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Abstract

P-glycoprotein (P-gp) is a member of the superfamily of ATP-binding cassette (ABC)

transporters that mediates the outward movement of a variety of structurally unrelated

compounds, therefore contributing to the clinical phenomenon of multidrug resistance. It is

nowadays widely accepted that P-gp binds its substrates within the lipid bilayer and exports

them from there to the extracellular compartment. The intimate association of both P-gp and

its substrates with the membrane suggests that P-gp function may be regulated by the

composition of the lipid bilayer. Published proteoliposomal systems to study the influence of

the membrane environment on P-gp activity contain considerable amounts of residual

detergents. As detergents influence the membrane properties and have been shown to affect

P-gp ATPase activity, we developed and characterized two new, virtually detergent-free

systems to investigate the influence of the membrane environment and of drug compounds on

the ATPase activity of P-gp. P-gp rafts were used to optimize a multiwell-plate based ATPase

assay and to establish a simple test system to test compounds for their influence on P-pg

ATPase activity. P-gp proteoliposomes were used to study the influence of the membrane

environment on the ATPase activity and binding affinity of P-gp. P-gp was extracted from

P388 ADR cells and purified by hydroxyapatite chromatography. Preparation of P-gp

proteoliposomes by detergent dialysis resulted in proteoliposomes of a well-defined lipid

composition that were virtually detergent-free. The influence of 20 and 40 % (mol/mol total

lipid) cholesterol (Choi) on the ATPase activity of P-gp reconstituted into egg

phosphatidylcholine (PhC) proteoliposomes in presence of various concentrations of

verapamil and progesterone was investigated using the optimized ATPase assay. The P-gp

and membrane affinities of these drugs were measured by means of equilibrium dialysis using

either P-gp proteoliposomes or liposomes devoid of P-gp of the same lipid composition.

P-gp/PhC proteoliposomes showed a ~ 10 fold lower basal ATPase activity than
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P-gp/Chol/PhC proteoliposomes. Their ATPase activity was not induced by verapamil or

progesterone, whereas the ATPase activity of P-gp/Chol/PhC proteoliposomes was increased

2 fold by ~ 50 uM of the compounds. The compound concentrations at half maximal

activation of P-gp (K) in P-gp/Chol/PhC proteoliposomes were related to the affinities of the

respective compound to liposomes of the respective lipid composition: K at 20 % cholesterol

was about 6 fold lower for verapamil and about 9 fold lower for progesterone than K at 40 %

cholesterol while the membrane affinity of verapamil was 2.2 fold and of progesterone 1.5

fold higher at 20 % cholesterol than at 40 % cholesterol. Binding to P-gp was detected only

when cholesterol was present in the proteoliposomes, no specific binding to P-gp was found

in P-gp/PhC proteoliposomes. Interestingly, the affinity to P-gp was higher in

proteoliposomes containing 20% cholesterol than in proteoliposomes containing 40%

cholesterol. In conclusion, the basal and drug-induced ATPase activity of P-gp is strongly

dependent on the presence and concentration of cholesterol in P-gp proteoliposomes. This

could be assigned to a cholesterol-dependent conformation of P-gp that could affect its ability

to bind drugs as well as to the effect of the cholesterol content on the drug concentration

inside the membrane.
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Zusammenfassung

P-glycoprotein, ein Mitglied der Familie der ATP-binding cassette (ABC) Transporter,

verursacht den Auswärtstransport einer Reihe strukturell unterschiedlicher Substrate und trägt

dadurch direkt zu dem klinischen Phänomen der unspezifischen Therapieresistenz bei. Heute

gilt als erwiesen, dass P-gp seine Substrate innerhalb der Lipidmembran der Zelle erkennt und

sie von dort in den extrazellulären Raum transportiert. Die enge Verknüpfung von P-gp und

seinen Substraten mit der Lipidmembran legt nahe, dass die P-gp Funktion möglicherweise

durch die Zusammensetzung der Lipidmembran reguliert wird. Bisher bekannte Systeme, die

verwendet wurden um den Einfiuss der Lipidmembran auf die P-gp Aktivität zu bestimmen,

enthalten beträchtliche Konzentrationen an Tensiden. Da Tenside sowohl die Eigenschaften

der Lipidmembran als auch die Aktivität von P-gp verändern, wurden zwei neue tensidfreie

Systeme - P-gp Rafts und P-gp Proteoliposomen - entwickelt und charakterisiert. Mit Hilfe

dieser Systeme wurde der Einfiuss der Lipidumgebung und von verschiedenen Substraten auf

die ATPase Aktivität von P-gp untersucht. P-gp Rafts wurden verwendet, um einen ATPase

Assay zur Verwendung in 96 Lochplatten zu optimieren und um einen einfachen Test zu

etablieren, mit dem der Einfiuss verschiedener Substrate auf die P-gp Aktivität bestimmt

werden kann. P-gp Proteoliposomen wurden verwendet, um den Einfiuss der

Zusammensetzung der Lipidmembran auf die ATPase Aktivität von P-gp und auf die

Affinität von Substraten zu P-gp zu bestimmen. P-gp wurde aus P388 ADR Zellen extrahiert

und mit Hilfe einer Hydroxyapatitsäule aufgereinigt. Die durch Tensiddialyse hergestellten P-

gp Proteoliposomen zeichnen sich durch eine genau definierte Lipidzusammensetzung bei

gleichzeitiger Tensidfreiheit aus. Der Einfiuss von 20 und 40% Cholesterol (Chol) (mol/mol

Gesamtlipid) auf die ATPase Aktivität von P-gp in Phosphatidylcholin (PhC)

Proteoliposomen in Gegenwart verschiedener Verapamil- und Progesteronkonzentrationen

wurde mit Hilfe des optimierten ATPase Assays untersucht. Die P-gp und Membranaffinität
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dieser Substanzen wurde mit Hilfe der Gleichgewichtsdialyse mit P-gp Proteoliposomen oder

Liposomen der gleichen Lipid-zusammensetzung bestimmt. P-gp/PhC Proteoliposomen

zeigten eine ca. lOfach niedrigere basale ATPase Aktivität als P-gp/Chol/PhC

Proteoliposomen. Ihre ATPase Aktivität wurde weder durch Verapamil noch durch

Progesteron erhöht. Die ATPase Aktivität von P-gp/Chol/PhC Proteoliposomen hingegen

verdoppelte sich bei einer Konzentration von ungefähr 50 uM der jeweiligen Substanzen. Die

Konzentration (K) der beiden Substanzen, die eine halbmaximale Erhöhung der P-gp ATPase

Aktivität in P-gp/Chol/PhC Proteoliposomen verursachten, standen in Relation zu der

Affinität der jeweiligen Substanz zu Liposomen der gleichen Lipid-zusammensetzung: K bei

20%) Cholesterol war ca. 6fach niedriger für Verapamil und ca. 9fach niedriger für

Progesteron als in P-gp/Chol/PhC Proteoliposomen, die 40% Cholesterol enthielten, während

die Membranaffinität von Verapamil zu PhC/Chol Liposomen mit 20% Cholesterol ca. 2fach

und die von Progesteron ca. O.öfach grösser war als zu PhC/Chol Liposomen mit 40%

Cholesterol. Spezifische Substratbindung zu P-gp wurde nur in P-gp/Chol/PhC

Proteoliposomen detektiert, in P-gp/PhC Proteoliposomen hingegen wurde keine spezifische

Bindung festgestellt. Interessanterweise war die Substrataffinität in Proteoliposomen mit 20%

Cholesterol grösser als in Proteoliposomen mit 40% Cholesterol. Dies zeigt, dass die basale

und die durch Substrate stimulierbare ATPase Aktivität stark von der Anwesenheit und

Konzentration von Cholesterol in P-gp Proteoliposomen abhängig ist. Dies könnte einer

cholesterolabhängigen P-gp Konformation zugeschrieben werden, die die Fähigkeit zur

Substratbindung beeinflusst, als auch einem Effekt von Cholesterol auf die

Substratkonzentration innerhalb der Lipidmembran der Proteoliposomen.
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1 Introduction

1 Introduction

1.1 The role of the multi drug resistance P-glycoprotein (P-gp) in tumor therapy

Early outcomes with the chemotherapy of human cancer soon led to the realization that drug

resistance was going to be a major impediment to both cure and long-term palliation. The

simultaneous administration of different cytotoxic drugs with different mechanisms of action

could not solve the problem, since cancers appeared to develop resistance simultaneously to

many different anti-cancer drugs. Multi drug resistance (MDR) in mammalian cells was first

described in 1970 by Biedler and Reihm [1] in Chinese hamster fibroblast cells made resistant

to actinomycin D through cultivation in the presence of increasing drug concentrations. The

authors observed cross resistance to various cytotoxic agents, including colchicine, vinca

alkaloids and the newly introduced anthracycline daunorubicine. In subsequent studies by

Dan0 [2] and Skovsgaard [3, 4], it was shown that the acquisition of the MDR phenotype by

Ehrlich ascites cells was associated with an energy-dependent cellular trans-membrane drug

efflux. Simultaneously, Juliano and Ling [5] demonstrated that the acquisition of MDR by

Chinese hamster ovary cells was associated with the expression of a cell membrane-bound

glycoprotein of 170 kDa. Because of its association with colchicine permeability it was called

P-glycoprotein. In 1981, Tsuruo introduced clinically useful reversing agents for MDR such

as the calcium-influx blocker verapamil and many other agents (e.g. the antiarrhythmic

quinidine, the antihypertensive reserpine) that could overcome MDR by inhibiting drug efflux

[6, 7]. Using the first monoclonal antibody (C219) against P-glycoprotein, Kartner detected

P-gp in different MDR cell lines from different species isolated with different drugs by

Western blot analysis [8]. This result together with the finding that the degree of P-gp

expression in the cells correlated with the degree of drug resistance confirmed the hypothesis

that P-gp contributed to the phenomenon of multi drug resistance. It was, however, unclear

whether or not P-gp was sufficient to confer the complete MDR phenotype. Another
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important year in the exploration of the role of P-gp was 1986, when Ueda could show that

the MDR1 gene, that was amplified in many human cancer cells, in fact encoded for P-gp [9].

Shortly after this Gros and coworkers cloned the full-length MDR1 gene. Based on the amino

acid sequence they postulated that mdr is a membrane glycoprotein with six pairs of trans¬

membrane domains including two ATP-binding sites [10]. The extensive amino acid

sequence homology observed between the mdr gene and a series of bacterial transporter genes

suggested that an energy-dependent transport mechanism is responsible for the multi drug-

resistant phenotype. As could be shown by the same authors the cellular messenger RNA

transcripts of mdr genes led to high-level expression of a full-length complementary DNA

clone in an otherwise drug-sensitive cell that now exhibited a complete multi drug-resistant

phenotype [11]. Although it was demonstrated that P-gp was able to produce multi drug

resistance the mechanism remained still unknown. While the original designation of P-gp was

based on the assumption that this protein somehow blocked the uptake of many different

cancer drugs, it became clear, that the major mechanism was increased drug efflux. The

postulated binding of drug to P-gp could be demonstrated by Cornwell with the specific

binding of the anti tumor drug vinblastine to P-gp [12]. Later on Cornwell demonstrated the

binding of ATP to P-gp [13], and Sarkadi showed ATPase activity associated with P-gp [14].

Based on these findings it was postulated that P-gp is an energy-dependent transporter that is

directly responsible for multi drug resistance. Even though the discovery of P-gp started 30

years ago, many questions about its mechanism of action remain open. For instance, this

membrane protein displays unusual features, e.g., a basal ATPase activity in the absence of

any identified substrate and, most importantly, a poor substrate selectivity for transport. P-gp

is the most abundant and best characterized protein associated with multi drug resistance,

however, several other energy-dependent drug transporters have been identified over the

years, such as MRP1 (ABCC1), that is similar to P-gp in structure and recognizes neutral and
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anionic hydrophobic substrates as well as glutathione conjugates [15], or BCRP (ABCG2)

that is expressed in breast cancer cells [16].

The fact, that multi drug resistance could be reversed in vitro led to the first pilot clinical

studies using verapamil which gave, at first, encouraging results [17, 18]. However, a large-

scale randomized clinical study with verapamil used in addition to combination chemotherapy

showed no significant improvement in response or survival time of patients with small cell

lung cancers [19]. This was probably due to the fact that a low dose of verapamil was

administered in patients to avoid side effects. Blood levels were therefore low as compared to

the high levels needed to reverse drug resistance in vitro. Meanwhile, clinical trials with other

postulated MDR-reversing compounds proceeded and for some cancers, like acute myeloid

leukemia (AML), co-administration of cyclosporine clearly showed a benefit for patients [20].

Similarly, quinine was shown to increase the complete remission rate as well as the survival

time in P-gp-positive myelodysplastic syndrome (MDS) cases treated with intensive

chemotherapy [21]. Beside the classical multi drug resistance due to reduced drug uptake,

other mechanisms were identified by which cells become resistant to chemotherapy, e.g.,

increased drug detoxification linked to over-expression of enzymes such as glutathione-S-

transferase or elevated intracellular glutathione concentrations, increased DNA damage repair

via alterations in the 06-methylguanine DNA methyl transferase, or changes in the

topoisomerase II activity and the often-observed defects in apoptotic pathways [22]. But also

in the development of these resistance mechanisms, which are often promoted by low

cytotoxic drug concentrations, drug efflux transporters as P-gp could facilitate the emergence

of drug resistance without themselves conferring high levels of resistance. The development

of multidrug resistance can also be associated with low cytotoxic drug concentrations inside

the cells. Therefore drug efflux transporters such as P-gp that lower the accumulation of many
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cytotoxic drugs could facilitate the emergence of these resistance mechanisms without

themselves conferring high levels of resistance [23].

1.2 The role of P-glycoprotein in the absorption, distribution, metabolism,

excretion and toxicity of drugs

Traditionally, the absorption, distribution, metabolism, excretion and toxicity (ADMET) of a

drug are thought to be governed by the physico-chemical properties of the molecule, its

protein binding and biotransformation [24]. In addition, the capacity of transporter proteins

like P-gp to reduce the oral bioavailability and to alter the tissue distribution obviously

influences the pharmacokinetic behavior of drugs. The identification of transporters that

influence the disposition and safety of drugs has become a new challenge for drug discovery

programs. It is essential to know, first, whether drugs can freely cross pharmacological

barriers or whether their passage is restricted by ABC transporters, and second, whether drugs

can influence the passage of other compounds through inhibition of ABC transporters.

Consequently, the evaluation of the transport characteristics of drug candidates has become an

important step in the development of novel therapeutics, and the pharmaceutical industry has

adopted routine screening procedures for P-gp activity in the drug discovery process.

Knockout mice deficient in the mdrla and mdrlb genes, respectively, the mouse equivalent

genes of mdrl in humans, provide a valuable tool for the assessment of the contribution of

P-gp to drug disposition in vivo [25]. Surprisingly, mdrla/b double knockout mice are viable

and fertile, almost indistinguishable from their wild-type littermates, suggesting that the

pharmacological modulation of the expression of human P-gp could represent a safe and

effective strategy to thwart multi drug-resistant cancers. Experiments with taxol revealed that

the AUC (area under the plasma concentration curve) of the orally administered compound

was significantly higher in the double knockout mice than in the normal wildtype, indicating

that P-gp expression at the intestinal lumen can limit drug bioavailability [26]. Further
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analysis of the knockout animals has demonstrated that the absence of P-gp has a profound

effect on the tissue distribution of substrate compounds. So, if a drug is subject to P-gp

mediated efflux, its pharmacokinetic profile will be substantially altered by the use of P-gp

inhibitors. Some clinically relevant examples for drug-drug interactions are shown in Table 1.

P-gp is highly expressed in cells of the brain capillaries and presents a barrier to hydrophobic

compounds that would otherwise penetrate the blood-brain barrier (BBB) by passive

diffusion. It can thus reduce the efficacy of agents targeted to the central nervous system

(CNS) to treat epilepsy, infections as HIV, or brain tumors [27].

Table 1. Drug-drug interactions involving P-gp

Drug Inhibitor/inducer Measured effect/toxicity Putative mechanism Ref.

Loperamid Quinidine Increased CNS adverse effects Inhibition of P-gp [28]

Talinolol Verapamil Decreased plasma levels Inhibition of P-gp [29]

Fexofenadine Erythromycin Increased plasma levels Inhibition of P-gp [30]

Fexofenadine Rifampicin Decreased plasma levels Induction of P-gp [31]

Digoxin Quinidine

Digoxin Verapamil

Digoxin Talinolol

Digoxin Clarithromycin

Increased plasma levels,
decreased renal clearance

Digoxin Statins

Inhibition of P-gp [32]

Inhibition of P-gp [33]

Inhibition of P-gp [34]

Inhibition of P-gp [35]

Inhibition of P-gp [36]

Digoxin Rifampicin Decreased plasma levels Induction of P-gp [37]
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1.3 Putative physiological functions of P-glycoprotein

P-glycoprotein has an important role in regulating central nervous system permeability. The

brain is protected against toxins by the blood-brain barrier (BBB), which is formed by the

endothelial cells of capillaries. P-gp is located on the luminal surface of the endothelial cells,

preventing the permeation of cytotoxins to the brain [38]. P-gp also seems to protect the

testicular tissue and the developing fetus against unwanted substances. In the testis as well as

in the brain, the P-gp transports toxins into the capillary lumen. In the placenta, the P-gp is

localized on the apical syncytio-trophoblast surface, where it can protect the fetus from toxic

cationic xenobiotics [39]. While P-gp in the brain, testis and placenta is expressed for the

local protection from cytotoxins, the P-gp expression in the liver, the gastrointestinal tract and

the kidney serves to excrete toxins, thus protecting the entire organism. In the liver P-gp is

localized in the apical membrane of hepatocytes, where it transports toxins into the bile [40].

