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Abstract

Abstract

The ATP-dependent secretion of phosphatidylcholine into the liver bile canaliculi is an important
process of bile formation and is mediated by the multidrug resistance protein 3 (MDR3), also called
ATP-binding cassette subfamily B member 4 (ABCB4). Dysfunction of MDR3 causes liver diseases
from the range of gallstones to serious cholestasis. Interestingly, MDR3 shares 86% homology with
the multidrug resistance (MDR) mediating ABC transporter MDR1 (ABCBI1) in the amino acid
sequences. However, due to the difficulty to express and purify human ABC transporters in sufficient
quantities for biochemical analysis the molecular mechanism of MDR3 is still poorly understood.

In this thesis the expression in Pichia pastoris and the purification of MDR3 was established. For
this purpose, over 100 different detergents were analysed with respect to the efficacy to solubilize
MDR3 from membrane vesicles. The monodispersity of detergent-soluble GFP-fusion protein of
MDR3 was investigated using fluorescence-detected size exclusion chromatography. The best result
was obtained with the zwitterionic detergent Fos-choline-16, which was subsequently used to purify
wild type MDR3 and mutants investigated in this study. The ATPase activity of wild type MDR3 in
detergent solution was analyzed in terms of kinetic parameters, substrate spectrum and effects of
phosphate analoga. The presence of phosphatidylcholine induced a two-fold stimulation, while
phosphatidylethanolamine (PE), phosphatidylserine (PS) and sphingomyelin (SM) lipids did not
stimulate the ATPase activity of MDR3. Furthermore, the crosslinking of MDR3 with a thiol-reactive
fluorophore abolished PC-induced and basal ATPase activity. The substrate-induced ATPase activity
of MDR3 provides the foundation to investigate the clinical relevant Q1174E mutation at the
functional level. The substitution of glutamine to glutamate within the extended X-loop of the
nucleotide-binding domain 2 (NBD2) abolished substrate-induced ATPase activity, but not basal
activity. In addition, the analysis of the homology model of MDR3 suggested that the glutamine
participated in the transduction of the conformational change as a result of binding and hydrolysis of
ATP at the nucleotide-binding site (NBS) to the transmembrane domain (TMD) and consequently
plays an essential role in the communication between NBD and TMD.

In a previous study, it was demonstrated that MDR3 transports cytotoxic drugs with low-level
rate. However, up to date MDR3 shows no phenotype with respect to MDR. In this thesis, the drug-
modulated ATPase activity was analyzed. None of the tested drugs stimulated the basal ATPase
activity of MDR3. Contrary, ATP hydrolysis was inhibited by cyclosporin A, verapamil, paclitaxel,
zosuquidar and itraconazole indicating that drug binding blocks MDR3.

Furthermore, the regulation of the cell surface expression of MDR3 was investigated. For MDR3
function, the localization of the transporter at the canalicular membrane is indispensable. Radixin was
identified as new adaptor protein mediating the interaction of MDR3 with the cytoskeleton.

In summary, this thesis highlights new insights into the mode of action of the human ABC

transporter MDR3.
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Zusammenfassung

Die ATP-abhéngige Sekretion von Phosphatidylcholin in die Gallenkandlchen der Leber ist ein
wichtiger Prozess bei der Gallenbildung und wird durch das multidrug resistance protein 3 (MDR3),
das auch als ATP-binding cassette subfamily B member 4 (ABCB4) bezeichnet wird, vermittelt. Die
Fehlfunktion von MDR3 fiihrt von der Gallensteinbildung bis hin zu schwerwiegenden
Lebererkrankungen. Interessanterweise weist MDR3 eine 86%ige Sequenzhomologie mit dem Multi-
Drogenresistenz-vermittelnden ABC-Transporter MDR1 (ABCB1) auf. Jedoch ist die molekulare
Funktionsweise von MDR3, aufgrund der Schwierigkeit humane ABC Transporter in ausreichenden
Mengen fiir biochemische Analysen zu exprimieren und zu reinigen, bis heute noch weitgehend
unverstanden.

Im Rahmen dieser Arbeit wurde die Expression in Pichia Pastoris und die Reinigung von MDR3
etabliert. Zu diesem Zweck wurden iiber 100 verschiedene Detergenzien in Bezug auf ihre Fahigkeit
MDR3 aus der Membran zu extrahieren analysiert und die Monodispersitit des im Detergenz gelosten
MDR3-GFP-Fusionsproteins  mittels  Fluoreszenz-basierter ~ Grofenausschlusschromatographie
untersucht. Das beste Resultat wurde mit dem zwitterionischen Detergenz Fos-Cholin-16 erhalten, das
fiir die weitere Reinigung von wildtypischem MDR3 und die, in dieser Arbeit untersuchten Mutanten,
verwendet wurde. Die ATPase Aktivitit von wildtypischem MDR3 wurde beziigliche kinetischer
Parametern, Substratspektrum und die Inhibition durch Phosphatanaloga untersucht. Die Anwesenheit
von Phosphatidylcholin (PC) fiihrte zu einer zweifachen Stimulation, wéhrend die Lipide
Phosphatidylethanolamin (PE), Phosphatidylserin (PS) und Sphingomyelin (SM) die ATPase Aktivitét
von MDR3 nicht stimulierten. Des Weiteren hemmte die Quervernetzung von MDR3 mit einem thiol-
reaktiven Fluorophor die PC-stimulierte und basale ATPase Aktivitdit von MDR3. Auf Basis der
substratstimulierten ATPase Aktivitdit von MDR3 war es nun moglich, die klinisch relevante Mutation
Q1174E auf funktioneller Ebene zu untersuchen. Die Substitution des Glutamins zu Glutamat im
erweitertem X-Loop Motiv fiihrte zur Authebung der substratstimulierten ATPase Aktivitdt, wihrend
die basale ATPase Aktivitdt erhalten blieb. Dariiber hinaus zeigte die Analyse des Strukturmodells
von MDR3, dass das Glutamin an der Weiterleitung der durch die Bindung und Hydrolyse von ATP
an der Nukleotid-Bindestelle (NBS) resultierenden Konformationsédnderung zur
Transmembrandomédne (TMD) beteiligt ist und somit eine wichtige Rolle in der Kommunikation
zwischen der Nukleotid-bindende Doméine (NBD) und der TMD spielt.

In einer vorangegangenen Studie wurde gezeigt, dass MDR3 eine Anzahl von zytotoxisch
Pharmazeutika mit niedriger Rate transportiert, aber bis heute wurde ein Beitrag von MDR3 an der
Multi-Drogenresistenz von Krebszellen nicht nachgewiesen. In dieser Arbeit wurde die ATPase
Aktivitit von MDR3 beziiglich der Modulation durch Pharmazeutika untersucht. Keines der
ausgwahlten Pharmazeutika stimulierte die ATPase Aktivitit von MDR3. Im Gegenteil, die ATP
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Hydrolyse wurde durch Cyclosporin A, Verapamil, Paclitaxel, Zosuquidar und Itraconazol inhibiert.
Dieses Ergebnis deutet darauf hin, dass das Pharmakon die Funktion von MDR3 blockiert.

Im Weiterem befasste sich diese Arbeit mit der Regulation der Zelloberfldschenexpression von
MDR3. Fiir die Funktion von MDR3 ist die Lokalisation des Transporters an der kanalikuldren
Membran unabdingbar. Radixin wurde als neuer Interaktionspartner identifiziert, der die Interaktion
von MDR3 mit dem Zytoskelett vermittelt.

Zusammenfassend lieferte diese Arbeit neue Einblicke in die Wirkungsweise des menschlichen

ABC-Transporter MDR3.
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Introduction

1 Introduction

1.1 Biological membranes

Biological membranes of prokaryotes and eukaryotes are lipid bilayers, which define the
boundary between the intracellular space and the environment surrounding a cell or a cell
compartment (1). Because of the amphipathic nature of the lipid bilayer, this boundary
prevents the diffusion of ions, polar molecules, and macromolecules and is responsible for
obtaining the electrochemical gradient, which is fundamental for a number of cellular
processes such as ATP synthesis. However, the movement of molecules across the membrane
allowing cells to import nutrients or export toxic compounds and the transduction of signals
are indispensable for cell survival. Thus, membrane proteins are essential to mediate the
selective permeability of the membrane. The functional characteristics of membranes strongly
depend on their protein content, which consists of integral and peripherally associated

membrane proteins and can be up to 80% of the biological membrane (2).

In 1972, Singer and Nicolson postulated the fluid mosaic model and proposed that biological
membranes are not rigid and static structures and that membrane proteins and lipids distribute
randomly by lateral diffusion (1). This would result in a uniform composition for all
membranes. However, various organelles display different protein and lipid compositions (3).
Membranes of the late secretory pathway and the endocytic pathway are enriched in
sphingolipids and cholesterol (4) and the endoplasmatic reticulum (ER) is highly enriched in
unsaturated phospholipids (5). Many eukaryotic membranes are polarized and exhibit lateral
inhomogenities, e.g. the basolateral and apical plasma membrane of polarized epithelial cells.
Furthermore, the lipid bilayer is asymmetrically distributed in the eukaryotic plasma
membrane (6). The plasma membrane of mammalian erythrocytes was extensively
investigated. Phosphatidylcholine (PC) and sphingomyelin (SM) are mainly located in the
outer leaflet, while the phospholipids phosphatidylserine (PS), phosphatidylethanolamine
(PE) and phosphatidylinositol (PI) in the inner leaflet (6-8). The lipid asymmetry is involved
in numerous cellular processes, such as signal transduction, cell morphology, cell movement,
regulation of membrane protein activity, and vesicle formation in the secretory and
endocytotic pathways (9-13). Contrary, phospholipid randomization has been related to
processes like blood coagulation, macrophage recognition and apoptosis (9,14,15). Hence,
lipid bilayer asymmetry is crucial for the cell and raises the question about the biological

mechanism by which membrane asymmetry is generated.
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1.2 Lipid transbilayer movement

The symmetric and asymmetric distribution of biological membranes requires the flip-flop
from one leaflet to the other leaflet of the lipid bilayer. Lipids and membrane proteins move
spontaneously in lateral motion, a process called lateral diffusion (Figure 1) (1,16). The
dynamic of lateral lipid movement has been demonstrated with several techniques, for
instance fluorescence recovery after photobleaching (FRAP) using fluorescence microscopy
to measure the diffusion of fluorescently labeled lipids from non-bleached areas into a
bleached spot (17,18). Devaux and McConnell demonstrated that lipids diffuse very fast
laterally with a diffusion rate of 10’ lipids per second (19). In contrast, the transverse
diffusion, so-called flip-flop, depends explicitly on the lipid structure and the
environment (13). In general, the transverse diffusion is a slow process and shows half-times
of seconds or minutes for uncharged lipids such as cholesterol to hours or days in case of
lipids with polar headgroups (13,20-22). In addition, a high content of cholesterol in the
plasma membrane drastically reduces the transverse diffusion of phospholipids. A number of
lipid translocators have been identified to fulfill a role in phospholipid flip-flop, which can be
classified into two categories: (i) the energy-independent and (i1) the energy-dependent lipid

translocases (Figure 2) (23).

A ouT
B I:UT | Q |

Figure 1 Transbilayer lipid movement in biological membranes. (A) Lateral diffusion of lipids through the
membrane leaflet. (B) Transversal diffusion (flip-flop) of lipids from the inner to the outer leaflet of the
membrane.

1.2.1 Energy-independent lipid translocases
Two protein families, the biogenic membrane flippases and scramblases, facilitate the energy-

independent bidirectional transport of lipids across the lipid bilayer.
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Phospholipids are synthesized exclusively in the cytoplasmatic leaflet of the ER revealing an
asymmetrical membrane. To maintain the balance of lipid molecules in the ER, flippases are
required (24). In order to understand how new symmetrically membranes are synthesized to
facilitate cell growing and division, bionic membrane flippases were identified in the ER,
Golgi and bacterial cytoplasmic membranes. They are characterized by a rapid and rather
non-specific, energy-independent and bidirectional transport of newly synthesized

phospholipids (13,25-32).

Similarly, energy-independent and bidirectional rapid transversal diffusion of all major
phospholipids were observed for the scramblase protein family. Scramblases are conserved in
eukaryotic organisms and are located in the plasma membrane. In response to signals for cell
activation, apoptosis or blood coagulation, the concentration of intracellular calcium ions
increases and activates the scramblase, which facilitates the transversal diffusion of
phospholipids and destroys the phospholipid asymmetry of the plasma membrane (33-35).
While energy-independent lipid translocases equilibrate rapidly lipids between the two bilayer
leaflets, energy-dependent lipid translocases are responsible to form asymmetrical

membranes.

Bionic membrane Scramblases P4-type ABC
flippases ATPases transporters

Extracellular
environment

Cytosol

/N

ATP  ADP+P, ATP  ADP + P,

T{Cab]

Figure 2 Protein-mediated transbilayer movement. Bionic membrane flippases and scramblases flip lipids
energy-independent and bidirectional across the membrane. Energy-dependent lipid transport is mediated by P4-
type ATPases from the exoplasmic to the cytoplasmic leaflet and by ATP-binding cassette (ABC) transporter in
opposite direction.
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1.2.2 Energy-dependent lipid translocases

In the plasma membrane spontaneous flip-flop of phospholipids is limited, allowing the
generation of a stable asymmetric lipid bilayer. To maintain the asymmetry of the plasma
membrane, two classes of protein families, the P4-type ATPases family and the ATP binding-
cassette (ABC) transporter family, actively transport phospholipids from one leaflet to the
other leaflet of the lipid bilayer (Figure 2).

P-type ATPases are divided into five subfamilies (P1-P5) and share the common feature of
forming a phosphorylated intermediate during their catalytical cycle (36,37). P1-P3 are cation
transporters and found in prokaryotes, archaea and eukaryotes. The best structurally studied
P-type ATPase are the sarcoendoplasmic reticulum Ca®"-ATPase (SERCA, P2-ATPase),
which transports calcium ions into the sarcoendoplasmic reticulum, and the plasma membrane

Na'/K'-ATPase (P2-ATPase), which generates the membrane potential in cells.

P4-ATPases are only present in eukaryotes and are involved in lipid homeostasis in most
cases of PC, PE and PS lipids (38). They are so-called flippases and transport specific lipids
from the exoplasmic to the cytoplasmic leaflet of the membrane against a concentration
gradient energized by ATP hydrolysis. Furthermore, P4-ATPases require an interaction with
protein subunits of the cell division cycle (CDC50)/ligand effect modulator (LEM) family to
be released from the ER and for targeting to the proper membrane (39-41). In mammals, 14
P4-ATPases were found based on amino acid sequence similarity. The most prominant and
best studied member is ATP8BI1, also called familial intrahepatic cholestasis 1 (FIC-1).
ATP8BI1 is, amongst others, located in the canalicular membrane of hepatocytes and
translocates PS from the exoplasmic to the cytoplasmic leaflet of the canalicular
membrane (39,42). Paulusma et al. demonstrated that ATP8B1-mediated PS translocation
was increased by the co-expression of CDC50 (39). The lipid asymmetry build up by
ATP8BI1 activity protects the canalicular membrane. Thus, mutations of ATP8B1 results in
hereditary liver diseases such as progressive familial intrahepatic cholestasis type 1 (PFIC-1)
and benign recurrent intrahepatic cholestasis (BRIC-1) (43-45), which are described in more

detail in section 1.4.2.

The second family of energy-dependent lipid translocators is the ATP-binding cassette (ABC)
transporter family. The PC floppase multidrug resistance protein 3 (MDR3/ABCB4) is one
member of this familiy and the next sections give an in-depth overview of ABC transporters

and their mode of action.
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1.3 General features of the ABC protein superfamily

ATP-binding cassette (ABC) proteins are divided into two classes of subfamilies. On the one
hand ABC proteins are soluble ATPases, which utilize the free energy of ATP hydrolysis to
drive cellular processes such as regulation of gene expression (46), chromatin organization
(47), DNA repair (48-50) and mRNA trafficking through the nuclear pore (51). On the other
hand the majority of ABC proteins are associated to a membrane subunit wherefore they are
termed ABC transporters. ABC transporters are one of the largest families of membrane
proteins and are found in all kingdoms of life. For example, almost 5% of the Escherichia coli
genome codes for ABC transporters, corresponding to 52-83 ABC transporters (52,53), the
genome of Saccharomyces cerevisiae contains 31 (54) and the human genome 48 ABC
transporters (55). These transporters bind and hydrolyze ATP to power the translocation of a
diverse range of substrates from inorganic ions to macromolecules across biological
membranes, often against a concentration gradient (56). ABC transporters function either as
importers, which transport nutrients and trace elements into the cell, or as exporters, which
play crucial roles in export of bacterial toxins or signal molecules, conferring resistance
against toxic drugs and homeostasis of the asymmetry of lipid bilayer. Importers are
exclusively present in prokaryotes and archaea, whereas exporters are found also in
eukaryotic organism. In humans, ABC transporters feature a clinically important role since
they are involved in cholesterol and lipid transport, antigen presentation, mitochondrial iron
homeostasis and the ATP-dependent regulation of ion channels (57-59). Mutations have been
associated with a range of hereditary diseases, for instance cystic fibrosis, a number of eye
diseases and liver cholestasis (60,61). In contrast, expression of ABC transporters in tumor

cells is responsible in extruding cytotoxic drugs, leading to multidrug resistance (MDR) (62).

1.3.1 The core architecture of ABC transporters

Despite the high diversity of substrates, ABC transporters have a characteristic modular
architecture of at least four domains. The core ABC transporter is composed of two kinds of
units, the cytoplasmatic nucleotide-binding domain (NBD) and a transmembrane domain
(TMD) (56). In general, a fully assembled and functional ABC transporter consists of two
NBDs and two TMDs, organized in four distinct polypeptides or fused in various
combinations (52,63). Beyond these domains additional units can be fused to the TMDs or
NBDs of the transporter and probably have regulatory functions (63). To date, 14 structures of
ABC transporters have been solved by X-ray crystallography. Based on these structures four
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different classes of ABC transporters have been discovered (Figure 3): type I importer, type II

importer, energy-coupling factor (ECF) importer and exporter.

Type | importer Type Il importer ECF transporter Exporter

Extracellular
environment

Cytosol

MalEFGK, BtuCD-F ECF-FolT Sav1866

Figure 3 Crystal structures of four different classes of ABC transporters. The type I importers are exemplified
by the maltose transporter MalEFGK, from Escherichia coli (Protein Data Bank (PDB) accession number
2R6G) (64-66), type II importers exemplified by the vitamin B12 transporter BtuCD-F from E. coli (PDB
accession number 4FI3) (67-69), energy-coupling factor (ECF) importer exemplified by the folate transporter
ECF-FolT from Lactobacillus brevis (PDB accession number 4HUQ) (70) and ABC exporters exemplified by
multidrug transporter Sav1866 from Staphylococcus aureus (PDB accession number 2HYD) (71,72). The
nucleotide-binding domains (NBDs) are shown in red and light red, the transmembrane domains (TMDs) are
represented in blue and light blue and the substrate-binding proteins (SBPs) of the ABC importers are colored in
green. The coupling helices, which are involved in TMD:NBD communication, are highlighted in black. Figure
adapted from (73).

Type I and I importers require an additional exoplasmatic substrate-binding protein (SBP),
which binds the extracellular substrate and delivers it to the transport domain. SBPs are either
soluble proteins in the periplasmic space of Gram-negative bacteria, or cell-surfaced
associated in Gram-positive bacteria (74). The recently discovered ECF importers use one of
the integral membrane subunits, the S-component (EcfS), instead of a classical SBP to
provide substrate specification to the ECF importer (73,75). The two NBDs (EcfA and the

EcfA’") and the transmembrane domain EcfT form the energizing EcF module (76).

In ABC exporters, it is common that one NBD is fused to one TMD, which is called half-size
transporter, or that all four domains are synthesized on a single polypeptide. This is called
full-size transporter. The half-size transporters assemble as homo- or heterodimers to form a

functional transporter (56).
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1.3.2 The nucleotide-binding domains — the motor domains

The nucleotide-binding domains (NBDs) are the motors of ABC transporters. These domains
bind and hydrolyze ATP to provide mechanical energy for the transport of the substrate.
Biochemical and structural analysis of several isolated NBDs and ABC transporters revealed
insights into ATP binding and hydrolysis. The first structure solved was the NBD monomer
of the histidine permease HisP from Salmonella typhimurium in 1998 (77). The NBD has an
L-shaped form, which is divided into a catalytical anti-parallel beta-roll subdomain and a
more structurally diverse a-helical subdomain (Figure 4) (78). The catalytical subdomain
contains the highly conserved Walker A (P-loop; GXXGXGKS/T, where X can be any amino
acid residue) and Walker B motifs (¢popdpdD, where ¢ can be any hydrophobic residue), which
are characteristic for the large family of P-loop NTPases (79). The a-helical subdomain
harbors the hallmark of ABC transporters, the ABC signature motif or C-loop (LSGGQ) (78).
These two subdomains are connected by the Q-loop and the Pro-loop. Further highly
conserved motifs are the H-loop, the D-loop (SALD) and the A-loop.

Catalytic subdomain a-Helical subdomain
A |

Figure 4 NBD of the ABC transporter haemolysin B. Structure of the NBD monomer of the haemolysin B
(HlyB) ABC transporter is shown in cartoon representation (PDB accession number 1XEF) (78,80). The Walker
A motif is highlighted in green, the Walker B motif in magenta, the H-loop in yellow, the D-loop in blue, the Q-
loop in orange, the pro-loop in marine and the A-loop in black. The hallmark of ABC transporters, the C-loop or
ABC signature motif, is shown in red.
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Structures in the presence of ATP or ATP analogs demonstrate that the NBDs dimerize in a
head-to-tail arrangement, in which each monomer contributes to the binding pocket of ATP
(Figure 5) (72,80-84). One ATP is bound from the Walker A and the Walker B motif of one
monomer and the ABC signature motif of the opposing monomer and vice versa. In detail, the
Walker A motif interacts with all three phosphate moieties of ATP, either directly or via a
magnesium ion, whereas the A-loop coordinates the adenine ring via m-m-stacking. The
Walker B motif contacts the bound ATP via the magnesium ion and a water molecule. C-
terminal to the Walker B aspartate is a glutamate, which activates the water molecule for
nucleophilic attack on the y-phosphate (64,85,86) stabilized by the H-loop (80). The ABC
signature motif of the opposing NBD hydrogen binds mainly with the y-phosphate group and
with the ribose moiety of the bound ATP. The D-loop contacts with the y-phosphate indirectly
via the water and the magnesium ion and hydrogen binds with the Walker A motif and the H-
loop of the opposing NBD. Thus, the D-loop is involved in interaction between the two
monomers. The Q-loop connects the catalytical core subdomain to the a-helical subdomain of
the NBD and is located at a base of a groove on the surface of the NBD (82). Furthermore, the

Q-loop is involved in NBD:TMD communication (see section 1.3.4).

Figure 5 Dimer of the NBD. The NBD of HlyB are arranged in a head-to tail orientation with two bound ATP
coordinated by the Walker A and Walker B motifs of NBD1 (light blue) and the C-loop of NBD2 (grey) (PDB
accession number 1XEF) (80). The structure of the dimer is colored as described in legend of figure 4. In
addition, the structural diverse region (SDR) containing the X-loop is colored in cyan. ATP is shown in stick
representation and the magnesium ion is colored in orange.
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In summary, in the presence of ATP, ATP binds to its binding pocket and induces the
dimerization of the NBDs. This leads to an inward rotation of the a-helical subdomain. After
hydrolysis of ATP, P; and subsequently ADP are released and the dimer falls apart (81,82).
Currently, two models are proposed to explain the mechanism of ATP binding and hydrolysis
by the NBD sites, the processive clamp model (87,88) and the alternating catalytic site model
(89,90). However, these models cannot clarify the phenomenon that in certain systems only
one composite site contains the canonical sequences and enables ATP binding and hydrolysis
(91-93). To date, only the ATP/substrate stoichiometry of the osmoregulated importer OpuA
from L. lactis was demonstrated with the hydrolysis of two molecules of ATP per molecule of
glycine betaine translocated (94). No conclusion can be drawn whether one or two ATP

molecules are hydrolyzed per catalytical cycle by ABC exporters.

1.3.3 The transmembrane domains

The transmembrane domains (TMDs) form the translocation pathway and provide the
substrate specificity of the ABC transporter (95). For example, the maltose importer from E.
coli binds maltose only at one TMD (MalF) (65), whereas the structure of multidrug
resistance protein 1 (MDR1, P-glycoprotein) possesses two different inhibitors within a cavity
formed by both TMDs (96). In contrast to the NBD, the TMD is highly diverse and varies in
primary sequence, length, architecture and the number of transmembrane helices (TMHs)
(97). To date, four distinct folds are discovered, based on the structures of type I and type II
importer, ECF importer and exporter (Figure 3). This section exclusively focuses on the

exporter fold.

In 2006, the first medium-resolution structure of the multidrug resistance protein Sav1866
from Staphylococcus aureus was reported by Dawson et al. (Figure 6) (71,72). Subsequently,
the structures of P-glycoprotein from Mus musculus, Cyanidioschyzon merolae and
Caenorhabditis elegans (Figure 8), ABCBI10 from Homo sapiens and Atml from
Saccharomyces cerevisiae were published (96,98-101). These exporters share a common core
architecture that consists of six transmembrane helices (TMHs) per TMD, or a total of 12
TMHs for a functional ABC transporter. Unexpectedly, the TMDs cross the membrane in two
bundles of TMHs in a so-called domain swapped arrangement (Figure 6). This means that
TMHI1 and TMH2 from one TMD and TMHs 3-6 of the other TMD form one bundle.
Because of this arrangement, TMHs 1-3 are related to TMHs 4-6 by an approximate two-fold

rotation around a symmetry axis perpendicular to the membrane plane (71,72,102).
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Furthermore, the TMHs are connected by long intracellular loops (ICLs), which extend the
TMHs beyond the membrane approximately 25 A into the cytoplasm (72). The ICLs 2 and 3
and ICLs 4 and 5 are connected each by a short helix, the so-called coupling helices. The
coupling helices of one TMD interact with both NBDs, in which coupling helix 1 contacts
both NBDs and coupling helix 2 exclusively contacts the opposite NBD (71,103). This results
in extensive interactions between the TMD and both NBDs and enables the communication

between the TMDs and the NBDs.

Figure 6 Crystal structure of Sav1866 from S. aureus. The homodimeric MDR transporter Sav1866 was solved
in an outward facing conformation with bound ADP (PDB accession number 2HYD) and AMP-PNP (PDB
accession 20NJ) analog, respectively (71,72). Each TMD is colored in blue or light blue and each NBD in red or
light red. The intracellular loops (ICLs) extend the TM helices beyond the membrane into the cytoplasm and are
connected by the coupling helices (black).

1.3.4 The transmission interface

The ATP-dependent closure of the NBDs generates molecular motion, which is transmitted to
the TMDs via non-covalent interactions to facilitate substrate transport. In contrast to
importers, ABC exporters lack the conserved EAA motif located within the coupling helices
of the TMDs. The EAA motif was shown to make extensive contacts with the opposite NBD
(67,104). The TMD of ABC importers contain only one coupling helix, while in ABC
exporters two coupling helices of one TMD contact each NBD, because of the domain

swapped arrangement. Despite the high diversity of the TMD folds, the coupling helices of
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ABC transporters interact with grooves formed at the boundaries of the two subdomains of
the NBDs (Figure 7) (71,72,97). More precisely, the coupling helices interact with the Q-loop
of the NBD allowing the transmission of the conformational changes induced by ATP binding
and hydrolysis to the TMD (105). This is in good agreement with mutational studies of the
cystic fibrosis transmembrane conductance regulator (CFTR/ABCC7). ICL4 of CFTR was
implicated to interact with the NBDs (106). Recently, mutational and cross-linking studies of
P-glycoprotein demonstrated that ICL2 and ICL3 form a hydrophobic transmission interface
together with the second NBD (107) and molecular dynamic simulations of MalEFGK
showed that the EAA loops and the Q-loop mediate the coupling between TMDs and NBDs
(108).

A

Figure 7 Transmission interface between NBDs and TMDs. (A) The close up view of Sav1866 shows that the
coupling helices (black) of one TMD interact with both NBDs (red) via the Q-loop (yellow) and the X-loop
(cyan), which is located in direct proximity of the C-loop (blue). (B) Cartoon representation of the transmission
interface from the periplasmic surface rotated 90° from (A) view.

Furthermore, in ABC exporters the a-helical subdomain of the NBD contains a structurally
diverse region (SDR) with a highly conserved motif, the X-loop (TEVGERG) (72,78). The X-
loop was demonstrated to be crucial for the communication between NBD and TMD of the
transporter associated with antigen processing (ABCB2/B3) (109) and of the chloride channel
CFTR (110). For the first time, the X-loop of the human MDR3 was investigated and reported
in chapter 4.
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1.4 ABC transporters mediated lipid transport — The human ABCB family
In the human genome 48 ABC transporters are encoded and classified into seven subfamilies
(A-G) based on the amino acid sequence similarity, domain organization and phylogenetic
analysis (55,111). Nearly half of the 48 human ABC transporters are thought to translocate
lipids (Table 1) (23,38) and mutations of these ABC transporters are related to lipid-linked
diseases such as adrenoleukodystrophy (ABCD1) (112), tangier disease (ABCA1) (113), and
Stargardt disease (ABCA4) (114). The ABCB subfamily (MDR/TAP) comprises four full-
size and seven half-size transporters, which show high diversity in substrate specificity. The
half-size transporter ABCB2/B3 (transporter associated with antigen processing; TAP1/2) is
involved in peptide transport, whereas ABCB1 (multidrug resistance protein 1; MDRI; P-
glycoprotein) maintains multidrug resistance and ABCBI11 (bile salt export pump; BSEP) and
ABCB4 (multidrug resistance protein 3; MDR3) fulfill bile formation. Two examples of the
subfamily MDR1 and MDR3 are focused in-depth on in the section below.

Table 1. Evidence for human ABC transporter involved in phospholipid transport. Taken from (23,38).

Name Trivial name Involvement Lipids
ABCAI ABCI1 Macrophage lipid homeostasis Cholesterol
HDL deficiencies Phospholipids

Tangier disease
Phagocytosis

ABCA2 ABC2 Macrophage lipid homeostasis? Steroids?
Neural development?

ABCA3 ABC3 Lung surfactant synthesis? PC

ABCA4 ABCR Dark adaption N-retinylidene-PE

Rim Stargardt disease

ABCA6 Macrophage lipid homeostasis?

ABCA7 ABCX Hematopoiesis? Cholesterol
Macrophage lipid homeostasis? Phospholipids
Keratinocyte differentiation? Ceramide

ABCA9 Hematopoiesis?
Macrophage lipid homeostasis?

ABCAI10 Macrophage lipid homeostasis?

ABCBI MDRI1 P-glycoprotein Detoxification Steroids
Multidrug resistance Cholesterol
Adrenal secretion GlcCer, PS, SM, PAF
Dendritic cell migration

ABCB4 MDR2/3 P-glycoprotein ~ Bile formation PC
Progressive familiar intrahepatic cholestasis

ABCCI1 MRP1 Detoxification

Multidrug resistance?
LTC inflammatory response

ABCC6 MRP6 Pseudoxanthoma elasticum
Lipid transport and metabolism
ABCDI1 ALDP Beta oxidation

X-Adrenoleukodystrophy
Peroxisome biogenesis

ABCD2 ALDRP/ALDLI1 Beta oxidation
ABCD3 PMP70 Beta oxidation
PXMPI Peroxisome biogenesis (continued)

12
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Table 1: Evidence for human ABC transporter involved in phospholipid transport. (Continued)

Name Trivial name Involvement Lipids
ABCD4 PXMPIL/P70R/PMP69  Beta oxidation
ABCG1 WHITE Macrophage lipid homeostasis
ABCG2 BCRP1 Detoxification

MXR1/ABCP Multidrug resistance
ABCGS5 WHITE3 Bile steroid secretion

Sitosterolemia

ABCGS WHITE4 Bile steroid secretion

Sitosterolemia

1.4.1 The multidrug resistance protein 1

The multidrug resistance protein 1 (MDRI1), also called P-glycoprotein (P-gp) was the first
cloned and most intensively studied human ABC transporter. MDR1 was identified in tumor
cells showing resistance against a multitude of drugs, a phenomenon called multidrug
resistance (MDR) (115-120). In addition, MDRI1 is endogenously expressed in kidney,
intestine, liver, blood-brain barrier and fetomaternal barrier (121). The knock-down of the
orthologous genes Mdria/1b in mice displays a disrupted blood-brain barrier and leads to
neurotoxic effects (122,123). One of the major physiological functions of MDRI is the
protection of the organism against potentially toxic compounds by exporting these into the
urine, gut or bile (124). MDRI1 is a full-size transporter and translocates a wide range of

hydrophobic structural unrelated substances (125).

Interestingly, several studies indicated that MDR1 can translocate phospholipids across the
membrane (126-132). The methods to determine lipid translocation are described in detail in
chapter 1. Ueda ef al. demonstrated that MDRI1 translocates the steroids cortisol and
dexamethansone, while progesterone was not translocated in MDRI-transfected cells (126).
The first evidence that MDR1 flops short-chain analogs of PC, PE, SM and glucosylceramide
(GlcCer) was obtained by van Helvoort and co-workers (127). Furthermore, in vitro studies
with MDRI1 reconstituted in proteoliposomes using a fluorescence quenching assay showed
low vanadate-sensitive flipping of a variety of lipid analogs such as short chain analogs of
PC, PS, PE, and SM in the presence of ATP (129,130,133). Rothnie ef al. observed low ATP-
dependent translocation of fluorescent-labeled short-chain analogs of PC, PE, ceramide (Cer)
and of short-chain spin-labeled analogs of PC, PE, glucosylceramide (GlcCer) and SM. The
activity of MDR1 was only obtained in the presence of cholesterol (132). However, after
numerous studies on the transport activity of MDRI1 it is arguable, whether MDRI1 flops
endogenous lipids with two long acyl chains or is still a multidrug transporter. For example,

Mdrla/1b cannot replace the PC floppase function of its close homolog multidrug resistance
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protein 2 (Mdr2; human MDR3, ABCB4) in Mdr2 knock-out mice (134). In addition, MDR1
did not translocate lipids in HEK293 cells also in the presence of sodium taurocholate, while
MDR3-mediated PC translocation was demonstrated in this system (135). This suggested that
natural long-chain PC is not a MDRI1 substrate. The function of MDR3 will be discussed in

section 1.4.2.

In 2009, the crystal structure of mouse Mdrla was solved in the absence of ATP at 3.8 A
(96,136) followed by the structure of P-glycoprotein from C. elegans at 3.4 A (98) and the
homologous structure of the half-size transporter from C. merolae at 2.8 A (98,99) (Figure 8).
The structures showed a similar inward facing conformation with an internal cavity, which
enable the binding of the multiplicity of substrates (137). Sequence homology alignments
between members of the ABCB family identified the presence of highly conserved residues in
TMHI1-3 that have been proposed to form a part of the substrate-binding region and
coordinate the hydrophilic part of an amphipathic substrate (100). Based on the structure of P-
glycoprotein from C. merolae, Kodan et al. suggested that TMH4 is a “gatekeeper”, which
allows the substrate to entry from the inner leaflet of the membrane (99). In contrast to the
outward facing conformation of Sav1866 (Figure 6), in the inward facing conformation the
NBDs are separated with a large distance. This indicates that during substrate transport the

NBDs fulfill a rigid-body movement.

A

Figure 8 Crystal structures of P-glycoprotein. Both P-glycoprotein structures A) from Mus musculus (PDB
accession 4M1M (96,136)) and B) from Caenorhabditis elegans (PDB accession 4F4C (98)) were crystallized in
an inward facing conformation in the absence of ATP. Each TMD is shown in blue or light blue and each NBD
in red or light red. The coupling helices are colored in black.
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1.4.2 The multidrug resistance protein 3

The multidrug resistance protein 3 (MDR3, mouse Mdr2), also called ATP-binding cassettte
subfamily B member 4 (ABCB4), shares up to 75% identity and 86% homology with MDR1
in the amino acid sequences (138). While MDR1 is a multidrug transporter, MDR3 is highly
substrate specific and transports PC from the inner to the outer leaflet of the canalicular
membrane of hepatocytes into the bile (Figure 9) (134). MDR3 is a 1279-amino acid large
full-size glycoprotein and is localized in canalicular membranes. Low concentrations of
MDR3 mRNA were also found in muscle, placenta, testis and ileum, but the protein was not

detected (139).

Chapter 1 of this doctoral thesis gives an in-depth introduction about the history and
characteristics of MDR3. The first evidence that MDR3 is a PC floppase was observed in
Mdr2 disrupted mice (Mer'/' mice) leading to a complete absence of PC in the bile (134).
The function of Mdr2 could be rescued in these mice by expressing the human MDR3 gene,
indicating that MDR3 acts as a phospholipid translocase (140). Further studies revealed that
human MDR3 exclusively translocates PC in a bile salt-dependent manner (127,135,141,142).
It 1s still discussed whether MDR3 transports drugs in vivo. There are indications that MDR3
transports drugs such as digoxin, paclitaxel, vinblastine and ivermectine (143), which was
inhibited by the MDRI1 specific inhibitors verapamil, cyclosporin A and PSC833 (143). The
chimera protein containing the TMDs of MDR1 and the NBDs of MDR3 exhibited a 10-fold
lower drug-stimulated ATPase activity compared to wild type MDR1 (144). Thus, the NBDs
of MDR3 are capable to provide the energy for drug transport. Chapter 5 of this thesis
focused on the drug-modulated ATPase activity of MDR3.

Mutations of the MDR3 gene, located at chromosome 7q21.1, caused different types of liver
diseases like progressive familial intrahepatic cholestasis type 3 (PFIC-3) (145,146),
intrahepatic cholestasis of pregnancy (ICP) and low-phospholipid associated cholelithiasis
(LPAC) (147,148). PFIC-3 is characterized by a complete absence of PC from the bile
resulting in damage and apoptosis of the hepatocytes. Therapies of PFIC-3 included the
application of the bile salt ursodeoxycholate (UDCA) that down-regulates the de novo
synthesis of bile salts (149). In many cases liver transplantation is the last option (150,151). In
contrast, LPAC 1s a mild form of chronic cholestasis, which provokes cholesterol gallstones
and ICP is a reversible form during the third semester of pregnancy (147,152). For the first
time, the influence of a single mutation within the X-loop found in a patient with PFIC-3 on

the in vitro ATPase function of MDR3 is investigated in chapter 4.
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14.2.1 MDR3 and its role in bile formation

Twelve ABC transporters are localized in the liver and are important for diverse physiological
functions such as detoxification and bile formation. Bile formation takes place in the
canaliculi of hepatocytes, which compose 80% of the liver volume. Hepatocytes are polarized
cells with a basolateral (sinusoidal) membrane and a apical (canalicular) membrane (Figure 9)
(153). The basolateral membrane borders the blood stream facilitating the uptake of nutrients
and xenobiotics from the blood, whereas the canalicular membranes form small bile ducts, the
canaliculi. Bile is a complex mixture that includes bile salts, phosphatidylcholine, cholesterol,
bilirubin and electrolytes and is crucial for the digestion of fat and for the absorption of lipids
and lipophilic vitamins in the small intestine (154,155).
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Figure 9 Localization of transporters in the hepatocytes. Bile salts are taken up at the sinusoidal membrane
through the sodium—taurocholate cotransporting peptide (NTCP) in a sodium—dependent manner and to a lesser
extent through a sodium—independent transport by organic anion transporting proteins (OATPs). They are then
further shuttled to the canalicular membrane and transported via the bile salt export pump (BSEP) into the
canaliculus. Multidrug resistance protein 3 (MDR3) and Sterolin 1 (ABCGS5/G8) complete the bile formation by
flopping phosphatidylcholine (PC) from the inner to the outer leaflet as well as transporting cholesterol. Bile
salts, PC and cholesterol form mixed micelles which constitute the basis of bile. P—glycoprotein and the breast
cancer resistance protein (ABCG2) transport a variety of hydrophobic substances into the bile and confer
multidrug resistance (MDR). Furthermore, a substantial number of multidrug-related proteins (MRPs) are
localized in the sinusoidal membrane except MRP2. They transport a broad range of organic anions and
conjugated substances. They also participate in MDR and some of them, e.g. MRP4 as well as the organic solute
transporter (OST) act as salvage system for too high bile salt concentrations within the cell. Figure taken from
chapter 1.
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Bile salts are synthesized from cholesterol in the hepatocytes and transported into the lumen
of the canaliculi by the ABC transporter bile salt export pump (BSEP, ABCB11) (156,157).
There, bile salts extract PC from the outer leaflet of the canalicular membrane to form mixed
micelles that reduce the detergent activity of bile salts and to protect the biliary ducts
(Figure 10) (158,159), because high concentrations of free bile salts in the lumen have

16



Introduction

destructive effects on hepatocytes (160,161). A second function of the bile salt-PC micelles is
the absorption of cholesterol that prevents the crystallization of cholesterol in the biliary ducts
and the formation of cholesterol gallstones (148). Cholesterol is transported by the
heterodimeric ABC transporter ABCGS5/GS8 (162). A further protein that is essential for bile
formation is the P4-type flippase ATP8B1. ATP8B1 compensates the detrimental effects of
MDR3 on barrier function of the canalicular membrane by flipping PS from the outer to the
inner leaflet of the canalicular membrane (142). Subsequently, bile is stored in the gall
bladder and expelled into the duodenum after food intake. Finally, up to 95% of bile salts and
PC are reabsorbed in the intestine and return to the hepatocytes via the portal vein to complete

the enterohepatic cycle.

deonjugated bile salt () Cholesterol % Phosphatidylcholine

% Sphingomyelin g Phosphatidylserine

Canalicular lumen

Cytosol

BSEP (ABCB11)  MDR3 (ABCB4) ABCG5/G8 ATP8B1

Figure 10 Bile formation at the canalicular membrane of hepatocytes. Bile salts are translocated by the bile salt
export pump (BSEP) and extracted PC either from the outer leaflet of the membrane or PC is directly accessible
from the ABC transporter MDR3. AbcG5/G8 facilitates the translocation of cholesterol, which is extracted by
the bile salt-PC mixed micelles. The figure was taken from Stindt (163) with permission.

