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Abbreviations

ADME
ATP
BBB
BCRP
BSA
BSEP
Caco-2
cholesterol@RAMEB

Absorption, Distribution, Metabolism, Excretion 
Adenosine Triphosphate 
Blood-Brain-Barrier
Breast Cancer Resistance Protein (ABCG2) 
Bovine Serum Albumin 
human Bile Salt Export Pump (ABCB11) 
Human colonic adenocarcinoma cells 
Randomly methylated beta-cyclodextrin 
cholesterol complex

Cpm
DDI
DMPK
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E3S
ECso
FDA
HBSS
HIV
HPLC
IC50
mBsep
MDCK
MDR
MDR1
MRP
MRP1

Counts per minutes
Drug-Drug Interactions
Drug Metabolism and Pharmacokinetics
Dimethyl-sulfoxide
Estrone-3 -sulfate
Effective Concentration at 50% efficacy 
Food and Drug Administration 
Hanks Balanced Salt Solution 
Human Immunodeficiency Virus 
High Performance Liquid Chromatography 
Inhibitory Concentration at 50% efficacy 
mouse Bile salt export pump (mAbcbl 1) 
Madin-Darby canine kidney cells 
Multidrug Resistance
Multidrug Resistance Proteinl (ABCB1, P-gp) 
Multidrug Resistance Associated Protein
Multidrug Resistance Associated Proteinl 
(ABCC1)

MXR
P-gP
RAMEB
rBsep
Sf9 cells
TC
VT

Mitoxantrone Resistance Protein (ABCG2) 
Permeability-glycoprotein (ABCB1) 
Randomly methylated beta-cyclodextrin 
rat Bile salt export pump (rAbcbl 1) 
Spodoptera frugiperda (insect) cells 
Taurocholate 
Vesicular Transport
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1. Introduction

1.1 General introduction

In the 80’s one of the major reason behind attrition rates in drug development was 

improper pharmacokinetics of drug candidates.

Reasons for failure Percentage

Pharmacokinetics 39%

Efficacy 29%

Animal toxicity 11 %

Adverse drug reactions 10%

Commercial 5%

Table 1 The major reasons for failure o f drug development programs (Walker et al„ 2004)

However, the science of DMPK applied in the process of drug discovery has undergone 

a revolution in the recent years. In response to the need to assess DMPK-related 

parameters earlier in the drug discovery process, a fresh approach has arisen, with the 

introduction of new instrumentation and techniques.

By using suitable in vitro methods and careful selection of interacting drugs for early in 

vivo studies significant progress has been made (Kola and Landis, 2004).

Therefore, more recently FDA suggested the introduction of inexpensive and fast in 

vitro HTS (early ADME) methods that in addition to metabolism based DDI are 

extended to drug -  transporter interaction and transporter mediated DDI screening. This 

should reduce the number of expensive and time consuming animal experiments and 

may also diminish the late failures in the clinical phase.

(http ://www. fda. gov/cder/drug/druglnteractions/default.htm)
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A new concept, the Biopharmaceutics Drug Disposition Classification System 

(BDDCS), a modification of the Biopharmaceutical Classification System has been 

recently suggested to detennine classification based on major routes of elimination 

besides passive penneability. According to this system transporters can be major 

determinants of adsorption properties of all Class 2-4 drugs. Transporters are predicted 

to play no (or minor) role in the bioavailability of Class 1 drugs. (Wu and Benet, 2005)
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Figure 1 Biopharmaceutics Drug Disposition Classification System (BDDCS)

ATP Binding Cassette (ABC) transporters form a special family of membrane 

proteins, characterized by homologous ATP-binding and large multispanning 

transmembrane domains. Several members of this family are primary active 

transporters, which pump substrates out of cells by using ATP as an energy source, thus 

significantly modulating the absorption, metabolism, cellular potency and toxicity of 

pharmacological agents. Uptake transporters perform the opposite function compared to 

ABC transporters. These transporters carry substrates into the cells from the outside and 

use the concentration gradient of another substrate (usually an ion) as energy source. 

These transport processes also significantly modulate the absorption, metabolism, 

distribution and excretion of pharmacological agents.

Several drugs are substrates of ABC and/or uptake transporters. These transporters are 

present in important pharmacological barriers, such as the brush border and basolateral 

membrane of intestinal cells, the sinusoidal and canalicular membrane of hepatocytes
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and basal and the luminal membrane of the proximal tubuli of the kidney. Transporter 

proteins are also expressed in the endothelial cell of the brain capillaries and in the 

epithelial cells of the choroid plexus, both contributing to the functionality of the blood- 

brain barrier. Those transporters may exert serious impact on the pharmacokinetic 

properties of drugs. Moreover drugs designed to act inside the target cells (e.g. cancer 

chemotherapy, anti-HIV drugs, drugs acting on targets that are part of the cellular 

signalling system) can also be extruded by these transporters, thus making the therapy 

ineffective (drug resistance).

The transporter screening assays have the following major phannacological 

applications:

> Predicting the penetration of the compounds through the phannacological 

barriers = in vitro (early) ADME;

> Predicting drug-drug or drug-endogenous substrate interactions that might lead 

to toxicity or adverse drug reactions;

> Predicting the penetration of intracellularly active cytostatics through the 

membrane of cancer cells;

> Testing the functional effect of transporter modulators on their targets, e.g. 

MDR reversing agents.
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1.2 Scientific background

1.2.1 ABC transporter proteins

The proteins of the ATP binding cassette (ABC) transporter superfamily form one of the 

largest family of the transmembrane proteins. Most of them are transporter proteins that 

use the energy from ATP hydrolysis to pump substrates through intra- and extracellular 

membranes. The transport in most cases is unidirectional; eukaryotes usually efflux 

substrates from the cytoplasm to the extracellular matrix. The transporter family 

includes many members (currently 49 human ABC proteins are known, 

http://nutrigene.4t.com/humanabc.htm) that were classified after phylogenetic analysis 

and domain structure organization into 7 subfamilies (from ABCA-ABCG) (Dean et ah, 

2001). Deficiency or malfunction of ABC transporters can lead to diseases, like genetic 

diseases cystic fibrosis, Stargardt disease, adrenoleukodystrophy and Tangier disease 

(Stefkova et ah, 2004). The research focusing on their physiological role is still at a 

relatively early stage.

Within the ABC transporter superfamily several transporters act as multidrug resistance 

transporters. These are transporter proteins that are able to extrude a variety of 

xenobiotics, including drugs from the cell via active transport, In many cases increase of 

their activity can lead to resistance against drug therapy. Several members of the 

transporter family, e.g. ABCB1 (MDR1), ABCC1 (MRP1) and ABCG2 (BCRP /MXR) 

have been demonstrated to play a role in the development of drug resistance. The 

transporters significantly influence the kinetics of drug absorption even without any 

overexpression or amplification of their activity. On one hand, as several drugs are 

substrates of a multidrug transporter, it is of crucial importance during drug 

development for most indications to exclude potential drug candidate molecules that can 

be substrates of such transporters, already at an early phase: early ADME, an acronym 

of „Absorption, Distribution, Metabolism, Excretion” (Sarkadi et ah, 2006). On the 

other hand, transporter interactions of non-CNS drugs may be beneficial by inhibiting 

brain penetration and thus reducing central side effects of e.g. second generation 

antihistamines (Chen et ah, 2003).
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1.2.2 The structure and function of ABC transporters

ABC proteins form one of the largest protein families known. The family is 

characterized by a conserved structure of ABC binding domains (containing the “ATP 

Binding Cassette” motif) and transmembrane domains. In mammals, the functional 

ABC protein contains two ATP binding domains and two transmembrane domains. The 

four domains can be present in one polypeptide chain (“full transporters”) or might be 

set up by the homo- or heterodimerization of two polypeptides containing one of each 

domains (“half transporters”). Each transmembrane domain forms 6 transmembrane 

alpha-helices spanning the membrane. The two transmembrane domains together 

probably fonn a pore-like structure creating a channel across the membrane. The 

transmembrane domains are thought to exist in an “open” and “closed” confonnation 

regulated by ATP binding and hydrolysis. The change in conformation might be 

responsible for the translocation of compounds across the cell membrane, might open 

and close ion channels or serve as regulators for complex, multi-protein receptors. 