In the gastrointestinal tract, P-gp is localized in the apical membranes of the mucosa cells,

where it extrudes toxins, forming a first line of defense. In addition to the role of P-gp played

in host protection and detoxification, which is well established and confirmed by MDRla/lb

knockout mice, other P-gp functions have been postulated. For instance, P-gp has been

proposed to play a role in phospholipids translocation and cholesterol esterification, and it is

possible that these two functions are interrelated. P-gp has been reported to regulate the

translocation of a range of short-chain phospholipid analogs [41, 42] and endogenous

phospholipids such as sphingomyelin [43]. This could explain the putative role of P-gp in

modulating cholesterol esterification [44, 45], because the depletion of plasma membrane

from sphingomyelin can induce cholesterol esterification by releasing cholesterol from the

plasma membrane into the intracellular pool [46]. P-gp is clearly detected in human CD34+

hematopoietic progenitor cells, but also in several other sub-classes of bone marrow and

peripherial leukocytes, particular in CD56+Natural Killer (NK) cells and in CD8+ cytotoxic T
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cells [47-49]. As P-gp reversal agents have been shown to inhibit NK cell activity, it was

proposed that P-gp might be involved in the cytolytic activity of these cells, for instance by

mediating the extrusion of the cytolytic protein perforin [50]. Based on the high expression of

mdrl genes in typical hormone-producing cells and on the fact that several hormones such as

Cortisol, corticosterol, aldosterone [51] and progesterone [52] are transported by P-gp it was

postulated that P-gp might be important for the rapid secretion of steroids from the adrenal

gland as well as for the protection of steroid-excreting cells against high concentrations of

steroids in their membranes [53].

1.4 Genetic background of P-gp

The gene encoding for P-gp belongs to a small gene family comprising two genes in humans

(MDRl and MDR2), situated on chromosome 7q21.1 [54], and three genes in rodents (mdrla,

mdrlb and mdr2) [55]. Rodent mdrla and mdrlb are closely related to human MDRl,

whereas the rodent mdr2 gene is more homologous to human MDR2. Genetic approaches

have shown that the transfection with cDNA from human MDRl and rodent mdrla and

mdrlb can confer the MDR phenotype on drug-sensitive cells [9]. In contrast, P-gp encoded

by the human MDR2 gene and by its counterpart mdr2 in rodents does not confer drug

resistance [56]. The MDR gene products are subdivided into two distinct classes [57]. Class I

consists of multi drug transporters such as the human MDRl and the rodent mdrla/b. Class II

includes P-gp isoforms that are not engaged in drug transport such as the human MDR2 and

the rodent mdr2 gene product, which is engaged in the transport of phosphatidylcholine into

the liver bile canaliculi [58]. The MDRl promoter lacks a consensus TATA box found on

many protein-encoding genes, and instead contains an inverted CCAAT and a GC-rich

element, which serve as binding sites for the nuclear factor Y (NF-Y), Y-box binding protein

1 (YB-1) and Sp family of transcription factors [59]. Expression of the MDRl gene was
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markedly up-regulated in vitro in the presence of various external stimuli such as treatment

with anticancer drugs [60] and stress conditions such as heat shock [61] or serum starvation

[62]. The P-gp, encoded by the MDR gene family, belongs to the ATP-binding cassette

(ABC) family of transport proteins. To date, 48 different ABC transporters have been

identified in the human genome. They are divided into seven different classes (A-G) based on

domain organization and amino acid homology. Using this nomenclature, P-gp is also

referred to as ABCB1.

1.5 Structure and function of P-glycoprotein

P-gp is a typical ABC transporter protein consisting of 1280 amino acids organized in two

homologous halves, each containing six trans-membrane (TM) domains and an ATP-binding

site (Figure 1). The ATP-binding sites include the Walker A and B motifs and the signature or

C region that represents the ABC signature domain. The homologous halves are connected

with a flexible linker region. A deletion of the central core of the linker region results in a

protein that is expressed at the cell surface at similar levels as the wild-type protein, but is not

functional for either transport or drug-stimulated ATPase activity. The replacement of the

deletion with a peptide with a predicted flexible secondary structure was found to be

sufficient to restore the functional properties of the transporter [63]. These observations

suggest that the interaction of the two halves of P-gp is critical for the functioning of the

molecule. P-gp is glycosylated at three sites (N91, N94 and N99) in the first extracellular loop

[10]. This glycosylation is not required for the transport function, but for proper trafficking of

P-gp to the cell surface [64]. Serine residues in the linker region (S661, S667, S671 and S683)

can be phosphorylated by protein A and C kinases. Mutants lacking all phosphorylation sites

exhibit normal transport function [65].
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The sites of interaction between P-gp and its substrates were identified using photoaffinity

analogues of various drug substrates [66-68] and analysis of site-directed mutants [69] [70].

The drug binding sites were found in the trans-membrane regions 4-6 and 10-12, namely in

the part facing the inner leaflet of the lipid bilayer. The fact that P-gp substrates are largely

hydrophobic and that the binding regions of P-gp are located within the inner leaflet of the

lipid bilayer led to the proposal by Raviv of the "hydrophobic vacuum cleaner model" for

P-gp [71]. In the hydrophobic vacuum cleaner model, drugs that enter the cell by passive

permeation are recognized within the cell membrane and are extruded from this hydrophobic

into an aqueous environment.

•mm

Figure 1. 2-D model of human P-glycoprotein. ATP binding sites are circled, with Walker A, B

and the signature or C region indicated as A, B and C. The N-linked glycosylation sites (N91, N94

and N99) are indicated by squiggly lines in the first extracellular loop and the phosphorylation sites

(S661, S667, and S683) in the linker region are shown as black-circled P [69, 72].
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Although there is consensus that the sites of P-gp-drug interaction are located in the trans¬

membrane regions of P-gp there has been a debate on how the binding site is organized. The

existence of two [73], three [74] and even four [75] binding sites has been suggested. As an

alternative to specific binding sites, broader binding regions have been proposed [76]. The

concept of binding regions is consistent with a search for possible drug interaction sites in the

trans-membrane sequences of P-gp [77]. The latter investigation revealed a high density of

amino acids with hydrogen bond donor side chains in the trans-membrane sequences of P-gp,

which could interact with hydrogen bond acceptor groups present in almost all P-gp

substrates. Moreover, clusters of phenyl residues were observed which could interact either

with 7i-electron systems (71- 71 interactions) or with cationic residues in drugs (cation- n

interactions). This observation is further confirmed by the fact, that some drugs show

competitive inhibition, meaning that they have a common binding site, whereas others

interact in a noncompetitive way and therefore at distinct sites [75]. Therefore, the classical

concept of structure-activity relationship does not seem to work for P-gp.

Despite the difficulties in the experimental determination of membrane protein structures,

three-dimensional structures with a resolution limit of -10 Â have been obtained from two-

dimensional crystals of P-gp trapped in presence and absence of ATP [78, 79]. The data

reveal a major reorganization of the trans-membrane domains throughout the entire depth of

the membrane upon binding of ATP. In the absence of nucleotide, the two trans-membrane

domains form a single barrel of 5-6 nm in diameter and about 5 nm lengths with a central

chamber that is open to the extracellular environment. Upon binding of the nucleotide, the

trans-membrane domains rotate in the plane of the membrane resulting in new helix-helix

interactions. Helix rotation also provides the best explanation of cross-linking data [80]

showing that successive residues in trans-membrane domain 6, which are on opposite sides of

the helix, can nevertheless be crosslinked to the same residue in trans-membrane domain 12.
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This helix rotation model provides a potential explanation for how a substrate-binding site of

P-gp can be alternately exposed to the lipid phase (to bind drug) and then to the aqueous

phase (the central chamber) before the drug is released to the extracellular milieu (Figure 2).

Aqueous chamber

Rotation of a-helix

Figure 2. Helix rotation model for P-glycoprotein. In the rotational model, the rotation of the

trans-membrane helices of the ABC transporter is assumed to re-orient the substrate-binding site

from the inner leaflet of the lipid bilayer to the aqueous chamber where the solute is released and

either exits the cell or partitions back into the outer leaflet of the bilayer [81].

As with all members of the ABC transporter family, the transport of substrates and

modulators by P-gp is coupled to ATP consumption. The transport cycle of P-gp has been

investigated using different methods such as the monitoring of changes in the 2D structure of

crystals arrested in different states of the catalytic cycle [78] or biochemical methods with

transition-state analogues [82, 83]. The detailed translocation cascade is explained

in Figure 3.



Introduction 12

Cr*

ö

Step
1

I -mÊÊÈ

%^K ^ä*1"1!^^ ir"r'^» ^ÉÉ

llP ^B ill 1IIIP ill ^^

Step II

ATP MP

Figure 3. Translocation cycle of P-glycoprotein. Step I: Upon binding of the drug to the binding site in

its high affinity state the affinity of the binding sites to ATP is increased and the activation energy of the

dimerization state of the binding sites is decreased. Step II: This results in the dimerization of the two

nucleotide binding domains and ATP is tightly bound at the interface. The resulting conformational

changes driven by this dimerization move the drug to a low affinity location from where it is released.

STEP III: Two sequential ATP hydrolysis events provide the energy to break apart the nucleotide-dimer-

ATP sandwich. STEP IV: Pj and then ADP are sequentially released which restores the transporter to its

basal configuration [84]

1.6 Substrates, modulators and inhibitors of P-gp

P-gp is an unusual ATP-driven transporter, in that it has a low affinity for ATP and exhibits a

high level of basal ATPase activity in the apparent absence of substrates. The basal ATPase

activity has usually been assigned to the presence of an endogenous substrate based on the

observation that P-gp was shown to translocate a variety of phospholipids such as

phosphatidylcholine, phosphatidylethanolamine, phosphatidylserine, and sphingomyelin

[41, 85]. These results are, however, hampered by the fact that in these experiments lipids
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were coupled to NBD (N-6[7-nitro-2,l,3-benzoxadiazol-4-yl]). Therefore in cannot be

excluded that the NBD was responsible for the lipid-P-gp interaction.

Another puzzling feature of P-gp is its broad substrate specificity. Drugs belonging to diverse

chemical classes and having different targets such as vinca alkaloids, calcium channel

blockers, anthracyclines, antiarrhytmics, epipodophyllotoxins, antihypertensives, antibiotics,

immunosuppressants, cytotoxic agents, steroid hormones and HIV protease inhibitors interact

with P-gp. Some of these compounds may carry a positive charge at physiological pH, but

due to their amphipatic nature they can enter cells by passive diffusion. The only common

property appears to be that they are all hydrophobic with a molecular mass of 300-2000 Da

[86]. In recent years it has been suggested that a certain spatial separation of electron donor

groups is characteristic for compounds that interact with P-gp [87]. Anionic compounds are

not transported by P-gp. However, multiple binding sites and other complicating factors have

prevented the development of a truly general, conclusive structure-activity relationship either

for substrate or inhibitory activities.

Compounds that interact with P-gp can be divided into three groups: substrates, modulators

and inhibitors. Substrates are transported by P-gp as can be shown with in vitro transport

assays using P-gp-expressing cell lines [88]. In these assays, P-gp is able to establish a

concentration gradient between the apical and basal surfaces of epithelial cells. Modulators

such as verapamil increase the basal ATPase activity [89] and are also transported by P-gp

[90], however, due to their large permeation coefficients no concentration gradient is

established in transport assays. Therefore they keep P-gp busy and inhibit the transport of

substrates by competitive inhibition if they bind to the same binding region as the substrate.

Finally, inhibitors are not transported. They inhibit P-gp, for example, by interference with

the ATP hydrolysis at the ATP binding sites. Therefore, they show noncompetitive inhibition

of substrate transport.
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1.7 The role of lipids in the regulation of membrane functions

Traditionally, the cell membrane has been seen as a simple barrier composed of different

lipids, separating aqueous compartments within and around cells. Proteins embedded in the

membrane were assigned to signal transduction and transport of solutes between those

compartments. These proteins were assumed to perform their function regardless of the

composition of their lipid environment. In the recent years this view has partly changed. The

lipid composition of the membrane is now postulated to play an important role in the

regulation of the activity of integral membrane proteins. Lipids can influence proteins either

through direct binding to defined protein sites or indirectly by altering the structural,

thermodynamic or dynamic properties of the bilayer. An example of a specific interaction is

the requirement for the anionic lipid cardiolipin by a number of proteins such as NADH

dehydrogenase, cytochrom bei, ATPase synthase, cytochrome oxidase and the ADP/ATP

carrier [91, 92]. For the cytochrome oxidase cardiolipin was found to act as a stabilizer of

complexes that are important for the oxidative phosphorylation. For the ADP/ATP carrier an

absolute dependency of the activity on the presence of cardiolipin was found. The high-

resolution structure of the ADP/ATP carrier showed tight binding of three cardiolipin

molecules per monomer [93] indicating that indeed the specific interaction of this lipid with

the protein is important for its function. A specific binding site for cholesterol has been

postulated on the nicotinic acetylcholine receptor (AChR) that requires the presence of

cholesterol for function [94, 95]. When the AChR was reconstituted into relatively fluid

membranes containing only phosphatidylcholine, the receptor was present in a non¬

conducting, desensitized-like conformation, but when the receptor was reconstituted with

either cholesterol or phosphatidic acid, which make the membrane more rigid, the receptor

changed shape, favoring a resting-like conformation [96]. Competition studies revealed the

presence of a specific binding for cholesterol but not for other phospholipids [97]. As only a
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few molecules of cholesterol allowed the activation, it is reasonable that the activation was

indeed due to a specific effect and not to a change of the membrane properties by cholesterol.

Beside the specific modulation of membrane protein functions by lipids, several examples of

rather nonspecific modulation have been reported. As many membrane proteins contain trans¬

membrane domains consisting of mainly hydrophobic amino acids, the so-called hydrophobic

matching seems to be important. Hydrophobic matching means that the length of the

hydrophobic trans-membrane domain is matched to the thickness of the hydrophobic lipid

bilayer. Any mismatch between the thickness of the hydrophobic lipid bilayer and the protein

would lead to a distortion of the lipid bilayer or the protein or both to minimize the

energetically unfavorable mismatch. The dependency of protein function on the membrane

thickness has been shown for the Na+/K+-ATPase [98] and Ca2+-ATPase, respectively [99].

The ATPase activity was clearly dependent on the fatty acid chain length of monounsaturated

phosphatidylcholine and therefore on the thickness of the hydrophobic range. A higher

activity was found with longer chain lengths. When cholesterol, which increases the bilayer

thickness in the liquid-crystalline state, was added, the chain length for optimal activity was

shifted to lower chain length. But since the activity of the Na+/K+-ATPase was considerably

greater in the presence of cholesterol, cholesterol must have effects in addition to the effects

mediated by the changes in bilayer thickness. Beside the effect of the thickness of the

hydrophobic lipid bilayer on protein activity, which is well documented, other factors may

play a role such as the influence of the curvature stress or the lateral pressure in the center of

the membrane [100]. Unfortunately these parameters are difficult to assess with the

techniques that are available today.
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1.8 The influence of the lipid surrounding on the activity of P-gp

In drug-resistant cell lines that express P-gp, changes in the levels of phospholipids,

gangliosides, cholesterol and fatty acids [101-103] have been reported as compared to drug-

sensitive cell lines. Agents, that modify the lipid composition of the membranes of these

resistant cell lines with regard to the cholesterol [104] or ganglioside [105] levels, or alter the

state of the membrane fluidity [106], were described to compromise the extent of drug

resistance. These results provide indirect evidence that P-gp function is highly sensitive to the

lipid environment. That the lipid surrounding is crucial for the function of P-gp is shown by

the fact that delipidated P-gp lost its ATPase activity [107], although the ATP binding sites

are not in contact with lipids. After reconstitution of P-gp into liposomes the ATPase activity

was restored. This requirement for lipids suggests, that the lipid stabilization of the

membrane-spanning regions of Pgp is essential for the catalytic activity of the nucleotide

binding domains (NBDs) or, alternatively that the structural and functional integrity of the

NBDs themselves may depend on the presence of phospholipids. P-gp activity also seems to

be particular sensitive to the nature of the surrounding lipids. This was shown by the fact that

the activity in absence of effectors differed in proteoliposomes prepared from sheep brain,

bovine liver, or Escherichia coli lipids. Stimulation of the ATPase activity was not observed

when lipids from E. coli were used [108]. In addition, stimulation of the ATPase activity in

response to verapamil differed in proteoliposomes composed of egg phosphatidylcholine,

dimyristoyl-phosphatidylcholine, or dipalmitoylphosphatidylcholine [109]. However, the

significance of these studies is limited by the fact that the residual detergent concentration in

the proteoliposome preparations was not determined or indicated. This is problematic, as

modulation of the P-gp function by detergents such as Triton X-100, octyl glucoside,

deoxycholate and SDS [107] has been observed. The effect could be related to a direct

interaction or to a modulation of the physical properties of the surrounding membrane.
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Recent findings showed that P-gp is located in detergent-insoluble micro domains, the so

called lipid rafts [110-114], together with several other membrane proteins that are involved

in cell signaling [115]. It is still unclear whether detergent-insoluble membrane domains exist

in vivo or are just artifacts of the extraction process. However, recent investigations, using

two-photon microscopy [116] demonstrated the existence of phase separation in vivo in

macrophages, and FRET-based experiments showing the clustering of multiple GPI-anchored

proteins microdomain-like patches in living cell membranes [117], suggested the existence of

lipid rafts also in vivo. Lipid rafts are spingholipid- and cholesterol-rich membrane

microdomains in the outer leaflet of the plasma membrane. Sphingolipids differ from most

phospholipids in that they have long, largely saturated acyl chains that allow them to pack

tightly in a bilayer, forming a gel phase in which there is little lateral movement or diffusion.

The gel phase of the sphingolipids is altered by the association of cholesterol, which

condenses the packing of the sphingolipids by occupying the spaces between the acyl chains.

Therefore cholesterol-containing sphingolipid microdomains (lipid rafts) exist in a liquid-

ordered phase that is more fluid than the gel phase. By contrast, glycerol-phospholipids are

rich in unsaturated acyl chains that tend to be kinked and pack loosely into a liquid-disordered

phase that is considerably more fluid, allowing lateral movement within the bilayer. The

different packing of the sphingolipids and phospholipids probably leads to their phase

separation in membrane bilayers. Thus sphingolipid microdomains floating in a phospholipids

bilayer were named "lipid rafts". This phase separation has already been proven in vitro in

membranes modeling the plasma membrane [118]. Biochemically, the components of lipid

rafts are characterized by their insolubility in the detergent Triton X-100 at 4°C [119, 120].

