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ABSTRACT 
The ATP-binding cassette (ABC) transporters superfamily is one of the largest 

integral membrane protein families. These multi-domain proteins are 

ubiquitiously present in all biological kingdoms. To date, 51 ABC genes have been 

identified in human genome. Of these, predominantly, overexpression of ABCB1, 

ABCC1 and ABCG2 is associated with multidrug resistance in tumour cells. ABCG2 

is a half transporter with reverse topology, that has a nucleotide binding domain 

that precedes the transmembrane domain (NBD-TMS6), as compared to ABCB1 

and ABCC1 which are full transporters with (TMS6-NBD)2 topology. This unique 

topological feature of ABCG2 is similar to fungal PDR transporters, in particular to 

proteins that belong to cluster F. 

ABC transporters are expressed in miniscule amounts in native tumour cells or in 

other mammalian expression system. Hence, expression of these proteins in a 

heterologous host is imperative for biomedical research and for the 

pharmaceutical industry. Despite the current advanced state of heterologous 

protein expression technology, preparation of high-quality functional protein 

samples in sufficient amounts by in vitro approaches is still a major bottleneck for 

the characterization and structural studies of membrane proteins.  

Therefore, in this thesis work, the possibility of developing Saccharomyces 

cerevisiae AD∆ strain as a host model expression system for heterologous 

expression of human ABC transporters was investigated. Human ABCG2 was used 

as a model protein throughout this study because of its unique characteristic 

features and phylogenetic relevance to orthologous proteins in Saccharomyces 

cerevisiae. Despite a fungal PDR transporter – like topology and close phylogenetic 

evolution, expression of ABCG2 in S. cerevisiae has yet to yield significant 

quantities of functional enzyme as host biology can make heterologous expression 

and correct localisation of this transporter a challenge.  

To obtain ABCG2 in functionally folded conformation many promising approaches 

were investigated. In this regard, several ABCG2 mutants or PDR-ABCG2 chimera 

proteins were created; their expression, localisation and drug efflux activity were 

evaluated in S. cerevisiae AD∆ strain, which is deleted in 7 major efflux pumps. In 
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addition, localisation and functional activity of S. cerevisiae protein Yol07Cp 

(putative orthologs of ABCG2) was also investigated. Furthermore, the significance 

of cholesterol in plasma membrane for localisation of ABCG2 was investigated 

using an ergosterol deficient strain S. cerevisiae AD∆H∆, which can grow 

auxotrophically in presence of cholesterol. Along with functional protein 

expression these approaches emphasized on stable localisation of ABCG2 in 

plasma membrane. 

Results show that ABCG2 constructs are expressed in S. cerevisiae AD∆ regardless 

of presence of affinity or reporter tags. All tested mutant ABCG2 constructs and 

chimera protein were also expressed. However, none of the protein constructs 

localised to the plasma membrane. In addition, they were non-functional in intact 

cells. Confocal microscopy images of GFP-tagged constructs of wildtype or each 

mutant ABCG2 showed that the overexpressed protein is retained and 

concentrated in discrete intracellular location. Further evaluation of membrane 

fractions, obtained from ABCG2 overexpressing cells by sucrose gradient 

centrifugation, probed with organelle specific antibodies; and ABCG2-GFP 

overexpressing intact cells probed with organelle specific dyes showed that ABCG2 

is juxtaposed to nucleus and is closely associated with it. This discrete juxtanuclear 

structure visualised by transmission electron microscope resembled the ERACs 

which are induced by overexpression of membrane proteins in S. cerevisiae. 

Furthermore, the presence of cholesterol did not aid to target ABCG2 to plasma 

membrane in S. cerevisiae AD∆H∆.  

In this study I have demonstrated that ABCG2 overexpression can be successfully 

achieved in S. cerevisiae AD∆ or S. cerevisiae AD∆H∆ regardless of modifications 

tested. However, these protein modifications or the presence of cholesterol 

predicted to target ABCG2 to plasma membrane did not aid to correct the aberrant 

localisation of ABCG2 in S. cerevisiae. It appears that in addition to the presence of 

cholesterol one or more factors may be required for the correct targeting of ABCG2 

in S. cerevisiae.  
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1.1 Introduction 
Mankind has encountered deadly diseases since time immemorial (Klein 1891).  

Some of the deadliest diseases that humans have experienced are smallpox, ebola, 

plague, yellow fever, anthrax, polio, leprosy, tuberculosis, cholera, malaria, 

influenza and HIV/AIDS. These diseases have devastated humanity and changed 

the course of history to create the world we know today. Broadly, diseases can be 

classified into two groups: communicable (or infectious) and non-communicable 

diseases (NCD). According to figures from the world health organisation (WHO), of 

total deaths (56.88 million) worldwide, 63.5% and 27.5% are accounted for by 

NCD (which include cancer) and by communicable diseases (infectious, parasitic 

and maternal/nutritional conditions), respectively (Butler 2011) (Figure 0-1). 

Studies on the global burden of diseases predict that mortality from NCD will 

increase from 28·1 million in 1990 to 49·7 million in 2020 (Murray and Lopez 

1997). 

 

Figure 1-1: Latest WHO estimates of global mortality by cause (2008). 

Although the deadly communicable disease smallpox has been successfully 

eradicated, many infectious diseases and their causative agents continue to exist 

today. The discovery of several antibiotics during the early and mid-20th century 

was a major breakthrough and marked the beginning of a new era where 
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chemotherapy was employed effectively to combat  diseases (Harington 1955). 

The availability of antibiotics and other chemotherapy drugs gave a sense of relief 

and security, but the optimism soon diminished with the re-emergence of 

infectious diseases and the emergence of antibiotic resistant pathogens as well as 

drug resistant cancers (Yudkin 1953). Recent examples of newly emerging 

diseases (Hepatitis C, Hantavirus pulmonary syndrome, SARS, E. coli O157:H7, 

H5N1 influenza, Nipah virus, Hendra virus and HIV), re-emerging/resurging 

diseases (dengue, cholera, yellow fever, Lyme disease, West nile virus, vancomycin 

resistant S. aureus, multidrug resistance TB and drug resistant malarial), and 

importantly NCDs (primarily cardiovascular disease, cancer, chronic respiratory 

disease, and diabetes) are an increasing burden on public health systems globally 

(Fauci 2001; Morens, Folkers et al. 2004).  

1.2 Association of ABC transporters with NCDs 
Collectively, cardiovascular diseases (CVD), type 2 diabetes, chronic respiratory 

diseases and certain cancers account for around 85% of deaths caused by NCDs 

(Figure 1-2). Emerging evidence suggests that ABC transporters are associated 

with some of these diseases or their aetiologies (Serfaty-Lacrosniere, Civeira et al. 

1994; Singaraja, Brunham et al. 2003; Salinas, Cruz-Bautista et al. 2007) and with a 

variety of genetic diseases (Table 1-1). 

The excessive uptake of modified low-density lipoproteins by arterial wall 

macrophages gives rise to cholesterol-loaded cells, with foamy cytoplasm due to 

the presence of cholesteryl ester droplets, known as 'foam cells' (Oram and 

Heinecke 2005). The efflux of cholesterol from foam cells to high density 

lipoproteins (HDL) or its apolipoproteins represents a crucial step in the 

prevention, or reversal, of atherosclerosis. Cholesterol efflux is a highly regulated 

process that is mediated by the liver X receptors α and β (LXRα and LXRβ) and ABC 

transporters (Oram and Heinecke 2005). 

LXRα and LXRβ are members of the nuclear receptor family of proteins that serve 

as cholesterol sensors by regulating the expression of multiple genes involved in 

the efflux, transport, and excretion of cholesterol. A particularly important LXR 

target gene is ATP binding cassette A1 (ABCA1) (Oram and Heinecke 2005). The 

importance of ABCA1 in systemic cholesterol metabolism has become clear from 
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the study of Tangier disease (Fasano, Zanoni et al. ; Oram and Lawn 2001). It is 

characterized by the absence of plasma HDL and the accumulation of cholesterol 

esters in the reticuloendothelial cells of peripheral tissues including tonsils, spleen, 

lymph nodes, intestinal mucosa, and the thymus. Cells from Tangier patients are 

defective in their ability to efflux cholesterol caused by mutations in the ABCA1 

gene (Singaraja, Visscher et al. 2006). 

 

Figure 1-2: Global mortality by NCDs (WHO, 2008) 

 

People who are homozygous or heterozygous for Tangier disease and who are 

more than 30 years of age have a 6-fold higher than normal incidence of CVD 

(Serfaty-Lacrosniere, Civeira et al. 1994). In general, premature CVD is associated 

with ABCA1 mutations that impair function (Singaraja, Brunham et al. 2003). Some 

polymorphisms in ABCA1 are also associated with an increased incidence of CVD 

(Singaraja, Brunham et al. 2003). In addition, possession of an R230C mutant 

variant of ABCA1 is shown to be associated with increased risk for obesity and 

type 2 diabetes (Salinas, Cruz-Bautista et al. 2007; Villarreal-Molina, Flores-

Dorantes et al. 2008). 
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ABCA3 is highly expressed in the lung and is localised to the membrane of lamellar 

bodies which are the intracellular storage organelles for surfactant within the 

alveolar cells (Yamano, Funahashi et al. 2001; Mulugeta, Gray et al. 2002). The 

functions of ABCA3 are debatable. However, because of the location of ABCA3 

within the membrane of alveolar type II cells, the role of other ABCA subfamily 

proteins in lipid transport, and evidence that demonstrate ATPase activity is 

induced by lipids (Nagata, Yamamoto et al. 2004); it is speculated that ABCA3 

transports phospholipids important for surfactant function. Importantly, the 

ABCA3 E292V variant is associated with chronic lung disease and respiratory 

distress syndrome in neonates (van der Deen, de Vries et al. 2005; Bullard, Wert et 

al. 2006). E292V mutation results in a non-conservative amino acid substitution 

with the replacement of a hydrophobic amino acid with a polar, charged amino 

acid in a region of the protein that has been highly conserved during evolution. The 

amino acid at position 292 is located on a cytoplasmic loop connecting predicted 

transmembrane membrane span 1 and 2 in the ABCA3 protein and this region is 

suggested to be important in ligand binding (Bullard, Wert et al. 2006).  

Table 1-1: Disease caused by mutations in ABC genes 

Gene   Disorder  

ABCA1 Tangier disease, familial hypoapoproteinemia 

ABCA4 Stargardt disease, cone-rod dystrophy 

ABCB1 Ivermectin susceptibility Digoxin uptake 

ABCB2/ABCB3 Immune deficiency  

ABCB4 
progressive familial intrahepatic cholestasis; Iintrahepatic cholestasis 
of pregnancy 

ABCB7 X-linked sideroblastosis and anemia 

ABCB11 
progressive familial intrahepatic cholestasis; Iintrahepatic cholestasis 
of pregnancy 

ABCC2    Dubin-Johnson Syndrome 

ABCC6    Pseudoxanthoma elasticum 

ABCC7   Cystic Fibrosis, bronchiectasis  

ABCC8  Familial persistent hyperinsulinemic hypoglycemia of infancy 

ABCD1 adrenoleukodystrophy 

ABCG5/ABCG8 Sitosterolemia  
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Mutations in the CFTR (ABCC7) gene can cause cystic fibrosis (Riordan, Rommens 

et al. 1989) and are associated with abnormal Cl- and Na+ ion transport in several 

tissues including the lungs, pancreas, gastrointestinal tract, liver, sweat glands and 

male reproductive organs. The most frequent mutation in this gene is the delta 

F508 mutation which leads to cystic fibrosis. Defective CFTR function can cause 

viscous secretions in the lungs which leads to chronic inflammation with acute 

exacerbations due to impaired mucociliary clearance (Verkman, Song et al. 2003). 

There are major risks for colonisation with Pseudomonas aeruginosa which can 

lead to pneumonia and respiratory insufficiency (Pilewski and Frizzell 1999).  

ABC transporters are also implicated in reducing bio-availability of cancer 

chemotherapy drugs by limiting intestinal absorption. In a representative study 

paclitaxel area under the plasma concentration time curve (AUC) was shown to be 

6-fold greater in the abcb1-/- mice than the wild type (abcb1+/+) mice 

(Sparreboom, van Asperen et al. 1997). An even greater increase of paclitaxel AUC 

was seen in the wt mice when the abcb1 function was blocked with PSC833, an 

abcb1 inhibitor (van Asperen, van Tellingen et al. 1997). This suggests that abcb1 

efflux paclitaxel and reduces the bio-avilability. 

1.3 Factors influencing the re-emergence/resurgence of 

communicable diseases 
Studies indicate that between 1940 and 2005 around 335 infectious diseases have 

emerged. Of these, 54.3%, 25.4%, 6.3%, 10.7%, 3.3%, are from bacteria or 

rickettsia, viruses, fungi, protozoa, and helminths respectively (Jones, Patel et al. 

2008). Some of the common factors influencing the emergence of new diseases 

include changes in the climate and ecosystem, urbanization, international travel, 

genetic mutations in microbial species, microbial spillover (i.e. pathogens 

switching from animal to human hosts), poverty and socioeconomic inequality 

increasing people’s susceptibility to infectious diseases and a breakdown in public 

health measures (Peiris, Lai et al. 2003; Lau, Woo et al. 2005; Wang and Eaton 

2007). 
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1.3.1 Impact of acquired drug resistance on the re-emergence/resurgence 

of communicable diseases 

Acquired drug resistance is one of the major factors involved in the re-

emergence/resurgence of diseases. Mechanisms of drug resistance can develop 

through mutation or over-expression of the drug target (Nguyen and Thompson 

2006), horizontal gene transfer (gene transfer from one microorganism to another 

by chromosomal DNA uptake as well as plasmid), enzymatic modification of the 

target and constitutive or inducible expression of efflux systems (Tenover 2006; 

Giedraitiene, Vitkauskiene et al. 2011). These factors overlap/interlinked in 

different ways. Of all interactions genetic adaptation of pathogen and host cells to 

acquire drug resistance or association of a drug resistant pathogen with an existing 

disease to increase susceptibility of host to life threatening infections is considered 

deadly. For instance, the emergence of totally drug resistance tuberculosis (TDR-

TB) in Italy, India and Iran are alarming (Migliori, De Iaco et al. 2007; Velayati, 

Masjedi et al. 2009; Udwadia and Vendoti 2012). The association of HIV-AIDS with 

TB has rapidly turned into a global pandemic due to the re-emergence of TB in 

immune-compromised patients. Similarly, TB is associated with several other 

NCDs such as diabetes mellitus, those related to smoking and alcohol abuse, 

chronic obstructive pulmonary disease and cardiovascular diseases (Creswell, 

Raviglione et al. 2011). This situation is referred as syndemic; which is defined as 

the convergence of two or more diseases that act synergistically to magnify the 

burden of disease (Kwan and Ernst 2011).  

1.4 Multidrug resistance (MDR) conferred by ABC 

transporters 
ABC transporter mediated efflux mechanisms that confer MDR to a wide range of 

antibiotics have been identified and defined in pathogenic bacteria including 

Mycobacterium tuberculosis (Piddock 2006; Poole 2007), in fungi (Kontoyiannis 

and Lewis 2002; Sipos and Kuchler 2006; Goffeau 2008; Cannon, Lamping et al. 

2009) and in parasitic protozoa such as Plasmodium, Leishmania, Trypanosoma and 

Entamoeba species (Ouellette, Legare et al. 2001; Klokouzas, Shahi et al. 2003; 

Koenderink, Kavishe et al. 2010).  
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For example, MacAB has been identified in Escherichia coli as a macrolide-specific 

pump (Kobayashi, Nishino et al. 2001). MacAB confers on E. coli resistance to 14- 

and 15-membered macrolides such as erythromycin. MacAB is made up of two 

proteins: MacA is a periplasmic membrane fusion protein and MacB is an ABC 

protein with four transmembrane spans (TMS) and one nucleotide-binding domain 

(NBD). In addition MacAB requires TolC for its function. Neither of these proteins 

is active individually. Drugs can only be exported when a stable MacAB/TolC 

tripartite protein interaction is established. The MacAB complex represents an 

ABC transporter system for drug efflux in gram-negative bacteria.  

Similarly, Staphylococcus aureus ABC transporter MsrA is implicated in resistance 

to 14-membered (clarithromycin, dirithromycin, erythromycin and roxithromycin) 

and 15-membered (azithromycin) macrolides and streptogramin B (Ross, Eady et 

al. 1990; Ross, Eady et al. 1995). A survey of 24 European university hospitals 

revealed that MsrA was responsible for drug resistance in 13% of S. aureus clinical 

isolates (Schmitz, Sadurski et al. 2000). MsrA has also been found in other 

staphylococcal species such as S. hominis (Ross, Eady et al. 1995). Interestingly, 

MsrA doesn’t contain a transmembrane component. However, sequences encoding 

a potential TM component of this efflux system have been identified in proximity 

to MsrA in the chromosome (Ross, Eady et al. 1995; Ross, Eady et al. 1996). 

LmrA is a multidrug ABC transporter identified in Lactococcus lactis (van Veen, 

Putman et al. 2000; Poelarends, Mazurkiewicz et al. 2002). Over-expression of 

LmrA in a drug-hypersusceptible E. coli strain, resulted in increased resistance to 

clinically used antibacterials that include aminoglycosides, lincosamides, 

macrolides, quinolones, streptogramins and tetracyclines (Putman, Van Veen et al. 

2000). When LmrA was overexpressed in insect and human lung fibroblast cells 

(van Veen, Callaghan et al. 1998), it functionally complemented ABCB1 (a human 

ABC transporter, Table 1-2), suggesting that LmrA is functionally homologous to 

the ABCB1. 

MDR involving transporters of the pleiotropic drug resistance (PDR) subfamily of 

ABC proteins have been identified in fungi (Prasad and Kapoor 2005; Gulshan and 

Moye-Rowley 2007; Cannon, Lamping et al. 2009; Prasad and Goffeau 2012). For 

instance, fluconazole-resistant Candida albicans clinical isolates from AIDS patients 
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have been found to have a 10-fold increased expression of an ABC transporter gene 

CDR1 compared to susceptible strains (Sanglard, Kuchler et al. 1995). 

The MDR conferred by ABC transporters is not restricted to microbes. It is 

suggested that around 40% of human tumours develop resistance to 

chemotherapeutic drugs (Higgins 2007). MDR is the principal mechanism by which 

many cancers develop resistance to chemotherapy and it is a major factor in the 

failure of many forms of chemotherapy (Liu 2009).  

1.5 ABC Transporters 
The ABC transporters comprise one of the largest of all paralogous protein 

families. This super-family of highly conserved integral membrane proteins (MPs) 

are found in all species, from bacteria to mammals. There are almost 70 ABC 

transporter genes in the E. coli genome which account for ~5% of the entire 

genome (Linton and Higgins 1998; Davidson and Chen 2004); there are ~30 ABC 

genes in M. tuberculosis (Braibant, Gilot et al. 2000), 11 in Schizosaccharomyces 

pombe, 30 in the Saccharomyces cerevisiae genome (Decottignies and Goffeau 

1997; Kovalchuk and Driessen 2010), 56 in Drosophila melanogaster (Dean, 

Rzhetsky et al. 2001), around 130 (of which only 22 have been functionally 

analysed) in Arabidopsis thaliana (Kang, Park et al. 2011) and 51 in the human 

genome [(Dean 2002) Table 1-2]. 

Proteins of the ABC family are characterized by the presence of a cytoplasmic 

nucleotide-binding domain (NBD). It uses energy from ATP hydrolysis to efflux 

various intracellular physiological substrates or chemotherapeutic drugs. They 

also contain a membrane-spanning component, the transmembrane domain (TMD) 

(Figure 1-3). The TMD is composed, usually, of six transmembrane spanning (TMS) 

α-helices. The TMD has binding site/s for substrates or chemotherapeutic drugs 

for translocation from the inner leaflet of the plasma membrane to the extra 

cellular milieu. The minimum structural requirement for most functional ABC 

transporter is the presence of two TMDs and two NBD units. These may be present 

within one polypeptide chain (“full transporters” such as ABCB1), or in two 

polypeptide chains within a homodimer (such as ABCG2) or heterodimer 

(ABCG5/ABCG8) of “half-transporters”. 
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Table 1-2: List of human ABC genes; their chromosomal location and 
function. 

Family Symbol Alias Location Expression Function 

ABCA ABCA1 ABC1, HDLDT1 9q31 Ubiquitous Cholesterol efflux onto HDL 

 ABCA2 ABC2 9q34 Brain Drug resistance 

 ABCA3 ABC3, ABCC 16p13.3 Lung Surfactant secretion? 

 ABCA4 STGD1, ABCR, RP19, 

STGD 

1p22 Rod photoreceptors N-retinylidiene-PE efflux 

 ABCA5  17q24.3 Muscle, heart, testes ND 

 ABCA6  17q21 Liver ND 

 ABCA7  19p13.3 Spleen, thymus ND 

 ABCA8  17q24 Ovary ND 

 ABCA9  17q24 Heart ND 

 ABCA10  17q24 Muscle ND 

 ABCA11P ABCA11 4p16.3  Pseudogene 

 ABCA12 ICR2B 2q34 Stomach ND 

 ABCA13  7p12.3 Low levels in all 

tissues 

ND 

 ABCA17P  16p13.3  Pseudogene 

ABCB ABCB1 PGY1, MDR1, CLCS, 7q21.12 Kidney, brain Multidrug resistance 

 ABCB2 TAP1 6p21.3 Ubiquitous Peptide transport 

 ABCB3 TAP2 6p21.3 Ubiquitous Peptide transport 

 ABCB4 PGY3, MDR3 7q21 Liver Phosphotidyl choline transport 

 ABCB5  7p14 Ubiquitous ND 

 ABCB6 MTABC3 2q36 Mitochondria Iron transport 

 ABCB7 ABC7 Xq13.3 Mitochondria Fe/s cluster transport 

 ABCB8 MABC1 7q36.1 Mitochondria ND 

 ABCB9  12q24 Heart, Brain ND 

 ABCB10 MTABC2 1q32 Mitochondria ND 

 ABCB11 BSEP, PFIC2 2q24 Liver Bile salt transport 

ABCC ABCC1 MRP, MRP1 16p13.1 Lung, testes Drug resistance 

 ABCC2 CMOAT, MRP2 10q24 Liver Organic anion efflux 

 ABCC3 MRP3 17q21 Lung, intestine Drug resistance 

 ABCC4 MRP4 13q31 Prostrate Nucleoside transport 

 ABCC5 MRP5 3q27 Ubiquitous Nucleoside transport 

 ABCC6 MRP6, ARA, PXE 16p13.11 Kidney, liver  

 ABCC7 CFTR, CF 7q31-q32 Exocrine tissue Chloride ion channel 

 ABCC8 SUR, HRINS 11p15.1 Pancreas Sulfonylurea receptor 

 ABCC9 SUR2 12p12.1 Heart, muscle K(ATP) channel regulation 

 ABCC10 MRP7 6p12.3 Low levels in all 

tissues 

ND 

 ABCC11  16q12 Low levels in all 

tissues 

ND 

 ABCC12  16q12.1 Low levels in all 

tissues 

ND 

 ABCC13  21q11.2  Pseudogene 

ABCD ABCD1 ALD Xq28 Peroxisomes VLCFA transport regulation 

 ABCD2 ALDL1, ALDR 12q12 Peroxisomes ND 

 ABCD3 PXMP1 1p21.3 Peroxisomes ND 

 ABCD4 PXMP1L 14q24 Peroxisomes ND 

ABCE ABCE1 OABP 4q31.31 Ovary, testes, spleen Oligoadenylate binding protein 

ABCF ABCF1 ABC50 6p21.33 Ubiquitous ND 

 ABCF2  7q36.1 Ubiquitous ND 

 ABCF3  3q27.1 Ubiquitous ND 

ABCG ABCG1 ABC8, White 21q22.3 Ubiquitous Cholesterol transport? 

 ABCG2 ABCP, MXR, BCRP 4q22.1 Placenta, intestine Multi-drug resistance and toxin 

efflux 

 ABCG4 White2 11q23 Liver  

 ABCG5 White3 2p21 Liver, Intestine Sterol transport 

 ABCG8  2p21 Liver, Intestine Sterol transport 

ND, Not determined. The table was created using information from (I. Barry Holland, Susan P. Cole et al. 2003), 

HGNC website and (Dean 2002) 

http://www.genenames.org/data/hgnc_data.php?hgnc_id=29
http://www.genenames.org/data/hgnc_data.php?hgnc_id=32
http://www.genenames.org/data/hgnc_data.php?hgnc_id=33
http://www.genenames.org/data/hgnc_data.php?hgnc_id=34
http://www.genenames.org/data/hgnc_data.php?hgnc_id=35
http://www.genenames.org/data/hgnc_data.php?hgnc_id=36
http://www.genenames.org/data/hgnc_data.php?hgnc_id=37
http://www.genenames.org/data/hgnc_data.php?hgnc_id=38
http://www.genenames.org/data/hgnc_data.php?hgnc_id=39
http://www.genenames.org/data/hgnc_data.php?hgnc_id=30
http://www.genenames.org/data/hgnc_data.php?hgnc_id=31
http://www.genenames.org/data/hgnc_data.php?hgnc_id=14637
http://www.genenames.org/data/hgnc_data.php?hgnc_id=14638
http://www.genenames.org/data/hgnc_data.php?hgnc_id=32972
http://www.genenames.org/data/hgnc_data.php?hgnc_id=40
http://www.genenames.org/data/hgnc_data.php?hgnc_id=43
http://www.genenames.org/data/hgnc_data.php?hgnc_id=44
http://www.genenames.org/data/hgnc_data.php?hgnc_id=45
http://www.genenames.org/data/hgnc_data.php?hgnc_id=46
http://www.genenames.org/data/hgnc_data.php?hgnc_id=47
http://www.genenames.org/data/hgnc_data.php?hgnc_id=48
http://www.genenames.org/data/hgnc_data.php?hgnc_id=49
http://www.genenames.org/data/hgnc_data.php?hgnc_id=50
http://www.genenames.org/data/hgnc_data.php?hgnc_id=41
http://www.genenames.org/data/hgnc_data.php?hgnc_id=42
http://www.genenames.org/data/hgnc_data.php?hgnc_id=51
http://www.genenames.org/data/hgnc_data.php?hgnc_id=53
http://www.genenames.org/data/hgnc_data.php?hgnc_id=54
http://www.genenames.org/data/hgnc_data.php?hgnc_id=55
http://www.genenames.org/data/hgnc_data.php?hgnc_id=56
http://www.genenames.org/data/hgnc_data.php?hgnc_id=57
http://www.genenames.org/data/hgnc_data.php?hgnc_id=1884
http://www.genenames.org/data/hgnc_data.php?hgnc_id=59
http://www.genenames.org/data/hgnc_data.php?hgnc_id=60
http://www.genenames.org/data/hgnc_data.php?hgnc_id=52
http://www.genenames.org/data/hgnc_data.php?hgnc_id=14639
http://www.genenames.org/data/hgnc_data.php?hgnc_id=14640
http://www.genenames.org/data/hgnc_data.php?hgnc_id=16022
http://www.genenames.org/data/hgnc_data.php?hgnc_id=61
http://www.genenames.org/data/hgnc_data.php?hgnc_id=66
http://www.genenames.org/data/hgnc_data.php?hgnc_id=67
http://www.genenames.org/data/hgnc_data.php?hgnc_id=68
http://www.genenames.org/data/hgnc_data.php?hgnc_id=70
http://www.genenames.org/data/hgnc_data.php?hgnc_id=71
http://www.genenames.org/data/hgnc_data.php?hgnc_id=72
http://www.genenames.org/data/hgnc_data.php?hgnc_id=73
http://www.genenames.org/data/hgnc_data.php?hgnc_id=74
http://www.genenames.org/data/hgnc_data.php?hgnc_id=13884
http://www.genenames.org/data/hgnc_data.php?hgnc_id=13886
http://www.genenames.org/data/hgnc_data.php?hgnc_id=13887
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1.5.1 Classification of human ABC transporters 

Human ABC transporters are divided into seven subfamilies (A to G, Table 1-2) 

based on their amino acid sequence homology and domain organisation, namely 

the number and combination of TMDs and NBDs (Table 1-2, Figure 1-3).  

ABCA, ABCB and ABCC subfamilies are full-length transporters. Proteins belonging 

to these subfamilies, however, have unique characteristics that differentiate them.  

1.5.1.1 ABCA 

The human ABCA subfamily comprises 12 full transporters (Table 1-2). Two 

members of this subfamily, the ABCA1 and ABCA4 proteins, have been studied 

extensively. The ABCA1 protein is involved in disorders of cholesterol transport 

and HDL biosynthesis (Wang, Silver et al. 2001). The ABCA4 protein transports 

vitamin A derivatives in the outer segments of rod photoreceptor cells and 

therefore performs a crucial step in the vision cycle (Sun 2012). ABCA genes are 

not present in lower eukaryote such as yeast; however, evolutionary studies of 

ABCA genes indicate that they arose as half transporters that subsequently 

duplicated, and that certain sets of ABCA genes were lost in different eukaryotic 

lineage (Anjard and Loomis 2002).  

All ABCA proteins are predicted to have large extracellular loops (ECL) between 

the first and second TMS helices in both TMDs (Figure 1-3). Experimental evidence 

for a well-studied member, ABCA1, is consistent with this prediction (Fitzgerald, 

Mendez et al. 2001). The extracellular orientation of a large loop between amino 

acids (aa) 44 and 640 has been demonstrated using various truncated and tagged 

versions of ABCA1 (Fitzgerald, Mendez et al. 2001). Similarly, Tanaka et al. 

demonstrated the existence of an ECL between aa 44 and 642 by inserting an 

haemagglutinin (HA) tag at aa 207 (Tanaka, Ikeda et al. 2001). The predicted ECL1 

and ECL2 contain 12 and 3 putative glycosylation sites, respectively. Treatment of 

ABCA1 with peptide-N-Glycosidase F (an amidase that cleave N-linked glycans 

from glycoproteins) showed a concomitant reduction in molecular weight as 

revealed by increased relative electrophoretic mobility suggesting that predicted 

extracellular loops were glycosylated. This in turn showed that representative 

ABCA transporters have two large ECLs between the first and second 
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transmembrane helices of each predicted TMDs. The regulatory domains (R) are 

located C-terminal of each NBD in ABCA transporters (Figure 1-3). 

 

 

Figure 1-3:Predicted topology and domain organisation of different subfamilies of 
human ABC proteins. NBD, nucleotide-binding domain; NTE, N-terminal extension; 
TMS, transmembrane segment; R, regulatory domain. The image was modified 
from (Kovalchuk and Driessen 2010). 

1.5.1.2 ABCB 

The ABCB subfamily is unique in that it contains both full transporters and half-

transporters (Figure 1-3). Of these, four (ABCB1, ABCB4, ABCB5 and ABCB11) are 

full transporters and the remaining seven are half-transporters (Table 1-2). Four 

of the half-transporters (ABCB6, ABCB7, ABCB8 and ABCB10) that localize to the 

mitochondria are involved in iron metabolism and transport of Fe/S protein 

precursors, while others are suggested to be present in all cells and are involved in 
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various cellular functions (Table 1-2). Studies on ABCB1 have significantly 

contributed to understand the topology of full length ABCB proteins (Kast, Canfield 

et al. 1995; Kast, Canfield et al. 1996; Loo and Clarke 2000; Stenham, Campbell et 

al. 2003; Dawson and Locher 2007). Amino acid sequence alignments have 

demonstrated that the half-transporters of this family are more closely related to 

the C-terminal halves of the full transporters than to the N-terminal halves (I. 

Barry Holland, Susan P. Cole et al. 2003). 

1.5.1.3 ABCC 

The ABCC subfamily consists of 12 full transporters that include short and long 

transporters. Proteins such as ABCC1 (considered to be a long transporter) have 

domain arrangement of NTE-(TMS6-NBD) (Figure 1-3); in which NTE represents 

the N-terminal five transmembrane helix extension/TMD0. Because of the 

presence of TMD0, the N-terminal end of ABCC1 is predicted to be outside the cell 

(Figure 1-3). The TMD0 is absent in ABCC4, ABCC5, CFTR/ABCC7, ABCC11 and in 

ABCC12. Therefore these are considered short transporters. The presence of a 

TMD0-like domain in the long ABCC transporters is unique; however its function is 

not clear. In ABCC1, the TMD0 does not play a crucial role either in transport 

activity or plasma membrane targeting of the protein, while the presence of the L0 

(intracellular loop that links TMD0 and TMD1) is necessary for both these 

activities (Bakos, Evers et al. 1998). 

1.5.1.4 ABCD 

Until now four ABCD genes have been identified (Table 1-2). All ABCD genes 

encode half-transporters that contain one TMD and one NBD. ABCD are located in 

the peroxisome and appear to be targeted to peroxisomal membrane by an 

interesting mechanism (Morita and Imanaka 2012). It is suggested that 

peroxisomal ABC transporter translated on free ribosomes is selectively captured 

by Pex19p in the cytosol. Stable interaction between Pex19p and ABCD transporter 

keeps the transporter protein soluble and in proper conformation in the cytosol. 

The peroxisomal ABCD transporter-Pex19p complex then binds to Pex3p 

(peroxisomal membrane anchored protein) through the interaction of the NH2-

terminal Pex3p binding motif of Pex19p. Finally, the peroxisomal ABCD 

transporter is inserted into the peroxisomal membrane and, by an unknown 

mechanism, Pex19p shuttles back to the cytosol to initiate another import cycle.  
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In peroxisomal membrane ABCD proteins function as either homo- or hetero-

dimers and transport very long chain fatty acids (I. Barry Holland, Susan P. Cole et 

al. 2003). It has been shown that the phenotype of the pxa1/pxa2Δ yeast mutant, 

i.e. impaired oxidation of oleic acid, can be only be rescued by HsABCD1, HsABCD2 

or HsABCD3, which indicates that each peroxisomal half-transporter can function 

as homodimer (van Roermund, Ijlst et al. 2014). ABCD1 is known to be responsible 

for X-linked adrenoleukodystrophy (X-ALD), an inborn error of peroxisomal β-

oxidation of very long chain fatty acids (Mosser, Douar et al. 1993). Since ABCD2 

has a high sequence similarity to ABCD1 and the expression of ABCD2 restores 

VLCFA β-oxidation in X-ALD patient fibroblasts, ABCD2 is suggested to be involved 

in the metabolic transport of VLCFA (Netik, Forss-Petter et al. 1999). 

Overexpression of ABCD3 in CHO cells induces the β-oxidation of palmitic acid, 

therefore ABCD3 has been suggested to be involved in the metabolic transport of 

long chain fatty acids (Imanaka, Aihara et al. 1999). 

1.5.1.5 ABCG 

Members of the ABCG subfamily are also half-transporters. Unlike other ABC 

transporters, ABCG proteins have a reverse topology where the NBD precedes the 

TMD (Figure 1-3). Members of this subfamily can function as homo- or 

heterodimers. For example, it has been shown that co-expression of ABCG5 and 

ABCG8 permits their transport to the cell surface, when compared to their 

expression individually which results in intracellular retention (Graf, Li et al. 

2002). Similarly, mutations in either ABCG5 or ABCG8 genes cause a rare recessive 

genetic disease, sitosterolemia (Berge, Tian et al. 2000; Lee, Lu et al. 2001). This 

biochemical evidence suggests that ABCG5 and ABCG8 form heterodimers. On the 

other hand, overexpression of ABCG2 generates an ATPase activity and multidrug 

resistance, suggesting that this protein acts as a homodimer (Ozvegy, Litman et al. 

2001). ABCG2 is implicated in MDR in many mammals including humans. 

1.5.1.6 ABCE and ABCF 

Genes in ABCE and ABCF subfamily, encode proteins with two ATP-binding 

domains with high homology to other ABC genes but no TM domains (Figure 1-3). 

These proteins are expressed in the cytosol and are not membrane transporters. 

However, they are included in the gene superfamily as they clearly possess ABC-

type NBDs. In addition to NBDs, ABCF proteins may contain an extended N-
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terminal region (about 250 amino acid) that is important for their function 

(Paytubi, Morrice et al. 2008). While ABCE subfamily contains a single member 

ABCE1, the ABCF subfamily consists of three members that include ABCF1, ABCF2 

and ABCF3. 

ABCF1 is shown to interact with eukaryotic initiation factor 2 (eIF2), a protein that 

plays a key role in translation initiation and in regulation of ribosomes (Tyzack, 

Wang et al. 2000; Paytubi, Morrice et al. 2008). Interaction between ABCF1 and 

elF2 has been demonstrated by identifying interacting partners in co-immuno 

precipitated samples using protein specific antibodies. In addition, ABCF1 

knockdown by RNA interference impairs translation (Paytubi, Wang et al. 2009) 

that is consistent with regulatory role of ABCF1 in the function of eIF2 (Paytubi, 

Morrice et al. 2008). 

1.5.2 Physiological functions of ABC transporters 

Human ABC transporters are localised to various cellular organelles and 

selectively expressed in a wide variety of human tissues (Table 1-2). They are 

involved in numerous physiological transport functions. With emerging evidence 

of their involvement in significant medical/pathological conditions and the 

realization of their economic (Teixeira, Godinho et al. 2012) and industrial 

importance (Loscher and Potschka 2005), they have become a major focus of 

research. In humans, mutations in genes encoding ABC transporters underlie 

diverse genetic diseases including cystic fibrosis (Drumm and Collins 1993), 

Tangier disease (Oram 2000), Dubin–Johnson syndrome (Tsujii, Konig et al. 1999) 

and sight disorders/loss of vision (Molday 2007). ABC transporters like TAP form 

the central part of the major histocompatibility complex class I (MHC I) peptide 

loading and translocation machinery (Figure 1-4). The ABCB2 and ABCB3 (TAP) 

genes are half-transporters that form a heterodimer to transport peptides 

produced by proteasomal degradation of antigens into the ER. The ABCB4 protein 

transports phosphatidylcholine across the canalicular membrane of hepatocytes 

(van Helvoort, Smith et al. 1996). ABCB11 is highly expressed in the liver 

canalicular membrane and has been shown to be the major bile salt export pump 

(Kubitz, Droge et al. 2012).  Yeast Atm1p plays a role in mitochondrial iron 

homeostasis and in the biogenesis of cytosolic Fe/S proteins (Kispal, Csere et al. 
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1997). It has been demonstrated that over-expression of ABCB9 in yeast can 

functionally complement the atm1 mutation, suggesting that ABCB9 may perform a 

similar function in humans. 

 

Figure 1-4: Antigen processing by the MHC I peptide-loading complex (PLC). 
Viral or tumour-associated antigens are degraded by the proteasome, and peptides 
are translocated into the ER lumen by TAP. MHC I molecules are loaded with high 
affinity peptides generated by proteasomal degradation and subsequently move 
via the Golgi apparatus to the cell surface. Cytotoxic T-cells recognise loaded MHC I 
complexes via their receptors, which leads to the apoptosis of the target cell. The 
figure was obtained from (Hinz and Tampe 2012). 

 

1.5.3 Multidrug resistance conferred by human ABC transporters 

Of the 51 human ABC proteins, only three are well known for their ability to confer 

MDR (Leslie, Deeley et al. 2005). They are ABCB1, ABCC1 and ABCG2. All three 

extrude various compounds; they have broad and, to a certain extent, overlapping 

substrate specificities in regard to transporting the major drugs currently used in 

cancer chemotherapy.  

1.5.3.1 ABCB1 

ABCB1 was cloned and characterized for its ability to confer a MDR phenotype on 

cancer cells that resulted in resistance to chemotherapy drugs (Juliano and Ling 

1976; Gerlach, Kartner et al. 1986; Roninson 1987). ABCB1 has been suggested to 



Page | 17  
 

be a promiscuous transporter as it transports hydrophobic drugs that include 

colchicine, VP16, Adriamycin and vinblastine as well as hydrophobic physiological 

substrates such as lipids, steroids, xenobiotics and peptides (Ambudkar, Dey et al. 

1999). Over-expression of ABCB1 cDNA in cultured KB carcinoma cells (Ueda, 

Cardarelli et al. 1987) and in the bone marrow cells of transgenic mice (Galski, 

Sullivan et al. 1989), confers resistance to cytotoxic anticancer drugs (such as 

colchicine, doxorubicin and vinblastine), as well as to many other hydrophobic 

pharmacological agents. HIV-1 protease inhibitors such ritonavir, saquinavir, and 

indinavir, are effective inhibitors of HIV-1 replication. Over-expression ABCB1, 

however, significantly reduces the accumulation of all three protease inhibitors in 

infected cells and the inhibition of HIV-1 replication (Lee, Gottesman et al. 1998). It 

was observed that inhibition of HIV-1 replication could be restored by ABCB1 

inhibitors. This suggests that HIV-1 protease inhibitors are substrates of ABCB1 

and HIV-infected patients expressing the ABCB1 transporter could be less 

responsive to the anti-viral treatments (Jones, Bray et al. 2001). 

1.5.3.2 ABCC1 

The ABCC1 gene was identified in the small-cell lung carcinoma cell line NCI-H69, a 

multidrug resistant cell that did not overexpress ABCB1 (Cole, Bhardwaj et al. 

1992). ABCC1 transports drugs that are conjugated to glutathione (GSH) by the 

glutathione reductase pathway (Barnouin, Leier et al. 1998; Keppler, Leier et al. 

1998; Borst, Evers et al. 2000). On the other hand, vinca alkaloids and 

anthracyclines are weak organic bases and are not known to be conjugated to GSH 

in human cells. However, depletion of cellular GSH in VP-16 lung carcinoma cells 

has been shown to abolish ABCC1-mediated resistance to vinca alkaloid vincristine 

and anthracyclines such as daunorubicin, doxorubicin and mitoxantrone 

(Versantvoort, Broxterman et al. 1995; Zaman, Lankelma et al. 1995). Therefore it 

is suggested that ABCC1 transports drugs such as GSH-conjugates in some 

instances or co-transports unconjugated drugs with GSH in other instances. 

1.5.3.3 ABCG2 

Analysis of mitoxantrone resistant cell lines lacking overexpression of either 

ABCB1 or ABCC1, led to the discovery of ABCG2 as a drug transporter (Doyle, Yang 

et al. 1998). The main role of ABCG2 is thought to be prevention of drug 

accumulation in cells which is supported by its expression in tissues like the 
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intestine, blood brain barrier and placenta where it is shown to increase clearance 

of xenobiotics (Leslie, Deeley et al. 2005). ABCG2 can also transport fluorescent 

compounds such as rhodamine and Hoechst 33462. Overexpression of ABCG2 in 

heterologous hosts such as Sf9 insect cells and Xenopus laevis oocytes has been 

shown to confer MDR (Ishikawa, Kasamatsu et al. 2003; Lee, Cho et al. 2012). The 

importance of ABCG2 is discussed further in chapter 3. 

In light of the widespread emergence of MDR in tumours and drug-resistant 

bacterial strains, designing better drugs for the treatment of these diseases is 

imperative. These integral membrane ABC transporters are expressed in very low 

amounts in native tumours or in mammalian tissue culture cells (Cai and Gros 

2003). Hence, expression of these MP in a heterologous host is extremely valuable 

for biomedical research.  

1.6 Heterologous expression of MPs 
Between 20 and 30% of the proteomes of most organisms are MPs (Krogh, Larsson 

et al. 2001) and estimates indicate that around 30-60% of MPs are clinical drug 

targets (Overington, Al-Lazikani et al. 2006; Yildirim, Goh et al. 2007). The first 

membrane protein structure was published in 1985 (Deisenhofer, Epp et al. 1985) 

and since then the number of published structures has increased slowly but 

steadily (Figure 1-5). There are now over 50,000 entries in the Protein Data Bank 

(PDB) repository of protein structures, but less than 1% of these entries represent 

MPs. As of September 2013, of the 767 membrane protein structures in the 

‘Membrane proteins of known 3D structure’ database 

(http://blanco.biomol.uci.edu/mpstruc/), around 416 belong to unique proteins. 

Of these around ~102 are eukaryotic MPs. Proteins of human origin are 

particularly under represented, with only about 40 examples that include 

monotopic and multi-spanning MPs. 

http://blanco.biomol.uci.edu/mpstruc/
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Figure 1-5: Development of MP expression systems. Comparison of various MP 
expression systems with respect to emerging applications for general protein 
expression (yellow), initial applications to MP production (light green), 
improvement for preparative-scale MP production (dark green) and number of MP 
structures obtained starting from first appearance  (blue). Image from Junge, 
Schneider et al. (2008) 

 

1.7 Factors influencing the expression of MPs in 

heterologous hosts 
Despite the current advanced state of heterologous protein expression technology, 

the preparation of high-quality functional MPs in sufficient amounts for 

characterization and structural studies is still a major bottleneck. MPs constitute a 

significant percentage of the total cellular proteins, but as a class are very difficult 

to overexpress, especially in a heterologous host or by in vitro approaches. Some 

factors that could determine the yield, processing, trafficking, integrity, activity 

and stability of heterologously synthesized MPs are the availability of highly 

processive transcription and translation machineries, suitable folding 

environments, the lipid composition of cellular membranes, the presence of 

efficient targeting systems and appropriate pathways for post-translational 

modifications (PTMs). It should be realized that optimisation strategies for 

heterologous expression of MPs are usually based on iterative processes of trial 
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and error. The choice of a heterologous host is often defined by a delicate balance, 

or compromises, between the highest yield and best sample quality & homogeneity 

of the overexpressed protein. Thus, depending on the host, expression protocols 

are generally individualized according to the characteristics of the particular MP.  

1.8 Considerations when choosing heterologous hosts for 

eukaryotic MPs expression 
Achieving the same extent of MP over-expression as for soluble proteins in 

heterologous hosts is very difficult. Compared to cytosolic/soluble proteins a 

variety of special requirements have to be considered when choosing or 

developing a heterologous host for MP expression. These factors are discussed 

below. 

1.8.1 The host should have sophisticated recognition and sorting 

mechanisms.  

MPs are not just released into the cytosol but must be recognised, translocated 

across membranes and targeted to appropriate organelle membrane such as 

vacuolar or plasma membrane (Walter and Lingappa 1986; Wagner, Bader et al. 

2006). MP insertion into membranes is not spontaneous. The Sec61 complex is 

often required for MP translocation in eukaryotes. However, the processing 

capacity of these complex and associated systems is limited, hence translocation 

can be selective for distinct groups of MPs (Schnell and Hebert 2003). Therefore, 

heterologous hosts should have sophisticated recognition and sorting mechanisms, 

particularly for eukaryotic MPs where directed targeting through the endoplasmic 

reticulum and Golgi apparatus are involved (Schnell and Hebert 2003). 

1.8.2 Composition of host membranes  

MPs are embedded in lipids, and the composition of these lipids varies between the 

host membranes (Opekarova and Tanner 2003). A comparison of the lipid 

composition of membranes in some common heterologous hosts is given in Table 

1-3. As eukaryotic membranes contain cholesterol, a major factor to be considered 

when choosing a heterologous host is its ability to provide similar lipid 

(specifically sterol) environment. For structural and functional studies, MPs have 

to be extracted from the cellular membranes after expression, followed by transfer 

into artificial and defined hydrophobic environments like micelles or liposomes 
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(Clark, Fedoriw et al. 2010; Sonoda, Cameron et al. 2010). The hydrophobic nature 

of MPs makes general handling and sample preparation problematic as diverse 

detergents and lipids mixtures have to be tried (Sonoda, Cameron et al. 2010) in 

order to provide optimal conditions for the stability and functional folding of a 

particular MP. Thus, the nature of the host membrane lipids can profoundly affect 

the stability of the protein and consequently the likelihood of its crystallisation. If 

the membrane composition of the host organism is similar to that of the organism 

from which the heterologous MP originates, it will eliminate/reduce the need to 

supplement or alter the lipid composition of artificial membrane environments in 

all downstream protein purification processes. 

1.8.3 Post-translational modifications 

Eukaryotic MPs often undergo post-translational modifications such as 

glycosylation, disulphide bond formation and phosphorylation. Heterologous hosts 

should provide the machinery necessary for these modifications. For example, 

non-phosphorylated ABCG2 is not targeted to the plasma membrane in 

mammalian cells (Xie, Xu et al. 2008). Similarly, lack of intramolecular disulphide 

bond formation (needed to form homodimer) reduces ABCG2 protein stability. 

This results in increased protein degradation in mammalian cells (Wakabayashi, 

Nakagawa et al. 2007). This may hold true in heterologous hosts. 

Therefore, an ideal heterologous host would have the ability to express many 

heterologous MPs with consistent high protein yield and relevant post-

translational modifications, and easy to grow and manipulate. However, to identify 

the optimum host it is often necessary to experiment with a variety of expression 

systems for each MP. 
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Table 1-3: Membrane lipid composition of heterologous hosts 

Organism Membrane Lipid Composition 

Prokaryotes  

Escherichia coli   

Gram-negative inner membrane PE 70–80%; PG 15–20%; CL 5% 

Bacillus megaterium 
PE 35%, PG 48%, CL 11%, glucosoaminyl PG 6% 

Gram positive 

Eukaryotes  

Saccharomyces cerevisiae Percentage of PL 

Plasma membrane 

PC 17%; PE 20%; PI 18%; PS 34%; PA 4%; CL 0.2% 

(Sphingolipids∼30%) 

Ergosterol/PL (mol/mol)∼0.9 

Mitochondria 
PC 40%; PE 26%; PI 15%; PS 3%; PA 2%; CL 13% 

Ergosterol/PL (mol/mol) 0.2 

Pichia pastoris Percentage of total lipids 

Whole cell extract 

PL 48%; ceramides 2%; sterol (free) 31%; sterol derivatives 16% 

Percentage of total PL recovered from whole cells 

PC 38%; PS 28%; PE 18%; PI 11%; PA 3%; CL 2% 

Spodoptera frugiperda Sf9 

Percentage of total PL recovered from whole cells 

PC 35 (43)%; PI 23 (17)%, PE 36 (36)%; CL 4.6 (4.7)% 
Cholesterol/PL (mol/mol) 0.04 

Xenopus oocytes 

Percentage of total PL recovered from whole cells 

PE 19%; PC 65%; PI 10%; PS 2%; sphingomyelin 5% 

Cholesterol/PL (mol/mol) 0.6–0.7 

  Mammalian cells Percentage of plasma membrane PL 

BHK21 cell line PC 26%; PE 29%; sphingomyelin 24%; PS 18%; PI 3% 

Plasma membrane Cholesterol/PL (mol/mol)∼0.9 

CL, cardiolipin; PA, phosphatidic acid(s); PC, phosphatidylcholine; PE, phosphatidylethanolamine; 

PG, phosphatidylglycerol; PGP, phosphatidylglycerophosphate; PI, phosphatidylinositol; PL, 

phospholipid(s); PS, phosphatidylserine. Table recreated from Opekarova and Tanner 2003. 
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1.9 Heterologous hosts used for the expression of ABC 

transporters 
For eukaryotic MP expression several promising heterologous host models have 

emerged over the years. These include, but are not limited to, S. cerevisiae (Bill 

2001), Pichia pastoris (Ramon and Marin 2011), L. Lactis (Kunji, Chan et al. 2005), 

Spodoptera frugiperda 9 (Sf9) (Ozvegy, Litman et al. 2001) insect cells, and Xenopus 

laevis oocytes (Bakouh, Cherif-Zahar et al. 2012). Alongside living heterologous 

hosts, cell-free expression systems have also emerged as alternative ways of 

expressing proteins and they are still going through a phase of development. For 

eukaryotic protein expression, only wheat germ (Vinarov, Loushin Newman et al. 

2006) or E. coli (Bernhard and Tozawa 2013) based cell-free expression systems 

tend to be used. The reasons for the popularity of these two cell-free systems have 

been well reviewed (Klammt, Schwarz et al. 2006; Liguori, Marques et al. 2007; 

Schwarz, Dotsch et al. 2008; Nguyen, Lieu et al. 2010). A list of some MPs that have 

been expressed using cell-free expression systems is given in Table 1-4. 

Table 1-4: Membrane proteins expressed using cell-free expression systems 

Protein Origin Characteristics 
Cell free 
system 

Structural 
data  

Proteorhodopsin Bacteria Proton pump E. coli S-30 NMR 

Rhodopsin II Acetabularia sp. Proton pump E. coli X-ray 

Presenilin-1 C-Terminal Fragment  Human 
Subunit of         
γ-secretase 

E. coli S-30 NMR 

ATP synthase 
Caldalkalibacillus 
sp. 

542 kDa 
complex 

E. coli EM 

hVDAC1 Human Ion channel 
Wheat 
germ and  
E. coli 

X-ray 

EmrE E. coli 
Multidrug 
transporter 

E. coli X-ray 

Transmembrane domains of ArcB,  
QseC and KdpD 

E. coli 
Histidine sensor 
kinases 

Modified          
E. coli S-30 

NMR 

Six inner membrane proteins Human Not determined E. coli  A19 NMR 

Taken from, Bernhard and Tozawa 2013 

The quest to identify an ideal heterologous host has led to the testing and 

evaluation of the expression of several ABC transporters belonging to various 

subfamilies in a number of heterologous hosts. A list of some of the ABC proteins 

expressed in heterologous hosts is given in Table 1-5.  

http://en.wikipedia.org/wiki/Spodoptera_frugiperda
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Table 1-5: ABC transporters expressed in heterologous hosts 

Heterologous host  ABC transporters References 

X. laevies oocytes 

ABCB1 
ABCA8 
ABCG2 
 
CFTR 

(Jutabha, Wempe et al. 2009) 
(Tsuruoka, Ishibashi et al. 2002) 
(Nakanishi, Doyle et al. 2003; Lee, Cho et al. 
2012) 
(Kongsuphol, Schreiber et al. 2011; Bakouh, 
Cherif-Zahar et al. 2012)  

 
  
Sf9 insect cells 
 
 
 
Sf21  insect cells 

CFTR 
ABCB1 
ABCC1 
ABCC2 
ABCC6 
ABCG2 
 
ABCB5 

(Ramjeesingh, Li et al. 1997) 
(Rao 1998) 
(Wortelboer, Usta et al. 2005) 
(Wortelboer, Usta et al. 2005) 
(Ilias, Urban et al. 2002) 
(Ishikawa, Kasamatsu et al. 2003) 
 
(Kawanobe, Kogure et al. 2012) 

P. pastoris 
 

ABCB1 
ABCB6  
ABCC3 
ABCD1  
ABCE1 
ABCF1 
ABCF2  
ABCF3 
ABCG1  
ABCG4  
ABCG5 
ABCG8 
ABCG2 
 
 
ABCC1 
ABCC6 

 
 
 
 
 
(Chloupkova, Pickert et al. 2007; Bai, Swartz et 
al. 2011) 
 
 
 
 
 
(Mao, Conseil et al. 2004; Rosenberg, Bikadi et 
al. 2010) 
 
(Cai, Daoud et al. 2001; Cai and Gros 2003) 
(Cai and Gros 2003) 

S. pombe  
 

ABCB1 
A. thaliana ABCB1 

(Ueda, Shimabuku et al. 1993) 
(Yang and Murphy 2009) 

S. cerevisiae  

ABCG2 
ABCB1 
ABCC1 
 
CFTR 
 
Murine CFTR 

(Jacobs, Emmert et al. 2011) 
(Mao and Scarborough 1997) 
(Lee and Altenberg 2003) (Ruetz, Brault et al. 
1996) 
(Huang, Stroffekova et al. 1996; Kiser, Gentzsch 
et al. 2001) 
(O'Ryan, Rimington et al. 2012) 

E. coli   Murine ABCB1 (Bibi, Gros et al. 1993; Evans, Ni et al. 1995) 

L. lactis ABCG2 (Janvilisri, Venter et al. 2003) 

 

Because of their involvement in MDR to cancer chemotherapy drugs, ABCB1 and 

ABCG2 proteins have been expressed and studied in many heterologous hosts. 

Although it is daunting, some attempts to functionally express mammalian ABC 

transporters in prokaryotic models have been partially successful with the 
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expression of human and murine ABCB1 in E. coli (Bibi, Gros et al. 1993; Evans, Ni 

et al. 1995) and ABCG2 in L. lactis (Janvilisri, Venter et al. 2003). For example, 

expression of full-length murine ABCB1 in OmpT protease deficient E. coli strain, 

resulted in low yields and low activity (Bibi, Gros et al. 1993). In addition, specific 

mutations in the predicted NBD of ABCB1 that abolish drug resistance in 

mammalian cells have no apparent effect when tested in E. coli (Bibi, Gros et al. 

1993). Similarly, the NBD1 of murine ABCB1 expressed in E. coli has been reported 

to have low solubility and reduced half-life (Dayan, Baubichon-Cortay et al. 1996). 

These data suggest that murine ABC transporters may have reduced function and 

yield when expressed in E. coli. On the other hand, expression of human ABCB1 in 

E. coli does not appear to have the hurdles associated with the expression of 

murine ABCB1 in the same system (George, Davey et al. 1996). 

Each heterologous host system has advantages and disadvantages (Condreay and 

Kost 2007; Junge, Schneider et al. 2008) (Table 1-6). In E. coli high copy number 

plasmid-based systems, there is increased chance for mutations to arise in the 

cloned ABC gene. Although the amount of altered protein produced due to a 

mutation in the heterologous gene remains low because of multiple copies of the 

plasmid-encoded recombinant gene, the product from one mutated copy could 

compromise crystallization of the heterologous protein. Aside from possible 

changes in the DNA sequence of the coding region of the heterologous protein 

generated during cloning, significant differences in the synthesis of polypeptides in 

prokaryotes and eukaryotes such as the codon usage, level of transcription, 

translation efficiency, differences in secretory pathway, plasmid stability and the 

genetic background of a host strain place limitations on the use of E. coli for the 

expression of eukaryotic transporters (Berg JM, Tymoczko JL et al. 2002).  

Hosts such as Sf9 insect cells and Xenopus oocytes are mostly preferred for 

expression of eukaryotic MPs. Several ABC transporters expressed in these two 

systems have been shown to be functional and were suggested to be targeted to 

the plasma membrane (Table 1-5). The plasma membrane localisation of over 

expressed ABC transporters in Xenopus oocytes has been shown using GFP fusion 

proteins (Lee, Cho et al. 2012), whereas in insect cell lines it has been 

demonstrated by immunodetecting the protein in plasma membrane preparations 
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(Ishikawa, Kasamatsu et al. 2003; Szentpetery, Sarkadi et al. 2004). These two 

expression systems, however, have certain limitations. For example, a major 

limiting factor of the insect cells is the initial generation of a recombinant 

baculovirus. After cloning the gene of interest into a shuttle vector, the insert has 

to be incorporated into a baculovirus either by homologous recombination with 

co-transfected baculoviral DNA or by site-specific transposition into a bacterially 

encoded baculoviral genome (Condreay and Kost 2007). Compared to microbial 

plasmid manipulations, these processes are time-consuming and the reliability 

with which recombinant viruses are obtained can often be disappointing.  

Injection of either RNA or cDNA into Xenopus oocytes is time consuming and 

labour-intensive. Although automated systems are available (Leisgen, Kuester et al. 

2007), it can be difficult for smaller labs to afford these robots. The Xenopus oocyte 

expression system therefore has lower throughput capabilities. Also, the control of 

heterologous expression of MPs by inducible and repressible promoters is not as 

sophisticated in Xenopus oocytes as in yeast or E. coli systems (Miller and Zhou 

2000). In addition, protein expression in oocyte systems can be transient; unlike 

prokaryotic or yeast systems, clones cannot be maintained for extended studies 

and long-time storage can be difficult. Although, their lifetime can be extended by a 

few weeks by storing at 4°C, it is suggested that the ability of oocytes to express a 

heterologous protein is decreased by this treatment (Miller and Zhou 2000). 

Oocytes are prone to exhibiting batch-to-batch variations in viability and 

expression levels of the MP of interest (Stuhmer 1998). Due to the large size of the 

Xenopus oocyte and the necessary constant perfusion with growth medium, larger 

volumes of ligands/drugs are required during assays, thereby, increasing the 

amount of compound needed for experiments (Priest, Swensen et al. 2007).  

It has been shown that both Xenopus oocyte (Colman, Bhamra et al. 1984) and 

insect cell (Harrison and Jarvis 2006) expression systems can yield proteins with 

altered post-translational modifications as compared to mammalian cell 

expression. However, this may be protein dependent. Nevertheless, both these 

systems offer a membrane composition (Marheineke, Grunewald et al. 1998; 

Opekarova and Tanner 2003) and protein processing machinery (Luckow and 

Summers 1988; Wolf B. F and Olaf 1995) closer to those of mammalian cells 
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compared to microbial expression systems, and thus represent a potentially 

attractive compromise for the expression of functional eukaryotic MPs. 

