACTTTAAAATTTGTATACA  51 
pGAD 
(specific for 
the prey-
insert) 

  

Outer F CGATGATGAAGATACCCCACCAAA 57 
Outer R TCAAGTGAAGTTGACACGTAGCAC 57 
Inner F TAATACGACTCACTATAGGGCGAGC 59 

Y2H vectors 

Inner R CGACGTCTACTTAGCATCTATGACTTT 59 
pM 
(specific for 
the bait-insert) 

 
 

F TCATCGGAAGAGAGTAG 50 
pVP16 
(specific for 
the prey-
insert) 

 

 

F CTGGATATGGCCGACTTCGAG 54 

M2H vectors 

R CTAGAAGCTTCTGCAGACGCG 54 
Abbreviations: °C, degrees Celsius; Ta, Annealing temperature 
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Table 2.3 Primers for the bait and primary putative prey clones for M2H 

Name Forward Primer Ta(°C) Reverse Primer  Ta(°C) 
GJA5 
Bait 

5'-atcgtatcg gaattc CACCTGGGCTGGAAGAAG-3' 51 5'-atcgtatcg gtcgac TCACACTGATAGGTCATCTG-3' 48 

29 5'-atcgtatcg ggatcc GGCGTCCGCCAAGCTACTT-3' 54 5'-actgcagaa acgcgt cta GCACAGTTGAAGTGAACTTGC-3' 50 
35 5'-atcgtatcg gaattc AGCGTTGCCCGGGCCAAG-3' 56 5'-atcgtatcg acgcgt cta GCACAGTTGAAGTGAACTTGC-3' 50 
62 5'-atcgtatcg gaattc GGGGTCACCCACACTGTGC-3' 56 5'-atcgtatcg aagctt cta TCATCTGCAGCTCGAGCTCG-3' 54 
153 5'-atcgtatcg gaattc ATGTGTATTCCTCCATCATATGC-3' 50 5'-atcgtatcg tctaga cta GCACAGTTGAAGTGAACTTGC-3' 50 
163 5'-atcgtatcg gtcgac GAGGAGTCCCTGGAACATCT-3' 52 5'-atcgtatcg tctaga cta CACAGTTGAAGTGAACTTGC-3' 48 
164 5'-actctggat gaattc CCTCCGCCCCCCAGCGACGATC-3' 64 5'-gctagatta aagctt cta AGTATCTACGATTCATCTGC-3' 46 
204 5'-atcgtatcg acgcgt CACGGGCAGCTGCTTGCGC-3' 58 5'-atcgtatcg tctaga cta CACAGTTGAAGTGAACTTGC-3' 48 
219 5'-atcgtatcg gaattc GGAGGCGGTTGTGGAGGCTG-3' 58 5'-gtagtaagc acgcgt cta CACAGTTGAAGTGAACTTGC-3'    48 
222 5'-acgtagtca gaattc ATGCCATTCGGTAACACCC-3' 50 5'-acttagacg aagctt cta AGTATCTACGATTCATCTGC-3' 46 
306 5'-atcgtatcg gaattc ATGGCCTCCAAATGCCC-3' 48 5'-atcgtatcg aagctt cta CACAGTTGAAGTGAACTTGC-3' 48 

 
 
Table 2.4 Second set of reverse primers for the primary putative prey clones for M2H         
Name Second set of reverse primers Ta(°C)
29 5'-actgcagaa acgcgt TCATGGATCGTGGCCAAC-3' 49 
35 5'-atcgtatcg acgcgt TTATGAGTTCTTCTGAGGC-3' 47 
62 5'-tagcttagc tctaga CTAGAAGCATTTGCGGTGGA-3' 50 
163 5'-atcgtatcg tctaga CTACTCCTCATTCAAGCCCTTCG-3' 55 
204 5'-atcgtatcg tctaga TCAGTCGTCAGCTGTCTTGC-3' 52 
306 5'-atcgtatcg aagctt CTAGGGCTGGACCTTGCC-3' 53 
    
 

 Table 2.5 Primers for the secondary putative prey clones for M2H 
Name Forward Primer Ta(°C) Reverse Primer Ta(°C)
31 5'-attctatcg gtcgac GAGCCCATTAAGAAGCACG -3' 50 5'-atcgtatcg tctaga CTAGTTCCACACATGGCG-3' 50 
99 5'-atcttatgc ggatcc GCCGAATTCAGTATCTGG-3' 47 5'-atcgtatcg aagctt TCAGGGCACCACAACGC-3' 51 

 
Blue: Universal enzyme seat; Red: restriction enzyme site; Black: Gene specific sequence 
Abbreviations: °C, degrees Celsius; Ta, Annealing temperature 
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2.3.2 PCR-amplification to generate the GJA5 bait-insert fragment for   

         Y2H analysis    
 

One microlitre (100ng) of genomic DNA (section 2.2) was used as template for the PCR-

amplification of the C-terminus of GJA5 in order to generate the bait-insert fragment to 

be used in Y2H analysis. PCR reactions were performed in 50µl reactions and consisted 

of 150 ng/µl of each primer (table 2.1), 5u/µl Taq DNA polymerase enzyme (Bioline UK 

Ltd, London, UK) 2.5mM of each dNTP (dGTP, dCTP, dATP, dTTP) (Promega Corp, 

Madison Wisconsin USA), 50µl 10x buffer (Bioline UK Ltd, London, UK), 25mM 

Mg2CI (Bioline UK Ltd, London, UK) and ddH2O to a final volume of 50µl. 

Amplification was performed on a GeneAmp® PCR System 2720 thermal cycler 

(Applied Biosystems) using the following cycling parameters: an initial denaturation step 

at 94°C for 5min, followed by 25 cycles of denaturation at 94°C for 30sec, annealing at 

53°C for 30sec and extension at 72°C for 30sec. A final extension step followed at 72°C 

for 7min, followed by storage at 4°C. PCR amplified products was subsequently resolved 

by electrophoresis on a 2% agarose gel for verification.  

 

2.3.3 PCR-amplification of the GJA5 bait-insert and putative prey-

inserts for M2H analysis  
 

In order to generate the constructs for M2H, the GJA5 bait-insert needed to be amplified 

from the pGBKT7-GJA5 construct to be cloned into the pM vector. In the same way, the 

prey inserts had to be amplified from the pGAD vector to be cloned into the pVP16 

vector. Amplification was performed in 50µl reaction volumes containing 0.5µl plasmid 

preparation (100ng), 150 ng/µl of each primer (table 2.3, 2.4, or 2.5), 5u/µl Taq DNA 

polymerase enzyme (Bioline UK Ltd, London, UK), 2.5mM of each dNTP (dGTP, dCTP, 

dATP, dTTP) (Promega Corp, Madison Wisconsin USA), 50µl 10x buffer (Bioline UK 

Ltd, London, UK), 25mM Mg2CI (Bioline UK Ltd, London, UK) and ddH2O to a final 

volume of 50μl. Amplification was performed on a GeneAmp® PCR System 2720 

thermal cycler (Applied Biosystems) using the following cycling parameters: an initial 
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denaturation step at 94°C for 5min, followed by 25 cycles of denaturation at 94°C for 

30sec, annealing at 55°C for 30sec and extension at 72°C for 30sec. A final extension 

step followed at 72°C for 7min, with subsequent storage at 4°C. The annealing 

temperature was 55°C for all but one prey (nr.99), which was 57°C.  PCR amplified 

products were subsequently resolved by electrophoresis on a 1% agarose gel for 

verification. Product sizes of the GJA5 bait and the different preys are shown in table 2.6. 

 

Table 2.6 PCR-amplification product sizes of the GJA5 bait-insert and prey clones used 
for the M2H analysis. 

Name PCR-amplification 
product size (bp) 

 GJA5 Bait 426* 
Prey clone 

Nr.   

29 NDUFA6 400 

31 PSAP 750-800 

35 ALDH2 550-600 

62 ACTB 650-700 

99 FLNA 1159-1700 

153 VDAC2 1000-1500 

163 MYH7 1500 

164 MCOLN1 1000-1500 

204 DHX30 80-90 

222 CK 1500 

306 CRP2 600-700 
           * = The same product size was produced when using the Y2H primers to generate  
                 the bait insert fragment.   
 

2.3.4 Bacterial colony PCR amplification 
 

Bacterial colony PCR was performed to identify bacterial colonies harbouring the desired 

recombinant plasmid to be used in Y2H or M2H analysis. This was done because the 

vectors used in Y2H and M2H do not support blue-white screening as a method of 
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identifying the desired recombinant plasmid. Instead of using 100ng of genomic DNA as 

template in the PCR reactions, an individual bacterial colony (section 2.14.1) was picked 

from an agar plate supplemented with the appropriate antibiotic (Appendix I), and used as 

template.  

 

Amplifications was performed in 50µl reactions and consisted of 150 ng/µl of each 

primer (table 2.2 or table 2.3, 2.4, 2.5), 5u/µl Taq DNA polymerase enzyme (Bioline UK 

Ltd, London, UK), 2.5mM of each dNTP (dGTP, dCTP, dATP, dTTP) (Promega Corp, 

Madison Wisconsin USA), 50µl 10x buffer (Bioline UK Ltd, London, UK), 25mM 

Mg2CI (Bioline UK Ltd, London, UK) and ddH2O to a final volume of 50μl.  

Amplification was performed on a GeneAmp® PCR System 2720 thermal cycler 

(Applied Biosystems) using the following cycling parameters: an initial denaturation step 

at 94°C for 3min, followed by 30 cycles of denaturation at 94°C for 30sec, annealing at  

55°C for 30sec (50°C when using the pGBKT7 vector primers)  and extension at 72°C 

for 30sec. A final extension step followed at 72°C for 2min, and subsequent storage at 

4°C. PCR amplified products were subsequently resolved by electrophoresis on a 1% 

agarose gel for verification. 

 

2.4 Gel Electrophoresis 
 

2.4.1 Agarose gel electrophoresis for the visualisation of PCR-amplified 

products 
 

In order to verify whether the PCR-amplification (section 2.3) was successful, the 

amplification products were subjected to electrophoresis as follows: 8µl PCR product 

was mixed with 2µl bromophenol blue (Appendix I) loading dye. Each sample was 

loaded into a separate well of a 1-2% (depending on the size of the amplified fragment) 

horizontal agarose gel of 7x9x1 cm dimensions, containing SB buffer and 1µg/ml 

ethidium bromide (Appendix I). A molecular size marker of either bacteriophage λ DNA 

digested with PstI (λPst) (Promega, Madison WI, USA) or a 100bp ladder DNA marker 
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(Promega, Madison WI, USA) was co-electrophoresed with all the PCR amplified 

products. Electrophoresis was performed at 200V/cm for 10min in SB running buffer. 

The DNA fragments were visualized on a long wave 3UV trans-illuminator (UVP, Inc. 

Upland, CA, USA) following electrophoresis. Photographs were obtained using an ITC 

Polaroid camera and Sony videographic printer (Sony Corporation, Shinagawa-ku, 

Tokyo, Japan). Presence of fragment of expected size indicated successful amplification.    

  

2.4.2 Agarose gel electrophoresis for the visualisation of plasmids 

purified from E.coli 
 

Purified plasmids from E.coli (section 2.15.1) were subjected to electrophoresis in order 

to verify their successful purification. Two to three microlitres of purified plasmid was 

mixed with 2µl of bromophenol blue loading dye (Appendix I) and subjected to  

electrophoresis on a 1% horizontal agarose gel of 7x9x1 cm dimensions, containing SB 

buffer and 1µg/ml ethidium bromide (Appendix I). The bacteriophage λ Pst marker was 

co-electrophoresed with all the purified plasmids. Electrophoresis occurred at 180V/cm 

for 15min in SB running buffer (Appendix I). The plasmids were visualised on a long 

wave 3UV trans-illuminator and photographs were obtained using an ITC Polaroid 

camera and Sony video-graphic printer (Sony Corporation, Shinagawa-ku, Tokyo, Japan).    

 

2.5 Automated Sequencing   
 

The primers used to sequence PCR-amplified products were the same as the ones used in 

the initial PCR reactions (section 2.3). The primers for sequencing of cloned inserts were 

vector specific primers. Automated sequencing of PCR-amplified products and cloned 

inserts was performed at the Core Sequencing Facility of the Department of Genetics at 

the University of Stellenbosch, RSA on a ABI PrismTM 377 or a ABI PrismTM 3100 

automated sequencer (PE. Applied Biosystems, Forster City, CA, USA).  
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2.6 Analysis of DNA sequences 
 

The ChromasPro computer program (Techelysium Pty Lmt, Helensvale, Queensland, 

Australia) and DNAmanTM version 4 software (Lynnion Biosoft Corp©) were used in 

order to analyse the frame and integrity of the bait-insert fragment, as well as to assign 

identity to the putative ligand-positive prey clones obtained through the Y2H assay. The 

sequence of the bait-insert was compared to the mRNA sequences in the Genbank DNA 

database (http://www.ncbi.nlm.nih.gov/Entrez). The sequences for the prey clones were 

BLAST-searched against the Genbank DNA database using BLASTN, TBLASTX and 

BLASTP (http://www.ncbi.nlm.nih.gov/Entrez), in order to assign their identity.   

 

2.7 Generation of constructs 
 

2.7.1 Generation of Y2H constructs 

 

In order to generate the pGBKT7-GJA5 bait construct for Y2H, the GJA5 bait-insert was 

cloned into the pGBKT7 cloning vector (figure 1, Appendix II). This was accomplished 

by sequential double-digestion reactions (section 2.8.1) and ligation reactions (section 

2.10) of the PCR-amplified GJA5 bait-insert (section 2.3.2) and the pGBKT7 cloning 

vector.  Following transformation of the pGBKT7-GJA5 bait construct into E.coli DH5α 

strain (section 2.14.1), bacterial colony PCR-amplification reactions (section 2.3.4) were 

performed in order to select for colonies harbouring the recombinant plasmids. Colonies 

with the correct PCR product sizes were subjected to restriction enzyme digestion tests 

(section 2.8.3), in order to verify successful cloning.  

 

Thereafter, the pGBKT7-GJA5 bait construct was subjected to DNA sequence analysis in 

order to verify the frame and integrity of the bait-insert sequence and the conservation of 

the GAL4 DNA-BD reading frame (sections 2.5 and 2.6). The pGBKT7-GJA5 bait 

construct was then transformed into the S.cerevisiae yeast strain AH109 (section 2.14.2), 

in order to generate the bait yeast strain, and subsequently to screen a Clontech 
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MATCHMAKER pre-transformed cardiac cDNA library (section 2.17.4) (BD 

Bioscience, Clontech, Paulo Alto, CA, USA). The library (section 2.17.1) consisted of 

cardiac cDNAs which were cloned into the pGADT7-Rec (figure 2, Appendix II) prey 

vector and transformed into the S.cerevisiae yeast strain Y187.  

 

2.7.2 Generation of M2H constructs 

 

In order to generate the constructs for M2H, the GJA5 bait-insert was PCR-amplified 

from the purified pGBKT7-GJA5 bait construct (section 2.15.1 and 2.3.3) and cloned into 

the pM GAL4 DNA-BD cloning vector (figure 3, Appendix II). In addition, the prey 

inserts were PCR-amplified (section 2.3.3) from the pGAD library cloning vector (figure 

2, Appendix II) and cloned into the pVP16 GAL4 DNA-AD cloning vector (figure 4, 

Appendix II). This was accomplished by sequential double-digestion reactions with 

selected restriction enzymes (section 2.8.2, table 2.7) of the PCR-amplified GJA5 bait-

insert fragment, the PCR-amplified prey-insert fragments and the respective cloning 

vectors.  

 

Following ligation reactions (section 2.10), the pM-GJA5 bait and pVP16-prey constructs 

were transformed into E.coli DH5α strain in separate reactions (section 2.14.1). Bacterial 

colony PCR-amplification reactions (section 2.3.4) were performed, in order to select for 

colonies harbouring the recombinant plasmids. Colonies with the correct PCR product 

sizes (table 2.6) were subjected to restriction enzyme digestion tests (section 2.8.3) in 

order to verify successful cloning.  

 

Thereafter, the pM-GJA5 bait and pVP16-prey constructs were subjected to DNA 

sequence analysis in order to verify the frame and integrity of the insert sequences and 

the conservation of the GAL4 DNA-BD and GAL4 DNA-AD reading frames (section 2.5 

and 2.6). The constructs were subsequently transfected into mammalian cells (section 

2.14.3) for M2H analysis (section 2.21). 
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2.8 Restriction enzyme digestion  
 

2.8.1 Restriction enzyme digestion for cloning the GJA5 bait-insert into 

pGBKT7 for Y2H  
 
In order to clone the PCR generated GJA5 bait-insert (section 2.3.2) into the pGBKT7 

vector (figure 1, Appendix II), for Y2H analysis, both the insert and vector were 

sequentially double-digested with NdeI (5’ enzyme) and EcoRI (3’ enzyme) (Promega, 

Madison WI, USA). Restriction enzyme digestions were performed in 100ul reactions 

and consisted of 50µl insert DNA (1ug) or 10µl pGBKT7 vector DNA (1ug), 10μl 

enzyme buffer D (Promega, Madison WI, USA), 5ul NdeI (10u/μl), and the appropriate 

volume of ddH2O (insert: 35µl, vector: 75µl). The reactions were incubated at 37˚C for 

2hr, after which they were purified using the GFX® DNA purification kit (section 2.15.3) 

(Amersham Pharmacia Biotech, New Jersey, USA) and subsequently eluted in 50µl 

ddH2O in preparation for digestion with the 3’ enzyme. 

 

To the 50µl sample was added 5µl EcoRI (10u/μl), 10 µl enzyme buffer H (Promega, 

Madison WI, USA) and 35µl ddH2O. The reactions were incubated at 37˚C for 2hr, after 

which they were again purified using the GFX® DNA purification kit (Amersham 

Pharmacia Biotech, New Jersey, USA). The digested insert was eluted in 20µl ddH20, 

while the digested vector was eluted in 50µl ddH2O for subsequent treatment with calf 

intestinal alkaline phophatase (CIP) (section 2.9), prior to being used in ligation reactions 

(section 2.10). 

  

2.8.2 Restriction enzyme digestion for cloning inserts into pM and 

pVP16 for M2H  
 
In order to clone the PCR-amplified GJA5 bait-insert (section 2.3.3) from the pGBKT7-

GJA5 construct used in Y2H, into the pM vector (figure 3, Appendix II) for M2H, the 

bait-insert and pM vector were sequentially double-digested with the 5’ and 3’ enzymes 

shown in table 2.7. In addition, the PCR-amplified prey-inserts (section 2.3.3), from the 
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library pGAD vector used in Y2H, were also sequentially double-digested with 5’ and 3’ 

enzymes shown table 2.7, in order to clone the prey-inserts into the pVP16 vector (figure 

4, Appendix II) for M2H. The same protocol was followed as described in section 2.8.1 

for digestion of the inserts and vectors. 

 

2.8.3 Restriction enzyme digestion test 

 
Restriction enzyme digestion tests were conducted in order to test for successful cloning 

of the inserts into the vectors. Initially, bacteria colony PCR-amplification (section 2.3.4) 

was performed on E.coli transformed with the bait or prey constructs (recombinant 

plasmids) generated as described in sections 2.7.1 and 2.7.2. Colonies that produced the 

correct PCR product size (section 2.3.2 and 2.3.3) were identified as colonies which 

harbour putative recombinant plasmids and were selected for the enzyme digestion test. 

This entailed digesting the recombinant plasmid with the 5’, 3’ and test enzymes (section 

2.3.1.1 and table 2.7) in separate, parallel reactions.  

 
The tests were performed in 20µl reactions and consisted of 2µl purified plasmid DNA, 

2µl of the appropriate enzyme, 2µl enzyme buffer and 14µl ddH2O. The reactions were 

incubated at 37ºC over night, after which they were resolved by electrophoresis on a 1% 

agarose gel for visualisation of digestion products. Successful cloning was indicated by 

linieerisation of the recombinant plasmid by digestion with the 5’ and 3’ enzymes and an 

absence of digestion by the test enzyme causing the plasmid to retain a circular 

configuration.  

 

The test enzyme has recognition sites in the non-recombinant plasmid but not in the 

GJA5 bait-insert or prey-inserts; therefore, samples in which the plasmids were 

linieerised by the test enzyme were identified as the results of unsuccessful cloning 

experiments. Different restriction enzymes were selected as indicated in table 2.7 because 

of the multiple cloning sites of the different cloning vectors (Appendix II). 
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           Table 2.7 Restriction enzymes used for the bait and each of the preys 

Name 5’ enzyme 3’ enzyme Test enzyme 

GJA5 Bait EcoRI SalI BamHI 

Prey clone Nr.    

29 BamHI MluI SalI 

31 SalI XbaI HindIII 

35 EcoRI MluI BamHI 

62 EcoRI HindIII BamHI 

99 BamHI HindIII MluI 

153 EcoRI XbaI SalI 

163 SalI XbaI HindIII 

164 EcoRI HindIII SalI 

204 MluI HindIII PstI 

222 EcoRI HindIII SalI 

306 EcoRI HindIII SalI 

 

2.9 Calf intestinal alkaline phophatase (CIP) treatment of double-  

       digested vectors   
  

Double-digested vectors (section 2.8.1 and 2.8.2) were treated with calf intestinal alkaline 

phophatase (CIP), in order to prevent self-circularising of the vector. The reaction 

removes phosphates at the 5’ overhang enzyme digestion sites and thereby increases 

ligation efficiency of the inserts and vectors. The CIP treatment was prepared in 100µl 

reaction volumes as follows: 50µl vector DNA (1μg), 10µl CIP buffer (Promega, 

Madison WI, USA), 2µl CIP enzyme (Promega, Madison WI, USA) and 38µl ddH2O. 

The reactions were incubated at 37˚C for 15min, followed by a 15min incubation at 56˚C. 

Another 2µl of CIP enzyme was added to the reaction and the incubation steps repeated. 

The samples were then purified by using the GFX® DNA purification kit (Amersham 

Pharmacia Biotech, New Jersey, USA) and eluted in 20µl ddH2O, prior to being used in 

ligation reactions.  
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2.10 Ligation reaction 

 
DNA ligation was performed, in order to generate the Y2H bait construct (section 2.7.1) 

to be used in Y2H analysis and M2H bait and prey constructs (section 2.7.2) for M2H 

analysis. The ligations were performed in 10µl reaction volumes as follows: 1µl double-

digested vector (CIP treated) (section 2.9), 3µl double-digested insert (section 2.8), 1µl 

T4 DNA ligase buffer (Promega, Madison WI, USA), 5U T4 DNA ligase (Promega, 

Madison WI, USA) and 4µl ddH2O. The sample was incubated for 16 hours at 4˚C, 

following which 5µl of the sample was transformed into E.coli DH5α (section 2.11.1 and 

Appendix IV) and plated onto LB agar plates containing the appropriate antibiotic 

(Appendix I). Successful ligation reactions were confirmed by bacterial colony PCR of 

the transformed bacteria (section 2.3.4).   

 

2.11 Bacterial strain, yeast strains and cell line 
 

2.11.1 Bacterial strain 

 
In order to facilitate the selection and purification of Y2H and M2H constructs, ligation 

reactions (section 2.10) were transformed into E.coli DH5α (section 2.14.1). Transformed 

bacterial colonies were selected on the basis of their ability to grow on LB agar plates 

(Appendix I) which contained selection antibiotics; kanamycin was used when selecting 

for pGBKT7 recombinant plasmids, and ampicillin when selecting for pGAD, pVP16 and 

pM recombinant plasmids. The recombinant plasmids were identified by means of colony 

PCR-amplification (section 2.3.4).  
 

2.11.2 S.cerevisiae strains 

 

The pGBKT7-GJA5 bait construct was transformed into S.cerevisiae yeast strain AH109 

(section 2.14.2 and Appendix IV), while the clones present in the pre-transformed 
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Clontech cDNA library, which was used in Y2H, had been transformed into S.cerevisiae 

yeast strain Y187 (Appendix IV) by the manufacturer. 
 

2.11.3 Cell line 
 

A H9C2 cell line was provided by the American Type Culture Collection (ATCC). The 

pM-GJA5 and pVP16-prey constructs (section 2.7.2) were co-transfected with the 

pG5SEAP and pSV-β-Galactosidase reporter vectors (figures 5 and 6, Appendix II) into 

the cells for M2H analysis. 

 

2.12 Preparation of E.coli DH5α competent cells for bacterial   

         transformation 
 

A scrape of an E.coli DH5α frozen (-70ºC) glycerol stock was inoculated into 10ml LB 

media (Appendix I). The culture was incubated overnight at 37ºC in a YIH DER model 

LM-530 shaking incubator (SCILAB instrument CO. Ltd, Taipei, Taiwan) at about 

200rpm. Following the incubation, a 1ml aliqout of this culture was inoculated into a 2L 

Ehrlenmeyer flask (with cotton-wool bung and tin foil lid) containing 200ml LB media. 

The bacteria was given time to grow at room temperature with slow shaking at 85rpm on 

a Labcon orbital shaker (Labcon Pty, Ltd, Maraisburg, RSA) until mid log phase 

(OD600nm = 0.4-0.6). The broth was aliquoted into 4 x 50ml sterile polypropylene tubes 

and centrifuged at 3000rpm for 15min at 4ºC in a Multitex centrifuge (MSE instruments, 

England). From this step onwards, everything was kept cold. The supernatant was 

discarded and the pellet gently resuspended in one-third volume (~16ml) of ice cold CAP 

buffer (Appendix I). The cells were re-pelleted by centrifugation at 3000rpm for 15min at 

4ºC in a Multitex centrifuge (MSE instruments, England) and the supernatant discarded. 

The pellet was resuspended in one-twelfth volume (~4ml) of ice cold CAP buffer and 

200µl aliquots prepared in 2ml microfuge tubes. It was left overnight at 4ºC and stored at 

-70ºC until use.  
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2.13 Culturing of H9C2 cell line 
 

2.13.1 Culture of H9C2 cells from frozen stocks 
 

2.13.1.1 Thawing the cells 

Frozen H9C2 cells were thawed rapidly by immersion in a 37°C waterbath (Memmert®, 

Schwabach, Germany) for 10min. Once the cells were thawed, the outside of the vial was 

immediately sterilized with 70% ethanol.  

 

2.13.1.2 Removing DMSO from stocks and culturing cells 

 

In order to ensure maximum viability of the cells upon plating, DMSO was removed from 

the thawed stocks as follows: One millilitre of growth media (Appendix I), prewarmed to 

37°C was added to the thawed stock and mixed by gentle pipetting. The mixture was 

transferred to a 12ml Greiner tube (Greiner Bio-one, Frickenhausen, Germany) and 

another 5ml growth media was added. The cells were then pelleted by centrifugation at 

10000rpm for 1min using a Sorval® GLC-4 General Laboratory centrifuge (Separations 

Scientific, Johannesburg, South Africa) followed by removal of the supernatant. The 

pellet was resuspended in another 5ml growth media and the cells were once again 

centrifuged at 10000rpm for 1 min using a Sorval® GLC-4 General Laboratory centrifuge 

(Separations Scientific, Johannesburg, South Africa). Following this, the cells were 

resuspended in 10ml growth media and transferred into a T25 culture flask. The flask was 

gently swirled in order to distribute the cells evenly over the growth surface of the flask. 

The flask was then incubated at 37°C in a Farma termostreri-cycle 5% carbon dioxide 

humidified incubator (Farma International, Miami, Florida, U.S.A).  

 

2.13.2 Subculturing of H9C2 cells 

 

H9C2 cells were subcultured every 2-4 days when they reached approximately 80%-90% 

confluency. Briefly, the growth media was removed from the flask as the cells were 

washed with sterile phosphate buffered saline (PBS) containing no calcium or 
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magnesium. Two mililitres of trypsin (Highveld Biological, Lyndhurst, South Africa) was 

added to this, in order to facilitate the detachment of the cells from the growth surface of 

the flask. After 3min, 5ml growth media was added and the cells were gently 

resuspended. The cells were then transferred into 4 flasks each containing 10ml of growth 

media. 

 

2.14 Transformation and transfection of plasmids into E.coli,     

        S.cerevisiae, and mammalian cells 

 

2.14.1 Bacterial plasmid transformation  

 
Bacterial transformation commenced by thawing competent E.coli DH5α cell tubes 

(stored at -70ºC) (section 2.12) undisturbed on ice for about 15-30min. One tube 

containing 200µl competent cells was used per transformation. One microlitre (1μg) of 

plasmid preparation or 3-5μl of ligation reaction was added to 200μl cells and gently 

mixed. The mixture was incubated on ice for 20-30min, after which it was placed in a 

Lasec 102 circulating water-bath (Lasec Laboratory and Scientific Company Pty Ltd, 

Cape Town, RSA) at 42ºC for exactly 45s. The tubes were then removed from the water-

bath and left at room temperature for 2min. Following this, 1ml of LB medium was added 

to the mixture, which was incubated for 1hr at 37ºC, while shaking at 200rpm in a YIH 

DER model LM-530 shaking incubator (SCILAB instruments CO. Ltd, Taipei, Taiwan).  

 

Plating of 200ul of the culture was done onto LB agar plates containing the appropriate 

antibiotic (kanamycin for pGBKT7 constructs; ampicillin for pM and pVP16 constructs). 

The remaining 800ul was centrifuged at 13rpm for 2min in a Beckman Microfuge Lite 

(Beckman Instruments Inc, CA, USA), the supernatant discarded and the pellet 

resuspended in 200µl LB media. This concentrated mixture was then plated onto the 

appropriate LB agar plates. The plates were incubated, inverted, for 16hr at 37ºC in a 

model 329 stationary CO2 incubator (Former Scientific, Marieta, Ohio, USA), after which 
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colonies were clearly visible and were numbered and picked for colony PCR (section 

2.3.4). 

 

2.14.2 S.cerevisiae plasmid transformations 

 
The appropriate S.cerevisiae strain (AH109 or Y187) (section 2.11.2) to be transformed 

was streaked, from frozen stocks at –70°C, onto YPDA agar plates (Appendix I). The 

plates were incubated at 30°C for 2-3 days in a Sanyo MIR262 stationary ventilated 

incubator (Sanyo, Electronic Company Ltd, Ora-Gun, Japan). Next, a scrape of a single 

yeast colony, representing a volume of about 20-50ul, was resuspended in 1ml of sterile 

ddH20 in a sterile 2ml tube and vortexed well. The cells were repelleted by centrufugation 

at 13000rpm for 30 sec in a Beckman Microfuge Lite (Beckman Instruments Inc, CA, 

USA). The supernatant was removed and the pellet resuspended in 1ml 100mM lithium 

acetate (LiAc) (Appendix I) and incubated at 30ºC for 5min in a Sanyo MIR262 

stationary ventilated incubator (Sanyo, Electronic Company Ltd, Ora-Gun, Japan) 

without shaking.  

 

Thereafter, the cells were repelleted by centrifugation at 13000rpm for 20sec, after which 

all the LiAc was removed from the pellet. The following was added on top of the pellet in 

this order: 240µl of 50% polyethylene glycol (PEG), 36µl 1M LiAc, 25µl of 2mg/ml 

heat-denatured and snap-cooled sonicated herring sperm DNA (Promega, Madison WI, 

USA), 10-20μl plasmid preparation, and ddH2O to a final volume of 350µl. The sample 

was then mixed by vortexing using a Snijders model 34524 press-to-mix vortex (Snijders 

Scientific, Tilburg, Holland) for 1min and incubated at 42ºC for 20-30min in a Lasec 102 

circulating waterbath (Lasec Laboratory and Scientific Company Pty Ltd, Cape Town, 

RSA). After the incubation, the cells were pelleted by centrifugation at 13000rpm and all 

the supernatant removed. The cells were then resuspended in 250µl ddH2O, of which 

about 150µl was plated, by means of sterile glass beads, onto the appropriate selection 

plates (Appendix I). The plates were incubated, inverted, at 30ºC for 2-5 days in a Sanyo 

MIR262 stationary ventilated incubator (Sanyo, Electronic Company Ltd, Ora-Gun, 

Japan). 
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2.14.3 Transfection of H9C2 cells 
 

Approximately 1-3 x 104 H9C2 cells per well in a 24-well tissue culture plate (Whitehead 

Scientific (Pty) Ltd.) were plated in complete growth media (Appendix I) forty-eight 

hours before transfecting the cells, and allowed to incubated at 37°C in a 5% Farma- 

thermosteri-cycle carbon dioxide humidified incubator (Farma, International, Miami, 

Florida, U.S.A). Two days later, the cells were visualised under a Nikon TMS light 

microscope (Nikon, Tokyo, Japan) to determine the level of confluence. Cells were only 

transfected once they reached approximately 80% confluence. For each transfection 

performed, 100μl of serum-free medium was aliquoted into a sterile 1.5ml eppendorf 

microfuge tube. Three microlitres GeneJuice® (EMD Biosciences, Darmstadt, Germany) 

were added to each tube. This mixture was thoroughly vortexed using a Snijders model 

34524 press-to-mix vortex (Snijders Scientific, Tilburg, Holland) and incubated at room 

temperature for 5 minutes.  

 

A total of 1μg of the four plasmids combined (the bait, prey and two reporter vectors) 

was added to the mixture and mixed gently by pipetting. These plasmids were the pM-

GJA5 bait construct and one of the pVP16-prey constructs, which were generated for 

M2H (section 2.7.2), and two reporter vectors, namely, pG5SEAP and pSV-β-Gal 

(figures 5 and 6, Appendix IV). Shown in table 2.8 is the protocol followed in assessing 

the bait and prey interactions. A number of controls, which will be described in section 

2.21, were included, in order to verify the efficiency of the reporter assay.  

 

The GeneJuice/DNA/medium was incubated at room temperature for 15min. The entire 

volume of the mixture was then added drop-wise to the cells in the growth media. The 

culture plates were gently rocked back and forth in order to evenly distribute the drops 

across the surface of the plate. The cells were incubated at 37°C, in a 5% carbon dioxide 

humidified incubator for 48 hours. The cells were subsequently pelleted by centrifugation 

at 13000rpm, thereafter, 1ml of the supernatant were transferred into a sterile microfuge 

tube. The supernatants were stored at -20°C until needed for reporter assays (section 

2.21.1). 
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          Table 2.8 Protocol for assessing the GJA5 bait and prey interactions  
Category Transfection  

(5:5:1:1) 
GAL4 DNA-
BD 
pM (μl) 

GAL4 DNA-AD  
pVP16 (μl) 

Reporter 
plasmid 
pG5SEAP 
(μl)        

Reporter 
plasmid  
pSVβ-Gal 
(μl) 

Experimental 1 pM-GJA5 
(1.38)  

pVP16-NDUFA6 
(8.33) 

pG5SEAP pSV-β-Gal 

Experimental 2 pM-GJA5   pVP16-PSAP (0.9) pG5SEAP pSV-β-Gal 

Experimental 3 pM-GJA5   pVP16-ALDH2 
(8.33) 

pG5SEAP pSV-β-Gal 

Experimental 4 pM-GJA5   pVP16-ACTB (8.33) pG5SEAP pSV-β-Gal 

Experimental 5 pM-GJA5   pVP16-FLNA (2.1) pG5SEAP pSV-β-Gal 

Experimental 6 pM-GJA5  pVP16-VDAC2 
(1.38) 

pG5SEAP pSV-β-Gal 

Experimental 7 pM-GJA5   pVP16-MYH7 
(1.38) 

pG5SEAP pSV-β-Gal 

Experimental 8 pM-GJA5   pVP16-MCOLN1 
(2.1) 

pG5SEAP pSV-β-Gal 

Experimental 9 pM-GJA5   pVP16-DHX30 (2.1) pG5SEAP pSV-β-Gal 

Experimental 10 pM-GJA5  pVP16-CK (1.38) pG5SEAP pSV-β-Gal 

A 

Experimental 11 pM-GJA5   pVP16-CRP2 (2.1) pG5SEAP pSV-β-Gal 

B1 Untransfected control 
Negative control (1) 

None None None None 

B2 GeneJuice control 
Negative control (2) 

None None None None 

C Basal Control pM (8.33)             pVP16 (1.04)  pG5SEAP pSV-β-Gal 

D GAL4 BD control pM-GJA5    pVP16  pG5SEAP pSV-β-Gal 

VP16 AD control (1)  pM               pVP16-NDUFA6 pG5SEAP pSV-β-Gal 

VP16 AD control (2)  pM pVP16-PSAP pG5SEAP pSV-β-Gal 

VP16 AD control (3)  pM pVP16-ALDH2 pG5SEAP pSV-β-Gal 

VP16 AD control (4)  pM               pVP16-ACTB pG5SEAP pSV-β-Gal 

VP16 AD control (5) pM pVP16-FLNA pG5SEAP pSV-β-Gal 

VP16 AD control (6) pM pVP16-VDAC2 pG5SEAP pSV-β-Gal 

VP16 AD control (7) pM               pVP16-MYH7 pG5SEAP pSV-β-Gal 

VP16 AD control (8) pM pVP16-MCOLN1 pG5SEAP pSV-β-Gal 

VP16 AD control (9) pM pVP16-DHX30 pG5SEAP pSV-β-Gal 

VP16 AD control 
(10) 

pM pVP16-CK pG5SEAP pSV-β-Gal 

E 

VP16 AD control 
(11) 

pM pVP16-CRP2 pG5SEAP pSV-β-Gal 

F1 Positive control (1) pM3-VP16 
(1.66)  

None pG5SEAP pSV-β-Gal 

F2 Positive control (2) pM53 (2.1)         pVP16-T (2.1)  pG5SEAP pSV-β-Gal 

G1 Negative control (3) None None pG5SEAP None 

G2 Negative control (4) None None None pSV-β-Gal 

The ratio of pM:pVP16:pG5SEAP:pSVβ-Gal used in the transfections were 5:5:1:1. 
Abbreviations: DNA-BD: DNA binding domain, DNA-AD: DNA activation domain. Category 
A: bait and prey interaction experiment; B1/2: negative controls 1 and 2; C: basal control; D: 
binding domain control; E: prey control; F1/2: positive controls; G1/2: negative controls 3 and 4.  
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2.15 DNA and plasmid purification 
 

The standard methods of purifying plasmid DNA from E.coli (section 2.15.1) and 

S.cerevisiae (section 2.15.2) produced samples that needed further purification for 

subsequent specific uses. The GFX cleanup system (section 2.15.3) was employed for the 

purification of both PCR products and of plasmids; however, this system were 

insufficient for cleaning samples for downstream cloning purposes. Therefore, the 

ammonium acetate precipitation method (section 2.15.4) was applied when purifying 

DNA for cloning purposes. The purification of DNA by means of the PureYieldTM 

plasmid midiprep system (section 2.15.5) was employed for the purification of plasmid 

DNA from E.coli for use in the transfection (section 2.13.3) of H9C2 cells for M2H. This 

method removed endotoxins which are harmful for mammalian cells.          