Because of their high lipid content rafts are found in the low-density fractions after gradient

centrifugation. The close association of P-gp with raft-like microdomains suggests, that rafts

could provide an optimal lipid microenvironment for P-gp function. This is in line with recent
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findings that P-gp has a higher affinity for its substrates when the surrounding lipids are in the

gel phase rather than in liquid-crystalline phase [109].

1.9 The aim of the thesis

The central objective of this thesis was to develop a method for the preparation of P-gp

containing detergent-free proteoliposomes to investigate the influence of the lipid surrounding

on P-gp activity. Intact cells or membrane vesicles may be useful for initial studies but the

presence of other membrane proteins and the complex composition of the lipids makes it

difficult to monitor the influence of a certain modification on protein activity.

Proteoliposomes, on the other hand, are a very useful tool to assess the influence of the lipid

composition on the P-gp activity. Thus, P-gp had to be solubilized and purified from cells,

which can often be a challenging and time-consuming task by itself, as membrane proteins are

usually not expressed in large amounts in cells. In addition, the purified and delipidated P-gp

had to be reconstituted into liposomes of a defined lipid composition. Previous attempts

always resulted in proteoliposomes with too much residual detergent, therefore the

preparation of the proteoliposomes was optimized for minimal detergent content. This is

extremely important as detergents, as already mentioned above, can influence the protein

function and alter the physical properties of the surrounding lipid bilayer, which can in turn

interfere with the lipid-protein interplay. In addition, the first step of the substrate-P-gp

interaction, the partitioning of the drug into the membrane, will probably also be affected by

residual detergent in the membrane. As transport by P-gp is coupled to ATPase consumption

an ATPase assay was used as functional assay to measure the activity of P-gp in the different

lipid environments. The ATPase assay was optimized with rafts as a surrogate for P-gp

proteoliposomes as the preparation of the latter is very time consuming. As rafts are easy to

prepare and are enriched in P-gp they were used for the optimization of the ATPase assay.
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With the use of the P-gp proteoliposomes system we investigated the influence of the lipid

environment on the ATPase activity in the presence and absence of ATPase modulators as

well as on the binding affinity of these modulators to P-gp.
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2 Material and Methods

2.1 Chemicals

Adenosine triphosphate, di-Na+ (ATP) #A2383, cholesterol #C8667, cyclosporine A #30024,

indomethacine #17378, orthovanadate, Na+ #S6508, progesterone #P0130, propranolol

hydrochloride #P-0884, valinomycin #V0627 and (±)-verapamil #V4629, 14C-sodium

laurylsulfate (14C-SDS) #L2656 were purchased from Sigma (Buchs, Switzerland), bovine

serum albumin (BSA) #05480, dithiothreitol (DTT) #43815, NADH #43420,

phosphoenolpyruvate #79418, and pyruvate kinase #83330, sodium dodecyl sulfate (SDS)

#71728 were from Fluka (Buchs, Switzerland). 14C-sodium laurylsufate were from Sigma

(#L2656, Sigma, Buchs, CH), 3H-TritonX-100 # ART892 from ARC (American Radiolabeled

Chemicals, St. Louis, MO, USA), 3H-verapamil hydrochloride #NET-810, 3H-progesterone

#NET-381 and 3H-cholic acid #CUS55054000MC from Perkin Elmer (Perkin Elmer,

Schwerzenbach, Switzerland). Lactate dehydrogenase #127876, DNAse I #70014820 and the

protease inhibitor cocktail Complete # 12037300 were supplied by Roche Diagnostics (Basel,

Switzerland). The protease inhibitor was always used in the recommended concentration of 1

tablet in 50 ml solution [121]. Egg lecithin grade I (PhC) was purchased from Lipid Products

(Lipid Products, Nuffield, Surry, GB). All other chemicals and solvents were of analytical

grade. Chemicals and materials specifically used for cell culture are listed under 2.2. Water

was purified by reverse osmosis with a Diamond RO unit and ultra filtered by a Nanopure

Diamond unit, both from Barnstead International (Iowa, USA).
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2.2 Cell cultures

2.2.1 P388 parents and P388 ADR cell cultures

P388 parent cells were obtained from the Japan Health Science Research Resources Bank

(Osaka, Japan) and P388ADR cells from the National Cancer Institute (Frederick, MD, USA).

P388 parent cells were grown in suspension in PMI1640 medium (Invitrogen Corp., Basel,

CH) containing 10% heat-inactivated fetal bovine serum (FCS, PAA Laboratories, Linz, A),

50 uM ß-mercaptoethanol as well as 100 units penicillin/ml and 100 ug streptomycin/ml

(GibcoBRL Life Technologies) in plastic TPP®-flasks (Winniger AG, Wohlen, CH). P388

ADR cells were propagated in the same medium but without 50 uM ß-mercaptoethanol. Cells

were split 1:10 every 3 to 4 days until 50 passages were reached. To produce the amount of

cells needed for the preparation of rafts and the purification of P-glycoprotein, cells were

diluted 20fold (4 ml in 76 ml medium) into 500 ml TPP®-flasks. After 4 days the cells were

pooled and the medium was removed by centrifugation in a Sorvall centrifuge at 4000 rpm,

4°C. The cell pellets were washed twice in 10 mM PBS supplemented with Complete®

protease inhibitor (Roche) in the recommended concentration of 1 tablet per 50 ml buffer and

once with 10 mM PBS supplemented with Complete® protease inhibitor, 0.25 M sucrose, 0.01

M Tris-HCl, and 0.2 mM MgCb. After the last centrifugation the supernatant was removed

and the pellet was stored at -80°C.

2.2.2 mdrl-MDCK cell cultures

mdrl-transfected MDCK cells were a gift from Ira Pastan [122]. Cells were propagated in

plastic TPP-fiasks (Winniger AG, Wohlen CH) in Dulbecco's modified Eagle's medium with

Glutamax-I (DMEM, GibcoBRL Life Technologies, Basel, CH), 10 % foetal calf serum

(FCS, PAA Laboratories, Linz A), 0.22 % NaHC03, 100 units penicillin/ml, 100 ug

streptomycin/ml (GibcoBRL Life Technologies) and 80 ng colchicine per ml (Sigma, Buchs,
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CH) to maintain a continous selection pressure on P-gp expression [122]. Cells were

subcultivated twice weekly. For all experiments the passage number was below 50.
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2.3 SDS-PAGE

Five percent (v/v) ß-mercaptoethanol and a trace of bromphenolblue were added to each

sample and the samples were denatured at 95°C for 5 min. SDS-PAGE was carried out on a

7.5 % gel with 1-5 ug protein loaded onto each slot. Protein quantification was done using the

DC Protein assay kit from Bio-Rad (Hercules, CA, USA), which is based on the method of

Lowry [123] using BSA as a standard. Standards were prepared by dilution of the BSA stock

solution with water and sample buffer in order to have the same buffer composition as in the

samples. Samples were prepared by dilution with water. Absorbance was measured at 700 nm

using a Cary IE spectrophotometer (Varian, CA, USA). The gel was calibrated using Dual

color Precision Plus Protein Standards from Bio-Rad #161-0374 (Hercules, CA, USA).

Following electrophoresis, gels were either stained with silver stain or immunostaining with

the P-glycoprotein antibody C219 (#M3521, DAKO, Zug, CH). For silver staining, gels were

stained with the Silver stain Plus kit (#161-0449, Bio-Rad, Hercules, CA, USA) which is

derived from a method developed by [124]. Gels were fixed with 40 ml fixative enhancer

solution containing (50% v/v MeOH, 10% v/v acetic acid, 10% v/v fixative enhancer

concentrate, 30% v/v deionized distilled water) for 20 min. Fixative solution was removed by

rinsing gels twice with 40 ml deionized distilled water for 10 min. Gels were then incubated

with 57.5 ml staining solution (2.5 ml silver complex solution, 2.5 ml reduction modulator

solution, 2.5 ml image development reagent, 1.25 g development acceleration reagent, 50 ml

deionized distilled water). Staining was stopped with a 5% (v/v) acetic acid solution.

For immunostaining Hybond-C nitrocellulose membranes were first blocked in TBBS buffer

pH 7.4 (20 mM Tris, 0.5 M NaCl, 0.1% v/v Tween 20) containing 5% (w/v) skimmed milk

for 1 hour at room temperature. Staining with the Pgp antibody C219 [125], which was

diluted 1:500, was done in the same buffer containing 1% skimmed milk powder over night at

4°C. Membranes were then washed three times with TBBS pH 7.4, 1% skimmed milk powder
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for 45 min and incubated with goat anti mouse IgG antibody conjugated with alkaline

phosphatase (Pierce, Rockford, USA) in a dilution of 1:15000 for 4h at 4°C. After washing

with TBBS pH 7.4, proteins were analyzed with the enhanced chemiluminescence immuno-

blotting detection system from Bio-Rad (#170-5012).
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2.4 Raft preparation

Rafts were prepared as described by [119] with slight modifications. About 108 cells (20 to 30

mg protein) were incubated for 20 min with 2 ml TNE/TX-100 buffer (25 mM Tris, 150 mM

NaCl, 5 mM EDTA, and Complete®, pH 7.4 (TNE), containing 1% (v/v) TritonX-100) on ice

and homogenized with 50 strokes at 1000 rpm using a Dounce homogenizer. The homogenate

was transferred to an equal volume of 80%> (w/v) sucrose in TNE into a centrifuge tube (Ultra

clear tubes #344059, Beckman, CA, USA) and overlaid with 2 ml each of 30%, 20%, 10%

and 1.5 ml of 5% sucrose in TNE. After centrifugation at 200,000 x g for 19 h at 4°C in a

SW41Ti rotor (Beckman Instruments, Fullerton, CA, USA), rafts were visible as a turbid

band in the upper part of the centrifuge tube corresponding to a density range between 1.04

and 1.09 g/cm3 as determined from the refractive indices (refractometer from Bellingham and

Stanley, Turnbridge Wells, UK) as follows:

mo°C = 2.7329 x Rt - 2.6425 eq. 1

where r|2o°c is the density in g/cm3 and R is the refractive index at 20°C.

Fractions of 1 ml were collected from the top of the tube to the bottom (fractions 1 to 11). The

hydrodynamic mean diameter of the isolated rafts was analyzed using a Malvern Zetasizer

3000HsA (Malvern Instruments, Malvern, UK; see 2.12.1). Raft fractions typically showed

average mean diameters between 240 and 280 nm with polydispersity indices between 0.4

and 0.5, indicating a broad size distribution. No aggregates or precipitates were detectable

from the correlogram. Quantification of the total protein was performed with the DC protein

assay kit from Bio-Rad (Hercules, CA, USA), as described in 2.3. The pooled raft fractions 4

to 6 contained about 0.3 mg protein in total. Aliquots were stored at -70°C.
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To analyze their protein distribution the fractions collected after density centrifugation (1ml

each) were transferred into ultracentrifuge tubes (Polycarbonate centrifuge tubes #349622,

Beckman, CA, USA,) and diluted with 2 ml TNE buffer (0.025 M Tris, 0.15 M NaCl, 5 mM

EDTA) containing the Complete® protease inhibitor cocktail. Proteins were pelleted at

100,000 x g for 3.5 h at 4°C in a TLA 100.3 rotor (Beckman Instruments, Fullerton, CA,

USA). The pellets were then dissolved with 200 pi sample buffer [126], that was modified as

follows: 0.0625 mM Tris-HCl, 2% SDS, 7% glycerol. The protein concentration of each

concentrated fraction was determined with the DC Protein assay as described in 2.3. Samples

were stored at -70°C until being analyzed by SDS-PAGE (see section 2.3).
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2.5 Crude membrane preparation for ATPase assays

Crude membranes were prepared according to [52]. About 108 frozen P388 or P388 ADR

cells were resuspended in ATPase buffer pH 7.4 (50 mM Tris, 10 mM MgCl2, 0.5 mM

EDTA) containing 1 mM DTT and Complete® protease inhibitor. The same buffer was used

in all further steps. Cells were disrupted by sonication using 5 bursts of 10 seconds (Vibracell

sonicator) at 30% of maximum power. Nuclei were removed by centrifugation at 4,800 rpm

for 15 min 4°C in GS-15R centrifuge (Beckman Instruments, Fullerton, CA, USA). The

supernatant was diluted with ATPase buffer and layered on 2.5 ml of a 46% (w/v) sucrose

cushion. After centrifugation at 7000 x g for 2h, 4°C in a SW41Ti rotor (Beckman

Instruments, Fullerton, CA, USA) the layer at the sucrose interface was collected and diluted

with ATPase buffer. Membrane vesicles were then centrifuged at 95,000 x g for 20 min, 4°C

(SW41Ti rotor). The pellet containing the membrane vesicles was washed twice by

resuspension in ATPase buffer and centrifugation at 95,000 x g for 5 min, 4°C in a TLA

100.3 rotor (Beckman Instruments, Fullerton, CA, USA). Finally membrane vesicles were

resupended in ATPase buffer by passage through a 22-gauge syringe. The protein

concentration as determined with the DC protein assay was 870 ug/ml for membrane vesicles

from P388 cells and 705 ug/ml from P388 ADR cells. Vesicles were stored at -70°C until

used.
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2.6 Liposome preparation

PhC and PhC/cholesterol liposomes for partitioning experiments were prepared by the freeze

thaw filter technique according to [127] based on the extruder method described by [128].

Lipid films of PhC (Lipid products©, grade 1 egg lecithin, Nuffield, Surry, UK) or PhC and

cholesterol (80/20 and 60/40, mol/mol) were prepared by dissolving the lipids in 10 ml of a

chloroform / methanol mixture (1:1, v/v), and evaporating the solvent in a 250 ml round

flask on a rotavapor (R-134, Büchi, Switzerland) at 40°C and lOOrpm. The pressure was set to

200 mbar for 30 min following 80 mbar for another 30 min and finally to 20 mbar for 1 hour.

The resulting thin lipid film was hydrated with 10 mM PBS pH 7.4 {Na2HPOMn2VOA, 130

mM NaCl), by rotating the flask, to give a final lipid concentration of 10 mg/ml. The

suspension was frozen for 5 min in liquid nitrogen and thawed at 37°C in a water bath. The

freezing and thawing were repeated 5 times. The liposome suspension was then passed 10

times through two 0.1 urn stacked polycarbonate membrane filters (Nucleopore© Track-Etch

Membrane #110605, Sterico AG, Switzerland) above the transition temperature (Tc -4°C for

egg lecithin [129]) using the 10 ml extruder from Lipex (Canada) to obtain a homogeneous

liposome suspension. For liposomes containing more than 20 molar % cholesterol a pre-

extrusion with a 0.4 um membrane filter (Nucleopore© Track-Etch Membrane #110607,

Sterico AG, Switzerland) was done. For reasons of equilibration of the lipid membranes, the

liposomes preparations were not used before the next day. The size distribution of the

liposomes measured with a Malvern Zetasizer 3000HsA was 100 ± 5 nm with a

polydispersity index < 0.1 for all preparations for PhC liposomes and 130 ± 5 nm with a

polydispersity index < 0.13 for all PhC/cholesterol liposome preparations.
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2.7 P-gp purification

2.7.1 Crude membrane extract for P-gp purification

Frozen P388 ADR cells (about 4xl08 cells) were resuspended in 2 ml ice cold sodium

phosphate buffer, pH 7.0, (PBS, 130 mM NaCl, 50 mM Na2HP04lNaH2P04) containing

10 mM MgCl2, 1 mM DTT as well as 0.8 mg DNAse I (Roche Diagnostics) and Complete®

(Roche Diagnostics), a protease inhibitor cocktail in the recommended dilution of 1 tablet per

50 ml solution [121]. In all further solutions Complete® was used in the same concentration.

Cells were resuspended and homogenized with 50 strokes at 1000 rpm using a Dounce

homogenizer at 4°C. After 40 min broken cells were diluted with 8 ml sodium phosphate

buffer (without DNAse I), pH 7.0 (PBS) containing 1 mM DTT. Cell membranes were

separated from soluble proteins by centrifugation at 200,000 x g for 1 h at 4°C in a SW41 Ti

rotor (Beckman Instruments, Fullerton, CA, USA). The supernatant was discarded and the

pellet was dissolved in 2 ml phosphate buffer pH 7.0 (50 mM Na2HP04lNaH2P04), 1 mM

DTT and 2% sodium dodecyl sulfate (SDS) by passage through a 18G and a 21G injection

needle at room temperature. After this solubilization step the sample was adjusted to 4 ml

with sodium phosphate buffer pH 7.0 (50 mM Na2HP04INaH2P04), 1 mM DTT. Aliquots of

100 pi were stored at -80°C.

2.7.2 P-gp purification by HPLC

P-gp purification was done by HPLC according to [130] with some modifications. The HPLC

system was equipped as described in section 2.12.3. Chromatographic analysis was performed

using a 1 ml hydroxy-apatite cartridge (Econo-Pac® CHT-II Cartridge, BioRad Laboratories,

Hercules, USA) at a column temperature of 30°C and a sample temperature of 25°C. The

mobile phase flow was set to 0.8 ml/min with a run time of 60 min. The fluorescence detector

was operated with an excitation wavelength of 280 nm and an emission wavelength of 340

nm. Proteins were eluted using a gradient generated by mixing 50 mM and 650 mM sodium
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phosphate buffer pH 7.0 {NaH2P04lNa2HP04) containing 0.5% (w/v) sodium dodecyl sulfate

(SDS) and 1 mM 1,4-Dithio-DL-threitol (DTT) (Table 2). Buffers were kept at 40°C to

prevent precipitation of SDS. About 5 mg crude membrane extract were injected per run. P-

gp eluted in the fractions from 35.0 - 41.5 min were collected and stored at -20°C. After each

run the column was cleaned with 300 mM Na3P04 at a flow rate of 1 ml/min for 10 min to

remove contaminants and equilibrated with 50 mM sodium phosphate buffer pH 7.0

(NaH2P04/Na2HP04) containing 0.5% (w/v) sodium dodecyl sulfate (SDS) and 1 mM 1,4-

Dithio-DL-threitol (DTT) with a flow rate of 0.8 ml/min for 20 min. The column was stored

in 300 mM Na3P04 over night.