Table 1-6: Features of heterologous host expression systems 

 E. coli L. lactis S. cerevisiae P. pastoris Insect Mammalian 

Basic properties       

Setup requirements + + + ++ +++ +++ 

Time investment + + ++ ++ +++ +++ 

Costs + + ++ ++ +++ +++ 

Robustness +++ +++ +++ +++ + + 

Preparative scale ++ ++ +++ +++ ++ + 

Scale up +++ +++ +++ ++ + + 

Bio-safety/toxicity risk + + + ++ +  to ++ +  to +++ 

Ease of genetic 

manipulation 

+++ +++ +++ + to ++ + + 

Stable episomal vectors +++ +++ +++ + + + 

Characteristics       

Throughput options + + + + - - 

Expression 

environment 

      

Native membrane 

composition 

- + +/- +/- + to ++ +++ 

Micelles - - - - - - 

Artificial liposomes - - - - - - 

Inclusion 

bodies/precipitate 

+ ? + + + - 

MP labelling       

Uniform + + + + - - 

Specific + + + + - - 

Combinatorial + + + + - - 

Post translation 

modifications 

      

Glycosylation - - + ? + ? + ++ 

Hyper glycosylation - - + -  ? - - 

Disulphide bonds + ? - + ? + ? + ++ 

+, ++, +++ indicates low, medium and high possibilities or compatibilities, respectively. +? Indicates 

positive occurrence, but can be protein specific. The table was generated using qualitative 

information from (Swinkels, van Ooyen et al. 1993; Gros, Beaudet et al. 1998; Tate 2001; Mus-Veteau 2002; Cai and Gros 

2003; Kunji, Chan et al. 2005; Madden and Safferling 2007; Junge, Schneider et al. 2008) 

Most of the structures of bacterial MPs that are present in the Protein Data Bank 

(PDB) are of proteins that were successfully expressed in E. coli. On the other hand, 

eukaryotic MP structures are most commonly for proteins purified from native 

sources. Of approximately 40 unique eukaryotic MPs in the PDB, at least 17 were 

produced using recombinant methods, nine of these used yeast systems (P. 

pastoris and S. cerevisiae; the proteins include human monoamine oxidase B, rat 
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monoamine oxidase A, voltage dependent K+ channel, plant aquaporin, human 

leukotriene C4 synthase, A. thaliana H+ATPase), four in insect cells and four in E. 

coli. This suggests that yeast, specifically S. cerevisiae and P. pastoris, have become 

the second most popular MP expression system after E. coli.  

P. pastoris seems to be the most popular choice among yeast species for the 

expression of MPs (Cereghino and Cregg 2000; Lundstrom, Wagner et al. 

2006)(Table 1-5 and Table 1-7). Although, many of the proteins expressed in P. 

pastoris show appropriate activity, there has been limited success in obtaining the 

levels of purity and homogeneity required for X-ray crystallography studies. 

Recombinant protein expression in P. pastoris is often carried out using the 

methanol inducible alcohol oxidase 1 (AOX1) promoter (Tschopp, Brust et al. 

1987). The methylotropic pathway controlled by the AOX1 gene is highly induced 

by methanol (Macauley-Patrick, Fazenda et al. 2005). A limitation of this system is 

that during induction the concentration of the methanol has to be monitored 

carefully and the cell cultures has to be switched between carbon sources at a 

precise growth stage. Methanol metabolism utilizes oxygen at a high rate, and the 

expression of eukaryotic genes can be inhibited by oxygen limitation (Cereghino 

and Cregg 2000). Moreover, methanol is both toxic and a fire hazard. This may 

create additional safety issues when working with large cultures. The 

glyceraldehyde-3-phosphate dehydrogenase (GAP) promoter is another promoter 

that is commonly used in P. pastoris to constitutively express high levels of 

heterologous proteins when cells are grown on glycerol, glucose, or methanol 

media (Waterham, Digan et al. 1997). However the GAP promoter cannot be used 

to repress the expression of recombinant proteins. Although a high level of 

promoter activity is desired during heterologous protein expression, the level of 

expression provided by the AOX1 and GAP promoters may be toxic in some cases 

and may overwhelm the protein-handling machinery of the cell, through 

misfolding or improper processing of a significant portion of the expressed protein 

(Brierley 1998).  

There are only few selectable markers available for P. pastoris transformation. The 

HIS4, ARG4 selection markers are the ones used most often. A series of expression 

vectors with new biosynthetic marker genes such as ADE1 and URA3, are being 
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developed along with the respective auxotrophically marked host strains 

(Cereghino and Cregg 1999; Cereghino and Cregg 2000). Other limitations of P. 

pastoris for eukaryotic MP expression are the absence of cholesterol in its plasma 

membrane and lack of adequate protein glycosylation. Non-homogeneous N-

glycosylation of recombinant proteins, leading to protein heterogeneity, is also 

frequently observed in P. pastoris (Shukla, Haase et al. 2007). 

Table 1-7: Mammalian membrane proteins expressed in yeast 

S. cerevisiae References 

Human mPRα, mPRβ and mPRγ (Smith, Kupchak et al. 2008) 

Human D2S-dopamine receptor (Sander, Grunewald et al. 1994) 

Human Secretory Pathway Ca2+ and Mn2+-ATPase (Ton, Mandal et al. 2002) 

Rabbit Ca2+-ATPase SERCA1a (Jidenko, Nielsen et al. 2005) 

Human A2aR, localised to plasma membrane (GPCR) 
In this study expression of 12 GPCRs was shown 

(O'Malley, Mancini et al. 2009) 

Human Muscarinic receptor (Payette, Gossard et al. 1990) 

Human aquaporin (Bomholt, Helix-Nielsen et al. 2013) 

P. pastoris  

Human Aquaporins hAQP0 to hAQP12 
(Oberg, Ekvall et al. 2009; Oberg and 
Hedfalk 2013) 

Human pancreatic 
lipase-related protein 2 

(Sebban-Kreuzer, Deprez-Beauclair et al. 
2006) 

Human μ-opioid receptor 
(Sarramegna, Talmont et al. 2003; 
Sarramegna, Muller et al. 2005) 

Mammalian GPCRs (Andre, Cherouati et al. 2006) 

Human ABC transporters (15) (Chloupkova, Pickert et al. 2007) 

 

In some cases it has been observed that P. pastoris glycosylates heterologous 

proteins when the proteins are not normally glycosylated by the native host; and 

even when the protein is glycosylated in the native host (Shukla, Haase et al. 2007), 

P. pastoris may not glycosylate it on the same serine and threonine residues 

(Cereghino and Cregg 2000). For instance, 15% of overexpressed human insulin-

like growth factor I (IGF-I) was found to have O-linked mannose to proteins in P. 

pastoris even though IGF-I is not glycosylated in humans (Brierley 1998). 

Furthermore, functional analysis of heterologously expressed ABC transporter 

proteins can be confounded by the fact that many endogenous host pumps with 

similar efflux or translocation activities are present in this system. Therefore 

procedures to test the function of ABC transporters in vivo in P. pastoris are not 

well established (Bai, Swartz et al. 2011). To demonstrate the ATPase or drug 
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efflux activity of ABC transporters overexpressed in P. pastoris, they have to be 

purified and reconstituted into artificial proteoliposomes. 

In this, and other, respects there are a number of features that make S. cerevisiae 

an attractive host for the expression of eukaryotic MPs (Bill 2001). 

1.10 S. cerevisiae as a host for membrane protein expression  
The haploid budding yeast S. cerevisiae was the first eukaryotic organism to have 

its genome completely sequenced (Goffeau, Barrell et al. 1996; Decottignies and 

Goffeau 1997). Since then, genetic analysis and heterologous protein expression in 

S. cerevisiae has undergone many developments and has been well refined. The S. 

cerevisiae genome contains over 6000 open reading frames without introns, which 

make them readily usable (Saccharomyces genome data base; 

http://www.yeastgenome.org/). It is estimated that at least 31% of the proteins 

encoded in the yeast genome have a human orthologue and nearly 50% of human 

genes involved in human diseases possess yeast orthologues (Tugendreich, Bassett 

et al. 1994; Foury 1997). Ninety-five percent of the yeast genes genome has been 

systematically knocked out (KO) (Winzeler, Shoemaker et al. 1999; Giaever, Chu et 

al. 2002), and the individual KO mutants, or collections of haploids, as well as the 

homozygous and heterozygous diploids are commercially available from the 

American Type Culture Collection (ATCC). The value of this collection lies in the 

ease with which each strain can be systematically tested for the effects of the loss 

of each gene on cell physiology (Winzeler, Shoemaker et al. 1999). In addition, 

protein-protein interactions, genetic interactions and gene expression profiles can 

be studied in KO strains by functional genomics (Yuan, Pan et al. 2005). 

Recently, it has been shown that cancer cells and S. cerevisiae cells have conserved 

physiological mechanisms such as lipid metabolism and apoptosis (Carmona-

Gutierrez, Eisenberg et al. 2010; Natter and Kohlwein 2013). Most notably, cancer 

cell physiology and metabolic fluxes have been shown to be very similar to those in 

the fermenting and rapidly proliferating yeast. One of the major requirements for 

cancer cell proliferation and cell cycle progression is the synthesis of lipids for 

membrane formation. Most of these enzymes are conserved in S. cerevisiae (Natter 

and Kohlwein 2013). For example, the basic pathways for the synthesis of 

membrane glycerolipids are identical in yeast and mammalian cells, resulting in 

http://www.yeastgenome.org/
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the synthesis of same classes of phospholipids, namely phosphatidic acid, 

phosphatidylinositol, phosphatidylserine, phosphatidylethanolamine, 

phosphatidylcholine, phosphatidylglycerol and cardiolipin (Natter and Kohlwein 

2013). These features makes S. cerevisiae an attractive model to carry out studies 

of human gene expression based on functional complementation (Tucker 2002). 

Since many genes and pathways are conserved between humans and S. cerevisiae 

the valuable data obtained from studies conducted in S. cerevisiae can be 

extrapolated to solve problems related to human diseases. In fact, the yeast 

apoptotic model has already demonstrated its potential for the elucidation of 

human neurotoxicity and cancer (Madeo, Engelhardt et al. 2002; Braun, Buttner et 

al. 2010). 

Other important advantages of budding yeast are: i) Its ability to assemble and 

integrate multiple DNA fragments in the genome by homologous recombination, 

which eliminates the need of prior cloning of heterologous genes into plasmids. 

This allows the precise insertion of DNA sequences at specific locations in the yeast 

genome. In addition, it not only permits the targeted mutagenesis of specific gene 

segments by simple PCR without cloning, but also allows the ligation independent 

efficient re-cloning of mutagenized segments by homologous recombination; ii) 

The availability of strong constitutive promoters that can drive the expression of 

heterologous genes such as plasma membrane H+ATPase (PMA1), glyceraldehyde-

3-phosphate dehydrogenase (GPD), phosphoglycerate kinase-1 (PGK1), alcohol 

dehydrogenase-1 (ADH1) and pleiotropic drug-resistance ABC pump (PDR5); iii) 

As shown in Figure 1-6, green fluorescent protein (GFP) can be fused to MP and 

used to monitor the localisation of overexpressed MPs in S. cerevisiae. C-terminal 

or N-terminal tagging of membrane proteins with GFP facilitates this process 

(Drew, von Heijne et al. 2001). The fluorescence from the GFP-tagged MP is a fast 

and accurate measure of its expression in the membrane and is easy to measure 

both in liquid culture and directly in standard SDS gels (Newstead, Kim et al. 2007; 

Drew, Newstead et al. 2008). Furthermore, overexpressed MP can be recovered 

from a MP-GFP fusion protein using a site-specific protease if the protease site is 

engineered into the construct. 
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Figure 1-6: Confocal microscopy images of GFP tagged hAQP1 expressed in S. 
cerevisiae. Phase contrast (A); GFP fluorescence (B). Image from Bomholt, Helix-
Nielsen et al. (2013). 

1.10.1 Limitations of S. cerevisiae for eukaryotic MP expression 

Two significant differences between S. cerevisiae and mammalian cells that affect 

MP expression are the absence of cholesterol in plasma membranes and altered 

glycosylation patterns. The absence of cholesterol in yeast membranes might affect 

the function of mammalian MPs (Opekarova and Tanner 2003), and hyper-

mannosylation can affect the proper folding and activity of heterologously 

expressed MPs (Bill 2001). However, S. cerevisiae can be genetically engineered to 

overcome these limitations. For example, by replacing specific enzymes in the 

yeast ergosterol pathway, S. cerevisiae can be made to produce cholesterol. Taking 

advantage of this principle Souza et al. have created yeast strain RH6829 (Souza, 

Schwabe et al. 2011), that can produce cholesterol, by replacing the S. cerevisiae 

ERG5 and ERG6 genes with the Danio rerio (zebra fish) DHCR24 and DHCR7 genes, 

respectively. Alternatively, auxotrophic yeast strains can be created by knock 

out/knock down of the HEM1 gene (Ness, Achstetter et al. 1998). S. cerevisiae 

deleted in HEM1 can take up cholesterol from supplemented growth medium. 

These types of genetic manipulation may, or may not, be needed as some of the 

mammalian and human membrane proteins are functional and properly localised 

to the plasma membrane when expressed in S. cerevisiae. For example, mammalian 

(sheep or dog) Na,K-ATPase (Horowitz, Eakle et al. 1990), human transferrin 

receptor (Terng, GeÃŸner et al. 1998), human A2aR (O'Malley, Mancini et al. 2009), 

human AQP1 and human ABCB1 (Figler, Omote et al. 2000) have been shown to be 

functionally expressed in S. cerevisiae and targeted to the cell surface. This 

suggests that ergosterol may sometimes permit heterologous MP function. 

Similarly, to tackle the hyper-mannosylation, yeast-specific glycosylation pathways 
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could be manipulated to produce complex human glycoproteins with uniform 

humanised glycosylation patterns (Hamilton, Bobrowicz et al. 2003). 

Thus, S. cerevisiae offers several advantages over E. coli, as a microbial expression 

system as eukaryotic MPs can be targeted to the plasma membrane or to the 

membranes of subcellular compartment. S. cerevisiae surpasses cultured insect and 

mammalian cell lines with its simple and inexpensive growth conditions and a 

shorter cell cycle. This also makes them an amenable model as cell-based assays 

can be adapted to 96- or 384-multiwell formats. In the past decade, S. cerevisiae 

has emerged as an attractive tool for anticancer drug research as it allows large-

scale high-throughput cell-based assays (Tucker 2002; Menacho-Marquez and 

Murguia 2007).  

1.11 Expression of ABC transporters in S. cerevisiae 
Several studies suggest that S. cerevisiae is a promising host for the expression of 

human MPs (Table 1-7). For example, human AQP1 has been over expressed in S. 

cerevisiae (Bomholt, Helix-Nielsen et al. 2013). Bio-imaging of live yeast cells has 

revealed that recombinant AQP1-GFP accumulated in the plasma membrane of S. 

cerevisiae. Similarly, ABCB1 has been expressed in protease-deficient S. cerevisiae 

strain BJ1991 (Mao and Scarborough 1997) in amounts equating to approximately 

0.4% of the total membrane protein. Increased resistance to valinomycin was 

demonstrated in these cells, suggesting that the expressed ABCB1 was properly 

folded and functional. About 50 mg of ABCB1 was purified from 20 g of crude yeast 

membranes by Ni+ affinity purification chromatography to about 90% 

homogeneity. The purified protein also showed verapamil-stimulated ATPase 

activity. Similarly, ABCB1 has been expressed in another S. cerevisiae protease-

deficient strain BJ5457 (Figler, Omote et al. 2000). In this strain, ABCB1 could be 

expressed at levels equivalent to 3% of total membrane protein, as compared to 

~0.4% in strain BJ1991. In the presence of a chemical chaperone (10% glycerol), 

the expression level could be enhanced to 8% in strain BJ5457. The cells 

expressing ABCB1 were resistant to valinomycin. In both these studies ABCB1 was 

constitutively over expressed under the control of the PMA1 promoter. 

The S. cerevisiae STE6 gene encodes an ABC transporter. Ste6p transports the 

mating pheromone peptide ‘‘a’’ factor and yeast cells bearing a null mutation of 
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STE6 are sterile and do not mate with α cells (McGrath and Varshavsky 1989). 

STE6 is an orthologue of mouse ABCB4. Expression of the mouse ABCB4 gene in a 

ste6 deletion mutant was shown to restore mating, suggesting that ABCB4 was 

functional in S. cerevisiae (Raymond, Gros et al. 1992; Raymond, Ruetz et al. 1994). 

Further studies have shown that ABCB4 could be stably expressed in the 

membrane fraction of S. cerevisiae cells where it binds to ATP and 

iodoarylazidoprazosin. Its expression in the plasma membrane was proposed by 

concomitant development of cellular resistance to the antifungal macrolide 

peptides and cyclosporin analogues FK506 and FK520 (Raymond, Ruetz et al. 

1994). 

Functional expression of an ABCC1 deletion mutant (TMS0, with the first 

transmembrane span deleted) in S. cerevisiae at a level of ~1.5% of the total 

membrane protein has been achieved. An over-expression study in Sf9 insect cells 

has shown that TMS0 of ABCC1 is non-essential for drug transport (Bakos, Evers et 

al. 1998). Consistent with this result, the uptake of radiolabeled leukotriene C4 (a 

substrate) by truncated ABCC1 was demonstrated in membrane vesicles prepared 

from S. cerevisiae (Lee and Altenberg 2003). Recently, murine ABCC7 (CFTR) has 

been expressed in S. cerevisiae and purified by metal affinity and size exclusion 

chromatography to >90% purity (O'Ryan, Rimington et al. 2012). In the same 

study, the majority of the over expressed CFTR-GFP-8His was shown to localize to 

the plasma membrane by live cell imaging.  

Collectively, these studies demonstrate that heterologous mammalian ABC 

transporters can be functionally expressed in S. cerevisiae. 

1.12 S. cerevisiae AD∆ expression system 
The analysis of any heterologously expressed protein can be complicated by the 

presence of endogenous host proteins with similar efflux or translocation 

activities. The presence of multiple ABC transporters in the host cell can mask the 

activity of the over expressed protein of interest. The study of ABC protein function 

in S. cerevisiae is therefore made more difficult by the presence of 30 ABC genes 

several of which are expressed in the plasma membrane (Decottignies and Goffeau 

1997).  
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1.12.1 S. cerevisiae strain AD∆ 

In order to reduce background drug transport activity due to the expression of 

endogenous transporters, Decottignies and coworkers developed a S. cerevisiae 

mutant strain AD12345678 (AD1-8) in which seven ABC pump genes, 

predominantly of the PDR family (PDR5, PDR10, PDR11, PDR15, SNQ2, YOR1 and 

YCF1) and the PDR3 transcriptional regulator were deleted (Decottignies, Grant et 

al. 1998). AD1-8 also includes the gain of function pdr1-3 mutation in PDR1. The 

pdr1-3 mutation, together with the disruption of the transcription regulator pdr3, 

leads to the constitutive hyperexpression of the PDR5 gene and the coordinated 

overexpression of other members of the PDR gene network that facilitate the 

biosynthesis and trafficking of membrane proteins (Katzmann, Hallstrom et al. 

1995; Carvajal, van den Hazel et al. 1997; Decottignies, Grant et al. 1998). S. 

cerevisiae AD∆ was derived from AD1-8 by deletion of the chromosomal URA3 gene 

(Lamping, Monk et al. 2007) to allow transformation selection using the URA3 

selectable marker. 

1.12.2 Importance of gain of function mutation in PDR1 

In S. cerevisiae, the pleiotropic drug resistance phenotype is primarily regulated via 

two transcriptional activators encoded by homologous genes PDR1 and PDR3. 

These transcription factors interact with the PDR5 promoter by recognizing DNA 

sequences called the Pdr1/Pdr3 response element (PDRE). Three PDREs 18-20bp 

in length are found in the PDR5 promoter -360 to -112 bp upstream of the PDR5 

ATG (Katzmann, Hallstrom et al. 1996). A comparison of the DNA sequences of 

these three regions has shown TTCCGCGGAA to be the consensus sequence for 

Pdr1p and Pdr3p binding (Katzmann, Hallstrom et al. 1996). This sequence is 

consistent with the Zn2Cys6 transcription factor Gal4p recognition sequence - a 

symmetric GC-rich DNA elements (Reece and Ptashne 1993). Hence, both Pdr1p 

and Pdr3p are considered to belong to this large family of Zn2Cys6 transcription 

factors. 

The pleiotropic drug resistance phenotype of S. cerevisiae was first related to a 

series of mutations by growth selection in the presence of one or two drugs. These 

mutations conferred cross-resistance to around 30 different inhibitors targeting 

unrelated, cytoplasmic or mitochondrial, functions (Balzi and Goffeau 1991). It was 
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later revealed that mutations at the yeast PDR1 transcriptional regulator locus 

were responsible for over-expression of the three ABC transporter genes PDR5, 

SNQ2 and YOR1 that confer pleiotropic drug resistance on S. cerevisiae (DeRisi, van 

den Hazel et al. 2000; Kolaczkowska, Kolaczkowski et al. 2008). Around twenty 

independent mutations conferring multidrug resistance have since been attributed 

to the PDR1 locus (Balzi and Goffeau 1995). Of the many mutations in PDR1 tested 

by transactivation experiments using isogenic allele, the mutation consisting of a T 

to C transition at nucleotide position 2444 (amino acid position 815) giving a 

phenylalanine to serine (F815S) substitution was revealed to cause the hyper-

expression of ABC transporters (Balzi and Goffeau 1995; Katzmann, Hallstrom et 

al. 1996). This mutation was designated as pdr1-3, and is a gain of function 

mutation. Another feature of S. cerevisiae Pdr1p (ScPdr1p) regulation of efflux 

pump expression is compensatory induction. If individual efflux pump genes, such 

as PDR5, SNQ2 or YOR1, are deleted there is a compensatory upregulation of the 

other drug efflux pump genes (Kolaczkowska, Kolaczkowski et al. 2008). This 

induction requires ScPdr1p, which in turn is regulated by the inhibitory action of 

ScPdr3p (Kolaczkowska, Kolaczkowski et al. 2008).mechanisms regulating this 

trans-activation also include plasma membrane sphingolipid homeostasis, 

autoregulation of ScPdr3p and chaperone-specific differential regulation of 

ScPdr1p and ScPdr3p (Gulshan and Moye-Rowley 2007). Other zinc finger 

transcription factors, such as ScYrr1p, ScStb5p, ScRdr1p, and ScYrm1p, also 

contribute, in a combinatorial fashion, to the expression of various transporter 

genes (Akache, MacPherson et al. 2004). 

The advantage of this PDR regulatory network can be appreciated by studying 

protein expression. For example, it was demonstrated that a S. cerevisiae strain 

with the pdr1-3, pdr3∆ genotype (Mata, pdr1-3, pdr3∆::HIS3, ura3-52, leu2-∆1, 

trp1-∆63, his3∆200, GAL2+) showed ~100-fold increase in β-galactosidase activity 

that was fused to PDR5 (which was under the control of the PDR5 promoter); 

Whereas strains with pdr1-3∆, pdr3∆ (double mutant) or with the PDR1, pdr3∆ 

genotype (expressing wild type Pdr1p) had very low β-galactosidase activity 

(Carvajal, van den Hazel et al. 1997). This suggests that: i) wild-type expression of 

the PDR5 gene can occur in the presence of one of the homologous transcription 
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factors: Pdr1p; ii) Expression is higher in the presence of the pdr1-3 gain of 

function mutation in Pdr1p; iii) Deletion of Pdr3p in AD∆ removes the Pdr3p 

mediated inhibition of Pdr1p. In addition Pdr1p adopt the transcriptional 

regulation activity of Pdr3p. This combination of genetic mutations (pdr1-3, pdr3∆) 

also leads to the coordinated overexpression of other members of the PDR gene 

network (DeRisi, van den Hazel et al. 2000). This shows that the pdr1-3 gain of 

function mutation along with the disruption of Pdr3p leads to the constitutive 

hyperexpression of genes inserted at the PDR5 locus supported by global 

expression of a range of genes that normally enable the PDR family proteins to be 

efficiently transported and functionally integrated into the plasma membrane. 

Since AD∆ is deleted in 7 major efflux pumps, Pdr1p drives over-expression of any 

remaining PDR type transporter (that contains PDRE in their promoters) because 

of its compensatory induction activity.  

1.12.3 Plasmid pABC3 

The vector pABC3 is a high copy number plasmid containing an E. coli colE1 origin 

of replication, the ampicillin resistance marker (AmpR) and the transformation 

cassette (Figure 1-7). The transformation cassette is bordered by AscI restriction 

sites and includes the PDR5 promoter, a multicloning site that includes the 8-base 

pair PacI and NotI restriction sites, the PGK1 terminator, the URA3 gene, and a 

region downstream of the PDR5 gene. In derivative plasmids pABC3-6xHis and 

pABC3-GFP, 6xHis and GFP tags are located immediately downstream of the NotI 

restriction site.  

PDR5 encodes the full length plasma membrane transporter Pdr5p that S. 

cerevisiae uses to efflux numerous toxic compounds including fungicides, 

mutagens, steroids and anticancer drugs from the cell (Bauer, 1999; Ernst, 2005, 

Kowloczkowski et al). The PGK1 terminator sequence at the 3’ end of the 3-

phosphoglycerate kinase (PGK) gene increases transcription efficiency by blocking 

further the elongation of the PGK1 mRNA (Mazzoni, 2009). 
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Figure 1-7: The S. cerevisiae AD∆ expression system targeting the heterologous 

protein to the plasma membrane. The system comprises the pABC3 vector 
containing a transformation cassette that consists of the PDR5 promoter (PDR5p, 
bright blue), the PacI and NotI cloning sites where the ORF of the foreign gene (i.e. 
ABCG2, brown) will be cloned in-frame with or without GFP or 6xHis tags, the 
PGK1 terminator (red), the URA3 selection marker (cyan) and a small (~500 
nucleotides) downstream segment of the PDR5 gene (bright blue). The 
transformation cassette containing the heterologous ORF (ABCG2) can be excised 
using the restriction enzyme AscI and used to transform the host strain S. 
cerevisiae ADΔ. The figure was modified from Lamping et al. (2007). 
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The heterologous gene is ligated into the pABC3 vector or its derivatives by using 

the PacI and NotI restriction sites and used to transform E. coli to ampicillin 

resistance. The transformation cassette can be excised from the recombinant 

plasmid using the restriction enzyme AscI and used to transform competent Ura- S. 

cerevisiae ADΔ. 

The transformation cassette obtained using the pABC3 plasmid enables the 

integration of single copy gene of interest at the PDR5 locus in S. cerevisiae ADΔ by 

homologous recombination.  

Alternatively, the transformation cassette can be amplified by PCR and the DNA 

fragment/s can be used to transform S. cerevisiae directly by integration at the 

PDR5 locus through homologous recombination, instead of cloning the 

homologous gene in pABC3 using E. coli. The URA3 gene in pABC3 is located in just 

downstream of the PGK terminator and provides a selection marker for the 

incorporation of the transformation cassette into the S. cerevisiae genome via 

homologous recombination using the PDR5 sequences bordered by the AscI sites 

(Chan, 2009). Expression of URA3 in the transformed ADΔ host enables growth in 

media lacking uracil or uridine.  

1.12.4 Previous use of S. cerevisiae ADΔ 

The use of the S. cerevisiae ADΔ host strain has enabled C. albicans ABC transporter 

Cdr1p (CaCdr1p), several other fungal ABC pumps and other classes of membrane 

protein to be expressed at levels up to 30% of the total plasma membrane protein 

(Lamping, Monk et al. 2007). The strains overexpressing ABC transporters can be 

used to develop in vivo cell-based screening assays to identify and characterize 

pump inhibitors that overcome multidrug resistance. Over-expression of a 

particular efflux transporter in ADΔ can confer drug resistance. These cells can be 

chemosensitised to drugs that are pump substrates by inhibiting the over 

expressed transporter. Thus, using efflux pump expressing strains, drugs can be 

screened to identify a potent chemosensitising substrate that does not inhibit the 

normal growth of ADΔ cells expressing the efflux transporter. 

Holmes and coworkers have already demonstrated the potential of this expression 

system to develop flow cytometry-based high-throughput screening (HTS) 
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(Holmes, Keniya et al. 2012). Using S. cerevisiae AD∆ overexpressing CaCdr1p, 

novel D-octapeptide inhibitors that chemosenstized S. cerevisiae AD∆/CaCDR1 to 

fluconozle have been identified (Niimi, Harding et al. 2004; Monk, Niimi et al. 

2005). This system has been used to identify the amino acid residues within 

CaCdr1p that interact with substrates (Niimi, Harding et al. 2012). Understanding 

this kind of protein/drug interaction is key for structure-based drug design. 

1.13 Aims and objectives 
The work described in this thesis contributed to an overarching objective of 

developing the S. cerevisiae AD∆ strain as a versatile host for the expression of 

various heterologous MPs. This study, however, was focused specifically on 

investigating the heterologous expression of human ABC transporters in S. 

cerevisiae AD∆. Compared to other heterologous expression systems such as Sf9 

insect cells or P. pastoris, there are few examples of successful over expression of 

human ABC transporters in S. cerevisiae (Table 1-5). Although, over expressed ABC 

transporters such as ABCB1, CFTR, ABCC1 and ABCG2 are functional in S. 

cerevisiae, their localisation (apart from ABCB1) has not been demonstrated in 

intact cells. Even in the case of ABCB1, only a small amount of ABCB1 was localised 

to the plasma membrane and much of the overexpressed protein is retained in 

intracellular organelles (Jeong, Herskowitz et al. 2007; Lamping, Monk et al. 2007). 

In the case of CFTR, ABCC1 and ABCG2, the functional activity was only 

demonstrated in reconstituted proteoliposomes prepared from purified 

membranes and E. coli lipids (Table 1-5). 

Therefore, even if a moderate level of functional ABC protein expression can be 

achieved in the plasma membrane of intact S. cerevisiae cells; the short generation 

time, ease of genetic manipulation and wide range of drugs that can be tested on S. 

cerevisiae offers tremendous advantages. Thus, if there are no hurdles due to the 

plasma membrane composition or the absence of cholesterol, this system may 

allow rapid advances in functional studies of human MPs in intact yeast cells 

without the necessity of protein purification.  

To investigate the functional expression of human ABC transporters, ABCG2 was 

used as the model protein in this study. The reasons for choosing ABCG2 are 
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described in detail in chapters 3 and 5. Briefly, it was the protein of choice as it is 

phlyogenetically closer than other human ABC proteins to the PDR subfamily of 

fungal ABC proteins that are expressed at high levels in S. cerevisiae AD∆. In 

addition S. cerevisiae has yol075Cp, a putative ABC transporter that belongs to 

cluster F of the PDR subfamily. yol075Cp is the closest homologue of ABCG2 in S. 

cerevisae. Most of the conserved ABC protein features such as the Walker A and B 

motifs, the ABC signature motif and the position of predicted transmembrane 

spans are very similar among ABCG2, Pdr5p and yol075Cp. Importantly, the 

predicted topology (NBD-TMD6)2 is also similar among these proteins presuming 

that ABCG2 assumes this topology in its homodimeric state. 

Based on the results of overexpression of ABCB1 in S. cerevisiae AD∆ (Lamping, 

Monk et al. 2007), partial intracellular retention of over expressed ABCG2 was 

predicted. To overcome this problem two main approaches were employed: 

i) Protein modification: ABCG2 was modified to create either protein chimeras 

with ScPDR5 or to create ABCG2 mutants by site directed mutagenesis. These 

modifications were predicted to: target ABCG2 to the plasma membrane by 

providing translocation signals; mimic the post-translational mature state of the 

protein; or rescue ABCG2 from proteolytic degradation. For instance, in 

mammalian cells ABCG2 is shown to be phosphorylated at amino acid 362 by PIM1 

kinase. Phosphorylation is essential for proper targeting and localisation of ABCG2 

to the plasma membrane (Xie, Xu et al. 2008). The ABCG2 T362D mutant mimics 

the in vivo phosphorylation state of ABCG2 and the protein was shown to be 

localised to the plasma membrane even in the absence of PIM1 kinase. 

ii) Host modification: Cholesterol is an important component of mammalian 

plasma membrane. Cholesterol is crucial for ABCG2 efflux function and possibly for 

its localisation. However, ergosterol is the major sterol of S. cerevisiae AD∆ plasma 

membranes. To overcome this possible limitation, the HEM1 gene was deleted in S. 

cerevisiae AD∆. Deletion of this gene confers cholesterol auxotrophy and S. 

cerevisiae should be able to grow on cholesterol supplemented in exogenous 

medium. It is hypothesised  that the presence of cholesterol will possibly target 

over expressed ABCG2 to the plasma membrane.   
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Materials 
All chemicals, unless stated otherwise, were purchased from Sigma-Aldrich, Inc. St. 

Louis, USA.  

2.1 Methods 

2.2 Genomic DNA extraction (mini prep)  
S. cerevisiae genomic DNA (gDNA) was prepared using a Yeast DNA extraction kit 

(Thermo Fisher Scientific Inc. Rockford, IL, USA) according to the manufacturer’s 

instructions with some modifications. In brief, a colony of S. cerevisiae was 

resuspended in 10 l of the Y-PER reagent in an eppendorf tube. The homogenous 

cell suspension was incubated at 65°C for 10 min and centrifuged at 15,500 ×g for 

5 min. The supernatant was discarded and 8 l portions of DNA-releasing reagent 

A and B were each added to the pellet; gently mixed to produce a homogenous 

suspension and incubated at 65°C for 10 min. After incubation, 4 l protein 

removal reagent was added to the suspension, gently mixed by tapping the tube 

several times and centrifuged at 15,500 ×g for 10 min. The supernatant was 

carefully transferred to a new tube and 12 l isopropyl alcohol was added; mixed 

gently and centrifuged at 15,500 ×g for 10 min at RT to precipitate genomic DNA. 

Without disturbing the pellet, the supernatant was carefully discarded and 300 l 

of 70% ethanol was added to the pellet and centrifuged at 15,500 ×g for 10 min at 

RT to wash off residual salts. After discarding the supernatant, the genomic DNA 

pellet was dried and resuspended in 20 l sterile water. 

Note: The majority of S. cerevisiae laboratory strains contain a double-stranded 

RNA killer virus that produces a band on an agarose gel (~5 kb). Sometimes, an 

extremely faint band occurs at 2 kb that is also part of the killer virus. These bands 

do not interfere with most downstream applications, but may affect quantification 

of the sample. Decreasing the suggested amount of isopropyl alcohol addition by 

half solves this problem; however, this may reduce gDNA yield. 
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2.3 Polymerase chain reaction (PCR) 

2.3.1 PCR using KOD hot start polymerase 

PCRs were carried out using a KOD hot start DNA polymerase kit (TOYOBO, Merck 

KGaA, Darmstadt, Germany) according to the manufacturer’s instructions. Briefly, 

each reaction had 1x KOD hot start buffer, 1.5 mM MgSO4, 0.2 mM 

deoxyribonucleotide triphosphates (dNTPs), 0.32 M each of forward and reverse 

primers, 10 ng of template DNA, 1 U of KOD polymerase and distilled sterile water 

in a total volume of 50 l. The PCRs were carried out in DNA Engine peltier 

thermal cycler (Bio-Rad laboratories Pty Ltd, CA, USA) with the thermal cycling 

conditions described in Table 2-1. 

Table 2-1: KOD Hot Start thermal cycling conditions 

Steps Process Temperature Time 

1 Polymerase activation 95°C 5 min 

2 Denature 95°C 20 sec 

3 Annealing Lowest primer Tm °C† 10 sec 

4 Extensiona 70°C 20 sec/kb 

5 Repeat steps 2-4 for 30-35cycles 

6 Extension 70°C 2-5 min 

7 Hold at 4°C 

aNote: Extension time of 1 min/kb was used for fragments >2.5 kb. 

†Tm - The temperature at which 50% of the oligonucleotide and its perfect 
complement are in duplex. The Tm values used are according to the 
recommendations of Sigma-Aldrich Pte Ltd, Singapore. 

2.3.2 Site directed mutagenesis 

Site directed mutagenesis was performed by PCR using KOD hot start DNA 

polymerase as described in Section 2.3.1, using primers described in the results 

section.  

2.3.3 PCR using Takara Ex Taq polymerase: 

PCRs were carried out using a Takara Ex Taq polymerase kit (Takara Bio Inc, Shiga, 

Japan) according to the manufacturer’s instructions. Briefly, each reaction 

contained 1x Ex taq buffer, 0.25 mM dNTPs, 0.3 M each of forward and reverse 
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primers, 5-50 ng of template DNA, 0.5 U of Takara Ex Taq polymerase and sterile 

distilled water in a total volume of 20 l. PCRs were carried out in a DNA Engine 

peltier thermal cycler (Bio-Rad laboratories Pty Ltd, CA, USA) with the thermal 

cycling conditions described in Table 2-2. 

Table 2-2: Takara Ex Taq thermal cycling conditions 

Steps Process Temperature Time 

1 Polymerase activation 94°C 5 min 

2 Denature 94°C 20 sec 

3 Annealing 58°C 10 sec 

4 Extension 68°C 30 sec/kb 

5 Repeat steps 2-4 for 30-35cycles 

6 Extension 68°C 2-5 min 

7 Hold at 4°C 

 

2.4 Agarose gel electrophoresis of DNA 
DNA samples were mixed with 10x DNA gel loading dye (appendix A.3.1) to a final 

concentration of 1X and loaded (2-3 l) into the wells of a 0.8% (w/v) agarose 

(UltraPure™ agarose, Life technologies™, Carlsbad, CA, USA) gel. Electrophoresis 

was performed for 75 min at 100 V in Tris-acetate EDTA (TAE) buffer (40mM Tris 

pH 8, 20mM acetic acid, and 1mM EDTA) containing 0.05 μg/ml ethidium bromide. 

The resolved DNA bands were visualized under UV light and images were captured 

using a Canon G-10 camera fitted with an UV filter (B+W 023M MRC). 

 

http://en.wikipedia.org/wiki/Carlsbad,_California
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2.5 PCR purification using column chromatography 
PCR Purification was performed using a QIAquick PCR purification kit (Qiagen, 

Venlo, Netherlands) according to the manufacturer’s instructions. Briefly, 5 

volumes of kit PB buffer was added to 1 volume of PCR sample. The mixture was 

applied to QIAquick column and centrifuged at 15,500 ×g for 60 sec. Flow-through 

was discarded and the column was washed with 750 l of PE buffer by 

centrifugation at 15,500 ×g for 60 sec. After discarding the flow-through, the 

column was centrifuged for an additional 60 sec at 15,500 ×g to remove residual 

buffer. The column was placed into a new 1.5 ml micro-centrifuge tube, 30-50 l of 

Double distilled water was added to the centre of the QIAquick membrane and 

allowed to stand at RT for 2-3 min. DNA was eluted by centrifugation at 15,500 ×g 

for 60 sec and quantified using a NanoVue spectrophotometer (GE Healthcare UK 

Limited, Buckinghamshire, UK). 

2.6 PCR purification by gel extraction 
PCR purification using a QIAquick gel extraction kit (Qiagen, Venlo, Netherlands) 

was performed according to the manufacturer’s instructions. Briefly, agarose gel 

electrophoresis of PCR sample was performed according to the protocol in section 

2.4. After locating the DNA fragment on the gel with UV-light, a slice containing the 

band was excised from the agarose gel with a clean scalpel. The gel slice containing 

the DNA fragment was weighed in a colourless tube and 3 volumes of QG buffer 

was added to 1 volume of gel slice and incubated at 50°C until the gel dissolved 

completely. To this mixture 1 gel volume of isopropanol was added and mixed 

well. The mixture was applied to a QIAquick column and centrifuged at 15,500 ×g 

for 60 sec. Flow-through was discarded and the column was washed with 750 l of 

PE buffer by centrifugation at 15,500 ×g for 60 sec. After discarding the flow-

through, the column was centrifuged for an additional 60 sec at 15,500 ×g to 

remove residual buffer. The column was placed into a new 1.5 ml micro-centrifuge 

tube; 30-50 l of Double distilled water was added to the centre of the QIAquick 

membrane and allowed to stand at RT for 2-3 min. DNA was eluted by 

centrifugation at 15,500 ×g for 60 sec and quantified using a NanoVue 

spectrophotometer. 

http://en.wikipedia.org/wiki/Netherlands
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2.7 Transformation of E. Coli 

2.7.1 Preparation of competent cells 

Chemically competent cells were prepared using a protocol adapted from (Inoue, 

Nojima et al. 1990). Cells were streaked from a stock stored at -80°C in LB 

(appendix A.2.1) containing 15% (w/v glycerol) onto a fresh LB plate and 

incubated overnight at 37°C. A colony was picked and used to inoculate 250 ml of 

SOB (appendix A.2.2) medium in a 1 L flask and incubated at 37°C with shaking at 

200 rpm. The cells were grown for ~16 h to an OD600nm = 0.6. The culture was 

cooled on ice for 10 min and the cells pelleted by centrifugation at 4000 ×g for 10 

min at 4°C. The cell pellet was resuspended gently in 80 ml of ice-cold TB buffer 

(appendix A.2.4) and incubated on ice for another 10 min. The cells were pelleted 

again by centrifugation at 4000 ×g for 10 min at 4°C and gently resuspended in 20 

ml of ice-cold TB buffer. Dimethyl sulfoxide (DMSO) was slowly added to the gently 

swirled cell mixture to a final concentration of 7% (v/v). After incubation on ice for 

10 min, 0.5 ml samples of the cells were dispensed into pre-cooled 1.5 ml micro-

centrifuge tubes and stored at -80°C for future use.  

2.7.2 Chemical transformation 

The chemical transformation with heat-shock was carried out according to Inoue 

et al. (1990). Chemically competent cells stored at -80°C were thawed on ice for 

10–20 min. For each transformation, 5 μl of the ligation reaction was mixed with 

100 μl of the competent cells in a 1.5 ml eppendorf tube. The mixture was 

incubated on ice for 20 min with intermittent flicking of the tube for uniform 

mixing. Immediately after heat-shock at 42° C for 45 sec, the tube was placed on ice 

for 2 min. A total of 900 μl of pre-warmed SOC medium (appendix A.2.3) was 

added and the mixture was incubated at 37°C with shaking at 200 rpm for 1 h. 

After incubation, 100 μl portions of the mixture were plated on LB agar plates 

containing the antibiotic ampicillin (100 µg/ml) and incubated at 37°C overnight. 
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2.8 Transformation of Saccharomyces cerevisiae  
Transformation of S. cerevisiae was performed using the Alkali-Cation yeast 

transformation kit (BIO 101, Vista, CA, USA) according to manufacturer’s 

instructions with some modifications. 

2.8.1 Preparation of competent cells 

A 10 ml YPD [1% Difco™ yeast extract (Becton, Dickinson and Co, Sparks, MD, 

USA), 2% bacto-peptone (Becton, Dickinson and Co) and 2% glucose (Merck KGaA, 

Darmstadt, Germany)] broth was inoculated with a single colony of S. cerevisiae 

from a YPD agar plate, incubated at 30°C with shaking at 200 rpm for 16 h. A 250 

ml YPAD [YPD containing 30 mg/L adenine hemisulphate] broth was inoculated 

with the overnight culture to an OD600 = 0.1 and growth was continued at 30°C 

with shaking at 200 rpm until an OD600 of 0.8 was reached. Cells were harvested by 

centrifugation at 3000 ×g for 5 min. The supernatant was discarded and the pellet 

was washed with 10 ml Tris-EDTA (TE) buffer pH 7.5, and centrifuged at 3000 ×g 

for 5 min. The pellet was resuspended in 5 ml lithium/cesium acetate solution and 

incubated at 30°C for 25 min with gentle shaking (70-100 rpm). After incubation, 

cells were harvested by centrifugation at 3000 ×g for 5 min, resuspended in 1 ml 

TE and kept at 4°C until used for transformation. 

2.8.2 Transformation of competent cells 

In a 1.5 ml eppendorf tube, 5 µl carrier DNA (required amount of carrier DNA was 

boiled for 10 min and immediately placed on ice before adding to individual 

tubes), 5 µl histamine solution and specified amount of DNA [plasmids or DNA 

fragments obtained by PCR] were mixed to a volume not exceeding 20 µl. 

Competent S. cerevisiae cells (100 µl) were added, mixed gently by tapping the tube 

a few times and incubated at RT for 15 min with gentle mixing from time to time. 

One ml of PEG/TE/Cation mix (prepared in a Falcon tube by thoroughly mixing 0.8 

ml polyethylene glycol (PEG) with 0.2 ml TE/Cation solution) was added and cells 

were mixed into suspension by thoroughly flicking and inverting the tube. Tubes 

were incubated at 30°C for 10 min, and cells were mixed again by gentle tapping. 

Heat shock was performed at 42°C for 60 min using a water bath, later cooled to 

RT for 2 min. Cells were pelleted by centrifugation at 15,500 ×g for 10 sec. The 

http://www.eppendorf.com/
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supernatant was discarded, the pellet was resuspended in 100 µl SOS and plated 

on CSM-Ura (appendix A.1.16) Plates were incubated at 30°C for 2-3 days.  

2.9 Clone selection and confirmation 
Genomic DNA was isolated as described in section 2.2 from selected yeast colonies. 

To test for the correct integration of the ABCG2 ORF at the PDR5 locus, the gDNA 

was amplified by PCR (section 2.3.3) with PDR5 upstream/HsABCG2 rev primers 

and pURA3-2/PDR5 downstream primers respectively. The size of amplified 

fragments was analysed by agarose gel electrophoresis (section 2.4).  

2.10 DNA sequencing reactions 
For DNA sequencing to confirm cloning, ~100 ng (2 ng for every 100 bp) of PCR 

fragment and 3.2 pmol of specific sequencing primer (designed at ~500 bp 

frequency; Table 0-3) were mixed in a maximum volume of 15 l. Sequencing was 

undertaken by the Massey Genome Service Centre, Massey University, New 

Zealand. The full sequencing reactions were performed using BigDye™ Terminator 

Version 3.1 (Applied Biosystems, Life technologies™, Carlsbad, CA, USA) chemistry.  

Table 2-3: List of primers used for sequencing 

Primer Name Sequence (5’ to 3’) Purpose 

PDR5-upstream GAGCATAAAACAGAGAGGCGATATA
GG 

FP, for PCR 

amplification 
PDR5-downstream TATGAGAAGACGGTTCGCCATTCGGA

CAG 

RP, for PCR 

amplification 

pABC3 for TTGGCAACTAGGAACTTTCG FP, Sequencing 

HsABCG2-f1 ATGAGCCTACAACTGGCTTAGAC FP, Sequencing 

HsABCG2-f2 AGATCATTGTCACAGTCGTACTG FP, Sequencing 

HsABCG2 suj f4 TAATAGAATCGAATTAAAAGGTATT FP, Sequencing 

PGK1 Rev TCGGATAAGAAAGCAACACCTGG RP, Sequencing 

HsABCG2 Rev 2 ACATCATAACGAAGAAGGCATCTGC RP, Sequencing 

HsABCG2 Rev 4 TGAATTACATTTGAAATTGGCAGGT RP, Sequencing 

HsABCG2 Rev 5-GFP AACATAACCTTCTGGCATGGCAGAC RP, Sequencing 

FP – Forward primer; RP – Reverse primer. 

http://en.wikipedia.org/wiki/Carlsbad,_California
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2.11 Drug susceptibility assays 

2.11.1 Agarose drug diffusion assay 

Complete supplement medium (CSM) pH 7 [0.67% Difco™ yeast nitrogen base 

without amino acids (Becton, Dickinson and Co, USA.), 0.079% Complete 

supplement mix (Formedium™, England) and 2% glucose (Merck KGaA, 

Darmstadt, Germany)] containing 0.6% UltraPure™ agarose (Life technologies™, 

Carlsbad, CA, USA) (20 ml) was solidified in an Omnitray (Nunc, Roskilde, 

Denmark). S. cerevisiae AD∆ cells overexpressing ABCG2 (4 x 103, in mid-

logarithmic growth phase) were mixed with 20 ml CSM containing 0.6% agarose 

(44°C) and overlaid on the previously solidified agarose. The overlaid agarose was 

allowed to solidify. An appropriate amount of putative ABCG2 substrate (in < 10 

μl) was applied to drug sensitivity disks (6 mm diameter; Becton, Dickinson and 

Co, Sparks, MD USA), dried for 30-60 min at RT and placed on the solidified 

medium surface. The tray was incubated at 30°C for 48-72 h. To determine the 

optimal drug concentration to use, each drug was serially diluted and tested with S. 

cerevisiae AD∆ cells as mentioned above. The radius of the inhibition zone 

(Including the radius of paper disc) was measured and plotted against the amount 

of drug added to the disk to generate dose dependency curves.  

Table 2-4: List of drugs used for agarose drug diffusion assay 

Drug 
Amount of 

drug added to 
disk 

Solvent Source 

Daunorubicin 25 g DMSO Sigma Aldrich 
Doxorubicin 25 g DMSO Sigma Aldrich 
Rhodamine 6G 1 g Ethanol Sigma Aldrich 
Rhodamine 123 15 g Ethanol Sigma Aldrich 
G418 5 g H2O Sigma Aldrich 
Verapamil 300 g DMSO Sigma Aldrich 
Cycloheximide 40 ng DMSO Sigma Aldrich 
Trifluoperazine 40 g DMSO Sigma Aldrich 
Micafungin 400 ng DMSO Fugisawa 

pharmaceuticals co ltd 
Itraconazole 10 ng DMSO Sigma Aldrich 
Miconazole 10 ng DMSO Sigma Aldrich 
Voriconazole 8 ng DMSO Sigma Aldrich 
Ketoconazole 4 ng DMSO Sigma Aldrich 
Fluconazole 400 ng DMSO Sigma Aldrich 

http://en.wikipedia.org/wiki/Carlsbad,_California
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2.11.2 Minimum growth inhibition concentration (MIC) assay 

2.11.2.1 Cell culture for MIC 

A single colony of the relevant S. cerevisiae strain was used to inoculate 2 ml 

medium (CSM pH 7, appendix A.1.12) and was incubated at 30°C overnight with 

vigorous shaking. The overnight culture was used to inoculated fresh medium to 

an OD600 of 0.4 and growth was continued at 30°C until OD600 = 1.  

2.11.2.2 Dilutions of test compound 

Liquid MIC experiments were conducted in sterile 96-well flat-bottom microtiter 

plates (Greiner Bio-One GmbH, Frickenhausen, Germany ) in a total volume of 200 

l. CSM (100 l; pH 7) was dispensed into the wells of column 2 through 10 (rows 

B-G). The highest concentrations of drugs, diluted in CSM pH 7, were dispensed 

(200 l, as duplicates) into wells of column 11 (rows B-G). The drug solution was 

serially diluted 2-fold by transferring 100 µl of solution from the wells of column 

11 to those in column 10. This step was repeated until the dilution reached column 

3. After mixing, 100 µl solution from each well in column 3 was discarded. Wells of 

column 2 were left undiluted as no-drug controls. The cell culture (section 

2.11.2.1) was diluted to an OD600 of 0.01 and 100 l (~1 x 104 cells) was dispensed 

into all wells from column 2 to 11 of row B to G (Figure 2-1, wells highlighted in 

white colour). To prevent the test wells from drying out during incubation all the 

outside wells (Figure 2-1, highlighted in yellow) were filled with 200 l of CSM pH-

7 medium. These wells also served as blanks in the experiment. The suspension 

was mixed well and incubated at 30°C for 48 h. Plates were read at 600 nm using 

an EL 340 microplate Bio kinetics reader (BioTek, VT, USA). 
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A             

B  ND         TP  

C             

D             

E             

F             

G             

H             

Figure 2-1: MIC plate format. Arrows indicate direction of 2 fold serial dilution; ND, No 
Drug; TP, top drug concentration 

 

2.12 RNA extraction and purification 

2.12.1 Total RNA extraction 

Total RNA was isolated as described by Schmitt et al (Schmitt, Brown et al. 1990). 

Throughout the procedure, standard precautions were taken to avoid ribonuclease 

contamination (Maniatis 1982). In brief, S. cerevisiae cells were grown in 10 ml 

YPD broth to an OD600 of 2.5-3. Cells were harvested by centrifugation at 5000 ×g 

for 3 min; quickly washed in Diethylpyrocarbonate (DEPC)-treated water and 

centrifugation was repeated. The cell pellet was snap frozen using a cold 

ethanol/dry ice bath and stored at -80°C until used. To extract RNA, the pellet was 

resuspended in 400  of AE buffer [50 mM sodium acetate trihydrate (Merck KGaA, 

Darmstadt, Germany) and 10 mM EDTA (Merck KGaA, Darmstadt, Germany)] and 

40 l of 10% UltraPure™ sodium dodecyl sulphate [(SDS), Life technologies™, 

Carlsbad, CA, USA]. The suspension was vortexed and an equal volume of fresh 

phenol (previously equilibrated with AE buffer) was added. The mixture was again 

vortexed and incubated at 65°C for 4 min, then rapidly chilled in an ethanol/dry ice 

bath until phenol crystals appeared and centrifuged for 2 min at 15,500 ×g to 

separate the aqueous and phenol phases. The upper aqueous phase (400 l) was 

transferred to a fresh microcentrifuge tube and extracted with an equal volume of 

phenol/chloroform (24:24:1 phenol:chloroform:isoamyl alcohol) at RT for 5 min. 

By adding 35 l (0.1 x volume of aqueous phase) of 3 M sodium acetate (pH 5.3), 

the aqueous phase (300-350 l) was brought to 0.3 M sodium acetate (pH 5.3). 

http://en.wikipedia.org/wiki/Carlsbad,_California
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Then 2.5 volumes of absolute ethanol was added and incubated at -20°C for 3 h. 

After incubation, RNA was precipitated by centrifugation at 13,000 ×g for 20 min 

at 4°C. The pellet was washed with 80% ethanol, dried and resuspended in 20 l of 

sterile water. RNA was stored at -70°C until used.  

2.12.2 RNA agarose gel electrophoresis 

RNA agarose gel electrophoresis was performed as described previously 

(Sambrook and Russell 2001) with some modifications. In brief, to prepare 100 ml 

of 1.2% (w/v) agarose gel containing 0.37 M formaldehyde, 1.2 g of UltraPure™ 

agarose (Invitrogen) was added to 87 ml of DEPC treated water. Agarose was 

dissolved by boiling in a microwave, cooled to 55-60°C. Then 10 ml of 10X MOPS 

buffer [0.2M MOPS, 0.05 M Sodium acetate trihydrate (Merck KGaA, Darmstadt, 

Germany), and 0.01 M EDTA (Merck KGaA, Darmstadt, Germany)] and 3 ml of 37% 

(v/v) formaldehyde (Merck KGaA, Darmstadt, Germany) was added. After mixing, 

inside a fume hood, the gel was poured, using an appropriate comb, and allowed to 

solidify. RNA (20 g, ~2 l) was mixed with 16 l of RNA sample buffer (appendix 

A.4.4) and 2 l of RNA gel loading dye (appendix A.4.5) and loaded onto the 

agarose gel. Electrophoresis was performed, inside a fume hood, at 70 V for 60-90 

min. 

2.12.3 RNA purification with DNase treatment 

Total RNA was purified using a DNA-free™ kit (Ambion, Applied Biosystems, CA, 

USA) according to the manufacturer’s instructions with some modifications. In 

brief, in a maximum of a 10 l reaction, 1 l of 10X DNase 1 buffer, 1l rDNase I (an 

enzyme mix, 2 U) and 2 l RNA (6 g) were added to 6 l DEPC treated water. The 

reaction mixture was incubated at 37°C for 30 min with occasional mixing. DNase 

inactivation reagent (0.1 volumes) was added, mixed well and incubated at RT for 

2 min. RNA (free of DNA) was isolated by centrifugation at 10,000 ×g for 2 min and 

transferred to a fresh tube.  
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2.12.4 cDNA synthesis 

First strand cDNA was synthesized using Super Script™ III Reverse Transcriptase 

kit (Invitrogen) according to manufacturer’s instructions. In brief, in a maximum of 

a 20 l reaction, 5 l (3 g) of total RNA, 1 l (100 ng) of random primers, 1 l 

dNTP mix (10 mM each) and 13 l double distilled water (DNase and RNase free) 

were added. The mixture was incubated at 65°C for 5 min and placed on ice for 1 

min.  After a brief centrifugation, the supernatant was transferred to a fresh tube; 4 

l of 5X first-strand buffer, 1 l of 0.1M Dithiothreitol (DTT), 1 l of RNaseOUT™ 

recombinant RNase inhibitor and 1 l (200 units) of Super Script™ III Reverse 

Transcriptase were added. The reaction mixture was incubated at 25°C for 5 min. 

The incubation was continued for an additional 60 min at 50°C. The reverse 

transcriptase was inactivated by heating the reaction mixture at 70°C for 15 min. 

The cDNA obtained was used as a template for PCR amplification of the gene of 

interest. 

2.13 Sucrose gradient subcellular fractionation 
The procedure for subcellular fractionation of yeast cells by sucrose density 

gradient was performed as described previously (Egner, Mahe et al. 1995). In brief, 

cells were grown in YPD broth to log phase (OD600 of 1). After being chilled on ice, 

500 OD600 units of cells (500 ml) was harvested by centrifugation at 3,700 ×g for 

10 min. The pellet was washed in 30 ml of cold distilled water containing 10 mM 

sodium azide by centrifugation at 500 ×g for 10 min. Cells were resuspended to 50 

OD600 units/ml in spheroplasting buffer [1.4 M sorbitol, 50 mM potassium 

phosphate (pH 7.5), 10 mM sodium azide, 40 mM β-mercaptoethanol]. Zymolyase 

100T (Seikagaku Biobusiness Corp, Tokyo, Japan) was added to 0.3 mg/ml, and 

cells were incubated at 30°C for 30 to 45 min with shaking at 60-70 rpm. All 

further steps were carried out at 4°C. The spheroplast suspension was chilled on 

ice and centrifuged at 500 ×g for 10 min. The pellet was gently resuspended in 10 

ml of spheroplasting buffer, recentrifuged once at 500 ×g for 10 min, and 

resuspended in 5 ml of sucrose gradient lysis (SGL) buffer [0.8 M sorbitol, 10 mM 

MOPS pH 7, 1 mM EDTA, 1 mM PMSF]. The spheroplasts were lysed with 30-60 

strokes using a dounce homogenizer (Wheaton, NJ, USA) connected to a handheld 

motor Bosch PSR 12-2 (Bosch Pty Ltd, Gerlingen, Germany). The lysate was spun 

http://en.wikipedia.org/wiki/Gerlingen
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for 10 min at 2,000 ×g to remove unlysed cells and debris, and 2 ml of the resulting 

supernatant was layered onto a step sucrose gradient containing 1 ml each  of 12 

(top), 18, 24, 30, 36, 42, 48, 54 and 60% sucrose (w/v, bottom) in lysis buffer. 

Gradients were spun at 150,000 ×g (34,000 rpm) for 3 h in an SW40 Ti rotor 

(Beckman Coulter, Brea, CA, USA) at 4°C. Fractions (1 ml) were harvested top to 

bottom from the gradients using a pipette (taking care not to disturb the gradient). 

Protein concentration in each fraction was estimated by the Lowry method. For 

SDS-PAGE and immunoblot analysis of gradient samples, 2.5 -10 g protein was 

used. 

2.14 Subcellular fractionation by differential centrifugation 
The cells were grown in YPD broth to log phase (0D600 of 2.5). After being chilled 

on ice, 1,250 OD600 units of cells (500 ml) were harvested by centrifugation at 

2,000 ×g for 5 min. The pellet was resuspended in 100 ml of cold distilled water 

and centrifuged for 5 min at 2,000 ×g. Cells were resuspended in 10 ml 

spheroplasting buffer [Section 2.13]. Zymolyase 100T was added to 0.3 mg/ml, and 

cells were incubated at 30°C for 45 min with shaking at 80 rpm.  

