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Summary

Today, the physiological function of canalicular export systems of the human liver in detoxification, bile
generation and secretion is clearly defined. Most membrane proteins taking part in this function are
members of the ATP binding cassette (ABC) transporter family and perform primary active substrate
transport energized by ATP hydrolysis. On a molecular level, little knowledge exists about the relation
between mutations in these membrane proteins and the diseases they are associated with.
Convenient in vivo systems are limited and cannot answer many questions of molecular function. To
gain mechanistic insights into both wild type and mutated transporters, in vitro systems are
indispensible that are of a very limited availability.

The aim of this thesis was to establish suitable in vitro systems for human ABC transporters that
are expressed in the apical membrane of polarized hepatocytes. Here, the human bile salt export
pump (BSEP, ABCB11) and the multidrug resistance protein 3 (MDR3, ABCB4) play an important role
in bile secretion, and their malfunction is associated with severe hereditary diseases like Progressive
Hereditary Intrahepatic Cholestasis (PFIC) type 2 and 3. Heterologous overexpression is a vital
necessity for in vitro studies, because membrane proteins, especially those from human, are quite
unstable and of rather low abundance in their native tissue. In contrast to mammalian cell culture, the
yeasts Saccharomyces cerevisiae and Pichia pastoris provide comparatively easy and well-
characterized expression systems for polytopic membrane proteins. A challenge associated with
BSEP and MDRS is the instability of their coding sequences in Escherichia coli that has been a strong
limiting factor in previous studies on both, and especially on clinically relevant mutations in these, as
the latter are not easily generated. The results of this thesis can be summarized as follows:

I) The first-time heterologous expression in S. cerevisiae yeast of both human BSEP and MDR3 was
achieved, both chromosomally and from plasmid. For the low-expressing BSEP, an expression screen
was devised that did not lead to an improved expression. The compatible osmolyte glycerol was found
to function as a chemical chaperone for BSEP, leading to an estimated twofold increase in expression.
For MDR3 it was found that the his tag position had a dramatic impact on expression levels.

II) In S. cerevisiae, the C-terminally his-tagged MDR3 could be expressed at a level comparable to
MDR1 which yields milligram amounts per litre of culture. Human MDR3 could be detergent-
solubilized and purified to amounts that for the first time allowed its detection on a Coomassie-stained
SDS-PAGE gel.

Ill) The yield of BSEP could be improved substantially by switching the expression host from S.
cerevisiae to P. pastoris.

IV) In order to establish expression in both yeast systems, a complete workflow was designed and
implemented that allows the cloning of the unstable BSEP and MDR3 coding sequences without the
use of E. coli. Instead, the cloning strategy can completely rely on the powerful homologous
recombination machinery of S. cerevisiae. The workflow includes a new site-directed mutagenesis
procedure that is also independent of E. coli usage and enables the rapid recreation of clinically
relevant BSEP and MDR3 mutations in both mammalian cell culture and the yeast expression
systems. This has previously been a complicated and time-consuming procedure as the attempt to
introduce targeted mutations regularly led to random deletions within the constructs.

As a result of this work, clinically relevant mutants of BSEP and MDR3 are now generated much
faster, and several BSEP variants are currently being studied in mammalian cell culture and in vitro.



Zusammenfassung

Die physiologische Funktion kanalikularer Transportsysteme in der menschlichen Leber ist heute klar
definiert. Die Mehrheit der beteiligten Membranproteine gehéren zur Familie der ATP-Bindekassette
(ABC)-Transporter und vermitteln den primar-aktiven Transport ihrer Substrate unter ATP-Hydrolyse.
Auf molekularer Ebene sind die Beziehungen zwischen Mutationen in diesen Membranproteinen und
den damit assoziierten Krankheiten noch weitgehend unverstanden. In vivo-Systeme sind fir die
Untersuchung vieler Fragestellungen auf molekularer Ebene ungeeignet. Um mechanistische
Einblicke in die Funktionsweise von Wildtyp als auch mutierten Transportern zu erlangen, werden in
vitro-Systeme benétigt.

Ziel dieser Doktoarbeit war, geeignete in vitro-Systeme fir humane ABC-Transporter
bereitzustellen, die in der kanalikularen Membran der Hepatozyten Ilokalisiert sind. Die
Gallensalzexportpumpe (BSEP, ABCB11) und das Multidrogenresistenzprotein 3 (MDR3, ABCB4)
nehmen wichtige Rollen bei der Sekretion von Gallenbestandteilen ein. lhre Fehlfunktion ist mit
schweren erblichen Erkrankungen wie der Progressiven Familidren Intrahepatischen Cholestase
(PFIC) Typ 2 und 3 verbunden. lhre heterologe Uberexpression ist eine wichtige Voraussetzung fiir in
vitro-Studien, da Membranproteine recht instabil sind und in ihrem nativem Gewebe oft nur in geringer
Menge vorkommen. Im Gegensatz zu Saugetierzellkultur sind die beiden Hefen Saccharomyces
cerevisiae und Pichia pastoris leicht handzuhabende und gut charakterisierte Expressionssysteme fur
Membranproteine. Eine Herausforderung in bezug auf BSEP und MDRS3 ist die Instabilitdt der
kodierenden DNS-Sequenzen in Escherichia coli, die in vorherigen Studien ein limitierender Faktor
war. Speziell Studien an Transportermutationen gestalten sich schwierig, da die Mutagenese der
kodierenden Sequenzen stark erschwert ist. Die Ergebnisse dieser Doktorarbeit kdnnen wie folgt
zusammengefaldt werden:

I) Die erstmalige heterologe Expression von BSEP und MDR3 in Backerhefe gelang sowohl
chromosomal als auch plasmidgebunden. Da hier die Expression von BSEP nur sehr gering war,
wurde ein Expressionstest verschiedener Promotoren durchgefiihrt, der zu keiner Expressions-
steigerung fiihrte. Der Zusatz von Glycerin, einem kompatiblen Osmolyten, zu den Hefekulturen
bewirkte eine zweifache Expressionssteigerung von BSEP. Glycerin diente hier als eine chemische
Faltungshilfe. Fur MDR3 wurde gezeigt, da® die Position des Histidin-Affinitdtsanhangsels die
Expression signifikant beeinfluf3te.

II) Ein carboxyterminal mit einem Histidin-Affinitatsanhangsel fusioniertes MDR3 konnte in Backerhefe
in Mengen exprimiert werden, die mit denen hier fir humanes MDR1 erzielten vergleichbar sind.
MDR3 konnte mit Detergenzien solubilisiert und anschlieBend in Mengen aufgereinigt werden, die
erstmalig die Detektion auf einem mit Coomassie-Farbstoff gefarbten SDS-Proteingel erméglichten.

[Il) Die Ausbeute an rekombinantem BSEP konnte durch Wechsel des Expressionssystems von der
Backerhefe auf die methylotrophe Hefe Pichia pastoris deutlich erhoht werden. Aus diesem kann
BSEP jetzt in praparativen Mengen solubilisiert und aufgereinigt werden.

IV) Zur Etablierung der Expression in beiden Hefesystemen wurde ein kompletter Arbeitsablauf
realisiert, der die Klonierung der instabilen kodierenden DNS-Sequenzen von BSEP und MDR3 ohne
E. coli ermoglicht. Die Strategie macht sich stattdessen die effiziente Maschinerie von S. cerevisiae
zur homologen Rekombination von DNS-Sequenzen zunutze. Der Arbeitsablauf beinhalted aulerdem
eine neue Methode zur zielgerichteten DNS-Mutagenese, die ebenfalls ohne E. coli funktioniert und
die schnelle Herstellung klinisch relevanter BSEP- und MDR3-Mutationen sowohl in Sdugetierzellkulur



als auch in den Hefeexpressionssystemen ermdglicht. Dieses war bisher sehr zeitaufwendig, da die
Einfihrung von Mutationen auf DNS-Ebene regelmafig zu zufélligen Deletionen in den Konstrukten
fuhrte.