Based on homology searches using the conserved ABC motif 49 human ABC proteins 

have been identified in the human genome. Based on similarity in the gene structure, 

order of the domains, and sequence homology these proteins are grouped into 7 families 

designated with letters A-G. The members of each family are designated by a number 

following the letter. (Sarkadi et al., 2006)

ABC transporters transport substrates across the cell membrane against concentration 

gradient (active transport). The energy requirement for this process is derived from ATP 

hydrolysis. It is believed that ATP binding and hydrolysis generates a conformational 

change in the ATP binding domain. The close interaction between the ATP binding 

domains and the transmembrane domains creates the transmission of force to the 

transmembrane domains resulting in a confonnational change in the transmembrane 

domains driving substrate translocation. Most members of the ABC protein family were 

shown to be active transporters (Sarkadi et al., 2006).
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1.2.3 The ABCG2

The ABCG2 transporter is a half transporter. It was shown that it functions as a 

homodimer (Ozvegy et ah, 2001) and it is localized to the plasma membrane of cells 

(Rocchi et ah, 2000). ABCG2 (also referred to as BCRP, MXR) is one of the most 

important efflux transporters in endothelial and epithelial cells, modulating ADME 

properties of drugs and other xenobiotics (reviewed in Mao and Unadkat, 2005). 

ABCG2 exhibits a broad substrate specificity as it transports hydrophobic, anionic as 

well as cationic drugs (Mao and Unadkat, 2005). Therefore, it is widely believed that 

ABCG2 plays an important role in intestinal absorption (Polli et al., 2004) and secretion 

of xenobiotics and metabolites (Ebert et al., 2005), secretion of sulfate conjugates in the 

liver (Zamek-Gliszczynski et al. 2006), urinary excretion of sulfate metabolites in the 

kidney (Mizuno et al., 2007) and prevention of penetration of drugs into the brain 

(Breedveld et al., 2005 and Enokizono et al., 2007). In human monocyte-derived 

dendritic cells, ABCG2 activity may have a significant effect on the differentiation or 

drug-dependent modulation of dendritic cell function and can modify the xenobiotic and 

drug resistance of human myeloid dendritic cells (Szatmari et al. 2006). ABCG2 may 

play a pivotal role in the placenta as a defensive barrier to drugs as well as it may reduce 

steroid levels in fetal tissues (Jonker et al., 2000). ABCG2 knock-out mice models shed 

light on some special functions of ABCG2, such as secretion of xenobiotics into milk 

(Jonker et al., 2005) and protection of stem cells from hypoxia-induced protoporphyrin 

accumulation and damage (Krishnamurthy and Schuetz, 2005).

ABCG2 function is commonly studied using high throughput (HT) cellular (Robey et 

al., 2004) or membrane based assays (Janvilisri et al., 2003; Ozvegy et al., 2001) (for 

reviews see Glavinas et al. 2004; http://www.solvo.com/). For most applications the 

transporter is expressed in insect cell lines (e.g. Sf9) taking advantage of the robust 

baculovirus - insect cell expression system (Ozvegy et al., 2001). Alternatively, 

membranes can be prepared from human cell lines selected for drug resistance 

overexpressing the transporter (Han and Zhang, 2004). More recently, it was found that 

during the selection process the protein may acquire a mutation in the position of amino 

acid 482 (Honjo et al., 2001). The R482G/T mutants display a substrate specificity 

different from the wild type (wt) protein (Honjo et al., 2001; Ozvegy et al., 2002). More 

strikingly, unlike the ATPase function of the R482G/T mutants the ATPase activity of 

the wt protein could not be stimulated by prazosin, a known ABCG2 substrate (Xiao et
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al., 2006) when expressed in insect cell membranes (Ishikawa et al., 2003; Ozvegy et 

al., 2001). We have shown that this non-responsiveness is not an inherent property of 

the transporter, as vanadate-sensitive ATPase activity of human cell membranes 

expressing similar amounts of ABCG2 can be stimulated by substrates of the transporter 

(Glavinas et al., 2007). Similarly, ATPase activity of ABCG2 expressing membranes 

isolated from Lactococcus lactis was shown to be stimulated by similar substrates 

(Janvilisri et al., 2003).

1.2.4 The ABCB1

Multidrug resistance 1 (MDRl/P-glycoprotein/ABCBl) was the first ABC transporter 

discovered. It is a full transporter; a glycosylated protein expressed in the apical 

membrane of cells. It is localized at several phannacological barriers including the 

intestinal bush-border membranes, the canalicular membrane or hepatocytes, the apical 

membrane of the endothelial cells of the blood- brain barrier and the placental brush 

border membrane. ABCB1 has high transport and broad substrate recognition capacity. 

Although, ABCB1 preferentially transports neutral/cationic hydrophobic compounds. 

Chemically unrelated molecules, anticancer drugs, HIV-protease inhibitors, antibiotics, 

antidepressants, antiepileptics, and analgesics among them were shown to be 

transported substrates of ABCB1 (Sarkadi et al., 2006).

1.2.5 The ABCB11

The liver plays an important role in the excretion of xenobiotics, including many kinds 

of drugs. It has been reported that several kinds of uptake and efflux transporter are 

expressed on both the sinusoidal and canalicular membrane in the liver to excrete drugs 

efficiently into the bile (Kullak-Ublick et al., 2004). It is generally accepted that the bile 

salt export pump (BSEP/ABCB11) mainly transports bile acids and plays an 

indispensable role in their biliary excretion. ABCB11 shares a high degree of sequence 

homology with ABCB 1 (P-gp) and was originally called the sister of P-glycoprotein 

(SPGP) (Gerloff et al., 1998; Lecureur et al., 2000). However, it has been found that 

unlike ABCB1, ABCB 11 does not show a broad substrate specificity, and mainly 

recognizes bile acids (Byrne et al., 2002). Mutations in the ABCB 11 gene are 

manifested by reduced bile acid secretion, intracellular accumulation of bile acids, and
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hepatocellular damage a disease called progressive familial intrahepatic cholestasis type 

2 (PFIC2) (“cholestasis”, bile secretory failure). This is a direct evidence that BSEP is 

the major, canalicular bile acid transporter (Strautnieks et ah, 1998). Drug-induced 

intrahepatic cholestasis is one of the major causes of hepatotoxicity, which is often 

observed during the drug discovery and development process (Sakurai et ah, 2007).

1.2.6 Interaction of cholesterol with ABC transporters

Cholesterol forms separate domains (rafts or caveolae) in mammalian membranes. 

Interestingly, several reports found multidrug transporters localised in the raft/caveolar 

regions (Bacso et ah, 2004; Tietz et ah, 2005).

A few studies addressing the effect of cholesterol on ABC transporters have been 

published so far (Arima et ah, 2004; Garrigues et al. 2002). ABCB1 is the only ABC 

transporter where the effect of cholesterol on transporter activity has been investigated 

in detail (Garrigues et al. 2002). One study has attributed the increasing of basal 

ABCB1 ATPase activity to ABCB1 -mediated cholesterol flipping (Garrigues et al., 

2002). In some studies cholesterol depletion resulted in an increased stimulation of 

ABCB1 ATPase activity upon substrate treatment (Garrigues et al., 2002) or increased 

transport rate (Gayet et al., 2005; Wang et al., 2000). It has been suggested that 

cholesterol is an ABCB1 substrate, a conclusion challenged lately (Le Goff et al., 2006). 