Table 2: Phosphate gradient table for P-gp purification

Time

[min]

A

[%]

B

[%]

0 100 0

10 28 72

30 28 72

45 0 100

60 0 100

A 50 mM sodium phosphate buffer pH 7 0 containing 0 5% SDS and 1 mM DTT

B 650 mM sodium phosphate buffer pH 7 0 containing 0 5% SDS and 1 mM DTT

The flow rate was 0 8 ml/mm
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2.7.3 Sample concentration after P-gp purification by HPLC

HPLC samples (about 10 ml) were diluted with an equal volume of deionized distilled water

containing 1 mM DTT and Complete® protease inhibitor. The ultrafiltration was done at

3000 x g (4,800 rpm, S4180 swing bucket rotor, Beckman) using a Vivaspin® 20 (100,000

MWCO, Vivascience AG, Hannover, D) concentrator to a volume of 250 ul. To prevent

precipitation of SDS the centrifugation was done at 27°C. Concentrated samples were pooled

and stored at -80°C under Argon§ atmosphere. Concentrated samples of one preparation

starting from 108 P388 ADR cells contained about 3-5 mg protein as determined with the DC

protein assay. This concentrate was used for the prepration of the proteoliposomes.
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2.8 Proteoliposome preparation

P-gp containing proteoliposomes were prepared by detergent dialysis. PhC or PhC/cholesterol

liposomes were prepared as described in 2.6. In contrast to the liposomes prepared for

partitioning experiments, the lipid film was hydrated with dialysis buffer (130 mM NaCl
,
50

mM Na2HP04lNaH2P04) pH 7.4. Liposomes were dissolved with sodium cholate at 60°C for

30 min. The lipid/cholate ratios for the liposomes of the different lipid compositions are listed

in Table 3. Complete solubilization was confirmed by particle size measurement with the

Zetasizer 3000 HsA. Average mean diameters between 10 and 20 nm indicated that only

micelles were present. To remove dust particles, detergent/micelle solutions were filtered

through 0.2 uM filters. P-gp (2.7.3) was added to the detergent/lipid micelles solution in a

ratio (w/w) of 1:10. To monitor the detergent removal about 20,000 Bq/ml 14C-sodium

laurylsufate and 20,000 Bq/ml 3H-cholic acid were added to the micelle solution. To assure

the equilibration of the P-gp/detergent/lipid micelles, the preparation was incubated over

night under Argon atmosphere on an orbital shaker at room temperature.

Table 3: Lipid/detergent ratio for liposome solubilization

PhC liposomes PhC/Chol liposomes PhC/Chol liposomes

100 80/20 60/40

Lipid/cholate molar ratio 0.8 0.72 0.5

Detergent dialysis was performed at 25°C using a liposomat (Diachema, Munich, D)

equipped with a high permeability preconditioned cellulose membrane with a Mr cutoff of

10,000 and a size of 18 x 18 cm2 (Diachema, Munich, D). Tubings were from Masterflex, on

the micelle side #6411-13, on the buffer side #6409-14. Flow rates were 0.6 ml/min on the

micelle side and 2.5 ml/min on the buffer side. P-gp/detergent/lipid solution was connected to
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the micelle side and detergent was removed by dialyzing against 25 1 dialysis buffer (130 mM

NaCl, 50 mM Na2HP04/NaH2P04) pH 7.4, 1 mM DTT and Complete® protease inhibitor.

Dialysis membranes were exchanged 2-3 times during the dialysis. Samples were taken at

different time points to determine the residual detergent by LSC.
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2.9 ATPase assay

ATPase activities of P-gp containing rafts and proteoliposomes (see section 2.8) respectively,

were determined in 96 well plates (Corning, flat bottom, black, #3915, Corning, Acton, MA,

USA) with a total sample volume of 200 pi per well using a modified protocol of [52].

Between 6 and 12 pi of the pooled raft fractions from the density gradient (see section 2.4),

containing 1 pg protein, or 1-2.5 pg proteoliposomes, respectively, were mixed with ATPase

buffer containing 0.5 mM phosphoenolpyruvate (a stock solution was first adjusted to pH 7.4

with NaOH), 225 pM NADH, 30 U pyruvate kinase per ml, 44 U lactate dehydrogenase per

ml, 1 mM DTT, and the compound to be tested. The pH of the mixture was determined and

the plate was shaken and incubated at 37°C for 15 min before the start of the experiment. At

time zero, 30 pi of 60 mM ATP in ATPase buffer adjusted to pH 7.4 with NaOH were added

to the wells using a multichannel pipette. The fluorescence was measured every 75 s for 2 h

(excitation and emission at 340 and 460 nm, respectively) using a plate reader (Synergy HT

Bio-Tec, Winooski, VT, USA). At the end of the experiment, the pH was checked again to

exclude any effects by pH changes on the activity measurements. The NADH concentrations

were calculated from the fluorescence using an NADH calibration curve and ATPase

activities were calculated from the linear range of the NADH concentration/time profiles,

typically between 20 and 120 min. Oxidation of 1 mol NADH corresponds to the hydrolysis

of 1 mol ATP. Values corresponding to the NADH decrease in control samples without rafts

were subtracted from the measured ATPase activities (typically about 10%>). The assay was

optimized for our experimental conditions regarding pH stability and excess of ADP

recycling enzymes, substrates and cofactors.
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Data analysis:

The kinetics of the ATPase as a function of the ATP concentration were analyzed with the

Michaelis-Menten equation (eq. 2) with KM as the Michalis-Menten constant and Vmax as the

maximal activity [131]:

v_W^L 2

KM+[ATP]

Apparent activities Vapp in the presence of the ATPase effectors (activators or inhibitors) were

fitted from the Vapp/concentration profiles (eq. 3):

*app 'basal +
9

"'

K + x + —

K;

For all activators, the profiles of Vapp vs the logarithm of the concentrations were bell-shaped,

indicative for activation at low concentrations and inhibition of activation or loss of activation

at higher concentrations. V equals the difference between the activity at an indefinite

inhibitor concentration (x->o°) and the basal activity without inhibitor. K is the apparent

dissociation constant of the enzyme/effector complex. K! describes the apparent dissociation

constant of the inhibiting activator molecule from the enzyme/activator complex.

A decrease in activity was consistently observed at concentrations > 100 pM (> 130 pM for

propranolol). For the determination of the activator parameters Vapp and K, alternatively,

activator concentrations > 100 pM (> 130 pM for propranolol) were ignored for the fitting
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and equation 4 was used instead of Equation 3:

V
V = V.

. + — eq. 4
app basal V l

1 + —

x

The same equation was also used for the true inhibitors tested. It can be alternatively be

written as Equation 5 [131]:

Vapp=VbaSal+V ~ eCf5

1+ —

K

and reveals negative values for V corresponding to the inhibitory effect (i.e., the difference

between the basal activity and the residual activity at x ->- oo). The 95% confidence intervals

of the fits were calculated according to [132].
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2.10 P-gp binding assay

Binding of verapamil and progesterone in a concentration range of 10"9 - 10"4 M to P-gp

proteoliposomes was determined by means of equilibrium dialysis. Drug stock solutions were

prepared using 4 % EtOH (v/v) for verapamil and 50% (v/v) for progesterone in dialysis

buffer pH 7.4 (50 mM Na2HP04INaH2P04, 130 mM NaCl). The final EtOH concentration in

the dialysis cells did not exceed 0.5 % (v/v). To inhibit P-gp in the drug-bound state 400 pM

sodium vanadate, 20 mM MgCl2 and 2.4 mM ATP were added to the dialysis buffer to reach

a final concentration of 200 pM vanadate, 10 mM MgCl2 and 1.2 mM ATP in each

compartment of the dialysis cell [82]. Dialysis cells (0.2 ml, Dianorm, Munich), separated

with a cellulose membrane that was preequilibrated for at least 30 min in dialysis buffer pH

7.4, were used and dialysis was performed at 37°C at 10 rpm in a drive unit Type GD 4/88

(Dianorm, Munich). One compartment was filled with 0.2 ml proteoliposomes (in dialysis

buffer pH 7.4) and the other compartment with dialysis buffer pH 7.4 containing vanadate,

MgCl2, ATP and the respective drug. In order to detect the bound and unbound drug

concentration, about 1600 Bq/ml 3H-verapamil and 2700 Bq/ml 3H-progesterone,

respectively, were added to the unlabeled drug solutions before the beginning of the dialysis.

Dialysis was stopped after 5 h and triplicates of 30 pi of each cell compartment were taken.

The radioactivity was determined by liquid scintillation counting (see 2.12.2). The lipid

concentration of the proteoliposomes after dialysis was determined as described in 2.12.3.

The final protein concentration was measured as described in 2.3.
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Data calculation:

According to the multiple equilibria theory, the reversible binding of a ligand on a

macromolecule is governed by the equation 6 [133, 134]:

r _ y
ni x ^-ai x ^« eq. 6

where r is the mean number of molecules bound per macromolecule, Cu the free ligand

concentration, nt the number of independent binding sites of class i, Kai their association

constant with the ligand, and m the total number of binding classes. Experimental data were

fitted to eq. 6 using the Excel solver function.
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2.11 Membrane affinity of verapamil and progesterone

Partition coefficients were determined using the equilibrium dialysis method as described in

[127]. 3H-verapamil or 3H-progesterone was added to liposomes (prepared as in 2.6) prior

dilution. To adjust the pH, liposomes were diluted in standardized universal buffer solution

(SUBS) of pH 2-12 which contained phosphate, citrate, borate and sodium chloride adjusted

to a physiological osmolality and with a constant ionic strength of 0.23 M [135]. The lipid

concentration was 0.8-1.5 mg/ml and the starting concentrations of verapamil and

progesterone in the liposome solution were 10"10 to 10"9 M. Dialysis cells (Macro 1 cells,

1.0 ml; cellulose membrane, Mw cut-off 10,000, # 10.16, Dianorm, Germany) were filled with

liposomes and the respective buffer solution and dialysis was performed at 37°C at 10 rpm in

a drive unit Type GD 4/88. After 5 hours, the time after which equilibrium is reached [135],

cells were emptied and the pH of each cell was measured in the buffer-containing

compartment using a micro Ag/AgCl combination microelectrode (InLab 423, Mettler

Toledo, CH) at 37°C. Triplicates of 200 pi of each cell compartment were analyzed by liquid

scintillation counting as described in 2.12.2. The final lipid concentration of the remaining

samples was measured as described in 2.12.3.

Calculation of the partition coefficient:

The apparent partition coefficient (D) is defined as the ratio of the concentrations between the

lipophilic phase and the hydrophilic phase at equilibrium at a defined pH. D was calculated

according to Equation 7 [135]:

D =

LB~ B
x

LB
+i eq. 7

CB VL

where Clb is the molar concentration of the compound in the liposome suspension chamber,

Cb the molar concentration of the solute in the buffer chamber, Vl the volume of the
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lipophilic phase (calculated with a density for PhC of 1 g/ml) and Vlb, the total volume of the

chamber with the liposome/buffer solution.

The pH-dependent distribution of verapamil between the lipid bilayer and the aqueous phase

was fitted as described in [136] (Equation 8):

logD = aN xlO10^ +«/+ xl0loSpi+ eq. 8

where fN is the partition coefficient of the neutral and P1+ of the protonated verapamil. For

progesterone, that does not display a pKa, P was calculated from the average of the D values.
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2.12 General methods

2.12.1 Particle size measurements

The average size and the size distribution of all liposome and proteoliposome preparations

were analyzed by dynamic light scattering with a Zetasizer 3000 HSA (Malvern Instruments,

Malvern, UK) with a 10 mW helium neon laser, a=633 nm equipped with a x-channel

correlator. The size distribution was determined by dynamic light scattering at 25°C at a

scattering angle of 12 and 90° using a 1.5 ml disposable cuvette (#759015, Brand, Wertheim,

D). The run time was at least 60 seconds per measurement. The intensity distribution was

calculated from the count rate per second (Kcounts) using the monomodal (cumulants)

method, which results in the z average mean value and the polydispersity factor.

2.12.2 Liquid scintillation counting

LSC is used for the measurement of the radioactivity of beta emitting nuclides, such as,

tritium and carbon-14. The energy of the emitted beta particles is transferred via the solvent,

which then emits energy as light photons. These photons are detected using a photomultiplier.

Because LSC is a very sensitive method for the detection of very low compound

concentrations, that can detect concentrations about 10"10 M with sufficient precision, it was

used for the concentration determination of 3H-Triton X-100 in rafts as well as for

concentration determination of 3H-verapamil and 3H-progesterone in partition and binding

studies. Double label counting was used to follow the detergent removal of 3H-cholate and

14C-sodium dodecyl sulfate during the P-gp reconstitution process. Liquid scintillation

counting was performed with a LS7800 counter (Beckman Instruments, Fullerton, CA, USA).

For sample volumes up to 200 pi 4 ml mini vials were used with 3 ml Ultima Gold LSC

cocktail (Packard Canberra, Meriden, CT, USA).
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2.12.3 Lipid quantification

PhC and cholesterol in liposome and proteoliposome preparations were quantified using a

high-performance liquid chromatography (HPLC) method described by [137]. The HPLC

system was equipped with a Hitachi Elite LaChrome System (Hitachi High-Technologies

Corporation, Japan) consisting of a pump including a vaccum degasser (L-2130), a

temperature controlled well-plate autosampler (L-2200), column thermostat (L-2300), UV (L-

2420) and fluorescence detector (L-2480). The unit was controlled by the EZ Chrom Elite

software (Scientific software Inc., CA, USA). Chromatographic analysis was performed using

a Hypersil BDS Cs (150 mm x 46 mm i.d., 5 pm particle size, 130 Â pore size) column from

Thermo (Bellefonte, PA, USA) at a column temperature of 60°C and a sample temperature of

20°C. Mobile phase flow rate was set to 2.0 ml/min with a run time of 20 min. The UV

detector was operated at 205 nm with the off reference mode and 2 s of response time setting.

The injection volume was set to 50 pi. An isocratic mobile phase containing a mixture of

50 mM ammonium phosphate buffer (pH 2.7)/methanol (15:85, v/v) was used. The mobile

phase was filtered through a 0.22 pM PES membrane filter (TPP, Trasadingen, CH) before

use. Standard stock solutions of cholesterol and PhC (Lipid products®, grade 1 egg lecithin,

Nuffield, Surry, UK) of 1 mg/ml were prepared using MeOH. Calibration standards of 0.8,

0.6, 0.4, 0.2, 0.1 mg/ml cholesterol and PhC were prepared by diluting the stock solution with

the mobile phase. Liposome samples were diluted with the mobile phase. PhC was quantified

by integration of the first PhC peak. This simplification can be done as the ratio of both PhC

peaks was unchanged.
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3 Results

3.1 Isolated rafts as a test system for P-glycoprotein-related activities

3.1.1 Isolation and characterization of rafts from P388 ADR and parent cells

Rafts from about 4.4 x 108 P388 ADR cells or P388 parent were prepared as described in 2.4.

After density centrifugation of the cold Triton X-100 treated cells a turbid white band in the

upper part of the centrifuge tube (fractions #4-6) became visible (Figure 4). Rafts from P388

ADR cells were found in fractions #4-6 corresponding to a density between 1.06 and 1.09

g/cm3 whereas Triton X-100 soluble proteins were found in the fractions #7-11,

corresponding to a density of 1.11 to 1.16 g/cm3. Preparation of rafts from P388 parent cells

resulted in the same density profile. The only difference was that rafts from P388 parent cells

were found only in the fractions #4-5 (1.06-1.08 g/cm3).

Figure 4. Preparation of rafts. P388

ADR cells were treated with cold

Triton X-100 and the lysate was

centrifuged on a 0-40% sucrose

density gradient as described in

Material and Methods (2.4). The

density profile of a representative

preparation is shown. The density

profiles and raft distribution patterns

were reproducible in all preparations.

123456789 10 11

Fraction

The protein content of the raft fractions from P388 ADR cells was about 1.3 fold higher than

that of the rafts from P388 parent cells. The total protein content of P388 parent cells was

about the same as in P388 ADR cells (Table 4).
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Table 4: Protein content of P388 ADR and P388 parent preparations after sucrose density

centrifugation

Fraction 1-3 4 5 6 7 8 9 10 11 Total [mg]

P388 ADR [pg] 0 115

±16

115

±16

115

±16

293

±115

1808

±122

5460

±181

6497

±381

7311

±234

21.7

P388 parents [pg] 0 128

±10

128

±10

22

±4

171

±90

1860

±290

5570

±171

6517

±165

7138

±253

21.5

Raft fractions are displayed with grayish background Data represent mean values ± standard deviation of 3

individual raft preparations from P388 ADR and P388 parent cells

The fractions containing protein (fractions 4 to 11) were analyzed by SDS-PAGE and

immunoblotting as described in section 2.3. Blotting with the monoclonal P-gp antibody

C219 revealed enhanced levels of P-gp in the raft fractions (fractions 4-6) as compared to the

fractions with higher densities containing the Triton X-100 soluble proteins (Figure 5 A).

Analysis of the total cell lysate and rafts prepared from P-gp-devoid P388 parent cells (Figure

5 B) revealed similar protein patterns but no detectable amounts of P-gp on the immunoblots

(Figure 5 C and D). As crude membrane preparations from P-gp expressing cells are often

used to test P-gp-related activities, we compared the amount of P-gp present in the crude

membranes with the P-gp amount present in rafts. Rafts contained about 12 times more P-gp

per mg protein than crude membranes.
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Figure 5. P-gp enrichment in

P388 ADR rafts. The protein-

containing fractions of the

density gradient of cold Triton

X-100 treated P388 ADR cells

(A) and P388 parent cells (B)
were analyzed by Western

blotting with the monoclonal P-

gp antibody C219. Of each

fraction, 5 pg protein per slot

were loaded on the SDS-PAGE.