Aufgrund dieser Arbeit kénnen klinisch relevante Mutationen in beiden Transportproteinen nun
ungleich schneller und leichter realisiert werden, und diverse BSEP-Varianten werden derzeit sowohl
in Zellkultur als auch in vitro untersucht.
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1 Introduction

Cells have evolved compartments of distinct and regulated composition [1]. Biological
membranes, which are selectively permeable barriers, keep these various
compartments separate from each another and also segregate the interior of the cell
from the extracellular environment. These membranes are composed of a lipid
bilayer, which due to its hydrophobic nature is a barrier to charged, hydrophilic, and
large molecules. Only very small hydrophobic or neutral compounds such as oxygen
and carbon dioxide can permeate such a bilayer, while the diffusion of other
molecules such as metal ions or metabolites and enzymes away from their point of
biogenesis, function, and turnover is limited. In contrast, cellular membranes permit
the selective uptake und accumulation of diverse nutrients, while secreting metabolic
waste products. Across each of these membranes, the directional and selective

transport of a wide variety of both macro- and micromolecules is carried out [2,3].

1.1 Membrane Transport

This selective and highly regulated transport is mediated by integral membrane
proteins [1]. These or domains of these membrane proteins reside in the lipid bilayer
by presenting hydrophobic and aromatic side chains at the protein-lipid interface.
Here, they facilitate the transmembrane passage of the most diverse substances
[4,5,6]. For example, aquaporins, large alpha barrell membrane proteins, are highly
selective channels for water molecules that allow their quick diffusion across the
membrane [7]. Carrier proteins bind and shield the charges of their substrate to
facilitate its passive diffusion across the membrane. Secondary active transporters
that transport molecule "a" are driven by the concentration gradient of molecule "b"
across a membrane. Other membrane proteins in turn create and maintain this
concentration gradient which then can then be used to fuel the co-transport of
another compound against its own concentration gradient. Symporters either
transport their substrate in the same, antiporters in the opposite direction of the
energy-providing molecule gradient.

Primary active transporters, that establish these energizing gradients, are
often fueled by the hydrolysis of adenosine triphosphate (ATP). The phosphodiester
bond within this molecule contains 57 kilojoules per mol of Gibbs free energy stored

in the covalent linkage of the gamma to the beta phosphate, a phosphoric acid
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anhydride [8]. The yeast plasma membrane ATPase Pmal is a primary active
transporter that uses this energy to create a proton gradient from the exterior to the
cytosol [9,10,11]. The sodium potassium pump is another ATP-dependent primary
transporter [12,13]. It is an electrogenic pump as it generates a membrane surface
charge separation and helps create the plasma membrane resting potential that is
vital for e. g. signal transduction by neuronal cells [1]. The action of the sodium
potassium pump also fuels secondary active transport processes and plays a role in
cell volume regulation. Apart from ATP, redox energy (the mitochondrial electron
transport chain) or light (bacteriorhodopsin [14], and the photosystems of the
thylakoid membranes in chloroplasts) can serve to fuel primary active transport

across biological membranes [1].

1.2 ATP Binding Cassette Transporters - the Largest Family of
Primary Active Transporters

ATP binding cassette (ABC) transporters are probably the largest group of primary
active membrane transporters [15]. In 1982 the group of Giovanna Ames cloned the
first ABC transporter gene, the histidine permease from Escherichia coli [16]. Today,
78 ABC-encoding genes are described within its genome [17], 31 in the yeast
Saccharomyces cerevisiae [18] and 48 in human [19,20]. ABC transporters are old in
evolutionary terms as they are found in archaea, eubacteria, in plant and animal
eukaryotes [21]. Sequence analyses indicate that while about 4 % of all genes in
Escherichia coli and Bacillus subtilis encode membrane proteins, 2 % of the genome,
or half the membrane protein genes, encode ABC transporters [22]. They function as
im- or exporters of an astonishing variety of substrates, both natural and synthetic,
ranging from heavy metal ions or small molecules like sugars, amino acids, vitamins,
osmolytes or short peptides to xenobiotics, antifungals and drugs to whole proteins
[15]. Some recognize a single specific substrate, while others bind and translocate a
wide variety of in part chemically diverse substrates [23,24,25]. Members of the latter
group such as the multidrug resistance protein 1 (MDR1 or P-glycoprotein, P-gp), the
breast cancer resistance protein (BCRP), and multidrug resistance associated
protein (MRP) 1 are the main cause of chemotherapy (multidrug) resistance of

cancer cells [26,27].
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1.3 Structure and Function of ABC transporters
Domain organization of ABC transporters

A functional ABC transporter consists of two nucleotide binding domains (NBDs) and
two transmembrane domains (TMDs, Figure 1). The two TMDs interact as homo- or
heterodimers to form a passage through a membrane and thus facilitate the transport
of various substrates which in turn is energized by the ATPase activity of the two
NBDs. In archaea and eubacteria, the different transporter components are usually
encoded by separate genes (Figure 1, upper and middle panel). Importers and
exporters can readily be discriminated by virtue of sequence analysis. Only importers
contain the highly conserved EAA motif in an intracellular loop of their TMDs which
most likely interacts with a specific region of the NBD [28,29]. ABC importers
containing this motif are found in archaeal and bacterial organisms only. Here, the
substrate first interacts with its cognate substrate binding protein (SBP), which is
another exclusive feature of ABC import systems. In Gram-positive bacteria, this is
additionaly anchored to the cytoplasmic membrane by a lipid moiety where it
acquires substrate molecules and directs them to the TMDs. Anchoring to the plasma
membrane by a short, transmembrane alpha helix has been found exclusively in
archaea until now [30]. In eukaryotic genomes, one NBD and and one TMD occur as
one fused gene, e. g. TMD-NBD (termed half-size transporter), or the complete
functional unit is encoded by one structural gene, e. g. (TMD-NBD), (termed full-size
transporter; Figure 1, lower panel) [21]. The organization of domain elements can be
either (TMD-NBD), (regular) or (NBD-TMD), (inverse topology) and additional
transmembrane segments have been described in addition to the core helices of
MRP-type ABC transporters like the multidrug resistance-associated protein 2
[30,31,32].

ABC Protein Family Characteristics and the Nucleotide Binding Domains

All ABC proteins share highly conserved sequence motifs within their NBD (see
Figure 2) [33]. The P-loop, also termed the Walker A motif (consensus sequence
GXXGX(G)KST, X for any amino acid residue), the Walker B motif (¢pdpdpD, ¢ for any
hydrophobic residue) and the C-loop or ABC signature motif (LSGGQ) between
these two are specific for the NBD [21,34].
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Figure 1.

The domain organization of different ABC transporter systems.
The functional unit of an ABC transporter consists of two TMDs and two
NBDs. These can be fused onto a single polypeptide chain in full-size
transporters. One TMD and NBD are fused to each other in half-size
transporters, and all four subunits can also be encoded by separate
genes. This is only encountered in prokaryotes. ABC importers bind
their cognate substrate binding protein (SBP), which in gram-negative
bacteria is contained in the periplasmatic space by the outer
membrane. In gram-positive organisms, this is either anchored in the
membrane by a lipid moiety or a transmembrane segment (exclusive to
archaea). Adapted from [30].

After these core ABC motifs comes the D-loop (SALD), and C-terminal to that is a

conserved histidine residue essential for ATP hydrolysis [35]. These motifs reflect

structural features of the NBD and conserved functions in vivo: the Walker A motif/P-

loop constitutes a loop binding the phosphate moiety of ATP [36]. Walker B is part of

a beta sheet and participates in the coordination of the catalytically important Mg?*

cation.
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Figure 2.  Crystal structure of the haemolysin B NBD dimer. Left The dimer of
the H662A variant of the HlyB NBD is shown with bound ATP (stick
molecules) and Mg?*(green spheres). For ease of viewing, the two
NBDs are individually coloured. Conserved motifs are marked in
different colours on the left NBD. Both NBD monomers contribute to
each of the ATP binding sites with the Walker A and B motif residing on
one and the C-loop on the opposite NBD. Through its coordination by
these three motifs in the two sites, ATP functions as a "molecular glue"
in the process of NBD dimerization [35,37,38]. Right View of the yellow
HlyB NBD monomer from the interface plane. The L-shaped
architecture of the two arm domains is shown. Both bound ATP
molecules and both Mg?* ions are indicated as calotte models and
spheres, respectively. Adapted from [35].