All further steps were carried out at 4°C. The spheroplast suspension was chilled 

on ice and centrifuged at 500 ×g for 10 min. The pellet was gently resuspended in 

10 ml of spheroplasting buffer, recentrifuged once at 500 ×g for 10 min, and 

resuspended in 10 ml of Differential centrifugation Lysis (DCL) buffer [10 mM 

Tris.Cl pH 7, 2 mM EDTA, 20% Glycerol (v/v) and 1 mM PMSF]. The spheroplasts 

were broken with exactly 50 strokes (up and down) using a dounce homogenizer 

(Wheaton, Millville, NJ, USA) connected to a handheld motor (Bosch PSR 12-2, 

Bosch, Gerlingen, Germany). Unbroken cells and debris were removed by 

centrifugation at 500 ×g for 10 min. The supernatant was recentrifuged at 500 ×g 

for 10 min to remove any remaining cell debris. The supernatant was subjected to 

a series of centrifugations at 2000, 7000, 20000, 40000 and 100,000 ×g for 30 min 

each, using a Soravll SS-34 rotor. Supernatant (2000 to 40000 ×g) were discarded 

and the membrane pellet obtained at every step was washed with 5 ml ice cold 

lysis buffer and recentrifuged at the respective centrifugal force. The clean pellet 

was resuspended in 300 µl DCL buffer and stored at -80°C until used. 300 l of 

supernatant obtained after 100,000 ×g was also preserved for further analysis. 

http://en.wikipedia.org/wiki/Gerlingen
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2.15 Crude protein extraction by trichloroacetic acid (TCA) 

precipitation 
Crude protein extracts were prepared from S. cerevisiae cells grown in YPD broth 

to mid-exponential phase (OD600 of 1) (Moran, Sanglard et al. 1998). A 5 ml sample 

(5 OD600 units) was harvested by centrifugation at 5,000 ×g for 5 min; the cell 

pellet was washed in 1 ml sterile distilled water by centrifugation. Cells were lysed 

by adding 250 µl of 1.85 M NaOH containing 7.5% (v/v) β-mercaptoethanol 

followed by 10 min incubation on ice.  Proteins were precipitated by adding 250 µl 

of ice-cold 50% (v/v) trichloroacetic acid followed by 10 min incubation on ice. 

Precipitated proteins were pelleted by centrifugation at 10,000 ×g for 5 min at 4°C. 

The protein pellet was resuspended in 100 µl TCA sample buffer (40 mM Tris-HCl, 

8 M urea, 5% sodium dodecyl sulphate [w/v], 0.1 mM EDTA, 1% β-

mercaptoethanol [v/v], and 0.1 mg of bromophenol blue), incubated at RT for 

15 min, and then centrifuged as described above to remove cell debris. For SDS-

PAGE, 5 µl of each sample was loaded on an 8% polyacrylamide gel and 

electrophoresed in a Mini-Protean III electrophoresis cell (Bio-Rad laboratories Pty 

Ltd, CA, USA) (see section 2.17). 

2.16 Protein estimation by the Lowry method 
Protein estimation was performed using a DC (detergent compatible) protein 

assay kit (Bio-Rad laboratories Pty Ltd, CA, USA), which is similar to the Lowry 

assay, according to the manufacturer’s instruction. Briefly, a dilution series of 

protein standards containing from 0.2 to 1.2 mg/ml γ-globulin protein (Thermo 

Fisher Scientific Inc. Rockford, IL, USA) was prepared in the respective sample 

buffer. Standards (10 μl) and samples (10 μl, diluted if necessary) were pipetted 

into a clean and dry 96 well, flat bottom, microtiter plate (Greiner Bio-One GmbH, 

Frickenhausen, Germany). Reagent A (25 μl) followed by Reagent B (200 l) were 

added into each well. After mixing, the samples were incubated at 25°C for 15 min 

and read at 750 nm in a spectrophotometer.  
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2.17 SDS-PAGE 
SDS-PAGE was based on Laemmli’s method (Laemmli 1970). Polyacrylamide gels 

(8%) were prepared using mini-Protean III casting system (Bio-Rad laboratories 

Pty Ltd, CA, USA). Protein fractions (subcellular/crude/sucrose gradient fractions) 

were mixed with 6X protein loading buffer (appendix A.5.3), incubated at RT for 

10-15 min and loaded into gel wells. Electrophoresis was performed at 100 V for 

90 min using Tris-glycine running buffer (appendix A.5.5). After electrophoresis, 

gels were stained with Coomassie blue R250 solution (appendix A.5.6) for 2 h and 

destained overnight using destaining solution (appendix A.5.7). 

2.18 Western blot 

2.18.1 Electrotransfer of proteins 

Proteins were separated by 8% SDS-PAGE according to the protocol in section 

2.17, using pre-stained protein molecular weight markers as standards. 

Nitrocellulose membrane (Amersham™ Hybond™ ECL, GE Healthcare UK Limited, 

Buckinghamshire, UK), blotting paper (3M) and scrubber pads (Bio-Rad 

laboratories Pty Ltd, CA, USA) were briefly soaked in electrotransfer buffer [20 mM 

Tris-HCl (pH 8.5), 150 mM glycine and 20% methanol].  The wet scrubber pads 

were placed on the black side of the blotting cassette. The gel was carefully 

transferred on to a sheet of soaked blotting paper and was laid on top of the 

scrubber pads with the gel facing up. Pre-wetted nitrocellulose membrane was 

placed on top of gel. A 10 ml glass test tube was rolled over the nitrocellulose to 

remove any air bubbles. One more sheet of soaked blotting paper was placed on 

top of the nitrocellulose, bubbles excluded and another soaked scrubber pad was 

placed on top to make a ‘sandwich’. The ‘sandwich’ was placed into the blotting 

cassette and then inserted into a protein transfer apparatus (Mini Trans - Blot™, 

Bio-Rad laboratories Pty Ltd, CA, USA) with an ice pack and a magnetic stirrer (to 

mix the buffer). The orientation of the cassette ‘sandwich’ was: -ve electrode, 

scrubber pad, 1-3 sheets blotting paper, gel, nitrocellulose membrane, 1-3 sheets 

blotting paper, scrubber pad +ve electrode. The gel tank was filled with pre-cooled 

electrotransfer buffer and proteins were transferred at 100 V for 90 min at 4°C. 
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2.18.2 Immunodetection 

The nitrocellulose blot was transferred to blocking buffer (appendix A.6.1) and 

incubated either at RT for 1 h or at 4°C overnight. The blocking buffer was 

discarded and the blot was incubated in 10 ml fresh blocking buffer containing a 

suitable dilution of the primary antibody (Table 2-5) at RT for 1 h. The blot was 

washed three times for 10 min each wash with blocking buffer (20 ml per wash) 

and then incubated in 10 ml blocking buffer containing (1:1500 dilution) species-

specific IgG-Horse radish peroxidase conjugate (Dako Australia Pty. Ltd, VIC, 

Australia) at RT for 90 min. The blot was again washed two times for 10 min each 

wash with blocking buffer (20 ml per wash) and once with PBS to remove residual 

blocking buffer. It was then incubated in 0.1 M Tris-HCl (pH 8.6) buffer for 5 min at 

RT and blot development was carried out as described in section 2.18.3. 

2.18.3 Enhanced chemiluminescence (ECL) detection 

Immuno-reactivity was detected by ECL (Yasar, Tybring et al. 2001). In brief, the 

immunoblot was incubated for 2 min in 10 ml Tris-HCl buffer (0.1 M, pH 8.6) 

containing luminol (2.2 mg), p-coumaric acid (0.1 mg) and H2O2 (3% v/v). Excess 

fluid was drained from the membrane which was then placed between transparent 

plastic sheets. Amersham Hyperfilm™ (GE Healthcare UK Limited, 

Buckinghamshire, UK) was exposed to the immunoblot for an appropriate amount 

of time and developed for 2 min in GBX developer (Kodak, Aluro healthcare, 

Auckland, New Zealand). The film was rinsed in Double distilled water and the 

image was fixed by incubating in GBX fixer (Kodak, Aluro healthcare, Auckland, 

New Zealand) for 2 min. 
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Table 2-5: List of antibodies used for Western blot analysis 

Antibody Species raised Immunogen 

Molecular 

Weight of 

detected 

bands 

Dilution 
Secondary 

antibody 
Dilution 

BXP-21 Mouse monoclonal 

Fusion protein composed of E. Coli 

maltose binding protein and 

ABCG2 peptide [126 amino acids, 

271-396 AA of ABCG2] 

~68 kDa 1:1000 

Rabbit anti –

mouse polyclonal 

antibody 

conjugated to 

HRP 

1:1500 

Anti-Dpm1p Mouse monoclonal Recombinant fragment ~30 kDa 1:1500 

Rabbit anti –

mouse polyclonal 

antibody 

conjugated to 

HRP 

1:1500 

Anti-Pma1p Rabbit polyclonal 
Pma1p isolated from S. cerevisiae 

plasma membranes 
~ 100 kDa 1:20000 

Swine anti–rabbit 

polyclonal 

antibody 

conjugated to 

HRP 

1:1500 

Anti-Nsp1p Mouse monoclonal 

Yeast nucleolar preparation. 

Recognises ~66% of the C-

terminal end of S. cerevisiae 

Nsp1p. 

~ 100 kDa 1:1500 

Rabbit anti –

mouse polyclonal 

antibody 

conjugated to 

HRP 

1:1500 
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2.19 Confocal microscopy 
A single S. cerevisiae colony from a YPD agar plate was used to inoculate 5 ml YPD 

broth and grown at 30°C overnight in a shaking incubator (200 rpm). A fresh 1 ml 

YPD broth was inoculated with the overnight culture to an OD600 of 0.2 and 

incubated at 30°C with shaking (200 rpm) until it reached an OD600 of 0.8. Cells 

were harvested by centrifugation at 5,000 ×g for 5 min at 4°C. The pellet was 

washed with ice-cold complete supplement medium (CSM; see section 1.10.1), 

centrifugation was repeated and the resulting pellet was resuspended in 100 μl 

ice-cold CSM and kept at 4° C (on ice) until observed using a confocal microscope. 

To visualize cells using a confocal microscope, 2-5 μl cell suspension was 

transferred to an agarose-coated slide (appendix A.7.1), covered with a 2 cm 

coverslip and observed by Z-sectioning (0.3-0.4 m) on a Carl Ziess 510 or Carl 

Ziess 710 upright microscope. We thank Andrew McNaughton of Otago Centre for 

Confocal Microscopy for his kind technical support.  

2.20 Confocal microscopy using fluorescent dyes 

2.20.1  DAPI 

A single S. cerevisiae colony from a YPD agar plate was used to inoculate 5ml YPD 

broth and grown at 30°C overnight in a shaking incubator (200 rpm). A fresh 1ml 

YPD broth was inoculated with the overnight culture to an OD600 of 0.1 and growth 

was continued at 30°C with shaking (200 rpm) until it reached an OD600 of 0.8. 

Cells were harvested by centrifugation at 3,000 ×g for 5 min and the pellet was 

resuspended in 1 ml fresh YPD broth; 1 μg (per 1 OD600 unit of cells) of DAPI 

(appendix A.7.2) was added and growth was continued at 30°C with shaking (200 

rpm) until the culture reached an OD600 of 1. The cells were observed on a confocal 

microscope as described in section 2.19. 

2.20.2 FM4-64 

Cell culture conditions were the same as described in section 2.20.1. After 

resuspending the cells in 1 ml fresh YPD, growth was continued at 30° C for 

approximately 1 h in the presence of FM4-64 (1 µg/ml, appendix A.7.3) with 

shaking (200 rpm) until the culture reached an OD600 of 1. The cells were observed 

on a confocal microscope as described in section 2.19. 
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Table 2-6: Excitation and emission wavelength used for confocal microscopy 

Fluorescent probe λex λem 

GFP 488 nm 515 nm 

DAPI 340 nm 450 nm 

FM4-64 515 nm 640 nm 

 

Note: For confocal microscopy experiments with fluorescence dyes, the culture 

was maintained at 30°C all along as altering the temperature changes the dynamics 

of dye binding and localisation. 

2.21 Transmission electron microscopy (TEM) 
The fixation protocol was adapted from that described by McDonald for 

Cell fixation 

Cell fixation protocol was as described by Wright et al (Wright, Basson et al. 1988) 

with modifications. In brief, yeast cells were grown in YPD broth to early 

logarithmic phase (OD600 of 1) at 30°C with vigorous shaking (200 rpm). To a 50 

ml culture (containing ~4 x 106 cells/ml), 12.5 ml of 5X primary fixative (25% 

[v/v] glutaraldehyde in 0.5 M sodium cacodylate pH 6.8, pre-warmed to 37°C) was 

added and incubated at RT for 30 min on a rotary shaker. After incubation, cells 

were pelleted by centrifugation at 1,500 ×g for 4 min, and resuspended in 5 ml of 

1X primary fixative. The suspension was incubated (in a fume hood) at RT for 2 h 

with constant mixing; washed three times by centrifugation at 1,500 ×g for 4 min 

and resuspended in 10 ml 0.1 M cacodylate buffer. 

 After the initial chemical fixation, cells were mixed with an equal volume of 3% 

agarose (melted and cooled at 40°C) in 0.1 M cacodylate buffer (appendix A.9.1). 

The agarose was allowed to solidify at 4°C for 15 min. The agarose pieces 

containing the cells were then cut into 2 mm cubes. 

All subsequent steps through to resin embedding were performed using a Lynx el 

Tissue Processor (AusBiotech, South Yarra, Victoria, Australia) at 20°C, with 

constant agitation. After two washes in 0.1 M cacodylate buffer, the agarose cubes 

were treated with 1% aqueous sodium periodate for 15 min to facilitate chemical 

infiltration in subsequent steps (Wright 2000). The specimens were then washed 

three times (10 min each) in 0.1 M cacodylate buffer.  
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Secondary fixation 

Specimens were treated in secondary fixative (2% osmium tetroxide in 0.1 M 

cacodylate buffer) for 4 h, washed three times (10 min each) in 0.1 M cacodylate 

buffer and subsequently dehydrated for 30 min using a graded ethanol series 

(75%, 95% and 100% for 10 min each).  

Embedding 

Resin (appendix A.9.4 for recipe) was infiltrated by increasing the amount of resin 

in ethanol [1:2, 1:1 and 2:1 resin:ethanol (30, 60 and 60 minutes, respectively)] 

and then in pure resin for 25 hours (with four changes). The agarose-cell blocks 

were then embedded in fresh resin and cured at 60°C for 48 hrs. 

Agarose-cell block Sectioning 

Sections 80 nm thick were cut using a Leica UCT ultramicrotome (Leica 

Microsystems, Vienna, Austria) and were picked up onto formvar-coated copper 

slot grids (ProSciTech Pty Ltd, QLD, Australia). Staining was performed using an 

automated programme in LKB 2168 Ultrostainer (LKB-Produkter AB, Bromma, 

Sweden). Briefly, the sections were stained (contrasted) by incubating the pre-

wetted (with double distilled water) sections in 1% uranyl acetate (Laurylabs, 

Saint-Fons, France) for 20 min at 25°C. The sections were washed with double 

distilled water and incubated in lead citrate (Laurylabs, Saint-Fons, France) for 3 

min at 25°C. The sections were washed with double distilled water to remove any 

residual staining agents, dried at 25°C and stored at RT in a grid box. Images were 

taken using a MegaView 3 digital camera mounted on a Philips CM100 

transmission electron microscope (Philips/FEI Corporation, Eindhoven, Holland) 

operated at 100 kV accelerating voltage. 
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3.1 Introduction 
ABCG2 is the second member of the subfamily “G” (other members being ABCG1, 

ABCG4, ABCG5 and ABCG8) of the human ABC transporter family. The human 

ABCG2 gene is located on chromosome 4, band 4q21–4q22 (Bailey-Dell, Hassel et 

al. 2001). It extends over 66 kb and contains 16 exons and 15 introns. The exons 

range in size from 60 to 532 bp. The Walker A motif is found in exon 3, while the 

exon 6 contains Walker B and the ABC signature motif (Bailey-Dell, Hassel et al. 

2001). The translational start site is found in exon 2 and the gene encodes a 72 

kDa, 655-amino acid protein. Unlike a full transporter, ABCG2 has a single N-

terminal nucleotide binding domain (NBD) and a single C-terminal trans-

membrane domain (TMD), a structure half the size and in reverse configuration to 

most other human ABC proteins which comprise two NBDs and two TMDs. As 

ABCG2 is a half-transporter, it is shown to form a homo-dimer in order to be 

functional (Bhatia, Schafer et al. 2005). However, in purified membranes higher 

order oligomers ranging from tetramer to dodecamer have been reported (Litman, 

Jensen et al. 2002; Xu, Liu et al. 2004; McDevitt, Collins et al. 2006).  

Studies on expression, location and physiological role of ABCG2 have shown that 

this ABC transporter is expressed at high levels in placenta, mammary and adrenal 

glands, the central nervous system, liver and the uterus. It has also been detected 

in hematopoietic stem cells, the biliary tract and kidney (Doyle, Yang et al. 1998; 

Fetsch, Abati et al. 2006; Robey, To et al. 2009). In addition, ABCG2 is expressed at 

lower levels in prostate, small intestine, testis and ovary (Ejendal and Hrycyna 

2002; To, Robey et al. 2009; Tucker, Milne et al. 2012).  

High level expression of ABCG2 in the placenta and in syncytiotrophoblasts of 

chorionic villus is believed to protect the developing fetus by removing toxins from 

the fetal space. The treatment of pregnant Abcb1/2-deficient mice with topotecan 

and the ABCG2 inhibitor elacridar (GF120918) showed that fetal plasma levels of 

topotecan were twice as high as those in maternal plasma. This finding supports 

the theory that ABCG2 protects the developing fetus from toxins in maternal space 

(Jonker, Smit et al. 2000).  Van Herwaarden et al. showed that a physiological role 

of ABCG2 is vitamin secretion (van Herwaarden, Wagenaar et al. 2007). ABCG2 in 
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lactating mammary gland secretes riboflavin, which is required for the metabolism 

of milk fats, into milk.  

In contrast to the proposed protective role of ABCG2 in placenta, some studies 

have demonstrated that ABCG2 concentrates toxins and xenobiotics into breast 

milk in mammary gland (Jonker, Merino et al. 2005; van Herwaarden and Schinkel 

2006). ABCG2 concentrates dietary carcinogens 2-amino-1-methyl-6-

phenylimidazo [4,5-β]pyridine and antibiotics nitrofurantoin, ciprofloxacin, and 

enrofloxacin into animal milk (Pulido, Molina et al. 2006; Alvarez, Perez et al. 

2008). ABCG2 expression is up-regulated in lactating mammary glands of mice, 

cows and humans. Higher levels of ABCG2 substrates topotecan and 2-amino-1-

methyl-6-phenylimidazo [4,5-b] pyridine (PhIP) are found in the milk of lactating 

mice compared to Abcg2-deficient mice. These data suggest that ABCG2 has 

diverse physiological functions.  

The expression and function of ABCG2 orthologues have been studied in various 

mammalian species including monkey (Ueda, Brenner et al. 2005), cattle (Cohen-

Zinder, Seroussi et al. 2005), sheep (Pulido, Molina et al. 2006), goat (Wu, Luo et al. 

2008), pig (Eisenblatter and Galla 2002) mouse (Takenaka, Morgan et al. 2007) 

and rat (Hori, Ohtsuki et al. 2004); in plant species including the plant model 

Arabidopsis thaliana (Sanchez-Fernandez, Davies et al. 2001) and tobacco (Otsu, 

daSilva et al. 2004); and in aquatic species like Zebra fish (Tsinkalovsky, Vik-Mo et 

al. 2007). These studies have demonstrated that overexpression of ABCG2 confers 

drug resistance to these organisms. 

3.2 Heterologous expression of ABCG transporters 
The ABCG subfamily consists of five members that include ABCG1, ABCG2, ABCG4, 

ABCG5 and ABCG8.  Functional expression of human ABCG1 (Chloupkova, Pickert 

et al. 2007), ABCG5 and ABCG8 (Wang, Stalcup et al. 2006; Chloupkova, Pickert et 

al. 2007) has been shown in P. pastoris. ABCG1 plus ABCG4 (Cserepes, Szentpetery 

et al. 2004) and ABCG5 plus ABCG8 have also been functionally co-expressed in Sf9 

insect cells (Muller, Klein et al. 2006; Wang, Sun et al. 2006). Because of its 

common involvement in failed chemotherapy of the breast cancers due to drug 

resistance, ABCG2 is the most widely studied and most extensively characterized 

member of the ABCG2 subfamily. 
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In most studies the expression of human ABCG2 and the phenotypes it causes have 

been studied using transgenic cell lines or cell lines derived from the natural 

tissues (Lee, Scala et al. 1997; Doyle, Yang et al. 1998; Doyle, Yang et al. 1998; 

Doyle and Ross 2003). ABCG2 was first identified in MCF-7/AdrVpPR cells (Doyle, 

Yang et al. 1998). More recent studies have used, but not limited to, cell lines 

including human embryonic stem cells (HuES) (Apati, Orban et al. 2008), Madin-

Darby canine kidney-II cells (MDCK-II) (Merino, Jonker et al. 2005), human 

embryonic kidney cells-293 (HEK-293) (Cai, Bikadi et al. 2010; Eddabra, Wenner 

et al. 2011) and human colonic adenocarcinoma (CaCo-2) cells (Xia, Liu et al. 

2005).  

Although cultured cell systems provide useful insight into the function of ABCG2; 

biochemical, structural and mechanistic studies usually require large amounts of 

purified functional protein. This has necessitated the development of alternative 

systems for heterologous expression.  

ABCG2 has been heterologously overexpressed in wide range of host models 

including Xenopus laevis oocytes (Nakanishi, Doyle et al. 2003), Sf9 insect cells 

(Ozvegy, Litman et al. 2001; McDevitt, Collins et al. 2006), P. pastoris (Mao, Conseil 

et al. 2004; Rosenberg, Bikadi et al. 2010) and L. lactis (Janvilisri, Venter et al. 

2003).  

In these heterologous hosts overexpressed ABCG2 was functional. Transport of 

mitoxantrone and Hoechst 33342 by wild-type ABCG2 and its variants, R482G and 

R482T, has been demonstrated in intact Sf9 insect cells. The transport was blocked 

by ABCG2-specific inhibitor fumitremorgin C, which suggested that drug efflux was 

ABCG2 dependent and is localised to the plasma membrane (Ozvegy, Varadi et al. 

2002). Furthermore, ABCG2 R482T mutant variant expressed in X. laevis oocytes 

demonstrated daunorubicin, mitoxantrone, rhodamine 123 and flavopiridol 

transport, which could be inhibited by fumitremorgin C (Nakanishi, Doyle et al. 

2003). Similarly, Hoechst 33342 uptake has been demonstrated in L. lactis cells 

overexpressing ABCG2 (Janvilisri, Venter et al. 2003). 

Western blot analysis has confirmed that ABCG2 undergoes same degree of 

glycosylation in X. laevis oocytes (Nakanishi, Doyle et al. 2003) as achieved in 
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mammalian cells. Whereas ABCG2 is under/non-glycosylated in Sf9 insect cells and 

L. lactis suggesting that glycosylation may not be required for function and 

localisation of ABCG2 in some heterologous host. On the other hand, post-

translational modifications such as phosphorylation and protein Dimerisation  are 

shown to be important for function and plasma membrane localisation of ABCG2 

(Polgar, Robey et al. 2004; Polgar, Ozvegy-Laczka et al. 2006; Xie, Xu et al. 2008). 

The lack of phosphorylation or protein Dimerisation  results in intracellular 

retention of ABCG2 and loss of drug resistant activity (Xie, Xu et al. 2008). The 

influence of ABCG2 phosphorylation is considered in detail in Chapter 5. 

3.3 Substrates and inhibitors of ABCG2 
New substrates and inhibitors of ABCG2 are frequently reported and the list is 

steadily growing. In general, the molecules transported by the protein are 

hydrophobic and can either be positively or negatively charged (Xu, Peng et al. 

2007; Polgar, Robey et al. 2008). As ABCG2 is implicated in multidrug resistant in 

several cancer cell lines, some of the substrates include chemotherapeutic agents 

such as mitoxantrone, flavopiridol, methotrexate, irinotecan and its active 

metabolite SN-38. Substrates from other pharmacologic groups include antibiotics, 

flavonoids, porphyrins, HMG-CoA reductase inhibitors, antivirals, cimetidine, 

dipyridamole and folic acid. Classification of compounds as inhibitors or substrates 

of ABCG2 has proved to be complex issue. For example, the fluorescent compound, 

such as Hoechst 33342, has proven to be a useful tool for measuring substrate 

transport function (Kim, Turnquist et al. 2002; Scharenberg, Harkey et al. 2002). 

On the other hand, tyrosine kinase inhibitors imatinib and gefitinib are shown to 

be transported by ABCG2 and are also considered to be competitive inhibitors of 

the protein (Burger, van Tol et al. 2004; Nakamura, Oka et al. 2005; Xu, Peng et al. 

2007). Thus, compounds having inhibitory effects on ABCG2 are sometimes 

classified as inhibitors. A comprehensive list of ABCG2 substrates and inhibitors 

complied from published articles is provided in Table 3-1 and Table 3-2 

respectively.  
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Table 3-1: Substrates of ABCG2 

Chemotherapy agents 

Mitoxantrone  

BBR3390  

 

Anthracycline: 

Daunorubicin 

Doxorubicin 

Epirubicin 

Bisantrene  

Flavopiridol 

Etoposide  

Teniposide  

 

Camptothecins: 

9-Aminocamptothecin 

Topotecan  

Irinotecan  

SN-38  

SN-38 glucuronide  

Diflomotecan  

Homocamptothecin 

DX-8951f  

BNP-1350 

ST-1976  

ST-1968 

 

Indolocarbazoles: 

J-107088  

NB-506  

Compound A  

UCN-01  

 

Antifolates: 

Methotrexate 

 Methotrexate  

di and triglutamate 

GW-1843 

Tomudex 

 

Tyrosine kinase inhibitors: 

Imatinib  

Gefitinib  

CI-1033  

Nilotinib  

Triazoloacridones 

Antivirals: 

Zidovudine  

Lamivudine  

Abacavir  

 

HMG-CoA reductase inhibitors: 

Rosuvastatin 

Pitavastatin  

Cerivastatin 

 

Carcinogens: 

Aflatoxin B1  

2-Amino-3-methylimidazo [4,5-f]quinoline  

3-Amino-1,4-dimethyl-5H-pyrido[4,3-

β]indole  

2-Amino-1-methyl-6-phenylimidazo[4,5-b] 

pyridine  

 

Porphyrins: 

Pheophorbide A  

Pyropheophorbide A methyl ester  

Chlorin e6  

Protoporphyrin IX  

2-(1-Hexyloxethyl)-2-devinyl 

pyropheophorbide-a (HPPH) 

Benzoporphyrin derivatives  

Phytoporphyrin  

 

Fluorescent compounds: 

Rhodamine 123  

Lysotracker Green  

BODIPY-prazosin  

Hoechst 33342  

5- and 6-carboxy-2’, 7’ -dichlorofl uorescein  

 

Flavonoids: 

Genistein  

Quercetin  

 

Glucuronide, glutathione and sulfate 

conjugates:  

4-Methylumbelliferone sulfate  

4-Methylumbelliferone glucuronide  

6-Hydroxy-5,7-dimethyl-2-methylamino-4- 

(3-pyridylmethyl) benzothiazole 

glucuronide (E3040) 

 

Dehydroepiandrosterone 

sulfate 

Benzo[α]pyrene-3-sulfate 

Benzo[α]pyrene-3-

glucuronide  

Estrone-3-sulfate 

17- β -estradiol sulfate  

Acetaminophen sulfate  

Troglitazone sulfate  

 

Benzimidazoles: 

Albendazole sulfoxide  

Oxfendazole  

Pantoprazole  

 

Antibiotics: 

Ciprofloxacin  

Ofloxacin  

Norfloxacin  

Erythromycin  

Dirithromycin  

Rifampicin 

Nitrofurantoin 

Enrofloxicin  

Dihydrotestosterone  

Sulfasalazine  

Phenethyl isothiocyanate  

 

 

Pyridines and 

dihydropyridines: 

Azidopine  

Nitrendipine  

Dipyridamole  

Ochratoxin A  

GV-196771 

Folic acid  

Cimetidine  

Riboflavin  

ME-3229  

JNJ-7706621  

 

Polgar, Robey et al 2008 
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Table 3-2: Inhibitors of ABCG2 

Diketopiperazines 
Fumitremorgin C  
Ko143  
Tryprostatin A  
Indolyl diketopiperazines  
 
Steroids and steroid-like 
compounds 
Corticosterone  
Digoxin] 
Beclometasone  
6-Methylprednisolone 
Dexamethasone  
Triamcinolone  
Mometasone  
Ciclesonide  
 
Antivirals: 
Ritonavir  
Saquinavir  
Nelfinavir  
Lopinavir  
Delavirudine  
Efavirenz  
Saquinavir  
Atazanavir  
 
Immunosupressants: 
Tacrolimus  
Sirolimus  
Ciclosporin A  
 
Pyridines and dihydropyridines: 
Niguldipine  
Nicardipine  
Nitrendipine  
Dipyridamole  
Nimodipine  
DHP-014  
Nifedipine  
 
Tyrosine kinase inhibitors: 
Gefitinib  
Imatinib  
EKI-785  
CI-1033  
Nilotinib 

P-glycoprotein inhibitors 
Elacridar (GF-120918)  
Tariquidar (XR-9576)  
Biricodar (VX-710)  
XR-9577  
WK-X-34  
 
Flavonoids 
Chrysin  
Biochanin A  
Benzoflavone  
6-Prenylchrysin  
Tectochrysin  
Naringenin  
Quercetin  
Acacetin  
Kaempferol 
Silymarin  
Hesperetin  
Daidzein  
Resveratrol  
Genistein  
Naringenin-7-glucoside  
3’,4’,7-Trimethoxyfl avone  
Eupatin  
 
Azoles: 
Pantoprazole  
Omeprazole  
Oxfendazole  
Ketoconazole  
Itraconazole  
 
Estrogens, estrogen agonists, 
estrogen antagonists: 
17- β -estradiol  
Diethylstilbestrol  
Tamoxifen  
Toremifene  
TAG-11  
TAG-139  
 

Taxanes 
Ortataxel 
tRA-96023 
tRA-98006 
Bisindolylmaleimides and 
indolocarbazoles 
Piperazinobenzopyranones and 
phenylalkylaminobenzopyrazones  
Ginsenosides  
Acridone derivatives  
Rotenoids  
Curcumin  
Tetrahydrocurcumin  
Flavopiridol  
UCN-01 
Novobiocin  
Stilbenoids  
NiK-12192 

Polgar, Robey et al 2008 
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3.4 Functional expression of ABCG2 in S. cerevisiae 
At the commencement of this project there were no reports on the heterologous 

expression of ABCG2 in S. cerevisiae. Analysis of published reports on heterologous 

expression of ABC transporters in S. cerevisiae, and ABCG2 in various host systems 

suggested that heterologous overexpression of ABC proteins was not detrimental 

to the host organism (Table 1-5). These studies have used crude or purified plasma 

membrane preparations to demonstrate drug transport by overexpressed ABCG2. 

Although drug transport and ATPase activity of ABCG2 associated with drug efflux 

has been demonstrated in X. laevis oocytes (Nakanishi, Doyle et al. 2003), in intact 

cells of Sf9 insect cells and L. lactis ; this activity has not been established in intact 

cells of fungal host systems such as P. Pastoris, S. pombe or in S. cerevisiae.   

In P. Pastoris function of overexpressed underglycosylated ABCG2 was 

demonstrated by measuring the ATPase activity in membrane vesicles using 

[3H]E1S (Mao, Conseil et al. 2004).  Recently, functional expression of ABCG2 has 

been demonstrated in S. cerevisiae (Jacobs, Emmert et al. 2011). However, plasma 

membrane localisation and drug transport activity of ABCG2 in intact cell was not 

demonstrated. Furthermore, prazosin-stimulated (substrate) ATPase activity of 

ABCG2 measured in lipid reconstituted proteoliposomes was only 1-2 fold higher 

than the unstimulated control. Since these assays are showing small increases in 

protein activity, it is possible that either the purified protein is not fully functional 

or it is showing partial activity due to unfavourable assay conditions.  

3.5 Aim of this chapter  
The aim of this chapter was to provide a preliminary assessment of the value of a     

S. cerevisiae expression host by measuring the expression of wild type and 

recombinant ABCG2. The host AD∆ was chosen for assessment because it is 

hypersensitive to a range of xenobiotics and is programmed for constitutive 

expression of endogenous ABC transporters. ABCG2 was chosen as a model protein 

as it shares close phylogeny with Pdr5p, which can be expressed to levels 

equivalent 30% of total plasma membrane proteins (Lamping, Monk et al. 2007). 

Expression of ABCG2 mRNA and ABCG2 protein was measured in comparison with 

a control heterologous fungal transporter CaCdr1p that is highly expressed and is 
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functional in the yeast plasma membrane. In addition, experimental methods were 

optimised to evaluate the function of ABCG2 in intact cells and to detect the 

location of an ABCG2-eGFP chimera. A previous study has shown that ABCG2 

expression and localisation in S. cerevisiae is not straight forward, probably due to 

stalled protein trafficking (Jacobs, Emmert et al. 2011). Resolution of this impasse 

may ultimately improve heterologous expression of other membrane proteins, 

including non-fungal ABC transporters, in S. cerevisiae. In this regard, this chapter 

will provide useful insights on expression and localisation of ABCG2 in S. cerevisiae 

AD∆. Because of its short generation time, relatively inexpensive culture, and the 

range of xenobiotic substrates of ABCG2 that affect S. cerevisiae, the functional 

expression of ABCG2 in this well understood and readily genetically manipulated 

yeast model offers numerous advantages over other heterologous host systems.   

3.6 Results 

3.6.1 Cloning ABCG2 into plasmid pABC3 

Human ABCG2 was cloned into plasmid pABC3 by Erwin Lamping using the 

strategy described previously (Lamping, Monk et al. 2007). In brief, the ABCG2 

ORF was amplified by PCR from first strand cDNA using HsABCG2-PacI and 

HsABCG2-NotI primers (Table 3-3). The sequence of the ORF was confirmed by 

sequencing the PCR fragment using HsABCG2-f1 and HsABCG2-f2 primers (Table 

3-3). A gel purified DNA fragment obtained by PacI and NotI (New England Biolabs, 

240 County Road, Ipswich, MA) digestion of the ABCG2 ORF amplimer was 

directionally cloned into plasmids pABC3 (Genebank accession number – 

DQ903883), pABC3-6xHis (Genebank accession number – DQ903884) and pABC3-

GFP (Genebank accession number – DQ903888).  
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Table 3-3: Primers used to clone ABCG2 in pABC3 

Primer Name Sequence ( 5’ to 3’ ) Purpose 

HsABCG2-PacI 
CAGTTAATTAAAAAATGTCTTCCAGTA
ATGTCGAAGTTT 

FP, Cloning in pABC3 

HsABCG2-NotI 
GAAATTGTTATTTCTTAAAAAATATTC
TTAAAAGCGGCCGCGAG  

RP, Cloning in pABC3 

HsABCG2-NotI-tag 
GAAATTGTTATTTCTTAAAAAATATTC
TGGCGGCCGCGAG 

RP, Cloning in pABC3 
derivatives 

HsABCG2-f1 ATGAGCCTACAACTGGCTTAGAC FP, Sequencing 

HsABCG2-f2 AGATCATTGTCACAGTCGTACTG FP, Sequencing 

HsABCG2-rev CCTGAAGGCATTTACTGAAGGAGCT RP, Sequencing 

 

FP, Forward primer; RP, Reverse primer. Restriction sites are shown in bold. All 

primers were obtained from Sigma-Aldrich Corp. (St. Louis, MO, USA.) 
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3.6.2 Preparation of transformation cassette 

The transformation cassette was prepared by digesting the recombinant pABC3  

containing ABCG2, ABCG2-6xHis or ABCG2-GFP with AscI restriction enzyme (New 

England Biolabs, 240 County Road, Ipswich, MA) according to the manufacturer’s 

recommendation. In brief, 3 g of plasmid DNA was incubated with 3 U of AscI and 

1x NEBuffer 4 in a reaction volume of 50 l at 37°C for 60 min and the restriction 

enzyme was inactivated by heating at 65°C for 20 min. The digested DNA 

fragments were separated by electrophoresis in 0.8% agarose gels (appendix 

A.3.4). DNA fragments obtained by restriction digestion were of the expected sizes 

of 4767 and 5489 bp (Figure 3-1, B) and gel purified (section 2.6). The purified 

transformation cassettes were used immediately or stored at -20°C until use. 

 

Figure 3-1: Preparation of transformation cassette by restriction digestion of 
recombinant pABC3 derivatives. A) Recombinant pABC3-ABCG2 (1), pABC3-
ABCG2-6xHis (2) or pABC-ABCG2-GFP (3) was digested with AscI. The 4767 bp 
fragments consist of ABCG2 ORF with or without 6xHis tag. The 5489 bp fragment 
consist ABCG2 ORF with the GFP tag. The 2953 bp AscI fragments contained the 
rest of the pABC3 vector. B) Gel purified DNA fragments. 
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3.6.3 ABCG2 ORF in S. cerevisiae genome 

Purified transformation cassettes containing ABCG2, ABCG2-6xHis or ABCG2-GFP 

ORFs were transformed into S. cerevisiae AD∆ using the protocol described in 

(section 2.8). Transformants that appeared after 72 hrs of incubation at 30°C on 

CSM-Ura selective medium were picked. Three colonies of each construct were 

selected, genomic DNA was isolated (section 2.2) and PCR analysis was performed 

as described in section 2.9. 

Agarose gel electrophoresis showed PCR products of correct size. Since one primer 

in each primer pair was designed outside the transformation cassette (‘PDR5 

upstream’ and ‘PDR5 downstream’ primers) and the other on the ABCG2 gene, 

amplification of  correct size PCR products indicated that ABCG2 ORFs with or 

without tags were correctly integrated to N- and C-terminal end of PDR5 locus in S. 

cerevisiae AD∆ genome (Figure 3-2).  

 

Figure 3-2: Integration of ABCG2 gene into S. cerevisiae PDR5 locus. Three 
clones of each construct of S. cerevisiae AD∆ expressing ABCG2, ABCG2-6xHis or 
ABCG2-GFP were analysed. Lanes 1, 2 and 3 show PCR fragment amplified with 
“PDR5 upstream” and “HsABCG2 rev” primers. The 1339 bp PCR products in these 
lanes indicate correct integration of 5’ end of the ABCG2 ORF at the PDR5 locus. 
Lane 4, 5 and 6 show PCR fragments amplified with “pURA3-2” and “PDR5 
downstream” primers. The 1193 bp PCR product in these lanes indicate correct 
integration of the 3’ end of the transformation cassette in the PDR5 locus.  

A PCR fragment containing the whole transformation cassette was amplified from 

gDNA (one clone of each construct) using the PDR5 upstream/PDR5 downstream 

primers and its DNA sequence determined as described in section 2.9. The results 

confirmed that there were no mutations in the ABCG2 ORFs with or without tags. 
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3.6.4 Profiling transcript levels using total RNA  

3.6.4.1 Quality of total RNA 

Total RNA from S. cerevisiae AD∆, AD∆/ABCG2, AD∆/ABCG2-6xHis, AD∆/ABCG2-

GFP and AD∆/CaCDR1 was prepared using the protocol as described in section 

2.12.1. Samples (20 g) were resolved by electrophoresis in 1.2% agarose gels 

containing 37% formaldehyde as described in section (2.12.2 and Figure 3-3). The 

agarose gel (Figure 3-3) showed the expected 28S and 18S rRNA bands and no 

obvious degradation band. The A260/280 values of all the samples were higher than 

1.8, suggesting the presence of insignificant amount of proteins. These results 

indicate that total RNA preparations from all constructs were of sufficient quality 

for RT-PCR analysis.  

 

Figure 3-3: Formamide containing agarose gel separation of total RNA from S. 
cerevisiae AD∆ overexpressing ABCG2, ABCG2-6xHis, ABCG2-GFP or CaCDR1. 
The UV illuminated image shows the separation of total RNA (20 g each lane) in a 
1.2% agarose gel containing 37% formaldehyde. C1, C2 and C3 represent separate 
clones of the same construct.  
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3.6.4.2 RT-PCR 

To estimate relative levels of transcript expression, the total RNA fraction obtained 

from each construct was converted to cDNA using reverse transcriptase as 

described in section 2.12.4. The cDNA was then PCR amplified. ABCG2 and CaCDR1 

cDNAs were PCR amplified using gene-specific primer pairs HsABCG2-f2 plus 

HsABCG2 ORF 3’ –28 rev and CaCDR1A ORF 5’+910 fwd plus CaCDR1A ORF 

5’+1641 rev (Table 3-4), respectively. Both primer pairs were designed to amplify 

700 bp DNA fragments so that the experimental data is comparable. Plasmid 

pABC3 containing either ABCG2 or CaCDR1 were used as positive controls. Samples 

of 10 µl DNA were retrieved from each reaction after 10, 20, 25 and 30 PCR cycles 

and immediately stored at -20°C. The PCR amplimers were analysed using agarose 

gel electrophoresis as described in section 2.4. 

The amplified DNA fragments in the positive PCR reactions containing plasmid 

pABC3-ABCG2 and pABC3-CaCDR1 (Figure 3-4, lane 6 and 7 respectively) show 

that both gene-specific primer pairs gave amplimers of the expected size. In these 

two reactions the amplimers appear after 10 cycles as the DNA template used are 

purified plasmid as compared to the use of cDNA in other reactions.  The absence 

of DNA fragments in reactions containing cDNA from AD∆ (Figure 3-4, lane 1) and 

AD∆/CaCDR1 (Figure 3-4, lane 5) amplified using the ABCG2 specific HsABCG2-

f2/HsABCG2 ORF 3’ –28 rev primer pair, demonstrates that the cDNA samples 

obtained from these constructs do not harbour ABCG2. The appearance of 

amplified products of expected size (lanes 2-4) after only 20 cycles of PCR suggests 

that considerable amount of mRNA transcript is present in each of the test samples 

of AD∆/ABCG2 (Lane 2), AD∆/ABCG2-6xHis (Lane 3) and AD∆/ABCG2-GFP (Lane 

4). As amplimers are only seen in reactions containing cDNA from AD∆/ABCG2 

(Lane 2), AD∆/ABCG2-6xHis (Lane 3) and AD∆/ABCG2-GFP (Lane 4) as compared 

to AD∆ (lane 1) and AD∆/CaCDR1 (lane 5) suggests that HsABCG2-f2/HsABCG2 

ORF 3’ –28 rev primer pair amplify the specific region of ABCG2. 
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Table 3-4: Primers used for RT-PCR 

Primer Name Sequence ( 5’ to 3’ ) Purpose 

PDR-RT1 GTCACGCAAAGTTGCAAACATATAAC FP, Real time PCR 

PDR-RT2  AAGTCTTTCGAACGAGCGGATACG RP, Real time PCR 

HsABCG2-f2 AGATCATTGTCACAGTCGTACTG FP, Real time PCR 

HsABCG2 ORF 3’ –28 rev TTCAGGTAGGCAATTGTGAG RP, Real time PCR 

CaCDR1A ORF 5’+910 fwd TCCGGTGGTGAAAGGAAAAGA FP, Real time PCR 

CaCDR1A ORF 5’+1641 rev ACAGCAAAGAACATGGCAGCA RP, Real time PCR 

FP, Forward primer; RP, Reverse primer. All primers were obtained from Sigma-

Aldrich Corp. (St. Louis, MO, USA) 

 

 

Figure 3-4: PCR cycle-dependence and template-specific detection of 
transcript levels of ABCG2 and CaCDR1 overexpressed in S. cerevisiae AD∆. 
cDNA (~3 g) prepared from total RNA by RT was used as template. Lane 1, S. 
cerevisiae AD∆; Lane 2–5 are S. cerevisiae AD∆/ABCG2, AD∆/ABCG2-6xHis, 
AD∆/ABCG2-GFP and AD∆/CaCDR1, respectively. Lane 6 and 7 contain pABC3-
ABCG2 and pABC-CaCDR1, respectively. Lanes 1–6, cDNA amplified with 
“HsABCG2-f2” and “HsABCG2 ORF 3’ –28 rev” primers. Lane 7, pABC3-CaCDR1 
amplified with “CaCDR1 ORF 5’+910 fwd” and “CaCDR1 ORF 5’+1641 rev” primers. 
All DNA fragments visualised are 700 bp in length. 
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3.6.4.3 mRNA quantification 

The primers PDR-RT1 and PDR-RT2 were designed to compare the levels of 

mRNAs expressed from any gene at the PDR5 locus under the influence of PDR5 

promoter in S. cerevisiae AD∆. These primers amplify a 147 bp DNA fragment in 

the 5’untranslated region (5’UTR) of the PDR5 gene (Katzmann, Hallstrom et al. 

1996). Total RNA from the strains tested was isolated and purified as described in 

section 2.12. The purified RNA (4 g) was processed with reverse transcriptase to 

yield cDNA. To validate the authenticity of the mRNA transcript, same set of 

samples were processed, in parallel, without RT treatment (negative control). PCR 

was carried out as described in section 2.3.1 using equal volumes (1 l, around 83 

ng as estimated for samples processed with RT) of RT treated and non-treated 

samples as templates with PDR-RT1 and PDR-RT2 primers. The PCR products 

obtained after 35 cycles were analysed by agarose gel electrophoresis as described 

in section 2.4.  

As shown in Figure 3-5, amplimers appeared only in reaction containing RT 

treated samples (RT+) as compared to reactions that contained samples that were 

not processed by RT (RT-). This suggests that the cDNA obtained is transcript-

specific. The intensities of the UV illuminated DNA bands in the image was 

quantified using gel analysis tool available on NIH ImageJ software. The relative 

values were plotted using Prism Graph pad (Figure 3-6). Quantification of the 

cDNA bands indicated the DNA amplified from the cDNA produced by RT were of 

equivalent intensity (Figure 3-5). This implies that mRNA levels of ABCG2, ABCG2-

6xHis and ABCG2-GFP in S. cerevisiae AD∆ are equivalent to mRNA levels of 

CaCDR1 (Figure 3-6). 
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Figure 3-5: Transcript levels of ABCG2 and CaCDR1 overexpressed in S. 
cerevisiae AD∆. RT+ and RT– indicate the processing of same set of total RNA 
extracts with or without reverse transcriptase, respectively, to generate cDNA. All 
the cDNA samples were then amplified with “PDR5 RT1” forward and “PDR5RT2” 
reverse primers which are designed to amplify a 700 bp DNA fragment within the 
5’UTR of PDR5. pABC3-ABCG2 and pABC3-CaCDR1 are the pABC3 plasmid 
containing ABCG2 or CaCDR1 ORF  inserted at the multicloning site, respectively. 

 

 

Figure 3-6: mRNA quantification. The density of DNA bands of RT+ reactions 
from Figure 3-5 were estimated using NIH ImageJ software and the relative 
intensity values of each construct was plotted using Prism Graph Pad.  
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3.6.5 Western blot analysis 

The expression of ABCG2 in mammalian cell lines and heterologous expression 

host has been detected with monoclonal antibody BXP-21 (abcam™, 330 

Cambridge Science Park, Cambridge, UK). We employed this antibody to detect the 

expression of both tagged and non-tagged ABCG2 in S. cerevisiae because it 

recognises an antigen located between amino acids 271 and 396 in the primary 

sequence of human ABCG2. Total proteins from whole cell lysate of strains AD∆, 

AD∆/ABCG2, AD∆/ABCG2-6xHis and AD∆/ABCG2-GFP were analysed after 

precipitation from clarified cell extracts using trichloaceticacid (TCA) as described 

in section 2.15. Samples were separated by SDS-PAGE, transferred to nitrocellulose 

and western blot analysis was performed as described in section 2.18.  

The western blot analysis showed that tagged and non-tagged ABCG2 constructs 

are expressed at comparable levels (Figure 3-7). The absence of a detectable band 

in AD∆ sample indicates the signals detected in the other lanes are ABCG2-specific. 

The molecular weight of mature (fully glycosylated) plasma membrane integrated 

ABCG2 expressed in mammalian systems is expected to be 72 kDa. However, the 

relative molecular sizes of the antigenic bands detected in the western blot were 

lower than expected. This indicated that ABCG2 may be non- or partially-

glycosylated, which is consistent with molecular weight (~68 kDa) of ABCG2 

expressed in heterologous hosts such as Sf9 insect cells, P. pastoris and S. cerevisiae 

(Ozvegy, Litman et al. 2001; Mao, Conseil et al. 2004; Jacobs, Emmert et al. 2011). 

The relative molecular weight of the ABCG2 antigen in the AD∆/ABCG2-GFP 

sample appeared 26 kDa (GFP molecular weight) higher than the non-tagged or 

His-tagged ABCG2. This result strongly suggests that ABCG2 is expressed as an 

eGFP fusion protein. However, it cannot be excluded that this construct also 

interacts with another protein or migrates anomalously during SDS-PAGE. In 

addition, the absence of low molecular weight antigenic bands in all samples 

indicates that ABCG2, ABCG2-6xHis and ABCG2-GFP were not appreciably 

proteolytically degraded.  
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Figure 3-7: Detection of ABCG2 with BXP-21 antibody. Total protein from 
clarified whole cell lysates were precipitated using TCA (section 2.15). Protein 
samples (10 l) were resolved by SDS-PAGE (8%). Proteins were transferred onto 
nitrocellulose membrane and ABCG2 was detected using BXP-21 antibody 
(1:1000) by ECL.  

 

3.6.6 Drug concentration optimisation for agarose drug diffusion assay 

AD∆-based yeast strains overexpressing functional ABC transporters can be used 

to develop whole cell and in vitro screens used to identify and characterize pump 

inhibitors that overcome multidrug resistance (Niimi et al, 2004 and 2012, Holmes, 

Keniya et al, 2012). Development of High Throughput Screening (HTS) assays 

based on flow cytometry (Holmes, Keniya et al.) and identification of novel pump 

inhibitors (Niimi, Harding et al. 2004; Niimi, Harding et al. 2012) demonstrates the 

robustness of the S. cerevisiae AD∆ expression system. In any screen used to detect 

the drug efflux activity of transporters and to identify substrates and inhibitors, it 

is important to use amounts of drugs that give readily measured and compared 

responses. Using literature data, 14 ABCG2 substrates known to be toxic for S. 

cerevisiae were selected and the amount of drug to be used in agarose diffusion 

assays were standardized by using the null parental host strain S. cerevisiae AD∆ 

(section 2.11). The near linear portion of dose response curves generated (Figure 

3-8) were used to select specific amounts of each drug used to compare the drug 

sensitivity of individual constructs. 
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Figure 3-8: Dose response curves of drugs. Each drug was serially diluted and 
tested on S. cerevisiae AD∆ in an agarose drug diffusion assay. Dose dependence 
curves were generated by plotting the radius of the inhibition zones including the 
radius of paper disc, against the amount of drug used.  
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Figure 3-8 continued.................... 

 

 

 

 



Page | 84  
 

Figure 3-8 continued................... 

 

 

3.6.7 Drug efflux activity measurement using the agarose drug diffusion 

assay 

The agarose drug diffusion assay provides a simple and inexpensive method to 

detect drug efflux-related phenotypes of yeast cells. The assay was conducted as 

described in section 2.11. S. cerevisiae strains AD∆/ABCG2, AD∆/ABCG2-6xHis and 

AD∆/ABCG2-GFP were tested for their resistance to 14 different xenobiotics in 

comparison with the null host strain AD∆. If functional ABCG2 is localised to the 

plasma membrane, the inhibition zones generated by strains expressing ABCG2 

should be smaller than those of AD∆ null strain. However, there was no reduction 

in the size of inhibition zones for any of the 14 tested drugs for ABCG2 expressing 

strains (Figure 3-9, columns 2-4) compared to the AD∆ null strain (Figure 3-9, 

column 1). This indicated that the ABCG2 protein expressed in this host was not 

functional or that the drug resistance phenotype generated was not in a detectable 

range.  
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Figure 3-9: Determination of drug efflux activity. Fourteen compounds were 
tested with S. cerevisiae AD∆, AD∆/ABCG2, AD∆/ABCG2-6xHis and AD∆/ABCG2-
GFP in the agarose diffusion assay. The amount of each drug dispensed is shown on 
the left hand side of the figure. The comparable size of the growth inhibition zones 
in strains expressing ABCG2 and the AD∆ host strain indicated that there was no 
detectable drug resistant phenotype. 
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Figure 3-9 continued............................. 
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3.7 Minimum inhibitory concentration (MIC) 
The MICs of daunorubicin (Figure 3-10A), etoposide (Figure 3-10B) and 

rhodamine 6G (R6G) [Figure 3-10C] was determined for S. cerevisiae strains AD∆, 

AD∆/ABCG2, AD∆/ABCG2-6xHis and AD∆/ABCG2-GFP, as described in section 

2.11.2. These drugs are known substrates of ABCG2 (Polgar, Robey et al. 2008). 

The concentration range used to test these drugs was chosen based on the MIC of 

these drugs for AD∆/ABCB1 (unpublished data). Although, the potency and 

inhibition profile for each drug differed, the MICs for all ABCG2 expressing strains 

were same as the parental strain (Figure 3-10). This implies that the ABCG2 

constructs expressed in the AD∆ host strain are unlikely to be functional. 
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Figure 3-10: MIC of xenobiotic substrates of ABCG2 for S. cerevisiae AD∆ 
expressing ABCG2 constructs. The MICs of Daunorubicin (A), etoposide (B) and 
rhodamine 6G (C) were determined for S. cerevisiae AD∆, AD∆/ABCG2, 
AD∆/ABCG2-6xHis and AD∆/ABCG2-GFP.  
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3.7.1 Confocal microscopy imaging 

The localisation of ABCG2 expressed in S. cerevisiae was investigated by confocal 

microscopy of the AD∆/ABCG2-GFP strain as described in section 2.19. Strains 

AD∆ and AD∆/CaCDR1-GFP were used as negative and positive control strains, 

respectively. AD∆ does not harbour an ABCG2 gene and is used as a control for 

autofluorescence. AD∆/CaCDR1-GFP expresses and localizes functional CaCdr1p 

predominantly to the plasma membrane (Lamping, Monk et al. 2007). As expected, 

the confocal microscopy images showed that CaCdr1p-GFP was localised to the 

plasma membrane (Figure 3-11, E). In contrast, fluorescence specific for ABCG2-

GFP was found in the cell interior (Figure 3-11, H). The absence of fluorescence 

signal in AD∆ indicated that there was unlikely to be an endogenous background 

contribution of fluorescence when the ABCG2-GFP or CaCdr1p-GFP fusion proteins 

were expressed. Most of the fluorescence in the ABCG2-GFP construct was 

visualised as a single cluster that appeared to be separate from the vacuole and 

possibly located near the nucleus (Figure 3-11, H). 
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Figure 3-11: Confocal microscopy images of S. cerevisiae AD∆/ABCG2-eGFP. Z-

sections (0.3 - 0.4 m) of AD∆ (A-C), AD∆/CaCDR1-GFP (D-E), AD∆/ABCG2-GFP (G-
I) were obtained using Carl Ziess 510 upright microscope.   Superimposed images 
of corresponding Nomarski and GFP channel images (C, F, and I) are shown. E and 
F, shows the expected plasma membrane localisation of CaCdr1p-GFP. H and I 
show the intracellular localisation of ABCG2-GFP. 
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3.8 Discussion 
ABCG2, ABCG2-6xHis and ABCG2-GFP have been cloned in the PDR5 locus of S. 

cerevisiae strain AD∆. Analysis of mRNA expression (Figure 3-5) shows that all 

constructs constitutively expressed ABCG2 mRNA, as expected due to the influence 

of the pdr1-3 gain of function transcriptional regulator on the PDR5 promoter. It is 

important to note that the expression levels of the ABCG2 mRNAs, which include 

the Pdr5 5’-UTR, were all comparable to that of CaCDR1 expressed in the same way 

(Figure 3-6).  Western blot analysis of whole cell extracts probed with the BXP-21 

antibody indicate that ABCG2 protein can be expressed with  or without reporter 

tags (6xHis or GFP) that are located at the C-terminal end of the protein (Figure 

3-7). The western blot analysis also demonstrated that ABCG2, ABCG2-6xHis and 

ABCG2-GFP proteins are all expressed successfully and without any obvious 

degradation. Confocal microscopy showed that CaCdr1p-GFP predominantly 

trafficked to the plasma membrane as expected. In contrast, the GFP signal in the 

ABCG2-GFP construct was found within the yeast cells and appeared as a localised 

aggregation within the cell, probably outside the vacuole and possibly near the 

nucleus (Figure 3-11, panel H). Our data suggests that the aggregation is 

mislocalised ABCG2-GFP. The clustered GFP signal observed in confocal 

microscopy images and lack of degradation products in the western blot analysis 

suggested that despite its mislocalisation, ABCG2-GFP might be protected from 

protein degradation by sequestration in a subcellular compartment. This 

protective mislocalisation may also be applicable to both wild type and ABCG2-

6xHIS. This would explain why cells expressing tagged or non-tagged ABCG2 failed 

to show enhanced drug efflux or reduced susceptibility to 14 different drugs in 

agarose drug diffusion experiments and reduced susceptibility to three xenobiotic 

substrates of ABCG2 in MIC assays. Our results do not exclude the possibility that 

the overexpressed protein is inactive, independent of its apparent mislocalisation. 

As far as I am aware, there is no direct evidence in the literature that mislocalised 

ABCG2 in S. cerevisiae is non-functional. A test of enzyme function would require 

protein purification and functional assay in liposomes. This has yet to be done with 

the present system. 
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The reasons for mislocalisation of ABCG2 in S. cerevisiae are not well understood. 

The literature indicates that post-translational modifications including 

phosphorylation (Xie, Xu et al. 2008) and presence of cholesterol (Telbisz, Ozvegy-

Laczka et al. ; Janvilisri, Venter et al. 2003), plus the position of fusion tags at either 

the N- or the C-terminus (McDevitt, Collins et al. 2006) can affect the functional 

expression of ABCG2 in mammalian cells. The effect of some of these modifications 

on the functional expression of ABCG2 in S. cerevisiae will be evaluated in chapter 

5.  

Although the confocal microscopy showed the intracellular localisation of ABCG2-

GFP, this might not reflect the localisation of non-tagged ABCG2 or ABCG2-6xHis. 

Since these constructs cannot be evaluated using confocal microscopy, in 

subsequent chapters we have made use of alternative approaches to trace their 

fate. In order to determine their subcellular localisations, all the ABCG2 constructs 

will be analysed using analytical methods such as sucrose gradient and differential 

centrifugation that can separate organelles. Fractions enriched for organelles can 

then be probed with antibodies against organelle specific markers in addition to 

the ABCG2-specific BXP-21 antibody. The subcellular localisation of ABCG2 is more 

fully evaluated in chapter 4. 
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4.1 Introduction  
In all living cells, proteolysis is required for metabolic homeostasis. Proteolysis is 

essential for, but not limited to, cell proliferation, signalling and antigen 

presentation (Kirschner 1999; Zou, Chung et al. 2004; Nakayama and Nakayama 

2006; Munz 2012). It also underpins sophisticated quality control and protein 

sorting system that is involved in identification and elimination of damaged, 

misfolded or incorrectly assembled proteins. Under normal conditions, the rate of 

protein synthesis is in equilibrium with the rates of protein folding and 

degradation (Wickner, Maurizi et al. 1999). If the rate of protein synthesis exceeds 

the rates of protein folding and degradation, the imbalance disturbs cellular 

protein trafficking. It is now well established that misfolded eukaryotic membrane 

proteins are retrotranslocated and degraded by ER associated degradation (ERAD) 

that involves ubiquitin-proteasomal system (Kawaguchi and Ng 2007; Needham 

and Brodsky 2013). Interestingly, some misfolded or mis-assembled proteins that 

are not retrotranslocated are retained in the ER. This type of cellular indigestion 

results in these proteins being associated with the induced proliferations of the ER. 