(C) Silver stain and (D)
Western blot of the total cell

lysates of P388 and P388 ADR

cells (5ug protein each). (E)
Western blot and immuno¬

staining with C219 of rafts (a)
and crude membranes (b)

prepared from P388 ADR cells,

(a) 2.5 pg protein, (b) 25 pg

protein. The ratio of the optical
densities of the two bands is

about 1.2 as estimated with the

software Scion Image (Scion

Corporation).

To determine the amount of residual detergent in rafts, traces of radiolabeled Triton X-100

were added to the raft preparation. Triton X-100 concentrations in each density fraction were

determined by means of Liquid scintillation counting (LSC, see 2.12.2). Triton X-100

concentrations were about 6.5 pM in the raft fractions and between 170 and 750 pM in the

soluble fractions (Table 5).
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Table 5: Residual Triton X-100 concentration in fractions after sucrose density centrifugation

Fraction 1-3 4-6 7 8 9 10 11

TritonX-100 0.024 6.5 171 751 588 550 339

[pM]

Rafts from 4 5x10 P388 ADR cells were prepared as described m 2 4 m the presence of 430 MBq H-Tnton

X-100 After separation of the rafts from soluble proteins by ultracentrifugation, 200 ixl of each fraction were

analyzed by LSC Data represent values from one representative experiment

3.1.2 Optimization of the ATPase assay with rafts as surrogate P-gp source

For the determination of the ATPase activities of various preparations like rafts and P-gp

proteoliposomes a continuous ATPase assay described by [130] was used. The optimization

of this assay was done with rafts from MDRl-MDCK and P388 ADR cells as a surrogate

source for P-gp. As this assay was developed for measurements in a 1 ml cuvette, it had to be

optimized for the use in a multi-well plate format. We started out with the following final

concentrations of the assay components: phosphoenolpyruvate (PEP) (0.25 mM),

pyruvatekinase (PK) (15 U/ml), lactate dehydrogenase (LDH) (22 U/ml), NADH (39 pM) and

DTT (1 mM). All were dissolved in 20 mM Tris buffer (20 mM Tris, 6 mM MgCl2, 0.5 mM

EDTA) pH 7.4. When ATP (final concentration 1.5 mM) was added to the solution, the initial

pH (7.5) dropped to pH 5 (data not shown).

As a consequence the buffer concentration was increased to 50 mM Tris buffer (50 mM Tris,

6 mM MgCl2, 0.5 mM EDTA) pH 7.4 and the pH of the assay solution and of the ATP

solution was adjusted to pH 7.4 before the start of the assay. In this way the pH during the

experiment could be stabilized between 7.2 and 7.4 (Figure 6).
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Figure 6: pH stability in the ATPase

assay under optimized conditions.

Assay component concentrations as

described in Material and Methods 2.9

were used. The pH was measured at the

indicated times after ATP addition. The

MDR1-MDCK raft protein concentration

was 10 pg/ml. Data are from one

representative experiment.
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Time [min]

The influence of the concentration of the assay components (PEP, PK, LDH) on the ATPase

activity of rafts was tested by alteration of the inital assay component concentrations

described in [130]. Reduction of the initial concentration by a factor of 2 lowered the ATPase

activity of rafts by about 20%, whereas the ATPase activity was increased by 30% when the

initial assay component concentrations were doubled. A further increase of the assay

component concentration up to 5 times of the initial concentration did not result in a higher

ATPase activity (Figure 7). As a consequence the concentration of the assay components

were fixed to 0.5 mM phosphoenolpyruvate, 30 U pyruvate kinase per ml, 44 U lactate

dehydrogenase per ml, 225 pM NADH and 1 mM DTT in all assays.

7.40
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Figure 7. Influence of the

concentration of the assay components

on the ATPase activity. Starting assay

concentrations were 0.25 mM PEP,
15 U/ml PK, 22 U/ml LDH. The

MDR1-MDCK raft protein concentration

was fixed to 10 pg/ml and the ATP

concentration to 9 mM. Mean values ±

standard deviations from 2 independent

experiments with 3 wells each are shown.

To determine the optimal ATP concentration, the ATPase activity was measured at

concentrations up to 12 mM ATP. At all tested concentrations, activities followed Michaelis-

Menten kinetics (Figure 8). The fitted apparent KM value for the ATP concentration using

(eq. 2) was 0.8 mM ± 0.087.

Figure 8. Kinetics of the ATPase

activity of MDR1-MDCK rafts. The

ATPase activity was determined at

different ATP concentrations as described

in Methods (2.9). The line shows the

fitted Michaelis-Menten function using

eq. 2. The raft protein concentration was

5 pg/ml. Mean values ± standard

deviations from 3 wells each of one

representative experiment are shown.

As rafts prepared from P388 ADR cells proved to be more suitable for the development of a

test system for P-gp related activities, since they can be grown in suspension and are easy to
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cultivate, the kinetics of the ATPase activity of P388 ADR were determined at different ATP

concentrations up to 14 mM. Activities followed a Michaelis-Menten function up to 10 mM

ATP (Figure 9). At concentrations > 10 mM, the Michaelis-Menten conditions were not

maintained. The fitted apparent KM value for the ATP concentration range between 0 and

10 mM was 2.0 mM and the maximal velocity was 200 nmol per min per mg protein. As a

consequence, the ATP concentration for all assays was fixed at 9 mM for which the ATPase

activity is independent of the ATP concentration. This concentration is far above the

published values for P-gp, that is 0.3 to 1.1 mM [138].

Figure 9. Kinetics of the ATPase

activity of P388 ADR rafts. The

ATPase activitiy was determined at

different ATP concentrations as

described in Methods (2.9). The raft

protein concentration was 5 pg/ml.
The line shows the fitted Michaelis-

Menten function (eq. 2). A

representative experiment is illustrated

with mean values and standard

deviations from three wells each.

To determine the linear range of NADH oxidation (= ATP consumption) for the optimized

ATPase assay, the velocity of the reaction was measured at different raft protein

concentrations. A linear correlation with a correlation coefficient R2 of 0.9934 between

NADH consumption and protein concentration was found up to the highest protein

concentration tested. Therefore the optimized assay conditions for the multiwell plate format

are valid for a concentration range between 1 and 25 pg protein per ml or up to an ATPase

activity of at least 1800 nmol x min"1 (Figure 10).
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Figure 10. Influence of the raft protein
concentration on the ATPase activity.
Activities were measured as described in

Methods (2.9) with the indicated MDR1-

MDCK raft protein concentration. A

linear correlation with a correlation

coefficient of 0.99 was found. Mean

values ± standard deviations from 3 wells

each of two independent experiments are

shown.

raft protein [pg/ml]

3.1.3 Influence of SDS and Triton X-100 on the stability and ATPase activity of rafts

In order to test the influence of the investigated compounds on the stability of rafts during the

ATPase assay, rafts from P388 ADR cells were incubated in presence and absence of 200 and

400 pM verapamil as well as in presence of 10%> sodium dodecyl sulfate (SDS) at 37°C. After

30 min the size and the Kcounts of the rafts were measured using the Malvern Zetasizer 3000

HSA. The Kcounts are defined as the count rate per second (Kcounts) and are therefore

directly proportional to the number of particles in the sample. Neither the incubation with 200

or 400 pM verapamil had an influence on the size distribution as well as on the Kcounts of

the rafts. Rafts were dissolved in the presence of 10%> SDS (Table 6) as can be seen from the

decrease of the Kcounts. The increase of the average size of the rafts, as seen in the

correlograms and the polydispersity index, is probably due to precipitation of the rafts.
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Table 6: Stability test of rafts in the presence of verapamil and SDS, respectively

size Kcounts Polydispersity index

w/o verapamil 256 ±8 248 ± 10 0.45 ±0.03

verapamil 200 pM 260 ±11 257 ±3 0.54 ±0.09

verapamil 400 pM 259 ±7 263 ±2 0.45 ± 0.02

10% SDS 2240 ± 2654 57 ± 11 1±0

Data represent mean values ± standard deviation of 2 individual raft preparations with triplicates from P388

ADR cells

To determine the influence of Triton X-100 on the ATPase activity of rafts from P388 ADR

cells, additional Triton X-100 between 10 nM and 100 pM were added to the rafts (Figure

11). The endogenous Triton X-100 concentration of the rafts in the assay before Triton X-100

addition was 0.2 pM as determined with 3H Triton X-100 (see 3.1.1). Additional

Triton X-100 up to a concentration of 16.5 pM had no influence on the ATPase activity of

P388 ADR rafts. The ATPase activity is depicted as Vapp/Vbasai which is the ratio of ATPase

activity in the presence of an effector (Vapp) to the ATPase activity in the absence of an

effector (Vbasai)- Up to 10 pM additional Triton X-100 had no influence on the ATPase

activity. At a concentration of 100 pM Triton X-100 the activity was reduced to about 50%>.

0.001 0.01 0.1 1

Triton X-100 [mM]

10 100

Figure 11. Influence of Triton X-100

on the ATPase activity of P388 ADR

rafts. The ATPase activity was
measured in the presence of increasing
concentrations of Triton X-100 as

described in Methods (2.9). Raft

protein concentration was 5 pg/ml.
Mean values and standard deviations

from three wells each of one

representative experiment are shown.
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As the ATPase assay was optimized to finally be used to determine the ATPase activity of P-

gp reconstituted into proteoliposomes the influence of sodium laurylsulfate (SDS), used

during the reconstitution process, on the basal ATPase activity (activity in absence of

effectors) of rafts prepared from MDRl-MDCK in a concentration range between 0 and 400

pM was investigated. At SDS concentrations up to 10 pM no influence of SDS was observed,

however, increasing the SDS concentrations up to 400 pM led to almost complete inhibition

of the ATPase activity in rafts (Figure 12).

Figure 12. Influence of SDS on the

ATPase activity of MDRl-MDCK

rafts. The ATPase activity was

measured in the presence of increasing
concentrations of SDS as described in

Methods (2.9). MDRl-MDCK raft

protein concentration was 5 pg/ml.
Mean values ± standard deviations from

2 experiments with triplicates for each

concentration.

0 10 100 1000

SDS [uM]

3.1.4 Kinetic analysis of the ATPase activity of rafts in the presence of verapamil

Verapamil is one of the best studied P-gp modulators [139]. It activates the P-gp ATPase

activity at low concentrations but has an inhibitory effect at higher concentrations [52, 140].

To start out, we investigated the influence of verapamil on the ATPase activity of P388 ADR

and P388 rafts (Figure 13 A and B). Verapamil enhanced the ATPase activity of the P388

ADR rafts at concentrations up to about 100 pM but had no activating effect on the raft

preparations from P388 cells. At higher verapamil concentrations, the ATPase activity was

reduced in both preparations. These results indicate that verapamil at lower concentrations has

a specific activating effect on P-gp, whereas at higher concentrations a nonspecific inhibitory

effect on ATPases is observed, independently of the presence of P-gp. To corroborate further
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that the verapamil-induced increase in ATPase activity was related to P-gp, ATPase activities

of P388 ADR rafts were determined at different verapamil concentrations in the presence of

2.7 pg/ml P-gp antibody C219, which binds to both nucleotide binding regions of P-gp and

has been shown to inhibit its ATPase activity [141]. As illustrated in Figure 13 C, the

antibody significantly reduced the activating effect of verapamil on the ATPase activity of

these rafts. The verapamil concentration-dependent activities of P388 ADR rafts were further

analyzed by curve fitting considering verapamil as an activator of the ATPase activity with

loss of activation at higher concentrations (eq. 3). The highest concentration (400 pM) was

excluded from the fit, being below the basal activity. The fitted bell-shaped curve and the fit

parameters Vapp /Vbasai and K are shown in Figure 13 B. The fitted parameter K, is of minor

interest, as the reduction in activity has been demonstrated to be an additive effect resulting

from the inhibition of several ATPases. To exclude the influence of unspecific effects on the

fit parameters, an independent fit of the same activity/concentration profile was made using

the activator function (eq. 4) excluding verapamil concentrations >100 pM. The fit curve and

parameters are indicated in Figure 13 B. Excluding concentrations >13 pM resulted in similar

parameters (see legend to Figure 13). Equation 3 (activation and loss of activation) revealed

Vapp/Vbasai and K values that were within a factor of 1.5 and 2, respectively, of the parameters

resulting from eq. 4 (activation only).
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Figure 13. Influence of verapamil on the ATPase

activity of rafts from P388 ADR and P388 cells.

(A and B) ATPase activities of P388/ADR rafts(»)
and P388 parent rafts (A) were determined at

different verapamil concentrations. Data represent

mean values and standard deviations from 3

independent experiments (rafts) in a linear plot (A)
and a plot with a logarithmic scale for

concentrations (B). The solid lines indicate the

fitted functions using eq. 3 (a; highest concentration

excluded from the fit, see Materials and Methods

2.9) and eq. 4 (b; two highest concentrations

excluded) with their 95% confidence intervals

(dotted lines). The fit parameters are shown in

panel B. Exclusion of the three highest
concentrations and fit with eq. 3 results in

VlVbasal 0.40 and K 2.86 pM. (C) Influence of

verapamil at different concentrations on the ATPase

activity of P388/ADR rafts in presence of 2.7 pg

antibody C219 per ml () and without antibody (•).
Data represent mean values and standard deviations

from six independent experiments each.

3.1.5 Differentiation between P-gp-related and other ATPase activities

To characterize further the ATPase activity of the raft preparations, the influence of known

ATPase inhibitors was investigated. The basal ATPase activities, defined as the activity in

absence of effectors, of raft preparations from P388 ADR cells ((1.53 ± 0.33) x 10"4 mmol x

min"1 per mg total protein; n = 33) and P388 cells ((1.34 ± 0.28) x 10"4 mmol x min"1 mg"1;

n = 21) were in a similar range.
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To distinguish between effects of the inhibitors on the P-gp activity and effects on the activity

of other ATPases, the ATPase activity in rafts from P-gp expressing P388 ADR cells was

compared to the activity of rafts from P388 parent cells, i.e. devoid of P-gp. Results

originating from data fitting with Equation 4 are expressed as residual activities (i.e., % of the

basal activity). The confidence intervals of the fitted activities at a confidence limit of 5% are

shown in brackets. The mouse monoclonal P-gp antibody C219 decreased the activity of P388

ADR rafts to 79.8 ± 2.2% between 0.67 and 2.5 pg antibody per ml and 5 pg raft proteins per

ml. The fitted residual relative activity at infinite antibody concentration is 72.2% (4.4%).

C219 had no significant influence on the ATPase activity of P388 rafts (-98% (3.6%) (Figure

14 A). Figure 6 B shows the influence of orthovanadate, a known inhibitor of various types of

ATPases [142, 143], on P388 ADR and P388 rafts. In both cases, the activity was similarly

reduced in a concentration-dependent manner. At 0.05 pM orthovanadate, about 10%

inhibition was observed and highest inhibition was obtained at concentrations > 5 pM. The

residual activity from the fit value was 31.1% (3.2%) for the P388 ADR rafts and 48.4%

(4.7%) for the P388 rafts.
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Figure 14. Influence of ATPase inhibitors on the ATPase activity of rafts. Rafts isolated from P388

ADR cells (•) and from P388 cells (A) were incubated with different concentrations of P-gp antibody
C219 (A), orthovanadate (B), oubain (C), cyclosporine A (D) and alkaline phosphatase antibody (E), and

CD44 antibody (F), respectively, as controls. The ATPase activities were determined as described in

Methods (2.9). The solid lines indicate the fitted functions using eq. 4 with the 95% confidence intervals

(dotted lines). Fit parameters are shown in the panels. Data represent mean values and standard deviations

from three independent experiments each.

Oubain, an inhibitor of the Na+/K+- ATPase, was tested in concentrations up to 400 pM. A

reduction in ATPase activity to 88.9%> (3.8%>) and 93.7% (6.0%>), respectively, was found in
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the raft preparations of P388 ADR and P388 cells (Figure 14 C). This indicates that about

90%) of the observed activity originates from other ATPases than the Na+/K+- ATPase.

Cyclosporin A is frequently used as a P-gp inhibitor for in vivo and in vitro experiments. We

found a concentration-dependent inhibition of the ATPase activity in both P388 ADR and

P388 rafts (Figure 14 D). At 0.2 pM, the reduction was between 5% and 6%> in both types of

rafts. The residual activity as determined from the fit value was 60%> (4.7%) for P388 ADR

rafts and 70.6%> (8.1%>) for P388 rafts. Placental alkaline phosphatase antibody and fibroblast

cell surface antibody CD44 were used as negative controls. The inhibitory effect of both

antibodies on the ATPase activity in P388 ADR was smaller than 10%> (Figure 14 E, F).

3.1.6 Comparison of the ATPase and P-gp activity in crude membranes and rafts

from P388 ADR cells

As already stated above, crude membranes from P-gp expressing cells are frequently used to

measure P-gp related activities. To compare the ATPase activity of rafts from P388 ADR

cells in presence of verapamil with the ATPase activity in crude membranes, crude

membranes from P388 ADR and P388 cells were prepared as described in 2.5. The basal

activity of crude membranes was about 5 times lower as compared to rafts prepared from

P388 ADR and P388 cells, that is 3.2 ± 0.9 x 10"5 mmol x min"1 per mg total protein (n=3).

Verapamil at concentrations up to about 10 pM enhanced the ATPase activity of the crude

membranes from P388 ADR cells but had no activation effect on the activity of crude

membranes from P388 cells. At verapamil concentrations higher than 100 pM the activity

was reduced in both preparations (Figure 15 A). When crude membranes from P388 ADR

cells (25 pg/ml) were incubated with the C219 antibody, C219 reduced the ATPase activity to

90 ± 1.2% between 1 and 7.5 pg antibody per ml (Figure 15 B).
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Figure 15. Influence of verapamil and C219 on the ATPase activity of crude membranes from P388

ADR and P388 cells. ATPase activities of crude membranes from P388 ADR cells (•) and P388 cells

() cells (see Methods 2.5) were determined at different concentrations of verapamil (A) and C219 (B).
The solid line indicates the fitted function using eq. 5 with their 95% confidence intervals (dotted lines).
The fit parameters are shown in Panel B. Data represent mean values and standard deviations from 3 wells

each.