It plays an important role in the hydrolysis of the anhydride bond between the
gamma- and beta-phosphate. The Q-loop serves as a gamma-phosphate sensor
[35]. It is generally hypothesized that during hydrolysis both NBDs at least transiently
form a dimer [39]. Solved structures of the DNA repair enzyme Rad50, the HlyB-NBD
ATP-bound dimer [35], and the full-length vitamin B4, transporter BtuCD show that
the ATP binding pockets are formed by the Walker A and B of one NBD and the
signature motif of the opposite NBD [40,41]. Here, the serine residue of the C-loop is
in close contact with the gamma-phosphate of the bound ATP [42]. ATPase domains
of ABC transporters show similarity to the F4-ATPase [43] and RecA [44]. The
structure of the NBD is that of an L-shape (Figure 2, right side): the larger domain
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(arm 1) has structural homology to RecA and other nucleotide binding proteins and
consists of alpha helices and beta strands (alpha/beta fold). It contains the Walker A,
B motifs and the Q-, H- and D-loop described above (left side). The smaller domain
(arm II) exclusively consists of alpha helices and contains the ABC signature motif or
C-loop. All atomic structures solved so far show the same overall architecture.
Comparison of structures solved with bound ATP [35,45,46,47,48] to those with
bound Mg/ADP [47,49,50,51,52] suggests the release of hydrolysis products by a
rotational movement of arm Il. How exactly binding and hydrolysis of ATP are

coupled to transport remains yet to be elucidated.

The transmembrane domains

While NBDs share an average 30 % of amino acid sequence identity, the same does
not apply to the highly diverse TMDs. The high sequence conservation among NBDs
suggests a common mode of providing and transferring chemical energy derived
from ATP hydrolysis to the variable TMD units. Still, the sequence heterogeneity of
the TMDs is generally assumed to reflect the wide spectrum of the various substrates
that differ as much in structure, shape and size as their respective cognate TMDs.
Studies on both bacterial and mammalian ABC transporters and
hydrophobicity plots argue in favor of six transmembrane helices per TMD as a
general core functional unit. The six-helices architecture was confirmed by solving
full-length transporter structures such as the bacterial lipid flippase MsbA [53], the
SAV1866 putative MDR pump [54], and more recently, the mouse P-glycoprotein (the
murine homologue of the human MDR1 multidrug efflux pump [55]). In contrast, other
hydrophobicity plots of mostly eukaryotic transporters such as the transporter
associated with antigen processing (TAP), a half-size heterodimer, predict a
composition of 10 (TAP1) and 9 (TAP2) transmembrane helices, respectively [31,32].
Deletion studies have shown that the C-terminal six transmembrane helices of both
TAP TMDs form an essential channel complex while the others are not engaged in its
formation [31,56]. Instead, the additional three and four helices of the ER-resident
TAP heterodimer have been proposed to facilitate the binding of tapasin (TAP
ASsociated protelN), the central interface component in the peptide loading complex
(PLC), that recruits empty MHC class | heterodimers to TAP for loading with peptides
derived from the proteasome on the cytosolic side. Here, the additional component

helices function as interaction modules for other molecules engaged in the same

6
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pathway [31,32]. More importantly, the crystal structure of the vitamin B4, transporter
BtuCD clearly showed ten TM helices in each TMD [41], indicating that additional
TMD architectures exist. Functions of NBD and TMD in ATP hydrolyis, substrate
recognition and transport are, however, not always mutually exclusive, as was shown
for the haemolysin transport complex of uropathogenic E. coli. Here, the substrate
HlyA was shown to interact with the NBD of HIyB [57].

The catalytic cycle of the NBDs and its coupling to substrate transport

Several functional mechanisms have been postulated for ABC transporters. A
general working mechanism for substrate transport by membrane pumps was
postulated already in 1966 by Jardetzky [58]. In this model, a transporter can in
general assume two basic conformations: one that is open towards one side, and
one that is open towards the other side of the membrane. As a result, the substrate

binding site is accessible from only one side of the membrane at a time (Figure 3).

Substrate binding site
open to extracellular
space

Exterior

TMD A

S——

Cytosol

NBD 7

Substrate binding site
open to cytosol

Figure 3. The Alternating Access Model of ABC transporter function. Already
suggested by Jardetzky in 1966 [58] as a principal mode of operation
for membrane pumps, this mechanism can also be postulated from the
currently available structural data. Left The mouse P-gp structure [55]
displays a large cavity accessable from both cytosol and inner
membrane leaflet. Right The Sav1866 structure [54] represents an
outward open conformation with potential access to the outer
membrane leaflet. Adapted from [23].
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Two available crystal structures of ABC exporters are thought to represent both
alternate, either inward (mouse P-gp, left side) or outward open (Sav1866, right side)
conformations [54,55]. On the premise of the alternating access concept, the "ATP
Switch" [39] and "Processive Clamp" [59] models of substrate transport have been
described. In the first model, the binding of two ATP molecules is the switch that
induces dimerization of the NBDs and, upon hydrolysis of both, dimer dissociation.
The second model postulates the sequential hydrolysis of the two bound ATP
molecules. Recent biochemical and structural studies (reviewed in [39]) suggest that
the energy released by ATP hydrolysis is not directly translated into substrate
translocation by conformational changes in the TMDs and thereby does not serve as
the "power stroke" in the catalytic cycle as had been postulated previously [60].
Rather, ATP binding itself induces the necessary conformational changes for
substrate translocation by NBD dimerization, and subsequent hydrolysis resets the
transporter to its original conformation. Based on the general, "Alternating Two-Site
Access" mechanism postulated for membrane pumps [58], a catalytic cycle can be
assembled that integrates these biochemical findings. Figure 4 depicts the
"Processive Clamp" transport cycle of an ABC exporter: in the initial state, the NBDs
are monomers allowing nucleotide exchange and binding, and the high-affinity
substrate binding site is exposed by the inward open conformation of the TMDs (step
1). After substrate and ATP binding, the nucleotide-induced dimerization of the NBDs
effects the conformational change to the outward open TMD configuration and
concomitant substrate translocation across the membrane (step 2), where it is
released from its low affinity binding site (step 3). ATP hydrolysis (step 4) then effects
the dissociation of the NBD dimer (step 5), which drives the conformational change of
the TMDs back to the inward open conformation. The hydrolyzed nucleotide can be
exchanged against fresh ATP, which completes the catalytic cycle (step 6).

This model of the catalytic cycle nicely intregrates the biochemical and
structural findings of both isolated NBDs and full transporters. NBDs have been
overexpressed and purified in isolation for crystallization and in vitro studies. Some of
these subunits display a basal ATPase activity, e. g. HisP or HlyB-NBD [61,62], or
the cloned NBD of P-gp from mouse, contradicting the argumentation that hydrolysis

occurs only in the presence of bound substrate.
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Figure 4.
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The "Processive Clamp" model of the ABC transport cycle. 1) The
translocation channel formed by the two TMDs is open towards the
cytosol, and the NBDs are monomeric and can exchange nucleotides.
2) After substrate binding to the high affinity site, bound nucleotide
induces NBD dimerization and changes translocation channel to
outward open conformation. 3) Substrate is released from the low
affinity binding site. 4) Nucleotides are hydrolyzed, 5) which triggers
NBD dissociation and subsequent change back to the inward open
conformation of the translocation channel. 6) Hydrolyzed nucleotides
can be exchanged in the monomeric NBDs, and a new cycle can be
initiated. Adapted from [23].