The proliferations manifest as stacks of paired nuclear-associated membranes 

called karmellae (Figure 4-2)(Wright, Basson et al. 1988) or multi-spanning 

membrane domains juxtaposed to ER called ER-associated compartments 

(ERACs)(Huyer, Longsworth et al. 2004). Similar structures that contain 

aggregates of misfolded luminal proteins include Russell bodies (RB) (Valetti, 

Grossi et al. 1991; Umebayashi, Hirata et al. 1997), the ER-Golgi intermediate 

compartment [ERGIC] (Raposo, van Santen et al. 1995) and stacked cisternae, 

termed organized smooth ER [OSER] (Snapp, Hegde et al. 2003) or other multi-

layered structures (Elgersma, Kwast et al. 1997; Zimmer, Vogel et al. 1997; Becker, 

Block-Alper et al. 1999). Misfolded proteins that escape the ERAD and/or the 

proteasomal machinery despite being retrotranslocated to the cytoplasm can form 

inclusion bodies or ordered aggregates called aggresomes (Wojcik and DeMartino 

2003). Regardless of the host organism, the structures induced by misfolding and 

ineffective degradation can be characterised, at least in part, due to their physical 

appearance, cellular localisation and association with organelle specific protein 

markers. However, in S. cerevisiae, the mechanisms that produce these 

manifestations of cellular disequilibrium have yet to be fully elucidated. This 
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uncertainty poses significant challenges when attempting to characterise the 

structures induced by heterologous expression by ER-bound ribosomes of 

membrane proteins such as ABCG2. In S. cerevisiae some proteins that reside in the 

ER, such as Kar2p, have been localised in a pattern that includes the nuclear 

envelope, projections of membrane from the nucleus towards the cell periphery 

and a network of membrane just beneath the plasma membrane (Rose, Misra et al. 

1989). The yeast nuclear envelope is therefore likely to include segments that are 

contiguous with the ER. 

4.1.1 Aggresomes and Russell bodies 

Protein aggregation has been considered to be an unregulated default 

phenomenon that occurs when misfolded hydrophobic regions of a protein are 

exposed to hydrophilic environment of the cytoplasm. However, emerging 

evidence suggests that protein aggregation involves regulated mechanisms and in 

cells burdened with proteins in excess of the handling capacity of the proteolytic 

system (Valetti, Grossi et al. 1991; Johnston, Ward et al. 1998; Stoops, Byrd et al. 

2012). Although aggresomes were first discovered in mammalian cells, similar 

structures have been found to exist in S. cerevisiae (Wang, Meriin et al. 2009). 

The disposal of misfolded membrane proteins, requires two steps: 1) relocation of 

misfolded protein from ER lumen to cytoplasm (retrotranslocation) via 

translocon/Sec61 protein complex (Plemper, Bohmler et al. 1997) and 2) 

degradation of these retrotranslocated protein by the proteasome (Romisch 2005; 

Pety de Thozee and Ghislain 2006). While inefficiency in the retrotranslocation 

step, which can be induced experimentally by the accumulation of the mutant IgM 

molecules in ER lumen due to random disulphide bridge formation induces RBs 

(Valetti, Grossi et al. 1991); decreased proteasomal activity and increased 

expression of aggregation prone proteins like CFTR is shown to be responsible for 

formation of intracellular ordered protein aggregates called aggresomes (Johnston, 

Ward et al. 1998).  

4.1.1.1 Signals and protein chaperones involved in the biogenesis of Russell 

bodies 

The complete pathway involved in RB biogenesis, including interacting partner 

proteins has yet to be elucidated. Comparative study of Chinese hamster ovary 
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(CHO) and Human Embryonic Kidney 293 (HEK-293) cells expressing 

immunoglobin has shown that reduced secretion of IgG is associated with the 

occurrence of RBs in approximately 73% of cells. However, the gross perinuclear 

morphology of RBs in the CHO cells was different from the globular juxtanuclear 

structures found in HEK-293 cells (Stoops, Byrd et al. 2012). In addition, CHO cells 

expressing individual heavy chain (HC) and light chain (LC) subunits of the same 

IgG induced RBs formation. Unlike all three HCs, which tended to induce RBs in 

either high or low immunoglobin secreting clones in the absence of their cognate 

interacting LCs, expression of LCs alone in low secreting clones induce the RBs 

(Stoops, Byrd et al. 2012). This suggested that immunoglobin HC and LC may have 

unique signals that can differentially induce RB formation (Lee, Brewer et al. 1999; 

Corcos, Osborn et al. 2009). In addition, the difference in cell response for the same 

immunoglobin has also been attributed to the inherent cellular capacity for protein 

synthesis, degradation, or ER-to-Golgi trafficking (Valetti, Grossi et al. 1991; 

Stoops, Byrd et al. 2012).  Finally, mutation of Cys 575 of the IgM which is involved 

in intersubunit disulphide formation, which in turn is required for pentamer 

formation, is also show to induce the formation of RBs (Valetti, Grossi et al. 1991). 

The expression levels of some ER resident chaperones are elevated in cell induced 

for RB formation. These proteins include X-box binding protein (XBP1), calnexin, 

Ero1α, binding Immunoglobin Protein (BiP), ER-Golgi intermediate compartment 

53 (ERGIC-53) (Mattioli, Anelli et al. 2006) plus the enzyme GAPDH. Of these 

proteins, only calnexin has been found to be physically associated with RBs 

(Ronzoni, Anelli et al. ; Stoops, Byrd et al. 2012). Some ER proteins, including 

protein disulphide isomerase (PDI) and BiP appear to be excluded from the RB 

(Valetti, Grossi et al. 1991). 

 



Page | 97  
 

4.1.1.2 Signals and Protein chaperones involved in the biogenesis of 

Aggresomes  

Knowledge about aggresomes formation is mainly derived from the studies of 

cystic fibrosis transmembrane regulator (CFTR) and its mutated allelic form ∆F508 

CFTR in both homologous and heterologous expression system (Johnston, Ward et 

al. 1998; Garcia-Mata, Bebok et al. 1999; Kiser, Gentzsch et al. 2001; Swinnen, 

Buttner et al. 2011).  The ∆F508 mutant of this ABC transporter is implicated as a 

cause of cystic fibrosis. Similar to RB formation, aggresome formation was initially 

studied in CHO and HEK-293 cells using two model proteins CFTR and presenilin-1 

(PS1).  

Johnston and Ward et al. defined the aggresome as a “pericentriolar membrane-

free, cytoplasmic inclusion containing misfolded, ubiquitinated protein ensheathed 

in a cage of intermediate filaments (IF)” (Johnston, Ward et al. 1998). They showed 

that exposure of CFTR or PS1 expressing HEK-293 cell cultures to proteasome 

inhibitors acetyl-leucyl-leucyl-norleucinal (ALLN) or lactacystin, or a 40 fold 

increase in the expression of ∆F508 in the absence of these inhibitors induced the 

formation of aggresomes (Johnston, Ward et al. 1998). In addition, synphilin-1 may 

be needed as an interacting protein partner to seed α-synuclein aggresomes 

(Swinnen, Buttner et al.). However, in S. cerevisiae a proline-rich region in 

combination with a polyglutamine domain of huntingtin exon-1 is show to induce 

aggresomes (Wang, Meriin et al. 2009). These data support the idea aggresomes 

can be induced by the overexpression of membrane proteins or lack of 

proteasomal activity.  

A distinguishing feature of aggresomes is the transport of smaller aggregates of 

retro translocated proteins on microtubules (MT) that converge at microtubule 

organizing centre (MTOC) to form a larger aggresomes (Figure 4-1). This 

juxtanuclear aggresome is then surrounded by vimentin-positive fibres that 

provide a protective cover (Johnston, Ward et al. 1998). This process is likely to be 

real as the minus-end-directed movement of peripheral aggregates  to the MTOC 

was disrupted when the dynein/dynactin complex (Burkhardt, Echeverri et al. 

1997), implicated in maintenance of membrane organelle distribution, was 

disrupted (Garcia-Mata, Bebok et al. 1999). A general model depicting key steps 
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involved in the process of aggresome formation proposed by Johnston et al is 

shown in Figure 4-1. Furthermore, other proteins including – Der3p, Sec61p, 

Hsp90p, Hsp60p, Nsp1p, LAMP-1, Cdc48 have been suggested to be directly or 

indirectly associated with aggresomes formation (Kiser, Gentzsch et al. 2001; 

Wang, Meriin et al. 2009). In particular ER-associated proteins Kar2p/Bip and 

calnexin have been colocalise with aggresome (Johnston, Ward et al. 1998; Kiser, 

Gentzsch et al. 2001). 

 

 

Figure 4-1: Model for aggresome formation. Numbers indicate various steps in 
the aggresome biogenesis pathway. Membrane proteins are cotranslationally translocated 
to the membrane of the ER (1). Some molecules fold to adopt a maturation-competent 
conformation (1a). Others misfold and are dislocated from the ER membrane (2). Some 
proteins may escape the translocation machinery and be delivered directly to the 
cytoplasm (4). Dislocated, ubiquitinated, misfolded protein can either be rapidly degraded 
by cytosolic proteasomes (3) or aggregate (5 and 6). Because aggregates are difficult to 
unfold, they are likely to be slowly degraded by the proteasome (7a and 7b). Misfolded, 
aggregated protein is transported to the microtubule organising centre (MTOC) by 
microtubules (MT) where it becomes entangled with collapsed intermediate filaments (IF) 
(8). In the absence of MT, protein aggregates coalesce at dispersed sites throughout the 
cytoplasm (8a). N, nucleus; Ubn, ubiquitin conjugates; +, orientation of MT in the cell. The 
figure is from (Johnston, Ward et al. 1998). 
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4.1.2 Karmellae and ERAC’s 

In S. cerevisiae, it has been shown that overexpression of homologous (Vergeres, 

Yen et al. 1993; Koning, Roberts et al. 1996) or heterologous membrane proteins 

(Fu and Sztul 2003) can induce membranous structure associated with the nucleus 

or ER. If the induced multi-layered membranes are perinuclear in localisation they 

are called “karmellae” and if they appear like a network of tubulo-vesicular 

structures that are directly connected to the ER they are called ERACs.  

4.1.2.1 Signals and protein chaperones involved in the biogenesis of 

karmellae 

Wright et al showed that overexpression of the native polytopic integral 

membrane protein HMG-CoA reductase (HMGR), in S. cerevisiae induces the 

formation of novel structures called karmellae (Wright, Basson et al. 1988). Gene 

duplication (Basson, Thorsness et al. 1986) in S. cerevisiae has produced the HMG1 

and HMG2 genes that produce HMGR isozymes used under aerobic and anaerobic 

conditions, respectively (Thorsness, Schafer et al. 1989). Despite having 95% 

amino acid similarity in their catalytic domain (Basson, Thorsness et al. 1988), 

each isozymes can induce the formation of different form of karmellae when 

overexpressed in S. cerevisiae. The hmg1p induces perinuclear membrane stacks 

that partially encompasses the nucleus, while hmg2p induces short strip like or 

circular juxtanuclear membrane stacks that are attached or detached from nucleus 

(Figure 4-2). The karmellae induced by hmg2p sometimes co-localize with the 

peripheral ER. Both hmg1p and hmg2p associate with the ER resident Sec61p, but 

hmg1p only associates with the ER luminal protein, Kar2p (Koning, Roberts et al. 

1996).  

The use of site directed mutagenesis and protein chimeras to decipher primary 

sequence signals in karmellae formation indicates that transmembrane spans may 

be important. The fact that membrane bound apo and holo form of cytochrome b5 

stimulate the karmellae biogenesis to the same extent compared to the cytosolic 

form (transmembrane span truncated) which cannot induce karmellae, indicates 

the significance of transmembrane span (Vergeres, Yen et al. 1993). In addition 

replacing the complete amino acid sequence of transmembrane span of 
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cytochrome b5 with nonsense hydrophobic sequence of similar length has shown 

to induce karmellae biogenesis. However, a single amino acid mutation in 

cytochrome b5 at position 116 that can disrupt the secondary structure of an α-

helix of the putative membrane anchor by creating sequential prolines at aa115 

and 116 is shown to have reduced karmellae inducing capacity (Vergeres, Yen et al. 

1993). These data suggests that the length and secondary structure of a 

hydrophobic region may be important than the amino acid sequence itself.  

In contrast, replacing the ER luminal G-loop (contains 77 amino acids) of hmg2p 

between transmembrane spans 6 and 7 with the corresponding sequence from 

hmg1p was shown to induce karmellae biogenesis. In addition, these karmellae 

were perinuclear, instead of peripheral to ER, a characteristic pattern of hmg1p 

(Parrish, Sengstag et al. 1995). This suggests that hydrophilic regions of a protein 

may also have a role in karmellae induction. 

From these evidences it appears that both transmembrane span and cytosolic 

regions of membrane proteins can harbour karmellae inducing signals. 

4.1.2.2 Signals and Protein chaperones involved in the biogenesis of ERACs 

Ste6p is a plasma membrane ABC transporter required for the export of α-factor in 

S. cerevisiae. Particular amino acids in both the hydrophilic and hydrophobic 

regions of Ste6p appear to be important for the induction of ERACs (Huyer, 

Longsworth et al. 2004). In particular the G414R and the L1239X (a nonsense 

mutation that results in truncation of 52 amino acids from the C-terminal end of 

Ste6p) in the cytosolic region of the protein and G38D in the putative 

transmembrane span 1 are shown to induce ERACs.  

Similarly, deletion of the TMD of Pex15p, a peroxisomal membrane protein with a 

single transmembrane domain near its luminal carboxy-terminus, failed to induce 

membrane proliferation; whereas, deletion of 30 hydrophilic C-terminal luminal  

amino acids induces large vesicular structures (Elgersma, Kwast et al. 1997). In 

addition, expression of fusion protein containing 82 C-terminal amino acids (that 

includes TMD) of Pex15p to C-terminal end of soluble enzyme Mdh3 led to the 

proliferation of membranous structures (Elgersma, Kwast et al. 1997). These data 

suggest that both cytosolic and TMD regions possess signals to induce ERACs.  
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Figure 4-2: Karmellae Induced in S. cerevisiae. Arrows indicate two different 
forms of karmellae induced when Hmg1p (A) or Hmg2p (B) is overexpressed; n, 
nucleus. White arrow in panel A indicate the induced perinuclear karmellae which 
is still part of nuclear envelope and panel B indicate the globular juxtanuclear 
karmellae that is cut off from the nuclear envelope. In both the forms of karmellae, 
equidistant arrangement of the membrane layers is seen. The image was obtained 
from (Koning, Roberts et al. 1996). 

 

4.2 Aim 
In chapter 3 ABCG2 mRNA was found to be expressed well in S. cerevisiae AD∆, but 

the protein was localised incorrectly and was not active. Inspection of cells 

expressing ABCG2-GFP fusion protein using confocal microscopy showed that 

significant amount of the protein appeared to be concentrated at a discrete 

intracellular location and, only a small fraction of the fusion protein was localised 

in proximity of the plasma membrane. The absence of the drug resistance 
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phenotypes expected for the functional enzyme indicated that overexpressed 

ABCG2, including both unmodified and His-tagged versions, was not only 

mislocalised but also inactive. In contrast, Western blot analysis using BXP-21 

antibodies was unable to detect truncated or degraded forms of the protein. 

Collectively, these results suggested that the overexpressed ABCG2 constructs 

(native enzyme, His-tagged protein or GFP chimera), were protected from 

degradation by the proteasome or ERAD pathways by sequestration into an 

organelle. Another, but less likely, possibility was that all the ABCG2 constructs 

were degraded using a pathway that destroyed the antigen detected by the ABCG2-

specific antibody (BXP-21).  

This chapter provides a more detailed analysis of ABCG2 localisation when it is 

overexpressed in the host strain AD∆. Comparison of the experimental results 

reported in chapter 3 and previously published reports suggest that the 

mislocalised ABCG2 was probably associated with karmellae or the ERACs. The 

proliferation of karmellae or the ERACs in S. cerevisiae is known to be induced by 

overexpression of ABC trasporters including CFTR (Kiser, Gentzsch et al. 2001; Fu 

and Sztul 2009) and Ste6p (Huyer, Longsworth et al. 2004), and membrane protein 

HMG-CoA reductase (Wright, Basson et al. 1988). This information led us to 

investigate a possible association by partially purifying organelles using two 

methods: 1) Sucrose gradient centrifugation, and 2) differential centrifugation. 

Localisation of ABCG2 to fractions enriched in particular organelles was 

determined by probing with anti-ABCG2 and organelle-specific antibodies. Live 

imaging of AD∆/ABCG2-GFP by confocal microscopy in the presence of organelle-

specific fluorescent probes that stained the nuclear DNA (DAPI) and vacuolar 

membrane (FM4-64) were used to support the results obtained by sucrose 

gradient and differential centrifugation. Furthermore, the presence of induced 

structures was determined by TEM. 
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4.3 Results 
 

Table 4-1: List of strains used  

Strain Genotype Selection 
marker 

Source 

S. cerevisiae ADΔ 
 

MATα pdr1-3 Δura3 his1 
Δyor1::hisG Δsnq2::hisG 
Δpdr3::hisG Δpdr5::hisG 
Δpdr10::hisG Δpdr11::hisG 
Δycf1::hisGΔpdr15::hisG  

None Molecular 
Microbiology 
Laboratory Yeast 
Strain Collection, Sir 
John Walsh Research 
Institute, University of 
Otago, New Zealand 

W303-1A MATa leu2-3,112 trp1-1 
can1-100, ura3-1, ade2-1 
his3-11,15 

None Gift from Dr. Margret 
Butler, Department of 
Biochemistry, 
University of Otago, 
New Zealand 

AD∆/ABCG2 Δpdr5::pABC3 ABCG2 Ura3 This study 

AD∆/ABCG2 6xHis Δpdr5::pABC3 ABCG2 
6xHis 

Ura3 This study 

AD∆/ABCG2 GFP Δpdr5::pABC3 ABCG2 GFP Ura3 This study 

 

4.3.1 Identification of ABCG2 localisation by sucrose gradient centrifugation 

Subcellular fractionation of S. cerevisiae strains AD∆, AD∆/ABCG2, AD∆/ABCG2-

6xHis and AD∆/ABCG2-GFP was performed as described in section 2.13. Samples 

from fractions obtained by sucrose gradient centrifugation (Figure 4-3) were 

separated by SDS-PAGE on 8% acrylamide gels (Figure 4-4) and subjected to 

Western blot analysis using anti-ABCG2 (BXP-21, abcam, Cambridge Science Park, 

Cambridge, UK), anti-Dpm1p (molecular probes, NY, USA) and anti-Pma1p (gift 

from Dr. Brian Monk, University of Otago, New Zealand) antibodies as described in 

section 2.18. Dpm1p and Pma1p are well established as biochemical markers of 

the ER and plasma membrane, respectively (Zinser and Daum 1995; Kiser, 

Gentzsch et al. 2001). These proteins were therefore used as organelle specific 

antigens in protein co-localisation experiments to identify the subcellular 

localisation of ABCG2.  
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Figure 4-3: Protein distribution in sucrose gradient fractions. Protein 
concentration was estimated using the Lowry method. The concentration of 
sucrose in each fraction was estimated using an ABBE refractometer. Fractions 1 
(top)- 11 (bottom) represent the sucrose density gradient fractions obtained after 
centrifugation at 100,000 xg for 60 min. The figure indicates that all ABCG2 
constructs gave a similar distribution of protein concentration across the sucrose 
gradient. The amount of protein decreased with increasing concentration of 
sucrose and most of the protein was recovered in the top 1/3rd of the gradient.  

 

As shown in Figure 4-3, the amount of protein in each fraction was inversely 

proportional to the density of the fraction. In all four strains tested the amount of 

proteins was higher in fraction 1 (~2.5 mg/ml) that contained ~5% sucrose after 

centrifugation. The protein concentration decreased quickly until the fractions that 

contained 30% sucrose and progressively decreased in fractions containing higher 

concentrations of sucrose. The protein concentration was 0.2 mg/ml in fractions 

that contained 60% sucrose.    

Separation of each fraction on SDS-PAGE gels revealed distinctive protein 

distribution pattern. The supernatant fraction (Figure 4-4, S) had the highest 

density of proteins. Fractions 1 to 5 had greater concentration of protein with 

molecular weights ranging between 72 and 36 kDa, but fractions 4 and 5 had more 

low molecular weight proteins as compared to fractions 1-3. Fractions 6-11 

possessed higher molecular weight proteins ranging between 55 and 130 kDa; 
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with distinctive proteins between 95 and 130 kDa in fractions 9-11. When 

corresponding fractions from strains AD∆ and AD∆/ABCG2 were compared a 

distinctive protein band of around 70 kDa that corresponds to the molecular 

weight of ABCG2 could not be detected in any of the fractions of AD∆/ABCG2. A 

similar trend was observed in both AD∆/ABCG2-6xHis and AD∆/ABCG2-GFP (data 

not shown). 

 

Figure 4-4: Sucrose gradient fractions separated by SDS-PAGE. Representative 
SDS gels used for Western blot analysis are depicted. Membrane fractions from S. 
cerevisiae strains AD∆, AD∆/ABCG2 were obtained by sucrose gradient 
centrifugation. Lanes 1(top)-11(bottom) represent the corresponding sucrose 
gradient fractions obtained after centrifugation at 100,000 xg for 60 min. S, 
supernatant obtained after centrifugation at 2,000 xg. 1 ml of this supernatant was 
layered on top of the gradient. M, pre-stained protein molecular weight markers. 
Protein (2.5 g) of each fraction was separated by SDS-PAGE (8%). 

 

Subcellular fractions obtained by sucrose gradient centrifugation, subject to 

Western blot analysis using organelle-specific antibodies are shown in Figure 4-5. 

Panel A, B, C and D represent samples obtained from strains AD∆, AD∆/ABCG2, 

AD∆/ABCG2-6xHis and AD∆/ABCG2-GFP, respectively.  

ABCG2 antigen bands were detected in Western blots of gradient fractions 

obtained from cells expressing untagged (Figure 4-5, B), 6xHis-tagged (Figure 4-5, 

C) and GFP-tagged ABCG2 (Figure 4-5, D), but not in the fractions of the null host 

strain AD∆ (Figure 4-5, A). These data show that the BXP-21 antibody detected 

specifically the ABCG2 antigen in each construct independent of the modifications. 
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The ABCG2 also appeared to be expressed in comparable levels in the membrane 

fractions of all three overexpressing strains. 

Western blot analysis showed that in all samples tested the majority of the plasma 

membrane-specific Pma1p antigen was detected in fractions 9, 10 and 11 (Figure 

4-5, panel A-D) with smaller amounts in fraction 7 and 8. Fractions 9-11 contained 

sucrose at 48, 54 and 60% (w/v), respectively. The association of Pma1p with high 

density fractions is consistent with the literature (Kiser, Gentzsch et al. 2001). On 

the other hand, the majority of the endoplasmic reticulum-specific Dpm1p antigen 

was detected in fractions 7-10 in AD∆, with smaller amounts detected in fraction 6  

(Figure 4-5, panel A).  

Although, some of the ABCG2 seemed overlapped with plasma membrane marker 

Pma1p (fractions 9-11), regardless of whether a 6x-His or GFP tag was present or 

not, the majority of the ABCG2 antigen more closely co-localised with the Dpm1p 

antigen (fractions 7 and 8). This implied that ABCG2 was more closely associated 

with membrane fractions that included ER rather than the plasma membrane 

(Figure 4-5, panel B-D). Finally, the distribution of the Dpm1p antigen dependent 

on the strain analysed. In particular the majority of Dpm1p being localised to 

fraction 7-9 in AD∆ (Figure 4-5, panel A) but was found predominantly in fractions 

8-10 in AD∆/ABCG2, AD∆/ABCG2-6xHis and AD∆/ABCG2-GFP (Figure 4-5, panel 

B-D). This result suggests that the expression of all the ABCG2 constructs slightly 

affected the density of the ER, although all three ABCG2 constructs had 

distributions in the gradient consistent with an association with ER. This 

suggestion of minor ER-specific modification in organelle density was supported 

by the finding that the distribution of the plasma membrane-specific Pma1p 

antigen was unchanged in AD∆ or strains expressing ABCG2 (Figure 4-5, panel A-

D).  
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Figure 4-5: Localisation of ABCG2 in S. cerevisiae by sucrose gradient centrifugation separation of cellular organelles. Proteins (2.5 

g) from each sucrose gradient fraction were resolved by SDS-PAGE (8 %) (Figure 4-4). Western blot analysis was performed using α-ABCG2 (1:1000 dilution), α-
Dpm1p (Endoplasmic reticulum specific, 1: 1500 dilution) and α-Pma1p (Plasma membrane specific, 1:20,000 dilution) antibodies. The decoration of each antigen 
was detected using rabbit anti-mouse secondary antibodies conjugated to horse radish peroxidise (1:1500 dilution). The presence of the secondary antibody and 
hence the presence of the antigen was detected by ECL. Lanes 1-11 of the blots represent the equivalent fraction numbers of the 1 ml fractions obtained with the 
sucrose gradient. Fractions 1 and 11 are located at the top and the bottom of the gradient, respectively. S, supernatant obtained by centrifugation of whole cell 
lysate at 200 xg for 30 min.  
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4.3.2 Defining the subcellular localisation of ABCG2 using independent 

methods 

Subcellular fractionation of cell homogenates using sucrose gradients suggested 

that ABCG2 may be associated with the modified fraction of the ER. However, 

preliminary confocal microscopy experiments in Chapter 3 suggested that 

overexpressed membrane proteins could be associated with nuclear and/or ER 

membranes. In addition, membrane fractions obtained from S. cerevisiae were only 

partially separated by the standard protocols used for sucrose gradient analysis i.e. 

the fractions of interest were significantly cross-contaminated with membranes 

from other organelles. As reported by others, this made the interpretation of 

subcellular localisation ambiguous (Kiser, Gentzsch et al. 2001). We have therefore 

chose to use three independent methods to either separate relevant organelles or 

to visualise the organelles in which the overexpressed ABCG2 constructs were 

localised. These methods were differential centrifugation, confocal microscopy 

with organelle specific dyes and transmission electron microscopy (TEM). 

4.3.2.1 Subcellular localisation of ABCG2 by differential centrifugation 

Homogenates of S. cerevisiae strains AD∆, AD∆/ABCG2, AD∆/ABCG2-6xHis and 

AD∆/ABCG2-GFP (Refer Table 4-1 for phenotype) were obtained and fractionated 

by differential centrifugation using the protocol described in section 2.14. Protein 

estimation, SDS-PAGE and western blot of membrane fractions was performed as 

described in section 2.16, 2.17 and 2.18 respectively. Western blots were probed 

with BXP-21, Dpm1p and Nsp1p (nuclear membrane specific) (abcam, Cambridge 

Science Park, Cambridge, UK) antibodies and the signals were detected by ECL. 

Panels A, B, C and D show the Western blot analysis of subcellular fractions 

obtained by differential centrifugation of lysed AD∆, AD∆/ABCG2, AD∆/ABCG2-

6xHis and AD∆/ABCG2-GFP cells, respectively. Protein sample were separated on 

SDS-PAGE gels as described in Figure 4-6. Probing of the fractions obtained by 

differential centrifugation probed with BXP-21 antibody confirmed that ABCG2 

was specifically detected in samples from strains overexpressing an ABCG2 

construct and not from AD∆ (Figure 4-7, A). As expected, the detection of the 

ABCG2 constructs was independent of the presence of the reporter tags (Figure 

4-7, B-C). In addition, membrane fractions probed with BXP-21 and Nsp1p 
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antibodies showed that major proportion of ABCG2 and Nsp1p were colocalised to 

the pellets obtained by centrifugation at 2000 and 7000 xg for 30 min (Figure 4-7, 

A-D). In contrast, membrane fractions from all strains probed with Dpm1p 

antibodies (bottom row) showed that only trace amounts of Dpm1p antigen was 

detected in 2,000 and 7,000 xg membrane fractions and that almost all of Dpm1p 

antigen was localised to the membrane pellets obtained by centrifugation at 

20,000 and 40,000 xg for 30 min (Figure 4-7, A-D). The lack of detectable antigen 

bands in all pellets collected at 100,000 xg for 1 h or the resultant supernatant 

confirmed that the membrane fractions containing the overexpressed ABCG2 

constructs can be separated from the ER by fractionation at low centrifugal forces. 

The experiment demonstrated that ABCG2 colocalised with the nuclear 

membrane-specific antigen Nsp1 rather than the ER-specific marker Dpm1p.  
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Figure 4-6: Differential centrifugation membrane fractions separated by SDS-PAGE. Membrane fractions from S. cerevisiae strains 
AD∆, AD∆/ABCG2, AD∆/ABCG2-6xHis and AD∆/ABCG2-GFP were obtained by differential centrifugation. 2, 7, 20, 40 and 100 represent 
membrane pellet obtained after differential centrifugation at 2000, 7000, 20,000, 40,000 and 100,000 xg, respectively. S, supernatant 
obtained after centrifugation at 100,000 xg for 60 min. M, pre-stained molecular weight marker. Protein concentration was estimated by 
Lowry’s method and 10 g protein of each fraction was separated by SDS-PAGE on an 8% acrylamide gel.  
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Figure 4-7: Localisation of ABCG2 in S. cerevisiae by differential centrifugation of cellular organelles. Membrane fractions from S. 
cerevisiae strains AD∆, AD∆/ABCG2, AD∆/ABCG2-6xHis and AD∆/ABCG2-GFP were obtained by differential centrifugation. Western 
blots using 2.5 g of each protein fraction were probed with BXP-21 (ABCG2 specific, 1:1000; top row), α-Dpm1p (ER specific, 1:1500; 
bottom row) and α-Nsp1p (nuclear specific; middle row) antibodies and the signals were detected by ECL. 2, 7, 20, 40 and 100 represent 
membrane pellet obtained after differential centrifugation at 2000, 7000, 20,000, 40,000 xg for 30 min and 100,000 xg for 60 min, 
respectively. S, supernatant obtained after centrifugation at 100,000 xg for 60 min. 
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4.3.2.2 Subcellular localisation of ABCG2 by confocal microscopy 

Confocal microscopy was performed with S. cerevisiae strain AD∆/ABCG2-GFP, as 

described in section 2.20 using fluorescent dyes DAPI and FM4-64 that specifically 

stains the nuclear DNA and vacuolar membrane, respectively. Strains AD∆ do not 

fluorescence as it doesn’t contain GFP. AD∆/CaCdr1p-GFP, which gives a strong 

fluorescence at the plasma membrane due to overxpression CaCDR1-GFP, was 

used positive control. To better visualise the membrane association of the GFP 

tagged constructs, the cells were imaged as Z-sections of 0.3-0.4 m to enable 

three dimensional (3D) reconstructions. NIH ImageJ software was used to 

reconstruct the 3D images from the Z-sections.  

4.3.2.2.1 Confocal microscopy in presence of DAPI 

The AD∆ (Figure 4-8, A-E), AD∆/ABCG2-GFP (Figure 4-8, F-J) and AD∆/CaCdr1p-

GFP (Figure 4-8, K-O) cells prestained with DAPI are shown in various illumination 

and detection modes. Light microscope/Nomarski images of the respective strains 

are shown in Figure 4-8 (Panels A, F and K). All the strains tested showed good 

staining of the nucleus with DAPI (Figure 4-8, C, H and M). 

When AD∆ cells were observed using the GFP channel, as expected, they did not 

show a fluorescent signal (Figure 4-8, B) as neither ABCG2-GFP nor CaCdr1p-GFP 

were expressed. In contrast, ABCG2-GFP appeared to be localised at a discrete site 

inside the cell (Figure 4-8, G) while CaCdr1p-GFP was primarily localised to the cell 

surface or the plasma membrane (Figure 4-8, L). Merging the Nomarski, GFP and 

DAPI channel images visualised the relative localisation of GFP and DAPI inside the 

cells (Figure 4-8, E, J and O). The ABCG2-GFP fluorescent signal partially 

overlapped with the fluorescence of the DAPI stained nucleus (Figure 4-8, I) while 

the peripheral ER/plasma membrane localised CaCdr1p-GFP fluorescent signal did 

not overlap with DAPI (Figure 4-8, N).  
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Figure 4-8: Subcellular localisation of ABCG2 using nuclear staining by DAP1. S. cerevisiae strain AD∆ and derivative strains 
expressing ABCG2-GFP or CaCdr1p-GFP were stained with DAPI (1 μg per 1 OD600 of cells), for 1 hr at 30°C. Representative Z-sections 
(0.3 - 0.4 m) obtained using Carl Zeiss 710 upright confocal microscope is presented. 
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4.3.2.2.2 Confocal microscopy in presence of FM4-64 

AD∆ (Figure 4-9, A-E), AD∆/ABCG2-GFP (Figure 4-9, F-J) and AD∆/CaCDR1-GFP 

(Figure 4-9, K-O) cells probed with FM4-64 are shown in various illumination and 

detection modes. Nomarski images of these strains are shown in panels A, F and K. 

As expected, all the strains incubated with FM4-64 showed good staining of 

internal structures visualised by Texas Red filter that are considered to be 

vacuoles (Figure 4-9, C, H and M). When cells were observed using the GFP-specific 

channel, as expected, AD∆ did not show signal (Figure 4-9, B). On the other hand, 

ABCG2-GFP fluorescent signal appeared as a single discrete structure inside each 

cell (Figure 4-9, G) while the signal obtained for the overexpressed CaCdr1p-GFP 

was predominantly localised to the peripheral ER/plasma membrane (Figure 4-9, 

L). The perinuclear hook like structures associated with CaCdr1p-GFP expression 

resemble karmellae (Koning, Roberts et al. 1996) that are induced due to 

overexpression of membrane protein (Figure 4-9, L). When the GFP and FM4-64 

channels of the individual strains were merged, ABCG2-GFP fluorescence did not 

overlap the FM4-64 fluorescence (Figure 4-9, I). The fluorescence conferred by the 

small fraction of intracellular CaCdr1p-GFP slightly overlapped with the 

fluorescence of the FM4-64. This result may be an imaging artefact due to 

overloading of the Cdr1p-GFP fluorescence signal by the over expressed protein, 

which has been shown to constitute 30% of plasma membrane protein (Lamping, 

Monk et al. 2007). It might also indicate CaCdr1p-GFP is directed towards a 

vacuolar degradation pathway.   

The reconstructed 3D images from confocal microscopy experiments confirm that 

the fluorescence of ABCG2-GFP is associated with a peripheral site on the nucleus 

(Figure 4-10, E) and not with the vacuole marked by FM4-64 (Figure 4-10, B) or 

the plasma membrane marked by CaCdr1p-GFP (Figure 4-10, F). The lack of 

overlap between the FM4-64 and ABCG2-GFP fluorescent signals may be 

consistent with the overexpressed protein not being subject to vacuolar 

degradation (Figure 4-10, B). 
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Figure 4-9: Subcellular localisation of ABCG2 using FM4-64. S. cerevisiae strain AD∆ expressing ABCG2-GFP were stained with FM4-
64 (15µg/1 OD600 unit of cells), by incubation for 1 hr at 30°C. Z-sections (0.3 - 0.4 m) were obtained using Carl Zeiss 710 upright 
microscope. Red arrow in panel L may indicate a probable karmellae (perinuclear hook like structure). 
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Figure 4-10: 3D reconstruction of confocal microscopy Z-sections. S. cerevisiae AD∆ expressing ABCG2-GFP or CaCdr1p-GFP stained with 
the vacuolar stain FM4-64 (panel A-C) or the nuclear stain DAPI (panel D-F). Red arrow indicates vacuoles stained wiht FM4-64 (panel B); Green 
arrow indicates ABCG2-GFP (panel B); orange arrows indicate the close association of ABCG2-GFP and nucleus stained with DAPI (panel E).  Using 
NIH ImageJ software Z-section images were stacked in series and combined to form a 3D image. 
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4.3.2.3 Subcellular localisation of ABCG2 by Transmission electron 

microscopy (TEM) 

Despite, differential centrifugation and confocal microscopy experiments showing 

that the overexpressed ABCG2 was closely associated with nucleus and not vacuole 

or plasma membrane, they did not determine whether the overexpressed ABCG2 

was localised to induced membrane stacks of karmellae, ERACs or other types of 

membranous structures known to be associated with the nucleus. In addition, the 

confocal microscopy images obtained with the ABCG2-GFP might not reflect the 

cellular physiology of strains expressing the non-tagged or 6x-His tagged ABCG2. 

Hence, TEM was carried out to visualise the effects of ABCG2 overexpression on 

subcellular organelles and to better visualise ABCG2 localisation in all the ABCG2 

strains in relation to the nucleus, ER, and vacuole.  

TEM was performed as described in section 2.21 with S. cerevisiae strains AD∆, 

AD∆/ABCG2, AD∆/ABCG2-6xHis, AD∆/ABCG2-GFP and W303-1A (kind gift from 

Dr. Margret Butler, University of Otago). W303-1A was used as an additional null 

strain control. To depict good chemical fixation of the cells, images with significant 

number of cells is shown in Figure 4-11 (a, c) and Figure 4-12 (i, m). The TEM 

images showed that AD∆ (Figure 4-11, b) and W303-1A (Figure 4-11, d) had 

normal cell morphologies and did not contain any unusual induced structures. The 

normal morphology of organelles such as the nucleus, vacuole, lipid droplets and 

plasma membrane (Figure 4-11, b & d) was consistent with morphology of cells 

previously obtained for S. cerevisiae using similar chemical fixation methods and 

TEM conditions (Wright, Basson et al. 1988; Koning, Roberts et al. 1996; Osumi 

1998; Wright 2000; Griffith, Mari et al. 2008).  

Unlike AD∆ and W3031A, strains AD∆/ABCG2 (Figure 4-11, g, h), AD∆/ABCG2-

6xHis (Figure 4-12, k, l) and AD∆/ABCG2-GFP (Figure 4-12, o, p) all contained an 

induced membranous structure. These structures were juxtaposed with but not 

overlapping the nucleus.  This result was consistent with the results obtained by 

differential centrifugation and confocal microscopy. Furthermore, none of the 

strains expressing tagged or non-tagged ABCG2 showed the presence of induced 

perinuclear karmellae.  
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Figure 4-11: TEM images of S. cerevisiae strains AD∆, W3031a and 
AD∆/ABCG2. The red arrows points to the induced membranous structures resulting 
from overexpression of ABCG2 in S. cerevisiae AD∆. N, nucleus; V, vacuole and L, lipid 
vesicles.  
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Figure 4-12: TEM images of S. cerevisiae strains AD∆/ABCG2-6xHis and 
AD∆/ABCG2-GFP. The red arrows points to the induced membranous structures 
due to overexpression of ABCG2 in S. cerevisiae AD∆. N, nucleus; V, vacuole and L, 
lipid vesicles 
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4.4 Discussion 
Understanding the function and mechanism of action of proteins is of crucial 

importance. One of the major steps towards obtaining this understanding is 

through the elucidation of the complete protein interactome.  

In vitro studies have shown that ABCG2 is normally located in caveolae/lipid rafts 

found in the plasma membrane of mammalian cells. The lipid constitution of 

MDCKII cells, in particular membranous cholesterol, can influence the efflux 

activity of ABCG2 (Storch, Ehehalt et al. 2007). Other studies in MDCKII cells 

indicate that knockdown of caveolin-1 decreases the activity of ABCG2 by 35 % 

and increases chemotherapeutic sensitivity of cells. In addition, electron 

microscopy analysis has shown that caveolae and caveolar constituents are up-

regulated in multidrug-resistant cancer cells (Lavie, Fiucci et al. 1998). These data 

suggest that ABCG2 physically and possibly functionally interacts with caveoli-1 

(Storch, Ehehalt et al. 2007).  

A recent report suggest that StAR-related lipid transfer domain containing 7 

(StarD7), a member of the START-domain protein family whose function still 

remains unclear, modulates the physiological activity of ABCG2 in human 

trophoblast cell (Flores-Martin, Rena et al.). Besides, functionally active ABCG2 

that can efflux protoporphyrin-IX is also shown to be localised to the mitochondria 

(Solazzo, Fantappie et al. 2009; Kobuchi, Moriya et al. 2012). These studies suggest 

that ABCG2 possibly interacts with these proteins and their presence is important 

for its functional expression, which in turn depends on its correct localisation. 

Previous studies on interactions of ABCG2 with other proteins and subcellular 

organelles have been conducted in mammalian host expression systems. As 

S. cerevisiae has intracellular compartments typical for eukaryotic cells, the protein 

inreractome data obtained in S. cerevisiae can be extrapolated to understand the 

protein-protein interactions of higher eukaryotes (Wiwatwattana and Kumar 

2005). In the past decade, with the advancement in genomic technology, 

development of S. cerevisiae subcellular localisation proteome has gained 

momentum (Kumar, Agarwal et al. 2002; Stagljar and Fields 2002). Hence, 

identification of ABCG2 interacting partners in S. cerevisiae will provide valuable 

information about the specific pathways in which these proteins are involved as 
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well as the elements involved in the regulation of their function and localisation. 

This information, may aid future efforts aimed correcting the aberrant localisation 

of ABCG2 and develop S. cerevisiae as a host model for heterologous expression of 

ABC transporters. 

In this regard, we have elucidated the subcellular localisation of ABCG2 

overexpressed in S. cerevisiae. Confocal microscopy with vacuolar specific dye 

FM4-64 showed that despite being mislocalised ABCG2-GFP does not appear to be 

degraded through a vacuolar degradation pathway. Subcellular localisation 

analysis by confocal microscopy with nuclear specific dye DAPI and antibody 

probed membrane fractions obtained by differential centrifugation clearly showed 

that ABCG2 is closely associated with the nucleus. The TEM of all tested strains 

showed that ABCG2 did not induce the formation of perinuclear karmellae. In 

summary these data suggest that the mislocalised ABCG2 is associated with 

membranous structures. TEM suggest that these structures are similar to the 

ERACs.  

It has been suggested that karmellae, ERACs and other similar structures are 

induced/observed only in 30-50 % of yeast cells expressing a particular membrane 

protein (Wright, Basson et al. 1988; Huyer, Longsworth et al. 2004). In contrast, I 

have found that overexpression of ABCG2 induced the formation of juxtanuclear 

membranous structures in more than 90 % of the S. cerevisiae AD∆ cells in 

logarithimic growth phase. As these structures appear to be discrete particles 

orientated inside the cells, they are not be visible in all cells examined by 

fluorescence confocal microscopy or TEM, unless the Z-section or the cross section, 

includes these structures. The remaining 10 % that do not show an induced 

structure may be due to population heterogeneity. The variable number of 

structures seen in other studies may also be due to differences in plasmid copy 

number between cells. This problem does not occur in the AD∆ host because all 

cells contain ABCG2 integrated to the S. cerevisiae genome at the PDR5 locus.  

The mislocalisation of overexpressed ABC transporters in S. cerevisiae continues to 

be debatable because CFTR has been suggested to induce and localise to structures 

equivalent to Russell bodies (Umebayashi, Hirata et al. 1997; Sullivan, Youker et al. 

2003) or ERACs (Kiser, Gentzsch et al. 2001; Huyer, Longsworth et al. 2004; Fu and 
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Sztul 2009) in S. cerevisiae and to aggresomes in mammalian cells (Johnston, Ward 

et al. 1998). By comparing TEM images and confocal microscopy images of induced 

structures from published articles (Umebayashi, Hirata et al. 1997; Huyer, 

Longsworth et al. 2004; Fu and Sztul 2009) to our experimental images we suggest 

that ERACs and Russell bodies in S. cerevisiae may be related; perhaps, same 

induced manifestations like aggresomes in mammalian cells as a result of 

overexpression of CFTR. Like hmg1p it is possible that CFTR and other membrane 

proteins are capable of inducing structures that have different physical 

appearance. Although, the physical appearances of these structures are different, 

similar biochemical pathways may underlie these manifestations as evident by the 

association of Kar2p/BiP and Sec61p and other ERAD related proteins 

(Umebayashi, Hirata et al. 1997; Huyer, Piluek et al. 2004; Fu and Sztul 2009; 

Stoops, Byrd et al. 2012) with all of these structures. Similarly, lack of UPR (Kopito 

and Sitia 2000; Huyer, Longsworth et al. 2004) is a common feature in most of the 

host cells harbouring these structures. However, it is clear that none of these 

induced structures interfere with the cell growth or the normal functioning of 

secretory pathway (Umebayashi, Hirata et al. 1997; Kopito and Sitia 2000; Kiser, 

Gentzsch et al. 2001; Huyer, Longsworth et al. 2004; Fu and Sztul 2009).  

Several studies have claimed the induction of a novel intracellular structure based 

on limited experimental observations or using only one or two model proteins. 

There is now a need for more extensive studies that considers the heterologous 

expression of several membrane proteins from a particular family or a subfamily in 

host like S. cerevisiae. We have shown that overexpression of ABCG2 induces 

structures that are similar to ERACs. The reasons for this mechanism have yet to 

be elucidated. A definitive demonstration that overexpressed ABCG2 is localised to 

ERACs like structures in S. cerevisiae AD∆ could be achieved by transmission 

electron microscopy. These studies were begun in collaboration with Dr Janice 

Griffith, however suitable fixation conditions have yet to be identified or an 

antibody directed against ABCG2 that is suitable for this task has yet to be 

optimised. The next chapter will focus on knowledge-based efforts directed 

towards correcting the aberrant localisation of ABCG2. 
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5.1 Introduction 
The factors causing mislocalisation of human ABCG2 overexpressed in S. cerevisiae 

has yet to be elucidated. As discussed in chapters 3 and 4, wild type ABCG2 

constructs (with or without C-terminal fusion tags) are localised to the nucleus-

associated endoplasmic reticulum rather than the plasma membrane. As expected, 

the mislocalised ABCG2 did not confer the drug resistant phenotype expected of S. 

cerevisiae AD∆ strains overexpressing correctly localised ABCG2. There are many 

potential incompatibilities between the heterologous host S. cerevisiae and the 

ABCG2 protein that could block delivery of this foreign protein to the plasma 

membrane. This chapter describes several independent approaches that were 

attempted in order to correct the mislocalisation of ABCG2.  

5.2 The PDR family and cluster F proteins 
Genome sequencing has revealed the presence of a plethora of ABC proteins in 

wide range of species that span the animal, plant, fungal and bacterial kingdoms 

(Decottignies and Goffeau 1997; Hrycyna and Gottesman 1998; Dassa and Bouige 

2001; Rea 2007; Stieger and Higgins 2007). Phylogenetic analysis based on 

primary sequence alignments has been used to divide the eukaryotic ABC proteins 

into eight major subfamilies (ABCA to ABCH, refer Chapter 1 for full list)(Dean 

2002). Although a universal nomenclature has yet to be implemented for the ABC 

transporters from all kingdoms of life, a unifying nomenclature similar to the 

Human genome organisation (HUGO) nomenclature for human and mouse ABC 

transporters has been recently proposed for plant (Verrier, Bird et al. 2008) and 

fungal ABC proteins (Paumi, Chuk et al. 2009; Kovalchuk and Driessen 2010; 

Lamping, Baret et al. 2010). This approach classified the known fungal ABC 

transporters into seven subfamilies (A-G) that can be further divided into smaller 

groups or clusters based on characteristic features (Cannon, Lamping et al. 2009; 

Kovalchuk and Driessen 2010; Lamping, Baret et al. 2010).  

ABCG transporters have been found in all fungal species analysed and they often 

contribute to drug resistance (Coleman and Mylonakis 2009). In S. cerevisiae, ten 

PDR transporters have been identified. Five of these transporters (Snq2p, Pdr5p, 

Pdr10p, Pdr11p and Pdr15p) are part of the pleiotropic drug resistance network. 

These transporters are regulated by the transcriptional regulators Pdr1p and 
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Pdr3p and contribute to pleiotropic drug resistance by effluxing numerous 

chemically unrelated hydrophobic molecules from the cell (Balzi and Goffeau 

1995; Rogers, Decottignies et al. 2001). The Pdr12p transporter confers cell 

resistance to weak organic acids (Piper, Mahe et al. 1998; Holyoak, Bracey et al. 

1999). The function of the Pdrps Adp1p, Pdr18p and Yol075C of S. cerevisiae has 

yet to be determined.  

ABC transporters in the fungal PDR subfamily are of particular interest because 

they are classified as ABCG transporters and are thus most closely related to 

ABCG2. The expression and localisation of ABCG2 in S. cerevisiae AD∆ is being 

studied in order to develop this host as a model system for the expression of 

human ABC transporters. Like the human ABCG family proteins, the PDR family is 

characterized by a NBD-TMS6 or (NBD-TMS6)2 topology. This topology is in 

contrast to other ABC transporter families which have a (TMS6-NBD)2 arrangement 

(Cannon, Lamping et al. 2009; Paumi, Chuk et al. 2009; Klein, Kuchler et al. 2011). 

Primary sequence similarity, conserved domain organisation, and phylogenetic 

considerations indicate that the S. cerevisiae PDR subfamily proteins are 

orthologoues of human ABCG proteins (Paumi, Chuk et al. 2009; Kovalchuk and 

Driessen 2010; Lamping, Baret et al. 2010). While the S. cerevisiae PDR subfamily 

comprises both full (NBD-TMS6-NBD-TMS6) and half transporters (NBD-TMS6) 

(Paumi, Chuk et al. 2009), no genes encoding full-length G family ABC transporters 

have been identified in sequenced animal genomes. However, as G family proteins 

such as ABCG2 or ABCG5 and ABCG8 are functional only as homodimer or 

heterodimers, resepectively, they can be considered to have (NBD-TMS6)2 

topology. 

5.2.1 Phylogeny of YOL075C and ABCG2 

Phylogenetic analysis has shown that proteins related to S. cerevisiae Adp1p and 

Yol075Cp form groups distinct from other fungal PDR transporters (Cannon, 

Lamping et al. 2009; Kovalchuk and Driessen 2010; Lamping, Baret et al. 2010). S. 

cerevisiae Yol075Cp and Adp1p are closely related to human ABCG2 (Figure 

5-1)(Paumi, Chuk et al. 2009). Adp1p and ABCG2 appear most closely related and 

share share a common precursor similar to Yol075Cp (Figure 5-1). During this 

diversification Adp1p and ABCG2 became half transporters while Yol075Cp 
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remained a full transporter [(Paumi, Chuk et al. 2009; Lamping, Baret et al. 2010) 

and this study (Figure 5-2)]. It is noteworthy that in addition to the NBD-TMS6 

topology shared with ABCG2, Adp1p has N-terminal extension of its primary 

sequence which is predicted to contain two TMS (Paumi, Chuk et al. 2009; Klein, 

Kuchler et al. 2011). Yol075Cp has the (NBD-TMS6)2 domain organisation typical of 

a PDR full transporter but is a member of a distinctive cluster (Cluster F) with 

features in its NBDs not found in other fungal PDR transporters (Cannon, Lamping 

et al. 2009; Lamping, Baret et al. 2010). 

.  

Figure 5-1: Phylogenetic tree of Yeast and Human ABC transporters. The primary 
sequences of the yeast ABC transporters were subjected to multiple-sequence alignment 
using CLUSTALW. The phylogenetic analyses of the resulting data are depicted in a radial-
tree format using the programme PHYLO. Subfamilies have been highlighted and grouped 
by black lines and arcs. The nomenclature ABCB to ABCG is used to assign the yeast ABC 
proteins to their homologous subfamilies. For each subfamily, a mammalian member 
(Black boldface type) was included in the analysis as a point of reference. The diagram was 
obtained from (Paumi, Chuk et al. 2009).  

 

5.2.2 Symmetry in the conserved motifs of Yol075Cp 

ABC transporters usually have three major conserved motifs in their NBDs. These 

are the ‘Walker A’ motif [(GXXGXGK(S/T), where X is any amino acid], the ‘Walker 

B’ motif (hhhhD, where h is any aliphatic amino acid), and the ‘ABC signature’ 

motif (LSGGQ) (Dean 2002). In fungal PDR transporters these motifs are conserved 

or partially conserved (Lamping, Baret et al. 2010). Several important conserved 
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motifs in extracellular and intracellular loops have been identified in fungal PDR 

transporters. Some of these motifs, known as X, Y and Z (Cannon, Lamping et al. 

2009; Lamping, Baret et al. 2010), have recently been shown to influence the drug 

efflux activity of PDR transporters (unpublished data).  

The signature and Walker motifs play important roles in the ATP-dependent 

interaction between the NBDs of ABC transporters (Jha, Karnani et al. 2003; Polgar, 

Ierano et al. 2010) and are required for drug efflux and the ATP-hydrolysis needed 

to reset the catalytic cycle. A distinctive property of most fungal PDR transporter 

subfamiles, represented by ScPdr5p in Table 5-1, is the asymmetry of specific 

sequences found in NBD1 and NBD2. The NBD1s of these transporters contain a 

typical ABC signature motif [(V/I/L/C) SGGE]. However, the ABC signature motif in 

NBD2 of the full-size Pdrps is a degenerate consensus sequence (LNVEQ). The ABC 

consensus is present in the Walker A motif (i.e.GXXGXGK) of NBD2 but a cysteine is 

uniquely found in the Walker A motif (i.e. GXXGXGC) of NBD1. The fungal PDR 

Walker B (XXXWD) in NBD1 shares only its last two amino acids with the 

consensus Walker B motif hhhhD (Rai, Shukla et al. 2005). The ABC consensus 

glutamine (Q), glutamic acid (E) and histidine (H) residues are conserved in the Q-, 

D-, and H-loops of NBD2, respectively (Cannon, Lamping et al. 2009; Lamping, 

Baret et al. 2010). Unlike the ABC consensus, PDR NBD1 contains glutamic acid (E), 

aspargine (N) and Tyrosine (Y) residues conserved in the Q-, D-, and H-loops, 

respectively. 

Table 5-1: Conseration of motifs in in ABCG2 and fungal Pdrp NBDs 

Protein Walker A Q-loop ABC Walker B D-loop H-loop 

NBD1       

ScYol075Cp GGSGSGK Q LSGGE IMFLDE E H 

Q59TAO / CaO19.4531 GGSGSGK Q LSGGE ILFLDE E H 

ABCG2 GPTGGGK Q VSGGE ILFLDE E H 

ScPdr5p GRPGSGC E VSGGE FQCWDN N Y 

NBD2       

ScYol075Cp GPSGSGK Q ISGGE ILLLDE E H 

Q59TAO / CaO19.4531 GPSGSGK Q ISGGE VLFLDE E H 

ABCG2 GPTGGGK Q VSGGE ILFLDE E H 

ScPdr5p GASGAGK Q LNVEQ LVFLDE E H 
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ScPdr5p was used as representative of PDRs as it is well expressed in AD∆ strain 

(up to 30 % of total plasma membrane proteins) and localises to the plasma 

membrane. CaO19.4531 is an uncharacterised ORF from C. albicans. It was 

included for the analysis as it could be potentially used as an alternative 

heterologous gene to understand the expression of cluster F proteins. For the 

purpose of this analysis, we have assumed that two ABCG2 subunits can form a full 

transporter that mimics the topology of Yol075Cp.  

Pdrps like Yol075Cp that belong to cluster F retain the consensus ABC sequences 

GXXGXGK, [(L/C/I) SGGE] and [(V/I)L(F/L)LD] of the Walker A, ABC signature and 

Walker B motif, respectively, in both NBD1 and NBD2 (Table 5-1). Similarly, the 

conserved glutamine (Q), glutamic acid (E) and histidine (H) residues are found in 

Q-, D- and H-loop, respectively, of both NBD1 and NBD2 (Table 5-1) (Lamping, 

Baret et al. 2010).  Thus, the motifs in the Pdrps in cluster F are symmetric, in 

contrast to the Pdrps in other subfamilies. It has been suggested that the 

asymmetry unique to PDR subfamilies evolved from an ancient common ancestor 

related to cluster F proteins that itself had resulted from the duplication of a half 

size ABCG gene (Bouige, Laurent et al. 2002). Therefore, we hypothesised that a 

study of a full-length Pdrp from cluster F in its native host might provide 

information relevant to the expression and function of protein that are active only 

when their identical subunits form complexes. Such information might assist 

efforts aimed at the heterologous expression in S. cerevisiae of the homodimeric, 

Yol075Cp-like, half transporter ABCG2. Although, CaO19.4531 had all conserved 

features very similar to that of ScPdr5p and ScYolO75Cp, we decided to test 

expression of YOL075C in AD∆ as it was native to S. cerevisiae.  

Comparison of the ABCG2 primary sequence with Pdr5p and full-length fungal ABC 

proteins belonging to cluster F revealed that ABCG2 is similar in size to Yol075Cp 

but shorter than the Pdr5p by 104 N-terminal amino acids (Figure 5-2). Other than 

this obvious difference with Pdr5p and the differences related to conserved 

symmetry described in Table 5-1, other important feature, such as the position of 

transmembrane spans, was similar in all four proteins considered (Figure 5-2). 

Since S. cerevisiae Pdr5p is functionally hyperexpressed and correctly localised to 

plasma membrane in S. cerevisiae AD∆ (host strain used for expression throughout 
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this study), we hypothesised that the N-terminal 104 amino acids of Pdr5p might 

possess signals that would help guide Pdr5p to plasma membrane. We have tested 

this possibility by constructing a protein chimera with 104 amino acids of the 

Pdr5p N-terminal primary sequence attached to the N-terminus of ABCG2 in the 

hope that the extension would provide compatibility with hitherto unidentified 

host signals and possibly localise ABCG2 to plasma membrane in S. cerevisiae AD∆. 

The protein chimera was constructed with or without a 6xHis/GFP tag as 

described in section 5.8.1. Insight into the expression of cluster F proteins was 

obtained by creating YOL075C constructs as described in section 5.8.2.   
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Figure 5-2: Sequence alignment and secondary structure analysis of ABCG2. A First half of ScPDR5 and fungal cluster F proteins. Amino acid sequences 
were obtained from UniProtKB. ScYol075Cp and Ca_Q59TA0 are putative full length ABC transporters identified from S. cerevisiae and C. albicans, respectively. 
Sequence alignment and protein secondary structure prediction was performed using Clustal W (Larkin, Blackshields et al. 2007) and the Predictprotein server 
(Rost, Yachdav et al. 2004), respectively. The probability of secondary structure prediction was scored between 1 and 10 by the Predictprotein server. Structures’ 
having a value greater than 7 was considered for analysis.  α, α-helix (red bars); β, β-sheet (green arrows); nsp (not so predictable sequences) have scores less than 
3. Sequence highlighted in bright pink represent transmembrane spans predicted using the Jpred 3 secondary structure prediction server (Cole, Barber et al. 2008). 
The conserved NBD motifs are identified in the figure.  B, Second half of ScPDR5 and fungal cluster F proteins.   
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B continued 
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5.3 The N-end rule  
The N-end rule pathway is a proteolytic system in which recognition components 

(N-recognins) recognise a set of N-terminal residues (N-degrons) as part of 

degradation signals. The overall process involves covalent modification of N-

terminal amino acids, ubiquitin ligation and proteasomal degradation. The 

existence of N-degrons was first described by Bachmair (Bachmair, Finley et al. 

1986). Initially, N-degrons were thought to be present in a small number of 

proteins. More recently, the N-end rule pathway has been recognised as a more 

general mechanism that regulates the degradation of many proteins in the cell. N-

degrons most commonly involve specific N-terminal residues followed by a flexible 

region in spatial proximity to a Lys residue (Tasaki, Sriram et al. 2012). N-degrons 

can be generated via proteolytic cleavage, or by the removal of the initial 

methionine present in a protein by methionine amino-peptidases (Tasaki, Sriram 

et al. 2012). Methionine amino-peptidases preferentially remove methionine 

residues followed by amino acids with short side-chains (Frottin, Martinez et al. 

2006). N-degrons can also be generated via covalent modification within a specific 

N-terminal amino acid sequence i.e. via the acetylation of N-terminal residues by 

N-terminal acetylases (Nats) in a separate branch of the N-end rule pathway. This 

modification occurs frequently in animal and yeast cells (Polevoda, Arnesen et al. 

2009) and is mediated by Nat isoforms that recognise particular exposed N-

terminal residues (Polevoda and Sherman 2003). 

5.3.1 N-terminal degrons 

N-terminal amino acids are stabilising or destabilising, with the latter group 

divisible into primary, secondary and tertiary destabilising residues (Varshavsky 

1997). Stabilising N-terminal amino acids repress ubiquitin ligation and confer a 

long half life to the corresponding proteins, while destabilising residues 

correspond to N-degrons. In eukaryotes, the N-terminal amino acid found in a type 

I degrons is positively charged (Arg, His and Lys) while type II degrons contain a 

bulky hydrophobic amino acid (Phe, Tyr, Trp, Ile and Leu) (Tasaki, Sriram et al. 

2012). Type I and type II N-degrons are recognised by distinct domains of E3 Ub-

ligases (Xia, Webster et al. 2008). The type II destabilising residues are substrates 

for the addition of an Arg destabilising residue by arginyl-tRNA transferases 

(ATEs). Finally, type III destabilising amino acids are convereted into type II 
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destabilising amino acids by covalent modification i.e. via deamidation of Asn and 

Gln to Asp and Glu, and oxidation of Cys. 