 

2.15.1 Bacterial plasmid purification 
 

One colony of E.coli containing the plasmid of interest was picked from an appropriate 

selection plate and inoculated into 10ml LB media, supplemented with the correct 

antibiotic, in a 50ml polypropylene tube. The culture was incubated at 37C overnight, 

while shaking at 250rpm in a YIH DER model LM-530 shaking incubator (SCILAB 

Instruments co. Ltd, Taipei, Taiwan). The following day, freezer cultures were prepared 

by adding an equal volume of 50% autoclaved glycerol (Appendix I) to ~ 1ml of 

overnight culture and freezing them at -70C. The remaining overnight culture was 

centrifuged in a Beckman model TJ-6 centrifuge (Beckman Coulter, Scotland, UK) for 

10min at 3000rpm after which the supernatant was discarded and the pellet resuspended 

in 1ml cell resuspension solution (Appendix I). Two millilitres of cell lysis buffer 

(Appendix I) was added and mixed by gentle inversion, followed by incubation at room 

temperature for 5min. Thereafter, 2ml of neutralisation solution (Appendix I) was added 

to the mixture, which was gently inverted, and incubated at room temperature for another 

5min.  
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To this was added 5ml of Phenol:Chloroform:Isoamylalcohol (25:24:1 [PCI]) (Sigma, St 

Louis, MO, USA) and mixed well by inversion, after which it was centrifuged in a 

Multex centrifuge (MSE instrumentation, England, UK) for 15min at 3000rpm, in order 

to allow for phase separation. The upper clear plasmid-containing (aqueous) phase was 

transferred into a new 50ml polypropylene tube. Approximately 0.6-0.7x volume 100% 

isopropanol (Merck, Darmstadt Germany) was added to the tube, which was mixed well 

by gentle inversion. This was then centrifuged in a Multex centrifuge (MSE 

instrumentation, England, UK) for 45min at 3000rpm, after which the isopropanol was 

poured off the white pellet at the bottom of the tubes. The pellet was then carefully 

washed twice with 2ml ice cold 70% ethanol and allowed to air dry. The pellet was 

resuspended in 100-200µl ddH2O and subsequently 3μl of the plasmid preparation was 

resolved by electrophoresis on a 1% agarose gel for verification of integrity and purity of 

the plasmid.    

 

2.15.2 S.cerevisiae plasmid purification 

 
The ‘Smash and Grab’ plasmid isolation method was used, in order to purify S.cerevisiae 

plasmids. A S.cerevisiae plate culture containing the plasmid of interest was inoculated 

into 1ml synthetic dropout (SD) medium containing the appropriate dropout supplement 

(Appendix I) (BD Bioscience, Clontech, Paulo Alto, CA, USA) in a 15ml polypropylene 

tube, and incubated overnight at 30ºC, while shaking at 250rpm in a YIH DER model 

LM-530 shaking incubator (SCILAB instruments CO. Ltd, Taipei, Taiwan). Four 

millilitres YPDA (Appendix I) was added the next day and the S.cerevisiae allowed to 

grow for another 4 hours at 30ºC with shaking. Following this, it was centrifuged at 

14000rpm for 5min in a Beckman model TJ-6 centrifuge (Beckman Coulter, Scotland, 

UK), and the supernatant discarded. The pellet was resuspended in the remaining 

supernatant and then transferred to 2ml Eppendorf microfuge tubes.  

 

The following was added to the suspension: 200ul ‘Smash-and-Grab’ buffer (Appendix 

I), 200μl PCI, and 0.3g sterile 450-600µm glass beads. This mixture was vortexed by 

using a Snijders model 34524 press-to-mix vortex (Snijders Scientific, Tilburg, Holland) 
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for 2.5min and centrifuged for 5min at top speed for phase separation in a Beckman 

Microfuge Lite (Beckman Intruments Inc, Ca, USA) centrifuge. Thereafter, the aqueous 

layer was transferred to new 1.5ml microfuge tubes. The plasmids were cleaned by 

adding 400µl 100% isopropanol and centrifuging for 30-45min, after which the 

supernatant was decanted and 400µl of ice cold 70% ethanol added. The mixture was 

centrifuged for 10min at top speed, after which the ethanol was decanted and the wash 

repeated. The plasmids were resuspended in 100 µl ddH2O. 

 

2.15.3 Purification of DNA by means of GFX cleanup 

 
The GFX PCR DNA and Gel Band Purification Kit (Amersham Pharmacia Biotech, New 

Jersey, USA) was used to purify samples such as PCR products and plasmids. The 

method involved adding 500μl of capture buffer (Amersham Pharmacia Biotech, New 

Jersey, USA) to a GFX column that have been placed in a collection tube. The product to 

be purified was then transferred to the GFX column and mixed thoroughly with the 

buffer. It was then centrifuged for 30s at full speed in a Beckman Microfuge Lite 

(Beckman Intruments Inc, Ca, USA) centrifuge. The flow-through was discarded and 

500ul of wash buffer (Amersham Pharmacia Biotech, New Jersey, USA) added to the 

GFX column. It was again centrifuged for 30s at full speed. The collection tube was 

discarded and the GFX column transferred to a fresh 1.5ml microfuge tube. Fifty 

microlitres of ddH2O was directly added to the top of the glass fibre matrix in the GFX 

column and left to stand at room temperature for 1min. It was then centrifuged for 1min 

at full speed in order to recover the purified DNA. 

 

2.15.4 Purification of DNA by means of Ammonium Acetate (NH4Ac)  

           precipitation  
 

The ammonium acetate (NH4Ac) precipitation method was used, in order to purify PCR 

products and plasmid preparations. To the initial volume of 100μl of DNA was added the 

following: 50μl 7,5M NH4Ac (Appendix I), 300μl 100% ethanol and 1μl glycogen 
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(20mg/ml), after which the mixture was centrifuged for 1 min at full speed in a Beckman 

Microfuge Lite (Beckman Intruments Inc, Ca, USA) centrifuge. Next, the supernatant 

was discarded and 1ml of 70% ethanol added to the pellet. This was centrifuged for 10 

min at full speed, after which the supernatant was discarded and the pellet allowed to air 

dry, in order to remove remaining ethanol. The pellet was then resuspended in 50μl of 

ddH2O.  

 

2.15.5 Purification of DNA by means of the PureYieldTM plasmid   

           midiprep system         
 

An overnight culture was prepared by inoculating 100μl of the E.coli freezer culture 

containing a prey plasmid of interest (section 2.7.2) into 20ml of LB medium (Appendix 

I) supplemented with ampicillin antibiotic, in a 50ml polypropelene tube. The culture was 

incubated at 37°C overnight, while shaking at 250rpm in a YIH DER model LM-530 

shaking incubator (SCILAB instruments CO. Ltd, Taipei, Taiwan). The overnight culture 

was centrifuged the following day, in a Beckman model TJ-6 centrifuge (Beckman 

Coulter, Scotland, UK) for 10min at 3000rpm, after which the supernatant was discarded 

and the pellet resuspended in 2ml cell resuspension solution (Promega, Madison WI, 

USA). Two millilitres of cell lysis buffer (Promega, Madison WI, USA) was added, 

mixed by gentle inversion, and incubated at room temperature for 3min. Following this 

step, 3.3ml of neutralisation solution (Promega, Madison WI, USA) was added to the 

mixture which was mixed by gentle inversion, after which it was incubated at room 

temperature for 2-3min.   

 

Next, a blue PureYieldTM clearing column (Promega, Madison WI, USA) was placed into 

a new 50ml polypropelene tube. The lysate was poured into the clearing column and 

incubated for 2min to allow the debris to rise, after which it was centrifuged at 1,500 x g 

for 5min. Following, a white PureYieldTM binding column (Promega, Madison WI, USA) 

was placed into a new 50ml polypropelene tube and the lysate was poured into this 

column. It was centrifuged at 1,500 x g for 3min, the flow-through discarded and 5ml of 

endotoxin removal wash (Promega, Madison WI, USA) added to the binding column. 
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This was again centrifuged for 3min at 1,500 x g. The flow-through was discarded and 

20ml of column wash solution (Promega, Madison WI, USA) added to the binding 

column, which was centrifuged for 5min at 1,500 x g. Another centrifugation step 

followed, in order to ensure the removal of ethanol. Next, 600ul of nuclease-free water 

(Promega, Madison WI, USA) was added to the binding column in a new 50ml tube and 

centrifuged at 1,500 x g for 5min to recover the purified DNA. The flow-through was 

transferred to a 1.5ml microfuge tube and 5µl was resolved by electrophoresis on a 1% 

agarose gel for verification of integrity and purity of the plasmid preparation.    
 

2.16 Verification of integrity of the Y2H construct  
 

2.16.1 Phenotypic assessment of the S.cerevisiae strains 
  
Each of the S.cerevisiae strains, AH109 and Y187, used in the Y2H analysis was assessed 

phenotypically before being used for transformations. S.cerevisiae strains, AH109 and 

Y187, have deficiencies for the adenine (Ade), histidine (His), leucine (Leu) and 

tryptophan (Trp) genes, except for the uracil (Ura) gene, as indicated in appendix IV. 

Therefore, it was possible to assess the phenotype of the strains by plating them onto agar 

plates lacking essential amino acids as shown in table 2.9, namely, agar plates SD-Ade, 

SD-Trp SD-His, SD-Leu and SD-Ura. S.cerevisiae strains, AH109 and Y187, that were unable 

to grown on SD-Ade, SD-Trp, SD-His, SD-Leu and able to grow on SD-Ura were used for 

transformation and subsequent Y2H analysis.  
 

        Table 2.9 Phenotypic assessment of S.cerevisiae strains on specific SD selection media 
 Growth on agar plates 
Strain SD/-Ade SD/-His SD/-Leu SD/-Trp SD/-Ura 
AH109   - - - - + 
Y187 - - - - + 

           SD: synthetic dropout; - = no growth; + = growth  

2.16.2 Test for autonomous reporter gene activation  
 

S.cerevisiae AH109 transformed with the pGBKT7-GJA5 bait construct (section 2.7.1) 

was tested for the ability of this plasmid to autonomously activate the ADE2 and HIS3 

reporter genes. The reporter genes are used in selection for bait and prey interactions and 
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false interactions would have been detected in Y2H if the reporter genes were 

autonomously activated by the pGBKT7-GJA5 bait construct. The test was done by 

streaking the transformed and un-transformed S.cerevisiae AH109 onto agar plates 

lacking essential amino acids as shown in table 2.10, namely, agar plates SD-Ade, SD-Trp 

SD-His, SD-Leu and SD-Ura. Autoactivation of the reporter genes by pGBKT7-GJA5 would 

have been indicated by growth on the SD-Ade and SD-His plates. Therefore, the desired 

result is lack of growth of the transformed S.cerevisiae AH109 on these plates (table 

2.10). Growth on SD-Trp indicates the presence of the selection gene in the pGBKT7-

GJA5 bait construct and growth on SD-Ura and lack thereof on SD-Leu confirms the 

phenotype of S.cerevisiae AH109 as assessed in section 2.16.1. 

 

Table 2.10 Test for autonomous reporter gene activation by the Y2H bait construct 
 Growth on agar plates 
Strain SD/-Ade SD/-His SD/-Leu SD/-Trp SD/-Ura 
AH109   - - - - + 
AH109 transformed 
with pGBKT7-GJA5 - - - + + 

 

2.16.3 Test for toxicity of the bait protein for the transformed 

S.cerevisiae  
 

The test for toxicity of the pGBKT7-GJA5 bait construct (section 2.7.1) on the host 

S.cerevisiae AH109 was done by comparing the growth rate in liquid culture of three 

categories of S.cerevisiae AH109: S.cerevisiae AH109 (pGBKT7-GJA5), S.cerevisiae 

AH109 (pGBKT7 {a non-recombinant vector control}) and un-transformed S.cerevisiae 

AH109. Diminished growth of S.cerevisiae (pGBKT7-GJA5), in comparison with the un-

transformed S.cerevisiae AH109, would indicate that the bait protein negatively 

influences the growth of host S.cerevisiae AH109 and that it is toxic to host S.cerevisiae 

AH109.   

 

The toxicity test commenced by plating the three above mentioned categories of 

S.cerevisiae AH109 onto SD-Trp plates and allowing them to grow at 30°C in a Sanyo 

MIR262 stationary ventilated incubator (Sanyo, Electronic Company Ltd, Ora-Gun, 
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Japan) for about 4 days. Thereafter, overnight cultures were prepared by inoculating a 

yeast colony of each into separate 50ml polypropylene tubes containing 10ml of SD-Trp 

medium (Appendix I) and thereafter incubation at 30°C for 24hr in a YIH DER model 

LM-530 shaking incubator (SCILAB instrument CO. Ltd, Taipei, Taiwan) with shaking 

at 200rpm. The following day, 1ml of the overnight culture was inoculated into 50ml SD-

Trp medium and 50ml YPDA medium in autoclaved Erlenmeyer flasks and incubated 

overnight at 30°C while shaking at 200rpm. Every 2hrs, over a period of 8 hrs, a 1ml 

aliquot of the culture was taken and its OD600 was measured. An overnight (24hr) reading 

was also taken. A linearised graph of the log of these OD600 readings versus time was 

constructed using the PRISM computer program, and the slopes of the graphs generated 

for each of the three categories of S.cerevisiae AH109 were compared, in order to 

determine whether the bait protein was toxic for S.cerevisiae AH109. 

 

2.16.4 Testing the mating efficiency 
 

In order to test whether the pGBKT7-GJA5 bait construct (section 2.7.1) decreases the 

mating efficiency of the host S.cerevisiae AH109, a mating efficiency test was conducted. 

Decreased mating efficiency would cause a reduction in the number of pretransformed 

library clones screened in screening the Y2H library. Two categories of matings, namely, 

bait mating and compatible control mating (table 2.11) were performed, in order to test 

the mating efficiency.  

 

The bait mating involved mating S.cerevisiae AH109 (pGBKT7-GJA5) with the prey 

host S.cerevisiae Y187 (pTD1.1 control prey vector), supplied by the manufacturer (BD 

Bioscience, Clontech, Paulo Alto, CA, USA). An efficiency of equal to or higher than the 

minimum of 2% recommended by the manufacturer of the MATCHMAKER Y2H system 

would indicate that the bait construct did not negatively influence the mating efficiency 

of S.cerevisiae AH109 and that it would result in screening an appropriate number of 

about 106 library clones in Y2H. Compatible control matings were also performed in 

which the S.cerevisiae AH109 (pGBKT7-53 control bait vector), supplied by the 
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manufacturer (BD Bioscience, Clontech, Paulo Alto, CA, USA), was mated with the prey 

host S.cerevisiae Y187 (pTD1.1 control prey vector).   

 

To this end, each of the S.cerevisiae strains was plated onto the appropriate SD plates 

(pGBKT7-GJA5 and pGBKT7-53 on SD-Trp plates; pTD1.1 on SD-leu plates) and 

incubated at 30°C for 2-5 days in a Sanyo MIR262 stationary ventilated incubator 

(Sanyo, Electronic Company Ltd, Ora-Gun, Japan). Thereafter, the mating experiment 

was performed by inoculating a scrape of a colony of the pTD1.1 prey into 1ml YPDA 

medium (Appendix I) in two 2ml microfuge tubes. In addition, a scrape of a single colony 

of the pGBKT7-GJA5 bait was inoculated into one of these tubes and a single colony of 

pGBKT7-53 into the remaining tube. This procedure was to produce a bait mating and a 

compatible control mating as indicated in table 2.11.  

 

The matings were incubated overnight at 30°C while shaking at 200rpm. Thereafter, 

serial dilutions (1:10; 1:100 and 1:1000) of the mating cultures were plated onto SD-Trp, 

SD-Leu, SD-Trp/-Leu agar plates and incubated for 4-5 days at 30°C in a Sanyo MIR262 

stationary ventilated incubator (Sanyo, Electronic Company Ltd, Ora-Gun, Japan). 

Following the incubation period, the colonies on each plate was counted and used to 

calculate the mating efficiency (Appendix III). 

 
Table 2.11 Mating efficiency test of S.cerevisiae AH109 (pGBKT7-GJA5) 

Category Mating 
Bait mating pGBKT7-GJA5 (bait)  X  pTD1.1 (prey) 
Compatible control mating  pGBKT7-53 (bait)  X  pTD1.1 (prey) 

 
 

2.17 Yeast-Two-Hybrid analysis 
 

2.17.1 Principle of the Y2H method  
 

The principle of the Y2H method involves the manipulation of the GAL4 transcription 

activator complex. Normal transcription, illustrated in figure 2.3A, involves the joining 

together of the GAL4 DNA-binding domain (BD) and the GAL4 DNA-activation domain 
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(AD) to form a transcription activator complex. This complex then binds to the promoter 

region in order to activate transcription of the genes downstream of the promoter.  

 

In the Y2H system, illustrated in figure 2.3B, the two domains do not interact directly in 

order to activate transcription; rather, the complex interacts indirectly via other proteins 

fused to their domains (i.e. bait fusion protein or prey fusion protein), which functions in 

interactions in order to form the active GAL4 transcription complex. Therefore, 

transcription of the genes downstream of the promoter will only occur when the fusion 

proteins interact in order to form the active transcription complex. The genes transcribed 

are used as indicators of protein-protein interactions and are made use of in the screening 

and selection assays in order to select for true protein-protein interactions. In the Y2H 

system the ADE2, HIS3, and MEL1 reporter genes are used as indicators of protein-

protein interactions. 

 

In the present study, the C-terminus of Cx40 was used as the bait fragment to be fused 

with the GAL4 DNA-BD in generating the bait construct which was subsequently 

transformed into S.cerevisiae AH109. The GAL4 DNA-AD fusion proteins were part of 

the Clontech, commercially available pretransformed cardiac cDNA library which was 

transformed into S.cerevisiae Y187. During the Y2H analysis, these two S.cerevisiae 

strains were mated with each other in order to produce a progeny of diploid S.cerevisiae 

cells in which the two fusion proteins occur in order to form the transcription complex. 

The progeny of S.cerevisiae colonies were subsequently subjected to screening and 

selection assays, such as nutritional selection stages, X-α-galactosidase assay and 

heterologous mating, in order to select for colonies (i.e. prey clones) in which a true 

protein-protein interaction occurred between the GJA5 bait protein and the library prey 

protein (i.e. ligand). After selecting the prey clones, their inserts were sequenced and 

subjected to BLAST-search and internet database literature searches in order to identify 

the prey and to determine the plausibility of the bait and prey protein interactions. 

Following, the selected prey clones were subjected to M2H analysis in order to verify 

their interactions with the C-terminus of Cx40.    
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Specifically binds to a 
promoter 

Directs RNA polymerase II to 
transcribe the gene downstream of the 
promoter 

 
Figure 2.3A Mechanism of normal transcription (Sobhanifar, 2003) 
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Figure 2.3B Principle of the Y2H method (Sobhanifar, 2003) 
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2.17.2 The cardiac cDNA library  
 

A pre-transformed human MATCHMAKER cardiac cDNA library (BD Bioscience, 

Clontech, Paulo Alto, CA, USA) consisting of S.cerevisiae Y187 transformed with a 

cardiac cDNA library, constructed in pGADT7-Rec (figure 2, Appendix II), was used in 

the Y2H analysis. The library was constructed from a pool of 3 male caucasians; ages 33, 

55 and 55 years. Their cause of death was trauma (BD Bioscience, Clontech, Paulo Alto, 

CA, USA). The library contains approximately 1.15 x 107 independent clones cloned into 

the pGADT7-Rec vector through EcoRI and XhoI sites. The average insert size for this 

library is 2.0kb, which ranges between 0.5 to ≥3.0kb.    

 
2.17.3 Establishment of the bait culture  
 

S.cerevisiae AH109 (pGBKT7-GJA5) (section 2.7.1) was streaked onto SD-Trp plates and 

allowed to grow at 30°C for 4 days. Following the incubation, overnight cultures were 

prepared by inoculating 1ml of SD-Trp(+Ade) medium (Appendix I) with the resultant 

S.cerevisiae colonies, which was incubated at 30°C while shaking at 200rpm in a YIH 

DER model LM-530 shaking incubator (SCILAB instrument CO. Ltd, Taipei, Taiwan). 

The next day, 250µl of the overnight culture was inoculated into four separate 500ml 

Ehrlenmeyer flasks, each containing 50ml SD-Trp(+Ade) and incubated overnight at 30°C 

while shaking at 200rpm. Four separate bait cultures were produced, in order to facilitate 

the pooling of the initial cultures, thereby allowing the generation of a final bait culture 

with a titre of about 1x1010, i.e., 100-fold excess of bait to prey to facilitate high mating 

efficiency. The next day, the cultures were transferred into individual 50ml 

polypropylene tubes and the cells pelleted by centrifugation at 3000rpm for 10min, at 

room temperature, in a Beckman Microfuge Lite (Beckman Instruments Inc., CA, USA).  

Most of the supernatants were discarded with the remaining being used to resuspend the 

pellets. The four suspensions (bait cultures) were combined and transferred to a new 

50ml polypropylene tube after which OD600 readings were taken.  
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2.17.4 Haemocytometric cell count 
 

Haemocytometric cell count was done using a Neubauer Haemocytometer, in order to 

determine the titre of bait culture used in the library mating experiment. One microliter of 

the bait culture (section 2.17.3) was used to prepare a 1:1000 dilution. Before using the 

heamocyotmeter, a glass coverslip was placed over the counting surface (figure 2.5A). 

About 2µl of the dilution of bait culture was pipetted into one of the V-shaped wells. This 

allowed for the area under the coverslip to be filled with the sample through capillary 

action. The counting chamber was then placed on a microscope (Nippon kogaku K.K, 

Nikon, Japan) stage and the counting area brought into focus in order to do a cell count. 

The organisation of the counting area is shown in figure 2.5B and C. The number of cells 

per milliliter was determined as follows: The number of cells was counted in the squares 

market with the shaded boxes as indicated in figure 2.5C. The number of cells was then 

multiplied with the number of blocks (17) to give an average number of cells within the 

large central quadrant. The following formula was used to determine the number of cells 

per millilitre: 

 

Number of cells/ml = number of cells x dilution factor x 104 (the constant is used because 

the depth of the haemocytometer is 0.1mm).  
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Figure 2.5 Continues on next page 
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Figure 2.5 Representation of the Neubauer Haemocytometer. (A) Neubauer haemocytometer 
side and top view. The central platform contains the ruled counting area and is 0.1mm under the 
cover slip, which is suspended on the raised ridges. (B) Magnified view of the ruled counting 
area. (C) View of the central quadrant of the haemocytometer that was used to determine the 
number of cells per millilitre (taken from McNeel and Brown, 1992). 

C 

 

2.17.5 The library mating 
 

An aliquot (1ml) of the pre-transformed cardiac cDNA library culture was removed from 

the -70°C freezer and thawed at room temperature (BD Bioscience, Clontech, Paulo Alto, 

CA, USA), after which it was vortexed using a Snijders model 34524 press-to-mix vortex 

(Snijders Scientific, Tilburg, Holland). Ten microliters of the culture was aliquoted into a 

1.5µl microfuge tube for library titering. The bait culture (section 2.17.3) was 

resuspended in 45ml 2x YPDA medium (Appendix I) supplemented with 10µg/ml 

kanamycin in a 2L Ehrlenmeyer flask. The remaining 990µl of library culture were added 

to the bait culture in the Ehrlenmeyer flask. This mating culture was then incubated at 

30°C overnight, while shaking at 40rpm in a YIH DER model LM-530 shaking incubator 

(SCILAB instrument CO. Ltd, Taipei, Taiwan). 

 

Following the overnight incubation, the mating culture was transferred to a sterile 50ml 

polypropylene tube and the cells pelleted by centrifugation at 3000rpm for 5min in a 

Multex centrifuge  (MSE instrumentation, England, UK). Thereafter, the supernatant was 

removed. The Ehrlenmeyer flask, in which the mating was performed, was rinsed twice 
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with 40ml 2x YPDA containing 10µg/ml kanamycin. Each time the flask was rinsed, the 

2x YPDA medium was used to resuspend the cell pellet and the cells then re-pelleted by 

centrifugation at 3000rpm for 10min at room temperature. Following the final 

centrifugation step, the supernatant was removed and the pellet resuspended in 10ml 0.5x 

YPDA containing 10µg/ml kanamycin (Appendix I).  

 

Serial dilutions of 50µl aliquots (1:10, 1:100, 1:1000, 1:10 000) of the cell suspension 

were plated onto 90mm SD-Trp, SD-Leu and SD-Trp/-Leu agar plates to determine the mating 

efficiency and the number of clones screened. These plates were incubated, inverted, at 

30°C for 4 days.  Two hundred microlitre aliquots of the remaining mating culture were 

plated onto 140mm TDO plates (Appendix I) [200µl culture/plate for 13ml culture = 65 

plates]. The TDO plates were incubated, inverted, at 30°C for 2 weeks in a Sanyo 

MIR262 stationary ventilated incubator (Sanyo, Electronic Company Ltd, Ora-Gun, 

Japan). 

 
2.17.6 Establishing a library titre 

 
The 10µl aliquot of library culture was mixed with 1ml of 0.5x YPDA containing 

10µg/ml kanamycin, in a sterile 1.5ml microfuge tube and vortexed using a Snijders 

model 34524 press-to-mix vortex (Snijders Scientific, Tilburg, Holland). This mixture 

(A) was used to prepare mixtures B and C. To prepare B, 10µl of A was added to 1ml of 

0.5x YPDA containing 10µg/ml kanamycin, in a sterile 1.5ml microfuge tube and 

vortexed. To prepare C, another 10µl of A was added to 50µl of 0.5x YPDA containing 

10µg/ml kanamycin, in a sterile 1.5ml microfuge tube and vortexed. The total volume of 

C was then plated onto SD-Leu agar plates. Fifty microliters and 100µl of B were also 

plated onto separate SD-Leu agar plates and incubated, inverted, at 30°C for 4 days in a 

Sanyo MIR262 stationary ventilated incubator (Sanyo, Electronic Company Ltd, Ora-

Gun, Japan). 
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2.17.7 Selection of diploid yeast colonies containing putative        

            interactor peptides 
 

In order to select for diploid yeast colonies in which an interaction between the GJA5 bait 

protein and prey protein had taken place, the colonies were plated onto TDO and QDO 

plates (Appendix I). Growth of S.cerevisiae on the TDO plates (figure 2.4, step 1: 

nutritional selection stage 1), indicated the transcriptional activation of the HIS3 

nutritional reporter gene. S.cerevisiae growth on the QDO plates (figure 2.4, step 2: 

nutritional selection stage 2), indicated transcriptional activation of the HIS3 and ADE2 

nutritional reporter gene. The activation of these genes in these diploid S.cerevisiae cells 

is indicative of an interaction between the GJA5 bait and prey proteins.  

 

The library mating culture which was plated directly onto 65 140mm TDO agar plates 

(Appendix I, section 2.17.5) was subsequently incubated in a Sanyo MIR262 stationary 

ventilated incubator (Sanyo, Electronic Company Ltd, Ora-Gun, Japan) for 2 weeks. 

Freezer cultures were prepared of each of the subsequent colonies by inoculating each 

one into a 2ml microfuge tube containing an equal volume of 50% autoclaved glycerol 

and ~ 1ml of liquid QDO medium (Appendix I) and freezing them at -70°C for storage. 

The growth of the colonies on the TDO plates were monitored every 4 days and colonies 

were picked and restreaked onto new TDO and QDO plates, in order to test for the 

activation of HIS3 and ADE2 nutritional reporter genes. These plates were incubated for 

3-6 days at 30°C. Colonies growing on QDO plates after incubation were picked and 

plated onto new QDO plates containing X-α-galactose, to assess activation of MEL1, and 

incubated at 30°C for a further 3-5 days.   

 

 2.18 X-α-Galactosidase assay  

 
The MEL1 gene is a colourimetric reporter gene that encodes α-galactosidase, a secreted 

enzyme, that can be assayed directly on X-α-Gal indicator plates which employ blue 

screening. When the GJA5 bait protein and library prey protein interact, MEL1 is 
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expressed and the product (α-galactosidase) is secreted into the culture medium where it 

catalyses the hydrolysis of melibiose and subsequently produces a blue end product. The 

selected diploid S.cerevisiae colonies containing putative interactor peptides (section 

2.17.7) were assessed for their ability to activate the MEL1 reporter gene (figure 2.4, step 

3), by assessing their ability to produce the blue end product. 

 
S.cerevisiae colonies in which the HIS3 and ADE2 reporter genes have been activated, as 

determined by their growth on QDO agar plates (section 2.17.7), were replicated from 

QDO plates onto Hybond N+ nylon membranes (Amersham pharmacia biotech Ltd, 

England). These membranes were subsequently placed colony-side up onto a QDO plate 

covered with 20mg/ml X-α-Gal solution (BD Bioscience, Clontech, Palo Alto, CA, USA) 

and the plates incubated at 30°C for 16-48hr in a Sanyo MIR262 stationary ventilated 

incubator (Sanyo, Electronic Company Ltd, Ora-Gun, Japan).  

 
Following the incubation, the intensity of the blue colour of S.cerevisiae colonies that had 

activated the MEL1 reporter gene, was assessed.  Blue color intensity of the S.cerevisiae 

colonies was directly proportional to the strength of the GJA5 bait and prey interaction. 

Therefore, strong interactions had intense blue color and were assigned scores ranging 

from three (darker-blue) to four (bright-blue) and were classified as primary prey clones. 

The weak interactions had less blue color and were assigned scores ranging from one 

(pink-blue) to two (blue-green) and were classified as secondary prey clones.  

 

2.19 Rescuing prey plasmids from diploid colonies 

 
Each of the individual putative prey plasmids needed to be isolated from the diploid 

S.cerevisiae colonies (containing both pGBKT7-GJA5 and prey plasmid), in order to 

perform subsequent experiments with the prey clones, such as heterologous mating and 

sequencing, to identify the putative prey protein. In order to do this, the plasmid DNA 

was isolated from each of the diploid cells following the protocol described in section 

2.15.2 and transformed into E.coli DH5α as described in section 2.14.1. The 
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transformants were inoculated into LB/amp liquid medium (Appendix I), which only 

allowed for the growth of transformants containing the prey plasmids. These prey 

plasmids were subsequently transformed into the S.cerevisiae Y187, following the 

protocol discussed in section 2.14.2. 

 

2.20 Exclusion of non-specific bait and prey interactions i.e.  

        heterologous mating  

 
In order to exclude non-specific bait and prey interactions, the heterologous mating 

experiment (figure 2.4, step 4) was performed. Each of the prey clones in S.cerevisiae 

Y187 was streaked onto 20mm SD-Leu plates and incubated at 30°C for 4 days in a Sanyo 

MIR262 stationary ventilated incubator (Sanyo, Electronic Company Ltd, Ora-Gun, 

Japan). Additionally, S.cerevisiae AH109 (pGBKT7-GJA5) and 3 heterologous baits, i.e. 

S.cerevisiae AH109 (pGBKT7), S.cerevisiae AH109 (pGBKT7-53) and S.cerevisiae 

AH109 (pGBKT7-Reeler), was streaked onto 20mm SD-Trp plates and incubated at 30°C 

for 4 days in a Sanyo MIR262 stationary ventilated incubator (Sanyo, Electronic 

Company Ltd, Ora-Gun, Japan). 

 
Following the incubation, the different plasmid containing S.cerevisiae were restreaked 

onto 140mm plates in parallel lines (6 preys/plate; 4 baits/plate) (figure 2.6 A&B) and 

incubated at 30°C for 3 days in a Sanyo MIR262 stationary ventilated incubator (Sanyo, 

Electronic Company Ltd, Ora-Gun, Japan). Following the incubation, replica plating was 

done in order to mate the Y187 preys with the AH109 baits.  

 
A 2L glass beaker, covered with fresh sterile paper towels after each plating, was used for 

replica plating. The bait plates were first turned over onto the glass beaker to imprint the 

S.cerevisiae lines on the paper towels covering the glass beaker, after which the same was 

done with the prey plates, perpendicular to the bait S.cerevisiae lines (figure 2.6C). 

Following this, an YPDA plate was placed over the beaker in order to replica plate the 

bait and prey S.cerevisiae lines (figure 2.6D) and thereafter the plate was incubated at 

  



 85

30°C for 24 hrs in a Sanyo MIR262 stationary ventilated incubator (Sanyo, Electronic 

Company Ltd, Ora-Gun, Japan). Heterologous mating will therefore only occur where the 

bait and prey lines cross over each other on the YPDA plates. Following the incubation, a 

scrape of the matings at the cross over regions for each of the preys were streaked onto 

SD-Trp/-Leu plates (figure 2.6E) and incubated at 30°C for 4 days in a Sanyo MIR262 

stationary ventilated incubator (Sanyo, Electronic Company Ltd, Ora-Gun, Japan), after 

which the colonies were restreaked onto TDO (figure 2.6F) and QDO plates (Appendix I) 

and incubated at 30°C for 7 days. During this incubation period, the growth of 

S.cerevisiae was scored at days 4 and 7. Scores ranging from zero (no growth) to four 

(very good growth) were assigned.  

 
Growth is indicative of strength of bait and prey interaction. Therefore, prey clones with 

the highest growth scores were considered putative true interactors with the GJA5 bait 

and were selected for further analysis (i.e. M2H). However, preys that show interaction 

with the pGBKT7-Reeler bait and pGBKT7 bait, in addition to interacting with the GJA5 

bait, were identified as preys which form non-specific interactions and were excluded 

from further analysis. The pGBKT7-Reeler bait is specific for ligands expressed in the 

brain. Thus, preys from the cardiac cDNA library that show interaction were considered 

to have non-specific activation domains and were excluded from the study.  

 
The pGBKT7 bait is a vector which does not contain a GAL4 domain to function in an 

interaction with the preys; therefore, interactions between pGBKT7 and the preys are 

non-specific interactions and were excluded. The pGBKT7-53 bait is a control and 

contains a GAL4 DNA-BD which has the possibility to interact with the prey GAL4 

DNA-AD. Preys that interacted with this control and with the GJA5 bait were considered 

for further analysis. Therefore, the ideal prey obtained from the Y2H library screening 

was one that interacts only with the GJA5 bait with a growth score of three or four in the 

heterologous mating experiment. 
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Preys (-leu) Baits (-trp)

Figure 2.6 Illustration of the exclusion of non-specific bait and prey interactions i.e. 
heterologous mating. For letters, refer to text (section 2.20)   
 
 
2.21 Mammalian-2-Hybrid analysis 
 
 

The M2H analysis was performed using the MatchmakerTM Mammalian Assay Kit 2 (BD 

Biosciences, Palo Alto, U.S.A.), which included the pM, pVP16 and pG5SEAP vectors 

(Appendix II). The H9C2 cells used for the M2H analysis were cultured and transfected 

as described in sections 2.13 and 2.14.3 respectively. Expression of the secreted alkaline 

phosphatase (SEAP) reporter gene on the pG5SEAP reporter vector (Appendix II) only 

occurred when the fusion proteins generated by the pM and pVP16 constructs, that were 

co-transfected with the reporter vectors, interacted.  

 

The Great EscAPeTM chemiluminescent Detection Kit (BD Biosciences, Clontech, Palo 

Alto, CA, U.S.A) was used, in order to determine whether the SEAP reporter gene was 

activated. This was done by measuring the SEAP activity in the culture medium (since 
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this is a secreted alkaline phosphatase), using the CSPD chemiluminescent substrate. In 

addition, a β-Galactosidase enzyme assay (Promega, Madison WI, USA), was performed 

using the pSV-β-Gal vector (Appendix II). Luminescence values from the SEAP assay 

were normalised with the β-Gal assay values, in order to determine transfection efficiency 

of the mammalian cells. 

 

2.21.1 Secreted alkaline phosphatase (SEAP) reporter gene assay  
 

Fifteen microlitres of each culture medium supernatant from transfected H9C2 cells 

(section 2.14.3) to be assayed was aliquoted into separate wells of a white opaque 96-well 

flat-bottom microtitre plate (PerkinElmer Life And Analytical Sciences, Inc Boston, MA, 

U.S.A.). To this, 45μl of 1X dilution buffer (BD Biosciences, Clontech, Palo Alto, CA, 

U.S.A.) was added and the plate incubated at 65°C for 30 min in a waterbath     

(Memmert®, Schwabach, Germany). Following the incubation, the plate was left on ice 

for 3min to cool the samples, following this, the samples were allowed to equilibrate to 

room temperature before 60μl assay buffer (BD Biosciences, Clontech, Palo Alto, CA, 

U.S.A) was added to each well. 

 

The chemiluminescent substrate (CSPD) was then prepared by making a 1:20 dilution of 

the CSPD (BD Biosciences, Clontech, Palo Alto, CA, U.S.A ) in chemiluminescent 

enhancer (BD Biosciences, Clontech, Palo Alto, CA, U.S.A). The diluted substrate was 

then added to each well and the plate was incubated for 10 min at room temperature. The 

SEAP activity was determined by reading the chemiluminecent signal every 10 minutes 

for a period of 2 ½ hours using a Bio-Tek® Synergy HT plate luminometer (Winooski, 

Vermont, U.S.A.). 

 

Several control assays were included as comparisons for each experiment as shown in 

table 2.8. The reading obtained for the untransfected control (category B1) and the 

GeneJuice control (category B2), represents the background SEAP signal of the H9C2 

cells used in the experiments, while the basal control (category C) reading corresponds to 

basal level (endogenous phosphatase) of SEAP activity in the experiments. The GAL4 
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DNA-BD control (category D) and the pVP16 AD controls (category E) shown in table 

2.8 were included, in order to determine whether the pGBKT7-GJA5 construct, or each of 

the putative ligands used in the experiments, function autonomously as SEAP reporter 

gene transcription activators. Two additional negative control assay were also included; 

one containing only pG5SEAP (category G1) and one containing only pSV-β-Gal 

(category G2). 

 

Positive control assays were also included in the experiment. The pM3-VP16 positive 

control plasmid (category F1) encodes a fusion of the GAL4 DNA-BD and VP16 

activation domain and therefore gives very strong SEAP expression when co-transfected 

with pG5SEAP. The co-transfection of the pM53, pVP16T and pG5SEAP was also 

included in the experiment as a positive control (category F2). The pM53 expresses a 

fusion of the GAL4 DNA-BD to the mouse p53 antigen, while the pVP16T expresses a 

fusion of the VP16 activation domain to the Simian Virus 40 large T-antigen which is 

known to interact with p53 and therefore produces strong SEAP expression.  