1.4.2.2 Regulation of MDR3 function

The regulation of MDR3 function plays a key role in bile formation. More than 250 MDR3
gene mutations and single nucleotide polymorphism (SNPs) have been identified and cause
different severities of cholestasis (147,148,151,164). However, the consequences of the most

abundant MDR3 variants on the transport function and defects of the regulation pathway with
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respect to the targeting and retention of MDR3 at the canalicular membrane remain to be
elucidated. The functions of ABC tranporters are regulated by various mechanisms including
transcriptional regulation, post-translational modifications and protein-protein interactions.
The level of gene expression controls the amount of transporter synthesized by the cell. Bile
salts have been shown to interact with the nuclear bile salt receptor farnesoid-X
receptor (FXR), whose induction leads to increased export of bile salts and PC from the
hepatocytes (165-167). Recently, Gautherot et al. found that the mutations T34M and R47G,
which are located in N-terminal cytoplasmic loop, impaired MDR3 phosphorylation and
reduce the PC translocation without affecting the localization at the plasma membrane (168).
Thus, phosphorylation appears to be one regulatory mechanism of MDR3 function.
Furthermore, the function of MDR3 is regulated by the amount of inserted MDR3 in the
canalicular membrane. Currently, it is not known how MDR3 is targeted from the ER and
inserted into the membrane and subsequently recycled. Chapter 6 of this doctoral thesis

focuses on the identification of new adapter proteins of human MDR3 in vitro.

1.5 Mechanisms of lipid transbilayer transport by ABC transporters

Based on biochemical, biophysical and structural data various distinct transport mechanisms
for ABC exporters have been proposed. The most elementary model of substrate transport
across membranes is the alternating access model (169). This model bases on two distinct
conformations of the ABC transporter, an outward facing conformation with low affinity site
for the substrate and an inward facing conformation with a high substrate affinity site (169).
This is in coincident with the structures of Sav1866 revealing an outward facing conformation
in the presence of an ATP analogue (Figure 6) and P-glycoprotein in an ATP free inward
facing conformation (Figure 8) (71,96). However, how ABC transporters mediate the
transport of amphipathic compounds such as lipids are still not entirely understood. This

section addresses the mechanisms of lipid transbilayer transport by ABC transporters.

The ATP-switch model summarizes the recent advances in the field of ABC transporter
(95,170). This general model is widely accepted and comprises four distinct steps (Figure 11).
First, the ABC transporter is in the high-affinity inward facing conformation with an open
NBD dimer allowing the lipid substrate to bind from the inner leaflet of the membrane to the
TMDs regulated by the intramembrane gatekeeper TMH 4 (98,133,171,172). Therefore the
substrate-binding site has to be accessible from the lipid phase. This results in a

conformational change in the NBDs and induces an increased affinity of the NBD sites for
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ATP (173,174). Secondly, ATP binding induces dimerization of the NBDs, which induces a
large conformational change in the TMDs leading to the substrate release from an outward
facing low affinity binding site (81,83). In the third step, ATP is hydrolyzed and destabilizes
the NBD dimer and the fourth step comprises phosphate and subsequently ADP release
triggering the dissociation of the NBD dimer and restoring the ABC transporter to the initial

state.

Extracellular space A
Ligand
secreted

Cytosol Open dimer Closed dimer

Figure 11 Scheme of the ATP switch model for ABC transporter. This model comprises four distinct steps
including I) substrate (ligand) binding, II) ATP binding, NBD dimerization and substrate release, III) ATP
hydrolysis and dimer destabilization and IV) ADP and Pi release restoring the ABC transporter. Picture taken
from (170).

To date, two models have been proposed to elucidate how ABC transporters extrude
substrates such as lipids from the cell, 1) the flippase model and 1i) the vacuum cleaner model
(Figure 12) (175). In the flippase model the lipid binds to the substrate-binding site of the
ABC transporter. Subsequently, ATP binding induces a conformational change and enables
the substrate to flip from the cytoplasmic to the exoplasmic leaflet. The lipid accumulates in
the outer leaflet generating an asymmetric lipid bilayer and subsequently is extracted by an

acceptor.

In contrast, the vacuum cleaner model proposes that the lipid interacts with the substrate-
binding site from the inner leaflet of the membrane, enters a hydrophobic cavity of the ABC
transporter and is ejected directly into the extracellular space (176-178). This mechanism
hypothesizes a complete hydration of the lipid. Assuming that ABC exporters have a
stoichiometry of one to two molecules of ATP hydrolyzed per substrate molecule, a complete
hydration of the lipid would consume more energy than it can be provided by ATP hydrolysis
(178,179).
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Figure 12 Models for ABC transporter mediated lipid transport. The flippase model proposed that the ABC
transporter (blue) flips the lipid (red) across the membrane with a reorientation of the polar headgroup. Contrary,
in the vaccum cleaner model the lipid is ejected directly into the extracellular space. The third activated model based
on the vacuum cleaner model, in which the lipid is exposed to an acceptor A.

An expansion of the vacuum cleaner model displays the activated model of ABC transporter-
mediated lipid transport (23,162,178). Currently, it is arguable whether ABC transporter
primarily play a role in lipid asymmetry or are rather involved in the exposure of specific
lipids on the exoplasmatic leaflet allowing their uptake by acceptors, which is proposed in the
activated model (Figure 12). In principle, the lipid binds to the substrate-binding site from the
cytoplasmic leaflet and is transported to the exoplasmic side of the transporter without
reorientation of the polar head group and a hydration of the lipid caused by the exoplasmic
medium. The lipid is in an energetically unfavorable activated state, which facilitate the
uptake of the lipid by an acceptor. However, substrate release would take place only in the
presence of the acceptor. This model was preferred for the cholesterol transporter
ABCGS5/G8. It 1s proposed that ABCGS5/G8 facilitates an activated state of cholesterol so that
it can be easily extracted by acceptors like bile salt-PC micelles (162). Furthermore, for
mouse Mdr2 it was demonstrated that bile salt translocation is the main driving force for

assisted secretion of PC into the bile (135,180).
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2 Aims and Objectives

The human multidrug resistance protein 3 (MDR3), also referred as ATP-binding cassette
subfamily B member 4 (ABCB4), is crucial in the process of bile formation. Dysfunction of
MDR3 caused by mutations is associated with severe hereditary cholestatic diseases. Thus, it
is important to understand how lipid transport is mediated by MDR3 using in vitro structural-

functional analysis, which was the overall aim of this doctoral thesis.

The first aim of this thesis was to establish the heterologous expression of human MDR3 in
the yeast Pichia pastoris and subsequently the purification with adequate quantities for
structural-functional analysis. The major challenge in purification of transmembrane proteins
1s to find an appropriate detergent, which solubilizes the transmembrane protein in a
functional state. Hence, around 100 different detergents were analyzed with respect to their
solubilization efficacy and monodispersity of detergent-soluble MDR3. The ATPase activity
of MDR3 revealed the functionality of MDR3 and was characterized in terms of substrate
specificity, kinetic parameters and inhibition by phosphate analogs. Further analysis should
provide insights into the mechanistic coupling between ATP binding and hydrolysis and the
translocation of phosphatidylcholine. Therefore, a mutation of the extended X-loop, which
was found in a patient with PFIC-3, was introduced in MDR3 gene and PC-induced ATPase

activity was determined.

The questions arise are why MDR3 is a specialized PC floppase, while MDR1 is a multidrug
pump and do both proteins translocate their substrates with the same mechanism? There are
evidences that MDR3 is capable to transport MDRI1 reversal agents in polarized pig kidney
cells. However, up to date the physoligical importance of MDR3 in cancer was not
demonstrated. The second aim of this doctoral thesis comprises the modulation of MDRI

substrates and inhibitors on the ATPase activity of human MDR3.

Furthermore, missense mutations not only lead to defects of ATPase or translocation activity,
but also lead to the retention of MDR3 in the endoplasmic reticulum. The third aim of this
thesis focused on the mechanism of MDR3 cell membrane surface expression at the
canalicular membrane by the identification of new adaptor proteins, which facilitate

membrane protein-cytoskeletal interaction.
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2 Structure and function of hepatic ABC transporters

Philipp Ellinger, Marianne Kluth, Susanne Przybylla,
Sander H. J. Smits, and Lutz Schmitt

2.1 Introduction to human ABC transporters expressed in the liver

Several membrane transporters that belong to a group of ATP-dependent primary trans-
porters, the so-called ABC (ATP binding cassette) transporters, are found in the human
genome. In general, ABC transporters contain two transmembrane-spanning domains
(TMDs) and two characteristic nucleotide-binding domains (NBDs) localized in the
cytosol. In the membrane the two TMDs form a pore-like structure, which facilitates
substrate transport against a chemical gradient. One TMD is predicted to have six
(-helices, whereas the soluble NBDs are essential for the supply of energy by hydrolysis
of ATP. Compared with the TMD, the NBD harbors highly conserved sequence motifs:
the Walker A (GXXGXGKS/T, where X can be for any amino acid), Walker B (PPDOOD,
where @ can be any hydrophobic residue) motifs, and the C-loop (ABC—signature motif,
LSGGQ) (1). The C loop, which is located roughly 90 amino acids downstream of the
Walker A motif and roughly 30 amino acids upstream of the Walker B motif, is actu-
ally the characteristic sequence motif of this family; together with the Walker A and
B motifs, it serves as a diagnostic clue to the identification of new family members.
Additional sequence motifs present in ABC transporters are the Q loop, the D loop
(SALD), and a highly conserved histidine residue essential for ATP hydrolysis, which is
positioned 30 amino acid downstream of the D loop (2).

To achieve a thermodynamic uphill transport of the substrate, transport has to be
coupled to the cycle of ATP hydrolysis. Several high-resolution structures of full-length
ABC transporters and isolated NBDs, in combination with biochemical analysis, have
provided important contributions to a molecular understanding of substrate binding,
ATP hydrolysis, and substrate transport. For example, the highly conserved NBD has an
L-shaped structure consisting of a catalytic domain and a helical domain. The catalytic
domain contains the Walker A and B motifs while the helical domain harbors the C
loop. These two domains are connected by the Q and Pro loops (3). Further analysis of,
for example, the isolated haemolysin B-NBD demonstrated that in the presence of ATP,
the two NBDs form a homodimer (2). The Walker A and B motifs of one NBD and the
C loop of the opposing NBD bind one ATP, so that the two NBDs are set in a head-to-
tail arrangement. This ATP-induced dimerization generates mechanical work, which in
principle can be transmitted to the TMDs and might serve as another source of energy
(see section 2.2.4). The dimeric NBDs cooperate in hydrolysing ATP and provide the
free energy to drive the directional transport of the substrate against a concentration
gradient. After ATP hydrolysis, ADP and P, dissociate from the NBD, the dimer falls
apart, and the ground state of the NBDs is restored.

Furthermore, different models for the transport mechanism have been proposed. The
simplest model, the alternating access model, describes two basic conformations. One
conformation is open to the cytosolic side (inward-facing), with a substrate-binding
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site accessible for the substrate only from the cytosol, and the second conformation
is open to the extracellular side, containing a binding site, which has a low affinity
to the substrate and is accessible only from the extracellular space (4). A continuous
model is the ATP-switch model. In the ground state the transporter is in the inward-
facing conformation with a high-affinity substrate-binding site and the NBDs exist as
monomers, with low affinity to ATP. The ATP-induced dimerization of the NBDs leads
to a conformational change in the TMDs such that the substrate-binding site is exposed
to the extracellular space, the substrate affinity is reduced, and the bound substrate is
finally released (5). However, the exact molecular coupling of the ATP-hydrolysis cycle
and substrate transport is still not entirely clear.

In the human hepatocyte, several ABC transporter are expressed: for example, the bile
salt export pump (BSEP, ABCBI11), responsible for bile salt transport; ABCG5/ABCGS,
involved in sterol transport; multidrug resistance protein 3 (MDR3, ABCB4), flop-
ping phosphatidylcholine from the inner to the outer membrane leaflet; and ABCG2,
transporting a variety of hydrophobic substances (=Fig. 2.1). Mutations in one of these
transporters are associated with different kinds of liver diseases of varying severity. For
example, Dubin-Johnson disease is related to mutations in MRP2 (ABCC2), and pro-
gressive familial intrahepatic cholestasis type 2 (PFIC2)is associated with a mutations
with the bile salt export pump BSEP.

This chapter summarizes experimental insights and focuses on the canalicular ABC
transporters BSEP, MDR3, and ABCG2, highlighting their discovery and evolution and
the in vitro assays from which a mechanistic understanding may be derived.

Tight
Junction

v

Fig. 2.1: Localization of transporters in the hepatocytes. Bile salts are taken up at the
sinusoidal (basolateral) membrane through the sodium—taurocholate cotransporting
peptide (NTCP) in a sodium—dependent manner and to a lesser extent through a sodium—
independent transport by organic anion transporting proteins (OATPs). They are then
further shuttled to the canalicular membrane and transported via the bile salt export pump
(BSEP) into the canaliculus. Multidrug resistance protein 3 (MDR3) and Sterolin 1

(Continued)
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Fig. 2.1: (Continued )

(ABCG5/G8) complete the bile formation by flopping phosphatidylcholine (PC) from

the inner to the outer leaflet as well as transporting cholsterol. Bile salts, PC and cholesterol
form mixed micelles which constitute the basis of bile. P—glycoprotein (P—gp) and the
breast cancer resistance protein (ABCG2)transport a variety of hydrophobic substances into
the bile and confer multidrug resistance (MDR). Furthermore, a substanial number of
multidrug—related proteins (MRPs) are localized in the sinusoidal membrane except MRP2.
They transport a broad range of organic anions and conjugated substances. They also
participate in MDR and some of them, e.g. MRP4 as well as the organic solute transporter
(OST)act as salvage system for too high bile salt concentrations within the cell to

prevent toxicity.

2.2 Structure and function of the bile salt export
pump (ABCB11; BSEP)

2.2.1 Liver transport of bile salts

Bile salts are essential for the absorption of lipids and fat-soluble vitamins, originated
from food intake, by the enterocytes of the small intestine and also for the excretion
of endo- and xenobiotics with the bile. They are synthesized by multiple enzymatic
reactions in the liver, more precisely in the hepatocytes from cholesterol as educt; this
constitutes one of the key function of the liver (6). From there bile salts enter the biliary
tree and are stored in the gallbladder upon food intake (7). After they have fulfilled
“their mode of action”, bile salts pass through the enterohepatic circulation, mean-
ing that they are reabsorbed to ~90% in the small intestine and then transported back
to the liver via the portal blood. There, they are transported again into the hepatocyte
and the cycle starts anew with their secretion into the canaliculi (8,9). A single bile salt
molecule traverses the cycle approximately up to 10 times a day until it is excreted via
the intestine, which makes this circulation an extremely efficient recycling system (10).

Because bile salts are amphipathic molecules, they display a detergent character.
Hence a high concentration within the cell is deleterious, leading to damaged mito-
chondria and apoptosis or necrosis of the hepatocytes owing to the salts’ ability to
solubilize or create defects within biological membranes. To prevent this and keep bile
salts circulating, a specialized set of bile salt transporters in the hepatocyte is required
(9,11,12). In the basolateral membrane (also called the sinusoidal membrane), bile salts
are taken up from the portal blood. This is accomplished by the sodium taurocholate co-
transporting peptide (NTCP, SLC10A1)in a sodium-dependent transport process (13). In
addition, there is the less frequently used sodium-independent transport by the organic
anion-transporting polypeptides (OATPs) (14).

After entering the cell, bile salts reach the apical membrane (also called the cana-
licular membrane); the exact mechanism of this is not yet completely understood. For
example, one mechanism involves bile salt—binding proteins (15).

At the canalicular membrane, bile salts are transported into the canalicular lumen by
the ATP-binding cassette transporter (ABC transporter) bile salt export pump (ABCBI11;
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BSEP) (16,17). BSEPis the main driving force for the bile salt—dependent part of bile
flow and a bottleneck in the enterohepatic circulation. It must transport bile salts
against a steep concentration gradient to maintain circulation, since the concentration
of bile salts in the canaliculus is 1000 fold higher than in the cell, 1 mM and 1 pM,
respectively (10).

2.2.2 Discovery of the bile salt export pump

The electrochemical gradient across the canalicular membrane is ~ —35 mV and its dis-
covery marked the first explanation for bile salt transport across this membrane (18,19).
However, this electrochemical gradient alone could not be the entire explanation. Fi-
nally, in 1991, an ATP-dependent system for the transport of taurocholate in isolated
canalicular membranes of rat liver was described. Other laboratories subsequently
confirmed this finding (20,21). Evidence that an ABC transporter was responsible for
bile salt secretion into the canaliculus appeared in 1995. It involved an increased
level of mRNAs, detected by Northern blotting, in combination with the overexpres-
sion of an ABC transporter found via the Western blot technique with a P-glycoprotein
antibody (ABCBI1, MDRI1, P-gp); these were demonstrated in a bile salt—resistant rat
hepatoma—derived cell line (22). This suggested that an ABC transporter closely related
to P-gp became upregulated in this system. In the same year, Childs et al. screened a
pig cDNA library with a probe consisting of a P-gp sequence and identified a gene
exclusively expressed in the liver that had a sequence identity of 61% to human P-gp on
the amino acid level (23). This gene was named “sister of P-gp” (sP-gp), but its function
remained unknown. Gerloff et al. were the first to demonstrate that oocytes exhibited
a stimulated taurocholate efflux when liver sP-gp cRNA was injected into Xenopus
laevis oocytes and the first to express sP-gp in Sf9 (Spodoptera frugiperda) cells (24).
Furthermore, membrane vesicles derived from these Sf9 cells demonstrated an ATP-
dependent taurocholate uptake, much as in previous studies with isolated canalicular
membranes. Because of these findings the “sister of P-gp” was renamed “bile salt export
pump (BSEP)” and was considered to be the predominant bile salt transporter in the
apical membranes of hepatocytes (24). Further strong support for this consideration was
obtained by positional cloning of the human BSEP gene and mapping it to chromosome
2q24, a locus linked to progressive familial intrahepatic cholestasis type 2 (PFIC2), a
severe liver disease (25).

2.2.3 Evolution of the bile salt export pump

The production of bile salts and their subsequent transport into the canaliculi is highly
conserved among the livers of vertebrates. Over the years, BSEP has been detected and
studied in the pig (23), rat (26), mouse (27,28), rabbit (29), dog (30) and human (31,32).
Interestingly, full-length BSEP ¢cDNAs has been identified in a variant of the small skate
(Raja erinacea), a 200-million-year-old marine vertebrate with an amino acid sequence
identity of 68.5% to the human orthologue (33). Here, bile salts are transported in large
amounts by BSEP. Furthermore, it was demonstrated that mutations leading to PFIC2
in humans had the same effect on substrate transport in skate BSEP (33,34). The bile
of this elasmobranch normally consists of bile alcohols (scymnol sulfate) rather than
bile salts, which cannot be found in its bile. Probably bile alcohols were the original
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substrates for BSEP, and mammalian evolution led to different substrates owing to a
selective pressure — for example, more fat in the diet. Interestingly, skate bile does not
contain any phospholipids and no MDR3 protein (a phospholipid floppase) is found in
the hepatocyte. The function of BSEP and its tight correlation with MDR3 is described
in section 2.3. Importantly, however, this finding suggests that BSEP evolved much
earlier than the highly identical MDR3 protein (sequence identity between P-gp and
MDR3 of ~80%) and probably also by gene duplication (35). The occurrence of lipids
in bile was potentially the result of the more deleterious bile acids than of the bile
alcohols that arose during evolution. All of these indications demonstrate that BSEP
diverged very early from P-gp and that it is highly conserved in vertebrate evolution.

2.2.4 The bile salt export pump — a member of the ABC transporter family

BSEP belongs to the group of ABC transporters. They can be found in all the taxonomic
kingdoms (from bacteria to humans), and all possess the same modular architecture and
act either as importers or exporters (36). In humans, 48 ABC transporter genes have been
identified in addition to a small number of pseudogenes, which are not expressed (37).
All known eukaryotic ABC transporters are exporters, whereas ABC importers can be
found only in Archaea and Bacteria. In humans, ABC transporters are expressed through-
out the body, but some highly tissue-specific and ABC transporters are restricted to the
liver (37). Phylogenetic analysis of the entire human ABC transporter sequences has led
to the classification of seven subfamilies (A to G) (38). Because of their important roles in
human physiology, dysfunction is the cause of very severe diseases, such as cystic fibrosis
(39). In terms of mutations of liver ABC transporters BSEP and MDR3, for example, PFIC2
(25) and PFIC3 (40) may develop (see chapter 9). BSEP belongs to the group B (MDR/TAP)
subfamily of human ABC transporters because of its high sequence identity to P-gp. The
gene is located on chromosomes 2q24 (25) and the 28 exons code fora 1321 amino acid
glycosylated ABC transporter with a molecular mass of ~160 kDa (31,32).

ABC transporters have a core architecture consisting of two NBDs and two TMDs.
In eukaryotes these modules are encoded on a single gene, but one must distinguish
between the full-size transporters (two TMDs and two NBDs) and half-size transporters
(only one of each domain). The latter homo- or heterodimerize to form a functional
transporter. BSEP is a full-size ABC transporter with a core molecular weight of 146 kDa.
Interestingly, the N-terminal NBD (NBD1) of BSEP contains a methionine instead of a
glutamate within the Walker B motif. The glutamate normally interacts with ATP through
a catalytic water molecule that catalyzes the nucleophilic attack onto the y—phosphate.
ATP binding sites in ABC transporters are composed of the Walker A and B motifs of
one NBD and the C-loop of the other NBD. Therefore the ATP-binding site that contains
NBDI1 (site 1) is a degenerated site. Degeneration of this conserved residue is also seen
in other human ABC transporters like TAP1/2 or CFTR (41). Functional studies of other
degenerated ABC transporters have demonstrated that this mutation leads to an ATP-
deficient site within the NBD dimer. This, of course, implies an asymmetric function of
the two NBDs and further suggests that ATP binding site 1 of BSEP is catalytically inac-
tive or active only at drastically reduced levels compared with the other ATP binding
site in the composite dimer. This phenomenon has not been investigated for BSEP so far
but is of high concern for a molecular understanding of ATP hydrolysis coupled to bile
salt transport. The TMDs are located within the membrane and provide the translocation
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Models of  (A) BSEP (B) MDR3 (C) ABCG2

Fig. 2.2: Models of BSEP, MDR3 and ABCG2. (A) The model of BSEP based on the known
structure of Sav1866 from Staphylococcus aureus. The transmembrane domain is highlighted
in blue and the nucleotide binding domain in cyan. The used template is deposited under
protein data bank (PDB) code 2HYD (B) The model of MDR3 based on the known structure of
P-gp from Mus musculus. The transmembrane domain is highlighted in blue and the nucleo-
tide binding domain in cyan. The used template is deposited under PDB code 3G61. (C) The
model of ABCG2 based on the known Structure of the multidrug ABC transporter Sav1866
from Staphylococcus aureus in complex with AMP-PNP. The used template is deposited under
PDB code 20NJ. Since ABCQG?2 is a halfsize transporter the two monomers are colour coded
differently. Monomer [ is highlighted in blue and monomer Il in purple. Due to the bound
AMP-PNP in the template structure the conformation of ABCG2 represents the potential
nucleotide bound state. It is important to clarify that these models are based on the known
X-ray structure and the structures obtained from the actual protein might look differently.

pathway for the substrate. In contrast to the NBDs, the TMDs are highly variable in
their sequence and thus determine the substrate specificity. It is assumed that many
human ABC transporters show the 6 X 6 topology, meaning that they contain six TM
helices (TMH) traversing the membrane followed by a cytoplasmically located NBD
and again six TMHs and an NBD. This assumption was originally proposed based on
cysteine scanning mutagenesis of P-gp and the recently developed x-ray structures of
mouse P-gp and bacterial homologues (42); it may be true for BSEP as well. BSEP is also
a full-size ABC transporter containing 12 TMHs and two NBDs (=Fig. 2.2). This number of
helices is derived from hydrophobicity calculations because structural information on
BSEP is lacking. To date only one eukaryotic ABC transporter structure (of mouse P-gp)
has been published (42). The second available structure (ABCB10)is deposited only in
the Protein Data Bank (PDB database). The P-gp structure shows the typical bundle of
six helices crossing the membrane. However, as first observed for Sav1866, a domain
swap is present in P-gp, suggesting that such a swapping is a conserved feature of ABC
drug pumps. Here, four helices of one bundle and two helices of the other bundle build
up one TMD. The TMDs provide a large cavity for substrate binding for mouse P-gp,
which may also be true for BSEP. According to the “cholesterol fill-in mechanism,” cho-
lesterol also participates in substrate recognition and fills the volume of the cavity that
is not occupied by the substrate, as postulated for P-gp. Besides the amino acids, which
constitute the substrate-binding site, this could also e an additional explanation for the
fact that those two closely homologous transporters have different substrate spectra and
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BSEP is restricted to bile salts. It has been demonstrated that the activity of BSEP critically
depends on cholesterol. This might be because BSEPis targeted to detergent-resistant
microdomains (DRMs) in the canalicular membrane, which exhibit a high amount of
cholesterol and sphingomyelin, or because of the “cholesterol fill-in model.” Whatever
the molecular reason(s) for the differences between P-gp and BSEP may be, all the mod-
els proposed must be verified experimentally for BSEP in the future. So far most if not all
functional information on BSEP results from disease-linked mutations found in patients
with, for example, PFIC2 (see chapter 9) and offers insights into the way single amino
acids influence the trafficking, stability, and transport capabilities of BSEP.

2.2.5 Cloning and expression systems for BSEP

To study a protein biochemically in vitro, it is often necessary to obtain sufficient
amounts of pure, homogeneous protein. Therefore an expression system must be cho-
sen and recombinant expression constructs must be cloned. All this is true for BSEP,
but it has one big drawback. The human ¢DNA that codes for BSEP has been found
to be unstable in Escherichia coli (31,32,43). This phenomenon has been observed for
several other mammalian membrane proteins as well (44). Because E. coli is the most
widely used cloning and expression host for standard molecular biology techniques,
other strategies must be applied in utilizing the favored expression system. In the case of
human BSEP, after several years of struggle, efforts to clone the cDNA into an expression
vector were eventually successful. However this led, even after a bacterial promoter in
the cDNA was silenced, to a construct with several point mutations within the coding
sequence (six missense mutations) and the loss of specific parts of the coding sequence
during expression construct propagation (32). All these findings led to the notion that
the cDNA of BSEP is “toxic” or “unstable” for cloning and/or the expression host since
colonies would no longer grow. One way of circumventing this laborious work is to use
homologous recombination (HR) in the yeast Saccharomyces cerevisiae (45,46). We
therefore established a workflow for human BSEP that can also be applied to any other
target (47). Here the expression vector of interest was modified by the introduction of
an origin of replication (ori) and a selection marker for S. cerevisiae into the backbone
of the plasmid. The linearized expression vector and the PCR-amplified BSEP cDNA,
which has overlapping ends to the expression vector, are then transformed into yeast.
S. cerevisiae is capable of recombining those overlapping ends to a circular vector,
and only clones that do this correctly are able to grow under selection. The expres-
sion vector can be recovered from yeast and transformed in E. coli for amplification.
We have found that E. coli is capable of handling the BSEP ¢cDNA if it is in a closed,
circular plasmid form (no nicks, etc.) and grown strictly at or below 30°C. Ifrequired,
our expression construct can be designed to remove the origin of replication or selec-
tion marker to prevent a potential influence of these additional sequences on balanced
expression systems. Furthermore, we developed a mutagenesis strategy relying only
on yeast. A changed primer design (primers carrying the mutation are not completely
complementary to each other) results in a PCR product with overlapping ends (5’ and

3’ ends) that can be recombined by yeast, resulting in a plasmid containing the desired
mutation. With the directed recombination—assisted mutagenesis (DREAM) method,
mutations can be introduced more easily and quickly than with commercially available
strategies. Therefore this method is seen as a DREAM (47).
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The major bottleneck in studying membrane proteins in vitro (e.g. structural and
functional studies), is their homo— or heterologous overexpression, making it difficult to
purify the protein in adequate amounts. Therefore one must choose between prokary-
otic and eukaryotic expression systems. As a prokaryotic expression system, E. coli is
the most widely used host (48), although there are others like Lactococcus lactis, which
is also successfully used for the overexpression of membrane proteins (49). Mammalian
transporter can be expressed in E. coli, but sometimes in an inactive manner. Therefore
we also tried to overexpress human BSEP in E. coli using the T7-RNA polymerase/pro-
motor system in combination with a synthetic gene, which sequence was optimized for
use in E. coli. Unfortunately cells stopped growing upon induction of BSEP expression
and we were not able to detect BSEPin cell lysates via Western blotting. BSEP is a
plasma membrane protein and FE. coli does not possess the eukaryotic posttranslational
modification system, and no cholesterol is present in the inner membrane. Therefore,
eukaryotic expression systems are likely the methods of choice for BSEP. Three different
expression systems, which are also commercially available, are used the most: yeast,
insect, and mammalian cell lines. Mammalian cell lines have the great advantage that
they present the native environment of BSEP; these cells contain the native lipid environ-
ment, the native secretory/posttranslational pathways, and a known functional expres-
sion. Human BSEP could be expressed in different mammalian cell lines (e.g. HEK293
cells (50), HepG2 cells (51), MDCK cells (52) and LLC PK1 (53) cells) and characterized
functionally without purification. The most widely used system for the heterologous ex-
pression of BSEP is the insect cell system. Human BSEP was expressed in Sf9 (32,54) as
well as HighFive cells (31). Insect cells exhibit a nonnative lipid environment with low
levels of cholesterol as well as nonnative glycosylation (generally of the high-mannose
type), but they resemble the native conditions more than yeast does. Expression in this
system is used to investigate the transport properties of BSEP in vesicular-based transport
assays. Cell culture—based systems may generally be suitable for addressing questions
of a cellular phenotype, protein trafficking, and the modification of protein interactions.
But mammalian and insect cell systems are also costly and maybe not be producible
in large the amounts required for purification and structural studies of BSEP. From this
point of view, a better choice might be yeast. Two yeast-based systems are used to
overexpress mammalian membrane proteins: the previously mentioned S. cerevisiae
and Pichia pastoris. The advantages are obvious: yeast is inexpensive, requires simple
culture media, and exhibits well-studied genetics. Furthermore, yeasts have the eukary-
otic modification machinery. Of course there are disadvantages, since, for example,
the lipid composition of the membrane is different from that of mammalian cells (they
contain ergosterol instead of cholesterol) and S. cerevisiae often hyperglycosylates pro-
teins (highly branched and extended high-mannose structures), which is not observed
in P, pastoris. It has been shown that BSEP requires glycosylation for transport activity
in MDCK cells (55), although the type of glycosylation seems not to be important, as
shown by functional expression in insect cells. S. cerevisiae was also used to express
human P-gp (56) and MRP1 (57), and we were also able to express BSEP in this host
(unpublished data), yielding only low amounts of fully translated protein. Therefore we
switched to P, pastoris. This yeast was shown to overexpress 25 human ABC transporters
(BSEP was not among them) and was also the expression host for mouse P-gp, which
in the end and after a long endeavor resulted in the three dimensional x-ray structure
(42,58). Recently we demonstrated the heterologous overexpression of human BSEP in
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this yeast (47). Another advantage of P pastoris is that this methylotrophic yeast strain
can be fermented to high cell densities generating large amounts of biomass, which can
be used for subsequent purification.

2.2.6 In vitro assays to study BSEP

Although BSEP has not been purified to homogeneity yet, assays have been described to
study the function of BSEP in vivo. A vesicular transport assay is the most important one.
It consists of three steps: (a) preparation of membrane vesicles, (b) addition of substrate
and an energy source, and (c) readout of substrate uptake into the vesicles. In general
there are two ways to prepare membrane vesicles from cells, right-side-out (RSO) and
inside-out (10) vesicles. In RSO vesicles, the cytosolic side of the transporter is localized
in the lumen of the vesicles, whereas in 10 vesicles it is vice versa. The latter ones are
commonly used for primary transporters such as BSEP. With the addition of ATP and
substrate, transport is initiated and the substrate begins to accumulate in the lumen of
the vesicles. After a defined amount of time, the reaction is stopped by, for example, a
rapid-filtration method; then the transported amount of substrate, which is retained in
the vesicle on the filter, is quantified (via radioactivity, fluorescence, or LC/MS). With
this assay, the substrate spectrum of BSEP was elucidated (see fTab. 2.1 for human BSEP).
These assays were mainly performed with BSEP derived from insect cell vesicles (31,32)
but also with vesicles originated from HEK293 cells or isolated canalicular membranes
(52). Human BSEP transports monovalent conjugated bile salts in the order of tauroche-
nodeoxycholate > taurocholate > tauroursodeoxycholate > glycocholate (it has to be

Tab. 2.1: Substrate spectra and Michaelis-Menten constant for human BSEP from different
expression systems. For an excellent overview, see reference 60.

Substrate K,/ uM Source
Taurocholate 8 (32), 20 (30, 61), 15(54) S19
4 (31) HighFive
6 (50)
Taurochenodeoxycholate 4 (54), 5 (32), 13 (61) S19
7 (50) HEK293
Tauroursodeoxycholate 12 (32) Sf9
Taurodeoxycholate 34 (61) S19
Taurolithocholate 4 (61) S19
Taurolithocholate 3 sulfate 10 (50) HEK?293
Glycocholate 11 (32), 36 (54) Sf9
22 (50) HEK293
Glycochenodeoxycholate 2 (54) S19
8 (50) HEK?293
Pravastatin 124 (62) HEK?293
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mentioned, that the K,, values vary slightly between different expression systems but not
unconjugated ones) (see Tab. 2.1). In most of these studies bile acids are tritium-labeled
for readout, but fluorescent bile acid derivatives, such as cholylglycylamidofluorescein
and chenodeoxycholylglycylamidofluorescein, have also been investigated (59). In ad-
dition, inhibitors were analyzed for their potential impact on BSEP. Inhibition of BSEP
by different drugs causes drug-induced cholestasis, leading to severe liver injury (63).
Examples of inhibitors that were determined for human BSEP by a vesicular uptake
assay in competition experiments with bile salts include cyclosporine, rifampicin, and
bosentan. These assays and the recommendation of the European Medicines Agency
(64) emphasize the importance of BSEP for drug development. With a vesicular uptake
assay for BSEP commercially available, the screening of drug libraries is in principle
straightforward. One disadvantage of this kind of assay, however, is that besides the
target transporter, the vesicles contain many irrelevant membrane proteins that probably
affect the uptake assay. This can be excluded if proper controls are performed, but it
complicates the assay.

Mutations in the BSEP gene can lead to an impairment of bile salt transport due to
the protein’s dysfunction. This can lead to PFIC2 or BRIC2, a severe liver disease, which
at present can be cured only by liver transplantation (65). Currently, according to the
Human Gene Mutation Database (http://www.hgmd.org/), 179 disease-related BSEP
mutations are known. Thus an understanding of the effect of such mutations could, in
the future, lead to therapeutic innovations that might cure this disease without trans-
plantation. If, for example, mutated BSEP is still able to transport and the disease is
caused by a trafficking defect, it could also be investigated by the vesicular transport
assay, with mutation and localization studies in cell culture systems involving immunos-
taining or with a fluorescent tag like eGFP or YFP.

Trafficking and the regulation of BSEP in the apical membrane of hepatocytes also
requires adaptor proteins. HCLSl1-associated protein X-1 (Haxl), for example, was
identified using yeast two-hybrid screens as well as pull-down assays with glutathione-
S-transferase (GST) tag fusion proteins (soluble parts of BSEP with GST tag) and co-
immunoprecipitation (66). Other adaptor proteins are still not known and would be
of high interest, especially for the short-term regulation of BSEP or for their potential
involvement in trafficking mutants.

2.3 Structure and function of the multidrug resistance
protein 3 (ABCB4; MDR3)

As described in section 2.2.1, BSEP is essential for the circulation of bile salts. How-
ever, bile salts are harsh detergents and possess the power to solubilize any biological
membrane. The outer leaflet of the canalicular membrane is destabilized by bile salts,
which are translocated in the canaliculus by BSEP (ABCB11). To dampen this effect, bile
salts and phosphatidylcholine (PC) form mixed micelles with cholesterol translocated
by ABCGS5/GS8. These mixed micelles have a lower capacity to extract lipids from the
membrane. A second function of PC is the solubilization of cholesterol, which prevents
the crystallization of cholesterol in the biliary duct and the formation of cholesterol
gallstones. The bulk of PC is reabsorbed in the intestine and returns to the hepatocyte
within the enterohepatic cycle. However, the half-time of PC to flip spontaneously from
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the inner to the outer leaflet of a lipid bilayer is very low; therefore PC must be trans-
located across the membrane of the hepatocyte by an active transporter. The multidrug
resistance protein 3 (MDR3), also called ABCB4, is localized only in the canalicular
membrane of the hepatocyte (éFig. 2.1) and is indispensable for the primary active
transport of PC from the inner to the outer leaflet of the canalicular membrane against
a concentration gradient. The mouse homologue is called Mdr2 and fulfills the same
function as MDR3 to flop PC across the apical membrane of hepatocytes. Mutations
in the MDR3 gene caused different types of liver diseases, such as progressive familial
intrahepatic cholestasis type 3 (PFIC3), intrahepatic cholestasis of pregnancy (ICP), and
low phospholipid—associated cholestasis (LPAC).

2.3.1 A brief history of MDR3

During an analysis of cDNAs from human liver in 1987, van der Bliek et al. identified a
gene that is highly homologous to the human P—gp and designated it MDR3. One year
later the complete cDNA sequence was published (67). This sequence is composed of
two similar halves. One half consists like BSEP of six putative TMHs and one NBD. The
NBDs are identical to those of the human MDR1. Furthermore, the TMDs showed up to
80% identity. Divergence between MDR1 and MDR3 is greatest at the N-terminus and
in the 60—amino acid linker connecting the two halves (67).

While MDRI1 transports a wide variety of structural unrelated substances and is in-
volved in multidrug resistance (MDR), no drug-pumping activity has been demonstrated
for MDR3 (68). Smit and coworkers characterized mice with a disruption of mdr2 in
1993. They ascertained that the homozygous disruption of the murine homologous
mdr2 gene leads to a complete absence of PC and cholesterol from bile (69). Further-
more, mice heterozygous for Mdr2 (Mdr2-"") have normal amounts of cholesterol and
only 40% of PC in bile. Human MDR3 can functionally replace mdr2 in knockout
mice (70). This demonstrates that the closely related Mdr2 and MDR3 carry out the
same function. Direct evidence that MDR3 can translocate endogenous PC has been
obtained in enhanced transport of newly synthesized [*H]choline-labeled PC to the
surface of transgenic fibroblast (71). This suggested that MDR3 translocates specifically
PC from the inner to the outer leaflet of the canicular membrane.