The identity of stabilising and destabilising residues is not conserved among 

organisms (Tasaki, Sriram et al. 2012). In bacteria, which lack ubiquitin-coding 

genes, the proteolytic role in the N-end rule pathway is performed by Clp protease 

family (Tobias, Shrader et al. 1991). Primary destabilising residues are the same as 

the eukaryotic type II with the exclusion of Ile, while secondary destabilising 

residues are generated when leucine or phenylalanine is conjugated to amino acids 

Met, Lys, Arg, Asp, or Glu by leucyl, phenylalanyl-tRNA-protein transferase 

(Shrader, Tobias et al. 1993). In eukaryotes, the production of N-degrons from 

tertiary or secondary amino acids is catalysed enzymatically. Removal of the initial 

methionine is carried out by methionine amino-peptidases (Tasaki, Sriram et al. 

2012). Methionine amino-peptidases preferentially remove methionine residues 

followed by amino acids with short side-chains (Frottin, Martinez et al. 2006). 

5.3.2 N-terminal degrons in S. cerevisiae 

Hwang et al. demonstrated that in S. cerevisiae the acetylated N-terminus of a 

protein can function as degron (Hwang, Shemorry et al. 2010). Acetylation occurs 

on the penultimate (second) amino acid of N-terminus of a protein provided the 

amino acid residue has a side-chain sufficiently small (Ala, Val, Ser, Thr, Cys, Gly, or 

Pro) for Met-aminopeptidases to cleave off the N-terminal Met (Polevoda and 

Sherman 2003; Arnesen, Van Damme et al. 2009). The N- acetylated proteins are 

recognised and ubiquinated by E3 Ub-ligases and then marked by doa10p for 

proteosomal degradation. In contrast, proteins with Gly, Pro or Lys as the second 

amino acid residue are not acetylated, thus increasing their half life in vivo. Some 

residues (Ala, Ser, Thr, Val) that were initially characterized as stabilising 

(Bachmair and Varshavsky 1989) can be destabilising instead, if a basic residue 

(Lys, Arg, or His) is not present in the penultimate position after demethylation 

(Hwang, Shemorry et al. 2010).   

The N-terminal primary sequence of ABCG2 suggested the presence of features 

characteristic of an N-degron. It had a Ser at position 2 (MSSSNVEF------) and the 

amino acid immediately downstream was not a basic residue. In addition, ABCG2 

expressed in S. cerevisiae AD∆ was intracellularly localised, but no degradation 
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products were detected on immunoblots when tested with BXP-21 antibody and 

intense GFP signals were produced (Figure 3-11 and Figure 4-10). It was possible 

that newly synthesized ABCG2 was retro-translocated and rapidly degraded by the 

proteasome because S. cerevisiae lacks the cholesterol required for ABCG2 function 

(Telbisz, Ozvegy-Laczka et al. 2012) and its interaction with other proteins (Storch, 

Ehehalt et al. 2007). Another possibility was that rapid degradation of misfolded 

ABCG2 left no detectable products.  

We hypothesised  that replacement of the second amino acid Ser with either Gly, 

Pro or Lys might increase half life of ABCG2 in vivo by prolonging the availability of 

ABCG2 for correct translocation. This should favour translocation over retro-

translocation and diminish opportunity for ABCG2 degradation after retro-

translocation. It might not only promote correct folding but also encourage 

retention of ABCG2 in the plasma membrane for longer. Three ABCG2 mutants 

with second amino acid Ser replaced with Gly, Pro or Lys were constructed as 

described in section 5.8.3 and tested. 

5.4 Phosphorylation of ABCG2 by Pim-1p kinase 
In mouse and humans the PIM-1 gene encodes a serine/threonine kinase that 

belongs to the calcium/calmodulin-regulated kinases. Due to the presence of 

alternative translation initiation site at an upstream CUG codon PIM-1 encodes two 

kinase isoforms, a shorter 34 kDa (Pim-1S) and a longer 44 kDa (Pim-1Lp) protein 

(Saris, Domen et al. 1991). The 44 kDa isoform has a 10 kDa amino-terminal 

extension compared with the 34 kDa protein (Xie, Xu et al. 2006). Sequence 

homology searches have revealed two other Pim-1 like kinases, Pim-2 and Pim-3. 

All three kinases are conserved in vertebrates and show high degrees of sequence 

and structural similarity (Mikkers, Nawijn et al. 2004). Pim-2 and Pim-3 show 61 

% and 71 % amino acid identity to Pim-1, respectively (Mikkers, Nawijn et al. 

2004). 

Pim-1p is important for many processes including cell survival, differentiation, 

proliferation (Wang, Bhattacharya et al. 2001) and tumorigenesis (Shah, Pang et al. 

2008; Merkel, Meggers et al. 2012).  Pim-1 is frequently overexpressed in acute 

myeloid & lymphocytic leukemia, and in malignant prostate, gastric tissues (Chen, 

Redkar et al. 2009; Swords, Kelly et al. 2011). Pim-1S has been implicated in 
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regulation of the cell cycle and transcription via phosphorylation of substrates 

including cdc25A (Mochizuki, Kitanaka et al. 1999), HP1 (Koike, Maita et al. 2000) 

and p100 (Bachmann and Moroy 2005). Pim-1L has been shown to protect human 

prostate cancer cells from apoptosis-inducing chemotherapy drugs (Xie, Xu et al. 

2006). 

5.4.1 Phosphorylation and substrate interaction motifs of Pim-1 

Phosphorylation of Cdc25A by Pim-1S is shown to significantly enhance its 

phosphatase activity, which positively induce cells to transit through the G1 and S 

phases (Bachmann, Kosan et al. 2006). Whereas the Pim-1L isoform is shown to 

down-regulate the Etk activity. Down-regulation of Etk kinase activity is required 

for p53-induced apoptosis. By in vitro selective peptide mapping, (Arg/Lys)3–X–

Ser/Thr–X (where ‘X’ is likely neither a basic nor a large hydrophobic amino acid) 

is proposed to be a substrate recognition consensus sequence of the Pim-1 kinase 

(Friedmann, Nissen et al. 1992). However, Pim-1L is shown to interact directly 

with tyrosine kinase Etk through an interaction between the PXXP (proline-rich) 

motif and the SH3 domain of Etk (Xie, Xu et al. 2006). Such interaction is suggested 

to compete with the tumor suppressor p53 for binding to Etk and activates Etk 

kinase that confers resistance to cancer cells against apoptotic chemotheraphy 

drugs. Co-localisation experiments (immuno-precipitation and confocal 

microscopy) in LNCap cells show that Pim-1S localizes independently in either the 

cytoplasm or the nucleus, whereas Pim-1L is primarily localised to the plasma 

membrane in complex with Etk (Xie, Xu et al. 2006). 

The differences in cellular localisation and the motifs they recognise suggest that 

these two isoforms may regulate distinct substrates. The outcomes of substrate 

recognition and interaction may be cell-specific as the Pim family proteins are 

differentially expressed in several cell lines (Xie, Burcu et al. 2010; Natarajan, 

Bhullar et al. 2013). For instance, Pim-1, Pim-2 and Pim-3 have similar expression 

levels in K562 cells while only Pim-3 is expressed in HL60 and HL60/VCR cells. On 

the other hand, Pim-2 is dominantly expressed in 8226/MR20 and 822 cells 

(Natarajan, Bhullar et al. 2013). Furthermore, only Pim-1L expression is up-

regulated in prostate cancer cells (Xie, Xu et al. 2008). 
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5.4.2 Interaction of Pim-1 with ABC transporters 

The expression and function of ABCB1 (Xie, Burcu et al. 2010) and ABCG2 (Xie, Xu 

et al. 2008) have been shown to be regulated by Pim-1 in several drug resistant 

cancer cell lines. For example silencing the PIM-1 gene with siRNA or shRNA 

reduced expression of Pim-1p in ABCB1 expressing 8226/Dox6 and OVCAR-8-Pgp. 

A similar trend was observed in ABCG2 expressing CWR-R1 cells when Pim-1L was 

silenced using siRNA. Concomitant decrease in ABCB1 and ABCG2 was observed in 

these cell lines. Furthermore, knock down of PIM-1 expression in ABCB1 or PIM-1L 

in ABCG2 overexpressing drug resistant cells increased susceptibility to 

chemotherapy drugs (Xie, Xu et al. 2008; Xie, Burcu et al. 2010). These data 

suggests that Pim-1 is involved in regulation of the function of ABCB1 and ABCG2 

in these cancer cell lines.  

ABCB1 and ABCG2 were found to co-precipitate when the GST-tagged Pim-1 fusion 

protein adsorbed on glutathione beads was incubated with lysates from ABCB1 or 

ABCG2 expressing cancer cells. These complexes were detected by sequential 

probing with anti-Pim-1/Pim-1L, anti-ABCB1 or anti-ABCG2 antibodies (Xie, Xu et 

al. 2008; Xie, Burcu et al. 2010). The bead-bound samples also bound anti-

phosphoserine antibodies, indicating that Pim-1p physically interacts with and 

phosphorylates ABCB1 and ABCG2. 

While ABCG2 was specifically shown to be phosphorylated by Pim-1L at threonine 

362, the Pim-1 isoform responsible for ABCB1 phosphorylation at serine 683 

(Chambers, Pohl et al. 1994; Xie, Burcu et al. 2010) is yet to be determined. 

Nevertheless, ABCG2 and ABCB1 are shown to possess (between nucleotide 

binding domain 1 and transmembrane domain) consensus phosphorylation motif 

“KKKITV” [(Arg/Lys)3–X–Ser/Thr–X] and “QDRKLS”, respectively, required to 

interact with Pim-1 (Xie, Xu et al. 2008; Xie, Burcu et al. 2010; Natarajan, Bhullar et 

al. 2013). In addition, Pim-1 is shown to phosphorylate non-glycosylated 150 kDa 

ABCB1 and thereby protect it from proteolytic and proteasomal degradation. This 

enable glycosylation of ABCB1 to obtain a mature 170 kDa ABCB1, which 

translocates to the cell surface and mediates drug efflux (Xie, Burcu et al. 2010). 

These data suggest that phosphorylation of ABCB1 and ABCG2 by Pim-1 is 

essential for their cell surface expression. 
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Confocal microscopy of LNCaP cells expressing ABCG2 has demonstrated that 

mutating Thr362 in the essential phosphorylation site to alanine abolishes plasma 

membrane localisation of ABCG2 and retains it in cytoplasm (Xie, Xu et al. 2008). 

Plasma membrane localisation could be restored if threonine was replaced with 

aspartate at 362 (T362D). Moreover, ABCG2 T362D was equally expressed in 

control and Pim-1 silenced (knocked down by siRNA) LNCaP cells. This suggests 

that the T362D mutation mimics the phosphorylated state of ABCG2 and 

eliminates the need of Pim-1. 

The ability of the ABCG2 T362D mutant to mimic the wild type phosphorylation 

state required for transit to the plasma membrane was of particular interest in 

efforts designed to achieve the expression of ABCG2 in S. cerevisiae AD∆ plasma 

membrane. This possibility was explored by creating a ABCG2 T362D mutant as 

described in section 5.8.4. 

5.5 ABCG2 R482G 
A discrepancy observed in rhodamine 123 transport among 11 human cancer cell 

lines overexpressing ABCG2 led to the discovery of the importance of the R482G 

mutation of ABCG2 (Robey, Honjo et al. 2001). Eleven cell lines were found to 

transport mitoxantrone while only some of these cell lines (S1-M1-80 and MCF-7 

AdVp3000) readily effluxed rhodamine 123. In contrast, it was particularly noted 

that the related MCF-7/MX8 and MCF-7 cell lines did not efflux rhodamine 123 

(Robey, Honjo et al. 2001). Systematic genomic DNA analysis revealed that the 

ABCG2 of the drug selected S1-M1-80 and MCF-7 AdVp3000 cell lines had R482G 

and R482T mutations (Honjo, Hrycyna et al. 2001). These mutations are predicted 

to be located on the cytoplasm proximal to transmembrane segment 3. 

The correlation between R482G/T mutation and the rhodamine efflux was verified 

using HeLa cells (Honjo, Hrycyna et al. 2001). It was shown that the retention of 

mitoxantrone was reduced in cells expressing either wild type, R482G or R482T 

ABCG2 compared with HeLa cells transfected with a control plasmid. In contrast, 

the retention of rhodamine 123 and doxorubicin was reduced only in cells 

transfected with either R482T or R482G ABCG2 but not the wild type enzyme. 

Independent study using drug selected (doxorubicin resistant) mouse cell lines 
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showed that murine ABCG2 R482G/T also showed altered drug resistance profiles 

(Allen, Jackson et al. 2002).  

The altered drug specificity of ABCG2 R482G/T mutants was confirmed by 

heterologous expression in Sf9 insect cells (Ozvegy, Varadi et al. 2002; Clark, Kerr 

et al. 2006; Telbisz, Muller et al. 2007). Furthermore, expression of the R482G 

mutant in lactococcus lactis (Janvilisri, Venter et al. 2003; Velamakanni, Janvilisri et 

al. 2008) conferred efflux of Hoechst 33342. Finally expression of an R482G 

mutant in HEK 293 cells enabled efflux of etoposide in addition to rhodamine 123 

and doxorubicin (Eddabra, Wenner et al. 2012). These data emphasise the 

importance of the Arg482 and its mutant variants on the substrate specificity of 

the transporter.  

As S. cerevisiae AD∆ strains harbouring wild type ABCG2 constructs (with or 

without C-terminal fusion tags) did not show a drug resistant phenotype we 

hypothesised that the expression of an ABCG2 R482G mutant may confer a drug 

resistance phenotype. Although the ABCG2 R482T variant has slightly higher 

ATPase and rhodamine 123 efflux activities, the R482G variant was chosen 

because it shows better plasma membrane localisation in HeLa cells (Ejendal, Diop 

et al. 2006). In addition, a functional R482G variant has been expressed in S. 

cerevisiae (Jacobs, Emmert et al. 2011). ABCG2 R482G constructs were created as 

described in section 5.8.5. 

5.6 Effect of fusion tags on ABCG2 expression 
The presence of a C-terminal fusion tag in ABCG2 has been suggested to reduce the 

functional expression of ABCG2 in Sf9 cells (McDevitt, Collins et al. 2006; Jacobs, 

Emmert et al. 2011). Similarly, ABCG2-GFP was retained inside LLC-PK1 cells 

(Takada, Suzuki et al. 2005) while GFP-ABCG2 was localised to the plasma 

membrane (Imai, Asada et al. 2003; Takada, Suzuki et al. 2005). Furthermore, N-

terminal tagging of ABCG2 with venus fluorescent protein (vYFP) did not affect the 

expression of ABCG2 in HEK 293T cells (Haider, Briggs et al. 2011). Haider and 

Briggs et al. also used bimolecular fluorescence complementation analysis (the 

ability of a molecule to fluoresce when two halves of a protein complement each 

other upon physical contact) to demonstrate that co-expression of ABCG2 bearing 

complementary N-terminal or C-terminal vYFP fragments resulted in their 
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association and dimerisation. These cells also showed mitoxantrone efflux activity. 

On the other hand, tagging full-length vYFP to the C-terminus of ABCG2 gave 

increased the intracellular retention and reduced mitoxantrone export.  

Collectively, these data suggests that the presence of a large fusion tag at N-

terminus of ABCG2 does not negatively impact its function and localisation.  

Furthermore, the presence of a polyhistidine tag at either the N-terminus (Takada, 

Suzuki et al. 2005; Clark, Kerr et al. 2006; Telbisz, Ozvegy-Laczka et al. 2012) or 

the C-terminus (Hou, Li et al. 2009) of ABCG2 does not seem to affect the 

expression or function of ABCG2.  

YFP-ABCG2 and ABCG2 E211Q-8x-His co-expressed in BHK cells form homo and 

heterodimers (Hou, Li et al. 2009). In addition, ATP-dependent methotrexate 

transport was conferred by the YFP-ABCG2/ABCG2 E211Q-8xHis heterodimer but 

not by the ABCG2 E211Q-8x-His homodimer. This experiment suggests that N-

terminal protein tags and C-terminal polyhistidine tags may be the best 

combination to achieve function expression of ABCG2. 

Unfortunately, such experiments on ABCG2 expression may not reflect the 

scenario in S. cerevisiae as most of these studies are conducted in either Sf9 insect 

cells or other mammalian cells. The effect of position of fusion tag on protein 

expression may be host- and protein-specific. For example, fusion of a His or FLAG 

tag to the N-terminus of ABCC1 reduced its expression in S. cerevisiae (Lee and 

Altenberg 2003). Therfore, the effect of N-terminal or C-terminal fusion tags on 

ABCG2 expression in S. cerevisiae needs to be evaluated experimentally. An ABCG2 

R482G mutant with an N-terminal GFP was prepared as described in section 5.8.6. 

5.7 Importance of Cholesterol 
Eukaryotic and prokaryotic cell membranes enable cells and its subcellular 

organelles to compartmentalise and maintain internal milieus that differ widely 

from each other and their external environment. This in turn contributes to the 

maintenance of cellular homeostasis via selective directional or non-directional 

permeability of essential molecules which, in most cases, requires the active 

participation of membrane proteins (Rohmer, Bouvier-Nave et al. 1984; Haines 

2001; Mattson, Yavin et al. 2005). Biological membranes in archaebacteria are 
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composed of unilamellar lipid molecules while eubacteria and eukaryotic 

organisms involve lipid bilayers (Barenholz 2002). While the number of lipid 

species is more limited in eubacteria, the membranes of higher organisms include 

many more lipid species including sphingolipids, phospholipids and sterols.  

Cholesterol is the predominant sterol in the membranes of most animals where it 

accounts for 20-40 mol % of total sterols (Mouritsen and Zuckermann 2004; 

Dufourc 2008). Cholesterol is involved in fundamental cellular processes including 

signal transduction, cellular sorting, regulation of membrane protein trafficking, 

cytoskeleton reorganisation, endocytosis, asymmetric growth and it can affect the 

virulence of infectious diseases (Danilo and Frank ; Thomas and Sampson ; Pichler 

and Riezman 2004; Dufourc 2008; Hannich, Umebayashi et al. 2011). In humans, 

cholesterol is implicated in the pathogenesis of cardiac and brain vascular 

diseases. It has been implicated in dementias, diabetes and cancer, as well as 

several rare monogenic diseases (Ikonen 2008). In addition, polyene antibiotics 

can form molecular complexes with cholesterol. These molecular complexes create 

channels or solid patches that disrupt the host membrane sufficiently to cause 

Na+/Ka+ leakage and cell death (de Kruijff and Demel 1974).  

Cholesterol modulates plasma membrane structure and activities via its 

heterogeneous organisation in the lateral plane of the membrane. In contrast to 

the earlier “fluid mosaic” model of the membrane lipid bilayer, it is now widely 

accepted that local concentrations of cholesterol, sphingolipids and phospholipids 

affect the rigidity of patches of membrane (Lingwood, Kaiser et al. 2009; Sonnino 

and Prinetti 2013). These small (10–200 nm) heterogeneous, highly dynamic, 

sterol and sphingolipid enriched domains are called lipid rafts (Lingwood, Kaiser 

et al. 2009). The rafts sometimes stabilise as larger platforms through protein–

protein and protein–lipid interactions and can compartmentalise cellular 

processes (London 2002; Brown 2006; Cheng, Singh et al. 2006; Pike 2006; Shaikh 

and Edidin 2006). The ABC transporters ABCB1 (Lavie, Fiucci et al. 1998; Bacso, 

Nagy et al. 2004; Radeva, Perabo et al. 2005), ABCC1 (Atshaves, McIntosh et al. 

2007; Klappe, Hummel et al. 2009), ABCC2 (Tietz, Jefferson et al. 2005) and ABCG5 

(Ismair, Hausler et al. 2009) have all been shown to associate with the cholesterol-

rich, detergent resistant, raft microdomains of cell membranes.  
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Caveolae are small flask-shaped pits found in the plasma membrane. Although, 

arguably different from lipid rafts, caveolae can be regarded as "invaginated" lipid 

rafts that form due to a localised enrichment in a family of proteins known as the 

caveolins (Galbiati, Razani et al. 2001; B. Razani and Lisanti 2002; Boscher and 

Nabi 2012). The caveolin protein family is composed of three proteins, caveolin-1, 

-2, and -3 (Williams and Lisanti 2004). In addition to their structural function 

within caveolae, these proteins bind cholesterol plus a variety of proteins including 

receptors, Src-like kinases, G-proteins, H-Ras, MEK/ERK kinases and nitric oxide 

synthases that are involved in signal transduction (Boscher and Nabi 2012), 

endocytosis, cholesterol homeostasis and tumorigenesis (B. Razani and Lisanti 

2002; Quest, Leyton et al. 2004; Head, Patel et al. 2006). Caveolae and caveolar 

constituents are up-regulated in multidrug resistant cancer cells (Lavie, Fiucci et 

al. 1998), suggesting that lipid rafts and caveolae may be important for the 

multidrug resistance phenotype.  

5.7.1 Association of ABCG2 with caveolae 

ABCG2 has been shown to interact with caveolae (Razani, Woodman et al. 2002; 

Storch, Ehehalt et al. 2007). Knockdown of caveolin-1 in MDCKII cells reduced the 

drug transport activity of overexpressed ABCG2 by about 35 % (Herzog, Storch et 

al. 2011). In addition, caveolin-1 and ABCG2 were co-immunoprecipitated from 

detergent resistant membranes isolated from MDCKII cells (Storch, Ehehalt et al. 

2007; Herzog, Storch et al. 2011). Although ABCG2 appears to functionally and 

possibly physically interact with caveolin-1, the molecular basis of the protein-

protein interaction has yet to be elucidated.  

Caveolin-protein interactions usually occur between an amino acid region (~20) 

within caveolin, the caveolin scaffolding domain (CSD), and an aromatic-rich 

caveolin binding motif (CBM) on the binding partner. The CBM usually has the 

motif фXфXXXXф, фXXXXфXXф or фXфXXXXфXXф, where ф is an aromatic and X is 

an unspecified amino acid)(Couet, Li et al. 1997; Byrne, Dart et al. 2012). Storch, 

Ehehalt et al. identified an amino acid sequence in ABCG2 that appears to be a 

“reverse caveolin-binding domain” [amino acid residues 571–579 (FSIPRYGF)]. 

They proposed that caveolin-1 interacts with this region and may acts as a 
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molecular chaperone that facilitates the dimerisation of ABCG2 (Storch, Ehehalt et 

al. 2007).   

5.7.2 Impact of cholesterol on cell based and membrane-based ABCG2 

function 

It is evident that the cholesterol (which is also a component of caveolae and lipid 

rafts) is required for ABCG2 function. The activity of the enzyme is modulated by  

physical state and lipid composition, specifically the cholesterol concentration, of 

the plasma membrane (Pal, Mehn et al. 2007; Storch, Ehehalt et al. 2007; Telbisz, 

Muller et al. 2007; Telbisz, Ozvegy-Laczka et al. 2012). The fluorescent dye Hoechst 

33342 is effluxed by ABCG2 expressing HEK and A431 cells (Telbisz, Muller et al. 

2007). Treatment of these cells with methyl-β-cyclodextrin (CD)†, which depletes 

membrane cholesterol (Zidovetzki and Levitan 2007; Lopez, de Vries et al. 2011), 

reduced the uptake of Hoechst 33342 by about 80-90 %. However, if CD treated 

cells are replenished with cholesterol or cholesterol-CD after removing CD from 

the medium, Hoechst 33342 uptake was restored to normal levels (Telbisz, Muller 

et al. 2007). Similarly, CD treatment of ABCG2 expressing MDCKII cells reduced 

cellular cholesterol by 50 % which, in turn, reduced pheophorbide A transport by 

about 40 % (Storch, Ehehalt et al. 2007).  

A combination of cholesterol (40 mol %) and E. coli lipid extract elevated both the 

basal and the substrate stimulated ATPase activity of proteoliposomes prepared 

from Sf9 cells overexpressing ABCG2 (Telbisz, Ozvegy-Laczka et al. 2012) while the 

E. coli lipid extract alone stimulated only the basal vanadate sensitive ATPase 

activity. In addition, the basal ATPase activity of cholesterol-loaded wtABCG2 

expressing Sf9 and human cell membranes was stimulated by known substrates of 

ABCG2, such as sulfasalazine, prazosin and topotecan, while only basal ABCG2-

ATPase activity was observed in cholesterol-depleted membranes (Pal, Mehn et al. 

2007). Prazosin stimulated ATPase activity of an ABCG2 R482G mutant was 

recently demonstrated using reconstituted proteoliposomes prepared from S. 

cerevisiae (Jacobs, Emmert et al. 2011). 

                                                           
† CDs are cyclic oligosaccharides consisting of α-(1–4)-linked D-glycopyranose units with a hydrophobic 
interior and a hydrophilic exterior. They are thought to directly interact with membrane embedded 
cholesterol and engulf into the hydrophobic cavity, there by deplete membrane cholesterol concentration.  
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The requirement of cholesterol for pump substrate elevatation of basal ATPase 

activity and the demonstaration of a direct interaction of cholesterol with the 

substrate binding site of ABCB1 suggested that cholesterol is a substrate of ABCB1 

(Garrigues, Escargueil et al. 2002; Arima, Yunomae et al. 2004). Nevertheless, 

ABCG1 and ABCG4 (Wang, Lan et al. 2004), ABCA1 (Cavelier, Lorenzi et al. 2006) 

and the ABCG5/ABCG8 heterodimer (Heimerl, Langmann et al. 2002; Yu, Hammer 

et al. 2002; Hazard and Patel 2007) have been implicated in cholesterol transport, 

suggesting that cholesterol may be a direct or indirect substrate of these efflux 

pumps. 

The discussion above emphasises that sterols, in particular cholesterol, are likely 

to be important for the function of ABCG2 and other ABC transporters in the 

plasma membrane.  

5.7.3  Limitation of S. cerevisiae host model for mammalian membrane 

protein expression 

Ergosterol rather than cholesterol is present in S. cerevisiae membranes (Zinser, 

Paltauf et al. 1993). The biosynthetic pathways of sterols have several early steps 

in common among fungi, plants and animals (Figure 5-3), including the sterol ∆8, 

∆7 isomerase and the sterol 5 desaturase. In addition to these conserved reactions, 

fungi add a methyl group at position 24 and desaturate position 22 to form 

ergosterol, while mammals saturate positions 7 and 24, to give cholesterol. Plant 

cells use various combinations of these branches to make a variety of sterols, 

including the addition of the methyl group at position 24 and desaturation at 

position 7 to form campesterol, a major plant sterol. 

As S. cerevisiae does not synthesise cholesterol naturally, C.M. Souza et al. 

attempted to circumvent this problem by engineering a yeast strain (RH6829) that 

can produce cholesterol by replacing ergosterol biosynthesis pathway genes ERG5 

and ERG6 with the DHCR24 and DHCR7 from the Danio rerio, respectively (Souza, 

Schwabe et al. 2011). These genes encode dehydrocholesterol reductases specific 

for positions 24 and 7. The RH6829 strain was shown to produce cholesterol that 

accounted for about 96 % of the total sterols. 
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Figure 5-3: Last steps of the sterol biosynthesis pathways in fungi and 
vertebrates. The later steps of ergosterol and cholesterol biosynthesis are shown, 
starting from zymosterol with the isomerisation of the double bond at position 8 
by Erg2p and the desaturation at the 5 position by Erg3p to produce the conserved 
core of the sterol synthesis pathway in fungi, vertebrates and plants. In yeast the 
left branch introduces the methyl group at position 24 (Erg6p followed by Erg4p) 
and desaturates position 22 (Erg5p). In vertebrates, the right branch saturates 
positions 7 (DHCR7) and 24 (DHCR24) to form cholesterol. Plants use homologs of 
DHCR7, ERG6 and ERG4 to generate campesterol. Plants can also desaturate 
position 22 using an Erg5p ortholog. The order of the events in the pathway is 
shown for explanatory purposes only. There is no strict reaction order for this part 
of the biosynthetic pathway, except that Erg6p acts before Erg4p. The diagram was 
obtained from (Souza, Schwabe et al. 2011).  
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These modifications have some side-effects. Replacement of ergosterol with 

cholesterol completely abolished the ATP-dependent organic anion transport 

activity of Pdr12p ABC transporter. The growth of the RH6829 yeast strain became 

sensitive to the organic anion sorbic acid, even though the cholesterol did not alter 

the plasma membrane localisation of Pdr12p in contrast to the tryptophan 

transporter Tat2p (Souza, Schwabe et al. 2011) . These data suggest that although 

S. cerevisiae can be genetically modified to synthesise cholesterol in vivo, replacing 

ergosterol in S. cerevisiae membranes can be detrimental to the function or 

localisation of some essential enzymes. 

5.7.4 S. cerevisiae sterol auxotroph that takes up cholesterol 

An alternative approach to address this issue is to create a stable S. cerevisiae 

strain that does not produce the enzyme 5-aminolevulinate synthase (Hem1). 

Several steps in sterol biosynthesis require oxygen (Ishtar Snoek and Yde 

Steensma 2007) and heme (Spanova, Czabany et al. 2009). Oxygen is required for 

synthesis of ergosterol (Figure 5-4), first at the level of 2, 3-oxidosqualene 

formation and then for several demethylation and desaturation steps catalysed by 

hemoproteins such as the ERG11, ERG25, ERG3, and ERG5 gene products (Ishtar 

Snoek and Yde Steensma 2007; Spanova, Czabany et al. 2009). Aerobically grown S. 

cerevisiae cells produce sufficient amount of ergosterol in vivo and do not take up 

exogenous sterols. This unique phenomenon that occurs in S. cerevisiae in presence 

of surplus sterols is called aerobic sterol exclusion (Gollub, Liu et al. 1977; Lorenz 

and Parks 1991). Deletion of HEM1 gene disrupts the first committed step of the 

heme biosynthetic pathway (Figure 5-4). This in turn affects the sterol 14-α-

demethylase (Erg11p) in the ergosterol pathway (Gollub, Liu et al. 1977; Spanova, 

Czabany et al. 2009) which requires heme for the conversion of lanosterol to 4,4-

Dimethyl cholesta-8,14,24-trienol. This results in squalene accumulation in cells 

and ergosterol is not produced. The S. cerevisiae cells become auxotrophic for both 

sterols and unsaturated fatty acids when they are heme deficient. Unsaturated 

fatty acids are needed as heme is the prosthetic group of different hemoproteins or 

enzymes involved in important physiological functions of yeast cells, such as 

respiration (cytochromes of the mitochondrial respiratory chain), detoxification 

(peroxidase and catalases) and sterol & unsaturated fatty acid metabolism 

involving cytochrome b 5 and P-450s (Labbe-Bois and Labbe 1990). The hem1 

http://www.yeastgenome.org/cgi-bin/GO/goTerm.pl?goid=3870
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mutant can be grown in standard aerobic conditions by supplementing with 

intermediate product δ-amino levulinic acid (δ-ALA) (Schmalix, Oechsner et al. 

1986; Reiner, Micolod et al. 2006) or ergosterol (Ness, Achstetter et al. 1998; 

Souza, Schwabe et al. 2011). The hem1 mutant can also be grown aerobically by 

supplementing cholesterol (Souza, Schwabe et al. 2011). 

 

 

Figure 5-4: Heme dependence of ergosterol synthesis. The activity of the S. 
cerevisiae cytochrome P450 protein lanosterol 14α-demethylase (Erg11p) is heme-dependent 
heme. Deletion of HEM1 deactivates Erg11p, ergosterol is not produced and intracellular squalene 
accumulates.. The S. cerevisiae hem1 mutant is a sterol auxotroph that can utilise sterol taken from 
the medium. This auxotropy can be overcome by supplementing yeast cells with ergosterol, 
cholesterol or δ-ALA. The diagram was obtained from Spanova, Czabany et al. 2009.  

We constructed a hem1 mutant to determine whether cholesterol affects 

localisation and function of overexpressed ABCG2 in S. cerevisiae AD∆ 

The experimental advantages of this strain included: 

 (i)  The ergosterol required for some membrane proteins in S. cerevisiae is not 

completely eliminated.  

(ii) Aerobically grown cells take up cholesterol from the medium.  

(iii) The concentrations of cholesterol, ergosterol and δ-ALA can be controlled to 

obtain optimal ratios of sterols necessary for the expression and function of native 

and heterologous proteins.  
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5.8 Methods 
The strategies used to create various ABCG2 constructs is described in following 

sub-sections. In general, the complete transformation cassette was amplified by 

PCR as two or three DNA fragments containing specific regions of the gene and the 

transformation cassette. The DNA fragments had overlapping regions required for 

homologous recombination. DNA fragments (Specified constructs) were 

transformed into S. cerevisiae AD∆ or S. cerevisiae AD∆H∆ strain as described in 

section 2.8. All constructs were constitutively overexpressed under the influence of 

PDR5 promoter. Unless mentioned, integration of mutant or chimeric ABCG2 

constructs at the PDR5 locus was checked by PCR as described in section 2.9 and 

sequences were confirmed as described in section 2.10.     
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5.8.1 Strategy to create PDR5104-ABCG2 constructs 

PDR5104-ABCG2 chimeras with or without C-terminal 6xHis or GFP tag were 

created as described below.  

 

 

Figure 5-5: PDR5 and ABCG2 fragments to create PDR5104-ABCG2 constructs. 
The diagram in top panel shows position of primers on the transformation cassette 
harbouring ABCG2. Primers including overlapping regions of gene on primers are 
colour coded. Lower panel shows an image of DNA fragments (obtained by PCR) 
separated by agarose gel (0.8 %) electrophoresis. PCR was carried out using KOD 
hot start DNA polymerase kit and all amplified DNA fragments are of expected 
sizes. The left arm (LA) containing PDR5 promoter and N-terminal 312 bp of PDR5 
gene including start codon  was amplified from plasmid pABC3-ScPDR5 using 
“pABC3 5’+706 Asc1 Forward” and “pABC3 5’+2115 PDR5 Rev” primers (Lane 1). 
Right arm (RA) was amplified with “pABC3 5’+2115 forw” and “pABC3 5’+5778 
Asc1 Rev” primers using plasmid pABC3-ABCG2 (Lanes 2), pABC3-ABCG2-6xHis 
(Lanes 3) and pABC3-ABCG2-GFP (Lanes 4), respectively. RA contained ABCG2, 
ABCG2-6xHis and ABCG2-GFP without the start codon (Met), respectively, along 
with PGK1 terminator (PGK1 ter), URA3 selection marker (URA3) and PDR5 3’ end 
complementary sequence (PDR5 ds). RC, reagent control, shows that PCR reagents 
were not contaminated. DNA sequences of primers used for cloning are listed in 
Table 5-2. Refer Figure 1-7 for description of transformation cassette. LA and RA 
were transformed into S. cerevisiae AD∆ as described in section 2.8. 
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Table 5-2: Primers used to create ABCG2 constructs 

Primer Sequence ( 5’ to 3’ ) Purpose 

Pabc3 5’+706 Asc1 Forw CCGTTGGGCGCGCCCACACACATAT  Cloning 

Pabc3 5’+5778 Asc1 Rev TAGACTTGGCGCGCCTACCGTTCTT  Cloning 

HsABCG2 Chi2 Forw CTCGTTCGAAAGACTTAATTAAAAAATGGGTT 

CCAGTAATGTCGAAGTTTTTATCCCA  

Cloning 

HsABCG2 Chi3 Forw CTCGTTCGAAAGACTTAATTAAAAAATGCCTTC 

CAGTAATGTCGAAGTTTTTATCCCA  

Cloning 

HsABCG2 Chi4 Forw  CTCGTTCGAAAGACTTAATTAAAAAATGAAAT 

CCAGTAATGTCGAAGTTTTTATCCCA  

Cloning 

pdr5 Chi REV TTTTTAATTAAGTCTTTCGAACGAG  Cloning 

HsABCG2 Chi5 Forw CGGGGGTGAGAAGAAGAAGAAGATCGAT 

GTCTTCAAGGAGATCAGCTACACCA  

Cloning 

HsABCG2 Chi5 Rev GATCTTCTTCTTCTTCTCACCCCCG  Cloning 

Pabc3 5’+2115 Forw 

 

CCCCAACTCCGAAAATTTTTCTAGTTCTTC 

CAGTAATGTCGAAGTTTTTATCC  

Cloning 

Pabc3 5’+2115 PDR5 Rev ACTAGAAAAATTTTCGGAGTTGGGG  Cloning 

PDR5 upstream GAGCATAAAACAGAGAGGCGATATAGG  Clone 

confirmation 

HsABCG2-rev AGCTCCTTCAGTAAATGCCTTCAGG Clone 

confirmation 

PDR5 downstream TATGAGAAGACGGTTCGCCATTCGGACAG  Clone 

confirmation 

pURA3-2 AAATTGCAGTACTCTGCGGG  Clone 

confirmation 

G2 R482G Forw GATTTATTACCCATGGGTATGTTACCAAGTATT Cloning 

G2 R482G REW AATACTTGGTAACATACCCATGGGTAATAAATC Cloning 
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5.8.1.1 Integration of PDR5104-ABCG2, PDR5104-ABCG2-6xHis and 

PDR5104-ABCG2-GFP gene at the PDR5 locus in S. cerevisiae AD∆ 

 

 

Figure 5-6: Integration of PDR5104-ABCG2, PDR5104-ABCG2-6xHis and 
PDR5104-ABCG2-GFP gene at the PDR5 locus in S. cerevisiae AD∆. Top, middle 
and lower pair of panels show DNA fragments amplified from g-DNA of 
AD∆/PDR5104-ABCG2, AD∆/PDR5104-ABCG2-6xHis and AD∆/PDR5104-ABCG2-
GFP clones, respectively. Ten clones (Lane 1-10) of each construct were checked. 
PCR fragments were amplified with “PDR5 upstream/HsABCG2 rev” primers (A); 
except clone 9 of AD∆/PDR5104-ABCG2-GFP all clones showed correct integration 
of respective gene constructs at N-terminal end of the PDR5 locus. PCR using S. 
cerevisiae AD∆ genomic DNA (AD∆) as template does not yield any product as it 
does not harbour ABCG2. Reagent control (RC) showed that reagent are not 
contaminated. DNA fragment amplified from pABC3-ABCG2 (+ve control) is of 
lower size as it does not contain N-terminal 312 bp of PDR5 gene. PCR fragments 
amplified with “pURA3-2/PDR5 downstream” primers (B) showed the correct 
integration of respective gene constructs at the C-terminal end of the PDR5 locus. 
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5.8.2 Strategy to create YOL075C constructs 

S. cerevisiae strains AD∆/YOL075C and AD∆/YOL075C-GFP were created as 

described below. In these S. cerevisiae strains the YOL075C gene was integrated 

into PDR5 locus by homologous recombination in addition to existing native copy 

of YOL075C gene. Thus these strains essentially have 2 copies of YOL075C gene. 

 

 

Figure 5-7: DNA fragments to create YOL075C constructs. All reactions were 
carried out using KOD hot start polymerase. Top panel illustrates position of 
primers on transformation cassette containing YOL075C-GFP. Three DNA 
fragments were amplified to create YOL075C or YOL075C-GFP constructs. A 
common left arm (LA; Lane 1) was amplified with “Oligo-AscI/pdelete SfiI” primers 
using plasmid pABC3 as template. The middle arm (MA) i.e, the YOL075C gene was 
amplified from AD∆ genomic DNA with “YOL075C-PacI-for/YOL075C-rev” (Lane 4) 
or “YOL075C-PacI-for/YOL075C-rev-GFP” (Lane 5) primers to create non-tagged 
and GFP-tagged constructs. Similarly, the right arm (RA) that contained PGK1-
terminator, URA3 gene and the PDR5 downstream region was amplified with 
“pABC3-RA/pAscI-2” (Lane 2) and “pABC3-RAGfp/pAscI-2” (Lane 3) primers using 
plasmid pABC3 or pABC3-GFP, respectively, as template.  
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5.8.2.1 Integration of YOL075C and YOL075C-GFP gene at the PDR5 locus in  

S. cerevisiae AD∆ 

 

Figure 5-8: Integration of YOL075C and YOL075C-GFP gene at the S. cerevisiae 
PDR5 locus. Five AD∆/YOL075C (1-5) and two AD∆/YOL075C-GFP (G1 and G2) 
were tested for correct integration of gene into PDR5 locus. PCR was carried out 
with “PDR5upstream/YOL075C-r1” (a) and “pURA3-2/PDR5downstream” (b) 
primer pair. Amplified DNA fragments were of expected size. All tested clones 
showed the correct integration of YOL075C and YOL075C-GFP at PDR5 locus. DNA 
sequences of primers are shown in Table 5-2 and Table 5-3. 

 

Table 5-3: primers used to create YOL075C constructs. 

Primer Sequence ( 5’ to 3’ ) Purpose 

YOL075C-PacI-for   
CCGCTCGTTCGAAAGACTTAATTAAAAA 
ATGTCACAGCAGGAGAATGGTGATG 

Cloning 

YOL075C-rev 
CCTTACCTTCCAATAATTCCAAAGAAT 
TTACCATTTTATCCACTCCAATTTTGC 

Cloning 

YOL075C-rev-GFP 
GTGAATAATTCTTCACCTTTAGACATC 
CATTTTATCCACTCCAATTTTGC 

Cloning 

Oligo-AscI GTTGGGCGCGCCCACACACATATATATAAGCC Cloning 

pAscI-2 
GCCGGCCGCACTAGACTTGGCGCGCCT 
ACCGTTCTTTTTAGGC 

Cloning 

pABC3-RA TTCTTTGGAATTATTGGAAGGTAAGG Cloning 

pABC3-RAGfp ATGTCTAAAGGTGAAGAATTATTCAC Cloning 

pdelete SfiI 
TTAATTAAGTCTTTCGAACGAGCGGATA 
CGAAAACTTAAAAGGG 

Cloning 

YOL075C-f1  TGTTCTTAGATGAGCCTACCACTGG Sequencing 

YOL075C-f2  AAGGACAACAACCGCATGTCTTTAC Sequencing 

YOL075C-f3 TTGTCTTACTTTGCTGGTCTGTGGG Sequencing 

YOL075C-f4 CATCTGACTGAGGCAGAACGAATGG Sequencing 

YOL075C-f5 TTGACTCTTTGATGGCGCGTATTGC Sequencing 

YOL075C-r1 GCCATTATTACGTGTTTCTGGATGG Sequencing 
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5.8.3 Strategy to create ABCG2 S2G, S2P or S2K mutants 

S. cerevisiae AD∆ strains harbouring GFP tagged or non-tagged ABCG2 S2G, ABCG2 

S2P or ABCG2 S2K were created as described below.  

 

 

Figure 5-9: PCR fragments to create ABCG2 S2G, S2P or S2K mutants. The 
diagram in top panel shows the position of primers on the transformation cassette 
harbouring ABCG2-GFP. LA, left arm; RA, Right arm. Lower panel shows an image of DNA 
fragments (obtained by PCR) separated by agarose gel (0.8 %) electrophoresis. All 
reactions were carried out using KOD hot start polymerase. The left arm (Lane 1) was 
amplified with “Pabc3 5’+706 Asc1 Forw” and “pdr5 Chi Rev” primers using plasmid 
pABC3-ABCG2 as template. The ABCG2 S2G (Lane 2), S2P (Lane 3)  and S2K (Lane 4)  right 
arm were amplified with “HsABCG2 Chi2 Forw/Pabc3 5’+5778 Asc1 Rev”, “HsABCG2 Chi3 
Forw/Pabc3 5’+5778 Asc1 Rev” and “HsABCG2 Chi4 Forw/Pabc3 5’+5778 Asc1 Rev” 
primer pairs, respectively, using plasmid pABC3-ABCG2 as DNA template. Right arm of C-
terminal GFP tagged mutants (same set of mutants, Lanes 6, 7 and 8) were amplified with 
the same primer pairs using plasmid pABC3-ABCG2-GFP as DNA template. DNA sequences 
of primers used for cloning are listed in Table 5-2. 
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5.8.3.1 Integration of ABCG2 S2G, S2P or S2K gene at the PDR5 locus in S. 

cerevisiae AD∆ 

 

Figure 5-10: Integration of ABCG2 S2G, S2P or S2K gene at the PDR5 locus in S. 
cerevisiae AD∆. DNA fragments amplified from non-tagged (a) and GFP-tagged 
(b) constructs are shown in top and bottom panels respectively. Three clones of 
each construct of were checked. Lanes 1, 2 and 3 are PCR fragments amplified from 
g-DNA of respective clones with “PDR5 upstream” and “HsABCG2 rev” primers; in 
all three clones the respective gene was correctly integrated at the N-terminal end 
of PDR5 locus. Lanes 4, 5 and 6 are PCR fragments amplified from g-DNA of 
respective clones with “pURA3-2” and “PDR5 downstream” primers; again in all 
three clones the respective gene was correctly integrated at the C-terminal end of 
PDR5 locus. 
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5.8.4 Strategy to create ABCG2 T362D constructs 

 

 

Figure 5-11: PCR fragments to create ABCG2 T362D mutant. The diagram in top 
panel shows the position of primers on the transformation cassette. LA, left arm; RA, Right 
arm. Lower panel shows an image of DNA fragments (obtained by PCR) separated by 
agarose gel (0.8%) electrophoresis. All reactions were carried out using KOD hot start 
polymerase. The left arm (Lane 1) was amplified with “Pabc3 5’+706 Asc1 Forw” and 
“HsABCG2 Chi5 Rev” primers using plasmid pABC3-ABCG2 as template. The right arms 
were amplified with “HsABCG2 Chi5 Forw and Pabc3 5’+5778 Asc1 Rev” primer using 
plasmid pABC3-ABCG2. LA (Lane 4) and RA (Lane 5) of ABCG2 T362D-GFP mutant was 
amplified with the same primer pairs using plasmid pABC3-ABCG2-GFP as DNA template. 
DNA sequences of primers used for cloning are shown in Table 5-2. 

5.8.4.1 Integration of ABCG2 T362D gene at the PDR5 locus in                              

S. cerevisiae AD∆ 

 

Figure 5-12: Integration of ABCG2 T362D gene at the PDR5 locus in                        
S. cerevisiae AD∆. Three clones of each construct were checked. DNA fragments were 
amplified using “PDR5 upstream” and “PDR5 downstream” primers show that ABCG2 
T362D is correctly integrated at PDR5 locus as we obtained DNA fragments of expected 
size. 1, 2 and 3 indicate the clone numbers. DNA sequences of primers used for cloning are 
listed in Table 5-2. 
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5.8.5 Strategy to create ABCG2 R482G constructs 

S. cerevisiae AD∆/ABCG2 R482G and AD∆/ABCG2 R482G-GFP constructs were 

created as described below. 

 

 

Figure 5-13: DNA fragments to create ABCG2 R482G constructs. Left arm (LA) 
was amplified using “Pabc3 5’+706 Asc1 Forw / G2 R482G Rev” primers. Right arm 
for non-tagged (RA) and GFP-tagged (GFP-RA) constructs were amplified from 
plasmid pABC3-ABCG2 and pABC3-ABCG2-GFP, respectively, with “G2 R482G forw 
/Pabc3 5’+5778 Asc1 Rev” primer pair. PCR amplified DNA fragments of expected 
size. DNA sequences of primers are shown in Table 5-2. 
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5.8.6 Strategy to create GFP-ABCG2 R482G construct 

S. cerevisiae AD∆/GFP-ABCG2 R482G construct was created as described below. 

 

 

 

 

Figure 5-14: DNA fragments to create GFP-ABCG2 R482G constructs. GFP-
ABCG2 R482G was created using three overlapping DNA fragments. Top panel 
illustrates position of primers on transformation cassette. PCR and agarose gel 
electrophoresis was performed as described in (section 2.3.1 and 2.4). Lower panel 
shows an image of DNA fragments (obtained by PCR) separated by agarose gel 
(0.8%) electrophoresis. The left arm (LA) containing PDR5 upstream region, the 
GFP and 15 amino acid random Gly-Ala linker was amplified from genomic DNA of 
AD∆/GFP-ABCB1 using “Pabc3 5’+706 Asc1 Forw/pABC3-NL-GFP-R” primers. The 
middle (MA) and right arm (RA) were amplified from pABC3-ABCG2 plasmid using 
“pABC3-ABCG2-NL-GFP-F/HsABCG2 Rev1” and “HsABCG2 suj f3/Pabc3 5’+5778 
Asc1 Rev” primer pairs, respectively. LA and MA had ~25 bp overlapping region. 
MA and RA had ~240 bp overlapping region. PCR amplified DNA fragments are of 
expected sizes. 
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5.8.7 Integration of ABCG2 R482G and ABCG2 R482G-GFP and GFP-ABCG2 

R482G gene at the PDR5 locus in S. cerevisiae AD∆ 

 

Figure 5-15: Integration of ABCG2 R482G and ABCG2 R482G -GFP gene at the 
PDR5 locus in S. cerevisiae AD∆. DNA fragments were amplified as described in 
Figure 5-6. The PCR amplification of DNA fragment of expected sizes indicate that 
ABCG2 R482G (Lane 1-5) and ABCG2 R482G–GFP (Lane 6-10) are integrated 
correctly at the expected 5’ (A) and 3’ (B) locations at the PDR5 locus. Similarly, 5 
clones of GFP-ABCG2 R482G were tested (C). All tested clones had the gene 
correctly integrated at 5’ (1-5, panel C) and 3’ (6-10, panel C) locations of the PDR5 
locus. The higher molecular size of DNA fragments 1-5 (panel C) shows that GFP-
ABCG2 R482G clones have GFP integrated at N-terminal end of the ABCG2 open 
reading frame (G, panel C used as +ve control,). Reagent control (RC) showed that 
PCR reagents were not contaminated. 
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5.8.8 Creation of HEM1 knock out S.cerevisiae AD∆ host strain (AD∆H∆) 

The Ura3 blaster cassette to knock out HEM1 was generated in three steps 

i) Amplification of upstream and downstream regions of HEM1 gene 

The 514 bp upstream of start codon and 540 bp downstream of stop codon of 

HEM1 gene was amplified from g-DNA of S. cerevisiae AD∆. The 514 bp upstream 

fragment (F1, Figure 5-16) was amplified using ‘Hem1 Us2 F’/‘Hem1 overhang R’ 

primers. The 540 bp downstream fragment (F3, Figure 5-16) was amplified using 

‘Hem1 overhang F’/‘Hem1 Ds2 R’ primer pair. Both upstream and downstream 

fragments were gel purified and stored at -20°C until used. 

 

 

 

Figure 5-16: DNA fragments to knockout HEM1 in S. cerevisiae AD∆. Top panel 
illustrates the strategy (described below) and position of primers designed for PCR 
amplification of DNA fragments. Lower panels shows an image of DNA fragments 
(obtained by PCR) separated by agarose gel (0.8%) electrophoresis. PCR was 
carried out using KOD hot start DNA polymerase kit. PCR amplified DNA fragments 
of expected sizes. 
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ii) Amplification of Ura3 blaster cassette 

The Ura3 blaster cassette was amplified from pDDB57 plasmid to two fragments. 

The 972 bp fragment (F2a, Figure 5-16) containing 28 bp overlapping region 

upstream of HEM1 start codon and 944 bp of Ura3 blaster was amplified using 

‘Hem1 URA3 F’/‘Ca URA3 ORF 305 R’ primers. The 1283 bp fragment (F2b, Figure 

5-16) containing 26 bp overlapping region downstream of HEM1 stop codon and 

1257 bp of Ura3 blaster was amplified using ‘pDDB57 ura 5’-266 F’/‘Hem1 URA3 

R’ primers. Fragments ‘F2a’ and ‘F2b’ were gel purified and stored at -20°C until 

used. 

iii) Ligation of fragments by recombination PCR 

The left arm (LA, Figure 5-16) was amplified by recombining fragments ‘F1’ and 

‘F2a’containing 28 bp overlapping region using ‘Hem1 Us2 F’/‘Ca URA3 ORF 305 R’ 

primers. The right arm (RA, Figure 5-16) was amplified by recombining fragments 

‘F2b’ and ‘F3’containing 26 bp overlapping region using ‘pDDB57 ura 5’-266 

F’/‘Hem1 Ds2 R’ primers. The left and right arm have 596 bp overlapping region. 

Recombined fragments were gel purified and stored at -20°C until used. 

5.8.8.1 Integration of Ura3 blaster at the HEM1 locus in S. cerevisiae AD∆ host 

strain 

The LA and RA were transformed into S. cerevisiae AD∆ as described in section 2.8. 

HEM1 knockout disrupts heme and ergosterol biosynthesis in S. cerevisiae AD∆. 

Therefore, cells transformed with Ura3 blaster cassette were plated on CSM-ura 

agar supplemented with ergosterol (20 g/ml) and Tween-80 (5 mg/ml) [CSM-ura 

ET] for clone selection. Fifteen clones were tested (by PCR) for correct integration 

of Ura3 blaster at the HEM1 locus in S. cerevisiae AD∆ host strain. Out of fifteen 

clones only five showed correct Integration (Figure 5-17). PCR reactions were 

performed as described in section 2.3.1 using g-DNA as template (isolated from 

each clone). PCR amplification of DNA fragments of expected size with ‘Hem1 Us1 

F’/‘Ca URA3 ORF 305 R’ (A, Figure 5-17) and ‘pDDB57 ura 5’-266 F’/‘Hem1 Ds1 R’ 

(B, Figure 5-17) primer pairs showed the correct integration of Ura3 blaster at the 

N-terminal and C-terminal ends, respectively, of HEM1 locus in S. cerevisiae AD∆. 

Since, in both primer pairs, one primer was designed upstream of HEM1 and the 

other was on the URA3 gene of Ura3 blaster cassette, amplification of correct size 
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DNA fragment confirms that, Ura3 blaster cassette is indeed integrated at the 

HEM1 locus in  S. cerevisiae AD∆. DNA fragment amplified with ‘Hem1 Us1 

F’/‘Hem1 Ds1 R’ shows that full-length Ura3 blaster cassette has replaced HEM1 

gene in each tested clone (C, Figure 5-17). Similarly, DNA fragment amplified from 

S. cerevisiae AD∆ g-DNA with ‘Hem1 Us1 F’/‘Hem1 Ds1 R’ shows the presence of 

HEM1 gene in S. cerevisiae AD∆ null strain that does not harbour a Ura3 blaster 

cassette (P1, panel C, Figure 5-17). DNA fragment amplified with ‘pDDB57 ura 5’-

266 F’/‘Ca URA3 ORF 305 R’ primer pair using pDDB57 as template shows the 

presence of URA3 gene (P2, C, Figure 5-17). P1 and P2 also show that all four 

primers used for this experiment are working perfectly. However, significant 

amount of primer dimers are also observed in all reactions. 

 

Figure 5-17: Integration of Ura3 blaster at the HEM1 locus in S. cerevisiae 
AD∆ host strain. 6, 10, 11, 12, and 13 represent clone number. P1 and P2 are 
positive controls. Reagent control (BL) demonstrates that PCR reagents were not 
contaminated. For description of figure see section 5.8.8.1.  
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Table 5-4: Primers used to delete HEM1 in S. cerevisiae AD∆ 

Primer Name Sequence 

Hem1 Us2 F 5’ TACGCACTGCTGTGGACTTCACTAC 3’ 

Hem1 overhang R 5’ACTGAAAAAAAAACCTAAGTACTGTTAT 3’ 

Hem1 overhang F 5’AACAACCAATATATGCATGGGCTGAG 3’ 

Hem1 Ds2 R 5’ TCCATTGGAACCAGAGTCTAAGGCT 3’ 

Hem1 URA3 F 5’ATAACAGTACTTAGGTTTTTTTTTCAGTCACTATAGG

GCGAATTGGGGAGCTC 3’ 

Ca URA3 ORF 305 R 5’GTATTACCAATATCAGCAAATTTTCT 3’ 

pDDB57 ura 5’-266 F 5’GTTGAAAGTTGCTGTAGTGCCATTG 3’ 

Hem1 URA3 R 5’CTCAGCCCATGCATATATTGGTTGTTGGTCGACGGTA

TCGATAAGCTTCAT 3’ 

 

Table 5-5: S. cerevisiae strain used to delete HEM1 gene 

Organism and 
strain 

Genotype Function 
Selectable 
marker 

S. cerevisiae AD∆  

MATα PRD1-3 Δura3 his1 
Δyor1::hisG Δsnq2::hisG 
Δpdr3::hisG Δpdr5::hisG 
Δpdr10::hisG Δpdr11::hisG 
Δycf1::hisGΔpdr15::hisG  

Expression 
host 

Ura3 
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5.8.8.2 Recovery of Ura– revertants 

Ura– revertants of clones harbouring Ura3 blaster cassette were recovered by 

counter selecting on CSM ET agar medium containing 0.25 mg/ml, 0.5 mg/ml or 

0.75 mg/ml 5-Fluoroorotic acid (5-FOA).   

 

Figure 5-18: Recovery of Ura– revertants on CSM ET containing 5-FOA. CSM ET 
agar plates containing three different concentrations of 5-FOA was prepared as 
described in (appendix A.1.10). Each selected colony (clone 6, Figure 5-17) was 
resuspended in 75 l CSM and 25 l (each) was plated on CSM ET agar plates 
containing 0.25, 0.5 or 0.75 mg/ml 5-FOA and incubated at 30°C for 4-5 days. Clone 
10 and 11 (Figure 5-17) were processed similarly (data not shown). As shown in 
the picture, lot of background colonies appeared on plate containing 0.25 mg/ml 5-
FOA. On the other hand 0.75 mg/ml 5-FOA was too toxic, hence colonies did not 
appear. However, 0.5 mg/ml 5-FOA was optimal for selection as considerable 
number (five) of colonies appeared without any background colonies, as seen on 
plates containing 0.25 mg/ml 5-FOA. Black arrow, points to one of the Ura– 
revertant colony. The revertants were slow growers (4-5 days) and colony colour 
was white. These phenotypes indicate that cells have deficient mitochondrial 
activity that is consistent with the loss of HEM1. The loss of HEM1 was further 
confirmed by PCR (Figure 5-19). 
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5.8.8.3 Confirmation of HEM1 knockout in Ura– revertants 

 

Figure 5-19: Confirmation of HEM1 deletion in Ura– revertants. Ten clones from 3 lineages (Figure 5-17) were tested for the loss of HEM1 
and URA3 genes in S. cerevisiae AD∆. Loss of these genes was tested by PCR (left panel) and growth phenotype on selective media (right panel). H1, 
H2-H6 and H7-H10 were from the lineage of clone 10, 6 and 11, respectively (Figure 5-17). PCR reactions were performed as described in section 
5.8.8.1 with same set of primers. Out of 10 tested clones only six (H3 to H8) showed loss of both HEM1 (left panel C) and URA3 (left panel A & B) 
genes. As one of the primers in each primer pair (described in section 5.8.8.1) was designed on the URA3 gene harboured in the blaster cassette, lack 
of DNA fragment amplification confirms the loss of URA3 gene (H3 to H8, A & B). On the other hand if URA3 gene is not lost (H1, H2, H9 & H10), it will 
amplify a DNA fragment of 1544 (at N-terminal end, A) or 1875 bp (at C-terminal end, B). In addition, reduction in molecular size of amplified DNA 
fragments (H3 to H8) as compared to other clones (H1, H2, H9 & H10) or S. cerevisiae AD∆ (P1, which has HEM1), confirms the loss of HEM1 gene and 
successful recycling of URA3 gene. Furthermore, loss of URA3 gene was confirmed as clones H3 to H8 did not grow on selective medium CSM-Ura ET 
(E) as compared to CSM ET (D). False positive clones showed growth on both media (H1, H2, H9 & H10). All subsequent experiments were carried 
out using H6 which represents the host strain AD∆H∆.   
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5.8.8.4 Strategy used to clone ABCG2 constructs in S. cerevisiae AD∆H∆ 

ABCG2, ABCG2-GFP, ABCG2 R482G and GFP-ABCG2 R482G constructs were 

created as described in sections 3.6.1, 5.8.5 and 5.8.6, respectively. All constructs 

were transformed into S. cerevisiae AD∆H∆ as described in section 2.8.2. However, 

CSM-ura ET agar was used for clone selection, instead of CSM-ura.  Integration of 

respective construct at the PDR5 locus was tested as described in sections 5.8.7 

and Figure 5-20. 