3.1.7 Influence of known P-gp activators and a MRP activator on the ATPase activity
of rafts

Beside verapamil, the known P-gp ATPase activators progesterone [52], propranolol [87], and

valinomycin [52] as well as indomethacin, which activates the ATPase activity of the

multidrug resistance-associated proteins MRPl and MRP2 in the studied concentration range

[144], were tested in the ATPase assay with rafts. The activity/concentration profiles are

shown in Figure 16 A-D. With the known P-gp activators, the typical bell-shaped curves

were obtained with P388 ADR raft preparations, whereas no activating effect on the ATPases

of the P388 rafts was observed. Similarly to verapamil, at higher concentrations progesterone

and propranolol reduced the activity also in rafts from P388 cells (valinomycin was not

investigated). As elaborated with verapamil, fit data plotted in Figure 16 are based on the

activator function (eq. 4). The corresponding fit values for Vapp IVbasai and K are indicated.

Indomethacin had no activating effect on the ATPase activity of P388/ADR rafts (Figure 16

D). However, as the other tested compounds, it inhibited the ATPase activity at high

concentrations (i.e., above 14 pM).
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Figure 16. Influence of (A) progesterone, (B) propranolol, (C) valinomycin and (D)
indomethacin on the ATPase activity of rafts. The ATPase activities at different concentrations of

the tested compounds were determined in P388/ADR rafts (•) and P388 rafts (A) as described in

Methods (2.9). Data represent mean values and standard deviations of three independent experiments
each with the fitted functions using eq. 3 (solid lines; two highest concentrations excluded from the fit,
see "Materials and Methods") and their 95% confidence intervals (dotted lines). The respective fit

parameters Vapp/Vbasaimd K are shown in the panels.

These data show that P-gp is functional as an ATPase in isolated rafts from P388 ADR cells.

The assay allows to distinguish between P-gp inhibitors and modulators and to further

investigate the chacteristics of P-gp.
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3.2 Influence of the lipid composition on P-glycoprotein ATPase activity in

proteoliposomes

3.2.1 P-glycoprotein purification

For the reconstitution into proteoliposomes, P-glycoprotein had to be purified from the

adriamycin resistant mouse lymphoma cell line P388 ADR that could be grown in suspension

and was therefore suitable for the production of the amount of cells needed for the

purification. For one proteoliposome preparation about 5 x 108 cells were used. Although

solubilization of the whole cells with 2% sodium dodecyl sulfate (SDS) in 50 mM sodium

phosphatebuffer pH 7.0 was possible, separation of P-gp from other proteins as described by

[130] was not successful and the P-gp yield per run was too low. Therefore a prefractionation

was performed. After homogenization of the cells, P-gp containing membrane fragments were

separated from soluble and adsorbed proteins by ultracentrifugation at 200,000 x g at 4°C for

lh. After resuspensation of the pellet, the ultracentrifugation was repeated once. The

supernatants (SI, S2) did not contain appreciable amounts of P-gp as can be seen in Figure

17. Almost all P-gp was retained in the pellets (PI, P2).

Figure 17. Prefractionation of the

cell lysates from P388 ADR cells to

enrich for P-gp. The pellets PI and

P2 after ultracentrifugation at

200,000 x g as well as the

supernatants SI and S2 were

analyzed by SDS-PAGE, silver

staining (A) and immunostaining (B)
with the P-gp antibody C219 as

described in Methods (2.3). 5 pg

protein was loaded per slot.
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The removal of the soluble and adsorbed proteins prior to solubilization of the membrane

fragments led to a total reduction of the protein content of about 45 % (Figure 18). In the

second washing step only about 6%> of the total protein were removed. Therefore the second

washing step was omitted in later preparations.

Figure 18. Protein content of the

pellet and the supernatants. The

pellet P2 containing the membrane

fragments was solubilized and the

protein concentrations of the pellet and

the supernatants were measured with

the Bio-Rad DC protein assay.

After solubilization of the pellet containing the membrane fragments, the so-called "crude

membrane extract" was used for the purification of P-gp on a HPLC hydroxyapatite column.

P-gp was eluted in the fraction between 35.0 and 41.5 minutes using a phosphate gradient

with increasing ionic strength in presence of 0.5 % SDS at pH 7.0 (Figure 19).
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Figure 19. P-gp purification by HPLC.

About 100 pi crude membrane extract

(Methods 2.7.1) containing 3-4 mg

protein were loaded onto the

hydroxyapatite column and proteins were

eluted using a phosphate gradient as

described in Methods (2.7.2). At the

indicated time points fractions of 1.5 ml

were taken. FU, fluorescence units.

Most proteins were eluted in the first fractions (1 and 2) whereas P-gp was still retained on

the column (Figure 21). After washing the column with increasing ionic strength, P-gp was

eluted at a phosphate concentration of about 530 mM (fractions 5-8). No other proteins could

be detected in the P-gp-containing fractions on the silver stain (detection limit 0.1-10 ng). The

appearance of only a faint band for P-gp is probably due to problems of the detection of

glycosylated proteins in the silver stain system. However, the presence of P-gp in the

collected fractions was confirmed using the monoclonal P-gp antibody C219.

The purification of P-gp in presence of SDS was very sensitive to changes in the pH of the

eluents. Only when the pH of the eluents was 7.0, P-gp could be sufficiently separated from

other proteins after an extensive washing period at an ionic strength of 530 mM. When the pH

was decreased to 6.6, the elution strength of the eluents was increased, which is in contrast to

findings by Ichimura [145], and P-gp was eluted at lower ionic strength together with other

proteins. An eluent pH higher than 7.0 led to irreversible binding of P-gp to the

chromatographic matrix.
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sample # sample #

Figure 20. Protein patterns of the HPLC fractions. Fractions were collected as indicated in

Figure 19. Samples were resolved on a 7.5% SDS-PAGE gel followed by silver staining (A) and

immunostaining (B) with the P-gp antibody C219 as described in Methods (2.3). 5 pg protein
were loaded per slot.

3.2.2 Characterization of the proteoliposomes

Previous attempts on the influence of the lipid bilayer on P-gp activity were hampered by the

fact that residual detergent in the preparations by themselves could have an influence on P-gp

activity [107]. The ionic detergents SDS and cholate used in our solubilization procedure both

have a strong tendency to denature proteins and must therefore be removed. Beside the effects

on the protein activity, detergents could also influence the partition behavior of the drugs. In

Figure 21 the kinetics of the detergent removal is shown for SDS alone and for SDS and

cholate in parallel as in the preparation of PhC/Chol (60/40) proteoliposomes, cholate was

needed to dissolve the PhC/Chol liposomes in the preparation of the P-gp/lipid/detergent

micelles. As cholate was more suitable to dissolve PhC and PhC/Chol (80/20) liposomes, it

was used also in the preparation of PhC and PhC/Chol (80/20) proteoliposomes for ATPase

and binding assays. Since SDS is a strong denaturizing detergent that tightly binds to proteins,

it is not surprising, that its removal is slower than the removal of the cholate.
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Figure 21. Preparation of proteoliposomes: Kinetics of the detergent removal. PhC/Chol (80/20) (A)
and PhC/Chol (60/40) (B) proteoliposomes were prepared by SDS (PhC/Chol (80/20) proteoliposomes)
and SDS/cholate (PhC/Chol (60/40) proteoliposomes) removal from lipid/P-gp/detergent micelles as

described in Methods (2.8). For the detection of the detergents, micelle solutions were labeled with 105 Bq
14C-SDS and 106 Bq 3H-cholate (SDS (), cholate (A)). At the indicated time points, 100 pi of the micelle

solution were analyzed by single or dual label LSC as described in 2.12.2

The dialysis was stopped when the detergent concentrations were close to the detection limit

of the Liquid scintillation counter (< 60 dpm), which corresponded to a residual detergent

concentration < 29 nM for SDS and 0.5 nM for cholate. The detection limit was usually

reached after 96 h. The final detergent/lipid and detergent/protein ratios are depicted in

Table 7.

Table 7: Residual detergent in P-gP proteoliposomes

Detergent concentration Detergent/protein ratio Detergent/lipid ratio

[nM] [w/wj [w/wj

SDS <29 < 5 x 10"5 < 5 x 10"6

Cholate <0.49 <10"6 < 10"7

The protein concentration was 0 21 mg/ml, the lipid concentration 1 8 mg/ml

Due to the precipitation of SDS at low temperature, the detergent removal by dialysis had to

be performed at room temperature. In order to evaluate the stability of P-gp, samples were

taken at different time points during the dialysis and analyzed by SDS-PAGE and
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immunoblotting with the monoclonal P-gp antibody C219. As can be seen in Figure 22 there

was no substantial degradation during the dialysis.

Figure 22. Stability of P-glycoprotein during
the dialysis. Samples were taken at the indicated

time points and analyzed by SDS-PAGE and

immunoblotting using the monoclonal P-gp

antibody C219 as described in Methods (2.3).
20 pi of each sample were loaded per slot.

To confirm the successful reconstitution of P-gp, a density gradient centrifugation with 5% to

45%) sucrose of the proteoliposome preparation was performed and the density fractions were

analyzed by SDS-PAGE and immunoblotting with the monoclonal antibody C219. As shown

in Figure 23 there was complete reconstitution indicated by the localization of P-glycoprotein

in the lipid containing low density fractions (1-4). No P-gp was detected in the high density

fractions (5-9) where soluble or aggregated proteins would accumulate. In addition, the lipid

composition of the proteoliposomes did not affect the reconstitution process as the same

reconstitution patterns were found in all proteoliposome preparations (A-C).



Results 68

kDa 1 2 3 4 5 6 7 8 9 Figure 23. Reconstitution of

kDa i 2 3 4 5 6 7 8 9 C219 as described in Methods (2.3)

To further characterize the proteoliposomes, their size distribution as well as the lipid and

protein concentrations were determined as described and the recovery was calculated. For the

reconstitution of P-gp into liposomes a lipid to protein ratio (w/w) of 10:1 was chosen. As can

be seen in Table 8, about 20-30% of the P-gp and lipid, present at the beginning of the

dialysis, was lost. However, in all preparations the lipid to protein ratio (w/w) was in the

range of 7.5-10/1, as P-gp and lipids were lost to similar extents. The preparation by detergent

dialysis resulted in proteoliposomes with an average mean hydrodynamic diameter between

130 and 150 nm and a polydispersity index < 0.4 corresponding to a size variance of 63%>

assuming a monomodal distribution. No signs of aggregates were observed in the

correlograms (data not shown).
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Table 8: Characteristics of proteoliposomes

Proteoliposome Recovery %a) Lipid/ P-gp ratio Size [nm]

composition after dialysis
P-gp Lipid [w/w]

PhC 78 ±8 81 ±10 7.5-10/1 133 ± 12

PhC/Chol 80/20 75 ± 6 74 ± 4 7.5-10/1 141 ± 11

PhC/Chol 60/40 77 ± 8 75 ± 4 7.5-10/1 145 ± 16

The lipid concentration was determined by HPLC as described in Materials and Methods 2 12 3, the protein
concentration was measured with the Bio-Rad DC protein assay (2 3)

a) % of protein and lipids, respectively, at the start of the proteoliposome preparation

To investigate, whether P-gp was functional after reconstitution into proteoliposomes, the

ATPase activity of P-gp proteoliposomes was tested using the ATPase assay described in

Material and Methods 2.9. P-gp proteoliposomes displayed a basal ATPase activity between

16.6 and 101.0 nmol per min per mg protein depending on the lipid composition of the

proteoliposomes. To verify that the observed ATPase activity originated from P-gp, ATPase

activities were determined at different concentrations of the monoclonal P-gp antibody C219,

which binds to both nucleotide binding regions of P-gp and has been shown to inhibit its

ATPase activity [141]. C219 reduced the basal activity of the proteoliposomes to about 15 %

residual activity at 5 pg antibody and 5 pg P-gp per ml (Figure 24). The inhibition was

independent of the lipid composition. When the proteoliposomes were incubated with

400 pM sodium orthovanadate, an unspecific ATPase inhibitor [142, 143], the ATPase

activity was decreased to a similar residual activity of 12.4 ± 3.7%, indicating that the

remaining NADH consumption was not derived from ATPases.
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Figure 24. Inhibition of the ATPase activity by C219 in P-gp proteoliposomes. PhC (A), PhC/Chol (80/20) (B) and

PhC/Chol (60/40) (C) proteoliposomes were incubated with different concentrations of P-gp antibody C219 Data

represent mean values and standard deviations from 6 independent experiments with 9 wells for each concentration

3.2.3 Influence of cholesterol on the basal ATPase activity of reconstituted P-gp

To examine the influence of cholesterol in the lipid bilayer on the basal P-gp ATPase activity

(activity in absence of ATPase effectors), P-gp was reconstituted in egg phosphatidylcholine

(PhC) liposomes as well as in PhC liposomes containing either 20% or 40% (mol/mol total

lipid) cholesterol In the absence of cholesterol the basal ATPase activity of P-gp was

16 6 ± 2 1 nmol x min"1 x mg"1 whereas in the presence of cholesterol it was at least 5 fold

higher, 101 0 ± 8 1 nmol x min"1 x mg"1 in proteoliposomes containing 20 % cholesterol and

85 6 ± 20 nmol x min" x mg" in proteoliposomes containing 40% cholesterol (Figure 25)
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Figure 25. Influence of cholesterol on

the basal ATPase activity of

reconstituted

P-gp. PhC, PhC/Chol (80/20) and

PhC/Chol (60/40) proteoliposomes were

prepared as described in Material and

Methods 2.8 and the ATPase activity
was measured as described in 2.9. P-gp
concentration in proteoliposomes 5

ug/ml. Data represent mean values ±

standard deviations from three

independent preparations (> 9 wells per

experiment).

3.2.4 Influence of cholesterol on the drug-induced ATPase activity of reconstituted

P-gP

As cholesterol had an effect on the basal activity of P-gp, we next investigated whether

cholesterol also had an effect on the ATPase activity in the presence of P-gp modulators.

Verapamil and progesterone are known to enhance the ATPase activity of P-gp at low

concentrations (< 100 uM), but have an inhibitory effect at high concentrations that can be

attributed to unspecific effects on the protein or the lipid membrane as shown in 3.1.4 and

3.1.7. The ATPase activities of the cholesterol-free proteoliposomes were determined at

verapamil and progesterone concentrations between 50 nM and 400 uM (Figure 26). No

activation was detected over the whole concentration range whereas at concentrations

> 100 uM the ATPase activity was inhibited by both compounds.
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Figure 26. Influence of verapamil and progesterone on the ATPase activity of P-gp reconstituted in

cholesterol-free proteoliposomes. ATPase activities of P-gp reconstituted in PhC proteoliposomes in

presence of different concentrations of verapamil (A) and progesterone (B) were determined as described

in 2.9. The solid lines indicate the fits using eq. 4. Data represent mean values and standard deviations

from three independent experiments.

In the proteoliposomes containing 20% and 40% cholesterol, respectively, (Figure 27)

verapamil and progesterone increased the ATPase activity at concentrations up to 50 uM. The

maximal activities at 50 uM modulator were about 2-fold higher than the respective basal

activities. The activity was decreased at concentrations > 100 uM. To further analyze the drug

induced activity profiles, data were fitted with eq. 4 excluding the concentrations with the

inhibitory effect from the fit. The fits are shown in Figure 27.
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Figure 27. Effect of verapamil and progesterone on the ATPase activity of P-gp reconstituted in

PhC/Chol proteoliposomes. PhC/Chol (80/20) (X) and PhC/Chol (60/40) (•) P-gp proteoliposomes
were incubated with different concentrations of verapamil (A) or progesterone (B) and the ATPase

activity was measured as described in Methods (2.9). The solid lines indicate the fits using eq. 4. Mean

values and standard deviations from three independent experiments are shown.

The ratio of the fitted maximum activation to basal activity (V'/Vbasai) and the concentration

at half-maximum activation (K) were derived from the fits and are summarized in Table 9.

The values of K of verapamil and progesterone were dependent on the cholesterol content of

the proteoliposomes while V'/Vbasai was less affected. Both drugs were more potent (had

lower K values) in inducing the P-gp ATPase activity in proteoliposomes containing 20%

cholesterol than at 40% cholesterol. The fitted K of both compounds was about 6 fold lower

in proteoliposomes containing 20% cholesterol.
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Table 9: Effect of the cholesterol content on the basal and drug-induced P-gp ATPase activity

Basal

activity

Max.

[nmolx mm

activity
a)

-1 7
x mg J

V/V b)
basal Kb)

[juMJ

verapamil progesterone verapamil progesterone verapamil progesterone

PhC 16.6

±2.1

- - <1.1 <1.1 - -

PhC: Choi

80:20

101.0

±8.1

227.0

±14.8

196.7

±15.9

2.24

±0.02

2.04

±0.02

0.56

±0.05

1.88

±0.12

PhC: Choi

60:40

85.6

±20.0

182.1

±42.7

175.8

±44.1

2.19

±0.05

2.24

±0.08

3.56

±0.49

10.58

±1.81

a)
mean values ± standard deviations from 3 independent experiments

deviation

; each with 9 wells, ' fitted value ± standard

3.2.5 Influence of cholesterol on the binding of verapamil and progesterone to P-gp
reconstituted in PhC and PhC/Chol proteoliposomes

To investigate whether cholesterol has an effect on the binding of the modulators to P-gp, we

determined the affinity of verapamil and progesterone to P-gp reconstituted in cholesterol-free

and cholesterol-containing proteoliposomes. The binding study was performed by means of

equilibrium dialysis at drug concentrations between 10"10 and 10"5 M as described under

Material and Methods. Figure 28 shows the Scatchard plots from one representative

experiment each of both drugs in proteoliposomes containing 20% (Figure 28 A and B) and

40 % cholesterol (Figure 28 C and D), respectively. The plots revealed two binding classes,

one with a high affinity but a low number of interaction sites and a second one with a lower

affinity but a higher number of interaction sites. The high affinity binding was assigned to the

binding to P-gp and the low affinity interaction to the partitioning into the lipid bilayer. For

better visualization the plots are also shown in logarithmic scale in the small panels. To

determine the association constants the binding data were fitted with eq. 6.