Interestingly though, ATPase activity of the histidine permease NBD (HisP) is

abolished by addition of the corresponding TMDs. In such a setting, hydrolysis can

be measured again only after substrate addition [63,64]. In the intact scaffold of the

transporter structure, hydrolysis of ATP in the NBDs is tightly coupled to substrate

recognition and binding in the TMDs. But how is the binding event in the TMDs

relayed to the NBDs in order to allow ATP binding, and how is the dimerization event

translated into the proposed conformational changes in the TMDs? Mutagenesis

studies on the maltose importer system identified the EAA motif in the fourth cytosolic

loop of the TMD unit that mediated assemly of the separately encoded TMD and
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NBD subunits but failed to do so when mutated [29]. This conserved loop was

subsequently found to interface with its adjacent NBD in the solved structures of

complete transporters [41,54,55,65,66,67,68] and is generally thought to play an

important role in the interdomain crosstalk during the transport cycle (Figure 5).

Figure 5.

Crosstalk between TMDs and NBDs. A, left The vitamin B4, importer
BtuCD consists of two identical NBDs and two identical TMDs that each
comprise 10 transmembrane helices. The proposed coupling helices of
each TMD (coloured in red) interface with the NBD directly below. B
Sav1866 is a homodimeric half-size exporter with 6 transmembrane
helices. Here, two cytosolic loops in each TMD are candidates for
interdomain communication: one helix interfaces with the cis-NBD (on
the same polypeptide chain as the TMD) while the other is the classic
coupling helix that interfaces with the trans-NBD. The denoted helices
are assumed to couple substrate recognition and transport to hydrolysis
of ATP or, in other words, mediate the crosstalk between TMDs and
NBDs during the catalytic cycle. The bound ADP molecules in the
Sav1866 structure are depicted as calotte models.
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1.4 The Human ABC Transporter Superfamily

Based on phylogenetic analysis, the 48 ABC genes found in human are divided into
seven subfamilies, ABCA to ABCF [19]. Many of the human ABC transporters have
been discovered in studies on hereditary diseases in which they are implicated
(Table 1). A prominent example is cystic fibrosis, the most common fatal inherited
human disease [69].

Subfamily ABCA (ABC1) contains twelve full-size transporters and the largest
human ABC genes, some of which encode proteins longer than 2100 amino acids.
Mutations in two A subfamily genes are associated with hereditary diseases: ABCA1
is connected with Tangier disease and functions in cholesterol transport and high-
density lipoprotein (HDL) biosynthesis [70,71,72,73]. Mutations in ABCA4 cause
Stargardt disease, a progressive macular degeneration [74,75,76]. ABCA4 transports
a retinal precursor in the outer rod segment of photoreceptor cells that is cytotoxic
upon accumulation.

A unique feature of the B (MDR/TAP) subfamily is that it comprises both full-
(four) and half-size (seven) transporters. ABCB1 (MDR1, P-gp) was the first cloned
and studied human ABC transporter [77,78,79,80,81]. It was identified as the cause
of a multidrug resistance phenotype in tumour cells. It can be found in many tissues
including the blood—brain barrier and the liver. ABCB4 and ABCB11 proteins are both
located in the liver and are involved in the secretion of bile components [82,83,84].
ABCB2 and ABCB3 form the TAP heterodimer that exports peptides derived from the
proteasome in the cytosol into the endoplasmic reticulum (ER) for MHCI antigen
presentation on the cell surface. Other members function in mitochondrial iron
metabolism and Fe/S cluster transport [85].

The ABCC (MRP/CFTR) subfamily encompasses the MRP (multidrug
resistance related proteins), the sulfonylurea receptors (SUR) 1 and 2 and the cystic
fibrosis transmembrane conductance regulator (CFTR). It is the biggest ABC
subfamily [86], containing twelve full-size transporters with diverse functions such as
ion transport (CFTR), cell surface receptor (SUR), and toxin extrusion (MRP1 and 2).
The chloride ion channel CFTR participates in exocrine secretion, and mutations in
CFTR cause cystic fibrosis, the most common mutation being the AF508 deletion
leading to protein misfolding and degradation (reviewed in [87]). ABCC8 and ABCC9
(SUR1 and 2) bind sulfonylurea and regulate potassium channels involved in
modulating insulin secretion [88]. Of the nine MRP-related genes, ABCC1, ABCC2,
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and ABCC3 transport drug conjugates to glutathione and other organic anions.
ABCC4, ABCC5, ABCC11 and ABCC12 lack an additional N-terminal TMDO that is
comprised of five transmembrane helices (reviewed in [89]). The TMDO segment has
been found to be irrelevant for transport function [90]. ABCC4 and ABCC5 proteins
confer resistance to nucleosides including PMEA and purine analogs that are used in
antiviral treatment.

The ABCD (ALD) subfamily contains four genes. The yeast subfamily members
Pxa1 and Pxa2 form a heterodimer involved in peroxisomal very long chain fatty acid
(VLCFA) oxidation [91]. All members are half-size peroxisomal transporters
participating in the regulation of VLCFA transport.

The ABCE (OABP) and ABCF (GCN20) subfamilies contain genes that have
ATP-binding domains that are clearly derived from ABC transporters but have no
TMDs and are not known to be involved in any membrane transport functions. The
only ABCE member is the oligo-adenylate binding protein [92]. Oligo-adenylate is
produced in response to infection by certain viruses [93]. ABCE has been suggested
to be part of the innate immune system as it is found in multicellular eukaryotes, but
not in yeast. ABCF genes code for a pair of NBDs. In yeast, Gcn20 mediates
activation of the elF-2alpha-kinase [94]. Studies on its human homolog ABCF1 have
shown association with the ribosome, proposing similar function [95].

The human ABCG (White) subfamily is comprised of six half-size transporters
that, in contrast to all other human ABC superfamily members, possess an inverted
topology (i. e. NBD-TMD instead of TMD-NBD). The name White is derived from the
ABCG gene at the white locus of Drosophila. Here, the white protein participates in
transport of the eye pigment precursors guanine and tryptophan [96]. In contrast,
mammalian ABCG1 is associated with cholesterol transport regulation [97]. The
multidrug efflux pump BCRP (ABCG2, also known as MXR, mitoxantrone resistance
protein) and the ABCG5/G8 heterodimeric cholesterol transporter of liver and
intestine are prominent ABCG members associated with tumor MDR and
sitosterolemia, respectively [98]. Next to MDR1 and MRP1 and other MRP members,

ABCG2 mediates multidrug resistance in a variety of tissues.
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Table 1. Human ABC transporter genes and their associated hereditary
diseases
ABC Gene Associated disease Physiological function Reference
ABCA1 Tangier disease, FHDLD Export/loading of cholesterol  [70,71,72,73]
and phospholipids onto HDL
ABCA4 Stargardt disease, FFM, Translocation of N- [74,75,76]
RP, CRD, CD, AMD retinylidene-PE, an all-trans-
retinal precursor
ABCB1 Ivermectin susceptibility, Resistance against various [77,78,79,80,81]
Digoxin uptake cytotoxic compounds
ABCB2 Immune deficiency Peptide import into ER lumen | [99,100,101,102,103]
ABCB3 Immune deficiency Peptide import into ER lumen
ABCB4 PFIC3, ICP bile formation; PC floppase [82,83,104,105,106]
ABCB7 XLSA/A mitochondrial iron transport?  [107,108]
ABCB11 PFIC2 bile formation; bile salt export  [109,110]
ABCC2 Dubin-Johnson syndrome  export of GSH- and [111,112]
glucoronic acid-conjugated
substances; bilirubin export
ABCC6 Pseudoxanthoma transport of GSH-conjugates? [113]
elasticum
ABCC7 Cystic fibrosis, CBAVD Cloride channel [114,115,116]
ABCC8 FPHHI K+-channel regulation? [117]
ABCD1 Adrenoleukodystrophy peroxysomal VLCFA [118]
transport?
ABCG5 Sitosterolemia Bile formation; cholesterol [119,120,121]
export
ABCGS8 Sitosterolemia Bile formation; cholesterol
export