 

 

Figure 5-20: Integration of ABCG2, ABCG2-GFP, ABCG2 R482G and GFP-ABCG2 
R482G gene at the PDR5 locus in S. cerevisiae AD∆H∆. DNA fragments were 
amplified as described in section 2.9. Amplification of DNA fragment of expected 
sizes indicate that ABCG2–GFP (panel A, clones tested-6), ABCG2 (panel B, clones 
tested-4), ABCG2 R482G (panel C, clones tested-5) and GFP-ABCG2 R482G (panel D, 
clones tested-5) are correctly integrated at N- (lanes 1-6 in panel  A;  lanes 1-4 in 
panel  B; 1-5 in panel C and D) and C-terminal (lanes 1c-6c in panel A; lanes 1c-4c 
in panel B; lanes 1c-5c in panel C and D) ends at the PDR5 locus S. cerevisiae 
AD∆H∆. Reagent control (RC) shows that PCR reagents were not contaminated. 
G2n and G2c are N- and C-terminal fragments amplified from AD∆/ABCG2 genomic 
DNA with the respective primer set indicate that N- and C-terminal integration of 
ABCG2 constructs in AD∆H∆ is similar to AD∆. The higher molecular size of DNA 
fragments (lane 1-5; panel D) shows that GFP-ABCG2 R482G clones have GFP 
integrated at N-terminal end compared to non-tagged ABCG2. Except clone 5 of 
GFP-ABCG2 R482G (D) all other tested clones were positive. 
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5.9 Results 

5.9.1 Localisation of Yol075Cp and ABCG2 constructs overexpressed in S. 

cerevisiae AD∆ 

The localisation of proteins overexpressed in S. cerevisiae AD∆ (Figure 5-21 and 

Figure 5-22) were analysed by confocal microscopy as described in section 2.19. 

Localisation of YOL075C-GFP (a-c), PDR5104-ABCG2-GFP (g-i), ABCG2 S2P-GFP 

(m-o), ABCG2 S2G-GFP (p-r), ABCG2 S2K-GFP (s-u) and ABCG2 T362D-GFP (v-x) 

were analyzed. In all of these constructs GFP was tagged to the C-terminal end of 

ABCG2. S. cerevisiae strain AD∆/CaCdr1-GFP (e and f) was used as positive control 

as overexpressed CaCdr1-GFP is predominantly localised to the plasma membrane. 

The null host strain AD∆ (a-c) was used as negative control.  

As shown in Figure 5-21 and Figure 5-22, all strains appeared to have normal cell 

morphology when observed using Nomarski optics (panels a, d, g, j, m, p, s and v).  

GFP channel images of AD∆/YOL75C-GFP cells (Figure 5-21; g, h and i) showed 

that overexpressed GFP fusion protein was localised inside cells at a site that was 

identical or very similar to ABCG2-GFP mutant constructs (Figure 5-21; m to x). 

 PDR5104-ABCG2-GFP (Figure 5-21; j, k and l) overexpressed in S. cerevisiae 

AD∆was also mislocalised. Similarly, ABCG2 S2P-GFP (Figure 5-21; m, n and o), 

ABCG2 S2G-GFP (p, q and r), ABCG2 S2K-GFP (s, t and u) and ABCG2 T362D-GFP 

(v, w and x) constructs were also mislocalised.  

ABCG2 R482G-GFP (Figure 5-22, g-i) and GFP-ABCG2 R482G (Figure 5-22, j-l) 

overexpressed in AD∆ were mislocalised too. 

In all tested strains, the overexpressed GFP-tagged protein was predominantly 

detected at a single site in each cell (b, e, h, k, n, q, t and w). Superimposition of the 

Nomarski and GFP channel images (c, f, i, l, o, r, u and x) showed that the site is 

intracellular. This suggests that all tested protein constructs overexpressed in AD∆ 

are mislocalised as compared to CaCdr1-GFP (e and f) which is localised to the 

plasma membrane.  
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Figure 5-21: Confocal microscopy images of S. cerevisiae AD∆ overexpressing 
various genes. S. cerevisiae AD∆ strains harbouring a GFP-tagged CaCDR1, 
YOL075C and ABCG2 constructs expressed from the PDR5 locus are annotated in 
the figure with standard nomenclature. In all strains tested, the GFP was tagged at 
the C-terminus of the overexpressing protein. Left panels (a, d, g, j, m, p, s and v) 
show Nomarski images. Middle panels (b, e, h, k, n, q, t and w) show images 
observed in the GFP channel. Right panels (c, f, i, l, o, r, u and x) show 
superimposed Nomarski and GFP images. For description of figure refer to section 
5.9.1.  

 

 



Page | 170  
 

Figure 5-21 continued....... 
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Figure 5-22: Confocal microscopy images of S. cerevisiae AD∆ overexpressing 
GFP-ABCG2 R482G or ABCG2 R482G-GFP. For annotation description refer 
section 5.9.1. The position of GFP in nomenclature indicates that GFP is tagged to 
N- or C-terminal end of ABCG2 R482G construct.  
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5.9.2 Optimisation growth conditions for S. cerevisiae AD∆H∆ 

Optimal media and concentration of cholesterol required for S. cerevisiae 

AD∆H∆growth were identified as described in Figure 5-23. Although viable S. 

cerevisiae AD∆H∆ cells could be maintained on either YCT agar (containing 20 

g/ml cholesterol) or YET agar, it was extremely difficult to reproducibly obtain 

overnight precultures using YCT or YET. This problem was overcome by 

maintaining cultures on YPD agar containing 50 g/ml δ-Ala before using for 

overnight precultures in YPD or YCT (or other media containing cholesterol or 

ergosterol with tween-80). This approach was based on the obeservation that S. 

cerevisiae pregrown in a 5-aminolevulinic acid containing medium can grow on 

glucose or galactose medium in the absence of heme for about 13 generations 

(Schmalix, Oechsner et al. 1986). We therefore think that the accumulation of δ-Ala 

enables S. cerevisiae AD∆H∆ to grow normally in YPD, as shown in Figure 5-23 A.  

S. cerevisiae AD∆H∆ cells supplemented with cholesterol showed higher growth 

rate than cells grown on YPD alone or YPDT (Figure 5-23 A). Supplementation of 

YPD medium with 1, 5 and/or 10 g/ml cholesterol gave about 2-, 4- and 5-fold 

increase in growth rate, respectively, compared with YPD medium. Higher levels of 

cholesterol supplementation did not increase the growth rate significantly. Also, It 

was found that supplementation with 20 g/ml ergosterol or 10 g/ml cholesterol 

gave comparable growth rates (Figure 5-23 A). Comparison of cell growth rates in 

YCT, CSM CT and CSM CT adjusted to pH-7 media, all containing 20 g/ml 

cholesterol,  showed that CSM and pH adjusted CSM media reduced growth rates 

by 2- and 4-fold. There was even more dramatic reductions in growth yield 

compared with YCT (Figure 5-23, B). These experiments show that auxotropic 

strain S. cerevisiae AD∆H∆ can grow with high rates and good yields in YCT 

containing excess (20 g/ml) cholesterol. All subsequent experiments were 

performed using YCT medium containing 20 g/ml cholesterol. This is also 

because the amount of cholesterol present in plasma membrane of this auxotropic 

strain is not estimated either biochemically or biophysically.  YCT refers to YPD 

medium containing 20 g/ml cholesterol and 5 mg/ml tween-80.  
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Figure 5-23: Growth curve of S. cerevisiae AD∆H∆. Cells from a single colony of 

AD∆H∆ maintained on YPD agar containing 50 g/ml δ-Ala were inoculated into 5 ml YPD, YPD 
with 5 mg/ml tween-80 (YPDT), YPD with 20 g/ml ergosterol and 5 mg/ml tween-80 (YET) and 
YPD with 1 mg/ml cholesterol (YCT) and grown overnight at 30°C. Samples of the overnight 
cultures were resuspended in 25 ml of the indicated media at an OD600nm = 0.125 or less and growth 
was contimued at 30°C with vigorous shaking (200 rpm) for 24-48 hrs. A, effects of medium 
composition on growth rates. The optical density of cultures was monitored every 2 hrs in YPD, 
YPDT, YET and YCT (YPD containing 5 mg/ml tween-80 and the indicated concentrations of 
cholesterol). B, Comparison of cell growth in complex and synthetic media. Cell growth was 
monitored every 2 hrs for 24 hrs and at 48hrs. YCT, CSM CT and CSM CT pH 7 are YPD, CSM and 
CSM pH 7, respectively, containing cholesterol (20 g/ml) and tween-80 (5mg/ml).  
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5.9.2.1 Comparison of cell growth of S. cerevisiae AD∆H∆ harbouring ABCG2 

constructs  

The growth of S. cerevisiae AD∆H∆ harbouring ABCG2, ABCG2-GFP, ABCG2 R482G 

and GFP-ABCG2 R482G was monitored as described in Figure 5-24. The figure 

shows AD∆H∆, AD∆H∆/ABCG2-GFP and AD∆H∆/ABCG2 R482G had similar growth 

rates and yields. On the other hand, growth rates of AD∆H∆/ABCG2, AD∆H∆/GFP-

ABCG2 R482G were lower than other strains tested but gave an equivalent level of 

growth after about 26 hrs. This demonstrates that all tested strains can grow 

auxotropically in presence of cholesterol and tween-80, but with characteristic 

growth rate.  

 

Figure 5-24: Growth of S. cerevisiae AD∆H∆ harbouring various ABCG2 
constructs. The experiment was performed in YCT medium (YPD containing 20 
g/ml cholesterol and 5 mg/ml tween-80) as described in Figure 5-23.  
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5.9.3 Localisation of ABCG2-GFP and GFP-ABCG2 R482G in S.cerevisiae 

AD∆H∆ 

The localisation of ABCG2-GFP and GFP-ABCG2 R482G in S. cerevisiae AD∆H∆ was 

analysed by confocal microscopy as described in section 2.19. The cells were 

cultured in YCT instead of the YPD used for the AD∆. As shown in Figure 5-25, all 

strains appeared to have normal cell morphology when observed using Nomarski 

optics. The fluorescence signals observed in strains AD∆/CaCdr1-GFP (e), AD∆H∆/ 

ABCG2-GFP (h) and in AD∆H∆/ GFP-ABCG2 R482G (k) compared to the lack of a 

signal in the null strain AD∆(b) shows that fluorescent signal resulted from 

overexpression of CaCdr1-GFP, ABCG2-GFP and GFP-ABCG2 R482G, respectively. 

Although, western blot experiments were not performed for these constructs; it is 

certain that GFP is not removed from overexpressing protein by proteolysis (based 

on the results from chapter 3).  The overexpression of ABCG2-GFP (Figure 5-25, h) 

and GFP-ABCG2 R482G (Figure 5-25, k) in S. cerevisiae AD∆H∆ looked single 

concentrations of green fluoresecence when observed under GFP channel that did 

not appear to be localised to the plasma membrane. Superimposition of Nomarski 

and GFP images confirmed that the ABCG2-GFP (Figure 5-25, i) and GFP-ABCG2 

R482G (Figure 5-25, l) signals are localised inside the cell as compared to CaCdr1-

GFP (Figure 5-25, e and f) which is correctly localised to the plasma membrane.  

These results indicate that the presence of cholesterol may not influence the 

localisation of ABCG2 in S. cerevisiae AD∆H∆ cells. In addition, the intracellular 

localisation of GFP-tagged ABCG2 was unaffected by N- or C-terminal attachment 

of the tag. 
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Figure 5-25: Confocal microscopy of S. cerevisiae AD∆H∆ overexpressing 
ABCG2-GFP or GFP-ABCG2 R482G. Strains overexpressing Cdr1p and ABCG2 
constructs are indicated with standard nomenclature. Left panels (a, d, g and j) 
show Nomarski images. Middle panels (b, e, h and k) show images observed using 
the GFP channel. Right panels (c, f, i, and l) show superimposed Nomarski and GFP 
images. 

 

 



Page | 177  
 

5.9.4 Drug efflux activity measured using the MIC assay  

The MIC of daunorubicin, etoposide and R6G for all strains listed in Table 5-6 were 

determined as described in section 2.11.2. For the S. cerevisiae AD∆H∆ strains CSM 

CT medium was used instead of CSM pH 7. As growth rates were modest even in 

CSM CT (Figure 5-23), final cell growth was measured after 72 hrs. A reduced 

availability of oxygen in 96 well plates during incubation may be partly 

responsible for the slow growth rate. The graphs generated by MIC assays are 

shown in Figure 5-26. The concentration range of drugs used in the MIC assay was 

chosen based on MIC of these drugs for AD∆/ABCB1 (unpublished data). The MICs 

for all tested S. cerevisiae strains are listed in Table 5-6. 

The potency and inhibition profile differed for each drug (Figure 5-26).  The MICs 

of daunorubicin and etoposide for S. cerevisiae AD∆ were 8 and 32 g/ml, 

respectively (Figure 5-26, Table 0-6). On the other hand, MICs of daunorubicin and 

etoposide for S. cerevisiae AD∆H∆ (Figure 5-26, F) were 16 and 8 g/ml, 

respectively. Depending on the ABCG2 construct harboured in S. cerevisiae AD∆ or 

AD∆H∆ MICs of Rhodamine 6G varied between 0.5 and 4 g/ml (Figure 5-26 and 

Table 5-6). 

Apart from two exceptions, MICs of the drug tested with ABCG2-expressing strains 

were same as those for the parental strain AD∆ or AD∆H∆ (Table 5-6 and Figure 

5-26). This suggests that the overexpressed ABCG2 constructs in strains 

S.cerevisiae AD∆ or AD∆H∆ are not functional. 

There were two minor descrepencies in the MIC data. First, AD∆/YOL075C 

appeared twice as resistant to rhodamine 6G than AD∆. Although, AD∆/YOL075C 

showed increased resistance to rhodamine 6G, the same was not reflected in 

agarose drug diffusion assay or in MIC assays of the AD∆/YOL075C-GFP construct. 

The second possible discrepency was that AD∆H∆/ABCG2 appeared twice as 

sensitive to daunorubicin and rhodamine 6G than AD∆H∆. Further experiments 

are needed to eliminate the possibility of an artefact.  
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Figure 5-26: MICs of drugs for S. cerevisiae AD∆ and S. cerevisiae AD∆H∆. MIC of daunorubicin, etoposide and R6G was measured for 
the S. cerevisiae AD∆ and S. cerevisiae AD∆H∆ strains as described in section 5.9.4. Strains overexpressing a specific gene are indicated by 
standard nomenclature beside each graph. The results of these assays are summarized in Table 5-6.  



Page | 179  
 

 

 

Figure 5-26 Continued  
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Table 5-6: MICs of drugs for S. cerevisiae AD∆ and S. cerevisiae AD∆H∆ 

Strains 
MIC (g/ml) of 

DAU ETOP R6G 

AD∆ 8 32 0.5 to 4 

AD∆/PDR5104-ABCG2 S S S 

AD∆/PDR5104-ABCG2-6xHis S S S 

AD∆/PDR5104-ABCG2-GFP S S S 

AD∆/YOL075C S S +? 

AD∆/YOL075C-GFP S S S 

AD∆/ABCG2 S2P S S S 

AD∆/ABCG2 S2P-GFP S S S 

AD∆/ABCG2 S2G S S S 

AD∆/ABCG2 S2G-GFP S S S 

AD∆/ABCG2 S2K S S S 

AD∆/ABCG2 S2K-GFP S S S 

AD∆/ABCG2 T362D S S S 

AD∆/ABCG2 T362D-GFP S S S 

AD∆/ABCG2 R482G S S S 

AD∆/ABCG2 R482G-GFP S S S 

AD∆/GFP-ABCG2 R482G S S S 

AD∆H∆ 16 8 0.5 

AD∆H∆/ABCG2  8 S 0.25 

AD∆H∆/ABCG2-GFP S S S 

AD∆H∆/ABCG2 R482G S S S 

AD∆H∆/GFP-ABCG2 R482G S S S 

DAU, Daunorubicin; R6G, Rhodamine 6G; ETOP, Etoposide; S, MIC same as AD∆ or AD∆H∆; +?, 

increased MIC but questionable. For description of results in the above table refer to section 5.9.4.  
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5.9.5 Drug efflux activity measurement by agarose drug diffusion assay 

Agarose drug diffusion assays were conducted as described in section 2.11.1. S. 

cerevisiae strains were tested for their ability to efflux 14 different drugs (Table 

5-7). The localisation of functional ABCG2 in the plasma membrane should confer 

resistance to xenobiotic substrates of ABCG2. The size of inhibition zones 

surrounding strains expressing a functional ABCG2 construct should be smaller 

than those of the control host strain. 

 As shown in Figure 5-27 the three tested strains (column 2-4) showed inhibition 

zones for all 14 drugs tested that were identical to those of AD∆ null strain (Figure 

5-27, column 1). All other  strains tested (Table 5-7) showed inhibition zones as of 

AD∆ null strain. These data suggested that expressed ABCG2 protein constructs are 

not functional or the drug resistance phenotype was insufficiuent to be detectable. 

Based on protein localisation observed by confocal microscopy experiments and 

the lack of efflux activity in MIC assay; agarose diffusion assay for some of the 

constructs were not carried out as they are likely to be non-functional. 
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Figure 5-27: Drug efflux activity measured by agarose diffusion assay. The 
figure shows the susceptibility of S. cerevisiae AD∆, AD∆/PDR5104-ABCG2, AD∆/ 
PDR5104-ABCG2-6xHis and AD∆/PDR5104-ABCG2-GFP to 14 putative xenobiotic 
substrates of ABCG2 tested using the agarose drug diffusion assay. The amount of 
drug added to each disc is indicated under the name of each drug. The comparable 
size of the inhibition zones in strains expressing ABCG2 and the null strain AD∆ 
indicated the absence of a detectable phenotype due to ABCG2 overexpression.
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Continued Figure 5-27....... 
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Table 5-7: List of strains tested by agarose drug diffusion assay 

Strains 

 

Putative ABCG2 substrates 

DAU DOX R6G R123 G418 VRP CHX TFP MCF ITZ MCZ  VCZ KTZ FLZ 

AD∆/PDR5104-ABCG2 S S S S S S S S S S S S S S 

AD∆/PDR5104-ABCG2-6xHis S S S S S S S S S S S S S S 

AD∆/PDR5104-ABCG2-GFP S S S S S S S S S S S S S S 

AD∆/YOL075C S S S S S S S S S S S S S S 

AD∆/Y0L075C-GFP S S S S S S S S S S S S S S 

AD∆/ABCG2 S2P S S S S S S S S S S S S S S 

AD∆/ABCG2 S2P-GFP S S S S S S S S S S S S S S 

AD∆/ABCG2 S2G S S S S S S S S S S S S S S 

AD∆/ABCG2 S2G-GFP S S S S S S S S S S S S S S 

AD∆/ABCG2 S2K S S S S S S S S S S S S S S 

AD∆/ABCG2 S2K-GFP S S S S S S S S S S S S S S 

AD∆/ABCG2 T362D S S S S S S S S S S S S S S 

AD∆/ABCG2 T362D-GFP S S S S S S S S S S S S S S 

S, inhibition zones same as AD∆ as shown in Figure 5-27. DAU, daunorubicin; DOX, doxorubicin; R6G, rhodamine 6G; R123, rhodamine 

123; VRP, verapamil; CHX, cycloheximide; TFP, trifluoperazine; MCF, micafungin; ITZ, itraconazole; MCZ, miconazole; VCZ, voriconazole; 

KTZ, ketoconazole; FLZ, fluconazole.  
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5.10 Discussion  

5.10.1  Replacing putative N-degrons with stabilising amino acids or 

attaching 104 N-terminal amino acids of Pdr5p to N-terminus of ABCG2 does 

not change localisation of ABCG2 in S. cerevisiae 

ABCG2 harbours a putative N-terminal degron as it contains Ser at position 2 in its 

primary sequence. Recognition of Ser2 by E3 ligases could lead to rapid 

degradation of ABCG2. We attempted to prevent premature degradation of ABCG2 

by replacing Ser2 with stabilising amino acids Gly, Pro or Lys as described in 

section 5.8.3. ABCG2 protein chimeras containing 104 N-terminal amino acids of 

Pdr5p fused to N-terminus of ABCG2 (PDR5104-ABCG2) was created as described 

in section 5.8.1. Both non-tagged and GFP-tagged versions of all constructs were 

created. In addition, a PDR5104-ABCG2-6xHis construct was created. The 

expression and localisation of all these constructs in S. cerevisiae AD∆ were 

evaluated by confocal microscopy. The functional activity was tested by MIC assay 

or agarose drug diffusion assay. 

These data suggest that replacing putative N-degrons with stabilising amino acids 

or attaching 104 N-terminal amino acids of Pdr5p as a localisation signal to ABCG2 

does not change localisation of ABCG2 in S.cerevisiae. It is possible that the drug 

resistant phenotype indicative of ABCG2 function could not be detected in S. 

cerevisiae AD∆ as these overexpressed proteins were mislocalised.  

Although, the introduction of stabilising amino acids at the second position of 

proteins have been shown to prevent protein degradation, there is no direct 

evidence to suggest that these modifications affect in targeting protein to the 

plasma membrane. Moreover, the effect of the stabilising amino acids were 

determined in studies conducted using cytosolic proteins in S. cerevisiae (Hwang, 

Shemorry et al. 2010). It is possible that the principles applicable to soluble 

proteins may not hold true for membrane proteins. On the other hand, recent 

evidence suggests that proteins localised to the plasma membrane may possess 

signals in their N-terminal sequence (Licausi, Kosmacz et al. 2011; Sasidharan and 

Mustroph 2011).  
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Licausi, Kosmacz et al. have demonstrated that N-terminal sequence of Arabidopsis 

thaliana RAP2.12, an ethylene response factor (ERF)-transcription factor, is 

required for its plasma membrane localisation. RAP2.12-GFP localizes to the 

plasma membrane under aerobic conditions but accumulates in the nucleus during 

hypoxia. The nuclear RAP2.12-GFP signal disappears within an hour of 

oxygenation. The deletion of conserved N-terminal amino acid residues in RAP2.12 

(Δ13 RAP2.12-GFP) resulted in expression of the protein in both the plasma 

membrane and the nucleus under aerobic conditions. However, under hypoxia the 

modified protein accumulated only in the nucleus and remained there even after 

re-oxygenation. Thus, manipulation of the conserved N-terminus of RAP2.12 may 

affect the oxygen-dependent subcellular localisation of the transcription factor. 

The same study showed that interacting protein partners ACBP1 or ACBP2, which 

localize to plasma membrane, were necessary for plasma membrane localisation of 

RAP2.12. 

Although such studies might indicate that N-terminal signals are important for 

plasma membrane localisation of some proteins, such signals have yet to be 

identified in ABCG2. Furthermore, a requirement for interacting partner proteins 

was emphasized in the above study. Since, we are expressing human ABCG2 in a 

heterologous host, it is possible that S. cerevisiae lacks the interacting protein 

partners required for plasma membrane localisation in mammalian systems.   

5.10.2 YOL075C overexpressed in S. cerevisiae AD∆ was non-functional 

The overexpression of putative ABC transporter Yol075Cp in S. cerevisiae AD∆ was 

predicted to reveal information associated with mislocalisation of ABCG2 (section 

1.2). Since the predicted topology and domain conservation of Yol075Cp and 

ABCG2 are very similar, an understanding of expression and localisation of 

Yol075Cp might help to overcome the aberrant localisation of ABCG2 in yeast. 

Therefore, expression and localisation of Yol075Cp and Yol075Cp-GFP were 

therefore evaluated in S. cerevisiae AD∆.  

Results suggest that Yol075C and Yol075C-GFP overexpressed in S. cerevisiae 

AD∆are non-functional probably because they are mislocalised. It should be noted 

that S. cerevisiae AD∆has an endogenous copy of Yol075C that may be stimulated 
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via a hitherto unknown physiological condition. A function has yet to be ascribed 

to Yol075Cp so it might well have a role different from protection against toxic 

drugs. For example a latest report has shown that Yol075C-GFP, similar to this 

study, can be expressed in S.cerevisiae (Sasser, Lawrence et al. 2013). Confocal 

microscopy images, however, have shown that the protein is not localised to the 

plasma membrane; instead it is seen inside cell and is spread across the cell. In 

addition, the same study has shown that deleting YOL075C does not have any 

defects in vacuole fusion. This suggests that Yol075Cp, as suggested in many data 

bases, may not be localised to vacuole or is not directly involved in vacuolar 

functions. The experiments presented in this chapter provide one of the early 

example in which the expression of a Yol075C-GFP construct has been visualised. 

While a solution to the aberrant localisation of ABCG2 could not be derived from 

that experiment, the ability to express YoL075Cp in yeast may provide an 

important tool that will enable determination of its function. 

5.10.3 Mimicking a phosphorylated form of ABCG2 does not enable 

localisation to the plasma membrane.  

Pim-1 is up-regulated in ABCG2 expressing cancer cell lines (Xie, Xu et al. 2008). 

Knockdown of Pim-1L expression in drug-resistant prostate cancer cells abolish 

multimer formation of endogenous ABCG2 and resensitises resistant cells to 

chemotherapeutic drugs (Xie, Xu et al. 2008). This suggests that phosphorylation 

by Pim-1L is required for ABCG2 function. As Pim-2 and Pim-3 are expressed at 

levels similar to Pim-1 in some cancer cell lines, these two isoforms may also affect 

the expression and function of ABC transporters (Natarajan, Bhullar et al. 2013).  

PIM-1 in S. cerevisiae refers to the nuclear gene encoding a 1133 amino acid ATP-

dependent lon protease (unrelated to mammalian PIM-1) that has been localised in 

the mitochondrial matrix (Van Dyck, Pearce et al. 1994). As its mRNA is elevated 

during thermal stress, it may play a role in heat shock response (Van Dyck, Pearce 

et al. 1994), but an associated serine/theronine protein kinase activity has yet to 

be detected. In order to identify Pim-1 orthologues in S. cerevisiae, a BLAST search 

was conducted with Pim-1L protein sequence against S. cerevisiae genome. BLAST 

identified 56 proteins, of which 20 proteins had >30 % sequence similarity with 

Pim-1L. Of these proteins, only Npr1p, Psk1p, Ptk1p, Psk2p and Kin2p are known 
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to be involved in phosphorylation of membrane proteins. On the other hand, 

emerging evidence from integrated split-ubiquitin membrane yeast two-hybrid 

(iMYTH) studies indicate that Kin4p interacts with S. cerevisiae ABC transporter 

Ycf1p (Paumi, Menendez et al. 2007; Snider, Hanif et al. 2013). Kin4p is a 

serine/threonine protein kinase that inhibits the mitotic exit network when the 

spindle position checkpoint is activated. Deletion of Kin4p, however, does not 

affect the localisation or functional activity of Ycf1p (Paumi, Menendez et al. 2007). 

Therefore an involvement of any of these proteins in the phosphorylation of ABC 

transporters has yet to be established. 

In P. pastoris, Pim1 refers to the P. pastoris cell Integrity MAPK (Mitogen-activated 

protein kinases). P. pastoris PIM1 is essential for cell integrity as its deletion leads 

to temperature-dependent cell lysis and release of intracellular content (Cosano, 

Martin et al. 2001). In response to heat shock, P. pastoris Pim1p is activated by dual 

phosphorylation of the conserved residues Thr188 and Tyr190 via a MAPK kinase 

that is activated by MAPK kinase kinase-mediated phosphorylation (Cosano, 

Martin et al. 2001). Although P. pastoris Pim1p appears to be a serine/theronine 

protein kinase, it’s involvement in cellular processes comparable with human Pim1 

has not been elucidated. 

The S. cerevisiae ABC transporters Pdr5p, Snq2p and Yor1p are phosphorylated by 

casein kinase I. Autoradiography of membrane fractions obtained from US50-18C 

cells expressing Pdr5p, Snq2p and Yor1p that were incubated with [γ32P]ATP has 

suggested that Pdr5p, Snq2p and Yor1p are phosphorylated in vitro (Decottignies, 

Owsianik et al. 1999). Pdr5p is phosphorylated at Ser420 within a casein kinase I 

phosphorylation site motif (Ubersax and Ferrell 2007). Inactivation of plasma 

membrane-associated casein kinase I changed the multiple drug resistance profile 

of null and Pdr5p-overexpressing strains (Decottignies, Owsianik et al. 1999). 

While resistance to cycloheximide and antifugal azoles such as miconazole and 

ketoconazole was reduced, the opposite effect was observed for rhodamine 6G and 

fluconazole. Immunodetection of Pdr5p in plasma membrane fractions isolated 

from yck1∆ cells after a pulse chase showed reduced half life of 60 min compare to 

180 min in control cells (Decottignies, Owsianik et al. 1999). These data not only 

suggest that Pdr5p is phosphorylated by casein kinase 1, but activity of casein 
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kinase I is necessary for the membrane trafficking and plasma membrane 

expression of Pdr5p. 

Primary amino acid sequence comparisons have shown that Pdr5p and ABCG2 are 

closely related (Decottignies and Goffeau 1997; Allikmets, Schriml et al. 1998; 

Paumi, Chuk et al. 2009; Kovalchuk and Driessen 2010). Since cell surface 

expression and drug transport activity of Pdr5p are regulated by casein kinase 1, it 

seemed possible that ABCG2 (a half transporter unlike Pdr5p) might require 

similar phosphorylation-dependent regulation involving casein kinase 1 or other 

kinases in S. cerevisiae. Since there is no orthologue of human Pim1 in S. cerevisiae, 

the inability of other serine/threonine proteins like casein kinase 1 to 

phosphorylate ABCG2 might be a reason for its mislocalisation, and may inturn 

result in lack of functional activity. We posited that it would be possible to mimick 

the Pim-1 dependent phosphorylation found in mammalian cells, but likely to be 

absent in yeast, by creating ABCG2 T362D mutants.  

 ABCG2 T362D and wild type ABCG2 constructs expressed in S. cerevisiae AD∆ (v, 

w and x, Figure 5-21; and Figure 3-11) were similarly mislocalised. In addition, 

agarose drug diffusion assays (Table 5-7) and MIC (Table 5-6) assays showed that 

S. cerevisiae AD∆expressing ABCG2 T362D did not efflux toxic substrates of 

ABCG2. These data suggest that ABCG2 is unlikely be phosphorylated by casein 

kinase 1.  

5.10.4 R482G 

Measurements of ATPase-dependent rhodamine 123 transport by ABCG2 

expressed in Sf9 membranes showed that R482G and R482T variants conferred a 

gain-of-function property (Ozvegy-Laczka, Koblos et al. 2005). In contrast, 

expression of wtABCG2 gave a transport capacity close to that of mutants if at 

cholesterol levels were sufficently high in the Sf9 purified cell membranes (Telbisz, 

Muller et al. 2007). This suggested that, despite of the gain-of-function caused by 

the by R482G/T mutations, the evolutionarily conserved Arg at position 482 may 

be important for the interaction of ABCG2 with cholesterol and possibly affect 

subcellular localisation of ABCG2 to plasma membrane. 
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The expression of wild type ABCG2 and R482G variants in S. cerevisiae AD∆ and in 

the AD∆H∆strain grow in presence of cholesterol were used to test these ideas. 

We found that ABCG2 R482G-GFP (Figure 5-22; g, h and i) and GFP-ABCG2 R482G 

(Figure 5-22; j, k and l) expressed in S. cerevisiae AD∆or the GFP-ABCG2 R482G 

(Figure 5-25; j, k and l) expressed in S. cerevisiae AD∆H∆ are mislocalised. The 

drug diffusion (Table 5-7) and MIC (Table 5-6) assays demonstrated that neither 

the GFP fusion constructs nor the non-tagged protein constructs carrying the same 

mutation expressed in either S. cerevisiae AD∆ or S. cerevisiae AD∆H∆ had drug 

efflux activity. We conclude that ABCG2 R482G mutants, expressed in S. cerevisiae 

AD∆ or in S. cerevisiae AD∆H∆ are not functional independent of the presence or 

absence of fusion tag. Furthermore, presence of cholesterol did not influence the 

functional activity or the localisation of ABCG2 R482G constructs in S. cerevisiae.    

The ABCG2 R482G mutant has been shown to confer altered drug specificity, but 

this phenotype will only be effective if the ABCG2 is properly localised to the 

plasma membrane. We, therefore, conclude that this mutation alone is insufficient 

to localize ABCG2 to the yeast plasma membrane.  

5.10.5 Fusion tags at N- or C-terminal end of ABCG2 do not change 

localisation of ABCG2 in S. cerevisiae 

As described in section 5.6, the effect of N- or C-terminal fusion tags on expression 

and localisation of ABC transporters has been widely debated. For example, the C-

terminal residues LKLLFLKKYS of ABCG2 are conserved in human, mouse, rat and 

pig. Mutating some of these amino acids is claimed to affect ABCG2 trafficking to 

the plasma membrane (Takada, Suzuki et al. 2005; Haider, Briggs et al. 2011). This 

indicates that C-terminus of ABCG2 contains sequence motifs that are recognised 

by cellular processing machinery and suggests that a C-terminal fusion tag may 

affect plasma membrane targetting of ABCG2. On the other hand, a fusion tag at the 

N-terminus of ABCC1 has been shown to reduce its expression in S. cerevisiae (Lee 

and Altenberg 2003). This effect was attributed to possible interaction of the 

fusion tag with the first TMD of ABCC1. 

Confocal microscopy images of S. cerevisiae strains AD∆/ABCG2-GFP (Figure 5-22; 

g, h and i) and AD∆/GFP-ABCG2 R482G (Figure 5-22; j, k and l) showed that both 
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ABCG2 constructs were mislocalised. Similarly, AD∆/ABCG2-GFP (Figure 5-25; g, h 

and i) and AD∆/GFP-ABCG2 R482G (Figure 5-25; j, k and l) were also mislocalised. 

In all these strains the expressed fusion protein was localised to a single site inside 

the cell. These strains did not show a drug resistance phenotype or drug efflux 

activity when tested by agarose drug diffusion (Table 5-7) or MIC (Table 5-6) 

assays, respectively. These data demonstrate that the position of fusion tags at N- 

or C-terminal end of ABCG2 do not change localisation of ABCG2 in S. cerevisiae. 

Furthermore, mis-localisation of ABCG2 constructs in AD∆/ABCG2-GFP and 

AD∆/GFP-ABCG2 R482G suggests that the presence of cholesterol did not 

influence the localisation of ABCG2. 

5.10.6 Cholesterol may not aid to correct the aberrant localisation of ABCG2 

in S. cerevisiae  

Despite intensive research on cholesterol and phytosterols, their role in the plasma 

membranes of eukaryotes is incompletely understood. Nevertheless, cholesterol is 

known to modulate membrane rigidity or fluidity, which in turn affects the activity 

of integral membrane proteins (Epand 2008). Two mechanisms have been 

suggested for this modulation. In one mechanism, the requirement of 'free volume' 

by integral membrane proteins for conformational changes is thought to be 

antagonised by high levels of cholesterol in the membrane (Yeagle 1991). In the 

other mechanism, direct sterol-protein interactions are thought modulate the 

membrane protein function (Haines 2001; Epand 2006). 

The mechanism underlying the cholesterol-mediated activation of ATPase activity 

of mammalian ABC transporters is yet to be established, but many studies attribute 

this phenomenon to flippase activity of ABC transporters (Eckford and Sharom ; 

Higgins and Gottesman 1992; Romsicki and Sharom 2001; Garrigues, Escargueil et 

al. 2002). 

As described in section 5.7, cholesterol also plays an important role in modulating 

the activity of ABCG2. In order to understand the impact of cholesterol on 

expression and localisation of ABCG2 in S. cerevisiae we created the sterol 

auxotroph AD∆H∆ that had a near normal growth phenotype in aerobic conditions 

when supplemented with cholesterol. This strain was used as a host to study the 
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expression and localisation of ABCG2, ABCG2-GFP, ABCG2 R482G and GFP-ABCG2 

R482G constructs.  

As shown in Table 5-6 and Figure 5-26 (F) all ABCG2 constructs expressed in S. 

cerevisiae AD∆H∆ did not efflux daunorubicin, etoposide or R6G. The MICs of 

strains overexpressing ABCG2, ABCG2-GFP, ABCG2 R482G and GFP-ABCG2 R482G 

constructs for the drugs tested was same as those of AD∆H∆. In addition, confocal 

microscopy images showed that overexpressed the ABCG2-GFP (Figure 5-25; g, h 

and i) and GFP-ABCG2 R482G (Figure 5-25; j, k and l) constructs were not localised 

to the plasma membrane. These appeared as a single site inside the cell. These data 

imply that ABCG2 constructs overexpressed in S. cerevisiae AD∆H∆are not 

functionally active and are mislocalised. Furthermore, the presence of cholesterol 

did not correct the aberrant localisation of ABCG2 in S. cerevisiae AD∆H∆. 

The ABC transporters Aus1p and Pdr11p are important for the uptake of 

exogenous sterols but neither is essential (Kohut, Wustner et al. 2011; Marek, 

Milles et al. 2011). Since Pdr11p is deleted in AD∆, this might affect cholesterol 

uptake. However, this possibility was considered unlikely as S. cerevisiae AD∆H∆ 

showed a 5-fold higher growth rate in YCT medium that contains 20 g/ml 

cholesterol than the same cells grown in YPD medium (Figure 5-23).  

It has been established that the plasma membrane localisation of ABCG2 in HEK 

cells is not affected by the cholesterol (Telbisz, Muller et al. 2007). Immuno-

fluorescence experiment conducted with two different ABCG2-specific monoclonal 

antibodies have shown that depletion and repletion of cholesterol by CD and 

cholesterol-CD, respectively, did not affect the localisation of ABCG2 (Telbisz, 

Muller et al. 2007). On the other hand, in presence of cholesterol ABCG2 shows 

increased vanadate sensitive ATPase activity associated with active drug efflux 

(Janvilisri, Venter et al. 2003; Jacobs, Emmert et al. 2011). However, some studies 

find only elevated basal ATPase activity of ABC transporters in presence of 

cholesterol in comparison to unaltered substrate transport/efflux activity (Wang, 

Casciano et al. 2000; Garrigues, Escargueil et al. 2002; Gayet, Dayan et al. 2005; Pal, 

Mehn et al. 2007). Such data collectively suggest that cholesterol is needed for 
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functional drug transport and basal ATPase activity of ABCG2, but a role in ABCG2 

localisation is not yet established. 

In the present study, the overexpression of ABCG2 in the sterol-requiring AD∆H∆ 

strain supplemented with cholesterol did not alter the mislocalisation of ABCG2 

from an internal site, which is likely to be nuclear associated endoplasmic 

reticulum, to the plasma membrane i.e. its functional localisation. 

5.11 Conclusion 
The importance of cholesterol for ABCG2 activity has been demonstrated 

unequivocally in a number of heterologous hosts. The importance of cholesterol 

for the activity of ABCG2 could not be established in this study because ABCG2 

overexpressed in AD∆H∆ strain remained mislocalised. However it is possible to 

demonstrate the functional activity of overexpressed ABCG2 in proteoliposomes 

prepared from purified proteins or in the reconstituted membrane fractions. These 

studies have to be carried out in future.  

Overexpression of modified ABCG2 (carrying replaced second amino acid, fusion 

tags or R482G mutation) in AD∆ or in the sterol-requiring AD∆H∆ did not target 

the protein to plasma membrane. A simliar result was observed for ABCG2 T362D 

that is shown to mimic post-translational modification (phosphorylation).  

On the other hand, mislocalisation of Yol075p, an endogenous S. cerevisiae protein, 

was unexpected. As Yol075p is endogenous to S. cerevisiae it was expected to be 

targeted to the plasma membrane? As Yol075p is closely related to ABCG2 by 

evolution, its mislocaization suggests that the conditions tested may not be ideal 

physiological conditions for localisation of these proteins to plasma membrane.  

From this study, however, it seems likely that one or more unidentified factors in 

addition to cholesterol may be required for the plasma membrane localisation of 

functional ABCG2. It is possible that such factors are not present in S. cerevisiae. 
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6.1 Future work 

6.1.1 The functional activity of ABCG2 overexpressed in S. cerevisiae AD∆ or 

in S. cerevisiae AD∆H∆ 

The majority of approaches employed in this thesis were focused on targeting 

ABCG2 to the plasma membrane of S. cerevisiae. Functional activity of ABCG2 in 

intact cells could not be demonstrated by MIC and agarose diffusion assays. 

Therefore it remains imperative to demonstrate function for ABGG2 when 

overexpressed in S. cerevisiae AD∆. To date, to my knowledge, there is only a single 

report on functional expression of ABCG2 in S. cerevisiae (Jacobs, Emmert et al. 

2011). These authors demonstrated that recombinant ABCG2 overexpressed in S. 

cerevisiae could be solubilised in the detergent octyl glucoside and purified by Ni-

affinity chromatography. Prazosin stimulated ATPase activity was then 

demonstrated in lipid reconstituted proteoliposomes containg the purified ABCG2.  

ABCG2 overxepressed in S. cerevisiae AD∆ or AD∆H∆ could show similar activity, 

however extensive purification, lipid reconstitution and careful optimisation of the 

ATPase assay may be needed. 

6.1.2 Expressing ABCG2 as a full-length chimera may favour dimerisation 

and target ABCG2 to the plasma membrnae 

ABCG2 is a ‘half-transporter’ comprising one NBD and one TMD. The protein has 

been shown to be active as a homodimer when expressed as a monomer or when 

expressed as a full-length chimera (Bhatia, Schafer et al. 2005). The authors 

demonstrated that full-length functional ABCG2, constructed by connecting 

monomers via a flexible linker domain or by fusing two ABCG2 genes, can be in 

expressed HeLa cells. This suggests that two ABCG2 monomers have to come 

together for the protein to be functional. Lack of ABCG2 dimerisation has been 

show to result in intracellular retention of ABCG2 (Bhatia, Schafer et al. 2005).  

The mechanism of dimer formation in membrane proteins is elusive. Dimerisation  

can involve covalent interactions such as those formed in the disulphide-bonded 

metabotropic glutamate receptor 1 (Kunishima, Shimada et al. 2000) or via non-

covalent interactions between extracellular domains, transmembrane regions 

and/or C-terminal tails of the proteins as found for most GPCRs (Breitwieser 
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2004). Dimerisation  involving non-covalent interactions is proposed to occur by 

two mechanisma: i) contact Dimerisation , in which a helix in one of the monomers 

makes stabilising contacts with those in the other monomer unit; and ii) domain 

swapping, where one segment of a monomeric protein is replaced by the same 

segment from an identical chain of other monomer to form oligomer/s (Xu, Tsai et 

al. 1998; Woolf and Linderman 2003; Marianayagam, Sunde et al. 2004). Both 

covalent and non-covalent interactions are involved in ABCG2 Dimerisation . The 

cysteine 603 residue in the third extracellular loop of ABCG2 is involved in inter-

molecular disulphide bridge formation (Henriksen, Fog et al. 2005). Interestingly, 

this disulphide bridge is not necessary for function as its absence had no effect on 

its localisation or its drug transport activity (Bhatia, Schafer et al. 2005; Henriksen, 

Fog et al. 2005). On the other hand, interactions between several regions of the 

monomer, including the GXXXG motif in the first transmembrane span, the third 

extracellular loop, and the nucleotide binding domain have been implicated as 

being important for ABCG2 Dimerisation  (Polgar, Robey et al. 2004; Polgar, 

Ozvegy-Laczka et al. 2006). For example, the K86M mutation in the Walker A motif 

abrogates the plasma membrane localisation of ABCG2.  

The predicted MW of fully glycosylated ABCG2 is 72 kDa. Treatment of ABCG2-

containing S. cerevisiae membrane fractions with β-mercaptoethanol caused 

ABCG2 to migrate as single species protein band on an SDS-PAGE with an 

approximate MW of ~70 kDa (Figure 6-1). Migration of ABCG2 as lower molecular 

weight species suggests that ABCG2 may be hypo-glycosylated. On the other hand, 

in the absence of β-mercaptoethanol the ABCG2 protein, of all three constructs, 

could only be visualised on Western blots as a faint smear of MW ~130-270 kDa 

with a faint band at ~70 kDa (Figure 6-1). The fact that there was a discrete, albeit 

faint, band corresponding to the ABCG2 monomer (70 kDa) and smear in higher 

MW region indicated that the ABCG2 protein exists in a variety of oligomeric forms 

that could not enter the 10 % acrylamide gel rather than being degraded. .  
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Figure 6-1: Oligomeric status of ABCG2 overexpressed in S. cerevisiae AD∆. 
Membrane fractions containing ABCG2 were isolated by sucrose gradient 
centrifugation. To reduce disulphide bridges 2.5 g proteins from each construct 
(Figure 4-5) was mixed with protein loading buffer (A.5.3) and incubated at room 
temperature for 15 min. The same set of samples was processed without 5% β-
mercaptoethanol to obtain samples with non-reduced proteins. The proteins were 
resolved on a 10% acrylamide gel by SDS-PAGE. Western blot was preformed as 
described in section 2.18 using BXP-21 antibodies. 1, AD∆; 2, ABCG2; ABCG2 6xHis; 
ABCG2-GFP. 

A MW greater than 250 kDa corresponds to tetrameric or higher oligomeric forms 

of ABCG2. This indicates that the majority of ABCG2 exists in oligomeric forms 

higher than a tetramer. Since these oligomers respond to the presence of β-

mercaptoethanol by dissociating, it is likely that disulphide bridges are formed 

between monomers. However, the possibility of aggregate formation due to non-

specific interactions between cysteine residues or interactions between conserved 

domains among many monomers due to mis/malfolded polypeptides cannot be 

ruled out. In either case, these oligomers are not functional in S. cerevisiae as they 

are not properly targeted to the plasma membrane.  

One way to investigate the reliance of ABCG2 function on dimer formation would 

be to express ABCG2 as a full-length chimera. Expression of full-length ABCG2 by 

connecting monomers via a flexible linker domain or by fusing two ABCG2 genes 

directly has been undertaken and the proteins shown to be functional in HeLa cells 

(Bhatia, Schafer et al. 2005). These covalent ABCG2 dimers retained their plasma 

membrane localisation and their drug transport activity. Expression of similar 

chimeras in S. cerevisiae AD∆ could possibly target ABCG2 to the plasma 

membrane. The close proximity of two monomers may provide conformations of 

the nascent polypeptide that allow proper folding and dimerisation.  
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6.1.3 Chemical chaperones may enhance ABCG2 Dimerisation   

The use of glycerol in the growth medium has been shown to increase the 

expression of properly localised ABC transporters such as ∆F508 CFTR and ABCB1 

(Brown, Hong-Brown et al. 1996; Figler, Omote et al. 2000). The ∆F508 CFTR 

mutation causes a folding defect which leads to protein misprocessing in the ER 

and intracellular retention of CFTR. Treatment of cells expressing the ∆F508 CFTR 

with low molecular weight compounds has been shown to stabilize the native 

conformation that results in correct processing and plasma membrane localisation 

of ∆F508 CFTR (Brown, Hong-Brown et al. 1996). Incubation of ∆F508 CFTR-

expressing NIH T3T cells in the presence of glycerol (1.25 M) at 26°C was shown to 

enhance the post-translational glycosylation and forskolin-dependent chloride 

transport (Brown, Hong-Brown et al. 1996). It is suggested that at high 

concentrations of glycerol the relative degree of solvent interaction with the 

protein increases. To offset this increase in its relative hydration, the polypeptides 

may decrease the area of solvent/protein interaction via tighter packing thereby 

increasing the interactions between internal domains of the protein. This 

increased protein rigidity is thought to increase the stability of protein thereby 

increasing resistance to protein denaturation (Gekko and Timasheff 1981). 

Similarly, growing NIH T3T cells in medium prepared from deuterated water or in 

the presence of Trimethlyamine N-Oxide or dimethyl sulfoxide is suggested to 

enhance the forskolin-dependent chloride transport. 

Reducing agents such as 2ME have been shown to induce the secretion of IgM Ch1 

by both lymphoid and non-lymphoid cells and prevent the formation of RB-like 

structures in glioma transfectants. The 2ME may be preventing the formation of 

polymeric structures while allowing the secretion of intermediates (Valetti, Grossi 

et al. 1991). Another approach is to use chemical chaperone such as 4-PBA that has 

been shown to rescue ABC family protein such as ABCC6 (Le Saux, Fulop et al. 

2011) and CFTR (Singh, Vij et al. 2006; Singh, Pollard et al. 2008). 4-PBA 

induce/modulate the production of ER-associated degradation chaperone proteins 

such as GRP94, HSP84 and HSP70 invivo that inturn rescues misfolded CFTR and 

enhance plasma membrane localisation. These strategies could be tested to 

enhance plasma membrane targeting of ABCG2. 
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6.1.4 Genetic manipulation of the host strain 

In mammalian cells, ABCG2 traffics via the secretory pathway to the plasma 

membrane (Wakabayashi-Nakao, Tamura et al. 2009). After remaining in the 

plasma membrane for some period it is retro-translocated from the plasma 

membrane through the endosome-lysosome pathway for degradation. In S. 

cerevisiae, Ste6p (an ABC transporter) also traffics via the secretory pathway to the 

plasma membrane (Huyer, Longsworth et al. 2004). Ste6p is transported through 

the ER and Golgi to the plasma membrane, is rapidly internalised to endosomes, 

and ultimately degraded in the vacuole. Using the S. cerevisiae end4 mutant strain it 

has been demonstrated that Ste6p internalisation for vacuolar degradation can be 

prevented, thereby trapping Ste6p in the secretory pathway at the plasma 

membrane (Huyer, Longsworth et al. 2004).   

Confocal microscopy and subcellular fractionation experiments in this project 

showed that a very small proportion of ABCG2 was in the plasma membrane. Since, 

ABCG2 and ste6p are processed in a similar fashion it may be possible to increase 

the amount of ABCG2 in the plasma membrane by creating an end4 mutant S. 

cerevisiae strain in the AD∆ or AD∆H∆ strain backgrounds. 

6.1.5 Codon optimisation 

Systematic alteration of codons in recombinant DNA to match the pattern of codon 

usage in a heterologous host used for protein expression is referred as codon 

optimisation (Bollenbach, Vetsigian et al. 2007; Marin 2008). Codon usage can play 

a key role in regulating gene expression and in the production of large quantities of 

high-quality heterologous protein. At the translational level, errors can occur due 

to missense insertions by tRNAs whose anticodons match two out of three codon 

bases (Marin 2008). Mistranslation can also occur if the mRNA from a 

heterologous gene contains rare codons, or if the amino acid distribution were 

inordinately skewed relative to typical yeast proteins, for yeast hosts (Marin 

2008). Rare codons can also cause stalling of protein synthesis which may affect 

protein folding, or may cause a reduction in growth rate and yield for the 

heterologous host (Zahn 1996). Thus, optimisation of the codons in a cloned gene 

to fit the preferences of the host yeast cell can reduce problems with protein 

synthesis.  
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During the folding of human membrane protein AQP1 in the ER, a four 

transmembrane spanning intermediate is initially observed, which subsequently 

matures into the final six transmembrane fold. In contrast, AQP4 undergoes 

cotranslational topogenesis where topology of each transmembrane span is 

established independently and sequentially as it emerges from the ribosome (Shi 

et al. 1995, Sadlish et al. 2005). Two amino acids near TMS2 are responsible for the 

difference in maturation between the two aquaporin homologues: Asn49 and 

Lys51 in AQP1 which correspond to Met48 and Leu50 in AQP4. Interestingly, 

engineering these specific amino acids from AQP1 into AQP4 (hAQP4m) leads to a 

swap in the protein folding (Buck et al. 2007). A plausible explanation for the 

observed difference in the aquaporin folding pathway was suggested to be the 

variation in hydrophobicity in the TMS2 segment. The hydrophobicity of the amino 

acids in close proximity to the Asn49 amino acid is also known to affect the 

insertion of that TMD into the membrane (Hessa et al. 2005, Hessa et al. 2007). 

This information has been successfully used to obtain the heterologous expression 

of hAQP4m in P. pastoris which previously had not been achieved (Oberg and 

Hedfalk 2013). This protein was localised to the plasma membrane. Similarly, 

codon optimisation has been shown to increase the expression and plasma 

membrane localisation of human AQP8 in P. pastoris  (Oberg, Sjohamn et al. 2011). 

The possible existence of this kind of unidentified signal in ABCG2, which affects its 

plasma membrane insertion due to impared post translational folding, insertion 

and maturation, can be speculated based on the consistenty impaired localisation 

of ABCG2 observed in this study, compared to ABCB1 which was successfully 

targeted to the plasma membrane in S. cerevisiae AD∆.  

Recently Bai and co-worker have shown that the codon usage of many genes is 

very similar in S. cerevisiae and in P. pastoris (Bai, Swartz et al. 2011). Expression 

of codon optimized ABCB1 based on these data increased the yield of ABCB1 by 

two to three fold in both expression systems (Bai, Swartz et al. 2011). However, 

the influence of codon optimisation on the intracellular localisation of ABCB1 was 

not addressed in that study.  

On the other hand, codon optimised Aspergillus fumigatus ABC transporter 

XP_755847 (Designated as AfuABCA) was shown to be expressed at high levels in 



Page | 201  
 

S. cerevisiae (Paul and Moye-Rowley 2013). Although, unmodified AfuABCA shared 

a high degree of sequence similarity with ScPdr5p, it could not be expressed in S. 

cerevisiae. A combination of codon optimisation and a higher growth temperature 

(37°C), than the typically employed 30°C, targeted AfuABCA to the plasma 

membrane - which was observed using a GFP tag. This suggests that the 

unsuccessful expression of the native AfuABCA in S. cerevisiae is likely due to the 

presence of unfavourable codons in the A. fumigatus sequence. 

Together these results suggest that codon optimisation in combination with other 

factors such as growth temperature, use of chemical chaperones and appropriate 

genetic modifications of the host strain may help to correct the aberrant 

localisation of ABCG2 in S. cerevisiae AD∆. However, identification of optimal 

expression conditions remains elusive. 

6.1.6 Screening the expression of several heterologous ABC transporters in 

S. cerevisiae may give insights into the best host-protein combination 

In order to achieve high yields of functional human ABC transporters in S. 

cerevisiae, it is important gain a better understanding of the limitations in plasma 

membrane targeting/localisation for these proteins. To accomplish these studies 

ideal model proteins have to be identified. An initial step towards this would be to 

screen the expression and localisation of a significant number of human ABC 

transporters in S. cerevisiae. These kinds of studies have been performed in P. 

pastoris for ABC transporters (Chloupkova, Pickert et al. 2007) and in S. cerevisiae 

for GPCRs (O'Malley, Mancini et al. 2009). Of the 25 human ABC transporters 

tested, 11 were expressed in P. pastoris. These included full-size transporter 

ABCC3, half-size transporters ABCB6, ABCD1, ABCG1, ABCG4, ABCG5, and ABCG8, 

and the four members of subfamilies E and F. In that study, localisation of 

overexpressed proteins was demonstrated in intact cells. In a similar study, the 

expression and localisation of 12 mammalian GPCRs in S. cerevisiae has been tested 

(O'Malley, Mancini et al. 2009). Of the 12 mammalian GPCRs expressed in S. 

cerevisiae, only the human adenosine A2a receptor localised primarily at the 

plasma membrane. The eleven other receptors, three of which are closely related 

to hA2aR, did not reach the membrane in large amounts. These receptors 

specifically associated with the ER-resident molecular chaperone BiP (O'Malley, 
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Mancini et al. 2009), which indicated that the mislocalised proteins have possibly 

triggered the UPR pathway.  

These results suggest that proteins belonging to the same family or sub-family may 

be differentially expressed depending on the host. This is possibly true, as 

experiments in our laboratory have shown a similar trend. ABCB1, a full-length 

human ABC transporter can be expressed in S. cerevisiae AD∆. More that 50 % of 

the overexpressed protein (based on confocal images of S. cerevisiae AD∆cells 

overexpressing ABCB1-GFP) is localised to the plasma membrane. In addition, 

these cells can efflux substrates. One the other hand, overexpressed ABCG2 is mis-

localisation and does not confer any drug efflux phenotype on intact cells. 

Although, it may be daunting to screen the expression of a large number of ABC 

proteins in S. cerevisiae and in other hosts, in terms of time and expense (especially 

if genes are codon optimized), such screening studies may identify the best 

combination of heterologous host and protein. For example, the lack of ABCG2 

expression in P. pastoris as compared to the successful expression of other 

subfamily members ABCG1, ABCG4, ABCG5 and ABCG8 suggest that ABCG2 needs 

specific factors or conditions for its expression and perhaps these unique factors 

are not present in P. pastoris. These principles are likely to hold true for S. 

cerevisiae as it is phylogenetically relatively closely related to P. pastoris. 

Therefore, it may be a good idea to also seek an alternative host when working 

with ABCG2. 

6.2 Conclusions 

The aim of this thesis was to investigate the expression of ABCG2 in S. cerevisiae 

AD∆ in order to help develop improved strains for the heterologous expression of 

human ABC transporters. I employed an expression system in which the 

expression of human ABCG2 expression in S. cerevisiae AD∆ was driven by the 

endogenous PDR5 promoter. Expression of ABCG2 in S. cerevisiae AD∆ was 

controlled by the transcription factor Pdr1p which possessed a gain-of-function 

mutation (pdr1-3). This mutation results in consititive hyper-expression of genes 

under the control of promoters containing PDREs, such as PDR5 (Balzi and Goffeau 

1995). 
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I have shown that recombinant ABCG2 constructs can be successfully expressed in 

S. cerevisiae AD∆ regardless of the presence of affinity or reporter tags. However, 

none of the native ABCG2 protein constructs showed significant localisation to the 

S. cerevisiae plasma membrane. In order to obtain functional expression of ABCG2 

in S. cerevisiae, several mutant ABCG2 variants were constructed. These mutant 

ABCG2 proteins were predicted to lack putative degradation signals, or mimic 

phosphorylated ABCG2. On the other hand, a PDR5-ABCG2 chimera protein was 

predicted to have a translocation signal. The expression, localisation and drug 

efflux activity of these ABCG2 variants were evaluated in S. cerevisiae AD∆. 

Although these protein constructs were expressed, they were not targeted to the 

plasma membrane. 

In order to gain insight into the functional expression and localisation of ABCG-like 

transporters in S. cerevisiae, the expression of an endogenous protein Yol075Cp (a 

putative orthologue of ABCG2) was investigated. Although Yol075Cp function is yet 

to be elucidated, phylogenetic analysis shows that Yol075Cp is related to ABCG2. 

Amino acid sequence analysis and secondary structure predictions performed in 

this study, and by others, have shown that these two proteins share similar 

features. In particular all conserved motifs in NBD1 and NBD2 of ABCG2 and 

Yol075Cp are identical (Cannon, Lamping et al. 2009; Lamping, Baret et al. 2010). 

These features make ABCG2 and Yol075Cp appear symmetrical compared to other 

PDR transporters (proteins apart from PDR cluster F) which have dissimilarities in 

conserved motifs of NBD1 and NBD2. Some of these conserved features have been 

shown to be important for ABCG2 Dimerisation  (Polgar, Robey et al. 2004). It was, 

therefore, hypothesised that investigating Yol075Cp expression and localisation 

may provide clues on limitations with the plasma membrane targeting of ABCG2 in 

S. cerevisiae. However, as with the other ABCG2 constructs, this study 

demonstrated that hyper-expressed Yol075Cp was also localised in to an 

intracellular location. 

Liquid MIC and agarose diffusion susceptibility assays (performed with 14 

different drugs that are substrates of ABCG2) showed that all protein constructs 

tested (Figure 3-10 and Table 5-6) were non-functional in intact cells as strains 

expressing the proteins did not show any drug resistance phenotype. Confocal 
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microscopy images of cells expressing GFP-tagged wild-type or mutant ABCG2 

constructs showed that the overexpressed proteins were retained and 

concentrated to a discrete intracellular location. Further evaluation of membrane 

fractions obtained from cells over-expressing either native ABCG2 or ABCG2-GFP 

by sucrose gradient and differential centrifugation, probed with either organelle 

specific antibodies or organelle specific dyes, respectively, indicated that ABCG2 is 

juxtaposed to, and is closely associated with, the nucleus. This discrete 

juxtanuclear structure which was visualised by transmission electron microscopy 

resembled the ERACs which are induced by mislocalised membrane proteins in S. 

cerevisiae.   