It has been suggested that ABCB1 (MDRl/P-gp) is located in the raft/caveola domain 

and its activity is cholesterol dependent under certain conditions (Troost et al., 2004). 

Related to this phenomenon, Kamau has found that cholesterol depletion influences 

membrane lipid composition, modulates the localization of ABCB1 and causes its loss 

of function (Kamau et al., 2005). The amount of ABCB1 in the membrane decreased as 

a result of cholesterol depletion and moved from the “raft” fraction into the fraction that 

has higher density. In a patent application, Hanscom and co-workers (Hanscom et al., 

2005) describe procedures based on ABCB1. Though they were aware of cholesterol 

influencing the expression of specific ABC transporters, nonetheless they did not 

suggest any difference in activities thereof and they did not mention the application of 

cholesterol to increase activity of ABC transporters or efficiency of the membrane 

assays. Among the other membrane transporters primarily the known cholesterol 

transporter ABCA1 (ABC1) was investigated. Feng et al. (2002) have described that the 

ABCA1-mediated cholesterol and phospholipid efflux was initially induced in
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cholesterol loaded macrophages, however, later with the accumulation of free (not 

csterilied) cholesterol (which process parallels with the progression of atherosclerotic 

lesions) it is inhibited and the level of ABCA1 protein also decreases. The mammalian 

ABCG1 is involved in the transport of cholesterol and phospholipids in macrophages. 

ABCG1 shows the highest phylogenetic relationship to the ABC A subfamily, 

particularly to the ABCA1 gene. There is a significant similarity in the differentiation 

and sterol dependent regulation of the ABCA1 and ABCG1 in human monocytes and 

macrophages.(Croop et al. 1997). ABCG5 and ABCG8 proteins form functional 

heterodimers in the brush-border membrane of enterocytes, and in the canalicular 

membrane of hepatocytes. ABCG5/ABCG8 also seems to participate in cholesterol 

homeostasis at the gut and the bile canaliculi (Yu et al., 2002; Duan et al.,2004; Kosters 

et al., 2006 and Hazard et al., 2007).

Latest in vitro results (Storch et al., 2007) indicate that ABCG2 is located in 

rafts/caveolae and that the lipid constitution and in particular membranous cholesterol 

has impact on the efflux activity of ABCG2 in the canine kidney epithelial cell line, 

MDCKII.

1.2.7 In vitro membrane based assays for studying transporter-drug 
interactions

Membrane transporters are commonly studied in cellular or membrane based assays. 

For membrane assays, the transporters of interest are overexpressed in cellular systems 

and following expression of the transporters, membrane vesicles are isolated from these 

cells. Insect cell based expression systems, like the insect cell - baculovirus system, are 

frequently applied for protein expression. Insect cells, such as Sf9 are most frequently 

derived from the ovary cells of the moth, Spodoptera frugiperda.

The activity of the transporter is usually measured i) either by the rate of ATP 

hydrolysis (ATPase assay) ii) or by the direct transport of labeled substrates (vesicular 

transport and monolayer efflux assay). In ATPase assays (i) the transport itself is not 

measured directly, but via stimulation of ATPase activity, as transported substrates 

enhance the ATPase activity of the transporter. These substrates are also referred as 

activators. Among transport assays (ii) the vesicular transport method is of particular 

importance in the study of transporters. In this assay inside-out vesicles from insect or
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mammalian cell membranes are utilized; and the substrate is transported into the 

vesicle, where it accumulates and can be detected.

It is of pivotal importance that in vitro models closely mimic the physiological 

phenotype. Membranes prepared from human or other mammalian expression systems 

have been widely used in the field of ABC transporters. Unfortunately, these expression 

systems usually yield significantly lower expression levels that are insufficient to 

measure the ATPase activity of the transporter. Moreover, while the transporter to be 

assayed should be overexpressed, other transporters expressed by the mammalian host 

cell may contribute to the background or result in a misleading effect, in particular if the 

substrate specificities of the transporter proteins overlap.

More robust insect cell expression systems provide usually higher expression levels, 

and have the clear advantage of being free of other mammalian transporters, thus one 

and only one type of transporter protein can be studied. Assays based on insect cell 

membrane preparations are particularly preferred as being stable, reliable, easy to 

handle and quite often several assay formats (substrate stimulated ATPase, vesicular 

transport and/or nucleotide trapping) are available.
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The ATPase assay

ABC transporters pump substrates out of the cell using ATP hydrolysis as an energy 

source. The ATPase assay in general is an in vitro membrane assay designated to 

indicate the nature of the interaction between the compound and the transporter. ATP 

hydrolysis yields inorganic phosphate (Pi), which can be detected by a simple 

colorimetric reaction. The amount of Pi liberated by the transporter is proportional to the 

activity of the transporter.

As membrane preparations contain other ATPases as well, it is important to distinguish 

the specific ABC transporter related ATPase activity and the background ATPase 

activity. ABC transporters are effectively inhibited by Na^VO^ therefore the activity of

the transporters is measured as the vanadate sensitive portion of the total ATPase 

activity.

The assay is composed of two different tests which are performed on the same plate. In 

the activation test transported substrates may stimulate baseline vanadate sensitive 

ATPase activity. In the inhibition test, which is carried out in the presence of a known 

activator of the transporter, inhibitors or slowly transported compounds may inhibit the 

maximal vanadate sensitive ATPase activity. In some cases inhibitors or slowly 

transported compounds (e.g. ivermectin) may inhibit the baseline transporter ATPase
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activity as well (Lespine et al., 2006). The activation and inhibition tests are 

complementary assays. Stimulation detected in the activation assay indicate that the 

compound is a transported substrate of the transporter, while interactions detected in the 

inhibition test indicate interaction of the test compounds with the transporter, but do not 

give information on the nature (substrate or inhibitor) of the interaction. The assay is a 

modification of the method of Sarkadi published in 1992.

ATPase activation mode

If a compound significantly stimulates the ATPase activity of the transporter it is 

probably a good substrate of the transporter. This interaction can be detected using the 

activation protocol. The maximal efficacy of the test compound is expressed on a 0-100 

% scale, where 100 % is defined as the vanadate sensitive activation observed in the 

presence of a well-known activator and 0% as the basal vanadate sensitive activity in the 

absence of the activator. EC50 is defined as the concentration of the test compound 

needed to reach 50 % of the compound’s own maximal efficacy.

ATPase inhibition mode

As inhibitors and slowly transported compounds do not stimulate the ATPase activity in 

the activation assay, these interactions can be detected as the inhibition of the activated 

ATPase activity using the inhibition protocol. In inhibition assays, the compound is 

tested for its ability to reduce the stimulatory effect of the control drugs on the respective 

ABC transporter. IC50 is defined as the concentration of the test compound that inhibits 

the maximally stimulated ATPase activity by 50%.

The ATPase activation assays for some transporters, especially for ABCB1, sometimes 

miss low permeability compounds. However, the inhibition protocol is not necessarily 

limited for intermediate and high permeability compounds.

These ATPase data would:

> indicate interaction and differentiate between substrates and inhibitors;

> characterise substrate or inhibitory profile.
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The Vesicular Transport (VT) assay

Most ABC transporters transport substrates across the cell membrane using ATP as an 

energy source. One of the simplest methods invented for measuring this transport is the 

vesicular transport assay.

Membrane preparations always contain some closed membrane vesicles that are in 

inside-out orientation (10-30% of total lipid). In case of these inside-out vesicles the 

transport of substrates across the membrane takes molecules from the buffer the 

membrane is suspended in and transports them into the vesicles. The rate of this 

transport is temperature and ATP dependent. Rapid filtration of the membrane 

suspension through a filter that retains membrane vesicles allows us to remove the 

substrate molecules that are “outside” leaving the membrane vesicles with transported 

molecules trapped “inside” on the filter. The quantity of transported molecule can be 

determined by e.g. liquid scintillation counting.