Van Helvoort and coworkers (72) were the first to demonstrated specific transport
of a short-chain PC in polarized pig kidney epithelial cells transfected with MDR3. In
this study they measured lipid translocation across the plasma membrane by extract-
ing fluorescently labeled short-chain lipids from the cell surface into the basolateral
and apical media. MDR3 translocated fluorescently labeled PC but not the other lipid
analogues (72). However van Helvoort et al. showed that radiolabeled short-chain
PC lacking the fluorescence moiety was not translocated into the apical medium by
MDR3.

2.3.2 MDR3 - an ATP-binding cassette (ABC) transporter

The 141-kDa lipid translocase is postranslationally modified by glycosylation at
two predicted asparagine residues (N91 and N97) and is allocated to the group of
P glycoproteins based on amino acid sequence homology. Like BSEP, MDR3 is a
so called full-size transporter and is encoded on one structural gene (NBD-TMD),
(see =Fig. 2.2).
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2.3.2.1 Transport machinery - the flippase model

Two models, the “vacuum cleaner model” and the “flippase model”, are postulated
for the transport of hydrophobic substrates by ABC transporters. The vacuum cleaner
model proposes that the molecule in the cytosol interacts with the transporter, enters
a hydrophobic cavity of the ABC-transporter, and is pumped into the extracellular
space.

In contrast, Higgins and Gottesman proposed a flippase model for mammalian
P-glycoproteins (73). P-gp binds an amphipathic molecule located in the inner leaflet
of the plasma membrane and flips the molecule to the exoplasmic leaflet. Therefore a
substrate-binding site must be accessible from the lipid phase. The substrate accumulates
in the outer leaflet, forming a concentration gradient between the cytosolic and exo-
plasmic leaflet of the plasma membrane. From the leaflet the substrate can freely dif-
fuse into the extracellular medium. On the basis of the flippase model, it is feasible
to explain the observation that PC secretion depends on the expression of Mdr2, the
mouse homolog of MDR3, and the bile salt concentration (74). Elferink and coworkers
showed if either PC or bile salts were lacking, PC would not be detectable in bile,
concluding that bile salts translocation is the main driving force for the secretion of
phospholipids (75).

It is assumed that P-gp, which is over 76% identical to MDR3, can bind substrates
within the inner leaflet of the membrane as well as from the cytosol. How ABC trans-
porters recognize and translocate substrates is still unclear and the subject of intensive
investigation.

2.3.2.2 MDRS3 - a drug ABC transporter?

MDR3 shares 78% amino acid sequence identity with the well-characterized drug-
pumping ABC transporter P-gp. Because of the high amino acid sequence homology
between MDR3 and MDRI1 (over 85%) it was assumed that MDR3 also translocates
drugs. However, initial experiments with MDR3 c¢cDNA or its mouse homolog Mdr2
transfected cells showed no drug resistance (67,76—78) and MDR3 was not detected in
MDR cell lines (67,79). The first indication that MDR3 translocates drugs was obtained
by Kino et al. (80). They observed that MDR3 transfected yeast cells showed low-level
resistance against the antifungal agent aureobasidin A. Another study of MDR3 was
performed by Smith et al. (81), who investigated vectorial substrate transport by polar-
ized pig kidney monolayers transfected with MDR3 cDNA of several MDRI1 substrates.
They observed that the transport of digoxin, paclitaxel, vinblastine, and ivermectine
into the apical medium was significantly increased in the MDR3-transfected cells com-
pared with the control cells. Digoxin transport by MDR3 was efficiently inhibited by the
MDR1-specific inhibitor verapamil, cyclosporine, and PSC833, which also inhibited
the transport of short-chain PC. Verapamil had also previously been shown to inhibit the
translocation of short-chain C,-NBD-PC (72,82). No significant transport of some other
MDRI substrates, such as cyclosporine or dexamethasone, was determined.

These results suggest that MDR3 is not specific for PC and is able to translocate
various typical MDRI substrates as well. But why is drug transport observed only in
polarized monolayers transfected with MDR3 c¢cDNA? Currently there is no satisfactory
explanation. Further studies on the translocation of long-chain PC and drugs by MDR3
are required.
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2.3.3 Analysis of the substrate specificity of the PC translocator

The analysis of lipid transporters is very complex by reason of the difficulty of develop-
ing a reliable assay for the molecular mechanism of lipid transporters. Following are
described two different ways of analyzing the function of P-glycoproteins and especially
lipid translocases. On the one hand, MDR3 translocates PC across the membrane; three
different approaches to this have been reported. On the other hand, MDR3 hydrolyzes
ATP. The resultant ATPase activity correlates indirectly with the substrate transport.

2.3.3.1 Transport of lipids and lipid analogues by the ABC transporter

Currently no sensitive assay for measuring naturally occurring long-chain protein-
mediated lipid translocation from one leaflet to the other leaflet of the membrane exists.
Nevertheless Sleight and Pagano used the lower hydrophobicity of short-chain lipids
(Cs-Cy acyl chain) to determine lipid transport of lipid translocases, which allows their
free exchange as monomers via the aqueous phase (83). At first short-chain lipids are
easily integrated into the surface of the membrane of interest and can be detected by a
spin-, fluorescent-, or radiolabel on the short-chain. The transport can be measured by
chemically quenching of the spin-labeled or fluorescent analogue in the outer leaflet
(84) or by “back-exchange.” To date two different systems to determine short-chain PC
transport by MDR3 or the mouse-homologous Mdr2 have been described.

Ruetz and Gros expressed Mdr2 in the membrane of secretory vesicles obtained from
a yeast secretion mutant (82). These vesicles can be easily isolated and consist of a
pure population of inside-out vesicles, meaning that the cytoplasmic NBDs of the ABC
transporter are located on the outside of the vesicle. To determine Mdr2-driven transport
of PC from the outer leaflet into the inner leaflet of the vesicular membrane they used
fluorescent-labeled short-chain PC — C,-NBD-PC: (N-6[7-nitro-2,1,3-benzoxadiazol-4-
yl]-amino-hexanoyl-phosphatidylcholine) — which is chemically reduced to the non-
fluorescent compound by a membrane-impermeable reducing agent such as sodium
dithionite. Dithionite reduces only the C,-NBD-PC located in the outer leaflet, whereas
the translocated C,-NBD-PC in the inner leaflet remains unaffected. Detergent disrup-
tion of the vesicles lead to a decrease of fluorescence emission because of the release of
translocated C -NBD-PC. With this system Ruetz and Gros proved indeed a very small
but specific transport of short-chain PC analogue by Mdr2. Second, they showed that
transport was ATP-dependent and inhibited by verapamil, a specific inhibitor for MDRI1.

In the “back-exchange” method, short-chain lipids are extracted from the outer leaf-
let by bovine serum albumin (BSA). BSA has the ability to selectively bind short-chain
lipids from the outer leaflet. The lipids are analyzed by two-dimensional thin layer
chromatography (TLC)and the transport activity is calculated by the ratio between
translocated and total amount of short-chain PC (85).

The floppase activity of MDR3 was confirmed by van Helvoort et al. using LLC-PK1
pig cells transfected with an MDR3 cDNA construct (72). LLC-PK1 cells are able to
grow as monolayers on filters and MDR3 is found only in the apical membrane. Cells
are cultured in the presence of a short-chain lipid precursor, which is taken up and
converted into the corresponding short-chain lipid analogue. The intracellularly synthe-
sized C-NBD-PC was specifically transported by MDR3 but not C,-NBD-phosphati-
dylethanolamine, C,-NBD-sphingomyelin, or C,-NBD-glucosylceramide. Remarkably,
radiolabeled short-chain PC with two C, fatty acids lacking the fluorescence moiety
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(CiC¢-[’H]JPC) were slightly translocated into the apical medium. Van Helvoort and col-
leagues confirmed that the high specificity of MDR3 is determined by the choline head
group.

To date, only Smith and coworkers have been able to generate a system for the trans-
location of long-chain PC through the membrane of fibroblasts from transgenic mice
by MDR3 (71). Intracellular synthesized radioactively labeled PC is inserted into the
inner leaflet and translocated to the outer leaflet in the presence of MDR3. PC-TP, a PC-
specific transfer protein, carries out the exchange of labeled PC from the outer leaflet to
acceptor liposomes in the medium. In this study Smith et al. determined an increased
translocation of long-chain PC in the presence of MDR3. One main drawback of this
system is the high background in the absence of MDR3 by vesicular transport. This
makes usage of this assay extremely complicated.

Thus far no in vitro system for the translocation of PC by MDR3 is established because
of the challenge of cloning, expressing, and purifying functional MDR3 in sufficient
amounts and the technical difficulty of measuring the translocation of natural PC.

2.3.3.2 Substrate-stimulated ATPase activity

ABC transporters hydrolyze ATP to energize the transport across the membrane. Since
ATP hydrolysis is linked by substrate translocation, the transport activity can be visual-
ized indirectly. Most ABC transporters offer a basal ATPase activity. This ATPase activity
is stimulated or inhibited by adding the substrate or inhibitor. There are two assays for
measuring the ATPase activity by the determination of released inorganic phosphate: the
malachite green assay (86) and the NADH-coupled assay (87,88). Both assays measure
the release of free orthophosphate.

The highly sensitive malachite green assay is based on the complex formation
of free phosphate with molybdate. The reaction of phosphomolybdate and the dye
malachite green results in a green complex, whose absorbance can be easily de-
termined at a wavelength of 620 to 650 nm. Nevertheless, a disadvantage of this
method is its inability to observe the hydrolytic reaction continuously. The NADH-
coupled assay enables one to follow the rate of ATP hydrolysis in real time by cou-
pling the release of P, and the oxidation of NADH to NAD*. The ATPase hydrolyzes
ATP to ADP and P, ADP is converted to ATP and phosphoenolpyruvate (PEP) to
pyruvate by pyruvate kinase. The lactate dehydrogenase reduces pyruvate to lactate,
while NADH is oxidized to NAD". The decrease of NADH is then determined at a
wavelength of 340 nm.

The precondition to measuring ATPase activity is simple: sufficient expression of
MDR3. To date it has not been possible to clone and express functional MDR3 in bac-
terial systems such as E. coli or L. lactis because of the “toxic” or “unstable” DNA
sequence (as described in section 2.2.5). The expression of MDR3 in mammalian cell
lines such as LLC PK1 and insect cells has been demonstrated by different groups
(72,82). However, the obtained protein amounts are not sufficient to purify MDR3.
Thus, up to now, it has not been possible to measure the PC-stimulated ATPase activity
of membrane vesicles containing MDR3 and/or of isolated MDR3 in detergent solution
or reconstituted into liposomes. To overcome this major obstacle it is crucial to study
MDR3 in vitro and obtain a more detailed knowledge of this interesting ABC transporter
as expressed inside the liver.
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2.4 Structure and function of the breast cancer
resistance protein (ABCG2; BCRP)

2.4.1 History of ABCG2

ABCG2 was first identified in human (BCRP, ABCG2) carcinoma cells. Despite the ab-
sence of overexpression of known multidrug transporters, like P-gp or MRPI1, these
cells displayed a remarkable resistance to multiple chemotherapeutic drugs such as
doxorubicin and mitoxantrone. The gene conferring this resistance was isolated and
subsequently used to transfect carcinoma cells, which then displayed a diminished
accumulation of daunorubicin in flow cytometry assays. Additionally, this transport
function appeared to depend on the presence of ATP, and this transport protein was
termed breast cancer resistance protein (BCRP; ABCG2) (89). Independently, ABCG2
was discovered as the determinant responsible for the resistance of human colon car-
cinoma cells selected in mitoxantrone. Isolated ¢cDNA clones displayed high levels of
resistance to mitoxantrone. The gene showed relation to the Drosphila melanogaster
white gene and homology to ABC transporters; it was named MXR for “mitoxantrone
resistance” (90). Furthermore, ABCG2 was identified among a group of new human
ABC transporters that were found to be highly expressed in the placenta. The isolated
cDNA contained an open reading frame of 655 amino acids consisting an ABC half-
size transporter with an N-terminal NBD and a C-terminal TMD (91). Although it was
discovered three times in different contexts, the gene involved always encoded ABCG?2.

2.4.2 Structure and function of ABCG2

ABCG?2 is a 72-kDa 655—amino acid glycoprotein. Among the members of the ABC
transporter family, ABCG2 has, like other members of the ABCG subfamily, a reverse
topology, meaning that the NBD is located N-terminal to the TMD. With only one NBD
and one TMD encoded on a single gene, ABCG?2 is considered to be a half-size trans-
porter and thought to dimerize to become a functional ABC transporter (see =»Fig. 2.2).
Several studies have focused on this oligomerization behavior. Interestingly, intermo-
lecular disulfide bonds are required to obtain a dimeric protein. Cysteine scanning
mutagenesis revealed that residue C603 of ABCG2 is involved in intermolecular cross-
linking via disulfide bonds (92). Additionally, no mutation of any other cysteine residue
had an effect on the dimerization of ABCG2 or its activity. In agreement with these
results, Henriksen et al. showed that the oligomeric species of ABCG2 was observed
with the use of a nonreducing SDS-PAGE can be gradually disrupted by the addition of
a reducing agent (93). Here, mutational analysis of the three cysteine residues located in
the third extracellular loop showed that only the C603A mutant impaired dimerization.
However, a cell survival assay with mitoxantrone showed that this mutation was still
as resistant as the wild type, indicating that the disulfide bond is not essential for the
transport function. A biotinylation assay supported the idea that the other two cysteine
residues in this loop, C592 and C608, form an intramolecular disulfide bond. However,
this disulfide bond is important for protein degradation (94).

An important feature of ABCG2 is the GXXXG motif, which has been identified as a
recurring transmembrane sequence and is proposed to be an interaction site between
the transmembrane a-helices of different monomers. Polgar et al. investigated the only
putative GXXXG motif in transmembrane helix 1 of ABCG2. Mutation of one or both of
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the glycine residues resulted in lower ATP hydrolysis and a reduced substrate transport
rate, although the protein was still expressed at similar levels on the cell surface. These
findings support the hypothesis that the GXXXG motif plays a role for the correct orien-
tation of the transmembrane segments toward each other in the functional transporter.
Mutational studies of G553 indicate an involvement of this residue in the dimerization
of ABCG2 (95).

Another important characteristic of ABCG?2 is its hyperglycosylation, deduced from
the apparent molecular weight of the protein in SDS PAGE gels and susceptibility to
PNGaseF treatment. The glycosylation, however, appears to have no influence on the
trafficking of ABCG2 to the plasma membrane. Surface expression was investigated by
immunostaining of human ovarian carcinoma cells and hamster ovary cells. Although
three glycosylation sites are predicted to be potentially located in the third extracellular
loop, only the N569Q mutant showed impaired glycosylation. As mentioned in section
2.2.5, this impaired glycosylation does not result in misstrafficking, in contrast to, for
example, the N557 alanine mutation, which results in a ER localization of ABCG2 (96).

Nonglycosylated ABCG2 still showed reduced accumulation of the substrate rhod-
amine 123 in flow-cytometric assays and normal ATPase activity, which can be stimu-
lated by prazosin. The results were comparable to levels found for glycosylated ABCG2
in crude membrane preparations, indicating that glycosylation is not essential for the
function of ABCG2. Many studies investigating the function of ABCG2 have employed
mutagenesis to clarify the role of different residues in the protein. Residues C592, C603,
and C608 are involved in intra- or intermolecular disulfide bonds and N596 is glyco-
sylated. Furthermore, residue R482 has been extensively characterized. Early isolates
of ABCG2 from carcinoma cell lines showed a mutation at this position. By testing the
accumulation of rhodamine 123 in cells expressing the variants R482G and R482T,
broader substrate specificity was observed (97). Whereas the wild-type protein con-
ferred no resistance to compounds like rhodamine 123, doxorubicin, or daunorubicin,
expression of ABCG2 and the mutants R482G and R482T reduced the accumulation of
the drugs and prolonged cell survival in cytotoxicity assays. Other compounds — like mi-
toxantrone, prazosin, and Hoechst 33342 — are substrates for both mutant and wild-type
transporters (98,99) . A later study confirmed previous results and additionally observed
binding of substrates, which are not transported to the wild-type transporter (100).

A common single-nucleotide polymorphism encoding the mutation Q141K is linked
with the occurrence of gout. ABCG2 was shown to be located in the brush-border
membrane of kidney proximal tubule cells. Functional assays with X. laevis oocytes
expressing wild-type ABCG2 or Q141K mutant showed that the latter exhibited urate
efflux, thereby linking ABCG2 to this genetic disease (101). A recent study revealed
that this mutant is exhibiting increased susceptibility for lysosomal and proteasomal
degradation (102).

2.4.3 Analysis of the substrate specificity of ABCG2

Owing to the discovery of ABCG2 in drug-resistant cells, the first reported substrates for
it were predominantly chemotherapeutic drugs. These included mitoxantrone, flavopiri-
dol, metothrexate, irinotecan and its active metabolite SN-38, porphyrines, and tyrosin-
kinase inhibitors such as imatinib and gefitinib (103). Other substrates are antibiotics
(104,105), flavonoids, antivirals (106,107), folic acid (108), and fluorescent dyes such
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as Hoechst 33342. Mutation of the arginine residue at position 482 conveys a broader
substrate spectrum including rhodamine 123 and anthracyclines such as doxorubicin.
Because of its broad substrate spectrum and its expression in several tissues apart from
the liver — such as the small intestine, colon, central nervous system, testis, ovary, and
placental syncytiotrophoblasts — the transporter is thought to have a protective role
(103,109,110). The number of ABCG2 inhibitors identified is equally large. Fumitrem-
orgin C was the first inhibitor described (111). Its analog, Ko143, was found to be one
of the most effective ABCG2 inhibitors (112). Some inhibitors were also inhibitors of
P-gp or MRP — among them cyclosporine (113) and elacridar (GF120918)(114). Many
compounds are both inhibitors and transported substrates, such as dihydropyridines
(115). Despite the great number of substrates and inhibitors described to date, no clear
structural requirements for a binding compound could be identified.

2.4.4 Expression, purification, and biochemical studies of ABCG2

To date, ABCG?2 has been successfully expressed in a number of different vector systems
and host organisms. Early studies have been done with drug-selected mammalian cell
lines. Finally, the isolation of the cDNA offered the opportunity to move the expression
to some heterologous hosts, such as Xenopus oocytes, insect cells, yeast, or bacteria.

Baculovirus-infected insect ovary cells (Sf9) and High Five cells offer an alternative
to mammalian cell lines and have been successfully used to overexpress ABCG2, al-
though in both cases hypoglycosylation, transport, and ATPase activity were observed
(116,117). Other expression systems include vyeasts like P pastoris and S. cerevisiae.
Mao et al. expressed ABCG2 in P, pastoris, obtaining active protein comprising about
3% of the total protein in microsome preparations (118). Similar expression levels could
be observed in baker’s yeast, yielding protein with ATPase activity, which could be
stimulated by substrate (119). Additionally, a prokaryotic expression system has been
reported employing the gram-positive bacterium L. lactis (120). Expression in another
bacterial system, E. coli, did not yield functional protein (121).

Especially for the purification of ABCG2 from the membrane fraction of the expression
host, a high yield is needed. Protein expression of the systems mentioned previously in
this section was tested on the ability to obtain high yields of ABCG?2 after purification.
Solubilization of ABCG?2 using different detergents showed the best results with the use
of lysophosphatidylcholine (LPC) and n-dodecyl-B-D-maltoside (B-DDM) for P. pastoris
membranes and FosCholine-14 and -16 for ABCG2 expressed in insect cells (122,123).
Also used for solubilization of protein from insect cell membranes was CHAPS (117).
Purification steps of the amino-terminal-histidine-tagged protein in all cases yielded
sufficiently pure protein after immobilized metal-ion affinity chromatography (IMAC).
Because of weak binding to the affinity resin, further purification steps were necessary
when the insect cell expression system was used. These included ion exchange and size
exclusion chromatography (117). ABCG2 retained ATPase activity and substrate binding
after its purification.

Because of its ability to efflux a broad variety of substrates, multiple drug binding sites
have been proposed for ABCG2. Clark et al. investigated this with heterologous displace-
ment assays. [*H]daunomycin binding constants were measured in the presence of other
known substrates of the ABCG2 gain-of-function mutant R482G. Three distinct binding
sites were proposed, which are interlinked by allosteric communication (124). Several
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studies of the substrate specificity and drug binding could be obtained by employing
fluorescent substrates of ABCG2. For example 1,4-dihydropyridines could be identified
as ABCG2 substrates by photoaffinity labeling with ['*I]lodoarylazidoprazosin (IAAP)
and [*H]azidopine (125).

Since the translocation process is ATP-dependent, the ATPase activity of ABCG2 has
been measured to confirm its physiologic activity. The majority of kinetic parameters
were obtained on membrane preparations containing other ATPases. The wild type and
the R482G isoform are capable of hydrolyzing ATP in the absence of any substrate (98).
Since the influence of substrates and inhibitors on hydrolytic activity is an indicator
of interaction with the protein, the measurement of ATPase activity is the focus of sev-
eral studies. ATPase activity has been used as a readout in order to identify cholesterol
content of the membrane as a major factor in ABCG2 activity (126). Cholesterol load-
ing and depletion experiments showed stimulation of ATPase activity by substrates and
improved drug transport in cholesterol-loaded membranes. In contrast, ATPase activity
could not be stimulated in cholesterol-depleted membranes, indicating an essential role
of membrane cholesterol.

Another tool to gain further knowledge about the topology of ABCG2 is epitope
insertion mutagenesis. One study employed hemagglutinin (HA) tags to probe the
predicted hydrophilic regions of ABCG2 via immunofluorescence (127). The results
supported a model of six transmembrane helices with the amino and carboxy termini
located intracellularly. A later study investigated a current homology model of ABCG2
by epitope insertion and found significant differences in the location of the predicted
transmembrane segments (122).

To date there are no high-resolution structural data on ABCG?2, although some at-
tempts to obtain such data have been undertaken. These include negative-stain elec-
tron cryomicroscopy of purified protein. ABCG2 overexpressed in insect cells was
solubilized and retained its stimulated ATPase activity. Analysis of the electron micro-
scopy data revealed large particles (~170 A in diameter) with a noticeable fourfold
symmetry, in agreement with a higher oligomer as postulated by biochemical analysis.
The final three-dimensional structure with an estimated resolution of ~18 A could be
accurately fitted with homology models of ABCG2, forming a tetramer. Data from size-
exclusion chromatography and blue native PAGE supported the idea that ABCG2 forms
a higher-order oligomeric species under the tested conditions (122).

Rosenberg et al. used purified ABCG2 expressed in P pastoris to obtain two-dimensional
crystals. The substrate mitoxantrone had a noticeable effect on the crystal shape. Analysis
showed a significant change in unit cell dimensions, indicating a conformational change
upon drug binding. A new homology model verified by epitope insertion mutagenesis
supported the structural data by showing rigid body motion of two transmembrane
helices, leading to a more compact conformation of the transporter in the drug-
bound state. However, a three-dimensional structure is still a long way off. Eventually
that will provide a detailed look at the function of ABCG2 at the molecular level.

2.5 Concluding remarks

Several interesting transporters are expressed within the hepatocytes, contributing to
the function of these cells. This chapter focused on three of them, BSEP, MDR3, and
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ABCG2. A wealth of information is to be derived from studies of their expression and
mutation in different mammalian cell lines — studies focusing on their localization, traf-
ficking, and activity. Although such studies have revealed extremely valuable and often
essential information, the next step must be to achieve a molecular understanding of
these transport mechanisms. Here, the first prerequisite is to elucidate the overexpres-
sion of these transporters, which will lead to their characterization directly in isolated
membranes and/or after subsequent solubilization and purification in detergent solu-
tion. As described and summarized, the expression of membrane proteins is by no
means trivial and often hampered by a too low expression in homo- or heterologous
expression systems. However, if overexpression can be achieved for BSEP, MDR3, or
ABCG2, the gain in knowledge derived from localization studies as well as mutational
analysis will shed much light on the molecular mechanism of transport of a large variety
of substrates with ATP only as an energizing molecule. Truly it will be a long way to go,
but the information obtained will be worth the effort.
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Expression of human MDR3 in Saccharomyces cerevisiae and Pichia pastoris

and optimization of the purification using cyclodextrin

In humans, 48 ATP-binding cassette (ABC) transporters were identified and classified into
seven subfamilies, ABCA-ABCG, based on primary sequence similarity, domain organization
and phylogenetic analysis (1). These ABC transporters play important roles in processes such
as ion transport, resistance against various cytotoxic compounds and bile formation. A
number of hereditary diseases such as cystic fibrosis, Tangier disease, Stargardt disease and
liver injury are related to the dysfunction of these transporters (2-5). The most prominent
member is the multidrug resistance protein 1 (MDR1), also called ABCBI or P-glycoprotein.
MDRI1 was identified in tumor cells showing resistance against a multitude of drugs, a
phenomenon called multidrug resistance (MDR) (6-11). So far, the physiological function of
MDRI is the protection of the organism against potentially toxic compounds by exporting
these into the urine, gut or bile (12,13). MDRI1 shares 76% primary sequence identity and
85% similarity with the multidrug resistance protein 3 (MDR3/ABCB4), but both ABC
transporters fulfill completely different physiological functions (14). MDR3 is located in the
canalicular membrane of hepatocytes and flops phosphatidylcholine (PC) lipids across the
canalicular membrane (15-18). In polarized pig kidney epithelial cells (LLC-PK1), MDR3
was capable to transport MDRI1 reversal agents such as digoxin, paclitaxel, vinblastine and
ivermectin. This transport was inhibited by either verapamil, cyclosporin A or PSC833 (19).
However, the transport rate was low for most drugs and MDR3 is not involved in MDR. The
question arises why MDR3 is a specialized PC floppase, while MDRI is a multidrug pump

and do both proteins translocate their substrates by the same mechanism?

The first step to investigate the function of MDR3 in vitro was to express and purify MDR3 in
quantities suitable for functional analysis. Besides the appropriate choice of detergent for
solubilization, monodispersity of the purified protein is a requirement for the structural
analysis of membrane proteins. To improve the monodispersity of MDR3, additives such as
glycerol, the cholesterol derivate cholesteryl hemi-succinate (CHS) and cyclodextrins were
tested during purification. Because cyclodextrins are known to capture a wide variety of
detergents and often used for the incorporation of membrane proteins into liposomes (20,21),
excess of FC-16 attached to MDR3 should be removed resulting in an increased

monodispersity of MDR3.
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EXPERIMENTAL PROCEDURES

Chemicals and Routine Procedures — All chemicals were supplied by Sigma-Aldrich except
detergents, which were obtained from Affymetrix. The protein concentration was determined
by a Bradford assay using the Coomassie Plus Assay (Pierce). The Mini-Protean 3 system
(Bio-Rad) was used for SDS-PAGE on 7% gels. Immunoblotting was performed with a Tank
blot system (Bio-Rad) employing standard procedures.

Cloning and expression of human MDR3 in S. cerevisiae — cDNA of human MDR3 gene
isoform A (NCBI accession NM_000443.3) was amplified with a C-terminal octahistidin-tag
using the forward primer 5'-~ATAAGAAGATAGGATCCTTTAATTATCAAACAATATCA-
ATATGGATCTTGAGGCGGCAAAGAACGGA-3' and the reverse primer 5'-CGATGTC-
GACCTCGAGACGCGTCTAATGGTGATGGTGATGGTGATGGTGACCTAAGTTCTGT
GTCCCAGCCTGGACACTGACCATT-3". The PCR product was integrated into YEpHIS by
homologous recombination (22). The sequence was verified by DNA sequencing (BMFZ,
HHU Duesseldorf). YEpCHisMDR3 was transformed into chemical competent S. cerevisiae
APP strain (23) using polyethylene glycol (PEG)/LiAc-based method and 5-10 pg carrier
DNA (Clontech). MDR3 was constitutively expressed. Therefore, one liter drop-out (DO)
medium without leucine was inoculated to 0.1 ODgoo with a pre-culture of S. cerevisiae
transformed with YEpCHisMDR3. After 7 h, 10 h and 24 h 300 mL cell culture was
harvested, washed with 50 mL Tris-HCI pH 8.0 (4000 xg, 4°C, 10 min), flash-frozen in liquid

nitrogen and stored at -80°C.

Cloning of human MDR3 and expression screening in P. pastoris — We cloned human MDR3
(NCBI accession NM 000443.3) as previously described (24). MDR3 expression construct
was transformed into electro-competent P. pastoris X33 cells (Invitrogen) using standard
procedures and the expression level was analyzed as described in Ellinger et al. (24). After

7 h, 24 h and 48 h 300 mL cells were harvested, flash-frozen in liquid nitrogen.

Fermentation of MDR3 transformed P. pastoris cells — P. pastoris cells containing the
chromosomal integrated wild type MDR3 gene were fermented in a 15 liter table-top glass
fermenter (Applikon Biotechnology) according to the Invitrogen Pichia fermentation

guidelines and as reported in (24).
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Crude membrane vesicles preparation — Cells were resuspended into 15 mL homogenization
buffer (50 mM Tris-HCI, pH 8.0, 0.33 M sucrose, 75 mM NaCl, | mM EDTA, 1 mM EGTA,
100 mM 6-Aminocaproic acid, 2 mM B-mercaptoethanol) supplemented with protein inhibitor
cocktail (Roche) and lysed by three passages through a pre-colded TS Series Cell Disrupter
(Constant Systems) at 2.7 kbar. The cell lysate was centrifuged two times for 30 min,
15,000 xg, 4°C. Crude membranes were harvested by centrifugation for 1 h, 125.000 xg, 4°C
and the resulting pellet was resuspended in 100 uL — 300 pL buffer A (50 mM Tris-HCI
pH 8.0, 50 mM NaCl, 15% Glycerin). For purification, crude membrane vesicles were
prepared as described in (24). Crude membrane samples equivalent to 10 ug total protein
amount were separated by SDS-PAGE and MDR3 expression was visualized by
immunoblotting with C219 antibody (Merck).

Subcellular fractionation of crude membrane vesicles from S. cerevisiae or P. pastoris — The
subcellular fractionation of whole cell membranes from S. cerevisiae was performed as
described in (22). 200 pL. MDR3-containing crude membranes from P. pastoris with a
concentration of 30 mg/mL were diluted in 2 mL hypo-osmotic buffer (50 mM Tris-HCI pH
7.5, 200 mM sorbitol, 1 mM EDTA) and carefully layered on top of a sucrose gradient. The
sucrose gradient was prepared discontinuously from 22% to 60% sucrose (Table 1). After
separation of the membranes by ultracentrifugation for 16 h at 130,000 xg (SW40Ti rotor,
Beckman Coulter) and 4°C, the gradient was fractionated into 600 ul aliquots by carefully
pipetting from the top. The fractions were analyzed by SDS-PAGE and immunoblotting using
antibodies against MDR3 (Merck), Pdr5 (kind gift from Prof. K. Kuchler) and Dpml
(Moleculare Probes) (22).

Table 1: Composition of sucrose gradient

Volume [mL] Sucrose solution [% (W/w)]
in 10 mM HEPES/KOH, pH 7.2, 1 mM EDTA, 0.8 M sorbitol
0.5 60
1 40
1 37
1.5 34
2 32
2 29
1.5 27
1.5 22

Solubilization of MDR3-containing P. pastoris crude membrane vesicles — For finding the
optimal solubilization conditions, crude membrane vesicles were diluted to 10 mg/mL protein

concentration and solubilized in 1% (w/v) of Fos-Choline-14 (FC-14), Fos-Choline-16 (FC-
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16), lauryldimethylamin-N-oxid (LDAO), dodecyl-B-D-maltoside (DDM), Triton X-100,
Zwittergent 3-6 or sodium cholate (NaCholate) for 1 h at 18°C. Afterwards, the samples were
centrifuged (125,000 xg, 1 h, 4°C) and the non-solubilized membrane vesicles were
resuspended in the reaction volume with buffer A. Pellets and supernatants were analyzed by
SDS-PAGE and immunoblotting using an antibody against MDR3 (C219, Merck). Large-
scale solubilization was performed similarly with crude membranes vesicles equivalent to

100 g wet cells and described in Ellinger at al. (24).

Purification of MDR3 by tandem-affinity purification (TAP) — The purification of MDR3 was
performed as described in Ellinger ef al. (24). The collected fractions were analyzed by SDS-
PAGE and concentrated with an Amicon Ultra Centrifugal Filter device (100 kDa molecular
weight cut-off, Millipore) to a final concentration of 1.5 — 2 mg mL™. The purified protein

was stored on ice until further usage or flash-frozen in liquid nitrogen and stored at -80°C.

Size exclusion chromatography with TAP-purified MDR3 — Size-exclusion chromatography
(SEC) with a Superose 6 3.2/30 column (GE Healthcare) was performed with 20 mM Tris-
HCI pH 8.0, 20 mM NaCl, 5%-10% (v/v) glycerol, 1.5x critical micelle concentration (cmc)
FC-16 and a flow rate of 0.04 mL/min. TAP-purified MDR3 was incubated for 10 min at
room temperature with a defined concentration of a-cyclodextrin or methyl-p-cyclodextrin of
a 50 mM stock solution and subsequently centrifuged at 100,000 xg, 4°C for 10 min, before
50 puL protein was loaded onto the column. The progress of SEC was analyzed by the
detection of the UV signal at 280 nm wavelength and coomassie brilliant blue (CBB)-stained
SDS-PAGE.

Precipitation of purified MDR3 with cyclodextrins — a-Cyclodextrin or methyl-B-cyclodextrin
was added to 18 pg purified MDR3 with a molar ratio of cyclodextrin to detergent ranging
from 1:1 to 48:1 and incubated for 10 min on ice. Aggregated protein was separated by
centrifugation at 20,000 xg, 4°C for 30 min and the supernatant was analyzed by CBB-stained
SDS-PAGE.
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RESULTS

Expression of MDR3 in S. cerevisiae and P. pastoris — Yeasts such as Saccharomyces
cerevisiae and Pichia pastoris are suitable hosts to express mammalian ABC transporters
(25,26). For example, the overexpression of the pleiotropic drug resistance transporter Pdr5
and a number of membrane proteins using the Pdr5S promoter of S. cerevisiae was
demonstrated resulting in adequate amounts of functional protein (25). In P. pastoris 25 of 48
human ABC transporters were analyzed for expression, but MDR3 was not among them (26).
MDR3 was cloned via homologous recombination in S. cerevisiae, which is an efficient
approach for general cloning of toxic or unstable genes of ABC transporters and was
previously reported for cloning the bile salt export pump (BSEP) (24,27). The expression of
MDR3 was conducted in both expression hosts and the expression levels were compared at
distinct time points (Figure 1). In S. cerevisiae, MDR3 was constitutively expressed and the
highest expression level was observed after seven hours, which decreased over time. In
contrast, in P. pastoris MDR3 expression was induced by the addition of methanol using the
AOX1 promoter and the highest yield was observed after 24 hours after induction (Figure 1).
The expression level was 10-fold higher in P. pastoris compared to that in S. cerevisiae
without visual degradation. Furthermore, the main advantage of P.pastoris is that it can be
grown to high cell densities during fermentation yielding 200 g of wet cell weight (wcw) per

liter starting medium, whereas 2.5 g wew per liter medium was obtained of S. cerevisiae.

P. pastoris pSGP18- S. cerevisiae YEpHis- P. pastoris
MDRS3 clone 4 MDRS3 clone 19 pSGP18

kDa 7h 24h 48h 7h 10h 24h 24h 48h
u-w

170 —
130 —

< CBP-His;MDR3
s HisgMDR3
100 —

72 —
55—

Figure 1. Comparison of MDR3 expression in P. pastoris and S. cerevisiae. The expression levels
were determined after 7 h, 10 h, 24 h and 48 h and 10 pg crude membrane vesicles were analyzed by
SDS-PAGE and immunoblotting using the C219 antibody. The empty plasmid pSGP18 was used as
negative control.

Localization of MDR3 in S. cerevisiae and P. pastoris — To examine whether MDR3 was
properly folded and trafficked to the plasma membrane (PM) of the expression host, the
localization of MDR3 in whole cell membranes was determined by sucrose density

centrifugation. MDR3 expressed in S. cerevisiae was co-localized with the ER marker Dpm1
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and the PM marker Pdr5 (Figure 2) indicating that MDR3 was partially localized at the PM,
which was observed before (22). In clear contrast, MDR3 was exclusively located at the PM
of P. pastoris (Figure 2). These data indicate that MDR3 expressed in P. pastoris is properly
folded in P. pastoris. Thus, all further experiments were conducted with MDR3-containing

crude membranes obtained from P. pastoris.
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Figure 2. Subcellular localization of MDR3 in P. pastoris and S. cerevisiae. MDR3-containing whole
cell membrane vesicles from P. pastoris or S. cerevisiae were separated by centrifugation through a
discontinuous sucrose gradient. The Pdr5 transporter is a yeast plasma membrane (PM) marker, while
Dpm1 is a membrane-resident yeast enzyme marker for the endoplasmic reticulum (ER).

Solubilization screen of MDR3 from P. pastoris membrane vesicles — The first step to
investigate membrane proteins in vitro is the extraction of the particular membrane protein
from vesicles by detergents. Because membrane proteins tend to unfold or lose their activity
during this process, the preservation of the native membrane protein fold is challenging and
there are no general rules for selection of an appropriate detergent. Thus, MDR3-containing
membranes were solubilized with 1% (w/v) detergent at 18°C for 1 h, subsequently
centrifuged and the supernatant (S) and pellet (P), which contained the insoluble membranes,
were analyzed by SDS-PAGE and immunoblotting with C219 antibody (Figure 3). MDR3
was effectively extracted with the zwitter-ionic detergent Fos-Choline-16 (FC-16), while the
non-ionic detergents DDM and Triton X-100 as well as the zwitter-ionic detergent LDAO and
the ionic detergent sodium cholate did not solubilize MDR3 from membrane vesicles
(Figure 3 A). The detergents FC-14 and Zwittergent 3-6 solubilize MDR3 with less efficacy
compared to FC-16.
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Figure 3. Solubilization screen of MDR3. (A) MDR3-containing crude membrane vesicles with
10 mg/mL total protein concentration were solubilized using the indicated detergents at 1% (w/v) for
1 h at 18°C. After centrifugation the supernatant (S) and insolubilized membranes (P) were analyzed
by SDS-PAGE and immunoblotting using C219 antibody. Sodium dodecylsulfate (SDS) was used as
positive control and represents 100% solubilization of MDR3. (B) Solubilization of MDR3-containing
membrane vesicles with 2.5 mg/mL, 5 mg/mL and 10 mg/mL total protein concentrations and 1%
(w/v) FC-16 for 1 h at 18°C. (C) Solubilization of 10 mg/mL MDR3-containing membrane vesicles
with 1% (w/v) FC-16 for 10 min, 30 min and 60 min.

The next step was to determine the optimal protein concentration and period of time for
solubilization of MDR3. For this purpose, on the one hand membrane vesicles containing
2.5mg/mL, 5mg/mL and 10 mg/mL total protein concentration were solubilized with
1% (w/v) FC-16 for 1 hour and on the other hand the solubilization of MDR3-containing
membrane vesicles (10 mg/mL) with 1% (w/v) FC-16 was analyzed after 10 minutes,
30 minutes and 60 minutes. MDR3 was solubilized with similar efficacy with 2.5 mg/mL,
5 mg/mL and 10 mg/mL total protein concentration (Figure 3 B) and was detectable in the
supernatant with high quantity. Furthermore, the quantity of solubilized MDR3 increased over
time (Figure 3 C). After 60 minutes MDR3 was almost exclusively detected in the

supernatant. Because a high ratio of FC-16 to protein might result in delipidation and
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denaturation of MDR3, 10 mg/mL protein concentration and 60 minutes were chosen for

solubilization of MDR3.