In an additional approach, the importance of cholesterol in the plasma membrane 

for correct localisation of ABCG2 was investigated using an ergosterol deficient S. 

cerevisiae strain AD∆H∆, an auxotroph that can grow only on cholesterol without 

the need for ergosterol. Confocal microscopy of S. cerevisiae AD∆H∆ expressing 

ABCG2-GFP or GFP-ABCG2 R482G demonstrated that the presence of cholesterol 

in the plasma membrane did not overcome the aberrant localisation of ABCG2 in S. 

cerevisiae. This result was reflected in MIC and agarose diffusion susceptibility 

assays which revealed that S. cerevisiae strains AD∆H∆/ABCG2, AD∆H∆/ABCG2-

GFP and AD∆H∆/ GFP-ABCG2 R482G lacked drug efflux activity. 

These results in thesis demonstrated that ABCG2 can indeed be expressed in S. 

cerevisiae, but either because of unidentified properties inherent to ABCG2, or the 

lack of one or more factors in the host S. cerevisiae, the protein is not targeted to 

the plasma membrane. Furthermore, this study definitively demonstrated that 

localisation of ABCG2 to S. cerevisiae plasma membrane may not be influenced by 

several factors individually including the position of fusion tags on the 

recombinant protein, the lack of phosphorylation and glycosylation or the 

presence of cholesterol in the plasma membrane. But, most likely, ABCG2 

expression depends on crucial factors particular to S. cerevisiae, as compared to 

mammalian or insect cell expression systems.  

This study has provided a firm platform for understanding the expression and 

localisation of ABCG2 in S. cerevisiae 
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A. APPENDIX A:  

MEDIA, BUFFERS AND REAGENTS 

A.1 Media for S.cerevisiae 

A.1.1 YPD broth 

To prepare YPD broth, 10 g (1%) Difco™ yeast extract (Becton, Dickinson and Co, 

Franklins Lake, NJ, USA), 20 g (2 %) bacto-peptone (Becton, Dickinson and Co, 

Franklins Lake, NJ, USA) and 20 g (2%) glucose (Merck Ltd, Auckland, 

Newzealand) were dissolved in 1 L distilled water and autoclaved at 117°C for 15 

min.  

A.1.2 YPD agar medium 

To prepare YPD agar, 20 g (2%) of bacteriological agar (Oxoid Ltd, Hampshire, 

England) was added to the YPD broth (appendix A.1.1) and autoclaved at 117°C for 

15 min. 

A.1.3 YPAD broth and agar media 

To prepare YPAD broth and agar media, 30 mg of adenine hemi-sulphate (Sigma-

Aldrich, Inc. St. Louis, USA) was added to 1 L YPD broth (appendix A.1.1) and agar 

(appendix A.1.2), respectively. 

A.1.4 YPD agarose 

To prepare YPD containing 0.6% agarose, 6 g of UltraPure™ agarose (Invitrogen™, 

Life Technologies, Carlsbad, CA, USA) was added to YPD broth (appendix A.1.1) 

and autoclaved at 117°C for 15 min. 

A.1.5 YPD broth and agar with 5-aminolevulinic acid (δ-Ala) 

YPD and YPD agar were prepared as described in appendix A.1.1 and A.1.2. Media 

were cooled to 40°C and required amount of δ-Ala stock solution (appendix A.10.1) 

was added and mixed well. 

A.1.6 YPD containing ergosterol (20 g/ml) and Tween-80 (5 mg/ml) (YET) 

To prepare 250 ml YET broth, 2.5 g (1%) Difco™ yeast extract (Becton, Dickinson 

and Co, Franklins Lake, NJ, USA), 5 g (2%) bacto-peptone (Becton, Dickinson and 
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Co, Franklins Lake, NJ, USA) and 5 g (2%) glucose (Merck KGaA, Ltd, 

Darmstadt, Germany) were dissolved in 235 ml distilled water and autoclaved at 

117°C for 15 min. The medium was cooled to 45°C, and using a laminar air flow 

chamber 10 ml of 125 mg/ml tween-20 (appendix A.10.4) and 5 ml of 1 mg/ml 

ergosterol (appendix A.10.2) were added and mixed well. 

A.1.7 YPD containing cholesterol (20 g/ml) and Tween-80 (5 mg/ml) (YCT) 

YCT was prepared as described in appendix A.1.6 by replacing ergosterol with 5 ml 

of 1 mg/ml cholesterol (appendix A.10.3). 

A.1.8 CSM broth 

To prepare CSM broth, 6.7 g (0.67%) Difco™ yeast nitrogen base without amino 

acids (Becton, Dickinson and Co, Franklins Lake, NJ, USA), 0.79 g (0.079%) CSM 

(Formedium™, England) and 20 g (2%) glucose (Merck KGaA, Ltd, 

Darmstadt, Germany) were dissolved in 1 L double distilled water and autoclaved 

at 117°C for 15 min. 

A.1.9 CSM agar 

To prepare CSM agar, 20 g (2%) bacteriological agar (Oxoid Ltd, Hampshire, 

England) was added to 1 L CSM broth (appendix A.1.8) and autoclaved at 117°C for 

15 min. 

A.1.10  CSM agar with 5-FOA 

CSM agar was prepared as described in A.1.9 and required amount of 5-FOA 

(A.10.7) from stock solution was added to medium before plating. 

A.1.11 CMS agarose 

To prepare CSM agarose, 6 g of UltraPure™ agarose (Invitrogen™, Life 

Technologies, Carlsbad, CA, USA) was added to CSM broth (appendix A.1.8) and 

autoclaved at 117°C for 15 min 

A.1.12  CSM pH 7 

To prepare CSM broth (pH 7), 1.952 g (10mM) of 2(N-morpholino) ethano sulfonic 

acid hydrate [(MES hydrate), Sigma-Aldrich, Inc. St. Louis, USA], 6.7 g (0.67%) YNB 

(Becton, Dickinson and Co, Franklins Lake, NJ, USA), 0.79 g (0.079%) CSM 

(Formedium™, England), 20 g (2%) glucose (Merck KGaA, Ltd, 
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Darmstadt, Germany) and 4.77 g (20 mM) of HEPES (Sigma-Aldrich, Inc. St. Louis, 

USA) were dissolved in 800 ml double distilled water. pH was adjusted to 7 with 1 

M Tris and volume was made up to 1 L with double distilled water. The buffer was 

autoclaved at 117°C for 15 min and stored at RT. 

A.1.13  CSM agar pH 7 

To prepare CSM agar pH 7, 20 g (2%) bacteriological agar (Oxoid Ltd, Hampshire, 

England) was added to CSM broth pH 7 (appendix A.1.12) and autoclaved at 117°C 

for 15 min. 

A.1.14  CSM agarose pH 7 

To prepare CSM agarose pH 7, 6 g (0.6%) of UltraPure™ agarose (Invitrogen™, Life 

Technologies, Carlsbad, CA, USA) was added to CSM broth pH 7 (appendix A.1.12) 

and autoclaved at 117°C for 15 min 

A.1.15  CSM-ura broth, agar and agarose with pH 7 

CSM-ura broth, agar and agarose media were prepared according to the protocol 

described in appendix A.1.12, A.1.13 and A.1.14 respectively by replacing CSM with 

0.77 g (0.077%) of CSM-ura (Bio 101, Vista, CA, USA). 

A.1.16  CSM-ura broth, agar and agarose 

CSM-ura broth, agar and agarose media were prepared according to the protocol 

described in appendix A.1.8, A.1.9 and A.1.11 respectively by replacing CSM with 

0.77 g (0.077%) of CSM-ura (Bio 101, Vista, CA, USA). 

A.1.17  CSM-ura ET 

To prepare 250 ml CSM-ura ET broth, 6.7 g (0.67%) Difco™ yeast nitrogen base 

without amino acids (Becton, Dickinson and Co, Franklins Lake, NJ, USA), 0.77 g 

(0.077%) CSM-ura (Bio 101, Vista, CA, USA) and 20 g (2%) glucose (Merck KGaA, 

Ltd, Darmstadt, Germany) were dissolved in 235 ml double distilled water and 

autoclaved at 117°C for 15 min. The medium was cooled to 45°C, and using a 

laminar air flow chamber 10 ml of tween-80 (5 mg/ml, appendix A.10.4) and 5 ml 

of ergosterol (20 g/ml, appendix A.10.2) were added and mixed well. 
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A.1.18  CSM-ura CT 

CSM-ura CT was prepared as described in appendix A.1.17 by replacing ergosterol 

with 5 ml of cholesterol (20 g/ml, appendix A.10.3). 

A.2 Media for E. coli 

A.2.1 Lysogeny broth (LB) - Miller’s formulation 

To prepare LB 10 g (1%) of bacto-trypton, 10 g (1%) of NaCl and 5 g (0.5%) of 

yeast extract were dissolved in 1 L of distilled H2O and autoclaved at 121°C for 20 

min. For LB plates, 15 g (1.5%) of bacteriological agar was added before 

autoclaving. 

A.2.2 SOB medium 

To prepare SOB medium 20 g (2%) of bacto-tryptone, 5 g (0.5%) of yeast extract, 

0.585 g (10 mM) of NaCl and 0.197 g (2.5 mM) of KCl were dissolved in 1 L of 

distilled H2O and autoclaved at 121°C for 20 min. 

A.2.3 SOC medium 

SOC medium was SOB medium containing 10 mM MgCl2, 10 mM MgSO4 and 20 mM 

glucose 

A.2.4 TB buffer 

To prepare TB buffer 2.38 g (10 mM) of HEPES, 2.21 g (20 mM) of CaCl2.2H2O and 

18.64 g (250 mM) of KCl were dissolved in 1 L of distilled H2O. The pH of the buffer 

was adjusted to 6.7 with 1 M KOH and autoclaved at 121°C for 20 min. Prior to use, 

55 ml of 1 M filter-sterilised MnCl2 was added to the TB buffer. 

A.3 DNA manipulation buffers 

A.3.1 DNA Gel loading dye (10x) 

The 10x DNA gel loading dye contained 0.25% (w/v) bromophenol blue (LKB, 

Bromma, Sweden), 0.25% (w/v) xylene cyanol and 50% (v/v) glycerol (Merck 

KGaA, Ltd, Darmstadt, Germany) in Double distilled water water. 



Page | 209  
 

A.3.2 1 Kb plus ladder 

DNA ladder was prepared by mixing 50 μl of 1 Kb plus DNA ladder (Invitrogen™, 

Life Technologies, Carlsbad, CA, USA), 200 μl of 50 mM NaCl, and 250 μl of 10x 

DNA gel loading dye. 

A.3.3 TAE buffer  

To prepare 50x stock solution of TAE buffer, 242 g UltraPure™ Tris (Invitrogen™, 

Life Technologies, Carlsbad, CA, USA), 18.6 g Na2EDTA (Merck KGaA, Ltd, 

Darmstadt, Germany) and 57.1 ml glacial acetic acid (Merck KGaA, Ltd, 

Darmstadt, Germany) were dissolved 900 ml of distilled water. Volume was made 

up to 1 L with double distilled water and stored at 4°C. The buffer was diluted 50 

times to perform agarose gel electrophoresis. 

A.3.4 Agarose gel  

To prepare agarose gel (0.8%), 0.8 g UltraPure™ agarose (Invitrogen™, Life 

Technologies, Carlsbad, CA, USA) was added to 100 ml TAE buffer and melted 

using a microwave. The solution was cooled to 40°C, 50 ng/ml ethidium bromide 

was added and mixed well. The solution was poured into a gel cast; a suitable 

comb was inserted and allowed to solidify at RT. 

A.4 RNA manipulation buffers 

A.4.1 DEPC treated water 

To prepare 0.1% DEPC treated water, 1 ml DEPC (Sigma-Aldrich, Inc. St. Louis, 

USA) was added to 1 L of Double distilled water water, the solution was constantly 

mixed for 30min at RT, autoclaved at 121°C for 15 min and stored at RT in dark. 

Note: Autoclaving is essential to deactivate DEPC which may affect the 

downstream processes.  

A.4.2 AE buffer 

To prepare AE buffer, 680 mg (50 mM) Sodium acetate trihydrate (Merck KGaA, 

Ltd, Darmstadt, Germany) and 372 mg Na2EDTA (were dissolved in 75 ml Double 

distilled water water. Using 2M NaOH pH was adjusted to 5.3 and the volume was 

made up to 100 ml with Double distilled water water; 100 l DEPC was added, 

constantly mixed for 15 min at RT and autoclaved at 121°C for 15 min. 
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A.4.3 10x MOPS electrophoresis buffer 

To prepare 10x MOPS electrophoresis buffer 41.8 g (0.2M) MOPS (Sigma-Aldrich, 

Inc. St. Louis, USA), 6.8 g (0.05 M) Sodium acetate trihydrate, and 20 ml of 0.5 M 

(0.01 M) Na2EDTA were dissolved in 800 ml Double distilled water water; pH was 

adjusted to 7 with 2 M NaOH and volume was made up to 1 L with Double distilled 

water water. One ml DEPC was added, constantly mixed for 15 min at RT and 

autoclaved at 121°C for 15 min. 

Note: The solution may turn yellow after autoclaving. However, it does not affect 

the downstream processes. Store the buffer at RT in a brown bottle or cover the 

bottle with aluminium foil.  

A.4.4 RNA sample buffer 

RNA sample buffer (1 ml) was prepared by mixing 0.1 ml 10x MOPS 

electrophoresis buffer, 0.2 ml formaldehyde, 0.5 ml formamide (AnalnR, BDH, 

Leicestershire, UK) and 0.2 ml DEPC treated water. 

A.4.5 RNA gel loading dye 

To prepare RNA gel loading dye (1 ml), 20 l of 0.5 M EDTA (1 mM, pH 8), 2.5 mg 

(0.25%) bromophenol blue (LKB, Bromma, Sweden), 0.5 ml (50%) glycerol were 

dissolved in 0.48 ml DEPC treated water; autoclaved at 121°C for 15min and stored 

at 4°C until used. 

A.4.6 RNA electrophoresis buffer 

To prepare RNA electrophoresis buffer (600 ml), 60 ml of 10x MOPS 

electrophoresis buffer (appendix A.4.3) and 18 ml (0.36 M) of 37% formaldehyde 

were dissolved in 522 ml of DEPC treated water (appendix A.4.1). 

A.5 Protein manipulation buffers 

A.5.1 Stacking gel buffer  

Stacking gel buffer was prepared by dissolving 6.1 g UltraPure™ Tris (Invitrogen™, 

Life Technologies, Carlsbad, CA, USA) and 0.4 g UltraPure™ SDS (Invitrogen™, Life 

Technologies, Carlsbad, CA, USA) in 80 ml of Double distilled water water; pH was 

adjusted to 6.8 with 0.1 M HCl and volume was made up to 100 ml with double 
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distilled water. The buffer was then filtered through a 0.45 μm Millex syringe filter 

unit (Merck Millipore Ltd, Darmstadt, Germany) and stored at 4°C until use. 

A.5.2 Resolving gel buffer 

Resolving gel buffer was prepared by dissolving 18.2 g of UltraPure™ Tris 

(Invitrogen™, Life Technologies, Carlsbad, CA, USA) and 0.4 g of SDS in 80 ml of 

Double distilled water water; pH was adjusted to 6.8 with 0.1 M HCl and volume 

was made up to 100 ml with double distilled water. The buffer was then filtered 

through a 0.45 μm Millex syringe filter unit (Merck Millipore Ltd, 

Darmstadt, Germany) and stored at 4°C until use. 

A.5.3 Protein loading buffer (PLD) 

A 5X PLD contained 300 mM Tris-Cl pH 6.8, 10% SDS, 50% glycerol, 0.05% 

bromophenol blue and 25% β-mercaptoethanol. 

A.5.4 APS and TEMED 

To prepare 10% APS solution, 1 g APS (BIO-RAD) was dissolved in 10 ml Double 

distilled water water and 1ml aliquots were stored at –200C until use.  

TEMED was purchased from BIO-RAD. 

A.5.5 SDS-PAGE buffer (Tris-glycine running buffer) 

The electrophoresis buffer was prepared by dissolving 3 g (20 mM) UltraPure™ 

Tris (Invitrogen™, Life Technologies, Carlsbad, CA, USA), 14.4 g (150 mM) glycine 

and 1 g (1 %) of UltraPure™ SDS (Invitrogen™, Life Technologies, Carlsbad, CA, 

USA) in 1 L double distilled water. 

A.5.6 Coomassie Brilliant Blue staining solution 

The staining solution was prepared by dissolving 0.5 g (0.05%) of Coomassie Blue 

Brilliant R250 (Sigma-Aldrich, Inc. St. Louis, USA) in 1 L Double distilled water 

water containing 200 ml (20%) methanol and 50 ml (5%) glacial acetic acid. 

A.5.7 Coomassie Blue destaining solution  

The destaining solution was prepared by dissolving 100 ml (10%) glacial acetic 

acid and 200 ml (20%) methanol in 700 ml double distilled H2O. 
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A.5.8 TCA Sample buffer 

To prepare 10 ml sample buffer, 48.4 mg (40 mM) UltraPure™ Tris (Invitrogen™, 

Life Technologies, Carlsbad, CA, USA), 4.8 g (8 M) urea (Sigma-Aldrich, Inc. St. 

Louis, USA), 0.5 g UltraPure™ SDS (Invitrogen™, Life Technologies, Carlsbad, CA, 

USA), 100 l (1%, v/v) β-mercaptoethanol and 2 l (0.1 mM) of 0.5 M EDTA were 

dissolved in 9ml Double distilled water water. After adjusting the pH to 6.8 with 

0.1 M HCl, 1 mg (0.1 mg/ml) bromophenol blue (LKB, Bromma, Sweden) was 

added and the volume was made up to 10 ml with Double distilled water water. 

Aliquots (1 ml) were stored at 4°C until used. 

A.6  Western blot buffers 

A.6.1 Blocking buffer 

To prepare 250 ml of blocking buffer, 25 g (10%) low fat instant skim milk powder 

(pams, New Zealand) and 250 µl (0.1%) of Tween 20 (BIO-RAD) were dissolved in 

240 ml of PBS (gibco, life techonologies) 

A.6.2 Electrotransfer buffer 

To prepare 1 L electrotransfer buffer, 3 g (20 mM) UltraPure™ Tris (Invitrogen™, 

Life Technologies, Carlsbad, CA, USA) and 14.4 g (150 mM) glycine were dissolved 

in 800 ml double distilled water and the volume was made up to 1 L with 200 ml 

(20%) methanol. 

A.6.3 ECL reagents 

 Luminol solution: 275 mg of 3-Aminophthalic hydrazide [Luminol, (Sigma-

Aldrich, Inc. St. Louis, USA)] was dissolved in 3 ml DMSO and 60 µl aliquots 

were stored at -80°C until used. 

 p-coumaric acid: 280 mg of p-coumaric acid (Sigma-Aldrich, Inc. St. Louis, 

USA) was dissolved in 10 ml DMSO; 25 µl aliquots were stored at -80°C until 

used. 

 Hydrogen peroxide(H2O2) solution: 30% H2O2 was purchased from Merck 

Ltd, Auckland, New Zealand 

 Developing and Fixing Solutions: GBX developing (Kodak) and GBX fixing 

(Kodak) solutions were prepared according to manufacturer’s instruction. 
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In brief, developer (100 ml) and fixe (100 ml) were diluted to 500 ml with 

Double distilled water water, respectively, before use. 

A.7 Confocal microscopy 

A.7.1 Agarose coated glass slides 

To prepare agarose solution (0.6%), 0.15 g UltraPure™ agarose (Invitrogen™, Life 

Technologies, Carlsbad, CA, USA) was added to 25 ml Double distilled water water 

and melted using a microwave. Three fourth surface area of the slide was evenly 

overlayed with 1 ml agarose solution and allowed to solidify. Using a speed vac, 

water was completely evaporated to form a thin transparent layer of agarose on 

the slides. 

Note: The agarose layer is difficult to see after drying. Hence, mark the layered 

side with a sticker. These slides can be stored at RT for up to 6 months. 

A.7.2 DAPI 

Stock solution (1mg/ml) was prepared by dissolving 1 mg DAPI (Molecular Probes, 

Life Technologies, Carlsbad, CA, USA) in 1 ml Double distilled water water; 50 µl 

aliquots (in a brown coloured eppendorf) were stored at -20°C. 

A.7.3 FM4-64 

Stock solution (1mg/ml) was prepared by dissolving 1 mg FM4-64 (Molecular 

Probes, Life Technologies, Carlsbad, CA, USA) in 1 ml DMSO (; 50 µl aliquots (in a 

brown coloured eppendorf) were stored at -20°C. 

A.8 Subcellular fractionation 

A.8.1 Phosphate buffer (Gomori buffer) 

Potassium phosphate buffer (100 mM, pH 7.5) was prepared according to the 

protocol described by Sambrook et al. (Sambrook 2001). 

A.8.2 Spheroplasting buffer 

To prepare 250 ml spheroplasting buffer, 63.75 g (1.4 M) D-Sorbitol (Sigma-

Aldrich, Inc. St. Louis, USA), 780 µl (40 mM) β-mercaptoethanol (Sigma-Aldrich, 

Inc. St. Louis, USA) and 162.5 mg (10 mM) Sodium azide were dissolved in 125 ml 

of 100 mM phosphate buffer (appendix A.8.1), pH was adjusted to 7.5 using 
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potassium dihydrogen phosphate (100 mM). The volume was made up to 250 ml 

with Double distilled water water, sterilised using a 0.45 m Millex syringe filter 

(Merck Millipore Ltd, Darmstadt, Germany and stored at 4°C until used. 

A.8.3 Sucrose gradient Lysis (SGL) buffer  

To prepare 500 ml lysis buffer, 72.86 g (0.8 mM) D-Sorbitol (Sigma-Aldrich, Inc. St. 

Louis, USA), 1.04 g (10 mM) MOPS and 1 ml (1 mM) of 0.5 M EDTA were dissolved 

in 400 ml Double distilled water water, pH was adjusted to 7.2 using 1 M NaOH and 

volume was made up to 500ml with Double distilled water water. PMSF (1 mM) 

was added freshly from the stock solution when required (appendix A.10.6). 

A.8.4 Differential centrifugation Lysis (DCL) buffer  

To prepare 500 ml lysis buffer, 605 mg (10 mM) UltraPure™ Tris (Invitrogen™, Life 

Technologies, Carlsbad, CA, USA), 100 ml (20%, v/v) glycerol ( and 2 ml (2 mM) of 

0.5 M EDTA were dissolved in 200 ml Double distilled water water, pH was 

adjusted to 7.2 using 0.1 M HCl and volume was made up to 500 ml with Double 

distilled water water. PMSF (1 mM) was added freshly from the stock solution 

when required (appendix A.10.6). 

A.8.5 Zymolyase solution 

Stock solution (1mg/ml) was prepared by dissolving 1 mg Zymolyase 100T 

(Seikagaku Biobusiness Corp, Tokyo, Japan) in 1 ml of spheroplasting buffer 

(appendix A.8.2). 

A.9 Transmission electron microscopy reagents 

A.9.1 Sodium cacodylate buffer 

To prepare 200 ml of 0.4 M sodium cacodylate buffer 17.12 g of sodium cacodylate 

(Agar Scientific, Elektron Technology, UK) was dissolved in 120 ml double distilled 

water; pH was adjusted to 6.8 using 1N HCl (Sigma-Aldrich, MO, USA) and volume 

was made up to 200 ml with double distilled water. 

A.9.2 Primary fixative 

100 ml of 5X primary fixative consisted of 0.5M sodium cacodylate, pH 6.8 and 

10% glutaraldehyde. It was prepared by dissolving 10.7g of sodium cacodylate in 

40 ml double distilled water and pH was adjusted to 6.8 with NaOH. 40 ml of 25% 
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glutaraldehyde (ProSci Tech, Australia) was added and the volume was made up to 

100 ml with double distilled water. 

A.9.3 Secondary fixative 

Secondary fixative containing 2% osmium tetroxide (OsO4) in 0.1M sodium 

cacodylate was prepared by mixing 5 ml of 4% OsO4 (OsO4 powder from 

ProSciTech Pty Ltd, Australia), 2.5 ml of 0.4 M sodium cacodylate (pH 6.8) and 2.5 

ml double distilled water. 

A.9.4 Resin Mixture 

Embedding resin mixture contained 30 g Quetol 651, 30 g nadic Methyl anhydride 

(MNA), 30 g nonenly succinic anhydride (NSA) and 1.35 g of 2, 4, 6-tri 

(dimethylaminoethyl) phenol (DMP-30, used as an accelerator). All these reagents 

were sourced from ProSci Tech Pty Ltd, QLD, Australia. 

Copper grids with 1x2 mm slots were purchased from ProSci Tech Pty Ltd, QLD, 

Australia 

A.10 Stock solutions 

A.10.1  5-aminolevulinic acid (δ-Ala) 

The stock solution of 1mg/ml was prepared by dissolving 1 mg δ-Ala (Sigma-

Aldrich, Inc. St. Louis, USA) in 1 ml Double distilled water water, sterilised using a 

0.22 m Millex syringe filter (Merck Millipore Ltd, Darmstadt, Germany) and 

stored at -20°C until use.  

A.10.2  Ergosterol solution 

The stock solution of 1 mg/ml was prepared by dissolving 5 mg ergosterol (Sigma-

Aldrich, Inc. St. Louis, USA) in 5 ml absolute alcohol. 

Note: Solubility (Refer Merk index) of ergosterol is 

1 g in 660 ml absolute alcohol (equals to1.5 mg/ml).  

1 g in 31 ml chloroform.  

A.10.3  Cholesterol solution 

1 mg/ml stock solution was prepared by dissolving 1 mg cholesterol (Sigma-

Aldrich, Inc. St. Louis, USA) in 1 ml absolute alcohol. 
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Note: Solubility (refer Merk index) of cholesterol is 

1.29 g (at 20°C) in 100 ml absolute alcohol.  

1 g in 4.5 ml chloroform. 

A.10.4  Tween-80 solution  

To prepare 125 mg/ml stock solution, 1.242 ml of Tween-80 (Sigma-Aldrich Corp. 

St. Louis, MO, USA) and 8.758 ml Double distilled water water were added 

(dilution reduces the density and makes filter sterilization easy) and incubated at 

50°C until tween-80 dissolved completely. The solution was sterilised using 0.22 

m Millex™ syringe filter (Merck Millipore Ltd, Darmstadt, Germany) and stored at 

RT until used. 

Note: Some literature suggests that Tween-80 may degrade if autoclaved; hence, 

filter sterilization method was used. Density of Tween-80 is 1006 mg/ml. 

A.10.5  EDTA 

To prepare 100 ml of 500 mM stock solution 18.6 g EDTA/Tripilex™ (Merck KGaA, 

Ltd, Darmstadt, Germany) was dissolved in 80 ml Double distilled water water; pH 

was adjusted to 8 by adding required amount of NaOH pellets (Merck KGaA, Ltd, 

Darmstadt, Germany) and volume was made up to 100 ml with Double distilled 

water. The solution was sterilised using a 0.4 m Millex™ syringe filter (Merck 

Millipore Ltd, Darmstadt, Germany) and stored at RT until used. 

Note: EDTA will not dissolve until the pH is reduced to 8. 

A.10.6  PMSF 

To prepare 100 mM stock solution, 435.5 mg PMSF (Roche, Vaud, Switzerland) was 

dissolved in 25 ml Isopropyl alcohol (Merck KGaA, Ltd, Darmstadt, Germany) and 

stored at RT until used.  

A.10.7  5-FOA 

Stock solution (100 mg/ml) was prepared in DMSO. 
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B. APPENDIX B 

B.1 DNA Sequence of PDR5 
The DNA sequence is obtained from Saccharomyces cerevisiae Genome Database. 

PDR5/YOR153W is on chromosome XV from coordinates 619840 to 624375. The 

sequence present here contains additional 2000 bp upstream and downstream of 

start and stop codon. 

TTGTCATTGGTGTCATCTGCAAACCAAATGTTATAAATTGAAGAAAACAGTAAATAACTG 
TTAAAATTCGGTTCTGTTATCTTATTAAGGAATCCGGTAAGCTTGTTTTGAGATTCCATA 
AAGGCAATGAAGTCATATACCAGCTCTCTTGTCAAGCAAATACTTCCAAACGACATAAGT 
AAAGAGGTAAATGGTAAGAAATTCAGAAAGGCATCAATAGGAGTATAGAGGTAAATAAA
ATGTATGAACTCGTAAAGACTCCAATATTTTAACAGTGATTTATAAATGGTGATGACAAC
TGGGGACTGACCCAAAGAAGTAGCGGTTTTAGCAGCACTTGCCTTTGAGAAGTCAACGGAA 
GACGTCAGATAGACCACTTCTAATGTCAGCTGCAAAGGAATGGCAACTGAGGTAAGCAAA 
AATAAGGGCCATAAAATTAAATTAAACATTAGTTTTCTATGGTGGAGTGAAGCACAGCAG 
AAAGAACGTTAGGAACCTTAGCTAAAAGATAGAAAAAAAGAGCACTACAAAAATCTTATC 
CTCGATTTGAAATACTAATGTCGAGCCAGATCAAATTAAATGAAATCGAAATGATATAAC 
GTTGCTCTTGCACGTGTATTTCGCTGCTTAGGAAAGTTGTTTCCACATATTATCTTTTGT 
ACGATTTTAAACAGTAAAATCGATGCATATTAAGGGAGGCCCAATACCCGCGGGCAGTAA 
CCGCATCTTTGGAAATACCGGGTAATAATAAATGCCCGGGAAAAAAGAGCATAAAACAGA 
GAGGCGATATAGGAATGAATATGTGCTATTTACGGAAGGGAAAAACACTTATTGTTTTTC 
TGAAATGTGACACAGTAAAGTCCGTCATATACGGTTCTCCGTTGGGCGCTACCACACACA 
TATATATAAGCCTGAATGCAGTAGACAAATTTCAGATATCATACAAAGGAAGCGTTCTCT 
GGGACCCCTTTCTATGTTTAGATGGTTCACTGAACTTGTTCGTTAACGTAAATATGTCTT 
CCTCTTTGATTCCAACAATGATATTATAAGGAAATTATCGTCACAATCTAATCAACAAGG 
ACAAAGAAAAGAAAAAGTTGAGAGAGAGAACAAAAGTTCAAATCAAAGAAAAAAAAGAAC 
ATCAAATTACCTATTACAATAAACAATTAAGCCATACTCGCAACAATTTGCCATAATAGA 
AAGCAGCACCTCGTTGGCGCAGTCCCTTACATAGTACACAACATTTATCACTTCACACAA 
TCAGGAGTGGAACTCAATGGAAAACAACACCACACGTATGATCTTACTAATAAAAGAACA 
TGAACGTTCCTCAGCGCGAACGTTCGCATTCTGCGCCTTCGAGCACAGGATAAGTTGCAG 
GAAGCCATCACATCTATGCAACGATTATCACGACACAACCTTGCCGCCGAGAAAACGTCC 
GTGGAGAACCATTCGGTCGATTGCTTCCCACGGAACGAGTGGACTGAAACTTAAGACTGC 
CCCTCTCTTTCCGCGGAATCGCTCATGCCGCGGTGCCACAACATTTTCAGATTTACTAAG 
ACTCCGGTGAGTGTGGGCTCACCCGCGGGTCGTGATCACGATTCAGCACCCTTTGGACTC 
GTGATTCCGTGGAAAGGTCAGATCTGTATTCCTACTTATGGTAATGTGCTAAAAAAAGAG 
AAATGTCTCCGCGGAACTCTTCTACGCCGTGGTACGATATCTGTTGAACGTAATCTGAGC 
AATACAAACAAGGCCTCTCCTATACATATATAATTGTGATGTGCATAACCTTATGGCTGT 
TCGCTTTTATTATCATACCTTAGAATGAAATCCAAAAGAAAAAAGTCACGCAAAGTTGCA 
AACATATAACAACTGTGTTAGTTATCACTCGACTTTGTTATTCTAATTATAAATAAATTG 
GCAACTAGGAACTTTCGAAAAAGAAATTAAAGACCCTTTTAAGTTTTCGTATCCGCTCGT 
TCGAAAGACTTTAGACAAAAATGCCCGAGGCCAAGCTTAACAATAACGTCAACGACGTTA 
CTAGCTACTCCTCCGCGTCTTCTTCTACTGAAAACGCTGCTGATCTACACAATTATAATG 
GGTTCGATGAGCATACAGAAGCTCGAATCCAAAAACTGGCAAGGACTCTGACCGCACAGA 
GTATGCAAAACTCCACTCAATCGGCACCCAACAAAAGTGATGCTCAGTCTATATTTTCTA 
GCGGTGTGGAAGGTGTAAACCCGATATTCTCTGATCCTGAAGCTCCAGGCTATGACCCAA 
AATTGGACCCCAACTCCGAAAATTTTTCTAGTGCCGCCTGGGTTAAGAATATGGCTCACC 
TAAGTGCGGCAGACCCTGACTTTTATAAGCCTTATTCCTTAGGTTGCGCTTGGAAGAACT 
TAAGTGCTTCTGGTGCTTCCGCAGATGTCGCCTATCAGTCAACTGTGGTTAATATTCCAT 
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ACAAAATCCTAAAAAGTGGGCTGAGAAAGTTTCAACGTTCTAAAGAAACCAATACTTTCC 
AAATCTTGAAACCAATGGATGGTTGCCTAAACCCAGGTGAATTGCTAGTCGTTTTAGGTA 
GACCAGGCTCTGGCTGTACTACTTTATTAAAATCCATCTCTTCAAATACTCATGGTTTTG 
ATCTTGGTGCAGATACTAAAATTTCTTACAGCGGCTACTCAGGTGATGATATTAAGAAAC 
ATTTTCGTGGTGAAGTTGTTTACAACGCAGAAGCTGATGTACATCTGCCTCATTTAACAG 
TCTTCGAAACTTTGGTTACAGTAGCGAGGTTGAAAACCCCACAGAACCGTATCAAGGGTG 
TCGATAGGGAAAGTTATGCGAATCATTTGGCGGAAGTAGCAATGGCAACGTACGGTTTAT 
CGCATACAAGGAATACAAAAGTTGGTAACGACATCGTCAGAGGTGTTTCCGGTGGTGAAA 
GGAAGCGTGTCTCCATTGCTGAAGTCTCCATCTGTGGATCCAAATTTCAATGCTGGGATA 
ATGCTACAAGGGGTTTGGATTCCGCTACCGCTTTGGAATTTATTCGTGCCTTAAAGACTC 
AAGCTGATATTTCCAATACATCTGCCACAGTGGCCATCTATCAATGTTCTCAAGATGCGT 
ACGACTTGTTCAATAAAGTCTGTGTTTTGGATGATGGTTATCAGATCTACTATGGCCCCG 
CCGATAAGGCCAAGAAGTACTTTGAAGATATGGGGTATGTTTGTCCAAGCAGACAAACCA 
CCGCAGATTTTTTGACCTCAGTTACAAGTCCCTCTGAGAGAACCCTGAACAAAGATATGC 
TAAAAAAAGGTATTCATATACCACAGACCCCGAAGGAAATGAACGATTACTGGGTAAAAT 
CTCCAAATTACAAAGAGCTAATGAAAGAAGTCGACCAACGATTATTGAATGACGATGAAG 
CAAGCCGTGAAGCTATTAAGGAAGCCCACATTGCTAAGCAGTCCAAGAGAGCAAGACCTT 
CCTCTCCTTATACTGTCAGCTACATGATGCAAGTTAAATACCTATTAATCAGAAATATGT 
GGAGACTGCGAAATAATATCGGGTTTACATTATTTATGATTTTGGGTAACTGTAGTATGG 
CTTTAATCTTGGGTTCAATGTTTTTCAAGATCATGAAAAAGGGTGATACTTCTACATTCT 
ATTTCCGTGGTTCTGCTATGTTTTTTGCAATTCTATTCAATGCATTTTCTTCTCTGTTAG 
AAATCTTTTCGTTATATGAGGCCAGACCAATCACTGAAAAACATAGAACATATTCGTTAT 
ACCATCCAAGTGCTGACGCTTTTGCATCAGTTCTATCAGAAATACCCTCAAAGTTAATCA 
TCGCTGTTTGCTTCAATATAATCTTCTATTTCTTAGTAGACTTTAGAAGAAATGGTGGTG 
TATTCTTTTTCTACTTATTAATAAACATTGTCGCGGTTTTCTCCATGTCTCACTTGTTTA 
GATGTGTTGGTTCCTTAACAAAGACATTGTCAGAAGCTATGGTTCCCGCTTCTATGTTAT 
TGTTGGCTCTATCCATGTATACCGGTTTTGCTATTCCTAAGAAGAAGATCCTACGTTGGT 
CTAAATGGATTTGGTATATCAATCCGTTGGCTTACTTATTCGAATCTTTGTTAATTAACG 
AGTTTCATGGTATAAAATTCCCCTGCGCTGAATATGTTCCTCGTGGTCCTGCGTATGCAA 
ACATTTCTAGTACAGAATCTGTTTGTACCGTGGTTGGAGCTGTTCCAGGCCAAGACTATG 
TTCTGGGTGATGATTTCATTAGAGGAACTTATCAATACTACCACAAAGACAAATGGCGTG 
GTTTCGGTATTGGTATGGCTTATGTCGTCTTCTTTTTCTTTGTCTATCTATTCTTATGTG 
AATACAACGAGGGTGCTAAACAAAAAGGTGAAATATTAGTTTTCCCACGCAGTATAGTTA 
AAAGAATGAAGAAAAGAGGTGTACTAACTGAAAAGAATGCAAATGACCCCGAAAACGTTG 
GGGAACGTAGTGACTTATCCAGCGATAGGAAAATGCTACAAGAAAGCTCTGAAGAGGAAT 
CCGATACTTACGGAGAAATTGGTTTATCCAAGTCAGAGGCTATATTTCACTGGAGAAACC 
TTTGTTACGAAGTTCAGATTAAGGCCGAAACAAGACGTATTTTGAACAATGTTGATGGTT 
GGGTTAAACCAGGTACTTTAACAGCTTTAATGGGTGCTTCAGGTGCTGGTAAAACCACAC 
TTCTGGATTGTTTGGCCGAAAGGGTTACCATGGGTGTTATAACTGGTGATATCTTGGTCA 
ATGGTATTCCCCGTGATAAATCTTTCCCAAGATCCATTGGTTATTGTCAGCAACAAGATT 
TGCATTTGAAAACTGCCACTGTGAGGGAGTCATTGAGATTTTCTGCTTACCTACGTCAAC 
CAGCTGAAGTTTCCATTGAAGAAAAGAACAGATATGTTGAAGAAGTTATTAAAATTCTTG 
AAATGGAAAAATATGCTGATGCTGTTGTTGGTGTTGCTGGTGAAGGTTTAAACGTTGAAC 
AAAGAAAAAGATTAACCATTGGTGTTGAATTAACTGCCAAACCAAAACTGTTGGTCTTTT 
TAGATGAACCTACTTCTGGTTTGGATTCTCAAACTGCTTGGTCTATTTGTCAGCTAATGA 
AAAAGTTGGCAAATCATGGTCAAGCAATTCTATGTACTATTCACCAACCCTCTGCTATTT 
TGATGCAAGAATTCGATCGTTTACTATTTATGCAACGTGGTGGTAAGACTGTCTACTTTG 
GCGACTTGGGCGAAGGTTGTAAAACTATGATCGATTATTTTGAAAGCCATGGTGCTCATA 
AATGCCCTGCTGACGCCAACCCAGCTGAATGGATGCTAGAAGTTGTTGGTGCAGCTCCAG 
GCTCTCATGCAAATCAAGATTATTACGAAGTTTGGAGGAATTCTGAAGAGTACAGGGCCG 
TTCAATCTGAATTAGATTGGATGGAAAGAGAATTACCAAAGAAAGGTTCGATAACTGCAG 
CTGAGGACAAACACGAATTTTCACAATCAATTATTTATCAAACAAAATTGGTCAGTATTC 
GTCTATTCCAGCAATATTGGAGATCTCCAGATTATTTATGGTCGAAGTTTATTTTAACTA 
TTTTCAATCAATTGTTCATCGGTTTCACTTTCTTCAAAGCAGGAACCTCGCTACAGGGTT 
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TACAAAATCAAATGTTGGCTGTGTTCATGTTTACGGTTATTTTCAATCCTATTCTACAAC 
AATACCTACCATCTTTTGTCCAGCAAAGAGATTTGTATGAGGCCAGGGAACGCCCCTCAA 
GGACTTTTTCTTGGATTTCATTTATCTTCGCTCAAATATTCGTGGAAGTTCCATGGAATA 
TATTGGCAGGTACTATTGCTTATTTTATCTACTATTATCCAATTGGATTTTACTCCAACG 
CGTCTGCAGCTGGCCAGTTGCATGAAAGGGGTGCTTTATTTTGGTTGTTCTCTTGTGCTT 
TCTACGTTTATGTTGGTTCTATGGGTCTGCTTGTCATTTCATTCAACCAAGTTGCAGAAA 
GTGCAGCTAACTTAGCCTCTTTGTTGTTTACAATGTCTTTGTCTTTTTGTGGTGTTATGA 
CTACCCCAAGTGCCATGCCTAGATTTTGGATATTCATGTACAGGGTTTCACCTTTGACTT 
ATTTCATTCAGGCTCTGTTGGCTGTTGGTGTTGCTAACGTAGACGTCAAATGCGCTGATT 
ACGAATTGCTAGAATTCACACCACCATCCGGTATGACATGTGGGCAGTACATGGAACCAT 
ATTTACAACTAGCAAAGACTGGTTACTTAACTGATGAAAATGCCACTGACACCTGTAGTT 
TCTGTCAAATATCTACAACCAATGATTACTTAGCTAATGTCAATTCTTTCTACAGTGAGA 
GATGGAGAAATTATGGTATCTTCATCTGTTATATTGCATTCAATTATATCGCTGGTGTCT 
TTTTCTACTGGTTAGCAAGAGTGCCTAAAAAGAACGGTAAACTCTCCAAGAAATAATAGA 
ATTTTGAATTTGGTTAAGAAAAGAAACTTACCAAGATGGACTTTTTTAATAAACATACAT 
AATCACTACATATAGGTGCGTAATAATAAGTTTTTATTTTTTTTTTCTTAATTCAGCGAG 
CTTTCTACATTTCAATTTTCTTGAATTTACCAGCTCTGATAAATCAAAGTTCAATGTCCG 
AAAGAATTCCGAGAATTTTATTCCTAGGTTATCTCATCGGTACTTTTTTTTTATAGGCAT 
CAGCATTTAGTGTGAAAACATTATTTCTTAACTGTGCCTTACGGTTAAAAAGAAAGGACG 
CAATGGATATAGTTAAAATATAAGATATATTATATCATTATCTGTCCGAATGGCGAACCG 
TCTTCTCATATACGGCCTTATTTTGTGGGTAAGTATAATCGGATCTTTTGCATTAGATAG 
GAACAAAACTGCTCAAAATGCGAAGATTGGTCTACATGATACCACTGTGATCACGACTGG 
AAGTACAACGAACGTGCAGAAAGAACATTCCTCACCACTATCCACCGGTTCTTTAAGAAC 
CCATGATTTTAGACAGGCCTCTAAAGTTGACATACGGCAGGCTGACATACGGGAAAACGG 
TGAGAGGAAAGAGCAAGATGCACTAACACAGCCTGCAACACCAAGGAATCCGGGCGATTC 
GAGTAATTCATTTTTATCGTTCGACGAATGGAAGAAGGTCAAGTCGAAGGAGCACTCATC 
AGGCCCTGAACGTCATCTTAGTCGAGTGAGGGAGCCAGTCGATCCCTCTTGCTATAAAGA 
GAAAGAATGCATAGGAGAAGAGTTGGAAATCGATTTGGGGTTTTTGACAAACAAAAACGA 
GTGGAGTGAAAGAGAAGAAAATCAAAAAGGATTCAATGAGGAAAAGGACATAGAGAAAG
TTTACAAAAAAAAATTCAACTATGCATCCTTGGATTGCGCTGCAACAATTGTCAAAAGCAA 
TCCAGAAGCGATTGGAGCGACTTCTACGTTAATTGAGAGCAAAGACAAGTATTTACTGAA 
TCCCTGTTCAGCTCCGCAGCAATTCATTGTTATAGAGCTTTGTGAAGATATCCTGGTGGA 
GGAAATTGAAATTGCTAATTACGAATTCTTTTCCTCGACCTTCAAGAGATTTAGGGTGTC 
AGTTTCTGATAGAATACCGATGGTTAAAAATGAATGGACAATATTAGGAGAATTCGAGGC 
AAGAAATTCAAGAGAACTACAAAAGTTTCAAATACATAATCCCCAAATCTGGGCAAGTTA 
TTTGAAAATCGAAATTCTATCCCATTATGAGGACGAATTTTATTGTCCCATATCCTTAAT 
CAAAGTATATGGTAAATCAATGATGGATGAGTTTAAGATCGATCAACTAAAGGCTCAAGA 
GGATAAAGAACAATCCATAGGAACTAACAATATAAACAATTTGAATGAACAAAATATCCA 
AGACAGATGTAACAATATAGAAACGCGTTTAGAGACTCCAAACACAAGCAATCTCTCAGA 
CTTAGCTGGTGCATTATCATGTACTTCAAAGCTCATCCCTTTGAAGTTCGATGAATTTTT 
CAAGGTGCTTAATGCATCCTTTTGTCCTTCCAAGCAAATGATATCTTCTTCTTCTTCTTC 
GGCTGTTCCTGTAATTCCAGAAGAATCCATTTTTAAGAACATCATGAAAAGGCTGTCACA 
ACTGGAGACAAATTCTAGTTTGACAGTTTCTTACATTGAGGAACAGAGCAAACTGCTATC 
TAAATCGTTTGAACAACTTGAAATGGCGCACGAAGCAAAGTTCAGTCATCTTGTCACGAT 
ATTCAACGAAACAATGATGAGTAATCTAGATCTGCTGAATAACTTTGCCAATCAATTGAA 
AGATCAATCTTTACGTATATTAGAAGAACAGAAACTGGAGAATGACAAATTTACTAACCG 
TCATTTATTGCATTTGGAAAGATTGGAAAAAGAAGTCAGTTTTCAAAGAAGAATTGTTTA 
TGCGTCATTTTTCGCC 
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PDR5 promoter Highlighted in blue (this is the same sequence present in 

pABC3 plasmid) 

PDR5 start and CDS “ATGCCCGAGGCCAAGCTT” highlighted in GREEN 

 

PDR5 3’end region present in pABC3 plasmid 

AGAATTCACACCACCATCCGGTATGACATGTGGGCAGTACATGGAACCATATTTACAAC

TAGCAAAGACTGGTTACTTAACTGATGAAAATGCCACTGACACCTGTAGTTTCTGTCAA

ATATCTACAACCAATGATTACTTAGCTAATGTCAATTCTTTCTACAGTGAGAGATGGAG

AAATTATGGTATCTTCATCTGTTATATTGCATTCAATTATATCGCTGGTGTCTTTTTCT

ACTGGTTAGCAAGAGTGCCTAAAAAGAACGGTA 

 

Primers 

PDR5upstream GAGCATAAAACAGAGAGGCGATATAGG  highlighted in red is 

-93 bp upstream of start codon. 

PDR5downstream CTGTCCGAATGGCGAACCGTCTTCTCATA 

 

For example: if you amplify PDR5 transformation cassette from pABC3-GFP 

plasmid containing ABCG2 gene using ‘PDR5 upstream’ and ‘PDR5 Downstream’ 

primer pair, the length of PCR product will be around 6kb that includes 

empty cassette with GFP = 3567 bp 

ABCG2 = 1978 bp 

A sequence spanning from ‘PDR5 upstream’ primer until PDR5 promoter region 

present in pABC3-GFP plasmid = 93 bp 

A fragment between PDR 3’ end region present in plasmid and PDR5 downstream 

primer = 390 bp 
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B.2 DNA sequence of pABC3-ABCG2 
 

Human ABCG2 sequence (sequence confirmed) was from Erwin (highlighted in 

blue uppercase letters). Pabc3 sequence was obtained from NCBI genebank 

(GenBank number: DQ903883.1) 

ctaaattgtaagcgttaatattttgttaaaattcgcgttaaatttttgttaaatcagctcattt

tttaaccaataggccgaaatcggcaaaatcccttataaatcaaaagaatagaccgagatagggt

tgagtgttgttccagtttggaacaagagtccactattaaagaacgtggactccaacgtcaaagg

gcgaaaaaccgtctatcagggcgatggcccactacgtgaaccatcaccctaatcaagttttttg

gggtcgaggtgccgtaaagcactaaatcggaaccctaaagggagcccccgatttagagcttgac

ggggaaagccggcgaacgtggcgagaaaggaagggaagaaagcgaaaggagcgggcgctagggc

gctggcaagtgtagcggtcacgctgcgcgtaaccaccacacccgccgcgcttaatgcgccgcta

cagggcgcgtcccattcgccattcaggctgcgcaactgttgggaagggcgatcggtgcgggcct

cttcgctattacgccagctggcgaaagggggatgtgctgcaaggcgattaagttgggtaacgcc

agggttttcccagtcacgacgttgtaaaacgacggccagtgaattgtaatacgactcactatag

ggcgaattgggtaccgggccccccctgcaggtcaacggtatcgatggtccgtcatatacggttc

tccgttgggcgcgcccacacacatatatataagcctgaatgcagtagacaaatttcagatatca

tacaaaggaagcgttctctgggacccctttctatgtttagatggttcactgaacttgttcgtta

acgtaaatatgtcttcctctttgattccaacaatgatattataaggaaattatcgtcacaatct

aatcaacaaggacaaagaaaagaaaaagttgagagagagaacaaaagttcaaatcaaagaaaaa

aaagaacatcaaattacctattacaataaacaattaagccatactcgcaacaatttgccataat

agaaagcagcacctcgttggcgcagtcccttacatagtacacaacatttatcacttcacacaat

caggagtggaactcaatggaaaacaacaccacacgtatgatcttactaataaaagaacatgaac

gttcctcagcgcgaacgttcgcattctgcgccttcgagcacaggataagttgcaggaagccatc

acatctatgcaacgattatcacgacacaaccttgccgccgagaaaacgtccgtggagaaccatt

cggtcgattgcttcccacggaacgagtggactgaaacttaagactgcccctctctttccgcgga

atcgctcatgccgcggtgccacaacattttcagatttactaagactccggtgagtgtgggctca

cccgcgggtcgtgatcacgattcagcaccctttggactcgtgattccgtggaaaggtcagatct

gtattcctacttatggtaatgtgctaaaaaaagagaaatgtctccgcggaactcttctacgccg

tggtacgatatctgttgaacgtaatctgagcaatacaaacaaggcctctcctatacatatataa

ttgtgatgtgcataaccttatggctgttcgcttttattaccataccttagaatgaaatccaaaa

gaaaaaagtcacgcaaagttgcaaacatataacaactgtgttagttatcactcgactttgttat

tctaattataaataaattggcaactaggaactttcgaaaaagaaattaaagacccttttaagtt

ttcgtatccgctcgttcgaaagacTTAATTAAAAAATGTCTTCCAGTAATGTCGAAGTTTTTAT

CCCAGTGTCACAAGGAAACACCAATGGCTTCCCCGCGACAGCTTCCAATGACCTGAAGGCATTT

ACTGAAGGAGCTGTGTTAAGTTTTCATAACATCTGCTATCGAGTAAAACTGAAGAGTGGCTTTC

TACCTTGTCGAAAACCAGTTGAGAAAGAAATATTATCGAATATCAATGGGATCATGAAACCTGG

TCTCAACGCCATCCTGGGACCCACAGGTGGAGGCAAATCTTCGTTATTAGATGTCTTAGCTGCA

AGGAAAGATCCAAGTGGATTATCTGGAGATGTTCTGATAAATGGAGCACCGCGACCTGCCAATT

TCAAATGTAATTCAGGTTACGTGGTACAAGATGATGTTGTGATGGGCACTCTGACGGTGAGAGA

AAACTTAAAGTTCTCAGCAGCTCTTCGGCTTGCAACAACTATGACGAATCATGAAAAAAACGAA

CGGATTAACAGGGTCATTCAAGAGTTAGGTCTGGATAAAGTGGCAGACTCCAAGGTTGGAACTC

AGTTTATCCGTGGTGTGTCTGGAGGAGAAAGAAAAAGGACTAGTATAGGAATGGAGCTTATCAC

TGATCCTTCCATCTTGTTCTTGGATGAGCCTACAACTGGCTTAGACTCAAGCACAGCAAATGCT

GTCCTTTTGCTCCTGAAAAGGATGTCTAAGCAGGGACGAACAATCATCTTCTCCATTCATCAGC
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CTCGATATTCCATCTTCAAGTTGTTTGATAGCCTCACCTTATTGGCCTCAGGAAGACTTATGTT

CCACGGGCCTGCTCAGGAGGCCTTGGGATACTTTGAATCAGCTGGTTATCACTGTGAGGCCTAT

AATAACCCTGCAGACTTCTTCTTGGACATCATTAATGGAGATTCCACTGCTGTGGCATTAAACA

GAGAAGAAGACTTTAAAGCCACAGAGATCATAGAGCCTTCCAAGCAGGATAAGCCACTCATAGA

AAAATTAGCGGAGATTTATGTCAACTCCTCCTTCTACAAAGAGACAAAAGCTGAATTACATCAA

CTTTCCGGGGGTGAGAAGAAGAAGAAGATCACAGTCTTCAAGGAGATCAGCTACACCACCTCCT

TCTGTCATCAACTCAGATGGGTTTCCAAGCGTTCATTCAAAAACTTGCTGGGTAATCCCCAGGC

CTCTATAGCTCAGATCATTGTCACAGTCGTACTGGGACTGGTTATAGGTGCCATTTACTTTGGG

CTAAAAAATGATTCTACTGGAATCCAGAACAGAGCTGGGGTTCTCTTCTTCCTGACGACCAACC

AGTGTTTCAGCAGTGTTTCAGCCGTGGAACTCTTTGTGGTAGAGAAGAAGCTCTTCATACATGA

ATACATCAGCGGATACTACAGAGTGTCATCTTATTTCCTTGGAAAACTGTTATCTGATTTATTA

CCCATGAGGATGTTACCAAGTATTATATTTACCTGTATAGTGTACTTCATGTTAGGATTGAAGC

CAAAGGCAGATGCCTTCTTCGTTATGATGTTTACCCTTATGATGGTGGCTTATTCAGCCAGTTC

CATGGCACTGGCCATAGCAGCAGGTCAGAGTGTGGTTTCTGTAGCAACACTTCTCATGACCATC

TGTTTTGTGTTTATGATGATTTTTTCAGGTCTGTTGGTCAATCTCACAACCATTGCATCTTGGC

TGTCATGGCTTCAGTACTTCAGCATTCCACGATATGGATTTACGGCTTTGCAGCATAATGAATT

TTTGGGACAAAACTTCTGCCCAGGACTCAATGCAACAGGAAACAATCCTTGTAACTATGCAACA

TGTACTGGCGAAGAATATTTGGTAAAGCAGGGCATCGATCTCTCACCCTGGGGCTTGTGGAAGA

ATCACGTGGCCTTGGCTTGTATGATTGTTATTTTCCTCACAATTGCCTACCTGAAATTGTTATT

TCTTAAAAAATATTCTTAAAAGCGGCCGCttctttggaattattggaaggtaaggaattgccag

gtgttgctttcttatccgaaaagaaataaattgaattgaattgaaatcgatagatcaatttttt

tcttttctctttccccatcctttacgctaaaataatagtttattttattttttgaatatttttt

atttatatacgtatatatagactattatttatcttttaatgattattaagatttttattaaaaa

aaaattcgctcctcttttaatgcctttatgcagtttttttttcccattcgatatttctatgttc

gggttcagcgtattttaagtttaataactcgaaaattctgcgttcgttggatccggtgattgat

tgagcaagctagcttttcaattcatcattttttttttattcttttttttgatttcggtttcctt

gaaatttttttgattcggtaatctccgaacagaaggaagaacgaaggaaggagcacagacttag

attggtatatatacgcatatgtagtgttgaagaaacatgaaattgcccagtattcttaacccaa

ctgcacagaacaaaaaccggaaacgaagataaatcatgtcgaaagctacatataaggaacgtgc

tgctactcatcctagtcctgttgctgccaagctatttaatatcatgcacgaaaagcaaacaaac

ttgtgtgcttcattggatgttcgtaccaccaaggaattactggagttagttgaagcattaggtc

ccaaaatttgtttactaaaaacacatgtggatatcttgactgatttttccatggagggcacagt

taagccgctaaaggcattatccgccaagtacaattttttactcttcgaagacagaaaatttgct

gacattggtaatacagtcaaattgcagtactctgcgggtgtatacagaatagcagaatgggcag

acattacgaatgcacacggtgtggtgggcccaggtattgttagcggtttgaagcaggcggcaga

agaagtaacaaaggaacctagaggccttttgatgttagcagaattgtcatgcaagggctcccta

tctactggagaatatactaagggtactgttgacattgcgaagagcgacaaagattttgttatcg

gctttattgctcaaagagacatgggtggaagagatgaaggttacgattggttgattatgacacc

cggtgtgggtttagatgacaagggagacgcattgggtcaacagtatagaaccgtggatgatgtg

gtctctacaggatctgacattattattgttggaagaggactatttgcaaagggaagggatgcta

aggtagagggtgaacgttacagaaaagcaggctgggaagcatatttgagaagatgcggccagca

aaactaaaaaactgtattataagtaagaattcacaccaccatccggtatgacatgtgggcagta

catggaaccatatttacaactagcaaagactggttacttaactgatgaaaatgccactgacacc

tgtagtttctgtcaaatatctacaaccaatgattacttagctaatgtcaattctttctacagtg

agagatggagaaattatggtatcttcatctgttatattgcattcaattatatcgctggtgtctt

tttctactggttagcaagagtgcctaaaaagaacggtaggcgcgccaagtctagtgcggccggc

caagcggtggacctcgagcttttgttccctttagtgagggttaatttcgagcttggcgtaatca

tggtcatagctgtttcctgtgtgaaattgttatccgctcacaattccacacaacatacgagccg
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gaagcataaagtgtaaagcctggggtgcctaatgagtgagctaactcacattaattgcgttgcg

ctcactgcccgctttccagtcgggaaacctgtcgtgccagctgcattaatgaatcggccaacgc

gcggggagaggcggtttgcgtattgggcgctcttccgcttcctcgctcactgactcgctgcgct

cggtcgttcggctgcggcgagcggtatcagctcactcaaaggcggtaatacggttatccacaga

atcaggggataacgcaggaaagaacatgtgagcaaaaggccagcaaaaggccaggaaccgtaaa

aaggccgcgttgctggcgtttttccataggctccgcccccctgacgagcatcacaaaaatcgac

gctcaagtcagaggtggcgaaacccgacaggactataaagataccaggcgtttccccctggaag

ctccctcgtgcgctctcctgttccgaccctgccgcttaccggatacctgtccgcctttctccct

tcgggaagcgtggcgctttctcatagctcacgctgtaggtatctcagttcggtgtaggtcgttc

gctccaagctgggctgtgtgcacgaaccccccgttcagcccgaccgctgcgccttatccggtaa

ctatcgtcttgagtccaacccggtaagacacgacttatcgccactggcagcagccactggtaac

aggattagcagagcgaggtatgtaggcggtgctacagagttcttgaagtggtggcctaactacg

gctacactagaaggacagtatttggtatctgcgctctgctgaagccagttaccttcggaaaaag

agttggtagctcttgatccggcaaacaaaccaccgctggtagcggtggtttttttgtttgcaag

cagcagattacgcgcagaaaaaaaggatctcaagaagatcctttgatcttttctacggggtctg

acgctcagtggaacgaaaactcacgttaagggattttggtcatgagattatcaaaaaggatctt

cacctagatccttttaaattaaaaatgaagttttaaatcaatctaaagtatatatgagtaaact

tggtctgacagttaccaatgcttaatcagtgaggcacctatctcagcgatctgtctatttcgtt

catccatagttgcctgactccccgtcgtgtagataactacgatacgggagggcttaccatctgg

ccccagtgctgcaatgataccgcgagacccacgctcaccggctccagatttatcagcaataaac

cagccagccggaagggccgagcgcagaagtggtcctgcaactttatccgcctccatccagtcta

ttaattgttgccgggaagctagagtaagtagttcgccagttaatagtttgcgcaacgttgttgc

cattgctacaggcatcgtggtgtcacgctcgtcgtttggtatggcttcattcagctccggttcc

caacgatcaaggcgagttacatgatcccccatgttgtgcaaaaaagcggttagctccttcggtc

ctccgatcgttgtcagaagtaagttggccgcagtgttatcactcatggttatggcagcactgca

taattctcttactgtcatgccatccgtaagatgcttttctgtgactggtgagtactcaaccaag

tcattctgagaatagtgtatgcggcgaccgagttgctcttgcccggcgtcaatacgggataata

ccgcgccacatagcagaactttaaaagtgctcatcattggaaaacgttcttcggggcgaaaact

ctcaaggatcttaccgctgttgagatccagttcgatgtaacccactcgtgcacccaactgatct

tcagcatcttttactttcaccagcgtttctgggtgagcaaaaacaggaaggcaaaatgccgcaa

aaaagggaataagggcgacacggaaatgttgaatactcatactcttcctttttcaatattattg

aagcatttatcagggttattgtctcatgagcggatacatatttgaatgtatttagaaaaataaa

caaataggggttccgcgcacatttccccgaaaagtgccac 

 

ggcgcgcc   Asc1 Restriction site 

TTAATTAA   Pac1 Restriction site 

GCGGCCGC   Not1 Restriction site 

HsABCG2   ORF (highlighted in blue uppercase letters) 

aaattgcagtactctgcggg  pURA3-2 primer 

gtccgtcatatacggt is the starting sequence of the PDR homologous 

sequence 
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B.3 DNA sequence of pABC3-ABCG2-GFP 
 