FHDLD, Familial High-Density Lipoprotein Deficiency (= Hypoalphalipoproteinemia); FFM, Fundus Flavimaculatis;
RP, Retinitis Pigmentosum 19, CRD, Cone-Rod Dystrophy; CD, Corneal Dystrophy; AMD, Age-related Macular
Degeneration; PFIC 2/3, Progressive Familial Intrahepatic Cholestasis Type 2/3; ICP, Intrahepatic Cholestasis of
Pregnancy; XLSA/A, X-Linked Sideroblastic Anemia and Ataxia; CBAVD, Congenital Bilateral Aplasia of Vas
Deferens; FPHHI, Familial Persistant Hyperinsulinemic Hypoglycemia of Infancy. PE, Phosphatidyl
Ethanolamine; ER, Endoplasmic Reticulum; PC, Phosphatidyl Choline; HDL, High-Density Lipoprotein; VLCFA,
very long chain fatty acid
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1.5 Active Transport and Detoxification Processes in the Liver

A plethora of endogenic and exogenic substances are excreted by the liver (for a
short description of liver morphology see Figure 6), which carries out many metabolic
reactions of exogenic importance [122]. Enzymes and active membrane transport
systems are the two fundamental components carrying out this task [123]. However,
the fundamental importance of the transport systems has only recently been
established (reviewed in [124]). A wide range of specialized transport systems
catalyzes the uptake of amphipatic, polar and lipophilic substances [125] from the
blood. These are localized in the basolateral or sinusoidal membrane of the polarized
hepatocytes (Figure 7) [126]. In contrast, ABC transporters localized in the apical or
canalicular membrane mediate the active and energy-dependent secretion of bile
salts, drugs and metabolic end products against a steep gradient into the canaliculi or
bile ductules that ultimately converge in the gall bladder [124].

In general, hepatic elimination of xenobiotics is a complex sequence of uptake,
intracellular metabolization and export [123]. Export can be directed towards two
ways (Figure 7). across the basolateral membrane into the blood and subsequently
to the kidneys, where the drug is cleared from the blood and excreted as part of the
urine, or across the apical membrane into bile fluid, by which it is first secreted into
the duodenum and finally disposed of via the feces. By virtue of hepatocyte polarity,
substrate excretion is controlled [123]. The membrane domains are separated by
tight junctions and are distinctly targeted by the cellular protein trafficking machinery,
so that each has a separate repertoire of membrane proteins.

All import processes at the basolateral membrane are mediated by members
of the solute carrier (SLC) family [127,128]. These are the sodium (Na*) taurocholate
cotransporter (NTCP) and the organic anion transporters (OATPs). In contrast, all
export from the hepatocyte into bile or blood is exerted by ABC transporters. Export
into blood is mediated by the Multidrug Resistance-related Protein (MRP) 1 and
MRP3 [129,130], export into the canaliculular lumen by MRP2, BSEP, MDR1, MDR3,
the breast cancer resistance protein (BCRP), the ABCG5/G8 heterodimer, and others
[124,130,131].
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Figure 6. Morphology of the human liver. A Liver tissue is organized into
lobules, roughly hexagonal fields of liver parenchyma surrounding the
central vein. These form the functional units of the liver. The set of inlay
micrographs shows the centre of a lobule with the central vein (left) and
the cellular morphology (right). Blood flows through the sinusoid, and
hepatocytes are organized into hepatic cords connected to each other
by the apical or canalicular membrane while the basolateral or
sinusoidal membranes flank the adjacent sinusoids. B Cartoon of cell
morphology as depicted in micrograph inset below. Liver section
micrographs adapted from [132], cartoon adapted from [133].

The Bile Salt Export Pump (BSEP, ABCB11)

ABCB11 belongs to the B subfamily of ABC transporters and was discovered in 1995
in Vancouver [134]. At the same time, another group in Zurich could demonstrate the
ATP-dependent bile salt export from the liver [135]. Initially, the ABCB11 gene was
termed sP-gp (sister of P-glycoprotein) and connected to chemotherapeutic
resistance of certain cell types [134]. However, Gerloff and coworkers could establish
the function of ABCB11 or BSEP (bile salt export pump) in hepatic bile salt export
[135].
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Figure 7. Localization of active transport systems in hepatocytes. The apical
membranes of two hepatocytes together form a canaliculus that is
separated from the basolateral membranes by tight junctions. All
primary active export systems are ABC transporters, which have to
work against steep concentration gradients (in red letters). All
transporters contributing to bile formation are set in boxes. NTCP,
sodium taurocholate cotransporting polypeptide, OATP; organic anion
transporting polypeptide; G5/G8, ABC G5/G8, the half-size,
heterodimeric cholesterol exporter; BA, bile acid; OA, organic anion;
OC, organic cation; GSH, reduced gluthathion; Chol, cholesterol; BA-
G/-S, glyco-/ S-conjugated bile acid. Adapted from [136].

Hydrophobicity analyses classify BSEP as a classic full-size transporter, consisting of
two homologous halves with 6 transmembrane helices each, and cytosolically
located NBDs (Figure 8) [131]. The C-loop of the C-terminal NBD features the amino
acid sequence LSRGEK instead of the expected LSGGQ consensus. In addition, the
glutamate residue C-terminal to the Walker B motif is missing in the N-terminal NBD.
Its postulated function is the stabilization of the catalytically essential histidine of the
H-loop in a conformation productive for hydrolysis [35]. This shows a degeneration of
one of the two ATP binding sites which has already been reported for other ABC
transporters like Pdr5 in S. cerevisiae, and the human CFTR and TAP [137,138,139].

BSEP is expressed almost exclusively in the canalicular membrane and
subcanalicular vesicles of the liver [135], under tight translational and
posttranslational control. Interestingly, a high concentration of bile salts effects BSEP

expression [140] by binding to the nuclear farsenoid X receptor (FXR) [141]. FXR is,
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in the heterodimeric complex with retinoic X receptor (RXR), a bile salt activated
receptor. In addition to this translational control, the insertion of BSEP-containing
vesicles in the canalicular membrane is, for instance, controlled by the cellular status
of hydration [142] or the BSEP substrate tauroursodeoxycholate [143]. Isoforms of
the protein kinase C (PKC), phosphoinositide kinase or p38 MAP kinase also control
the transport from the Golgi apparatus to the canalicular membrane [144]. BSEP
activity also depends on its phosphorylation status. Bile salt transport is upregulated
eighteenfold by the presence of phorbol esters, while the inhibition of phosphorylation

by activation of PKCe apparently reduces BSEP transport efficiency [145].

BSEP, MDR3 (ABCB)

MRP2 (ABCC)

ICLO NBD1 NBD2

Figure 8. @ Domain topology of BSEP, MDR3 and MRP2. While all three are full-
size transporters, MRP2 belongs to the ABC C subfamily of the human
ABC transporter subfamily. Several members of this subfamily have an
additional N-terminal transmembrane domain consisting of five
membrane-spanning helices. This TMDO is also referred to as NTE (N-
Terminal Extension). Blue, TMDs; red, NBDs. N- and C-termini are
indicated. Black lines indicate the membrane.

Progressive Familial Intrahepatic Cholestasis Type 2

Mutations in BSEP effect one type of hereditary cholestasis, termed progressive

familial intrahepatic cholestasis (PFIC) type 2 [109,110]. So far, over 140 mutations

have been described in associated with PFIC2, their majority resulting in truncated

proteins or being missense mutations. In those forms of PFIC2, no BSEP protein can

be detected in the canalicular hepatocyte membrane. Experimental evidence
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suggests that BSEP mutations and changes in BSEP expression levels play an
important role in induced cholestasis of the liver [110]. Here, a frequent mutation or
allelic variant in the caucasian population is the V444A allele of BSEP that is
associated with drug-induced liver cholestasis [146]. PFIC2 patients eventually suffer

from organ failure and need a liver transplant for long-term survival.