Figure 3 Schematic model o f the vesicular transport assay (www.solvo.com)

In the indirect VT assay the transport of a known substrate, the reporter substrate is 

measured in the presence of the test compound. Values are presented on a relative scale 

with 100% defined as transport in the absence of the test compound (no inhibition), and 

0% defined as transport measured in the absence of ATP (no transporter activity). IC50

17
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is defined as the concentration required for inhibiting the transport of the reporter 

substrate by 50%.

The vesicular transport assay as an inhibition-type assay provides infonnation on any 

interaction between the transporter and the test drug that would affect the transport of 

the reporter compound (fluorescent dye or radioactive compound). Although it does not 

give information on the nature of the interaction (transported substrate or inhibitor), it 

has several additional advantages:

> it requires no labelled test drug and they can be performed according to a 

standard, high-throughput protocol;

> it may provide further delicate information on potential drug-drug or drug- 

endogenous substrate interactions;

> it is a more sensitive assay than the ATPase assay.

2. Objectives

Drug-transporter interactions are commonly screened by high throughput systems using 

membranes from infected insect cell lines with very high expression level of certain 

ABC transporters. It is of pivotal importance that in vitro insect cell models closely 

mimic in vitro mammalian model systems. Our study was focused on membrane 

preparations made from human ABCG2 overexpressing human (ABCG2-M) and 

baculovirus-infected Sf9 insect cells (ABCG2-Sf9) with different ATPase activity 

profile of ABCG2.

ABCG2 is not fully glycosylated in insect cells and the membrane lipid composition 

(much lower cholesterol content) is really different from human/mammalian cell 

membranes. We were interested in finding the underlying causes of different ATPase 

activity of the human ABCG2 in the two model systems:

> To explore the molecular basis of this difference, we investigated if the 

difference in glycosylation can cause substantially different ATPase activity in 

the Sf9 system.
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> Our next goal was to investigate the influence of cholesterol, using various 

cyclodextrins, on ABCG2-ATPase and transport activity.

> Finally, we made specificity studies testing sensitivity of other ABC 

transporters, most important in ADME studies, overexpressed in Sf9 insect cells 

to the membrane cholesterol content.

3. Materials and methods

3.1 Chemicals and Biochemicals

[H]-methotrexate was purchased from Moravek Biochemicals (Brea, CA, USA). [ H]- 

estrone-3-sulfate, [ H]-prazosin and [ H]-taurocholate were purchased from Perkin 

Elmer/NEN (Boston, MA, USA). Topotecan was purchased from LKT Laboratories (St. 

Paul, MN, USA). The antibody against ABCG2 was purchased from Abeam 

(Cambridge, UK). Recombinant baculoviruses encoding wild type human ABCG2 were 

kind gifts from Prof. B. Sarkadi (National Medical Center, Budapest, Hungary). 

Randomly methylated-fUcyclodextrin (RAMEB) and cholesterol complex of RAMEB 

(cholesterol@RAMEB (Piel et al. 2006), cholesterol content 4.74%) was provided by 

Cyclolab (Cyclodextrin Research & Development Laboratory) (Budapest, Hungary). 

Kol43 were kind gifts of Prof. GJ Koomen (National Cancer Institute, Amsterdam). 

Other reagents were purchased from Sigma-Aldrich (St. Louis, MO, USA) unless stated 

otherwise in the text.

3.2 Membrane preparation

Human membrane vesicle preparations (ABCG2-M) as well as membrane vesicle 

preparations obtained from insect cells expressing ABCG2 (ABCG2-SÍ9), ABCB1 

(ABCB1-SÍ9), ABCBlls (human ABCBU-Sf9, mouse Abcbll-Sf9 and rat Abcbll) 

were obtained from Solvo Biotechnology (Budapest, Hungary; http://www.solvo.com/). 

The insect membrane vesicle preparations were produced using recombinant 

baculoviruses encoding ABCG2, ABCB1 and ABCB1 is (Ozvegy et al., 2002). Sf9 cells
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were cultured and infected with recombinant baculovirus stocks as described earlier 

(Sarkadi et al., 1992). Purified membrane vesicles from baculovirus-infected Sf9 cells 

were prepared essentially as described previously (Sarkadi et al, 1992). Membrane 

protein content was determined using the BCA method (Pierce Biotechnology, 

Rockford, IL, USA).

3.3 Western blotting

The proteins were separated using a 10% polyacrylamide gel and transferred to 

polyvinylidene difluoride membrane (Immobilon-P, Millipore, Bedford, MA, U.S.A.) at 

350 mA in a transfer buffer composed of 25 inM Tris, 192 inM glycine, 15% (v/v) 

methanol, pH 8.3. The membrane was treated with blocking buffer (5% nonfat dry milk 

powder and 0.5% BSA in PBS with 0.05% Tween 20) for 2 h at room temperature. The 

membrane was then incubated with the primary antibody, a mouse anti-ABCG2 

monoclonal antibody BXP-21 (Abeam, Cambridge, UK), diluted 1:1000 in blocking 

buffer for 2 h at room temperature. The membrane was washed for 3 x 10 min with 

PBS/0.05% Tween 20 at room temperature. It was then incubated with the secondary 

antibody, anti-mouse IgG-HRP, a horseradish peroxidase-conjugated species-specific 

whole antibody (Sigma, St. Louis, MO) diluted 1:5000 in blocking buffer for 1 h at 

room temperature. The membrane was subsequently washed as described above and 

immunoreactive bands were visualized with ECL Western Blotting Detection System 

(Amersham Biosciences, Buckinghamshire, UK).

3.4 ATPase assay

ATPase activity was measured as described earlier (Sarkadi et al., 1992). Briefly, 

membrane vesicles (20 ug/wcll) were incubated in ATPase assay buffer (10 mM 

MgC12, 40 mM MOPS-Tris (pH 7.0), 50 mM KC1, 5 mM dithiothreitol, 0.1 mM EGTA, 

4 mM sodium azide, 1 mM ouabain), 5 mM ATP and various concentrations of test 

drugs for 40 min at 37 °C. ATPase activities were detennined as the difference of 

inorganic phosphate liberation measured with and without the presence of 1.2 mM 

sodium orthovanadate (vanadate-sensitive ATPase activity). In the experiments 

presented PREDEASY ATPase Kit (Solvo Biotechnology, Szeged, Hungary) was used 

for the determination of ATPase activity.
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3.5 Vesicular transport assay

Inside-out membrane vesicles were incubated in the presence or absence of 4 mM ATP. 

For methotrexate vesicular transport by ABCG2: the measurements were carried out in 

7.5 mM MgCB, 40 mM MOPS-Tris (pH 7.0), 70 mM KC1 at 37 °C for 12 minutes. The 

transport was stopped by addition of ice cold washing buffer (40 mM MOPS-Tris (pH 

7.0), 70 mM KC1).

For prazosin vesicular transport by ABCG2: lOmM Tris-HCl, (pH 7.4); 250 mM 

sucrose and 10 mM MgC12 containing buffer was incubated at 37 °C for 20 minutes. 

The transport was stopped by addition of ice cold washing buffer (lOmM Tris-HCl, pH 

7.4; 250 mM sucrose and 100 mM NaCl).

For estrone-3-sulfate vesicular transport by ABCG2: lOmM Tris-HCl, (pH 7.4), 250 

mM sucrose, and 10 mM MgC12 containing buffer were incubated at 32 °C for 1 min. 

The transport was stopped by addition of ice cold washing buffer (lOmM Tris-HCl, pH 

7.4; 250 mM sucrose and 100 mM NaCl).

