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Abstract 

 

The human ether-à-go-go-related gene (HERG) encodes the protein underlying the 

cardiac potassium current IKr. Mutations in HERG may produce defective channels and 

cause Long QT Syndrome (LQTS), a cardiac disease affecting 1 in 2500 people. The 

disease is characterised by a prolonged QT interval on a surface electrocardiogram and 

has a symptomatic variability of sudden cardiac death in childhood to asymptomatic 

longevity. We hypothesised that genetic variation in the proteins that interact with HERG 

might modify the clinical expression of LQTS. Yeast two-hybrid methodology was used 

to screen a human cardiac cDNA library in order to identify putative HERG N-terminus 

ligands. Successive selection stages reduced the number of putative HERG ligand-

containing colonies (preys) from 268 to 8. Putative prey ligands were sequenced and 

identified by BLAST-search. False positive ligands were excluded based on their 

function and subcellular location. Three strong candidate ligands were identified: Rho-

associated coiled-coil containing kinase 1 (ROCK1), γ-sarcoglycan (SGCG) and 

microtubule-associated protein 1A (MAP1A). In vitro co-immunoprecipitation (Co-IP) 

and mammalian two-hybrid (M2H) analyses were used to validate these proposed 

interactions, but failed to do so. This should be further investigated. Analysis of 

confirmed interactions will shed light on their functional role and might contribute to 

understanding the symptomatic variability seen in LQTS. 
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 Opsomming  

 

 

Die menslike ‘ether-à-go-go’-verwante geen (HERG) enkodeer die proteïen wat 

verantwoordelik is vir die kardiale kalium stroom, IKr. Mutasies in HERG kan defektiewe 

kanale produseer en Lang QT Sindroom (LQTS), ‘n kardiale siekte wat 1 in 2500 mense 

affekteer, veroorsaak. Die siekte word gekenmerk deur ‘n verlengde QT interval op ‘n 

elektrokardiogram (EKG) en toon ‘n simptomatiese veranderlikheid van skielike kardiale 

dood in kinderjare tot asimptomatiese langslewendheid. Ons hipotese is dat genetiese 

variasie in die proteïene wat op HERG inwerk die kliniese uitdrukking van LQTS wysig. 

Gis twee-hibried tegnologie is gebruik om ‘n menslike kardiale cDNS biblioteek te sif en 

sodoende moontlike ligande van die HERG N-terminaal te identifiseer. 

Agtereenvolgende seleksie stadiums het die getal moontlike HERG ligand-bevattende 

kolonies (prooie) van 268 tot 8 verminder. Moontlike prooi ligande is onderwerp aan 

DNS-volgordebepaling en geïdentifiseer deur BLAST-soektogte. Vals positiewe ligande 

is uitgeskakel gebaseer op funksie en subsellulêre ligging. Drie sterk kandidaat ligande is 

geïdentifiseer: Rho-geassosieerde coiled-coil bevattende kinase 1 (ROCK1), γ-

sarcoglycan (SGCG) en mikrotubule-geassosieerde proteïen 1A (MAP1A). In vitro ko-

immunopresipitasie en soogdier twee-hibried analises is gebruik om die geldigheid van 

die voorgestelde interaksies te toets, maar kon dit nie ondersteun nie. Die interaksies 

moet verder ondersoek word. Analise van bevestigde interaksies kan lig werp op hul 

funksionele rol en mag bydrae tot die begrip van die simptomatiese veranderlikheid wat 

in LQTS waargeneem word. 
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1.1 THE HEART 

 

The continuous rhythmic contraction of the heart relies on the delicate synchronisation of 

cardiac ion channels (Glaaser et al., 2003). Disruption of this equilibrium by congenital 

defects or therapeutic intervention can undermine the coordinated contraction and result 

in debilitating arrhythmias, leading to syncope, seizures, and sudden cardiac death 

(SCD). 

 

1.1.1 Impulse propagation and cardiac contraction 

 

Excitation of each cardiac cycle is initiated in the sino-atrial (SA) node, which is a small 

area of autorhythmic tissue in the right atrium (Widmaier et al., 2004). The impulse 

spreads through the atria into the atrial-ventricular (AV) node, causing a wave of 

contraction downwards to the ventricles. The action potential then enters the 

interventricular septum and is conducted along the bundle of His (or AV bundle). The 

bundle of His is separated into right and left bundle branches, which in turn make contact 

with Purkinje fibres. Conduction of the electrical impulse through this pathway causes a 

wave of contraction through the ventricles, much like a squeezing action. The spread of 

the action potential throughout the heart is illustrated in Figure 1.1. 

  

1.1.2 The action potential and the electrocardiogram 

 

Ionic currents are responsible for the different phases of the cardiac action potential 

(Figure 1.2). In a single cardiac cell, the action potential upstroke is a reflection of the 

rapid activation of voltage-dependent sodium (Na+) channels. Na+ activation is followed 

by a prolonged depolarised plateau phase that allows calcium (Ca2+)-induced Ca2+ release 

from the sarcoplasmic reticulum. The increase in Ca2+ concentration causes actin-myosin 

cross bridge formation and subsequent muscle contraction (Fatkin and Graham, 2002). 

Repolarisation of the cardiac myocyte follows, due to the opening of voltage-gated 

potassium channels. Two potassium currents are important in the delayed repolarisation 

of the cardiac action potential: the slow (IKs) and the rapid (IKr) component of the delayed 
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rectifier current. Relaxation of the cardiac muscle is coupled with the electrical 

repolarisation phase. 

 

 

Figure 1.1: Impulse propagation throughout the heart. The impulse is initiated in the 
sino-atrial (SA) node and spreads through the atria into the atrial-ventricular (AV) node, 
causing a contraction of the atria. The action potential is conducted along the bundle of 
His, which separates into right and left bundle branches. From here, the impulse is 
conducted to Purkinje fibres, which causes a wave of contraction through the ventricles. 
Black arrows indicate the spread of electrical impulses. The orange star indicates the 
origin of arrhythmias, caused by disturbances in the conduction system 
(http://medmovie.com/mmdatabase/MediaPlayer.aspx?ClientID=65&TopicID=0). 
 

 

The electrocardiogram (ECG) reflects the cardiac action potential conduction throughout 

the heart (Figure 1.2). Current flows during atrial depolarisation can be seen on the ECG 

as the P waves, whereas ventricular depolarisation is represented by the QRS complex. 

The final deflexion, the T wave, corresponds to ventricular repolarisation. Atrial 

repolarisation is generally not evident on the ECG because it occurs at the same time as 

ventricular depolarisation (QRS complex), with much smaller relative gradients 

(Widmaier et al., 2004). The length of the QT interval is known to vary between healthy 
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individuals, and is influenced by heart rate, age, gender, medication and genetic factors 

(Gouas et al., 2007). 

 

     

Figure 1.2: Ionic gradients in the myocardium are reflected on the 
electrocardiogram (ECG). A) The electrocardiogram (ECG) of a single cardiac cycle. 
B) Schematic representation of the ventricular action potential detected on the ECG and 
the underlying ionic currents. (Glaaser et al., 2003) 
 

 

1.1.3 Cardiac arrhythmias 

 

Cardiac cells function within a stable repolarisation reserve, allowing them to compensate 

for changes within their electrophysiological environment. However, as mentioned 

earlier, genetic defects and administration of pharmacologic agents can disturb the ionic 

current synchronisation and impair the orderly spread of action potentials, leading to fatal 

arrhythmias. SCD, defined as unexpected natural death by cardiac causes, occurring 

within one hour from the onset of symptoms (Zipes and Wellens, 1998), is reported to 

account for the annual loss of more than 3 million people worldwide (Josephson and 

Wellens, 2004).  

 

1.2 LONG QT SYNDROME 

 

Long QT Syndrome (LQTS) is a cardiac disorder that is characterised by a prolonged QT 

interval on a surface ECG. The disease affects 1 in 2500 people (Crotti et al., 2008) and 

B 

A 
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is associated with symptomatic variability of syncope and SCD in childhood to 

asymptomatic longevity. The interest in LQTS is currently widespread (Schwartz, 2006), 

due to the dramatic manifestation of the disease which mostly affects young individuals, 

the availability of effective therapies, as well as the increasing understanding of the 

genetic basis of disease. 

 

Jervell and Lange-Nielsen described the first family with LQTS in 1957. The family of 

four children presented with congenital deafness in addition to QT prolongation, episodes 

of syncope, and SCD (Jervell and Lange-Nielsen, 1957). Jervell and Lange-Nielsen 

Syndrome is an autosomal recessive form of LQTS. The second form of congenital 

LQTS was described by Romano et al. in 1963 and Ward in 1964. Affected family 

members had QT prolongation, episodes of syncope, and SCD with normal hearing 

(Romano et al., 1963; Ward, 1964). This study will further focus on Romano-Ward 

Syndrome, an autosomal dominant form of LQTS. In addition to congenital LQTS, an 

acquired form also exists (Section 1.5.5) 

 

1.2.1 Genetic basis of congenital LQTS 

 

Congenital LQTS is caused by a number of mutations in genes encoding cardiac ion 

channel proteins or proteins involved in the modulation of ionic currents (Crotti et al., 

2008), leading to their inclusion in the disease group “channelopathies”. 

Electrophysiologically, these mutations delay the entry of sodium into the myocyte or 

cause a decrease in the repolarising potassium currents (Schott et al., 1995), resulting in a 

prolonged QT interval duration on the ECG. To date, ten subtypes of congenital LQTS 

(LQT1 to LQT10) have been identified, based on the gene in which the disease-causing 

mutation occurs (Table 1.1). 

 

QT prolongation is most commonly caused by mutations in the α-subunit of potassium 

channels involving either the slow (IKs, KCNQ1, LQT1) or rapid (IKr, KCNH2, LQT2) 

component of the delayed rectifier current (Wang et al., 1996; Trudeau et al., 1995). 

Together, LQT1 and LQT2 are reported to cause 80-90% of LQTS cases world wide 
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(Splawski et al., 2000). Mutations in the auxiliary β-subunits that co-assemble with 

KCNQ1 (KCNE1) and KCNH2 (KCNE2) cause LQT5 and LQT6, respectively 

(Sanguinetti et al., 1996; Abbott et al., 1999). SCN5A encodes the cardiac sodium-

channel protein. Mutations in this gene are associated with failure of the mutated channel 

to close properly after initial depolarisation, resulting in continued leakage of inward 

sodium current which prolongs action potential duration (LQT3) (Bennett et al., 1995). 

The prevalence of LQT3 is estimated to be between 10% and 15% of all LQTS cases 

(Crotti et al., 2008). Similar to LQT3 etiology, mutations in SCN4B were recently 

associated with LQT10 (Medeiros-Domingo et al., 2007). LQT8, also known as Timothy 

syndrome, is caused by mutations in the voltage-gated calcium channel gene, CACNA1c  

 

Table 1.1 Long QT Syndrome (LQTS) subtypes, disease-associated genes, proteins 

and chromosomal location 

 

LQTS 

subtype 

Disease-

associated gene 
Encoded protein Chromosome 

LQT1 KCNQ1 
KvLQT1, slow component of the 

delayed rectifier K+ channel, α-subunit 
11p15.5 

LQT2 KCNH2 
HERG, rapid component of the delayed 

rectifier K+ channel, α-subunit 
7q35-36 

LQT3 SCN5A Nav1.5, Na+ channel 3p21-23 

LQT4 ANK2 Ankyrin-2, adaptor protein 4q25-27 

LQT5 KCNE1 MinK, slow component of the delayed 

rectifier K+ channel, β-subunit 

21p22 

LQT6 KCNE2 MiRP1, rapid component of the delayed 

rectifier K+ channel, β-subunit 

21p22 

LQT7 KCNJ2 Kir2.1, inward rectifier K+ channel 17q23.1-24.2 

LQT8 CACNA1c Cav1.2, Ca2+ channel 12p13.3 

LQT9 CAV3 Caveolin-3, component of caveolae 3p25 

LQT10 SCN4B NaV4β, Na+ channel 11q23.3 

Abbreviations: Ca2+, calsium; K+, potassium; LQTS, Long QT Syndrome; Na+, sodium 
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(Splawski et al., 2004), whereas LQT9 is caused by mutations in CAV3, a gene encoding 

a protein component of caveolae (Vatta et al., 2006). Caveolae are involved in many 

cellular processes, such as vesicular trafficking and signal transduction. LQT4 and LQT7 

(Andersen-Tawil syndrome) are clinical disorders where the prolonged QT interval is a 

secondary epiphenomenon and some authors disagree about their categorisation as part of 

LQTS (Goldenberg and Moss, 2008; Crotti et al., 2008). These disorders involve 

mutations respectively in ankyrin-B gene, a cytoskeletal membrane adaptor that localises 

ion channel proteins (Schott and Gramolini, 2002), and KCNJ2, encoding a subunit of the 

inwardly rectifying current (Plaster et al., 2001). Table 1.1 summarises the genetic 

components of the congenital LQTS subtypes. 

 

1.2.2 Diagnosis 

 

Although the majority of LQTS patients have a QTc interval duration >440 ms, 8-11% of 

patients have a QTc interval within the normal limits of ≤440ms (Zareba et al., 1998). 

Given this variability in QT interval duration, electrophysiological testing is not always 

helpful in diagnosing LQTS.  To assist the clinician or researcher in the diagnosis of 

LQTS, Schwartz et al. (1993) have proposed a quantitative approach by allocating 

numerical points to ECG findings, clinical features and family history, and thereby 

calculating the probability of LQTS (Table 1.2). 

 

The clinical features of LQTS are the consequence of prolonged action potential duration 

that degenerates to torsade de pointes, a form of ventricular tachycardia initiated by a 

premature ventricular depolarisation. The resulting symptoms can range from dizziness, 

to seizure or syncope. Torsade de pointes can even degenerate into ventricular fibrillation 

and lead to SCD if a patient is not immediately defibrillated. SCD is often precipitated by 

an intense adrenergic stimulation, such as physical exercise, sleep deprivation, and 

sudden sympathetic stimuli such as grief, pain, fright, fear and startle. Amongst LQT1 

patients, physical exercise, particularly swimming, plays a prominent role as trigger for 

cardiac events (Schwartz, 2006). In contrast, in LQT2 and LQT3 patients, cardiac events 
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occur mostly at rest or during sleep. Patients with LQT2 are particularly sensitive to 

sudden auditory stimuli, such as an alarm clock or telephone ring. The manifestation of 

LQTS usually occurs before the age of 40 years, but mainly in childhood and 

adolescence. Data by the International Long QT Syndrome Registry indicated that the 

genotype of the family plays an important role in the age of onset of the disease. Zareba 

et al. (1998) reported a median age of first cardiac event at 9, 12 and 16 years for LQT1, 

LQT2 and LQT3, respectively. 

 

Table 1.2 Diagnostic criteria for Long QT Syndrome (LQTS) 

 

Points 

Electrocardiographic findingsa 
A QTcb     >480 ms      3 
      460-470 ms      2 
      450 (male) ms      1 
B Torsades de pointesc          2 
C T wave alternans          1 
D Notched T wave in 3 leads         1 
E Low heart rate for aged         0.5 
Clinical history  
A Syncopec    with stress      2 
      without stress      1 
B Congenital deafness          0.5 
Family History e 
A Family members with definite LQTS        1 
B Unexplained sudden cardiac death         0.5 

below age 30 among immediate family members 
a In the absence of medications or disorders known to affect these electrocardiographic features 
b QT interval is corrected for heart rate by Bazett's formula where QTc = QT/√RR 
c Mutually exclusive 
d Resting heart rate below the 2nd percentile for age 
e The same family member cannot be counted in A and B 
SCORE: ≤ 1 point = low probability of LQTS 
> 1 to 3 points = intermediate probability of LQTS 
≥ 3.5 points = high probability of LQTS (Schwartz et al., 1993) 
 

Molecular screening has now become a routine part of the diagnostic process in patients 

with LQTS. Genotyping individuals who have been diagnosed with a high or 

intermediate probability of LQTS based on clinical grounds could assist in diagnosing 
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borderline cases (Crotti et al., 2008). Furthermore, successful genotyping will allow rapid 

screening of all relatives and identification of silent mutation carriers who have a normal 

QT interval but may be at risk of fatal cardiac arrhythmias if left untreated. 

 

1.2.3 Therapeutic approaches 

 

The reality is that 30-35% of patients diagnosed with LQTS are not positively genotyped 

(Schwartz, 2006). In addition, results of molecular screening may not available for the 

first few months after clinical diagnosis. During this interim, it is important that patients 

start immediate treatment, as approximately 12% of LQTS patients experience cardiac 

arrest or SCD as first manifestation of the disease (Schwartz, 2006). 

 

As life-threatening arrhythmias of LQTS are often triggered by a sudden increase in 

sympathetic activity, the standard first-line therapy in patients diagnosed with LQTS is 

the administration of β-adrenergic blocking agents. A study consisting of 869 LQTS 

patients treated with β-blockers (Moss et al., 2000) has shown that long-term β-blocker 

therapy significantly reduced the number of patients with cardiac events, the number of 

cardiac events per patient, and the rate of cardiac events per year. β-blocker therapy is 

most effective in LQT1 patients, where physical exercise is the most common trigger for 

an arrhythmic event (Priori et al., 2004). In contrast, LQT2 and LQT3 patients have more 

life-threatening cardiac events than LQT1 patients (6-7% and 10-15%, respectively) 

despite taking β-blockers. These patients require additional therapy. 

 

Patients that respond poorly to β-adrenergic blocking agents are advised to undergo left 

cardiac sympathetic denervation (LCSD). This method of surgical anti-adrenergic therapy 

proves highly efficient as an eight year follow-up study on 147 LQTS patients who 

underwent LCSD showed a mean reduction of 91% in cardiac events (Schwartz et al., 

2004). QTc duration in these patients was also shortened by an average of 39 ms. 

 

LQTS patients who experience cardiac arrest while either on or off therapy, should 

immediately have a cardioverter defibrillator (ICD) implanted (Crotti et al., 2008). 
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Although an ICD does not prevent the precipitation of arrhythmias, it prevents SCD when 

torsade de pointes is prolonged or degenerates to ventricular fibrillation. Despite the 

advantages of this device, special caution has to be taken before deciding on implanting 

an ICD. The emotional distress and immense release of catecholamines that follows an 

ICD discharge may cause overt adrenergic stimulation that could lead to further 

arrhythmias, producing a vicious cycle of ICD discharges and cardiac arrhythmias. The 

recurrence of electrical shocks from ICD devices has led to a high incidence of suicidal 

attempts in children and teenagers (Crotti et al., 2008). The risk-benefit ratio of ICD 

implantation must clearly be explained to a patient, or to the patient’s parents, if the 

patient is a minor. The current policy for implanting an ICD is after cardiac arrest, when 

requested by the patient, and when syncope recurs despite β-adrenergic blockade and 

LCSD. 

 

Finally, the genotype of LQTS patients plays an important role in managing the disease. 

It will help clinicians with the risk stratification process, allowing them to select the most 

effective therapy and to identify the conditions that need to be avoided in preventing 

precipitation of cardiac events (Crotti et al., 2008). 

 

1.3 THE SOUTH AFRICAN FOUNDER FAMILY 

 

The phenotypic variability in LQTS is further illustrated among relatives carrying an 

identical disease-causing mutation resulting from a founder effect. Brink and colleagues 

(2005) described a cohort of 22 South African families who segregate the same KCNQ1 

mutation (A341V). The LQT1 population of 320 family members are descended from a 

common founder couple (Figure 1.3), of mixed Dutch and French Huguenot origin, who 

married in 1730. 

 

In the investigation of Brink et al. (2005), 166 of the 320 individuals investigated were 

mutation carriers (MCs) and 154 were noncarriers. Amongst the MCs, 131 subjects 

(79%) have presented with symptoms, of which 23 (14%) suffered SCD before the age of 

40 years. Brink et al. (2005) further compared 86 MCs and 102 noncarriers in terms of 



 

 

12 

QTc interval, heart rate (HR) and symptoms. They found that despite sharing an identical 

mutation, MCs exhibited a wide range of baseline QTc (406 to 676 ms) of which 12% of 

individuals had a normal QTc (≤440 ms), but that the average QTc was significantly 

longer compared to that of noncarriers (487±45 versus 401±25 ms). Baseline QTc was 

also longer in symptomatic MCs than in asymptomatic MCs (493±48 versus 468±31 ms) 

(Figure 1.4). In addition, asymptomatic MCs had a significantly lower HR than 

symptomatic MCs (65±13 versus 71±11 bpm). 

 

 

 

 

Figure 1.3: Lines of descent of the KCNQ1-A341V mutation from a common 
founder couple P. At the time of the 2005 study (Brink et al.), genealogical information 
for pedigree 170 and 180 could not be found. Haplotypes were constructed from the 
alleles inherited at D11S4046, D11S1318, A341V, D11S4088, D11S4146, D11S4181, 
D11S1871, D11S1760 and D11S1323, in the order telomere to centromere. Common 
haplotypes are bordered. Circles denote females and squares males in the line of descent. 
Index cases are shown as diamonds to preserve anonymity. Ped indicates pedigree. Year 
of birth is shown below individuals. The letters P, Q, and T refer to couples in the first 
two generations from which the mutation descended. (Brink et al., 2005) 
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The authors subsequently found both QTc ≥500 ms and resting HR ≥75 bpm to be 

significant risk factors for experiencing cardiac events. However, the risk for cardiac 

events was still significant in subjects with a normal QTc interval and HR, as 60% of 

these subjects were symptomatic. 

 

 

 

Figure 1.4: Basal QTc in mutation carriers and noncarriers (A) and in symptomatic 
and asymptomatic MCs (B). The long horizontal line represents the upper limit of 
normal values for men (440 ms). The short horizontal line represents the mean. (Brink et 
al., 2005) 
 

 

1.4 GENETIC MODIFIERS 

 

It is by now well recognised that a large number of Mendelian and non-Mendelian 

genetic disorders exhibit considerable inter- and intra-familial variability in phenotypic 

manifestation of the disease (Houlston and Tomlinson, 1998). A number of mechanisms 

that account for such variability have been identified, including genotype-phenotype 
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correlations (Huntington’s disease) (Chatkupt et al., 1995), skewed X inactivation 

(Acardi syndrome) (Neidich et al., 1990), imprinting (Prader-Willi syndrome) (Buiting et 

al., 1995), mosaicism (Hypohidrotic ectodermal dysplasia) (Bartstra et al., 1994) and 

environmental factors (such as smoking in familial hypercholesterolaemia) (Beaument et 

al., 1976). These mechanisms may well be seen to underlie the inter-familial variability 

in phenotypic expression. However, intra-familial variability in disease expression, 

particularly in siblings, cannot so readily be ascribed to these mechanisms. Increasing 

evidence indicates that genetic factors other than the primary disease-causing mutation 

influence the clinical manifestation of many genetic disorders (Dedoussis, 2007; Ikeda et 

al., 2002; Chanson and Kwak, 2007).  

 

1.4.1 Genetic modifiers of LQTS 

 

A worldwide effort to identify disease-causing mutations in known LQTS genes led to 

the discovery of several novel allelic variants in each gene (Laitinin et al., 2000; 

Westenskow et al., 2004; Jongbloed et al., 2002). Although some of these alleles have 

been associated with congenital or acquired LQTS phenotypes, a number of alleles are 

not clearly related to the primary phenotypes. These alleles may either be silent 

polymorphisms that demonstrate no clinical symptoms, or, as current wisdom speculates, 

may be forme fruste mutations which do not cause disease alone, but may exacerbate or 

alleviate the expression of LQTS. 

 

Several single nucleotide polymorphisms (SNPs) in the LQTS genes have indeed been 

associated with QTc interval duration. A study conducted by Laitinin et al. (2000) to 

screen KCNH2 for mutations led to the discovery of the first common SNP of the HERG 

channel (K897T). The group investigated this polymorphism in 170 LQT1 patients 

segregating the same KCNQ1 mutation and suggested that the KCNH2-K897T 

polymorphism may be associated with QT interval duration, modifying the phenotype of 

LQTS. KCNH2-K897T has since attracted the interest of several investigators, although 

inconsistent evidence was found for association of this polymorphism with a clinical 

phenotype. The majority of the studies (Pietila et al., 2002; Paavonen et al., 2003; Crotti 
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et al., 2005) found that KCNH2-K897T resulted in a smaller current density compared to 

wild-type (WT) HERG and may be unlikely to cause disease alone, but may rather 

accentuate the effects of a LQTS mutation and cause a prolonged QT interval. By 

contrast, Bezzina et al. (2003) found control subjects homozygous for KCNH2-K897T to 

have a shortened QTc interval, whereas Scherer et al. (2002) found no significant 

difference between KCNH2-K897T and WT-HERG expression. 

  

In addition to the KCNH2-K897T variant, Newton-Cheh et al. (2007) also associated 

SNP rs3807375 (KCNH2) with QTc interval duration. Researchers genotyped a set of 18 

SNPs in the KCNH2 gene in 1730 unrelated individuals from the Framington Heart Study 

(USA). Similarly, Pfeufer et al. (2005) genotyped 174 SNPs from KCNQ1, KCNH2, 

KCNE1 and KCNE2 in 689 participants from the KORA study (Germany). Two SNPs, 

rs757092 (KCNQ1) and rs3815459 (KCNH2), were found to be associated with QTc 

interval duration. This association was confirmed by Gouas et al. (2007). Further studies 

include those of Ye et al. (2003), who demonstrated that the in vitro activity of the 

SCN5A-M1766L mutation is modified by the presence of a common SCN5A 

polymorphism, H558R. Although SCN5A-H558R is present in 20-30% of Caucasians, it 

has not been reported to occur on the same allele as SCN5A-M1766L in LQTS subjects, 

thereby limiting the practical significance of the data. Finally, a study by Westenskow et 

al. (2004) revealed that members of two of the reported LQTS families had greater 

degrees of QT prolongation and presented with more severe symptoms when individuals 

coinherited KCNQ1 mutations with the common KCNE1-D85N variant. 

 

Identification of genetic and clinical variables that can predict the outcome of LQTS 

more accurately are important in order to offer better management to patients at risk for 

cardiac arrhythmias. This importance has led to the encouragement to describe new 

strategies to identify such modifiers of LQTS (NIH Grants, 

http://grants.nih.gov/grants/guide/rfa-files/RFA-HL-01-001.html). Modifying variants are 

not necessarily restricted to the identified LQTS genes, but may also be found in proteins 

which interact with the ion channels or, possibly, other genes involved in the pathways 

leading to the development of arrhythmia.  
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Our collaborators at the University of Pavia, Italy, took the latter approach and Dr Crotti 

investigated the role of components of the adrenergic system in modifying LQTS (Crotti, 

2007). This notion stems from the increased incidence of arrhythmias during heavy 

exercise (LQT1) or emotional stress (LQT2) in susceptible individuals. During these 

events the sympathetic nervous system, including α- and β-adrenergic activation, is 

stimulated. Adrenergic stimulation causes accumulation of KCNQ1/IKs (Terrenoire et al., 

2005) and reduces HERG /IKr currents (Thomas et al., 2004), leading to lengthening of 

the cardiac repolarisation. As a result, failure to adapt the action potential duration may 

lead to early after-depolarisations, inducing the development of ventricular arrhythmias. 

Indeed, Dr Crotti found that lower HR (Section 1.3; Brink et al., 2005) and lower 

baroreflex sensitivity (<12 ms/mmHg, Crotti 2007) were associated with a reduced 

arrhythmic risk, and may well be a protective factor of LQTS manifestations. In addition, 

polymorphisms in the β1-adrenergic receptor (S49G and R389G) have been associated 

with the risk of symptoms in LQT1 patients, although the effect of the polymorphism on 

LQT1 symptoms is not mediated via QT interval duration (Paavonen et al., 2007). 

 

Results of a genome-wide association study revealed NOS1AP as a novel gene that is 

significantly associated with QT interval variation (Arking et al., 2006). NOS1AP is a 

regulator of neuronal nitric oxide synthase (NOS1) and although the finding was 

unexpected, NOS1 has previously been shown to play a role in cardiac contractility and 

this pathway might be an important effector of cardiac repolarisation (Massion et al., 

2005). The study by Arking et al. (2006) accentuates the importance of identifying novel 

candidate genes as modifiers of LQTS, such as genes involved in the pathways leading to 

the development of arrhythmia. 

 

1.4.2 Founder family- a unique South African opportunity 

 

The similar genetic background of the KCNQ1-A341V South African founder family 

offers a unique and powerful resource to investigate genetic factors other than the 

primary mutation that possibly modulate the clinical severity of LQTS expression. Our 

group’s approach to identifying modifiers of LQTS was to uncover novel genes as 
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candidate modifiers, by finding proteins that interact with cardiac ion channels. The 

hypothesis is that variants in ion channel ligands might cause slight alterations in cardiac 

ion channel functioning that may not cause disease alone, but may accentuate the effects 

of a LQTS mutation and lead to differences in clinical manifestation of the disease. The 

outline of our studies is thus, firstly, to identify interactors of ion channel proteins 

through Y2H analysis, a well-established technique in our laboratory. Once interactions 

are verified, individuals of the South African founder family (Section 1.3) are utilised in 

family-based association studies using quantitative transmission disequilibrium test 

(QTDT) to look for association between phenotypic variability (QTc length, HR) and 

polymorphic variants (SNPs) in the ligand-encoding genes against the background of an 

identical-by-descent LQTS mutation. Ms Glenda Durrheim is currently searching for 

interactors of the amino-terminus (N-terminus) of KCNQ1, while Ms Paula Hedley 

screened the carboxyl-terminus (C-terminus). In addition, Ms Carin Green is screening 

KCNE1 and KCNE2 for putative ligands. This study will focus on finding interactors of 

HERG, particularly interactors of the HERG N-terminus, as the C-terminus has already 

been used as bait in an Y2H library screen (Roti Roti et al., 2002; Section 1.5.4). 

 

Following confirmation of an interaction between the two proteins, SNPs can be chosen 

in the respective HERG interactors and the South African founder family (Section 1.3) 

can be utilized in family-based association studies as discussed above. 

 

1.5 HERG POTASSIUM CHANNEL  

 

1.5.1 Eag family of Potassium Channels 

 

Mutated EAG fruitflies (Drosophila melanogaster) exhibit a leg-shaking phenotype 

during ether anaesthesia and it was indeed this behaviour that led to the discovery of eag 

(ether-à-go-go), named after go-go dancers in a theatre or discotheque (Warmke et al., 

1991). Electrophysiological studies demonstrated that mutations of eag cause 

hyperexcitability in motor neurons. Subsequent characterisation of the gene revealed 

seven hydrophobic segments (six membrane-spanning segments and a pore domain), 
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suggesting that eag encodes a voltage-gated potassium (K+) channel that is related to the 

family of K+ channels. Warmke and Ganetzky (1994) used low stringency screens and 

degenerate PCR to isolate homologous sequences from Drosophila and mammalian 

tissues and defined three distinct channel subfamilies of EAG, namely EAG, ELK (Eag-

like K+ channel) and ERG (Eag-related gene). At least one of each of the subfamily 

members has been identified in Drosophila, rat, mouse and human genomes (Ganetzky et 

al., 1999). 

 

1.5.2 KCNH2 genomic structure and expression 

 

Following the identification of a human Eag-related gene (HERG), the HERG gene, 

KCNH2, was mapped to chromosome 7 by PCR analysis of human-hamster hybrid cell 

lines (Warmke and Ganetzky, 1994). At the same time, Jiang et al. (1994) mapped a 

second LQTS locus (LQT2) to the same chromosome. Shortly afterwards, the gene for 

LQT2 was identified (Curran et al., 1995) on the basis that LQTS is associated with 

defective ventricular repolarisation and HERG was the only known human K+ channel 

that mapped to chromosome 7, offering a plausible candidate gene for the disease. 

 

Subsequently, Splawski et al. (1998) defined the complete genomic structure of KCNH2. 

They included the positions of introns, exons and stop codons, as well as the six 

membrane-spanning segments, the pore region, and the cyclic nucleotide-binding domain 

(cNBD) region (Figure 1.5). HERG splice form A is composed of 15 exons, 

encompassing approximately 55 kb. N- and C-terminal isoforms of HERG A were also 

identified (London et al., 1998): HERG B, an isoform that lacks the first 376 amino acids 

of HERG A and has an additional exon (exon 1b) spliced to exon 6 of HERG A, HERG 

C, a C-terminal isoform of HERG A, and HERG BC, an isoform with both alternate 5’ 

and 3’ ends. Northern blot studies with isoform-specific probes revealed that HERG A is 

expressed abundantly in the heart and moderately in smooth muscle and brain, HERG B 

is expressed weakly in heart and smooth muscle, HERG C is expressed preferentially in 

the heart and jejunum with low levels of expression in smooth muscle and brain, and  
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Figure 1.5: Genomic organisation of KCNH2 coding and 3’- and 5’- untranslated 
sequences. Positions of introns are indicated with arrowheads, and exons are numbered.  
The six transmembrane segments (S1-S6) and the pore (P) and cyclic nucleotide-binding 
regions are underlined. The asterisks mark stop codons. A) HERG splice form A. B) 
partial sequence of HERG splice form B. (Splawski et al., 1998) 
 
 

A 



 

 

21 

HERG BC is expressed moderately in smooth muscle and at low levels in brain (London 

et al., 1998; Aydar and Palmer, 2006).  

 

1.5.3 HERG protein structure 

 

HERG is a tetrameric protein formed by coassembly of four identical subunits. A single 

HERG subunit contains six α-helical transmembrane segments, S1-S6, as shown in 

Figure 1.6. The first four transmembrane segments (S1-S4) form the voltage-sensor 

domain of the channel. The S4 domain is the primary voltage-sensing structure and 

contains multiple positively charged amino acids (Lys or Arg). When the membrane is 

depolarised, the transmembrane electrical field drives the S4 to move outward, initiating 

the gating process (Sanguinetti and Tristani-Firouzi, 2006). S1-S3 contains negatively 

charged acidic residues (Asp) that form temporary salt bridges with particular basic 

residues  in  S4  to stabilise  the closed, open and  inactivated states of the HERG channel  

 

Figure 1.6: Illustration of a single HERG subunit. The subunit contains six 
transmembrane domains (S1-S6) and a pore region. The first four transmembrane 
segments comprise the voltage-gated sensor: the S4 domain contains multiple basic (+) 
amino acids, whereas S1-S3 contains acidic Asp residues (-) that can form salt bridges 
with specific basic residues in S4 during gating. S5-S6 forms the K+-selective pore. The 
location of the N-terminal PAS domain and the C-terminal cyclic nucleotide-binding 
domain (cNBD) are also indicated. The N- and C-termini are cytoplasmic (Sanguinetti 
and Tristani-Firouzi, 2006). 
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during gating. The pore domain is formed by the remaining two transmembrane 

segments, S5-S6. This domain is highly conserved over K+ channels (Stansfeld et al., 

2007) and consists of a pore helix and K+-selectivity filter, permitting selective passage 

of K+ ions. 