Purification of MDR3 by tandem-affinity purification — MDR3 was purified by tandem-
affinity (TAP, see Experimental Procedures) purification, which is composed of an
immobilized metal ion affinity chromatography (IMAC) and a calmodulin binding peptide
affinity purification (CBP). For IMAC commonly used transition metal ions are Ni*" > Zn*" =
Co*™> Cu’" with decreasing affinity to the histidine-tag. First the metal ions Co*" and Zn*"
were tested for purification of MDR3. However, MDR3 did not bind to the matrix and was
mainly detected in the flow through (data not shown). Thus, Ni*" was used for purification
and MDR3 was visualized on a CBB-stained SDS-PA gel and verified by immunoblot
analysis (Figure 4). MDR3 was successfully eluted by a one-step elution with 200 mM
imidazole, but a high number of impurities were co-purified. To increase the purity of MDR3
an additional CBP step was applied resulting in reproducible amounts of highly pure protein
with a yield of 6.3 mg per 100 g wew in eight independent purifications (Figure 4 A).
Immunoblot analysis revealed a number of degradation products of MDR3 indicating that
MDR3 is not stable under the chosen conditions. The exchange of the detergent or the
addition of the cholesterol derivate cholesteryl hemi-succinate (CHS) during purification has
been shown to improve protein stability of ABCA4, ABCBI1 and BSEP (24,28). FC-16 was
substituted by DDM and CHS. However, no improvement in the monodispersity of purified
MDR3 was observed (data not shown).
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Figure 4. Tandem-affinity purification of MDR3. First an immobilized metal ion affinity
chromatography (IMAC) and subsequently a calmodulin binding peptide (CBP) purification was
performed. MDR3 was solubilized and purified using FC-16. The collected fractions were analyzed by
(A) CBB-stained SDS-PAGE and (B) immunoblotting employing C219 antibody (right panel). M =
Marker, AS = after solubilization, FT = flow through, W = wash, E = elution.
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Optimization of the monodispersity of purified MDR3 by glycerol — Size exclusion
chromatography (SEC) was performed to determine the stability and monodispersity of
purified MDR3. First the effect of glycerol was analyzed. Therefore, the running buffer was
supplemented with either 5% (v/v) or 10 % (v/v) glycerol and the progress of SEC was
determined by the detection of UV absorbance and the collected fractions were analyzed by

CBB-stained SDS-PAGE (Figure 5).
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Figure 5. Size exclusion chromatography (SEC) of detergent-soluble MDR3 using (A) 5 % (v/v)
glycerol and (B) 10 % (v/v) glycerol at 8°C. For the SEC chromatogram the absorbance at a
wavelength of 280 nm in arbitrary units was plotted against the retention volume in mililiter (left
panel) and the collected fractions were analyzed by CBB-stained SDS-PAGE (right panel).

A small shoulder at 0.8 mL retention volume was observed for SEC, which is likely due to
aggregation of MDR3 and correspond to the void volume (Figure 5 A and B). With 5% (v/v)
glycerol MDR3 was distributed over the complete column volume with the highest amount
eluting at 1.5 mL retention volume (Figure 5 A). Furthermore, impurities could not be
separated from MDR3 indicating that the impurities and MDR3 are incorporated into the
same lipid/detergent micelles. To reduce the degradation of MDR3 during concentration

process, the glycerol content was increased to 20 % (v/v) and subsequently a SEC with
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10% (v/v) glycerol was conducted (Figure 5 B). Besides the aggregation signal at 0.8 mL
retention volume, a broad signal was observed ranging from 1.0 mL to 1.6 mL with a
shoulder at 1.5 mL retention volume. MDR3 was mainly determined in that shoulder signal
without visible impurities (Figure 5 B). On the basis of this result, it is likely that MDR3 is
incorporated into different species of lipid/detergent micelles with variable molecular weights

resulting in two overlapping signals.

Optimization of the monodispersity of MDR3 by cyclodextrins — Mass spectrometry analysis
of a FC-16 solubilized and purified sample of MDR3 revealed that high amounts of detergent
were attached to MDR3 (data not shown). Cyclodextrins are widely used to capture a wide
variety of detergents and often used for reconstitution of membrane proteins into liposomes
(20,21). We assumed that excess of FC-16 bound to MDR3 might be removed by the addition
of cyclodextrin resulting in an increased monodispersity of MDR3. First, the molar ratio of a-
or methyl-B-cyclodextrin to detergent was determined at which MDR3 precipitated. It is
assumed that one molecule cyclodextrin binds one molecule detergent (20). Molar ratios
ranging from 1:1 to 48:1 cyclodextrin to FC-16 were selected and a-cyclodextrin or methyl-p-
cyclodextrin was added to the purified MDR3 sample. The mixture was incubated for
10 minutes and soluble MDR3 was separated from precipitate by centrifugation. A 48-molar
excess of a- or methyl-B-cyclodextrin was not sufficient to precipitate MDR3 as shown by
CBB-stained SDS-PAGE (Figure 6). This results indicate that neither a-cyclodextrin (Figure
6 A) nor methyl-B-cyclodextrin (Figure 6 B) bound FC-16 or a higher content of FC-16 is
bound to MDR3 than the used cyclodextrins could absorb.
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Figure 6. Precipitation of purified MDR3 by (A) a-cyclodextrin and (B) Methyl-B-cyclodextrin. CBB-
stained SDS-PAGE of the purified MDR3 after incubation without (1) and with cyclodextrins using
molar ratio of cyclodextrin to detergent of (2) 1.0 (0.0325 mM CD), (3) 1.2 (0.039 mM CD), (4) 2.4
(0.078 mM CD), (5) 4.8 (0.156 mM CD), (6) 24 (0.78 mM CD) and (7) 48 (1.56 mM CD).
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Figure 7. Size exclusion chromatography (SEC) of detergent-soluble MDR3 with a-cyclodextrin (o-
CD) (B and C) and methyl-B-cyclodextrin (CH;-B-CD) (D and E) and 5% (v/v) glycerol. SEC was
performed at 8°C (A) without and with cyclodextrin and using molar ratio of cyclodextrin to FC-16 of
(B) 1 (0.0325 mM a-CD), (C) 100 (3.25 mM a-CD), (D) 1 (0.0325 mM Methyl-p-CD), (E) 200 (6.5
mM Methyl-B-CD) and (F) 500 (16.25 mM a-CD). For the SEC chromatogram the absorbance at a
wavelength of 280 nm in arbitrary units was plotted against the retention volume in mililiter. The
arrow indicates the position of MDR3 elution.

To determine whether the addition of cyclodextrin improves the monodispersity of MDR3,
molar ratios of 1:1, 100:1 and 500:1 of a-cyclodextrin to FC-16 (Figure 7 B, C and F) and 1:1
and 200:1 of methyl-B-cyclodextrin to FC-16 (Figure 7 D and E) were selected and the
reactions were incubated for 10 min at room temperature. After centrifugation, a SEC was

performed with 5 % (v/v) glycerol. The SEC without cyclodextrin (Figure 7 A) was
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comparable to the one shown in Figure 5 A. Besides the signal for aggregated protein at
0.8 mL retention volume and the broad signal ranging from 1.0 mL to 1.8 mL retention
volume, an additional UV signal appeared at 2.1 mL retention volume, which are presumably
impurities or degradation products of MDR3 (Figure 7 A). The shoulder of MDR3 was
slightly shifted to 1.55 mL retention volume, which could be due to the system used. The
addition of a molar ratio of 1:1 a-cyclodextrin or methyl-p-cyclodextrin to detergent already
increased the signal at 1.55 mL of MDR3. However, an optimal monodispersity of MDR3
could not be obtained and higher contents of a-cyclodextrin caused MDR3 aggregation and
precipitation indicated by the decrease of the UV signal (Figure 7 F). These data indicate that
the heterogeneity of MDR3 is caused by heterogeneous lipid/detergent micelles.

Taken together, MDR3 was stable expressed in P. pastoris and located at the plasma
membrane. Tandem-affinity purification yielded amounts of highly pure (>90%) protein
suitable for biochemical analysis of MDR3. For structural analysis such as X-ray
crystallography monodisperse protein is a prerequisite. The addition of glycerol and
cyclodextrin increased monodispersity of MDR3. However, further investigations such as
detergent-free solubilization by using a polymer such as polystyrene-co-maleic acid (SMA)

(29) might result in an improved monodispersity of MDR3.

DISCUSSION

Mammalian expression systems such as insect cells or tumor cell lines are the first choice for
the expression of human membrane proteins. MDR3 was stably expressed in insect (Sf9)
cells, polarized pig kidney epithelial cells (LLC PK1) and human embryonic kidney 293 cells
(HEK293) (15,16,19). However, these cell culture systems are very costly and yielded low
quantities of purified protein insufficient to study the molecular mode of action of MDR3-
mediated lipid transport and ATPase activity, respectively. Posttranslational modifications
such as phosphorylation were demonstrated to be important for the function of MDR3 (30). In
this study, MDR3 was successfully expressed at the plasma membrane in the eukaryotic
expression systems S. cerevisiae and P. pastoris, which harbors the posttranslational
modification machinery required for modification of MDR3. Previously, it was demonstrated
that purification of MDR3 expressed in S. cerevisiae yielded 200 pg partial purified protein
per liter cell culture (22). Because of the low expression level and yield of purified MDR3,
the expression system was changed to the methylotrophic yeast P. pastoris. Chloupkova et al.
analyzed 25 of 48 human ABC transporters for expression in P. pastoris (26). Especially
ABC transporters of the liver such as MDR1 (ABCB1), ABCG2, ABCG5/G8 and ABCCl, 3
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and 6 (multidrug resistance related protein (MRP) 1, 3 and 6) could be expressed and partially
purified with yields of about 1-6 mg per 100 g wew, while for example ABCC2 (MRP2)
could not be expressed (26,31-35).

The choice of an appropriate detergent is important to maintain a native and functional
protein. Unanticipatedly, exclusively small-micelle forming detergents Fos-Choline-16, Fos-
Choline-14 and Zwittergent 3-6 solubilized MDR3 with decreased efficacy. The tandem-
affinity purification of MDR3 with Fos-Cholin-16 yielded in 6 g/mL highly pure protein from
100 g wew. However, SEC indicated a heterogeneous distribution of MDR3. While Pollock et
al. reported an increased stability and monodispersity of the lipid floppase ABCA4 (ABCR)
and MDR1 using CHS (28), no improvement in monodispersity of MDR3 was observed. It is
known that glycerol generates a more native environment for membrane proteins by reducing
the concentration of water and increasing the hydrophobicity (36). Furthermore, cyclodextrins
bind detergent such as DDM and digitonin and were used for reconstitution of supermolecular
complexes and membrane proteins (20,21). The addition of glycerol during SEC increased
monodispersity of MDR3 (Figure 5 B), while MDR3 monodispersity was only slight
improved in the presence of cyclodextrins (Figure 7). These data indicate that heterogeneity
of MDR3 is caused by different sizes of detergent/lipid micelles. However, optimal
monodispersity could not be achieved. This study provides the foundation to study the

function of MDR3 in vitro.
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Abstract

The human liver ATP-binding cassette (ABC) transporters bile salt export pump (BSEP/ABCBI1) and the multidrug resistance
protein 3 (MDR3/ABCB4) fulfill the translocation of bile salts and phosphatidylcholine across the apical membrane of
hepatocytes. In concert with ABCG5/GS, these two transporters are responsible for the formation of bile and mutations
within these transporters can lead to severe hereditary diseases. In this study, we report the heterologous overexpression
and purification of human BSEP and MDR3 as well as the expression of the corresponding C-terminal GFP-fusion proteins in
the yeast Pichia pastoris. Confocal laser scanning microscopy revealed that BSEP-GFP and MDR3-GFP are localized in the
plasma membrane of P. pastoris. Furthermore, we demonstrate the first purification of human BSEP and MDR3 yielding
1 mg and 6 mg per 100 g of wet cell weight, respectively. By screening over 100 detergents using a dot blot technique, we
found that only zwitterionic, lipid-like detergents such as Fos-cholines or Cyclofos were able to extract both transporters in
sufficient amounts for subsequent functional analysis. For MDR3, fluorescence-detection size exclusion chromatography
(FSEC) screens revealed that increasing the acyl chain length of Fos-Cholines improved monodispersity. BSEP purified in n-
dodecyl-b-D-maltoside or Cymal-5 after solubilization with Fos-choline 16 from P. pastoris membranes showed binding to
ATP-agarose. Furthermore, detergent-solubilized and purified MDR3 showed a substrate-inducible ATPase activity upon
addition of phosphatidylcholine lipids. These results form the basis for further biochemical analysis of human BSEP and
MDR3 to elucidate the function of these clinically relevant ABC transporters.

Citation: Ellinger P, Kluth M, Stindt J, Smits SHJ, Schmitt L (2013) Detergent Screening and Purification of the Human Liver ABC Transporters BSEP (ABCBI11) and
MDR3 (ABCB4) Expressed in the Yeast Pichia pastoris. PLoS ONE 8(4):¢60620. doi:10.1371/journal.pone.0060620

Editor: Anthony George, University of Technology Sydney, Australia
Received January 14, 2013; Accepted February 28, 2013; Published April4, 2013

Copyright: © 2013 Ellinger et al. This is an open-access article distributed under the terms of the Creative Commons Attribution License, which permits
unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.

Funding: This work was supported by the Clinic Research Unit 217 (KFO 217) ‘‘Hepatobiliary transport and liver diseases" (project TP3 to L.S.). The funders had no

* E-mail: Lutz.Schmitt@hhu.de

+# These authors contributed equally to this work.

role in study design, data collection and analysis, decision to publish, or preparation of the manuscript.

Competing Interests: The authors have declared that no competing interests exist.

o Current address: Department of Gastroenterology, Hepatology and Infectiology, Heinrich-Heine-University, Diisseldorf, Germany

Introduction

ATP-binding cassette (ABC) transporters constitute one of the
largest families of membrane transport proteins present in all three
kingdoms of life. They transport a wide variety of different
substrates ranging from small ions to large proteins across
biological membranes using ATP as energy source [1,2]. ABC
transporters are composed of two transmembrane domains
(TMDs) and two highly conserved nucleotide-binding domains
(NBDs). TMDs determine the substrate specificity and the NBDs
fuel the transport by binding and hydrolyzing ATP. In eukaryotes,
the TMDs and NBDs are encoded on one gene and build up
either a full-size transporter (one gene encoding two TMDs and
two NBDs) or a half-size transporter (one gene encoding one
TMD and one NBD), which hetero- or homodimerize to form the
functional unit.

Within the human genome 48 genes encode for ABC proteins,
which are involved mainly in transport [3]. Mutations in these
ABC protein genes can lead to severe diseases such as cystic
fibrosis, X-linked Adrenoleukodystrophy or Tangier disease.
Beside this, ABC transporters are also involved in processes like
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multidrug resistance of cancer cells [4,5,6,7]. In hepatocytes,
eleven ABC transporters are expressed. Except for the transport of
different cyclic nucleotides, glucuronide and glutathione conju-
gates through MRPs (MRP 1-6, note that MRP1 is detected only
in fetal hepatocytes) [8] and the transport of endo- and xenobiotics
by MDR1 (P-gp) [9] and ABCG2 [10], one of the main function of
ABGC transporters in the liver is the formation of bile depending on
the ABC transporters BSEP (ABCB11), MDR3 (ABCB4) and
ABCGS5/8 [11]. Bile is essential for the digestion of fat as well as
for the absorption of lipids and fat-soluble vitamins originating
from food ingestion in the small intestine. In the intestine the main
components of bile, bile salts and phosphatidylcholine are recycled
via the enterohepatic circulation [12]. Bile salts, phosphatidylcho-
line and cholesterol form mixed micelles in the canaliculus, which
dampen the detergent effect of the amphiphatic bile salts as well as
prevent the formation of cholesterol crystals. Bile formation is
dependent on the three ABC transporters BSEP (ABCBI1),
MDR3 (ABCB4) and ABCG5/8 [13].

The bile salt export pump (BSEP) is the main bile salt
transporter in humans and is localized in the apical membrane
of hepatocytes [14]. It is a 1321 amino acid large, glycosylated
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full-size ABC transporter and mediates the ATP-dependent bile
flow by transporting monovalent bile salts like taurine and glycine
conjugates of primary and secondary bile salts (e.g. tauro- and
glycocholate or taurodeoxycholate) into the canaliculus [15]. The
human multidrug resistance protein 3 (MDR3) is a close
homologue of MDR1 (P-glycoprotein, ABCB1) with an amino
acid sequence identity of nearly 80%. However, MDR3 exclu-
sively translocates phosphatidylcholine from the inner to the outer
leaflet of the apical membrane [16]. MDR3 is like BSEP a
glycosylated full-size transporter composed of 1288 amino acid
[17]. The heterodimeric ABC transporter ABCG5/G8 completes
the bile forming machinery by transporting cholesterol [18,19].

Mutations within the BSEP and MDR3 gene can lead to
different cholestatic diseases, e.g. progressive familiar intrahepatic
cholestasis type 2 and 3 (PFIC2 and PFIC3) [20,21,22], benign
recurrent intrahepatic  cholestasis type 2 (BRIC2) [23] or
intrahepatic  cholestasis of pregnancy (ICP) [24] and low-
phospholipid associated cholestasis (LPAC) [25]. Therapy for
cholestatic disease includes treatment with e.g. ursodeoxycholic
acid or surgical biliary diversion [26]. If none of those treatments is
successful, the only alternative therapy is liver transplantation.
New successful forms of therapy include treatment with chemical
chaperones like 4-phenylbutyrate for misfolded BSEP mutants
[27].

Because of their high clinical interest, MDR3 and especially
BSEP have been characterized extensively in cell culture as well as
animal models [22,28,29,30,31,32]. A well-established system for
investigating BSEP are for example insect cell-based vesicles,
which allow to perform transport studies and to study kinetics,
inhibitors or mutants [13,33]. Less is known about MDR3,
because of the difficulty to establish a robust activity assay.
Together, all these assays are performed in whole cells or
membranes and not with the isolated proteins.

To investigate the function of BSEP and MDR3 in its isolated
form, a substantial expression of these proteins is required. To
date, no reports regarding the purification of both proteins from
cell culture systems or other expression systems have been
reported. An alternative to cell culture is the use of yeast
expression systems such as Saccharomyces cerevisiae or Pichia pastoris,
which also harbor the eukaryotic protein processing machinery
and can be grown to high cell densities. Chloupkova et al. tested 25
human ABC transporters for expression in P. pastoris [34], but
BSEP and MDR3 were not included in this study, while for
example MRP2, another human liver ABC transporter, could not
be expressed.

In general, S. cerevisice has been used frequently to express
eukaryotic membrane proteins [35]. After successful establishment
of an expression system, the purification of a membrane protein
requires first of all its solubilization with detergents from the
membrane of the expression host. However, finding an adequate
detergent for extraction and purification that preserves the
membrane protein in a stable and functional form is an
empirical process. High throughput methods have been developed
in order to screen the influence of detergents on stability
and monodispersity of the purified membrane protein
[36,37,38,39,40,41,42]. One of these approaches is fluorescence-
detection size exclusion chromatography (FSEC) based on the
fluorescence of a green fluorescent protein (GFP) tag fused to the
membrane protein. In this approach solubilized crude membranes
are loaded on a size exclusion column and the elution is monitored
via the fluorescence of GFP. Thereby only the membrane-GFP
fusion protein is visible and the result can be evaluated based on
the shape of the elution peak [43,44]
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In this study, we established the heterologous overexpression in
the yeast P. pastoris and the subsequent solubilization and
purification of human BSEP and MDR3. To achieve this, we
applied a dot blot technique and FSEC to identify the most
suitable detergent for BSEP and MDR3. The purified protein
could be isolated in a functional state as judged by substrate-
induced ATPase activity of MDR3 and ATP binding in the case of
BSEP.

Materials and Methods

Materials

All detergents were obtained from Affymetrix with the
exception of Digitonin, which was purchased from Sigma. Lipids
were from Sigma or Avanti Polar Lipids.

Routine Procedures

SDS-PAGE on 7% gels used the Bio-Rad Minigel system.
Immunoblotting followed standard procedures using the mono-
clonal anti-P-gp C219 antibody in case of MDR3 (Abcam), the F-6
anti-BSEP antibody (Santa Cruz Biotechnology) or an anti-GFP
antibody (Sigma). Protein concentration was estimated by the
Bradford method using a Coomassie Plus Assay (Pierce).

Cloning of human BSEP and MDR3 and GFP fusion
expression constructs for Pichia pastoris

The general cloning procedure is described in detail in Stindt et
al. [45]. The P. pastoris expression vector pSGP18 was made
compatible for Saccharomyces cerevisiae by introducing a 2m origin of
replication into its backbone. The 2m origin of replication was
PCR-amplified from the YEpHIS vector with the primer pairs 2m
for pPIC S1 and 2m for pPIC S2 (for oligonucleotide sequences see
Table 1). The resulting PCR product and the pSGP18 vector were
digested with Pcil and ligated yielding pSGP18-2m. The coding
sequences for human BSEP and MDR3 (NCBI accession code:
NM_003742.2 and NM_000443.3) were PCR-amplified with the
primer pairs BSEP-HR-PP-S1 and BSEP-HR-PP-S2 and MDR3-
HR-PP-S1 and MDR3-HR-PP-S2, respectively. For Pichia expres-
sion of the GFP-tagged transporters, the respective coding
sequences were amplified either with the primer pair BSEP-PP-
HR-S1 and YEpNI4HIS-BSEP-S2 or with MDR3-PP-HR-SI
and YEpN14HIS-MDR3-S2. The S65T-GFP sequence of pFA6a-
GFP(S65T)-kanMX6 [27] was either amplified with primer pair
GFP-BSEP-HR-S1 and GFP-PP-HR-S2 or primer pair GFP-
MDR3-HR-S1 and GFP-PP-HR-S2. This includes the necessary
homologous overlaps to the PCR products for in-frame recombi-
nation into pSGP18-2m. pSGP18 contains a 3C protease cleavage
site, a calmodulin binding peptide (CBP) tag and a RGS-6xhis-tag
C-terminal to the proteins in the multiple cloning site [34]. For
expression of the GFP-fusion proteins, tags were replaced by GFP
in the process of recombination. The BsmBI linearized pSGP18-2u
vector and the PCR fragments were gel-purified, mixed in
equimolar amounts (either with BSEP or MDR3 or each together
with GFP) and transformed into S. cerevisiae [45]. The ATP
hydrolysis deficient mutant of MDR3 was generated by introduc-
tion of two point mutations in the conserved NBD. Therefore, we
replaced Glu 558 and Glu 1207 of the Walker B motif'to Gln using
the QuikChangeH XL Site-Directed Mutagenesis Kit (Agilent
Technologies). The sequence of all constructs were verified by
DNA sequencing.

Transformation of P. pastoris
BSEP and MDR3 expression constructs were transformed into
competent P. pastoris X33 (Invitrogen) cells using standard
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Table 1. PCR oligonucleotides used in this study.

Oligonucleotide

Sequence 59R 39

pSGP18-2m-ori-S1
pSGP18-2m-ori-S2
BSEP-HR-PP-S1
BSEP-HR-PP-S2
MDR3-HR-PP-S1
MDR3-HR-PP-S2
YEpN14HIS-BSEP-S2
YEpN14HIS-MDR3-S2
GFP-BSEP-HR-S1
GFP-PP-HR-S2
GFP-MDR3-HR-S1
E558Q S1
MDR3-E558Q S2
MDR3-E1207Q S1
MDR3-E1207Q S2

TAATACGGTTATCCACAGAATCAGGGGATAACGCAGGAAAGAACATGTAAATATTGCGAATACCGCTTCCACAAACATTG
AACGCGGCCTTTTTACGGTTCCTGGCCTTTTGCTGGCCTTTTGCTCACATGTTATTTCACACCGCATATATCGGATCGTACT
ATCAAAAAACAACTAATTATTCGAACGAGGTAAAAGAATGTCTGACTCAGTAATTCTTCGAAGT ATA
ACGTTTGGACCTTGGAAAAGACTTCTAAGGAGTTGGAGGCACTGATGGGGGATCCAGTGGTGACTAGTTT
ATCAAAAAACAACTAATTATTCGAACGAGGTAAAAGAATGGATCTTGAGGCGGCAAAGAACGGAACA
ACGTTTGGACCTTGGAATAAGACTTCTAAGGAGTTGGAGGCTAAGTTCTGTGTTCCAGCCTGGACACTGACCATTGAAAAATAG
GAATAAGGTAAACATGGTAGCGATGTCGACCTCGAGACGCGTCTAACTGATGGGGGATCCAGTGGTGACT
GAATAAGGTAAACATGGTAGCGATGTCGACCTCGAGACGCGTCTATAAGTTCTGTGTCCCAGCCTGGACACTGACCATT
AGCCTACTACAAACTAGTCACCACTGGATCCCCCATCAGTGGTGGTGGTCGACGGATCCCCGGGTTA
ACGTTTGGACCTTGGAATAAGACTTCTAAGGAGTTGGAGGCTATTATTTGTATAGTTCATCCATGCCATGT
TTTCAATGGTCAGTGTCCAGGCTGGAACAAAGAGACAAGGTGGTGGTCGACGGATCCCCGGGTTA MDR3-
GATCCTTCTGCTGGATCAAGCCACGTCAGCATTGGACAC
GTGTCCAATGCTGACGTGGCTTGATCCAGCAGAAGGATC

CAAATCCTCCTGTTGGATCAAGCTACATCAGCTCTGGATAC

GTATCCAGAGCTGATGTAGCTTGATCCAACAGGAGGATTTG

doi:10.1371/journal.pone.0060620.t001

procedures (Invitrogen). Briefly, 10-20 mg DNA of the expression
construct were linearized using Pmel (New England Biolabs) to
facilitate homologous recombination at the AOX1 locus, extracted
by phenol/chloroform, re-suspended in 10 ml sterile H,O and
transformed into 80 ml electro-competent P. pastoris cells by
electroporation (1.500 V, 5 ms). Cells were incubated in 1 M
sorbitol without shaking for 1 h at 30°C, 1 ml YPD was
subsequently added and cells were shaken for 2 h at 200 rpm
and 30°C. 100 ml of this suspension was plated onto YPDS plates
containing 100 mg/ml Zeocin or higher and incubated for 30°C
until colonies appeared. 10 to 20 colonies were re-streaked on
YPD plates containing Zeocin and used for expression studies.

Expression screening of BSEP and MDR3 transformed P.
pastoris cells

Small-scale expression screens of BSEP or MDR3 P. pastoris
clones were performed similarly as described by Wang et al. [46].
50 ml cultures were grown overnight in MGY medium (1.34%
(W/v) yeast nitrogen base, 1% (v/v) glycerol and 4x107% (w/v)
biotin) at 30°C and 220 rpm, harvested by centrifugation, re-
suspended in 50 ml MMY (1.34% (w/v) yeast nitrogen base, 0.5%
(v/v) methanol and 4 x107% (w/v) biotin) and incubated for
another 24 h to induce protein expression. 2 ml of these cells were
harvested, washed in 2 ml of homogenization buffer (50 mM Tris-
HCI, pH 8.0, 0.33 M sucrose, 75 mM NaCl, 1| mM EDTA,
I mM EGTA, 100 mM 6-Aminocaproic acid, 2 mM fB-
Mercaptoethanol) supplemented with protein inhibitor cocktail
(Roche) and re-suspended in 500 ml of homogenization buffer.
Cells were lysed with 1 ml of acid-washed zirconia beads (Roth) by
vortexing 6 times for 1 min with 1 min breaks on ice. Disrupted
cells were centrifuged for 5 min, 12.000 xg, 4°C and the
supernatant was adjusted to 10 mM MgCl, and incubated on
ice for 15 min. Precipitated membranes were harvested by
centrifugation for 30 min, 20.000 xg, 4uC and the resulting pellet
was re-suspended in SDS sample buffer and loaded onto a 7%
SDS-PAGE. Expression was visualized by immuno blotting.
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Fermentation of BSEP and MDR3

For large-scale expression, BSEP, BSEP-GFP and MDR3
expressing clones were fermented in a 15 liter table-top glass
fermentor (Applikon Biotechnology) according to the Invitrogen
Pichia fermentation guidelines [26] using the basal salt media.
Typically a volume of 6 1 media was inoculated with 1 1 of an
overnight culture grown in MGY (1.34% yeast nitrogen base, 1%
glycerol and 4x107% biotin) media. Aeration was kept above
20% O, saturation and the glycerol fed-batch was performed for
5 h feeding 500 ml of 50% (v/v) glycerol. Protein expression was
induced by addition of 3.6 ml/h 1 (1000 ml) methanol for 48 h.
Cells were harvested by centrifugation (5.000 xg, 10 min, 4uC),
flash-frozen in liquid nitrogen and stored at -80°C until further
use. Under these conditions approximately 1-1.4 kg of wet cell
mass could be obtained.

Expression of GFP fusion proteins in shaking flask
cultures

Clones either expressing BSEP-GFP or MDR3-GFP were
inoculated in 2 1 shaking flasks containing 0.5 1 of MGY media
and shaken overnight at 30uC and 220 rpm. Protein expression
was induced with methanol by harvesting the cells in sterile
centrifuge buckets (5.000 xg, 10 min, 4°C) and re-suspended in
0.5 1 methanol-containing media (MMY). 24 h after induction,
methanol was added to a final concentration of 0.5% and after
48 h the cells were harvested (5.000 xg, 10 min, 4°C), flash-frozen
in liquid nitrogen and stored at —80°C until further usage.

Confocal fluorescence microscopy of GFP fusion proteins
P. pastoris cells expressing either BSEP-GFP or MDR3-GFP
were directly spotted onto microscope slides coated with poly-L-
lysine (Thermo Scientific) from shaking flasks and mounted with a
coverslip. Images were acquired using an Olympus FV1000
confocal laser scanning microscope equipped with a 60x
UPLSAPO objective (N.A. 1.35). GFP was excited at 488 nm

and emission was recorded at 500 nm—600 nm.
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Preparation of crude membrane vesicles for protein
purification

100 g batches of P. pastoris cells expressing BSEP or MDR3 were
thawed on ice, washed with ddH,O and re-suspended at a
concentration of 0.5 g cells/ml in homogenization buffer contain-
ing protease inhibitor cocktail (Roche). Cells were disrupted by
two passages through a pre-cooled TS Series Cell Disrupter
(Constant Systems) at 2.5 kbar. After cell debris was spun down by
two centrifugation steps (15 min at 5,000 xg, 4uC and 30 min at
15,000 xg, 4°C), crude membrane vesicles were prepared by
ultracentrifugation for 1 h at 125,000 xg, 4uC. Membrane vesicles
were re-suspended in buffer A (50 mM Tris-HCI1 pH 8.0, 75 mM
NaCl, 30% (v/v) glycerol) and flash frozen in liquid Nj.

Solubilization screen via the Dot Blot technique

Membranes were thawed on ice and solubilized in 200 ml buffer
A. Membrane concentration was kept at 5 mg/ml during
solubilization and detergents were used at a concentration of 1%
(w/v) or higher according to their critical micellar concentration
(cmc). A complete list of the used detergents is provided in Table
S1 in File Supplementary Information. Samples were solubilized
for 1 h at 4uC on a rotator, centrifuged (100.000 xg, 30 min, 4uC)
and the supernatant was supplemented with SDS sample buffer.
The samples were heated to 65uC for 10 min and 3 ml were
spotted onto a dry nitrocellulose membrane. After extensive drying
of the sample, the membrane was blocked for 1 h in TBS-T with
5% (w/v) milk powder and then probed with a 1:2000 dilution of
the respective primary antibody. Dot blots were quantified using
the GeneTools software (Syngene).

Fluorescence-detection size-exclusion chromatography
(FSEC)

BSEP-GFP or MDR3-GFP containing membranes were
solubilized in detergents based on the results of the dot blot
analysis. 100 ml of the solubilized sample was applied to a Biosep
SEC-S4000 size-exclusion chromatography column (Phenomenex)
connected to a HPLC system (Hitachi) equipped with a
fluorescence detector (L-2485, Hitachi), which was equilibrated
in running buffer (50 mM Tris-HCI, pH 8.0, 150 mM NaCl, 15%
(v/v) glycerol and 0.02% (w/v) b-DDM). The UV absorption of
the proteins was followed at 280 nm and for online fluorescence
detection, the GFP tag was excited at 1., = 470 nm to improve the
signal to noise ratio and fluorescence emission was detected at
1em=512 nm.

Solubilization and Purification of MDR3 and BSEP

The purification of MDR3 and BSEP was performed by
tandem-affinity purification (TAP) consisting of an immobilized
metal ion affinity chromatography (IMAC) step followed by a
calmodulin binding peptide affinity purification (CBP). All
procedures were carried out at 4°C. Crude membrane vesicles
equivalent to 100 g wet cells were thawed at 4uC, diluted to a final
concentration of 5 mg/ml total protein with buffer A as
determined by the Coomassie Plus Assay (Pierce) and solubilized
in 1% (w/v) of Fos-choline-16 or other detergents for 1 h at 4°C
(for cmc values see Table S1 in File Supplementary Information).
Non-solubilized membrane vesicles were removed by centrifuga-
tion at 100.000 xg, 4uC for 1 h. The supernatant supplemented
with 20 mM imidazole was loaded onto a Ni**-loaded HiTrap
Chelating column (5 ml, GE Healthcare) and washed with 10
column volumes of buffer A supplemented with 20mM imidazole
and typically 2.5~ cmc of detergent. Proteins were eluted in one
step with buffer B (50 mM Tris-HCI pH 8.0, 75 mM NaCl,
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200 mM imidazole, 20% (v/v) glycerol) supplemented with

2.5xcmc detergent. The IMAC eluate was diluted 5-times with
CaCl, binding buffer (50 mM Tris-HCI pH 8.0, 150 mM NacCl,

1 mM MgCl,, 2 mM CaCl, and 20% (v/v) glycerol) containing

2.5xcmc detergent, applied to 4 ml calmodulin affinity resin
equilibrated in CaCl, binding buffer and incubated with the
calmodulin resin over night at 4°C on a rotator. The resin was
transferred into a gravity flow column and washed with 10 column
volumes of CaCl, binding buffer containing 2.5~ cmc detergent.
The proteins were eluted with 3 bed volumes of EGTA elution
buffer 2 mM EGTA, 50 mM Tris-HCI pH 7.4, 150 mM NacCl,
and 20% (v/v) glycerol) supplemented with 2.5x cmc detergent.
The purified protein was directly used for ATPase activity or
further concentrated using an Amicon Ultra-15 filter (Millipore)
with a cut-off of 100 kDa, aliquoted, snap frozen in liquid nitrogen
and stored at -80°C. Aliquots of the sample were analyzed by
Coomassie blue stained SDS-PAGE and immunoblotting.

ATP Agarose binding assay of BSEP

To test the ability of detergent solubilized BSEP to bind ATP,
25 ml of a 1:1 slurry of C8-linked ATP-agarose resin (Sigma)
equilibrated in buffer A was added to 20 mg of purified BSEP in
the detergent to be examined and incubated at 4°C on a rotator.
After 1 h, the resin was pelleted by centrifugation (8200 xg, 2 min,
4°C) and the resin was washed three more times with 250 ml of
buffer A supplemented with 2.5 x cmc of the detergent. Bound
proteins were eluted in SDS sample buffer by heating the resin to
65°C for 20 min. The pellet samples were subjected to SDS-
PAGE and analyzed by immunoblotting.

ATPase activity measurements of MDR3

The ATPase activity of MDR3 was examined with the
malachite green assay by determination of released free inorganic
orthophosphate as described previously [47]. Reactions were
performed in a total volume of 100 ml in buffer C (50 mM Tris-
HCl pH 7.4, 50 mM NaCl, 15% (v/v) glycerol) containing
2.5xcmc detergent and 10 mM MgCl,. 5 — 20 mg purified,
detergent-soluble MDR3 was used. The reaction was started by
typically adding 2 mM ATP at 37°C and stopped at appropriate
time points by the addition of 25 ml of the reaction into 175 ml of
20 mM ice-cold H,SO,. Subsequently, 50 ml dye solution (0.096%
(w/v) malachite green, 1.48% (w/v) ammonium molybdate, and
0.173% (w/v) Tween-20 in 2.36 M H,SO,) was added. After
15 min the amount of free phosphate was quantified spectroscop-
ically by measuring the absorption at 595 nm. For subsequent
data evaluation, all appropriate controls were performed and
subtracted. For calibration of free phosphate concentrations a
Na,HPO, standard curve was used. For substrate stimulated
ATPase activity, purified MDR3 was incubated with the equal
volume of 2—5 mM lipid stock solution at room temperature for
20 min and sonified for 30 s to facilitate the incorporation of lipids
into the detergent-protein micelles. The lipid-protein sample was
stored on ice until further usage.

Results

Cloning and Expression of human BSEP and MDR3 in P.
pastoris

For the expression of human BSEP and MDR3 in the
methylotrophic yeast P. pastoris we used the expression plasmid
pSGP18, which was used before to express 25 human ABC
transporters in P. pastoris [34]. BSEP and MDR3 were not
included in this study likely due to the inherent toxicity of the
cDNAs, which hampers the cloning procedure and often results in
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the failure of obtaining suitable expression plasmids [13]. We
custom modified the plasmid by introducing a 24 origin of
replication for S. cerevisize in its backbone and cloned the human
BSEP and MDR3 cDNA via homologous recombination into
pSGP18-2p. After transformation in P. pastoris, ten clones were
tested for expression. A clone for each transporter was chosen for
fermentation, which yielded about 1.0-1.4 kg of wet cell weight
(wew) in a typical fermentation. As can be seen by immunoblotting
both wild-type proteins were expressed in P. pastoris (Fig. 1A and
C, middle lanes). The wild-type proteins exhibited a distinct
protein band at _ 130 kDa that cross-reacted with monoclonal
antibodies against BSEP or MDR3. No signal was obtained using
the empty plasmid as a control (see Fig. 1, neg ctrl).

Localization and judging the quality of BSEP and MDR3
in P. pastoris

For the determination of the trafficking and localization of
human BSEP and MDR3 in P. pastoris cells, we generated and
expressed the corresponding GFP-fusion proteins, BSEP-GFP and
MDR3-GFP. The C-terminal GFP-tag was confirmed by immu-
noblot analysis against GFP (Fig. 1B and D) as well as by a shift to
a higher molecular weight visualized by antibodies against BSEP
and MDR3, respectively (Fig. 1A and C, right lane). Both the
fusion proteins migrated at _ 160 kDa. The correct trafficking of
the GFP-fusion proteins to the plasma membrane of P. pastoris was
checked by confocal laser scanning microscopy (Fig. 2, upper row).
Induced cells expressing BSEP-GFP or MDR3-GFP showed clear
ring-shaped fluorescence at the plasma membrane, which co-
localized with the cell surrounding of the differential interference
contrast (DIC) scan (Fig. 2, bottom row, merged pictures). As
control only GFP was expressed in P. pastoris and the fluorescence

A B
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was distributed homogenously within the cell, which leads to the
conclusion that BSEP and MDR3 are processed and trafficked
correctly in P. pastoris. Non-induced cells did not show any
fluorescence (data not shown). We also employed sucrose density
centrifugation of whole cell membranes containing BSEP or
MDR3, which demonstrated co-localization of a plasma mem-
brane marker with BSEP or MDR3, respectively (data not shown).

Solubilization Screen via the Dot Blot technique

To find an appropriate detergent for membrane protein
extraction, we tested over 100 different detergents for their ability
to solubilize BSEP and MDR3 via dot blot analysis. These
detergents covered all four classes: non-ionic (N), anionic (A),
cationic (C) as well as zwitterionic (Z) (Table S1 in File
Supplementary Information). Most of the detergents were used
at a concentration of 1% (w/v). However, depending on the
critical micellar concentration (cmc) other concentrations were
also chosen when necessary (see Table S1 in File Supplementary
Information).