75 Results

S.

Q

9

A

verapamil
PhC/Chol 80/20

2 -

Pwr

.-1

P 4
H

0 /'

a www« 10" to

2 4 S 8

r drug/P-gp (mol/mol)

10

O
-tu*

x 4

3

2

B
,

s

progesterone — * * *--

6 . PhC/Chol 80/20

0 •

0

0 10
'

10 ' 10 10 » It'

10 20 30

r drug/P-gp [mol/mol]

40

,— »

C
.

«

verapamil ^ »

PhC/Chol 60/40 "s 4

0,6 1.0 1.5 2.0

r dryg/P-gp [mol/mol]

o

8~o
progesterone

6 . PhC/Chol 80/40

L
'ii*

0

'"V,._

§ tO 10' 10 10' 10 10-

I *l^,FiIP IIIIOL'IIIIJI]

10 20 30

r drug/P-gp [mol/mol]

40

Figure 28. Concentration-dependent drug binding to P-gp PhC/Chol proteoliposomes. Verapamil (A,

C) and progesterone (B, D) binding to PhC/Chol (80/20) (A, B) and PhC/Chol (60/40) (C, D)

proteoliposomes was determined as described in 2.10. The solid lines indicate the fits using eq. 6. Data

from one representative experiment with duplicates for each drug concentration are represented as

Scatchard plots.

The fitted association constants of the high affinity binding site (KA), i.e. of the binding to P-

gp, are shown in Table 10. At both PhC /cholesterol ratios the binding affinity of verapmil to

P-gp was higher than that of progesterone. The KA of verapamil in proteoliposomes

containing 20% cholesterol was about 2 fold higher than in proteoliposomes containing 40%

cholesterol. For progesterone KAin proteoliposomes containing 20% cholesterol was about 8

fold higher than in proteoliposomes containing 40% cholesterol.
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Table 10: The effect of the cholesterol content on the high affinity constant KA of verapamil and

progesterone to P-gp proteoliposomes

verapamil progesterone

KA xl (f [M'j KA xl (f [M'j

PhC/Chol 80/20 3.75 ±0.84 1.97 ±0.37

PC/Choi 60/40 1.63 ±1.12 0.24 ±0.28

mean values ± standard deviations from two independent experiments with duplicates for each concentration

KA affinity constant of the high affinity binding

In order to elucidate the reason for the lack of P-gp activation in the cholesterol-free

proteoliposomes, we also studied the binding affinity of verapamil and progesterone to P-gp

reconstituted in PhC proteoliposomes. The Scatchard plots shown in Figure 29 revealed only

unspecific binding for both compounds within the tested concentration range (see above). In

contrast to the cholesterol-containing proteoliposomes, no increase in binding affinity was

detected at the low concentrations. The experimental data from the PhC proteoliposomes were

best fitted with Equation 6, which considers only one binding class. The small slope of the

Scatchard plot results from a high number of association sites. The observed affinity was

therefore assigned to the partitioning of the drugs into the lipid bilayer. No binding of the

drugs to P-gp was detectable in the absence of cholesterol.
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Figure 29. Drug binding to cholesterol-free P-gp proteoliposomes. Verapamil (A) and progesterone

(B) binding to PhC proteoliposomes was determined as described in Methods (2.10). The solid lines

indicate the fits using eq. 6. Data from one representative experiment with duplicates for each drug
concentration are represented as Scatchard plots.

3.2.6 Influence of cholesterol on the partitioning of verapamil and progesterone

P-gp is proposed to extract its substrates directly from the inner leaflet of the membrane. As

the composition of the lipid bilayer has a major influence on the drug-membrane affinity and

therefore on the local drug concentration inside the membrane, it would affect K of the P-gp

ATPase activity, as well as the apparent binding affinity KA of the drugs. To investigate

whether K and KA may be related to the membrane affinity, the influence of cholesterol on

the lipid bilayer affinity of verapamil and progesterone was determined with liposomes

containing 20 and 40% cholesterol, respectively. The pH-dependent distribution [D/pH]

profile was established by means of equilibrium dialysis and data were fitted using eq. 8.

Figure 30 shows the concentration-dependent effect of cholesterol on the D values between

pH 2 and 12 (progesterone) and pH 5 and 12 (verapamil), and on PN and PI+. The PN of

progesterone was decreased 1.8 fold upon incorporation of 20 % cholesterol in PhC

liposomes. Increasing the cholesterol content to 40% led to a further decrease of PN by a

factor of 1.5. In the case of verapamil, the presence of 20 % cholesterol decreased the affinity

of the neutral species (PN) 1.2 fold, increasing the cholesterol content to 40% led to a further
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decrease by a factor of 2.2. The affinities of the protonated species (PI+) were decreased 1.7

fold by incorporation of 20% cholesterol and 1.5 fold by increasing the cholesterol content

from 20 to 40%.
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Figure 30. Influence of

cholesterol on the membrane

affinity of verapamil and

progesterone. Membrane affinities

of verapamil and progesterone to
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4 Discussion

For the determination of the ATPase activities of various preparations such as rafts or

proteoliposomes we used an ATPase assay described by Dong [130] that is based on a

coupled enzyme system consisting of pyruvate kinase, phosphoenolpyruvate and lactate

dehydrogense which results in the consumption of 1 mol of NADH per mole of ATP

hydrolyzed. The fiuorometric method to measure ATPase activity has several advantages over

the measurement of the release of inorganic phosphate [146]. Beside the higher sensitivity of

the fiuorometric compared to the spectrophotometric method, there is no accumulation of

ADP that has been shown to be a competitive inhibitor of the P-gp ATPase activity [147] as

ADP is immediately recycled to ATP by the assay components. The assay was optimized for

the use in a multi-plate format regarding pH, ATP and assay component concentrations with

rafts from MDRl-MDCK or P388 ADR cells as a surrogate for P-gp proteoliposomes. The

increase of the ATPase activity in the assay was proportional to the increase of the raft protein

concentration in the tested concentration range between 5 and 25 ug/ml protein per well. This

means that the Michaelis-Menten conditions are maintained under the optimized assay

conditions for ATPase activities up to at least 16 mmol"4 x min"1, i.e. ATPase activities below

this activity are not influenced by the concentration of the assay components. Since P388

ADR cells can be grown in suspension and are easy to cultivate, rafts from P388 ADR cells,

which contain a high concentration of P-gp, were used for the development of the test system

for P-gp related activities.

Using the cold Triton X-100 extraction method combined with a sensitive ATPase assay, we

were able to show for the first time that P-gp and other ATPases are functional in isolated

rafts of P-gp-overexpressing cells [140]. The raft preparations can be used as straightforward

system for the screening of drug-related effects on raft-associated ATPases. The extraction of
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rafts is as simple as the preparation of crude membranes as summarized in Table 11.

However, the ratios of P-gp to total protein and of P-gp ATPase activity to total ATPase

activity per mg protein were substantially higher in rafts than in crude membrane preparations

of the same cell type,

Table 11. Comparison of the preparations and ATPase activities of rafts and crude membranes from

P388 ADR cells and of plasma membrane-enriched fraction from MCF7 ADR cells

Rafts of P388 ADR cells Crude membranes of

P388 ADR cells

Plasma membrane-

enriched fractions of

MCF ADR cells [148]

Preparation steps Cultured cells

20 mm incubation with

Triton X-100

Cultured cells

Suspendation in ATPase

buffer

Cultured cells

Suspendation in ATPase

buffer

Homogemzation Homogemzation Homogemzation

Short centrifugation to

remove nuclei and debris

Short centrifugation to

remove nuclei and debris

19 h centrifugation on a

sucrose gradient

100 mm centrifugation on

a sucrose cushion

18 h centrifugation on a

sucrose gradient
Collection of the band Collection of the band Collection of the band

3 times 15 mm washing

(soluble proteins)
20 times passage through
a 22-gauge needle

Protein yield per 109

cells

0 3mg 2mg

Mean basal ATPase

activity per mg protein3

1 53 x 10"4 mmol mm"1

(0 33xl0"4mmolmm"\
n=33)

3 2xl0"5mmolmm"1(0 9

x 10"5 mmol mm"1, n=3)

Basal ATPase activity

per mg protein

assigned to P-gp

3 2 x 10"5 mmol mm"1 (20%
of total basal activity)

3 2 x 10"6 mmol mm"1

(10% of total basal

activity)

3 6 x 10"5 mmol mm"1

ATPases0 Raft-located ATPases Membrane ATPases (rafts
and non-rafts)

Membrane ATPases,

enriched in plasma
membrane ATPases (rafts
and non-rafts)

a

Standard deviations and number of independent experiments (n) in brackets

As estimated from the antibody C219-mhibited fraction of the ATPase activity
0

ATPases that are expected in the respective fractions

The total basal ATPase activity in our assay with rafts from P388 ADR and P388 parent cells

was between 1 and 2 x 10"4 mmol x min"1 per mg protein. This is similar to the published basal
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ATPase activities of various cell membrane fractions of different P-gp expressing cells,

namely the plasma membrane fraction of P-gp-overexpressing CHRB30 cells [149], the

microsomal membrane fraction of the tumor cell line CR1R12 [150] and crude membrane

vesicles form actinomycin D-resistant Chinese hamster lung fibroblasts DC-3F/ADX [151], all

revealing activities between 1 and 4 x 10"4 mmol x min"1 per mg total protein. Reconstitution

of purified P-gp into proteoliposomes containing the lipid extract of E. coli led to a basal

ATPase activity of 3 x 10"2 mmol x min"1 per mg protein [152] and in a mix of E. coli

phospholipids, phosphatidylcholine, phosphatidylserine and cholesterol to

1.75 x 10"4 mmol x min"1 per mg [153]. However, the detergent content was not determined.

Due to their isolation in presence of cold Triton X-100, the pooled raft fractions contained

about 6.5 piM Triton X-100, which results in a final Triton X-100 concentration of about

0.2 piM in the assay. Since detergents including Triton X-100 showed an effect on the ATPase

activity of P-gp in membrane preparations [107], we investigated the effect of additional

Triton X-100 on the ATPase activity of rafts prepared from P388 ADR cells. However,

Triton X-100 concentrations in the assay up to 16.5 piM had no influence on the ATPase

activity of rafts. Only at a concentration of 100 yM Triton X-100 the activity was reduced to

about 50%. Therefore an influence of the detergent on the observed ATPase activities in rafts

can be excluded.

From the partial inhibition of the ATPase activity of P388 ADR rafts by the monoclonal

P-gp antibody C219 we conclude that 20 to 30 % of the basal activity of P388 ADR rafts (in

the absence of K+ and Ca2+) is contributed by P-gp. The antibody C219 has been discussed as

a specific inhibitor of the P-gp ATPase by blocking the binding of ATP to its binding sites on

the protein [154, 155]. The antibody-inhibited activity of P388 ADR rafts corresponds to

2 to 6 x 10"5 mmol x min"1 x mg"1. In the plasma membrane-enriched fraction of adriamycin-

resistant human breast adenocarcinoma cells MCF7 ADR, C219 reduced the ATPase activity
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by 50 % in the presence of Na+/K+- and Ca2+-ATPase blockers [155], resulting in a similar P-

gp activity of 3.6 x 10"5 mmol x min"1 x mg"1.

To get an estimate on the contribution of other types of ATPases than P-gp on the total

ATPase activity of P388 ADR and P388 parent rafts, different ATPase inhibitors were tested.

More than 50 % of the basal ATPase activity in both raft types was inhibited by > 5 uM

orthovanadate, an inhibitor of several types of ATPases, [156, 157], including P-gp [158]. In

microsomal membrane vesicles, the ATPase activity was reduced to about 12 % by

orthovanadate [150]. Cyclosporin A is frequently used as P-gp inhibitor but inhibits also other

ATPases such as Na+/K+-ATPases [159] and Ca2+-pumps [160, 161]. One hundred uM

cyclosporin A reduced the basal ATPase activity of P388 ADR and P388 parent rafts to about

60 % and 70 %, respectively. This is in a similar range as shown for crude membranes [151].

Only about 10 % of the ATPase activity in P388 ADR and P388 parent rafts were inhibited by

ouabain and therefore assigned to the Na+/K+-ATPase. From this we conclude that the ATPase

activities determined with the raft preparations under our experimental conditions result from

the activities of different types of ATPases.

The bell-shaped ATPase activity/concentration profiles are typical for the P-gp activators.

The maximal activating effect of verapamil on the ATPase activity of P388/ADR rafts was

observed at 10 to 40 uM, of progesterone around 40 uM, of propranolol around 130 uM and

of valinomycin around 40 uM. This is in the same range as described for cholesterol free egg

phosphatidylcholine proteoliposomes which displayed maximal ATPase activity at 10 uM

verapamil [162] and for crude membrane vesicles where maximal ATPase activation was

found at 30 uM verapamil and 60 uM progesterone [163]. However, in our assay with P-gp-

devoid rafts, i.e. rafts from P388 parent cells, which did not show any activation,

concentrations of >130 uM verapamil, >14 uM progesterone and >14 uM propranolol

significantly reduced the ATPase activity. The observed inhibitory effect on the ATPase
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activity in P388/ADR rafts at high activator concentrations is thus not P-gp specific but is at

least in part the result of the inhibition of one or more other ATPases. This puts some

question marks on the quantitative evaluation of the effects of activators at inhibitory

concentrations. In consideration of the relatively high concentrations, unspecific effects on the

biological system have to be expected. A membrane disturbing effect has been demonstrated

for verapamil that induced the leakage of carboxyfluorescein out of liposomes at

concentrations as low as 200 piM depending on the lipid composition of the liposomes [164].

The fit parameters for verapamil were in the same range if either activation and inhibition

or only activation at the lower concentrations were taken into account (eq. 3 and eq. 4,

respectively). Good estimates of the activating effect (V'IVbasat) and of the concentration

mediating half maximal effect (KM) could be made. These parameters are helpful for the

comparison of different compounds and to estimate their effect on P-gp under therapeutic

conditions. In our study verapamil had the lowest KM of the tested activators, i.e. it was

effective at the lowest concentration. KM was between 2.4 uM (fit with eq. 4) and 4.8 uM (fit

with eq. 3), which both are above the therapeutic plasma concentration range of 0.2 to 1.5 uM

[165]. Progesterone activated P-gp most, reaching 1.5 times the basal activity at 40 uM. The

fitted parameters V'/Vbasal and KM were 0.67 and 8.9 uM, respectively. Therapeutic and

endogenous plasma levels are far below the fitted KM, reaching about 50 nM (500 nM in

pregnancy).

The existence and appearance of rafts in cell membranes is a matter of interesting

debates[166]. For our assay it is not of primary interest whether the extracted rafts are native

domains of the cell membranes or whether they assemble in 1 % cold Triton X-100. Extracted

rafts of multi-drug resistant cells provide a simple, P-gp-enriched, test system and show the

characteristic P-gp ATPase activity. They are easily extractable from whole cells. The results

with different raft preparations were reproducible and the assay measuring NADH oxidation
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using a fluorescence plate reader is relatively sensitive. One preparation of rafts from 109 cells

(150 to 200 mg protein) provides enough material for about 300 kinetic measurements, i.e.

three 96-well plates.

To conclude, we showed for the first time that cold Triton X-100 insoluble membrane

domains of P-gp-overexpressing cells contain different types of active ATPases, display

typical P-gp-related ATPase activity and can be used as an easy screening system for P-gp

interfering compounds.
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To investigate the effect of phosphatidylcholine (PhC) and cholesterol on the P-gp ATPase

activity P-gp was reconstituted into liposomes of a defined lipid composition. PhC and

cholesterol were chosen as they are the most abundant lipids in the plasma membrane. It has

already previously been shown that PhC was highly effective at restoring ATPase activity

following delipidation of P-gp [107] and also increased the catalytic activity of purified,

detergent-solubilized P-gp [167]. Cholesterol levels on the other hand were increased in drug

resistant cell lines expressing P-gp and modulation of the cellular cholesterol levels altered P-

gp activity in multidrug-resistant cells [168] as well as in proteoliposomes [169], although

this was observed in a PhC/phosphatidylethanolamin (PE) environment. Apart from the

effects on catalytic activity, lipids were also found to influence a number of parameters

regarding the reconstitution itself. This included the efficiency of reconstitution, the amount

of protein and lipid recovered in the proteoliposomes and the size of the proteoliposomes

[170-172]. Therefore, these parameters were controlled and taken into account to compare the

effects of phosphatidylcholine and cholesterol on the ATPase activity.

For the isolation of P-gp we used the multi drug resistant mouse leukemia cell line P388 ADR

selected by adriamycin resistance, that express high amounts of P-gp. The cell line grows in

suspension and is therefore easy to cultivate and suitable to produce the amount of cells

needed for P-gp isolation. Many mild detergents such as CHAPS, dodecyl maltoside,

octylglucoside, Zwittergent 3-12, deoxycholate have previously been used for the

solubilization of membrane proteins from cells. However, the efficiency of these detergents to

solubilize the membrane proteins varies from cell line to cell line. The solubilization efficiacy

of these detergents for P-gp from membranes has been found to be rather low in the range

between 11 and 50% [130]. In addition, mild detergents such as CHAPS that have been used

in many P-gp purification attempts do not fully delipidate P-gp. After solubilization and

purification about 53-56 phospholipids remain closely associated with P-gp, particularly
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phosphatidylethanolamine (PhE), phosphatidylserine (PhS) and to a lesser amount

phosphatidylcholine (PhC) as shown by Sharom et al. [167]. As these lipids remain tightly

bound to P-gp they probably influence P-gp function and indeed addition of PhE to PhC-

containing proteoliposomes has been shown to increase the ATPase activity of P-gp [107].