HsABCG2 sequence (sequence confirmed) taken from Erwin (highlighted in blue 

uppercase letters). pABC3 sequence from NCBI (GenBank number: DQ903883.1). 

ctaaattgtaagcgttaatattttgttaaaattcgcgttaaatttttgttaaatcagctcattt

tttaaccaataggccgaaatcggcaaaatcccttataaatcaaaagaatagaccgagatagggt

tgagtgttgttccagtttggaacaagagtccactattaaagaacgtggactccaacgtcaaagg

gcgaaaaaccgtctatcagggcgatggcccactacgtgaaccatcaccctaatcaagttttttg

gggtcgaggtgccgtaaagcactaaatcggaaccctaaagggagcccccgatttagagcttgac

ggggaaagccggcgaacgtggcgagaaaggaagggaagaaagcgaaaggagcgggcgctagggc

gctggcaagtgtagcggtcacgctgcgcgtaaccaccacacccgccgcgcttaatgcgccgcta

cagggcgcgtcccattcgccattcaggctgcgcaactgttgggaagggcgatcggtgcgggcct

cttcgctattacgccagctggcgaaagggggatgtgctgcaaggcgattaagttgggtaacgcc

agggttttcccagtcacgacgttgtaaaacgacggccagtgaattgtaatacgactcactatag

ggcgaattgggtaccgggccccccctgcaggtcaacggtatcgatggtccgtcatatacggttc

tccgttgggcgcgcccacacacatatatataagcctgaatgcagtagacaaatttcagatatca

tacaaaggaagcgttctctgggacccctttctatgtttagatggttcactgaacttgttcgtta

acgtaaatatgtcttcctctttgattccaacaatgatattataaggaaattatcgtcacaatct

aatcaacaaggacaaagaaaagaaaaagttgagagagagaacaaaagttcaaatcaaagaaaaa

aaagaacatcaaattacctattacaataaacaattaagccatactcgcaacaatttgccataat

agaaagcagcacctcgttggcgcagtcccttacatagtacacaacatttatcacttcacacaat

caggagtggaactcaatggaaaacaacaccacacgtatgatcttactaataaaagaacatgaac

gttcctcagcgcgaacgttcgcattctgcgccttcgagcacaggataagttgcaggaagccatc

acatctatgcaacgattatcacgacacaaccttgccgccgagaaaacgtccgtggagaaccatt

cggtcgattgcttcccacggaacgagtggactgaaacttaagactgcccctctctttccgcgga

atcgctcatgccgcggtgccacaacattttcagatttactaagactccggtgagtgtgggctca

cccgcgggtcgtgatcacgattcagcaccctttggactcgtgattccgtggaaaggtcagatct

gtattcctacttatggtaatgtgctaaaaaaagagaaatgtctccgcggaactcttctacgccg

tggtacgatatctgttgaacgtaatctgagcaatacaaacaaggcctctcctatacatatataa

ttgtgatgtgcataaccttatggctgttcgcttttattaccataccttagaatgaaatccaaaa

gaaaaaagtcacgcaaagttgcaaacatataacaactgtgttagttatcactcgactttgttat

tctaattataaataaattggcaactaggaactttcgaaaaagaaattaaagacccttttaagtt

ttcgtatccgctcgttcgaaagacTTAATTAAAAAATGTCTTCCAGTAATGTCGAAGTTTTTAT

CCCAGTGTCACAAGGAAACACCAATGGCTTCCCCGCGACAGCTTCCAATGACCTGAAGGCATTT

ACTGAAGGAGCTGTGTTAAGTTTTCATAACATCTGCTATCGAGTAAAACTGAAGAGTGGCTTTC

TACCTTGTCGAAAACCAGTTGAGAAAGAAATATTATCGAATATCAATGGGATCATGAAACCTGG

TCTCAACGCCATCCTGGGACCCACAGGTGGAGGCAAATCTTCGTTATTAGATGTCTTAGCTGCA

AGGAAAGATCCAAGTGGATTATCTGGAGATGTTCTGATAAATGGAGCACCGCGACCTGCCAATT

TCAAATGTAATTCAGGTTACGTGGTACAAGATGATGTTGTGATGGGCACTCTGACGGTGAGAGA

AAACTTAAAGTTCTCAGCAGCTCTTCGGCTTGCAACAACTATGACGAATCATGAAAAAAACGAA

CGGATTAACAGGGTCATTCAAGAGTTAGGTCTGGATAAAGTGGCAGACTCCAAGGTTGGAACTC

AGTTTATCCGTGGTGTGTCTGGAGGAGAAAGAAAAAGGACTAGTATAGGAATGGAGCTTATCAC

TGATCCTTCCATCTTGTTCTTGGATGAGCCTACAACTGGCTTAGACTCAAGCACAGCAAATGCT

GTCCTTTTGCTCCTGAAAAGGATGTCTAAGCAGGGACGAACAATCATCTTCTCCATTCATCAGC

CTCGATATTCCATCTTCAAGTTGTTTGATAGCCTCACCTTATTGGCCTCAGGAAGACTTATGTT

CCACGGGCCTGCTCAGGAGGCCTTGGGATACTTTGAATCAGCTGGTTATCACTGTGAGGCCTAT
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AATAACCCTGCAGACTTCTTCTTGGACATCATTAATGGAGATTCCACTGCTGTGGCATTAAACA

GAGAAGAAGACTTTAAAGCCACAGAGATCATAGAGCCTTCCAAGCAGGATAAGCCACTCATAGA

AAAATTAGCGGAGATTTATGTCAACTCCTCCTTCTACAAAGAGACAAAAGCTGAATTACATCAA

CTTTCCGGGGGTGAGAAGAAGAAGAAGATCACAGTCTTCAAGGAGATCAGCTACACCACCTCCT

TCTGTCATCAACTCAGATGGGTTTCCAAGCGTTCATTCAAAAACTTGCTGGGTAATCCCCAGGC

CTCTATAGCTCAGATCATTGTCACAGTCGTACTGGGACTGGTTATAGGTGCCATTTACTTTGGG

CTAAAAAATGATTCTACTGGAATCCAGAACAGAGCTGGGGTTCTCTTCTTCCTGACGACCAACC

AGTGTTTCAGCAGTGTTTCAGCCGTGGAACTCTTTGTGGTAGAGAAGAAGCTCTTCATACATGA

ATACATCAGCGGATACTACAGAGTGTCATCTTATTTCCTTGGAAAACTGTTATCTGATTTATTA

CCCATGAGGATGTTACCAAGTATTATATTTACCTGTATAGTGTACTTCATGTTAGGATTGAAGC

CAAAGGCAGATGCCTTCTTCGTTATGATGTTTACCCTTATGATGGTGGCTTATTCAGCCAGTTC

CATGGCACTGGCCATAGCAGCAGGTCAGAGTGTGGTTTCTGTAGCAACACTTCTCATGACCATC

TGTTTTGTGTTTATGATGATTTTTTCAGGTCTGTTGGTCAATCTCACAACCATTGCATCTTGGC

TGTCATGGCTTCAGTACTTCAGCATTCCACGATATGGATTTACGGCTTTGCAGCATAATGAATT

TTTGGGACAAAACTTCTGCCCAGGACTCAATGCAACAGGAAACAATCCTTGTAACTATGCAACA

TGTACTGGCGAAGAATATTTGGTAAAGCAGGGCATCGATCTCTCACCCTGGGGCTTGTGGAAGA

ATCACGTGGCCTTGGCTTGTATGATTGTTATTTTCCTCACAATTGCCTACCTGAAATTGTTATT

TCTTAAAAAATATTCTGGCGGCCGCatgtctaaaggtgaagaattattcactggtgttgtccca

attttggttgaattagatggtgatgttaatggtcacaaattttctgtctccggtgaaggtgaag

gtgatgctacttacggtaaattgaccttaaaatttatttgtactactggtaaattgccagttcc

atggccaaccttagtcactactttcggttatggtgttcaatgttttgcgagatacccagatcat

atgaaacaacatgactttttcaagtctgccatgccagaaggttatgttcaagaaagaactattt

ttttcaaagatgacggtaactacaagaccagagctgaagtcaagtttgaaggtgataccttagt

taatagaatcgaattaaaaggtattgattttaaagaagatggtaacattttaggtcacaaattg

gaatacaactataactctcacaatgtttacatcatggctgacaaacaaaagaatggtatcaaag

ttaacttcaaaattagacacaacattgaagatggttctgttcaattagctgaccattatcaaca

aaatactccaattggtgatggtccagtcttgttaccagacaaccattacttatccactcaatct

gccttatccaaagatccaaacgaaaagagagaccacatggtcttgttagaatttgttactgctg

ctggtattacccatggtatggatgaattgtacaaataaatcggccgcttctttggaattattgg

aaggtaaggaattgccaggtgttgctttcttatccgaaaagaaataaattgaattgaattgaaa

tcgatagatcaatttttttcttttctctttccccatcctttacgctaaaataatagtttatttt

attttttgaatattttttatttatatacgtatatatagactattatttatcttttaatgattat

taagatttttattaaaaaaaaattcgctcctcttttaatgcctttatgcagtttttttttccca

ttcgatatttctatgttcgggttcagcgtattttaagtttaataactcgaaaattctgcgttcg

ttggatccggtgattgattgagcaagctagcttttcaattcatcattttttttttattcttttt

tttgatttcggtttccttgaaatttttttgattcggtaatctccgaacagaaggaagaacgaag

gaaggagcacagacttagattggtatatatacgcatatgtagtgttgaagaaacatgaaattgc

ccagtattcttaacccaactgcacagaacaaaaaccggaaacgaagataaatcatgtcgaaagc

tacatataaggaacgtgctgctactcatcctagtcctgttgctgccaagctatttaatatcatg

cacgaaaagcaaacaaacttgtgtgcttcattggatgttcgtaccaccaaggaattactggagt

tagttgaagcattaggtcccaaaatttgtttactaaaaacacatgtggatatcttgactgattt

ttccatggagggcacagttaagccgctaaaggcattatccgccaagtacaattttttactcttc

gaagacagaaaatttgctgacattggtaatacagtcaaattgcagtactctgcgggtgtataca

gaatagcagaatgggcagacattacgaatgcacacggtgtggtgggcccaggtattgttagcgg

tttgaagcaggcggcagaagaagtaacaaaggaacctagaggccttttgatgttagcagaattg

tcatgcaagggctccctatctactggagaatatactaagggtactgttgacattgcgaagagcg

acaaagattttgttatcggctttattgctcaaagagacatgggtggaagagatgaaggttacga

ttggttgattatgacacccggtgtgggtttagatgacaagggagacgcattgggtcaacagtat
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agaaccgtggatgatgtggtctctacaggatctgacattattattgttggaagaggactatttg

caaagggaagggatgctaaggtagagggtgaacgttacagaaaagcaggctgggaagcatattt

gagaagatgcggccagcaaaactaaaaaactgtattataagtaagaattcacaccaccatccgg

tatgacatgtgggcagtacatggaaccatatttacaactagcaaagactggttacttaactgat

gaaaatgccactgacacctgtagtttctgtcaaatatctacaaccaatgattacttagctaatg

tcaattctttctacagtgagagatggagaaattatggtatcttcatctgttatattgcattcaa

ttatatcgctggtgtctttttctactggttagcaagagtgcctaaaaagaacggtaggcgcgcc

aagtctagtgcggccggccaagcggtggacctcgagcttttgttccctttagtgagggttaatt

tcgagcttggcgtaatcatggtcatagctgtttcctgtgtgaaattgttatccgctcacaattc

cacacaacatacgagccggaagcataaagtgtaaagcctggggtgcctaatgagtgagctaact

cacattaattgcgttgcgctcactgcccgctttccagtcgggaaacctgtcgtgccagctgcat

taatgaatcggccaacgcgcggggagaggcggtttgcgtattgggcgctcttccgcttcctcgc

tcactgactcgctgcgctcggtcgttcggctgcggcgagcggtatcagctcactcaaaggcggt

aatacggttatccacagaatcaggggataacgcaggaaagaacatgtgagcaaaaggccagcaa

aaggccaggaaccgtaaaaaggccgcgttgctggcgtttttccataggctccgcccccctgacg

agcatcacaaaaatcgacgctcaagtcagaggtggcgaaacccgacaggactataaagatacca

ggcgtttccccctggaagctccctcgtgcgctctcctgttccgaccctgccgcttaccggatac

ctgtccgcctttctcccttcgggaagcgtggcgctttctcatagctcacgctgtaggtatctca

gttcggtgtaggtcgttcgctccaagctgggctgtgtgcacgaaccccccgttcagcccgaccg

ctgcgccttatccggtaactatcgtcttgagtccaacccggtaagacacgacttatcgccactg

gcagcagccactggtaacaggattagcagagcgaggtatgtaggcggtgctacagagttcttga

agtggtggcctaactacggctacactagaaggacagtatttggtatctgcgctctgctgaagcc

agttaccttcggaaaaagagttggtagctcttgatccggcaaacaaaccaccgctggtagcggt

ggtttttttgtttgcaagcagcagattacgcgcagaaaaaaaggatctcaagaagatcctttga

tcttttctacggggtctgacgctcagtggaacgaaaactcacgttaagggattttggtcatgag

attatcaaaaaggatcttcacctagatccttttaaattaaaaatgaagttttaaatcaatctaa

agtatatatgagtaaacttggtctgacagttaccaatgcttaatcagtgaggcacctatctcag

cgatctgtctatttcgttcatccatagttgcctgactccccgtcgtgtagataactacgatacg

ggagggcttaccatctggccccagtgctgcaatgataccgcgagacccacgctcaccggctcca

gatttatcagcaataaaccagccagccggaagggccgagcgcagaagtggtcctgcaactttat

ccgcctccatccagtctattaattgttgccgggaagctagagtaagtagttcgccagttaatag

tttgcgcaacgttgttgccattgctacaggcatcgtggtgtcacgctcgtcgtttggtatggct

tcattcagctccggttcccaacgatcaaggcgagttacatgatcccccatgttgtgcaaaaaag

cggttagctccttcggtcctccgatcgttgtcagaagtaagttggccgcagtgttatcactcat

ggttatggcagcactgcataattctcttactgtcatgccatccgtaagatgcttttctgtgact

ggtgagtactcaaccaagtcattctgagaatagtgtatgcggcgaccgagttgctcttgcccgg

cgtcaatacgggataataccgcgccacatagcagaactttaaaagtgctcatcattggaaaacg

ttcttcggggcgaaaactctcaaggatcttaccgctgttgagatccagttcgatgtaacccact

cgtgcacccaactgatcttcagcatcttttactttcaccagcgtttctgggtgagcaaaaacag

gaaggcaaaatgccgcaaaaaagggaataagggcgacacggaaatgttgaatactcatactctt

cctttttcaatattattgaagcatttatcagggttattgtctcatgagcggatacatatttgaa

tgtatttagaaaaataaacaaataggggttccgcgcacatttccccgaaaagtgccac 

ggcgcgcc Asc1 restriction site 
GCGGCCGC Not1 restriction site 
TTAATTAA Pac1 restriction site  
HsABCG2 ORF (highlighted in blue uppercase letters) 
GFP tag Highlighted in green 
 



Page | 227  
 

B.4 DNA sequence of pABC3-GFP-ABCG2 
CTAAATTGTAAGCGTTAATATTTTGTTAAAATTCGCGTTAAATTTTTGTTAAATCAGCTCATTT

TTTAACCAATAGGCCGAAATCGGCAAAATCCCTTATAAATCAAAAGAATAGACCGAGATAGGGT

TGAGTGTTGTTCCAGTTTGGAACAAGAGTCCACTATTAAAGAACGTGGACTCCAACGTCAAAGG

GCGAAAAACCGTCTATCAGGGCGATGGCCCACTACGTGAACCATCACCCTAATCAAGTTTTTTG

GGGTCGAGGTGCCGTAAAGCACTAAATCGGAACCCTAAAGGGAGCCCCCGATTTAGAGCTTGAC

GGGGAAAGCCGGCGAACGTGGCGAGAAAGGAAGGGAAGAAAGCGAAAGGAGCGGGCGCTAGGGC

GCTGGCAAGTGTAGCGGTCACGCTGCGCGTAACCACCACACCCGCCGCGCTTAATGCGCCGCTA

CAGGGCGCGTCCCATTCGCCATTCAGGCTGCGCAACTGTTGGGAAGGGCGATCGGTGCGGGCCT

CTTCGCTATTACGCCAGCTGGCGAAAGGGGGATGTGCTGCAAGGCGATTAAGTTGGGTAACGCC

AGGGTTTTCCCAGTCACGACGTTGTAAAACGACGGCCAGTGAATTGTAATACGACTCACTATAG

GGCGAATTGGGTACCGGGCCCCCCCTGCAGGTCAACGGTATCGATGGTCCGTCATATACGGTTC

TCCGTTGggcgcgccCACACACATATATATAAGCCTGAATGCAGTAGACAAATTTCAGATATCA

TACAAAGGAAGCGTTCTCTGGGACCCCTTTCTATGTTTAGATGGTTCACTGAACTTGTTCGTTA

ACGTAAATATGTCTTCCTCTTTGATTCCAACAATGATATTATAAGGAAATTATCGTCACAATCT

AATCAACAAGGACAAAGAAAAGAAAAAGTTGAGAGAGAGAACAAAAGTTCAAATCAAAGAAAAA

AAAGAACATCAAATTACCTATTACAATAAACAATTAAGCCATACTCGCAACAATTTGCCATAAT

AGAAAGCAGCACCTCGTTGGCGCAGTCCCTTACATAGTACACAACATTTATCACTTCACACAAT

CAGGAGTGGAACTCAATGGAAAACAACACCACACGTATGATCTTACTAATAAAAGAACATGAAC

GTTCCTCAGCGCGAACGTTCGCATTCTGCGCCTTCGAGCACAGGATAAGTTGCAGGAAGCCATC

ACATCTATGCAACGATTATCACGACACAACCTTGCCGCCGAGAAAACGTCCGTGGAGAACCATT

CGGTCGATTGCTTCCCACGGAACGAGTGGACTGAAACTTAAGACTGCCCCTCTCTTTCCGCGGA

ATCGCTCATGCCGCGGTGCCACAACATTTTCAGATTTACTAAGACTCCGGTGAGTGTGGGCTCA

CCCGCGGGTCGTGATCACGATTCAGCACCCTTTGGACTCGTGATTCCGTGGAAAGGTCAGATCT

GTATTCCTACTTATGGTAATGTGCTAAAAAAAGAGAAATGTCTCCGCGGAACTCTTCTACGCCG

TGGTACGATATCTGTTGAACGTAATCTGAGCAATACAAACAAGGCCTCTCCTATACATATATAA

TTGTGATGTGCATAACCTTATGGCTGTTCGCTTTTATTACCATACCTTAGAATGAAATCCAAAA

GAAAAAAGTCACGCAAAGTTGCAAACATATAACAACTGTGTTAGTTATCACTCGACTTTGTTAT

TCTAATTATAAATAAATTGGCAACTAGGAACTTTCGAAAAAGAAATTAAAGACCCTTTTAAGTT

TTCGTATCCGCTCGTTCGAAAGACTTAATTAAAAAATGTCTAAAGGTGAAGAATTATTCACTGG

TGTTGTCCCAATTTTGGTTGAATTAGATGGTGATGTTAATGGTCACAAATTTTCTGTCTCCGGT

GAAGGTGAAGGTGATGCTACTTACGGTAAATTGACCTTAAAATTTATTTGTACTACTGGTAAAT

TGCCAGTTCCATGGCCAACCTTAGTCACTACTTTCGGTTATGGTGTTCAATGTTTTGCGAGATA

CCCAGATCATATGAAACAACATGACTTTTTCAAGTCTGCCATGCCAGAAGGTTATGTTCAAGAA

AGAACTATTTTTTTCAAAGATGACGGTAACTACAAGACCAGAGCTGAAGTCAAGTTTGAAGGTG

ATACCTTAGTTAATAGAATCGAATTAAAAGGTATTGATTTTAAAGAAGATGGTAACATTTTAGG

TCACAAATTGGAATACAACTATAACTCTCACAATGTTTACATCATGGCTGACAAACAAAAGAAT

GGTATCAAAGTTAACTTCAAAATTAGACACAACATTGAAGATGGTTCTGTTCAATTAGCTGACC

ATTATCAACAAAATACTCCAATTGGTGATGGTCCAGTCTTGTTACCAGACAACCATTACTTATC

CACTCAATCTGCCTTATCCAAAGATCCAAACGAAAAGAGAGACCACATGGTCTTGTTAGAATTT

GTTACTGCTGCTGGTATTACCCATGGTATGGATGAATTGTACAAAGGTGCTGGTGGATCAGCTGG

TGGTTCAGGAGGTGCTGGAGCAGGTATGTCTTCCAGTAATGTCGAAGTTTTTATCCCAGTGTCAC

AAGGAAACACCAATGGCTTCCCCGCGACAGCTTCCAATGACCTGAAGGCATTTACTGAAGGAGC

TGTGTTAAGTTTTCATAACATCTGCTATCGAGTAAAACTGAAGAGTGGCTTTCTACCTTGTCGA

AAACCAGTTGAGAAAGAAATATTATCGAATATCAATGGGATCATGAAACCTGGTCTCAACGCCA

TCCTGGGACCCACAGGTGGAGGCAAATCTTCGTTATTAGATGTCTTAGCTGCAAGGAAAGATCC

AAGTGGATTATCTGGAGATGTTCTGATAAATGGAGCACCGCGACCTGCCAATTTCAAATGTAAT

TCAGGTTACGTGGTACAAGATGATGTTGTGATGGGCACTCTGACGGTGAGAGAAAACTTAAAGT
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TCTCAGCAGCTCTTCGGCTTGCAACAACTATGACGAATCATGAAAAAAACGAACGGATTAACAG

GGTCATTCAAGAGTTAGGTCTGGATAAAGTGGCAGACTCCAAGGTTGGAACTCAGTTTATCCGT

GGTGTGTCTGGAGGAGAAAGAAAAAGGACTAGTATAGGAATGGAGCTTATCACTGATCCTTCCA

TCTTGTTCTTGGATGAGCCTACAACTGGCTTAGACTCAAGCACAGCAAATGCTGTCCTTTTGCT

CCTGAAAAGGATGTCTAAGCAGGGACGAACAATCATCTTCTCCATTCATCAGCCTCGATATTCC

ATCTTCAAGTTGTTTGATAGCCTCACCTTATTGGCCTCAGGAAGACTTATGTTCCACGGGCCTG

CTCAGGAGGCCTTGGGATACTTTGAATCAGCTGGTTATCACTGTGAGGCCTATAATAACCCTGC

AGACTTCTTCTTGGACATCATTAATGGAGATTCCACTGCTGTGGCATTAAACAGAGAAGAAGAC

TTTAAAGCCACAGAGATCATAGAGCCTTCCAAGCAGGATAAGCCACTCATAGAAAAATTAGCGG

AGATTTATGTCAACTCCTCCTTCTACAAAGAGACAAAAGCTGAATTACATCAACTTTCCGGGGG

TGAGAAGAAGAAGAAGATCACAGTCTTCAAGGAGATCAGCTACACCACCTCCTTCTGTCATCAA

CTCAGATGGGTTTCCAAGCGTTCATTCAAAAACTTGCTGGGTAATCCCCAGGCCTCTATAGCTC

AGATCATTGTCACAGTCGTACTGGGACTGGTTATAGGTGCCATTTACTTTGGGCTAAAAAATGA

TTCTACTGGAATCCAGAACAGAGCTGGGGTTCTCTTCTTCCTGACGACCAACCAGTGTTTCAGC

AGTGTTTCAGCCGTGGAACTCTTTGTGGTAGAGAAGAAGCTCTTCATACATGAATACATCAGCG

GATACTACAGAGTGTCATCTTATTTCCTTGGAAAACTGTTATCTGATTTATTACCCATGAGGAT

GTTACCAAGTATTATATTTACCTGTATAGTGTACTTCATGTTAGGATTGAAGCCAAAGGCAGAT

GCCTTCTTCGTTATGATGTTTACCCTTATGATGGTGGCTTATTCAGCCAGTTCCATGGCACTGG

CCATAGCAGCAGGTCAGAGTGTGGTTTCTGTAGCAACACTTCTCATGACCATCTGTTTTGTGTT

TATGATGATTTTTTCAGGTCTGTTGGTCAATCTCACAACCATTGCATCTTGGCTGTCATGGCTT

CAGTACTTCAGCATTCCACGATATGGATTTACGGCTTTGCAGCATAATGAATTTTTGGGACAAA

ACTTCTGCCCAGGACTCAATGCAACAGGAAACAATCCTTGTAACTATGCAACATGTACTGGCGA

AGAATATTTGGTAAAGCAGGGCATCGATCTCTCACCCTGGGGCTTGTGGAAGAATCACGTGGCC

TTGGCTTGTATGATTGTTATTTTCCTCACAATTGCCTACCTGAAATTGTTATTTCTTAAAAAAT

ATTCTTAAAAGCGGCCGCttctttggaattattggaaggtaaggaattgccaggtgttgctttc

ttatccgaaaagaaataaattgaattgaattgaaatcgatagatcaatttttttcttttctctt

tccccatcctttacgctaaaataatagtttattttattttttgaatattttttatttatatacg

tatatatagactattatttatcttttaatgattattaagatttttattaaaaaaaaattcgctc

ctcttttaatgcctttatgcagtttttttttcccattcgatatttctatgttcgggttcagcgt

attttaagtttaataactcgaaaattctgcgttcgttggatccggtgattgattgagcaagcta

gcttttcaattcatcattttttttttattcttttttttgatttcggtttccttgaaattttttt

gattcggtaatctccgaacagaaggaagaacgaaggaaggagcacagacttagattggtatata

tacgcatatgtagtgttgaagaaacatgaaattgcccagtattcttaacccaactgcacagaac

aaaaaccggaaacgaagataaatcatgtcgaaagctacatataaggaacgtgctgctactcatc

ctagtcctgttgctgccaagctatttaatatcatgcacgaaaagcaaacaaacttgtgtgcttc

attggatgttcgtaccaccaaggaattactggagttagttgaagcattaggtcccaaaatttgt

ttactaaaaacacatgtggatatcttgactgatttttccatggagggcacagttaagccgctaa

aggcattatccgccaagtacaattttttactcttcgaagacagaaaatttgctgacattggtaa

tacagtcaaattgcagtactctgcgggtgtatacagaatagcagaatgggcagacattacgaat

gcacacggtgtggtgggcccaggtattgttagcggtttgaagcaggcggcagaagaagtaacaa

aggaacctagaggccttttgatgttagcagaattgtcatgcaagggctccctatctactggaga

atatactaagggtactgttgacattgcgaagagcgacaaagattttgttatcggctttattgct

caaagagacatgggtggaagagatgaaggttacgattggttgattatgacacccggtgtgggtt

tagatgacaagggagacgcattgggtcaacagtatagaaccgtggatgatgtggtctctacagg

atctgacattattattgttggaagaggactatttgcaaagggaagggatgctaaggtagagggt

gaacgttacagaaaagcaggctgggaagcatatttgagaagatgcggccagcaaaactaaaaaa

ctgtattataagtaagaattcacaccaccatccggtatgacatgtgggcagtacatggaaccat

atttacaactagcaaagactggttacttaactgatgaaaatgccactgacacctgtagtttctg
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tcaaatatctacaaccaatgattacttagctaatgtcaattctttctacagtgagagatggaga

aattatggtatcttcatctgttatattgcattcaattatatcgctggtgtctttttctactggt

tagcaagagtgcctaaaaagaacggtaggcgcgccaagtctagtgcggccggccaagcggtgga

cctcgagcttttgttccctttagtgagggttaatttcgagcttggcgtaatcatggtcatagct

gtttcctgtgtgaaattgttatccgctcacaattccacacaacatacgagccggaagcataaag

tgtaaagcctggggtgcctaatgagtgagctaactcacattaattgcgttgcgctcactgcccg

ctttccagtcgggaaacctgtcgtgccagctgcattaatgaatcggccaacgcgcggggagagg

cggtttgcgtattgggcgctcttccgcttcctcgctcactgactcgctgcgctcggtcgttcgg

ctgcggcgagcggtatcagctcactcaaaggcggtaatacggttatccacagaatcaggggata

acgcaggaaagaacatgtgagcaaaaggccagcaaaaggccaggaaccgtaaaaaggccgcgtt

gctggcgtttttccataggctccgcccccctgacgagcatcacaaaaatcgacgctcaagtcag

aggtggcgaaacccgacaggactataaagataccaggcgtttccccctggaagctccctcgtgc

gctctcctgttccgaccctgccgcttaccggatacctgtccgcctttctcccttcgggaagcgt

ggcgctttctcatagctcacgctgtaggtatctcagttcggtgtaggtcgttcgctccaagctg

ggctgtgtgcacgaaccccccgttcagcccgaccgctgcgccttatccggtaactatcgtcttg

agtccaacccggtaagacacgacttatcgccactggcagcagccactggtaacaggattagcag

agcgaggtatgtaggcggtgctacagagttcttgaagtggtggcctaactacggctacactaga

aggacagtatttggtatctgcgctctgctgaagccagttaccttcggaaaaagagttggtagct

cttgatccggcaaacaaaccaccgctggtagcggtggtttttttgtttgcaagcagcagattac

gcgcagaaaaaaaggatctcaagaagatcctttgatcttttctacggggtctgacgctcagtgg

aacgaaaactcacgttaagggattttggtcatgagattatcaaaaaggatcttcacctagatcc

ttttaaattaaaaatgaagttttaaatcaatctaaagtatatatgagtaaacttggtctgacag

ttaccaatgcttaatcagtgaggcacctatctcagcgatctgtctatttcgttcatccatagtt

gcctgactccccgtcgtgtagataactacgatacgggagggcttaccatctggccccagtgctg

caatgataccgcgagacccacgctcaccggctccagatttatcagcaataaaccagccagccgg

aagggccgagcgcagaagtggtcctgcaactttatccgcctccatccagtctattaattgttgc

cgggaagctagagtaagtagttcgccagttaatagtttgcgcaacgttgttgccattgctacag

gcatcgtggtgtcacgctcgtcgtttggtatggcttcattcagctccggttcccaacgatcaag

gcgagttacatgatcccccatgttgtgcaaaaaagcggttagctccttcggtcctccgatcgtt

gtcagaagtaagttggccgcagtgttatcactcatggttatggcagcactgcataattctctta

ctgtcatgccatccgtaagatgcttttctgtgactggtgagtactcaaccaagtcattctgaga

atagtgtatgcggcgaccgagttgctcttgcccggcgtcaatacgggataataccgcgccacat

agcagaactttaaaagtgctcatcattggaaaacgttcttcggggcgaaaactctcaaggatct

taccgctgttgagatccagttcgatgtaacccactcgtgcacccaactgatcttcagcatcttt

tactttcaccagcgtttctgggtgagcaaaaacaggaaggcaaaatgccgcaaaaaagggaata

agggcgacacggaaatgttgaatactcatactcttcctttttcaatattattgaagcatttatc

agggttattgtctcatgagcggatacatatttgaatgtatttagaaaaataaacaaataggggt

tccgcgcacatttccccgaaaagtgccac 

 

Highlighted in green is C-terminal end of GFP 

Highlighted in red is 15 amino acid linker.  

Amino acid linker sequence “GAGGSAGGSGGAGAG” 

Highlighetd in yellow is overlapping region between forward and reverse primer 

Highlighted in blue is ABCG2 sequence starting from ATG 
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GTCCGTCATATACG Strar of PDR promoter 

pABC3-ABCG2-GFP-NL-f 

5’ TGGTTCAGGAGGTGCTGGAGCAGGTATGTCTTCCAGTAATGTCGAAGTTT 3’ 

 

pABC3-GFP-NL-Rev 

5’ACCTGCTCCAGCACCTCCTGAACCACCAGCTGATCCACCAGCACCTTTGTACAATTCA

TCCATACCATGG 3’ 

 

Pabc3 5’+706 Asc1 Forw 

5’ccgttgGGCGCGCCcacacacatat 3’ 

 

Pabc3 5’+5778 Asc1 Rev   

5’tagacttGGCGCGCCtaccgttctt 3’ 

 

“PDR5upstream” primer starts -93 bp upstream of PDR promoter which pABC3 plasmid 

does not contain. 

“PDR5 downstream” primer is ~375 bp downstream of PDR stop codon, this is not present 

in pABC3 plasmid. 

Stratergy GFP-ABCG2 with random alanine and glycine linker 

 
The left arm was amplified using “Pabc3 5’+706 Asc1 Forw” and “pABC3-GFP-NL-

Rev” primers with N-terminal GFP ABCB1 genomic DNA as template. 

 

The right arm was amplified using “pABC3-ABCG2-GFP-NL-f” and “Pabc3 5’+5778 

Asc1 Rev” primers with pABC3-ABCG2 plasmid (Asc1 digested) as template.   
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B.5 DNA sequence of pDDB57  
TCGCGCGTTTCGGTGATGACGGTGAAAACCTCTGACACATGCAGCTCCCGGAGACGGTCACAGCTTGTCTGTAAGCGGA

TGCCGGGAGCAGACAAGCCCGTCAGGGCGCGTCAGCGGGTGTTGGCGGGTGTCGGGGCTGGCTTAACTATGCGGCATCA

GAGCAGATTGTACTGAGAGTGCACCATATCGACTACGTCGTAAGGCCGTTTCTGACAGAGTAAAATTCTTGAGGGAAC

TTTCACCATTATGGGAAATGGTTCAAGAAGGTATTGACTTAAACTCCATCAAATGGTCAGGTCATTGAGTGTTTTTTA

TTTGTTGTATTTTTTTTTTTTTAGAGAAAATCCTCCAATATCAAATTAGGAATCGTAGTTTCATGATTTTCTGTTACA

CCTAACTTTTTGTGTGGTGCCCTCCTCCTTGTCAATATTAATGTTAAAGTGCAATTCTTTTTCCTTATCACGTTGAGCC

ATTAGTATCAATTTGCTTACCTGTATTCCTTTACTATCCTCCTTTTTCTCCTTCTTGATAAATGTATGTAGATTGCGTA

TATAGTTTCGTCTACCCTATGAACATATTCCATTTTGTAATTTCGTGTCGTTTCTATTATGAATTTCATTTATAAAGTT

TATGTACAAATATCATAAAAAAAGAGAATCTTTTTAAGCAAGGATTTTCTTAACTTCTTCGGCGACAGCATCACCGAC

TTCGGTGGTACTGTTGGAACCACCTAAATCACCAGTTCTGATACCTGCATCCAAAACCTTTTTAACTGCATCTTCAATG

GCCTTACCTTCTTCAGGCAAGTTCAATGACAATTTCAACATCATTGCAGCAGACAAGATAGTGGCGATAGGGTCAACC

TTATTCTTTGGCAAATCTGGAGCAGAACCGTGGCATGGTTCGTACAAACCAAATGCGGTGTTCTTGTCTGGCAAAGAG

GCCAAGGACGCAGATGGCAACAAACCCAAGGAACCTGGGATAACGGAGGCTTCATCGGAGATGATATCACCAAACATG

TTGCTGGTGATTATAATACCATTTAGGTGGGTTGGGTTCTTAACTAGGATCATGGCGGCAGAATCAATCAATTGATGT

TGAACCTTCAATGTAGGGAATTCGTTCTTGATGGTTTCCTCCACAGTTTTTCTCCATAATCTTGAAGAGGCCAAAACAT

TAGCTTTATCCAAGGACCAAATAGGCAATGGTGGCTCATGTTGTAGGGCCATGAAAGCGGCCATTCTTGTGATTCTTT

GCACTTCTGGAACGGTGTATTGTTCACTATCCCAAGCGACACCATCACCATCGTCTTCCTTTCTCTTACCAAAGTAAAT

ACCTCCCACTAATTCTCTGACAACAACGAAGTCAGTACCTTTAGCAAATTGTGGCTTGATTGGAGATAAGTCTAAAAG

AGAGTCGGATGCAAAGTTACATGGTCTTAAGTTGGCGTACAATTGAAGTTCTTTACGGATTTTTAGTAAACCTTGTTC

AGGTCTAACACTACCGGTACCCCATTTAGGACCACCCACAGCACCTAACAAAACGGCATCAACCTTCTTGGAGGCTTCC

AGCGCCTCATCTGGAAGTGGGACACCTGTAGCATCGATAGCAGCACCACCAATTAAATGATTTTCGAAATCGAACTTG

ACATTGGAACGAACATCAGAAATAGCTTTAAGAACCTTAATGGCTTCGGCTGTGATTTCTTGACCAACGTGGTCACCT

GGCAAAACGACGATCTTCTTAGGGGCAGACATAGGGGCAGACATTAGAATGGTATATCCTTGAAATATATATATATAT

TGCTGAAATGTAAAAGGTAAGAAAAGTTAGAAAGTAAGACGATTGCTAACCACCTATTGGAAAAAACAATAGGTCCT

TAAATAATATTGTCAACTTCAAGTATTGTGATGCAAGCATTTAGTCATGAACGCTTCTCTATTCTATATGAAAAGCCG

GTTCCGGCCTCTCACCTTTCCTTTTTCTCCCAATTTTTCAGTTGAAAAAGGTATATGCGTCAGGCGACCTCTGAAATTA

ACAAAAAATTTCCAGTCATCGAATTTGATTCTGTGCGATAGCGCCCCTGTGTGTTCTCGTTATGTTGAGGAAAAAAAT

AATGGTTGCTAAGAGATTCGAACTCTTGCATCTTACGATACCTGAGTATTCCCACAGTTAACTGCGGTCAAGATATTT

CTTGAATCAGGCGCCTTAGACCGCTCGGCCAAACAACCAATTACTTGTTGAGAAATAGAGTATAATTATCCTATAAAT

ATAACGTTTTTGAACACACATGAACAAGGAAGTACAGGACAATTGATTTTGAAGAGAATGTGGATTTTGATGTAATTG

TTGGGATTCCATTTTTAATAAGGCAATAATATTAGGTATGTGGATATACTAGAAGTTCTCCTCGAGGGTCGATATGCG

GTGTGAAATACCGCACAGATGCGTAAGGAGAAAATACCGCATCAGGAAATTGTAAACGTTAATATTTTGTTAAAATTC

GCGTTAAATTTTTGTTAAATCAGCTCATTTTTTAACCAATAGGCCGAAATCGGCAAAATCCCTTATAAATCAAAAGAA

TAGACCGAGATAGGGTTGAGTGTTGTTCCAGTTTGGAACAAGAGTCCACTATTAAAGAACGTGGACTCCAACGTCAAA

GGGCGAAAAACCGTCTATCAGGGCGATGGCCCACTACGTGAACCATCACCCTAATCAAGTTTTTTGGGGTCGAGGTGCC

GTAAAGCACTAAATCGGAACCCTAAAGGGAGCCCCCGATTTAGAGCTTGACGGGGAAAGCCGGCGAACGTGGCGAGAA

AGGAAGGGAAGAAAGCGAAAGGAGCGGGCGCTAGGGCGCTGGCAAGTGTAGCGGTCACGCTGCGCGTAACCACCACAC

CCGCCGCGCTTAATGCGCCGCTACAGGGCGCGTCGCGCCATTCGCCATTCAGGCTGCGCAACTGTTGGGAAGGGCGATC

GGTGCGGGCCTCTTCGCTATTACGCCAGCTGGCGAAGGGGGGATGTGCTGCAAGGCGATTAAGTTGGGTAACGCCAGG

GTTTTCCCAGTCACGACGTTGTAAAACGACGGCCAGTGAATTGTAATACGACTCACTATAGGGCGAATTGGGGAGCTC

CCAGATATTGAAGGTAAAAGGTATAGAAATGCTGGTTGGAATGCTTATTTGAAAAAGACTGGCCAATTATAAATGTG

AAGGGGGAGATTTTCACTTTATTAGATTTGTATATATGTAGAATAAATAAATAAATAAGTTAAATAAATAATTAAAT
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AAGGGTGGTAATTATTACTATTTACAATCAAAGGTGGTCCTTCTAGACCGCGGGATTTGGATGGTATAAACGGAAACA

AAAAAAAGAGCTGGTACTACTTTCTTTAAAATTATTTTATTATTTGATTTTATTTAATAGTATATATTATATTTTGA 

ACGTAGATTATTTTGTTGAAAGTTGCTGTAGTGCCATTGATTCGTAACACTAATTCTGTATTAGTCATTCCTCTTGTT

TGATAGTATCCAAAAAAACGGCTATTTTTTTGCAATCTTATTTCCTGCATATTATACAGATAACATAATGAAAGAAAA

AATCTTTTTTTTTGTTCTTCAATGATGATTTCAACCATTCTTTTAAACATTGATCAATTCCTGAGCAACAACCCCATAC

ACACTGGTTTATATACCGCCCCTTTTACAGTTGAAGAAAGAAATAGAAATAGAAATAGCAAACAAAAGATATGACAGT

CAACACTAAGACCTATAGTGAGAGAGCAGAAACTCATGCCTCACCAGTAGCACAGCGATTATTTCGATTAATGGAACT

GAAGAAAACCAATTTATGTGCATCAATTGACGTTGATACCACTAAGGAATTCCTTGAATTAATTGATAAATTAGGTCC

TTATGTATGCTTAATCAAGACTCATATTGATATAATCAATGATTTTTCCTATGAATCCACTATTGAACCATTATTAGA

ACTTTCACGTAAACATCAATTTATGATTTTTGAAGATAGAAAATTTGCTGATATTGGTAATACCGTAAAGAAACAATA

TATTGGTGGAGTTTATAAAATTAGTAGTTGGGCAGATATTACCAATGCTCATGGTGTCACTGGGAATGGAGTGGTTGA

AGGATTAAAACAGGGAGCTAAAGAAACCACCACCAACCAAGAGCCAAGAGGGTTATTGATGTTAGCTGAATTATCATC

AGTGGGATCATTAGCATATGGAGAATATTCTCAAAAAACTGTTGAAATTGCTAAATCCGATAAGGAATTTGTTATTGG

ATTTATTGCCCAACGTGATATGGGTGGCCAAGAAGAAGGATTTGATTGGCTTATTATGACACCTGGAGTTGGATTAGA

TGATAAAGGTGATGGATTAGGACAACAATATAGAACTGTTGATGAAGTTGTTAGCACTGGAACTGATATTATCATTGT

TGGTAGAGGATTGTTTGGTAAAGGAAGAGATCCAGATATTGAAGGTAAAAGGTATAGAAATGCTGGTTGGAATGCTT

ATTTGAAAAAGACTGGCCAATTATAAATGTGAAGGGGGAGATTTTCACTTTATTAGATTTGTATATATGTAGAATAA

ATAAATAAATAAGTTAAATAAATAATTAAATAAGGGTGGTAATTATTACTATTTACAATCAAAGGTGGTCCTTCTAG

ATGAAGCTTATCGATACCGTCGACCTCGAGGGGGGGCCCGGTACCCAGCTTTTGTTCCCTTTAGTGAGGGTTAATTCCG

AGCTTGGCGTAATCATGGTCATAGCTGTTTCCTGTGTGAAATTGTTATCCGCTCACAATTCCACACAACATAGGAGCCG

GAAGCATAAAGTGTAAAGCCTGGGGTGCCTAATGAGTGAGGTAACTCACATTAATTGCGTTGCGCTCACTGCCCGCTT

TCCAGTCGGGAAACCTGTCGTGCCAGCTGCATTAATGAATCGGCCAACGCGCGGGGAGAGGCGGTTTGCGTATTGGGCG

CTCTTCCGCTTCCTCGCTCACTGACTCGCTGCGCTCGGTCGTTCGGCTGCGGCGAGCGGTATCAGCTCACTCAAAGGCGG

TAATACGGTTATCCACAGAATCAGGGGATAACGCAGGAAAGAACATGTGAGCAAAAGGCCAGCAAAAGGCCAGGAACC

GTAAAAAGGCCGCGTTGCTGGCGTTTTTCCATAGGCTCGGCCCCCCTGACGAGCATCACAAAAATCGACGCTCAAGTCA

GAGGTGGCGAAACCCGACAGGACTATAAAGATACCAGGCGTTCCCCCCTGGAAGCTCCCTCGTGCGCTCTCCTGTTCCG

ACCCTGCCGCTTACCGGATACCTGTCCGCCTTTCTCCCTTCGGGAAGCGTGGCGCTTTCTCAATGCTCACGCTGTAGGT

ATCTCAGTTCGGTGTAGGTCGTTCGCTCCAAGCTGGGCTGTGTGCACGAACCCCCCGTTCAGCCCGACCGCTGCGCCTT

ATCCGGTAACTATCGTCTTGAGTCCAACCCGGTAAGACACGACTTATCGCCACTGGCAGCAGCCACTGGTAACAGGATT

AGCAGAGCGAGGTATGTAGGCGGTGCTACAGAGTTCTTGAAGTGGTGGCCTAACTACGGCTACACTAGAAGGACAGTA

TTTGGTATCTGCGCTCTGCTGAAGCCAGTTACCTTCGGAAAAAGAGTTGGTAGCTCTTGATCCGGCAAACAAACCACCG

CTGGTAGCGGTGGTTTTTTTGTTTGCAAGCAGCAGATTACGCGCAGAAAAAAAGGATCTCAAGAAGATCCTTTGATCT

TTTCTACGGGGTCTGACGCTCAGTGGAACGAAAACTCACGTTAAGGGATTTTGGTCATGAGATTATCAAAAAGGATCT

TCACCTAGATCCTTTTAAATTAAAAATGAAGTTTTAAATCAATCTAAAGTATATATGAGTAAACTTGGTCTGACAGTT

ACCAATGCTTAATCAGTGAGGCACCTATCTCAGCGATCTGTCTATTTCGTTCATCCATAGTTGCCTGACTGCCCGTCGT

GTAGATAACTACGATACGGGAGGGCTTACCATCTGGCCCCAGTGCTGCAATGATACCGCGAGACCCACGCTCACCGGCT

CCAGATTTATCAGCAATAAACCAGCCAGCCGGAAGGGCCGAGCGCAGAAGTGGTCCTGCAACTTTATCCGCCTCCATCC

AGTCTATTAATTGTTGCCGGGAAGCTAGAGTAAGTAGTTCGCCAGTTAATAGTTTGCGCAACGTTGTTGCCATTGCTA

CAGGCATCGTGGTGTCACGCTCGTCGTTTGGTATGGCTTCATTCAGCTCCGGTTCCCAACGATCAAGGCGAGTTACATG

ATCCCCCATGTTGTGAAAAAAAGCGGTTAGCTCCTTCGGTCCTCCGATCGTTGTCAGAAGTAAGTTGGCCGCAGTGTTA

TCACTCATGGTTATGGCAGCACTGCATAATTCTCTTACTGTCATGCCATCCGTAAGATGCTTTTCTGTGACTGGTGAGT

ACTCAACCAAGTCATTCTGAGAATAGTGTATGCGGCGACCGAGTTGCTCTTGCCCGGCGTCAATACGGGATAATACCGC

GCCACATAGCAGAACTTTAAAAGTGCTCATCATTGGAAAACGTTCTTCGGGGCGAAAACTCTCAAGGATCTTACCGCT

GTTGAGATCCAGTTCGATGTAACCCACTCGTGCACCCAACTGATCTTCAGCATCTTTTACTTTCACCAGCGTTTCTGG
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GTGAGCAAAAACAGGAAGGCAAAATGCCGCAAAAAAGGGAATAAGGGCGACACGGAAATGTTGAATACTCATACTCTT

CCTTTTTCAATATTATTGAAGCATTTATCAGGGTTATTGTCTCATGAGCGGATACATATTTGAATGTATTTAGAAAAA

TAAACAAATAGGGGTTCCGCGCACATTTCCCCGAAAAGTGCCACCTGGGTCCTTTTCATCACGTGCTATAAAAATAATT

ATAATTTAAATTTTTTAATATAAATATATAAATTAAAAATAGAAAGTAAAAAAAGAAATTAAAGAAAAAATAGTTTT

TGTTTTCCGAAGATGTAAAAGACTCTAGGGGGATCGCCAACAAATACTACCTTTTATCTTGCTCTTCCTGCTCTCAGGT

ATTAATGCCGAATTGTTTCATCTTGTCTGTGTAGAAGACCACACACGAAAATCCTGTGATTTTACATTTTACTTATCG

TTAATCGAATGTATATCTATTTAATCTGCTTTTCTTGTCTAATAAATATATATGTAAAGTACGCTTTTTGTTGAAATT

TTTTAAACCTTTGTTTATTTTTTTTTCTTCATTCCGTAACTCTTCTACCTTCTTTATTTACTTTCTAAAATCCAAATAC

AAAACATAAAAATAAATAAACACAGAGTAAATTCCCAAATTATTCCATCATTAAAAGATACGAGGCGCGTGTAAGTTA

CAGGCAAGCGATCCGTCCTAAGAAACCATTATTATCATGACATTAACCTATAAAAATAGGCGTATCACGAGGCCCTTT

CGTC 

 

 

Primers 

Pddb57 5’ forw   GACTCACTATAGGGCGAATTG (pDDB57 BOX) 

Pddb57 ura orf 5’ +39F ACTCATGCCTCACCAGTAGCAC (pDDB57 BOX) 

Pddb57 ura5’ -266F  GTTGAAAGTTGCTGTAGTGCCATTG (pDDB57 BOX) 

PDDB57 URA ORF 5’ +514F CTGTTGAAATTGCTAAATCCG (pDDB57 BOX) 

PDDB57 ORF 3’ -183F GATGATAAAGGTGATGGATTAG (pDDB57 BOX) 

Ca URA3 ORF 305R  GTATTACCAATATCAGCAAATTTTCT (From Mikhail) 
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B.6 DNA Sequence of HEM1 
HEM1/YDR232W on chromosome IV from coordinates 927452 to 929098 plus 

1000 base pairs of upstream sequence and 1000 base pairs of downstream 

sequence. 

1000 base pairs of upstream sequence – Highlighted in black 

1000 base pairs of downstream sequence - Highlighted in black 

Hem1 Coding sequence (1647bp) - Highlighted in red and yellow 

>YDR232W Chr 4   from 926452 to 930098   

CACGGTTTCCTTTGCCAATTGTGCGATCTGGAAACTTTTTTGTCTCTTTAGCCTACATTGCTCC

CATCCGACAATCGAGCCCAGTATCAGAGAGCTCATCGCCCAATTCGTGGCCTTAGTCGGGCTCT

TATGGTATATAAATATAATAGATCCCATCAAGAACATGCTGGAAAACCCGAGCATGCCCGCGTC

TCTGAAGCACGGGATTGAAGTCAGCTTCTGCAAACTAAAATCACTCCATCTGATCGAGTCCCAA

GCCTCTTTCAAAGTAGCCCGTTCTTGCTTCTTGGCCAACTGAGAATTGGACAAGTCATCGGCAA

ACTTGGGTGGAGTGTCTTCTAAGAGGATCTTTTGACCCCGCGAGTAATTTGTCAGCACGCGATC

ACCATCTGCTTTACCCTGCGGTTGTTGCTGCTGCTTTTGATCTTCTGTCTGATTTGACCACGGC

CACCAACGCATCTTTATATTAACTGTTGAGCTGCTCGTTACGCACTGCTGTGGACTTCACTACA

ATGCTTTACCGAGCAGTGGAGTTTGATATAGTGGTGGTACCCCCGACGGTGCTATAATAAGCTT

GCCTGCACGGCTTACCCTACCGCTCGGAAAGGCCGCCTTCGTCGCTCATTGGTCTGCGGCCGCG

GGCGCTTTTTGGTCATTGTTCATATATGAAGAAAGAGCAGGAACGGAAATTTTTCATCTTGCCT

TGCCCATTGTTCTGATCCATGCGTTGTTAGAAATACAACGTTTGCATCATACCAAACTTCTCCA

TTCCGTCAGCTGATACTCTATTCGGTTGTGTGTTGCACCCTGCTCTGCTGTCTCTCAACCGTTC

TTCCTTTACACGCCTTCCCTTCTCAGCTCGCGTTTCTTTTTTTTTTATCCCACTCTTTTCTTTT

TTCTTTCCTATATATTGCCCATATAAGTTTGGTTGGAAGGAAAACTAATAGAGCTAGTTGTTGT

CCCTCAATAATCATAACAGTACTTAGGTTTTTTTTTCAGTATGCAACGCTCCATTTTTGCGAGG

TTCGGTAACTCCTCTGCCGCTGTTTCCACACTGAATAGGCTGTCCACGACAGCCGCACCACATG

CGAAAAATGGCTATGCCACCGCTACTGGTGCTGGTGCCGCTGCTGCCACTGCCACAGCGTCATC

AACACATGCAGCAGCAGCAGCAGCCGCTGCTGCCAACCATTCCACCCAGGAGTCGGGTTTCGAT

TACGAAGGCCTGATAGATTCCGAACTGCAGAAGAAAAGACTTGACAAATCGTACAGATATTTCA

ACAATATCAACCGATTGGCCAAGGAGTTCCCCCTAGCTCATCGCCAGAGAGAGGCGGACAAGGT

CACCGTTTGGTGTTCCAACGACTATTTAGCACTTTCCAAGCACCCTGAGGTATTGGACGCCATG

CATAAAACTATCGACAAGTATGGTTGTGGTGCCGGTGGTACAAGAAACATTGCTGGCCATAACA

TCCCCACTTTGAATCTGGAAGCCGAATTGGCCACTTTACACAAGAAGGAAGGTGCCTTAGTTTT

TTCGTCATGTTACGTAGCCAACGATGCCGTCTTATCCCTACTGGGTCAAAAGATGAAGGACTTG

GTGATTTTCTCCGACGAACTCAACCATGCGTCCATGATTGTCGGTATTAAGCATGCTAACGTAA

AAAAACACATTTTCAAACATAATGACTTGAACGAATTGGAACAACTGCTCCAGTCATACCCCAA

ATCCGTTCCTAAACTAATTGCTTTCGAATCAGTATATTCTATGGCCGGTTCAGTGGCCGACATA

GAAAAAATTTGCGACTTGGCCGACAAATACGGTGCTTTGACCTTCTTGGATGAAGTACATGCGG

TCGGCCTGTACGGCCCTCACGGTGCAGGTGTTGCAGAACATTGTGATTTTGAAAGTCACCGTGC

AAGTGGTATTGCTACCCCAAAGACCAATGACAAGGGCGGCGCGAAGACTGTGATGGACCGTGTC

GACATGATCACCGGCACTTTAGGTAAGTCTTTCGGTAGCGTAGGTGGCTACGTCGCAGCCTCTA

GGAAATTGATCGATTGGTTCAGATCGTTTGCACCTGGTTTCATTTTCACCACGACTTTACCACC

TTCAGTTATGGCAGGCGCTACCGCAGCAATTAGATACCAACGTTGCCACATCGACCTAAGAACC

TCGCAACAGAAACATACCATGTACGTAAAGAAAGCTTTCCATGAGTTGGGCATTCCAGTTATTC

CAAATCCTTCTCATATCGTCCCAGTGTTGATTGGTAATGCTGATTTGGCTAAGCAAGCTTCTGA

CATCTTAATCAATAAGCATCAAATCTACGTACAAGCTATCAACTTCCCTACGGTTGCTCGCGGT

ACCGAAAGATTGAGAATTACCCCAACGCCAGGTCACACCAACGATTTATCTGACATCTTAATCA

ATGCAGTTGATGATGTGTTCAATGAGCTACAGTTACCACGTGTCAGAGACTGGGAAAGCCAAGG
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TGGCTTATTGGGTGTTGGAGAGAGCGGATTTGTGGAAGAGTCTAACTTATGGACATCAAGCCAA

CTATCTTTAACTAATGACGACTTGAACCCTAATGTTAGAGACCCCATCGTTAAACAACTAGAGG

TTTCTAGTGGTATCAAGCAGTAAAACAACCAATATATGCATGGGCTGAGATAGAGGTACAAGGA

ATTTGTAAATCAGTAAAAAAAAAAATTAACAGTTTTTTTTTTTCATTTTTTTTTTTTATTCTTA

TTTATGTATGATACTTTATTATTATTTCTCTTAATTATTTATTTATTTAACTAACACGATGAGC

ACTTTTAACTGCAATGGTTAAACTGTAGCAATGTTGGTAAAAAAGCAGGGAAAGTTCAAAAATA

ATTTATGTATTTTTCCTCGGGGGTACAGAAAGTAAAGAGAGAGAAACGTATGAGTATATATAGG

CTAATGTAATATGTAGTGGTAAATAAAGAGACAAAAGTTAGCTATTCTTGTTTGAAATGAAAAA

AAAAAAGCACTCAAGCGTTGTTTTTTTCCAATTCATTTTGCAAGTTTTTTGTACTTTTCTTCAA

TTCATTAGACAATTCATCGACGTTAAATTCTTGGGTAGTGGAAGGTTCGTGTTGTGGAACTTCT

GGCATAACTTGAGCTGAAGATGTGTAAGCCTTAGACTCTGGTTCCAATGGAACATCAGCGGCCA

ACTTAGAAGTGCTGGCGGTTTGAGGACCGGCAGTAGAAGACACAGGAGCAGTCTTAGATTTGAC

CAAGTTGGAAATTGGGCCCAATTTAGATTCAACCTTGTCCAAGTATGGTTTTGTCTTTTCGCAA

GCCATTTGAGAAAACTCTTGGGTCTTTTGCTTAGAAATTTCTACACCTTGAGCGACAGTAGCAT

CAATTTCATGCTTGTAGGAATGGTAGATAACTGGCAAAGTGAAGGTAAAAATGTCAGCAACAAA

GACGATGGTCCAGATAGAGAACCAGGAGAAGAATTTGTGTAGTAGAAATAAGGCAACAGCGGTC

TTGAAAGTGTGCTTAGGGACTTGAGCGAATACAGTCTTTCTTATGTGGGCTTGGAAGACTGGTA

GCTGTTTCAAAGCTTCATCGATATGAGGCTTAATAAAGCCGGCGATATTTGGACATTCTTTAG 

 

Primer design for Hem1 Knock out in Saccharomyces Cerevisiae AD∆  
 
Hem1 Us1 F  5’ TTGTTGCTGCTGCTTTTGATCTTCT 3’ 
 
Hem1 Us2 F  5’ TACGCACTGCTGTGGACTTCACTAC 3’ 
 
Hem1 URA3 F  5’ATAACAGTACTTAGGTTTTTTTTTCAGTCACTATAGGGCGAATTGGG 

GAGCTC 3’ 
 
Hem1 overhang R 5’ACTGAAAAAAAAACCTAAGTACTGTTAT 3’ 
 
Hem1 Ds1 R  5’ GGTCAAATCTAAGACTGCTCCTGTG 3’ 
 

Hem1 Ds2 R  5’ TCCATTGGAACCAGAGTCTAAGGCT 3’   
 
Hem1 URA3 R  5’CTCAGCCCATGCATATATTGGTTGTTGGTCGACGGTATCGATAAG 

CTTCAT 3’ 
 
Hem1 overhang F 5’AACAACCAATATATGCATGGGCTGAG 3’ 
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