 

Four of the coassembled S6 domains interweave near the cytoplasmic interface to form 

the K+ channel pore (Doyle et al., 1998). In the closed state (negative membrane 

potentials), the pore forms a narrow aperture that does not allow entry of ions from the 

cytoplasm (Figure 1.7A). When the membrane is depolarised, the S6 domains hinge 

outwards, increasing the diameter of the pore to permit passage of ions (Figure 1.7B). 

Membrane depolarisation to more positive potentials causes rapid inactivation of HERG 

channels by using a C-type inactivation mechanism (Figure 1.7C). It has been proposed 

that this type of inactivation is caused by constriction of the selectivity filter (Sanguinetti 

and Tristani-Firouzi, 2006). In response to membrane repolarisation, the transitions 

between the channel states are reversed. It is thought that the channel is closed by the S5-

P linker functioning as a lever, which pushes against the S6 domains to close the channel 

(Long et al., 2005). 

 

 

 

Figure 1.7: Conformation of voltage-gated HERG channels. Single HERG channels 
are either closed, open or inactivated, depending on the membrane potential. A) Channels 
are closed at negative potentials. B) Membrane depolarisation slowly activates the 
channels, which then C) inactivates rapidly. It has been proposed that C-type inactivation 
is caused by constriction of the selectivity filter (circled in red). Membrane repolarisation 
reverses the transition between the channel states. Only two of the four subunits are 
shown. (Sanguinetti and Tristani-Firouzi, 2006) 
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The N- and C-termini of the HERG channel are cytoplasmic and contain a highly 

conserved Per-Arnt-Sim (PAS) domain and cNBD, respectively. In prokaryotic cells, 

PAS domains function as a sensor to external variables, such as light, redox potential and 

oxygen. They are further able to convert input stimuli into signals that trigger appropriate 

downstream pathways (Pandini and Bonati, 2005). In eukaryotes, the PAS domains are 

thought to have a regulatory role through ligand-binding and protein-protein interactions 

(Morais Cabral et al., 1998). cNBD is also highly conserved across the EAG family of 

potassium channels- binding of cAMP and/or cGMP to this domain causes direct 

modulation of ion channels, independent of channel phosphorylation (Robinson and 

Siegelbaum, 2003). Akhavan and colleagues (2005) further showed that cNBD is 

essential for Golgi transit and cell-surface localisation. 

 

1.5.4 HERG trafficking and interacting proteins 

 

Little is known about the biogenesis and trafficking of HERG protein and many studies 

aim to identify HERG protein interactors to aid in better understanding of the various 

stages of HERG channel assembly. A short summary of the identified interactors will 

follow. 

 

Transcription and translation of HERG mRNA is followed by translocation from the 

ribosome into the endoplasmic reticulum (ER), where the protein is folded and assembled 

into the tetrameric channel structure (Rosenberg and East, 1992). In addition, HERG 

pore-forming (α) subunits coassemble with auxiliary β-subunits to form multimeric 

macromolecular complexes which also occur in the ER. It has been shown that MinK 

(McDonald et al., 1997), as well as MinK-related peptide 1 (MiRP1) (Abbott et al., 

1999), can associate with HERG to regulate IKr activity. However, in vivo studies 

revealed that MinK-related peptide 1 (MiRP1) shows preferential association with HERG 

rather than with MinK (Abbott et al., 1999). Proper folding and assembly of immature 

HERG is facilitated by molecular chaperones. Ficker et al. (2003) identified two 

cytosolic chaperones: heat conjugated/stress-activated protein 70 (Hc/sp 70), which has 

been shown to be crucial in stabilising the intermediate steps in protein folding, and heat 
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shock protein 90 (Hsp90), which facilitates degradation of misfolded proteins via the 

ubiquitin-proteosome pathway (Gong et al., 2005). Co-chaperone FKBP38 (38-kDa 

FK506-binding protein) has also been shown to interact with HERG potassium channels 

(Walker et al., 2007) and the investigators proposed that this protein contributes to the 

promotion of HERG trafficking via the Hc/sp70-Hsp90 chaperone pathway. 

 

After protein folding and assembly, the HERG potassium channel is exported to the 

Golgi apparatus where core-glycosylated residues undergo complex glycosylation. For 

HERG, this appears to be the asparagine residue at position 598 (N598) (Gong et al., 

2002). Finally, the channel protein is marked for its final destination and inserted into the 

plasma membrane. Roti Roti et al. (2002) established that the HERG C-terminus interacts 

with GM130 (Golgin-95), a Golgi-associated protein. The authors proposed that this 

interaction facilitates the transport and targeting of HERG-containing vesicles to the 

plasma membrane. 

 

1.5.5 HERG channel dysfunction and LQTS 

 

Two molecular mechanisms mediate the reduced repolarisation current in congenital 

LQTS patients with HERG channel mutations: formation of defective channels, where 

mutant subunit assembly result in dysfunctional channel protein, and trafficking defects, 

in which mutant subunits fail to assemble into the tetrameric channel or are not 

incorporated into the plasma membrane. In both cases, the net effect is a >50% reduction 

in channel current (Goldenberg and Moss, 2008). HERG channel mutations are most 

common in the transmembrane segments and intracellular regions (Roepke and Abbott, 

2006; Splawski et al., 2000), particularly the PAS domain (Chen et al., 1999) and the 

cNBD (Zhou et al., 1998; Ficker et al., 2002), but mutations have also been characterised 

in the pore helix (Huang et al., 2001; Moss et al., 2002). 

 

In addition, reduction in IKr current can also be the consequence of HERG blockade by a 

wide range of drugs. Blockade of HERG potassium channels cause acquired LQTS by 

increasing action potential duration and early afterdepolarisations. These changes 
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generate QT interval prolongation and could ultimately culminate in SCD due to 

ventricular fibrillation (Figure 1.8). The structural basis of HERG channel susceptibility 

to drug blockade lies in the multiple aromatic residues (Thr623, Ser624, Tyr652 and 

Phe656) that line the permeation pore, providing a high-affinity binding site for multible 

drug classes (Mitcheson et al., 2000). These classes include antihistamines (terfenadine 

and astemizole), antipsychotics (sertindole), gastrointestinal agents (cisapride) and 

urologic agents (terodiline) (Roden and Viswanathan, 2005). The toxicity of QT-

prolonging drugs is widespread and has been the most common cause of withdrawal of 

marketed drugs over the last decade (Roden, 2004). Other factors of acquired LQTS 

include heart block, hypokalemia, hypomagnesemia, hypocalcemia, myocardial ischemia, 

subarachnoid hemorrhage, starvation using liquid protein diets and human 

immunodeficiency virus disease (Khan, 2002).  

 

 

Figure 1.8: Mechanism of sudden cardiac death with drug blockade of the HERG 
channel. Drug blockade of a single HERG potassium channel (left) produces prolonged 
action potential duration (blue) and early afterdepolarisation (EAD, shown in red). These 
changes generate prolonged QT interval duration and torsade de pointes (right, upper 
panel). In this figure, the arrhythmia degenerates to ventricular fibrillation which could 
culminate in SCD. (Roden and Viswanathan, 2005) 
 

 

1.5.6 Other diseases associated with HERG 

 

In addition to QT-prolongation, specific mutations in KCNH2 can also produce a 

remarkably shortened QT interval (Brugada et al., 2004), causing Short QT Syndrome 
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(SQTS) type 1 (SQT1). SQTS patients have a QT interval of shorter than 300 ms and, 

similar to LQTS, the condition is characterised by syncope, palpitations and SCD 

(Roepke and Abbott, 2006). Other genetic loci implicated in SQTS include KCNQ1 

(Bellocq et al., 2004), KCNJ2 (Priori et al., 2005), CACNA1C and CACNB2b 

(Antzelevitch et al., 2007), causing SQT2, SQT3, SQT4 and SQT5, respectively. 

 

Recently, the role of ion channels (particularly HERG) has been recognised in the 

pathology of cancer. HERG channels are often over- or mis-expressed in many types of 

human cancers, including acute myeloid (Pillozzi et al., 2002) and lymphoid leukaemia 

(Smith et al., 2002), as well as endometrial (Cherubini et al., 2000) and colorectal 

adenocarcinomas (Lastraioli et al., 2004). Arcangeli (2005) ascribed three functions of 

HERG channel activity that is relevant to tumour cell biology: regulation of cell 

proliferation, control of tumour cell invasiveness (potentially through interaction with 

adhesion receptors of integrin proteins), and regulation of tumour cell neoangiogenesis. 

 

1.6 IDENTIFYING PROTEIN-PROTEIN INTERACTIONS 

 

With the majority of human genes identified and characterised, the field of proteomics 

draws increasing attention. It has been estimated that 80% of proteins operate in 

complexes (Berggård et al., 2007) and many innovative methods have been developed to 

identify protein-protein interactions that form part of the larger proteomic pathways. To 

date, the human interactome map is thought to be only 10% complete (Hart et al., 2006). 

 

Methods that have been used to identify protein-protein interactions include coaffinity 

purification followed by mass spectrometry (Gavin et al., 2002) and quantitative 

proteomic techniques in combination with protein affinity chromatography, affinity 

blotting, immunoprecipitation and chemical cross-linking (Phizicky and Fields, 1995), 

and two-hybrid screens (Uetz et al., 2000).  

 

The yeast two-hybrid (Y2H) screening system is one of the most widely used techniques 

to identify protein-protein interactions (Berggård et al., 2007) because it has some clear 
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advantages over conventional biochemical approaches. Firstly, the Y2H system is simple 

to set up; it requires little optimisation and is relatively inexpensive. The system also 

detects protein interactions in vivo, thus being closer to higher eukaryotic reality than 

other in vitro approaches (Van Criekinge and Beyaert, 1999). Another appealing feature 

is the minimal genetic material that is required to initiate the screening process. Other 

advantages of Y2H analysis include the detection of weak interactions (Estojak et al., 

1995), the analysis of known interaction, as well as the interpretation of affinities (Yang 

et al., 1995). Finally, when protein interactors are identified, the corresponding gene is 

cloned at the same time. 

 

 

 

Figure 1.9: Illustration of the yeast two-hybrid (Y2H) system. The yeast transcription 
factor Gal4 is composed of two separate domains, GAL4 DNA-binding domain (DNA-
BD) and GAL4 activation domain (AD), which mediate transcriptional activation. In 
Y2H, two plasmids are constructed: one that encodes the bait protein fused to the DNA-
BD, and another that encodes the prey protein a fusion to the AD. If there is an 
interaction between bait and prey proteins, the DNA-BD and AD are brought into 
proximity and reporter genes are activated. (Berggård et al., 2007) 
 

 

Briefly, the Y2H principle is based on the yeast transcription factor Gal4 that is 

composed of two separate domains, GAL4 DNA-binding domain (DNA-BD) and GAL4 

activation domain (AD), that mediate transcriptional activation (Fields and Song, 1989). 

In Y2H, the bait protein (protein of interest) is expressed as a fusion to the DNA-BD 
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whereas the prey protein (proteins from a cDNA library) is expressed as a fusion to the 

AD. If there is an interaction between bait and prey proteins, the DNA-BD and AD are 

brought into proximity and reporter genes are activated (Figure 1.9). A more detailed 

explanation of the method will follow in Chapter 2. 

  

1.7 THE PRESENT STUDY 

 

The aim of the present study was to identify ligands of the HERG potassium channel, to 

understand the functional role of the interactions and to investigate the potential role of 

the interacting ligands in the phenotypic variability displayed by LQTS. In order to 

identify HERG ligands, the N-terminus encoding domain was used as bait construct in an 

Y2H system to screen a commercially available human cardiac cDNA library for prey 

ligands. The HERG N-terminus was chosen as bait in the present study because the C-

terminus encoding domain was used in an Y2H screen in a previous study by Rotti Rotti 

et al. (2002, Section 1.5.4). Furthermore, the N-terminus of the splice variants HERG A 

and HERG C was used for the Y2H screen, because both proteins are expressed 

abundantly in the heart and their N-terminus-encoding domain is identical. 

 

Putative prey ligands were to be sequenced and identified by BLAST-search. Internet 

database literature searches were to be performed to assign function and subcellular 

localisation to prey proteins and they would then be prioritised according to the 

plausibility of being true HERG ligands. Possible mechanisms of interaction with the 

HERG potassium channel and speculative roles in the onset of LQTS will subsequently 

be discussed. Finally, the strong candidate ligands were to be subjected to co-

immunoprecipitation (Co-IP) and mammalian two-hybrid (M2H) analysis to verify the 

interactions detected by Y2H.  

 



 

 

29 

Chapter 2 

Materials and methods 

 

           Page 

2.1 SUMMARY OF METHODOLOGY      33 

 

2.2 DNA EXTRACTION        36 

 

   2.2.1 Bacterial plasmid purification using Zyppy™ Plasmid Miniprep Kit 36 

   2.2.2 Bacterial plasmid purification using Promega PureYield™ Plasmid 

            Midiprep System        36 

   2.2.3 Yeast plasmid purification       37 

   2.2.4 Gel purification of PCR-amplified products from agarose gels using  

the Wizard® SV Gel and PCR Clean-up System    38 

   2.2.5 DNA purification using the Wizard® SV Gel and PCR Clean-up  

System         38 

 

2.3 POLYMERASE CHAIN REACTION (PCR)     38 

 

   2.3.1 Oligonucleotide primer design and synthesis    38 

      2.3.1.1 Primers for generation of insert for Y2H cloning    39 

      2.3.1.2 Primers for Y2H insert sequencing     40 

      2.3.1.3 Primers for in vitro transcription and translation   40 

      2.3.1.4 Primers for mammalian two-hybrid (M2H) analysis   41 

      2.3.1.5 Primers for M2H insert sequencing   41 

   2.3.2 PCR-amplification for generation of KCNH2 N-terminus fragment 42 

   2.3.3 Bacterial colony PCR   43 

   2.3.4 PCR-amplification for in vitro transcription and translation  44 

   2.3.5 PCR-amplification for M2H analysis   44 

 



 

 

30 

2.4 GEL ELECTROPHORESIS   45 

 

   2.4.1 Agarose gel electrophoresis   45 

      2.4.1.1 Agarose gel electrophoresis for the visualisation of PCR-amplified  

                  products   45 

      2.4.1.2 Agarose gel electrophoresis for the visualisation of plasmid DNA  

                  isolated from E.coli   45 

      2.4.1.3 Agarose gel electrophoresis for gel purification of PCR products 46 

   2.4.2 Sodium dodecyl sulphate polyacrylamide gel electrophoresis  

            (SDS-PAGE)   46 

   2.4.3 Experion™ virtual gel electrophoresis   47 

 

2.5 AUTORADIOGRAPHY   48 

 

2.6 AUTOMATED DNA SEQUENCING   48 

 

2.7 SEQUENCE ANALYSIS   49 

 

2.8 RESTRICTION ENZYME DIGESTION   49 

 

2.9 GENERATION OF CONSTRUCTS   50 

 

   2.9.1 Generation of Y2H construct   50 

   2.9.2 Generation of M2H constructs   50 

   2.9.3 Alkaline phosphatase treatment of vector   51 

   2.9.4 DNA ligation   51 

 

2.10 BACTERIAL STRAINS, YEAST STRAINS AND CELL LINE S  52 

 

   2.10.1 Bacterial strains   52 

   2.10.2 Yeast strains   52 



 

 

31 

   2.10.3 Cell lines   52 

 

2.11 GENERATION OF E.coli DH5α COMPETENT CELLS   52 

 

2.12 CULTURING OF THE HEK293 CELL LINE   53 

 

   2.12.1 Culture of the HEK293 cells from frozen stocks   53 

      2.12.1.1 Thawing the cells   53 

      2.12.1.2 Removing DMSO from stocks and culturing cells   53 

   2.12.2 Splitting of cell cultures   54 

 

2.13 TRANSFORMATIONS AND TRANSFECTION OF PLASMIDS  

        INTO PROCARYOTE AND EUKARYOTIC CELLS   54 

 

   2.13.1 Bacterial plasmid transformations   54 

   2.13.2 Yeast plasmid transformations   55 

   2.13.3 Transfection of HEK293 cells   56 

 

2.14 ASSESSMENT OF Y2H CONSTRUCTS   57 

 

   2.14.1 Phenotypic assessment of yeast strains   57 

   2.14.2 Toxicity tests of transformed cells      58 

   2.14.3 Testing of mating efficiency      59 

 

2.15 Y2H ANALYSIS        60 

 

   2.15.1 Cardiac cDNA library       60 

   2,15,2 Establishment of bait culture      60 

   2.15.3 Haemocytometric cell count      61 

   2.15.4 Library mating        62 

   2.15.5 Establishing a library titre       63 



 

 

32 

   2.15.6 Library mating efficiency       63 

   2.15.7 Detection of activation of nutritional reporter genes   64 

      2.15.7.1 Selection of transformant yeast colonies    64 

      2.15.7.2 Selection of diploid yeast colonies containing putative interactor  

                    peptides         64 

   2.15.8 Detection of activation of colourimetric reporter genes   65 

   2.15.9 Rescuing prey plasmids from diploid colonies    65 

   2.15.10 Interaction specificity test      66 

 

2.16 CO-IMMUNOPRECIPITATION (Co-IP)     66 

 

   2.16.1 Creating an RNase-free experimental environment   66 

   2.16.2 Transcription and translation of bait and preys    67 

   2.16.3 Co-IP of translated products      68 

 

2.17 M2H ANALYSIS        70 

 

   2.17.1 Secreted alkaline phosphatase (SEAP) reporter gene assay  70 

   2.17.2 β-Galactosidase enzyme assay      71 

 



 

 

33 

2.1 SUMMARY OF METHODOLOGY 

 

In order to identify ligands of the N-terminus of human cardiac expressed KCNH2, the 

yeast two-hybrid (Y2H) method was employed. Initially, the bait construct was prepared 

by designing primers with engineered restriction sites; this allowed amplification of the 

N-terminus of KCNH2 from a cardiac cDNA library and subsequent cloning into the 

pGBKT7 shuttle vector, in frame with the yeast GAL4 transcription factor DNA-binding 

domain. The recombined construct directs the expression of the bait protein as a fusion to 

the DNA-binding domain. After the pGBKT7-KCNH2 bait construct was transformed 

into Escherichia coli (E.coli) and the integrity of the nucleotide sequence verified by 

automated sequencing, the bait construct was transformed into Saccharomyces cerevisiae 

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

performed prior to the screening to ensure that the bait construct did not autonomously 

activate transcription of the endogenous host reporter genes (HIS3, ADE2 and MEL1), 

had no toxic effect on its host strain, AH109, and that it did not affect the mating 

efficiency of the S.cerevisiae host. 

 

The bait was then used to screen a cardiac cDNA library (Section 2.15.1) to detect 

putative prey ligands. This was done by mating the bait strain to a Clontech yeast strain 

pretransformed with cardiac cDNA in a pACT2 shuttle vector. The library constructs 

encode fusion proteins consisting of the GAL4 activation domain fused to cardiac-

expressed proteins. Following the library mating, the culture was plated onto primary 

selection media (-Trp, -Leu, -His) which selected for diploid His+ colonies. These 

colonies were transferred to more stringent selection media (-Trp, -Leu, -His, -Ade), and 

the resulting diploid Ade+His+ colonies were tested for the expression of the MEL1 

reporter gene by means of X-α-galactosidase assay. Colonies that produced abundant 

blue pigment indicated the presence of strong bait to prey interactions and their library 

plasmids were isolated from these diploid yeast cells by transforming them into E.coli 

and plating them on ampicillin-containing medium. These purified prey constructs were 

then transformed into S.cerevisiae yeast strain Y187 and subjected to another round of 

selection to exclude non-specific interactions. Putative positive clones were sequenced 
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and the sequences BLASTed against the Genbank DNA database in order to assign 

identity, function and subcellular localisation to these proteins. Those prey clones 

considered good candidate ligands were subjected to in vitro Co-IP and M2H analysis as 

means of verifying the interactions between bait and prey ligand proteins. 

 

Co-IP experiments were performed in vitro by transcription and translation of the bait 

protein as a fusion to a c-Myc antibody epitope tag and the prey proteins as a fusion to a 

haemagglutinin (HA) epitope. These fusion peptides were allowed to interact, and 

antibodies raised against c-Myc and HA were used consecutively to pull down respective 

proteins. If one antibody managed to pull down both bait and prey proteins, it indicates 

an interaction. 

 

To perform M2H analysis, the KCNH2 bait insert was cloned into the pM DNA-binding 

domain vector, while the putative positive interactor clones were shuttled into the pVP16 

activation domain vector. Constructs were generated in the same way as the pGBKT7-

KCNH2 bait was constructed. The pM-KCNH2 bait construct and pVP16-prey constructs 

were co-transfected with the pG5SEAP and pSV-β-Galactosidase reporter vectors into 

cultured HEK293 mammalian cells. An interaction between the fusion proteins generated 

by the pM and pVP16 constructs activated transcription of the secreted alkaline 

phosphatase (SEAP) reporter gene and therefore the intensity of bait and prey interaction 

could be deduced from the level of SEAP activity. The SEAP activity in the culture 

medium was measured by chemiluminescence, using a chemiluminescence substrate. 

Furthermore, a β-Galactosidase enzyme assay was performed to normalise the 

absorbance values obtained from the SEAP assay. This was done in order to determine 

the transfection efficiency of the mammalian cells. An outline of the methodology is 

given in Figure 2.1. 
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GENERATION OF BAIT CONSTRUCT 

Design primers to amplify N-terminus of KCNH2 from cardiac cDNA. 

Clone product into pGBKT7 shuttle vector. 

 
 

VERIFICATION OF INSERT FRAME AND INTEGRITY 

Transform bait construct into E.coli to select transformed colonies. 

Purify plasmid DNA for automated DNA sequencing 

 
 

EXPRESSION OF FUSION PROTEIN 

Transform bait construct into yeast strain AH109. Test for autonomous reporter gene 

(HIS3, ADE2, MEL1) activation, cell toxicity and mating efficiency. 

 
 

YEAST TWO-HYBRID ASSAY 

Mate bait strain with yeast strain, pretransformed with cardiac cDNA library. 

Identify positive prey clones by nutritional and colourimetric selection. 

 
 

IDENTIFY PUTATIVE POSITIVE INTERACTORS 

BLAST-search sequenced inserts of positive prey clones against Genbank DNA 

databases to assign protein identity and function. Identify plausible ligands. 

 
 

VERIFICATION OF TRUE PROTEIN INTERACTORS 

Transcribe and translate bait construct and prey ligands for in vitro  

co-immunoprecipitation reactions and clone into pM and pVP16, respectively, 

 for mammalian two-hybrid assay. 

 

 

Figure 2.1: Outline of the methodology followed in the present study. 
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2.2 DNA EXTRACTION 

 

2.2.1 Bacterial plasmid purification using Zyppy™ Plasmid Miniprep Kit  

 

In order to isolate a particular plasmid of interest from E.coli cells, one E.coli colony was 

picked from an appropriate selection plate and inoculated in a 50ml polypropylene tube, 

containing 10ml of Luria-Bertani Broth (LB) media (Appendix I), supplemented with the 

appropriate antibiotic. The culture was then incubated overnight at 37ºC, while shaking at 

250rpm in a YIH DER model LM-530 shaking incubator (SCILAB instrument Co LTD., 

Taipei, Taiwan). 

 

The culture was centrifuged the following morning, for 10 minutes at 1700g in a 

Beckman model TJ-6 centrifuge (Beckman Coulter, Scotland, United Kingdom). The 

supernatant was then discarded and the pellet resuspended in the residual volume, 

amounting to 600µl of E.coli culture. The Zyppy™ Plasmid Miniprep Kit (Zymo 

Research Corp., CA, USA) was subsequently used to purify the plasmid DNA from this 

culture. The protocol was followed as per manufacturer’s instructions. Thereafter 2µl of 

plasmid DNA was resolved on a 1% agarose gel for verification (Section 2.4.1.2). 

 

2.2.2 Bacterial plasmid purification using Promega PureYield™ Plasmid Midiprep 

System 

 

The Promega PureYield™ Plasmid Midiprep System (Promega Corp., Madison 

Wisconsin, USA) was used to isolate plasmid DNA, free of endotoxins, which was used 

to transfect HEK293 cells (Section 2.12.4) for M2H analysis. Briefly, the procedure was 

as follows: 

 

One E.coli colony containing the plasmid of interest (bait in pM and preys in pVP16) was 

picked from an LB agar plate (Appendix I) supplemented with 50mg/ml ampicillin and 

inoculated in separate 50ml polypropylene tubes, containing 20ml of LB media 

(Appendix I), supplemented with 50mg/ml ampicillin. Also, 150µl of a glycerol stock of 
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the reporter plasmids (pG5SEAP and pSV-β-Galactosidase, Appendix II) and the controls 

(Matchmaker™ Mammalian Assay kit 2, BD Biosciences, Palo Alto, USA) were 

inoculated into 20ml of LB media (Appendix I), supplemented with 50mg/ml ampicillin, 

in separate 50ml polypropylene tubes. The cultures were incubated at 37ºC overnight, 

while shaking at 250rpm in a YIH DER model LM-530 shaking incubator (SCILAB 

instrument Co LTD., Taipei, Taiwan). The plasmid DNA was isolated the next morning, 

following the centrifugation protocol described for <50ml culture as per manufacturer’s 

instructions. Two microlitres of purified plasmid was resolved on a 1% agarose gel for 

verification (Section 2.4.1.2) and the purified plsamid transferred to a clean 1.5ml 

microcentrifuge tube for easy storage. 

 

2.2.3 Yeast plasmid purification 

 

A loop-full of yeast cells containing the plasmid of interest were scraped from the 

appropriate solid media and inoculated into 1ml synthetic dropout (SD) medium 

containing the appropriate dropout supplement (BD Bioscience, Clontech, Palo Alto, CA, 

USA), in a 15ml polypropylene tube. The culture was then incubated overnight at 30ºC in 

a shaking incubator (SCILAB instrument Co LTD., Taipei, Taiwan) at 250rpm. The 

following morning, 4ml YPDA media (Appendix I) was added to the culture and 

incubated for an additional 4 hours at 30ºC. Thereafter, the culture was centrifuged at 

1700g for 5 minutes, the supernatant discarded and the pellet resuspended in the residual 

volume, which was transferred into a 2ml microcentrifuge tube. The following were then 

added to the suspension: 200µl yeast lysis buffer (Appendix I), 200µl 

phenol/chloroform/isoamyl alcohol (25:24:1 [PCI]) (Sigma, St Louis, MO, USA) and 

0.3g 450-600µm sterile glass beads (Sigma, St Louis, MO, USA). The yeast cells were 

milled by vortexing this mixture for 2.5 minutes using a Snijders model 34524 press-to-

mix vortex (Snijders Scientific, Tilburg, Holland), followed by centrifugation at 20000g 

for 5 minutes at room temperature in an Eppendorf model 5417C centrifuge (Eppendorf 

International, Hamburg, Germany) for phase separation. The aqueous phase was 

transferred to a new, sterile 1.5ml microcentrifuge tube. One hundred microlitres of this 
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solution was purified using the Wizard® SV Gel and PCR Clean-up System (Section 

2.2.5). The purified DNA was eluted in 30µl sterile water. 

 

2.2.4 Gel purification of PCR-amplified products from agarose gels using the 

Wizard® SV Gel and PCR Clean-up System 

 

When PCR amplifications did not generate a distinct DNA fragment, visualised as a 

single, clear band by gel electrophoresis, the relevant PCR products were purified from 

agarose gels using the Wizard® SV Gel and PCR Clean-up System (Promega Corp., 

Madison Wisconsin, USA). The PCR product was electrophoresed in a 1% agarose gel 

(Section 2.4.1.3), and subsequently viewed under ultraviolet (UV) light. A sterile scalpel 

blade was used to excise the segment of the gel containing the DNA fragment to be 

purified. The excised agarose gel slice was transferred into a sterile microcentrifuge tube 

and the PCR product was subsequently purified following the centrifugation protocol 

according to the manufacturer’s instructions. 

 

2.2.5 DNA purification using the Wizard® SV Gel and PCR Clean-up System  

 

Purification of plasmid preparations (Section 2.2.3), PCR-amplified DNA products 

(Section 2.3) and restriction enzyme digests (Section 2.8) were performed, using the 

Wizard® SV Gel and PCR Clean-up System (Promega Corp., Madison Wisconsin, 

USA), to obtain purified products suitable for nucleotide sequencing and cloning 

reactions. The centrifugation protocol was followed as per manufacturer’s instructions. 

 

2.3 POLYMERASE CHAIN REACTION (PCR)  

 

2.3.1 Oligonucleotide primer design and synthesis  

 

Primers were designed using sequence data available from the GenBank database 

(http://www.ncbi.nlm.nih.gov/Entrez). Before synthesis, each primer set was analysed  

for self-complementarity, primer-primer comlementarity and compatibility of melting 
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temperatures using DNAman™ version 4 software (Lynnion Biosoft Corp©), as well as 

BLASTed against the GenBank database (http://www.ncbi.nlm.nih.gov/Entrez) to avoid 

primers from annealing to other genomic DNA sequences. All primers used in this study 

were synthesised at the University of Cape Town DNA Synthesis Laboratory (University 

of Cape Town, CT, RSA).   

 

2.3.1.1 Primers for generation of insert for Y2H cloning  

 

In order to generate PCR-amplified fragments that represent the N-terminal region of 

KCNH2, primers were designed using the KCNH2 mRNA sequence (GenBank: 

http://www.ncbi.nlm.nih.gov/Entrez; sequence accession number: NM_000238). The 

addition of unique restriction enzyme sites facilitated subsequent cloning into the 

pGBKT7 vector (BD Bioscience, Clontech, Palo Alto, CA, USA) (Appendix II), with the 

forward primer designed to contain an NdeI restriction site at the 5’ end, while the reverse 

primer contained an EcoRI restriction sequence as well as a transcription termination 

codon. In addition, these two primers also contained added “overhang” nucleotides at 

their 5’ end to allow restriction enzyme digestion of the engineered NdeI and EcoRI sites. 

These primer sets, as shown in Table 2.1, were also used for Y2H insert screening 

(Section 2.3.3).  

 

Table 2.1 Nucleotide sequences of primers used for amplification of the N-terminal 

of the KCNH2 gene  

 

Primer    Sequence                Ta (ºC) 

KCNH2NdeI-F 5’ATCGCAGAA CATATG ATGCCGGTGCGGAGGGGCCAC-3’ 59 

KCNH2EcoRI-R 5’ATCGCAGAA GAATTC CTAGGTCCAGCGGTGGATGCGCGGT-3’ 59 

Abbreviations: ºC, degrees Celsius; Ta, annealing temperature 

The nucleotide sequence in black font represents the sequence of the primer that anneals to the DNA in the 

PCR reaction. Sequences in green font represent an “overhang” tag to facilitate restriction enzyme 

digestion, while the engineered NdeI and EcoRI restriction sites are shown in pink and blue, respectively. 

The sequence of the stop codon is underlined. 
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2.3.1.2 Primers for Y2H insert sequencing  

 

In order to sequence inserts cloned into Y2H vectors, vector-specific primers were 

designed to flank the multiple cloning site (MCS) of pGBKT7 (BD Bioscience, Clontech, 

Palo Alto, CA, USA) (Appendix II) and pACT2 (BD Bioscience, Clontech, Palo Alto, 

CA, USA) (Appendix II). The sequences used in the design of these primers were 

obtained from the Clontech™ Matchmaker™ vector handbook (www.clontech.com) and 

are shown in Table 2.2. 

 

Table 2.2 Primer sequences and annealing temperatures used for the DNA 

sequencing of inserts from Y2H cloning vectors 

 

Primer Sequence   Ta (ºC) 

pGBKT7-F 5’-TCATCGGAAGAGAGTAG-3’ 50 

pGBKT7-R 5’-TCACTTTAAAATTTGTATACA-3’ 51  

pACT2-F 5’-CTATTCGATGATGAAGATACCCCACCAAACC-3’ 68 

pACT2-R 5’-GTGAACTTGCGGGGTTTTTCAGTATCTACGA-3’ 68  

Abbreviations: ºC, degrees Celsius; Ta, annealing temperature 

 

 

2.3.1.3 Primers for in vitro transcription and translation 

 

As the pACT2 vector (Appendix II) does not contain the T7 RNA polymerase promoter 

sequence needed in in vitro transcription and translation experiments (Section 2.16.2), 

primers were designed to generate products for these experiments using the sequence of 

the pACT2 vector obtained from the Clontech™ Matchmaker™ vector handbook 

(www.clontech.com). These primers are vector-specific and flank the MCS in order to 

amplify inserts cloned into the Y2H vector. The forward primer has an additional 

“overhang” that contains the T7 promoter sequence. The primer sequences and annealing 

temperatures are shown in Table 2.3.  
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Table 2.3 Primers for the generation of products used in in vitro transcription and 

translation experiments 

 

Primer Sequence   Ta (ºC)  

ADHA-F 
5’-AAATAAAATTGTAATACGACTCACTATAGGGCGA  

GCCGCCACCATGTACCCATACGACGTTCCAGAT-3’ 
49 

 
  AD-R               5’-GGGGTTTTTCAGTATCTACGAT-3’   49  

Abbreviations: ºC, degrees Celsius; Ta, annealing temperature 

The nucleotide sequence in black font represents the sequence of the primer that anneals to the vector DNA 

in the PCR reaction. The sequence in green font represents the T7 promoter sequence. The sequence of the 

start codon is underlined. 

 

2.3.1.4 Primers for mammalian two-hybrid (M2H) analysis 

 

Primers were designed to amplify bait and prey inserts from pGBKT7 and pACT2 clones, 

respectively, for subsequent cloning into the pM and pVP16 vectors (BD Bioscience, 

Clontech, Palo Alto, CA, USA) (Appendix II) for M2H screening. To facilitate cloning of 

the bait into the pM GAL4 DNA-binding domain vector and the putative positive 

interactors into the pVP16 activation domain vector, the 5’ ends of both the forward and 

reverse primers contained a unique restriction enzyme recognition site. To allow 

restriction enzyme digestion of these engineered sites, the 5’ ends contained additional 

“overhang” nucleotides. The nucleotide sequences and annealing temperatures are shown 

in Table 2.4. These primer sets were also used for M2H insert screening (Section 2.3.3). 