 

2.21.2 β-Galactosidase enzyme assay 
 

Thirty microlitres of cell lysates of each culture medium from transfected H9C2 cells 

(section 2.14.3) to be assayed was aliquoted into separate wells of a colourless, see-

through 96-well flat-bottom microtitre plate (PerkinElmer Life And Analytical Sciences, 

Inc Boston, MA, U.S.A.). To this, 20μl of 1x reporter lysis buffer (Promega, Madison 

WI, USA) and 50μl of assay buffer (Promega, Madison WI, USA) was added and the 

plate incubated at 37°C for 3hr in a model 329 stationary CO2 incubator (Former 

Scientific, Marieta, Ohio, USA). Next, the reaction was stopped by adding 150μl of 1M 

sodium carbonate (Promega, Madison WI, USA), after which the absorbance was read at 

420nm using a Bio-Tek® Synergy HT plate luminometer (Winooski, Vermont, U.S.A.). 
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Identifying ligands of the C-terminal domain of cardiac expressed Cx40 
 

3.1 Yeast-2-hybrid analysis 

 

3.1.1 Generation of the Y2H construct  
 

3.1.1.1 PCR-amplification to generate the bait-insert fragment 

 
The Cx40 (i.e. GJA5) bait-insert fragment, for generating the Y2H construct, was 

obtained by PCR-amplification of the C-terminus encoding domain of Cx40 from 

genomic DNA using specially designed primers with engineered restriction enzyme sites 

(section 2.3.1.1, table 2.1). Amplification with these primers generated a GJA5 bait-insert 

fragment of 426 nucleotides as shown in figure 3.1.  

 

                                                                    K      1 

          

1500bp 

500bp 
426bp 

100bp 
200bp 

 
Figure 3.1 Representative 2% agarose gel showing the PCR-amplification product 
of the GJA5 bait-insert fragment for Y2H. Lane K: 100bp DNA ladder. Lane 1: GJA5 
bait-insert fragment. 
 
 
3.1.1.2 Restriction enzyme digestion and ligation for cloning 
 

The PCR-amplified GJA5 bait-insert fragment and the pGBKT7 cloning vector were 

successfully double-digested with NdeI and EcoRI (section 2.8.1). A ligation reaction 

(section 2.10) followed the CIP-treatment of the vector in order to generate the pGBKT7-
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GJA5 bait construct (section 2.9). Ligation reactions were transformed into E.coli DH5α 

in order to select for recombinant plasmids by means of bacterial colony PCR-

amplification (section 2.3.4). 
 

3.1.1.3 Selection for successful cloning  

 
Bacterial colony PCR-amplification 
Bacterial colony PCR-amplification reactions were done in order to select for 

recombinant pGBKT7 plasmids which were subsequently subjected to a restriction 

enzyme digestion test in order to verify successful cloning (section 2.3.4 and section 

2.8.3). PCRs were done using primers flanking the multiple cloning site of the pGBKT7 

cloning vector (section 2.3.1.2, table 2.2). Products were produced of either the non-

recombinant pGBKT7 plasmid (+-300bp) or the recombinant pGBKT7 plasmid (+-

700bp), which contains the bait-insert fragment as shown in figure 3.2. Plasmid DNA of 

three out of twenty-nine colonies (numbers 3, 25 and 28) that produced the 700bp PCR 

product were isolated (section 2.15.1) and subjected to the restriction enzyme digestion 

test (section 2.8.3) 

 

Restriction enzyme digestion test 

The restriction enzyme digestion test showed that colony 25 and 28 contained the correct 

pGBKT7 recombinant plasmid as shown in figure 3.3. Undigested plasmids retain their 

circular configuration and migrate through the gel at a slower speed in comparison with 

the linearised plasmids which has been digested as shown in figure 3.3. Successful 

cloning of the GJA5 bait-insert into pGBKT7 was verified by digestion of the 

recombinant plasmid by the 5’ (NdeI) and 3’ (EcoRI) enzymes and an absence of 

digestion by the SfiI test enzyme. The test enzyme did not digest the recombinant plasmid 

because the GJA5 bait-insert did not contain a recognition site for SfiI. Colony 3 was 

therefore identified as a unsuccessful cloning experiment because it was digested by the 

test enzyme. A non-recombinant pGBKT7 plasmid that contains a recognition site for SfiI 

was included in the experiment as a control.  
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                                      K 1      3      5      7       9     11    13 

 

700bp  
300bp 
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                                           15     17   19     21     23    25         28                                                           
Figure 3.2 Representative 1% agarose gel showing colony PCR-amplification 
products. Lane K: 100bp DNA ladder. Lane 1: PCR product (300bp) of the non-
recombinant pGBKT7 cloning plasmid. Lane 3, 25, 28: PCR product (700bp) of the 
recombined pGBKT7 cloning plasmid containing the GJA5 bait-insert fragment.   
 
 
 
 
 
 
                                    Control         Colony 3     Colony 25   Colony 28 

Incorrect 
digestion 

Correct digestion 

                            M    U   F   R   T   U   F   R   T   U   F   R   T   U   F   R  T 

Circular plasmid

Linearised plasmid 

 
Figure 3.3 Representative 1% agarose gel showing the restriction enzyme test of the 
pGBKT7-GJA5 bait construct for Y2H. Lane M: λPst molecular weight marker. Lane 
U: Uncut plasmid. Lane F: 5’ (NdeI) enzyme digestion of plasmid. Lane R: 3’ (EcoRI) 
enzyme digestion of plasmid. Lane T: SfiI test enzyme digestion of plasmid. Yellow 
label: Digestion of non-recombinant pGBKT7 control. Blue label: Incorrect digestion of 
recombinant pGBKT7. Red labels: Correct digestion of recombinant pGBKT7.    
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3.1.1.4 Sequence analysis of the bait construct 

 
The purified plasmid DNA of E.coli colonies number 25 and number 28 were subjected 

to sequence analysis (section 2.6). The results of the sequence analysis shown in figure 

3.4A and figure 3.4B showed that the pGBKT7-GJA5 construct was in the correct 

reading frame and that the integrity of the nucleotide sequence of the GJA5 bait-insert 

had been preserved. It was subsequently decided to continue using colony number 25 for 

Y2H because number 25 and number 28 gave similar sequence results. The generated 

Y2H construct was subsequently transformed (section 2.14.2) into S.cerevisiae AH109 to 

be used in screening the cardiac cDNA library.  

 
Multiple_Sequence_Alignment 
Colony nr.25 : GJA5 cyto tail : pGBKT7  A 
 
                        (forward primer)   
Colony nr.25     CATATGCACCTGGGCTGGAAGAAGATCAGACAGCGATTTG    144 
GJA5 cyto tail   ......CACCTGGGCTGGAAGAAGATCAGACAGCGATTTG     34 
pGBKT7           CATATG..................................   1298 
Consensus                 
 
Colony nr.25     TCAAACCGCGGCAGCACATGGCTAAGTGCCAGCTTTCTGG    184 
GJA5 cyto tail   TCAAACCGCGGCAGCACATGGCTAAGTGCCAGCTTTCTGG     74 
pGBKT7           ........................................   1298 
Consensus         
 
Colony nr.25     CCCCTCTGTGGGCATAGTCCAGAGCTGCACACCACCCCCC    224 
GJA5 cyto tail   CCCCTCTGTGGGCATAGTCCAGAGCTGCACACCACCCCCC    114 
pGBKT7           ........................................   1298 
Consensus         
 
Colony nr.25     GACTTTAATCAGTGCCTGGAGAATGGCCCTGGGGGAAAAT    264 
GJA5 cyto tail   GACTTTAATCAGTGCCTGGAGAATGGCCCTGGGGGAAAAT    154 
pGBKT7           ........................................   1298 
Consensus         
 
Colony nr.25     TCTTCAATCCCTTCAGCAATAATATGGCCTCCCAACAAAA    304 
GJA5 cyto tail   TCTTCAATCCCTTCAGCAATAATATGGCCTCCCAACAAAA    194 
pGBKT7           ........................................   1298 
Consensus         
 
Colony nr.25     CACAGACAACCTGGTCACCGAGCAAGTACGAGGTCAGGAG    344 
GJA5 cyto tail   CACAGACAACCTGGTCACCGAGCAAGTACGAGGTCAGGAG    234 
pGBKT7           ........................................   1298 
Consensus         
 
Colony nr.25     CAGACTCCTGGGGAAGGTTTCATCCAGGTTCGTTATGGCC    384 
GJA5 cyto tail   CAGACTCCTGGGGAAGGTTTCATCCAGGTTCGTTATGGCC    274 
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pGBKT7           ........................................   1298 
Consensus         
 
Colony nr.25     AGAAGCCTGAGGTGCCCAATGGAGTCTCACCAGGTCACCG    424 
GJA5 cyto tail   AGAAGCCTGAGGTGCCCAATGGAGTCTCACCAGGTCACCG    314 
pGBKT7           ........................................   1298 
Consensus         
 
Colony nr.25     CCTTCCCCATGGCTATCATAGTGACAAGCGACGTCTTAGT    464 
GJA5 cyto tail   CCTTCCCCATGGCTATCATAGTGACAAGCGACGTCTTAGT    354 
pGBKT7           ........................................   1298 
Consensus         
                                        (reverse primer) 
Colony nr.25     AAGGCCAGCAGCAAGGCAAGGTCAGATGACCTATCAGTGT    504 
GJA5 cyto tail   AAGGCCAGCAGCAAGGCAAGGTCAGATGACCTATCAGTGT    394 
pGBKT7           ........................................   1298 
Consensus         
  
Colony nr.25     GAGAATTCCCGGGGATCCGTCGACCTGCAGCGGCCGCATA    544 
GJA5 cyto tail   GA......................................    396 
pGBKT7           ..GAATTCCCGGGGATCCGTCGACCTGCAGCGGCCGCATA   1336 
 

Figure 3.4A Sequence homology alignment of the sequence of colony nr.25 with the C-
terminus encoding sequence of GJA5 (NM_005266) from the Genbank DNA database 
(http://www.ncbi.nlm.nih.gov/Entrez) and the pGBKT7 vector. Shaded boxes – grey: 
gene specific primer sequence; red: restriction enzyme recognition sequence; yellow: 
vector sequence. 
 
 
Multiple_Sequence_Alignment 

B Colony nr.28 : GJA5 cyto tail : pGBKT7 
       
                        (forward primer) 
Colony nr.28     CATATGCACCTGGGCTGGAAGAAGATCAGACAGCGATTTG    141 
GJA5 cyto tail   ......CACCTGGGCTGGAAGAAGATCAGACAGCGATTTG     34 
pGBKT7           CATATG..................................   1298 
Consensus                 
 
Colony nr.28     TCAAACCGCGGCAGCACATGGCTAAGTGCCAGCTTTCTGG    181 
GJA5 cyto tail   TCAAACCGCGGCAGCACATGGCTAAGTGCCAGCTTTCTGG     74 
pGBKT7           ........................................   1298 
Consensus         
 
Colony nr.28     CCCCTCTGTGGGCATAGTCCAGAGCTGCACACCACCCCCC    221 
GJA5 cyto tail   CCCCTCTGTGGGCATAGTCCAGAGCTGCACACCACCCCCC    114 
pGBKT7           ........................................   1298 
Consensus         
 
Colony nr.28     GACTTTAATCAGTGCCTGGAGAATGGCCCTGGGGGAAAAT    261 
GJA5 cyto tail   GACTTTAATCAGTGCCTGGAGAATGGCCCTGGGGGAAAAT    154 
pGBKT7           ........................................   1298 
Consensus         
 
Colony nr.28     TCTTCAATCCCTTCAGCAATAATATGGCCTCCCAACAAAA    301 
GJA5 cyto tail   TCTTCAATCCCTTCAGCAATAATATGGCCTCCCAACAAAA    194 
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pGBKT7           ........................................   1298 
Consensus         
 
Colony nr.28     CACAGACAACCTGGTCACCGAGCAAGTACGAGGTCAGGAG    341 
GJA5 cyto tail   CACAGACAACCTGGTCACCGAGCAAGTACGAGGTCAGGAG    234 
pGBKT7           ........................................   1298 
Consensus         
 
Colony nr.28     CAGACTCCTGGGGAAGGTTTCATCCAGGTTCGTTATGGCC    381 
GJA5 cyto tail   CAGACTCCTGGGGAAGGTTTCATCCAGGTTCGTTATGGCC    274 
pGBKT7           ........................................   1298 
Consensus         
 
Colony nr.28     AGAAGCCTGAGGTGCCCAATGGAGTCTCACCAGGTCACCG    421 
GJA5 cyto tail   AGAAGCCTGAGGTGCCCAATGGAGTCTCACCAGGTCACCG    314 
pGBKT7           ........................................   1298 
Consensus         
 
Colony nr.28     CCTTCCCCATGGCTATCATAGTGACAAGCGACGTCTTAGT    461 
GJA5 cyto tail   CCTTCCCCATGGCTATCATAGTGACAAGCGACGTCTTAGT    354 
pGBKT7           ........................................   1298 
Consensus         
                                        (reverse primer) 
Colony nr.28     AAGGCCAGCAGCAAGGCAAGGTCAGATGACCTATCAGTGT    501 
GJA5 cyto tail   AAGGCCAGCAGCAAGGCAAGGTCAGATGACCTATCAGTGT    394 
pGBKT7           ........................................   1298 
Consensus         
 
Colony nr.28     GAGAATTCCCGGGGATCCGTCGACCTGCAGCGGCCGCATA    541 
GJA5 cyto tail   GA......................................    396 
pGBKT7           ..GAATTCCCGGGGATCCGTCGACCTGCAGCGGCCGCATA   1336 
Consensus         
 
Figure 3.4B Sequence homology alignment of the sequence of colony nr.28 with the     
C-terminus encoding sequence of GJA5 (NM_005266) from the Genbank DNA database 
(http://www.ncbi.nlm.nih.gov/Entrez) and the pGBKT7 vector. Shaded boxes – grey: 
gene specific primer sequence; red: restriction enzyme recognition sequence; yellow: 
vector sequence. 
 

3.1.2 Verification of integrity of the Y2H construct 
 

3.1.2.1 Auto-activation test  
 

A lack of growth was observed on the SD-Ade, SD-His, and SD-Leu growth media plates 

(Appendix I) which indicated that the pGBKT7-GJA5 bait construct could not 

autonomously activate expression of the endogenous reporter genes (section 2.16.2) and 
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that the phenotype of S.cerevisiae AH109 was retained after transformation with the 

pGBKT7-GJA5 bait construct.  

 

3.1.2.2 Toxicity test 
 

Results of the toxicity test are shown in figure 3.5 in the form of a linear growth curve 

representing the three categories of S.cerevisiae AH109 (section 2.16.3). The slope of 

S.cerevisiae AH109 (pGBKT7-GJA5) was similar to the S.cerevisiae AH109 (pGBKT7) 

positive control and greater than the slope of the un-transformed S.cerevisiae AH109. 

This indicated that the GJA5 bait protein did not cause a decrease in the growth of the 

host S.cerevisiae AH109, and that it was not toxic to S.cerevisiae AH109, and so could 

be used in Y2H analysis. 
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Figure 3.5 Linear growth curve of un-transformed S.cerevisiae AH109, S.cerevisiae 
AH109 (pGBKT7) and S.cerevisiae AH109 (pGBKT7-GJA5). The GJA5 protein did 
not diminish the growth of the host S.cerevisiae AH109 and was therefore not toxic to the 
host.  
 
3.1.2.3 Mating efficiency of S.cerevisiae AH109 transformed with the 

Y2H construct 

 

In order to test whether pGBKT7-GJA5 decreased the mating efficiency of the host 

S.cerevisiae AH109, a mating efficiency test was conducted as described in section 
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2.16.4. The growth on SD agar plates of the progeny S.cerevisiae from the two categories 

of matings (i.e. bait mating and compatible control mating) are shown in table 3.1 and 

were used to calculate the mating efficiency using the calculations shown in appendix III. 

Calculations showed that the mating efficiency of the bait mating was 4.3% which was 

higher than the recommended minimum value of 2%. This showed that the pGBKT7-

GJA5 construct did not decrease the mating efficiency of S.cerevisiae AH109 and would 

result in screening of 106 individual prey clones if mated at a 100-fold excess against the 

commercial pretransformed library (titre=3x108).  

 
Table 3.1 Growth of progeny S.cerevisiae colonies on growth selection media 

 
SD-Trp SD-Leu 

SD-Trp/-Leu 
(diploid yeast 

colonies) 

Mating 
efficiency 

(%) 
Mating 
culture 
dilution 

1:10 1:100 1:1000 1:10 1:100 1:1000 1:10 1:100 1:1000 
 

Compatible 
control 
mating 

- * 1072 - * 300 - 528 72 24 

Bait 
mating * * 556 * * 1380 * 1120 24 4.3 

*: uncountable number of colonies, -: no growth on plates 
 
 
3.1.3 Y2H screening of pretransformed cardiac cDNA library 

 
The pGBKT7-GJA5 bait construct was approved for use in the Y2H analysis following 

the verification tests performed in section 3.1.2 and work was set about in screening the 

cardiac cDNA library as described in section 2.17.  

 

3.1.3.1 Library mating efficiency and number of clones screened 
 

Library mating efficiency calculations were done using the results of growth of the 

library mating progeny S.cerevisiae colonies on SD agar plates (section 2.17.5) as shown 

in table 3.2. Calculations indicated that the library mating efficiency was 4.12%, which 

was above the recommended minimum of 2% and showed that the library mating 
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efficiency was within acceptable limits to continue the Y2H analysis. Furthermore, 

calculations showed that 10.4 x 104 pretransformed cardiac cDNA library clones were 

screened using the pGBKT7-GJA5 construct (final resuspension volume = 13ml).  

 

Table 3.2 Growth of library mating progeny S.cerevisiae colonies on selection media for 
calculation of mating efficiency and number of clones screened.   

 SD-Trp SD-Leu SD-Trp/-Leu 
(diploid yeast colonies) 

Mating 
culture 
dilution 

1:10 1:100 1:1000 1:10000 1:10 1:100 1:1000 1:10000 1:10 1:100 1:1000 1:10000 

Number 
of  

colonies 
* * * 3200 922 * * 970 38 8 - - 

*: uncountable number of colonies, -: no growth on plates 
 

3.1.3.2 Library titre and bait culture titre 
 

A library titre was established as described in section 2.17.6. Calculations (Appendix III) 

were done using the results of S.cerevisiae growth on SD-leu agar plates as shown in table 

3.3.  

                     Table 3.3 Growth of S.cerevisiae on SD-Leu agar plates for calculating the   
                      library titer  

50μl of    
dilution 

B 

100μl of  
dilution 

B 

Complete 
volume of 
dilution C 

Dilution 
factor 

Library 
titre 

(cfu/ml) 
706 1362 * 104 1.412 x 108   

*: uncountable number of colonies, cfu/ml: colony forming units per milliliter 
 

Haemocytometric cell count was done in order to determine the titre of bait culture used 

in the library mating experiment. The number of cells was 61 and, according to 

calculations in section 2.17.3, the titre of the bait culture was 1.037 x 1010 cfu/ml. 

 

3.1.3.3 Selection of diploid S.cerevisiae colonies containing putative        

            interactor peptides 
 

As detailed below, successive nutritional selection stages (section 2.17.7) reduced the 

number of diploid colonies from an initial number of 324 to 233 colonies containing 
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putative interactor peptides. The 233 colonies was subsequently further reduced to 186 

colonies by means of the X-α-galactosidase assay (section 2.18), which also classified 

them as primary or secondary colonies (section 3.1.3.4). Thereafter, the heterologous 

mating experiment (sections 2.20 and 3.1.3.5) selected 33 from the 186 colonies to be 

subjected to sequence analysis (sections 2.6 and 3.1.3.6). The results for the 33 selected 

colonies are shown in tables 3.4, 3.5A, 3.5B, 3.6A, and 3.6B.  

 
Nutritional selection stage 1 

The first nutritional selection stage (section 2.17.7, figure 2.4), which made use of TDO 

plates, selected for diploid S.cerevisiae colonies with the ability to activate expression of 

the HIS3 reporter gene. From this selection stage, 324 colonies were shown to activate 

HIS3 expression and are indicated in table 3.4, column A.  

 

Nutritional selection stage 2 
The second nutritional selection stage (section 2.17.7, figure 2.4) made us of QDO plates 

in order to select for diploid S.cerevisiae colonies with the ability to activate expression 

of the ADE2 reporter gene in addition with the HIS3 reporter gene. This selection stage 

selected 233 colonies with this ability and are indicated in table 3.4, column B.  

 

3.1.3.4 X-α-Galactosidase assay 

 
The 233 S.cerevisiae colonies that were selected in section 3.1.3.3 were assessed for their 

ability to activate the colourimetric MEL1 reporter gene by assessing their ability to 

produce the blue end product in the X-α-Galactosidase assay (section 2.18). A number of 

186 colonies were found to activate the MEL1 reporter gene of which 142 were classified 

as primary colonies and 44 as secondary colonies. Shown in table 3.4, column C, are the 

X-α-Galactosidase assay scores for the primary and secondary colonies. 
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Table 3.4 Activation of nutritional and colourimetric reporter genes by the GJA5 bait 
construct and prey clone interactions 

Colony 
Nr. 

Identical clones A 
Growth on TDO 
(HIS3 activation) 

B 
Growth on QDO 

(ADE2 activation) 

C 
X-α-Galactosidase assay 

(MEL1 activation) 
Primary colonies 

29 none ++++ ++ +++ 
35 none ++++ ++++ +++ 
37 none ++++ +++ +++ 
55 none ++++ ++++ +++ 
62 none ++++ ++++ +++ 

133 none ++++ ++ +++ 
136 none ++++ +++ +++ 
153 none ++++ +++ ++++ 
154 none ++++ ++++ ++++ 
163 230 ++++ ++++ ++++ 
164 none ++++ ++++ ++++ 
204 none ++++ ++++ ++++ 
219 none ++++ ++++ +++ 
222 none ++++ ++++ ++++ 
230 163 ++++ ++++ ++++ 
248 none ++++ ++ ++++ 
250 none ++++ +++ ++++ 
257 none ++++ +++ ++++ 
271 306 ++++ + ++++ 
273 306 ++++ +++ ++++ 
275 306 ++++ ++++ +++ 
278 306 ++++ ++ +++ 
295 306 ++++ ++++ ++++ 
299 306 ++++ ++++ ++++ 
306 271,273,275,278, 

295,299,313,314  
++++ ++++ ++++ 

313 306 ++++ ++++ ++++ 
314 306 ++++ ++++ ++++ 

Secondary colonies 
23 none ++++ ++++ ++ 
31 none ++++ ++++ ++ 
79 none ++++ +++ ++ 
95 none ++++ ++++ + 
99 none ++++ ++++ + 

285 none ++++ +++ ++ 
Bold: Clones used in M2H; X-α-Galactosidase assay = Primary clones: ++++ (bright-blue) and 
+++ (darker-blue); Secondary clones: ++ (blue-green) and + (pink-blue) 
TDO: solid media lacking Leu, Trp and His; QDO: solid media lacking Leu, Trp, His and Ade. 
Growth of colonies on solid media: ++++ = very good; +++ = good; ++ = weak; + = very weak;       
- = no growth 
Identical clones = prey clones with the same identity as determined by sequence analysis       
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3.1.3.5 Heterologous mating 
 

The heterologous mating experiment was conducted, as described in section 2.20, with 

the 186 diploid S.cerevisiae colonies (prey clones) that were shown to have the ability to 

activate expression of the ADE2, HIS3 and MEL1 reporter genes. The results of the 

heterologous mating experiment are shown in table 3.5A (primary colonies) and table 

3.5B (secondary colonies). The majority grew well on the TDO plates because this 

medium selected for activation of only one of the reporter genes, namely, HIS3. The 

QDO medium selected for activation of ADE2 and HIS3 and was therefore more stringent 

in growth selection. Therefore, the growth of S.cerevisiae on QDO plates (shaded 

columns) was given preference when analysing the results of the heterologous mating. It 

was found that out of 186 prey clones, 33 showed binding specificity for the GJA5 bait 

protein and were subsequently subjected to sequence analysis. Binding specificity of 

these preys were indicated by growth of S.cerevisiae colonies on QDO plates as a result 

of prey matings with the pGBK-GJA5 bait and absence of growth in matings of the preys 

with the other three heterologous baits (pGBKT, pGBKT-53 and pGBK-reeler) as shown 

in table 3.5A and B.  

  

3.1.3.6 Sequence analysis 
 

The inserts of the 33 putative prey clones (i.e. ligands), selected by means of 

heterologous mating, were sequenced and subjected to analysis, in order to assign identity 

and function and to exclude false positive ligands based on subcellular location and 

function. The frame and integrity of the prey sequences was analysed using the 

ChromasPro computer program and DNAmanTM version 4 software and subsequently 

subjected to BLAST-searches against the Genbank DNA database using BLASTN 

(genomic hit) and BLASTP (in-frame protein hit) (http://www.ncbi.nlm.nih.gov/Entrez). 

The identities of each of the preys are indicated in table 3.6A (primary clones) and 3.6B 

(secondary clones). 
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Table 3.5A Interaction of preys with heterologous baits in the specificity tests as assessed by ADE2 and HIS3 activation - Primary 
clones 
Clone# x pGBK-GJA5 x pGBK-GJA5 x pGBKT7 x pGBKT7 x pGBK-53 x pGBK-53 x pGBK-reeler x pGBK-reeler 

 TDO QDO TDO QDO TDO QDO TDO QDO 
29 +++ +++ +++ - ++ - ++ - 
35 +++ + +++ - ++ - +++ - 
37 +++ + +++ - ++ - +++ - 
55 +++ + +++ - ++ - +++ - 
62 +++ ++++ +++ - ++ - ++ - 

133 +++ + +++ - ++ - ++ - 
136 ++ + +++ - ++ - ++ - 
153 ++ + +++ - ++ - ++ - 
154 ++ + +++ - ++ - ++ - 
163 +++ + +++ - ++ - +++ - 
164 +++ + +++ - ++ - +++ - 
204 θ θ θ θ θ θ θ θ 
219 +++ + +++ - ++ - ++ - 
222 +++ + +++ - ++ - ++ - 
230 θ θ θ θ θ θ θ θ 
248 +++ + +++ - ++ - +++ - 
250 +++ + +++ - ++ - +++ - 
257 +++ + ++ - ++ - +++ - 
271 +++ + ++ - ++ - +++ - 
273 +++ + ++ - ++ - +++ - 
275 +++ + ++ - ++ - +++ - 
278 +++ + ++ - ++ - +++ - 
295 +++ + ++ - ++ - +++ - 
299 +++ + +++ - ++ - +++ - 
306 +++ + +++ - ++ - ++ - 
313 +++ + +++ - ++ - ++ - 
314 +++ + +++ - ++ - ++ - 
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Table 3.5B Interaction of preys with heterologous baits in the specificity tests as assessed by ADE2 and HIS3 activation - Secondary 
clones 
Clone# x pGBK-GJA5 x pGBK-GJA5 x pGBKT7 x pGBKT7 x pGBK-53 x pGBK-53 x pGBK-reeler x pGBK-reeler 

 TDO QDO TDO QDO TDO QDO TDO QDO 
23 ++++ +++ ++++ - ++++ - +++ - 
31 ++++ +++ ++++ - +++ - +++ - 
79 ++++ ++ ++++ - +++ - +++ - 
95 ++++ +++ ++++ - ++++ - ++++ - 
99 ++++ +++ ++++ - ++++ - ++++ - 

285 ++++ ++ ++++ - +++ - +++ - 
θ : Did not transform into S.cerevisiae Y187; Bold: Clones used in M2H. TDO: solid media lacking Leu, Trp and His; QDO: solid 
media lacking Leu, Trp, His and Ade. Growth of clones on solid media: ++++ = very good; +++ = good; ++ = weak; + = very weak;   
- = no growth 
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Included in the tables are the X-α-gal assay results which indicate the strength and 

specificity of the bait and prey interactions. Amongst the 33 prey clones, some were 

identified by BLAST-search as containing partial cloning vector sequences and partial 

mitochondrial sequences (clone# 133, 37, 55, 23, 79, 95), and were therefore excluded. 

Internet database literature searches were done for each of the remaining ligands, in order 

to prioritise them according to function and subcellular localisation. From this, 11 ligands 

(section 3.2) were identified as having good candidature for being true Cx40 ligands and 

were subjected to M2H analysis (section 3.3), in order to assess the validity of the bait 

protein and prey protein interactions.  

 

The identities of the 11 ligands are as follows: Cysteine-rich protein 2 (CRP2) (clone# 

306, 313, 314, 273, 271, 275, 278, 295, 299), Beta-actin (ACTB) (clone# 62), Creatine 

kinase (CK) (clone# 222), Myosin, heavy polypeptide 7 (MYH7) (clone# 163,230), 

Mucolipin 1 (MCOLN1) (clone# 164), Voltage-dependent anion channel 2 (VDAC2) 

(clone# 153), Aldehyde dehydrogenase 2 (ALDH2) (clone# 35), DEAH (Asp-Glu-Ala-

His) box polypeptide 30 (DHX30) (clone# 204), NADH dehydrogenase, alpha 

subcomplex, 6 (NDUFA6) (clone# 29), Prosaposin (PSAP) (clone# 31) and Filamin A 

(actin binding protein 280) (FLNA) (clone# 99).  

 

3.1.3.7 Screening the PFHBI and PFHBII loci 

 

The sequenced inserts of the 33 putative prey clones were BLAST-searched against 

Genbank databases covering the PFHBI locus, chromosome 19q13.3 (between markers 

D19S902 and D19S866), and the PFHBII locus, chromosome 1q32.2-32.3 (between 

markers D1S70 and D1S505). None of the preys were found to map to these disease loci. 

This excluded the genes encoding the putative Cx40 ligands as potential candidate 

causative genes for PFHBI and II. 
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Table 3.6A Identification of putative GJA5 interacting prey clones – Primary clones   
 GENOMIC HIT IN-FRAME PROTEIN HIT   
Clone Nr. Blastn 

Acc# (e-value) 
Identity Blastp 

Acc# (e-value) 
Identity Subcellular 

location 
X-α-Gal 

assay 

29 NM_002490.3 
(1e-168) 

NADH 
dehydrogenase 
(ubiquinone) 1 
alpha 
subcomplex, 6 
(NDUFA6) 

NP_002481.2 
(2e-85) 

NADH 
dehydrogenase 
(ubiquinone) 1 
alpha 
subcomplex, 6 
(NDUFA6) 

This amino acid 
sequence is of a 
SOLUBLE 
PROTEIN 
Mitochondrial 
inner membrane; 
matrix side 

+++ 

35 NM_000690.2 
(0.0) 

Aldehyde 
dehydrogenase 
2  
(ALDH2) 

NP_000681.2 
(4e-98) 

Aldehyde 
dehydrogenase 
2  
(ALDH2) 

Mitochondrial 
matrix. 
This amino acid 
sequence is of a 
SOLUBLE 
PROTEIN 

+++ 

37 AY714050.1 
(0.0) 

Mitochondrial 
isolate 

No significant 
similarity 

None - +++ 

55 AY13995.1 
(0.0) 

Mitochondrial 
isolate 

No significant 
similarity 

None - +++ 

62 AK223055.1 
(0.0) 

Beta-actin  
(ACTB) 

AAH12854.1 
(2e-71) 

Beta-actin  
(ACTB) 

This amino acid 
sequence is of a 
SOLUBLE 
PROTEIN 

+++ 

133 AF033313 
(0.0) 
 

Cloning vector 
pGAD42.1 

CAA99098.1 
(2e-09) 

Alcohol 
dehydrogenase 
1A (class I), 
alpha 
polypeptide 
(ADH1A) 

Cytoplasmic. 
This amino acid 
sequence is of a 
SOLUBLE 
PROTEIN 

+++ 

136 NM_015313.1 
(0.0) 

Rho guanine 
nucleotide 
exchange factor  
12 
(LARG) 

No significant 
similarity  

none This amino acid 
sequence is of a 
SOLUBLE 
PROTEIN 

+++ 

153 NM_003375.2 
(0.0) 

Voltage-
dependent 
anion channel 2 
(VDAC2) 

CAI40914.1 
(3e-08) 

Voltage-
dependent 
anion channel 2 
(VDAC2) 

Outer 
mitochondrial 
membrane. 
This amino acid 
sequence is of a 
SOLUBLE 
PROTEIN. 

++++ 

154 AC007878.2 
(3e-116) 

FLJ25369 
Hypothetical 
protein 

No significant 
similarity  

none - ++++ 

163,230 NM_000257.1 
(0.0) 

Myosin, heavy 
polypeptide 7, 
cardiac muscle, 
beta 
(MYH7) 

BAD92945.1 
(1e-124) 

Myosin, heavy 
polypeptide 7, 
cardiac muscle, 
beta 
(MYH7) 

Thick filaments of 
the myofibrils. 
This amino acid 
sequence is of a 
SOLUBLE 
PROTEIN 

++++ 

164 BC005149.2 
(0.0) 

Mucolipin 1 
(MCOLN1) 

AAH05149.1 
(1e-133) 

Mucolipin 1 
(MCOLN1) 

This amino acid 
sequence is of a 

++++ 
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  MEMBRANE 
PROTEIN with 6 
transmembrane 
helices. 

204 NM_138615.1 
(2e-90) 

DEAH (Asp-
Glu-Ala-His) 
box polypeptide 
30 
(DHX30) 
 

AAH14237.1 
(0.021) 

DEAH (Asp-
Glu-Ala-His) 
box polypeptide 
30 
(DHX30) 

This amino acid 
sequence is of a  
membrane 
protein 
which have 1 
transmembrane 
helix. 

++++ 

219 NM_014712.1 
(0.0) 

KIAA0339 
SET-domain-
containing 
protein 1 
(SET1) 

BAA20797.2 
(0.0) 

KIAA0339 
SET-domain-
containing 
protein 1 
(SET1) 

This amino acid 
sequence is of a 
SOLUBLE 
PROTEIN 

+++ 

222 NM_001824.2 
(0.0) 

Creatine kinase, 
muscle 
(CKM) 

AAS79321.1 
(7e-147) 

Creatine kinase, 
muscle 
(CKM) 

Cytoplasmic. ++++ 

248 No significant 
similarity 

none No significant 
similarity 

none - ++++ 

250 AL161779.32 
(0.0) 

SMC1 structural 
maintenance of 
chromosomes 1-
like 1  

BAC86840.1 
(5e-05) 

SMC1 structural 
maintenance of 
chromosomes 1-
like 1  

Nuclear protein 
This amino acid 
sequence is of a 
SOLUBLE 
PROTEIN. 

++++ 

257 AC010299.8 
(0.0) 

LOC90288 
Hypothetical 
protein 

No significant 
similarity 

none - ++++ 

306,313,
314,273,
271,275,
278,295,

299 

NM_001312.2 
(0.0) 

Cysteine-rich 
protein 2 
(CRP2)     
 

AAV38714.1 
(6e-127) 

Cysteine-rich 
protein 2 
(CRP2)     
 

This amino acid 
sequence is of a 
SOLUBLE 
PROTEIN 

+++/+ 

Bold: Clones used in M2H 
X-α-Galactosidase assay = Primary clones: ++++ (bright-blue) and +++ (darker-blue);  
- = no result 
 
Table 3.6B Identification of putative GJA5 interacting prey clones – Secondary clones 

 GENOMIC HIT IN-FRAME PROTEIN HIT   
Clone Nr. Blastn 

Acc# (e-value) 
Identity Blastp 

Acc# (e-value) 
Identity Subcellular 

location 
X-α-Gal 

assay 
23 DQ658411.1 

(0.0) 
Mitochondrial 
isolate 

No significant 
similarity 

None - ++ 

31 NM_001042466.1 
(0.0) 

Prosaposin 
(PSAP) 

AAA36596.1 
(1e-115) 
 

Prosaposin 
(PSAP) 

This amino acid 
sequence is of a  
membrane 
protein 
which have 1 
transmembrane 
helix. 

++ 

79 DQ658411.1 
(0.0) 

Mitochondrial 
isolate 

No significant 
similarity 

None - ++ 

95 DQ658411.1 
(0.0) 

Mitochondrial 
isolate 

No significant 
similarity 

None - + 
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99 NM_001456.1 
(5e-142) 

Filamin A, 
alpha (actin 
binding 
protein 280) 
(FLNA) 

AAI09290.1 
(5e-66) 

Filamin A, 
alpha (actin 
binding 
protein 280) 
(FLNA) 

Cytoplasmic; 
peripheral. This 
amino acid 
sequence is of a 
SOLUBLE 
PROTEIN 

+ 

285 NM_212471.1 
(2e-150) 
 

Protein 
kinase, 
cAMP-
dependent, 
regulatory, 
type I alpha 
(PRKAR1A) 

No significant 
similarity 

none - ++ 

Bold: Clones used in M2H 
X-α-Galactosidase assay = Secondary clones: ++ (blue-green) and + (pink-blue) 
- = no results        
 
 
3.2 Ligands chosen for further analysis 
 

Out of the 33 putative ligand-positive prey clones that were prioritised according to 

function and subcellular localization, by means of internet database literature searches, 11 

were identified as having strong candidature for being true Cx40 ligands. They were 

subsequently subjected to M2H analysis in order to assess the validity of their interaction 

with the GJA5 bait. The following is a brief description of each of these ligands, which 

will be discussed in detail in the following chapter. 

 

Cysteine-rich protein 2   
 

Cysteine-rich protein 2 (CRP2) functions both as a cytoplasmic scaffold protein and as a 

nuclear transcription factor (Chang et al., 2003; Dawid et al., 1995). Its cytoplasmic 

subcellular location makes it a plausible interacter of the C-terminus of Cx40. Nine of the 

33 prey clones were CRP2, which increased the probability of it being a true Cx40 

ligand.  
 

Beta actin   

 

This is a cytoplasmic cytoskeletal actin and functions in intracellular trafficking, as well 

as in driving changes in cellular shape associated with cell motility, cytokinesis, 
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endocytosis and cell adhesion (Hu et al., 2004; Peckham et al., 2001). Its interaction with 

Cx40 might aid in these functions. 
 

Creatine kinase, muscle type  

 

Creatine kinase (CK) reversibly catalyzes the transfer of phosphate between ATP and 

various phosphogens (e.g. creatine phosphate) and therefore has a central role in energy 

transduction (Kammermeier, 1987; Steeghs et al., 1997). Heart failure of many different 

etiologies has been shown to have association with decreased total CK activity (Liao et 

al., 1996). Animal studies showed that CK-deficient mice developed left ventricular 

hypertrophy (Nahrendorf et al., 2005). The fact that this isoform is located in the 

cytoplasm makes an interaction with the C-terminus of Cx40 possible.  

 

Myosin heavy polypeptide 7  

 

One of the most important components of the sarcomere thick filament is myosin heavy 

polypeptide 7 (MYH7) (Perrot et al., 2005). Whether an interaction with Cx40 is possible 

is under question, because it is unknown whether Cx proteins reside in the sarcomere. It 

was however included in the study because 2 (clone# 163 and 230) of the 33 prey clones 

had this identity. Mutations in MYH7 are one of the causes of familial hypertrophic 

cardiomyopathy and defects in MYH7 have also been shown to be associated with dilated 

cardiomyopathy (Perrot et al., 2005; Maron et al., 1981).   