The Multidrug Resistance Protein 3 (MDR3, ABCB4)

ABCB4 (syn. Multidrug resistance protein 3, Mdr3) is a full-size transporter also
localized to the canalicular or apical membrane of hepatocytes and functions a a
phosphatidylcholine (PC) floppase that specifically translocates its lipid substrate
from the inner to the outer membrane leaflet [147,148]. In the canalicular lumen this
lipid, together with cholesterol, forms mixed micelles with the bile salts excreted by

BSEP. In these mixed micelles, their strong detergent capacity is neutralized.

Progressive Familial Intrahepatic Cholestasis Type 3

Mutations in MDR3 lead to progressive familiar intrahepatic cholestase type 3
(PFIC3). Here, no phosphatidylcholine is detectable in the bile fluid and the strong
bile salt detergent activity leads to severe cellular damage. PFIC3 ultimately results in
liver cirrhosis and subsequent organ failure, necessitating liver transplatation. To
date, over 45 mutations have been associated with this hereditary condition
[149,150,151].

The Multidrug Resistance-related Protein 2 (MRP2, ABCC2)

The function of MRP2 (or cMOAT for canalicular multispecific organic anion
transporter, [152]) is the secretion of organic anions such as bilirubin, leukotriene C4,
divalent bile salts and gluthathion, glucuronide and sulfate conjugates [129]. MRP2 is
localized in the canalicular hepatocyte membrane and mediates protection towards
toxic substances, antibiotics and heavy metals [153,154]. MRPs are special in that
most of them possess a third transmembrane domain N-terminal to the classic (TMD-
NBD), core unit, giving them the topology TMDO-(TMD-NBD),. Hydrophobicity
analyses suggest a number of five transmembrane helices in the TMDO domain while
the other TMDs represent the standard, six transmembrane helix topology (shown in

Figure 8). The (TMD-NBD), core is rather conserved among MRPs. Interestingly, and
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in contrast to this finding, the MRP-specific TMDO segment is the one least
conserved in this subfamily [155]. Its exact function remains to be determined, as
MRP mutants lacking the TMDO are still functional. However, deletion of this domain
results in loss of targetting to the apical membrane of MRP2 [156]. The deletion of
the intracellular connecting loop between TMDO and adjoining the core part results in

inactive proteins [157,158].

The Dubin-Johnson Syndrome (DJS)

Mutations in MRP2 are responsible for the relatively mild Dubin-Johnson syndrome,
an autosomal recessive defect in bile acid secretion [111]. To partially compensate
for defects in MRP2, expression of MRP3 is upregulated. In contrast to MRP2, MRP3
resides in the basolateral membrane [159]. This finding reinforces the concept that
secretorial direction in the liver is regulated by the activity of the corresponding ABC
transporters. Clinical symptoms include mild jaundice that can become more severe
by estrogen-based contraceptive drugs, and chronic conjugated hyperbilirubinemia
[111]. The deposition of black pigment in the hepatocytes of DJS patients can be
observed [160].

1.6 The Role of Human Hepatic ABC Transporters in Bile Formation

Bile is a vital secretion and essential for intestinal digestion and absorption of lipids.
In addition, it is an important way of elimination for xenobiotics like environmental
toxins, carcinogens, drugs and their metabolites. Endobiotics such as bilirubin and
hormones are also secreted via the bile fluid.

The normal formation of bile is a finely tuned process of both osmosis and
concerted transport action from the hepatocyte into the canalicular lumen. Bile is
mainly composed of water, cholesterol, conjugated bile salts, lipid, and bilirubin, as
well as several conjugated or unconjugated compounds [161]. All membrane pumps
involved in this active, vectorial transport are ABC transporters that maintain and
work against steep gradients of their substrates across the canalicular membrane.
The osmotic force of these gradients comes mainly from bile salts (BSEP) and
gluthathion (MRP2) and generates a water flow through aquaporins and the tight
junctions delimiting the canaliculus. The drug transporters MDR1, MRP2, and BCRP

mediate drug elimination as the second physiological function of bile.
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The functionally active components in bile are cholesterol, bile salts and
phosphatidylcholine. This phospholipid is moved from the inner to the outer
canalicular membrane leaflet by MDR3, while cholesterol is translocated by the
cholesterol floppase ABCG5/G8 (Figure 9) [119,162,163]. In the outer leaflet, both
sterol and lipid are further concentrated by the inward flip of phosphatidylserine by
the PS flippase FIC1 (ATP8B1, a P4-Type ATPase, [164]). Here, the bile salts
exported by BSEP extract PC and cholesterol, forming mixed micelles in the process.
In these micelles the strong bile salt detergents are neutralized, so that cellular
damage to the tissue surrounding the bile canaliculi is prevented [161]. At the same
time, the depletion of PS from the outer leaflet also favours the formation of laterally
separated membrane microdomains (lipid rafts) by the highly enriched cholesterol
and sphingomyelin as the potential microdomain constituents [165,166,167,168].
These are believed to stabilize the canalicular transporters themselves against the
high lumenal concentration of bile salts. Indeed, ABC transporters have been found
to be associated with membrane microdomains [169], and loss of the underlying

asymmetric lipid distribution has been associated with their reduced activity [170].

ijonjugated bile salt 0 Cholesterol g Phosphatidylcholine

%—g Sphingomyelin %g Phosphatidylserine

Cytosol

BSEP (ABCB11) MDR3 (ABCB4) ABC G5/G8 FIC1 (ATP8B1)

Figure 9. Current model of bile formation at the canalicular membrane of
hepatocytes. All involved processes are primary active and dependent
on ATP hydrolysis. FIC1 is a phosphatidylserine flippase. Its action is
proposed to concentrate cholesterol and phosphatidylcholine in the
outer membrane leaflet and provide additional protection of the
membranes against the strong detergent effect of bile salts. Adapted
from [171].
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1.7 Eukaryotic Expression Systems for Human ABC Transporters

As described, fundamental processes of both normal and diseased physiology such
as multidrug resistance (MDR) and bile formation are mediated by a number of
identified ATP binding cassette (ABC) transporters. The major bottleneck in
mechanistic studies of both wild type and disease-associated mutated variants of the
transporters is obtaining sufficient amounts of these membrane proteins. Cultivation
of liver-derived cell lines such as HepG2 in order to obtain suitable amounts of the
ABC transporters involved in bile formation is not feasable: slow cell division rates
(six to eight hours) and the general low abundance of these transporters in their
native tissue forbid their use in large-scale protein production [172]. Heterologous
overexpression in a suitable host is a frequent attempt to overcome this limitation
[173]. However, the expression of BSEP and MDR3 in insect cells, while providing
functional protein, requires extensive culturing for two to three days after infection
with the recombinant baculovirus, which has to be generated first [174,175]. Cell
culture-based systems may generally be suitable for addressing questions of a
cellular phenotype, protein trafficking, and modification or protein interaction and can
even provide the basis for some in vitro approaches. One example for this is the
purification and biochemical characterization of human MRP2 from human embryonal
kidney (HEK) 293 cells [176,177]. For both structural and mechanistic in vitro studies
on purified and membrane-reconstituted protein, much larger amounts are needed. In
general, some yeasts species have been found to provide suitable functional

expression systems for mammalian membrane proteins [173,178].

Saccharomyces cerevisiae (S. cerevisiae)

The unicellular eukaryote S. cerevisiae is a well-characterized expression system for
eukaryotic membrane proteins [179]. Five of the seven human ABC transporter
subfamilies can be found in this yeast species [180], among these the ABCB
(MDR/TAP) and ABCC (MRP/CFTR) subfamilies that in human contain BSEP,
MDR3, and MRP2, respectively. Previously, S. cerevisiae has been used to express
both functional MDR1, a BSEP homologue [181,182], and human MRP1, a
homologue of the conjugate efflux pump MRP2 [183,184]. Taken together, these
studies indicate the potential of S. cerevisiae for heterologous overexpression of
BSEP, MDRS3, and MRP2 in S. cerevisiae. Two key advantages of S. cerevisiae in

foreign gene expression are its easy cultivation and the well-established genetic
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manipulation. In rich medium, a yeast cell in logarithmic growth phase on average
divides every ninety minutes [185], thus providing substantial cell mass in a short
time.