 

2.3.1.5 Primers for M2H insert sequencing 

 

To sequence inserts cloned into the M2H cloning vectors, pM and pVP16 (BD 

Bioscience, Clontech, Palo Alto, CA, USA), vector-specific forward primers were 

designed using the sequence of the respective vectors obtained from the Clontech™ 

Matchmaker™ vector handbook (www.clontech.com), and used in conjunction with the 

insert-specific reverse primer. The nucleotide sequences and annealing temperatures are 

shown in Table 2.5. 
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Table 2.4 Nucleotide sequence and annealing temperature of primers used in M2H 

analysis 

 

Primer Sequence   Ta (ºC) 

KCNH2EcoRI-F 5’-ACTGCAGAA GAATTC ATGCCGGTGCGGAGGGGC-3’ 59 

KCNH2SalI-R 5’-ACTGCAGAA GTCGACCTAGGTCCAGCGGTGGATG-3’ 59 

ROCK1BamHI-F 5’-ACTGCAGAA GGATCCGAAGCTCGAGAGAAGGC-3’ 49 

SGCGBamHI-F 5’-ACTGCAGAA GGATCCTCCAGAGTGGACTCATCT-3’ 49 

pACT2SalI-R 5’-ACTGCAGAA GTCGACTATCTACGATTCATAGATCT-3’ 49 

MAP1ASalI-F 5’-ACTGCAGAA GTCGACGATGGACACAGCCCCAT-3’ 49 

pACT2HindIII-R 5’-ACTGCAGAA AAGCTT TATCTACGATTCATAGATCT-3’ 49 

Abbreviations: ºC, degrees Celsius; Ta, annealing temperature 

The nucleotide sequence in black font represents the sequence of the primer that anneals to the DNA in the 

PCR reaction. Sequences in green font represent an “overhang” tag to facilitate restriction enzyme 

digestion, while the engineered EcoRI, SalI, BamHI and HindIII restriction sites are shown in yellow, blue, 

red and magenta, respectively. 

 

 

Table 2.5 Primer sequences and annealing temperatures used for the DNA 

sequencing of inserts from M2H cloning vectors 

 

Primer Sequence   Ta (ºC) 

pM-F 5’-TCATCGGAAGAGAGTAGTAAC-3’ 50 

pVP16-F 5’-CTGGATATGGCCGACTTCGAG-3’ 56  

Abbreviations: ºC, degrees Celsius; Ta, annealing temperature 

 

2.3.2 PCR-amplification for generation of KCNH2 N-terminus fragment 

 

Hot Start PCR was used to amplify the region coding for the N-terminus of KCNH2 from 

a human cardiac cDNA library (Section 2.15.1). The resulting fragment was subsequently 

cloned into the Y2H bait vector, pGBKT7 (Section 2.9) (Appendix II). 
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For the amplification, 20ng cDNA from a cardiac library was used in a reaction 

performed in a 50µl volume containing: 150ng of each primer (Table 2.1), 4µl of an 

equimolar dNTP solution (2.5mM of each dATP, dCTP, dGTP, dTTP) (Bioline UK Ltd, 

London, UK), 10µl of 5X GC-RICH Solution (Roche Diagnostics Corp., Basel, 

Switzerland), 5µl of 10X Mg2+-containing PCR reaction buffer (Roche Diagnostics 

Corp., Basel, Switzerland), 2U FastStart Taq (Roche Diagnostics Corp., Basel, 

Switzerland) and sterile water to a final volume of 50µl. Amplification was performed in 

a GeneAmp® PCR system 9700 thermal cycler (P.E. Biosystems, Forster City, CA, 

USA). The cycling parameters consisted of a denaturing cycle of 94ºC for 4 minutes, 

followed by 30 cycles of 94ºC for 30 seconds, Ta (Table 2.1) for 30 seconds and 72ºC for 

1 minute 30 seconds, and a final extension at 72ºC for 7 minutes. The amplification 

products were subsequently visualised by gel electrophoresis on a 1% agarose gel for 

verification (Section 2.4.1). 

 

2.3.3 Bacterial colony PCR 

 

Bacterial colony PCRs were performed to rapidly identify the bacterial colonies 

harbouring the desired recombinant plasmid to be used in Y2H (Section 2.14) and M2H 

(Section 2.17) analysis. In these PCR reactions, an amount from an individual bacterial 

colony was picked from an appropriate selection plate and used as template. Y2H (Table 

2.1) and M2H (Table 2.4) vector-specific primers were used in a PCR reaction mix 

identical to that described in Section 2.3.2 and Section 2.3.5, respectively. 

 

Thermal cycling was performed in a GeneAmp® PCR system 9700 thermal cycler (P.E. 

Biosystems, Forster City, CA, USA). The cycling parameters consisted of a denaturing 

cycle of 94ºC for 8 minutes, followed by 30 cycles of 94ºC for 30 seconds, Ta (Table 2.1 

and Table 2.4) for 30 seconds and 72ºC for 1 minute, and a final extension at 72ºC for 7 

minutes. The amplicons were subsequently visualised by gel electrophoresis on a 1% 

agarose gel for verification (Section 2.4.1). 
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2.3.4 PCR-amplification for in vitro transcription and translation 

 

The prey clones in vector pACT2, isolated in the Y2H screen, were used as template for 

the amplification of inserts for in vitro transcription and translation reactions (Section 

2.16.2). Amplification was performed in a 50µl reaction volume containing 1µl plasmid 

preparation (Section 2.2.1), 150ng of each primer (Table 2.3), 1µl of an equimolar dNTP 

solution (10mM of each dATP, dCTP, dGTP, dTTP) (Kapa Biosystems Inc., Woburn, 

MA, USA), 3µl of 25mM MgCl2 (Kapa Biosystems Inc., Woburn, MA, USA), 10µl of 

5X KAPALongRange Buffer (Kapa Biosystems Inc., Woburn, MA, USA), 1U of 

KAPALongRange DNA polymerase (Kapa Biosystems Inc., Woburn, MA, USA) and 

sterile water to a final volume of 50µl. Amplification was performed in a GeneAmp® 

PCR system 9700 thermal cycler (P.E. Biosystems, Forster City, CA, USA). Thermal 

cycling parameters consisted of a denaturing cycle of 94ºC for 5 minutes, followed by 30 

cycles of 94ºC for 30 seconds, Ta (Table 2.3) for 30 seconds and 72ºC for 1 minute. A 

final extension cycle was allowed at 72ºC for 7 minutes. The PCR products were 

subsequently electrophoresed on a 2% agarose gel for verification (Section 2.4.1). 

 

2.3.5 PCR-amplification for M2H analysis 

 

The Y2H cloning vectors, pGBKT7 containing the KCNH2 bait insert and pACT2 

harbouring the putative positive interactors, were used as templates for the PCR-

amplification of the inserts to be cloned into the M2H cloning vectors (Section 2.9.2). 

Amplification of the KCNH2 bait insert was performed according to the PCR reaction 

mix and cycling parameters described in Section 2.3.2, using the primer set and Ta shown 

in Table 2.4. The prey inserts were amplified in a 50µl reaction volume containing 0.5µl 

plasmid preparation (Section 2.2.1), 150ng of each primer (Table 2.4), 25µl of 2X 

ReadyMix supplied by the manufacturer (Kapa Biosystems Inc., Woburn, MA, USA), 

and sterile water to a final volume of 50µl. Amplification was performed in a GeneAmp® 

PCR system 9700 thermal cycler (P.E. Biosystems, Forster City, CA, USA). Thermal 

cycling parameters consisted of a single denaturing cycle of 94ºC for 5 minutes, followed 

by 30 cycles of 94ºC for 30 seconds, Ta (Table 2.4) for 30 seconds and 72ºC for 1 
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minute. A final extension cycle was allowed at 72ºC for 7 minutes. The PCR products 

were subsequently electrophoresed on a 2% agarose gel for verification (Section 2.4.1). 

 

2.4 GEL ELECTROPHORESIS 

 

2.4.1 Agarose gel electrophoresis 

 

Agarose gel electrophoresis was used in this study either to visualise PCR-amplified 

fragments (Section 2.3) or plasmid preparations (Section 2.2.1) for verification of the 

reactions, or for excision of DNA fragments for purification (Section 2.2.4). 

 

2.4.1.1 Agarose gel electrophoresis for the visualisation of PCR-amplified products 

 

To verify that the PCR amplifications were successful, the amplification products were 

electrophoresed as follows: 8µl PCR product (Section 2.3) was mixed with 1µl 

bromophenol blue loading dye (Appendix I). Each sample was then loaded into separate 

wells of a 1-2% (depending on the amplicon size) horizontal agarose gel of 7x9x1cm 

dimensions, containing 1µg/ml ethidium bromide (Appendix I) and 1X SB buffer 

(Appendix I). A molecular size 100 base pair (bp) or 200bp marker (Fermentas 

International Inc., Burlington, ON, Canada), again, depending on the size of the 

amplicon, was co-electrophoresed with all the PCR amplified products. Electrophoresis 

occurred at 10V/cm for 20 minutes in 1X SB running buffer. Thereafter, the DNA 

fragments were visualised on a long wave 3UV trans-illuminator (UVP, Inc. Upland, CA, 

USA) and photographs were obtained using an ITC Polaroid camera and Sony video-

graphic printer (Sony Corp., Shinagawa-ku, Tokyo, Japan). 

 

2.4.1.2 Agarose gel electrophoresis for the visualisation of plasmid DNA isolated 

from E.coli 

 

Two microlitres of plasmid DNA isolated from E.coli (Section 2.2.1 and 2.2.2) was 

mixed with 1µl bromophenol blue loading dye (Appendix I) and electrophoresed on a 
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horizontal agarose gel of 7x9x1cm dimensions, containing 1µg/ml ethidium bromide 

(Appendix I) and 1X SB buffer (Appendix I). A 100bp size marker (Fermentas 

International Inc., Burlington, ON, Canada) was co-electrophoresed with the purified 

plasmids. Electrophoresis was performed at 6V/cm for 30 minutes in 1X SB running 

buffer. Following electrophoresis, plasmids were visualised on a long wave 3UV trans-

illuminator (UVP, Inc. Upland, CA, USA) and photographs were obtained using an ITC 

Polaroid camera and Sony video-graphic printer (Sony Corp., Shinagawa-ku, Tokyo, 

Japan). 

 

2.4.1.3 Agarose gel electrophoresis for gel purification of PCR products 

 

In order to purify PCR-amplified products (Section 2.3) for cloning purposes, the DNA 

was electrophoresed on a horizontal agarose gel of 7x9x1cm dimensions, containing 

1µg/ml ethidium bromide (Appendix I) and 1X SB buffer (Appendix I), and subsequently 

excised from the gel. Five microlitres of bromophenol loading dye (Appendix I) was 

added to 45µl PCR product and the mixture was then electrophoresed at 10V/cm for 30 

minutes in 1X SB running buffer. The DNA was visualised on a long wave 3UV trans-

illuminator (UVP, Inc. Upland, CA, USA), followed by excision of the relevant bands 

from the gel using a sterile scalpel blade and subsequent purification of the DNA (Section 

2.2.4). 

 

2.4.2 Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) 

 

Protein products generated by transcription/translation from PCR products (Section 

2.16.2), as well as proteins from co-immunoprecipitation (Co-IP) reactions (Section 

2.16.3), were electrophoresed in 80x100x0.75mm, 15% polyacrylamide gels containing 

1% sodium dodecyl sulphate (SDS) (Appendix I). Typically, 15µl of SDS loading dye 

(Appendix I) was mixed with 2µl translated protein or 15µl Co-IP reaction products and 

incubated at 95ºC for 5 minutes. Three microlitres of High-Range Rainbow Molecular 

Weight Markers (Amersham Biosciences, Buckinghamshire, UK) was also mixed with 

15µl of SDS loading dye, incubated and co-electrophoresed with protein products. After 
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loading the samples onto the vertical gel, electrophoreses occurred at 15V/cm for 1 hour 

in 1X SDS-PAGE running buffer (Appendix I) and the bands were visualised by 

autoradiography (Section 2.5). 

 

2.4.3 Experion™ virtual gel electrophoresis 

 

LabChip technology using the Experion™ Pro260 Analysis Kit (Bio-Rad Laboratories, 

München, Germany) was employed as a new means of visualising protein products 

generated by transcription/translation (Section 2.16.3) and Co-IP reactions (Section 

2.16.3) to eliminate the usage of [35S]methionine. Briefly, the procedure was as follows: 

Experion™ Pro260 reagents (Experion™ Pro260 Analysis Kit, Bio-Rad Laboratories, 

München, Germany) and protein samples were prepared according to the manufacturer’s 

instructions. After the Experion™ Pro260 chip (Experion™ Pro260 Analysis Kit, Bio-

Rad Laboratories, München, Germany) (Figure 2.2) was primed with gel-stain solution 

using a Experion™ Priming station (Bio-Rad Laboratories, München, Germany), the 

protein samples and ladder were loaded into the chip as described by the manufacturer.  

 

 

 

           Gel priming well 

          

 

 

 

 

 

Figure 2.2: An Experion™ Pro260 chip. The wells of the chip are labeled to ensure the 
chip is loaded correctly. As indicated on the figure, the top right well, labeled GS, is used 
for priming the chip with gel-stain solution. After priming, Gel-stain solution is loaded 
into all four wells labeled GS, gel is loaded into the well marked G, the ladder is loaded 
into L and ten protein samples are loaded into the wells labeled 1-3, 4-6, 7-9 and 10, 
respectively (taken from the Experion™ Pro260 Analysis Kit Instruction Manual). 
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The chip was run on a Experion™ Automated electrophoresis station (Bio-Rad 

Laboratories, München, Germany) and protein analysis was subsequently performed 

using the Experion™ version 2.1 software program (Bio-Rad Laboratories, München, 

Germany). 

 

2.5 AUTORADIOGRAPHY 

 

Following SDS-PAGE (Section 2.4.2), the electrophoresis apparatus was dismantled and 

the gel transferred to Whatman 3M paper (Whatman International LTD, Maidstone, 

England) that had been pre-cut to the size of the gel. The gel on the Whatman paper was 

placed in a Drygel SR™ slab (Hoeffer Scientific Instruments, San Francisco, CA, USA) 

and subsequently heat- and vacuum-dried for 1 hour. When the gel had completely dried, 

it was placed into an autoradiography cassette and moved to the dark room. In the dark 

room, an appropriately sized piece of Kodak autoradiography film (Eastman Kodak 

Company, Rochester, New York, USA) was fixed over the gel and the cassette was 

closed securely, ensuring that no light came into contact with the film. The film was 

exposed to the gel for 1 day to 2 weeks, depending on the strength of the radioactive 

signal and concentration of proteins, after which it was developed in a Hyperprocessor™ 

automatic autoradiography film processor (Amersham Pharmacia Biotech UK Ltd., Little 

Chalfont, Bucks, UK). 

 

2.6 AUTOMATED DNA SEQUENCING 

 

Automated DNA sequencing of cloned inserts were performed at the Central DNA 

Sequencing Facility (Department of Genetics, University of Stellenbosch, RSA) on a ABI 

Prism™ 377 or an ABI Prism™ 3100 automated sequencer (P.E. Biosystems, Forster 

City, CA, USA). The vector-specific primers were used for the sequencing reactions of 

the Y2H (Table 2.2) and M2H (Table 2.5) constructs. 
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2.7 SEQUENCE ANALYSIS 

 

DNA sequence analysis was performed using the ChromasPro software program 

(Techelysium Pty Ltd., Helensvale, Queensland, Australia) to verify the nucleotide 

sequence of the KCNH2 N-terminus generated by PCR amplification (Section 2.3.2), the 

nucleotide integrity of the bait construct (Section 2.9.1), to validate the nucleotide 

integrity of the putative positive prey clones isolated during the Y2H library screening 

(Section 2.14), as well as to verify the sequence integrity of bait and prey inserts cloned 

into M2H vectors (Section 2.9.2). The nucleotide sequence of the bait construct, as 

determined by automated sequencing (Section 2.6), was compared to the KCNH2 cDNA 

sequences obtained from the GenBank database (http://www.ncbi.nlm.nih.gov/Entrez). In 

order to assign identity to the Y2H prey clones, nucleotide sequences obtained through 

automated sequencing were processed and translated using DNAman™ version 4 

software (Lynnion Biosoft Corp©) and then BLASTed against the GenBank database 

using both BLASTN and tBLASTX (http://www.ncbi.nlm.nih.gov/Entrez). 

 

2.8 RESTRICTION ENZYME DIGESTION 

 

To clone the PCR-generated fragments (Section 2.3.2 and Section 2.3.5) into the 

pGBKT7 bait vector (Appendix II) for Y2H analysis, and pM and pVP16 (Appendix II) 

for M2H analysis, both the insert and vector were sequentially double-digested. The 

digests were prepared in a 50µl reaction volume as follows: 30µl insert PCR product or 

20µl appropriate vector DNA (pGBKT7, pM or pVP16) was mixed with 20U of the 5’ 

restriction enzyme (Table 2.1 and Table 2.4), 5µl restriction enzyme buffer and sterile 

water to an final volume of 50µl. The mixes were incubated at 37ºC for 3 hours. 

Following this incubation, the enzyme was heat inactivated by placing samples in a 

Hägar HB2 Dry Block Heater (Hägar Designs, Wilderness, SA) at 65ºC for 20 minutes. 

The DNA was then purified using the Wizard® SV Gel and PCR Clean-up System 

(Promega Corp., Madison Wisconsin, USA) (Section 2.2.5) and subsequently eluted in 

43µl sterile water. This mixture was used in the second enzyme digest, to which 20U of 

the 3’ restriction enzyme and 5µl restriction enzyme buffer were added, amounting to a 
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final volume of 50µl. The samples were incubated again at 37ºC for 3 hours, heat 

inactivated, and then purified using the Wizard® SV Gel and PCR Clean-up System 

(Promega Corp., Madison Wisconsin, USA) (Section 2.2.5). To prevent the double-

digested pGBKT7 vector from annealing to itself, the vector was treated with Calf 

Intestinal Alkaline Phosphatase (CIAP) (Section 2.9.2) prior to being used in DNA 

ligation reactions (Section 2.9.3), whereas the double-digested insert was used directly in 

ligation reactions. The restriction enzyme EcoRI and corresponding enzyme buffer are 

manufactured by Promega (Promega Corp., Madison Wisconsin, USA), whereas the 

restriction enzymes NdeI, SalI, HindIII and BamHI with their corresponding buffers are 

manufactured by Fermentas (Fermentas International Inc., Burlington, ON, Canada). 

 

2.9 GENERATION OF CONSTRUCTS 

 

2.9.1 Generation of Y2H construct 

 

The Y2H bait-insert (Section 2.3) was cloned into the pGBKT7 bait vector (Appendix II) 

and, after verification of the integrity of the nucleotide sequence and conservation of the 

GAL4 DNA-BD reading frame by automated sequencing (Section 2.6), was transformed 

into the yeast strain AH109 (Section 2.13.2). This construct was used to screen a 

Clontech MATCHMAKER pre-transformed cardiac cDNA library (BD Bioscience, 

Clontech, Palo Alto, CA, USA) (Section 2.15.1). The library comprised cardiac cDNAs 

cloned into the pACT2 prey-vector (Appendix II) and transformed into yeast strain Y187. 

 

2.9.2 Generation of M2H constructs 

 

The KCNH2 bait insert was cloned into the pM GAL4 DNA-binding domain vector 

(Appendix II), while the putative positive interactor clones were cloned into the pVP16 

activation domain vector (Appendix II). Verification of the integrity of the nucleotide 

sequence and conservation of the GAL4-BD and GAL4-AD reading frame were ensured 

by automated sequencing (Section 2.6). 
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2.9.3 Alkaline phosphatase treatment of vector 

 

Following double restriction enzyme digestion (Section 2.8), the ends of the linearised 

plasmid were CIAP-treated to remove the phosphate groups and thereby preventing 

subsequent recircularisation of the vector. The reaction mix consisted of 30µl of digested 

vector, 2µl CIAP (Promega Corp., Madison Wisconsin, USA), 10µl CIAP buffer 

(Promega Corp., Madison Wisconsin, USA) and 58µl sterile water. The reaction 

incubated at 37ºC for 15 minutes, after which the enzyme was inactivated by 15 minutes 

of incubation at 56ºC. A further 2µl CIAP enzyme was added to the reaction mix and the 

two incubation cycles were repeated. Afterwards, the CIAP-treated vector was purified 

using the Wizard® SV Gel and PCR Clean-up System (Promega Corp., Madison 

Wisconsin, USA) (Section 2.1.6) and used in the ligation reaction (Section 2.9.3) 

 

2.9.4 DNA ligation 

 

DNA ligation reactions were performed to generate the Y2H bait construct for Y2H 

analysis and the M2H bait and prey constructs for M2H analysis. The reaction mix 

consisted of the following: 2µl of the double-digested insert, 1µl of double-digested, 

CIAP-treated vector (Section 2.8), 5µl 2X T4 DNA ligase buffer (Promega Corp., 

Madison Wisconsin, USA), 5U T4 DNA ligase and sterile water to a final volume of 

10µl. The sample was then incubated for 16h at 4ºC. Following incubation, 5µl of the 

sample was transformed into the E.coli strain DH5α (Section 2.13.1) and plated onto LB 

agar plates (Appendix I) containing the appropriate antibiotic. After incubation of the 

plates, successful ligation reactions were confirmed by bacterial colony PCR (Section 

2.3.3). 
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2.10 BACTERIAL STRAINS, YEAST STRAINS AND CELL LINE S 

 

2.10.1 Bacterial strains 

 

Ligation reactions were transformed into E.coli strain DH5α to facilitate the selection and 

purification of Y2H constructs. Transformed bacterial colonies were selected on the basis 

of their ability to grow on LB agar plates (Appendix I) containing selection antibiotics, 

and recombined plasmids identified by colony PCR (Section 2.3.3). Kanamycin was used 

as a selection antibiotic when selecting for pGBKT7 recombinants, while pACT2 

recombinants were selected using ampicillin. 

 

2.10.2 Yeast strains 

 

The pGBKT7 bait construct was transformed into the yeast strain AH109 (Section 

2.13.2). The clones present in the pre-transformed Clontech MATCHMAKER cDNA 

library (Section 2.15.1) used in the Y2H analysis had been transformed into the yeast 

strain Y187 by the manufacturer. 

 

2.10.3 Cell lines 

 

The pM and pVP16 constructs (Section 2.9.2), together with the pG5SEAP and pSV-β-

Galactosidase reporter vectors (Appendix II), were co-transfected into a HEK293 cell line 

(Section 2.13.3) for M2H analysis (Section 2.17). 

 

2.11 GENERATION OF E.coli DH5α COMPETENT CELLS 

 

A 20µl aliquot of an E.coli DH5α frozen (-70ºC) glycerol stock was inoculated into 10ml 

LB media and incubated overnight at 37ºC in a YIH DER model LM-530 shaking 

incubator (SCILAB instrument Co LTD., Taipei, Taiwan) at 200rpm. A 300µl aliquot of 

this pre-culture as then inoculated into a 2L Erlenmeyer flask containing 200ml LB 

media (Appendix I). This culture was incubated at room temperature for 24 hours, while 
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shaking at 70rpm on a Labcon orbital shaker (Labcon Pty Ltd., Maraisburg, RSA), until 

the culture reached mid-log phase (OD600nm=0.6). At this optical density, the culture was 

decanted into 4x50ml polypropylene tubes and centrifuged at 750g for 15 minutes at 4ºC 

in a Multiplex centrifuge (MSE Instruments, England). The supernatant was removed and 

the pellet was resuspended in 8ml ice-cold CAP buffer (Appendix I). The cells were re-

pelleted by centrifugation at 750g for 15 minutes at 4ºC in a Multiplex centrifuge (MSE 

Instruments, England). The supernatant was discarded and the pellet resuspended in 4ml 

of ice-cold CAP buffer. The suspended cells were then transferred into 2ml 

microcentrifuge tubes in 200µl aliquots and stored at -70ºC until they were needed for 

bacterial transformation reactions (Section 2.13.1). 

 

2.12 CULTURING OF THE HEK293 CELL LINE 

 

2.12.1 Culture of the HEK293 cells from frozen stocks 

 

2.12.1.1 Thawing the cells 

 

Frozen human kidney epithelial cells, HEK293, were acquired as a gift from Prof Janet 

Hapgood, Dept Biochemistry, University of Stellenbosch. The frozen cells were rapidly 

thawed by immersion in a 37ºC waterbath (Memmert®, Schwabach, Germany) for 10 

minutes and the outside of the vial was then immediately sterilised with 70% ethanol. 

 

2.12.1.2 Removing DMSO from stocks and culturing cells 

 

In order to ensure maximum viability of the cells upon plating, it was necessary to 

remove the DMSO from the frozen stock. The procedure was as follows: 1ml of growth 

media (Appendix 1), prewarmed to 37ºC, 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 12500g for 1 minute in a Sorval® GLC-4 General Laboratory 

centrifuge (Separations Scientific, Johannesburg, South Africa), the supernatant removed 
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and the pellet was resuspended in another 5ml of growth media. The cells were pelleted 

once again by centrifugation 12500g for 1 minute using a Sorval® GLC-4 General 

Laboratory centrifuge (Separations Scientific, Johannesburg, South Africa), 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, and 

then incubated at 37ºC in a Farma-thermosteri-cycle 5% carbon dioxide humidified 

incubator (Farma International, Miami, Florida, USA). 

 

2.12.2 Splitting of cell cultures 

 

Cell cultures were split every 2-4 days when they reached approximately 80-90% 

confluency. This was done as follows: the growth media was removed from the flask as 

the cells were washed with sterile phosphate buffered saline (PBS) containing no calcium 

or magnesium. Two millilitres of trypsin (Highveld Biological, Lyndhurst, South Africa) 

was then added to facilitate the detachment of the cells from the growth surface of the 

flask. After incubation of 3 minutes at room temperature, the cells were gently 

resuspended in 5ml growth media. An equal volume of cells was then transferred to four 

flasks each containing 10ml growth media. 

 

2.13 TRANSFORMATIONS AND TRANSFECTION OF PLASMIDS I NTO 

PROCARYOTE AND EUKARYOTIC CELLS 

 

2.13.1 Bacterial plasmid transformations 

 

An aliquot of competent E.coli DH5α cells (Section 2.11) was removed from the -70ºC 

freezer prior to the transformation and allowed to thaw on ice for 20 minutes. Once the 

cells had thawed, 1µl of the plasmid preparation (Section 2.2.1), or 5µl of the ligation 

reaction (Section 2.9.3) was added and the mixture was incubated on ice for 20 minutes. 

After this incubation, the sample was heat-shocked in a waterbath (Memmert®, 

Schwabach, Germany) at 42ºC for exactly 45 seconds. The sample was then removed 

from the waterbath and incubated at room temperature for 2 minutes. Thereafter, 1ml of 
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LB media was added to the mixture and the sample was incubated for 1 hour at 37ºC, 

while shaking at 200rpm in a YIH DER model LM-530 shaking incubator (SCILAB 

instrument Co LTD., Taipei, Taiwan). Subsequently, 200µl of this culture was plated 

onto LB agar plates (Appendix I) containing the appropriate selection antibiotic. The 

remaining transformation mixture was concentrated by centrifugation at 20000g in an 

Eppendorf model 5417C centrifuge (Eppendorf International, Hamburg, Germany), 

discarding the supernatant and resuspending the pellet in 200µl LB media. This was then 

also plated onto the appropriate LB agar plates. All the plates were incubated, inverted, 

for 16 hours at 37ºC in a model 329 stationary CO2 incubator (Former Scientific, Marieta, 

Ohio, USA). 

 

2.13.2 Yeast plasmid transformations 

 

Ten microlitre aliquots of the yeast strain to be transformed (AH109 or Y187) were 

streaked from frozen stocks onto YPDA agar plates (Appendix I). These plates were then 

incubated at 30ºC for 2-3 days in a Sanyo MIR262 stationary ventilated incubator (Sanyo 

Electronic Company Ltd., Ora-Gun, Japan). Following incubation, a volume representing 

20-50µl of yeast cells was picked and resuspended in 1ml sterile water in a sterile 2ml 

microcentrifuge tube. The cells were then pelleted by centrifugation at 20000g for 30 

seconds in an Eppendorf model 5417C centrifuge (Eppendorf International, Hamburg, 

Germany). The supernatant was removed and the pellet was resuspended in 1ml 100mM 

lithium acetate (Appendix I) and incubated for 5 minutes at 30ºC in a Sanyo MIR262 

stationary ventilated incubator (Sanyo Electronic Company Ltd., Ora-Gun, Japan). The 

cells were pelleted again by centrifugation at 20000g for 20 seconds in an Eppendorf 

model 5417C centrifuge (Eppendorf International, Hamburg, Germany) and all the 

lithium acetate was removed. To this, 240µl of 50% polyethylene glycol (PEG) 

(Appendix I), 36µl 1M lithium acetate, 25µl of 2mg/ml heat-denatured and snap-cooled 

sonicated herring sperm DNA (Promega Corp., Madison Wisconsin, USA), 10-20µl 

plasmid preparation (Section 2.2.1) and sterile water were added 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 at least 1 minute and incubated at 
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42ºC for 20-30 minutes in a Lasec 102 circulating waterbath (Lasec Laboratory and 

Scientific Company Pty Ltd., Cape Town, RSA). After incubation, the cells were pelleted 

by centrifugation at 20000g for 30 seconds in an Eppendorf model 5417C centrifuge 

(Eppendorf International, Hamburg, Germany) and the supernatant was removed. The 

cells were finally resuspended in 250µl sterile water, plated onto appropriate selection 

plates (Appendix I), inverted and incubated at 30ºC for 2-5 days in a Sanyo MIR262 

stationary ventilated incubator (Sanyo Electronic Company Ltd., Ora-Gun, Japan). 

 

2.13.3 Transfection of HEK293 cells 

 

Forty-eight hours prior to transfecting the cells, approximately 1-3 x 104 cells per well in 

a 24-well tissue culture plate were plated in complete growth media (Appendix I) and 

incubated at 37ºC in a Farma-thermosteri-cycle 5% carbon dioxide humidified incubator 

(Farma International, Miami, Florida, USA). After two days, the cells were visualised 

under a Nikon TMS light microscope (Nikon, Tokyo, Japan) to determine the level of 

confluence, as cells were only transfected once they reached approximately 80% 

confluency. For each transfection performed, 100µl of serum-free medium (Appendix I) 

was aliquoted into a sterile 1.5ml microcentrifuge tube and 3µl Genejuice® (EMD 

Biosciences, Darmstadt, Germany) was added to each tube. The content was thoroughly 

mixed using a Snijders model 34524 press-to-mix vortex (Snijders Scientific, Tilburg, 

Holland) and incubated at room temperature for 5 minutes. The four plasmids, pM-

KCNH2, pVP16-putative interactor, pG5SEAP and pSV-β-Galactosidase, were combined 

in a 5:5:1:1 ratio (Table 2.6) to a total of 1µg, added to the mixture and gently mixed by 

pipetting. The Genejuice/DNA/medium was incubated for 15 minutes at room 

temperature and the entire 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 37ºC in a Farma-

thermosteri-cycle 5% carbon dioxide humidified incubator (Farma International, Miami, 

Florida, USA) for 48 hours. The cells were subsequently pelleted by centrifugation at  

20000g in an Eppendorf model 5417C centrifuge (Eppendorf International, Hamburg, 
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Germany) and 1ml of the supernatant was transferred into a sterile microcentrifuge tube. 

The supernatants were used for reporter assays (Section 2.17.1). 

 

Table 2.6 Layout of the transfection experiment for M2H analysis 

 

Transfection 

(5:5:1:1) 

GAL4 BD 

plasmid 

pVP16 AD 

plasmid 
pG5SEAP 

pSV-β-

Galactosidase 

Experiment 1 pM-KCNH2 pVP16-ROCK1 � � 

Experiment 2 pM-KCNH2 pVP16-SGCG � � 

Experiment 3 pM-KCNH2 pVP16-MAP1A � � 

Untransfected control - - - - 

Genejuice control - - - - 

Basal control pM pVP16 � � 

GAL4 BD control pM-KCNH2 pVP16 � � 

pVP16 AD control 1 pM pVP16-ROCK1 � � 

pVP16 AD control 2 pM pVP16-SGCG � � 

pVP16 AD control 3 pM pVP16-MAP1A � � 

Positive control 1 pM3-VP16 - � � 

Positive control 2 pM53 pVP16-T � � 

Abbreviations: GAL4 BD, GAL4 DNA-Binding domain; pVP16 AD, pVP16 Activation domain 

 

 

2.14 ASSESSMENT OF Y2H CONSTRUCTS 

 

2.14.1 Phenotypic assessment of yeast strains 

 

Phenotypic assessment of each of the yeast strains used in the Y2H analysis was 

performed prior to transformation reactions. Yeast strains AH109 and Y187 were plated 

onto agar plates lacking essential amino acids (Appendix I), i.e. agar plates SD-Ade, SD-Trp 

(SD-W), SD-His, SD-Leu (SD-L) and SD-Ura. Non-transformed yeast cells that were unable to 

grow on SD-Ade, SD-W, SD-His and SD-L but were able to grow on SD-Ura were used for the 



 

 

58 

transformation and subsequent Y2H analysis. After the bait construct (Section 2.12.2) 

was transformed into AH109, the transformed yeast was again streaked onto the 

respective agar plates SD-Ade, SD-W, SD-His, SD-L and SD-Ura. This test was performed to 

ensure that AH109 transformed with the bait construct was not able to autonomously 

activate transcription of reporter genes. Yeast containing the bait construct should only be 

able to grow on SD-W and SD-Ura plates, while Y187 containing the prey construct should 

only grow on SD-L and SD-Ura plates. 

 

2.14.2 Toxicity tests of transformed cells 

 

In order to proceed with the Y2H library mating (Section 2.15.4), it was important to 

establish whether the bait-construct had any toxic effect on its host strain, AH109. A 

linearised growth curve of AH109 transformed with the pGBKT7-bait construct was 

generated and compared to growth curves of both AH109 transformed with non-

recombinant pGBKT7 and non-transformed AH109 yeast cells. These growth curves 

were set up simultaneously under the same experimental conditions. Briefly, the 

procedure was as follows: 

 

Each of the three yeast strains were grown to stationary phase in SD-W media (Appendix 

I) in a 50ml polypropylene tube at 30ºC in a YIH DER model LM-530 shaking incubator 

(SCILAB instrument Co LTD., Taipei, Taiwan) shaking at 200rpm. A 1:10 dilution of 

each of these primary cultures were made in SD-W and incubated for an additional 24 

hours in a 200ml Erlenmeyer flask at 30ºC in a YIH DER model LM-530 shaking 

incubator (SCILAB instrument Co LTD., Taipei, Taiwan) while shaking at 200rpm. 