 

Mucolipin 1   

 

This is a transmembrane protein which places it in the proximity of the subcellular 

location of Cx40 (Pedersen et al., 2005; Slaugenhaupt et al., 2002). It has functions in 

Ca2+ homeostasis which is important for cardiac muscle contraction. 
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Voltage dependent anion channel 2  

 

Voltage dependent anion channel 2 (VDAC2) forms a channel through the mitochondrial 

outer membrane that allows diffusion of small hydrophilic molecules such as ATP and 

ADP, which are important components for cardiac muscle contraction (Sampson et al., 

1997, 1996; Sardiello et al., 2003). It has also been identified in the plasma membrane of 

cell (Elinder et al., 2005). The fact that VDAC2 is a membrane bound protein makes an 

interaction with the C-terminus of Cx40 possible. Interestingly, Cxs have been identified 

in the mitochondrial membranes (Boengler et al., 2005) and VDAC2 was therefore not 

excluded from the study. 

 

Aldehyde dehydrogenase 2  

 

This protein functions in alcohol metabolism and it plays a role in vasoactivity (Hempel 

et al., 1993; Chen et al., 2005). As discussed in the introduction (section 1.4.3) animal 

studies have shown the importance of Cx40 in vasoactivity (de Wit et al., 2000, 2003). 

The possibility therefore exists that ALDH2 could function in combination with Cx40 in 

regulating vasoactivity. Interestingly, ALDH2 has been shown to be a risk factor for 

hypertension and myocardial infarction in Japanese men.  

 

DEAH (Asp-Glu-Ala-His) box polypeptide 30   

 

A large number of the DEAH proteins, including this protein, have not been fully 

characterised (Jankowsky et al., 2000). It is, however, known to be a membrane bound 

protein that might interact with the C-terminus of Cx40 based on its cellular location. 

 

NADH dehydrogenase (ubiquinone) 

 

This protein is part of the first and largest complex in the mitochondrial respiratory 

electron transport chain which functions in the production of ATP (Chretien et al., 2003). 

Defects in the transport chain mostly affect organs with high energy demands such as the 
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heart, muscle and brain (Ton et al., 1997). With it being a membrane bound protein, it is 

possible that an interaction could occur with the C-terminus of Cx40. 

 

Prosaposin 

 

This protein functions in signal transduction and cell-to-cell communication and exists 

both as a secretory protein and as an integral membrane protein (Sun et al., 2002). Its 

functions and subcellular location therefore makes it a strong candidate for being a true 

Cx40 ligand  

 

Filamin A (actin binding protein 280)  

 

Filamin A (FLNA) functions in regulating reorganisation of the actin cytoskeleton by 

interacting with integrins, transmembrane receptor complexes and second messengers 

(Gorlin et al., 1990). It also serves as a scaffold for a wide range of cytoplasmic signaling 

proteins (Loo et al., 1998; Stossel et al., 1985). These functions of FLNA and its 

subcellular location makes a interaction with the C-terminus of Cx40 possible which 

might be a significant interaction that facilitates the functions of FLNA in the cell.  

 

3.3 Mammalian-2-Hybrid analysis 
 

3.3.1 Generation of M2H constructs 
 

3.3.1.1 PCR-amplification to generate the bait-insert fragment and the 

prey-insert fragments 
 

PCR-amplification was performed as described in section 2.3.3 with specially designed 

primers with engineered restriction enzyme sites (table 2.3, 2.4 and 2.5), in order to 

obtain the GJA5 bait-insert and prey clone insert fragments. Figure 3.6 shows the PCR-

amplification products of each of the prey-insert fragments and the GJA5 bait-insert 

fragment.  
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Figure 3.6 Representative 1% agarose gel showing the PCR-amplification products 
of the putative prey-inserts and the GJA5 bait-insert used for the M2H analysis. 
Lane M: λPst molecular weight marker; Lane K: 100bp DNA ladder; Lane 1: NADH 
dehydrogenase 1 alpha subcomplex, 6; Lane 2: Prosaposin; Lane 3: Aldehyde 
dehydrogenase 2; Lane 4: β-actin; Lane 5: Filamin A; Lane 6: Voltage dependent anion 
channel 2; Lane 7: Myosin heavy polypeptide 7; Lane 8: Mucolipin 1; Lane 9: DEAH 
box polypeptide 30; Lane 10: Creatine kinase; Lane 11: Cysteine-rich protein 2; Lane 12: 
GJA5 bait-insert. 
 
 

3.3.1.2 Restriction enzyme digestion and ligation for cloning 
 

Each of the prey-insert fragments, the bait-insert fragment and the cloning vectors was 

sequentially double-digested with restriction enzymes specific to each as indicated in 

table 2.6, section 2.8.3. Ligation reactions (section 2.10) followed the CIP-treatment 

(section 2.9) of the vectors in order to generate the pM-GJA5 bait construct and the 

pVP16-prey constructs. Ligation reactions were transformed into E.coli DH5α in order to 

select for recombinant plasmids by means of bacterial colony PCR-amplification (section 

2.3.4). 
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3.3.1.3 Selection for successful cloning  
 

Bacterial colony PCR-amplification 

Bacterial colony PCR-amplification reactions were done in order to select for 

recombinant pM and pVP16 plasmids which were subsequently subjected to restriction 

enzyme digestion tests in order to verify successful cloning (section 2.3.4 and section 

2.8.3). Colony PCRs were done using the same primers used for generating the insert 

fragments as described in section 3.3.1.1. PCR products were produced of the 

recombinant cloning vectors that contained either the GJA5 bait-insert or the prey-insert 

fragments that were verified by agarose gel electrophoreses and size comparisons with 

known size markers. Shown in figure 3.7 are the individual colony PCR products of the 

GJA5 bait-insert fragment that was cloned into the pM vector. Shown in figure 3.8 are the 

individual colony PCR products of a prey-insert fragment that was cloned into the pVP16 

vector. The results of only one representative prey (clone# 163) are shown due to the 

number of prey constructs that were generated. Plasmid DNA of the E.coli colonies that 

produced the correct PCR product size were isolated (section 2.15.1) and subjected to the 

restriction enzyme digestion test (section 2.8.3). 

 

 
                                                K   1    2    3   4    5     6   7    8    9  10   11  12  13  14 15  16 

 
Figure 3.7 Representative 1% agarose gel of colony PCR-amplification of the pM-
GJA5 bait construct for M2H. Lane K: Bait-insert fragment PCR product of the correct 
size. Lane 1: Colony PCR-amplification product of the correct size. Lane 2: Sample in 
which amplification did not occur.    

426bp 
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upper 1500bp 

                                               17       19      21                       26            29   
Figure 3.8 Representative 1% agarose gel of colony PCR-amplification of prey 
clone# 163 for M2H. Lane K: Prey-insert fragment PCR product of the correct size. 
Lane 1: Colony PCR-amplification product of the correct size. Lane 2: Sample in which 
amplification did not occur.   
 
 
Restriction enzyme digestion test 

The recombinant pM-GJA5 and pVP16-prey plasmids were digested with the 5’, 3’ and 

test enzymes (section 2.8.3) in separate, parallel reactions. Figure 3.9 shows the 

restriction enzyme test of the pM recombinant plasmid. The successful cloning of the 

GJA5 insert into the vector was indicated by digestion of the plasmid by the 5’ and 3’ 

enzymes causing it to be linearised, and an absence of digestion by the test enzyme. 

Figure 3.10 shows successful cloning of one representative prey-insert (clone# 163) into 

the pVP16 vector. A non-recombinant pVP16 plasmid was included in the test. 

 

                                                                C   U    F    R   T 

 

Circular plasmid 

lower 

Linearised plasmid 

Figure 3.9 Representative 1% agarose gel showing the restriction enzyme test of the 
pM-GJA5 bait construct for M2H. Lane C: Uncut non-recombinant pGBKT7 control. 
Lane U: Uncut bait plasmid. Lane F: 5’ enzyme digestion of bait plasmid. Lane R: 3’ 
enzyme digestion of bait plasmid. Lane T: Test enzyme digestion of bait plasmid.  
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                                                     U   F    R   T    U   F    R   T 

 
 
Figure 3.10 Representative 1% agarose gel showing the restriction enzyme test of 
the pVP16-prey construct of clone# 163 for M2H. Lane U: Uncut plasmid. Lane F: 5’ 
enzyme digestion of plasmid. Lane R: 3’ enzyme digestion of plasmid. Lane T: Test 
enzyme digestion of plasmid. Yellow labels: Digestion of non-recombinant pVP16 
control. Red labels: Correct digestion of prey plasmid.   
 
 
3.3.1.4 Sequence analysis  

 
The plasmid DNA of the selected E.coli colonies, which were identified as containing the 

correct recombinant pM or pVP16 plasmids, were subjected to sequence analysis. The 

results of the sequence analysis showed that the nucleotide sequence of the GJA5 bait-

insert and 11 prey-inserts were maintained after generating the M2H constructs. It also 

showed that the inserts were in frame with their respective GAL4 domains. Figure 3.11 A 

to L shows the sequence analysis results of each of the 11 prey-inserts and the GJA5 bait-

insert. 

Linearised plasmid 

A 

Circular plasmid 

 
Multiple_Sequence_Alignment 
29_pVPinsert 29.cds pVP16_2 
 
                           (forward primer) 
29_pVPinsert TTCCCGGGGATCCGGCGTCCGCCAAGCTACTTCTACCGCC     79 
29.cds       aTggCGGGGAg.CGGCGTCCGCCAAGCTACTTCTACCGCC    117 
pVP16_2      TTCCCGGGGATCC...........................     89 
Consensus      
 
29_pVPinsert AGCACCTTCGTGAAGCCCATTTTCAGTCGGGACATGAACG    119 
29.cds       AGCACCTTCGTGAAGCCCATTTTCAGTCGGGACATGAACG    157 
pVP16_2      ........................................     89 
Consensus     
 
29_pVPinsert AGGCCAAGCGGAGGGTGCGCGAGCTCTACCGCGCCTGGTA    159 
29.cds       AGGCCAAGCGGAGGGTGCGCGAGCTCTACCGCGCCTGGTA    197 
pVP16_2      ........................................     89 
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Consensus     
 
29_pVPinsert TCGGGAGGTGCCGAACACTGTGCACCAATTCCAGCTGGAC    199 
29.cds       TCGGGAGGTGCCGAACACTGTGCACCAATTCCAGCTGGAC    237 
pVP16_2      ........................................     89 
Consensus     
 
29_pVPinsert ATCACTGTGAAAATGGGACGGGATAAAGTCCGAGAAATGT    239 
29.cds       ATCACTGTGAAAATGGGACGGGATAAAGTCCGAGAAATGT    277 
pVP16_2      ........................................     89 
Consensus     
 
29_pVPinsert TTATGAAGAATGCCCATGTCACAGACCCCAGGGTGGTTGA    279 
29.cds       TTATGAAGAATGCCCATGTCACAGACCCCAGGGTGGTTGA    317 
pVP16_2      ........................................     89 
Consensus     
 
29_pVPinsert TCTTCTGGTCATTAAGGGAAAGATCGAACTGGAAGAAACA    319 
29.cds       TCTTCTGGTCATTAAGGGAAAGATCGAACTGGAAGAAACA    357 
pVP16_2      ........................................     89 
Consensus     
 
29_pVPinsert ATTAAAGTATGGAAGCAGCGGACACATGTTATGCGGTTCT    359 
29.cds       ATTAAAGTATGGAAGCAGCGGACACATGTTATGCGGTTCT    397 
pVP16_2      ........................................     89 
Consensus     
 
29_pVPinsert TCCATGAAACAGAAGCGCCAAGGCCAAAGGATTTCCTATC    399 
29.cds       TCCATGAAACAGAAGCGCCAAGGCCAAAGGATTTCCTATC    437 
pVP16_2      ........................................     89 
Consensus     
                        (reverse primer)  
29_pVPinsert CAAGTTCTATGTTGGCCACGATCCATGAACGCGTCTGCAG    439 
29.cds       CAAGTTCTATGTTGGCCACGATCCATGA............    465 
pVP16_2      ............................ACGCGTCTGCAG    101 
Consensus   
 
 B Multiple_Sequence_Alignment 
31_pVPinsert (nr10) 31.cds pVP16_2   
        
                                           (forward primer) 
31_pVPinsert (nr10) GGAATTCCCGGGGATCCGTCGACGAGCCCATTAAGAAGCA     69 
31.cds              tcatccctgccctggaactggtgGAGCCCATTAAGAAGCA    920 
pVP16_2             GGAATTCCCGGGGATCCGTCGAC.................    106 
Consensus            
 
31_pVPinsert (nr10) CGASGTCCCARCMAAGTCWGATGTTTACTGTGAGGTGTGT    109 
31.cds              CGAgGTCCCAgCaAAGTCtGATGTTTACTGTGAGGTGTGT    960 
pVP16_2             ........................................    106 
Consensus            
 
31_pVPinsert (nr10) GAATTCCTGGTGAAGGARGTGACCMASCTGAWTGACMACM    149 
31.cds              GAATTCCTGGTGAAGGAgGTGACCaAgCTGAtTGACaACa   1000 
pVP16_2             ........................................    106 
Consensus            
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31_pVPinsert (nr10) ACAASACTGARAAASAAATACTCKACGCTTTTGACAAAAT    189 
31.cds              ACAAgACTGAgAAAgAAATACTCgACGCTTTTGACAAAAT   1040 
pVP16_2             ........................................    106    
31_pVPinsert (nr10) GTGCTCGAAGCTGCCSAARTCCCTRTCGGAAGAGTGCCAG    229 
31.cds              GTGCTCGAAGCTGCCgAAgTCCCTgTCGGAAGAGTGCCAG   1080 
pVP16_2             ........................................    106 
Consensus            
 
31_pVPinsert (nr10) GAGGTGGTGGACACGTACSGCAGCTCCATCCTGTCCATCC    269 
31.cds              GAGGTGGTGGACACGTACgGCAGCTCCATCCTGTCCATCC   1120 
pVP16_2             ........................................    106 
Consensus            
 
31_pVPinsert (nr10) TGCTGGASGAGGTCAGCYCTGARCTGGYGWGCASCAYGCT    309 
31.cds              TGCTGGAgGAGGTCAGCcCTGAgCTGGtGtGCAgCAtGCT   1160 
pVP16_2             ........................................    106 
Consensus            
 
31_pVPinsert (nr10) GCACCTCTGCTCTGGCACSCSGCTGCCTGCACTGACCKYT    349 
31.cds              GCACCTCTGCTCTGGCACgCgGCTGCCTGCACTGACCgtT   1200 
pVP16_2             ........................................    106 
Consensus            
 
31_pVPinsert (nr10) CMCSTGACTCAGMCAAAGGACGGTGGCTTCWGCKAASTGT    389 
31.cds              CaCgTGACTCAGcCAAAGGACGGTGGCTTCtGCgAAgTGT   1240 
pVP16_2             ........................................    106 
Consensus            
 
31_pVPinsert (nr10) GCAWKAARCTGGYGGGTTATTTGGATCKCAMCCTGRWSAA    429 
31.cds              GCAagAAgCTGGtGGGTTATTTGGATCgCAaCCTGgagAA   1280 
pVP16_2             ........................................    106 
Consensus            
 
31_pVPinsert (nr10) AAACARCACCAASYMKGARATCCTGSCTGCTCTTGASAAA    469 
31.cds              AAACAgCACCAAgcagGAgATCCTGgCTGCTCTTGAgAAA   1320 
pVP16_2             ........................................    106 
Consensus            
 
31_pVPinsert (nr10) GGCTGCAGCTTCCTGCCMSACCCTTACCAKAARCARTGTG    509 
31.cds              GGCTGCAGCTTCCTGCCagACCCTTACCAgAAgCAgTGTG   1360 
pVP16_2             ........................................    106 
Consensus            
 
31_pVPinsert (nr10) ATCMRTTYGTGGCASAGWAMRAGCCCGTGCTKATCSAGAT    549 
31.cds              ATCagTTtGTGGCAgAGtAcgAGCCCGTGCTgATCgAGAT   1400 
pVP16_2             ........................................    106 
Consensus            
 
31_pVPinsert (nr10) CCTGGTGGAGGTGATGGATCCTTCCTTCSTGTGCTTGAAA    589 
31.cds              CCTGGTGGAGGTGATGGATCCTTCCTTCgTGTGCTTGAAA   1440 
pVP16_2             ........................................    106 
Consensus            
 
31_pVPinsert (nr10) ATTGGAGCCTGCCCCTCGGCCCATAAGCCCTTGTTGGSAA    629 
31.cds              ATTGGAGCCTGCCCCTCGGCCCATAAGCCCTTGTTGGgAA   1480 
pVP16_2             ........................................    106 
Consensus            
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31_pVPinsert (nr10) CTGAGAARTGTATATGGSGYCCAAGCTACTGGTGCCARAA    669 
31.cds              CTGAGAAgTGTATATGGgGcCCAAGCTACTGGTGCCAgAA   1520 
pVP16_2             ........................................    106 
Consensus            
 
31_pVPinsert (nr10) CACAKASACAGCAKCCCASTGCAATGCTGTCGAGCATTGC    709 
31.cds              CACAgAgACAGCAgCCCAgTGCAATGCTGTCGAGCATTGC   1560 
pVP16_2             ........................................    106 
Consensus            
                         (reverse primer) 
31_pVPinsert (nr10) AAACKYCATGTGTGGAACTAGTCTAGATAASTAATGATCA    749 
31.cds              AAACgcCATGTGTGGAACTAG...................   1581 
pVP16_2             .....................TCTAGATAAgTAATGATCA    125 
Consensus 
 
Multiple_Sequence_Alignment C 35_pVPinsert 35.cds pVP16_2 
 
                            (forward primer) 
35_pVPinsert ACGGTGGGGAATTCAGCGTTGCCCGGGCCAAGTCTCGGGT     68 
35.cds       agtttgtGGAgcggAGCGTTGCCCGGGCCAAGTCTCGGGT   1040 
pVP16_2      ACGGTGGGGAATTC..........................      0 
Consensus     
 
35_pVPinsert GGTCGGGAACCCCTTTGATAKCAAGACCGAGCAGGGGCCG    108 
35.cds       GGTCGGGAACCCCTTTGATAgCAAGACCGAGCAGGGGCCG   1080 
pVP16_2      ........................................      0 
Consensus     
 
35_pVPinsert CAGGTGGATGAAACTCAGTTTAAGAAGATCCTCGGCTACA    148 
35.cds       CAGGTGGATGAAACTCAGTTTAAGAAGATCCTCGGCTACA   1120 
pVP16_2      ........................................      0 
Consensus     
 
35_pVPinsert TCAACACGGGGAAGCAAGAGGGGGCGAAGCTGCTGTGTGG    188 
35.cds       TCAACACGGGGAAGCAAGAGGGGGCGAAGCTGCTGTGTGG   1160 
pVP16_2      ........................................      0 
Consensus     
 
35_pVPinsert TGGGGGCATTGCTGCTGACCGTGGTT.ACTTCATCCAGCC    227 
35.cds       TGGGGGCATTGCTGCTGACCGTGGTT.ACTTCATCCAGCC   1199 
pVP16_2      ........................................     26 
Consensus                   
 
35_pVPinsert CACTGTGTTTGGAGATGTGCAGGATGGCATGACCATCGCC    267 
35.cds       CACTGTGTTTGGAGATGTGCAGGATGGCATGACCATCGCC   1239 
pVP16_2      ........................................     63 
Consensus          
 
35_pVPinsert AAGGAGGAGATCTTCGGGCCAGTGATGCAGATCCTGAAGT    307 
35.cds       AAGGAGGAGATCTTCGGGCCAGTGATGCAGATCCTGAAGT   1279 
pVP16_2      ........................................     89 
Consensus        
 
35_pVPinsert TCAAGACCATAGAGGAGGTTGTTGGGAGAGCCAACAATTC    347 
35.cds       TCAAGACCATAGAGGAGGTTGTTGGGAGAGCCAACAATTC   1319 
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pVP16_2      ........................................     89 
Consensus     
35_pVPinsert CACGTACGGGCTGGCCGCAGCTGTCTTCACAAAGGATTTG    387 
35.cds       CACGTACGGGCTGGCCGCAGCTGTCTTCACAAAGGATTTG   1359 
pVP16_2      ........................................     89 
Consensus     
 
35_pVPinsert GACAAGGCCAATTACCTGTCCCAGGCCCTCCAGGCGGGCA    427 
35.cds       GACAAGGCCAATTACCTGTCCCAGGCCCTCCAGGCGGGCA   1399 
pVP16_2      ........................................     89 
Consensus     
 
35_pVPinsert CTGTGTGGGTCAACTGCTATGATGTGTTTGGAGCCCAGTC    467 
35.cds       CTGTGTGGGTCAACTGCTATGATGTGTTTGGAGCCCAGTC   1439 
pVP16_2      ........................................     89 
Consensus     
 
35_pVPinsert ACCCTTTGGTGGCTACAAGATGTCGGGGAGTGGCCGGGAG    507 
35.cds       ACCCTTTGGTGGCTACAAGATGTCGGGGAGTGGCCGGGAG   1479 
pVP16_2      ........................................     89 
Consensus     
 
35_pVPinsert TTGGGCGAGTACGGGCTGCAGGCATACACTGAAGTGAAAA    547 
35.cds       TTGGGCGAGTACGGGCTGCAGGCATACACTGAAGTGAAAA   1519 
pVP16_2      ........................................     89 
Consensus     
                               (reverse primer) 
35_pVPinsert CTGTCACAGTCAAAGTGCCTCAGAAGAACTCATAAACGCG    587 
35.cds       CTGTCACAGTCAAAGTGCCTCAGAAGAACTCATAA.....   1554 
pVP16_2      ...................................ACGCG     94 
Consensus     
 
35_pVPinsert TCTGCAGAAGCTTCTAGATAAGTAATGATCATAATCAGCC    627 
35.cds       ........................................   1554 
pVP16_2      TCTGCAGAAGCTTCTAGATAAGTAATGATCATAATCAGCC    134 
Consensus               
 
Multiple_Sequence_Alignment                                      D 62_pVPinsert 62cds pVP16_2 
 
                                     (forward primer) 
62_pVPinsert GCCTTGGATTGACGAGTACGGTGGGGAATTCGGGGTCACC     51 
62cds        taccactggcatcgtgatggactccggtgaCGGGGTCACC    480 
pVP16_2      GCCTTGGATTGACGAGTACGGTGGGGAATTC.........      0 
Consensus     
 
62_pVPinsert CACRCTGTGCCCATCTACGAGGGGTATGCCCTCCCCCATG     91 
62cds        CACaCTGTGCCCATCTACGAGGGGTATGCCCTCCCCCATG    520 
pVP16_2      ........................................      0 
Consensus     
 
62_pVPinsert CCATCCTGCGTCTGGACCTGGCTGGCSGGGACCTGACTGA    131 
62cds        CCATCCTGCGTCTGGACCTGGCTGGCcGGGACCTGACTGA    560 
pVP16_2      ........................................      0 
Consensus     
 
62_pVPinsert CTACCTCATGAAGATCCTCACCGAGCGCGGCTACRGCTTC    171 
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62cds        CTACCTCATGAAGATCCTCACCGAGCGCGGCTACaGCTTC    600 
pVP16_2      ........................................      0 
Consensus     
 
62_pVPinsert ACCACCACGGCCGAGCGGGAAATCGTGCGTGACATTARGG    211 
62cds        ACCACCACGGCCGAGCGGGAAATCGTGCGTGACATTAaGG    640 
pVP16_2      ........................................      0 
Consensus     
 
62_pVPinsert AGAAGCTGTGCTACGTCGCCCTGGACTTCGAGCAAGAGAT    251 
62cds        AGAAGCTGTGCTACGTCGCCCTGGACTTCGAGCAAGAGAT    680 
pVP16_2      ........................................      0 
Consensus     
 
62_pVPinsert GGCCACGGCTGCTTCCAGCTCCTCCCTGGAGAAGAGCTAC    291 
62cds        GGCCACGGCTGCTTCCAGCTCCTCCCTGGAGAAGAGCTAC    720 
pVP16_2      ........................................      0 
Consensus     
 
62_pVPinsert GAGCTGCCTGACGGCCAGGTCATCACCATTGGCAATGAGC    331 
62cds        GAGCTGCCTGACGGCCAGGTCATCACCATTGGCAATGAGC    760 
pVP16_2      ........................................      0 
Consensus     
 
62_pVPinsert GGTTCCGCTGCCCTGAGGCACTCTTCCAGCCTTCCTTCCT    371 
62cds        GGTTCCGCTGCCCTGAGGCACTCTTCCAGCCTTCCTTCCT    800 
pVP16_2      ........................................      0 
Consensus     
 
62_pVPinsert GGGCATGGAGTCCTGTGGCATCCACGAAACTACCTTCAAC    411 
62cds        GGGCATGGAGTCCTGTGGCATCCACGAAACTACCTTCAAC    840 
pVP16_2      ........................................      0 
Consensus     
 
62_pVPinsert TCCATCATGAAGTGTGACGTGGACATCCGCAAAGACCTGT    451 
62cds        TCCATCATGAAGTGTGACGTGGACATCCGCAAAGACCTGT    880 
pVP16_2      ........................................      0 
Consensus     
 
62_pVPinsert ACGCCAACACAGTGCTGTCTGGCGGCACCACCATGTACCC    491 
62cds        ACGCCAACACAGTGCTGTCTGGCGGCACCACCATGTACCC    920 
pVP16_2      ........................................      0 
Consensus     
 
62_pVPinsert TGGCATTGCCGACAGGATGCAGAAGGAGATCACTGCCCTG    531 
62cds        TGGCATTGCCGACAGGATGCAGAAGGAGATCACTGCCCTG    960 
pVP16_2      ........................................      0 
Consensus     
 
62_pVPinsert GCACCCAGCACAATGAAGATCAAGATCATTGCTCCTCCTG    571 
62cds        GCACCCAGCACAATGAAGATCAAGATCATTGCTCCTCCTG   1000 
pVP16_2      ........................................      0 
Consensus     
 
62_pVPinsert AGCGCAAGTACTCCGTGTGGATCGGCGGCTCCATCCTGGC    611 
62cds        AGCGCAAGTACTCCGTGTGGATCGGCGGCTCCgTCCTGGC   1040 
pVP16_2      ........................................     22 
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Consensus                               
 
62_pVPinsert CTCGCTGTCCACCTTCCAGCAGATGTGGATCAGCAAGCAG    651 
62cds        CTCGCTGTCCACCTTCCAGCAGATGTGGATCAGCAAGCAG   1080 
pVP16_2      ........................................     62      
62_pVPinsert GAGTATGACGAGTCCGGCCCCTCCATCGTCCACCGCA...    688 
62cds        GAGTATGACGAGTCCGGCCCCTCCATCGTCCACCGCA...   1117 
pVP16_2      ........................................    101 
Consensus       
              (reverse primer) 
62_pVPinsert AA.GCTTCTAGATAAGTAATGATCATAATCAGCCATATCA    727 
62cds        AAtGCTTCTAG.............................   1128 
pVP16_2      ......TCTAGAATAAGTAATGATCATAATCAGCCATAcC    140 
Consensus     
 
 E Multiple_Sequence_Alignment  
99_pVP16insert 99_cds pVP16  
   
                                        (forward primer) 
99_pVP16insert GATTGACGAGTACGGTGGGGAATTCCCGGGGATCCGCCGA     55 
99_cds         GccctggcctggaGagaGctgAagCtgGaGtgcCaGCCGA   6773 
pVP16          GATTGACGAGTACGGTGGGGAATTCCCGGGGATCC.....   2819 
Consensus       
 
99_pVP16insert ATTCAGTAYCTKGACCCGGGAAGCTGGTGCTGGAGGCCTG     95 
99_cds         ATTCAGTAtCTgGACCCGGGAAGCTGGTGCTGGAGGCCTG   6813 
pVP16          ........................................   2859 
Consensus       
 
99_pVP16insert GCCATTGCTGTCGAGGGCCCCAGCAAGGCTGAGATCTCTT    135 
99_cds         GCCATTGCTGTCGAGGGCCCCAGCAAGGCTGAGATCTCTT   6853 
pVP16          ........................................   2899 
Consensus               
 
99_pVP16insert TTGAGGACCGCAAGGACGGCTCCTGTGGTGTGGCTTATGT    175 
99_cds         TTGAGGACCGCAAGGACGGCTCCTGTGGTGTGGCTTATGT   6893 
pVP16          ........................................   2939 
Consensus       
 
99_pVP16insert GGTCCAGGAGCCAGGTGACTACGAAGTCTCAGTCAAGTTC    215 
99_cds         GGTCCAGGAGCCAGGTGACTACGAAGTCTCAGTCAAGTTC   6933 
pVP16          ........................................   2979 
Consensus         
 
99_pVP16insert AACGAG...GAACACATTCCCGACAGCCCCTTCGTGGTGC    252 
99_cds         AACGAG...GAACACATTCCCGACAGCCCCTTCGTGGTGC   6970 
pVP16          ........................................   3019 
Consensus        
 
99_pVP16insert CTGTGGCTTCTCCGTCTGGCGACGCCCGCCGC.CTCACTG    291 
99_cds         CTGTGGCTTCTCCGTCTGGCGACGCCCGCCGC.CTCACTG   7009 
pVP16          ........................................   3055 
Consensus                   
 
99_pVP16insert TTTCTAGCCTTCAGGTGAGGCACCGAGAGAAACCGCCCAC    331 
99_cds         TTTCTAGCCTT.............................   7020 
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pVP16          ........................................   3095 
Consensus        
 
Multiple_Sequence_Alignment 

F 163_pVPinsert 163cds pVP16_2 
 
                                   (forward primer) 
163_pVPinsert ATTCCCGGGGATCCGTCGAGAGGAGTCCCTGGAACATCTG     80 
163cds        caaactcaagaacgcctatGAGGAGTCCCTGGAACATCTG   4485 
pVP16_2       ATTCCCGGGGATCCGTCGA.....................   1822 
Consensus      
 
163_pVPinsert GAGACCTTCAAGCGGGAGAACAAAAACCTGCAGGAGGAGA    120 
163cds        GAGACCTTCAAGCGGGAGAACAAAAACCTGCAGGAGGAGA   4525 
pVP16_2       ........................................   1822 
Consensus      
 
163_pVPinsert TCTCCGACTTGACTGAGCAGTTGGGTTCCAGCGGAAAGAC    160 
163cds        TCTCCGACTTGACTGAGCAGTTGGGTTCCAGCGGAAAGAC   4565 
pVP16_2       ........................................   1822 
Consensus      
 
163_pVPinsert TATCCATGAGCTGGAGAAGGTCCGAAAGCAGCTGGAGGCC    200 
163cds        TATCCATGAGCTGGAGAAGGTCCGAAAGCAGCTGGAGGCC   4605 
pVP16_2       ........................................   1822 
Consensus      
 
163_pVPinsert GAGAAGATGGAGCTGCAGTCAGCCCTGGAGGAGGCCGAGG    240 
163cds        GAGAAGATGGAGCTGCAGTCAGCCCTGGAGGAGGCCGAGG   4645 
pVP16_2       ........................................   1859 
Consensus         
 
163_pVPinsert CCTCCC..TGGAGCACGAGGAGGGCAAGATCCTCCGGGCC    278 
163cds        CCTCCC..TGGAGCACGAGGAGGGCAAGATCCTCCGGGCC   4683 
pVP16_2       ........................................   1899 
Consensus              
 
163_pVPinsert CAGCTGGAGTTCAACCAGATCAAGGCAGAGATCGAGCGGA    318 
163cds        CAGCTGGAGTTCAACCAGATCAAGGCAGAGATCGAGCGGA   4723 
pVP16_2       ........................................   1938 
Consensus   
       
163_pVPinsert AGCTGGCAGAGAAGGACGAGGAGATGGAACAGGCCAAGCG    358 
163cds        AGCTGGCAGAGAAGGACGAGGAGATGGAACAGGCCAAGCG   4763 
pVP16_2       ........................................   1978 
Consensus       
 
163_pVPinsert CAACCACCTGCGGGTGGTGGACTCGCTGCAGACCTCCCTG    398 
163cds        CAACCACCTGCGGGTGGTGGACTCGCTGCAGACCTCCCTG   4803 
pVP16_2       ........................................   2018 
Consensus       
 
163_pVPinsert GACGCAGAGACACGCAGCCGCAACGAGGCCCTGAGGGTGA    438 
163cds        GACGCAGAGACACGCAGCCGCAACGAGGCCCTGAGGGTGA   4843 
pVP16_2       ........................................   2058 
Consensus      
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163_pVPinsert AGAAGAAGATGGAAGGAGACCTCAATGAGATGGAGATCCA    478 
163cds        AGAAGAAGATGGAAGGAGACCTCAATGAGATGGAGATCCA   4883 
pVP16_2       ........................................   2098 
Consensus      
 
163_pVPinsert GCTCAGCCACGCCAACCGCATGGCCGCCGAGGCCCAGAAG    518 
163cds        GCTCAGCCACGCCAACCGCATGGCCGCCGAGGCCCAGAAG   4923 
pVP16_2       ........................................   2138      
163_pVPinsert CAAGTCAAGAGCCTCCAGAGCTTGTTGAAGGACACCCAGA    558 
163cds        CAAGTCAAGAGCCTCCAGAGCTTGTTGAAGGACACCCAGA   4963 
pVP16_2       ........................................   2178 
Consensus           
 
163_pVPinsert TTCCGCTGGACGATGCAGTCCGTGCCAACGACGACCTGAA    598 
163cds        TTCaGCTGGACGATGCAGTCCGTGCCAACGACGACCTGAA   5003 
pVP16_2       ........................................   2218 
Consensus      
 
163_pVPinsert GGAGAACATCGCCATCGTGGAGCGGCGCAACAACCTGCTG    638 
163cds        GGAGAACATCGCCATCGTGGAGCGGCGCAACAACCTGCTG   5043 
pVP16_2       ........................................   2258 
Consensus            
 
163_pVPinsert CAGGCTGAGCTGGAGGAGTTGCGTGCCGTGGTGGAGCAGA    678 
163cds        CAGGCTGAGCTGGAGGAGTTGCGTGCCGTGGTGGAGCAGA   5083 
pVP16_2       ........................................   2298 
Consensus       
 
163_pVPinsert CAGAGCGGTCCCGGAAGCTG..GCGGAGCAGGAGCTGATT    716 
163cds        CAGAGCGGTCCCGGAAGCTG..GCGGAGCAGGAGCTGATT   5121 
pVP16_2       ........................................   2338 
Consensus       
 
163_pVPinsert GAGACTAGTGAGCGGGTGCAGCTGCTGCATTCCCAGAACA    756 
163cds        GAGACTAGTGAGCGGGTGCAGCTGCTGCATTCCCAGAACA   5161 
pVP16_2       ........................................   2376 
Consensus      
 
163_pVPinsert CCAGCCTCATCAACCAGAAGAAGAAGATGGATGCTGACCT    796 
163cds        CCAGCCTCATCAACCAGAAGAAGAAGATGGATGCTGACCT   5201 
pVP16_2       ........................................   2416 
Consensus          
 
163_pVPinsert GTCCCAGCTCCAGACTGAAGTGGAGGAGGCAGTGCAGGAG    836 
163cds        GTCCCAGCTCCAGACTGAAGTGGAGGAGGCAGTGCAGGAG   5241 
pVP16_2       ........................................  2456 
Consensus       
 
163_pVPinsert TGCAGGAATGCTGAGGAGAAGGCCAAGAAAGCCATCACGG    876 
163cds        TGCAGGAATGCTGAGGAGAAGGCCAAGAAgGCCATCACGG   5281 
pVP16_2       ........................................   2496 
Consensus        
 
163_pVPinsert ATGCCGCCATGATGGCAGAGGAGCTGAAGAAGGAGCAGGA    916 
163cds        ATGCCGCCATGATGGCAGAGGAGCTGAAGAAGGAGCAGGA   5321 
pVP16_2       ........................................   2536 
Consensus       
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163_pVPinsert CACCAGCGCCCACCTGGAGCGCATGAAGAAGAACATGGAA    956 
163cds        CACCAGCGCCCACCTGGAGCGCATGAAGAAGAACATGGAA   5361 
pVP16_2       ........................................   2576 
Consensus          
 
163_pVPinsert CAGACCATTAAGGACCTGCAGCACCGGCTGGACGAAGCCG    996 
163cds        CAGACCATTAAGGACCTGCAGCACCGGCTGGACGAAGCCG   5401 
pVP16_2       ........................................   2616 
Consensus         
 
163_pVPinsert AGCAGATCGCCCTCAA.GGCGGCAAGAAGCAGCTGCAGAA   1035 
163cds        AGCAGATCGCCCTCAAgGGCGGCAAGAAGCAGCTGCAGAA   5441 
pVP16_2       ........................................   2627 
Consensus          
 
163_pVPinsert GCTGGAAGCGCGGGTGCGGGAGCTGGAG.ATGARCTGAGC   1074 
163cds        GCTGGAAGCGCGGGTGCGGGAGCTGGAGaATGAgCTGgag   5481 
pVP16_2       ........................................   2627 
Consensus      
 
163_pVPinsert GAGCAGAGCGCACGCAAGTCGTGATGTCATGAAGAAAGCT   1114 
163cds        GccgAGcagaagCGCAAcgCagagTcggt....GAAgGgc   5517 
pVP16_2       ......................................gc   2629 
Consensus      
 
163_pVPinsert AGCGTCCATCAGGAAGCTCACTACYRAAMCGCA.......   1147 
163cds        AtgaggaAgagcGAgcggCgCatCaaggagctcacctacc   5557 
pVP16_2       AGatTgtActgaGAgtgcacCatatggAcatattgtcgtt   2669 
Consensus     a      a    ga      c 
 
 
Multiple_Sequence_Alignment G 153_pVPinsert CDS153 pVP16    
 
                                 (forward primer) 
153_pVPinsert AGTACGGTGGGGAATTCATGTGTATTCCTCCATCATATGC     64 
CDS153        AGacttGcGcGcgtccaATGTGTATTCCTCCATCATATGC     56 
pVP16         AGTACGGTGGGGAATTC.......................    678 
Consensus      
 
153_pVPinsert TGACCTTGGCAAAGCTGCCAGAGATATTTTCAACAAAGGA    104 
CDS153        TGACCTTGGCAAAGCTGCCAGAGATATTTTCAACAAAGGA     96 
pVP16         ........................................    718 
Consensus      
 
153_pVPinsert TTTGGTTTTGGGTTGGTGAAACTGGATGTGAAAACAAAGT    144 
CDS153        TTTGGTTTTGGGTTGGTGAAACTGGATGTGAAAACAAAGT    136 
pVP16         ........................................    757 
Consensus            
 