Membranes were solubilized for 1 h at 4°C, subsequently
centrifuged and the supernatant was spotted on the dot blot
membrane. For BSEP, we tested solubilization of the wild-type
protein as well as the GFP-fusion protein, to investigate if the GFP-
tag had any influence on the solubilization. Therefore, the BSEP-
GFP fusion protein was fermented the same way as the wild-type
BSEP protein for comparison. As seen in Fig. 3A and 3B, BSEP-
GFP could be extracted more efficiently than BSEP by maltosides
and glucosides (D-1 1-5). Furthermore, some differences can be
seen in a more efficient extraction of BSEP-GFP in Fos-choline-
unisat-11-10 and Fos-choline-8 (G8 and G9). Despite this, there
are large similarities between BSEP and BSEP-GFP, in fact only

negctrl BSEP BSEP-GFP neg ctrl BSEP BSEP-GFP
kDa kDa
170 — 170—
e < BSEP-GFP ~ < BSEP-GFP
130— < BSEP 130 —
IB: anti BSEP IB: anti GFP
Cc D
negctrl MDR3 MDR3-GFP negctrl MDR3 MDR3-GFP
kDa kDa
- | —
<- MDR3-GFP . < MDR3-GFP
130 — gy < MDR3 130—]
IB: anti MDR3 IB: anti GFP

Figure 1. Human BSEP and MDR3 expression in Pichia pastoris. A 5 mg of membranes derived from P. pastoris cells carrying the empty
expression plasmid pSGP18 (neg ctrl), BSEP or BSEP-GFP were subjected to SDS-PAGE and immunoblotting (lanes from left to right). The negative
control (left lane) did not react with the monoclonal antibody (F-6), while BSEP (middle lane) and BSEP-GFP (right lane) could be detected by the
same antibody. B Identical samples were probed with a monoclonal GFP antibody. The negative control (left lane) as well as BSEP (middle lane)
showed no signal with anti-GFP antibody, while BSEP-GFP could be detected (right lane). C In case of MDR3 the negative control (left lane) showed
no signal with the monoclonal antibody C219; MDR3 (middle lane) as well as MDR3-GFP (right lane) could be detected with the monoclonal antibody
C219. D Identical MDR3 samples were probed with a monoclonal GFP antibody. The negative control (left lane) as well as MDR3 (middle lane) showed
no signal with anti-GFP antibody, while MDR3-GFP could be detected (right lane). The position of the molecular weight markers are shown on the left.
doi:10.1371/journal.pone.0060620.g006
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MDR3-GFP
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BSEP-GFP

Figure 2. Fluorescence microscopy of BSEP-GFP and MDR3-GFP expressing Pichia pastoris cells. P. pastoris cells expressing GFP, BSEP-GFP
or MDR3-GFP were harvested 48 h after induction and examined for GFP fluorescence (upper row) by confocal LSM. BSEP-GFP as well as MDR-GFP
was located in the plasma membrane of P. pastoris cells in contrast to soluble GFP, which was homogenously distributed within the cell. Bottom row:
merge of the GFP fluorescence and the Differential Interference Contrast (DIC) scans. doi:10.1371/journal.pone.0060620.g006

the Fos-choline and Cyclofos detergents were able to solubilize
both proteins in large quantities (Fig. 3A and B, D7-10, E7-10, F7-

9). Also the Anapoe detergents (A-C 1-5) solubilized BSEP, but to
a lesser extent. Furthermore, the anionic detergent dodecanoyl
sarcosine (A9) as well as the zwitterionic detergents AnzergentH 3—

14 (C8) and 2-carboxy-v-heptadecenamidopropyldimethylamine

(J8) resulted in strong signalsin the dot blot.

In contrast to BSEP, we observed that only lipid-like detergents
like the Fos-choline series (Fig. 3C, E9-E10, F6-F9, G8) and
Cyclofos series (Fig. 3C, D8-D10) were able to solublize MDR3 in
high amounts. In addition, the anionic detergents sodium
dodecanoyl sarcosine (A9) and n-dodecyl-b-iminodipropionic acid
(A10) were also able to solubilize MDR3. Furthermore, very low
amounts of MDR3 were solubilized by AnzergentH 3-14 (C8) and
2-carboxy-v-heptadecenamidopropyldimethylamine (J8). None of
the Anapoes except Anapoe-58 (A4), none of the glucosides, none
of the thio-maltosides, none of the maltosides or any other series of
detergents showed a signal indicating that MDR3 was completely
resistant to solubilization. In the case of MDR3, we did not
analyze the GFP-fusion protein, because wild-type MDR3
displayed a substrate-induced ATPase activity (see below). Thus,
the dot blot based solubilization screen revealed that only the lipid-
like and more ‘‘harsh’’ detergents of the Fos-choline and Cyclofos
series were able to solubilize both, BSEP and MDR3, in a near
quantitative manner. For a quantification of the dot blots see
Figure S1 in File S1.

Fluorescence-detection Size Exclusion Chromatography
of selected detergents

Based on this analysis, the result of selected detergents used for
the solubilization of BSEP and MDR3 were examined by
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fluorescence-detection size exclusion chromatography (FSEC).
SEC is a common tool for monitoring the monodispersity and
stability of proteins. In combination with a fluorescence detector,
we were able to ascertain a high number of detergents using the
GFP fusion proteins as reporter. This strategy requires only
nanogram quantities of non-purified GFP-fusion protein by
directly using solubilized membrane proteins in the detergent to
be investigated. Our criteria for FSEC profiles in terms of
monodispersity and stability were a sharp and symmetrical peak,
no or only a small peak in the void volume or no signal
corresponding to free GFP, which would indicate degradations of
the fusion protein (for a FSEC profile of free GFP see Figure S2 in
File S1).

The Fos-choline series as well as some maltosides and other
detergents (see Figure S3 in File S1) solubilized BSEP-GFP,
although the latter only resulted a weak signal in the dot blot. Fos-
choline 8 and 9 did not give a significant signal in FSEC. A reliable
signal was only obtained in the case of Fos-cholines containing
long acyl chains. The signal increased with increasing acyl chain
length from 10 to 16 carbon atoms (Fig. 4A). BSEP-GFP eluted to
a certain portion in the void volume in Fos-choline detergents (10—
11 min retention time), especially in Fos-choline-12 (Fig. 4A)
indicating aggregated protein. The main BSEP-GFP peak
(between 16 and 17 minutes) became more non-symmetrical and
more BSEP-GFP degradation product (20-21 min retention
time, free GFP) was detected for detergents with longer acyl chains
(Fig. 4A and Fig S3 in File S1). On the other hand, the maltosides
gave sharp and symmetrical FSEC chromatograms and only very
little aggregation was detected. This was very pronounced for b-
DM, B-DDM and CymalS. This implies that the protein was
monodisperse and stable. Other detergents tested such as the
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Figure 3. Solubilization screen of human BSEP and MDR3 using Dot Blot. Solubilization screen of P. pastoris membranes containing BSEP
(A), BSEP-GFP (B) or MDR3 (C) with over 100 different detergents were analysed regarding the solubilization efficiacy. The solubilized protein was
spotted onto a nitrocellulose membrane and examined via dot blotting with BSEP or MDR3 specific monoclonal antibodies (F-6 and C219). Compared

areas are marked with a red box. All dot blots were performed in duplicate.

doi:10.1371/journal.pone.0060620.g006

anionic detergent sodium dodecanoyl sarcosine resulted in a non-
symmetrical peak (Figure S3 in File S1). These observations,
suggested that the length of the acyl chain of either group of
detergents had a profound influence on the monodispersity and
that an acyl chain length between 10 to 13 carbon atoms preserved
the monodispersity of the transporters.

The FSEC profiles obtained for MDR3-GFP using the
aforementioned detergents are summarized in Figure 4B and
Figure S2 in File S1. None of the detergents showed perfect
monodisperse peaks. The anionic detergent n-dodecyl-b-
iminodipropionic acid was able to solubilize MDR3 (Figure S2
in File S1), however, the FSEC peak resulted in a major signal in
the void volume of the SEC (molecular weight - 1 MDa). This
suggested aggregation. Sodium dodecanoyl sarcosine and the
group of Cyclofos detergents showed a very inhomogeneous SEC
profile (Figure S2 in File S1). The lipid-like Fos-cholines
solubilized MDR3 with high efficiency nearly to the same extent
as the SDS sample, which was used as control for solubilization
efficiency (Fig. 4B). Importantly, the length of the acyl chain had
again an impact on the monodispersity and stability of MDR3-
GFP. The longer the acyl chain became, the more symmetrically
the MDR3-GFP peak was observed (FC-16 - FC-15 _ FC-14 _FC-
13 _FC-12). The most promising result of solubilization efficiency
and monodispersity was obtained for FC-16, so that all further
experiments such as purification and ATPase acitivity were
performed in this particular detergent.

Purification of the human ABC transporter MDR3 and
BSEP

For functional analysis, we purified both transporter in the
detergents, which showed the most promising results in the dot
blot and FSEC analysis. The procedure we applied for the
purification of human BSEP and MDR3 was established by Wang
et al. based on the purification of the human ABC-transporters
ABCGS5/G8 and ABCC3 expressed in P. pastoris [34,46] and is
described in detail in ‘“Materials and Methods”’. MDR3 and BSEP
both contain a tandem affinity tag consisting of a calmodulin
binding-peptide tag (CBP-tag) and a 6xhis-tag at their C-termini.
Briefly, BSEP and MDR3 were purified by immobilized metal-ion
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affinity chromatography (IMAC) and calmodulin affinity resin
(CBP) after solubilization of crude membranes in the appropriate
detergent isolated from fermenter cultures.

We chose Fos-choline-16 as detergent of choice for solubiliza-
tion of BSEP, because of its high efficacy. During the purification
process, we exchanged the detergent on the CBP affinity column
to maltoside detergents (e.g. b-DDM and Cymal-5), which
according to the FSEC profiles corresponded to monodisperse
protein (Fig. 4A). BSEP could be purified and yielded 1 mg of
protein from solubilized membranes of 100 g (wcw) of Pichia cells
with a purity of roughly 75% (Fig. 5A).

MDR3 was solubilized with Fos-choline-16 and purified via an
identical tandem affinity approach. The MDR3 transporter was
visualized on a Coomassie blue-stained SDS-gel and further
identified by immunoblot analysis (Fig. 6A). We obtained _ 6 mg
of highly purified protein from 100 g yeast cells with a purity of
more than 90% as judged by SDS-PAGE analysis.

Binding of solubilized human BSEP to ATP-Agarose

BSEP was tested for ATPase activity in detergent solubilized
state, but no reliable activity could be detected. Therefore, we
investigated the capability of BSEP to bind to ATP coupled to
agarose beads (ATP-beads) in the detergent-solubilized state,
which would indicate that the protein is in a state where the
nucleotide can bind, but the conformation is likely locked in a non-
productive state, which inhibits hydrolysis. As shown in Figure 5B
BSEP purified in Fos-choline-16 was not eluted from the ATP-
beads after incubation suggesting that BSEP cannot bind to ATP
in Fos-choline. Maltosids are known as mild detergents and often
find usage to preserve the functionality of the membrane protein
such as LmrA [47]. Accordingly, we solubilized BSEP with Fos-
choline-16 and exchanged the detergent to f-DDM or Cymal-5
during purification. In these two detergents, BSEP bound to the
ATP-beads. This result is in agreement with the FSEC results in
those detergents (Fig.4A).

ATPase Activity of purified human MDR3

We further examined whether purified MDR3 exhibits ATPase
activity that could be stimulated by its natural substrate
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Figure 4. Detergent screening utilizing FSEC. FSEC analysis of BSEP-GFP (A) in five representative detergents and MDR3-GFP in five detergents
(B). The arrows indicate the estimated elution position of the void volume and free GFP. Additional FSEC profiles are summarized in the

supplementary material.
doi:10.1371/journal.pone.0060620.g006

phosphatidylcholine (PC) lipids. For this purpose we added two
synthetic PC lipids (DPPC and DOPC) to the purified protein and
measured the ATPase activity at 37°C up to 60 min (Fig. 6B).
Under these conditions, we observed an approximately 2.5 fold
stimulation of ATPase activity. Because co-purification of
contaminating ATPases cannot be excluded, we cloned an ATP
hydrolysis deficient mutant by introducing two point mutations
and purified the mutant as described for the wild-type protein.
The exchange of Glu to Gln in the highly conserved Walker B
motif (OPODE, where @ can be every hydrophobic amino acid) of
MDR3 prevents hydrolysis of ATP. The ATPase inactive
mutant  (E558Q, E1207Q, further called EQ/EQ mutant)
exhibited basal ATPase activity comparable to the wild-type
protein. This suggested that the observed activity was derived from
co-purified ATPases. However and most important, no stimula-
tion of activity was observed in the presence of PC lipids. ATPase
activity of ABC transporters is often stimulated after addition of
lipids. To demonstrate that the increased ATPase activity of
MDR3 is caused by a substrate-specific and not by a conforma-
tional stabilization effect of PC lipids, we added DPPE and DOPE
lipids to MDR3 wild-type as well as to the ATPase-deficient EQ/
EQ mutant. The MDR3 wild-type ATPase activity is slightly
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increased by a factor of 1.4 for DPPE and 1.6 for DOPE, whereas
the ATPase activity of the EQ/EQ mutant are not increased
compared to PC added ATPase activity. The data demonstrates a
substrate-specific ATPase activity of 15 nmol/min per mg MDR3
wild-type in comparison to the DOPE-stimulated ATPase activity.
We ascertained that the stimulation of ATPase activity is MDR3
specific by PC and indicated that MDR3 is functional in the
detergent-solubilized state with respect to its capability to bind and
hydrolyze ATP.

Discussion

In this study, we presented a high-throughput detergent
screening and purification approach for the human liver-localized
ABC transporters BSEP and MDR3 expressed in the methylo-
trophic yeast Pichia pastoris. This expression host has all the
advantages of other eukaryotic expression systems, such as post-
translational modifications or trafficking machinery. However, the
overexpression per cell is only moderate and therefore requires
fermentation to compensate this by high biomass. This system was
used before for expression trials of human ABC transporters,
which showed its general applicability for this class of transporter.
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Figure 5. Purification and nucleotide binding of human BSEP. A Coomassie Brilliant Blue-stained SDS-PAGE of purified BSEP solubilized in
Fos-choline-16 or in b-DDM and Cymal5, which were exchanged after solubilization. Molecular weight markers are indicated on the left. B Purified
BSEP in all three detergents was incubated with ATP-agarose and bound protein was eluted in SDS sample buffer and examined with
immunoblotting with a monoclonal antibody (F-6). BSEP signals could be detected in 3-DDM and Cymal5, but not in Fos-Choline-16, indicating only

binding to ATP in maltosides.
doi:10.1371/journal.pone.0060620.g006

Especially ABC transporters of the liver like MDR1 (P-gp,
ABCBI), ABCG2, ABCG5/G8 or ABCCI, ABCC3 and ABCC6
(MRP 1, 3 and 6) could be expressed and partially purified
[34,46,48,49,50,51]. Since BSEP and MDR3 were not included in
this expression screen, we cloned these genes into the expression
vector pSGP18. The ¢cDNA of BSEP and MDR3 is unstable and
cannot be cloned by conventional cloning in E. coli [45].

well as the GFP-fusion proteins were expressed without detectable
degradation products (Fig. 1). To analyze whether processing and
especially targeting of BSEP and MDR3 to the plasma membrane
in P. pastoris occurs, we employed fluorescence microscopy.
Fluorescence microscopy of heterologous expressed proteins,
particularly with distinct destinations in the cell is a valuable tool
to directly judge the quality of the overexpressed protein. These

Therefore, we modified the pSGP18 vector. Both transporters as experiments revealed that both transporters were targeted
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Figure 6. Characterization of purified human MDR3 in Fos-choline-16. A Coomassie Brilliant Blue-stained SDS-PAGE and immunoblot using
an anti-MDR3 antibody of purified MDR3 wild-type and the MDR3 EQ/EQ-mutant via TAP. Molecular weight markers are shown on the left. B
Normalized ATPase activity of MDR3 wild-type (black) and of an ATPase deficient mutant (E558Q E1207Q, white) in FC-16 without and with different
phospholipids. The ATPase activity of three independent MDR3 purifications was determined == SD (n=3).

doi:10.1371/journal.pone.0060620.2006
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correctly and no intracellular retention occurred. This adverts
correct folding of BSEP and MDR3.

To date high-throughput methods are available to systemati-
cally screen a huge number of detergents in an appropriate time
frame for their capability to solubilize the membrane protein of
interest. We used a dot blot based solubilization screen on an
analytical scale similar to approaches used for GPCRs heterolo-
gously expressed in P. pastoris or E. coli [36,52]. We analyzed more
than 100 different detergents covering all four classes of detergents.
Only detergents of the Fos-choline as well as Cyclofos series were
able to solubilize BSEP and MDR3 in a nearly quantitative
manner. None of the maltosides, thio-maltosides or glycosides
were able to solubilize BSEP and MDR3. Surprisingly, BSEP-GFP
could be solubilized to some degree by those detergents suggesting
that the GFP tag enhances solubilization. The zwitterionic Fos-
choline and Cyclofos series are lipid-like detergents and possess a
head group consisting of phosphocholine, but differ in the
hydrophobic part as Fos-cholines have a plain acyl chain with
varying number of carbon atoms and Cyclofos detergents
additionally contain a cyclohexane ring at the omega position of
the acyl chain. This result is in contrast to other used detergents for
liver ABC transporters expressed heterologously in P. pastoris.
ABCC3 was solubilized in b-DDM like ABCG5/G8 [34,53].
MDRI1 was solubilized in various detergents from P. pastoris
membranes including b-DM, b-DDM, Lyso-PC, deoxycholic acid
or Triton-X100 [48,54,55,56,57]. Despite the high degree of
sequence identity between MDR1 and MDR3 (85% homology to
human MDR1, 80% to mouse MDR1), MDR3 behaves different,
since it could not be solubilized with Triton-X100 (data not
shown), which was used to crystallize mouse MDR1 [54]. Also
ABCG?2 was solubilized in b-DDM, but could only be solubilized
in Fos-Choline-16 when expressed in High Five cells [46,49].

GFP fusion proteins cannot only be used as quality marker for
heterologous expression, but also as a tool to screen the influence
of a detergent to the membrane protein using FSEC. We
employed this technique to investigate those detergents more in
detail that were successfully identified in the dot blot screen. The
Fos-Choline series displayed a clear dependence on the acyl chain
length, i. e. increasing the acyl chain length increased the
monodispersity of the protein sample. For BSEP-GFP, we also
tested some maltoside detergents, although the solubilization
efficacy was moderate for BSEP-GFP as judged from the dot blot.
All tested maltosides showed very monodisperse FSEC profiles
with less aggregation and a symmetrical peak, e.g. with Cymal-5 or
b-DDM. b-DDM in general is believed to be a mild detergent and
is often used for solubilization, purification and crystallization
trails. On the other hand, the Fos-cholines showed a large
aggregation peak and with increasing acyl chain length, a BSEP-
GFP degradation product was more visible indicating instability of
the membrane protein, and the peak became more unsymmetri-
cally. Nonetheless, we decided to use Fos-choline-16 for BSEP and
MDR3 for solubilization because of its efficacy and its use for
other ABC transporter like LmrA [47], BmrC/D [58] and the
aforementioned ABCG2 [46].

We were able to purify MDR3 and BSEP for the first time
yielding _6 mg and _1 mg of protein per 100 g of cells,
respectively. This is in good agreement with ABCBI (.6 mg) or
ABCC3 (-9 mg) [34,48]. BSEP is expressed at lower levels than
MDR3 in P. pastoris and thus the yield is lower underlining the
variance of expression of different proteins. Both transporters were
purified by TAP from crude membranes, which resulted in a
homogeneous preparation for MDR3 as judged by SDS-PAGE. In
case of BSEP, the purity was not as high.

PLOS ONE | www.plosone.org
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BSEP and MDR3 belong to the ABC transporter family and
ATP hydrolysis drives translocation of bile salts or phosphatidyl-
choline. However, we could not detect any ATPase activity for
BSEP in the detergent-solubilized state, neither basal nor substrate
induced. To see whether BSEP was purified in a state, which at
least allows binding of ATP, we employed ATP beads. Here, we
could confirm that purified BSEP is able to bind ATP in the
presence of f-DDM and Cymal-5. This indicates that at least the
NBDs of BSEP are properly folded, which is a prerequisite for
proper functioning and that Fos-choline-16 likely locks the protein
in a binding-incompatible state, whereas b-DDM and Cymal-5
invert this state. For BSEP it is known, that its transport activity is
depending on cholesterol [S9]. Enrichment of §f9 cell membranes
expressing BSEP with cholesterol drastically increases its transport
activity [60]. If cholesterol is bound to the transporter itselfor is
just required as a membrane component has not been clarified yet.
In the yeast expression host however, ergosterol is the predom-
inant sterol instead of cholesterol like in other mammalian cells.
Both sterols differ by two additional double bonds (in the ring and
in the tail) in the case of ergosterol. The striking dependence of
transport activity of BSEP on cholesterol and the absence of this
steroid in yeast might explain the lack of ATPase activity.
However, even in the absence of cholesterol, BSEP is able to bind
to ATP in the detergent-solubilized state.

MDR3 displayed a substantial ATPase activity. This observa-
tion was sustained by analysis of an ATP hydrolysis deficient EQ
double mutant (E558Q, E1207Q). Generally, a mutation of the
glutamine of the Walker B motif renders ABC transporters
ATPase inactive. Here, we generated the double mutant to ensure
that the observed stimulation of ATPases was not due to
contaminating ATPases. The substrate specificity for MDR3 was
already investigated using S. cerevisiac secretory vesicles or cell-
culture based methods [16,32,61]. All experiments showed, that
MDR3 translocates short chain PC lipids (Cg) or long chain
derivatives (C;¢), but not PE, sphingomyelin or ceramides.

Here, we demonstrate for the first time that the ATPase activity
of detergent-solubilized MDR3 in the presence of phosphatidyl-
choline lipids could be stimulated by a factor of almost 2.5, while
the EQ/EQ mutant did not display any stimulation. Furthermore,
it was shown that the specificity resulted from the phosphatidyl-
choline headgroup. We proved that MDR3 ATPase activity is
specifically stimulated by PC lipids and not by PE lipids, which
differ only in the headgroup.

In summary, we demonstrate for the first time the expression of
two human ABC transporters, MDR3 and BSEP, in the yeast P.
pastoris and their correct targeting to the plasma membrane. BSEP
could bind to ATP in detergent, but no hydrolytic activity could be
detected. Furthermore, we established a purification procedure for
human MDR3, which resulted in purified and functional protein.
This study provides the foundation for further investigations of the
human liver ABC transporters BSEP and MDR3.

Supporting Information

File S1 Combined file of supporting figures and tables.
Figure S1: Dot Blot quantification of BSEP (A), BSEP-GFP (B) and
MDR3 (C). Average values from two independent dot blots are
shown (n=2) == SD. Large errors for e.g. the Fos-Choline series
resulted from saturation of the detector. The intensity of SDS was
set to 100% and all other values were normalized to SDS. Black
bars represent zwitter-ionic detergents, grey bars ionic detergents
and white bars non-ionic detergents. Figure S2: FSEC profiles of
free GFP and MDR3-GFP in selected detergents. The x-axis
shows time in minutes, the y-axis fluorescence in arbitrary units.
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Figure S3: FSEC profiles of BSEP-GFP in selected detergents. The
x-axis shows time in minutes, the y-axis fluorescence in arbitrary
units. Table S1: Used detergents for solubilization of BSEP and
MDR3 and Dot Blot analysis; N: Non-ionic detergents; Z:
Zwitterionic detergents; A: Anionic detergents; C: Cationic
detergents.
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Supplementary Figure S3
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Supplementary Table S1

Position Detergent cmc % used % nature
A1 Anameg®-7 0.65 1% N
A2 Anapoe®-20 0.0072 1% N
A3 Anapoe®-35 0.001 1% N
A4 Anapoe®-58 0.00045 1% N
A5 Anapoe®-80 0.0016 1% N
B1 Anapoe®-C10E6 0.025 1% N
B2 Anapoe®-C10E9 0.053 1% N
B3 Anapoe®-C12E8 0.0048 1% N
B4 Anapoe®-C12E9 0.003 1% N
B5 Anapoe®-C12E10 0.2 1% N
C1 Anapoe®-C13E8 0.0055 1% N
C2 Anapoe®-X-100 0.015 1% N
C3 Anapoe®-X-114 0.011 1% N
C4 Anapoe®-X-305 - 1% N
C5 Anapoe®-X-405 0.16 1% N
D1 Big CHAP 0.25 1% N
D2 Big CHAP deoxy 0.12 1% N
D3 CYGLU®-3 0.86 2% N
D4 CYMAL®-1 15 2% N
D5 CYMAL®-2 5.4 2% N
E1 CYMAL®-3 0.37 1% N
E2 2.6-Dimethyl-4-heptyl-B-D-maltose 1.2 2% N
E3 2-propyl-1-pentyl maltose 1.9 2% N
E4 MEGA-8 25 2% N
E5 n-Octyl-B-D-glucoside 0.53 2% N
F1 n-Nonyl-B-D-glucoside 0.2 1% N
F2 n-Octyl-B-D-maltoside 0.89 2% N
F3 n-Nonyl-B-D-maltoside 0.28 2% N
F4 n-Decyl-a-D-maltoside - 1% N
F5 n-Tetradecyl-B-D-maltoside 0.00054 1% N
G1 n-Undecyl-a-D-maltoside 0.029 1% N
G2 n-Undecyl-B-D-maltoside 0.029 1% N
G3 n-Dodecyl-a-D-maltoside 0.0076 1% N
G4 n-Dodecyl-B-D-maltoside 0.0087 1% N
G5 n-Tridecyl-B-D-maltoside 0.0017 1% N
H1 n-Heptyl-B-D-thioglucoside 0.85 2% N
H2 n-Octyl-B-D-thiomaltoside 04 2% N
H3 n-Nonyl-B-D-thiomaltoside 0.15 1% N
H4 n-Decyl-B-D-thiomaltoside 0.045 1% N
H5 n-Undecyl-B-D-thiomaltoside 0.011 1% N
" n-Dodecyl-B-D-thiomaltoside 0.0026 1% N
12 Pentaethylene glycol 0.031 1% N

monodecylether(C10E5)
13 Tetraethylene glycol 0.25 1% N
monoethylether(C8E4)

14 Sucrose monododecanoate 0.016 1% N
15 Dimethyldecylphosphine oxide 0.1 1% N
J1 Tripglu 3.6 2% N
J2
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J3 Decyl-B-D-glucoside 0.07 1% N
J4
J5 CYGLU®-4 0.058 2% N
K1 CYMAL®-5 0.12 2% N
K2 MEGA-10 0.21 2% N
K3 NP40 0.05-0.3 1% N
K4 Cyclohexyl-n-hexyl-3-D-maltoside - 1% N
Cé6 Anzergent® 3-10 1.2 2% V4
C7 Anzergent®3-12 0.094 1% Z
C8 Anzergent® 3-14 0.007 1% V4
C9 CHAPS 0.49 2% Z
c10 CHAPSO 0.5 2% Z
D6 C-DODECAFOS™ 0.77 2% Z
D7 Cyclofos™-4 0.45 2% Z
D8 Cyclofos™-5 0.15 1% V4
D9 Cyclofos™-6 0.094 1% V4
D10 Cyclofos™-7 0.022 1% V4
E6 Cyclofos™-2 7.5 1% V4
E7 Fos-Choline®-9 1.2 2% Z
E8 Cyclofos™-3 1.3 2% V4
E9 Fos-Choline®-11 0.062 1% Z
E10 Fos-Choline®-12 0.047 1% Z
F6 Fos-Choline®-13 0.027 1% V4
F7 Fos-Choline®-14 0.0046 1% V4
F8 Fos-Choline®-15 0.0027 1% V4
F9 Fos-Choline®-16 0.00053 1% z
F10 Fos-Choline®-Iso-9 0.99 2% V4
G6 Fos-Choline®-Iso-11 0.9 2% V4
G7 Fos-Choline®-Iso-11-6U 0.87 2% V4
G8 Fos-Choline®-Unisat-11-10 0.21 1% V4
G9 Fos-Choline®-8 3.4 2% V4
G10 Fosfen™-9 0.014 1% V4
H6 Nopol-Fos™ 1.4 2% Z
H7 PMAL™-8 - 1% Z
H8 PMAL™-C10 - 1% Z
H9 n-Decyl-N.N-dimethylglycine 0.46 2% 4
H10 n-Dodecyl-N.N-dimethylglycine 0.041 1% 4
17 n-Tetradecyl-N.N-dimethylamine-N- 0.0075 1% 4
oxide
18 n-Dodecyl-N.N-dimethylamine-N- 0.023 1% 4
oxide
19 Tripao 4.5 2% Z
10 n-Tetradecyl-N.N-dimethylamine-N- 0.0075 1% Z
oxide
J6é LAPAO 0.052 2% Z
J7 PMAL™-C-12 - 2% Z
J8 2-Carboxy-w- - 1% V4
heptadecenamidopropyldimethylamin
e
J9 2-Carboxy-5- - 1% V4
pentadecenamidopropyldimethylamin
e
J10 N.N dimethyl(3-carboxy-4-dodec-5- 0.0178 1% Z
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ene)aminopropylamine
A6 Deoxycholic acid. sodium salt 0.24 1% A
A7 Sodium cholate 0.41 2% A
A8 Fosmea®-10 0.15 1% A
A9 Sodium dodecanoyl sarcosine 0.42 2% A
A10 n-Dodecyl-B-iminodipropionic acid N/A 1% A
(only used for MDR3)
B6 Decyltrimethylammonium chloride 0.07 1% C
B7 Dodecyltrimethylammonium chloride 0.0012 1% C
B8 Hexadecyltrimethylammonium 0.000102 1% C
chloride
B9 Tetradecyltrimethylammonium 0.0009 1% C
chloride
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Background: A mutation of the extended X
loop of MDR3 caused hereditary liver
cholestasis.

Results: Wild type MDR3 exhibited PC-induced
ATPase activity, while the Q1174E mutant
displayed no stimulation.

Conclusion: The glutamine preceding the ABC
signature motif communicates substrate binding
within the TMD to the extended X loop of the
NBD.

Significance: This study provides evidence for a
transmission interface coupling ATP hydrolysis
to substrate transport.

ABSTRACT

The human multidrug resistance protein
3 (MDR3/ABCB4) belongs to the ubiquitous
family of ATP binding cassette (ABC)
transporters and is located in the canalicular
membrane of hepatocytes. There it flops
phospholipids of the phosphatidylcholine
family from the inner to the outer leaflet.
Here, we report the characterization of wild
type MDR3 and the Q1174E mutant, which
was identified previously in a patient with
progressive familial intrahepatic cholestasis
type 3 (PFIC-3). We expressed different
variants of MDR3 in the yeast Pichia pastoris,
purified the proteins via tandem-affinity
chromatography and determined MDR3
specific ATPase activity in the presence or
absence of phospholipids. The ATPase
activity of wild type MDR3 was stimulated
twofold by liver PC or DOPC lipids.
Furthermore, the crosslinking of MDR3 with

a thiol-reactive fluorophore blocked ATP
hydrolysis and exhibited no PC stimulation.
Similar, phosphatidylethanolamine (PE),
phosphatidylserin (PS) and sphingomyelin
(SM) lipids did not induce an increase of wild
type MDR3 ATPase activity. The phosphate
analogues BeF, and AIlF, led to complete
inhibition of ATPase activity, while ortho-
vanadate inhibited exclusively the PC-
stimulated ATPase activity of MDR3. The
Q1174E mutation is located in the nucleotide-
binding domain (NBD) in direct proximity of
the leucine of the ABC signature motif and
extended the X loop, which is found in ABC
exporters. Our data on the Q1174E mutant
demonstrated basal ATPase activity, but PC
lipids were incapable of stimulating ATPase
activity highlighting the role of the extended
X loop in the crosstalk of the NBD and the
transmembrane domain.

The human multidrug resistance protein 3
(MDR3/ABCB4) belongs to the family of ATP
binding cassette (ABC) transporters and is
highly expressed in the canalicular membrane of
hepatocytes. In the canaliculus, phosphatidyl-
choline (PC) lipids form mixed micelles with
bile salts and cholesterol to reduce the
destructive detergent activity of bile salts and to
protect the biliary ducts (1). Because the flop of
PC lipids from the inner leaflet of the lipid
bilayer to the outer leaflet is a very slow process,
PC lipids are translocated by the PC floppase
MDR3  energized by ATP binding and
hydrolysis (2-7).
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The first evidence that MDR3 flops
phospholipids (PLs) was obtained by the
generation of homozygous knock-out mice for
the murine Mdr2 gene (Mdr2(-/-) mice), which
is homologous to human MDR3 (2). These mice
showed a complete absence of PLs from bile.
The function of Mdr2 could be substituted in
these mice by expressing the human MDR3
gene, indicating that MDR3 acts as a PL
floppase (3). Further studies used the lower
hydrophobicity of short chain lipids (Cs-Cs
chain) to determine Mdr2/MDR3 mediated lipid
translocation in yeast and cultured mammalian
cells, respectively. Direct evidence that MDR3
translocates exclusively PLs of the phosphatidyl-
choline family was obtained by van Helvoort
and co-workers (5). They reported the
translocation of fluorescently labeled, short
chain PC lipids in polarized pig kidney epithelial
cells transfected with MDR3. Subsequently, it
was demonstrated in HEK293 cells stably
expressing MDR3 that PC lipids are excreted in
a bile salt-dependent manner (6-8).

MDR3 is a 1279-amino acid glycoprotein
and is composed of two nucleotide-binding
domains (NBDs) and two transmembrane
domains (TMDs), which are encoded on a single
gene forming a so-called full-size ABC
transporter (9). MDR3 shares up to 76% identity
and 86% similarity in the amino acid sequence
with the human multidrug resistance protein 1
(MDRI1/ABCBI1), but fulfills a different
physiological function (9-15). As of yet, no
specific ATPase activity of MDR3 could be
determined when the protein was expressed at
high levels in insect (Sf9) cells or HEK293 cells,
while MDR1 exhibited high ATPase activity in
these systems (16,17). Smith et al. demonstrated
vanadate-dependent nucleotide trapping of
MDR3 in Sf9 plasma membranes, which could
be inhibited by the MDRI1 reversal agents
verapamil and cyclosporin A (16). In addition,
Ishigami et al. ascertained the drug-stimulated
ATPase activity of a chimera protein containing
the TMDs of MDRI1 and the NBDs of MDR3.
They demonstrated that the purified chimera
protein exhibited 10-fold lower drug stimulated
ATPase activity compared to MDR1 (17). These
findings confirmed that the NBDs of MDR3
bind ATP, but that ATP hydrolysis takes place
with an apparent low turnover number.

Previously, we demonstrated that human
wild type MDR3 exhibited PC-induced ATPase
activity, while the ATPase deficient mutant of
both Walker B motifs did not show
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stimulation (18). In the present study, we
characterized the ATPase activity of wild type
MDR3 in terms of kinetic parameters, substrate
spectrum and effect of phosphate analogues.
Furthermore, we analyzed the ATPase
activity of the MDR3 Q1174E mutant in vitro,
which was identified in a patient with
progressive familial intrahepatic cholestasis type
3 (PFIC-3) and described previously in Kubitz et
al. (19). This mutation is located in the extended
X loop of NBD2 (TRVGDKD/TQ). Based on
structural and biochemical data, the NBDs
dimerize in a head-to-tail orientation in the
presence of ATP (20-22). Each ATP binding site
harbors highly conserved motifs, the Walker A
(GXXGXGKS/T, where X can be any amino
acid residue) and Walker B motif (®@ODDD,
where ® can be any hydrophobic residue) of one
NBD and the ABC signature motif (C loop,
LSGGQ) of the opposing NBD (23). A highly
conserved motif, the X loop (TEVGERG),
which is located in close proximity of the ABC
signature motif was identified by Dawson et al.
in ABC exporters (22). The X loop contacts the
first intracellular loop (ICL1) of the TMD and
likely  transmits  conformational  changes
generated by ATP binding and hydrolysis to the
TMD (22,24,25). To date, the molecular
function of this transmission interface with
respect to coupling of the ATP hydrolysis cycle
with substrate translocation is still not entirely
clear. We expressed the Q1174E mutant in P.
pastoris and purified the mutant via tandem
affinity purification (TAP). The detergent-
solubilized Q1174E mutant exhibited basal
ATPase activity, which was demonstrated by
modifying this mutant with a thiol-reactive
fluorophore, but no substrate-stimulated ATPase
activity in contrast to the wild type floppase.
Thus, we suggest that glutamine 1174 is
involved in the crosstalk of NBD and TMD.

EXPERIMENTAL PROCEDURES
Chemicals and Routine Procedures — Fos-
choline 16 (FC-16) was obtained from
Affymetrix and lipids were purchased from
Avanti Polar Lipids. All other chemicals were
from Sigma-Aldrich. The protein concentration
was determined by a Bradford assay using the
Coomassie Plus Assay (Pierce). The Mini-
Protean 3 system (Bio-Rad) was used for SDS-
PAGE on 7% gels. Immunoblotting was
performed with a Tank blot system (Bio-Rad)
using the monoclonal anti-P-gp C219 antibody
(Merck) employing standard procedures.
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Cloning of human MDR3 and Site-directed
Mutagenesis — We cloned human wild type
MDR3 (NM_000443.3) as previously described
(18). Site-directed mutagenesis was carried out
with  the  QuikChange® XL  (Agilent
Technologies) and the Phusion Site-Directed
Mutagenesis Kit (Thermo Scientific),
respectively. To generate the ATPase deficient
mutant, we exchanged Glu 558 and Glu 1207 of
the conserved Walker B motif against Gln with
the primer pair as described before (18). The
Q1174E mutant was introduced into MDR3 with
the Phusion Site-Directed Mutagenesis Kit
(Thermo Scientific) using forward primer 5'-
GATAAGGGGACTGAGCTCTCAGGAGGTC
AAAAAC-3'" and the reverse primer 5'-
CCCACTCTTGTTTCATATTTGTGGGGTAA
CG-3'. The sequences of all constructs were
verified by DNA sequencing (GATC Biotech).

Transformation of P. pastoris and expression
screening — MDR3 expression constructs were
transformed into electro-competent P. pastoris
X33 cells (Invitrogen) using standard procedures
and the expression level was analyzed as
described in Ellinger et al. (18).

Fermentation of MDR3 transformed P.
pastoris cells — For large-scale expression, P.
pastoris cells containing the chromosomal
integrated wild type MDR3, the ES58Q/E1702Q
double mutant or the Q1174E mutant gene were
fermented in a 15 liter table-top glass fermenter
(Applikon Biotechnology) according to the
Invitrogen P. pastoris fermentation guidelines.
Usually, a volume of 7 L basal salt media was
inoculated with 1 L of an overnight culture
grown in MGY (1.34% yeast nitrogen base, 1%
glycerol and 4 x 10° % biotin) media. The
glycerol fed-batch was performed for 4 h
feeding ~500 mL of 50 % (v/v) glycerol added
with 12 mL/L PTMI1 salts. Protein expression
was induced by addition of 3.6 mL/h/L methanol
for 48 h. During the complete fermentation the
temperature was set at 30°C, oxygenation was
kept above 20% O, saturation and the mixer was
set at 1000 rpm. Cells were harvested by
centrifugation (5.000 xg, 10 min, 4°C), flash-
frozen in liquid nitrogen and stored at -80°C
until further use. Under these conditions, 1.4 kg
of wet cell mass were routinely obtained.

Preparation of crude membrane vesicles for
protein purification — Generally, 100 g of frozen
P. pastoris cells expressing the respective
MDR3 protein (wild type or mutant) were
thawed on ice, washed with 500 mL ice cold 50
mM Tris-HCI, pH 8.0 and re-suspended at a
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concentration of 0.5 g cellssmL in
homogenization buffer (50 mM Tris-HCI, pH
8.0, 0.33 M sucrose, 75 mM NaCl, 1 mM
EDTA, 1| mM EGTA, 100 mM 6-aminocaproic
acid, 1 mM DTT) containing a protease inhibitor
cocktail (Roche). Cells were disrupted by two
passages through a pre-cooled TS Series Cell
Disrupter (Constant Systems) at 2.7 kbar. After
cell debris was removed by three centrifugation
steps (10 min at 5000 xg, 4°C and 2x 30 min at
15,000 xg, 4°C), crude membrane vesicles were
prepared by ultracentrifugation for 1 h at
125,000 xg at 4°C. Membrane vesicles were re-
suspended in buffer A (50 mM Tris-HCI pH 8.0,
50 mM NacCl, 30% (v/v) glycerol) and flash
frozen in liquid No.

Solubilization and purification of MDR3 —
The purification of wild type MDR3 or mutant
was performed as described previously with a
few modifications (18). All procedures were
carried out at 4°C. Crude membrane vesicles
equivalent to 100 g wet cells were diluted to a
final concentration of 15 mg/mL total protein
with buffer A and solubilized with 1% (w/v) of
FC-16 for 1 h at 4°C. Non-solubilized membrane
vesicles were removed by centrifugation at
125.000 xg at 4°C for 1 h. All buffers typically
contained 2x cmc FC-16 (0.0011 % (w/v) FC-
16) and cooled to 4°C. The supernatant
supplemented with 20 mM imidazole was loaded
onto a Ni*'-loaded HiTrap Chelating column (5
ml, GE Healthcare) and washed with 10 column
volumes of buffer A supplemented with 20 mM
imidazole. Proteins were eluted in one step with
buffer B (50 mM Tris-HCI pH 8.0, 50 mM
NaCl, 200 mM imidazole, 20% (v/v) glycerol).
The IMAC eluate was diluted 5-times with
CaCl, binding buffer (50 mM Tris-HCI pH 8.0,
150 mM NaCl, 1 mM MgCl,, 2 mM CaCl, and
20% (v/v) glycerol), applied to 4 mL calmodulin
affinity resin equilibrated in CaCl, binding
buffer and incubated with the calmodulin resin
overnight at 4°C on a rotator. The resin was
transferred into a gravity flow column and
washed with 10 column volumes of CaCl,
binding buffer. Protein was eluted with 5 column
volumes of EGTA elution buffer (2 mM EGTA,
50 mM Tris-HCI pH 7.4, 150 mM NacCl, and
20% (v/v) glycerol). The purified protein was
directly used for ATPase activity measurements
or aliquoted, snap frozen in liquid nitrogen and
stored at -80°C. Aliquots of the samples were
analyzed by Coomassie blue stained SDS-PAGE
and immunoblotting.
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Labeling of MDR3 with Bodipy® FL
maleimide — Purified wild type MDR3 and
mutants were incubated with 10-fold molar
excess of bodipy®FL maleimide (BodipyFL N-
(2-aminoethyl))maleimide, Molecular Probes
Inc.) at room temperature for 20 min.
Bodipy®FL maleimide was added from a stock
solution prepared in DMSO. The concentration
of DMSO in the mixture did not exceed 0.2%
(v/v). The reaction was terminated by the

addition of 20-fold molare excess of
dithiothreitol and samples were stored on ice
until ATPase activity measurements. The

labeling was analyzed by SDS-PAGE and
fluorescence imaging at 488 nm excitation and
emission wavelength.