During this incubation, a 1ml aliquot of the culture was taken every 2 hours, over a 

period of 8 hours, and its OD600nm was measured. An overnight (24 hour) reading was 

also taken. A linearised graph of the log of these OD600nm readings versus time was 

constructed and the slopes of these graphs generated for the recombinant and non-

recombinant transformants, as well as the non-transformed yeast, were compared. 
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2.14.3 Testing of mating efficiency 

 

Small scale yeast matings were performed to determine the effect that the bait construct 

had on the mating efficiency of AH109. In these mating experiments, the AH109 strain 

transformed with pGBKT7-KCNH2 bait construct was mated with the prey host strain, 

Y187 transformed with the non-recombinant prey vector, pACT2 or the control prey 

vector, pTD1.1, supplied by the manufacturer (BD Bioscience, Clontech, Palo Alto, CA, 

USA). Concurrently, control matings were also performed in which the yeast strain 

AH109 transformed with non-recombinant pGBKT7 or the control pGBKT7-53 vector 

supplied by the manufacturer (BD Bioscience, Clontech, Palo Alto, CA, USA) was mated 

with the prey host strain, Y187 transformed with the non-recombinant prey vector, 

pACT2 or the pTD1.1 control prey vector. The experimental procedure was as follows: 

 

Each of the yeast strains used in the mating efficiency experiments was plated onto the 

appropriate nutritional selection plates (AH109 pGBKT7-KCNH2, AH109 pGBKT7 and 

AH109 pGBKT7-53 on SD-W plates; Y187 pACT2 and Y187 pTD1.1 on SD-L plates). 

These plates were incubated at 30ºC for 2-5 days in a Sanyo MIR262 stationary 

ventilated incubator (Sanyo Electronic Company Ltd., Ora-Gun, Japan). A single colony 

was picked from these agar plates and used for each test mating experiment. The matings 

were performed in 1ml YPDA media (Appendix I) in a 2ml microcentrifuge tube and 

incubated overnight at 30ºC in a YIH DER model LM-530 shaking incubator (SCILAB 

instrument Co LTD., Taipei, Taiwan) with shaking at 200rpm. Following overnight 

incubation, serial dilutions (1:10, 1:100, 1:1000, 1:10 000) of the mating cultures were 

plated onto SD-L, SD-W and SD-L-W agar plates and incubated for 4-5 days at 30ºC in a 

Sanyo MIR262 stationary ventilated incubator (Sanyo Electronic Company Ltd., Ora-

Gun, Japan). Thereafter, the colonies on each plate were counted and used to calculate 

the mating efficiency (Appendix II). 
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2.15 Y2H ANALYSIS 

 

2.15.1 Cardiac cDNA library 

 

A pre-transformed human Clontech MATCHMAKER cardiac cDNA library (BD 

Bioscience, Clontech, Palo Alto, CA, USA), consisting of S.cerevisiae Y187 transformed 

with a cardiac cDNA library in cloning vector pACT2, was used in the Y2H library 

assay. 

 

The library was constructed from a pool of normal, whole hearts from 3 male Caucasians 

aged between 28 and 47 years. The library was XhoI-(dT)15 primed and contained 

approximately 3.5x106 independent clones inserted into the pACT2 vector between XhoI 

and EcoRI restriction enzyme sites. The average insert size for this library is 2.0kb, with 

a range of between 0.4 and 4.0kb. 

 

2.15.2 Establishment of bait culture 

 

A single yeast colony of AH109 transformed with the pGBKT7-KCNH2 bait construct 

was inoculated into 1ml SD-W media, in a 2ml microcentrifuge tube, and incubated 

overnight at 30ºC in a YIH DER model LM-530 shaking incubator (SCILAB instrument 

Co LTD., Taipei, Taiwan) with shaking at 200rpm. The pre-culture was then split and 

inoculated into four separate 500ml Erlenmeyer flasks, each containing 50ml SD-W 

media. The reason for producing four bait cultures was to facilitate the pooling of the 

initial cultures, thereby allowing the generation of a final bait culture with a titre of at 

least 1x1010, i.e. 100 fold excess of bait to prey to facilitate high mating efficiency. The 

four cultures were incubated at 30ºC overnight, while shaking at 200rpm in a YIH DER 

model LM-530 shaking incubator (SCILAB instrument Co LTD., Taipei, Taiwan). The 

overnight cultures were then transferred into individual 50ml polypropylene tubes and the 

cells pelleted by centrifugation at 1700g for 10 minutes at room temperature in a 

Beckman model TJ-6 centrifuge (Beckman Coulter, Scotland, United Kingdom). The 

supernatant was discarded and the four pellets were resuspended in the residual volumes 
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and pooled together in a 50ml polypropylene tube. Following pooling of the cultures, the 

titre of the bait culture was estimated by measuring the OD600nm of a 1ml aliquot of the 

bait culture. This estimation was subsequently confirmed by means of a haemocytometric 

cell count (Section 2.15.3), using 2µl of the culture. 

 

Prior to library mating (Section 2.15.4), the bait culture was pelleted for a second time by 

centrifugation at 1700g for 10 minutes at room temperature in a Beckman model TJ-6 

centrifuge (Beckman Coulter, Scotland, United Kingdom) and the supernatant was 

discarded. 

 

2.15.3 Haemocytometric cell count 

 

In order to determine the titre of bait culture used in the library mating experiment, 

haemocytometric cell count was performed using a Neubauer haemocytometer (Superior, 

Berlin, Germany) (Figure 2.3). This was done by placing a glass coverslip over the 

counting surface and aliquoting the sample onto the haemocytometer. Ten microlitres of 

a 1:1000 dilution of bait culture was then pipetted into one of the V-shaped wells which 

allowed the area under the coverslip to be filled with the sample through capillary action.  

 

 

 

 

 

 

 

 

 

 

Figure 2.3: Representation of the Neubauer Haemocytometer. 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 (taken from 
McNeel and Brown, 1992). 

 

0.1 mm depth Cover slip 

Ruled area V-shaped well 
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The counting chamber was subsequently placed on a microscope stage (Nikon TMS, 

Nikon Instruments Inc., NY, USA) and the counting area was brought into focus under 

low magnification. Cells in selected quadrants of the counting area were counted and then 

used to calculate the number of cells per millimetre. A detailed description of the 

organisation of the counting area as well as the formula used to determine the number of 

cells is shown in Appendix II. 

 

2.15.4 Library mating 

 

Prior to library mating, a 1ml aliquot of the pre-transformed cardiac cDNA library (BD 

Bioscience, Clontech, Palo Alto, CA, USA) (Section 2.15.1) was removed from the  

-70ºC freezer and thawed at room temperature. The library aliquot was vortexed using a 

Snijders model 34524 press-to-mix vortex (Snijders Scientific, Tilburg, Holland) and 

10µl was aliquoted into a sterile 1.5ml microcentrifuge tube for library titering (Section 

2.15.5). The AH109 pGBKT7-KCNH2 pellet (Section 2.15.2) was resuspended in 45ml 

2X YPDA media (Appendix I) supplemented with 10µg/ml kanamycin in a 2L 

Erlenmeyer flask and the remaining 990µl of the library culture was added to this flask. 

The tube that contained the library culture was rinsed twice with 1ml of 2X YPDA 

containing10µg/ml kanamycin and added to the mating culture in the Erlenmeyer flask, 

which was then incubated at 30ºC for 24 hours, while shaking at 50rpm in a YIH DER 

model LM-530 shaking incubator (SCILAB instrument Co LTD., Taipei, Taiwan). 

 

Following the overnight incubation, the entire mating culture was transferred to a sterile 

50ml polypropylene tube, the cells pelleted by centrifugation at 1700g for 10 minutes in a 

Beckman model TJ-6 centrifuge (Beckman Coulter, Scotland, United Kingdom) and the 

supernatant subsequently removed.  The Erlenmeyer flask in which the library mating 

was performed was rinsed twice with 45ml 2X YPDA containing10µg/ml kanamycin. 

Each time the flask was rinsed, the 2X YPDA wash was used to resuspend the cell pellet 

and the cells were then re-pelleted by centrifugation at 1700g for 10 minutes in a 

Beckman model TJ-6 centrifuge (Beckman Coulter, Scotland, United Kingdom). After 
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the final centrifugation step, the supernatant was removed and the pellet resuspended in 

10ml 0.5X YPDA media (Appendix I) supplemented with 10µg/ml kanamycin. 

 

In order to determine the library mating efficiency (Section 2.15.6), 100µl of a serial 

dilution (1:1, 1:100, 1:1000, 1:10 000) of the mating mix was plated onto 90mm SD-L, 

SD-W and SD-L-W agar plates. Two hundred microlitre aliquots of the remaining culture 

was plated onto separate 140mm TDO (media lacking leucine, tryptophan and histidine) 

(Appendix I) plates. The TDO plates were incubated, inverted, at 30ºC for 3 weeks in a 

Sanyo MIR262 stationary ventilated incubator (Sanyo Electronic Company Ltd., Ora-

Gun, Japan). 

 

2.15.5 Establishing a library titre 

 

The 10µl aliquot of the pre-transformed cardiac cDNA library (BD Bioscience, Clontech, 

Palo Alto, CA, USA) (Section 2.15.4) was used to confirm the library titre of 

approximately 5x107 specified by the manufacturer. This was done by diluting the library 

culture to 1:10 000 with 0.5X YPDA media (Appendix I) supplemented with kanamycin, 

and spreading 50µl and 100µl aliquots of the dilution on 90mm SD-L agar plates. These 

plates were incubated, upside down, at 30ºC in a Sanyo MIR262 stationary ventilated 

incubator (Sanyo Electronic Company Ltd., Ora-Gun, Japan) for 4 days. Following the 

incubation period, colony counts were performed on the SD-L agar plates in order to 

calculate the titre of the library culture (Appendix II). 

 

2.15.6 Library mating efficiency 

 

The serial dilutions of the mating culture (Section 2.15.4) plated onto 90mm SD-L, SD-W 

and SD-L-W agar plates (Appendix I) were inverted and incubated at 30ºC in a Sanyo 

MIR262 stationary ventilated incubator (Sanyo Electronic Company Ltd., Ora-Gun, 

Japan) for 4 days. Thereafter, colony counts were performed on the SD-L, SD-W and  

SD-L-W agar plates in order to calculate the mating efficiency of the library mating and the 

number of library plasmids screened (Appendix II). 
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2.15.7 Detection of activation of nutritional reporter genes 

 

2.15.7.1 Selection of transformant yeast colonies 

 

Yeast transformed with the bait construct pGBKT7-KCNH2 (Section 2.13.2) to be used 

in Y2H analysis was plated onto SD-W agar plates. Following an incubation period of 4-6 

days in a Sanyo MIR262 stationary ventilated incubator (Sanyo Electronic Company 

Ltd., Ora-Gun, Japan), transformant yeast colonies were picked and used in small and 

large scale bait cultures (Section 2.15.2) and interaction specificity tests (Section 

2.15.10). 

 

2.15.7.2 Selection of diploid yeast colonies containing putative interactor peptides 

 

Diploid yeast colonies in which an interaction between the bait- and prey- fusion peptides 

had taken place, were identified by initially plating the yeast colonies onto TDO 

(Appendix I) and then QDO (media lacking leucine, histidine, tryptophan and adenine) 

plates (Appendix I). Growth of the yeast cells on TDO plates signified the transcriptional 

activation of the HIS3 nutritional reporter gene, while growth on the QDO plates 

indicated transcriptional activation of both the HIS3 and ADE2 nutritional reporter genes. 

The activation of these genes in diploid yeast cells is indicative of an interaction between 

bait and prey peptides. Nutritional selection was performed as follows: 

 

The library mating culture (Section 2.15.4) was plated onto 62 140mm TDO agar plates, 

and incubated at 30ºC, inverted, in a Sanyo MIR262 stationary ventilated incubator 

(Sanyo Electronic Company Ltd., Ora-Gun, Japan) for 3 weeks. The growth of yeast 

colonies on TDO plates were monitored every 7 days and colonies with a diameter 

greater than 2mm were picked and restreaked onto QDO plates. These plates were 

incubated for 4 days at 30ºC in a Sanyo MIR262 stationary ventilated incubator (Sanyo 

Electronic Company Ltd., Ora-Gun, Japan). After the incubation period, yeast colonies 

growing on QDO plates were assessed on their growth, and thus their ability to activate 

nutritional selection genes. These colonies were then picked, plated onto fresh QDO 
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plates and incubated for another 4 days at 30ºC. These plates were subsequently used for 

the X-α-galactosidase assay (Section 2.15.8) which assessed the activation of the MEL1 

gene. 

 

2.15.8 Detection of activation of colourimetric reporter genes 

 

X-α-galactosidase assays were performed to test for the activation of the MEL1 reporter 

gene by the specific interaction between bait and prey peptides (Section 2.15.7.2). 

Briefly, yeast colonies in which the HIS3 and ADE2 reporter genes have been activated, 

as determined by their growth on QDO agar plates, were replicated from QDO plates 

onto Hybond N+ nylon membranes. These membranes were placed colony-side up onto a 

QDO plate impregnated with 20mg/ml X-α-Gal solution (BD Bioscience, Clontech, Palo 

Alto, CA, USA). The plates were subsequently incubated at 30ºC in a Sanyo MIR262 

stationary ventilated incubator (Sanyo Electronic Company Ltd., Ora-Gun, Japan) for 16-

48 hours. Following incubation, the intensity of the blue colour of the yeast colonies that 

had activated the MEL1 reporter gene was assessed. 

 

2.15.9 Rescuing prey plasmids from diploid colonies 

 

To identify the interactor proteins detected by the Y2H screen, each individual prey 

needed to be isolated from the diploid colonies. This was done by isolating the plasmid 

DNA from each of the diploid cells following the protocol discussed in section 2.2.3 and 

transformed into E.coli strain DH5α as described in Section 2.13.1. The transformants 

were plated onto LB agar plates containing ampicillin, which only allow for the growth 

of transformants containing the prey constructs. These prey constructs were then purified 

according to the protocol discussed in Section 2.2.1, and subsequently transformed into 

the yeast strain Y187 (Section 2.13.2) for interaction specificity tests (Section 2.15.10). 
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2.15.10 Interaction specificity test 

 

To examine whether the interactions between the pGBKT7-KCNH2 bait and its putative 

preys detected by Y2H analysis were specific, interaction specific tests were performed 

following nutritional (Section 2.15.7) and colourimetric (Section 2.15.8) selection tests. 

Y187 colonies expressing the specific prey peptide were mated individually with the 

yeast strain AH109, transformed with the pGBKT7-KCNH2 bait construct, AH109 

transformed with non-recombinant pGBKT7, AH109 transformed with the pGBKT7-53 

control bait-plasmid encoding murine p53, supplied by the manufacturer (BD Bioscience, 

Clontech, Palo Alto, CA, USA) and AH109 transformed with pGBKT7-Reeler, a 

heterologous bait encoding the Reeler domain. The resulting diploid colonies were 

selected and streaked onto TDO and QDO selection plates (Appendix I) to test for the 

activation of nutritional reporter genes (Section 2.15.7.2), thereby testing whether the 

prey-peptides were able to interact with these heterologous baits as well as with the 

AH109 pGBKT7-KCNH2 bait. 

 

Prey clones that interacted specifically with the AH109 pGBKT7-KCNH2 bait were 

considered putative true interactors. The inserts of these putative interactors were then 

nucleotide sequenced (Section 2.6) and analysed (Section 2.7) to determine their 

identities. 

 

2.16 CO-IMMUNOPRECIPITATION (Co-IP) 

 

In vitro co-immunoprecipitation (Co-IP) analysis was performed in order to confirm the 

interactions of the putative positive interactors with the KCNH2 N-terminus as identified 

by means of Y2H experiments (Section 2.15). 

 

2.16.1 Creating an RNase-free experimental environment 

 

To reduce the chances of RNase contamination during transcription/translation and Co-IP 

experiments, all surfaces and appliances used in these experiments were wiped 
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thoroughly using RNase Zap wipes (Ambion Inc., Austin, TX, USA). Also, only pipette 

tips and microcentrifuge tubes certified RNase free by the manufacturer (Porex, Fairburn, 

Georgia, USA) were used. 

 

2.16.2 Transcription and translation of bait and preys 

 

After putative positive interactors have been identified (Section 2.15), they were isolated 

from yeast Y187 (Section 2.2.3) and shuttled into E.coli DH5α (Section 2.13.1) for 

plasmid purification (Section 2.2.1) and PCR-amplified under the conditions described in 

Section 2.3.5. The PCR fragment comprised the prey insert linked to the HA-antibody 

epitope and a T7 promoter sequence that is crucial for in vitro transcription. The 

pGBKT7-KCNH2 construct already contains a T7 promoter that expresses the bait 

protein as a fusion to a c-Myc antibody epitope tag and was therefore used directly in 

transcription/translation experiments. The bait plasmid and PCR-amplified preys were 

subsequently transcribed and translated using the TNT® Quick Coupled 

Transcription/Translation system (Promega Corp., Madison Wisconsin, USA). In brief, 

7µl template DNA was mixed in a 1.5ml microcentrifuge tube with 40µl TNT® Quick 

Master Mix supplied by the manufacturer (Promega Corp., Madison Wisconsin, USA), 

1µl TNT® PCR enhancer and 2µl [35S]methionine (PerkinElmer, Massachusetts, USA). 

This mixture was incubated at 30ºC for 90 minutes in a Hägar HB2 Dry Block Heater 

(Hägar Designs, Wilderness, SA). To visualise in vitro translated proteins using 

autoradiography (Section 2.5), 2µl of the translation reaction was added to 15µl SDS 

loading dye (Appendix I) and electrophoresed in a 15% SDS polyacrylamide gel (Section 

2.4.2). For visualising proteins using Experion™ virtual gel electrophoresis, the 

[35S]methionine in the transcription/translation mixture was replaced with 1µl 1mM 

methionine. Following incubation, samples were prepared and electrophoresed using the 

Experion™ Pro260 Analysis Kit as described in Section 2.4.3. 
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2.16.3 Co-IP of translated products 

 

Once the bait plasmid and PCR-amplified preys had been translated into the respective 

bait and prey fusion peptides (Section 2.16.2), the products were co-immunoprecipitated 

(Figure 2.4) to assess the interaction identified by Y2H. Briefly, 5µl of KCNH2 bait and 

5µl prey were mixed in a sterile, RNase-free 1.5ml microcentrifuge tube and incubated at 

room temperature for 1 hour, with mixing by gently tapping the tube every 15 minutes. 

Following the incubation, 1µl Myc antibody (5µg/ml) (Roche Biosciences, Palo Alta, 

CA, USA) was added to the mixture and incubated for 1 hour. Immunoprecipitation 

experiments were performed in conjunction with Co-IP experiments to serve as controls. 

Five microlitres bait was mixed with 1µl Myc antibody (Roche Biosciences, Palo Alta, 

CA, USA) in a sterile, RNase-free 1.5ml microcentrifuge tube and 5µl of each putative 

prey interactor was incubated with 2µl HA antibody (Roche Biosciences, Palo Alta, CA, 

USA) in separate, 1.5ml microcentrifuge tubes. All of these tubes were also subsequently 

incubated at room temperature for 1 hour. Following incubation of Co-IP samples and 

controls, 10µl pre-washed protein G agarose (Kirkegaard and Perry Laboratories, 

Gaithersburg, ML, USA) and 135µl Co-IP buffer (Appendix I) were added to each tube. 

The samples were rotated on a Labnet rotor (Labnet Inc., NJ, USA) at 10rpm at 4ºC for 1 

hour and were subsequently washed five times with TBST (Appendix I). To visualise 

proteins using autoradiography (Section 2.5), 15µl SDS loading dye (Appendix I) was 

added to each sample and then incubated at 95ºC for 5 minutes in a Hägar HB2 Dry 

Block Heater (Hägar Designs, Wilderness, SA). The samples were subsequently 

electrophoresed in a 15% SDS polyacrylamide gel (Section 2.4.2). For visualising 

proteins using Experion™ virtual gel electrophoresis, the samples were incubated at 95ºC 

for 5 minutes in a Hägar HB2 Dry Block Heater (Hägar Designs, Wilderness, SA). 

Following incubation, samples were prepared and electrophoresed using the Experion™ 

Pro260 Analysis Kit as described in Section 2.4.3. 
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Figure 2.4: Schematic representation of the Co-IP protocol.     Protein A;    Protein B;  
     Anti-Myc Antibody;     Anti-HA Antibody;     Protein G agarose. Experiments 1 and 2 
represent the immunoprecipitation of Proteins A and B using the appropriate antibodies. 
When visualised on a 15% SDS-PAGE gel, the immunoprecipitation reactions 
correspond to a single band as seen in lanes 1 and 2 of the gel. Experiments 3 and 4 
represent Co-IP reactions showing an interaction between Proteins A and B and is seen as 
two bands on a gel (lanes 3 and 4); one band for each protein. Experiment 5 represents a 
Co-IP reaction where Proteins A and B do not interact with each other. After the 5 TBST 
washes, unbound proteins are washed away, leaving only Protein A bound to the Myc 
antibody and hence only one band is seen in lane 5. 
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2.17 M2H ANALYSIS 

 

The M2H analysis was performed using the Matchmaker™ Mammalian Assay Kit 2 (BD 

Biosciences, Palo Alto, USA). This kit includes the pM, pVP16 and pG5SEAP vectors. 

The HEK293 cells used in this experiment were cultured and transfected as described in 

Section 2.12 and 2.13.3. If there is an interaction between the fusion proteins generated 

by the pM and pVP16 constructs that were co-transfected with the pG5SEAP reporter 

vector (Appendix II), the secreted alkaline phosphatase (SEAP) reporter gene is activated 

and expression occurs. The SEAP reporter gene assay was used to measure the SEAP 

activity (Section 2.17.1). In addition to the pG5SEAP reporter vector, HEK293 cells were 

co-transfected with the pSV-β-Galactosidase Control Vector (Appendix II) to perform the 

β-Galactosidase enzyme assay (Section 2.17.2). The β-Galactosidase activity was used to 

normalise the levels of the SEAP assay in order to determine the transfection efficiency 

of the mammalian cells. 

 

2.17.1 Secreted alkaline phosphatase (SEAP) reporter gene assay 

 

Expression of the SEAP reporter gene was determined using the Great EscAPe™ 

chemiluminescent Detection Kit (BD Biosciences, Palo Alto, USA). This was done by 

measuring the SEAP activity in the culture medium (Section 2.17.1) using CSPD 

chemiluminescent substrate. The assays were performed directly in a white opaque 96-

well flat bottom microtitre plate (PerkinElmer Life and Analytical Sciences Inc., Boston, 

MA, USA), following the protocol described for chemiluminescent SEAP assay as per 

manufacturer’s instructions. The SEAP activity was then determined by reading the 

chemiluminescent signal every 10 minutes for a period of 2½ hours using a Bio-Tek® 

Synergy HT plate luminometer (Winooski, Vermont, USA). Each assay was performed in 

quadruplicate. 

 

As shown in Table 2.6, several control assays were included as comparisons for each 

experiment. The reading obtained for the untransfected control represents the background 

signal of the HEK293 cells, while the basal control reading corresponds to the basal level 
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of SEAP activity in the experiments. The GAL4 DNA-binding domain control and 

pVP16 AD controls were included in order to determine whether the KCNH2 bait 

construct or each of the putative positive interactors used in the experiments function 

autonomously to activate transcription of the SEAP reporter gene. Positive controls 

provided with the Matchmaker™ Mammalian Assay Kit 2 (BD Biosciences, Palo Alto, 

USA) were included.  The pM3-VP16 positive control plasmid encodes a fusion of the 

GAL4 DNA-binding domain and VP16 activation domain and therefore produces a very 

strong expression when co-transfected with pG5SEAP. The co-transfection of pM53, 

pVP16-T and pG5SEAP was also included as a positive control. The pM53 plasmid 

expresses a fusion of the GAL4 DNA-binding domain to the mouse p53 antigen, while 

pVP16-T encodes a fusion of the VP16 activation domain to the Simian Virus 40 large T-

antigen which is known to interact with p53 and therefore also activates strong SEAP 

expression.  

 

2.17.2 β-Galactosidase enzyme assay 

 

The β-Galactosidase activity was determined using the β-Galactosidase Enzyme Assay 

System with Reporter Lysis Buffer (Promega Corp., Madison Wisconsin, USA). Once 

the culture supernatant was removed for SEAP reporter assays (Section 2.17.1), the 

HEK293 cells (Section 2.13.3) were prepared for the β-Galactosidase enzyme assay using 

Reporter Lysis Buffer (β-Galactosidase Enzyme Assay System with Reporter Lysis 

Buffer, Promega Corp., Madison Wisconsin, USA), following the protocol as per 

manufacturer’s instructions. The assays were performed directly in an optically clear 96-

well flat bottom microtitre plate (Nalge Nunc International, Rochester, NY, USA) as 

described by the manufacturer. The samples were subsequently read at 420nm, using a 

Bio-Tek® Synergy HT plate luminometer (Winooski, Vermont, USA). 
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3.1 YEAST TWO-HYBRID ANALYSIS 

 

3.1.1 Generation of the Y2H bait construct 

 

3.1.1.1 PCR-amplification for generation of KCNH2 bait-insert fragment 

 

The KCNH2 bait-insert fragment was obtained by PCR-amplification of the N-terminus 

encoding domain of KCNH2 from a cardiac cDNA library (Section 2.3.2). Amplification 

with specially designed primers containing unique restriction enzyme sites (Section 

2.3.1.1) generated a KCNH2 bait-insert fragment of 1 230 basepairs (bp) as shown in 

Figure 3.1. 

            K       1        2       3 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1: PCR-amplification of KCNH2 bait-insert fragment for Y2H analysis. 

Representative 1% agarose gel showing the fragment size of the KCNH2 amplicon. Lane 

K: 100bp size marker; Lanes 1-2: KCNH2 amplicon (1 230 bp); Lane 3: negative control. 
 

 

3.1.1.2 Construction of the bait for cloning 

 

The PCR-generated KCNH2 fragment and the pGBKT7 bait vector were successfully 

double-digested with NdeI and EcoRI (Section 2.8). Following CIAP-treatment of the 

1 500bp 

1 000bp 
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double-digested vector, a ligation reaction was performed in order to generate the 

pGBKT7-KCNH2 bait construct (Section 2.9.4). The ligation reaction was successfully 

transformed into E.coli strain DH5α to select for recombinant plasmids by means of 

bacterial colony PCR (Section 2.3.3). Figure 3.2 illustrates the successful E.coli 

transformation as evidenced by means of growth on a LB agar plate containing 

ampicillin. Low transformation efficiency was observed when plating out the diluted 

transformation mixture, but distinct, single colonies were produced which were ideal for 

performing colony PCR. 

 

 

 

Figure 3.2: Transformation of the pGBKT7-KCNH2 bait construct into E.coli. The 
diluted transformation mixture produced distinct single colonies when plated onto LB 
agar plates containing ampicillin. Single colonies are indicated by black arrows. 
 

 

3.1.1.3 Selecting recombinant plasmids by colony PCR 

 

PCR-amplification was performed on single bacterial colonies using insert-specific 

primers (Section 2.3.3). A PCR product of ± 1 200 bp indicated a recombinant pGBKT7 

plasmid containing the KCNH2 bait (1 230 bp), whereas the absence of PCR product 

indicated a non-recombinant pGBKT7 plasmid (Figure 3.3). A positive control was 

included (the same PCR conditions using cardiac cDNA as template) to ensure that when 

no product was generated, it was due to a pGBKT7 plasmid containing no insert, and not 
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due to unsuccessful PCR-amplification. Seven out of twenty colonies (lanes 4, 5, 6, 8, 9, 

10 and 20) were randomly selected, and the plasmid DNA was subsequently isolated and 

nucleotide sequenced. 

 

                                                         K    1     2    3     4     5    6     7    8     9    10   11  12   13  14 

        

 

 

 

                                              K    15  16   17   18  19  20  21   22  23 

 

 

 

                                                     K   15   16  17   18   19  20  21  22   23 

 

Figure 3.3: Bacterial colony PCR of pGBKT7-KCNH2 transformed E.coli. 
Representative 1% agarose gel showing the PCR-amplified products of pGBKT7 
constructs. Lane K: 200 bp size marker; Lane 1, 3, 7: absence of PCR product indicating 
non-recombinant pGBKT7 plasmid; Lanes 2, 4, 5, 6, 8-20: PCR product of the 
recombinant pGBKT7-KCNH2 plasmids (1 230 bp); Lane 21: PCR product of previously 
amplified KCNH2 bait (1 230 bp); Lane 22: positive control; Lane 23: negative control. 
 

 

3.1.1.4 Sequence analysis of the bait construct 

 

Following nucleotide sequencing of the seven selected pGBKT7-KCNH2 bait constructs, 

the constructs were subjected to sequence analysis to verify that the integrity of the 

coding sequence and the reading frame had been maintained. Results of the sequence 

analysis revealed that the pGBKT7-KCNH2 constructs were in the correct reading frame, 

but that colony #9 contained the only bait construct that preserved the correct nucleotide 

sequence through the multiple rounds of PCR amplification used to create the fragment, 

as shown in Figure 3.4. 
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Multiple Sequence Alignment 
 
 Name: Colony_#9       oo  Len: 1355  Check:  3307  Weight:  1.0 
 Name: KCNH2 N-term    oo  Len: 1355  Check:  5417  Weight:  1.0 
 Name: pGBKT7_vector   oo  Len: 1355  Check:  2304  Weight:  1.0 
 
// 
 
Colony_#9       GTAATACGAC TCACTATAGG GCGAGCCGCC ATCATGGAGG AGCAGAAGCT  
KCNH2 N-term    .......... .......... .......... .......... ..........  
pGBKT7_vector   GTAATACGAC TCACTATAGG GCGAGCCGCC ATCATGGAGG AGCAGAAGCT  
 
 
Colony_#9       GATCTCAGAG GAGGACCTGC ATATGATGCC GGTGCGGAGG GGCCACGTCG  
KCNH2 N-term    .......... .......... .....ATGCC GGTGCGGAGG GGCCACGTCG  
pGBKT7_vector   GATCTCAGAG GAGGACCTGC ATATG..... .......... ..........  
 
 
Colony_#9       CGCCGCAGAA CACCTTCCTG GACACCATCA TCCGCAAGTT TGAGGGCCAG  
KCNH2 N-term    CGCCGCAGAA CACCTTCCTG GACACCATCA TCCGCAAGTT TGAGGGCCAG  
pGBKT7_vector   .......... .......... .......... .......... ..........  
 
 
Colony_#9       AGCCGTAAGT TCATCATCGC CAACGCTCGG GTGGAGAACT GCGCCGTCAT  
KCNH2 N-term    AGCCGTAAGT TCATCATCGC CAACGCTCGG GTGGAGAACT GCGCCGTCAT  
pGBKT7_vector   .......... .......... .......... .......... ..........  
 
 
Colony_#9       CTACTGCAAC GACGGCTTCT GCGAGCTGTG CGGCTACTCG CGGGCCGAGG  
KCNH2 N-term    CTACTGCAAC GACGGCTTCT GCGAGCTGTG CGGCTACTCG CGGGCCGAGG  
pGBKT7_vector   .......... .......... .......... .......... ..........  
 
 
Colony_#9       TGATGCAGCG ACCCTGCACC TGCGACTTCC TGCACGGGCC GCGCACGCAG  
KCNH2 N-term    TGATGCAGCG ACCCTGCACC TGCGACTTCC TGCACGGGCC GCGCACGCAG  
pGBKT7_vector   .......... .......... .......... .......... ..........  
 
 
Colony_#9       CGCCGCGCTG CCGCGCAGAT CGCGCAGGCA CTGCTGGGCG CCGAGGAGCG  
KCNH2 N-term    CGCCGCGCTG CCGCGCAGAT CGCGCAGGCA CTGCTGGGCG CCGAGGAGCG  
pGBKT7_vector   .......... .......... .......... .......... ..........  
 
 
Colony_#9       CAAAGTGGAA ATCGCCTTCT ACCGGAAAGA TGGGAGCTGC TTCCTATGTC  
KCNH2 N-term    CAAAGTGGAA ATCGCCTTCT ACCGGAAAGA TGGGAGCTGC TTCCTATGTC  
pGBKT7_vector   .......... .......... .......... .......... ..........  
 
 
Colony_#9       TGGTGGATGT GGTGCCCGTG AAGAACGAGG ATGGGGCTGT CATCATGTTC  
KCNH2 N-term    TGGTGGATGT GGTGCCCGTG AAGAACGAGG ATGGGGCTGT CATCATGTTC  
pGBKT7_vector   .......... .......... .......... .......... ..........  
 
 
Colony_#9       ATCCTCAATT TCGAGGTGGT GATGGAGAAG GACATGGTGG GGTCCCCGGC  
KCNH2 N-term    ATCCTCAATT TCGAGGTGGT GATGGAGAAG GACATGGTGG GGTCCCCGGC  
pGBKT7_vector   .......... .......... .......... .......... ..........  
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Colony_#9       TCATGACACC AACCACCGGG GCCCCCCCAC CAGCTGGCTG GCCCCAGGCC  
KCNH2 N-term    TCATGACACC AACCACCGGG GCCCCCCCAC CAGCTGGCTG GCCCCAGGCC  
pGBKT7_vector   .......... .......... .......... .......... ..........  
 
 
Colony_#9       GCGCCAAGAC CTTCCGCCTG AAGCTGCCCG CGCTGCTGGC GCTGACGGCC  
KCNH2 N-term    GCGCCAAGAC CTTCCGCCTG AAGCTGCCCG CGCTGCTGGC GCTGACGGCC  
pGBKT7_vector   .......... .......... .......... .......... ..........  
 
 
Colony_#9       CGGGAGTCGT CGGTGCGGTC GGGCGGCGCG GGCGGCGCGG GCGCCCCGGG  
KCNH2 N-term    CGGGAGTCGT CGGTGCGGTC GGGCGGCGCG GGCGGCGCGG GCGCCCCGGG  
pGBKT7_vector   .......... .......... .......... .......... ..........  
 
 
Colony_#9       GGCCGTGGTG GTGGACGTGG ACCTGACGCC CGCGGCACCC AGCAGCGAGT  
KCNH2 N-term    GGCCGTGGTG GTGGACGTGG ACCTGACGCC CGCGGCACCC AGCAGCGAGT  
pGBKT7_vector   .......... .......... .......... .......... ..........  
 
 
Colony_#9       CGCTGGCCCT GGACGAAGTG ACAGCCATGG ACAACCACGT GGCAGGGCTC  
KCNH2 N-term    CGCTGGCCCT GGACGAAGTG ACAGCCATGG ACAACCACGT GGCAGGGCTC  
pGBKT7_vector   .......... .......... .......... .......... ..........  
 