153_pVPinsert CTTGCAGTGGCGTGGAATTTTCAACGTCCGGCTCATCTAA    184 
CDS153        CTTGCAGTGGCGTGGAATTTTCAACGTCCGGtTCATCTAA    176 
pVP16         ........................................    797 
Consensus      
 
153_pVPinsert TACAGACACTGGTAAAGTTACTGGGACCTTGGAGACCAAA    224 
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CDS153        TACAGACACTGGTAAAGTTACTGGGACCTTGGAGACCAAA    216 
pVP16         ........................................    831 
Consensus      
 
153_pVPinsert TACAAGTGGTGTGAGTATGGTCTGACTTTCACAGAAAAGT    264 
CDS153        TACAAGTGGTGTGAGTATGGTCTGACTTTCACAGAAAAGT    256 
pVP16         ........................................    831 
Consensus      
 
153_pVPinsert GGAACACTGATAACACTCTGGGAACAGAAATCGCAATTGA    304 
CDS153        GGAACACTGATAACACTCTGGGAACAGAAATCGCAATTGA    296 
pVP16         ........................................    853 
Consensus                        
 
153_pVPinsert AGACCAGATTTGTCAAGGTTTGAAACTGACATTTGATACT    344 
CDS153        AGACCAGATTTGTCAAGGTTTGAAACTGACATTTGATACT    336 
pVP16         ........................................    893 
Consensus      
 
153_pVPinsert ACCTTCTCACCAAACACAGGAAAGAAAAGTGGTAAAATCA    384 
CDS153        ACCTTCTCACCAAACACAGGAAAGAAAAGTGGTAAAATCA    376 
pVP16         ........................................    933 
Consensus          
 
153_pVPinsert AGTCTTCTTACAAGAGGGAGTGTATAAACCTTGGTTGTGA    424 
CDS153        AGTCTTCTTACAAGAGGGAGTGTATAAACCTTGGTTGTGA    416 
pVP16         ........................................    973 
Consensus       
 
153_pVPinsert TGTTGACTTTGATTTTGCTGGACCTGCAATCCATGGTTCA    464 
CDS153        TGTTGACTTTGATTTTGCTGGACCTGCAATCCATGGTTCA    456 
pVP16         ........................................   1009 
Consensus      
 
153_pVPinsert GCTGTCTTTGGTTATGAGGGCTGGC.....TTGCTGGCTA    499 
CDS153        GCTGTCTTTGGTTATGAGGGCTGGC.....TTGCTGGCTA    491 
pVP16         .....CgcgcGg...GAGGcggtttgcgtaTTGggcGCTc   1049 
Consensus          c    g    gagg           ttg   gct 
 
153_pVPinsert CCAGATGACCTTTGACAGTGCCAAATCAAAGCTGACAAGG    539 
CDS153        CCAGATGACCTTTGACAGTGCCAAATCAAAGCTGACAAGG    531 
pVP16         ........................................   1089 
Consensus              
 
153_pVPinsert AATAACTTTGCAGTGGGCTACAGGACTGGGGACTTCCAGC    579 
CDS153        AATAACTTTGCAGTGGGCTACAGGACTGGGGACTTCCAGC    571 
pVP16         ........................................   1129 
Consensus                 
 
153_pVPinsert TACACACTAATGTCAATGATGGGACAGAATTTGGAGGATC    619 
CDS153        TACACACTAATGTCAAcGATGGGACAGAATTTGGAGGATC    611 
pVP16         ........................................   1169 
Consensus      
 
153_pVPinsert AATTTATCAGAAAGTTTGTGAAGATCTTGACACTTCAGTA    659 
CDS153        AATTTATCAGAAAGTTTGTGAAGATCTTGACACTTCAGTA    651 
pVP16         ........................................   1209 
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Consensus       
 
153_pVPinsert AACCTTGC.TTGGACATCAGGTACCAACTGCACTCGTTTT    698 
CDS153        AACCTTGC.TTGGACATCAGGTACCAACTGCACTCGTTTT    690 
pVP16         ........................................   1247 
Consensus      
 
153_pVPinsert GGCATTGCAGCT....AAATATCAGTTGGATCCCACTGCT    734 
CDS153        GGCATTGCAGCT....AAATATCAGTTGGATCCCACTGCT    726 
pVP16         ........................................   1287 
Consensus        
 
153_pVPinsert TCCATTTCTGCAAAAGTCAACAACTCTAGCTTAA......    768 
CDS153        TCCATTTCTGCAAAAGTCAACAACTCTAGCTTAA......    760 
pVP16         ........................................   1320 
Consensus      
 
Multiple_Sequence_Alignment H 
164_pVPinsert CDS164 pVP16_3 
 
 
164_pVPinsert .TRCTTACGATGCCCTTGG.ATTGACGAGTACGGTGGGGA     38 
CDS164        ggtggTtactgaCtgcatc.cagGtgGAtccCcccGaGcg    599 
pVP16_3       tgttTacCGATGCCCTTGGaATTGACGAGTACGGTGGGGA     71 
Consensus                 c          g  ga   c   g g 
                      (forward primer) 
164_pVPinsert ATTCCCTCCGCCCCCCAGCGACGATCTCACCCTCTTGGAA     78 
CDS164        gccCCCTCCGCCCCCCAGCGACGATCTCACCCTCTTGGAA    639 
pVP16_3       ATTC....................................     88 
Consensus        c 
 
164_pVPinsert AGCAGCTCCAGTTACAAGAACCTCACGCTCAAATTCCACA    118 
CDS164        AGCAGCTCCAGTTACAAGAACCTCACGCTCAAATTCCACA    679 
pVP16_3       ........................................     88 
Consensus      
 
164_pVPinsert AGCTGGTCAATGTCACCATCCACTTCCGGCTGAAGACCAT    158 
CDS164        AGCTGGTCAATGTCACCATCCACTTCCGGCTGAAGACCAT    719 
pVP16_3       ........................................     88 
Consensus      
 
164_pVPinsert TAACCTCCAGAGCCTCATCAATAATGAGATCCCGGACTGC    198 
CDS164        TAACCTCCAGAGCCTCATCAATAATGAGATCCCGGACTGC    759 
pVP16_3       ........................................     88 
Consensus      
 
164_pVPinsert TATACCTTCAGCGTCCTGATCACGTTTGACAACAAAGCAC    238 
CDS164        TATACCTTCAGCGTCCTGATCACGTTTGACAACAAAGCAC    799 
pVP16_3       ........................................     88 
Consensus      
 
164_pVPinsert ACAGTGGGCGGATCCCCATCAGCCTGGAGACCCAGGCCCA    278 
CDS164        ACAGTGGGCGGATCCCCATCAGCCTGGAGACCCAGGCCCA    839 
pVP16_3       ........................................     88 
Consensus      
 
164_pVPinsert CATCCAGGAGTGTAAGCACCCCAGTGTCTTCCAGCACGGA    318 
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CDS164        CATCCAGGAGTGTAAGCACCCCAGTGTCTTCCAGCACGGA    879 
pVP16_3       ........................................     88 
Consensus      
 
164_pVPinsert GACAACAGCTTCCGGCTCCTGTTTGACGTGGTGGTCATCC    358 
CDS164        GACAACAGCTTCCGGCTCCTGTTTGACGTGGTGGTCATCC    919 
pVP16_3       ........................................     88 
Consensus      
 
164_pVPinsert TCACCTGCTCCCTGTCCTTCCTCCTCTGCGCCCGCTCACT    398 
CDS164        TCACCTGCTCCCTGTCCTTCCTCCTCTGCGCCCGCTCACT    959 
pVP16_3       ........................................     88 
Consensus      
 
164_pVPinsert CCTTCGAGGCTTCCTGCTGCAGAACGAGTTTGTGGGGTTC    438 
CDS164        CCTTCGAGGCTTCCTGCTGCAGAACGAGTTTGTGGGGTTC    999 
pVP16_3       ........................................     88 
Consensus      
 
164_pVPinsert ATGTGGCGGCAGCGGGGACGGGTCATCAGCCTGTGGGAGC    478 
CDS164        ATGTGGCGGCAGCGGGGACGGGTCATCAGCCTGTGGGAGC   1039 
pVP16_3       ........................................    112 
Consensus                      
 
164_pVPinsert GGCTGGAATTTGTCAATGGCTGGTACATCCTGCTCGTCAC    518 
CDS164        GGCTGGAATTTGTCAATGGCTGGTACATCCTGCTCGTCAC   1079 
pVP16_3       ........................................    119 
Consensus            
 
164_pVPinsert CAGCGATGTGCTCACCATCTCGGGCACCATCATGAAGATC    558 
CDS164        CAGCGATGTGCTCACCATCTCGGGCACCATCATGAAGATC   1119 
pVP16_3       ........................................    119 
Consensus      
 
164_pVPinsert GGCATCGAGGCCAAGAACTTGGCGAGCTACGACGTCTGCA    598 
CDS164        GGCATCGAGGCCAAGAACTTGGCGAGCTACGACGTCTGCA   1159 
pVP16_3       ........................................    119 
Consensus      
 
164_pVPinsert GCATCCTCCTGGGCACCTCGACGCTGCTGGTGTGGGTGGG    638 
CDS164        GCATCCTCCTGGGCACCTCGACGCTGCTGGTGTGGGTGGG   1199 
pVP16_3       ........................................    119 
Consensus      
 
164_pVPinsert CGTGATCCGCTACCTGACCTTCTTCCACAACTACAATATC    678 
CDS164        CGTGATCCGCTACCTGACCTTCTTCCACAACTACAATATC   1239 
pVP16_3       ........................................    119 
Consensus      
 
164_pVPinsert CTCATCGCCACACTGCGGGTGGCCCTGCCCAGCGTCATGC    718 
CDS164        CTCATCGCCACACTGCGGGTGGCCCTGCCCAGCGTCATGC   1279 
pVP16_3       ........................................    119 
Consensus      
 
164_pVPinsert GCTTCTGCTGCTGCGTGGCTGTCATCTACCTGGGCTACTG    758 
CDS164        GCTTCTGCTGCTGCGTGGCTGTCATCTACCTGGGCTACTG   1319 
pVP16_3       ........................................    119 
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Consensus      
 
164_pVPinsert CTTCTGTGGCCGGATCGTGCTGGGGCCCTATCATGTGGAG    796 
CDS164        CTTCTGTGGCtGGATCGTGCTGGGGCCCTATCATGTGGAG   1359 
pVP16_3       ........................................    119 
Consensus       
 
164_pVPinsert TCCCAGCTCTACCTTTACTCCTTCATCAGCCTCTTCATCT    809 
CDS164        TCCCAGCTCTACCTTTACTCCTTCATCAGCCTCTTCATCT   1519 
pVP16_3       ........................................    119 
Consensus      
 
164_pVPinsert ACATGGTGCTCAGCCTCTTCATCGCGCTCATCACCGGCGC    849 
CDS164        ACATGGTGCTCAGCCTCTTCATCGCGCTCATCACCGGCGC   1559 
pVP16_3       ........................................    119 
Consensus      
 
164_pVPinsert CTACGACACCATCAAGCATCCCGGCGGCGCACGCGCAGAG    889 
CDS164        CTACGACACCATCAAGCATCCCGGCGGCGCAgGCGCAGAG   1599 
pVP16_3       ........................................    119 
Consensus      
 
164_pVPinsert GAGAGCGAGCTGCACGCCTACATCGCACAGTGCCAGGACA    929 
CDS164        GAGAGCGAGCTGCAgGCCTACATCGCACAGTGCCAGGACA   1639 
pVP16_3       ........................................    119 
Consensus      
 
164_pVPinsert GCCCCACCTCCCGGCAAGTTCCGCCGCGGGAGCGGCTCGG    969 
CDS164        GCCCCACCT.CCGGCAAGTTCCGCCGCGGGAGCGGCTCGG   1678 
pVP16_3       ........................................    119 
Consensus      
 
164_pVPinsert CCTGCAGCCTTCTCTGCTGCTGCGGAAGGGACCCCCTCGG   1009 
CDS164        CCTGCAGCCTTCTCTGCTGCTGCGGAAGGGACCCCCTCGG   1717 
pVP16_3       ........................................    119 
Consensus      
 
164_pVPinsert AGGAGCATTCGCTGCTGGTGATGATTCGACCTGACTGCCG   1049 
CDS164        AGGAGCATTCGCTGCTGGTGAattga..............   1743 
pVP16_3       ........................................    119 
Consensus  
  
 
FILE: Multiple_Sequence_Alignment I 
NAMES: 204_pVPinsert 204.cds  pVP16_3 
 
                  (forward primer) 
204_pVP   ACGCGTCACGGGCAGCTGCTTGCGCTACTGGCAGAGCTGCTGCGAGGACCCTGTGGCA 48       
cds204    ......CACGGGCAGCTGCTTGCGCTACTGGCAGAGCTGCTGCGAGGACCCTGTGGCA  9 
pVP16_3   ACGCGT.................................................... 50  
Consensus 
                       (reverse primer) 
204_pVP   GCTTTGATGTGCGCAAGACAGCTGACGACTGATCTAGATAAGTAATGATCATGCTGGC 88             
cds204    GCTTTGATGTGCGCAAGACAGCTGACGACTGA.......................... 49 
pVP16_3   ................................TCTAGATAAGTAATGATCATGCTGGC 90 
Consensus 
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J Multiple_Sequence_Alignment 

222_pVP16insert 222cds pVP16_3  
                                          (forward primer) 
222_pVP16insert ATGCCTTGG..ATTGACGAGTACGGTGGGGAATTCATGCC     48 
222cds          ...................................ATGCC      5 
pVP16_3         ATGCCcTtGgaATTGACGAGTACGGTGGGGAATTC.....     75 
Consensus        
 
222_pVP16insert ATTCGGTAACACCCACAACAAGTTCAAGCTGAATTACAAG     88 
222cds          ATTCGGTAACACCCACAACAAGTTCAAGCTGAATTACAAG     45 
pVP16_3         ........................................     75 
Consensus        
 
222_pVP16insert CCTGAGGAGGAGTACCCCGACCTCAGCAAACATAACAACC    128 
222cds          CCTGAGGAGGAGTACCCCGACCTCAGCAAACATAACAACC     85 
pVP16_3         ........................................     75 
Consensus        
 
222_pVP16insert ACATGGCCAAGGTACTGACCCTTGAACTCTACAAGAAGCT    168 
222cds          ACATGGCCAAGGTACTGACCCTTGAACTCTACAAGAAGCT    125 
pVP16_3         ........................................     75 
Consensus        
 
222_pVP16insert GCGGGACAAGGAGACTCCATCTGGCTTCACTGTAGACGAT    208 
222cds          GCGGGACAAGGAGACTCCATCTGGCTTCACTGTAGACGAT    165 
pVP16_3         ........................................     75 
Consensus        
 
222_pVP16insert GTCATCCAGACAGGAGTGGACAACCCAGGTCACCCCTTCA    248 
222cds          GTCATCCAGACAGGAGTGGACAACCCAGGTCACCCCTTCA    205 
pVP16_3         ........................................     75 
Consensus        
 
222_pVP16insert TCATGACCGTGGGCTGCGTGGCTGGTGATGAGGAGTCCTA    288 
222cds          TCATGACCGTGGGCTGCGTGGCTGGTGATGAGGAGTCCTA    245 
pVP16_3         ........................................     75 
Consensus        
 
222_pVP16insert CGAAGTTTTCAAGGAACTCTTTGACCCCATCATCTCGGAT    328 
222cds          CGAAGTTTTCAAGGAACTCTTTGACCCCATCATCTCGGAT    285 
pVP16_3         ........................................     75 
Consensus        
 
222_pVP16insert CGCCACGGGGGCTACAAACCCACTGACAAGCACAAGACTG    368 
222cds          CGCCACGGGGGCTACAAACCCACTGACAAGCACAAGACTG    325 
pVP16_3         ........................................     75 
Consensus        
 
222_pVP16insert ACCTCAACCATGAAAACCTCAAGGGTGGAGACGACCTGGA    408 
222cds          ACCTCAACCATGAAAACCTCAAGGGTGGAGACGACCTGGA    365 
pVP16_3         ........................................     75 
Consensus        
 
222_pVP16insert CCCCAACTACGTGCTCAGCAGCCGCGTCCGCACTGGCCGC    425 
222cds          CCCtAACTACGTGCTCAGCAGCCGCGTCCGCACTGGCCGC    405 
pVP16_3         ........................................     75 
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Consensus    
      
222_pVP16insert GCGAGCGCCGGGCGGTGGAGAAGCTCTCTGTGGAAGCTCT    465 
222cds          GCGAGCGCCGGGCGGTGGAGAAGCTCTCTGTGGAAGCTCT    485 
pVP16_3         ........................................    108 
Consensus               
 
222_pVP16insert CAACAGCCTGACGGGCGAGTTCAAAGGGAAGTACTACCCT    505 
222cds          CAACAGCCTGACGGGCGAGTTCAAAGGGAAGTACTACCCT    525 
pVP16_3         ........................................    119 
Consensus         
 
222_pVP16insert CTGAAGAGCATGACGGAGAAGGAGCAGCAGTAGCTCATCG    545 
222cds          CTGAAGAGCATGACGGAGAAGGAGCAGCAGcAGCTCATCG    565 
pVP16_3         ........................................    119 
Consensus        
 
222_pVP16insert ATGACCACTTCCTGTTCGACAAGCCCGTGTCCCCGCTGCT    585 
222cds          ATGACCACTTCCTGTTCGACAAGCCCGTGTCCCCGCTGCT    605 
pVP16_3         ........................................    119 
Consensus        
 
222_pVP16insert GCTGGTCTCAGGCATGGCCCGCGACTGGCCCGACGCCCGT    625 
222cds          GCTGGcCTCAGGCATGGCCCGCGACTGGCCCGACGCCCGT    645 
pVP16_3         ........................................    119 
Consensus        
 
222_pVP16insert GGCATCTGGCACAATGACAACAAGAGCTTCCTGGTGTGGG    665 
222cds          GGCATCTGGCACAATGACAACAAGAGCTTCCTGGTGTGGG    685 
pVP16_3         ........................................    119 
Consensus        
 
222_pVP16insert TGAACGAGGAGGATCACCTCCGGGTCATCTCCATGGAGAA    705 
222cds          TGAACGAGGAGGATCACCTCCGGGTCATCTCCATGGAGAA    725 
pVP16_3         ........................................    119 
Consensus        
 
222_pVP16insert GGGGGGCAACATGAAGGAGGTTTTCCGCCGCTTCTGCGTA    745 
222cds          GGGGGGCAACATGAAGGAGGTTTTCCGCCGCTTCTGCGTA    765 
pVP16_3         ........................................    119 
Consensus        
 
222_pVP16insert GGGCTGCAGAAGATTGAGGAGATCTTTAAGAAAGCTGGCC    785 
222cds          GGGCTGCAGAAGATTGAGGAGATCTTTAAGAAAGCTGGCC    805 
pVP16_3         ........................................    119 
Consensus        
 
222_pVP16insert ACCCCTTCATGTGGAACCAGCACCTGGGCTACGTGCTCAC    825 
222cds          ACCCCTTCATGTGGAACCAGCACCTGGGCTACGTGCTCAC    845 
pVP16_3         ........................................    119 
Consensus        
 
222_pVP16insert CTGCCCATCCAACCTGGGCACTGGGCTGCGTGGAGGCGTG    865 
222cds          CTGCCCATCCAACCTGGGCACTGGGCTGCGTGGAGGCGTG    885 
pVP16_3         ........................................    119 
Consensus        
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222_pVP16insert CATGTGAAGCTGGCGCACCTGAGCAAGCACCCCAAGTTCG    905 
222cds          CATGTGAAGCTGGCGCACCTGAGCAAGCACCCCAAGTTCG    925 
pVP16_3         ........................................    119 
Consensus        
 
222_pVP16insert AGGAGATCCTCACCCGCCTGCGTCTGCAGAAGAGGGGTAC    945 
222cds          AGGAGATCCTCACCCGCCTGCGTCTGCAGAAGAGGGGTAC    965 
pVP16_3         ........................................    119 
Consensus        
222_pVP16insert AGGTGGCGTGGACACAGCTGCCGTGGGCTCAGTATTTGAC    985 
222cds          AGGTGGCGTGGACACAGCTGCCGTGGGCTCAGTATTTGAC   1005 
pVP16_3         ........................................    119 
Consensus        
 
222_pVP16insert GTGTCCCAACGCTGATCGGCTGGGCTCGTCCGAAGTAG.A   1024 
222cds          GTGT.CCAACGCTGATCGGCTGGGCTCGTCCGAAGTAGaA   1044 
pVP16_3         ........................................    119 
Consensus        
 
222_pVP16insert CAGGTGCAGCTGGTGGTGGATGGTGTGAAGCTCATGTTGA   1064 
222cds          CAGGTGCAGCTGGTGGTGGATGGTGTGAAGCTCATGgTGg   1084 
pVP16_3         ........................................    119 
Consensus        
 
222_pVP16insert ATGGAGAGAAGAAGTTGGAGAAAGGCCAGTCCATCGACGA   1100 
222cds          AaatgGAGAAGAAGTTGGAGAAAGGCCAGTCCATtGACGA   1124 
pVP16_3         ........................................    119 
Consensus        
 
222_pVP16insert CCATGATCCCGCCAGAGATAGCGCCTGCCCCATCTAKC     1138 
222cds          .CATGATCCCcgCccAGAagtaG...............     1146 
pVP16_3         ......................................      119 
Consensus        
 
 
Multiple_Sequence_Alignment K 306_pVPinsert 306cds pVP16_3  
 
                                       (forward primer) 
306_pVPinsert GRRKGCCKTGGATTGASGAGTACGGTGGGGAATTCATGGC     49 
306cds        ...................................ATGGC      5 
pVP16_3       atgccCttgGaATTGAcGAGTACGGTGGGGAATTC.....     80 
Consensus                                           
 
306_pVPinsert CTCCAAATGCCCCAAGTGCGACAAGACCGTGTACTTCGCC     89 
306cds        CTCCAAATGCCCCAAGTGCGACAAGACCGTGTACTTCGCC     45 
pVP16_3       ........................................     99 
Consensus         
 
306_pVPinsert GAGAAGGTGAGCTCCCTGGGGAARGACTGGCACAAGTTCT    129 
306cds        GAGAAGGTGAGCTCCCTGGGGAAgGACTGGCACAAGTTCT     85 
pVP16_3       ........................................     99 
Consensus      
 
306_pVPinsert GCCTCAAGTGCGAGCGCTGCAGCAAGACGCTGACGCCCGG    169 
306cds        GCCTCAAGTGCGAGCGCTGCAGCAAGACGCTGACGCCCGG    125 
pVP16_3       ........................................     99 

  



 131

Consensus      
 
306_pVPinsert GGGCCACGCCGAGCATGACGGGAAGCCGTTCTGCCACAAG    209 
306cds        GGGCCACGCCGAGCATGACGGGAAGCCGTTCTGCCACAAG    165 
pVP16_3       ........................................     99 
Consensus      
 
306_pVPinsert CCGTGCTACGCCACCCTGTTCGGACCCAAAGGCGTGAACA    249 
306cds        CCGTGCTACGCCACCCTGTTCGGACCCAAAGGCGTGAACA    205 
pVP16_3       ........................................     99      
306_pVPinsert TCGGGGGCGCGGGCTCCTACATCTACGAGAAGCCCCTGGC    289 
306cds        TCGGGGGCGCGGGCTCCTACATCTACGAGAAGCCCCTGGC    245 
pVP16_3       ........................................     99 
Consensus      
 
306_pVPinsert GGAGGGGCCGCAGGTCACCGGCCCCATCGAGGTCCCCGCG    329 
306cds        GGAGGGGCCGCAGGTCACCGGCCCCATCGAGGTCCCCGCG    285 
pVP16_3       ........................................     99 
Consensus      
 
306_pVPinsert GCCCGAGCAGAGGAGCGGAAGGCGAGCGGCCCCCCGAAGG    369 
306cds        GCCCGAGCAGAGGAGCGGAAGGCGAGCGGCCCCCCGAAGG    325 
pVP16_3       ........................................     99 
Consensus      
 
306_pVPinsert GGCCCAGCAGAGCCTCCAGTGTCACCACTTTCACCGGGGA    409 
306cds        GGCCCAGCAGAGCCTCCAGTGTCACCACTTTCACCGGGGA    365 
pVP16_3       ........................................     99 
Consensus      
 
306_pVPinsert GCCCAACACGTGCCCGCGCTGCGGCAAGAAGGTGTACTTC    449 
306cds        GCCCAACACGTGCCCGCGCTGCaGCAAGAAGGTGTACTTC    405 
pVP16_3       ........................................     99 
Consensus      
 
306_pVPinsert GCTGAGAAGGTGATGTCTCTGGGCAAGGATTGGCACCGGC    489 
306cds        GCTGAGAAGGTGAcGTCTCTGGGCAAGGATTGGCACCGGC    445 
pVP16_3       ........................................     99 
Consensus      
 
306_pVPinsert CCTGCCTGCGCTGCGAGCGCTGCGGGAAGACACTGACCCC    529 
306cds        CCTGCCTGCGCTGCGAGCGCTGCGGGAAGACACTGACCCC    485 
pVP16_3       ........................................     99 
Consensus      
 
306_pVPinsert CGGCGGGCACGCGGAGCACGACGGCCAGCCCTACTGCCAC    569 
306cds        CGGCGGGCACGCGGAGCACGACGGCCAGCCCTACTGCCAC    525 
pVP16_3       ........................................     99 
Consensus      
 
306_pVPinsert AAGCCCTGCTATGGAATCCTCTTCGGACCCAAGGGAGTGA    609 
306cds        AAGCCCTGCTATGGAATCCTCTTCGGACCCAAGGGAGTGA    565 
pVP16_3       ........................................     99 
Consensus      
 
306_pVPinsert ACACCGGTGCGGTGGGCAGCTACATCTATGACCGGGACCC    649 
306cds        ACACCGGTGCGGTGGGCAGCTACATCTATGACCGGGACCC    605 
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pVP16_3       ........................................     99 
Consensus      
                   (reverse primer) 
306_pVPinsert CGAAGGCAAGGTCCAGCCCTAGAAGCTTCTAGATAAGTAA    689 
306cds        CGAAGGCAAGGTCCAGCCCTAG..................    627 
pVP16_3       ....................AGAAGCTTCTAGATAAGTAA    119 
Consensus                         ag 
 
 
Multiple_Sequence_Alignment 

L Bait F (nr4) GJA5 cyto tail pM_2 
 
                               (forward primer) 
Bait F (nr4)   MTGTATCGCCGGATTCCACCTGGGCTGGAAGAAGATCAGA     49 
GJA5 cyto tail ................CACCTGGGCTGGAAGAAGATCAGA     24 
pM_2           cTGTATCGCCGGAaTCCcCggGGatcc.............     67 
Consensus                      c c  gg 
 
Bait F (nr4)   CAGCGATTTGTCAAACCGCGGCAGCACATGGCTAAGTGCC     89 
GJA5 cyto tail CAGCGATTTGTCAAACCGCGGCAGCACATGGCTAAGTGCC     64 
pM_2           ........................................     67 
Consensus       
 
Bait F (nr4)   AGCTTTCTGGCCCCTCTGTGGGCATAGTCCAGAGCTGCAC    129 
GJA5 cyto tail AGCTTTCTGGCCCCTCTGTGGGCATAGTCCAGAGCTGCAC    104 
pM_2           ........................................     67 
Consensus       
 
Bait F (nr4)   ACCACCCCCCGACTTTAATCAGTGCCTGGAGAATGGCCCT    169 
GJA5 cyto tail ACCACCCCCCGACTTTAATCAGTGCCTGGAGAATGGCCCT    144 
pM_2           ........................................     67 
Consensus       
 
Bait F (nr4)   GGGGGAAAATTCTTCAATCCCTTCAGCAATAATATGGCCT    209 
GJA5 cyto tail GGGGGAAAATTCTTCAATCCCTTCAGCAATAATATGGCCT    184 
pM_2           ........................................     67 
Consensus       
 
Bait F (nr4)   CCCAACAAAACACAGACAACCTGGTCACCGAGCAAGTACG    249 
GJA5 cyto tail CCCAACAAAACACAGACAACCTGGTCACCGAGCAAGTACG    224 
pM_2           ........................................     67 
Consensus       
 
Bait F (nr4)   AGGTCAGGAGCAGACTCCTGGGGAAGGTTTCATCCAGGTT    289 
GJA5 cyto tail AGGTCAGGAGCAGACTCCTGGGGAAGGTTTCATCCAGGTT    264 
pM_2           ........................................     67 
Consensus       
 
Bait F (nr4)   CGTTATGGCCAGAAGCCTGAGGTGCCCAATGGAGTCTCAC    329 
GJA5 cyto tail CGTTATGGCCAGAAGCCTGAGGTGCCCAATGGAGTCTCAC    304 
pM_2           ........................................     67 
Consensus       
 
Bait F (nr4)   CAGGTCACCGCCTTCCCCATGGCTATCATAGTGACAAGCG    369 
GJA5 cyto tail CAGGTCACCGCCTTCCCCATGGCTATCATAGTGACAAGCG    344 
pM_2           ........................................     67 
Consensus       
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Bait F (nr4)   ACGTCTTAGTAAGGCCAGCAGCAAGGCAAGGTCAGATGAC    409 
GJA5 cyto tail ACGTCTTAGTAAGGCCAGCAGCAAGGCAAGGTCAGATGAC    384 
pM_2           ........................................     67 
Consensus       
               (reverse primer) 
Bait F (nr4)   CTATCAGTGTGAGTCGACGCGTCTGCAGAAGCTTCTAGAT    449 
GJA5 cyto tail CTATCAGTGTGA............................    396 
pM_2           ............GTCGACGCGTCTGCAGAAGCTTCTAGAT     95 
Consensus   
 
 
Multiple_Sequence_Alignment 
Rev_Com_Bait GJA5 cyto tail pM_2   M 
    
                                      (forward primer) 
Rev_Com_Bait   GTTGACTGTATCGCCGGAATTCCACCTGGGCTGGAAGAAG    800 
GJA5 cyto tail ......................CACCTGGGCTGGAAGAAG     18 
pM_2           GTTGACTGTATCGCCGGAATTC..................     67 
Consensus                                 
 
Rev_Com_Bait   ATCAGACAGCGATTTGTCAAACCGCGGCAGCACATGGCTA    840 
GJA5 cyto tail ATCAGACAGCGATTTGTCAAACCGCGGCAGCACATGGCTA     58 
pM_2           ........................................     67 
Consensus       
 
Rev_Com_Bait   AGTGCCAGCTTTCTGGCCCCTCTGTGGGCATAGTCCAGAG    880 
GJA5 cyto tail AGTGCCAGCTTTCTGGCCCCTCTGTGGGCATAGTCCAGAG     98 
pM_2           ........................................     67 
Consensus       
 
Rev_Com_Bait   CTGCACACCACCCCCCSMCYYTAATCAGTGCCTGGAGAAT    920 
GJA5 cyto tail CTGCACACCACCCCCCgaCttTAATCAGTGCCTGGAGAAT    138 
pM_2           ........................................     67 
Consensus       
 
Rev_Com_Bait   GGCCCTGGGGGAAAATTCTTCAATCCCTTCAGCAATAATA    960 
GJA5 cyto tail GGCCCTGGGGGAAAATTCTTCAATCCCTTCAGCAATAATA    178 
pM_2           ........................................     67 
Consensus       
 
Rev_Com_Bait   TGGCCTCCCAACAAAACACAGACAACCTGGTCACCGAGCA   1000 
GJA5 cyto tail TGGCCTCCCAACAAAACACAGACAACCTGGTCACCGAGCA    218 
pM_2           ........................................     67 
Consensus       
 
Rev_Com_Bait   AGTACGAGGTCAGGAGCAGACTCCTGGGGAAGGTTTCATC   1040 
GJA5 cyto tail AGTACGAGGTCAGGAGCAGACTCCTGGGGAAGGTTTCATC    258 
pM_2           ........................................     67 
Consensus       
 
Rev_Com_Bait   CAGGTTCGTTATGGCCAGAAGCCTGAGGTGCCCAATGGAG   1080 
GJA5 cyto tail CAGGTTCGTTATGGCCAGAAGCCTGAGGTGCCCAATGGAG    298 
pM_2           ........................................     67 
Consensus       
 
Rev_Com_Bait   TCTCACCAGGTCWCCGCCTTCCCCATGGCTATCATAGTGA   1120 
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GJA5 cyto tail TCTCACCAGGTCaCCGCCTTCCCCATGGCTATCATAGTGA    338 
pM_2           .........GTCgaCGCgTctgCagaaGCTtctAgAtaag     98 
Consensus               gtc  cgc t   c    gct   a a 
 
Rev_Com_Bait   CAAGCGACGTCTTAGTAAGGCCAGCAGCAAGGCAACGMG.   1159 
GJA5 cyto tail CAAGCGACGTCTTAGTAAGGCCAGCAGCAAGGCAAgGtca    378 
pM_2           tAA.....................................    101 
Consensus       aa 
 
  
Figure 3.11 Sequence homology alignments of each of the 11 prey-inserts and the 
GJA5 bait-insert with their reference sequences form the Genbank DNA database 
(http://www.ncbi.nlm.nih.gov/Entrez) and their respective cloning vectors. Shaded 
boxes – grey: gene specific primer sequence; red: restriction enzyme recognition 
sequence; yellow: vector sequence. A: NADH dehydrogenase, subcomplex, 6 
(NDUFA6), B: Prosaposin (PSAP), C: Aldehyde dehydrogenase 2 (ALDH2), D: Beta-
actin (ACTB), E: Filamin A (actin binding protein 280) (FLNA), F: Myosin, heavy 
polypeptide 7 (MYH7), G: Voltage-dependent anion channel 2 (VDAC2), H: Mucolipin 1 
(MCOLN1), I: DEAH box polypeptide 30 (DHX30), J: Creatine kinase, muscle type 
(CKM), K: Cysteine-rich protein 2 (CRP2), L: GJA5 bait-insert forward sequence, M: 
GJA5 bait-insert reverse sequence. 
 

3.3.1.5 SEAP and β-Galactosidase enzyme assay 
 

The SEAP and β-Galactosidase enzyme assays were performed with the pM-GJA5 and 

pVP16-prey constructs, as described in section 2.21 and table 2.8, and the assay results 

are shown in figure 3.12. The assay results for the controls were incorrect, which 

indicated that the M2H system performed inefficiently. The SEAP activity for the 

negative controls was higher than the activity of the positive and basal controls. 

Therefore it was not possible to interpret the results for the experimental samples 

(category A, table 2.8).  
 

The SEAP activity for most of the experiments was in the same range as that observed for 

the basal control. This indicated that no interactions occurred for the bait and prey 

experiments or the controls that could have activated the expression of SEAP. The β-Gal 

assay indicated that the results of the SEAP assay were due to poor transfection 

efficiency of the H9C2 cells. Furthermore, statistical evaluation showed no significant p-

values for the bait and prey interaction experiments.  
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Figure 3.12 Box plot results of SEAP assay with values normalised to the β-Gal 

ent1 (category A) 

absorbance values. Abbreviations: SPL: sample; SPLC: sample control. For categories, 

see table 2.8, sections 2.14.3 and 2.21.1 

SPL1= bait and prey interaction experim

SPLC1= prey control for experiment1 (category E) 

Neg1= untransfected control (category B1) 

Neg2= GeneJuice control (category B2) 

Basal= basal control (category C) 

BD control= GAL4 DNA-BD control (category D) 

Pos1= positive control (category F1) 

Pos2= positive control (category F2) 

Neg3= negative control containing only pG5SEAP (category G1) 

Neg4= negative control containing only pSV-β-Gal (category G2) 
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4.1 Interactome analysis of Cx40 
 

4.1.1 Yeast-2-Hybrid analysis 
 

4.1.1.1 Library mating efficiency and number of independent clones 

screened 
 

Mating efficiency calculations showed that approximately 10.4 x 104 pretransformed 

cardiac cDNA library clones were screened using the pGBKT7-GJA5 bait construct 

(section 3.1.3.1). This was less than the library titre which was 1.412 x 108 cfu/ml. This 

indicated that 103 library clones were not screened and that it is possible that important 

ligands might have been missed. Even though less than the desired number of one million 

clones was screened, the number of independent clones screened was still sufficient to 

yield significant Y2H library screening results.  
 

4.1.1.2 Preys excluded from further analysis 
 

Following the Y2H library screening, 33 prey clones shown in tables 3.6A and 3.6B, 

were identified as putative GJA5 ligands (section 3.1.3.6). BLAST-search and internet 

database literature searches were done for each of the ligands which made use of websites 

such as http://harvester.embl.de, (bioinformatic harvester) http://www.ncbi.nlm.nih.gov 

(national centre for biotechnological information) and http://www.hprd.org (human 

protein reference database). This made it possible to prioritise the 33 prey clones 

according to their function and subcellular location as shown in table 4.1, in order to 

facilitate the selection of the most plausible GJA5 ligands for further analysis. Following 

is a discussion of the preys that were excluded from further analysis based on their 

BLAST-search and internet database literature search results. 
 

4.1.1.2.1 Insignificant BLAST-search results 
 

From the 33 prey clones that were sequenced (section 3.1.3.6, tables 3.6A and 3.6B), five 

(clones # 133, 37, 55, 23, 79, 95) were identified as containing partial cloning vector 
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sequences and partial mitochondrial sequences and were subsequently excluded from the 

study. Four of the prey clone inserts (clone# 136, 154, 257, 285) gave no significant 

protein matches in the NCBI Genbank protein databases 

(http://www.ncbi.nlm.nih.gov/BLASTp), even though they had significant DNA matches 

in the NCBI DNA database (http://www.ncbi.nlm.nih.gov/BLASTn). A reason for the 

lack of protein matches for these prey inserts could be that in classical two-hybrid library 

constructions, the cDNA library is constructed from the 3’-UTR and not the 5’-UTR. 

This results in only one out of six of the library cloned inserts being in frame with the 

transcription factor activation domain (Van Criekinge and Beyaert, 1999). These four 

prey clones were subsequently excluded from further analysis. In addition, the prey-insert 

of clone# 219 was found to be in the reverse orientation in the library vector, for which 

the reason is unknown. This prey insert would have produced the wrong protein product 

if it were to be cloned into a new vector and transfected into the mammalian cells for 

M2H.  
 

4.1.1.2.2 Subcellular localisation vs. function 
 

According to the Y2H method, insignificant ligands are excluded from further analysis 

based on their function and subcellular localisation. Internet database literature searches 

showed that most of the ligands in the present study were localised either in the 

cytoplasm, mitochondria, nucleus or in plasma membranes. Ligands with these 

subcellular locations were not excluded due to reasons which will be discussed below. 