For taurocholate vesicular transport by ABCBlls: 2 mM Hepes-Tris (pH 7.4), 100 mM 

KNO3,10 mM Mg(NC>3)2 and 250 mM sucrose containing buffer was incubated at 37 °C 

for 5 minutes.

The transport was stopped by addition of ice cold washing buffer (lOmM Tris-HCl, pH 

7.4; 250 mM sucrose and 100 mM KNO3).

The incubation mix was then rapidly filtered through class B glass fiber filters (pore 

size, 1 pm). Filters were washed with 5x200 pi of ice cold wash buffer and radioactivity 

retained on the filter was measured by liquid scintillation counting. ATP-dependent 

transport was calculated by subtracting the values obtained in the absence of ATP from 

those in the presence of ATP.

3.6 Determination of cholesterol content

The cholesterol content of the membranes was determined using the cholesterol oxidase 

method (Contreras et ah, 1992). 10 pi of reaction mix (500 mM MgC12, 500 mM Tris 

buffer, 10 mM DTT, 100 mg Triton X-100, pH 7.4) was mixed with 10 pi of cholesterol 

oxidase enzyme at 1 mg/ml (Roche Diagnostics, Basel, Switzerland) and 50 pi of
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membranes vesicles. The solution was incubated at 37 °C for 30 min. The reaction was 

stopped by adding 100 pi of a methanol/ethanol solution (50% (v/v)) and incubated at 0 

°C for an additional 30 min. After 5 min centrifugation at 700g, 25 pi of the supernatant 

were analyzed by HPLC. For chromatographic separation an HPLC (1100 Series set, 

Agilent, Santa Clara, CA, USA) and C18 reverse phase chromatographic column (3 

pM, 100*2 mm Luna, Phenomenex, Torrance CA, USA) were used. Analytes were 

separated using 1 % (v/v) acetic acid/methanol as mobile phase at a flow rate of 0.3 

ml/min. The oxidised cholesterol was detected using UV detector at 241 nm. To 

quantitate the amount of cholesterol, external cholesterol calibration standards were 

used.

3.7 Cholesterol loading and depletion

Cholesterol loading of ABCG2-SÎ9, human ABCB11-SÎ9, mouse Abcbll-Sf9, and rat 

Abcbl 1-Sf9 membranes were carried out for 30 min at 37 °C, in the presence of 1 mM 

cholesterol@RAMEB complex.

In cholesterol depletion studies ABCG2-M and ABCG2-Sf9 membranes were incubated 

with 8 mM RAMEB for 30 min at 37 °C.

Then membrane vesicles were washed with assay buffer and suspended in the reaction 

medium. Control (non-treated) membranes were incubated and washed similarly in 

buffer without the presence of RAMEB or cholesterol@RAMEB complex.

The cholesterol loaded, transporter containing membrane preparations are a 

proprietary technology of SOLVO Biotechnology.

3.8 Data analysis

Assays were run in duplicates. Data are presented as means ±SD. The potencies of 

drugs to alter ATPase activity were obtained from plots of the rate of ATP hydrolysis as 

a function of logarithm of drug concentration by nonlinear regression of the general, 

sigmoid dose-response equation:

22



max nun
^ -(- ^Q(l°gEC5o + [A]) X Rh

Equation 1

Where v = response (nmol Pi/min/mg), Vmin = minimal response, Vmax = maximal 

response, EC50 = ligand concentration producing 50% of maximal response (efficacy), 

[A] = the actual test drug concentration and Hill-slope is parameter characterizing the 

degree of cooperativity. EC50 is defined according to the International Union of 

Phannacology Committee (Neubig et al., 2003).

The transporters often have at least one high and one low affinity, inhibitory binding 

sites for the same drug. Therefore, bell shaped response curves were frequently 

obtained. For these types of curves an equation that is a combination of two sigmoid 

responses were used:

Where v = response (nmol Pi/min/mg), Vmini and Vmin? = minimal responses, Dip = 

maximal response, EC501 and Ecso? = ligand concentrations producing 50% of maximal 

response (efficacy), [A] = the actual test drug concentration and Hill slope 1 and Hill 

slope2 are the constants of cooperativity.

The Michaelis-Menten parameters of maximal velocity (Vmax) and drug affinity (Km) 

were obtained from plots of the ATPase activity as a function of test drug concentration 

by nonlinear regression of the following equation:

^ -|- ^QdogECsoj -  log[A]) X nm
^m in 2 D i p

Equation 2



Vmax X [S]
v = V 0+ --------------------

Km +[S]
Equation 3

where v = enzyme activity (nmol Pi/min/mg), Vo= baseline ATPase activity (nmol 

Pi/min/mg), V max = maximal ATPase activity (nmol Pi/min/mg), Km = Michaelis- 

Menten constant for the tested substrate (nM) and [S] substrate concentration (nM). The 

equation 3 was used also for curve fitting on vesicular transport graphs. For curve 

fitting, Vmax and KM slope calculations PRISM 4.0 software (GraphPad, San Diego, 

USA) was used.
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4. Results

4.1 Results for ABCG2 studies

Identical substrate specificity, different ATPase profile

To investigate the relevance of the heterologous baculovirus -  insect cell expression 

system, the wt human ABCG2 protein was expressed in Sf9 cells. The membranes 

purified from the ABCG2 overexpressing insect cells (ABCG2-SÎ9 membranes) were 

studied along with membranes purified from ABCG2 overexpressing human cells 

(ABCG2-M membranes)

We performed a comparative analysis of wild type ABCG2 in membrane preparations 

derived from baculovirus infected Sf9 cells and selected human cells (ABCG2-SÎ9 and 

ABCG2-M, respectively). Both transporter preparations had similar affinity for ATP for 

methotrexate (Glavinas et ah, 2007). Substrates and inhibitors of ABCG2 inhibited, 

while non-interacting drugs did not modulate the ATP dependent methotrexate transport 

in either membrane preparation (Fig. 4).

Z  - 20.0
<  Acyclowr Metoprdol Prazosin Sulfasalazin Topotecan Ko143

Figure 4 Inhibition o f the ATP dependent methotrexate transport (100 pM) for Sf9 and human
membrane vesicles by different substrates (prazosin, sulfasalazine) and non-substrates (acyclovir, 
metoprolol) at 100 pM and the specific inhibitor Kol43 (1 pM) o f human ABCG2.
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In contrast, in the ATPase assay the same set of compounds showed a strikingly 

different pattern. In case of ABCG2-SÎ9 preparations the baseline vanadate sensitive 

ATPase activity could not be further stimulated by ABCG2 substrates, while 

stimulation was detected for all substrates tested for ABCG2-M preparations.

Using prazosin, a known substrate of the wt human ABCG2 (Xiao et al, 2006) as well 

as sulfasalazine, a substrate of the mouse Abcg2 (Zaher et ah, 2006) and a substrate of 

the human protein (van der Heijden et al. 2004), a clear difference was seen in the 

ATPase stimulation profile of ABCG2 expressed in the two membranes. Sulfasalazine 

and prazosin stimulated the ABCG2-ATPase activity (3.9-fold and 2.7-fold 

respectively) when expressed in human cell membrane (Fig. 5).

The substrate specificity of the transporter in the ABCG2-M ATPase assay correlated 

well with the substrate specificity observed in the vesicular transport inhibition 

experiment (Fig. 4.), and is in good agreement with published data (Litman et ah, 2000); 

(van der Heijden et ah, 2004), (Glavinas et ah, 2007).

In contrast, in the Sf9 system neither sulfasalazine nor prazosin did significantly 

modulate the ABCG2-ATPase activity (Fig. 5). The observed differences could not be 

attributed to differences in glycosylation levels (Glavinas et. al, 2007) and expression 

levels (as the proteins were overexpressed at similarly high levels in the two systems, 

Fig. 6).