 
Colony_#9       GGGCCCGCGG AGGAGCGGCG TGCGCTGGTG GGTCCCGGCT CTCCGCCCCG  
KCNH2 N-term    GGGCCCGCGG AGGAGCGGCG TGCGCTGGTG GGTCCCGGCT CTCCGCCCCG  
pGBKT7_vector   .......... .......... .......... .......... ..........  
 
 
Colony_#9       CAGCGCGCCC GGCCAGCTCC CATCGCCCCG GGCGCACAGC CTCAACCCCG  
KCNH2 N-term    CAGCGCGCCC GGCCAGCTCC CATCGCCCCG GGCGCACAGC CTCAACCCCG  
pGBKT7_vector   .......... .......... .......... .......... ..........  
 
 
Colony_#9       ACGCCTCGGG CTCCAGCTGC AGCCTGGCCC GGACGCGCTC CCGAGAAAGC  
KCNH2 N-term    ACGCCTCGGG CTCCAGCTGC AGCCTGGCCC GGACGCGCTC CCGAGAAAGC  
pGBKT7_vector   .......... .......... .......... .......... ..........  
 
 
Colony_#9       TGCGCCAGCG TGCGCCGCGC CTCGTCGGCC GACGACATCG AGGCCATGCG  
KCNH2 N-term    TGCGCCAGCG TGCGCCGCGC CTCGTCGGCC GACGACATCG AGGCCATGCG  
pGBKT7_vector   .......... .......... .......... .......... ..........  
 
 
Colony_#9       CGCCGGGGTG CTGCCCCCGC CACCGCGCCA CGCCAGCACC GGGGCCATGC  
KCNH2 N-term    CGCCGGGGTG CTGCCCCCGC CACCGCGCCA CGCCAGCACC GGGGCCATGC  
pGBKT7_vector   .......... .......... .......... .......... ..........  
 
 
Colony_#9       ACCCACTGCG CAGCGGCTTG CTCAACTCCA CCTCGGACTC CGACCTCGTG  
KCNH2 N-term    ACCCACTGCG CAGCGGCTTG CTCAACTCCA CCTCGGACTC CGACCTCGTG  
pGBKT7_vector   .......... .......... .......... .......... ..........  
 
 
Colony_#9       CGCTACCGCA CCATTAGCAA GATTCCCCAA ATCACCCTCA ACTTTGTGGA  
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KCNH2 N-term    CGCTACCGCA CCATTAGCAA GATTCCCCAA ATCACCCTCA ACTTTGTGGA  
pGBKT7_vector   .......... .......... .......... .......... ..........  
 
 
Colony_#9       CCTCAAGGGC GACCCCTTCT TGGCTTCGCC CACCAGTGAC CGTGAGATCA  
KCNH2 N-term    CCTCAAGGGC GACCCCTTCT TGGCTTCGCC CACCAGTGAC CGTGAGATCA  
pGBKT7_vector   .......... .......... .......... .......... ..........  
 
 
Colony_#9       TAGCACCTAA GATAAAGGAG CGAACCCACA ATGTCACTGA GAAGGTCACC  
KCNH2 N-term    TAGCACCTAA GATAAAGGAG CGAACCCACA ATGTCACTGA GAAGGTCACC  
pGBKT7_vector   .......... .......... .......... .......... ..........  
 
 
Colony_#9       CAGGTCCTGT CCCTGGGCGC CGACGTGCTG CCTGAGTACA AGCTGCAGGC  
KCNH2 N-term    CAGGTCCTGT CCCTGGGCGC CGACGTGCTG CCTGAGTACA AGCTGCAGGC  
pGBKT7_vector   .......... .......... .......... .......... ..........  
 
 
Colony_#9       ACCGCGCATC CACCGCTGGA CCTAGGAATT CCCGGGGATC CGTCGACCTG  
KCNH2 N-term    ACCGCGCATC CACCGCTGGA CC........ .......... ..........  
pGBKT7_vector   .......... .......... .....GAATT CCCGGGGATC CGTCGACCTG  
 
 
Colony_#9       CAGCGGCCGC ATAACTAGCA TAACCCCTTG GGGCCTCTAA ACGGGTCTTG  
KCNH2 N-term    .......... .......... .......... .......... ..........  
pGBKT7_vector   CAGCGGCCGC ATAACTAGCA TAACCCCTTG GGGCCTCTAA ACGGGTCTTG  
 
 
Colony_#9       AGGGGTTT 
KCNH2 N-term    ........ 
pGBKT7_vector   AGGGGTTT 

 

Figure 3.4: Sequence analysis of the pGBKT7-KCNH2 bait construct. Sequence 
homology alignment of the sequence of colony #9 with the N-terminus encoding 
sequence of KCNH2 (GenBank: http://www.ncbi.nlm.nih.gov/Entrez; sequence accession 
number: NM_000238) and the pGBKT7 vector sequence. The shaded boxes in grey, 
yellow and red, represent the nucleotide sequence of the sequencing primers, the vector 
sequence and the restriction enzyme recognition sequence, respectively. Dots indicate 
alignment of sequence. 
 

 

3.1.2 Assessment of AH109 bait strain 

 

3.1.2.1 Phenotypic assessment 

 

The pGBKT7-KCNH2 bait construct was successfully transformed into S.cerevisiae yeast 

strain AH109, as indicated by means of growth on a SD-W agar plate (Figure 3.5). When 
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transformed yeast cells were streaked onto other single dropout agar plates, a lack of 

growth was observed on the SD-Ade, SD-His and SD-L media plates, indicating that the 

pGBKT7-KCNH2 construct did not autonomously activate transcription of the 

endogenous host reporter genes (Section 2.14.1). In addition, transformed yeast cells 

were able to grow on SD-Ura media plates, signifying that the phenotype of S.cerevisiae 

AH109 was retained after transformation with the pGBKT7-KCNH2 bait construct. 

 

 

 

Figure 3.5: Transformation of the pGBKT7-KCNH2 bait construct into S.cerevisiae 
yeast strain AH109. High transformation efficiency was observed when the 
transformation mixture was plated onto SD-W media plates, yet yeast cells grew in 
distinct single colonies. 
 

 

3.1.2.2 Toxicity test 

 

Figure 3.6 shows the linearised growth curve of AH109 transformed with the pGBKT7-

KCNH2 bait construct compared to the control growth curves of AH109 transformed with 

non-recombinant pGBKT7 and non-transformed AH109 (Section 2.14.2). Almost no 

growth was observed by the non-transformed AH109 strain as indicated by the flat 

growth curve slope. The slope of the AH109 pGBKT7-KCNH2 bait strain was almost 

identical to the steep slope of the AH109 pGBKT7 positive control strain, indicating that 

the KCNH2 bait protein, N-terminus of HERG, did not inhibit the growth ability of 

S.cerevisiae AH109 and therefore was not toxic to the host strain. 
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Yeast strain Growth Curves
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Figure 3.6: Linearised growth curves of non-transformed AH109, AH109 
transformed with non-recombinant pGBKT7 and AH109 transformed with 
pGBKT7-KCNH2. The steep slope of the AH109 pGBKT7-KCNH2 bait strain indicates 
sustained growth, implicating that the KCNH2 bait protein, N-terminus of HERG, was 
not toxic to the yeast strain. 
 

 

3.1.2.3 Mating efficiency 

 

The AH109 pGBKT7-KCNH2 bait strain was mated with an Y187 pTD1.1 control strain 

(Section 2.14.3) and the mating efficiency compared to a control mating, AH109 

pGBKT7-53 with Y187 pTD1.1. The mating efficiency was determined by counting the 

progeny S.cerevisiae on the respective SD-W, SD-L and SD-W/-L growth media plates 

(Table 3.1) and applying the calculations shown in Appendix III. Calculations showed 

that the mating efficiency of AH109 pGBKT7-KCNH2 was 4.1%, nearly a tenth lower 

than the efficiency of the control mating (40.7%). However, it was still higher than the 

recommended minimum value of 2%, indicating that the pGBKT7-KCNH2 construct 

could be used in the library screen. If mated at a 100-fold excess against the commercial 



 

 

82 

 

transformed library (titre = 5x107), the AH109 pGBKT7-KCNH2 bait strain would still 

result in the screening of the recommended 106 individual prey clones. 

 

Table 3.1 Mating efficiency of AH109 pGBKT7-KCNH2 as determined by growth of 

progeny colonies on growth selection media. 

 

 Bait mating: 

pGBKT7-KCNH2 X pTD1.1 

Control mating: 

pGBKT7-53 X pTD1.1 

Mating culture 

dilution 
1:10 1:100 1:1000 1:10000 1:10 1:100 1:1000 1:10000 

SD-L * * 360 46 * * 14 1 

SD-W * * 520 82 * * 920 104 

SD-L/-W * 187 25 4 440 57 9 0 

Mating efficiency 

(%) 
4.1 40.7 

* : uncountable number of colonies 

 

3.1.3 Y2H screening of the pretransformed cardiac cDNA library 

 

Assessment of the AH109 pGBKT7-KCNH2 bait strain (Section 3.1.2) revealed that the 

bait strain was ready for screening a cardiac cDNA library as described in Section 2.15. 

 

3.1.3.1 Bait culture titre 

 

The titre of bait culture was determined by performing a haemocytometric cell count 

(Section 2.15.3). The total number of cells counted for the five large squares were 86. 

According to the calculations in Appendix III, this amounted to a bait culture titre of 
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4.3x109 colony forming units (cfu)/ml, an approximate 100-fold excess of the 

commercial transformed library (titre = 5x107 cfu/ml). 

 

3.1.3.2 Library titre 

 

A library titre was established as described in Section 2.15.5. After four days, 272 cfu 

were counted on the SD-L media plate onto which a 50µl aliquot had been spread. Using 

the calculation in Appendix III, a library titre of 5.4x107 cfu/ml was established, 

confirming the titre of 5x107 cfu/ml specified by the manufacturer. 

 

3.1.3.3 Library mating efficiency and number of clones screened 

 

The library mating efficiency was calculated as shown in Appendix III, by counting the 

number of progeny S.cerevisiae cells on the respective SD-W, SD-L and SD-W/-L growth 

media plates (Table 3.2). The calculated library mating efficiency was 3.2%, close to the 

initial control mating of 4.1%, but still higher than the recommended minimum value of 

2% and therefore within acceptable limits to continue with the Y2H analysis. 

Furthermore, the number of pretransformed cardiac cDNA clones that were screened was 

calculated (Appendix III) as 1.3x106 independent clones, with the final resuspension 

volume being 12.4ml. 

 

3.1.3.4 Selection of diploid yeast colonies containing putative interactor peptides 

 

Diploid yeast colonies were subjected to consecutive rounds of nutritional selection with 

increasing stringency to increase chances of identifying true interactions (Section 

2.15.7.2). During each round, the growth of colonies were assessed from very good 

(++++) and good (+++) to weak (++) and very weak (+). 

 

The first nutritional stage (TDO plates, Section 2.15.7.2) selected for diploid yeast 

colonies with the ability to activate expression of the HIS3 reporter gene. After the first 

seven days of growth on TDO plates, 91 colonies were transferred to QDO plates. 
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Another 58 colonies were transferred to QDO plates after the second week of growth 

monitoring and 119 colonies were transferred after the third and final week of monitoring 

the yeast colonies’ growth, amounting to a total of 268 colonies selected for further 

nutritional selection. 

 

The second nutritional stage (QDO plates, Section 2.15.7.2) selected for diploid yeast 

colonies with the ability to activate transcription of both the HIS3 and ADE2 reporter 

genes. From this nutritional stage, the initial number of colonies containing putative 

interactor peptides was reduced from 268 to 146 colonies selected for further assessment. 

 

 

Table 3.2 Library mating efficiency as determined by growth of progeny colonies on 

growth selection media. 

 Library mating: 

pGBKT7-KCNH2 X pACT2 

Mating culture dilution 1:10 1:100 1:1000 1:10000 

SD-L * * 340 24 

SD-W * * * * 

SD-L/-W * 108 10 2 

Mating efficiency (%) 3.2 

   * : uncountable number of colonies 

 

 

3.1.3.5 X-α-galactosidase assay 

 

The 146 colonies that were selected in the nutritional selection stage (Section 3.1.3.4) 

were subjected to a further round of screening to reduce numbers by assessing their 

ability to activate the MEL1 colourimetric reporter gene. This was done by allowing 

colonies to grow on X-α-galactosidase impregnated QDO plates to produce the blue end 
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product. The intensity of the blue colour of the yeast colonies were scored as bright-blue 

(++++), darker-blue (+++), blue-green (++) or pink-blue (+). Figure 3.7 illustrates the 

different shades of blue end product produced by the prey colonies. Colonies were then 

divided into primary and secondary colonies based on the intensity of blue colour 

produced; primary colonies scored bright-blue or darker-blue in the X-α-galactosidase 

assay whereas secondary colonies produced a blue-green or pink-blue colour. A total of 

120 colonies were found to activate the MEL1 reporter gene, of which 67 were classified 

as primary colonies to be analysed further by interaction specificity tests. Table 3.3 

summarizes the growth of yeast colonies at the different stages of nutritional and 

colourimetric selection. 

 

 

                                        

 

Figure 3.7: X-α-galactosidase assay. Diploid colonies produce different intensities of 
blue colour based on the strength of bait-prey interaction when grown on X-α-
galactosidase impregnated QDO plates. Colours differed from A) bright-blue, B) darker 
blue, C) blue-green to D) pink-blue. 
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Table 3.3 Activation of nutritional and colourimetric reporter genes by pGBKT7-

KCNH2 bait construct and putative prey interactions 

 
A. Primary colonies 

Colony 

# 

Growth 

on TDO 

Growth 

on QDO 
X-α-Gal 

Colony 

# 

Growth 

on TDO 

Growth 

on QDO 
X-α-Gal 

3 ++++ ++++ +++ 61 ++++ ++++ +++ 
4 ++++ ++++ +++ 62 ++++ ++++ +++ 
5 ++++ ++++ ++++ 63 ++++ +++ +++ 
6 ++++ ++++ +++ 64 ++++ ++++ +++ 
9 ++++ +++ +++ 65 ++++ +++ +++ 
10 ++++ +++ +++ 66 ++++ ++++ +++ 
14 ++++ ++++ ++++ 67 ++++ ++++ +++ 
15 ++++ +++ ++++ 68 ++++ +++ +++ 
18 ++++ ++++ ++++ 70 ++++ ++++ +++ 
19 ++++ ++++ ++++ 73 ++++ +++ +++ 
21 ++++ +++ +++ 74 ++++ +++ +++ 
23 ++++ ++++ ++++ 75 ++++ ++++ +++ 
24 ++++ ++++ +++ 76 ++++ ++++ +++ 
25 ++++ +++ ++++ 77 ++++ ++++ +++ 
26 ++++ +++ +++ 79 ++++ ++++ +++ 
27 ++++ +++ +++ 81 ++++ ++++ ++++ 
28 ++++ ++++ +++ 83 ++++ ++++ ++++ 
30 ++++ +++ +++ 84 ++++ ++++ ++++ 
31 ++++ ++++ +++ 90 ++++ ++++ +++ 
33 ++++ ++++ +++ 91 ++++ ++++ +++ 
34 ++++ ++++ ++++ 107 ++++ +++ +++ 
35 ++++ ++++ +++ 111 ++++ +++ +++ 
36 ++++ ++++ +++ 112 ++++ ++++ +++ 
37 ++++ ++++ +++ 113 ++++ +++ +++ 
40 ++++ ++++ +++ 120 ++++ +++ ++++ 
43 ++++ +++ +++ 121 ++++ ++++ +++ 
45 ++++ +++ +++ 123 ++++ +++ ++++ 
47 ++++ +++ ++++ 129 ++++ ++++ +++ 
48 ++++ ++++ +++ 136 ++++ +++ ++++ 
49 ++++ ++++ +++ 139 ++++ ++++ ++++ 
50 ++++ +++ +++ 140 ++++ +++ ++++ 
53 ++++ +++ ++++ 141 ++++ +++ +++ 
54 ++++ +++ ++++ 144 ++++ +++ +++ 
59 ++++ +++ ++++     
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B. Secondary colonies 

Colony 

# 

Growth 

on TDO 

Growth 

on QDO 
X-α-Gal 

Colony 

# 

Growth 

on TDO 

Growth 

on QDO 
X-α-Gal 

2 ++++ ++++ + 96 ++++ +++ ++ 
7 ++++ +++ + 100 ++++ + ++ 
12 ++++ + + 105 ++++ +++ + 
16 ++++ ++++ ++ 106 ++++ + + 
17 ++++ +++ ++ 108 ++++ ++ ++ 
20 ++++ ++ + 109 ++++ + + 
32 ++++ ++ + 110 ++++ ++++ ++ 
38 ++++ + + 114 ++++ ++ +++ 
39 ++++ + + 117 ++++ ++ + 
41 ++++ +++ ++ 124 ++++ +++ ++ 
42 ++++ ++ + 126 ++++ +++ ++ 
44 ++++ +++ ++ 128 ++++ +++ ++ 
46 ++++ ++ + 131 ++++ +++ + 
51 ++++ +++ ++ 134 ++++ ++ +++ 
52 ++++ ++ + 135 ++++ +++ ++ 
57 ++++ +++ + 142 ++++ ++ ++ 
60 ++++ +++ ++ 145 ++++ +++ ++ 
69 ++++ ++ + 146 ++++ ++ + 
71 ++++ ++ ++ 151 ++++ + + 
80 ++++ +++ ++ 167 ++++ ++ ++ 
87 ++++ +++ ++ 180 ++++ ++ ++ 
88 ++++ ++++ ++ 181 ++++ + + 
89 ++++ +++ ++ 206 ++++ + + 
92 ++++ + + 207 ++++ +++ ++ 
93 ++++ +++ ++ 217 ++++ ++++ ++ 
94 ++++ ++ ++ 231 ++++ + +++ 
95 ++++ ++ ++     

Abbreviations: #, number; TDO, solid media lacking Leu, Trp and His; QDO, solid media lacking Leu, 

Trp, His and Ade; X-α-Gal, X-α-Galactosidase 

 

The following keys are used to represent growth of colonies on solid media: ++++ = very good; +++ = 

good; ++ = weak; + = very weak. The following keys represent the intensity of blue colour produced during 

the X-α-galactosiadase assay: ++++ = bright-blue; +++ = darker-blue; ++ = blue-green; + = pink-blue. 

Clones selected later (Table 3.5, Section 3.2) for use in verification studies are highlighted in yellow. 
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3.1.3.6 Interaction specificity test 

 

The prey plasmids that were shown to activate expression of the ADE2, HIS3 and MEL1 

reporter genes were rescued from the 67 primary colonies diploid colonies (Section 

2.15.9) so that each individual prey could be used in a heterologous mating experiment to 

test the specificity of the bait and prey interactions. The individual preys of colonies 6 

and 136 could not be rescued and transformed into yeast strain Y187 and were therefore 

excluded from further analysis. It is possible that the restriction enzyme site was damaged 

during library construction and hindered further manipulation of the prey plasmids. The 

interaction specificity test was carried out as described in Section 2.15.10 and the 

resulting growth of diploid colonies on QDO selection plates is shown in Table 3.4.  

 

 

 

Figure 3.8: Heterologous mating of baits and preys to test specificity of the 
interactions. A QDO selection plate showing the growth of diploid colonies after mating 
individual prey colonies (#43, 45, 47, 48, 49 and 50) in each column with heterologous 
baits (pGBKT7, pGBKT7-53, pGBKT7-KCNH2 and pGBKT7-reeler) in each row. 
Colony #47 is a good example of a prey clone that showed binding specificity for the 
pGBKT7-KCNH2 bait protein. Growth was only observed when mated with pGBKT7-
KCNH2; mating with pGBKT7, pGBKT7-53 and pGBKT7-reeler had no resulting 
growth. Colony #50 was also included for further analysis, as discussed in Section 
3.1.3.6. 
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Table 3.4 Interaction of preys with heterologous baits in the interaction specificity 

test as assessed by ADE2 and HIS3 activation 

 

Colony 

# 
pGBKT7 

pGBKT7-

KCNH2 
pGBKT7-53 

pGBKT7-

reeler 
3 ++++ ++++ ++++ ++ 
4 ++++ ++++ ++++ ++ 
5 ++++ ++++ ++++ ++++ 
9 ++++ ++++ ++++ ++ 
10 ++++ ++++ - ++++ 
14 ++++ ++++ ++++ ++ 
15 ++++ ++++ ++++ ++++ 
18 ++++ ++++ ++++ + 
19 ++++ ++++ ++++ ++++ 
21 ++++ ++++ ++++ ++++ 
23 ++++ ++++ ++++ ++ 
24 ++++ ++++ ++++ ++ 
25 ++++ ++++ ++++ + 
26 ++++ ++++ ++++ ++++ 
27 - ++++ +++ + 
28 ++++ ++++ ++++ + 
30 ++++ ++++ ++++ + 
31 ++++ ++++ ++++ + 
33 +++ ++++ ++++ ++++ 
34 +++ ++++ +++ + 
35 +++ ++++ +++ + 
36 +++ ++++ +++ + 
37 +++ ++++ +++ + 
40 +++ ++++ +++ + 
43 +++ ++++ +++ + 
45 +++ ++++ +++ + 

47 - ++++ - - 
48 +++ ++++ ++++ - 
49 +++ ++++ ++++ ++++ 
50 - ++++ ++++ + 
53 ++++ ++++ ++++ ++++ 
54 ++++ ++++ ++++ + 
59 - ++++ ++++ ++++ 
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Table 3.4 continue… 
Colony 

# 
pGBKT7 

pGBKT7-

KCNH2 
pGBKT7-53 

pGBKT7-

reeler 
61 +++ ++++ ++++ + 
62 +++ ++++ ++++ + 
63 ++++ ++++ ++++ + 
64 ++++ ++++ +++ ++ 
65 ++++ ++++ +++ ++ 
66 ++++ ++++ +++ + 

67 ++ ++++ + +++ 
68 +++ ++++ +++ ++ 
70 +++ ++++ +++ ++ 
73 ++++ ++++ ++++ ++++ 
74 ++++ ++++ +++ ++ 
75 ++++ ++++ +++ + 
76 ++++ ++++ ++++ ++ 

77 + ++++ + ++ 
79 ++++ ++++ ++++ ++ 
81 ++++ ++++ +++ ++++ 
83 ++++ ++++ ++++ +++ 
84 ++++ ++++ ++++ ++++ 
90 ++++ ++++ +++ ++ 
91 ++++ ++++ +++ +++ 
107 ++++ ++++ +++ ++ 
111 +++ ++++ +++ ++ 
112 + ++ - ++ 
113 ++++ ++++ ++++ ++ 
120 + +++ - + 
121 +++ ++++ +++ ++ 
123 ++++ ++++ ++++ ++++ 
129 ++++ ++++ ++++ +++ 
139 +++ ++++ ++++ + 
140 +++ ++++ ++++ ++ 
141 ++++ ++++ ++++ ++++ 
144 +++ ++++ ++++ ++ 

        Abbreviations: #, number 

 

The following keys are used to represent growth of colonies on solid media: ++++ = very good; +++ = 

good; ++ = weak; + = very weak; - = no growth. Clones considered strong candidate interactors are 

highlighted in yellow, whereas clones selected later (Table 3.5, Section 3.2) for use in verification studies 

are indicated in bold.  
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Colonies that grew well on QDO selection plates after mating with the non-recombinant 

pGBKT7 bait (++++ = very good and +++ = good) were excluded from the study because 

it meant that the GAL4 activation alone can activate reporter genes and not necessarily 

the interaction between the KCNH2 bait and prey fusion proteins. Ideally, strong 

candidate interactors would show binding specificity for the KCNH2 bait protein. 

However, most of these clones also grew well on QDO plates after mating with the 

heterologous baits pGBKT7-53 and pGBKT7-reeler and could not be excluded from the 

study, because it is not known whether these prey proteins may indeed interact with the 

proteins encoding murine p53 and the reeler domain. The eight prey clones considered 

strong candidate interactors (highlighted in table 3.4) were subjected to sequence 

analysis. 

 

3.1.3.7 Sequence analysis 

 

The inserts of the selected eight strong candidate interactors were nucleotide sequenced 

and subsequently analysed bioinformatically to assign identity and function to the insert 

proteins. In that manner, false positive ligands could further be excluded based on 

subcellular location and function. To identify the prey proteins, the frame and nucleotide 

integrity of prey sequences were analysed and BLAST-searched against the GenBank 

database using BLASTN (genomic hit), and BLASTP (in-frame protein hit) for translated 

inserts (http://www.ncbi.nlm.nih.gov/Entrez).  The identities of each of the preys are 

indicated in Table 3.5. The results of the X-α-galactosidase assay are also included in the 

table to indicate the strength of the interaction between the bait and the candidate putative 

prey protein. 

 

Amongst the eight prey clones, three were identified by BLAST-search as containing a 

fragment of the mitochondrial genome (clone # 27, 50, 112) and were therefore excluded 

as a plausible ligand of the HERG bait protein. Clone # 120 was also excluded as a 

plausible ligand because despite having a genomic hit, it did not have a significant in-

frame protein match. After further studying based on internet database literature searches, 

another prey clone was excluded based on subcellular location (the protein of clone # 59 
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functions in the nucleus) and the remaining three clones, discussed in Section 3.2, were 

identified as strong candidate HERG ligands.  

 

The identities of the three ligands are as follows: Clone # 47- Rho-associated coiled-coil 

containing protein kinase (ROCK1), clone # 67- Sarcoglycan, gamma (SGCG) and clone 

# 77- microtubule-associated protein 1A (MAP1A). 

 

3.2 LIGANDS CHOSEN FOR FURTHER ANALYSIS 

 

After prioritising the eight strong candidate interactors according to function and 

subcellular localisation, three clones were identified as good candidates for being true 

HERG ligands. The validity of the interaction between the KCNH2 bait and each of the 

three candidate ligands were subsequently assessed by in vitro Co-IP and M2H analyses. 

A brief description of the function and subcellular location of each of the three candidate 

ligands are given to explain why they were chosen as plausible HERG ligands and were 

worth investigating further. A more detailed discussion will follow in the next chapter. 

 

3.2.1 Rho-associated coiled-coil containing protein kinase 

 

Rho-associated coiled-coil containing protein kinase (ROCK1) is a ubiquitously 

expressed protein kinase important in regulating cell growth, migration, and cellular 

apoptosis through controlling cytoskeletal assembly and cell contraction (Riento and 

Ridley, 2003). Its cytoplasmic subcellular location and function as a serine-threonine 

kinase makes it a plausible interactor with the N-terminus of HERG, as HERG has 

serine/threonine phosphorylation sites (Zhang et al., 2003). Moreover, increasing 

evidence is found regarding the physiological role of ROCKs in the cardiovascular 

system, as well as in cardiovascular disease (Noma et al., 2006; Shimokawa and Rashid, 

2007). 
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Table 3.5 Identification of prey clones considered strong candidate interactors of 

KCNH2 bait protein 

 

 Genomic hit In-frame protein hit   

Clone 

# 

Blastn Acc# 

(e-value) 
Identity 

Blastp Acc# 

(e-value) 
Identity 

Subcellular 

location 

X-α-Gal 

assay 

27 NC_001807.4 

(0.0) 

Mitochondrial 

genome 

 

No significant 

similarity 

- - +++ 

47 NM_005406.1 

(0.0) 

Rho-

associated 

coiled-coil 

containing 

protein kinase 

(ROCK1) 

NP_005397.1 

(2e-55) 

Rho-

associated 

coiled-coil 

containing 

protein kinase 

(ROCK1) 

Cytoplasmic; 

soluble 

protein. 

++++ 

50 NC_001807.4 

(0.0) 

Mitochondrial 

genome 

 

No significant 

similarity 

- - +++ 

59 NM_005953.2 

(4e-161) 

Metallothionein 

2A (MT2A) 

XP_001715-

684.1 (9e-15) 

Hypothetical 

protein LOC 

441019 

Nuclear 

protein 

++++ 

67 NM_000231.1 

(0.0) 

Sarcoglycan, 

gamma 

(SGCG) 

NP_000222.1 

(5e-101) 

Sarcoglycan, 

gamma  

(SGCG) 

Trans-

membrane 

protein 

+++ 

77 NM_002373.5 

(0.0) 

Microtubule- 

associated 

protein 1A 

(MAP1A) 

NP_002364.5 

(1e-66) 

Microtubule- 

associated 

protein 1A 

(MAP1A) 

Cytoplasmic; 

soluble 

protein 

+++ 

112 NC_001807.4 

(0.0) 

Mitochondrial 

genome 

 

No significant 

similarity 

- - +++ 

120 NM_001916.3 

(0.0) 

Cytochrome  

c-1 (CYC1) 

No significant 

similarity 

- - ++++ 

Abbreviations: #, number; e-value, expectation value; X-α-Gal, X-α-Galactosidase 

 

The following keys represent the intensity of blue colour produced during the X-α-galactosiadase assay: 

++++ = bright-blue; +++ = darker-blue. Clones used in verification studies are indicated in bold. 
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3.2.2 γ-Sarcoglycan 

 

γ-Sarcoglycan is a subunit of the sarcoglycan (SG) complex, a complex consisting of 

transmembrane glycoproteins (Ozawa et al., 2005). Being a transmembrane protein, γ-

Sarcoglycan is placed in the proximity of the subcellular location of HERG, also a 

transmembrane protein. Interaction with the SG complex is thus possible, as these 

proteins may structurally be interacting in the sarcolemma. 

 

3.2.3 Microtubule-associated protein 1A 

 

This protein belongs to the microtubule-associated protein (MAP) family and has been 

implicated in forming cross bridges between microtubules and cytoskeletal components, 

in order to stabilise microtubules. In addition, MAP1A can also interact with other 

cellular components, including actin-filaments and signalling proteins (Halpain and 

Dehmelt, 2006), thus it is reasonable to suggest that an interaction with the N-terminus of 

HERG is possible. 

 

 

3.3 CO-IMMUNOPRECIPITATION 

 

3.3.1 PCR-amplification for in vitro transcription and translation 

 

Prey clone inserts were PCR-amplified from the pACT2 vectors (Figure 3.9) so that they 

contain a T7 RNA polymerase promoter and an HA antibody epitope. It was not 

necessary to PCR-amplify the bait insert from the pGBKT7 vector as the pGBKT7 vector 

already contains a T7 promoter sequence that directs expression of the bait protein, 

HERG, as a fusion to a c-Myc antibody epitope tag. 
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Figure 3.9: PCR-amplification of the three prey-insert fragments for transcription 
and translation experiments. Representative 1% agarose gel showing the fragment sizes 
of the prey amplicons. Lane K: 100bp size marker; Lanes 1-2: HA-ROCK1 (609bp); 
Lanes 3-4: HA-SGCG (1 378bp); Lanes 5-6: HA-MAP1A (1 983bp); Lane 7: negative 
control. 
 

3.3.2 Transcription and translation of bait and preys 

 

The predicted molecular weights of the translated fusion proteins were calculated with 

the DNAman software program and are shown in Table 3.6.  

 

The autoradiograph showing transcription/translation of radio-actively labeled products 

revealed the presence of successfully translated products with protein bands 

approximately the size of the predicted molecular weight (Figure 3.10, Table 3.6). 

However, spurious bands were also observed on the autoradiograph in the lanes of 

ROCK1 and MAP1A.  

 

The translated protein products visualised by Experion™ virtual gel electrophoresis 

generated inconclusive data, as the LabChip is extremely sensitive and detected multiple 

protein products- none of which were the expected molecular sizes of the bait and prey 

proteins. The software program was able to detect the lower alignment marker (10kD) 

and upper alignment marker (260kDa) for the Pro260 molecular weight marker. These  

1 500bp 

1 000bp 

500bp 
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Table 3.6 Predicted number of amino acids and molecular weights of fusion proteins 

used in co-immunoprecipitation analysis 

 

Cloned insert Number of predicted 

amino acids 

Predicted size 

(kDa) 

Size by 

electrophoresis (kDa) 

Myc-HERG 413 44.7 ~47 

HA-ROCK1 186 22.0 ~25 

HA-SGCG 225 24.4 ~26 

HA-MAP1A 173 18.9 ~19 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.10: Transcription and translation of KCNH2 bait and putative ligands 
using autoradiography. Autoradiograph of radio-actively labeled products from in vitro 
transcription/translation separated by electrophoresis on a 15% SDS-polyacrylamide gel. 
Black lines drawn in on the left indicate positions of the non-radioactive molecular 
weight marker bands as transferred from the dried polyacrylamide gel. Red encircled 
fragments are the expected sizes of the translated proteins; spurious fragments are 
observed in the lanes of ROCK1 and MAP1A. 
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upper and lower alignment markers are incorporated in the Experion™ sample buffer and 

are used for alignment of samples to the Pro260 ladder. Furthermore, the upper marker is 

also used for quantification. Following virtual gel electrophoresis of the translated protein 

products, the upper and lower alignment markers were only detected in the two HERG 

bait protein samples and not for any of the translated prey proteins. Therefore, the 

software could not assign either molecular weights or concentrations for any of the 

proteins (Figure 3.11). All nine peaks in the prepared Pro260 marker were present 

indicating that virtual gel electrophoresis of the Pro260 marker was successful. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.11: Transcription and translation of KCNH2 bait and putative ligands 
using virtual gel electrophoresis. Virtual gel of translated products as run by the 
Experion™ software program. Some samples were duplicated because all ten wells of the 
chip had to filled with protein samples before the chip could be run. The ladder in the left 
lane indicates the molecular weight marker bands. Pink arrows indicate the upper and 
lower peaks as detected by the software program. No translated products of the expected 
molecular sizes were detected. 
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Figure 3.12: Co-immunoprecipitation of KCNH2 bait and putative ligands using 
autoradiography. Autoradiograph of radio-actively labeled products from in vitro Co-IP 
experiments electrophoresed on a 15% SDS-polyacrylamide gel. Black lines drawn in on 
left indicate positions of the non-radioactive molecular weight marker bands as 
transferred from the dried polyacrylamide gel. Red encircled molecular weight bands 
indicate the expected sizes of the translated proteins, whereas the yellow arrows draw 
attention to the unexpected protein size seen in lanes where the bait has been precipitated. 
α: anti-. 
 

3.3.3 Co-immunoprecipitation of translated products 

 

The co-immunoprecipitation experiment for the radio-actively labeled KCNH2 bait and 

putative ligands proved successful (Figure 3.12). Immunoprecipitation of the respective 

bait and prey proteins produced the expected protein sizes and the protein G control 

included in the experiment (containing all of the reagents except the bait protein and any 

antibody) did not precipitate any significant proteins on its own. Interestingly, two 

protein bands were seen in the bait immunoprecipitation lane: the correct fragment of 

~47kDa and a spurious band of ~18kDa. This same spurious band was seen in all lanes 

where the bait protein was precipitated with Myc antibody. Co-immunoprecipitation 

results revealed no interaction between the KCNH2 bait protein, HERG, and any of the 
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three putative ligands, ROCK1, SGCG and MAP1A, as only the bait protein bands (both 

the correct fragment and the previous mentioned 18kDa band) were seen in lanes where 

the bait and a prey were allowed to interact. 