A good example for the levels of expression obtainable in S. cerevisiae is the
Pleiotropic Drug Resistance (PDR) ABC transporter Pdr5 which could be
overexpressed and studied in a haploid S. cerevisiae strain that carries a mutated
transcriptional factor, Pdr1 (pdr1-3) [186,187]. The mutated factor is constitutively
active and drives strong Pdr5 expression up to 8 % of the total yeast plasma
membrane protein during mid-log growth phase [188]. The yeast pleiotropic drug
resistance network is under tight control of the transcriptional factors Pdr1p und
Pdr3p [18,188,189,190]. Mutations in both genes can effect the constitutive
expression of PDR components. Under control of the PDR5 promoter in the pdr1-3
strain background, the yeast membrane proteins Yor1, Rsb1, MdI1, and Drs2 could
also be overexpressed [191]. It has also successfully been used by other groups for

membrane protein overexpression in yeast [192,193,194].

Pichia pastoris (P. pastoris)

The methylotrophic yeast P. pastoris has already been successfully used for
expression of human MDR1 [195] and MRP1 [196]. Several human ABC transporters
have been expressed in this system to date [195]. Remarkably, the heterologous
overexpression of the human, heterodimeric half-size cholesterol transporter
ABCG5/G8 could be established and used to study its biochemistry in vitro [197,198].
Recently, the expression of 25 human ABC transporters has been reported [199].
Expression in the Pichia system is frequently accomplished from the chromosomal
AOXT1 locus. The strong promoter natively drives the expression of the alcohol
oxidase enzyme up to 25 % of total soluble protein [200]. The most poignant
advantage of this yeast, however, is its rapid growth in comparison with mammalian
cell culture, to densities that allow harvesting more than 400 grams of wet weight of
cell mass from one litre under controlled fermentation. With Pichia, kilogram amounts
of cell mass can routinely be harvested from a single, middle-sized fermenter run.
Thus, while the expression level of a heterologous gene, and especially a human
polytopic membrane protein, may not be very high, the abundant cell mass that is

obtained by Pichia fermentation can compensate this shortcoming [200].
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Aims and Objectives

The reported, disease-associated mutations in human ABC transporter genes like
BSEP and MDR3 can be grouped as follows: the first group of mutations can be
silent and even reside outside the protein-coding exons of the gene structure on the
chromosome. These impair the correct splicing of the gene into a mature mRNA and
result in loss of its expression. The second group are nonsense mutations that result
in truncated and non-functional protein. The third group consists of missense
mutations that result in single amino acid substitutions in the mature protein. They
can influence its function, proper folding or correct localization to the canalicular
membrane. Several of these are found in the TMDs or outside of the conserved
motifs in the NBDs.

Cell culture systems are limited in that they may allow for studies on mutation-related
trafficking defects, but being complex, they cannot give insight into the mechanistic
impact of a mutation on the function of the protein itself. This can only be investigated
in vitro. The system of choice for this is the functionally reconstituted ABC transporter
in a proteoliposome. In such a defined in vitro environment, kinetic parameters such
as ATPase or substrate binding and transport can be studied on both wild type and
mutant variants. For these in vitro studies, purified and functional protein is needed.
However, in their native tissue, the liver ABC transporters are not present in sufficient
amounts, and therefore cannot, for example, be obtained by purification from a liver-
derived human cell line such as HepG2 (a human liver tumor-derived cell line). The
first aim of this thesis is therefore the heterologous overexpression in a suitable

host. As detailed above, yeast species are potential candidates to be tested.

Since eukaryotic coding sequences are sometimes inefficiently cloned, which has
been shown to be particularly difficult for BSEP and MDR3, a system is desirable that
allows their easy handling and, preferably, also their targeted mutagenesis. The
second aim of this thesis is therefore the development of a general and flexible
system to clone and manipulate the corresponding coding sequences. This system
should also enable the rapid exchange of sequences between different expression
hosts such as, for instance, mammalian cell culture and yeast to facilitate the

investigation of clinically relevant mutations both in cell culture and in vitro.
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2 Materials and Methods
2.1 Materials

2.1.1 Chemicals and Reagents

Acetic acid, glacial

5-bromo-4-chloro-3-indolyl-beta-D-
galactopyranoside (X-Gal)

Acrylamide/bisacrylamide (37.5:1) 30 % solution

Agar

Agarose, GTQ

Ammonium peroxodisulfate (APS)
Ammonium sulfate

Bromophenol blue

Carbenicilline

Cobalt chloride

Coomassie Briliant blue R-250

Dimethyl sulfoxide (DMSOQO)

Dithiotreitol (DTT)

dNTPs (10 mM)

Ethanol

Ethidium bromide

Ethylenediamine tetraacetic acid (EDTA)
Formaldehyde, 37 % (wt/wt) solution
Glucose

Glycerol (98 % (v/v))

Hydrochloric acid, 37 % (w/v)
Isopropanol
Isopropyl-beta-D-thiogalactoside (IPTG)

L-amino acids

Lithium acetate
Methanol

Non-fat dried milk powder (Blotting Grade)

Polyethylenglycol 4000 (PEG 4000)

Ponceau S

Normapur
Carl Roth

Carl Roth

Serva

Carl Roth

Carl Roth

J.T. Baker
Sigma-Aldrich
Carl Roth

Fluka

Carl Roth

Carl Roth

ICN

Fermentas

Carl Roth

Carl Roth
AppliChem

Carl Roth
Caesar & Loretz
GriRing
Riedel-de Haén
Carl Roth

Carl Rohl
Serva, Fluka, Carl Roth,
Sigma-Aldrich, Merck
Fluka

Carl Roth

Carl Roth

Fluka
Sigma-Aldrich
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Protease inhibitor cocktail tablets, EDTA-free Roche
Sodium acetate Fluka
Sodium azide Fluka
Sodium chloride J.T. Baker
Sodium hydroxide J.T. Baker
Sorbitol Carl Roth
Tetramethylethylendiamin (TEMED) Merck
Trichloroacetic acid (TCA) Fluka
Tris-(hydroxymethyl)-aminomethan (Tris) Sigma-Aldrich
Tryptone/peptone from caseine Carl Roth
Urea GriRing
Yeast extract Carl Roth
Yeast nitrogen base (YNB) Difco
B-mercaptoethanol Carl Roth
2.1.2 Detergents

CYMAL 5 Glycon
Decyl-B-D-maltopyranoside (DM) Glycon
Dodecyl-B-D-maltopyranoside (DDM) Glycon
Fos-choline 14 (FOS-14) Anatrace
Fos-choline 16 (FOS-16) Anatrace

Sodium dodecylsulfate (SDS) Serva

Tween 20/ 80 Carl Roth

2.1.3 Antibodies

MLE [201]

MlII-6 [202]

K24 [174]

K168 [203]

C219 Abcam

pentaHis Qiagen

a-Dpml Molecular Probes/Invitrogen
a-Pdr5 [204]
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goat a-rabbit IgG, HRP-coupled Sigma-Aldrich
goat a-mouse IgG, HRP-coupled Pierce

2.1.4 Antibiotics

Ampicilline Carl Roth
Carbenicilline Carl Roth
Kanamycin Carl Roth
2.1.5 Drugs

Cycloheximide Fluka
Doxorubicine Sigma-Aldrich
FK506 (Tacrolimus) Alexis
Fluconazol Sigma-Aldrich
Ketoconazole Sigma-Aldrich
Lovastatin 15 % (v/v) ethanol, 250mM NaOH
Pravastatin Sigma-Aldrich
Taurocholate Sigma-Aldrich
Taurodeoxycholate Sigma-Aldrich