Because of the poor solubilization efficiency of mild detergents we used the strong

solubilization detergent sodium dodecyl sulfate (SDS) that in addition is very powerful in

preventing a protein of interest from aggregating and nonspecifically associating with other

proteins into mixed micelles, especially during chromatographic purification steps [173, 174].

Another important aspect is that the solubilization of P-gp with SDS yields virtually lipid-free

protein, which is required for the study of lipid-dependent activities. The drawback of using

SDS is the loss of biological activity of solubilized proteins due to denaturation. However,

successful renaturation of SDS-solubilized proteins has been reported [130, 175, 176]. There

was no significant difference in activity between SDS-purified P-gp and CHAPS-purified P-

gp after reconstitution into proteoliposomes, showing that SDS does not irreversibly denature

P-gp [130]. The fact that SDS possesses a relatively high critical micelle concentration

(CMC) makes it a suitable detergent for preparation of proteoliposomes by detergent dialysis.

To purify P-gp in presence of SDS a ceramic hydroxyapatite column, which has been

successfully used for the purification of soluble and membrane proteins [130, 174], was used.

Hydroxyapatite often resolves components that other chromatographic media fail to separate

and is especially useful for separating protein-detergent complexes [145]. Solubilization of

the whole P388 ADR cells by SDS and subsequent purification on a hydroxyapatite column

did not result in pure P-gp and due to the limited protein loading capacity of the column the

yield of P-gp that could be purified per HPLC run was rather low. Therefore soluble and

adsorbed proteins were separated by fractionation of soluble and membrane bound proteins in

a first step, which led to a reduction of the protein content of the preparation by
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approximately 40% without substantial loss of P-gp.

For the reconstitution of P-gp into proteoliposomes we used the detergent dialysis method, as

it is suitable for the removal of detergents with a high CMC from mixed

detergent/lipid/protein micelles. Mixed micelles were prepared by equilibration of

lipid/detergent micelles of the respective lipid composition with SDS-solubilized P-gp. Even

if SDS was very powerful in the solubilization of protein-containing membranes, PhC

liposomes containing 40 % (m/m) cholesterol could not be dissolved. An influence of cholate

on the preparation of proteoliposomes can be excluded, as proteoliposomes containing 20%

cholesterol showed the same activities whether they were prepared in presence of SDS alone

or in presence of SDS and cholate. Therefore sodium cholate was used for the solubilization

of PhC, PhC/Chol (80/20) and PhC/Chol (60/40) liposomes. The residual detergent

concentration for both SDS and cholate in the proteoliposome preparations was below the

detection limit of the instrument, i.e. < 29 nM for SDS and < 0.5 nM for cholate which results

in a maximal ratio of 1 molecule SDS per 40 molecules P-gp and 80,000 lipid molecules and

1 molecule cholate per 2400 molecules P-gp and 470,000 lipid molecules. As can be expected

from the stronger binding of SDS to proteins as compared to cholate, the removal of cholate

during the initial phase of the dialysis was faster than the SDS removal. However, after 96 h

dialysis both detergents were not detectable anymore. Our proteoliposomes are therefore

virtually detergent-free and an influence of the detergents on the physical properties of the

lipid bilayer as well as on the activity of P-gp can be excluded. Virtually detergent-free

proteoliposomes are absolutely crucial for a study that addresses the influence of the lipid

bilayer composition on P-gp activity. Beside detergent removal by dialysis there are other

methods described in the literature for the preparation of proteoliposomes. In many

publications proteoliposomes are prepared by addition of polystyrene beads [130, 169, 177-

179] that adsorb the detergent from detergent/lipid/protein micelles. In addition, gel filtration
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[85, 180, 181] and detergent dilution [182] are described to reduce the detergent concentration

below the CMC in order to form proteoliposomes. The obvious advantage of these methods is

the less time consuming process of the detergent removal (usually 1 to 24 hours depending on

the method used). However, considerable amounts of detergents are left in these preparations.

For instance, 50-fold dilution of the detergent/lipid/protein micelles as described in [182]

results in a ratio of 160 molecules detergent per molecule P-gp and 1 molecule detergent per

500 molecules of lipids assuming that the detergent is not retained by binding to the protein or

lipids. Additionally only a low protein recovery of 20-25%) was reported. Detergent removal

by adsorption to polystyrene beads over 24h with several rounds of fresh beads resulted in a

residual detergent concentration of 0.3 mM dodecyl-maltoside which corresponds to a ratio

714 molecules detergent per molecule protein and 1 molecule detergent per 14 molecules of

lipid [183]. This is the only study in which the residual detergent concentration was

measured. It can be assumed that also other preparations contain considerable amounts of

detergent as the protocols of the detergent removal were comparable. A further problem is the

adsorption of phospholipids and proteins to the beads, which makes it difficult to control the

lipid composition and the lipid to protein ratio of the proteoliposomes [183]. In contrast, only

20-25%) of both lipids and P-gp were lost during dialysis and therefore the initial lipid to

protein weight ratio of 10 to 1 as well as the lipid composition of the proteoliposomes was

maintained. The size distribution of the proteoliposomes depends on the rate of the detergent

removal [184, 185] which can be controlled by the flow through the dialysis cell. It is much

more difficult to work under defined conditions for the detergent adsorption to beads or the

gel filtration method. The size distribution of the proteoliposomes prepared by detergent

dialysis was unimodal with a reproducible mean average size between 130 and 145 nm. For

the cholesterol-containing proteoliposomes a trend to a small increase in the mean average

size was noticed (20 nm). The relatively homogenous size distribution of the different



91 Discussion

proteoliposome preparations suggests that an effect of the vesicle size on our activity

measurements as described in some reports [186-188] can be excluded. Based on observations

of the symmetry of protein orientation under the conditions of the detergent dialysis [189,

190], we assume that P-gp is approximately symmetrically reconstituted with half of the

protein molecules facing inward and half face outward. But even if the absolute symmetry of

reconstitution is not known, detergent dialysis provides defined, reproducible preparations. It

should be noted that presence of reconstituted P-gp orientated facing inwards does not

contribute to P-gp ATPase activity, as the ATP-binding sites are not accessible by ATP. Only

when proteins were reconstituted into very small proteoliposomes of approximately 33 nm,

70-80%) of the protein was reconstituted faced inward in order to reduce steric crowding of

the large ATP-binding sites in the inside of the proteoliposomes [191]. Therefore detergent

dialysis is the method of choice for complete control of vesicle size and composition.

Instability of the protein could be a possible problem for the reconstitution of proteins by

detergent dialysis due to the time needed for complete detergent removal. This was not the

case for P-gp as no substantial degradation was observed during the dialysis. This may be

explained by the fact that secondary structure elements of membrane proteins such as

membrane-spanning a-helices typically show great stability, and are highly resistant to

thermal denaturation [192]. Loss of functional activity or structural integrity of membrane

proteins is often due to separation of subunits of multimeric systems, the loss of interactions

between elements such as membrane spanning a-helices, or the unfolding of domains lying

outside the membrane itself. The stability of a protein is also reflected by the occurrence of

certain dipeptides that are significantly different in unstable proteins compared with those in

the stable ones. Based on this observation the instability index for proteins can be calculated

from its amino acid sequence [193]. P-gp is classified as a stable protein according to this

calculation.
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The reconstitution efficiency of P-gp into liposomes of the respective lipid composition was

tested by isopycnic centrifugation of the proteoliposomes on a sucrose density gradient. P-gp

was found in the lipid-containing fractions at densities between 1.02 and 1.05 g/cm3. No P-gp

could be detected at higher densities, which indicates the absence of aggregated P-gp. The

P-gp distribution in the gradients was the same for P-gp reconstituted in PhC or PhC/Chol

proteoliposomes containing either 20 or 40 molar percent of cholesterol. The lipid

composition of the proteoliposomes did thus not affect the reconstitution efficiency of P-gp.

This is important to know as P-gp activities were always normalized to the protein content.

The ATPase activity observed in P-gp proteoliposomes was indeed due to P-gp function as

shown by the inhibition of the ATPase activity in proteoliposomes with the P-gp antibody

C219 by about 85%. The residual activity could not be attributed to the presence of other

ATPases as vanadate, an unspecific ATPase inhibitor that acts on the ATP-binding domains,

did not decrease the activity further. The influence of the P-gp antibody was not dependent on

the lipid composition of the proteoliposomes, which is not surprising as C219 binds close to

the ATP-binding sites that are freely accessible via the aqueous medium. This is in line with

the finding that the potency of vanadate, which inhibits P-gp by trapping ATP at the ATP-

binding site, was independent of the lipid environment into which P-gp was reconstituted

[177].

The basal ATPase activity of P-gp reconstituted in PhC proteoliposomes in the presence or

absence of cholesterol is in the range ofthat reported by Dong [130] and Shapiro [181], but it

remains about 10 times lower than that for P-gp preparations for which no attempt was made

to delipidate P-gp prior to reconstitution [167, 194]. In addition, the residual detergent

concentration in these preparations was not determined and an influence of the detergent

cannot be excluded. As mentioned above, P-gp that was not delipidated retained about 50

molecules of lipids such as PhE and PhS after purification. Specific lipids are possibly
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required for maximal activity and these phospholipids may play an important role.

Additionally, P-gp has been demonstrated to act as a broad specificity flippase for short chain

lipid species [41] and fluorescent derivatives of both PhE and PhC behaved like P-gp

substrates [42]. The difference in the basal ATPase activity could also be attributed to

transport of these substrates. However, in such preparations it is difficult to specifically

address the influence of a single lipid species on P-gp function.

Interestingly, the basal ATPase activity in our preparation was strongly dependent on the

cholesterol content in the proteoliposome preparation. It was about 4-5 times lower in

cholesterol-free PhC proteoliposomes as compared to PhC/Chol proteoliposomes containing

either 20 or 40 molar percent of cholesterol. A similar effect of cholesterol on the basal

ATPase activity was already reported by Rothnie et al. [169], although an effect of PhE can

not be excluded.

Beside the effect of cholesterol on the basal ATPase activity of P-gp, cholesterol also

modulated the ATPase activity in presence of verapamil and progesterone. Both verapamil

and progesterone showed the typical biphasic stimulation profile with stimulation of the

ATPase activity up to 100 uM and inhibition at higher concentrations. In contrast to other

authors that attribute the inhibitory effect at higher concentrations to the existence of a second

inhibitory binding site [195], we address this effect to an unspecific perturbation of the lipid

bilayer by the respective drug which leads to an inhibition of various membrane proteins. This

conclusion is made as the ATPase activity in rafts, as mentioned earlier, decreased at high

drug concentrations in rafts containing P-gp and rafts devoid of P-gp, respectively. As

previously reported, an increase in membrane fluidity can inhibit P-gp activity [196].

Therefore the concentrations, where inhibition was observed, were excluded from the data

fitting. The ATPase activity of P-gp reconstituted in PhC/Chol proteoliposomes containing 20

or 40%) of cholesterol was stimulated about 2-fold by verapamil as well as by progesterone,
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indicating that the P-gp activity was maximal for the respective lipid composition. Activation

up to 10 times of the basal activity has been reported [108, 109, 169], however, P-gp was

reconstituted in liposomes prepared from different lipid extracts or of a different lipid

composition and the residual detergent concentration was not determined. The difference in

the ATPase activation could therefore derive from a lipid environment that meets the

requirements for an optimal function or from an influence of the residual detergent

concentration. Whereas we did not observe a significant difference in the drug-induced

maximal activity in PhC proteoliposomes containing 20% and 40% of cholesterol, the

concentration of verapamil required for half-maximal activity (K) was increased 6-fold for

verapamil and 9-fold for progesterone in PhC/Chol proteoliposomes containing 40%

cholesterol as compared to PhC/Chol proteoliposomes containing 20% cholesterol. In contrast

to the ATPase activity in PhC/Chol proteoliposomes, the ATPase activity of P-gp

reconstituted in PhC proteoliposomes could not be induced by the presence of verapamil or

progesterone. The lack of stimulation of the ATPase activity can be explained by the fact that

no specific binding of verapamil and progesterone to P-gp could be observed when we

determined the affinity of the respective drugs to P-gp PhC proteoliposomes. Specific binding

of verapamil and progesterone under our conditions was only detectable when P-gp was

reconstituted into cholesterol-containing proteoliposomes. The lower basal activity and the

lack of specific binding in the absence of cholesterol could be due to a specific requirement of

cholesterol for P-gp function. However, as drug-induced ATPase activity as well as drug

binding has been demonstrated for cholesterol-free preparations [109, 169], other lipids can

probably substitute for cholesterol. Another explanation is related to the effects of cholesterol

on the membrane. Cholesterol is inserted in a phospholipid bilayer with its polar hydroxyl

group parallel to the polar headgroups of the phospholipids facing the aqueous phase and the

hydrophobic steroid ring oriented parallel to, and buried in the hydrocarbon chains of the
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phospholipids. Incorporation of increasing amounts of cholesterol has a substantial effect on

the order parameters along the lipid hydrocarbon chain leading to a transformation of the

liquid-crystalline phase to a more liquid-ordered phase [197]. The increase of the order results

from a reduction in freedom of acyl chains to rotate which causes the membrane to condense,

with a reduction in area, closer packing, an increased hydrophobic thickness of the membrane

and a decrease in fluidity [197, 198]. In addition, incorporation of membrane proteins into

model membranes such as liposomes has been shown to further increase the fluidity of the

membrane. Therefore the reduced basal ATPase activity of P-gp in cholesterol-free

proteoliposomes could be due to a more fluid state of the lipid bilayer. That the membrane

fluidity is indeed important for P-gp function was shown by the fact, that membrane fluidizers

inhibited the ATPase activity of reconstituted P-gp in a concentration-dependent manner

[199]. The higher basal ATPase activity in P-gp proteoliposomes containing 20 and 40%

cholesterol could thus be attributed to the ordering effect of cholesterol, which decreases

membrane fluidity. The rigidifying effect of cholesterol could also be responsible for the

specific drug binding of P-gp reconstituted in proteoliposomes containing cholesterol. A more

rigid membrane environment could be more effective in the stabilization of the

transmembrane regions that are responsible for the drug binding. A similar observation was

made when Romsicki et al. [109] determined the binding of verapamil to P-gp reconstituted in

dimyristoyl phosphatidylcholine (DMPC) proteoliposomes and found that the binding

affinities for the tested drugs was higher at 20°C, when DMPC is in the solid gel phase, than

at 30°C when DMPC is in the fluid liquid-crystalline phase. Taken these results together P-

gp-drug interactions seem to be favored when the lipid bilayer, in which P-gp is embedded, is

in a more rigid state. Moreover, P-gp has relatively long transmembrane segments and the

thicker bilayer of the liquid-ordered phase may provide a more suitable environment for the

domains due to hydrophobic matching.
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To find a possible explanation for the cholesterol-dependent effect for the concentration at

half maximal ATPase activity (K), we determined the binding affinities of verapamil and

progesterone to P-gp PhC/Chol proteoliposomes. Quantification of drug binding to P-gp has

proved difficult to address using classical biochemical methods. The technique used most

often has been photoaffinity labeling with a variety of radiolabeled substrates. The results of

such experiments are difficult to interpret, since photolabeling is a nonequilibrium technique

with very low labeling stoichiometries [108] which is carried out at low drug concentrations,

well below saturation. Therefore, we determined the equilibrium binding constants by the use

of equilibrium dialysis. Binding of verapamil and progesterone were indeed dependent on the

cholesterol content in the P-gp PhC/Chol proteoliposomes. Both drugs showed higher binding

affinity in proteoliposomes containing 20% of cholesterol than in proteoliposomes containing

40%) of cholesterol. A dependence of the specific drug binding on cholesterol has also been

reported by Saeki [200] for lipid-reconstituted P-gp that was fused with beta-galactosidase

due to the purification process. Their results, that azidopine binding in proteoliposomes

containing 20% of cholesterol was higher than in proteoliposomes containing 40%

cholesterol, are consistent with our findings, however, in contrast to them, we did not observe

specific binding in cholesterol-free proteoliposomes. Clearly, the effects of cholesterol are

complex, and are probably different for different drugs.

Since P-gp extracts its substrates directly from the lipid bilayer, rather than from the aqueous

phase [71], drugs are recognized by P-gp after partitioning into the plasma membrane and are

exported at the expense of ATP hydrolysis. A higher membrane affinity for a particular drug

would have the effect of increasing the effective substrate concentration in the membrane,

which could influence the apparent binding constant of P-gp to the respective drug. To test

this possibility we determined the membrane affinity of verapamil and progesterone. To

obtain an accurate measure of the ability of verapamil and progesterone to interact with the
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lipid bilayer, we determined the membrane affinities of the drugs to liposomes of the

respective lipid composition by equilibrium dialysis. The binding affinity of verapamil and

progesterone to P-gp PhC/Chol proteoliposomes was related to their membrane affinity.

Therefore, the observed influence of cholesterol on the apparent binding affinity (KA) could

be indeed due to the higher partitioning of verapamil and progesterone into PhC/Chol

liposomes containing 20% of cholesterol compared to liposomes containing 40% of

cholesterol. A correlation of the binding affinity with the membrane affinity was also

suggested by Romsicki et al. [109] using proteoliposomes composed of PhC and dimyristoyl

or dipalmitoyl phosphatidylcholine membranes. However, a relation of the binding affinity of

different drugs with the membrane affinity as suggested by Pearce et al. [201] was not

observed as the higher membrane affinity of progesterone compared to verapamil in our

experiments is not reflected by a higher apparent binding constant for progesterone. Therefore

the relation between apparent binding affinity and membrane affinity is probably only true if

one considers a single drug or drugs that have a very similar structure.

To conclude, we developed a method to reconstitute delipidated P-gp into virtually detergent-

free proteoliposomes by the detergent dialysis method in which the composition of the lipid

bilayer can be controlled very carefully. We found that the basal as well as the drug-

stimulated ATPase activity of P-gp is strongly dependent on the presence and concentration

of cholesterol in P-gp proteoliposomes. This could be assigned to a cholesterol-dependent

conformation of P-gp that could affect its ability to bind drugs. In addition, the cholesterol

content has an effect on the drug concentration inside the membrane, which modulates the

apparent binding affinity of verapamil and progesterone to P-gp.
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