 

Co-immunoprecipitation using virtual gel electrophoresis proved unsuccessful as no 

significant protein bands were detected, except for lane 2, where immunoprecipitation of 

ROCK1 produced a protein of 150kDa which is not the expected protein size. All the 

upper and lower peaks were detected by the software program (Figure 3.13).  

 

 

 

Figure 3.13: Co-immunoprecipitation of KCNH2 bait and putative ligands using 
virtual gel electrophoresis. Virtual gel of translated products as run by the Experion™ 
software program. The ladder in the left lane indicates the molecular weight marker 
bands. Pink arrows indicate the upper and lower peaks as detected by the software 
program. Only one significant protein band was detected in lane 2 (ROCK1) which was 
not the protein size expected. α: anti-. 
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3.4 MAMMALIAN TWO-HYBRID ANALYSIS 

 

3.4.1 Generation of M2H constructs 

 

3.4.1.1 PCR-amplification for generation of bait- and prey-insert fragments 

 

The KCNH2 bait-insert and prey clone insert fragments were obtained by PCR-

amplification from the Y2H cloning vectors: pGBKT7 containing the bait insert and 

pACT2 harbouring the putative interactors. As described in Section 2.3.5, amplification 

was performed with specially designed primers (Section 2.3.1.4) containing unique 

restriction enzyme sites and insert fragments of 1 230 (KCNH2 bait insert), 497 (ROCK1 

prey insert), 1274 (SGCG prey insert) and 1884 nucleotides (MAP1A prey insert) were 

generated, all shown in Figure 3.14. 

 

          K          1          2          3          4        5 

 

 

 

 

 

 

 

          K       1       2       3       4        5        6       7       8        9 

 

 

 

 

 

 

Figure 3.14: PCR-amplification of KCNH2 bait- and three prey-insert fragments for 
M2H analysis. Representative 1% agarose gel showing the fragment sizes of the bait and 
prey amplicons. A) Lane K: 200bp size marker; Lane 1-4: KCNH2 amplicon (1 230bp); 
Lane 5: negative control. B) Lane K: 200bp size marker; Lane 1-3: ROCK1 amplicon 
(497bp); Lane 4-6: SGCG amplicon (1 274bp); Lane 7-9: MAP1A amplicon (1884bp). 
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Figure 3.15: Transformation of the pM-KCNH2 bait and pVP16-prey constructs 
into E.coli. The diluted transformation mixture produced distinct single colonies when 
plated onto LB agar plates containing ampicillin. Single colonies are indicated by black 
arrows. A) pM-KCNH2, B) pVP16-ROCK1, C) pVP16-SGCG, D) pVP16-MAP1A. 
 
 

3.4.1.2 Construction of the bait and preys for cloning 

 

The PCR-generated KCNH2 fragment, the three prey-insert fragments, and the pM and 

pVP16 cloning vectors were sequentially double-digested (Section 2.8) with the 

appropriate restriction enzymes indicated in Table 2.4. CIAP-treatment of the double-

digested vectors was followed by ligation reactions in order to generate the pM-KCNH2 

bait and pVP16-prey constructs. Ligation reactions were successfully transformed into 

E.coli strain DH5α to select for recombinant plasmids by means of bacterial colony PCR 
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(Section 2.3.3). The successful E.coli transformation is illustrated in Figure 3.15 by 

means of growth on a LB agar plate containing ampicillin. The diluted transformation 

mixture was preferred to the concentrated culture when plated onto LB agar plates, 

although despite producing very few colonies, distinct, single colonies were formed 

which were ideal for performing colony PCR. 

 

3.4.1.3 Selecting recombinant plasmids by colony PCR 

 

Bacterial colony PCRs were performed on single colonies using insert-specific primers 

(Section 2.3.3) in order to identify the desired recombinant plasmids that were 

subsequently nucleotide sequenced. A PCR product indicated the recombinant pM and 

pVP16 plasmids, whereas non-recombinant plasmids did not yield a PCR product (Figure 

3.16). A positive control was included (the same PCR conditions using cardiac cDNA as 

template) to ensure that when no product was generated, it was due to a plasmid 

containing no insert, and not due to unsuccessful PCR-amplification. Two colonies were 

randomly selected from each transformation (lanes 3 and 6 from pM-KCNH2 (A), lanes 2 

and 9 from pVP16-ROCK1 (B), lanes 5 and 15 from pVP16-SGCG (C) and lanes 2 and 

13 from pVP16-MAP1A (D)) and the plasmid DNA was isolated for nucleotide 

sequencing of the inserts. 
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Figure 3.16: Bacterial colony PCR of bait and prey constructs transformed E.coli. 
Representative 1% agarose gel showing the PCR-amplified products of recombinant pM 
and pVP16 plasmids. A) Lane K: 200bp size marker; Lane 1: positive control; Lanes 2-8: 
recombinant pM-KCNH2 plasmid amplicons (1 230bp). B) Lane K: 200bp size marker; 
Lanes 1-15: recombinant pVP16-ROCK1 plasmid amplicons (497bp); Lane 16: negative 
control. C) Lane K: 200bp size marker; Lane 11, 12, 14: no PCR product indicating non-
recombinant pGBKT7 plasmid; Lanes 1-10, 13, 15: recombinant pVP16-SGCG plasmid 
amplicons (1 274bp); Lane 16: negative control. D) Lane K: 200bp size marker; Lanes 1-
15: recombinant pVP16-MAP1A plasmid amplicons (1 884bp); Lane 16: negative 
control. 
 

 

3.4.1.4 Sequence analysis of the bait and prey constructs 

 

Following nucleotide sequencing of the plasmid DNA of selected recombinant colonies, 

the M2H constructs were subjected to sequence analysis to verify that the integrity of the 

coding sequence and the reading frame had been maintained. The results of the sequence 

analysis shown in Figure 3.17 A to D reveals that the inserts were in the correct reading 

frame with their respective GAL4 domains and that the nucleotide sequence had been 

preserved after generating the M2H constructs. The following colonies were selected to 

continue M2H analysis: #6 containing the pM-KCNH2 construct, #2 containing the 
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pVP16-ROCK1 construct, #5 containing the pVP16-SGCG construct and #13 containing 

the pVP16-MAP1A construct. 

 

Shown below are the multiple sequence alignments of the pM-KCNH2 bait insert (A) 

and each of the prey inserts, pVP16-ROCK1 (B), pVP16-SGCG and pVP16-MAP1A 

(D), with their corresponding reference sequence and cloning vector sequence. See p 

114 for full legend. 

 

      Multiple Sequence Alignment 
 
 Name: pM-KCNH2 #6     oo  Len: 1339  Check:  5395  Weight:  1.0 
 Name: KCNH2 N-term    oo  Len: 1339  Check:  6246  Weight:  1.0 
 Name: pM              oo  Len: 1339  Check:   683  Weight:  1.0 
 
// 
 
pM-KCNH2 #6     .......... .......... ...GGNNCCN NGNGGNTTGA CTGTATCGCC  
KCNH2 N-term    .......... .......... .......... .......... ..........  
pM              TCATCGGAAG AGAGTAGTAA CAAAGGTCAA AGACAGTTGA CTGTATCGCC  
 
 
pM-KCNH2 #6     ggaATTCaTG ccGTGTGCGG AGGGgcCGcg tcGcGccgca gAacACCtTC  
KCNH2 N-term    .......ATG CCGtGTGCGG AGGGGCCACG TCGCGCCGCA GAACACCTTC  
pM              GGAATTC... .......... .......... .......... ..........  
 
 
pM-KCNH2 #6     CTGGACACCA TCATCCGCaa GTTTGaGGGC CAGAGCcGTa aGTTCAtCaT  
KCNH2 N-term    CTGGACACCA TCATCCGCAA GTTTGAGGGC CAGAGCCGTA AGTTCATCAT  
pM              .......... .......... .......... .......... ..........  
 
 
pM-KCNH2 #6     CGCcAAcgcT CGGGTGGaGA ACTGCGCCGT CATCTACTGC AACGACgGCT  
KCNH2 N-term    CGCCAACGCT CGGGTGGAGA ACTGCGCCGT CATCTACTGC AACGACGGCT  
pM              .......... .......... .......... .......... ..........  
 
 
pM-KCNH2 #6     TCTGCgAGCT GTGCGGCTAC TCgCGGGCCG AGGTGATGCA GCGACCCTGC  
KCNH2 N-term    TCTGCGAGCT GTGCGGCTAC TCGCGGGCCG AGGTGATGCA GCGACCCTGC  
pM              .......... .......... .......... .......... ..........  
 
 
pM-KCNH2 #6     ACCTGCGACT TCCTGCACGG GCCGCGCACG CAGCGCCGCG CTGCCGCGCA  
KCNH2 N-term    ACCTGCGACT TCCTGCACGG GCCGCGCACG CAGCGCCGCG CTGCCGCGCA  
pM              .......... .......... .......... .......... ..........  
 
 
pM-KCNH2 #6     GATCGCGCAG GCACTGCTGG GCGCCGAGGA GCGCAAAGTG GAAATCGCCT  
KCNH2 N-term    GATCGCGCAG GCACTGCTGG GCGCCGAGGA GCGCAAAGTG GAAATCGCCT  
pM              .......... .......... .......... .......... ..........  
 

A
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pM-KCNH2 #6     TCTACCGGAA AGATGGGAGC TGCTTCCTAT GTCTGGTGGA TGTGGTGCCC  
KCNH2 N-term    TCTACCGGAA AGATGGGAGC TGCTTCCTAT GTCTGGTGGA TGTGGTGCCC  
pM              .......... .......... .......... .......... ..........  
 
 
pM-KCNH2 #6     GTGAAGAACG AGGATGGGGC TGTCATCATG TTCATCCTCA ATTTCGAGGT  
KCNH2 N-term    GTGAAGAACG AGGATGGGGC TGTCATCATG TTCATCCTCA ATTTCGAGGT  
pM              .......... .......... .......... .......... ..........  
 
 
pM-KCNH2 #6     GGTGATGGAG AAGGACATGG TGGGGTCCCC GGCTCATGAC ACCAACCACC  
KCNH2 N-term    GGTGATGGAG AAGGACATGG TGGGGTCCCC GGCTCATGAC ACCAACCACC  
pM              .......... .......... .......... .......... ..........  
 
 
pM-KCNH2 #6     GGGGCCCCCC CACCAGCTGG CTGGCCCCAG GCCGCGCCAA GACCTTCCGC  
KCNH2 N-term    GGGGCCCCCC CACCAGCTGG CTGGCCCCAG GCCGCGCCAA GACCTTCCGC  
pM              .......... .......... .......... .......... ..........  
 
 
pM-KCNH2 #6     CTGAAGCTGC CCGCGCTGCT GGCGCTGACG GCCCGGGAGT CGTCGGTGCG  
KCNH2 N-term    CTGAAGCTGC CCGCGCTGCT GGCGCTGACG GCCCGGGAGT CGTCGGTGCG  
pM              .......... .......... .......... .......... ..........  
 
 
pM-KCNH2 #6     GTCGGGCGGC GCGGGCGGCG CGGGCGCCCC GGGGGCCGTG GTGGTGGACG  
KCNH2 N-term    GTCGGGCGGC GCGGGCGGCG CGGGCGCCCC GGGGGCCGTG GTGGTGGACG  
pM              .......... .......... .......... .......... ..........  
 
 
pM-KCNH2 #6     TGGACCTGAC GCCCGCGGCA CCCAGCAGCG AGTCGCTGGC CCTGGACGAA  
KCNH2 N-term    TGGACCTGAC GCCCGCGGCA CCCAGCAGCG AGTCGCTGGC CCTGGACGAA  
pM              .......... .......... .......... .......... ..........  
 
 
pM-KCNH2 #6     GTGACAGCCA TGGACAACCA CGTGGCAGGG CTCGGGCCCG CGGAGGAGCG  
KCNH2 N-term    GTGACAGCCA TGGACAACCA CGTGGCAGGG CTCGGGCCCG CGGAGGAGCG  
pM              .......... .......... .......... .......... ..........  
 
 
pM-KCNH2 #6     GCGTGCGCTG GTGGGTCCCG GCTCTCCGCC CCGCAGCGCG CCCGGCCAGC  
KCNH2 N-term    GCGTGCGCTG GTGGGTCCCG GCTCTCCGCC CCGCAGCGCG CCCGGCCAGC  
pM              .......... .......... .......... .......... ..........  
 
 
pM-KCNH2 #6     TCCCATCGCC CCGGGCGCAC AGcCTCAACC CCGACGCCTC GGGCTCCAGC  
KCNH2 N-term    TCCCATCGCC CCGGGCGCAC AGCCTCAACC CCGACGCCTC GGGCTCCAGC  
pM              .......... .......... .......... .......... ..........  
 
 
pM-KCNH2 #6     TGCAGCCTGG CCCGGACGCG CTCCCGAGAA AGCTGCGCCA GCGTGCgCCG  
KCNH2 N-term    TGCAGCCTGG CCCGGACGCG CTCCCGAGAA AGCTGCGCCA GCGTGCGCCG  
pM              .......... .......... .......... .......... ..........  
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pM-KCNH2 #6     CGCCTCGTCG GcCGACGACA TCgAgGcCAT GCGcGCCGGG GTGCTGCCCC  
KCNH2 N-term    CGCCTCGTCG GCCGACGACA TCGAGGCCAT GCGCGCCGGG GTGCTGCCCC  
pM              .......... .......... .......... .......... ..........  
 
 
pM-KCNH2 #6     cGCCACCGCG CCaCgCCAGC AcCGGGGCCA TGCACCCACT GCGCAGcGGC  
KCNH2 N-term    CGCCACCGCG CCACGCCAGC ACCGGGGCCA TGCACCCACT GCGCAGCGGC  
pM              .......... .......... .......... .......... ..........  
 
 
pM-KCNH2 #6     TTGcTCAACT CCACCTCGGA cTCCGACCTC GtGcGCTACC gcaCCATtag  
KCNH2 N-term    TTGCTCAACT CCACCTCGGA CTCCGACCTC GTGCGCTACC GCACCATTAG  
pM              .......... .......... .......... .......... ..........  
 
 
pM-KCNH2 #6     CAagATTCCC CAAaTCACCC tcAACTTTGt GGAcCTCAaG GGCGACCCCT  
KCNH2 N-term    CAAGATTCCC CAAATCACCC TCAACTTTGT GGACCTCAAG GGCGACCCCT  
pM              .......... .......... .......... .......... ..........  
 
 
pM-KCNH2 #6     TCTTGGCTTC GCCCACCAGT GACCGTGAGA TCATAGCACC TAAGATAAAG  
KCNH2 N-term    TCTTGGCTTC GCCCACCAGT GACCGTGAGA TCATAGCACC TAAGATAAAG  
pM              .......... .......... .......... .......... ..........  
 
 
pM-KCNH2 #6     GAGCGAACCC ACAATGTCAC TGAGAAGGTC ACCCAGGTCC TGTCCCTGGG  
KCNH2 N-term    GAGCGAACCC ACAATGTCAC TGAGAAGGTC ACCCAGGTCC TGTCCCTGGG  
pM              .......... .......... .......... .......... ..........  
 
 
pM-KCNH2 #6     CGCCGACGTG CTGCCTGAGT ACAAGCTGCA GGCACCGCGC ATCCACCGCT  
KCNH2 N-term    CGCCGACGTG CTGCCTGAGT ACAAGCTGCA GGCACCGCGC ATCCACCGCT  
pM              .......... .......... .......... .......... ..........  
 
 
pM-KCNH2 #6     GGACCTAGGT CGACGCG  
KCNH2 N-term    GGACC..... .......  
pM              ........GT CGACGCG 
 
 

 
          Multiple Sequence Alignment 
 
 Name: pVP16-ROCK1_#2  oo  Len:  579  Check:  5022  Weight:  1.0 
 Name: pACT2-ROCK1     oo  Len:  579  Check:   231  Weight:  1.0 
 Name: ROCK1_CDS       oo  Len:  579  Check:  6318  Weight:  1.0 
 Name: pVP16           oo  Len:  579  Check:  7241  Weight:  1.0 
 
// 
 
pVP16-ROCK1_#2  CTGGATATGG CCGACTTCGA GTTTGAGCAG ATGTTTACCG ATGCCCTTGG  
ROCK1_CDS       .......... .......... .......... .......... ..........  
pVP16           CTGGATATGG CCGACTTCGA GTTTGAGCAG ATGTTTACCG ATGCCCTTGG  
 
 
 

B
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pVP16-ROCK1_#2  AATTGACGAG TACGGTGGGG AATTCCCGGG GATCCGAAGC TCGAGAGAAG  
ROCK1_CDS       .......... .......... .......... .....GAAGC TCGAGAGAAG  
pVP16           AATTGACGAG TACGGTGGGG AATTCCCGGG GATCC..... ..........  
 
 
pVP16-ROCK1_#2  GCTGAAAATC GGGTTGTTCA GATTGAGAAA CAGTGTTCCA TGCTAGACGT  
ROCK1_CDS       GCTGAAAATC GGGTTGTTCA GATTGAGAAA CAGTGTTCCA TGCTAGACGT  
pVP16           .......... .......... .......... .......... ..........  
 
 
pVP16-ROCK1_#2  TGATCTGAAG CAATCTCAGC AGAAACTAGA ACATTTGACT GGAAATAAAG  
ROCK1_CDS       TGATCTGAAG CAATCTCAGC AGAAACTAGA ACATTTGACT GGAAATAAAG  
pVP16           .......... .......... .......... .......... ..........  
 
 
pVP16-ROCK1_#2  AAAGGATGGA GGATGAAGTT AAGAATCTAA CCCTGCAACT GGAGCAGGAA  
ROCK1_CDS       AAAGGATGGA GGATGAAGTT AAGAATCTAA CCCTGCAACT GGAGCAGGAA  
pVP16           .......... .......... .......... .......... ..........  
 
 
pVP16-ROCK1_#2  TCAAATAAGC GGCTGTTGTT ACAAAATGAA TTGAAGACTC AAGCATTTGA  
ROCK1_CDS       TCAAATAAGC GGCTGTTGTT ACAAAATGAA TTGAAGACTC AAGCATTTGA  
pVP16           .......... .......... .......... .......... ..........  
 
 
pVP16-ROCK1_#2  GGCAGACAAT TTAAAAGGTT TAGAAAAGCA GATGAAACAG GAAATAAATA  
ROCK1_CDS       GGCAGACAAT TTAAAAGGTT TAGAAAAGCA GATGAAACAG GAAATAAATA  
pVP16           .......... .......... .......... .......... ..........  
 
 
pVP16-ROCK1_#2  CTTTATTGGA AGCAAAGAGA TTATTAGAAT TTGAGTTAGC TCAGCTTACG  
ROCK1_CDS       CTTTATTGGA AGCAAAGAGA TTATTAGAAT TTGAGTTAGC TCAGCTTACG  
pVP16           .......... .......... .......... .......... ..........  
 
 
pVP16-ROCK1_#2  AAACAGTATA GAGGAAATGA AGGACAGATG CGGGAGCTAC AAGATCAGCT  
ROCK1_CDS       AAACAGTATA GAGGAAATGA AGGACAGATG CGGGAGCTAC AAGATCAGCT  
pVP16           .......... .......... .......... .......... ..........  
 
 
pVP16-ROCK1_#2  TGAAGCTGAG CAATATTTCT CGACACTTTA TAAAACCCAG GTAAAGGAAC  
ROCK1_CDS       TGAAGCTGAG CAATATTTCT CGACACTTTA TAAAACCCAG GTAAAGGAAC  
pVP16           .......... .......... .......... .......... ..........  
 
 
pVP16-ROCK1_#2  TTAAAGAAAA AAAAAAAAAA AAAAAACTCG AGAGATCTAT GAATCGTAGA  
ROCK1_CDS       TTAAAGAAGA AATTGAAGAA AAAAACAGAG AAA....... ..........  
pVP16           .......... .......... .......... .......... ..........  
 
 
pVP16-ROCK1_#2  TAGTCGACGC GTCTGCAGA 
ROCK1_CDS       .......... ......... 
pVP16           ..GTCGACGC GTCTGCAGA 
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     Multiple Sequence Alignment 
 
 Name: pVP16-SGCG_#5   oo  Len: 1369  Check:  2886  Weight:  1.0 
 Name: SGCG_CDS        oo  Len: 1369  Check:  2277  Weight:  1.0 
 Name: pVP16           oo  Len: 1369  Check:   803  Weight:  1.0 
 
// 
 
pVP16-SGCG_#5   CTGGATATGG CCGACTTCGA GTTTGAGCAG ATGTTTACCG ATGCCCTTGG  
SGCG_CDS        .......... .......... .......... .......... ..........  
pVP16           CTGGATATGG CCGACTTCGA GTTTGAGCAG ATGTTTACCG ATGCCCTTGG  
 
 
pVP16-SGCG_#5   AATTGACGAG TACGGTGGGG AATTCCCGGG GATCCTCCAG AGTGGACTCA  
SGCG_CDS        .......... .......... .......... .....TCCAG AGTGGACTCA  
pVP16           AATTGACGAG TACGGTGGGG AATTCCCGGG GATCC..... ..........  
 
 
pVP16-SGCG_#5   TCTCTGCTGC TACAATCAAC CCAGAATGTG ACTGTAAATG CGCGCAACTC  
SGCG_CDS        TCTCTGCTGC TACAATCAAC CCAGAATGTG ACTGTAAATG CGCGCAACTC  
pVP16           .......... .......... .......... .......... ..........  
 
 
pVP16-SGCG_#5   AGAAGGGGAG GTCACAGGCA GGTTAAAAGT CGGTCCCAAA ATGGTAGAAG  
SGCG_CDS        AGAAGGGGAG GTCACAGGCA GGTTAAAAGT CGGTCCCAAA ATGGTAGAAG  
pVP16           .......... .......... .......... .......... ..........  
 
 
pVP16-SGCG_#5   TCCAGAATCA ACAGTTTCAG ATCAACTCCA ACGACGGCAA GCCACTATTT  
SGCG_CDS        TCCAGAATCA ACAGTTTCAG ATCAACTCCA ACGACGGCAA GCCACTATTT  
pVP16           .......... .......... .......... .......... ..........  
 
 
pVP16-SGCG_#5   ACTGTAGATG AGAAGGAAGT TGTGGTTGGT ACAGATAAAC TTCGAGTAAC  
SGCG_CDS        ACTGTAGATG AGAAGGAAGT TGTGGTTGGT ACAGATAAAC TTCGAGTAAC  
pVP16           .......... .......... .......... .......... ..........  
 
 
pVP16-SGCG_#5   TGGGCCTGAA GGGGCTCTTT TTGAACATTC AGTGGAGACA CCCCTTGTCA  
SGCG_CDS        TGGGCCTGAA GGGGCTCTTT TTGAACATTC AGTGGAGACA CCCCTTGTCA  
pVP16           .......... .......... .......... .......... ..........  
 
 
pVP16-SGCG_#5   GAGCCGACCC GTTTCAAGAC CTTAGATTAG AATCCCCCAC TCGGAGTCTA  
SGCG_CDS        GAGCCGACCC GTTTCAAGAC CTTAGATTAG AATCCCCCAC TCGGAGTCTA  
pVP16           .......... .......... .......... .......... ..........  
 
 
pVP16-SGCG_#5   AGCATGGATG CCCCAAGGGG TGTGCATATT CAAGCTCACG CTGGGAAAAT  
SGCG_CDS        AGCATGGATG CCCCAAGGGG TGTGCATATT CAAGCTCACG CTGGGAAAAT  
pVP16           .......... .......... .......... .......... ..........  
 
 
pVP16-SGCG_#5   TGAGGCGCTT TCTCAAATGG ATATTCTTTT TCATAGTAGT GATGGAATGC  
SGCG_CDS        TGAGGCGCTT TCTCAAATGG ATATTCTTTT TCATAGTAGT GATGGAATGC  
pVP16           .......... .......... .......... .......... ..........  

C
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pVP16-SGCG_#5   TTGTGCTTGA TGCTGAAACT GTGTGCTTAC CCAAGCTGGT GCAGGGGACG  
SGCG_CDS        TTGTGCTTGA TGCTGAAACT GTGTGCTTAC CCAAGCTGGT GCAGGGGACG  
pVP16           .......... .......... .......... .......... ..........  
 
 
pVP16-SGCG_#5   TGGGGTCCCT CTGGCAGCTC ACAGAGCCTC TACGAAATCT GTGTGTGTCC  
SGCG_CDS        TGGGGTCCCT CTGGCAGCTC ACAGAGCCTC TACGAAATCT GTGTGTGTCC  
pVP16           .......... .......... .......... .......... ..........  
 
 
pVP16-SGCG_#5   AGATGGGAAG CTGTACCTGT CTGTGGCCGG TGTGAGCACC ACGTGCCAGG  
SGCG_CDS        AGATGGGAAG CTGTACCTGT CTGTGGCCGG TGTGAGCACC ACGTGCCAGG  
pVP16           .......... .......... .......... .......... ..........  
 
 
pVP16-SGCG_#5   AGCACAGCCA CATCTGCCTC TGAGCTGCCT GCGTCCTCTC GGTGAGCTGT  
SGCG_CDS        AGCACAGCCA CATCTGCCTC TGAGCTGCCT GCGTCCTCTC GGTGAGCTGT  
pVP16           .......... .......... .......... .......... ..........  
 
 
pVP16-SGCG_#5   GCAGTGCCGG CCCCAGATCC TCACACCCAG GGAGCAGCTG CACATCGTGA  
SGCG_CDS        GCAGTGCCGG CCCCAGATCC TCACACCCAG GGAGCAGCTG CACATCGTGA  
pVP16           .......... .......... .......... .......... ..........  
 
 
pVP16-SGCG_#5   AAGACTGAGG CAGCGTGGAT GGGAAGTAAA CGCTTCCAGA GGAACTCAGA  
SGCG_CDS        AAGACTGAGG CAGCGTGGAT GGGAAGTAAA CGCTTCCAGA GGAACTCAGA  
pVP16           .......... .......... .......... .......... ..........  
 
 
pVP16-SGCG_#5   AAAAATTATG TGCCAGTGAA AGTGTTTGGA CAAAAACTAC ATGATCTCAA  
SGCG_CDS        AAAAATTATG TGCCAGTGAA AGTGTTTGGA CAAAAACTAC ATGATCTCAA  
pVP16           .......... .......... .......... .......... ..........  
 
 
pVP16-SGCG_#5   AATGCACGTG GATGTGAGAC ACAAAAGTTG ACAAAATGGA AAAGCAATGT  
SGCG_CDS        AATGCACGTG GATGTGAGAC ACAAAAGTTG ACAAAATGGA AAAGCAATGT  
pVP16           .......... .......... .......... .......... ..........  
 
 
pVP16-SGCG_#5   GTTTTTCCAC TGGATTAATT TTCACCGGAA CAATTGCGAA TTCTCTCTGC  
SGCG_CDS        GTTTTTCCAC TGGATTAATT TTCACCGGAA CAATTGCGAA TTCTCTCTGC  
pVP16           .......... .......... .......... .......... ..........  
 
 
pVP16-SGCG_#5   CTCGCCTCCC CCTATCTTGT CCGTGTGGGC ACACACTGAG TGTTGAGTTG  
SGCG_CDS        CTCGCCTCCC CCTATCTTGT CCGTGTGGGC ACACACTGAG TGTTGAGTTG  
pVP16           .......... .......... .......... .......... ..........  
 
 
pVP16-SGCG_#5   CCGTGTGGAG TTAATGTATG ACGCTCCACT GTGGATATCT AATGCCCTGT  
SGCG_CDS        CCGTGTGGAG TTAATGTATG ACGCTCCACT GTGGATATCT AATGCCCTGT  
pVP16           .......... .......... .......... .......... ..........  
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pVP16-SGCG_#5   TGAGAGTAGC CTTGCTCAGT ACTAAAATGC CCCAAAGTTC TATACAGCAT  
SGCG_CDS        TGAGAGTAGC CTTGCTCAGT ACTAAAATGC CCCAAAGTTC TATACAGCAT  
pVP16           .......... .......... .......... .......... ..........  
 
 
pVP16-SGCG_#5   TTCCTTTATA GCATTCAAAC CTCACATCCT CCCTTCAGTT TAATGCAAGT  
SGCG_CDS        TTCCTTTATA GCATTCAAAC CTCACATCCT CCCTTCAGTT TAATGCAAGT  
pVP16           .......... .......... .......... .......... ..........  
 
 
pVP16-SGCG_#5   AAGTCAGGTT TCACAAGAAA ATTTTCAAGT TTTGAAGGGA ATTTGAGGTT  
SGCG_CDS        AAGTCAGGTT TCACAAGAAA ATTTTCAAGT TTTGAAGGGA ATTTGAGGTT  
pVP16           .......... .......... .......... .......... ..........  
 
 
pVP16-SGCG_#5   GATCTGGTTT TCAAGATGTA GTTAAAGGAA TAAATCACTC AAAATTAAAC  
SGCG_CDS        GATCTGGTTT TCAAGATGTA GTTAAAGGAA TAAATCACTC AAAATTAAAC  
pVP16           .......... .......... .......... .......... ..........  
 
 
pVP16-SGCG_#5   TTTCTGTATA TAGTCAATAA GCAATAAAAA CCTCATTTTT CAGAGTTAAA  
SGCG_CDS        TTTCTGTATA TAGTCAATAA GCAATAAAAA CCTCATTTTT CAGAGTTAAA  
pVP16           .......... .......... .......... .......... ..........  
 
 
pVP16-SGCG_#5   AAACTCGAGA GATCTATGAA TCGTAGATAG TCGACGCGTC TGCAGA  
SGCG_CDS        AAA....... .......... .......... .......... ...... 
pVP16           .......... .......... .........G TCGACGCGTC TGCAGA 

 
 
     Multiple Sequence Alignment 
 
 Name: pVP16-MAP1A_#13 oo  Len: 1964  Check:   856  Weight:  1.0 
 Name: MAP1A_CDS       oo  Len: 1964  Check:  3213  Weight:  1.0 
 Name: pVP16           oo  Len: 1964  Check:  4129  Weight:  1.0 
 
// 
 
pVP16-MAP1A_#13 CTGGATATGG CCGACTTCGA GTTTGAGCAG ATGTTTACCG ATGCCCTTGG  
MAP1A_CDS       .......... .......... .......... .......... ..........  
pVP16           CTGGATATGG CCGACTTCGA GTTTGAGCAG ATGTTTACCG ATGCCCTTGG  
 
 
pVP16-MAP1A_#13 AATTGACGAG TACGGTGGGG AATTCCCGGG ATCCGTCGAC GATGGACACA  
MAP1A_CDS       .......... .......... .......... .......... GATGGACACA  
pVP16           AATTGACGAG TACGGTGGGG AATTCCCGGG ATCCGTCGAC ..........  
 
 
pVP16-MAP1A_#13 GCCCCATGTC CAAAGGCCTA GTCAATGGAC TCAAGGCAGG ACCAATGGCC  
MAP1A_CDS       GCCCCATGTC CAAAGGCCTA GTCAATGGAC TCAAGGCAGG ACCAATGGCC  
pVP16           .......... .......... .......... .......... ..........  
 
 
pVP16-MAP1A_#13 TTGAGTTCCA AGGGCAGCTC TGGTGCCCCT GTATATGTGG ATCTCGCCTA  
MAP1A_CDS       TTGAGTTCCA AGGGCAGCTC TGGTGCCCCT GTATATGTGG ATCTCGCCTA  
pVP16           .......... .......... .......... .......... ..........  