Figure 5 Comparison o f the ATPase activity profile o f membranes prepared from ABCG2
containing Sf9 insect cells (ABCG2-SJ9) and membranes prepared from ABCG2 overexpressing human 
cells (ABCG2-M). Fold-activation is calculated as a ratio o f substrate stimulated and basal vanadate 
sensitive ATPase activity.
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Figure 6 Representative western blot o f ABCG2 in ABCG2-M and ABCG2-SJ9 membranes.

Cholesterol loading potentiates drug induced ATPase stimulation of ABCG2 
expressing ABCG2-Sf9 membranes

It has been known that lipid composition of insect and mammalian membranes 

significantly differs. One of the major differences is the cholesterol content, as Sf9 

plasma membrane contains about 5-10-fold less cholesterol than human plasma 

membrane (Gimpl et ah, 1995).

As expected, the cholesterol contents of the ABCG2-Sf9 and ABCG2-M vesicles 

containing ABCG2 protein were markedly different, with ABCG2-Sf9 displaying an 

about 4_'5-fold lower cholesterol level (ABCG2-Sf9: 6.5 pg/mg protein vs. ABCG2-M: 

28.99 pg/mg protein (Fig. 7); and ABCG2-Sf9: 6.26 vs. ABCG2-M: 23.68 (Fig. 8)). 

Cholesterol loading of both membranes using cholesterol@RAMEB treatment resulted 

in about a fifteen-fold increased cholesterol content in ABCG2-Sf9 vesicles and a three

fold increase in ABCG2-M vesicles yielding ~90 pg/mg protein final cholesterol 

content in both membranes (Fig. 7). On the other hand, RAMEB treatment removed the 

cholesterol from both membranes very efficiently (Fig. 8).
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Figure 7 ABCG2-Sf9 (A ) and ABCG2-M (m) membranes were loaded with cholesterol by
treatment with cholesterol@RAMEB complex. Membrane cholesterol content was determined by the 
cholesterol oxidase method. Concentrations on X  axis represent the total cholesterol concentration in the 
incubation medium.
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Figure 8 Cyclodextrin-mediated cholesterol depletion o f ABCG2-S/9 ( A ) and ABCG2-M (»)
membranes was carried out by incubating the membranes for 30 min at 37 °C in the presence o f RAMEB 
at concentrations indicated in the figure.

For further experiments cholesterol loading of ABCG2 expressing Sf9 membranes has 

been optimized for ATPase activity with respect to exposure time (Fig. 9A) and loading 

concentration of cholesterol (Fig. 9B). For further experiments 30 min and 1 mM 

cholesterol@RAMEB were chosen as optimal time and concentration for reproducible 

loading conditions.
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Figure 9 Optimization o f cholesterol loading: basal (•) and sulfasalazine stimulated ( A)
activities were monitored after completing the loading procedure. For optimizing the incubation time 
(panel A) ABCG2-Sf9 membranes were incubated in the presence o f cholesterol@RAMEB (2 mM total 
cholesterol in the incubation medium) for times indicated in the figure. For optimization o f cholesterol 
loading (panel B) ABCG2-SJ9 membranes were incubated in presence o f various cholesterol 
concentrations for 1 hour.

The membrane cholesterol content after treatment is around 60 jag/mg protein, about 2- 

fold greater than in the ABCG2-M membrane. We selected these values because under 

these conditions the membrane cholesterol content was relatively insensitive for either 

parameter (Fig. 9), therefore, it allowed for reproducible production of cholesterol 

loaded membranes. For cholesterol depletion of ABCG2-M membranes a 30 min 

treatment using 8 mM RAMEB was selected yielding membrane preparations with an 

average cholesterol content of 3.5 pg/mg protein.

Differences in cholesterol content confer the difference in ATPase stimulation of 
ABCG2 expressing ABCG2-Sf9 and ABCG2-M membranes

The ATPase activity of wt ABCG2 expressing Sf9 membranes was refractory to 

stimulation upon treatment with sulfasalazine. Cholesterol loading significantly 

potentiated sulfasalazine induced activation of ABCG2-ATPase. In contrast, ABCG2 

activity of ABCG2-M membranes was stimulated by sulfasalazine in a concentration 

dependent manner without requiring cholesterol treatment. Depletion of cholesterol of 

the ABCG2-M membranes by means of RAMEB treatment impaired the ABCG2- 

ATPase response. Both the concentration dependence and the general biphasic shape of 

the cholesterol loaded ABCG2-SÎ9 ABCG2-ATPase closely resembled that of the 

ABCG2-M ATPase activation. Moreover, the low cholesterol versions of both
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membranes (native ABCG2-SP9 and cholesterol-depleted ABCG2-M) were also similar, 

as ABCG2-ATPase was not efficiently activated by sulfasalazine in either membrane. 

Similarly, topotecan and prazosin both significantly stimulated ABCG2-ATPase in 

cholesterol loaded ABCG2-Sf9 and ABCG2-M membranes, while untreated ABCG2- 

Sf9 and cholesterol depleted ABCG2-M membranes were non-responsive (Fig. 10). 

Using the PREDEASY ATPase assay kit, cholesterol loaded ABCG2-Sf9 membranes 

were tested. All substrates, sulfasalazine, prazosin, topotecan (Fig. 10) stimulated the 

basal ATPase activity in a concentration dependent manner.
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Figure 10 Cholesterol loading o f ABCG2-Sf9 membranes makes their ABCG2-ATPase activity
profile similar to the ABCG2-ATPase activity profile o f ABCG2-M membranes. ABCG2-S/9 cells were 
loaded with cholesterol using cholesterol@RAMEB (1 mM total cholesterol) for 30 min at 37 °C. 
Cholesterol depletion o f ABCG2-M membranes were carried out at 37 °C, for 30 min using 8 mM 
RAMEB. The ABCG2-ATPase activation o f cholesterol loaded (k.) and control (•) ABCG2-SJ9 
membranes as well as cholesterol depleted (A ) and control (•) ABCG2-M membranes upon 
sulfasalazine, topotecan and prazosin treatment (40 min, 3 7 °C) was determined.
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Enhanced ABCG2-mediated vesicular transport into cholesterol loaded ABCG2- 
Sf9 inside-out vesicles

The membrane assay system allows for transport studies as the transported substrates 

accumulate in the inside-out vesicles in an ATP-dependent manner. To study if 

cholesterol loading affects transport kinetics of ABCG2 expressing ABCG2-Sf9 

vesicles we monitored the transport of a known ABCG2 substrate, methotrexate, 

commonly used in VT studies (Fig. 11). In order to evaluate the effect of cholesterol 

Vmax and Km has been calculated. Cholesterol loading dramatically increased maximal 

velocity of the transport (2144 pmol/mg/min vs. 367 pmol/mg/min) without affecting 

KM (1068 pM vs. 935 pM).
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Figure 11 Effect o f cholesterol loading on vesicular transport activity o f ABCG2 containing
ABCG2-SJ9 membranes. Methotrexate uptake o f cholesterol loaded (A.) and control (•) inside-out 
membrane vesicles was carried out at 37 °C for 12 min. The amount o f radiolabeled compounds retained 
by the inside-out vesicles was measured at various drug concentrations as indicated in the figure.

We also studied prazosin transport. Prazosin, although a known ABCG2 substrate (Xiao 

et al., 2006) is not commonly used in VT studies. Indeed, little ATP-dependent transport 

(Vmax: 85 pmol/mg/min) was seen in the ABCG2-SI9 vesicles (Fig. 12). On the 

contrary, a very significant transport was seen in the cholesterol loaded ABCG2-Sf9 

vesicles with a maximal velocity of 702 pmol/mg/min (Fig. 12).