ATPase activity measurements of MDR3 —
The ATPase activity of MDR3 was examined
with the malachite green assay by determination
of released free inorganic orthophosphate as
described previously with a few changes in the
experimental procedures (18,26,27). Reactions
were performed in a total volume of 100 pl in
50 mM Tris-HCI pH 7.5 (at 37°C) containing 2 x
cme FC-16 and 10 mM MgCL. 5 — 10 pg of
purified, detergent-solubilized MDR3 were used
and the reaction was started by adding 2 mM
ATP at 37°C and stopped after zero and 40 min
by the addition of 25 puL of the reaction mixture
into 175uL of 20 mM ice-cold H,SO,.
Subsequently, 50 pL dye solution (0.096% (w/v)
malachite green, 1.48% (w/v) ammonium
molybdate, and 0.173% (w/v) Tween-20 in 2.36
M H,SO,) was added. After 15 min, the amount
of free phosphate was quantified by measuring
the absorption at 595 nm. For substrate
stimulated ATPase activity, purified MDR3 was
incubated at room temperature for 20 min with a
defined volume taken from a 5 mM lipid stock
solution and sonificated for 30 s to facilitate the
incorporation of lipids into the detergent-protein
micelles. The lipid-protein sample was directly
used for ATPase activity measurement. For
determination of kinetic parameters, ATP
concentration was varied. The kinetic data were
analyzed according to  Michaelis-Menten
kinetics:

7l
"7k, +[5]

(M

Here, v describes the reaction velocity, Viax
the maximal reaction velocity, S the substrate
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concentration and Ky the Michaelis-Menten
constant.

Inhibition by phosphate analogues was
assayed with stock solutions containing 100 mM
BeCl, complemented with 500 mM NaF (100
mM BeFy) and 100 mM AICl; complemented
with 500 mM NaF (100 mM AlFy), respectively.
Ortho-vanadate solutions (100 mM and 10 mM)
were prepared from Na;VO, at pH 10 and boiled
for 2 min prior to use (28). To determine the ICsg
values, the ATPase activity was plotted against
the log of inhibitor concentration. The data were
analyzed according to:

ymax - ymin

Y=Y +W

2

Here, ymax denotes the ATPase activity in the
starting plateau and ymi, the ATPase activity of
the final, inhibited plateau. Y describes the
ATPase activity value and x represents the
logarithmic concentration of the inhibitor. The
ICso value is calculated as the value of the
inhibitor concentration used at an ATPase
activity inhibition of 50%. This corresponds to
the inflection point of the resulting curves.

For subsequent data evaluation, a reaction
with EDTA (fc. 20 mM) was performed and the
autohydrolysis of ATP was substracted. For
calibration of free phosphate concentrations a
Na,HPO,; standard curve was used. All
experiments were generally performed three
times if not otherwise stated. Fitting was carried
out using the GraphPad Prism Software
(V.5.0a).

Immunofluorescence of liver tissue and

MDR3-EYFP transfected HEK293 cells -
Immunofluorescence staining and confocal
microscopy were performed as described

recently (29,30). Briefly, snap-frozen sample
liver tissue was cryo-sectioned and incubated
with the transporter-specific antibodies K24 for
BSEP and P31126 for MDR3 (Thermo Scientific)
(31). Staining was then performed with
secondary antibodies conjugated to Alexa Fluor
488 (green) and Alexa Fluor 546 (red). HEK293
cells were transiently transfected with either
wild type MDR3-EYFP or MDR3?"7*:-EYFP
for 48 h wusing the pEYFP-N1 vector and
polyethylene imine (PEI, average M.W. 25kDa;
Sigma Aldrich) as a transfection agent. After
fixation for 30 seconds with ice-cold methanol,
plasma membranes were immunostained with a
monoclonal Na'/K'-ATPase antibody (clone
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M7-PB-E9, Sigma Aldrich). Goat anti-mouse-
Cy3 (Dianova) was used as the secondary
antibody. Tissue and cells were visualized with a
LSM 510 Meta confocal laser scanning
microscope (Zeiss) using excitation wavelengths
of 488 nm for EYFP and Alexa Fluor 488 or 543
nm for Cy3 and Alexa Fluor 546, respectively.
505-530 nm (green) and 560-615 nm band pass
filters (red) were used for signal detection.

RESULTS

Expression and Purification of the human
ABC transporter MDR3 in Pichia pastoris —
Previously, we described the expression of wild
type MDR3 and the ATP hydrolysis deficient
mutant (ES58Q / E1207Q, further on called the
EQ/EQ mutant) in the methylotrophic yeast P.
pastoris. To determine the influence of the
Q1174E mutation located in the extended X loop
on the ATPase activity, we mutated the Gln to
Glu at position 1174 of MDR3 and expressed the
mutant in P. pastoris. The fermentation of each
P.  pastoris  strain, containing MDR3
chromosomally integrated, yielded about 1.4 kg
of wet cell weight. We found that the detergent
Fos-choline 16 (FC-16) solubilized MDR3 in
large quantities and fluorescence-detection size
exclusion chromatography (FSEC) analysis
demonstrated an appropriate quality in terms of
monodispersity of MDR3 solubilized in FC-16
(18). Therefore, we solubilized and purified all
three MDR3 variants in FC-16 by means of
tandem-affinity chromatography (TAP), which
was established by Rigaut et al. (32). The purity
of wild type MDR3, EQ/EQ and Q1174E mutant
was analyzed by Coomassie Brilliant Blue
(CBB) stained SDS gels and MDR3 was
identified by immunoblot analysis using the
C219 antibody, which is specific for the human
ABC transporters MDR1 and MDR3 (Figure
1 A, left and middle panel). For wild type
MDR3, we obtained 6.3 mg of highly purified
(>90%) protein from 100 g wet cell weight in
eight independent purifications compared to
MDR3 EQ/EQ mutant with 3.4 mg protein and
the MDR3 Q1174E mutant with 2.1 mg protein
per 100 g wet cell weight (Table 1). The lower
yield and purity of the mutants compared to the
wild type was likely due to the reduced
expression levels of the mutants in P. pastoris
(data not shown).

ATPase activity of isolated wild type MDR3,
EQ/EQ mutant and maleimide-bodipy labeled
MDR3 — In a previous study, we demonstrated
that MDR3 exhibits a PC-induced ATPase
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activity of 15 nmol min™ per mg purified MDR3
in comparison to the ATPase activity of the ATP
hydrolysis deficient Walker B (EQ/EQ) mutant
in the presence of 2 mM ATP and 10 mM
Mg®* (18). We used mass spectrometry to
analyze a FC-16 solubilized and purified sample
of wild type MDR3. Here, we observed that high
amounts of detergent molecules were attached to
MDR3 (data not shown). We increased the ratio
of MDR3 containing crude membranes to FC-16
during solubilization and reduced the amount of
FC-16 during the purification protocol as
described in experimental procedures. Thereby,
we obtained a sixfold higher stimulation of 105
+ 30 nmol min" mg™ in the presence of DOPC
lipids and 2 mM ATP (Figure 1 B). A similar
effect was reported for the multidrug resistance
protein LmrA from Lactococcus lactis (27).

In a first step of analyzing MDR3 related
ATPase activity in detergent solution in the
presence or absence of lipids, we determined the
maximal reaction velocity vi,x and the Michaelis
Menten constant Ky of ATP hydrolysis of wild
type MDR3 and EQ/EQ mutant in the absence
and presence of DOPC lipids, respectively.
Purified protein was first activated with 300 uM
DOPC lipids and the amount of released
inorganic phosphate was measured at various
ATP concentrations at 37°C for 40 min.

The ATP hydrolysis deficient EQ/EQ
mutant exhibited an ATPase activity with a Vi
of 240 + 5 nmol min" mg”, but could not be
stimulated by adding DOPC lipids (Viax = 245 £
5 nmol min" mg™) (Table 1). The Ky value and
turnover number k., of the EQ/EQ mutant did
not differ in the absence (Ky = 1.03 + 0.20 mM;
Keat = 0.57 £ 0.01 s'l) or presence (Ky = 1.24 +
0.10 mM; ke = 0.58 £ 0.01 s™") of DOPC lipids,
respectively, within experimental error (Table
1). The exchange of the highly conserved Glu to
Gln in the Walker B motif of ABC transporter
prevents in general the hydrolysis of ATP in
both nucleotide-binding sites (NBS) (21).
Additionally, Groen et al. reported an important
cytotoxicity caused by expression of wild type
MDR3 in HEK293T cells, which was
counteracted by the single mutation ES58Q of
the Walker B motif of the first NBD resulting in
an inactive floppase (7). This suggests that the
observed ATPase activity EQ/EQ mutant is
likely derived from co-purified contaminating
ATPases. For wild type MDR3 we obtained an
increased Vg, value of 354 + 13 nmol min™ mg'1
and a kg value of 0.83 + 0.03 s in the absence
of DOPC lipids (Figure 1 B, left panel; Table 1).
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In clear contrast to the EQ/EQ mutant, ATPase
activity of wild type MDR3 as well as the
corresponding k., value was increased in the
presence of DOPC lipids. We observed a v
value of 536 + 11 nmol min' mg’
corresponding to a ke, value of 1.26 + 0.03 st
(Figure 1 B, right panel; Table 1). Furthermore,
the activity of wild type MDR3 displayed a
relatively high Ky value of 2.17 £ 0.20 mM in
the absence and 1.78 = 0.10 mM in the presence
of DOPC lipids. Within experimental error,
these values are more or less identical. The
subtraction of the maximal ATPase activity of
ATP-deficient EQ/EQ mutant from the
measured vy, value of wild type MDR3 resulted
in the maximal basal ATPase activity of
114 nmol min' mg' for wild type MDR3.
However, a higher ATPase activity of wild type
MDR3 cannot be ruled out, because of the
differences in quality of the purified proteins. To
get rid of contaminating ATPases we performed
additional purification steps such as ion
exchange chromatography or size exclusion
chromatography, but both purification steps
resulted in no improvement (data not shown).
Crosslinking of Cys in the Walker A motif
of MDRI with maleimide derivatives was
demonstrated to block ATP hydrolysis and the
covalent modification was used to investigate
the function of MDRI1 (33-35). Because the Cys
residues 433 and 1073 in the Walker A motifs
are conserved in MDR3 and MDRI1 and both
proteins shares high amino acid sequence
identity, we reasoned that crosslinking of Cys of
MDR3 using a maleimide-fluorophore might
block ATP hydrolysis of MDR3. Thus, the
difference in activity of wild type and modified
MDR3 should reflect the basal ATPase activity.
We labeled wild type MDR3 and mutants with
the thiol reactive fluorophore maleimide-bodipy
(further called MDR3-Bodipy). Full-length
MDR3 was predominantly labeled beside
degradation products of MDR3 determined by
comparison of the fluorescence image and the
immunoblot (Figure 1 A, middle and right
panel). To exclude that labeling also inhibited
the ATP hydrolysis of co-purified ATPases we
compared the ATPase activity of EQ/EQ mutant
with the corresponding labeled protein in the
presence of 2 mM ATP and observed a slight
decrease of the ATPase activity of 17 nmol min™'
mg” (Figure 1 C), while the ATPase activity of
wild type MDR3-Bodipy was decreased by
67 nmol min”" mg” in the presence of 2 mM
ATP. This difference therefore reflects the basal
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activity of MDR3. To examine whether co-
purified ATPases exhibited PC-induced
stimulation we determined the ATPase activity
of MDR3-Bodipy in the presence of DOPC
lipids and observed no stimulation (Figure 1 B
and 1 C). In the absence of DOPC lipids we
determined a v, value of 186 + 6 nmol min™!
mg' and corresponding Ky value of 1.26 + 0.10
mM, which was identical in the presence of
DOPC lipids within the experimental error (Viax
= 175 + 10 nmol min" mg', Ky = 1.43 +
0.19 mM) (Figure 1 B, Table 1). This data
demonstrated that MDR3 exhibited a basal
ATPase activity between 114 and 168 nmol
min" mg"' and that the PC-induced ATPase
activity exclusively reflected MDR3 specific
ATP hydrolysis.

The head group of the lipids moiety
determines MDR3 substrate specificity — The
physiological function of MDR3 is the flop of
PC lipids into the canaliculus of hepatocytes.
Transport experiments with MDR3 transfected
polarized  pig  kidney  epithelial  cells
demonstrated that MDR3 flops fluorescently
labeled short chain PC lipids, but not the
corresponding PE variants. Furthermore, van
Helvoort et al. ascertain that MDR3
distinguished between PC and sphingomyelin
(SM) lipids. These findings led to the conclusion
that MDR3 binds predominantly phospholipids
with a choline head group and a diacyl backbone
5).

To exclude that the increased ATPase
activity in the presence of PC lipids is caused by
an unspecific effect of these lipids on MDR3, we
determined the ATPase activity of wild type
MDR3 in the presence of brain PE, DOPE, PS
and SM lipids. Data derived for other human
ABC transporters demonstrated that lipids might
display a stabilizing effect on the conformation
of the protein, which would result in an
increased ATPase activity (36-39). We found
that neither the presence of brain PE nor DOPE
lipids increased MDR3 ATPase activity (Figure
2 A and 2 B). Furthermore, the addition of PS or
SM lipids resulted in no significant stimulation
(Figure 2 C and 2 D). To further investigate the
influence of liver PC and DOPC lipids on the
ATPase activity of wild type MDR3 in the
solubilized state, Ky and v, values were
determined by  Michaelis-Menten  kinetic
analysis (Figure 2 E and 2 F). Liver PC and
DOPC lipids stimulated the ATPase activity in a
concentration dependent manner. The maximal
velocity viy.x was slightly increased for liver PC
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(109.8 + 5.9 nmol min™ mg") as compared to
DOPC lipids (84.0 £ 3.4 nmol min" mg™) (Table
2). Assuming that hundred percent homogeneous
and active MDR3 is present in the ATPase
assay, approximately four seconds are required
to catalyze the flop of one lipid molecule by one
molecule of MDR3 in the case of DOPC and
liver PC lipids. The Ky values were 16.6 + 2.6
uM for liver PC lipids and 12.0 £ 1.6 pM for
DOPC lipids.

Inhibition of MDR3 ATPase by transition
and ground state analogues — Next we examined
whether MDR3 specific ATP hydrolysis could
be inhibited by transition and ground state
analogues of phosphate. Phosphate analogues
have been extensively used to analyze for
example the catalytic mechanism of MDR1 and
other human ABC transporters (36,40-42). We
determined the ATPase activity of MDR3 after
adding BeF,, AlF; and ortho-vanadate in the
presence and absence of DOPC lipids,
respectively (Figure 3). BeFx and AlF, led to
complete inhibition of ATP hydrolysis at a
concentration of 1 mM and abolished the
ATPase activity of MDR3 as well as the
hydrolysis activity of the co-purified ATPases.
No inhibition of the ATPase activity by ortho-
vanadate was observed in the absence of DOPC
lipids even at concentrations up to 3 mM.
However, ATP hydrolysis in the presence of
DOPC lipids is inhibited stronger than in the
absence of DOPC lipids (approximately 20%) at
a concentration of 3 mM ortho-vanadate. Hence,
ortho-vanadate inhibited exclusively the PC
stimulated ATPase activity of wild type MDR3.
Furthermore, we investigated the half maximal
inhibitory concentration (ICs) of BeFy, AlF, and
ortho-vanadate in the absence and presence of
DOPC lipids. The calculated ICs, values are
summarized in Table 3. The ICsy value for BeF,
is slightly decreased in the presence of DOPC
lipids (28.6 = 1.0 pM) compared to the ICs,
value of 38.0 = 1.1 uM in the absence of DOPC
lipids. In good agreement with this, the half-
maximal ATPase inhibition of the close
homologue MDRI1 was achieved at a
concentration of 23 uM BeF; (43). AlF,
exhibited similar ICsy values of MDR3 ATPase
activity of 199.8 = 1.0 uM in the absence and
183.8 £ 1.0 uM in the presence of DOPC lipids,
respectively.  Interestingly,  ortho-vanadate
inhibited the MDR3 specific DOPC stimulated
ATPase activity and we determined an ICsg
value of 397.5 + 2.0 uM. In contrast, purified
human MDRI1, which shares above 86% amino
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acid similarity to MDR3, exhibited an ICsy of
2.3 uM (41,44).

MDR3 expression in a PFIC-3 patient's liver
biopsy and in transfected HEK293 cells — A 3-
year-old girl with a PFIC-3 phenotype was
compound heterozygous for a nucleotide
exchange (c.3520C>G) in coding exon 26,
resulting in the missense mutation Q1174E, as
well as for the intronic donor splice-site
mutation ¢.286+1G>A of ABCB4 (Gene ID:
5244; mRNA reference NM_000443.3), which
likely disrupts MDR3-mRNA expression from
the related allele (19). Immunofluorescence
staining of the patient's liver revealed an
apparently normal immunoreactivity for MDR3
and the bile salt export pump (BSEP, used here
as a canalicular marker protein) at the
canalicular membrane as compared to a normal
liver (Figure 4 A). HEK293 cells were
transiently transfected with wild type MDR3-
EYFP or MDR3 QI1174E-EYFP (Figure 4 B).
Both MDR3 variants were equally targeted to
the plasma membrane. This indicates that the
amino acid exchange allows normal protein
folding and trafficking and that the mutation
more likely results in a functional defect of
MDR3.

The extended X loop mutation QI1174FE
abolished PC induced ATPase activity — In ABC
exporters the highly conserved X loop
(TEVGERG) is localized in the helical
subdomain of the NBD in direct proximity of the
ABC signature motif. X-ray structures of two
bacterial ABC exporters, Sav1866 from
Staphylococcus  aureus and MsbA from
Salmonella typhimurium and five eukaryotic
ABC transporters, MDR1 from mus musculus,
Cyanidioschyzon merolae and Caenorhabditis
elegans, ABCB10 from homo sapiens and Atml
from Saccharomyces cerevisiae revealed an
enlarged transmission interface of the NBD and
the TMD (22,45-50). This transmission interface
comprises the X loop, which contacts the
intracellular loop 1 (ICL1) of the opposing TMD
and transmits signals of ATP binding and
hydrolysis by the nearby ABC signature motif to
the TMD (22). Oancea et al. substituted the
conserved glutamate (E602) of the X loop of the
transporter associated with antigen processing
(TAP1/2) and demonstrated that peptide binding
was not effected, however transport activity was
reduced from 20% for the E602D mutant to
complete disruption for the E602R mutant,
suggesting a pivotal role in transmitting
conformational changes generated by ATP
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hydrolysis and substrate translocation (24).
However, the molecular function of this
transmission interface in terms of the coupling
of the ATP hydrolysis cycle and substrate
translocation is still not entirely clear.

We focused on the interaction between the
glutamine at position 1174 of the NBD2, which
is located in the extended X loop
(TRVGDKD/TQ) next to the leucine of the
ABC signature motif and conserved in human
ABC transporters such as MDR1, TAP1/2 and
the cystic fibrosis transmembrane conductance
regulator (CFTR) (Figure 5 A) (24,25,46) We
hypothesized that the glutamine (GIn 1174) is
indispensable for the transmission of the
conformational change of the NBD2 to the ICL1
of the TMD.

Previously, we generated the homology
model of human wild type MDR3 based on the
crystal structure of the homologue of multidrug
resistance ABC transporters Sav1866 (pdb entry
2HYD) as a structural template and the amino
acid sequence of the isoform B of MDR3
(Figure 5 B) (51). The isoform B of MDR3
contains seven additional amino acids within the
NBD2 compared to the major isoform A, which
was used in our experiments. Nevertheless, more
considerable the GIn of isoform A at position
1174 and of isoform B at position 1181 did not
differ in the homology model of NBD2, because
the orientation of the side chain of GInl174
represents a rotamer of GInl181 (Figure 5 C).
The NBD structures of both isoforms are well
aligned and had an RMSD value of 1.6 A over
229 Co atoms. Thus, we used this structural
model of MDR3 to generate the structure of the
MDR3 QI181E mutant (Q1174E isoform A).
The close up view of the transmission interface
clearly indicates that GIn 1181 of human MDR3
can be replaced by a Glu without large
conformational rearrangement, but prohibited
hydrogen bonding between Gln 1181 (Q1174 of
isoform A) and Asp 166 of the coupling helix of
ICL1 (Figure 5 D).

To ascertain whether the mutation of Gln
1174 to Glu abrogates ATP hydrolysis in vitro,
we purified MDR3 QI1174E via TAP and
assayed ATPase stimulation with DOPC, DPPC
and liver PC lipids (Figure 6). These data clearly
demonstrated that all tested PC lipids were
incapable of stimulating ATPase activity of
MDR3, a situation comparable with the ATPase
deficient EQ/EQ mutant and the labeled wild
type MDR3-Bodipy sample. To clarify whether
the Q1174E mutant exhibits basal ATPase
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activity or abrogates the ATPase activity
completely we determined ATPase activity of
QI1174E mutant and the corresponding Cys-
labeled Q1174E-Bodipy sample in the presence
of 2 mM ATP (Figure 1 C). The ATPase activity
of Q1174E was higher as compared to wild type
MDR3 likely due to higher degree of protein
impurities in the purified sample. Considerably,
the inhibition of ATPase activity of Q1174E-
Bodipy (86 nmol min"' mg"') was comparable
with wild type MDR3-Bodipy (67 nmol min™
mg') indicating that the QI1174E mutant
exhibited basal ATPase activity. On the basis of
this data we suggest that the signals of substrate
binding and substrate transport are not
transmitted properly in this mutant.

DISCUSSION

Recently, we established the expression of
human MDR3 in the yeast P. pastoris and
purified the protein in amounts suitable for a
detailed functional analysis with a purity of
more than 90% in the case of wild type MDR3
(Figure 1). In ABC transporters, binding of the
substrate to the TMD typically stimulates ATP
hydrolysis at the NBDs and the energy from the
hydrolysis is used to translocate the substrate
across the membrane (52). The modulation of
ATP hydrolysis upon substrate binding and
translocation has been reported for several ABC
transporters and is frequently used as a readout
of  transporter  function and  activity
(36,40,44,53,54). However, no specific ATPase
activity of MDR3 has been reported so far
(16,17). We demonstrated previously that wild
type MDR3 exhibited a PC-stimulated ATPase
activity (18). In this study, we characterized the
ATPase activity of wild type MDR3 in terms of
kinetic parameters, substrate spectrum and effect
of phosphate analogues. We demonstrated that
lower amounts of FC-16 increased the ATPase
activity of MDR3. Former studies have shown
that especially these zwitterionic detergents tend
to deactivate proteins (55). The influence of the
concentration of detergent on the ATPase
activity was also demonstrated for MDRI1
(37,56). We observed a basal ATPase activity of
wild type MDR3, but due to co-purified
contaminating impurities that might act as
ATPases, the observed basal ATPase activity is
derived from MDR3 and  impurities.
Crosslinking of wild type MDR3 with
maleimide-bodipy blocks basal and PC-induced
ATPase activity as demonstrated for MDR1 (33-
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35), while the ATP hydrolysis deficient EQ
double mutant (E558Q/E1207Q) showed no PC
stimulation and ATPase activity of labeled
EQ/EQ mutant was only marginal reduced
(Table 1 and Figure 1). The PC-induced ATPase
activity of wild type MDR3 was about 9-fold
lower than the described ATPase activity of
detergent-soluble mouse (1.5 pmol min" mg™)
and human MDR1 (1.8 pmol min™ mg™) in the
presence of verapamil and lipids, but
comparable to the substrate induced ATPase
activity of other members of human liver ABC
transporter family such as ABCC3 (Viax = 170
nmol min' mg’ in the presence of 1 mM
taurocholate) and ABCG5/G8 (Vimax = 256 nmol
min" mg” in the presence of taurocholate or
taurodeoxycholate) (36,37,40,44). Furthermore,
purified chimera protein composed of MDRI
TMDs and MDR3 NBDs expressed in HEK293
cells exhibited drug-stimulated ATPase in the
presence of vinblastine (Vpax = 170 nmol min®
"mg") and verapamil (Vpa, = 450 nmol min”
mg™), respectively, but did not mediate bile salt-
dependent PC efflux (17). These findings
confirm that MDR3 NBDs are capable to
accomplish substrate stimulated ATP hydrolysis
in the detergent solubilized state. Despite the
high degree of amino acid sequence identity
between MDR1 and MDR3 (>85% homology to
human MDRI1, 80% to mouse Mdrla
(previously called mouse MDR3)), they
exhibited different maximal ATPase activities in
the presence of the transport substrate, but
similar and relatively high Ky values for ATP
(MDR3, Ky = 1.90 £ 0.27 mM; MDRI1, Ky =
1.5 mM (44)), which were in a range typical for
ABC transporters (36,40,44,57). Because PC
lipids are present in high concentration in the
plasma membrane, Ishigami et al. suggested that
MDR3 is a low affinity transporter optimized for
PC translocation (17). Our data confirm such a
suggestion. Nevertheless, bile salts were shown
to be the driving force for PC secretion and
currently we cannot rule out whether bile salts
influence the ATPase activity of MDR3 (6,7,58).

Furthermore, we demonstrated that PC lipids
specifically stimulated MDR3 ATPase activity,
whereas brain PE, DOPE and PS and SM lipids
did not induce any stimulation (Figure 2). This is
consistent with previously reported data (3-
6,16). All experiments showed that MDR3
translocates fluorescently labeled short chain PC
lipids or long chain derivatives, but not PE, SM
or ceramides. In conclusion, MDR3 binds
exclusively phospholipids with a choline head
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group. However, we cannot exclude that MDR3
translocates MDR1 substrates as well. There is
evidence that MDR3 is capable to transport
digoxin, paclitaxel and vinblastine and that this
transport is inhibited by either verapamil,
cyclosporin A or PSC833 (16). Furthermore,
MDR3 gene products were found in paclitaxel-,
doxorubicin- and vincristine-resistant cell lines,
indicating that MDR3 might be involved in
multidrug resistance (59). Further investigations
are required to address this issue.

The ATPase activity of many ABC proteins,
such as MDRI, is efficiently inhibited by
phosphate analogues such as ortho-vanadate,
aluminum and beryllium fluoride (41,44). For
MDR3 it was shown that nucleotide trapping by
ortho-vanadate is indeed possible (16). Here, we
have demonstrated that aluminum fluoride and
beryllium fluoride inhibited ATPase activity of
MDR3 and co-purified contaminating NTPases.
Importantly, ortho-vanadate inhibited
exclusively PC induced MDR3 specific ATPase
activity at high concentration. In contrast, mouse
Mdrla was completely inhibited at a
concentration of 200 pM ortho-vanadate and
human MDRI1 showed an ICsy of 2.3 uM,
approximately 165-fold lower than the ICs
found for MDR3 (Table 3) (41,44).
Nevertheless, our data is in agreement with other
studies on human ABC transporters. Ortho-
vanadate did not inhibit ABCAI1 and bile acid
stimulated ATPase hydrolysis of ABCGS5/G8
was also only inhibited at high ortho-vanadate
concentrations (40,54).

Structural studies on full-length ABC
transporter Sav1866 have revealed that the
NBDs of ABC exporters contain a conserved X
loop motif, which transmits the conformational
changes of ATP binding and hydrolysis to the
ICLs of the TMD (22). The molecular function
of this transmission interface relating coupling
of the ATP hydrolysis cycle and substrate
transport has not been extensively studied yet.
To date, only a few studies concerned the X loop
of ABC transporters (22,24,25). Previously, the
X loop Q1174E mutant of MDR3 in a young
patient showing symptoms of PFIC-3 was
described in Kubitz et al. (19). Thus, we
substituted the conserved Gln in the extended X
loop of MDR3 to Glu, expressed the Q1174E
mutant in P. pastoris and purified the protein
employing the same procedure as described for
wild type MDR3. We observed that the Q1174E
mutant was purified with smaller yields and
homogeneity, which is likely caused by the
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lower expression levels in P. pastoris. However,
lower integration numbers of the gene
expression cassette into the target chromosome
cannot be ruled out. Here, we demonstrated that
the Q1174E mutant was properly located in the
plasma membrane of hepatocytes and MDR3
transfected HEK293 cells indicating a functional
defect of MDR3 (Figure 4). Crosslinking of the
Q1174E mutant demonstrated that the Q1174E
exhibited basal ATPase activity comparable to
wild type (Figure 1), but all tested PC lipids
were not capable of stimulating ATPase activity
(Figure 6). Based on this data and the structural
model of MDR3 the exchange of the GIn at
position 1174 of NBD2 prohibited the
interaction with Asp residue 166 of the ICL1 and
the conformational change of the ICL as a result
of PC lipid binding were not transmitted to the
extended X loop of the NBD (Figure 5).

This is in agreement with mutational and
biochemical analysis of the ABC transporter
TAP1/2 and CFTR and molecular dynamics
(MD) simulation of human MDR1 (24,25,60).
The mutational analysis of the conserved Glu
within the X loop of TAP1/2 (TEVDEAG/

TDVGEKG) demonstrated that substrate
binding was not affected, however substrate
transport was drastically reduced (24).

Moreover, Cys pair crosslinking experiments of
the chloride channel CFTR showed that the
X loops are in close proximity to ICLs
connecting TMDs and also to the ATP-binding
sites (25). He et al. demonstrated that the
interface between NBDs and ICLs of CFTR was
involved in the stabilizing of interdomain
contacts and regulation of the channel gating
(25). Furthermore, Chang et al. modeled the
structure of human MDRI based on mouse
Mdrla and investigated the transmission
interface between NBDs and TMDs (60). They
demonstrated that the amino acid residue Q1175
of NBD2, which is identical to Q1174 in MDR3,
hydrogen bond with D164 (D166 in MDR3) of
the ICL1 and identified this residue pair D164-
Q1175 as key residue pair in the transmission
interface. Further, they suggested that the X loop
play an important role in formation of the
outward-facing conformation of human MDRI1
(60). Based on the biochemical data, we suggest
that the conserved Gln next to the Leu of the
ABC signature motif is crucial for the crosstalk
between the extended X loop of the NBD and
the coupling helices of the TMDs similar to the
role of this region in MDRI1. Further
investigations are required to clarify the role of
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the individual amino acids, which are involved
in signal transmission between the extended X
loop and ICL1 of the TMDs and should aid our
understanding of how mutations relating to
cholestatic ~ diseases  disrupt interdomain
interactions of ATP binding and hydrolysis on a
molecular level.

Taken together, we demonstrated that
exclusively PC lipids stimulate the ATPase
activity of detergent solubilized human MDR3,
which was exclusively inhibited by ortho-
vanadate. For the first time this study provides
evidence that the glutamine next to the leucine
of the ABC signature motif participates in the
transmission of the substrate binding at the ICLs
of the TMD to the extended X loop of the NBD.

10
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FIGURE LEGENDS

Figure 1. A Human wild type MDR3, the E558Q/E1207Q double mutant and the Q1174E mutant
purified from P. pastoris. The MDR3 variants containing a C-terminal Hiss-tag and a calmodulin
binding peptide (CBP) were expressed in the yeast P. pastoris and purified as described under
Experimental Procedures. 10 pg purified MDR3 was resolved on a 7% SDS-PAGE and either stained
with Coomassie brilliant blue (left panel) or detected by immunoblotting (middle panel) using the
monoclonal anti-P-gp C219 antibody. MDR3 was cross-linked by the thiol-reactive maleimide-bodipy
fluorophore (MDR3-Bodipy) and analyzed by fluorescence imaging using excitation and emission
wavelengths at 488 nm (right panel). Molecular weight markers are shown on the left. MDR3 is
indicated with an arrow and degradation products of MDR3 are shown with stars. B ATPase activity
of purified wild type MDR3 (black triangle) and MDR3-Bodipy (blue circles) in the absence (left
panel) or presence (right panel) of DOPC lipids. C ATPase activity of purified wild type MDR3
(blue), the ATP deficient MDR3 EQ/EQ mutant (green) and the Q1174E mutant (magenta) and the
corresponding cross-linked Bodipy derivatives in the presence of 2 mM ATP and 300 uM DOPC
(PO).
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Figure 2. Concentration dependence of the ATPase activity of MDR3 in the presence of different
kinds of lipids: (A) brain PE lipids, (B) DOPE lipids, (C) PS lipids, (D) SM lipids, (E) liver PC lipids
and (F) DOPC lipids, respectively. The ATPase activity was started by addition of 2 mM ATP and
assayed for 40 min at 37°C. The ATPase activity in the absence of lipids (159 + 14 nmol min™ mg™)
was subtracted from the ATPase activity in the presence of lipids. The data represent the average of at
least six independent experiments (mean + SD).

Figure 3. Inhibition of MDR3 ATPase activity by phosphate analogues. ATPase activity of purified
MDR3 was measured without (w/o, white column) and with 300 pM DOPC lipids (black column) in
the presence of ortho-vanadate, BeFy and AlF,. The reaction mixture contained 2 mM ATP and
inhibitors at a final concentration of 1 or 3 mM. The data are means + SD of at least four independent
experiments.

Figure 4. The MDR3 mutation Q1174E does not affect protein localization in vivo or in vitro. A
Sample from a liver with normal MDR3 expression (upper panel) and from the patient carrying the
heterozygous Q1174E mutation (lower panel). The green fluorescence corresponds to BSEP, which
acts as a canalicular marker, while the red fluorescence represents MDR3. B Transient expression of
human wild type (upper panel) and Q1174E (lower panel) MDR3-eYFP (green) after transfection into
HEK293 cells. Cells were fixed after 48 h and stained for the Na'/K'-ATPase as a plasma membrane
marker (red). Scale bars = 20pm.

Figure 5. A Alignment of the amino acid sequence of MDR3 with selected human ABC transporters.
The X loop motif is shaded in blue and the ABC signature motif in orange. GIn1174 is colored in red.
B Homology model of human MDR3 based on the structure of Sav1866 (pdb entry 2HYD) and the
amino acid sequence of isoform B of MDR3 (51). One transporter half, consisting of transmembrane
domain (TMD) and nucleotide-binding domain (NBD), is shown in blue and the other in yellow. The
coupling helices are highlighted in red and the X loop is colored in cyan. C Overlay of the MDR3
NBD2 of the isoform A (green) and isoform B (blue). Glnl1174 of the isoform A is a rotamer of
GIn1181 of the isoform B. D Close up view of the interface between TMD and NBD2. GIn1174 of the
X loop is shown in stick representation (cyan).

Figure 6. ATPase activity of the purified Q1174E mutant was measured without lipids (w/0) and with
DOPC, DPPC or liver PC lipids as described in Experimental Procedures. None of these lipids
stimulated the ATPase activity of the Q1174E mutant. One hundred percent activity represents 238 +
28 nmol min™ mg'l.
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TABLES

Table 1. Purification and ATPase activity of wild type MDR3, the EQ/EQ and the Q1174E mutant.

Purified protein Yield [mg per | No. of Km (MgATP) Vimax [NMoOI Keat [s'l]
100 g wet cell | purification | [mM] min” mg™']
weight] s
Wild type 63+1.2 8 2.17+0.20 354+ 13 0.83+£0.03
1.78+0.10° 536117 1.26+0.03°
Wild type- 1.26 £0.10 186 + 6 0.44 £ 0.01
Bodipy 1434019 % [ 175£10° | 0.41+0.02°
E558Q/E1207Q | 3.4+ 0.6 5 1.03£0.20 240+ 5 0.57+0.01
1.24+0.10° 245+ 5" 0.58+0.01°
Q1174E 2.0+0.2 3 n.d. n.d. n.d.

*ATPase activity in the presence of 300 uM DOPC lipids; n.d., not determined. The subtraction of
the ATPase activity in the absence and presence of DOPC lipids revealed a Avy,, of 182 nmol min™
mg'land Akeo 0f 0.43 s for wild type, a AViay of -9 nmol min’! mg'1 and Ak, 0f <0.03 s”! for labeled
wild ype MDR3-bodipy and a Avy,, of 5 nmol min” mg" and Ak of < 0.01 s for the EQ/EQ
mutant.

16

107



Results — Chapter IV

ATPase activity of human MDR3

Table 2. Kinetic parameters of MDR3 ATPase activity in the presence of different kinds of lipids.

Lipids Ky [pM] Viax [nmol min”" mg™] Keat [5]
Liver PC 16.6 +2.6 109.8 +5.9 0.26 +0.01
DOPC 120+ 1.6 84.0 + 3.4 0.20 +0.01

108

ATPase activity in the absence of lipids were determined and subtracted from the ATPase activity
of MDR3 in the presence of liver PC, DOPC, brain PE and DOPE lipids, respectively.
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Table 3. ICs, values of MDR3 ATPase activity inhibited by phosphate analogues in the absence or
presence of 300 uM DOPC lipids.

Phosphate 1Cso [uM]
analogue —DOPC + DOPC
Ortho-vanadate | — 397.5+2.0
BeF, 38.0+ 1.1 28.6+ 1.0
AlF, 199.8 £+ 1.0 183.8+ 1.0
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Figure 5
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ABSTRACT

The human multidrug resistance (MDR) protein 3 (ABCB4) was classified as MDR
transporter based on the amino acid sequence similarity of 86% to the MDR-mediating ATP-
binding cassette (ABC) transporter MDR1 (ABCBI1). Despite the high degree of sequence
identity between human MDR3 (ABCB4) and MDR1 (ABCB1), their physiological substrates
are quite different. MDR3 translocates phosphatidylcholine (PC) into bile, while MDR1 extrudes
a varity of drugs across the plasma membrane. Nevertheless, low-level directional transport of
several MDRI1 reversal agents, such as diogoxin, paclitaxel and vinblastine, through MDR3-
transfected LLC-PK1 cells as well as inhibition by cyclosporin A and verapamil was reported
indicating that both MDR proteins share conserved domains for drug recognition. In this study,
we investigated whether MDRI1 reversal agents modulate the ATPase activity of MDR3. We
demonstrated that all tested drugs lead to no stimulation. In contrast, ATPase activity of isolated
MDR3 was inhibited by cyclosporin A, verapamil, paclitaxel and zosuquidar. Itraconazole,
vinblastine, rifampicin and doxorubicin reduced the ATPase activity only in the presence of high
drug concentration. In case of digoxin no modulation of the activity was demonstrated. These
results indicate that drug binding to MDR3 blocks the translocase. Furthermore, we
demonstrated that the bile salt taurocholate (TC) stimulated the ATPase activity of human
MDR3. To our knowlegde this is the first study, which provides insights into the modulation of
MDR3 ATPase activity by MDR1 reversal agents.

INTRODUCTION

Multidrug  resistance (MDR) is a
phenomenon, in which a multitude of cytotoxic
agents are extruded out of the cell mediated by
ATP-binding cassette (ABC) transporters (1-3).
In gerneral, functional ABC transporters are
composed of two nucleotide-binding domains
(NBDs) and two transmembrane domains
(TMDs), which each consists of six
transmembrane helices (TMHs) (4). The human
multidrug resistance protein 1 (MDR1, ABCB1),
also called P-glycoprotein, hydrolyzes ATP by
the NBDs and utilizes the free energy to
transport a wide variety of structurally unrelated

118

compounds including anticancer drugs, cardiac
glycosides, HIV protease inhibitors,
imunsuppresive  agents, calcium  channel
blockers and antibiotics ranging in mass from
approximitely 300 to 2000 Da (2,5-7). Because
of the high amino acid sequence homology (86%
homology and 75% identity) between MDR3
(ABCB4) and MDR1 it was assumed that MDR3
also translocates drugs across the canalicular
membrane (8). However, initial experiments
with MDR3 ¢DNA or its mouse homolog Mdr2
transfected cells did not support this hypothesis
(8-11).
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MDR3 (mouse Mdr2) is located in the liver
more specifically in the canalicular membrane of
hepatocytes and is required for translocation of
phosphatidylcholine (PC) into the bile (12-17).
In mice, homozygous disruption of Mdr2 gene
demonstrated the complete absence of PC from
bile (16). The function of Mdr2 could be
substituted in these mice by expressing the
human MDR3 gene, indicating that MDR3 acts
as a phospholipid (PL) floppase (18). Van
Helvoort et al. demonstrated that MDR3
translocates PC across the apical membrane of
MDR3-transfected  polarized pig kidney
epithelial (LLC-PK1) cells (15).