D
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pVP16-MAP1A_#13 CATCCCGAAT CATTGCAGTG GCAAGACTGC TGACCTTGAC TTCTTCCGTC  
MAP1A_CDS       CATCCCGAAT CATTGCAGTG GCAAGACTGC TGACCTTGAC TTCTTCCGTC  
pVP16           .......... .......... .......... .......... ..........  
 
 
pVP16-MAP1A_#13 GAGTGCGTGC ATCCTACTAT GTGGTCAGTG GGAATGACCC TGCCAATGGC  
MAP1A_CDS       GAGTGCGTGC ATCCTACTAT GTGGTCAGTG GGAATGACCC TGCCAATGGC  
pVP16           .......... .......... .......... .......... ..........  
 
 
pVP16-MAP1A_#13 GAGCCAAGCC GGGCTGTGCT GGATGCCCTG CTGGAGGGCA AGGCCCAGTG  
MAP1A_CDS       GAGCCAAGCC GGGCTGTGCT GGATGCCCTG CTGGAGGGCA AGGCCCAGTG  
pVP16           .......... .......... .......... .......... ..........  
 
 
pVP16-MAP1A_#13 GGGGGAGAAT CTTCAGGTGA CTCTGATCCC TACTCATGAC ACGGAGGTGA  
MAP1A_CDS       GGGGGAGAAT CTTCAGGTGA CTCTGATCCC TACTCATGAC ACGGAGGTGA  
pVP16           .......... .......... .......... .......... ..........  
 
 
pVP16-MAP1A_#13 CTCGTGAGTG GTACCAACAA ACTCATGAGC AGCAGCAACA ACTGAATGTC  
MAP1A_CDS       CTCGTGAGTG GTACCAACAA ACTCATGAGC AGCAGCAACA ACTGAATGTC  
pVP16           .......... .......... .......... .......... ..........  
 
 
pVP16-MAP1A_#13 CTGGTCCTGG CTAGCAGCAG CACCGTGGTG ATGCAGGATG AGTCCTTCCC  
MAP1A_CDS       CTGGTCCTGG CTAGCAGCAG CACCGTGGTG ATGCAGGATG AGTCCTTCCC  
pVP16           .......... .......... .......... .......... ..........  
 
 
pVP16-MAP1A_#13 TGCCTGCAAG ATTGAGTTCT GAAAGAGCCG CCCTCCCTTC CCCAAGGATC  
MAP1A_CDS       TGCCTGCAAG ATTGAGTTCT GAAAGAGCCG CCCTCCCTTC CCCAAGGATC  
pVP16           .......... .......... .......... .......... ..........  
 
 
pVP16-MAP1A_#13 CACTCCCCCA GCTCCTTTAG AGAATGGCTA CTGCTGAGTC CTTTGGGGTT  
MAP1A_CDS       CACTCCCCCA GCTCCTTTAG AGAATGGCTA CTGCTGAGTC CTTTGGGGTT  
pVP16           .......... .......... .......... .......... ..........  
 
 
pVP16-MAP1A_#13 GAGGGAGATG GGAGCTAGGG GGAGGGGAGG GAGATGTCTT GTTGTGGGGA  
MAP1A_CDS       GAGGGAGATG GGAGCTAGGG GGAGGGGAGG GAGATGTCTT GTTGTGGGGA  
pVP16           .......... .......... .......... .......... ..........  
 
 
pVP16-MAP1A_#13 CTTGGGCTGG GCTAAATGGG AGGGGTTGTC CCTCCCCATC ATCCATTCCT  
MAP1A_CDS       CTTGGGCTGG GCTAAATGGG AGGGGTTGTC CCTCCCCATC ATCCATTCCT  
pVP16           .......... .......... .......... .......... ..........  
 
 
pVP16-MAP1A_#13 GTGAGGTGTC TCAAACCAAA GTTAACAGGG AGAGGATGGG GGAGGGGACA  
MAP1A_CDS       GTGAGGTGTC TCAAACCAAA GTTAACAGGG AGAGGATGGG GGAGGGGACA  
pVP16           .......... .......... .......... .......... ..........  
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pVP16-MAP1A_#13 AATTAGAATA GGATAGCATC TGATGCCTGA GAACCCTCTC CTAGCACTGT  
MAP1A_CDS       AATTAGAATA GGATAGCATC TGATGCCTGA GAACCCTCTC CTAGCACTGT  
pVP16           .......... .......... .......... .......... ..........  
 
 
pVP16-MAP1A_#13 CAAATGCTGG TATTGAATGG GGACTGAGGA TGGGTCTCAG AGAGCAACCT  
MAP1A_CDS       CAAATGCTGG TATTGAATGG GGACTGAGGA TGGGTCTCAG AGAGCAACCT  
pVP16           .......... .......... .......... .......... ..........  
 
 
pVP16-MAP1A_#13 CCTCCCTCGT AGAGGGAGAT TATATCCCCA ACTCCAGGGA CCTCTTTATC  
MAP1A_CDS       CCTCCCTCGT AGAGGGAGAT TATATCCCCA ACTCCAGGGA CCTCTTTATC  
pVP16           .......... .......... .......... .......... ..........  
 
 
pVP16-MAP1A_#13 TCAATCTATT TATTTGGCAT CCTGGGAGGG ATTTCCAATA GTAATTTATG  
MAP1A_CDS       TCAATCTATT TATTTGGCAT CCTGGGAGGG ATTTCCAATA GTAATTTATG  
pVP16           .......... .......... .......... .......... ..........  
 
 
pVP16-MAP1A_#13 TGACCTGGGG CAGGATACCG TCAGTGAGGT GCCCAGAGCT GCACCCTTTC  
MAP1A_CDS       TGACCTGGGG CAGGATACCG TCAGTGAGGT GCCCAGAGCT GCACCCTTTC  
pVP16           .......... .......... .......... .......... ..........  
 
 
pVP16-MAP1A_#13 CTCCATTTCC CATCCCCCAT CTCCTCAACC ACCAGGGTCT GAGTTCTAGC  
MAP1A_CDS       CTCCATTTCC CATCCCCCAT CTCCTCAACC ACCAGGGTCT GAGTTCTAGC  
pVP16           .......... .......... .......... .......... ..........  
 
 
pVP16-MAP1A_#13 AGGGTCCTGG GGGTATCCCA CTGCTATACT GTTCTACTGC TTCCCTCAGT  
MAP1A_CDS       AGGGTCCTGG GGGTATCCCA CTGCTATACT GTTCTACTGC TTCCCTCAGT  
pVP16           .......... .......... .......... .......... ..........  
 
 
pVP16-MAP1A_#13 ATCTGAATGT CTCAATTTAA AACTTGAAGC TCTTTAGACC AATAGACTGG  
MAP1A_CDS       ATCTGAATGT CTCAATTTAA AACTTGAAGC TCTTTAGACC AATAGACTGG  
pVP16           .......... .......... .......... .......... ..........  
 
 
pVP16-MAP1A_#13 TGAGAGGAGA AAGGAGCTTA TCCCCCAGAC CCTGCTTTAT ACCATTCACA  
MAP1A_CDS       TGAGAGGAGA AAGGAGCTTA TCCCCCAGAC CCTGCTTTAT ACCATTCACA  
pVP16           .......... .......... .......... .......... ..........  
 
 
pVP16-MAP1A_#13 TCCCAGGGCT GTGTCCAGAC AGCACAAAAC GGCAAGGAGA GCCCAAGCCC  
MAP1A_CDS       TCCCAGGGCT GTGTCCAGAC AGCACAAAAC GGCAAGGAGA GCCCAAGCCC  
pVP16           .......... .......... .......... .......... ..........  
 
 
pVP16-MAP1A_#13 CAATGCCAGA ATTCTTCCAA ACTCCCTGAC TCTTTGAAGT TTTTACTCAC  
MAP1A_CDS       CAATGCCAGA ATTCTTCCAA ACTCCCTGAC TCTTTGAAGT TTTTACTCAC  
pVP16           .......... .......... .......... .......... ..........  
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pVP16-MAP1A_#13 CCCATTTCAA TTATCCTGAT CCCTTCTCAT CCCCTGCTTG GCTTCTCTGC  
MAP1A_CDS       CCCATTTCAA TTATCCTGAT CCCTTCTCAT CCCCTGCTTG GCTTCTCTGC  
pVP16           .......... .......... .......... .......... ..........  
 
 
pVP16-MAP1A_#13 ATGTGGTCAT CTGCTGTGGC TTGGTGTTTA ATGGGTTAAA AATAAGCCAC  
MAP1A_CDS       ATGTGGTCAT CTGCTGTGGC TTGGTGTTTA ATGGGTTAAA AATAAGCCAC  
pVP16           .......... .......... .......... .......... ..........  
 
 
pVP16-MAP1A_#13 TGCCTGACAT CCCAACATTT GACACCCCAG CAATGTGTGA CTCCCCCAAC  
MAP1A_CDS       TGCCTGACAT CCCAACATTT GACACCCCAG CAATGTGTGA CTCCCCCAAC  
pVP16           .......... .......... .......... .......... ..........  
 
 
pVP16-MAP1A_#13 ATTCCACTAT GCCATCCTGC AGCTGAAATG GGAACACTGG CTGCCTCTCC  
MAP1A_CDS       ATTCCACTAT GCCATCCTGC AGCTGAAATG GGAACACTGG CTGCCTCTCC  
pVP16           .......... .......... .......... .......... ..........  
 
 
pVP16-MAP1A_#13 AAACCCGCTC TTGGACAGAG GATCTGGGAG GTGGAAGCCA GGCCAGAGGA  
MAP1A_CDS       AAACCCGCTC TTGGACAGAG GATCTGGGAG GTGGAAGCCA GGCCAGAGGA  
pVP16           .......... .......... .......... .......... ..........  
 
 
pVP16-MAP1A_#13 CTTGGGGAAA ATGAGATGGA GGAAGGAAAA AGGGAGAAGC TGAGCCACAG  
MAP1A_CDS       CTTGGGGAAA ATGAGATGGA GGAAGGAAAA AGGGAGAAGC TGAGCCACAG  
pVP16           .......... .......... .......... .......... ..........  
 
 
pVP16-MAP1A_#13 CTTAACTCCT ACAGAGTGAA ATGAAAACGG GCTGAAAATA CCACCCCAGG  
MAP1A_CDS       CTTAACTCCT ACAGAGTGAA ATGAAAACGG GCTGAAAATA CCACCCCAGG  
pVP16           .......... .......... .......... .......... ..........  
 
 
pVP16-MAP1A_#13 AGAGGACCTC GCCCCAAGCA AGCCAGTGAG CAGCCCTGCC AGACTACTGC  
MAP1A_CDS       AGAGGACCTC GCCCCAAGCA AGCCAGTGAG CAGCCCTGCC AGACTACTGC  
pVP16           .......... .......... .......... .......... ..........  
 
 
pVP16-MAP1A_#13 CAGACTGAGA AACCCAGAAG CTGGTAGTCA TGTGGGCTTG CCTTCTCTGC  
MAP1A_CDS       CAGACTGAGA AACCCAGAAG CTGGTAGTCA TGTGGGCTTG CCTTCTCTGC  
pVP16           .......... .......... .......... .......... ..........  
 
 
pVP16-MAP1A_#13 CAAACGACTG GGAAACCAAA ATGAGCCCAC CTTGTGTTCT TCCTAGCTCC  
MAP1A_CDS       CAAACGACTG GGAAACCAAA ATGAGCCCAC CTTGTGTTCT TCCTAGCTCC  
pVP16           .......... .......... .......... .......... ..........  
 
 
pVP16-MAP1A_#13 ACCCTCCCCG TGCTGCTGTG TTCTGCTCCT CCCCACGCTT CCCTGCTATA  
MAP1A_CDS       ACCCTCCCCG TGCTGCTGTG TTCTGCTCCT CCCCACGCTT CCCTGCTATA  
pVP16           .......... .......... .......... .......... ..........  
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pVP16-MAP1A_#13 GTTCCCAGCT GCTGTAACGG AGCCACCTCC AACTCTAACA ATAAACCAAG  
MAP1A_CDS       GTTCCCAGCT GCTGTAACGG AGCCACCTCC AACTCTAACA ATAAACCAAG  
pVP16           .......... .......... .......... .......... ..........  
 
 
pVP16-MAP1A_#13 TTCATTGCAG ATAGTGTACT CGAGAGATCT ATGAATCGTA GATAAAGCTT  
MAP1A_CDS       TTCATTGCAG ATAGTGTA.. .......... .......... ..........  
pVP16           .......... .......... .......... .......... ....AAGCTT  
 
 
pVP16-MAP1A_#13 CTAGATA 
MAP1A_CDS       ....... 
pVP16           CTAGATA 

 
 
Figure 3.17: Sequence analysis of the pM-KCNH2 bait construct and each of the 
three prey constructs. Sequence homology alignment of the sequence of the bait or prey 
insert with their corresponding reference sequence from the GenBank DNA database 
(http://www.ncbi.nlm.nih.gov/Entrez) and their respective cloning vector sequence. The 
shaded boxes in grey, yellow, red and green, represent the nucleotide sequence of the 
forward sequencing primer, the cloning vector sequence, the restriction enzyme 
recognition sequence and the pACT2 “tag” sequence, respectively. A) pM-KCNH2, B) 
pVP16-ROCK1, C) pVP16-SGCG, D) pVP16-MAP1A. 
 

 

3.4.2 SEAP and β-Galactosidase enzyme assay 

 

The SEAP and β-Galactosidase reporter activities were determined for each pVP16-prey 

construct co-transfected with the pM-KCNH2 bait construct in HEK293 cells in order to 

test for interaction between the KCNH2 bait construct and each of the three putative 

ligands in a mammalian cell system. Several control tests were included in the M2H 

assay (Table 2.6) to aid accurate interpretation of each experiment and each assay was 

replicated in quadruplicate. 

 

The basal control (cells transfected with non-recombinant pM bait and pVP16 prey 

vectors) reading represents the basal level of SEAP activity in the experiments and a 

significantly higher SEAP activity of each prey construct co-transfected with the bait 

construct indicated a positive interaction between the KCNH2 bait and putative ligand. 

Each interaction experiment was also compared to the two negative controls- the bait co-

transfected with empty pVP16 prey vector (bait control) and the particular pVP16 prey 
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co-transfected with empty bait vector (prey control)- as it is important to ensure that each 

of the KCNH2 bait and putative ligand contructs used in the experiments did not 

autonomously activate SEAP gene transcription. All SEAP absorbance values were 

normalised with the values obtained from β-Galactosidase enzyme activity to account for 

transformation efficiency. The one-way ANOVA and post-hoc Bonferroni multiple 

comparison tests were used to determine any significant differences, where a p-value of 

less than 0.05 was regarded as a statistically significant. 
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Figure 3.18: Box plot of secreted alkaline phophatase activity of co-transfected 
HEK293 cells. SEAP assays were performed for each of the four samples for every 
experiment and the data for each assay was normalised to the luminescence value of the 
β-Galactosidase assay. The SEAP activity of each of the three bait-prey experiments were 
compared to its bait and particular prey control assays, as well as to the basal SEAP 
activity levels. ANOVA and post-hoc Bonferroni multiple comparison tests were used to 
determine significant differences between bait-prey experiment and basal control 
(KCNH2xROCK1: p=1.000000, KCNH2xSGCG: p=1.000000, KCNH2xMAP1A: 
p=0.059206). 
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The results for the M2H experiments are shown in Figure 3.18. No significant increase in 

SEAP activity was detected for any of the bait-prey co-transfections (ROCK1: 

p=1.000000, SGCG: p=1.000000, MAP1A: p=0.059206), indicating that none of the 

putative ligand peptides bound to the KCNH2 N-terminus in the HEK293 cells. The box 

plots for each of the bait-prey experiments with their appropriate controls, as well as the 

Bonferroni matrix are shown in Appendix V.  

 

The values obtained from β-Galactosidase enzyme assay (Appendix VI) indicated a 

generally good transformation efficiency of the HEK293 cells. The values of the bait and 

prey controls were generally the same as that of the basal control, indicating that neither 

the bait protein nor any of the putative ligands autonomously activated expression of the 

SEAP gene. Absorbance values of the two positive controls were significantly higher 

than the basal control (positive 1: p=0.000000, positive 2: p=0.000000), demonstrating 

the proper folding and interaction of the proteins expressed by the positive control 

vectors within the HEK293 mammalian cell line. Each of the four samples assayed for 

the individual experiments generally demonstrated results in the same direction as shown 

by the relatively small non-outlier range for each experiment, except for that seen in the 

positive controls. 
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Chapter 4 

Discussion 
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4.1 YEAST TWO-HYBRID ANALYSIS 

 

4.1.1 PCR-amplification of KCNH2 bait-insert fragment 

 

It was considered important to use high fidelity PCR to amplify the N-terminus of 

KCNH2 from cardiac cDNA to minimise the risk of losing the integrity of the nucleotide 

sequence through the multiple rounds of PCR amplification used to generate the 

fragment. However, attempting to optimise the PCR first using Ex Taq™ (TaKaRa Shuzo 

Co. Ltd, Shiga, Japan) and then KAPALongRange DNA polymerase (Kapa Biosystems 

Inc., Woburn, MA, USA) did not prove successful. A close inspection of the nucleotide 

sequence of the KCNH2 N-terminus revealed that the sequence is particularly GC rich 

(68%, Figure 1.5) and that possible folding of the sequence into firm secondary structures 

prevented the Taq polymerase from elongating the PCR fragments. Consequently, a PCR 

additive was needed to overcome this problem and FastStart Taq (Roche Diagnostics 

Corp., Basel, Switzerland) was used to successfully amplify the desired fragment, as the 

provided GC-RICH solution facilitates amplification of templates rich in GC content or 

secondary structures by modifying the melting behaviour (Biocompare®, 

http://www.biocompare.com/ProductDetail/51819/FastStart-Taq-DNA-Polymerase-from-

Roche-Applied-Science.html). Interestingly, a secondary structure, or a part thereof, was 

revealed in the chromatogram (Figure 4.1) produced upon nucleotide sequencing of the 

KCNH2 bait fragment. 

 

Since FastStart Taq is not a high fidelity Taq polymerase, only one of the seven colonies 

containing the pGBKT7-KCNH2 bait constructs had preserved the integrity of the 

nucleotide sequence. It will therefore be advisable in future to use the FastStart High 

Fidelity PCR System also available from Roche Diagnostics (Roche Diagnostics Corp., 

Basel, Switzerland) to overcome problems due to GC-rich content and at the same time 

include 5’ to 3’ exonuclease proofreading activity to increase the number of clones with 

the correct nucleotide sequence. 

 



 

 

119 

 

Figure 4.1: Chromatogram of part of the pGBKT7-KCNH2 bait construct. 
Nucleotide sequencing of the KCNH2 bait fragment revealed a secondary structure 
(indicated by black arrow) possibly preventing initial PCR optimising attempts (personal 
communication Prof JC Moolman-Smook). 
 

 

4.1.2 Library mating efficiency and number of clones screened 

 

According to library mating efficiency calculations (Section 3.1.3.3, Appendix III), 

1.3x106 pretransformed cardiac cDNA clones were screened using the pGBKT7-KCNH2 

bait construct. Although this was approximately the desired number of one million clones 

screened, it is important to note that it was still a great number less than the library titre 

which was calculated at 5.4x107 cfu/ml. This implies that approximately 5.3x107 

independent clones were not screened and that important ligands might have been 

missed. Bearing in mind that Y2H analysis results produced only three plausible 

candidate proteins as putative ligands for HERG, and that verification studies could not 

confirm this interaction, the low mating efficiency might have contributed to the 

unsatisfactory yield of Y2H results. The mating efficiency could have been increased by 

preincubating the two yeast strains in a low pH medium before mating or using a 

MATa:MATα mating ratio of 2.5:1 (Soellick and Uhrig, 2001), but due to time- and 

money-constraints it was decided to continue with the library screening (Section 3.1.3.3). 
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4.1.3 Preys excluded from further analysis 

 

Yeast two-hybrid analysis yielded eight strong candidate interactors that were nucleotide 

sequenced and subsequently analysed to identify these prey clones. After extensive 

internet database literature searching, the putative true interactors were prioritised 

according to their function and subcellular localisation (Table 3.5) to select the most 

plausible KCNH2 ligands for further analysis. Following is a discussion of the grounds on 

which preys were excluded from further analysis. 

 

Three of the eight prey clones (clone # 27, 50, 112) were identified as containing partial 

mitochondrial sequences. The partial mitochondrial sequence harboured in these clones 

encode two genes each, but it would have been of no use to investigate the expression of 

these genes as the intergene DNA present in the insert-sequence will affect the 

conformation of the prey protein expressed as a fusion to the activation domain. 

Furthermore, as KCNH2 encodes a transmembrane protein of which the N-terminus 

extends into the cytoplasm, it might be safe to suggest that genes encoded by the 

mitochondrial genome will be expressed in, or in close proximity to, the mitochodria and 

that these genes, based on subcellular location, will not be able to interact with the 

KCNH2 N-terminus. 

 

Another prey clone, clone # 59, was excluded from the study based on subcellular 

location. Upon BLAST-search, this prey’s insert produced different blastn and blastp 

identities, respectively Metallothionein 2A and Hypothetical protein LOC 441019. 

However, as Hypothetical protein LOC 441019 is a putative Metallothionein-related 

protein, further literature searches were performed and studies revealed that this protein is 

believed to function in the nucleus, and was therefore excluded as a plausible KCNH2 

ligand. 

 

The insert of prey clone # 120 produced no significant in-frame protein hit in the 

Genbank protein database (blastp), despite having a genomic match in the DNA database 

(blastn). This could be due to the traditional methods by which pretransformed libraries 
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cloned into pACT2 were constructed (CLONTECH, http://www.clontech.com), making 

use of adapter-priming from the 3’-UTR. For this reason, only one out of six fused library 

inserts is in the correct reading frame with regard to the transcription factor activation 

domain (Van Criekinge and Beyaert, 1999). Prey clone # 120 was therefore also excluded 

from further analysis. 

 

4.1.4 Preys chosen as putative HERG ligands 

 

Following the exclusion of putative interactors based on function, subcellular location or 

not being in-frame (Section 4.1.3), three clones were considered good candidates for 

being true HERG interacting ligands. These preys were subsequently subjected to in vitro 

co-immunoprecipitation (Co-IP) and mammalian two-hybrid (M2H) analysis as means of 

verifying the interactions between the KCNH2 bait and each of the three candidate 

interactors. The rationale for selecting these prey clones as putative HERG interacting 

ligands was based on reviews of current literature and will be discussed in the following 

sections. 

 

4.1.4.1 Rho-associated coiled-coil containing protein kinase 

 

Rho-associated kinase (ROCK) was identified in the mid-1990s in an attempt to identify 

proteins that bound to the active GTP-bound form of Rho (Ishizaki et al., 1996). The Rho 

family members function as a molecular switch to control gene expression and 

cytoskeletal reorganisation (Shimokawa and Rashid, 2007). ROCK, one of the 

downstream targets of RhoA, has an important role in regulating cellular growth, 

migration, cytokinesis and apoptosis, all through control of actin cytoskeletal assembly 

and cell contraction (Riento and Ridley, 2003). ROCKs control cell contraction through 

serine-threonine phosphorylation of adducin, ezrin-radixin-moesin (ERM) proteins, LIM 

kinase, myosin light chain phosphatase (MLCP), and Na/H exchanger (NHE) 1. The 

overall physiological significance of the direct phosphorylation by ROCKs is to promote 

actin-myosin association and prevent actin depolymerisation (Noma et al., 2006). 
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The cellular functions mentioned above are all involved in the pathogenesis of 

cardiovascular disease (Shimokawa and Rashid, 2007). Indeed, abnormal activation of 

the RhoA/ROCK pathway has been associated with the pathogenesis of cardiovascular 

injury (Figure 4.2) such as hypertension (Uehata et al., 1997), atherosclerosis (Mallat et 

al., 2003), angiogenesis (Hyvelin et al., 2005), myocardial hypertrophy (Higashi et al., 

2003), neointima formation after vascular injury (Sawada et al., 2000), cerebral ischemia 

(Toshima et al., 2000), cerebral and coronary vasospasm (Katsumata et al., 1997), 

vascular remodeling (Miyata et al., 2000), and heart failure (Hisaoka et al., 2001). ROCK 

activity is often found to be elevated in cardiovascular diseases (Noma et al., 2006).  

 

 

RhoA-GTP (Active form) 

 

 

ROCKs 

 

 

Phosphorylation of Downstream 

Targets of ROCKs 

[MLCP, MLC, ERM, LIM-kinases, Adducin, and other substrates] 

 

  

 

Cardiovascular damage 

 

 

 

 

Figure 4.2: Role of Rho-associated kinases (ROCKs) in cardiovascular disease. GTP-
bound active RhoA activates ROCKs, which in turn phosphorylate various downstream 
targets of ROCKs. Abnormal activation of most of these processes lead to cardiovascular 
injury, including hypertension, atherosclerosis, angiogenesis, myocardial hypertrophy, 
neointima formation after vascular injury, cerebral ischemia, cerebral and coronary 
vasospasm, vascular remodeling, and heart failure (adapted from Noma et al., 2006). 
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There are two isoforms of ROCK in the mammalian system: ROCK1 and ROCK2 (Noma 

et al., 2006). The genes encoding ROCK1 and ROCK2 are located on chromosome 

18q11.1 and chromosome 2p24, respectively. The two genes are highly homologous and 

share 65% homology in amino acid sequence, as well as sharing 92% homology in their 

kinase domains. Despite this great homology, ROCK1 and ROCK2 are differentially 

expressed and regulated in specific tissues.  Nakagawa et al. (1996) used northern blot 

analysis to show that although both isoforms are ubiquitously expressed, ROCK1 is 

highly expressed in the heart, lung, liver, spleen, stomach, kidney and testis, whereas 

ROCK2 is more abundantly expressed in the heart, lung, brain and muscle. In addition, 

immunofluorescence studies with different ROCK1 antibodies (Chevrier et al., 2002) 

have shown that ROCK1 colocalizes within or near the centrosomes. ROCK2, in 

contrast, has been shown to be distributed mainly in the cytoplasm when inactive, but, 

when activated by GTP-bound RhoA, the protein could translocate from the cytoplasm to 

membranes (Matsui et al., 1996). This was supported by the findings of Kimura et al. 

(1996). This group used cell fractionation studies and found a small amount of ROCK2 in 

the membrane fraction.  

 

From this, one could postulate that if ROCK is indeed a ligand of HERG the interaction 

would be with the ROCK2 isoform, rather than with ROCK1, as indicated by Y2H 

analysis. However, the functional roles of the respective ROCK isoforms remain to be 

elucidated. Previously, studying the roles of ROCKs proved difficult because inhibitors 

could not distinguish between the ROCK isoforms, nor could they differentiate ROCKs 

from other serine/threonine kinases, such as protein kinase A (PKA), protein kinase C 

(PKC) and citron kinase. Dissecting the physiological roles of each ROCK isoform is 

now feasible with the generation of ROCK1- and ROCK2-knockout mice (Noma et al., 

2006). A method for measuring Rho kinase activity in peripheral blood, tissues and cells 

has also been developed (Liu and Liao, 2008) to further aid in understanding the different 

functions of ROCK1 and ROCK2, with the aim of understanding the mechanisms 

underlying cardiovascular disease. 
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ROCK is characterised by an amino-terminal serine-threonine kinase domain, followed 

by a coil-coiled structure, and a carboxy-terminal containing a pleckstrin homology (PH) 

domain and a cysteine-rich zinc finger motif (Ishizaki et al., 1996). It is the protein’s 

function as a serine-threonine kinase that makes one speculate that ROCK1 could 

regulate HERG K+ channel function through serine-threonine phosphorylation. It has 

been shown that HERG potassium currents are modulated by PKA, protein kinase B 

(PKB) and PKC (Zhang et al., 2003; Cockerill et al., 2007). Several putative serine-

threonine phosphorylation sites exist (Cockerill et al., 2007), of which some are located 

in the N-terminus, the terminal used in Y2H analysis for this study. Whether ROCK1 is a 

true HERG interacting ligand is under question, because the partial protein identified by 

Y2H analysis does not contain the serine-threonine kinase domain. It does, however, 

contain the α-helical, coil-coiled structure, which is believed to dimerise or interact with 

other amphipathic α-helical proteins, leading to functional regulation and subcellular 

localisation of these proteins (Cohen and Parry, 1986). An interaction is thus not 

excluded, as HERG contains several α-helical structures in the N-terminal (Cabral et al., 

1998). In addition, it has been shown that, similar to ROCK, HERG may also contribute 

to the regulation of cell growth and death (Wang et al., 2002), strengthening the 

possibility for interaction between ROCK1 and HERG. 

 

4.1.4.2 γ-Sarcoglycan 

 

The sarcoglycan complex (SGC) consists of four transmembrane subunits and forms an 

integral part of the dystrophin/dystrophin-associated glycoprotein complex (DGC) 

localized in the sarcolemma (Fatkin and Graham, 2002; Figure 4.3). The DGC also 

includes dystrophin, α- and β-dystroglycans, dystrobrevin and syntrophin.  

 

The SGC, as well as the DGC, cannot function by themselves; both only form part of a 

larger and structurally more complicated network that connects the sarcomere with the 

sarcolemma and has an important role in maintaining the sarcolemmal stability (Ozawa et 

al., 2005). This mechanical function of the SGC is evident from the onset of various 

forms of limb-girdle muscular dystrophy (collectively known as sarcoglycanopathy), a 
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group of autosomal recessive disorders caused by mutations in any of the genes encoding 

sarcoglycan proteins (Ozawa et al., 1995). Mutations in one sarcoglycan protein can 

destabilize the SGC, lead to loss of SGC formation and cause muscular dystrophy 

cardiomyopathy. In addition to the mechanical function of the SGC, a signaling function 

has also been proposed, because of the intramolecular disulfide bonds (a cysteine cluster) 

that each subunit contains- a typical characteristeric of some receptors (Chan et al., 

1998). Being one-way transmembrane proteins, the sarcoglycans are well poised to 

spread signals to the cell’s interior (Heydemann and McNally, 2007). However, no 

signals or downstream targets have been suggested yet. Initially, γ-sarcoglycan seemed 

like a good candidate because both proteins are transmembrane proteins, placing them in 

the same subcellular proximity and enabling an interaction. An involvement of HERG in 

the proposed signalling pathway seemed plausible. 

 

The sarcoglycan proteins include six individual molecules, namely α-, β-, γ-, δ-, ε- and ζ-

sarcoglycans. Four of these subunits form the heterotetrameric SGC, although the exact 

composition of the SGC in different tissues remains inconclusive. The review by Ozawa 

et al. (2005) classified sarcoglycans in two groups: the essential subunits, β- and δ-

sarcoglycans, and the variable subunits, α-, γ-, ε- and ζ-sarcoglycans. All of the 

sarcoglycan molecules are glycosylated and have a single membrane-spanning domain, 

leaving one terminal region extracellularly and another intracellularly. Barresi et al. 

(2000) hypothesised that the functions of αβγδ-SGC and εβγδ-SGC might be divergent 

and that εβγδ-SGC might function in a still unidentified metabolic or signaling pathway. 

 

The human γ-sarcoglycan gene, SGCG, is located at chromosome 13q12 and encodes 291 

amino acids. The protein is classified as a type II transmembrane protein because it has 

an extracellular C-terminus and lacks an N-terminal signal sequence (Noguchi et al., 

1995). Two promoters, a muscle and a brain type, have been characterised, but transgenic 

mouse expression studies suggest that an additional heart type promoter may exist 

(Noguchi et al., 2001). γ-Sarcoglycan mRNA is expressed abundantly in the heart, 

diaphragm and skeletal muscle of the limbs, and weakly in the cerebellum, olfactory 

bulb, spinal cord, skin, lung, aorta and testis (Noguchi et al., 2001). 
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Interestingly, one of the common features of sarcoglycanopathies is an altered membrane 

permeability and abnormal osmotic response (Anastasi et al., 2003). It is tempting to 

speculate that altered membrane permeability could consequently modify the repolarising 

 

 

Figure 4.3: Schematic representation of the components of cardiac myocyte 
structure. The sarcomere is the elemental structural and functional unit of cardiac 
muscle and is comprised of interdigitating thin actin and thick myosin filaments. 
Sarcomeres are linked with the sarcolemma, extracellular matrix, and nucleus by a 
complex network of cytoskeletal proteins. The subsarcolemmal cytoskeleton is comprised 
of costameres, interconnecting the various pathways that link sarcomeres to sarcolemmal 
transmembrane proteins. The intermyofibrillar cytoskeleton consists of actin-containing 
microfilaments, desmin intermediate filaments, and microtubules. (Fatkin and Graham, 
2002) 
 



 

 

127 

 

IKr current, lead to changes in the QT interval and, ultimately, could result in an 

arrhythmic event. A study of patients presenting with arrhythmogenic right ventricular 

dysplasia (ARVD) showed elevated levels of desmin, dystrophin and γ-sarcoglycan upon 

muscle biopsy (Melberg et al., 1999). ARVD is a cardiomyopathy where myocyte loss is 

caused by necrosis and/or apoptosis and replaced by fatty or fibrofatty tissue. The clinical 

features include ventricular arrhythmias that can result in syncope or sudden death. There 

is thus a potential role for altered HERG channel function in sarcoglycanopathy patients 

in the molecular patho-physiology causing arrhythmic events. Conversely, one could 

postulate that γ-sarcoglycan is a modulator of HERG channel function and consequently 

a modifier of LQTS. 

 

However, speculation that HERG and γ-sarcoglycan may interact must be tempered 

because the prey protein identified by Y2H analysis contained only the C-terminus of the 

γ-sarcoglycan protein, which is localised in the extracellular matrix, whereas the N-

terminus of HERG is localised intracellularly. Based on the different subcellular location, 

these regions of the proteins will therefore not be able to interact and looks like γ-

sarcoglycan should have been excluded from further analysis. An interaction of the 

regions that were not tested cannot be precluded.  The γ-sarcoglycan C-terminus contains 

a sarcoglycan-1 domain which is conserved across the β-, γ- and δ-sarcoglycans. These 

proteins are however also type II transmembrane proteins with the C-terminus located in 

the extracellular matrix. 

 

4.1.4.3 Microtubule-associated protein 1A 

 

The MAP1 family of proteins are structural microtubule-associated proteins (MAPs) that 

polymerise and stabilise microtubules by binding along the microtubule lattice. 

Microtubules, together with microfilaments (composed of filamentous actin) and 

intermediate filaments, constitute the filamentous network of the cytoplasm, known as 

the cytoskeleton. As a consequence of their microtubule-stabilising activity, MAPs are 
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implicated in influencing cell shape and intracellular trafficking of vesicles and 

organelles (Morris et al., 2003). 

 

MAPs contain three family members which are encoded by separate genes: MAP1A, 

MAP1B and MAP1S. MAP1A is encoded by a gene localised on chromosome 15q13-

qter (Lien et al., 1994) and the translated protein is then processed by proteolytic 

cleavage near the C-terminus to generate a heavy chain (MAP1A-HC, 350kDa) and a 

light chain (LC2, 28kDa) (Halpain and Dehmelt, 2006). The components of MAP1A can 

interact with each other, as well as with the heavy and light chain of MAP1B. Although 

the exact stoichiometric composition of MAP1A has not been determined, MAP1A 

complexes can consist of MAP1A-HC, LC2, LC1 (cleaved from MAP1B) and LC3 

(encoded by a distinct single copy gene). In addition to the formation of these complexes 

and to microtubule-binding activity, LC2 has an actin binding-site (Pedrotti et al., 1994) 

and has consequently been implicated in crosslinking cytoskeletal components. 

 

Structural data about MAP1 family members are largely unknown. Electron microscopy 

studies suggest that MAP1A is a flexible, elongated protein (Shiomura and Hirokawa, 

1987), whereas predictions using FoldIndex suggest that the protein is natively unfolded 

(Halpain and Dehmelt, 2006). Northern blot analysis by Fink et al. (1996) showed that 

MAP1A mRNA is preferentially expressed in adult brain, where it localises mainly to 

neuronal dendrites, providing the framework to maintain the cylindrical shape. A small 

amount of MAP1A was also found to be transcribed in muscle and the adult heart, 

confirming the findings of Fukuyama and Rapoport (1995). This is in accordance with 

our findings as well, as the isolated prey construct was isolated from a cardiac cDNA 

library. 

 

In addition to binding to cytoskeleton components, MAP1A has been reported to interact 

with numerous other proteins. Table 4.1 summarises these interactions and gives a brief 

description of the proposed function of each interaction. Two of these protein interactions 

with MAP1A are of particular interest in the present study and will therefore be 
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highlighted: postsynaptic density-95 (PSD-95) and large-conductance Ca+-dependent K+ 

channel (BKCa). 

 

Ikeda et al. (2002) used positional cloning to identify MAP1A as the modifier of tubby 

hearing 1 gene (moth1), an auditory quantitative trait locus (QTL) associated with 

hearing loss in tubby mice. A single wildtype allele of moth1 was shown to protect tubby 

mice from hearing loss. Through a transgenic rescue experiment, Ikeda et al. (2002) 

verified that sequence polymorphisms in MAP1A were crucial for hearing loss phenotype. 

They further demonstrated that these polymorphisms alter the binding efficiency of 

MAP1A to PSD-95, a core component in post-synaptic cytoarchitecture, suggesting that 

the hearing loss in tubby mice may be caused by impaired MAP1A-PSD-95 interaction. 

The proposed mechanism is based on the influence of MAP1A on intracellular transport 

of synaptic components from the cytosol to the synaptic junction, and the potential 

alteration that impaired MAP1A-PSD-95 interaction might have on the capacity to 

transport synaptic components. In turn, this might affect synaptic functions such as 

neurotransmitter signaling, maintenance of cell polarity and synaptic plasticity. 