Only one ligand, namely, clone# 250 (structural maintenance of chromosome 1), to be 

discussed below, was excluded due to functions which did not apply to the present study.  

 

Ligands that had their subcellular location in the cytoplasm, or that were membrane 

bound proteins, were given preference when selecting the most plausible GJA5 ligands. 

The reason for this was that the Cx40 protein is a membrane-bound protein and that its C-

terminus, which interacts with the ligands, extends into the cytoplasm. Membrane-bound 

proteins had the possibility to interact with Cx40 based on their proximity to it and were 

therefore not excluded from the study.  
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Recent studies by Boengler and colleagues (Boengler et al., 2005) showed that Cx43 has 

its subcellular location not only in the cytoplasm, but interestingly, also in the nuclei and 

mitochondria of cardiomyocytes. They identified this by means of immuno-electron 

microscopy, confocal microscopy and Western blot analysis. Therefore, clones that were 

found to localise to the nucleus or mitochondria were not excluded from the study. The 

prey-insert of clone# 250 (structural maintenance of chromosome 1) was found to be 

localised in the nucleus; however, its function proved to be insignificant for the present 

study and it was therefore excluded from further analysis. Another prey clone (clones 

#163 and 230; Myosin heavy polypeptide 7) is located in the sarcomere. Cxs have not 

been reported to reside in the sarcomere. Therefore, based on its localisation, it should 

have been excluded, but because it was present in more than one copy amongst the prey 

clones, and because the present study aims to add to the knowledge about Cxs, it was 

decided to include it for further analysis. 
 

4.1.1.3 Preys chosen as putative Cx40 ligands 
 

From the Y2H analysis, 11 preys were identified as having strong candidature for being 

Cx40 interacting ligands based on their function and subcellular location. These preys 

were subsequently subjected to the M2H analysis, in order to verify this. The following 

sections will discuss the rationale, based on current literature, for selecting these proteins 

as putative Cx40 interacting ligands. In addition, table 4.1 shows a list of the prioritised 

ligands and figure 4.1 shows a speculative model of the Cx40 interactome developed 

during the present study. 

 

4.1.1.3.1 Cysteine-rich protein 2    

 
The family of cysteine-rich proteins (CRPs) includes three members, namely, CRP1, 

CRP2 and CRP3 (Grubinger et al., 2004; Chang et al., 2003). They share high sequence 

homologies but differ in their expression patterns. Interestingly, similar to the cardiac Cx 

isoforms, the CRP proteins have been shown to have distinct patterns of tissue 
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distribution during cardiovascular development (Jain et al., 1998), for which CRP2 will 

be discussed in following sections. This in turn also raises the question about their 

individual functions and the roles that they play in the development of the heart (Jain et 

al., 1998).  It has been shown that the CRP proteins associate with the actin cytoskeleton 

in the nucleus and cytoplasm. Their presence in these different cellular compartments 

indicates possible differential functions of the CRP proteins that still have to be 

elucidated (Grubinger et al., 2004). 

 

   Table 4.1 Prioritised list of putative Cx40-interacting ligands  
Clone 

number 
Identification of putative 

ligands 
Subcellular 
localisation 

Reference 

306, 313, 
314, 273, 
271, 275, 
278, 295, 
299 

Cysteine-rich protein 2  
(CRP2)    
    

Cytoplasmic  
(Cell cortex, actin-rich 
structures) 
Nucleus 

Van Ham et al., 2003 

62 Beta-actin  (ACTB) Cytoplasmic 
(Cell cortex) 

Welch et al., 2002 

222 Creatine kinase, muscle type  
(CKM) 

Cytoplasmic 
 

Park et al., 2002 

163, 230 Myosin, heavy polypeptide 7  
(MYH7) 

Thick filaments of the 
myofibrils 

Perrot et al., 2005 

164 Mucolipin 1 (MCOLN1) Transmembrane protein Pedersen et al., 2005 

153 Voltage dependent anion 
channel 2 (VDAC2) 

Outer mitochondrial 
membrane 

Mannella et al., 1992 

35 Aldehyde dehydrogenase 2 
family (ALDH2) 

Mitochondrial matrix Perozich et al., 1999 

204 
DEAH (Asp-Glu-Ala-His) box 
polypeptide 30  (DHX30) 

Transmembrane protein Silverman et al., 003 

29 
NADH dehydrogenase 
(ubiquinone) 1 alpha 
subcomplex, 6  (NDUFA6) 

Mitochondrial inner 
membrane, matrix side 

Chretien et al., 2003 

31 
Prosaposin (PSAP) Transmembrane protein Hiraiwa et al ., 1992 

99 Filamin A, alpha (actin binding 
protein 280) (FLNA) 

Cytoplasmic 
(peripheral cytoplasm) 

Gorlin et al., 1990 
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Functions such as cell differentiation, transcriptional regulation and organisation of the 

actin cytoskeleton have been assigned to the CRP family (Grubinger et al., 2004). They 

have been proposed to serve as scaffolds that link protein partners, because of the 

presence of two LIM domains which are double-zinc finger-like structures that mediate 

protein-protein interactions (Konrat et al., 1997). It may target proteins to distinct 

subcellular locations and mediate assembly of multimeric protein complexes (Chang et 

al., 2003; Dawid et al., 1995). Structural similarities have been shown for the N-terminal 

LIM domains among the CRP proteins, but not for the C-terminal LIM domains (Louis et 

al., 1997; Konrat et al., 1997).  

 

The CRP2 protein is expressed mainly in vascular smooth muscle cells (SMC) (Jain et 

al., 1996; Henderson et al., 2002) and was chosen for further analysis in the present study 

based on its proposed functions and cellular localisation. It has been shown to function 

both as a cytoplasmic scaffold protein and as a nuclear transcription cofactor as 

illustrated in figure 4.2 (Van Ham et al., 2003). The nuclear localisation of CRP2 allows 

for formation of transcription complexes that might associate with an actin-based nuclear 

matrix. This activates transcription of a serum response factor (SRF)-dependent target 

gene (Chang et al., 2003). 

 

CRP2 may work as a molecular adaptor to assemble a transcriptosome consisting of SRF, 

GATA6 and other essential factors on SMC-restricted promoters (Nishida et al., 2002). 

This function of CRP2 as transcription cofactor might lead to an up-regulation of smooth 

muscle-specified genes, which is important for cardiovascular SMC differentiation. 

Therefore, CRP2 might play a scaffold role for the assembly and maintenance of a SMC 

cytoskeleton, in which Cx40 might also be involved, which is involved in cell substrate 

adhesion and contractile responses to vasoactive stimulation (Chang et al., 2003; Louis et 

al., 1997; Pomies et al., 1997). The cytoplasmic localisation of CRP2 with mature muscle 

filaments may, in turn, be due to the strong binding of the N-terminal LIM domain to the 

cytoskeleton-associated proteins α-actinin and zyxin. Zyxin and α-actinin have been 

shown to be important regulators of actin cytoskeletal organisation (Chang et al., 2003).    
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Different expression patterns have been shown, by means of mouse animal studies, for 

CRP2 in the cardiovascular system. At early stages of development, CRP2 is expressed 

throughout the developing heart. As development progresses into adulthood, its 

expression decreases in the ventricles while being maintained in the atrium (Jain et al., 

1998). Interestingly, similar expression patterns have been shown for Cx40 in the 

developing heart which was reviewed in section 1.3.4 of the introduction. The similar 

expression patterns of Cx40 and CRP2 indicate that they might function together, in a 

synergistic fashion, to facilitate the normal development of the heart. It is proposed that 

there might be an underlying function shared or regulated by an interaction between 

CRP2 and Cx40 and when defective this might contribute to the development of cardiac 

diseases affecting the conduction system of the heart.  

 

 

 

 
 

                 Figure 4.2 Representation of the dual functions of cysteine-rich protein 2    
                 (Chang et al., 2003). 
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4.1.1.3.2 Beta-actin    
 

This protein was selected for further analysis in the present study because of its cellular 

location and function, to be discussed below, which makes an interaction with the C-

terminus of Cx40 possible. According to current literature, six actin isoforms have been 

identified, namely, four muscle types (skeletal, cardiac, aorto-type smooth muscle, and 

stomach-type smooth muscle actins) and two non-muscle types (cytoplasmic β- and γ-

actins) (Schmitt-Ney et al., 2004; Nakajima-Iijima et al., 1985). The muscle types are 

tissue specific and are functionally involved in muscle contractions whereas the 

cytoplasmic actins are expressed in all kinds of cells where they may play roles in a 

variety of cell functions. The cytoskeleton has been shown to regulate cell shape, 

transport, motility and integrity and is composed of three protein filament systems, 

namely, microfilaments, intermediate filaments and microtubules. A large number of 

proteins have been shown to associate with each system for regulation purposes, of which 

some might include members of the Cx family (Peckham et al., 2001; Schmitt-Ney et al., 

2004; http://anatomy.med.unsw.edu.au).  

 

The cytoplasmic cytoskeletal protein, β-actin (a microfilament), has been shown to have 

functions in intracellular trafficking and in driving changes in cellular shape that is 

associated with cell motility, cytokinesis, endocytosis and cell adhesion (Hu et al., 2004;  

Peckham et al., 2001). Interactome analyses have indicated an array of β-actin interactors 

involved in different cellular processes. Interestingly, some of these are LIM domain 

containing proteins through which an interaction with Cx40 might be facilitated, based on 

the section discussed about CRP2 (a LIM-domain-containing protein). Following sections 

will discuss the β-actin interacting filamin A protein (a cytoskeletal anchoring protein), 

which might also function in facilitating an interaction between β-actin and Cx40 

(Brakebusch et al., 2003). In addition, β-actin has been shown to have functions in the 

nucleoskeleton, in RNA processing and export, and in transcription and its association 

with RNA polymerase III is important for transcription processes (Hu et al., 2004). The 

role played by Cx40 in the nucleus has still to be elucidated, however, one might 
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speculate that it might be involved in the nucleolar machinery through an interaction with 

nucleoskeletal β-actin.  

 

4.1.1.3.3 Creatine kinase  
 

The creatine kinase (CK) isoenzyme family consists of five isoenzymes, which are 

dimers formed from four distinct polypeptide chains that are each encoded by separate 

genes (Saupe et al., 1998). Two of the isoenzymes are located in the mitochondrion 

(ubiquitous Mito-CK and sarcomeric Mito-CK) and three are located in the cytoplasm: - 

brain enzyme consisting of two identical B subunits (BBCK), muscle enzyme consisting 

of two identical M subunits (MMCK) and a hybrid enzyme (MBCK) (Saupe et al., 1998; 

Steeghs et al., 1997). The isoenzyme identified in the present study as a putative Cx40 

ligand is MMCK (table 3.6A) that is, together with Mito-CK, a predominant cardiac 

isoenzyme. 

 

The CK isoenzymes function in catalysing the transfer of a phosphoryl group between 

PCr and ATP by the following reaction: phosphorylated creatine + ADP + H+ ↔ ATP + 

creatine. By catalyzing this reaction, CK functions to maintain a high concentration of 

ATP and low concentrations of the products of ATP hydrolysis, namely, ADP, Pi, H+, in 

the cells (Kammermeier, 1987; Steeghs et al., 1997). This ensures that free energy 

released from ATP hydrolysis will be efficient to maintain ion gradients and to perform 

the mechanical work of the cell. Therefore, CK plays an important central role in energy 

transduction which is vital for the normal functioning of tissues with large fluctuating 

energy demands, such as skeletal muscle, heart and brain (Saupe et al., 1998; Spindler et 

al., 2004). Heart failure of many different etiologies has been shown to be associated 

with decreased total CK activity and with large changes in the relative numbers of the 

isoenzymes in the myocardium (Ingwall et al., 1993; Liao et al., 1996). The result of the 

changes in the enzyme system is a decreased ability of the failing heart to synthesis ATP 

from PCr.  
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Animal studies have been performed, in order to shed light on the functioning of the CK 

family of isoenzymes. These studies showed that, when CK activity is lowered below a 

certain level, increases in cardiac work become more energetically costly. This is in terms 

of high-energy phosphate use, accumulation of ADP, and decreases in free energy 

released from ATP hydrolysis but not in terms of myocardial oxygen consumption 

(Saupe et al., 1998). The net effect of these energetic changes is the development of 

“substantial” left ventricular (LV) hypertrophy (Nahrendorf et al., 2005). It was found 

that Mito-CK-/- - and M/Mito-CK-/- - deficient mice had approximately 70% increase in 

LV weight compared to age and body weight-matched wild-type animals. It was 

suggested that CK ‘ablation’ could only be tolerated in the heart if major adaptational 

changes occurred which consequently lead to massive LV hypertrophy. Studying the 

signaling mechanisms involved in initiating hypertrophic responses in CK-deficient mice 

might give some understanding of why it occurs (Nahrendorf et al., 2005; Spindler et al., 

2002; Saupe et al., 2000). 

 

It has been shown that cardiac energy metabolism is closely linked to intracellular 

calcium homeostasis (Steeghs et al., 1997) and animal studies with CK-deficient mice 

have shown significant disturbances in calcium homeostasis (Boehm et al., 2000; 

Crozatier et al., 2002). In addition, calcium is one of the many molecules that pass 

through the gap junction channels from one cardiomyocyte to another (Sőhl et al., 2004, 

Lampe et al., 2000, 2004). An interaction of the C-terminus of Cx40 with MMCK might 

occur which could possibly form part of the cardiac energy metabolism machinery. A 

defective interaction might influence the passage of Ca2+ through the gap junction 

channel, which leads to a disturbance in Ca2+ homeostasis, which consequently affects 

the system of cardiac energy metabolism. 

 

Interestingly, interactome analyses showed that MMCK interacts with a LIM-domain- 

containing protein. Therefore, one could speculate that a interaction between MMCK and 

the C-terminus of Cx40 might be facilitated by the interaction of MMCK with the LIM 

domain containing protein, based on the section discussed about CRP2 (a LIM-domain- 

containing protein). It was also shown that β-actin (a cytoplasmic cytoskeletal actin) is a 
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downstream interactore of MMCK, through an interaction with myocilin, which might 

play an important role in incorporating Cx40 into the MMCK interactome. In addition, 

the gene encoding MMCK is located at marker D19S1105 which is 2.5Mb outside the 

PFHBI locus as indicated in figure 4.5. It is also located near the DM locus. Defects in 

MMCK such as deletions or expansion repeat mutations, could have a negative effect on 

the downstream DM and PFHBI-causative genes. 

 

4.1.1.3.4 Myosin, heavy polypeptide 7, cardiac muscle, beta  
 

Familial hypertrophic cardiomyopathy (HCM) is an autosomal dominant cardiac disease 

characterised by left ventricular hypertrophy, which is usually asymmetric and often 

involves the interventricular septum (Perrot et al., 2005; Maron et al., 1981). The 

prevalence of the disease in the general population is estimated to be 1 in 500 persons 

(Garcia-Castro et al., 2003; Ackerman et al., 2002). The disease is clinically 

heterogeneous with inter- and intra-familial variations that range from benign to 

malignant forms with a high risk of cardiac failure and sudden cardiac death (Richard et 

al., 1999). Defects in the gene encoding β-myosin heavy polypeptide 7 (MYH7) have 

been shown to be one of the causes of this cardiac disease (Marian et al., 2001).     
 

Muscle contraction and cell motility depend on myosin, which is the most important 

component of the sarcomere thick filament, and generation of force for the muscle 

contraction is mostly accomplished by the globular head of the β-myosin heavy 

polypeptide (Perrot et al., 2005). Most of the mutations identified in MYH7 were found in 

exons encoding the globular head of the molecule that posses the important enzymatic 

activities. The mutations were shown to cluster at specific functional domains, indicated 

in figure 4.3, associated with actin-binding, domains close to the ATP binding site or 

adjacent to the region that connects the two reactive cysteine residues, at the myosin light 

chain binding interface, or at the head-rod junction (Woo et al., 2003; Rayment et al., 

1995). Mutations were also identified in the myosin neck domain, which may influence 

neck flexibility during contraction, and in the myosin rod (i.e. myosin tail) which may 

disturb thick filament assembly and binding of accessory proteins (Blair et al., 2002). 
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Therefore, MYH7 mutations might alter the myosin structure and, in turn, the functional 

properties of the molecule such as ATPase activity and sliding velocity (Perrot et al., 

2005). Interestingly, it has been shown that the type of MYH7 functional domain affected 

by mutations is predictive of overall prognosis in HCM; mutations in the actin-binding 

site and the rod domain are independent predictors of an adverse outcome (Woo et al., 

2003). 

 

It was shown through Y2H analysis in the present study that the C-terminus of Cx40 

possibly interacts with the rod domain of β-myosin. As discussed above, the rod domain 

provides the structural backbone for the thick filament and it is therefore suggested that 

the interaction of this region with the C-terminus of Cx40 functions in anchoring or 

stabilising the myosin tail in the sarcomere. It is proposed that mutations in the rod 

domain could possibly hinder the interaction with Cx40 which may cause disruption in 

the functioning of β-myosin in muscle contraction and cell motility which consequently 

might lead to development of cardiac arrhythmias. Therefore, Cx40 might function as a 

modifier of HCM through its interaction with β-myosin. Whether β-myosin is a true 

Cx40 interacting ligand is under question, because Cx proteins have not been reported to 

localise in the sarcomere, neither are there any reports of them having roles in sarcomere 

functioning. Interestingly, 2 of the 33 prey clones that were sequenced (table 3.6A) were 

identified as β-myosin which strengthened its selection for further analysis. 
 

In addition, it has been shown that defects in MYH7 are also the cause of myosin storage 

myopathy, in which muscle biopsies show type 1 fibre predominance and increased 

interstitial fat and connective tissue (Tajsharghi et al., 2003). Dilated cardiomyopathy is a 

disorder characterised by cardiac dilation and reduced systolic function and is also caused 

by defects in MYH7 (Villard et al., 2005). Defects in MYH7 are also a cause of Laing 

early-onset distal myopathy in which there is a selective weakness of the anterior tibial 

muscles (Lamont et al., 2006).  
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Figure 4.3 Illustration of the functional domains of the β-myosin heavy chain and its 
relation to actin. (A) actin binding site, (B) active site (ATP binding site), (C) essential light 
chain binding interface, (D) head-rod junction (Woo et al., 2003). 
 

4.1.1.3.5 Mucolipin 1: Transient receptor potential channel   
 

The family of transient receptor potential channels (TRP) function in contributing to 

changes in cytosolic free Ca2+ concentration ([Ca2+]i) by providing entry pathways for 

Ca2+, by modulating the driving force for the Ca2+ entry, and by providing intracellular 

pathways for Ca2+ release from cellular organelles (Pedersen et al., 2005). Changes in the 

[Ca2+]i play a central role in many fundamental cellular processes such as muscle 

contraction, transmitter release, cell proliferation, gene transcription and cell death 

(Berridge et al., 2000). Seven families make up the TRP superfamily; TRPC (Canonical), 

TRPM (Melastatin), TRPV (Vanilloid), TRPA (Ankyrin), TRPP (Polycystin), TRPML 

(Mucolipin) and TRPN (no mechanoreceptor potential C; only found in Caenorhabditis 

elegans, Drosophila and zebra fish and not in the mammalian genome) (Montell et al., 

2002; Corey et al., 2003; Clapham et al., 2003).  

 

The present study has indicated, by means of Y2H analysis, that an interaction might 

occur with the C-terminus of Cx40 and the transmembrane domains of the Mucolipin1 

TRP channel (MCOLN1). MCOLN1 in one of the less-studied TRP channels, but it is 

known that TRP channels are activated by a wide range of stimuli including intra- and 

extracellular messengers, chemical, mechanical, and osmotic stress, and some by the 
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filling state of intracellular Ca2+ stores (Clapham et al., 2003). It is known that gap 

junctions allow the passage of small molecules such as those mentioned here (Sőhl et al., 

2004, Lampe et al., 2000, 2004), and it is therefore suggested that gap junction channels 

might play a role in the activation of the MCOLN1 channel by influencing this wide 

range of stimuli.  

 
Figure 4.4 Representation of the Mucolipin 1 transmembrane protein and its functionally 
important sites (lipase domain, late endosomal/lysosomal targeting signal and the nuclear 
localisation signal) (Pedersen et al., 2005).  
 

The MCOLN1 protein, which is indicated in figure 4.4, has six transmembrane domains 

with the N-terminus and C-terminus in the cytoplasm (Pedersen et al., 2005). It has three 

functionally important sites, namely, the lipase domain, late endosomal/lysosomal 

targeting signal and the nuclear localisation signal (Pedersen et al., 2005). The MCOLN1 

protein is ubiquitously expressed and is suggested to reside in late endosomes/lysosomes 

(Slaugenhaupt et al., 2002). However, it has been shown that MCOLN1 can function on 

the plasma membranes of oocytes injected with MCOLN1 cRNA (LaPlante et al., 2002). 

It was shown that MCOLN1 can be induced to translocate to the plasma membrane 

during the process of lysosomal exocytosis which was shown to be a Ca2+-dependent 

reaction. In addition, MCOLN1 is not only permeable to Ca2+, but also Na+ and K+, and 

the expression of MCOLN1 on the plasma membrane was associated with generation of 

measurable whole-cell currents (LaPlante et al., 2004). The MCOLN1-mediated control 

of lysosomal Ca2+ levels plays an important role in proper lysosome formation and 

recycling and disturbances thereof has been linked to mutations in the gene encoding 

MCOLN1 (Slaugenhaupt et al., 2002). The resulting lysosomal storage disorder is 
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Mucolipodosis IV and is caused by defects in the late endocytic pathways (Bargal et al., 

1997; Chen et al., 1998; LaPlante et al., 2004; 2002).   

 

One could therefore speculate that an interaction between MCOLN1 and the C-terminus 

of Cx40 might be important in maintaining intra- and extracellular Ca2+ homeostasis 

because both channels function in the milieu of Ca2+ transport and trafficking in the cell 

(Sőhl et al., 2004; Pedersen et al., 2005). A defect in their interaction might influence the 

trafficking of Ca2+, and, in turn, cause a disturbance in the Ca2+ homeostasis. As 

mentioned above, changes in the [Ca2+]i play a central role in many fundamental cellular 

processes such as muscle contraction, transmitter release, cell proliferation, gene 

transcription and cell death. As in the rest of the human body, these are also important for 

normal heart functioning of which cardiac muscle contraction is most dependent on 

adequate Ca2+ homeostasis. In addition, during the late endocytic pathways, exocytosis is 

triggered which results in lysosomes fusing with the plasma membranes (LaPlante et al., 

2004). At this point, an interaction could occur between MCOLN1 (in the lysosome 

membranes) and Cx40 (in the plasma membranes) which might be important for 

completion of the exocytosis process. It is however not known whether Cx proteins have 

functions in processes involving exocytosis but it is something to speculate about. 

 

Interestingly, one of the members of the TRP family, TRPM4, was shown to map to the   

PFHBI locus, as indicated in figure 4.5 (section 1.7.2, figure 1.15). From current 

literature, this channel protein is of interest because of its role as a calcium-activated 

nonselective cation channel, which might be involved in development of cardiac 

arrhythmias induced by calcium waves (Guinamard et al., 2006; Nilius et al., 2006). This 

channel might have similar domains to that of MCOLN1 which could enable an 

interaction with the C-terminus of Cx40. Furthermore, as discussed in section 4.1.1.1, 

TRPM4 might be a true Cx40 ligand which was not identified in the present study due to 

the number of independent clones screened.  
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Figure 4.5 Representation of the position of the ALDH and TRP isoforms in the PFHBI 
locus. The positions of TRPM4 and ALDH16A1 are shown in the PFHBI locus between markers 
D19S902 and D19S866. The map distance of CKM, VASP and DMPK from the D19S902 marker 
are shown with arrows. Abbreviations: creatine kinase, muscle type (CKM), vasodilator-
stimulated phosphoprotein (VASP), myotonic dystrophy protein kinase (DMPK), transient 
receptor potential cation channel 4 (TRPM4), aldehyde dehydrogenase 16 (ALDH16A1), chr: 
chromosome (http://www.ensemble.org).  
 

4.1.1.3.6 Voltage-dependent anion channel 2  
 

The voltage-dependent anion channel (VDAC) family contains three members, namely, 

VDAC1, VDAC2 and VDAC3 (Sampson et al., 1997, 1996; Sardiello et al., 2003), of 

which VDAC2 was identified as a putative Cx40 interacting ligand in the present study. 

It was selected for further analysis (M2H analysis), because of its functions and cellular 

location which will be discussed below.  

  

The VDAC proteins are also known as mitochondrial porins and form the major 

pathways for metabolite flux across the outer (i.e. cytoplasmic facing) mitochondrial 

membrane (Manella et al., 1992; Lee et al., 1998; Xu et al., 1999). Recently, it has been 

reported that VDACs also localise to the plasma membrane (Elinder et al., 2005; Hinsch 
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et al., 2004). These channel proteins behave as general diffusion pores for small 

hydrophilic molecules (Kamorov et al., 2005). They have also been shown to have other 

functions such as binding to receptors or the cytoskeleton, in acting as a coordination 

point for the formation of large protein complexes and in regulation of the molecular 

cascade leading to apoptosis (McEnery et al., 1992; Linden and Karlsson et al., 1996). 

These functions and the fact that VDAC2 is a membrane protein make it possible for one 

to speculate about an interaction between the C-terminus of Cx40 and VDAC2. 

 

An interaction might be an important regulator of the metabolite flux across the 

mitochondrial membrane of not only VDAC2 but also of the gap junctions in the 

mitochondrial membranes. As mentioned previously, the presence of Cx43 in the 

mitochondrion has recently been identified (Boengler et al., 2005) and it is possible that 

Cx40 might also be located in this cellular organelle. Deficiencies in the VDAC proteins 

cause a disturbed transport of ATP and ADP across the mitochondrial membranes and an 

abnormal ion composition of the mitochondrial matrix can be detrimental to the process 

of oxidative phosphorylation (Huizing et al., 1998, 1996a; Ruitenbeek et al., 1995). It is 

proposed that disruptions in the interaction between VDAC2 and Cx40, caused by, e.g., 

VDAC deficiency, might consequently influence the transport of ATP and ADP across 

the mitochondrial membrane. This could in turn influence energy transduction which is 

important for cardiac muscle contraction. In addition, an interaction with the C-terminus 

of Cx40 might have functions in regulating voltage sensitivity of VDAC2 because the C-

terminus has important channel gating properties (Moreno et al., 2002; Ahmad et al., 

2001).   

 

Interestingly, the present study also showed a possible interaction between Cx40 and β-

actin (a cytoskeletal protein). As mentioned above, VDACs function in binding to the 

cytoskeleton (McEnery et al., 1992). It is therefore possible that the interaction between 

VDAC2 and Cx40 might be facilitated by β-actin, which subsequently leads to the 

incorporation of them into the cytoskeleton. In addition, Cx40 might form part of a large 

complex of proteins because of the ability of VDAC to act as a coordination point for the 
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formation of large protein complexes (Linden and Karlsson et al., 1996) and thereby 

function in signal transduction. 

 

4.1.1.3.7 Aldehyde dehydrogenase 2  

 
The present study identified aldehyde dehydrogenase 2 (ALDH2) as a possible Cx40 

interacting ligand. Even though it was shown to be expressed in the mitochondrial matrix, 

it was selected for further analysis because of recent reports of the presence of Cx43 in 

cardiomyocyte mitochondria (Boengler et al., 2005) and because of its possible function 

with Cx40 in vasoactivity, to be discussed below. The following discussion will shed 

light on the function of ALDH2 and its putative interaction with the C-terminus of Cx40.  

 

Two major ALDH isoenzymes have been identified in the liver, namely, cytosolic 

ALDH1 and mitochondrial ALDH2 (Perozich et al., 1999). The ALDH2 isoenzyme is an 

acetaldehyde-metabolising enzyme and is the second enzyme of the major oxidative 

pathway of alcohol metabolism (Hempel et al., 1993). The enzyme contains an Aldedh 

domain, which confers catalytic activity, and is expressed in several other human tissues, 

including the heart, but with highest level in the liver (Impraim et al., 1982). Most 

Caucasians have the two isoenzymes, while approximately 50% of Orientals have only 

the cytosolic isoenzyme. Orientals show extremely high sensitivity to alcohol, which has 

been called “Oriental flushing”, and which has been shown to be caused by a genetic 

deficiency in the ALDH2 isoenzyme. This deficiency cause an elevation in blood 

acetaldehyde levels (Amamoto et al., 2002; Harada et al., 1981; Takeshita et al., 1993). 

 

Excessive alcohol consumption has been shown to be a strong risk factor for high blood 

pressure (MacMahon et al., 1987; Marmot et al., 1994; Tsuruta et al., 2000). Takagi and 

colleagues (Takagi et al., 2001) showed that the ALDH2 gene is a risk factor for 

hypertension and myocardial infarction in Japanese men. They showed that the effects of 

alcohol consumption on blood pressure differed according to the ALDH2 genotype. 

Individuals with a certain ALDH2 genotype had increased high density lipoprotein (HDL) 

cholesterol levels and an increased risk for myocardial infarction. It has been reported 
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that alcohol consumption results in a dose-dependent increase in plasma concentrations 

of HDL through an increase in the HDL apolipoprotein transport rate (Takagi et al., 

2001; 2002). Functions of Cx40, or any of the other members of the Cx family, in alcohol 

metabolism has not been reported to date, but it is possible that the C-terminus of Cx40 

might function in transduction of signals important in the process of alcohol metabolism. 

 

Animal studies performed by Chen and colleagues (Chen et al., 2005) showed an 

association of ALDH2 with vasoactivity. They showed that mitochondrial bioconversion 

of glycerol trinitrate (GTN) to nitric oxide (NO) was absent in mitochondria of ALDH2-

null mice. GTN stimulates NO-based signaling to dilate blood vessels. This indicated that 

ALDH2 is necessary for normal vasoactivity (Chen et al., 2005; Murphy et al., 2005). As 

discussed in the introduction (section 1.4.3) animal studies have shown the importance of 

Cx40 in vasoactivity (de Wit et al., 2000, 2003). It is proposed in the present study that 

the ALDH2 enzyme interacts with the C-terminus of Cx40 which is located in the plasma 

membranes of the endothelium cells lining the blood vessels in the cardiovascular 

system. Their interaction could be an important regulator for vasoactivity and defects in 

their interaction might cause the hypertension reported in Cx40-defecient mice.  

 

Interestingly, the gene encoding the isoenzyme ALDH16A1 was shown to map to the 

PFHBI locus and is indicated in figure 4.5 (section 1.7.2, figure 1.15). This isoenzyme 

has not been fully characterised; however, it might have similar domains to ALDH2 

which could enable a interaction with the C-terminus of Cx40. It might also be necessary 

for ALDH16A1 and ALDH2 to interact or form part of a larger complex, which 

incorporates Cx40, in order to perform their functions in the cell. Furthermore, as 

discussed in section 4.1.1.1, ALDH16A1 might be a true Cx40 ligand which was not 

identified in the present study due to the number of independent clones screened. 

Interactome analyses of ALDH2 have identified the vasodilator-stimulated 

phosphoprotein (VASP) as a down stream interactor of ALDH2. The VASP gene was 

shown to map very close but outside of the PFHBI and DM loci, at marker D19S219, as 

indicated in figure 4.5. However, defects in VASP such as deletions or expansion repeat 
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mutations could have a negative effect on the downstream DM and PFHBI causative 

genes.  

 

4.1.1.3.8 DEAH (Asp-Glu-Ala-His) box polypeptide 30   
 

The DEAH (Asp-Glu-Ala-His) box polypeptide 30 (DHX30) was identified in the 

present study as a putative Cx40 interacting ligand. Unfortunately, a large number of the 

DEAH proteins, including DHX30, have not been fully characterised. It is, however, 

known to be a membrane-bound protein that might interact with the C-terminus of Cx40 

based on its cellular location. This strengthened the grounds for selecting it for further 

analysis by M2H. The following is a brief discussion of nucleic acid helicases from 

current literature. 

 

Nucleic acid helicases are classified into DNA and RNA helicases, which depends on 

their substrate specificity (Abdelhaleem et al., 2003). RNA helicases have been divided 

into two families, namely, DEAD-box and DEAH-box proteins; also known as DExH/D 

proteins. The names originate from the conserved helicase domain motif Asp-Glu-Ala-

Asp (DEAD) and Asp-Glu-Ala-His (DEAH) (Jankowsky et al., 2000). They are a widely 

dispersed group of proteins and are found in almost all biological processes involving 

RNA. They have been shown to play roles in nuclear and mitochondrial splicing 

processes, RNA editing, rRNA processing, translation initiation, nuclear mRNA export 

and mRNA degradation (Tanner et al., 2001). They are also essential factors in cell 

development and differentiation (Silverman et al., 2003; Abdelhaleem et al., 2003). As 

discussed in previous sections, the presence of Cx43 has been identified in 

cardiomyocyte mitochondria and nuclei (Boengler et al., 2005). It is therefore possible 

that Cx40 might also be present in cardiomyocyte nuclei which in turn could interact with 

the membrane bound DHX30 protein. This could be important in signal transduction 

pathways for initiation of transcription processes. They might function in not only the 

import of molecules into the nucleus, but also the export thereof. The export could entail 

transcription products to be translated in the cytoplasm. In addition, it has been shown 

that DExH/D proteins contain accessory domains outside of the helicase domain that 
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offer specificity by possibly serving as sites for interaction with regulatory proteins 

(Silverman et al., 2003). The Cx40 protein could possibly be one of these regulatory 

proteins.  

 

4.1.1.3.9 NADH dehydrogenase (ubiquinone) 1 alpha subcomplex, 6 

 
NADH dehydrogenase oxidoreductase (complex I) is the first and largest complex in the 

mitochondrial respiratory electron transport chain (Chretien et al., 2003). It is located in 

the mitochondrial inner membrane, on the matrix side, and is a membrane bound multi-

subunit assembly, consisting of 45 different subunits (Brandt et al., 2003). Most of the 

subunits have unknown functions. The subunit in complex I, namely, NADH 

dehydrogenase (ubiquinone) 1 alpha subcomplex, 6 (NDUFA6) that was identified in the 

present study as a possible interacter with the C-terminus of Cx40, is a subunit that 

belongs to the complex I LYR family. This family has been named LYR because of a 

highly conserved tripeptide motif close to the N-terminus of the protein (Dunbar et al., 

1997; Emahazion et al., 1998).  

 

Studies have shown that NDUFA6 is preferentially expressed in the heart, lungs and 

skeletal muscle (Chretien et al., 2003; Ton et al., 1997). This protein was selected for 

further analysis based on its membrane bound location which brings it in the proximity of 

the localisation of the Cx40 protein. It was also selected because of the role it plays in 

energy metabolism, as part of complex I, which is important for cardiac muscle 

contraction. Unfortunately, this protein has not been fully characterised and this is 

therefore a generalised discussion of the subunits of complex I. The function of complex 

I is to catalyse the transfer of two electrons from NADH to coenzyme Q, which leads to 

the production of ATP; most of the ATP in cells is produced in the mitochondrion. 

Therefore, defects in complex I predominantly affect organs such as the heart, muscle 

and brain, which have high demands for ATP (Beal et al., 1996; Ton et al., 1997). A 

variety of human diseases such as myopathy, hypertrophic cardiomyopathy, 

encephalopathy, lactic acidosis and strokelike episodes have been associated with defects 
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in the enzymes of the respiratory chain complex (Zeviani et al., 1991; Silvestri et al., 

1994; Mariotti et al., 1994; King et al., 1992).  

 

One could speculate about an interaction between the C-terminus of Cx40 and NDUFA6. 

Both are subunits of a larger complex involved in the transport of molecules important in 

an array of biological processes. An interaction between them could have regulatory 

purposes for the action of molecular transport. Cx40 might facilitate the transduction of 

signals in the respiratory electron transport chain through an interaction of its C-terminus 

with the NDUFA6 subunit. Defective interactions could negatively influence cardiac 

energy metabolism by decreasing the activity of complex I which could consequently 

lead to development of the above mentioned human diseases. In addition, the net effect of 

the interaction of these two proteins might be important in the fast conducting tissue 

which is the region where Cx40 is expressed in the cardiac conduction system. Functions 

of Cxs in the respiratory electron transport chain have not been reported and seem 

unlikely to occur. However, NDUFA6 has not been fully characterised which leaves 

room in the present study to speculate about its possible interaction with cardiac Cxs.      

 

4.1.1.3.10 Prosaposin  
 

The present study identified the prosaposin protein (PSAP) as a putative Cx40-interacting 

ligand. The PSAP protein has been shown to be a multifunctional protein with intra- and 

extra-cellular functions (Sun et al., 2002).  It has been shown that the PSAP protein is 

processed intracellularly into four related ~80 amino acid proteins, namely, saposins A, 

B, C and D (Hiraiwa et al., 1992). They are necessary for the activity of specific lysosmal 

glycosphingolipids (GSLs) hydrolyses. It has been shown that deficiency of PSAP in 

human or mouse results in the storage of multiple GSLs in a variety of organs (Paton et 

al., 1992; Hulkova et al., 2001). Extracellularly, unprocessed PSAP has functions as a 

neurite outgrowth or nerve regeneration factor (Sun et al., 2002).  

 

The functions of PSAP in signal transduction and cell-to-cell communication are 

important functions that apply to the present study, because gap junction channels also 
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function in this regard. Therefore, an interaction of this protein with the C-terminus of 

Cx40 could be important in the transduction of certain cellular signals. Defects in the 

interaction could uncouple the chemical communication between adjacent cells which 

might be dependent on the interaction of PSAP and Cx40. It is however not known 

whether PSAP has functions in the spread of the electrical impulse in the cardiac 

conduction system. 

 

The PSAP protein has been shown to be both a secretory protein and a integral membrane 

protein (Hiraiwa et al., 1992). An interaction with the C-terminus of Cx40 might 

therefore occur through a interaction with one or all of the saposins in their membrane 

bound cellular location. With which of the saposins this interaction occurs, is not clear in 

the present study. Furthermore, an interaction between the unprocessed PSAP and Cx40 

is unlikely to occur, because the unprocessed PSAP is an extracellular protein (Sun et al., 

2002) which places it outside of the intracellular location of the C-terminus of Cx40.   

 

4.1.1.3.11 Filamin A (actin binding protein 280) 
 

The actin binding protein, filamin A (FLNA), a putative Cx40 ligand according to the 

present study, crosslinks actin filaments into networks in the cytoplasm and participates 

in the anchoring of membrane proteins for the actin cytoskeleton (Gorlin et al., 1990). It 

is proposed that FLNA might facilitate the trafficking and incorporation of Cx40 into the 

gap junction channel in the plasma membrane through its function as an anchoring 

protein. The FLNA protein has also been shown to function in regulating reorganisation 

of the actin cytoskeleton by interacting with integrins, transmembrane receptor 

complexes and second messengers (Loo et al., 1998; Stossel et al., 1985). The Cx40 

protein could possibly be one of the membrane components that interact with FLNA to 

facilitate the regulation of the actin cytoskeleton.  