The first evidence that MDR3 translocates
drugs was obtained with MDR3 transfected yeast
cells showing low-level resistance against the
antifungal  agent aureobasidin A  (19).
Subsequently, Smith et al. investigated the
vectorial transport by MDR3-transfected LLC-
PK1 cells of several MDRI1 reversal agents.
Although the transport rate was low for most
drugs, they demonstrated that the transport of
digoxin, paclitaxel, vinblastine and ivermectin
into the apical medium was significantly
increased in MDR3-transfected cells compared
to control cells (20). The transport of diogoxin
and fluorescent-labeled short-chain PC by
MDR3 was efficiently inhibited by the MDR1
reversal agents verapamil, cyclosporin A and
PSC833, respectively (20). Verapamil and
cyclosporin A were also shown before to inhibit
the translocation of endogenous PC and
fluorescently labeled short-chain PC (C¢-NBD-
PC) (12,15,21,22). Recently, Januchowski et al.
identified MDR3 gene products in paclitaxel-,
doxorubicin- and vincristine-resistant cell lines,
indicating that MDR3 might be involved in
MDR (23).  Furthermore, = MDR3-mediated
translocation of PC was significantly reduced in
the presence of itraconazole, whereas the bile
salt export pump (BSEP) was not affected (24).
Based on these studies, it was suggested that
MDR3 and MDRI1 exhibited conserved domains
for drug recognition. In addition, drug-stimulated
ATPase activity of a chimera protein containing
the TMDs of MDRI1 and the NBDs of MDR3
exhibited 10-fold lower drug-stimulated ATPase
activity compared to MDRI1, but did not
translocate PC (25). This indicates that MDR3
NBDs can energize drug transport.

The question arises why MDR3 is a
specialized PC floppase, while MDRI1 is a
multidrug pump? To pursue the question we
investigated the influence of MDRI1 reversal
agents at the ATPase activity of purified MDR3.

Drug-modulated ATPase activity of MDR3

Since ATP hydrolysis is linked by substrate
translocation the transport activity can be
visualized indirectly.

In this study, we demonstrated that
detergent-soluble MDR3 exhibited 7.5-fold
stimulation in the presence of taurocholate (TC)
suggesting that TC 1is important for PC
translocation. Previously, we demonstrated that
the ATPase activity of MDR3 was two-fold
stimulated in the presence of PC lipids (26). In
contrast, cyclosporin A, verapamil, paclitaxel
and zosuquidar lead to complete inhibition of the
ATPase activity of MDR3. Itraconazole,
vinblastine, rifampicin and doxorubicin reduced
the ATPase activity only in the presence of high
drug concentration and in case of digoxin no
change in ATP hydrolysis was determined.

Furthermore, we modeled a structure of
MDR3 in the inward- and outward-facing
conformation based on the structures of mouse
Mdrla (27,28) and Sav1866 from
Staphylococcus aureus (3,29). The substrate-
binding pocket and non-conserved amino acid
residues were compared between MDR3 and
MDR1 to identify important residues, which
might gain insights into the translocation
pathway. We acertained that transmembrane
helix 1 (TMH1) is the most divergent region,
while the verapamil binding pocket (30-36) is
conserved in both ABC transporters. Based on
these results, we suggest that drugs bind to the
substrate-binding pocket of MDR3 and blocks
thereby lipid translocation.

EXPERIMENTAL PROCEDURES

Chemicals and Routine Procedures — All
chemicals were obtained from Sigma-Aldrich
except Fos-choline 16 (FC-16), which was
obtained from  Anatrace. The  protein
concentration was determined by a Bradford
assay using the Coomassie Plus Assay (Pierce).
The Mini-Protean 3 system (Bio-Rad) was used
for SDS-PAGE on 7% gels.

Fermentation of MDR3  transformed
P. pastoris cells — For large-scale expression,
P. pastoris cells containing the chromosomal
integrated wild type MDR3 and the ES558Q/
E1702Q mutant were fermented in a 15 liter
table-top glass fermenter (Applikon
Biotechnology) according to the Invitrogen P.
pastoris fermentation guidelines and described in
Ellinger et al (26).

Preparation and solubilization of MDR3-
containing crude membrane vesicles for protein
purification — Crude membrane vesicles were
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prepared according to chapter 4. In brief, 100 g
of frozen P. pastoris cells were disrupted by two
passages through a pre-cooled TS Series Cell
Disrupter (Constant Systems) at 2.7 kbar. After
cell debris was removed by three centrifugation
steps (10 min at 5000 xg and 2x 30 min at
15,000 xg, 4°C), crude membrane vesicles were
prepared by ultracentrifugation for 1 h at
125,000 xg at 4°C and subsequently re-
suspended in buffer A (50 mM Tris-HCI pH 8.0,
50 mM NaCl, 30% (v/v) glycerol). Crude
membrane vesicles equivalent to 100 g wet cells
were diluted to a final concentration of
15 mg/mL total protein with buffer A and
solubilized with 1% (w/v) of FC-16 for 1 h at
4°C. Non-solubilized membrane vesicles were
removed by centrifugation at 125.000 xg at 4°C
for 1 h.

Tandem-affinity purification of MDR3 — The
purification of wild type MDR3 or mutant was
performed as described in chapter 4.

Labeling of MDR3 with Bodipy® FL
maleimide — Purified wild type MDR3 was
incubated with 10-fold molar excess of
bodipy®FL  maleimide (BodipyFL  N-(2-
aminoethyl))maleimide, Molecular Probes Inc.)
in dimethyl sulfoxid (DMSO) at room
temperature for 20 min. DMSO concentration in
the mixture did not exceed 0.2% (v/v). The
reaction was terminated by the addition of 20-
fold molare excess of dithiothreitol and the
samples were stored on ice until ATPase activity
measurements.

ATPase activity measurements of MDR3 —
The ATPase activity of MDR3 was examined
with the malachite green assay by determination
of released free inorganic orthophosphate as
described in chapter 4. In brief, ATPase activity
measuremnts were performed in a total volume
of 100 pl in 50 mM Tris-HCI pH 7.5 (at 37°C)
supplemented with 2 x cmc FC-16 and 10 mM
MgClL. 5 — 10 npg of purified, detergent-
solubilized MDR3 were used and the reaction
was started by adding 2 mM ATP at 37°C and
stopped after zero and 40 min by the addition of
25 pl of the reaction mixture into 175 pl of 20
mM ice-cold H,SO,. Subsequently, 50 pl dye
solution (0.096% (w/v) malachite green, 1.48%
(w/v) ammonium molybdate, and 0.173% (w/v)
Tween-20 in 2.36 M H,SO,) was added. After 15
min, the amount of free phosphate was
quantified by measuring the absorption at 595
nm. Water-insoluble compounds were solved in
DMSO and DMSO concentration did not exceed
1% (v/v) in the sample. A sample containing 20
mM EDTA was subtracted as background values
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and for calibration of free phosphate
concentrations a Na,HPO, standard curve was
used. All experiments were generally performed
two times if not otherwise stated.

Statistical analysis — Fitting was carried out
using the GraphPad Prism Software (V.5.0a).
The ATPase activity for inhibitory compounds
were analyzed by non-linear regression analysis
according to:

ymax ~ ymin

y = ymin + 1+ 10((]0glC50—x)°slopc)

(1

Here, ym.x denotes the ATPase activity in the
starting plateau and ym,i, the ATPase activity of
the maximal inhibited ATPase activity. Y
describes the ATPase activity value and x
represents the logarithmic concentration of the
inhibitor. The ICsy value is calculated as the
value of the inhibitor concentration required for
half-maximal inhibition. This corresponds to the
inflection point of the resulting curves.

For taurocholate-stimulated ATPase activity,
the data were analyzed according to Michaelis-
Menten kinetics:

S]

K, +[S] 2

Here, v describes the reaction velocity, Viax
the maximal reaction velocity, S the substrate
concentration and K, the Michaelis-Menten
constant.

RESULTS

Taurocholate-stimulated ATPase activity —
In HEK293 cells PC secretion by MDR3 was
demonstrated to be dependent on bile acids
(12,14). Morita et al. reported that taurocholate
(TC) remarkably enhanced PC secretion in a
concentration-dependent manner (12,14). In a
previous study, we expressed the MDR3 gene in
P. pastoris and purified MDR3 in a functional
state (26). The presence of PC lipids induced a
two-fold stimulation of the ATPase activity of
detergent-soluble MDR3 (Chapter 4). To
determine whether the presence of taurocholate
resulted in an increased ATPase activity of
MDR3, we measured the ATPase activity of
detergent-soluble MDR3 in the presence of TC
at 37°C for 40 min (Figure 1). We observed a
7.5-fold stimulation of the ATPase activity of
MDR3 with a Vinex value of 455 = 101 nmol min™'
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mg' and a Ky value of 0.30+0.13 pM
(Figure 1, blue circle). To exclude that co-
purified ATPases exhibited TC-stimulated
ATPase activity, we analyzed the influence of
TC on the ATP hydrolysis of the ATP hydrolysis
deficient mutant (ES58Q / E1207Q, further on
called the EQ/EQ mutant), which was described
previously (26). The EQ/EQ mutant exhibited a
TC-induced ATPase activity with a vy, value of
151 + 43 nmol min” mg"' and a Ky value of
0.30 £ 0.18 uM (Figure 1, black triangle). These
data indicate that TC influences the activity of
MDR3.

Modulation of ATPase activity of isolated
MDR3 by MDRI reversal agents — MDR3 shares
up to 86% sequence homology with MDRI,
however shows no MDR phenotype in cancer
cells (8-11). Several studies suggested that
MDR3 binds MDRI1 reversal agents (12,15,20-
22). To examine whether MDR1 reversal agents
modulate the ATPase activity of purified MDR3,
we assayed the ATPase activity in the presence
of drugs, which are shown in Figure 2.
Furthermore, the crosslinking of MDR3 with the
thiol-reactive  fluorophore bodipy-maleimide
abolished the basal ATP hydrolysis activity of
MDR3, while co-purified contaminating
ATPases were marginal inhibited (Chapter 4).
Labeled MDR3, further called MDR3-Bodipy,
was used as control to determine the basal
ATPase activity of MDR3. Previously, it was
shown that MDR3-mediated PC translocation
was completely abolished by itraconazole,
cyclosporin A and verapamil (12,15,20-22,24).
Itraconazole was shown to be a potential
inhibitor of MDR1 (37). In the presence of
itraconazole complete inhibition of MDR3
activity was not achieved due to the water
insolubility of itraconazole. We determined an
inhibition of the ATPase activity of MDR3 of 77
% in the presence of 100 uM itraconazole
(Figure 3 A). Zosuquidar is a so-called third
generation  inhibitor of  MDRI (38).
Unanticipatedly, zosuquidar inhibited not only
the basal ATPase activity of MDR3, but also the
contaminating ATPases (Figure 3 A).

Furthermore, cyclosporin A is a widely
accepted inhibitor of MDR3. We demonstrated
that cyclosporin A as well as verapamil inhibited
the ATPase activity of detergent-soluble MDR3
comparable to the MDR3-Bodipy sample
(Figure 3). We investigated the half maximal
inhibitory concentration (ICso) (Figure 3 B
and 3 C) and the ICs, values are summarized in
Table 1. The ICsy value for verapamil and
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cyclosporin A was in the micromolar range of
53.4+2.1 uM and 2.3 £ 0.1 puM, respectively.
Because MDR3 mediated the transport of
digoxin, paclitaxel and vinblastine in LLC-PK1
cells (20), we assumed that the presence of these
drugs stimulates the ATPase activity. However,
all three substrates did not lead to any
stimulation (Figure 4). In contrast, the presence
of 10 uM of paclitaxel and 100 uM vinblastine
completely abolished ATP hydrolysis of MDR3.
In the case of vinblastine, it cannot be ruled out
whether co-purified ATPases are also inhibited
due to a higher reduction of ATPase activity
compared to the MDR3-Bodipy sample. The
presence of high concentrations of digoxin
resulted in no change in ATPase activity of
detergent-soluble MDR3. Furthermore, we tested
the MDR1 substrates doxorubicin  and
rifampicin, which is an inhibitor for human
BSEP (39). Rifampicin as well as doxorubicin
resulted in only slight inhibition of 35% =+ 3%
and 28%+10% in the presence of high
concentration suggesting that neither rifampicin
nor doxorubicin is a modulator of the ATPase
activity of MDR3. Based on these data, we
suggest that the analyzed MDR1 reversal agents
could bind to the substrate-binding pocket of
MDR3 and the binding of the most drugs
blocked the translocase in the micromolar range.
Comparison of the substrate-binding pocket
of MDR1 with MDR3 — Three X-ray structures of
MDR1  homologs from Mus musculus,
Caenorhabditas elegans and Cyanidioschyzon
merolae were reported in the inward-facing
conformation and revealed a large cavity formed
by the TMDs (27,28,40,41). Residues in the
TMDs were shown by cysteine scanning
mutagenesis to form disulphide bonds with
different thiol-reactive analogs of MDRI
substrates resulting in MDR1 inhibition (30-36).
Residues that were protected by drug substrates
from inhibition are suggested to form the drug-
binding pocket and are distributed on the surface
of the drug-translocation pathway of human
MDR1 model based on the X-ray structure of the
homolog protein from C. elegans (41). To
identify whether the drug-binding pocket is
preserved in MDR3, first, we aligned the amino
acid sequences of mouse and human MDR3 with
MDRI1A (Figure S1). Secondly, we vizualized
the identified amino acids (Table 2) in the
inward-facing and outward-facing models of
MDR3, which was generated based on the
structures of mouse Mdrla (27,28) and the MDR
transporter Sav1866 from S. aureus (3).
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This analysis suggests that residues, which
are involved in drug binding, are almost identical
in MDR3 compared to MDR1 (Table 2) and
located in TMH4, TMHS, TMH6 of the N-
terminal TMD and TMH9, TMH10, TMH11 and
TMHI12 of the C-terminal TMD (Figure 5)
indicating that MDR3 is capable to bind MDR1
reversal agents. This is consistent with our
biochemical data. Thus, there must be another
explanation why the ATPase activity of MDR3
is exclusively stimulated by PC lipids, while the
most of the tested drugs showed inhibition. We
focused on non-conserved amino acid residues in
the TMDs (Table 2) and identified that TMHI,
TMH2, TMH3, TMH7, TMH8, TMH9 contain
non-conserved residues (Figure 5). Especially,
TMHI1 and TMH?2 of of the N-terminal half and
TMH?7 of the C-terminal half exhibited the polar
residues Q52, S58, S69 (TMH1), T139 (TMH2)
and T715 (TMH7) instead of hydrophobic
residues presented in MDR1. In the modelled
structures, these residues are located at the
border of the inner membrane leaflet (Figure 5
B) suggesting that they are involved in the
interaction of the choline head group of PC lipid.

Further investigations such as mutagenesis
analysis would provide insights into the
substrate-binding pocket of MDR3. To our
knowledge, this is the first study concerning the
drug-modulated ATPase activity of full-length
MDR3.

DISCUSSION

In this study, we analysed the ATPase
activity of MDR3 in the presence of the bile salt
sodium taurocholate (TC). We demonstrated that
TC stimulated the ATPase activity of MDR3,
while the ATPase deficient mutant was less
increased. A Dbetter approach would be to
determine the ATPase activity of labeled MDR3-
Bodipy sample in the presence of TC. This
would allow the subtraction of the ATPase
activity of co-purified contaminating ATPases.
Nevertheless our data are in agreement with
existing data (12,22,42). MDR3-mediated PC
translocation was remarkably enhanced by in a
concentration-dependent manner, while MDRI1
activity was not affected (12). In addition, Nagao
et al. demonstrated that TC and apoA-I promotes
the lipid translocation of the ABC transporter
ABCAL1 (43). Recently, the activated model of
ABC transporter-mediated lipid transport was
reported (44-46). This model expands the
vaccum cleaner model and assumed that an
acceptor molecule facilitates substrate release
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from the ABC transporter. We speculate that
taurocholate acts as acceptor molecule and
facilitate MDR3-mediated PC translocation.

While MDRI1 transports a wide range of
structural unrelated compounds, up to date
MDR3 is not involved in MDR (8-11). For
example, MDR3-transfected human BRO
melanoma ells exhibited no resistance against a
range of drugs such as vincristine, colchicine,
daunrobicin and doxorubicin (47). Contrary,
MDR3 gene products were demonstrated in
paclitaxel-, doxorubicin- and vincristine-resistant
cells (23).

We investigated the ATPase activity of
purified MDR3 in the presence of MDRI
reversal agents (Figure 3 and Figure 4). None of
the tested MDRI1 reversal agents induce
stimulation of ATPase activity. Conversely,
verapamil, cyclosporin A and paclitaxel
completely abolished the basal activity of
MDR3. Itraconazole, vinblastine and
doxorubicine inhibited the ATPase activity of
MDR3 only at high drug concentration.
Exclusively, Digoxin is no inhibitor of MDR3.

This is consistent with previously reported
data. Several studies demonstrated that MDR3-
mediated translocation was inhibited by
cyclosporin A and verapamil (12,15,20-22,24).
In contrast, human MDRI1 expressed in P.
pastoris exhibited 30-fold stimulation (1.8 pmol
min"' mg™) in the presence of 150 uM verapamil
(48). Cyclosporin A is an established inhibitor of
MDR3 and was used to increase MDR3 protein
levels at the plamsa membrane of HEK293 cells,
however PC-translocation of MDR3 was
inhibited (14). In addition, cyclosporin A
inhibited both the substrate-induced and the
basal ATPase activity of MDR1 (49-51). Bile
salt translocation in SfY membrane vesicles
mediated by BSEP was inhibited by cyclosporin
A with an ICs, value of 4.6 = 1.2 puM (52), which
is similar to that demonstrated for MDR3. In
agreement the presence of itraconazole reduced
MDR3-mediated PC translocation in LLP-CK1
cells (24).

However, our data are inconsistent with the
transport data of Smith et al. (20). They reported
that MDR3 mediated the transport of MDRI
substrates such as digoxin and paclitaxel (20). In
the MDR3 expressing LLC-PK1 cell system,
paclitaxel might not inhibit MDR3 in the
micromolar range suggesting that the affinity of
MDRS3 to paclitaxel is different in a cell system
compared to  detergent-soluble = MDR3.
Furthermore, we suggest that transport of
digoxin and paclitaxel are energized by the basal
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ATPase activity resulting in low-level transport
efficacy. In agreement with our data, Smith et al.
demonstrated that paclitaxel, vinblastine,
verapamil, cyclosporin A and valspodar
abolished vanadate-dependent ATP trapping,
while the nucleotide trapping of MDR1 is greatly
stimulated by verapamil (20). In contrast,
vanadate trapping of the chimera protein
consisting of MDR3 NBDs and MDR1 TMDs
was enhanced by verapamil (25). This indicates
that substrate binding is coupled to ATP
hydrolysis.

We confirmed that the resdiues forming
drug-binding pocket are conserved between

Drug-modulated ATPase activity of MDR3

furher identified non-conserved residues located
at the border of the inner membrane leaflet and
suggest that they are involved in the interaction
of the polar head group of the preferred substrate
PC. This is in agreement with mutagenic analysis
of TMHI of MDRI1 suggesting that the TMH]1
forms part of the substrate-binding pocket and
determine substrate specificity (31,36). Taken
together, our data implicate that the tested
MDRI1 reversal agents bind to the substrate-
binding pocket and interfere with the ATPase
activity of detergent-soluble MDR3. This is
consistent with fact that MDR3 is a poor drug
transporter and that MDR3 is unable to cause

MDR1 and MDR3 revealing that both  MDR in transfected cells.

transporter recognize similar substrates. We
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FIGURE LEGENDS

Figure 1. ATPase activity of purified MDR3 (blue circle) and EQ/EQ mutant (black triangle) in the
presence of the bile salte sodium taurocholate (TC). The ATPase activity in the absence of TC
(159 + 14 nmol min"' mg") was subtracted from the ATPase activity in the presence of TC and data
points were analyzed according Michaelis-Menten kinetic.

Figure 2. MDRI1 substrates and modulators used in this study.

Figure 3. Drug-inhibited ATPase activity of purified MDR3. (A) All inhibitors were added with a
final concentration of 100 pM from stock solutions in dimethyl sulfoxide (DMSO concentration < 1%)
and the ATPase activity was determined at 37°C for 40 min and 2 mM ATP. The same concentration
DMSO had no effect on the ATPase activity of MDR3. MDR3 labeled with maleimide-bodipy
(MDR3-Bodipy) represents 100% inhibition of MDR3 (Chapter 4). EDTA was added with a final
concentration of 20 mM. MDR3 was assayed for ATPas activity in increasing concentrations of (B)
cyclosporin A and (C) verapamil and ATPase activity of MDR3-Bodipy sample was subtracted from
each data point. Lines represent non-linear regression analysis of the data points. ICsy values of the
data fits are given in Table 1. Data of two independent experiments were plotted (mean = SD).

Figure 4. ATPase activity of purified MDR3 in the presence of MDRI1 reversal agents (A) paclitaxel,
(B) vinblastine, (C) rifampicin, (D) digoxin and (E) doxorubicin. MDR3 labeled with maleimide-
bodipy (MDR3-Bodipy) represents 100% inhibition of MDR3. The data are means = SD of at least
three independent experiments.

Figure 5. Models of human MDR3. (A) Structure of human MDR3 TMDs based on the structure of
mouse Mdrla (Protein Data Bank (PDB) accession number 4MIM (28)) in the inward-facing
conformation. TMD is represented in light blue and the other half in light yellow. Non-conserved
amino acids between human MDRI1 and MDR3 are highlighted in red and verapamil-interacting
amino acids are shown in blue (30-36). (B) View of the drug transport pathway in the outward-facing
conformation. The model of the outward-facing conformation was previously described in (53) and
based on the structure of the multidrug transporter Sav1866 (PDB accession number 2HYD (3)).
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TABLES

Table 1. ICs, values of ATPase activity of
purified MDR3.

Compound 1Cso [uM]
Cyclosporin A 2.3+0.1
Verapamil 53.4+2.1

1Csp = half-maximal inhibitory concentration

Drug-modulated ATPase activity of MDR3
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Table 2. Summary of sequence alignment of MDR3 and MDR1

Transmembrane  Non-conserved aa of ~ Non-conserved aa of Drug protected/ Drug protected/
helix MDR3* MDRI1* MDR3" MDRI1°¢
1 Q52 L46
S58 V52
M63 A57
A66 160
S69 A63
2 T139 Cl137
3 A204 T202
4 S224 S222
5 1303 A301 1308 1306
6 C353 S351 L341 L339
1342 1340
A344 A342
F345 F343
7 T715 V715 F728 F728
A720 1720
8 F760 A761
9 A836 T837 A840 A841
10 1867 1868
S870 A872
11 F941 F942
S944 T945
12 1974 L975
1980 V981
V981 V982
A984 A984
V985 M985

iconserved between mouse and human MDR3; "Drug-interacting residues were indentified by sequence
comparison of MDR3 with MDR1; “Drug-interacting residues indentified by Cys-scanning mutagenesis (30-36).
Non-conserved residues are are highlighted in rede, identical residues in grey and similar residues in green.
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FIGURES
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Figure 2
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Figure 5
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SUPPLEMENTARY INFORMATION

Supplementary Figure S1

Figure S1. Primary sequence alignment of (A) TMD1 and (B) TMD2 of human MDR3, mouse Mdr2,
human MDRI1 and mouse Mdrla. TMDs are highlighted in green, intracellular loops in yellow and

extracellular loops in blue. Non-conserved amino acids are framed in red and drug-interacting residues
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are shown in black.
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Abstract

The human multidrug resistance protein 3 (MDR3/ABCB4) is a member of the ubiquitous
ATP-binding cassette (ABC) transporter family. ABCB4 is exclusively located in the
canalicular membrane of hepatocytes and transports phosphatidylcholine (PC) lipids from the
inner to the outer leaflet of the canalicular membrane in an ATP dependent manner.
Mutations of ABCB4 gene are associated with different kinds of hereditary liver diseases such
as cholesterol gallstones, intrahepatic cholestasis of pregnancy (ICP) and progressive familial
intrahepatic cholestasis type 3 (PFIC-3), respectively. Currently, it is not known how human
ABCB4 is regulated in terms of trafficking to and insertion into as well as recycling from the
canalicular membrane. To understand how cell surface expression of ABCB4 is regulated, we
aimed to identify adaptor proteins of this transporter mediating the interaction with the
cytoskeleton. For this purpose we expressed and purified human RACK1, NHERF-1 and the
FERM domain of radixin and performed pull-down assays with purified ABCB4 and the
potential adaptor proteins. We found that RACK1 binds purified full-length ABCB4, an
interaction observed previously in vivo. To our knowledge a direct interaction of the FERM

domain of radixin with ABCB4 was not demonstrated in vitro so far.
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Introduction

Several ATP-binding cassette (ABC) transporters are localized in the canalicular (apical)
membrane of hepatocytes and are involved in bile formation. Among them, the human ATP-
binding cassette subfamily B member 4 (ABCB4), previously called multidrug resistance
protein 3 (MDR3), fulfills the ATP-dependent flip-flop of phosphatidylcholine (PC) lipids
from the inner to the outer leaflet of the canalicular membrane (1-6). PC lipids are one major
component of bile and are crucial to protect the biliary duct from bile salts, which are
translocated by the bile salt export pump (BSEP/ABCBI11) (7-10). Furthermore, these PC/bile
salt micelles absorb cholesterol translocated by a heterodimer of ABCGS and ABCGS8 (11).
Different kinds of hereditary liver diseases ranging from cholesterol gallstones, intrahepatic
cholestasis of pregnancy (ICP) to progressive familial intrahepatic cholestasis type 3 (PFIC-3)
are caused by dysfunction of ABCB4 (12-15). A multitude of ABCB4 missense mutations
result in lack of functional protein at the canalicular membrane suggesting defects of the
targeting or retention of ABCB4 in the canalicular membrane (16-18). For example, the
mutations G68R and D459H, which are identified in PFIC-3 patients, led to a retention in the
endoplasmatic reticulum (ER) membrane (19). To provide further insights into the pathways
and proteins involved in trafficking of ABCB4 to the canalicular membrane, this study
focused on the identification of adaptor proteins, which mediate ABCB4-cytoskeletal
interactions.

Several cytosolic adaptor proteins are involved in surface regulation of ABC transporters. The
receptor for activated C-kinase 1 (RACK1) is a scaffold protein and binds to a large number
of proteins (20-23). For example, RACK1 mediates the stable cell surface expression of the
ABC transporter cystic fibrosis transmembrane conductance regulator (CFTR/ABCC7) (24)
and of the G protein-coupled receptor for thromboxane A2 (20). Ikebuchi ef al. used a yeast-
two hybrid screen with a cytoplasmatic linker region of ABCB4 and identified RACKI1 as an
adaptor protein (25). After down-regulation of endogenous RACK1 expression in HeLa cells,
ABCB4 was localized in a cytosolic compartment and the ABCB4-mediated PC translocation
was reduced, although co-immunoprecipitation revealed no interaction of full-length ABCB4
and RACK1 (25).

Furthermore, the Na'/H™ exchange regulatory factor (NHERF-1), also referred to erzin
binding phosphoprotein 50 (EBP50), was identified to conduct intracellular trafficking of
CFTR and the multidrug resistance-associated proteins 2 (MRP2/ABCC2) and 4
(MRP4/ABCC4) (26-29). NHERF-1 is a multidomain scaffolding protein and contains two

N-terminal postsynaptic density 95/disc large/zona occludens (PDZ) domains and an erzin-
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radixin-moesin (ERM)-binding (EB) domain at the C-terminus (30). The PDZ domains bind
the cytoplasmic domains of membrane proteins, while the EB domain interacts with a
cytoskeleton linker protein such as radixin or directly with the apical actin cytoskeleton
(31,32). For CFTR it was demonstrated that NHERF-1 binds the C-terminus of CFTR (33,34)
and colocalized in the apical membranes of airway epithelial cells (35).

In addition, radixin as a member of the ERM protein family and is primary localized at the
canaliculr membrane of hepatocytes (36,37). Their radixin is essential for maintain the
structure of the canalicular membrane (38). The N-terminale FERM (4.1-protein, Erzin,
Radixin, Moesin) domain of radixin was demonstrated to bind the C-terminus of ABCC2
(39,40), whereas the C-terminal domain interacts with actin filaments (41-43). Radixin is
autoregulated by intramolecular interactions between the FERM domain and the C-terminal
actin-binding domain and becomes activated by phosphorylation of the C-terminal domain
(44-46). Furthermore, radixin supression in rat hepatocytes demonstrated the loss of Abcbl1
and Abcbl (Mdrl) from the canalicular membrane suggesting that radixin is also required for
the targeting and/or retention of other canalicular transporters.

These findings suggest that radixin as well as NHERF-1 are potential adaptor proteins of
ABCB4. To analyze such an interaction further, we expressed and purified Strepll tagged
fusion proteins of RACK1, NHERF-1 and the FERM domain of radixin. Full-length MDR3
was expressed and purified in a functional state with respect to its capability to bind and
hydrolyze ATP as described (47). This set-up allowed pull-down assays with ABCB4 and the
potential adaptor proteins in vitro. Our results proved that RACKI1 also binds full-length
ABCB4 in vitro. For the first time, we demonstrated that the FERM domain of radixin
interacts with ABCB4 suggesting a pivatol role of these proteins in the trafficking of ABCB4

to the canalicular membrane.
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Material and Methods

Chemicals and Routine Procedures
Fos-choline 16 (FC-16) was obtained from Affymetrix. All other chemicals were from Sigma-
Aldrich. Strep-Tactin Sepharose and desthiobiotin was purchased from IBA. The protein

concentration was determined by a Bradford assay using the Coomassie Plus Assay (Pierce).

Cloning of human MDR3 and expression screening

We cloned human wild type MDR3 (NCBI accession NM_000443.3) as previously described
(47). MDR3 expression constructs were transformed into electro-competent P. pastoris X33
cells (Invitrogen) using standard procedures and the expression level was analyzed as

described in Ellinger et al. (47).

Fermentation of MDR3 transformed P. pastoris cells
P. pastoris cells containing the chromosomal integrated wild type MDR3 gene were
fermented in a 15 liter table-top glass fermenter (Applikon Biotechnology) according to the

Invitrogen Pichia fermentation guidelines and as reported in (47).

Crude membrane preparation, Solubilization and Purification of MDR3

The membrane preparation, solubilization and purification of MDR3 was performed as
described previously (47). In brief, crude membrane vesicles equivalent to 100 g wet cells
were solubilized in 1% (w/v) of Fos-choline-16 (FC-16) for 1 h at 4°C. The solubilized
fraction was centrifuged (125,000 xg, 1 h, 4°C), loaded onto a Ni*"-loaded HiTrap Chelating
column (5 ml, GE Healthcare) and subsequently the eluate containing MDR3 was applied to a
4 mL calmodulin affinity resin. All procedures were carried out at 4°C and all buffers
typically contained 0.026 mM FC-16. The purified protein was snap frozen in liquid nitrogen
and stored at -80°C. Aliquots of the sample were analyzed by Coomassie blue stained SDS-
PAGE and immunoblotting.

Cloning of RACKI1, the FERM domain of radixin and NHERF-1

The c¢cDNA of human RACKI1 (GenBank accession NM 006098), NHERF-1 (NCBI
accession NM_004252), and Radixin (RDX) (NCBI accession NM_001260492.1) was cloned
into the Escherichia coli vector pET51b (Novagen) using restriction enzymes, yielding
constructs with an N-terminal Strepll tag coding sequence. The coding sequences for RACK1
were PCR amplified with the primer pairs RACK1-for and RACK1-rev, radixin with RDX-
for and RDX-rev and NHERF-1 with NHERF-for and NHERF-rev, respectively (Table 1).
The FERM domain of radixin (amino acids 1 — 320) was obtained via deletion of the C-
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terminal domain using the primer pair delRDX-C for and delRDX-C rev. The sequences of
all constructs were verified by DNA sequencing (GATC Biotech).

Expression and Purification of human RACK1

Protein expression was conducted as described in (48) with minor modifications. Two liter
low salt LB media containing 100 pg/mL ampicillin was inoculated with E. coli Rosetta
(DE3) pLys cells transformed with pET51b-RACKI1 and cultured at 37°C and 180 rpm until
ODgoo 0.8-1.0 was reached. The culture was kept 30 min on ice, subsequently temperature
was increased to 18°C and protein expression was induced by the addition of isopropyl--D-
1-thiogalactopyranoside (IPTG; Roth) to a final concentration of 500 uM. After overnight
incubation, cells were harvested at 5000 xg, 4°C for 10 min, washed with 100 mM HEPES
pH 8.0, snap frozen in liquid nitrogen and stored at -80°C. For purification, cells were thawed
on ice, re-suspended in buffer A (100 mM HEPES pH 8.0. 500 mM NaCl) and disrupted by
four passages through a pre-cooled TS Series Cell Disrupter (Constant Systems) at 2.6 kbar.
After cell debris was spun down (125,000 xg, 4°C, 1 h), the supernatant was loaded onto a 1
mL StrepTrap HP column (GE Healthcare). Subsequently, the proteins were eluted using
buffer A supplemented with 2.5 mM desthiobiotin. The elution fractions were analyzed by
SDS-PAGE and concentrated with an Amicon Ultra Centrifugal Filter device (30 kDa
molecular-weight cutoff, Millipore) to a final concentration of 4 mg mL™. As a second
purification step, size-exclusion chromatography (SEC) using a Superdex 200 10/30 column
(GE Healthcare) was performed employing a buffer containing 20 mM HEPES pH 8.0, 300
mM NaCl and 10% (v/v) glycerol. Fractions were collected, analyzed by SDS-PAGE and

used for pull-down assays.

Expression and Purification of the N-terminal FERM domain of radixin and NHERF-1

A pre-culture of E. coli BL21 (DE3) transformed with pET51b-RDX FERMD or pET51b-
NHERF-1 was used to inoculate 2 L. LBN media (10 g/L Trypton, 2 g/L glucose, 29.2 g/L
NaCl) and 2 L low salt LB media supplemented with 100 pg/mL ampicillin, respectively. The
culture was cultivated at 37°C to an ODgyo of 0.6-0.8, cooled on ice for 30 min and induced
with IPTG at a final concentration of 1 mM for the FERM domain of radixin or 200 uM IPTG
in the case of NHERF-1 at 18°C. After overnight incubation, cells were harvested at 5000 xg,
4°C for 10 min, washed with buffer B (100 mM Tris-HCI pH 8.0, 150 mM NacCl), snap frozen
in liquid nitrogen and stored at -80°C. The purification of the FERM domain of radixin or
NHERF-1 was performed by Strepll-tag affinity chromatography using a 1 mL StrepTrap HP

column (GE Healthcare). Generally, cells were thawed on ice, re-suspended in buffer B and
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disrupted by four passages through a pre-cooled TS Series Cell Disrupter (Constant Systems)
at 2.6 kbar. The supernatant (125,000 xg, 4°C, 1 h) was loaded onto the column and the
proteins were eluted in one step with buffer B supplemented with 2.5 mM desthiobiotin. The
elution fractions were analyzed by SDS-PAGE and concentrated with an Amicon Ultra
Centrifugal Filter device (30 kDa molecular-weight cutoff, Millipore) to a final concentration
of 5 mg mL". In the case of the FERM domain of radixin, SEC was performed using a
Superose 12 10/30 column (GE Healthcare) and 50 mM Tris-HCI1 pH 7.5, 150 mM NaCl as
described in (49). Fractions were collected, analyzed by SDS-PAGE and used for pull-down

assays.

Pull-down Assay

Fifty microliter Strep-Tactin sepharose were equilibrated one time with ddH,O and two times
with binding buffer (100 mM Tris-HCI pH 8.0, 150 mM NacCl, 10% (v/v) glycerol, 0.026 mM
(2.5x emc) FC-16 and 15 pg RACKI1, the FERM domain of radixin and NHERF-1 were
immobilized, respectively. In FC-16 solubilized and purified MDR3 (75 pg) was added to the
sepharose, gently mixed and incubated for 15 min at 4°C. subsequently, the sepharose was
washed five times with 200 pl of binding buffer and the proteins were eluted with binding
buffer supplemented with 2.5 mM desthiobiotin. The same procedure was performed in the
absence of RACK1, the FERM domain of radixin or NHERF-1 to monitor unspecific binding
of MDR3 to the column material. The samples were analyzed by SDS-PAGE and
immunoblotted using a tank blot system (Bio-Rad) and the monoclonal anti-P-gp C219
antibody (Merck) and anti-Strepll antibody (IBA) employing standard procedures.
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Results

Expression and Purification of RACK1, NHERF-1 and the FERM domain of radixin

The purification and the crystal structures of RACK1, the PDZ domain of NHERF-1 and the
FERM domain of radixin have been reported (48,50,51). Because of the inactive state of
radixin in its dephosphorylated state by intra- and intermolecular interactions between the
FERM domain and the C-terminal domain (44-46), we expressed only the isolated FERM
domain to determine the interaction of ABCB4 with radixin. In this study, we cloned and
expressed RACKI1, NHERF-1 and the FERM domain of radixin fused to an N-terminal
Strepll tag in E. coli. We purified the proteins via Strep-Tactin affinity chromatography and
analyzed the purity of the adaptor proteins by CBB stained SDS gels (Figure 1 A). We
obtained 10 mg of NHERF-1 per liter culture with adequate purity. In the case of RACK1 and
FERM domain of radixin, we performed a two-step purification protocol containing an
additional SEC step. Human RACKI1 is a 36 kDa protein that is monomeric in solution (48).
We observed a signal at 8 mL retention volume, which is likely due to aggregation and/or
larger oligomeric species of Strep-tagged RACKI1 caused by the formation of disulfide-
bridges followed by impurities of unspecific proteins with higher molecular weight compared
to RACKI1 (Figure 1 B). After 16.5 mL retention volume the monomer of RACK1 was eluted
with high purity (>90%). For the FERM domain of radixin, we obtained approximately 95%
monodisperse protein indicated by SEC (Figure 1 C). The expression and purification of
ABCB4 from P. pastoris in a functional state with respect to ATP binding and hydrolysis was
been reported previously (47).

In vitro pull-down assays using purified RACKI, NHERF-1 and the FERM domain of radixin

To identify whether RACK1, NHERF-1 and the FERM domain of radixin interact with full-
length ABCB4 we performed pull-down assays of the purified adator proteins and detergent-
soluble ABCBA4. First, we immobilized ABCB4 through the His¢-Tag or the CBP-Tag, but the
adaptor proteins interacted with both matrixes used for immobilizing MDR3. Thus, we
performed the pull-down assay vice versa. In brief, RACK1, NHERF-1 or the FERM domain
of radixin was immobilized using a Strep-Tactin resin. Subsequently, detergent-soluble
ABCB4 was added to the mixture to allow complex formation. After serveral washing steps
the complex was eluted by competitive replacement of the Strepll tag of the adaptor protein

(Figure 2 A). The interaction was verified by immunoblot analysis using an antibody against
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the Strepll tag and the P-glycoprotein specific antibody C219. We analysed the interaction of
ABCB4 with the used Strep-Tactin resin in the absence of any adaptor protein and observed
no signal for MDR3 after the fifth washing step in the immonublot indicating no unspecific
binding of MDR3 to the matrix (Figure 2 B). Thus, this approach is feasible to analyze the
interaction of detergent-soluble ABCB4 with purified RACK1, NHERF-1 and the FERM
domain of radixin.

RACKI1 is a 36 kDa cytosolic protein composed of seven Trp-Asp (WD) motifs and was
identified as binding partner of ABCB4 in a yeast-two-hybrid screen (25). Furthermore,
ABCB4 localization at the plasma membrane was RACK1-dependent suggesting that RACK
regulates the membrane surface expression of ABCB4. However, the interaction of full-length
MDR3 to RACKI1 could not be demonstrated. Here, we observed marginal unspecific binding
of ABCB4 to the matrix, but the interaction of MDR3 to RACK1 was drastically stronger
(Figure 2 C). This reuslt demonstrated that full-length ABCB4 binds RACK1, which extends
the results of Ikebuchi et al.