 

Similarly to the proposals above, one could postulate that an altered binding efficiency of 

MAP1A to PSD-95 could affect conduction of electrical currents in heart cells, and 

consequently modify the phenotype of Long QT Syndrome. 

 

The second study of interest is the identification of an interaction between MAP1A and 

the intracellular C-terminus of BKCa (Park et al., 2004), a potassium channel that is 

allosterically modulated by voltage and calcium. LC2 was isolated in an Y2H screen of a 

human brain cDNA library.  Previous studies have shown that the function, trafficking 

and localisation of many ion channels, including K+ channels (Wang et al., 1994; 

Sampson et al., 2003), can be regulated by their interaction with actin filaments in the 

cytoskeleton. As a result of these findings, Park et al. (2004) postulated that the BKCa 

might associate with the actin cytoskeleton through its interaction with LC2. The 

interaction furthermore enables channel modulation by the cytoskeleton. 
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Table 4.1 Interaction proteins of MAP1A 

 

Interactor Proposed function of the interaction References 

Microtubules Stabilisation of microtubules Shiomura and Hirokawa, 1987 

F-actin 
Integration of microtubules and F-actin 

and thereby croslinking cytoskeleton 
Pedrotti et al., 1994 

EPAC 

Enhances EPAC activity towards Rap1 

and consequently enhances cell 

adhesion to laminin 

Gupta and Yarwood, 2005 

DISC1 

Links DISC1 to microtubules, 

contribute to receptor localisation and 

neuronal architecture. Involved in 

pathogenesis of schizophrenia 

Morris et al., 2003 

PSD-93 
Links PSD-93 to microtubules, general 

role in protein localisation and function 
Brenman et al., 1998 

PSD-95 

Functional role. Interaction serves as 

modifier of hearing loss induced by a 

mutation in the tub gene 

Ikeda et al., 2002 

CK1δ 
Phosphorylation of LC2, thereby 

modulating microtubule dynamics 
Wolff et al., 2005 

BKCa 

Association of the BKCa channel with 

the cytoskeleton and modulation of the 

channel by the cytoskeleton 

Park et al., 2004 

RhoB 

Interactions facilitate vesicle trafficking 

and regulate the trafficking 

of signaling molecules 

Lajoie-Mazenc et al., 2008 

Abbreviations: F-actin, filamentous actin; EPAC, exchange protein directly activated by cAMP; DISC1, 

disrupted-in-schizophrenia 1; PSD-93, postsynaptic density-93; PSD-95, postsynaptic density-95; CK1δ, 

casein kinase 1 delta; BKCa, large-conductance Ca+-dependent K+ channel. 
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In a similar fashion, an interaction between HERG and the light chain of MAP1A may 

lead to channel association with the cytoskeleton and alterations within the cytoskeleton 

could in turn lead to channel modification. This interaction, together with reports of other 

MAP1A protein interactions, emphasise the role of MAP1A as a plausible modifier of 

LQTS. 

 

4.1.5 Limitations of yeast two-hybrid analysis 

 

The Y2H system provides an easy and rapid method to detect and study protein-protein 

interactions, but despite it being a popular technique (Section 1.6), it should be noted that 

the system also has its limitations (Van Criekinge and Beyaert, 1999). 

 

Firstly, since the principle of the Y2H system depends on a transcription event, some 

classes of proteins such as transcriptional activators are not suitable for analysis using 

this method. Such proteins may autonomously activate transcription of reporter genes 

without interacting with the protein of interest. Another disadvantage of the Y2H system 

is the extensive use of artificially made fusion proteins. This can pose a potential risk as 

the fusion might alter the conformation of the bait and/or prey proteins and as a result 

may alter the function and binding properties of these proteins. It must be said that tagged 

proteins have been used successfully in many biotechnological approaches. This might be 

because protein domains can fold rather independently of the rest of the molecule into 

stable conformations. In this study, however, two of the chosen putative prey proteins 

(SGCG and MAP1A) do not contain known functional domains. 

 

The necessity for interacting ligands to be localised to the yeast nucleus, in order to 

activate reporter gene expression, might also be problematic. Many proteins such as 

extracellular proteins, membrane-bound proteins or organellar proteins contain strong 

targeting signals that may not be amenable to this nuclear recruitment. For this reason, 

only the cytosolic N-terminus of HERG was used as bait in the present Y2H library 

screening to avoid the transmembrane segment of the protein from integrating in the cell 
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membrane and thus prevent the transcription of reporter genes. In addition, the nucleus 

may not be the suitable organelle for the investigation of certain interactions. 

 

Another critique is that the Y2H system makes use of the yeast S.cerivisiae as a host 

when attempting to identify mammalian protein interactions. Some protein interactions 

depend on post-translational modification, which may not occur appropriately, or occur at 

all, in yeast. Such modifications occur frequently within mammalian cells and include 

disulphide bridge formation, glycosylation and phosphorylation. A further problem is that 

the yeast cells may not be able to aid the correct folding of the fusion protein as the 

necessary chaperones may be absent. 

 

Some proteins might become toxic when expressed in yeast which may result in 

diminished growth of yeast cells and consequently affect the selection of putative prey 

clones. However, this potential drawback was accounted for during the present study by 

comparing the growth curve of the HERG bait construct to an untransformed yeast strain 

(Section 3.1.2.2). Results show that there was no significant difference in growth between 

the two yeast strains and it was concluded that the bait protein, HERG, had no toxic 

effect on its host strain, S.cerivisiae AH109. 

 

When making use of Y2H analysis, producing false positive interactors, i.e. indicated 

reporter gene activity where no direct bait-prey interaction has taken place, is inevitable 

(Chen et al., 2006). False positives are often generated when the bait-construct acts as an 

auto-activator of transcription. One of the preliminary assays performed prior to the Y2H 

screening in the present study was the ability of the HERG bait construct to 

autonomously activate transcription. Results show that the HERG bait construct did not 

autonomously activate transcription of any of the endogenous host reporter genes (HIS3, 

ADE2 and MEL1, Section 3.1.2.1). The number of false positives were further minimised 

during the present study by employing a multiple reporter gene system- each gene under 

slightly altered GAL4 responsive upstream activation sequences. In addition, interaction 

specific tests were performed to further reduce non-specific bait-prey interactions. 

 



 

 

133 

As mentioned in Section 4.1.3, the present study made use of a pretransformed pACT2 

library which further produces false positives resulting from expression of out-of-frame 

peptides. This disadvantage comes from the traditional method by which the library was 

constructed and can be solved by making use of libraries constructed by a homologous 

recombination-mediated approach, such as pGAD7-Rec (CLONTECH, 

http://www.clontech.com). The pACT2 library was, however, chosen above the pGAD7-

Rec library because previous studies conducted in our laboratory experienced difficulty 

in distinguishing the pGAD7-Rec vector sequence from the prey insert sequence, thereby 

making it difficult to identify the prey protein and to determine its frame (personal 

communication Prof JC Moolman-Smook).  

 

Y2H analyses are also known to produce a high rate of false negatives (Deng et al., 

2002). This refers to known or unknown interactors that are not detected during the 

screening procedure. The present study encountered this problem in that recognised 

HERG interactors such as Hsp70, Hsp90 (Ficker et al., 2003), FKBP38 (Walker et al., 

2007), PKA, PKB and PKC (Zhang et al., 2003; Cockerill et al., 2007) were not isolated 

among the putative preys. However, it is not yet known whether these proteins interact 

with the HERG N- or C-terminus. Furthermore, the prey clones of the pGAD7-Rec and 

pACT2 libraries may not contain the complete 5’ sequences and the amino termini of 

large proteins may therefore not be present. As a result, protein interactions mediated by 

those missing N-termini will not be detected (Hua et al., 1998). 

 

As explained above, the protein interactions detected by Y2H analysis should be viewed 

as putative interactions and verification studies need to be conducted in order to validate 

these interactions. The present study made use of two such methods: in vitro co-

immunoprecipitation and M2H analysis. 

 

4.2 CO-IMMUNOPRECIPITATION 

 

Initially it was decided that the present study would make use of only one method as a 

means of validating the putative interactions detected by Y2H. Various verification 
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methods including in vitro Co-IP, in vivo Co-IP, 3D co-localisation and M2H analysis 

were evaluated before choosing a method that would be relatively time- and cost-

efficient.  

In vivo Co-IP involves cloning the cDNA of interest into a suitable vector (the Halo-tag® 

pHT2 vector system is readily available in our laboratory), use of an appropriate cell line 

and western blot analysis. As an appropriate cell line was not available and expertise on 

western blot analysis had not been established in our laboratory at the time when this 

investigation was conducted, this technique was decided against. 3D co-localisation 

involves cloning of the full-length cDNA into a suitable vector; the pGFP labelling 

system has previously been used in our laboratory. The insert size limitation of the pGFP 

vector is approximately 2kb, which posed a problem for this study as the full-length 

cDNA sizes of the respective bait and prey proteins are 3.5kb, 4kb, 0.8kb and 8kb. pGFP 

clones already containing the protein of interest were not commercially available. The 

M2H system was initially decided against because of a number of unsuccessful M2H 

studies conducted within our laboratory. 

 

Finally it was decided to continue with in vitro co-immunoprecipitation using 

autoradiography. This technique would allow one to assess the hypothesised interactions 

between the HERG N-terminus and the three putative HERG ligands in the absence of 

GAL4 transcription factor domains. The molecular weight sizes of the bait and respective 

prey proteins (Table 3.6) differed enough to be able to distinguish between the different 

proteins following electrophoresis and expertise in this method has been established 

within our laboratory. Following inconclusive results using autoradiography, the LabChip 

technology was employed as an alternative for visualising in vitro co-IP, to replace the 

hazardous use of radio-activity. 

 

4.2.1 Transcription and translation of bait and preys 

 

According to the results shown in Figure 3.10, [35S]methionine labeled bait and prey 

products were successfully translated from the in vitro transcribed plasmid inserts. 

Protein bands visualised on the autograph were approximately the same size as that of the 
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predicted molecular weight (Table 3.6). The slight difference in size can probably be 

attributed to post-translational modification occurring differently in vitro than in a 

mammalian cell line. For instance, as mentioned earlier, SGCG is glycosylated and the 

actual molecular mass is thus different from the calculated one. There were several 

unexpected protein bands observed in the electrophoresed lanes of ROCK1 and MAP1A, 

suggesting that fragments of PCR product produced during the different cycles of PCR-

amplification were possibly also transcribed and translated. Since there were no washing 

steps to get rid of undesired proteins, multiple protein bands are seen on the autograph. 

 

Even more protein bands were observed on the virtual gel, and it is difficult to distinguish 

between the desired protein bands and the background protein bands. These multiple 

protein bands could be ascribed to the high sensitivity of the LabChip, but the similar 

banding pattern in both the positive and negative control, together with the irregular 

banding pattern observed in the same proteins translated in duplicate, make it impossible 

to deduce whether the samples were successfully translated. Upper and lower peaks were 

not detected for several of the sample wells, which could be the consequence of air-

bubbles present in the wells, or alternatively the sample volume being too small. 

 

4.2.2 Co-immunoprecipitation of bait and preys 

 

As discussed in Section 3.3.3, the interaction between the HERG bait and each of the 

putative ligands identified by Y2H analysis, was not confirmed by co-

immunoprecipitation analysis. Results of radioactively labelled protein co-

immunoprecipitation appear to be conclusive, considering immunoprecipitated bait and 

prey protein sizes were as expected and that the protein G agarose beads did not 

precipitate any significant proteins on its own, as seen in the protein G control lane. 

However, the unexpected protein band of ~18kDa that was repeatedly precipitated 

together with the bait protein, gives one reason to wonder about the integrity of the bait 

protein. The hazy shape of the band further strengthens the suspicion that the bait protein 

might be degraded. This is possible as the translated proteins were stored at -20ºC for 

more than a month before being used in Co-IP experiments. Therefore, even though the 
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expected band size of ~47kDa is present, it cannot be assumed that the protein is intact, 

as the peptide that is essential for interaction could be degraded and impede interaction, 

and consequently precipitation of both the bait and the prey protein. 

In vitro transcription/translation was repeated without success- autographs appeared to be 

clear upon development. This could be due to the [35S]methionine (PerkinElmer, 

Massachusetts, USA) being too old. The half-life of [35S]methionine is ~87days 

(PerkinElmer Inc., http://las.perkinelmer.com/content/technicalinfo/tch_sulfur35.pdf) and 

the [35S]methionine used was at least six months old. Unfortunately, as we are certified as 

a small scale radio-active laboratory, we are limited to the amount of radio-activity we 

can use in experiments and therefore were not able to purchase fresh [35S]methionine at 

the time this study was conducted. 

 

The results of co-IP using virtual gel electrophoresis were inconclusive, as no relevant 

proteins were precipitated. Repeated runs produced similar results. This was, however, a 

pilot study which indicated that further optimisation is necessary. Due to time constraints 

this was not followed. 

 

For reasons stated above, it was not possible to draw a satisfactory conclusion about the 

validity of the interactions identified by Y2H analysis. Therefore, it was decided to resort 

to the initially rejected M2H method for verifying the interactions. 

 

4.2.3 Limitations of co-immunoprecipitation 

 

The in vitro co-immunoprecipitation system used in the present study has the 

disadvantage of detecting protein interactions that may not be able to occur 

physiologically in vivo. Such a system lacks the so-called “time/space constraints” and 

proteins that would not as a rule be able to interact with each other because of their 

difference in temporal expression, tissue expression and subcellular compartments, may 

now do so (Van Criekinge and Beyaert, 1999). To alleviate this potential problem, only 

proteins that occur in the cytoplasm, into which the N-terminus of HERG extends, were 

subjected to further verification analysis. This problem could also be resolved by 
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performing in vivo co-immunoprecipitation studies in appropriate cell lines. However, 

this was not an option for reasons discussed in Section 4.2. 

 

As with Y2H analysis, another critique is that some protein interactions depend on post-

translational modification, which may not occur in an in vitro system. A further problem 

is that the fusion proteins may not be able to fold correctly as the necessary chaperones 

may be absent.  

 

A further limitation of co-immunoprecipitation studies is the ability of putative 

interactors to bind the protein G agarose beads non-specifically. This would lead to a 

protein precipitating via its binding to the protein G agarose beads, rather than their 

binding partner, thereby giving a false positive precipitation and, consequently, a false 

positive interaction result. As precautionary measure, however, the protein G agarose 

beads were pre-washed multiple times before they were used in the present study. In 

addition, a protein G agarose control was also included in the experiment. 

 

4.3 MAMMALIAN TWO-HYBRID ANALYSIS 

 

4.3.1 SEAP and β-Galactosidase enzyme assay 

 

Employing M2H analysis to verify interactions has the advantage of assessing 

interactions in a mammalian cell system where post-translational modification and 

protein folding may occur. In the current investigation, results generally demonstrated 

that the M2H system performed efficiently (Section 3.4.2): the β-Galactosidase enzyme 

assay indicated efficient transformation of constructs into mammalian cells, the bait and 

prey proteins did not cause spurious activation of the SEAP gene, and the positive 

controls showed the expected elevated SEAP expression. 

 

From the high p-values (p=1.000000) of the HERG-ROCK1 and HERG-SGCG 

interactions (Appendix VI), one can confidently deduce that the interactions identified by 

Y2H, were not validated by M2H. However, the large error bars seen in the positive 
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controls hinder the interpretation of the results of the HERG-MAP1A interaction. 

Although the p-value for this interaction was not significant (p=0.059206), one can argue 

that an omission of the highest SEAP readings would cause the median value to decrease 

enough to create a significant HERG-MAP1A p-value and thereby validating the 

interaction. Therefore, although an interaction between HERG and MAP1A was not 

confirmed, a true interaction cannot be excluded. 

 

4.3.2 Limitations of mammalian two-hybrid analysis 

 

As the M2H system is based on the same principles as Y2H, some similar limitations of 

the technique exist. For instance, it is necessary for the interacting ligands to locate to the 

nucleus, in order to activate transcription of the reporter genes. Therefore, M2H may not 

be employed productively for proteins containing strong targeting signals or extracellular 

proteins that may not localise to the nucleus. Fortunately this was not a drawback to the 

present study since the CNBD domain that has been implicated in membrane localisation 

is present in the C-terminal of HERG (Akhaven et al., 2005). Nevertheless, this potential 

problem is alleviated by a nuclear localisation sequence that precedes the GAL4 

transcription factor domain that is expressed as a fusion to the protein of interest. 

(Clontech™ Matchmaker™ vector handbook, www.clontech.com). 

 

The possibility of bait and prey fusion proteins to autonomously initiate transcription of 

the reporter genes represents another shortcoming of the M2H system. This potential 

problem was overcome by including several control experiments (Section 2.17.1, Table 

2.6) to test for spurious activation of reporter genes. 

  

Another limitation is the transfection efficiency of multiple numbers of constructs into 

mammalian cells (Ausubel et al., 1994). It has been shown that the efficiency of 

transfection protocols varies for different mammalian cell lines and it is therefore 

important to select the appropriate transfection protocol. Although a cardiac cell line 

would be most appropriate for studying cardiac proteins, the present study made use of a 

kidney cell line (HEK293) for M2H analysis, because previous studies conducted in our 
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laboratory encountered difficulties transfecting cardiac cells (H9C2). Since M2H analysis 

has been performed several times in our laboratory, an effective protocol for the 

transfection of HEK293 cells has been established. 

 

4.4 FUTURE DIRECTIONS 

 

Future studies would involve the further verification of the interactions between HERG 

and each of the putative prey interactors, especially that of MAP1A. Co-

immunoprecipitation experiments can be repeated with fresh [35S]methionine. A separate 

M2H study can also be conducted to assess the interaction between HERG and MAP1A, 

to ensure that the wide non-outlier range of the positive controls do not influence the 

statistical significance of the HERG-MAP1A interaction. In vivo co-immunoprecipitation 

and immunofluorescence confocal microscopy are methods that will further determine 

whether a physiological interaction between the two proteins is possible. Following 

confirmation of an interaction between the two proteins, SNPs can be chosen in the 

respective HERG interactors and the South African founder family (Section 1.3) can be 

utilised in family-based association studies using QTDT to determine whether one of 

these putative interactors are indeed a modifier of the LQTS phenotype. 

 

4.5 CONCLUSION 

 

The present study employed Y2H analysis to identify three novel putative interactors of 

HERG. Although these interactors are plausible candidates, these interactions need to be 

confirmed. As several limitations of the different methods were discussed, it is clear that 

no single technique can be used to assess an interaction between two proteins, and thus 

one can only do so by using a combination of in vitro and in vivo techniques, and use 

what is known about the proteins of interest. Co-immunoprecipitation and M2H analysis 

were used in the current investigation to validate these proposed interactions, but failed to 

do so. However, following interpretation of the M2H results, it is reasonable to question 

the non-significant p-value of the HERG-MAP1A interaction and to suggest that a true 

interaction may in fact exist. Furthermore, it is plausible to speculate that such an 
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interaction may link the cytoskeleton with the HERG potassium channel, thereby 

regulating the function, trafficking and localisation of this channel. In light of the search 

for modifiers of LQTS phenotype, it is reasonable to speculate that alterations in the 

HERG-MAP1A interaction could lead to channel modification and consequently modify 

the outcome of this daunting syndrome. 
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Appendix I 

Reagents 

 

YEAST PLASMID PURIFICATION SOLUTIONS 

 

Yeast lysis buffer 

SDS       1% 

Triton X-100      2% 

NaCl       100mM 

Tris (pH 8)      10mM 

EDTA (pH 8)      1mM 

ddH2O to a final volume of 50ml 

 

ELECTROPHORESIS SOLUTIONS 

 

SB Buffer (20X stock) 

Di-sodium tetraborate decahydrate   38.137g/mol 

ddH2O to a final volume of 1L 

 

10% Ammonium persulphate (APS) 

APS       10g 

ddH2O       100ml 

 

SDS-PAGE resolving gel buffer (4X) 

Tris base      109.2g 

ddH2O       330ml 

10% SDS      24ml 

pH to 8.8 using 1N HCl 

ddH2O to a final volume of 600ml 
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SDS-PAGE stacking gel buffer (4X) 

 

Tris base      36.3g 

ddH2O       330ml 

10% SDS      24ml 

pH to 6.8 using 1N HCl 

ddH2O to a final volume of 600ml 

 

SDS-PAGE running buffer (10X) 

Tris base      30g 

Glycine      144g 

10% SDS      100ml 

ddH2O to a final volume of 1L 

 

GELS 

 

Agarose gel (1% or 2%) 

Agarose (depending on percentage of gel)  1g or 2g 

1X SB Stock      100ml 

Ethidium bromide (1µg/ml stock)   5µl 

 

15% SDS polyacrylamide gel 

Resolving gel: 

ddH2O       4.82ml 

10% SDS      100µl 

SDS-PAGE resolving gel buffer (4X Stock)  1.25ml 

30% acrylamide/0.8% bis-acrylamide  3.75ml 

TEMED      5µl 

10% APS      75µl 
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Stacking gel: 

ddH2O       2.56ml 

10% SDS      40µl 

SDS-PAGE stacking gel buffer (4X Stock)  1ml 

30% acrylamide/0.8% bis-acrylamide  390µl 

TEMED      6µl 

10% APS      30µl 

 

LOADING DYES 

 

Bromophenol blue loading dye 

Bromophenol blue     0.2% (w/v) 

Glycerol      50% 

Tris (pH 8)      10mM 

ddH2O to a final volume of 50ml 

 

SDS loading dye 

Tris-HCl (pH6.8)     50mM 

DTT       100mM 

SDS       2% 

Bromophenol blue     0.1% 

Glycerol      10% 

 

SOLUTIONS FOR THE ESTABLISHMENT OF BACTERIAL COMPET ENT 

CELLS 

 

CAP buffer 

60mM CaCl2      2.21g 

15% glycerol      37.5ml 

10mM PIPES      0.76g 

sterile millipore H2O to a final volume of 250ml and pH to 7.0. Keep in fridge. 
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BACTERIAL MEDIA 

 

Luria-Bertani (LB) media 

Bacto tryptone      5g 

Yeast Extract      2.5g 

NaCl       5g 

ddH2O to a final volume of 500ml 

Autoclave at 121ºC for 20 minutes and add appropriate antibiotic (ampicillin, 25mg/ml; 

Kanamycin 5mg/ml) to media when a temperature of ±55ºC is reached. 

 

LB agar plates 

Bacto tryptone      5g 

Yeast extract      2.5g 

NaCl       5g 

Bacto agar      8g 

ddH2O to a final volume of 500ml 

Autoclave at 121ºC for 20 minutes and add appropriate antibiotic (ampicillin, 25mg/ml; 

Kanamycin 5mg/ml) to media when a temperature of ±55ºC is reached, prior to pouring 

plates. 

 

YEAST MEDIA 

 

YPDA media 

Difco peptone      10g 

Yeast extract      5g 

Glucose      10g 

L-adenine hemisulphate (0.2% stock)  7.5ml 

ddH2O to a final volume of 500ml 

Autoclave at 121ºC for 15 minutes 

 

 



 

 

145 

0.5X YPDA media 

Difco peptone      3g 

Yeast extract      1.5g 

Glucose      3g 

L-adenine hemisulphate (0.2% stock)  2.25ml 

ddH2O to a final volume of 300ml 

Autoclave at 121ºC for 15 minutes 

 

2X YPDA media 

Difco peptone      12g 

Yeast extract      6g 

Glucose      12g 

L-adenine hemisulphate (0.2% stock)  9ml 

ddH2O to a final volume of 300ml 

Autoclave at 121ºC for 15 minutes 

 

YPDA agar plates 

Difco peptone      10g 

Yeast extract      5g 

Glucose      10g 

L-adenine hemisulphate (0.2% stock)  7.5ml 

Bacto agar      10g 

ddH2O to a final volume of 500ml 

Autoclave at 121ºC for 15 minutes and allow to cool to ±55ºC prior to pouring plates 

 

Synthetic Dropout (SD) media 

Glucose      12g 

Yeast nitrogen base without amino acids  4g 

SD dropout supplement    0.4g 

4M NaOH      160µl 

ddH2O to a final volume of 600ml 
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Autoclave at 121ºC for 15 minutes 

 

Single dropout media: SD-Ade or SD-W or SD-His or SD-L or SD-Ura 

DDO: SD-L/-W 

TDO: SD-L/-W/-His 

QDO: SD-L/-W/-His/-Ade 

 

SD agar plates 

Glucose      12g 

Yeast nitrogen base without amino acids  4g 

SD dropout supplement    0.4g 

4M NaOH      160µl 

Bacto agar      12g 

ddH2O to a final volume of 600ml 

Autoclave at 121ºC for 15 minutes and allow to cool to ±55ºC prior to pouring plates 

 

SOLUTIONS USED FOR YEAST TRANSFORMATIONS 

 

1M Lithium acetate 

Lithium acetate     5.1g 

ddH2O to a final volume of 50ml 

 

100mM Lithium acetate 

1M Lithium acetate     5ml 

ddH2O       45ml 

 

50% PEG 

Polyethyleneglycol 4000    25g 

ddH2O to a final volume of 50ml 
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CO-IP SOLUTIONS 

 

PBS 

NaCl       8g 

Na2HPO4      1.45g 

KCl       0.2g 

KH2PO4      0.2g 

NaH2PO4      0.5g 

ddH2O to a final volume of 1L 

Autoclave at 121ºC for 20 minutes. 

 

Co-IP Buffer 

PBS       5ml 

1M DTT      50µl 

2ng/ml Aprotinin     12.5µl 

50mM PMSF      50µl 

Tween 20      5µl 

 

TBST 

NaCl       8.8g 

KCl       0.2g 

Tris       3g 

Tween 20      500µl 

ddH2O to a final volume of 1L 

 

EUKARYOTIC CELL CULTURE MEDIA 

 

Serum-free media 

DMEM      100ml 

Hams12      100ml 
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Growth media 

DMEM      90ml 

Hams F12      90ml 

Foetal calf serum     20ml 

Penstrep 
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Appendix II 

Vectors 

A 

 

 

 

 

 

 

B            pGBKT7-F              
        

 

 

 

 

 

 
 

  pGBKT7-R  
            
      
Figure 1: Restriction map and multiple cloning site of pGBKT7 Y2H bait vector. A) 

The positions of the kanamycin resistance gene (Kanr), the TRP1 nutritional marker for 

selection in yeast, the GAL4-BD coding sequences, f1 bacteriophage and pUC plasmid 

origins of replication, the truncated S.cerevisiae ADH1 promoter sequence (PADH1), the 

T7 RNA polymerase promoter, c-Myc epitope tag, transcription termination sequences 

(T7 and ADH1) and MCS are indicated on the map. B) Nucleotide sequence of the 

pGBKT7 MCS. The position of all unique restriction enzyme recognition sequences, stop 

codons in the T7 termination sequence, GAL4-BD coding sequence, T7 promoter 

sequence, c-Myc epitope tag, positions of the pGBKT7-F and pGBKT7-R screening 

primers and sequencing primers are indicated on the sequence (adapted from Clontech 

MATCHMAKER vector handbook). 
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A 

 

 

 

 

   

 

 

 

 

 

B         pACT2-F   

 

 

 

 

 

 

 

 

   pACT2-R 

 

Figure 2: Restriction map and multiple cloning site of pACT2 Y2H prey vector. A) 

The positions of the ampicillin resistance gene (Ampr), LEU2 nutritional marker for 

selection in yeast, GAL4-AD coding sequence, 2µ and pBR322 plasmid origin of 

replication, the S.cerevisiae ADH1 promoter, S.cerevisiae ADH1 termination sequence, 

Lox sites (Lox 1 and Lox 2), the haemagglutinin (HA) epitope tag and the MCS (unique 

restriction enzyme sites indicated in bold), are indicated on the map. B) Nucleotide 

sequence of the pACT2 MCS. The position of restriction enzyme sites, stop codons, the 

GAL4-AD coding sequence, HA epitope tag, and the positions of the pACT2-F and 

pACT2-R screening primers are all indicated (adapted from Clontech MATCHMAKER 

vector handbook). 
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A 

 

 

 

 

 

 

 

 

 

 

B                         pM-F 

  

 

 

 

 

 

Figure 3: Restriction map and multiple cloning site of pM M2H GAL4-DNA 

Binding vector. A) The positions of the ampicillin resistance gene (Ampr), GAL4-BD 

coding sequence, the SV40 promoter, SV40 polyA transcription termination sequence, 

pUC origin of replication and the MCS (unique restriction enzyme sites indicated in bold) 

are indicated on the map. B) Nucleotide sequence of the pM MCS. The positions of the 

unique restriction enzyme sites, stop codons, the position of the GAL4-BD coding 

sequence and the position of the pM-F sequencing primer are indicated (adapted from 

Clontech MATCHMAKER vector handbook). 
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B                      pVP16-F 

 

 

 

 

 

 

Figure 4: Restriction map and multiple cloning site of pVP16 AD cloning vector. A) 

The positions of the ampicillin resistance gene (Ampr), GAL4-AD coding sequence, the 

SV40 promoter, SV40 polyA transcription termination sequence, pUC origin of 

replication and the MCS (unique restriction enzyme sites indicated in bold) are indicated 

on the map. B) Nucleotide sequence of the pM MCS. The positions of the unique 

restriction enzyme sites, stop codons, the position of the GAL4-AD coding sequence and 

the position of the pVP16-F sequencing primer are indicated (adapted from Clontech 

MATCHMAKER vector handbook). 
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Figure 5: Map of pG5SEAP reporter vector. This vector contains 5 GAL4 binding 

sites and an adenovirus E1b minimal promoter sequence upstream of the Secreted 

Alkaline Phosphatase (SEAP) gene. The positions of the pUC plasmid origin of 

replication, the SV40 polyA transcription termination site, the ampicillin resistance gene 

(Ampr) and unique restriction enzyme sites (indicated in bold) are also indicated on the 

map (taken from Clontech MATCHMAKER vector handbook). 

 

 

Figure 6: Map of pSV-β-Galactosidase Control Vector. The positions of the ampicillin 

resistance gene (Ampr), LacZ, the SV40 promoter and enhancer site, plasmid origin of 

replication and restriction enzyme sites are indicated on the map (taken from Promega 

Product Catalog). 
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Appendix III 

Calculations 

 

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 of diploids x final resuspension volume 
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HAEMOCYTOMETRIC CELL COUNT 

 

The number of cells per millilitre was determined as follows: The number of cells in each 

of the larger squares was counted, as indicated by the shaded boxes in Figure 7B. The 

amount of cells in each of the 5 squares was then added together, and divided by 5 to give 

an average number of cells for each of the 25 large squares of the central quadrant of the 

haemocytometer. This average number was then multiplied by 25 to yield 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 (a constant used because the 

depth of the haemocytometer is 0.1mm) 

 

 

 

 

 

 

 

 

 

 

Figure 7: Representation of the organisation of the Neubauer Haemocytometer 

counting area. A) Magnified view of the ruled counting area. B) 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). 

A 

B 
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Appendix IV 

Procaryote and eukaryote phenotypes 

 

BACTERIAL STRAIN PHENOTYPE 

 

E.coli strain DH5α 

Ф80d 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-GAL2-TATA-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 

 

Acrylamide/Bis-acrylamide     Promega 

Agar        Merck 

Agarose       Whitehead Scientific 

Ampicillin       Roche 

Ammonium persulphate      Merck 

BamHI        Fermentas 

Bromophenol blue      Promega 

CaCl2        Sigma 

Calf Intestinal Alkaline Phosphatase    Promega 

c-Myc antibody      Roche 

dATP        Bioline 

dCTP        Bioline 

dGTP        Bioline 

Di-sodium tetraborate decahydrate    Merck 

DMEM       Highveld  biological 

dNTP solution       Kapa Biosystems 

DTT        Roche 

dTTP        Bioline 

EcoRI        Promega 

EDTA        Boerhinger Mannheim 

Ethanol       Boerhinger Mannheim 

Ethidium bromide      Sigma 

FastStart Taq       Roche 

Foetal calf serum      Delta Bioproducts 

GC-RICH Solution      Roche 

Glucose       Kimix 

Glycerol       FMC Promega 
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Glycine 

Great EScAPe™ chemiluminescence detection kit  BD Biosciences 

Haemagglutinin antibody     Santa Cruz 

Hams F12       Highveld biological 

Herring sperm DNA      Promega 

High-Range Rainbow Molecular Weight Markers  Amersham Biosciences 

HindIII       Fermentas 

Kanamycin       Roche 

KAPALongRange Buffer     Kapa Biosystems 

KAPALongRange DNA polymerase    Kapa Biosystems 

L-adenine hemisulphate     Sigma 

Lithium acetate      Sigma 

Matchmaker™ Mammalian Assay Kit 2   BD Biosciences 

MgCl2        Kapa Biosystems 

Mg2+-containing PCR reaction buffer    Roche 

NaCl        BDH Chemicals 

NaOH        Sigma 

NdeI        Fermentas 

Oligonucleotide primers     Department of Molecular and 

        Cell Biology, University of 

        Cape Town (UCT), Cape 

Town, South Africa 

PBS        Sigma 

PEG4000       Merck 

Penstrep       Highveld Biological 

Peptone       Difco 

pGBKT7       BD Biosciences 

PIPES        Merck 

pM        BD Biosciences 

Phenol/chloroform/isoamyl     Sigma 

PureYield™ Plasmid Midiprep System   Promega 



 

 

159 

pVP16        BD Biosciences 

QDO        BD Biosciences 

ReadyMix       Kapa Biosystems 

RNase wipes       Ambion 

SalI        Fermentas 

SD-Ade        Bio101 

SD-His        Bio101 

SD-Leu        BD Biosciences 

SD-Leu/-Trp       BD Biosciences 

SD-L/-W/-His       BD Biosciences 

SD-L/-W/-His/-Ade       BD Biosciences 

Sodium dodecyl sulphate     Kimix 

SD-Trp        BD Biosciences 

SD-Ura        Bio101 

T4 Ligase       Promega 

TDO        BD Biosciences 

TEMED       Sigma 

TNT® Quick Coupled Transcription/Translation system Promega 

Tris        Merck 

Tris-HCL       Merck 

Triton X-100       Sigma 

Trypsin       Highveld Biological 

Tryptone       Fluka 

Whatman 3M paper      Whatman 

Wizard® SV Gel and PCR Clean-up System   Promega 

X-α-Galactose       Southern Cross 

Yeast Extract       Difco 

Yeast nitrogen base      BD Biosciences 

Zyppy™ Plasmid Miniprep Kit    Zymo Research 
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Appendix VI 

Box plots and Bonferroni matrix for M2H assays 
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Bgal Normalised Lum/E 
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