 

Furthermore, FLNA has been shown to serve as a scaffold for a wide range of 

cytoplasmic signaling proteins (Gorlin et al., 1990; Stossel et al., 1985). It is possible that 

Cx40 could be incorporated into a larger complex of signaling proteins through its 
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interaction with FLNA. As previously discussed, β-actin (a cytoskeletal protein) is a 

possible Cx40 ligand. It is proposed that the interaction of these proteins with the C-

terminus of Cx40 facilitates the organisation and stabilisation of β-actin and FLNA in the 

cytoplasmic cytoskeleton.   

 

4.1.1.4 Functional consequence of Cx40 interacting ligands 
 

The synthesis, assembly and degradation of gap junction channels (section 1.2.3), the 

channel gating mechanisms (section 1.6), the transport of molecules through the channel 

(section 1.2.1) and to this end, the conduction of an electrical impulse in the cardiac 

conduction system (section 1.1.2) can all be influenced by a ligand that interacts with the 

C-terminus of Cx40. None of the ligands identified for Cx40 in the present study have 

been shown to form protein-protein interactions with any of the other cardiac Cx 

isoforms. It is however possible to speculate, from current literature, about the functional 

consequences of these Cx40-interacting ligands.  

 

4.1.1.4.1 Signal transduction 

 
The ligands such as CRP2, PSAP, FLNA and VDAC2 (figure 4.1) which are involved in 

forming large protein complexes or act as scaffolds, play roles in signal transduction in 

the cell by recruiting signaling proteins. They might be important in Cx40-based gap 

junction formation and maintenance, and in electrical impulse conduction (Giepmans et 

al., 1998; Herve et al., 2004; Duffy et al., 2002). The DHX30 protein, which is a 

membrane bound protein, might also be important in the signal transduction processes.  

 

The cytoskeletal proteins, namely, β-actin and FLNA, might interact with Cx40, in order 

to facilitate the anchoring of membrane proteins, to regulate organisation of the 

cytoskeleton, and to maintain cellular shape (Herve et al., 2004). Abnormal cellular shape 

disrupts the gap junction channel distribution between cardiomyocytes and consequently 

leads to defects in electrical impulse conduction, which is necessary for adequate heart 
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muscle contractions. Furthermore, cardiac malformations have been observed in Cx40-

deficient mice as discussed in section 1.4.1 (Gu et al., 2003). This could be due to 

disruption in the interactions between Cx40 and the cytoskeletal proteins, because of the 

Cx40-deficiency, which causes abnormal cardiomyocyte cellular shape and subsequently 

leads to development of cardiac malformations. The cytoskeletal proteins also function in 

recruiting other proteins to the membrane which play roles in signal transduction.  

 

Therefore, the C-terminus of Cx40 could function in clustering of other proteins which 

consequently connects intracellular signaling pathways which might be important in 

Cx40-based gap junction formation and maintenance, and subsequently, in electrical 

impulse conduction.   
 

4.1.1.4.2 Cardiac muscle contraction 
 

Essential for cardiac muscle contraction is the maintenance of intracellular calcium 

homeostasis and cardiac energy metabolism (Boehm et al., 2000; Crozatier et al., 2002). 

The ligands identified in the present study with involvement in these mechanisms are 

MCOLN1 (Ca2+ homeostasis) and VDAC2, NDUFA6 and CK (energy metabolism) 

(figure 4.1). Their interaction with Cx40 might facilitate some of their cellular functions. 

All, except for CK, either form part of, or are, membrane channels, of which the gating 

might be influenced by the regulation properties of the C-terminus of Cx40.  

 

This will influence the transport of molecules through these channels and, subsequently, 

other biological processes in the cell. Furthermore, an interaction might occur between 

the C-terminus of Cx40 and the rod domain of β-myosin. The rod domain provides the 

structural backbone for the sarcomere thick filament and it is suggested that the 

interaction of this domain with the C-terminus of Cx40 functions in anchoring or 

stabilising the myosin tail in the sarcomere. The functions of β-myosin in muscle 

contraction and cell motility might be influenced by this interaction. 
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4.1.1.4.3 Vasoactivity 

 
Animal studies showed that Cx40-deficient mice had significantly higher blood pressure 

levels, compared with wild-type mice, and also displayed irregular arteriolar vasomotion 

and impaired conduction of vasodilatory signals along their arterioles (de Wit et al., 

2000, 2003). Interestingly, it has also been shown that ALDH2 is necessary for normal 

vasoactivity (Chen et al., 2005). Therefore, an interaction between ALDH2 and the       

C-terminus of Cx40 might be an important regulator of vasoactivity and also possibly for 

blood pressure levels.  

 

4.1.1.4.4 Net effect of interactions  
 

Adequate spread of electrical impulse in the fast conducting tissue of the His-Purkinje 

system (section 4.1.1.4.1 and 1.1.2), which is a network of cells specialised for rapid 

conduction of excitation to the apical ventricular myocardium (Saffitz et al., 2000), 

adequate cardiac muscle contraction of predominantly the atrium (sections 4.1.1.4.2 and 

1.3.4), and adequate arteriolar vasomotion and conduction of vasodilatory signals along 

the arterioles, in order to regulate blood pressure levels (sections 4.1.1.4.3 and 1.4.3). 

 

4.1.1.5 Functional differences of Cx40 and Cx45 
 

A ligands search conducted with Cx45, by N Nxumalo (Nxumalo, 2007), in parallel with 

the present study, identified mostly mitochondrial proteins as Cx45 ligands whereas those 

for Cx40, in the present study, were mostly cytoplasmic. From the difference in cellular 

localisation of the ligands of each of these isoforms, we can deduce that Cx40 and Cx45 

have different functions in the heart. It is possible that Cx45 might have more roles in 

energy metabolism than Cx40 because of its interaction with mitochondrial proteins. The 

predominant function of Cx40 might be in signal transduction and regulation of the 

cytoskeleton because most of its ligands function in this regard. It is possible that 

significant ligands, which would have shed more light on the functions of Cx40 and 

Cx45, might have been missed, due to limitations of the Y2H analysis discussed below, 

  



 163

in the process of screening the library of cardiac proteins. Therefore, one can only 

speculate to a point from where a margin of error must be drawn about the differences in 

functions of Cx40 and Cx45.   
 

4.1.1.6 Limitations of Y2H analysis   
 

The desired biotechnological approach to detect protein-protein interactions is that of a 

system without limitations. Unfortunately, such is hard to find. Even though the Y2H 

method is a frequently used technique to detect and study protein-protein interactions, it 

also has its limitations which will be discussed in the following section.  

 

Some classes of proteins are not suitable for Y2H analysis, e.g., transcriptional activators 

that may activate transcription of reporter genes without any interactions with other 

proteins (auto-activation) (Sobhanifar et al., 2003). Another limitation is the necessity of 

nuclear localisation of the interacting ligands, in order to activate transcription of the 

reporter genes. The nuclear recruitment of extracellular proteins or proteins with stronger 

targeting signals, such as membrane bound proteins, is at a disadvantage. The nucleus 

may not be the ideal cellular organelle for the investigation of certain interactions (Van 

Criekinge et al., 1999). 

 

The Y2H method makes use of artificially made fusion proteins which poses a potential 

risk when attempting to identify protein-protein interactions. It is possible that the fusion 

might alter the conformation of the bait and/or prey proteins and consequently may alter 

their functions and binding properties (Sobhanifar et al., 2003). Another limitation is the 

use of S.cerivisiae as the host. Some protein-protein interactions depend on post-

translational modifications, such as disulfide bridge formation, glycosylation or 

phosphorylation. These may not occur properly or at all in the S.cerivisiae system. In 

addition, the S.cerivisiae might not be able to correctly fold the constructed fusion protein 

(Fields et al., 1994; Van Criekinge et al., 1999). 
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Another limitation of the Y2H method is the possibility of identifying false positive 

binding partners by indicating reporter gene activity where no direct bait-prey interaction 

has taken place. This occurs when the bait construct acts as an auto-activator of 

transcription (Sobhanifar et al., 2003). The ability of auto-activation of transcription was 

one of the aspects that were tested for in the present study when evaluating the Cx40 bait 

construct. The results showed that the bait construct was unable to activate transcription 

of the reporter genes autonomously. The present study employed a system that utilised 

multiple reporter genes, each under slightly altered GAL4-responsive upstream activation 

sequences, in order to minimize the number of false positives. In addition, heterologous 

mating experiments were performed, in order to exclude non-specific bait and prey 

interactions from the study. Another limitation of Y2H is the possible lack of detection of 

significant ligands due to insufficient screening of the cardiac cDNA library. This could 

be due to factors such as sub-standard growth medias, or inefficient library cloning 

vectors and bait constructs.   

 

Protein-protein interactions detected by the Y2H method are, as in many other 

biotechnological approaches, putative and should be confirmed by means of other 

molecular biochemical techniques. The present study employed the M2H method, in 

order to confirm the bait and prey interactions identified.    

 

4.1.2 Mammalian-2-Hybrid analysis 
 

4.1.2.1 SEAP assay and β-Galactosidase enzyme assay 
 

The SEAP assay results obtained for the M2H analysis were incorrect for the controls, 

which indicated that the M2H system performed inefficiently. The β-Galactosidase 

enzyme assay verified this by showing poor transfection efficiency of the H9C2 

mammalian cells with the four constructs. This can be seen in figure 3.12, section 3.3.2, 

in which the SEAP assay values were normalised for the β-Galactosidase assay values, in 

order to determine transfection efficiency.  
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A reason why the SEAP assay failed could be due to the type of mammalian cells used, 

which seemed to transfect poorly under standard conditions. It has been shown that 

transfection efficiency for different cell lines varies and that different cell lines require 

different transfection methods (Ausubel et al., 1994). Correct SEAP assay results might 

have been obtained after the transfection efficiencies were compared of preliminary 

control matings, in order to select the appropriate protocol. Another reason for the 

incorrect SEAP assay results could be that the construct DNA contained impurities, such 

as endotoxins, that were not removed efficiently during DNA purification. Furthermore, 

the cell density, the concentration of DNA, growth media conditions and transfection 

time are parameters that could have influenced the SEAP assay results. Technical 

research errors are another factor that could have negatively influenced the assay’s 

outcome.    
 

4.1.2.2 Limitations of M2H analysis 
 

The necessity for nuclear localisation of interacting ligands, in order to activate 

transcription of reporter genes, are a limitation of the M2H system, in the same way as it 

is for the Y2H system. Therefore, the nucleus may not be the ideal cellular organelle for 

the investigation of certain bait and prey protein interactions (Van Criekinge et al., 1999). 

Furthermore, it may be possible for the bait or prey fusion constructs to autonomously 

activate transcription of reporter genes because M2H is a GAL4-based system. For this 

reason, several control experiments, as indicated in table 2.8, section 2.14.3, were 

included to determine whether any of the constructs were auto-activators of transcription. 

Another limitation is efficient transfection of multiple numbers of constructs into 

mammalian cells (Ausubel et al., 1994). Not all transfection protocols work efficiently 

for different mammalian cell lines and it is therefore necessary to conduct preliminary 

control matings, in order to select the appropriate transfection protocol.   
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4.2 Future directions 
 

Future directions will be to verify whether the ligands identified for the C-terminus of 

Cx40 in the present study are true interactors. The M2H assay will facilitate this 

following the use of appropriate transfection protocols for the selected cell line, in order 

to yield significant SEAP assay and, subsequently, statistical results. The co-

immunoprecipitation assay and western blot analysis are methods that will also shed light 

on the bait and prey protein interaction under investigation. Another method, namely, 

immunofluorescence confocal microscopy could be employed, which will make it 

possible to determine whether the similar subcellular localisation of two proteins makes 

possible a physical interaction between them. The Cx40 protein has different expression 

patterns in the developing heart and the ligands can be investigated to determine whether 

their interaction with Cx40 is dependent on certain stages of heart development. 

Furthermore, the role that the ligands play in the functions of Cx40 in the conduction 

system can be investigated and whether disruptions in these interactions contribute to 

development of heart diseases such as PFHBI and PFHBII. 
 

4.3 Conclusion  
 

The present study identified 11 different putative Cx40-interacting ligands. The specific 

roles that each one plays in the milieu of Cx40 functioning is one on which to ponder. 

However, from the discussion it is possible to speculate that these ligands form parts of 

larger intracellular signaling pathways which are important in Cx40-based gap junction 

formation and maintenance. This influences the propagation and spread of the ever 

important electrical impulse through the regions of the conduction system where Cx40 is 

the predominant isoform. In light of the search for the PFHBI and PFHBII disease 

causative genes, it is not known whether these Cx40 ligands play roles in heart disease 

development; however, isoforms of the ALDH and TRP ligands, do map to the PFHBI 

target locus which, therefore, identifies them as novel disease causative candidates to be 

investigated.   
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Appendix I 

 

DNA extraction solutions 
Cell lysis buffer 

Sucrose       0.32M 

Triton-X-100       1% 

MgCL2       5mM 

Tris-HCL       10mM 

H2O        1L 

 

3M NaAc 

NaAc.3H2O       40.18g 

ddH2O        50ml 

Adjust pH to 5.2 with glacial acetic acid and adjust  

volume to 100mL with ddH2O 

 

DNA extraction buffer 

NaCl        0.1 M 

Tris-HCL       0.01M 

EDTA (pH8)       0.025M 

SDS        0.5% 

Proteinase K       0.1mg/ml 

 

TBE buffer (10x stock) 

Tris-HCl       0.89M 

Boric Acid       0.89M 

Na2EDTA (pH8)       20mM 
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Bacterial plasmid purification solutions 
 

Cell resuspension solution 

50mM Tris-HCL, ph 7.5     2.5ml 1M Tris 

10mM EDTA       1mL 0.5 EDTA 

Make up to 50ml with dH2O 

 

Cell lysis solution 

0.2M NaOH       2.5ml 4M NaOH 

1% SDS       5ml 

Make up to 50ml with dH2O 

 

Neutralization solution 

1.32M KOAc, pH4.8      13.2ml 5M KOAc 

Make upto 50ml with dH2O 

 

Yeast plasmid purification solutions 
 

Yeast lysis buffer (Smash-and-Grab buffer) 

SDS        1% 

Triton X-100       2% 

NaCl        100mM 

Tris (pH 8)       10mM 

EDTA (pH 8)       1mM 

Make up to 50ml with ddH2O 
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Electrophoresis solutions, loading dyes & agarose gels 
 

SB-Buffer (20x stock) 

38.137 g/mol di-sodium tetraborate decahydrate   

Add ddH2O up to 1L 

 

Bromophenol blue loading dye 

Bromophenol blue      0.2% (w/v)       

Glycerol        50%  

Tris (pH 8)       10mM     

 

Agarose gel solutions 

Concentration 1% 1.5% 2% 

Agarose (g) 1 1.5 2 

1x SB stock (ml) 100 100 100 

       Melt agarose, in SB solution, in microwave oven until completely dissolved. 
       Let cool for 10min, add 7µl ethidium bromide and pour into gel try. 
 

Molecular size marker 
Lambda PstI 

Bacteriophage Lambda DNA (250µg)   100µl 

Buffer M       15µl 

Pst1         11µl 

H2O        32µl 

Incubate at 37°C for 2 hours followed by heat inactivation at 65°C for 5 minutes.  
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PCR buffer 

 

10x NH4 PCR buffer  

Ammonium sulfate      160mM 

Tris-HCl (pH8.8)      670mM 

Tween-20       0.1% 

 

Solutions for the preparation of bacterial competent cells 
 

CAP buffer 

60mM CaCl2       2.21g 

15% glycerol       37.5ml 

10mM PIPES       0.76g 

Make up to 250ml with sterile millipore H2O. 

pH to 7.0. Store in fridge. 

 

Bacterial media 
 

Luria-Bertani (LB) medium 

Bacto tryptone       5g   

Yeast extract       2.5g     

NaCl        5g 

Make up to 500ml with ddH2O 

Autoclave at 121°C for 15min. Let cool down to 55°C before adding appropriate 

antibiotic (ampicillin: 25mg/ml; kanamycin: 5mg/ml). 

 

GJA5 bait-construct for Y2H: Kanamycin 

GJA5 bait-construct for M2H: Ampicillin 

Prey constructs for M2H: Ampicillin 
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LB agar plates 

Bacto tryptone       5g   

Yeast extract       2.5g     

NaCl        5g 

Agar        8g 

Make up to 500ml with ddH2O 

Autoclave at 121°C for 15min. Let cool down to 55°C before adding appropriate 

antibiotic (ampicillin: 25mg/ml; kanamycin: 5mg/ml), prior to pouring plates. 

 

Yeast media 
YPDA medium 

Glucose       12g  

Yeast extract       6g 

Difco peptone       12g 

L-adenine hemisulphate (0.2% stock)     9ml 

Make up to 600ml with ddH2O. 

Autoclave at 121°C for 15min 

 

YPDA agar 

Glucose       12g  

Yeast extract       6g 

Difco peptone       12g 

L-adenine hemisulphate (0.2% stock)     9ml 

Bacto agar       12g 

Make up to 600ml with ddH2O. 

Autoclave at 121°C for 15min. Let cool down to 55°C prior to pouring. 
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0.5x YPDA medium 

Glucose       3g 

Yeast extract       1.5g 

Difco peptone       3g 

L-adenine hemisulphate (0.2% stock)     2.25ml 

Make up to 300ml with ddH2O 

 

2x YPDA medium 

Glucose       12g 

Yeast extract       6g 

Difco peptone       12g 

L-adenine hemisulphate (0.2% stock)     9ml 

Make up to 300ml with ddH2O 

 

Synthetic Dropout (SD) medium 

Glucose       12g 

SD dropout supplement     0.4g 

Yeast nitrogen base without amino acids   4g 

4M NaOH       160μl 

Make up to 600ml with ddH2O 

Autoclave at 121°C for 15min.  

 

Single dropout media: SD-Ade or SD-Trp or SD-His or SD-Leu or SD-Ura 

DDO: SD-Trp/-Leu 

TDO: SD-Trp/-Leu/-His 

QDO: SD-Trp/-Leu/-His/-Ade 

 

For SD agar plates: add 12g agar. Autoclave at 121°C for 15min. 

Let cool down to 55°C prior to pouring 
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Solutions used for yeast transformations 
 

1M LiAc 

5.1g LiAc         

Make up to 50ml with ddH2O 

 

100mM LiAc 

5ml 1M LiAc        

Add 45ml sterile H2O 

 

50% PEG 

25g Polyethyleneglycol 4000        

Add ddH2O up to 50ml  

 

Eukaryotic cell culture media 
 

Complete growth medium 

DMEM       90ml 

Hams F12       90ml 

Foetal calf serum      20ml 

Penstrep 

 

Serum-free medium 

DMEM       100ml 

Hams F12       100ml 
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Appendix II 

 

Vectors  

 

A 

B 

 
Figure 1 Restriction map and multiple cloning site (MCS) of the Y2H bait                

vector - pGBKT7. A) The positions of the kanamycin resistance gene (Kanr), TRP1 and 

GAL4-BD coding sequence, f1 bacteriophage and pUC plasmid origins of replication, the 

truncated S.cerivisiae ADH1 promotor sequence (PADH1), the T7 RNA polymerase 

promoter and the T7 and c-Myc epitope tag are indicated on the map. B) Nucleotide 

sequence of the pGBKT7 MCS.  The positions of all unique restriction enzyme 

recognition sequences, stop codons in the T7 terminator sequence, the GAL4-BD coding 

sequence, the T7 promoter sequence, c-Myc epitope tag and the positions of pGBKT7-F 

and pGBKT7-R primers are indicated on the sequence (taken from Clontech 

MATCHMAKERS vectors handbook).    
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A 

B 

Figure 2 Restriction map and multiple cloning site (MCS) of the Y2H prey                

vector – pGAD. A) The position of the ampicillin resistance gene (Ampr), LEU2 and 

GAL4-AD coding sequence, yeast 2 m and pUC plasmid origins of replication, the 

truncated S.cerivisiae ADH1 promotor sequence (PADH1), the T7 RNA polymerase 

promoter, and the HA epitope tag are indicated on the map. B) Nucleotide sequence of 

the pGADT7-Rec MCS.  The positions of all unique restriction enzyme recognition 

sequences, stop codons in the T7 terminator sequence, the GAL4-AD coding sequence, 

the T7 promoter sequence, HA epitope tag and the positions of pGADT7-F and 

pGADT7-R primers (outer and inner) are indicated on the sequence (taken from Clontech 

MATCHMAKERS vectors handbook).    
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A 

B 

 

Figure 3 Restriction map and multiple cloning site (MCS) of the M2H GAL4 DNA- 

BD vector – pM. A) The positions of unique restriction sites are indicated in bold. The 

position of the ampicillin resistance gene (Ampr), GAL4-BD coding sequence, the SV40 

promoter and SV40 polyA transcription termination sequence and the MCS are indicated 

on the map. B) Nucleotide sequence of the pM MCS. The positions of all unique 

restriction sites, stop codons, the position of the GAL4-BD coding sequence and the 

position of the pM sequencing primer are all indicated on the map (taken from Clontech 

MATCHMAKER Two-Hybrid Assay Kit User Manual).  
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A 

B 

Figure 4 Restriction map and multiple cloning site (MCS) of the M2H GAL4 DNA- 

AD vector – pVP16. A) The positions of unique restriction sites are indicated in bold. 

The position of the ampicillin resistance gene (Ampr), GAL4-AD coding sequence, the 

SV40 promoter and SV40 polyA transcription termination sequence and the MCS are 

indicated on the map. B) Nucleotide sequence of the pVP16 MCS. The positions of all 

unique restriction sites, stop codons, the position of the GAL4-AD coding sequence and 

the position of the pVP16-F and pVP16-R primers are indicated on the map (taken from 

Clontech MATCHMAKER Two-Hybrid Assay Kit User Manual).  
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Figure 5 Map of pG5SEAP reporter vector for M2H assay. This vector contains a 

ampicillin resistance gene (Ampr), five GAL4 binding sites and an adenovirus E1b 

minimal promoter sequence upstream from the secreted alkaline phosphatase (SEAP) 

gene, as indicated on the map (taken from Clontech MATCHMAKER Two-Hybrid 

Assay Kit User Manual).  

 

 
Figure 6 Map of pSV-β-Galactosidase reporter vector for M2H assay. This vector 

contains SV40 promoter and enhancer sequences, a ampicillin resistance gene (Ampr) and 

the gene encoding LacZ, as indicated on the map (taken from Promega Technical 

Bulletin). 
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Appendix III 

 

Calculating yeast mating efficiency 
 

Count number of colonies on all plates with 30-300 colonies after 4 days 

 

#colony forming units (cfu)/ml =               cfu x 1000μl/ml 

                                                      Volume plated (μl) x dilution factor 

 

1. Number of cfu/ml on SD-Leu plates = viability of prey partner 

2. Number of cfu/ml on SD-Trp plates = viability of bait partner 

3. Number of cfu/ml on SD-Leu/Trp plates = viability of diploids 

4. Lowest number of cfu/ml of SD-Leu or SD-Trp plates indicate limiting partner 

5. Mating efficiency = #cfu/ml of diploids x 100 

                                       #cfu/ml of limiting partner 

 

Library titre 

Count number of colonies on all plates with 30-300 colonies after 4 days 

 

#cfu/ml  =                    #colonies 

                 Plating volume (ml) x dilution factor 

 

#colonies clones screened = #cfu/ml x final resuspension volume 
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Appendix IV 
 

Bacterial strain phenotype 

 

E.coli strain DH5α 

Φ80d lacZ∆M15 recA1, endA1, Gry A96 thi-1, hsdR17 supE44, relA1, deoR∆ 

(lacZYAargF)u169 
 

Yeast strain phenotype 
 

S.cerevisiae strain AH109 

MATa, trp1-901, leu2-3, ura3-5, his3-200, gal4∆, gal80∆, LYS2::GAL1uas-GAL1TATA-

HIS3, GAL2UAS-GAL2TATA-ADE2, URA3::MEL1UAS-MEL1TATA-lacZ (James et al., 1996)  

 

S.cerevisiae strain Y187 

MATα, ura3-52, his3-200, ade2-101, trp1-901, leu2-3, 112, gal4∆, met-, gal80∆, URA3:: 

GAL1UAS-GAL1TATA-lacZ  (Harper et al., 1993) 
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Appendix V 
 

List of suppliers 

 

Agar       Merck 

Agarose      Whitehead Scientific 

Ampicillin      Roche 

BamHI       Promega 

Bromophenol blue     Merck 

Calf intestinal alkaline phosphatase   Promega 

dATP       Boerhinger Mannheim 

dCTP       Boerhinger Mannheim 

dGTP       Boerhinger Mannheim 

dNTPmix      TaKaRa 

dTTP       Boerhinger Mannheim 

EcoRI       Promega 

Ethanol      Boerhinger Mannheim 

GFX® DNA purification kit    Amersham Pharmacia 

Glucose      Kimix 

Glycerol      FMC Promega 

Herring sperm DNA     Promega 

Isopropanol      Merck 

K-acetate      Sigma 

Kanamycin      Roche 

Lambda DNA      Promega 

LiAc       Sigma 

MatchmakerTM Mammalian assay kit   BD Bioscience 

MgCl2       Bioline 

NaCl       BDH Chemicals 

Na2HPO4.7H2O     Merck 

Na2HPO4.H2O     Merck 
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NaOH       Sigma 

NdeI       Promega 

Oligonucleotide primers    Department of Molecular and 

       Cell Biology, University of  

       Cape Town (UCT), Cape 

       Town, South Africa 

PEG4000      Merck 

Peptone      Difco 

pG5LUC      BD Bioscience 

pGBKT7      BD Bioscience 

PCR buffer      Bioline U.K. 

pM       BD Bioscience 

Phenol/chloroform/isoamyl    Sigma 

PureYieldTM plasmid midiprep system  Promega 

pVP16       BD Bioscience 

QDO       BD Bioscience 

SD-L       BD Bioscience 

SD-T       BD Bioscience 

SD-L/-T       BD Bioscience 

T4 Ligase      Promega 

Taq polymerase     Bioline 

TDO       BD Bioscience 

Tris       Merck 

Tris-HCL      Merck 

Trypsin      Highveld Biological 

Tryptone      Fluka 

Urea       BDH Chemicals 

X-α-galactose      Southern Cross 

Yeast extract      Difco 

Yeast nitrogen base     BD Bioscience 

 



 183

References 
 

Abdelhaleem M, Maltais L and Wain H. The human DDX and DHX gene families of putative 

RNA helicases. Genomics 81: 618-622, 2003. 

Ackerman MJ, VanDriest SL, Ommen SR, Will ML, Nishimura RA, Tajik AJ and Gersh 

BJ. Prevalence and age-dependence of malignant mutations in the beta-myosin heavy chain and 

troponin T genes in hypertrophic cardiomyopathy: a comprehensive outpatient perspective. J Am 

Coll Cardiol 39: 2042-2048, 2002. 

Ahmad S, Martin PE and Evans WH . Assembly of gap junction channels: mechanism, effects 

of calmodulin antagonists and identification of connexin oligomerization determinants. Eur J 

Biochem 268: 4544-4552, 2001. 

Amamoto K, Okamura T, Tamaki S, Kita Y, Tsujita Y, Kadowaki T, Nakamura Y and 

Ueshima H. Epidemiologic study of the association of low-Km mitochondrial acetaldehyde 

dehydrogenase genotypes with blood pressure level and the prevalence of hypertension in a 

general population. Hypertens Res 25: 857-864, 2002. 

American Heart Association: [http://www.americanheart.org]   

 

Anumonwo JM, Taffet SM, Gu H, Chanson M, Moreno AP and Delmar M. The carboxyl 

terminal domain regulates the unitary conductance and voltage dependence of connexin40 gap 

junction channels. Circ Res 88: 666-673, 2001. 

Arrieff Z: The search for the PFHBI gene: Refining the target area and identification and 

analysis of candidate gene transcripts. PhD thesis. University of Stellenbosch, Department of 

Biomedical Sciences; 2004 

 

Bardien-Kruger S, Wulff H, Arieff Z, Brink P, Chandy KG and Corfield V. Characterisation 

of the human voltage-gated potassium channel gene, KCNA7, a candidate gene for inherited 

http://www.americanheart.org/


 184

cardiac disorders, and its exclusion as cause of progressive familial heart block I (PFHBI). Eur J 

Hum Genet 10: 36-43, 2002. 

Bargal R and Bach G. Mucolipidosis type IV: abnormal transport of lipids to lysosomes. J 

Inherit Metab Dis 20: 625-632, 1997. 

Beblo DA, Wang HZ, Beyer EC, Westphale EM and Veenstra RD. Unique conductance, 

gating, and selective permeability properties of gap junction channels formed by connexin40. 

Circ Res 77: 813-822, 1995. 

Bergoffen J, Scherer SS, Wang S, Scott MO, Bone LJ, Paul DL, Chen K, Lensch MW, 

Chance PF and Fischbeck KH. Connexin mutations in X-linked Charcot-Marie-Tooth disease. 

Science 262: 2039-2042, 1993. 

Bergoffen J, Trofatter J, Pericak-Vance MA, Haines JL, Chance PF and Fischbeck KH. 

Linkage localization of X-linked Charcot-Marie-Tooth disease. Am J Hum Genet 52: 312-318, 

1993. 

Berridge MJ, Lipp P and Bootman MD. The versatility and universality of calcium signalling. 

Nat Rev Mol Cell Biol 1: 11-21, 2000. 

Berry V, Mackay D, Khaliq S, Francis PJ, Hameed A, Anwar K, Mehdi SQ, Newbold RJ, 

Ionides A, Shiels A, Moore T and Bhattacharya SS. Connexin 50 mutation in a family with 

congenital "zonular nuclear" pulverulent cataract of Pakistani origin. Hum Genet 105: 168-170, 

1999. 

Berthoud VM, Minogue PJ, Guo J, Williamson EK, Xu X, Ebihara L and Beyer EC. Loss of 

function and impaired degradation of a cataract-associated mutant connexin50. Eur J Cell Biol 

82: 209-221, 2003. 



 185

Berul CI, Maguire CT, Aronovitz MJ, Greenwood J, Miller C, Gehrmann J, Housman D, 

Mendelsohn ME and Reddy S. DMPK dosage alterations result in atrioventricular conduction 

abnormalities in a mouse myotonic dystrophy model. J Clin Invest 103: R1-R7, 1999. 

Bioinformatic Harvester: [http://harvester.embl.de] 

 

Blair E, Redwood C, de Jesus OM, Moolman-Smook JC, Brink P, Corfield VA, Ostman-

Smith I and Watkins H. Mutations of the light meromyosin domain of the beta-myosin heavy 

chain rod in hypertrophic cardiomyopathy. Circ Res 90: 263-269, 2002. 

Boehm E, Ventura-Clapier R, Mateo P, Lechene P and Veksler V. Glycolysis supports 

calcium uptake by the sarcoplasmic reticulum in skinned ventricular fibres of mice deficient in 

mitochondrial and cytosolic creatine kinase. J Mol Cell Cardiol 32: 891-902, 2000. 

Boengler K, Dodoni G, Rodriguez-Sinovas A, Cabestrero A, Ruiz-Meana M, Gres P, 

Konietzka I, Lopez-Iglesias C, Garcia-Dorado D, Di Lisa F, Heusch G and Schulz R. 

Connexin 43 in cardiomyocyte mitochondria and its increase by ischemic preconditioning. 

Cardiovasc Res 67: 234-244, 2005. 

Brakebusch C and Fassler R. The integrin-actin connection, an eternal love affair. EMBO J 22: 

2324-2333, 2003. 

Brandt U, Kerscher S, Drose S, Zwicker K and Zickermann V. Proton pumping by 

NADH:ubiquinone oxidoreductase. A redox driven conformational change mechanism? FEBS 

Lett 545: 9-17, 2003. 

Brink AJ and Torrington M. Progressive familial heart block--two types. S Afr Med J 52: 53-

59, 1977. 

Brink P: A molecular genetic approach to the aetiology of cardiovascular disease in South Africa 

with reference to progessive familial heart block.  PhD thesis. University of Stellenbosch, 

Department of Biomedical Sciences; 1997 



 186

 

Brink PA, Ferreira A, Moolman JC, Weymar HW, van der Merwe PL and Corfield VA. 

Gene for progressive familial heart block type I maps to chromosome 19q13. Circulation 91: 

1633-1640, 1995. 

Britz-Cunningham SH, Shah MM, Zuppan CW and Fletcher WH. Mutations of the 

Connexin43 gap-junction gene in patients with heart malformations and defects of laterality. N 

Engl J Med 332: 1323-1329, 1995. 

Bukauskas FF and Verselis VK. Gap junction channel gating. Biochim Biophys Acta 1662: 42-

60, 2004. 

Chang DF, Belaguli NS, Iyer D, Roberts WB, Wu SP, Dong XR, Marx JG, Moore MS, 

Beckerle MC, Majesky MW and Schwartz RJ. Cysteine-rich LIM-only proteins CRP1 and 

CRP2 are potent smooth muscle differentiation cofactors. Dev Cell 4: 107-118, 2003. 

Chen CS, Bach G and Pagano RE. Abnormal transport along the lysosomal pathway in 

mucolipidosis, type IV disease. Proc Natl Acad Sci U S A 95: 6373-6378, 1998. 

Chen Z, Foster MW, Zhang J, Mao L, Rockman HA, Kawamoto T, Kitagawa K, Nakayama 

KI, Hess DT and Stamler JS. An essential role for mitochondrial aldehyde dehydrogenase in 

nitroglycerin bioactivation. Proc Natl Acad Sci U S A 102: 12159-12164, 2005. 

Chretien D, Benit P, Chol M, Lebon S, Rotig A, Munnich A and Rustin P. Assay of 

mitochondrial respiratory chain complex I in human lymphocytes and cultured skin fibroblasts. 

Biochem Biophys Res Commun 301: 222-224, 2003. 

Clapham DE. TRP channels as cellular sensors. Nature 426: 517-524, 2003. 

Cohen-Salmon M, Ott T, Michel V, Hardelin JP, Perfettini I, Eybalin M, Wu T, Marcus 

DC, Wangemann P, Willecke K and Petit C. Targeted ablation of connexin26 in the inner ear 



 187

epithelial gap junction network causes hearing impairment and cell death. Curr Biol 12: 1106-

1111, 2002. 

Corey DP. New TRP channels in hearing and mechanosensation. Neuron 39: 585-588, 2003. 

Corfield VA, Moolman JC, Martell R and Brink PA. Polymerase chain reaction-based 

detection of MN blood group-specific sequences in the human genome. Transfusion 33: 119-124, 

1993. 

Cotrina ML, Lin JH, Alves-Rodrigues A, Liu S, Li J, Azmi-Ghadimi H, Kang J, Naus CC 

and Nedergaard M. Connexins regulate calcium signaling by controlling ATP release. Proc Natl 

Acad Sci U S A 95: 15735-15740, 1998. 

Crozatier B, Badoual T, Boehm E, Ennezat PV, Guenoun T, Su J, Veksler V, Hittinger L 

and Ventura-Clapier R. Role of creatine kinase in cardiac excitation-contraction coupling: 

studies in creatine kinase-deficient mice. FASEB J 16: 653-660, 2002. 

Dawid IB, Toyama R and Taira M . LIM domain proteins. C R Acad Sci III 318: 295-306, 

1995. 

de Wit C, Roos F, Bolz SS, Kirchhoff S, Kruger O, Willecke K and Pohl U. Impaired 

conduction of vasodilation along arterioles in connexin40-deficient mice. Circ Res  86: 649-655, 

2000. 

de Wit C, Roos F, Bolz SS and Pohl U. Lack of vascular connexin 40 is associated with 

hypertension and irregular arteriolar vasomotion. Physiol Genomics 13: 169-177, 2003. 

Deguchi A, Soh JW, Li H, Pamukcu R, Thompson WJ and Weinstein IB. Vasodilator-

stimulated phosphoprotein (VASP) phosphorylation provides a biomarker for the action of 

exisulind and related agents that activate protein kinase G. Mol Cancer Ther 1: 803-809, 2002. 



 188

Demion M, Bois P, Launay P and Guinamard R. TRPM4, a Ca2+-activated nonselective 

cation channel in mouse sino-atrial node cells. Cardiovasc Res 73: 531-538, 2007. 

Duffy HS, Delmar M and Spray DC. Formation of the gap junction nexus: binding partners for 

connexins. J Physiol Paris 96: 243-249, 2002. 

Dunbar DR, Shibasaki Y, Dobbie L, Andersson B and Brookes AJ. In situ hybridisation 

mapping of genomic clones for five human respiratory chain complex I genes. Cytogenet Cell 

Genet 78: 21-24, 1997. 

Dupays L, Mazurais D, Rucker-Martin C, Calmels T, Bernot D, Cronier L, Malassine A, 

Gros D and Theveniau-Ruissy M. Genomic organization and alternative transcripts of the 

human Connexin40 gene. Gene 305: 79-90, 2003. 

Dupont E, Matsushita T, Kaba RA, Vozzi C, Coppen SR, Khan N, Kaprielian R, Yacoub 

MH and Severs NJ. Altered connexin expression in human congestive heart failure. J Mol Cell 

Cardiol 33: 359-371, 2001. 

Elinder F, Akanda N, Tofighi R, Shimizu S, Tsujimoto Y, Orrenius S and Ceccatelli S. 

Opening of plasma membrane voltage-dependent anion channels (VDAC) precedes caspase 

activation in neuronal apoptosis induced by toxic stimuli. Cell Death Differ 12: 1134-1140, 2005. 

Emahazion T and Brookes AJ. Mapping of the NDUFA2, NDUFA6, NDUFA7, NDUFB8, and 

NDUFS8 electron transport chain genes by intron based radiation hybrid mapping. Cytogenet 

Cell Genet 82: 114, 1998. 

Ensemble Genome browser: [http://www.ensemble.org] 

 

Evans WH and Martin PE. Gap junctions: structure and function (Review). Mol Membr Biol 

19: 121-136, 2002. 

http://www.ensemble.org/


 189

Fernandez P: A candidate and novel gene search to identify the PFHBII-causitive gene. PhD 

thesis. University of Stellenbosch, Department of Biomedical Sciences; 2004 

 

Fernandez P, Corfield VA and Brink PA. Progressive familial heart block type II (PFHBII): a 

clinical profile from 1977 to 2003. Cardiovasc J S Afr 15: 129-132, 2004. 

Fernandez P, Moolman-Smook J, Brink P and Corfield V. A gene locus for progressive 

familial heart block type II (PFHBII) maps to chromosome 1q32.2-q32.3. Hum Genet 118: 133-

137, 2005. 

Fields S and Sternglanz R. The two-hybrid system: an assay for protein-protein interactions. 