NHERF-1 contains two PDZ domains, which bind to the cytoplasmic region of membrane
proteins. The PDZ domains were shown to bind the C-terminus of CFTR, which is required
for the localization of CFTR to the apical plasma membrane (26,31,33,52). The C-terminal
canonical type I PDZ binding motif (acidic-polar-X-hydrophobic, where X can be any amino
acid), are highly conserved across human ABC transporters. We analyzed the primary
sequence of ABCB4 in terms of the PDZ binding motif and identified that the C-terminal
nucleotide-binding domain (NBD) of ABCB4 contains this binding motif twice. In addition,
the extreme C-terminus (TQNL) revealed a PDZ-like motif. Thus, it is likely that ABCB4
interacts with PDZ proteins. To identify whether NHERF-1 is an adaptor protein of human
ABCB4 in vitro or not, we performed pull-down assay of the purified proteins (Figure 2 C).
We detected ABCB4 in the washing fraction as well as in the elution fraction. This is due to
the weak binding of NHERF-1, which was also detected in the washing fraction, to the resin.
Thus, we cannot draw any conlusion whether NHERF-1 binds MDR3 or not. Further
investigations are needed to determine the interaction of ABCB4 with NHERF-1.
Furthermore, we investigated whether radixin is an adaptor protein of ABCB4. In the pull-
down assay of full-length ABCB4 and the FERM domain ABCB4 was exclusively detected in
the elution fraction revealing an interaction of both proteins (Figure 2 C). These findings
suggested an important role of radixin in the regulation of the cell surface expression of

ABCB4 at the apical membrane.
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Discussion

The ATP binding cassette subfamily B member 4 (ABCB4) is exclusively located in the
canalicular membrane of hepatocytes and transports phosphatidylcholine into bile to protect
the biliary ducts against the deleterious action of bile salts (1-6). Dysfunction of ABCB4
caused by mutations lead to hereditary liver diseases such as PFIC-3 and is associated with
the absence of the transporter at the canalicular membrane (16-19). Although the canalicular
localization of ABCB4 is indispensable for its function, a potential interaction of ABCB4 and
proteins of the cytoskeleton has not been extensively investigated.

There are evidences that the scaffold protein RACKI1 regulates the apical membrane
expression of ABCB4. RACK1 was identified in a yeast-two-hybrid screen to interact with a
cytosolic linker region of ABCB4. However, co-immunoprecipitation revealed no interaction
of RACKI1 with full-length MDR3 (25). Previously, we demonstrated that purified ABCB4
mediated PC-induced ATPase activity ((47) and Chapter 4). In the present study, we used
pull-down assay and demonstrated that full-length ABCB4 bound RACK1 in vitro. Our result
confirmed the suggestion of Ikebuchi and co-workers that RACKI is crucial for the apical
localization of ABCB4. So far it was demonstrated that RACKI interacts with more than 80
binding partners and acts as anchor and cellular shuttle for its binding partners as well as
enzymatic cofactor (20,23,24,48,53). RACKI1 furthermore upregulates the protein expression
of ABCG2 in plasma membranes, although the mRNA level was not influenced (54). In
addition, RACKI1 regulates the apical localization of CFTR by binding to NHERF-1, which is
known to be essential for the functional expression of CFTR at the apical membrane (24). In
contrast, it was reported that the cellular localization of ABCB1 (MDRI or P-glycoprotein)
was not affected by RACKI suppression, although ABCBI1 shares above 85% amino acid
sequence homology with ABCB4. This indicates that RACK1 is exclusively responsible for
the canalicular localization of ABCB4 and not for ABCBI (25).

To understand how ABCB4 is targeted and retained in the canalicular membrane, we focused
on the identification of new adaptor proteins of ABCB4. Thus, we purified the scaffold
proteins NHERF-1 and the FERM domain of radixin and used the pull-down assay to
investigate potential protein-protein interactions. With the pull-down assay we could not
prove the interaction of ABCB4 with NHERF-1. However, we speculate that the PDZ-like
domain at the C-terminus of ABCB4 is essential for binding of NHERF-1 and for the cell
surface expression of ABCB4 at the canalicular membrane as demonstrated for other ABC
transporters like ABCC2, ABCC4, CFTR and ABCC6 (26-29,33,52,55). NHERF-1 is

involved in apical membrane surface expression of ABCC4 in polarized kidney cells and
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down-regulation of NHERF-1 increased expression and function of ABCC4 (27,28).
Furthermore, NHERF-1 knock-out mice showed a decreased expression of ABCC2 in
hepatocytes (29). The C-terminus of CFTR was described to be required for the binding of
NHERF-1 and for the apical localization of CFTR (26,52). The deletion of the last six amino
acids of ABCC6, which contains a PDZ-like binding motif, resulted in a decreased expression
and stability of ABCC6 at the plasma membrane and a mislocalization in polarized cells (55).
Thus, further investigations like mutational analysis of the C-terminus of ABCB4 have to be
performed to prove this speculation.

For the first time, we demonstrated that the FERM domain of radixin binds ABCB4. This is
in agreement with data obtained for ABCBI1. ABCBI1 co-localized and co-
immunoprecipitated with erzin, radixin and moesin in leukemia cells (56) and a knock-down
of radixin in HepG2 cells and rat hepatocytes resulted in a decrease of ABCB1 at the plasma
membrane and relocalization to the intracellular pool (38,57). In radixin knock-out mice, it
was observed that radixin regulates the localization of ABCB1 in the small intestine (58).
Additionally, these mice developed conjugated hyperbilirubinemia, because of their impaired
ability to localize ABCC2 to the canalicular membrane (40). Hence, ABCC2 internalization
into the canalicular membrane was dependent on radixin activity (59,60). Radixin is
autoregulated by intramolecular interactions of the N-terminal FERM domain and the C-
terminal domain and activated by phosphorylation. The phosphorylation status of radixin was
demonstrated to regulate the canalicular localization of ABCC2 (59). Moreover, radixin is
reqiured for the localization of Bsep at the canalicular membrane and downregulation of
radixin in rat hepatocytes lead to reduced Bsep-mediated bile salt excretion (38). This data
indicate that radixin exhibit a gerneral function for the regulation of the cell surface
expression of human liver ABC transporter at the canalicular membrane by cross-linking the
membrane protein to the cytoskeleton.

Taken together, we confirmed that RACK1 binds full-length ABCB4 suggesting that RACK1
is important for ABCB4 trafficking to the canalicular membrane and we demonstrated an
interaction of the FERM domain of radixin with ABCB4 in vitro. We proposed that ABCB4
localization is highly regulated by a complex system, which ensures proper trafficking of

ABCB4 to the canalicular membrane containing at least RACK1, NHERF-1 and radixin.
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Table 1: PCR oligonucleotides used in this study

Oligonucleotide Sequence 5' 2 3'

RACKI1-for (Sall) CGCCGTCGACATGACTGAGCAGATGAC
RACKI-ey (Hindll) | CTCTGCCATAAGCTTCTAGCGTGTGCCAATG

RDX-for (Kpnl) GGGTACCAATGCCGAAACCAATCAACG

RDX-rev CAAGGTGGGATCCATTCC

delRDX-C_for TGAGAGCTGTTATTTTGCATATATG
deRDX-Crev | TTACAACTGCTTCTGATGTTTCTC

NHERF-for (Kpnl) ACCCGTCGCAGGTACCGATGAGC

NHERF1-rev GAATGCTGGATCCGCCCTGC
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Figure 1: Purification of human RACK1, NHERF-1 and the FERM domain of radixin. The
proteins were purified via Strep-tactin affinity chromatography and a subsequent SEC step for
RACKI and FERM domain of radixin. (A) The proteins were resolved on a 10% SDS-PAGE
gel and stained with CBB. The arrows indicate the purified protein. Molecular weight markers
are shown on the left. For the SEC chromatogram of (B) RACK1 and (C) the FERM domain
of radixin the absorption at 280 nm in arbitary units was plotted against the retention volumn

in millilitre.
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Figure 2: Pull-down assay of MDR3 and the scaffold proteins RACK1, the FERM domain of
radixin and NHERF-1, respectively. (A) Scheme of the pull-down assay. In brief, the scaffold
protein was immobilized on a Strep-Tactin sepharose resin and the complex was subsequently
eluted with desthiobiotin. (B) Purified ABCB4 was used for control to estimate unspecific
interactions of ABCB4 with the Strep-Tactin sepharose resin and the supernatant (SN),
washing fractions (W) 1-5 and the elution fraction (E) was analyzed by SDS-PAGE and
immunoblotting using C219 antibody. No ABCB4 was detected in the fourth washing (Wy)
and elution fraction (E). (C) Thus, the fifth washing fraction (Ws) and the elution fraction (E)
of the pull-down assays with MDR3 and RACKI1, the FERM domain of radixin and NHERF-
1 were analyzed by SDS-PAGE and immunoblotting using C219 antibody (upper panel) for
ABCB4 and an antibody against the Strepll tag (lower panel) for the scaffold proteins.
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4 General Discussion

The translocation of lipids from one leaflet to the other leaflet of a biological membrane is
crucial for numerous cellular processes such as cell growth, cell morphology, signal
transduction, apoptosis, vesicle formation in the secretory and endocytotic pathway and bile
formation (9-15,134). For the secretion of bile into the bilary ducts three ATP-binding
cassette (ABC) transporters are indispensable, the bile salt export pump (BSEP/ABCBI11), the
multidrug resistance protein 3 (MDR3/ABCB4) and the heterodimer ABCGS5/GS8. The main
driving force of bile formation is the translocation of bile salts by BSEP (139,157). Bile salts
excrete phosphatidylcholine (PC) lipids from the outer leaflet of the canalicular membrane
and form mixed micelles together with cholesterol translocated by ABCGS5/GS. PC lipids are
translocated unidirectional from the cytoplasmic to exoplasmic leaflet of the canalicular
membrane in an ATP-dependent manner by MDR3 (127,134,135,140,141). The main
function of PC in bile is to reduce the detergent activity and cytotoxicity of the bile salts and
consequently to protect the bilary ducts. Additionally, PC is important for cholesterol
homeostasis and prevents cholesterol crystalization. Thus, dysfunction of MDR3 caused by
mutations are related to different kinds of hereditary liver diseases from the range of
cholesterol gallstone formation, intrahepatic cholestasis during pregnancy (ICP) to
progressive intrahepatic familial cholestasis type 3 (PFIC-3) (145-148,150-152). To date, less
is known about the impact of these mutations on the structure and function of MDR3.
Furthermore, MDR3 shares 75% identity and more than 85% homology based on the amino
acid sequences with the well-characterized multidrug resistance protein 1 (MDR1/ABCB1/P-
glycoprotein) (138), but is not involved in MDR of cancer cells so far (120,181,182).

This doctoral thesis deals with the molecular in vitro analysis of human MDR3. First, this
thesis adressed the question how lipid transport function with respect to the mechanism of the
communication between the nucleotide-binding domains (NBDs) and the transmembrane
domains (TMDs) and the influence of a clinical relevant mutation on a transmission interface.
Secondly, the question arised whether the ATPase activity of MDR3 is modulated by the bile
salt sodium taurocholate and MDRI reversal agents, respectively. And thirdly new adaptor
proteins should be identified, which are involved in the cell surface expression of MDR3.
Thus, the first step was the heterologous expression of MDR3 with sufficient yields for

purification and its subsequently biochemical analysis.
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4.1 Heterologous expression and purification of human MDR3

The main challange to study human membrane proteins like MDR3 in its isolated form is the
expression, solubilization and purification of the protein of interest in suitable amounts for
structure-function analysis. In a previous doctoral thesis, it was shown that cloning and
expression of MDR3 gene in E. coli was not succesful (163). The cDNA of MDR3 and BSEP
are described as unstable or toxic during cloning using conventional cloning in E. coli
(163,183). Although E. coli is a well-established and widly used expression host yielding high
yields of cytosolic proteins as well as membrane proteins, the expression of eukaryotic
membrane proteins in a functional state is challenging due to the lack of a suitable protein
processing machinary and codon usage (184-186). For example, the codon optimized gene of
BSEP was cloned in E. coli, but no detectable expression was obserevd (187). In contrast, two
human ABC transporters, MDR1 and ABCG2 (BCRP) was successfully expressed in E. coli,
however the topology of MDRI1 differed from the one expressed in cell culture systems
(188,189) and ABCG2 was demonstrated to be inactive in inside-out membrane

vesicles (190).

MDR3 was stably expressed in cell culture systems such as polarized pig kidney epithelial
cells (LLC-PK1) and insect (Sf9) cells (127,143). On the contrary, Groen et al. reported an
important cytotoxicity caused by overexpression of MDR3 in human embryonic kidney 293
cells (HEK293) and the toxicity was counteract by coexpression of the P4-type ATPase
ATP8BI-CDC50A complex (142). However, other groups did not observe this
cytotoxicity (135,168). These cell culture systems have been extensively used to characterize
wild type MDR3 and clinically relevant mutants with respect to in vivo processes like
trafficking, localization and PC translocation. Although MDR1 containing membrane vesicles
and purified MDR1 expressed in Sf9 cells or HEK293 cells exhibited a significant ATPase
activity, in vitro function of MDR3 was not observed in these systems (143,144).
Furthermore, the big drawback by the use of cell culture systems is the low yield of purified
protein insufficient to study the molecular mode of action of MDR3-mediated lipid

translocation and ATPase activity.

An alternative to these systems is the use of yeast expression systems like Saccharomyces
cerevisiae and Pichia pastoris, respectively. Yeast-based systems feature a well-established
molecular biology and harbor a eukaryotic protein processing machinary. S. cerevisiae has
been frequently used for eukaryotic membrane protein expression (191). For example, the

overexpression of the pleiotropic drug resistance transporter Pdr5 and a number of membrane
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proteins using the Pdr5 promotor of S. cerevisiae was demonstrated by our group revealing

coomassie brilliant blue (CBB) stained amounts of functional protein (192).

MDR3 was cloned via homologous recombination in S. cerevisiae (163), which is an efficient
approach for general cloning of toxic or unstable genes of ABC transporters and was
previously reported for BSEP (183). In addition, MDR3 was expressed in S. cerevisiae to
similar expression levels achieved for MDR1 (see Chapter 2) (163,193,194). However,
subcellular localization analysis showed that MDR3 was localized not only at the plasma
membrane, but also in every cell compartment of S. cerevisiae suggesting a mistargeting of
MDR3 caused by differences in regulation pathways of cell membrane surface expression,
which results in the retention of this transporter in the ER (see Chapter 2; Figure 2).
Furthermore, the purification of MDR3 yielded 200 pg partial purified protein per litre cell
culture (163). Because of the low yield of purified MDR3, the expression system was changed
to the methylotrophic yeast P. pastoris. The expression rate was 10-fold higher in P. pastoris
compared to S. cerevisiae (Chapter 2; Figure 1). Furthermore, the main advantage of
P.pastoris 1s that it can be grown to high cell densities during fermentation yielding

kilogramm quantities of wet cell weights (wcw).

Chloupkové et al. analysed 25 of 48 human ABC transporters for expression in P. pastoris,
but BSEP and MDR3 were not included in this study (195). Especially ABC transporters of
the liver such as MDR1, ABCG2, ABCGS5/G8 and ABCCI, 3 and 6 (multidrug resistance
related protein (MRP) 1, 3 and 6) could be expressed and partially purified with yields of
about 1-6 mg per 100 g cells (96,195-199). Furthermore, the crystal structure of mouse Mdrla
was solved based on the expression in P. pastoris (96,136). Chapter 2 and chapter 3 of this
doctoral thesis summarize the expression, localization and purification of human MDR3.
MDR3 was expressed in P. pastoris without visuable proteolytic degradation. The GFP-
fusion protein of MDR3 was properly localized at the plasma membrane suggesting that this
transporter is correctly folded and targeted to the plasma membrane of P. pastoris (see
Chapter 3; Figure 2). This result was confirmed by subcellular fractionation using wild type

MDR3 (Chapter 2; Figure 2).

The next step comprised the purification of MDR3 in a functional state. Integral membrane
proteins contain a hydrobhobic transmembrane region to be located in the lipid bilayer. Thus,
membrane proteins has to be extracted out of the lipid bilayer without destroying the protein
structure by the use of detergents. Detergents are amphipatic molecules with a hydrophilic

head group and a hydrophobic tail. The gerneral physical properties of detergents based on
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the alkyl chain length, critical micellar concentration (cmc) and the charge of the polar
hydrophilic head group. Detergents are classified into four main groups according to the
charge of the head group: anionic, cationic, zwitterionic and neutral. Above their cmc
detergents form micelles and destabilze membrane integrity. Membrane proteins can insert
into these micelles by hydrophobic interaction allowing the membrane protein to be stable in
the solvent environment. In detergent micelles membrane proteins adopt multiple
conformations due to the divergent lateral pressure and relatively low structural order and
tend to denaturate or lose their activity during solubilization process (200). Thus, the
preservation of the native and functional membrane protein is a challenging process and there

are no general rules for selection of an appropriate detergent.

High thoughput screenings (HTS) have been developed in order to screen the influence of
detergents on stability and monodispersity of the membrane protein (201-206). One of these
methods is the fluorescence-detected size exclusion chromatography (FSEC), which based on
the fluorescence of the green fluorescent protein (GFP) fused to the protein of interest (207).
With FSEC the monodispersity of GFP-fusion membrane proteins in detergent solution can
be obsereved without the need of purification. Over 100 different detergents were analyzed
using dot blot technique with respect to extract MDR3 from membrane vesicles (Chapter 3;
Figure 3). Unexpectedly, exclusively zwitterionic detergents of the fos-choline series with
long acyl chains were able to solubilize MDR3 from P. pastoris membrane vesicles. This was
also obsereved for numerous other membrane proteins where only fos-cholines facilitated the
solubization (208-210). For instance, the lipid floppase ABCA4 (ABCR) was only extracted
from insect cell membranes by long-chain fos-cholines and in the presence of reducing agents
(210). In contrast, MDR1 was solubilized from P. pastoris membranes in various detergents
including B-DM, B-DDM, Lyso-PC, deoxycholic acid or Triton-X100 (96,199,211-213). The
heterodimeric ABCG5/G8 as well as ABCG2 was solubilized in 3-DDM, but ABCG2 could
only be solubilized in fos-choline-16 (FC-16) when expressed in High Five insect cells

(198,214,215).

FSEC analysis of the GFP-fusion protein of MDR3 solubilized in fos-choline series
demonstrated an increased monodispersity, for longer the acyl chain and the best result in
terms of monodispersity of MDR3 was obtained in fos-choline-16 (Chapter 2; Figure 4). Fos-
choline-16 is a lipid-like zwitterionic detergents and were demonstrated to reduce the ATPase
activity of the ABC transporter LmrA from Lactococcus lactis in contrast to f-DDM (216),

which is a harm detergent and often used for crystallization. A disadvantage of FC-16 is that
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it has a low cmc, which makes it difficult to be removed during reconstitution as it was

observed for LmrA from L. lactis (216).

To date, a number of purification systems are available allowing the rapid and simple
purification of proteins. The most common system is the affinity chromatography using
affinity tags genetically fused to the protein of interest. After the successful extraction of
MDR3 using FC-16, a tandem-affinity prurification was established. The tandem affinity
purification was composed of an immobilized metal ion affinity chromatography (IMAC)
following by a calmodulin-binding peptide (CBP) affinity purification yielding amounts of
approximitaly 6 mg wild type MDR3 per 100 g wet cell weight (wew) with high homogeneity
(>90%) (Chapter 3: Figure 5). The lower yield and purity of the MDR3 mutants generated in
this thesis (Walker B mutant (EQ/EQ): 3.4 mg/100 g wew; Q1174E mutant: 2.1 mg/100 g
wcw) compared to the wild type floppase was due to the reduced expression levels of the
mutants in P. pastoris, but lower integration numbers of the gene expression cassette into the
target chromosome could not be excluded (Chapter 4; Figure 1 and Table 1). The tandem
affinity purification was also applied for the purification of the human liver ABC transporters
ABCG5/G8, ABCC3, MDR1 and BSEP resulting in similar yields of purified protein
(187,195-199,217).

Beside the appropriate choice of detergent for solubilization, monodisperspersity of the
purified protein is important to maintain a native and functional protein. To improve the
monodispersity of MDR3 additives such as cyclodestrins and glycerol were tested during
purification. The addition of cyclodextrins should remove excess of FC-16 bound to MDR3
resulting in an increased monodispersity of MDR3. However only slight improvement of the
monodispersity was demonstrated (Chapter 2; Figure 7). The presence of glycerol generates a
more native environment for membrane proteins by reducing the concentration of water and
increasing the hydrophobicity (218) and increased the monodispersity of MDR3 (Chapter 2;
Figure 5 B).

Taken together, for the first time the expression of human MDR3 in P. pastoris and its correct
targeting to the plasma membrane was demonstrated. Subsequently, a purification procedure
for MDR3 could be established yielding highly pure protein in amounts sufficient for the

molecular analysis of MDR3.
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4.2 Functional analysis of MDR3

The next step was the functional analysis of purified MDR3. Chapter 1 summarizes three
different approaches to study protein-mediated lipid translocation across membranes based on
short-chain lipids containing a spin-, fluorescent- or radiolabel. Briefly, short-chain lipids are
integrated into the surface of the membrane and transport can be measured by chemically
quenching of the label or extracted by use of bovine serum albumin (BSA) (127,219,220). In
contrast, up to date a sensitive and easy-handle method to analyse the transport of endogenous
lipids is not available. Giant unilamellar vesicles (GUVs) represents a potential tool for the
visualization of lipid translocation and to determine kinetic parameters of the protein-
mediated flip-flop (221-224). The flip-flop mediated by lipid translocators incorporated into
GUVs lead to an insertion of the lipids in one of the leaflet generating an area difference
between the two leaflets. The shape change in GUVs can be observed with an optical
microscope. For the first time, this technique was used to demonstrate the flippase activity of
yeast ER flippase (221). Recently, it was shown that the bacterial ABC transporter
BmrC/BmrD transport drugs and encapsulated DNA incorporated into GUVs (225). These
findings reveal GUVs as forward-looking tool to study the transport mechanism of ABC

transporters.

ABC transporters are primary active transporters and exhbit besides the transport function an
ATPase activity. The release of inorganic phosphate can be determined and correlates
indirecly with substrate transport (see chapter 1). In ABC transporters, binding of the
substrate to the TMD typically stimulates ATP hydrolysis at the NBDs and has been reported
for several ABC transporters (113,195,197,214,226). In chapter 3, the substrate-induced
ATPase activity of wild type MDR3 was shown for the first time. Since co-purified
contaminating ATPases cannot be ruled out, an ATPase-deficient mutant (ES58Q, E1207Q,
further called EQ/EQ mutant) was generated by introducing two point mutations into the
highly conserved Walker B motif. The exchange of Glu to Gln in the Walker B motif of
MDR3 prevented ATP hydrolysis in both nucleotide-binding sites (NBS) and abolished
MDR3-mediated PC translocation (142). The ATPase activity of MDR3 was approximately
2.5-fold stimulated in the presence PC lipids, while the EQ/EQ mutants exhibit not
stimulation (Chapter 3; Figure 5). However, basal ATPase activity of MDR3 could not
observed due to co-purified contaminating ATPases. Thus, wild type MDR3 and mutants
were crosslinked with the thiol-reactive fluorophore maleimide-bodipy. This abolished the
basal and PC-induced ATPase activity of MDR3 as demonstrated for MDR1 (227-229)
(Chapter 4; Figure 1). In addition, the FC-16 amount had an drastically effect on the ATPase
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activity of MDR3 and the reduction of the FC-16 amount during purification increased the

MDR3 ATPase activity sixfold (Chapter 4).

Chapter 4 of this thesis focused on the characterization of the ATPase activity of purified
MDR3. In a first step, the Michaelis-Menten constant (Ky) and the maximal ATPase activity
(Vmax) of wild type MDR3 and labeled MDR3 were determined in the absence and presence of
DOPC lipids (Chapter 4; Figure 1 and Table 1). The substrate-induced ATPase activity of
MDR3 was about 9-fold lower than the ATPase activity of detergent-soluble mouse and
human MDR in the presence of verapamil and lipids (199,226), but comparable to the
substrate-induced ATPase activity of the chimera protein composed of MDR1 TMDs and
MDR3 NBDs (MDR1/3) (144). Similar results were demonstrated for human ABCC3 and
ABCG5/G8 (195,197). Although MDR1 and MDR3 exhibited different maximal ATPase
activities in the presence of the substrate, both proteins have high Ky values for ATP, which

were in a range typical for ABC transporters (195,197,226,230).

In a second step, an unspecific increase of ATPase activity caused by lipids was excluded and
on the other hand the substrate spectrum of MDR3 was analyzed. Lipids led to a stabilizing
effect on the conformation of the ABC transporter as shown for MDR1, ABCC3, TAP1/2 and
ABCA4 (195,199,210,231,232). However, PC lipids specifically stimulated MDR3 ATPase
activity, while brain PE, DOPE, PS and SM lipids did not induce any significant stimulation
(Chapter 4: Figure 2). This led to the conclusion that MDR3 flops exclusively phospholipids
with a choline head group, which is in good agreement with previous studies of MDR3 and
the mouse homolog Mdr2 (127,135,140,141). For the first time, the kinetic parameters of the
ATPase activity of MDR3 in dependence of liver PC and DOPC lipids was demonstrated
(Chapter 4: Figure 2 and Table 2). Both kinds of lipids stimulated the ATPase activity in a
concentration dependent manner with similar maximal ATPase activity and Ky values of
109.8 + 5.9 nmol min" mg™ and 16.63 + 2.6 uM for liver PC lipids and 84.0 + 3.4 nmol min™
mg' and 11.97 + 1.6 pM for DOPC lipids, respectively. The low turnover number and the
low affinity of MDR3 (0.23 =+ 0.03 lipids per s) is consistent with the proposed model of
Ishigami ef al. (144). They demonstrated that MDR3 NBDs hydrolyze ATP more than 10-
times slower than MDR1 NBDs using a purified chimera protein MDR1/3 and suggested that
MDR3 is a low affinity transporter optimized for PC translocation (144).

In addition, the presence of the bile salt sodium taurocholate below the cmc (2.5 mM) induced
a 7.5-fold stimulation of the ATPase activity of MDR3 (Chapter 5; Figure 1). Previous studies
revealed that PC secretion by MDR3 was concnetration-dependent on bile salts, while MDR 1
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was not affected (135). These results suggested that bile salts might assist PC translocation by
directly acception of PC from MDR3 as proposed in the activated model for ABC transporter
mediated lipid translocation (see Chapter 1.5) (233).

4.3 The X-loop of MDR3 — coupling the engine to the gate

ABC transporters are composed of two domains, the nucleotide-binding domain (NBD) and
the transmembrane domain (TMD). The NBDs were shown to convert the chemical energy of
binding and hydrolysis of ATP to mechanical energy, whereas the TMDs form the
translocation pathway and provide the substrate specifity (65,95-97). These two processes
have to be coupled to facilitate substrate transport. Based on structural and biochemical
analysis, it i1s known that ATP-induced dimierzation of the NBDs generates a molecular
motion (78,81,82), which is transmitted to the TMDs via non-covalent interactions (69,71,72).
The TMD of ABC exporters contain two coupling helices. Because of the domain swapped
arrangement of the TMD, each coupling helix interact with one NBD allowing a tight
communication between NBDs and TMDs (71,72,96,98-100,136).

To date, two conserved motifs of the NBD are identified to be involved in the transmission
interface, the Q-loop and the X-loop of ABC exporters (72,105,108,109). Mutational analysis
and crosslinking studies of ABC importers and ABC exporters such as MalEFGK, CFTR and
MDRI1 demonstrated that the Q-loop interacts with the coupling helix, which are located in a
groove of the NBD allowing the transmission of the conformational changes induced by ATP
binding and hydrolysis to the TMD (106-108,234). In contrast, only ABC exporters contain a
structurally diverse region (SDR) comprising the X-loop (TEVGERG), which is located in
direct proximity of the ABC signature motif (C-loop) (71,72,78).

In chapter 4 the molecular function of the extended X-loop mutation Q1174E of NBD2,
which was identified in a patient with PFIC-3 (235), was investigated. Immunostaining of the
patient’s liver biopsy and MDR3-transfected HEK293 cells showed that the Q1174E mutant
was properly folded and localized at the canalicular and plasma membrane, respectively
(Chapter 4; Figure 4). This indicated a drastic functional defect of MDR3. The Q1174E
mutant was expressed in P. pastoris and purified with the same procedure as reported for wild
type MDR3. The detergent-soluble Q1174E mutant exhibited no PC-induced, but basal
ATPase activity (Chapter 4; Figure 6) suggesting that NBDs were uncoupled from TMDs in
this mutated floppase.
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Figure 13 Transmission interface of MDR3. A) Model of human MDR3 based on the structure of Sav1866
(PDB entry 2HYD) (72) and the amino acid sequence of isoform B of MDR3 (145). One transporter half is
shown in blue and the second in yellow. The coupling helices are highlighted in red and the X-loop is colored in
cyan. B) Close up view of the interface between TMD1 and NBD2. GIn1174 of the isoform A (GIn1181 of the
isoform B) is shown in stick representation (cyan). Figure adapted from chapter 4.

Figure 14 Model of human MDR3 based on the structure of mouse Mdrla (PDB entry 4M1M) (96,136) and the
amino acid sequence of isoform B of MDR3. The structure is colored as described in figure legend 13.
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A homology model of wild type MDR3 and the Q1174E mutant was generated based on the
structure of the MDR-mediating transporter Sav1866 (72) and the isoform B of MDR3
(Figure 13). The isoform B contains seven additional amino acids within the NBD2 compared
to the major isoform A, which was used in the experiments. The glutamine of isoform A at
position 1174 and of isoform B at position 1181 did not differ in the homology model of
NBD2 (Chapter 4; Figure 5). More considerable the glutamine at position 1174 (1181 in
isoform B) of NBD2, which is located next to the leucine of the ABC signature motif,
contacts the asparate 166 of the first intracellular loop (ICL1) of the opposing TMD
(Figure 13). No high conformational rearrangement was obsereved for the substitution of the
glutamine to glutamate within the homology model of MDR3, but the amino acide change
would prohibit the hydrogen bonding between GIn1174 and Asp166. Thus, it is likely that the
conformational changes by binding the substrate to the TMD was not transmitted to the ABC
signature motif of NBD2 suggesting a privatol role of Glul174 in communication between
NBD and TMD. Furthermore, this interaction occures only in the outward-facing
conformation of MDR3 indicating that the X-loop plays an important role in the formation of

the outward-facing conformation of human MDR3 (Figure 14).

This is in good agreement with structural and biochemical analysis of Sav1866 from S.
aureus, human TAP1/2 (ABCB2/B3) and CFTR (ABCC7) (72,109,110) and molecular
dynamics (MD) simulation of human MDRI1 (236). The substitution of the conserved
glutamate (E602) of the X-loop of TAP1/2 did not effect peptide binding, however transport
activity was reduced from 20% for the E602D mutant to complete disruption for the E602R
mutant. In addition, cross-linking studies of CFTR identified that the coupling helices of the
TMDs contacts the X-loops and the Q-loops of the NBDs and were involved in channel
gating (110). Chang ef al. modeled the structure of human MDRI1A based on mouse Mdrla
and investigated the transmission interface between NBDs and TMDs (236). They
demonstrated that the amino acid residue Q1175 of NBD2, which is identical to Q1174 in
MDR3, hydrogen bond with D164 (D166 in MDR3) of the ICL1 and identified this residue
pair D164-Q1175 as key residue pair in the transmission interface (236).

In conclusion, these data strongly suggest that the Q1174E mutation serverely impaired the
crosstalk between the extended X-loop of NBD2 and the coupling helix of TMD1 resulting in

a nonfunctional transporter.
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4.4 MDR3 — a multidrug pump?

MDR3 was classified as mulidrug resistance (MDR) transport on the basis of the amino acid
sequence similarity of 86% to the MDR-mediating transporter MDR1 (138). However, initial
studies with MDR3-transfected cells showed no MDR phenotype (138,181,237). Recently,
MDR3 gene products were found in paclitaxel-, doxorubicin- and vincristine-resistant cell
lines, indicating that MDR3 might be involved in multidrug resistance (238). Although the
transport rate was low for most MDRI1 reversal agents, Smith et al. demonstrated directional
transport of digoxin, paclitaxel, daunrobicin, ivermectin and vinblastine through MDR3-
transfected LLC-PK1 cells (143). No significant transport of other MDR1 substrates, such as

cyclosporin A and dexamethasone, was shown.

Chapter 5 of this thesis studied the modulation of the ATPase activity of MDR3 by MDRI1
reversal agents. None of the tested drugs stimulated the ATPase activity of MDR3. Contrary,
itraconazole, zosuquidar, cyclosporin A, verapamil and paclitaxel completely abolished the
ATPase activity of detergent-soluble MDR3 in the micromolar range (Chapter 5; Figure 3 and
Figure 4). The ATPase activity of MDR3 was only slightly inhibited in the presence of
vinblastine and rifampicin and no change of ATP hydrolysis was demonstrated for digoxin.
These data are in agreement with vanadate-dependent ATP trapping of MDR3 expressed in
S1Y cells. Paclitaxel, vinblastine, verapamil, cyclosporin A and valspodar abolished vanadate-
dependent ATP trapping, while ATP trapping of MDR1 was greatly stimulated (143). Several
studies demonstrated that the MDR3-mediated translocation of endogenous PC, fluorescently-
labeled short-chain PC (Cs-NBD-PC) or digoxin was inhibited by itraconazole, cyclosporin A
and verapamil (127,135,143,146,220,239). Consistently, the substrate-induced and the basal
ATPase activity of MDRI1 was inhibited by cyclosporin A (240-243) and bile salt
translocation in SfY membrane vesicles mediated by BSEP was inhibited by cyclosporin A
with an 1Csy value of 4.6 = 1.2 uM (244), which is similar to that demonstrated for MDR3
(Chapter 5; Table 1).

Furthermore, the amino acid residues, which form the drug-binding site (245-251), was
conserved between MDR1 and MDR3 suggesting that both transporter contain similar
substrate-binding sites and recognize similar substrates. However, ATPase activity of human
MDRI1 was 30-fold stimulated in the presence of verapamil indicating that verapamil is a
MDRI1 substrate, but an inhibitor of MDR3. The most divergent residues were located in
TMHI1 at the border of the cytosolic leaflet of the membrane, which might be involved in the
interaction of the polar head group of the preferred substrate PC. These results suggest that
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MDR3 is not specific for PC and binds various typical MDRI1 reversal as well. However, why
does drug binding inhibited ATPase activity, while the ATPase activity of MDR1 was
stimulated? Currently, there is no satisfactory explanation. The cholesterol fill-in theory tries
to explain how an ABC transporter can transport various distinct substrates with the same
binding site by the use of cholesterol (252). Cholesterol binds to various ABC transporter
(253,254) . For example, for MDRI1 the binding affinity of small substrates ranging from a
molecular weight of 350 to 500 was increased in the presence of 20% cholesterol, while the
binding affinity of substrates with a molecular weight between 800 and 900 was hardly
affected by cholesterol (253). Furthermore, depletion of membrane cholesterol significantly
reduced the MDR 1-mediated transport activity (255,256). It was assumed that cholesterol fills
the empty space in the binding cavity and forms the the substrate-binding site capable of

binding individual substrates (252).

4.5 Intracellular traffic and its role in MDR3 function

Dysfunction of MDR3 are associated with different kinds of hereditary liver diseases from the
range of cholesterol gallstone, low phospholipid associated cholelithiasis (LPAC) to
progressive familial intrahepatic cholestasis type 3 (PFIC-3). Dysfunction are caused by three
different kinds of MDR3 mutations resulting in truncated proteins by stop codon mutation,
splicing mutations affecting the correct splicing (257) and missense mutations by amino acid
substitution (139,146,151). On the one hand missense mutations within the MDR3 gene can
abolish the ATPase activity or PC transport due to amino acid substitution in structural
essential sequences. For example, the mutations of the H-loop of NBD2 is suggested to be
crucial for ATPase activity and leads to PFIC-3 in patients (145). On the other hand defects of
the regulation pathway results in a non-functional transporter by improper targeting to the
canalicular membrane. Phosphorylation appear to be one regulation mechanism of MDR3
function. The mutation T34M and R47G impaired MDR3 phosphorylation and reduce the PC
translocation, while the mutants were proper localized at the plasma membrane (168). Not
only truncated proteins but also missense mutations of MDR3 are associated with the absence
of MDR3 at the canaliclular membrane and lead to the retention of MDR3 in the ER
(258,259). For example, the S320F translocated PC comparable to wild type MDR3, but
expression at the plasma membrane was reduced to 50%, which could be rescued with the
chemical chaperone cyclosporin A (146). Thus, the canalicular localization of MDR3 is

indispensible for executing its function.
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SAC

Actin filaments ABC transporter Phosphrylated radixin RACK1 NHERF-1

Figure 15 Adapter proteins of MDR3 mediating the interaction of MDR3 with the cytoskeleton. SAC =
subapical compartment.

Previously, the receptor for activated C-kinase 1 (RACK1) was demonstrated to mediate the
stable expression of MDR3 at the plasma membrane and down-regulation reduced MDR3-
mediated PC translocation (260), however no interaction of full-length MDR3 and RACK1 by
co-immunopracipitation was obtained. For the first time, the interaction of functionally full-
length MDR3 and RACK1 was demonstrated using in vitro pull down assay (Chapter 5;
Figure 2). In chapter 5 of this doctoral thesis radixin was identified as new adapter protein of
human MDR3 and were suggested to facilitate MDR3-cytoskelatal interaction. Based on the
evidences obtained in this doctoral thesis and for the ABC transporters CFTR, ABCC2
(MRP2), ABCC4 (MRP4), ABCG2 and MDR1 (ABCB1) a scheme of MDR3 cell surface
expression at the canalicular membrane was proposed (Figure 15). To date, it has been

elucidated that RACK1 mediates the stable expression of MDR3, ABCG2 and CFTR at the
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canalicular membrane (260-262), but the cellular localization of the highly homologes MDR1
was not affected by RACK1 (260). This suggested that MDR3 and MDR1 possess different

mechanism of cell surface expression.

The PDZ domain of NHERF-1 was demonstrated to recognize the last three amino acids of
the C-terminus of CFTR, which is crucial for CFTR localization (263-266), while the erzin-
radixin-moesin (ERM)-binding (EB) domain interacts with the cytoskeleton linker protein
such as radixin or directly with the apical cytoskeleton. Recently, it was shown that the PDZ-
like motif at the C-terminus of ABCC6 is essential for trafficking and localization of
ABCC6 (267). The C-terminus of MDR3 ends by a PDZ-like binding motif. Thus, it would
be likely that NHERF-1 interact with these motif. However, the binding site of NHERF-1 in
MDR3 remains to be elucidated. Furthermore, the PDZ domain of the NHERF-1 binds the
cytoplasmic domain of ABCC2 and ABCC4, (263,268-270). In NHERF-1 knock-out mice of,
ABCC2 expression was reduced at the apical membrane of hepatocytes (270). In contrast,
ABCC4 cell surface expression and function was increased in polarized kidney cells by

down-regulation of NHERF-1 (268,269).

Radixin 1s mainly located at the canalicuar membrane in hepatocytes and is essential for
maintaining the polarized targeting and retention of ABC transporters localized at the
canaliclular membrane (271). Radixin was shown to bind MDR1 and to be crucial for the
retention of MDR1 at the plasma membrane (272). The down-regulation of radixin in HepG2
cells lead to an decrease of MDRI1 at the plasma membrane with consistent expression in
whole cell lysate (273) and in radixin knock-out mice, radixin regulates the localization of
MDRI1 in the small intestine (274). Furthermore, these mice develop conjugated
hyperbilirubinemia because of their impaired ability to localize ABCC2 at the canalicular
membrane (275). It was demonstrated that the phosphorylation status of radixin regulates the
canalicular ABCC2 localization (276). Radixin is activated by phosporylation at the C-
terminal domain by the proteinkinase C (PKC) (277,278).

In conclusion, RACKI1 and the FERM domain of radixin was demonstrated to interact with
full-length MDR3 in vitro. This suggested that MDR3 cell surface expression at the
canalicular membrane is thighly regulated by a complex mechanism containing RACK1 and
radixin. For the first time, this study might provide the foundation to investigate the

regulation mechanism of MDR3 function and might facilitate new therapeutic perspectives.
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