32



700
c  600
| |  500
5 o) 400 
~ E
■i 3  300

|  I 200
£  100

0

Figure 12 Effect o f cholesterol loading on vesicular transport activity o f ABCG2 containing 
ABCG2-S/9 membranes. Prazosin uptake o f cholesterol loaded (A.) and control (•) inside-out membrane 
vesicles was carried out at 37 °Cfor 20 min.

Effects of cholesterol on ATPase and VT measurements correlate

To study the effect of membrane cholesterol levels on ABCG2-ATPase activity and 

vesicular transport, estrone-3-sulfate was used as a substrate (Fig. 13). Cholesterol 

loading increased Vmax of transport of estrone-3-sulfate by more than 20-fold (3408 

pmol/mg/min vs 122.7 pmol/mg/min) with relatively little change in KM (14.11 pM vs 

27.58 pM) (Fig. 13 A). In the ABCG2-M membranes a similar effect of membrane 

cholesterol level was observed, as cholesterol depletion decreased Vmax by about 5-fold 

(455.5 pmol/mg/min vs 99.02 pmol/mg/min) with little change in KM (5.49 pM vs 7.89 

pM) (Fig. 7B). The increased transport rate was paralleled in the ATPase assay, as low 

cholesterol membranes (ABCG2-Sf9 and cholesterol depleted ABCG2-M) displayed an 

impaired activation upon estrone-3-sulfate treatment (Fig. 13 C and D). Moreover, the 

Km and Vmax values for estrone-3-sulfate induced ABCG2-ATPase activity showed 

good correlation between the cholesterol loaded ABCG2-Sf9 and ABCG2-M 

membranes (Table 2).

a ABCG2-Sf9 cholesterol-loaded 
•  ABCG2-Sf9
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Figure 13 Effect o f cholesterol on ABCG2 vesicular transport and ABCG2-ATPase correlates in 
both the ABCG2-S/9 and ABCG2-M membranes. Estrone-3-sulfate transport was carried out at 32 °C for 
1 min and monitored by measuring the amount o f membrane associated estrone-3-sulfate (panel A and 
B). In estrone-3-sulfate stimulated ABCG2-ATPase activity measurements membranes were incubated for 
40 min at 37 °C with estrone-3-sulfate at concentrations indicated in the figure (panel C and D). 
Cholesterol loaded (•) and control (A) ABCG2-S/9 membranes (panel A and C) and cholesterol 
depleted (A) and control (•) ABCG2-M membranes (panel B and D) were studied.
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Test drug 

Estrone-3-sulfate
ABCG2-SÎ9 

cholesterol loaded
ABCG2-M

vv max
nmol Pi/mg /min

KmpM vv max
nmol Pi/mg /min

KmpM
ATPase

Q JA 35.58 26.42 38.87 15.12

S*.C3t/5C/3
< Vesicular

vv max
pmol /mg /min

KmpM Vv max
pmol /mg /min

KmpM
transport

3408 14.11 455.5 5.49

Table 2 Summarized kinetic data o f estrone-3-sulfate on the ABCG2. The data show good

correlation between Vmax values obtained with the cholesterol loaded ABCG2-S/9 membranes and 

ABCG2-M membranes.

The correlation between membrane cholesterol content of ABCG2-SÎ9 vesicles loaded 

with different concentrations of cholesterol@RAMEB complex and initial rate of H- 

estrone-3_,sulfatc (1 pM) transport was excellent (Fig. 14). The correlation between 

membrane cholesterol content and initial rate of sulfasalazine (10 pM) induced ATPase 

activity was reasonably good (Fig. 14).
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Figure 14 Correlation o f membrane cholesterol content and ABCG2 activity in ABCG2-Sf9
membranes. Cholesterol loaded membranes were prepared by treatment o f ABCG2-SJV with various 
concentrations o f cholesterol@RAMEB. The cholesterol concentration o f cholesterol@RAMEB treated 
membranes is shown in the X-axis. Transport rate o f estrone-3-sulfate (1 pM) measured at 32 °C for 1 
min and sulfasalazine (10 pM) stimulated ATPase activity measured at 37 °C for 40 minutes is shown in 
the Y-axis.
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Mammalian “mimic” ABCG2 model membranes

Cholesterol loading transformed the ATPase activity (Fig 15.) and vesicular transport 

(Fig 16.) profile of Sf9 membranes to a profile similar to the native, cholesterol-rich 

mammalian membranes.

ABCG2-Sf9-cholesterol loaded ABCG2-M

Ko 143

Ko 143 concentration (nM)
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Sulfasalazine

1 10 100 
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1 10 100 
Sulfasalazine concentration (pM)

Figure 15 Effect o f ABCG2 substrate (sulfasalazine) and ABCG2 specific inhibitor (Kol43, Allen
et al., 2002): on basal ( A) and sulfasalazine stimulated (•) ABCG2-ATPase activity.

IC50 of Kol43 (nM) ECso of Sulfasalazine (jiM)
ABCG2-Sf9 cholesterol loaded 35.13 1.90

ABCG2-M 35.79 0.52

Table 3 Kinetic data o f sulfasalazine and Kol43 in the ATPase assay, using ABCG2-M and
cholesterol loaded ABCG2-Sf9 membranes.
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Figure 16 Effect o f ABCG2 substrate (sulfasalazine) and ABCG2 specific inhibitor (Kol43) on
estrone-3-suIfate (E3S) and methotrexate (MTX) modulated transport by ABCG2.

IC50 of Kol43 (nM) IC50 of Sulfasalazine (pM)

E3S
Vesicular transport

ABCG2-Sf9 25.15 0.91cholesterol loaded
ABCG2-M 35.37 2.10

MTX
Vesicular transport

ABCG2-Sf9 70.14 1.25cholesterol loaded
ABCG2-M 51.72 2.691

Table 4 Kinetic data o f sulfasalazine and Kol43 in estrone-3-sulfate and methotrexate vesicular

transport assays, using ABCG2-M and cholesterol loaded ABCG2-SJ9 membranes.
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Effect of cholesterol on transporters most important in ADME studies

We selected ABCB1, ABCB11 and ABCC2 transporters, since they have the major 
impact to influence on ADME properties of drugs. To investigate the specificity effect 
of cholesterol on these transporters, we applied the most suitable assay types to the 
transporters: ATPase assay with high permeability drug (verapamil) for ABCB1 (Fig. 
17) and vesicular transport assay for ABCB1 is (Fig. 18) and ABCC2 studies.

In case of human ABCB1, the increased cholesterol level resulted in only elevated basal 
ATPase activity in Sf9 membrane vesicles (Fig. 17).

4.2 Results for other ABC transporters

ABCB1-Sf9 ATPase assay

Figure 17 Cholesterol increase basal ATPase activity o f ABCB1, without significant neither
increasing signal to noise ratio nor increasing Vmax o f verapamil transport in the ATPase assay.

38



Cholesterol increases the taurocholate transport activity of vesicles prepared from Sf9 

cells which containing human ABCB11, mouse Abcb 11 and rat Abcb 11 transporters 

(Fig. 18).

Effect of cholesterol on transport activity of ABCB11

Xra
E>

E223 Cholesterol loaded

c|
o>
I
o
EQ.

Figure 18 Summary’ o f effect o f cholesterol on Vmax o f taurocholate transport modulated by
ABCB 11 o f different species: human ABCB11, mouse Abcb 11 and rat Abcb 11 in the vesicular transport 
assay. Controls (black bars, not treated), cholesterol loaded (red bars).

hum an  A B C B  11 m ouse A bcb  11 ra t A bcb  11

V max (p m o l /m g /m in )
C ontro l
C holestero l loaded

140.5 "7.0.3 
236.3 7 .6 5 .7

1221 7 .81  
1883 7 .7 5 .5

28 .12  7 .1 1 .7  
53.15 7 .1 4

K m ( u M )
C ontro l
C holestero l loaded

6.14 7 .3 .11
9.15 7 .5 .5

11,8 7 .4 .11  
5.31 7 .2 .3 7

4 ,75 7 .0 .41  
3.85 7 .1 .2 4

Table 5 Kinetic data (Vmax,and KMvalues) o f taurocholate transports ofABCBlls.