Trends Genet 10: 286-292, 1994. 

Figueroa XF, Paul DL, Simon AM, Goodenough DA, Day KH, Damon DN and Duling BR. 

Central role of connexin40 in the propagation of electrically activated vasodilation in mouse 

cremasteric arterioles in vivo. Circ Res 92: 793-800, 2003. 

Firouzi M, Ramanna H, Kok B, Jongsma HJ, Koeleman BP, Doevendans PA, Groenewegen 

WA and Hauer RN. Association of human connexin40 gene polymorphisms with atrial 

vulnerability as a risk factor for idiopathic atrial fibrillation. Circ Res 95: e29-e33, 2004. 

Firouzi M, Kok B, Spiering W, Busjahn A, Bezzina CR, Ruijter JM, Koeleman BP, 

Schipper M, Groenewegen WA, Jongsma HJ and de Leeuw PW. Polymorphisms in human 

connexin40 gene promoter are associated with increased risk of hypertension in men. J Hypertens 

24: 325-330, 2006. 

FURSHPAN EJ and POTTER DD. Mechanism of nerve-impulse transmission at a crayfish 

synapse. Nature 180: 342-343, 1957. 

Garcia-Castro M, Reguero JR, Batalla A, Diaz-Molina B, Gonzalez P, Alvarez V, Cortina 

A, Cubero GI and Coto E. Hypertrophic cardiomyopathy: low frequency of mutations in the 



 190

beta-myosin heavy chain (MYH7) and cardiac troponin T (TNNT2) genes among Spanish 

patients. Clin Chem 49: 1279-1285, 2003. 

Gaussin V. Offbeat mice. Anat Rec A Discov Mol Cell Evol Biol 280: 1022-1026, 2004. 

Giepmans BN and Moolenaar WH. The gap junction protein connexin43 interacts with the 

second PDZ domain of the zona occludens-1 protein. Curr Biol 8: 931-934, 1998. 

Giepmans BN, Hengeveld T, Postma FR and Moolenaar WH. Interaction of c-Src with gap 

junction protein connexin-43. Role in the regulation of cell-cell communication. J Biol Chem 

276: 8544-8549, 2001. 

Go AS, Barron HV, Rundle AC, Ornato JP and Avins AL. Bundle-branch block and in-

hospital mortality in acute myocardial infarction. National Registry of Myocardial Infarction 2 

Investigators. Ann Intern Med 129: 690-697, 1998. 

Goldberg GS, Valiunas V and Brink PR. Selective permeability of gap junction channels. 

Biochim Biophys Acta 1662: 96-101, 2004. 

Gollob MH, Jones DL, Krahn AD, Danis L, Gong XQ, Shao Q, Liu X, Veinot JP, Tang AS, 

Stewart AF, Tesson F, Klein GJ, Yee R, Skanes AC, Guiraudon GM, Ebihara L and Bai D. 

Somatic mutations in the connexin 40 gene (GJA5) in atrial fibrillation. N Engl J Med 354: 2677-

2688, 2006. 

Goodenough DA, Goliger JA and Paul DL. Connexins, connexons, and intercellular 

communication.  Annu Rev Biochem 65: 475-502, 1996. 

Gorlin JB, Yamin R, Egan S, Stewart M, Stossel TP, Kwiatkowski DJ and Hartwig JH. 

Human endothelial actin-binding protein (ABP-280, nonmuscle filamin): a molecular leaf spring. 

J Cell Biol 111: 1089-1105, 1990. 



 191

Gourdie RG, Severs NJ, Green CR, Rothery S, Germroth P and Thompson RP. The spatial 

distribution and relative abundance of gap-junctional connexin40 and connexin43 correlate to 

functional properties of components of the cardiac atrioventricular conduction system. J Cell Sci 

105 ( Pt 4): 985-991, 1993. 

GPnotebook: [http://www.gpnotebook.co.uk]  

 

Groenewegen WA, Firouzi M, Bezzina CR, Vliex S, van Langen IM, Sandkuijl L, Smits JP, 

Hulsbeek M, Rook MB, Jongsma HJ and Wilde AA. A cardiac sodium channel mutation 

cosegregates with a rare connexin40 genotype in familial atrial standstill. Circ Res 92: 14-22, 

2003. 

Gros D, Dupays L, Alcolea S, Meysen S, Miquerol L and Theveniau-Ruissy M. Genetically 

modified mice: tools to decode the functions of connexins in the heart-new models for 

cardiovascular research. Cardiovasc Res 62: 299-308, 2004. 

Grubinger M and Gimona M. CRP2 is an autonomous actin-binding protein. FEBS Lett 557: 

88-92, 2004. 

Gu H, Ek-Vitorin JF, Taffet SM and Delmar M. Coexpression of connexins 40 and 43 

enhances the pH sensitivity of gap junctions: a model for synergistic interactions among 

connexins. Circ Res 86: E98-E103, 2000. 

Gu H, Smith FC, Taffet SM and Delmar M. High incidence of cardiac malformations in 

connexin40-deficient mice. Circ Res 93: 201-206, 2003. 

Guinamard R, Demion M, Chatelier A and Bois P. Calcium-activated nonselective cation 

channels in mammalian cardiomyocytes. Trends Cardiovasc Med 16: 245-250, 2006. 

Haefliger JA, Nicod P and Meda P. Contribution of connexins to the function of the vascular 

wall. Cardiovasc Res 62: 345-356, 2004. 

http://www.gpnotebook.co.uk/


 192

Hagendorff A, Schumacher B, Kirchhoff S, Luderitz B and Willecke K. Conduction 

disturbances and increased atrial vulnerability in Connexin40-deficient mice analyzed by 

transesophageal stimulation. Circulation 99: 1508-1515, 1999. 

Harada S, Agarwal DP and Goedde HW. Aldehyde dehydrogenase deficiency as cause of 

facial flushing reaction to alcohol in Japanese. Lancet 2: 982, 1981. 

Hempel J, Nicholas H and Lindahl R. Aldehyde dehydrogenases: widespread structural and 

functional diversity within a shared framework. Protein Sci 2: 1890-1900, 1993. 

Henderson JR, Brown D, Richardson JA, Olson EN and Beckerle MC. Expression of the 

gene encoding the LIM protein CRP2: a developmental profile. J Histochem Cytochem 50: 107-

111, 2002. 

Herve JC, Bourmeyster N and Sarrouilhe D. Diversity in protein-protein interactions of 

connexins: emerging roles. Biochim Biophys Acta 1662: 22-41, 2004. 

Herve JC and Sarrouilhe D. Protein phosphatase modulation of the intercellular junctional 

communication: importance in cardiac myocytes. Prog Biophys Mol Biol 90: 225-248, 2006. 

Hill CE, Rummery N, Hickey H and Sandow SL. Heterogeneity in the distribution of vascular 

gap junctions and connexins: implications for function. Clin Exp Pharmacol Physiol 29: 620-625, 

2002. 

Hinsch KD, De P, V, Aires VA, Schneider X, Messina A and Hinsch E. Voltage-dependent 

anion-selective channels VDAC2 and VDAC3 are abundant proteins in bovine outer dense fibers, 

a cytoskeletal component of the sperm flagellum. J Biol Chem 279: 15281-15288, 2004. 

Hiraiwa M, Soeda S, Kishimoto Y and O'Brien JS. Binding and transport of gangliosides by 

prosaposin. Proc Natl Acad Sci U S A 89: 11254-11258, 1992. 



 193

Hu P, Wu S and Hernandez N. A role for beta-actin in RNA polymerase III transcription. 

Genes Dev 18: 3010-3015, 2004. 

Huizing M, Ruitenbeek W, van den Heuvel LP, Dolce V, Iacobazzi V, Smeitink JA, Palmieri 

F and Trijbels JM. Human mitochondrial transmembrane metabolite carriers: tissue distribution 

and its implication for mitochondrial disorders. J Bioenerg Biomembr 30: 277-284, 1998. 

Hulkova H, Cervenkova M, Ledvinova J, Tochackova M, Hrebicek M, Poupetova H, 

Befekadu A, Berna L, Paton BC, Harzer K, Boor A, Smid F and Elleder M. A novel 

mutation in the coding region of the prosaposin gene leads to a complete deficiency of prosaposin 

and saposins, and is associated with a complex sphingolipidosis dominated by lactosylceramide 

accumulation. Hum Mol Genet 10: 927-940, 2001. 

Human Protein Reference Database: [http://www.hprd.org]  

 

Impraim C, Wang G and Yoshida A. Structural mutation in a major human aldehyde 

dehydrogenase gene results in loss of enzyme activity. Am J Hum Genet 34: 837-841, 1982. 

Jain MK, Kashiki S, Hsieh CM, Layne MD, Yet SF, Sibinga NE, Chin MT, Feinberg MW, 

Woo I, Maas RL, Haber E and Lee ME. Embryonic expression suggests an important role for 

CRP2/SmLIM in the developing cardiovascular system. Circ Res 83: 980-985, 1998. 

Jankowsky E and Jankowsky A. The DExH/D protein family database. Nucleic Acids Res 28: 

333-334, 2000. 

Jiang H, Jin Y, Bu L, Zhang W, Liu J, Cui B, Kong X and Hu L. A novel mutation in GJA3 

(connexin46) for autosomal dominant congenital nuclear pulverulent cataract. Mol Vis 9: 579-

583, 2003. 

Kammermeier H. High energy phosphate of the myocardium: concentration versus free energy 

change. Basic Res Cardiol 82 Suppl 2: 31-36, 1987. 



 194

Kanno S and Saffitz JE. The role of myocardial gap junctions in electrical conduction and 

arrhythmogenesis. Cardiovasc Pathol 10: 169-177, 2001. 

Kausalya PJ, Reichert M and Hunziker W. Connexin45 directly binds to ZO-1 and localizes to 

the tight junction region in epithelial MDCK cells. FEBS Lett 505: 92-96, 2001. 

Kelsell DP, Dunlop J, Stevens HP, Lench NJ, Liang JN, Parry G, Mueller RF and Leigh IM. 

Connexin 26 mutations in hereditary non-syndromic sensorineural deafness. Nature 387: 80-83, 

1997. 

Kelsell DP, Di WL and Houseman MJ. Connexin mutations in skin disease and hearing loss. 

Am J Hum Genet 68: 559-568, 2001. 

Keyser RJ: Identifying ligands of the C-terminal domain of cardiac expressed connexin 40 and 

assessing its involvement in cardiac conduction disease. MSc thesis. University of Stellenbosch, 

Department of Biomedical Sciences; 2007  

 

King MP, Koga Y, Davidson M and Schon EA. Defects in mitochondrial protein synthesis and 

respiratory chain activity segregate with the tRNA(Leu(UUR)) mutation associated with 

mitochondrial myopathy, encephalopathy, lactic acidosis, and strokelike episodes. Mol Cell Biol 

12: 480-490, 1992. 

Kirchhoff S, Nelles E, Hagendorff A, Kruger O, Traub O and Willecke K. Reduced cardiac 

conduction velocity and predisposition to arrhythmias in connexin40-deficient mice. Curr Biol 8: 

299-302, 1998. 

Kirchhoff S, Kim JS, Hagendorff A, Thonnissen E, Kruger O, Lamers WH and Willecke K. 

Abnormal cardiac conduction and morphogenesis in connexin40 and connexin43 double-deficient 

mice. Circ Res 87: 399-405, 2000. 

Kleber AG and Fast V. Molecular and cellular aspects of re-entrant arrhythmias. Basic Res 

Cardiol 92 Suppl 1: 111-119, 1997. 



 195

Komarov AG, Deng D, Craigen WJ and Colombini M. New insights into the mechanism of 

permeation through large channels. Biophys J 89: 3950-3959, 2005. 

Konrat R, Weiskirchen R, Krautler B and Bister K. Solution structure of the carboxyl-

terminal LIM domain from quail cysteine-rich protein CRP2. J Biol Chem 272: 12001-12007, 

1997. 

Krutovskikh V and Yamasaki H. Connexin gene mutations in human genetic diseases. Mutat 

Res 462: 197-207, 2000. 

Kumai M, Nishii K, Nakamura K, Takeda N, Suzuki M and Shibata Y. Loss of connexin45 

causes a cushion defect in early cardiogenesis. Development 127: 3501-3512, 2000. 

Lamont PJ, Udd B, Mastaglia FL, de Visser M, Hedera P, Voit T, Bridges LR, Fabian V, 

Rozemuller A and Laing NG . Laing early onset distal myopathy: slow myosin defect with 

variable abnormalities on muscle biopsy. J Neurol Neurosurg Psychiatry 77: 208-215, 2006. 

Lampe PD and Lau AF. Regulation of gap junctions by phosphorylation of connexins. Arch 

Biochem Biophys 384: 205-215, 2000. 

Lampe PD and Lau AF. The effects of connexin phosphorylation on gap junctional 

communication. Int J Biochem Cell Biol 36: 1171-1186, 2004. 

LaPlante JM, Falardeau J, Sun M, Kanazirska M, Brown EM, Slaugenhaupt SA and 

Vassilev PM. Identification and characterization of the single channel function of human 

mucolipin-1 implicated in mucolipidosis type IV, a disorder affecting the lysosomal pathway. 

FEBS Lett 532: 183-187, 2002. 

LaPlante JM, Ye CP, Quinn SJ, Goldin E, Brown EM, Slaugenhaupt SA and Vassilev PM. 

Functional links between mucolipin-1 and Ca2+-dependent membrane trafficking in 

mucolipidosis IV. Biochem Biophys Res Commun 322: 1384-1391, 2004. 



 196

Lee AC, Xu X, Blachly-Dyson E, Forte M and Colombini M. The role of yeast VDAC genes 

on the permeability of the mitochondrial outer membrane. J Membr Biol 161: 173-181, 1998. 

Liao R, Nascimben L, Friedrich J, Gwathmey JK and Ingwall JS. Decreased energy reserve 

in an animal model of dilated cardiomyopathy. Relationship to contractile performance. Circ Res 

78: 893-902, 1996. 

Linden M and Karlsson G. Identification of porin as a binding site for MAP2. Biochem Biophys 

Res Commun 218: 833-836, 1996. 

Linhares VL, Almeida NA, Menezes DC, Elliott DA, Lai D, Beyer EC, Campos de Carvalho 

AC and Costa MW. Transcriptional regulation of the murine Connexin40 promoter by cardiac 

factors Nkx2-5, GATA4 and Tbx5. Cardiovasc Res 64: 402-411, 2004. 

Loo DT, Kanner SB and Aruffo A. Filamin binds to the cytoplasmic domain of the beta1-

integrin. Identification of amino acids responsible for this interaction. J Biol Chem 273: 23304-

23312, 1998. 

Louis HA, Pino JD, Schmeichel KL, Pomies P and Beckerle MC. Comparison of three 

members of the cysteine-rich protein family reveals functional conservation and divergent 

patterns of gene expression. J Biol Chem 272: 27484-27491, 1997. 

MacMahon S. Alcohol consumption and hypertension. Hypertension 9: 111-121, 1987. 

Maestrini E, Korge BP, Ocana-Sierra J, Calzolari E, Cambiaghi S, Scudder PM, 

Hovnanian A, Monaco AP and Munro CS. A missense mutation in connexin26, D66H, causes 

mutilating keratoderma with sensorineural deafness (Vohwinkel's syndrome) in three unrelated 

families. Hum Mol Genet 8: 1237-1243, 1999. 

Makita N, Sasaki K, Groenewegen WA, Yokota T, Yokoshiki H, Murakami T and Tsutsui 

H. Congenital atrial standstill associated with coinheritance of a novel SCN5A mutation and 

connexin 40 polymorphisms. Heart Rhythm 2: 1128-1134, 2005. 



 197

Mannella CA. The 'ins' and 'outs' of mitochondrial membrane channels. Trends Biochem Sci 17: 

315-320, 1992. 

Mannella CA, Forte M and Colombini M. Toward the molecular structure of the mitochondrial 

channel, VDAC. J Bioenerg Biomembr 24: 7-19, 1992. 

Marian AJ and Roberts R. The molecular genetic basis for hypertrophic cardiomyopathy. J Mol 

Cell Cardiol 33: 655-670, 2001. 

Mariotti C, Tiranti V, Carrara F, Dallapiccola B, DiDonato S and Zeviani M. Defective 

respiratory capacity and mitochondrial protein synthesis in transformant cybrids harboring the 

tRNA(Leu(UUR)) mutation associated with maternally inherited myopathy and cardiomyopathy. 

J Clin Invest 93: 1102-1107, 1994. 

Marmot MG, Elliott P, Shipley MJ, Dyer AR, Ueshima H, Beevers DG, Stamler R, 

Kesteloot H, Rose G and Stamler J. Alcohol and blood pressure: the INTERSALT study. BMJ 

308: 1263-1267, 1994. 

Maron BJ, Connor TM and Roberts WC. Hypertrophic cardiomyopathy and complete heart 

block in infancy. Am Heart J 101: 857-860, 1981. 

Martin PE and Evans WH. Incorporation of connexins into plasma membranes and gap 

junctions. Cardiovasc Res 62: 378-387, 2004. 

McEnery MW. Isolation of the mitochondrial benzodiazepine receptor: association with the 

voltage-dependent anion channel and the adenine nucleotide carrier. Proc Natl Acad Sci U S A 

89: 3170-3174, 1992. 

Montell C, Birnbaumer L and Flockerzi V. The TRP channels, a remarkably functional family. 

Cell 108: 595-598, 2002. 



 198

Moreno AP, Chanson M, Elenes S, Anumonwo J, Scerri I, Gu H, Taffet SM and Delmar M. 

Role of the carboxyl terminal of connexin43 in transjunctional fast voltage gating. Circ Res 90: 

450-457, 2002. 

Moreno AP. Biophysical properties of homomeric and heteromultimeric channels formed by 

cardiac connexins. Cardiovasc Res 62: 276-286, 2004. 

Mueller C, Laule-Kilian K, Klima T, Breidthardt T, Hochholzer W, Perruchoud AP and 

Christ M. Right bundle branch block and long-term mortality in patients with acute congestive 

heart failure. J Intern Med 260: 421-428, 2006. 

Murphy TC, Arntzen R and Picklo MJ, Sr. Nitrate-based vasodilators inhibit multiple vascular 

aldehyde dehydrogenases. Cardiovasc Toxicol 5: 321-332, 2005. 

Mussini I, Biral D, Marin O, Furlan S and Salvatori S. Myotonic dystrophy protein kinase 

expressed in rat cardiac muscle is associated with sarcoplasmic reticulum and gap junctions. J 

Histochem Cytochem 47: 383-392, 1999. 

Nahrendorf M, Spindler M, Hu K, Bauer L, Ritter O, Nordbeck P, Quaschning T, Hiller 

KH, Wallis J, Ertl G, Bauer WR and Neubauer S. Creatine kinase knockout mice show left 

ventricular hypertrophy and dilatation, but unaltered remodeling post-myocardial infarction. 

Cardiovasc Res 65: 419-427, 2005. 

Nakajima-Iijima S, Hamada H, Reddy P and Kakunaga T. Molecular structure of the human 

cytoplasmic beta-actin gene: interspecies homology of sequences in the introns. Proc Natl Acad 

Sci U S A 82: 6133-6137, 1985. 

National Centre for Biotechnological Information: [http://www.ncbi.nlm.nih.gov/Entrez] 

 

Nelis E, Haites N and Van Broeckhoven C. Mutations in the peripheral myelin genes and 

associated genes in inherited peripheral neuropathies. Hum Mutat 13: 11-28, 1999. 

http://www.ncbi.nlm.nih.gov/Entrez


 199

Nilius B and Vennekens R. From cardiac cation channels to the molecular dissection of the 

transient receptor potential channel TRPM4. Pflugers Arch 453: 313-321, 2006. 

Nishida W, Nakamura M, Mori S, Takahashi M, Ohkawa Y, Tadokoro S, Yoshida K, 

Hiwada K, Hayashi K and Sobue K. A triad of serum response factor and the GATA and NK 

families governs the transcription of smooth and cardiac muscle genes. J Biol Chem 277: 7308-

7317, 2002. 

Nxumalo NV: Identifying ligands of the C-terminal domain of cardiac expressed connexin 45 

and assessing its involvement in cardiac conduction disease. MSc thesis. University of 

Stellenbosch, Department of Biomedical Sciences; 2007 

 

Park SJ, Zhang J, Ye Y, Ormaza S, Liang P, Bank AJ, Miller LW and Bache RJ. 

Myocardial creatine kinase expression after left ventricular assist device support. J Am Coll 

Cardiol 39: 1773-1779, 2002. 

Paton BC, Schmid B, Kustermann-Kuhn B, Poulos A and Harzer K. Additional biochemical 

findings in a patient and fetal sibling with a genetic defect in the sphingolipid activator protein 

(SAP) precursor, prosaposin. Evidence for a deficiency in SAP-1 and for a normal lysosomal 

neuraminidase. Biochem J 285 ( Pt 2): 481-488, 1992. 

Paznekas WA, Boyadjiev SA, Shapiro RE, Daniels O, Wollnik B, Keegan CE, Innis JW, 

Dinulos MB, Christian C, Hannibal MC and Jabs EW. Connexin 43 (GJA1) mutations cause 

the pleiotropic phenotype of oculodentodigital dysplasia. Am J Hum Genet 72: 408-418, 2003. 

Peckham M, Miller G, Wells C, Zicha D and Dunn GA. Specific changes to the mechanism of 

cell locomotion induced by overexpression of beta-actin. J Cell Sci 114: 1367-1377, 2001. 

Pedersen SF, Owsianik G and Nilius B. TRP channels: an overview. Cell Calcium 38: 233-252, 

2005. 

Penstate, Biochemistry and Molecular Biology database: [http://www.bmb.psu.edu]    

http://www.bmb.psu.edu/


 200

 

Peracchia C and Wang XC. Connexin domains relevant to the chemical gating of gap junction 

channels. Braz J Med Biol Res 30: 577-590, 1997. 

Peracchia C, Sotkis A, Wang XG, Peracchia LL and Persechini A. Calmodulin directly gates 

gap junction channels. J Biol Chem 275: 26220-26224, 2000. 

Perozich J, Nicholas H, Wang BC, Lindahl R and Hempel J. Relationships within the 

aldehyde dehydrogenase extended family. Protein Sci 8: 137-146, 1999. 

Perrot A, Schmidt-Traub H, Hoffmann B, Prager M, Bit-Avragim N, Rudenko RI, 

Usupbaeva DA, Kabaeva Z, Imanov B, Mirrakhimov MM, Dietz R, Wycisk A, Tendera M, 

Gessner R and Osterziel KJ. Prevalence of cardiac beta-myosin heavy chain gene mutations in 

patients with hypertrophic cardiomyopathy. J Mol Med 83: 468-477, 2005. 

Pomies P, Louis HA and Beckerle MC. CRP1, a LIM domain protein implicated in muscle 

differentiation, interacts with alpha-actinin. J Cell Biol 139: 157-168, 1997. 

Reaume AG, de Sousa PA, Kulkarni S, Langille BL, Zhu D, Davies TC, Juneja SC, Kidder 

GM and Rossant J. Cardiac malformation in neonatal mice lacking connexin43. Science 267: 

1831-1834, 1995. 

Richard G, White TW, Smith LE, Bailey RA, Compton JG, Paul DL and Bale SJ. Functional 

defects of Cx26 resulting from a heterozygous missense mutation in a family with dominant deaf-

mutism and palmoplantar keratoderma. Hum Genet 103: 393-399, 1998. 

Richard G. Connexins: a connection with the skin. Exp Dermatol 9: 77-96, 2000. 

Richard G. Connexin gene pathology. Clin Exp Dermatol 28: 397-409, 2003. 

Richard P, Isnard R, Carrier L, Dubourg O, Donatien Y, Mathieu B, Bonne G, Gary F, 

Charron P, Hagege M, Komajda M, Schwartz K and Hainque B. Double heterozygosity for 



 201

mutations in the beta-myosin heavy chain and in the cardiac myosin binding protein C genes in a 

family with hypertrophic cardiomyopathy. J Med Genet 36: 542-545, 1999. 

Rohr S. Role of gap junctions in the propagation of the cardiac action potential. Cardiovasc Res 

62: 309-322, 2004. 

Rummery NM and Hill CE. Vascular gap junctions and implications for hypertension. Clin Exp 

Pharmacol Physiol 31: 659-667, 2004. 

Saez JC, Berthoud VM, Branes MC, Martinez AD and Beyer EC. Plasma membrane 

channels formed by connexins: their regulation and functions. Physiol Rev 83: 1359-1400, 2003. 

Saffitz JE and Schuessler RB. Connexin-40, bundle-branch block, and propagation at the 

Purkinje-myocyte junction. Circ Res 87: 835-836, 2000. 

Sampson MJ, Lovell RS and Craigen WJ. The murine voltage-dependent anion channel gene 

family. Conserved structure and function. J Biol Chem 272: 18966-18973, 1997. 

Sardiello M, Tripoli G, Oliva M, Santolamazza F, Moschetti R, Barsanti P, Lanave C, 

Caizzi R and Caggese C. A comparative study of the porin genes encoding VDAC, a voltage-

dependent anion channel protein, in Anopheles gambiae and Drosophila melanogaster.  Gene 

317: 111-115, 2003. 

Saupe KW, Spindler M, Tian R and Ingwall JS. Impaired cardiac energetics in mice lacking 

muscle-specific isoenzymes of creatine kinase. Circ Res 82: 898-907, 1998. 

Saupe KW, Spindler M, Hopkins JC, Shen W and Ingwall JS. Kinetic, thermodynamic, and 

developmental consequences of deleting creatine kinase isoenzymes from the heart. Reaction 

kinetics of the creatine kinase isoenzymes in the intact heart. J Biol Chem 275: 19742-19746, 

2000. 



 202

Schiavon G, Furlan S, Marin O and Salvatori S. Myotonic dystrophy protein kinase of the 

cardiac muscle: evaluation using an immunochemical approach. Microsc Res Tech 58: 404-411, 

2002. 

Schmitt-Ney M and Habener JF. Cell-density-dependent regulation of actin gene expression 

due to changes in actin treadmilling. Exp Cell Res 295: 236-244, 2004. 

Seferovic PM, Ristic AD, Maksimovic R, Simeunovic DS, Ristic GG, Radovanovic G, 

Seferovic D, Maisch B and Matucci-Cerinic M. Cardiac arrhythmias and conduction 

disturbances in autoimmune rheumatic diseases. Rheumatology (Oxford) 45 Suppl 4: iv39-iv42, 

2006. 

Segretain D and Falk MM. Regulation of connexin biosynthesis, assembly, gap junction 

formation, and removal. Biochim Biophys Acta 1662: 3-21, 2004. 

Seul KH, Tadros PN and Beyer EC. Mouse connexin40: gene structure and promoter analysis. 

Genomics 46: 120-126, 1997. 

Severs NJ. The cardiac muscle cell. Bioessays 22: 188-199, 2000. 

Severs NJ. Gap junction remodeling and cardiac arrhythmogenesis: cause or coincidence? J Cell 

Mol Med 5: 355-366, 2001. 

Severs NJ, Coppen SR, Dupont E, Yeh HI, Ko YS and Matsushita T. Gap junction alterations 

in human cardiac disease. Cardiovasc Res 62: 368-377, 2004. 

Silverman E, Edwalds-Gilbert G and Lin RJ. DExD/H-box proteins and their partners: helping 

RNA helicases unwind. Gene 312: 1-16, 2003. 

Silvestri G, Santorelli FM, Shanske S, Whitley CB, Schimmenti LA, Smith SA and 

DiMauro S. A new mtDNA mutation in the tRNA(Leu(UUR)) gene associated with maternally 

inherited cardiomyopathy. Hum Mutat 3: 37-43, 1994. 



 203

Slaugenhaupt SA. The molecular basis of mucolipidosis type IV. Curr Mol Med 2: 445-450, 

2002. 

Smits JP, Veldkamp MW and Wilde AA. Mechanisms of inherited cardiac conduction disease. 

Europace 7: 122-137, 2005. 

Sohl G and Willecke K. Gap junctions and the connexin protein family. Cardiovasc Res 62: 

228-232, 2004. 

Sosinsky GE and Nicholson BJ. Structural organization of gap junction channels. Biochim 

Biophys Acta 1711: 99-125, 2005. 

Spindler M, Meyer K, Stromer H, Leupold A, Boehm E, Wagner H and Neubauer S. 

Creatine kinase-deficient hearts exhibit increased susceptibility to ischemia-reperfusion injury 

and impaired calcium homeostasis. Am J Physiol Heart Circ Physiol 287: H1039-H1045, 2004. 

Steeghs K, Benders A, Oerlemans F, de Haan A, Heerschap A, Ruitenbeek W, Jost C, van 

Deursen J, Perryman B, Pette D, Bruckwilder M, Koudijs J, Jap P, Veerkamp J and 

Wieringa B. Altered Ca2+ responses in muscles with combined mitochondrial and cytosolic 

creatine kinase deficiencies. Cell 89: 93-103, 1997. 

Stergiopoulos K, Alvarado JL, Mastroianni M, Ek-Vitorin JF, Taffet SM and Delmar M. 

Hetero-domain interactions as a mechanism for the regulation of connexin channels. Circ Res 84: 

1144-1155, 1999. 

Stossel TP, Chaponnier C, Ezzell RM, Hartwig JH, Janmey PA, Kwiatkowski DJ, Lind SE, 

Smith DB, Southwick FS, Yin HL and . Nonmuscle actin-binding proteins. Annu Rev Cell Biol 

1: 353-402, 1985. 

Sun Y, Qi X, Witte DP, Ponce E, Kondoh K, Quinn B and Grabowski GA. Prosaposin: 

threshold rescue and analysis of the "neuritogenic" region in transgenic mice. Mol Genet Metab 

76: 271-286, 2002. 



 204

Suzuki K, Brand NJ, Allen S, Khan MA, Farrell AO, Murtuza B, Oakley RE and Yacoub 

MH. Overexpression of connexin 43 in skeletal myoblasts: Relevance to cell transplantation to 

the heart. J Thorac Cardiovasc Surg 122: 759-766, 2001. 

Taffet SM and Jalife J. Swapping connexin genes: how big is the gap? Circ Res 94: 4-6, 2004. 

Tajsharghi H, Thornell LE, Lindberg C, Lindvall B, Henriksson KG and Oldfors A. Myosin 

storage myopathy associated with a heterozygous missense mutation in MYH7. Ann Neurol 54: 

494-500, 2003. 

Takagi S, Baba S, Iwai N, Fukuda M, Katsuya T, Higaki J, Mannami T, Ogata J, Goto Y 

and Ogihara T. The aldehyde dehydrogenase 2 gene is a risk factor for hypertension in Japanese 

but does not alter the sensitivity to pressor effects of alcohol: the Suita study. Hypertens Res 24: 

365-370, 2001. 

Takagi S, Iwai N, Yamauchi R, Kojima S, Yasuno S, Baba T, Terashima M, Tsutsumi Y, 

Suzuki S, Morii I, Hanai S, Ono K, Baba S, Tomoike H, Kawamura A, Miyazaki S, Nonogi 

H and Goto Y. Aldehyde dehydrogenase 2 gene is a risk factor for myocardial infarction in 

Japanese men. Hypertens Res 25: 677-681, 2002. 

Takeshita T, Morimoto K, Mao XQ, Hashimoto T and Furuyama J. Phenotypic differences 

in low Km aldehyde dehydrogenase in Japanese workers. Lancet 341: 837-838, 1993. 

Tamaddon HS, Vaidya D, Simon AM, Paul DL, Jalife J and Morley GE. High-resolution 

optical mapping of the right bundle branch in connexin40 knockout mice reveals slow conduction 

in the specialized conduction system. Circ Res 87: 929-936, 2000. 

Tanner NK and Linder P. DExD/H box RNA helicases: from generic motors to specific 

dissociation functions. Mol Cell 8: 251-262, 2001. 

Teunissen BE and Bierhuizen MF. Transcriptional control of myocardial connexins. 

Cardiovasc Res 62: 246-255, 2004. 



 205

The University of New South Wales; School of Medical Sciences Database: 

[http://anatomy.med.unsw.edu.au] 

 

Ton C, Hwang DM, Dempsey AA and Liew CC. Identification and primary structure of five 

human NADH-ubiquinone oxidoreductase subunits. Biochem Biophys Res Commun 241: 589-

594, 1997. 

Tsuruta M, Adachi H, Hirai Y, Fujiura Y and Imaizumi T. Association between alcohol 

intake and development of hypertension in Japanese normotensive men: 12-year follow-up study. 

Am J Hypertens 13: 482-487, 2000. 

Valiunas V, Gemel J, Brink PR and Beyer EC. Gap junction channels formed by coexpressed 

connexin40 and connexin43. Am J Physiol Heart Circ Physiol 281: H1675-H1689, 2001. 

Van Criekinge W and Beyaert R . Yeast Two-Hybrid: State of the Art. Biol Proced Online 2: 1-

38, 1999. 

 van der Merwe PL, Rose AG, van der Walt JJ, Weymar HW, Hunter JC and Weich HF. 

Progressive familial heart block type I. Clinical and pathological observations. S Afr Med J 80: 

34-38, 1991. 

van der Velden HM and Jongsma HJ. Cardiac gap junctions and connexins: their role in atrial 

fibrillation and potential as therapeutic targets. Cardiovasc Res 54: 270-279, 2002. 

van Ham M, Croes H, Schepens J, Fransen J, Wieringa B and Hendriks W. Cloning and 

characterization of mCRIP2, a mouse LIM-only protein that interacts with PDZ domain IV of 

PTP-BL. Genes Cells 8: 631-644, 2003. 

van Rijen HV, van Veen TA, van Kempen MJ, Wilms-Schopman FJ, Potse M, Krueger O, 

Willecke K, Opthof T, Jongsma HJ and de Bakker JM. Impaired conduction in the bundle 

branches of mouse hearts lacking the gap junction protein connexin40. Circulation 103: 1591-

1598, 2001. 

http://anatomy.med.unsw.edu.au/


 206

van Veen AA, van Rijen HV and Opthof T. Cardiac gap junction channels: modulation of 

expression and channel properties. Cardiovasc Res 51: 217-229, 2001. 

Veenstra RD, Wang HZ, Beblo DA, Chilton MG, Harris AL, Beyer EC and Brink PR. 

Selectivity of connexin-specific gap junctions does not correlate with channel conductance. Circ 

Res 77: 1156-1165, 1995. 

Villard E, Duboscq-Bidot L, Charron P, Benaiche A, Conraads V, Sylvius N and Komajda 

M. Mutation screening in dilated cardiomyopathy: prominent role of the beta myosin heavy chain 

gene. Eur Heart J 26: 794-803, 2005. 

Wei CJ, Xu X and Lo CW. Connexins and cell signaling in development and disease. Annu Rev 

Cell Dev Biol 20: 811-838, 2004. 

Welch AY and Herman IM. Cloning and characterization of betaCAP73, a novel regulator of 

beta-actin assembly. Int J Biochem Cell Biol 34: 864-881, 2002. 

White TW, Paul DL, Goodenough DA and Bruzzone R. Functional analysis of selective 

interactions among rodent connexins. Mol Biol Cell 6: 459-470, 1995. 

White TW and Paul DL. Genetic diseases and gene knockouts reveal diverse connexin 

functions. Annu Rev Physiol 61: 283-310, 1999. 

White TW. Unique and redundant connexin contributions to lens development. Science 295: 

319-320, 2002. 

Wolf CM and Berul CI. Inherited conduction system abnormalities--one group of diseases, 

many genes. J Cardiovasc Electrophysiol 17: 446-455, 2006. 

Woo A, Rakowski H, Liew JC, Zhao MS, Liew CC, Parker TG, Zeller M, Wigle ED and 

Sole MJ. Mutations of the beta myosin heavy chain gene in hypertrophic cardiomyopathy: 

critical functional sites determine prognosis. Heart 89: 1179-1185, 2003. 



 207

Xu X, Decker W, Sampson MJ, Craigen WJ and Colombini M. Mouse VDAC isoforms 

expressed in yeast: channel properties and their roles in mitochondrial outer membrane 

permeability. J Membr Biol 170: 89-102, 1999. 

Ya J, Erdtsieck-Ernste EB, de Boer PA, van Kempen MJ, Jongsma H, Gros D, Moorman 

AF and Lamers WH. Heart defects in connexin43-deficient mice. Circ Res 82: 360-366, 1998. 

Yeager M. Structure of cardiac gap junction intercellular channels. J Struct Biol 121: 231-245, 

1998. 

Zelante L, Gasparini P, Estivill X, Melchionda S, D'Agruma L, Govea N, Mila M, Monica 

MD, Lutfi J, Shohat M, Mansfield E, Delgrosso K, Rappaport E, Surrey S and Fortina P. 

Connexin26 mutations associated with the most common form of non-syndromic neurosensory 

autosomal recessive deafness (DFNB1) in Mediterraneans. Hum Mol Genet 6: 1605-1609, 1997. 

Zeviani M, Gellera C, Antozzi C, Rimoldi M, Morandi L, Villani F, Tiranti V and DiDonato 

S. Maternally inherited myopathy and cardiomyopathy: association with mutation in 

mitochondrial DNA tRNA(Leu)(UUR). Lancet 338: 143-147, 1991. 

Zipes DP and Wellens HJ. Sudden cardiac death. Circulation 98: 2334-2351, 1998. 


	Beginning
	Declaration
	Abstract
	Opsomming
	Index
	Acknowledgments
	List of abbreviations
	List of Figures
	List of tables
	Introduction
	Chapter 1
	Introduction
	1.2.1 The membrane channel: Gap junction
	1.3.4 Connexins of the cardiovascular system
	1.3.6 Human diseases associated with connexin mutations
	1.3.6.1 Peripheral neuropathy 
	1.3.6.2 Sensorineural deafness
	1.3.6.3 Skin disorders  
	1.3.6.4 Cataracts

	1.5 Speculative model of protein-protein interactions
	1.6 Differential gating of gap junction channels
	1.6.3 Transjunctional or transmembrane voltage



	1.8 The present study


	Materials and methods
	Chapter 2
	     2.3.1.2 Design of vector-specific primers for insert screening    48
	2.15 DNA and plasmid purification
	2.1 Summary of methodology

	Outline of the methodology
	2.3.1.2 Design of vector-specific primers for insert screening 
	2.8.1 Restriction enzyme digestion for cloning the GJA5 bait-insert into pGBKT7 for Y2H 
	2.8.2 Restriction enzyme digestion for cloning inserts into pM and pVP16 for M2H 
	2.8.3 Restriction enzyme digestion test
	2.15 DNA and plasmid purification



	Results
	Chapter 3
	Clone Nr.
	3.3 Mammalian-2-Hybrid analysis

	Discussion
	      4.1.1.3.1 Cysteine-rich protein 2       139    
	4.1.1.3.1 Cysteine-rich protein 2   

	Appendix
	References