In case of ABCC2, no significant effect was observed (data not shown).
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5. Discussion

Many assays applied to study the effects of drug transporters are based on membranes 

purified from Sf9 insect cells into which the respective transporter gene is introduced by 

means of baculoviral infection. Utilization of any heterologous expression systems 

should warrant thorough correlation and validation studies. However, few studies 

address directly this issue. One possible way for assay validation is cross validation 

with other known assays. For ABCB1 daunomycin EC50 values in the ABCBl_,Sf9 

ATPase assay showed an acceptable correlation with the reversal of daunomycin 

resistance in human cell line (2 pM and 5 pM respectively) (reviewed in (Litman et ah, 

2001). The correlation of transport was even better for the ABCC1/MRP1 -  mediated 

LTC4 transport (with Km in HeLa -  MRP1 cells and MRP1-SÎ9 membrane vesicles of 

97 nM and 67 nM (Gao et ah, 1996; Leier et ah, 1994), respectively) and for rat 

Abcbll/Bsep -mediated taurocholate transport in the Sf9 system and rat canalicular 

membranes (K m in rat liver canalicular membranes and BsepSf9 membranes were 2.1 

pM vs 5.0 pM) (Stieger et al. 2000).

ABCG2 protein is one of the most important multidrug transporters involved in drug 

ADME. There was a good correlation between the ATP dependence of the 

ABCG2“mediated methotrexate transport and substrate specificity of transport 

inhibition studies in ABCG2-SÎ9 and ABCG2-M vesicles (Glavinas et ah, 2007). 

However, there was no correlation in drug-stimulated ABCG2-ATPase profiles in 

plasma membrane preparation from Sf9 cells infected with ABCG2 and plasma 

membranes from human cells overexpressing the transporter. (Fig. 5 and Glavinas et ah, 

2007). We hypothesized, that either the altered glycosylation and/or the different 

membrane composition of Sf9 and of human plasma membrane vesicles could be 

responsible for the differences observed in the activation profile of ABCG2-ATPase.

We found that differences in the glycosylation of ABCG2 in the Sf9 and the human 

membranes does not explain the observed differences in drug stimulated ATPase 

activity of the protein (Glavinas et ah, 2007).

Therefore, the effect of cholesterol on the ABCG2-ATPase activation was studied, as 

insect cells harbour much less cholesterol in their membrane than human cells (Gimpl et 

ah, 1995). Indeed, cholesterol loading specifically improved the drug stimulated
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ABCG2-ATPase activity and the maximal velocity of transport for the substrates 

studied in vesicular transport experiments. Cholesterol loading of ABCG2-Sf9 

membranes makes their ATPase (Fig. 10, Fig 13 C and D) and transport properties (Fig. 

13 A and B) similar to those of the ABCG2-M membranes that contain high levels of 

endogenous cholesterol. Therefore, cholesterol loaded ABCG2 overexpressing insect 

cell membranes are suitable models to study ABCG2 function. Our results have two 

major implications on data generated earlier, using the native, low cholesterol ABCG2- 

Sf9 membranes. Cholesterol loading mainly affected enzyme activity with relatively 

little effect on the affinity to ABCG2. Therefore, on vesicular transport data generated 

in the past using plasma membranes prepared from insect cells with the aim of 

identifying ABCG2 substrates as well as substrate specificities are not affected. 

However, ABCG2_A.TPase data generated using the ABCG2-Sf9 system may have 

given false negatives especially for high affinity substrates. This supports the notion that 

cholesterol loaded ABCG2-Sf9 membranes are the test systems of choice to study drug 

-  ABCG2 interactions at high throughput.

The mechanism of the stimulating effect of cholesterol on ABCG2-function is not clear. 

The elevated ABCG2-ATPase baseline levels may imply that cholesterol is an ABCG2 

substrate. This would not be unprecedented in the ABCG family as other members, 

ABCG1 and ABCG4 (Wang et al.2004) as well as the ABCG5/ABCG8 dimer (Yu et 

ah, 2002) have been implicated in cholesterol transport. However, we have not observed 

any signs of inhibition of ABCG2 transport exerted by cholesterol in our studies, 

questioning the substrate nature of cholesterol. Alternatively, cholesterol may act as an 

allosteric regulator for ABCG2-function. Further studies are required to elucidate the 

mechanism of cholesterol mediated potentiation of ABCG2-ATPase activity and 

vesicular transport. No significant change was observed in permeability of membranes 

for the substrates used in the vesicular transport studies (data not shown). Therefore, the 

observed potentiating effect of cholesterol on transport rate by ABCG2 cannot be 

interpreted as non-specific event due to increased vesicular size or decreased passive 

permeability of substrates. There is an in vitro evidence for a physical and possibly also 

functional interaction between ABCG2 and caveolin-1, which might be of importance 

for an optimal operation of ABCG2. This could be of relevance with regard to the 

known upregulation of ABC-transporters and the elevated cholesterol and caveolin-1 

levels observed in the MDR phenotype (Storch et ah, 2007). Similarly to our 

observations (Fig. 17), most studies have reported only an elevation of basal ABCB1
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ATPase activity (Garrigues et al., 2002; Gayet et al., 2005; Wang et al, 2000) without 

increased Vmax or signal to noise ratio in presence of increased membrane cholesterol 

contents. However, we found that increased cholesterol level also enhances the 

taurocholate transport modulated by human ABCB11, mouse Abcb 11 and rat Abcb 11 

transporters prepared from Sf9 cells. This effect was observed in the highest degree 

(hABCBll < mAbcbll< rAbcbll- compared to the control transport activity) in case 

of rat Abcb 11 transport activity. While the Vmax values increased significantly (Fig. 18), 

the Km values changed only slightly reflecting the change in activities accompanied by 

negligible change in affinities.

6. Summary
Since it is becoming a very important issue in the field of in vitro HT screenings to use 

the best model system to study mammalian/human ABC transporter-drug interactions. 

Therefore, correlation studies, comparing different expression systems, are getting very 

important role in the field of in vitro ADME membrane based technologies.

> In our study for a first step, we investigated the underlying difference between 

the ABCG2 ATPase activity expressed in Sf9 and in human cell membrane. We 

established that different glycosylation level of ABCG2 in the Sf9 and the 

human membranes does not explain the different ATPase activity profile of the 

protein (Glavinas et al., 2007).

> We found that the low-cholesterol content of the insect membranes profoundly 

attenuated the drug stimulated ATPase activity of the expressed ABCG2 protein. 

Along the same lines, cholesterol loading transfonned the ATPase activity 

profile of Sf9 membranes to a profile similar to the native, cholesterol-rich 

mammalian membranes.

> We investigated sensitivity of other ABC transporters (ABCB1, ABCC2 and 

ABCB 11s) overexpressed in Sf9 insect cells to the membrane cholesterol 

content and we found positive effect (increased Vmax) of higher membrane 

cholesterol content in case of ABCB 11 vesicular transports, but the 

improvement was not so significant like in case of ABCG2-Sf9 vesicles.
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Cholesterol loaded ABCG2 insect cell membranes are suitable models to study drug 

transport by ABCG2 and drug-drug interactions in the ATPase assay and in the 

vesicular transport assay as well.

Based on our experiences, we think that membrane based assays utilizing the 

cholesterol-loaded insect cell membranes (mammalian “mimic ” model membranes) are 

useful tools to develop new assays for studying drug -  ABCG2 interactions.
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