2.1.6 Enzymes, proteins, and kits

Enzymes and proteins

Calf intestinal alkaline phosphatase (CIAP)
T4 DNA ligase
T4 polynucleotide kinase

Bovine serum albumin Fraction V (BSA)

Fermentas
Fermentas

New England Biolabs
Carl Roth

All polymerase-based reactions were performed with the Phusion ® High Fidelity

DNA polymerase (Finnzymes) and the supplied HF buffer. Restriction enzymes were

either from NEB or Fermentas.
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Kits

Plasmid Miniprep kit
Plasmid Midiprep kit

Nucleobond Xtra Midiprep kit

Qiagen
Qiagen
Macherey & Nagel

DNeasy Blood and Tissue Kit Qiagen

Ni-NTA slurry Qiagen

2.1.7 Markers

PageRuler Plus prestained protein ladder Fermentas
GeneRuler 1 kb DNA ladder Fermentas
6X His protein ladder Qiagen
2.1.8 Plasmids

pRE2 [205]
pRE3 [205]
p10HISHA This study
p2HA This study
p10HisSfil This study
p14HisSfil This study
pCDNA3.1-MRP2 [206]
pbluebac4.5-BSEP [207]
pbluebac4.5-MDR3 Kind gift of Prof. Kenneth Linton
YEpHIS [182]
YEpMDR1HIS [182]
YEpNHIS This study
YEpNHISBSEP This study
YEpCHISBSEP This study
YEpNHISMDRS3 This study
YEpCHISMDR3 This study
YEpCHISMRP2 This study

p426-GPD, -TEF, -MET25, -CYC, -GAL1

ATCC No. 87669 [208], and
ATCC No. 97670 [209]
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p426-GPD-N6HISBSEP
p426-GPD-C6HISBSEP
p426-TEF-N6HISBSEP
p426-TEF-C6HISBSEP
p426-MET25-N6HISBSEP
p426-MET25-C6HISBSEP
p426-CYC-N6HISBSEP
p426-CYC-C6HISBSEP
p426-GAL1-N6HISBSEP
p426-GAL1-C6HISBSEP
pPIC3.5
pPIC3.5-CHISBSEP
pEYFP-N1-BSEP

This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
Invitrogen
This study
[210]

The YEpHIS and YEpMDR1HIS plasmids were the kind gift of Prof. Marwan Al-
Shawi (Department of Molecular Physiology and Biological Physics, University of
Virginia, Charlottesville, USA). The BSEP and MDR3 cDNA were the kind gift of Prof.

Kenneth J. Linton (Barts and The London School of Medicine and Dentistry, Institute

of Cell and Molecular Science, Queen Mary University of London, UK). For the sake

of clarity, the YEpHIS plasmid encoding the C-terminal hisg tag is referred to as

YEpCHIS throughout this work.

2.1.9 Strains

Escherichia coli

DH5alpha F endA1 ginV44 thi-1 recA1 relA1 gyrA96 deoR nupG ®80dlacZAM15
A(lacZYA-argF)U169, hsdR17(rk my’), A—

DH10b F* endA1 recA1 galE15 galK16 nupG rpsL AlacX74 ®80lacZAM15
araD139 A(ara,leu)7697 mcrA A(mrr-hsdRMS-mcrBC) A

XL1blue endA1 gyrA96(nal®) thi-1 recA1 relA1 lac ginV44 F[ ::Tn10 proAB* lacl’

A(lacZ)M15] hsdR17(r mx’)

Invitrogen
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XL10Gold

S.U.R.E.

S.UR.E.2

endA1 ginV44 recA1 thi-1 gyrA96 relA1 lac Hte A(mcrA)183 A(mcrCB-
hsdSMR-mrr)173 tet® F'[proAB lacl’ZAM15 Tn10(Tet® Amy Cm®)]
Stratagene

endA1 ginV44 thi-1 gyrA96 relA1 lac recB recd sbcC umuC::Tnb uvrC
e14- A(mcrCB-hsdSMR-mrr)171 F'[ proAB* lacl? lacZAM15 Tn10]

Stragagene

endA1 ginV44 thi-1 gyrA96 relA1 lac recB recd sbcC umuC::Tnb uvrC
e14- A(mcrCB-hsdSMR-mrr)171 F'[ proAB" lacl® lacZAM15 Tn10 Amy
cmf]

Stratagene

Saccharomyces cerevisiae

APP MATa; ura3-52;trp1-1;leu2—-3,112;his3-11,15;ade2-1,;pdr1-3;
APDRb5prom, Apdrb::TRP [205]
AD1-8U" MATa; PDR1-3; wura3; his1; yor1:hisG;, snqZ2:hisG; pdrb::hisG;
pdr10::hisG;  pdr11::hisG;  ycf1::hisG; pdr3::hisG; pdr15::hisG
[192]
Pichia pastoris
GS-115 Invitrogen

2.1.9 Oligonucleotides

The Clone Manager Suite 6 (Sci-Ed Software) was used to design all

oligonucleotides and calculate annealing temperatures of the primer pairs. All

oligonucleotides were ordered from Eurofins MWG Operon (Ebersberg, Germany).

Sequence 5°-3" (relevant restriction sites in underlined italics and

Oligonucleotide point mutations indicated in bold letter)

Oligonucleotides for the construction of the expression cassette plasmids

N2HA-FOR

TCATCACTACCCATACGATGTTCCAGATTACGCTGGTTACCCATACGATG
TTCCAGATTACGCTGGTTTAAT
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N2HA-REV

N10HIS1HA-FOR

N10HISTHA-REV

N10HIS-Sfil-FOR

N10HIS-Sfil-REV

N14HIS-Sfil-FOR

N14HIS-Sfil-REV

TAAACCAGCGTAATCTGGAACATCGTATGGGTAACCAGCGTAATCTGGAA
CATCGTATGGGTAGTGATGATGCA
TCATCACCATCATCACCATCATCACCATGGTGGTGGTTACCCATACGATG
TTCCAGATTACGCTGGTTTAAT
TAAACCAGCGTAATCTGGAACATCGTATGGGTAACCACCACCATGGTGAT
GATGGTGATGATGGTGATGATGCA
TCATCACCATCATCACCATCATCACCATGGTGGTGGTATTGAAGGCCGCT
CTGGCCAGTTAAT
TAACTGGCCAGAGCGGCCTTCAATACCACCACCATGGTGATGATGGTGA
TGATGGTGATGATGCA
TCATCACCATCATCACCATCATCACCATCATCATCACCATGGTGGTGGTAT
TGAAGGTAGAATGCCCGAGGCCTTAAT
TAAGGCCTCGGGCATTCTACCTTCAATACCACCACCATGGTGATGATGAT
GGTGATGATGGTGATGATGGTGATGATGCA

Oligonucleotides for the silent mutagenesis of Sfil sites in the pRE2 plasmid
backbone and in the MRP2 cDNA.

pRE2-Sfilrem-FOR
pRE2-Sfilrem-REV
MRP2-Sfilrem-FOR
MRP2-Sfilrem-REV

TATCAGATCCACTAGTGGCCTATGCGGTCGCGGATCTGCC
GGCAGATCCGCGACCGCATAGGCCACTAGTGGATCTGATA
TAAGGTCTTGGGCCCCAATGGTCTGTTGAAAGGCAAGACTCGACTC
GAGTCGAGTCTTGCCTTTCAACAGACCATTIGGGGCCCAAGACCTTA

Oligonucleotides for Sfil-based cloning of the lacZ fragment and the MRP2 cDNA into

p14HisSfil

MRP2-Sfil-S1 GGGCTGGCCGCTCTGGCCTGGAGAAGTTCTGCAACTCTA

MRP2-Sfil-S2 GGGGTGGCCAGAGCGGCCCTAGAATTTTGTGCTGTTCACAT

lacZ-Sfil-S1 GGGCTGGCCGCTCTGGCCATTGAGCGCAACGCAATTAATGTGAGT
TAG

lacZ-Sfil-S2 GGGCAGGCCAGAGCGGCCTCAATTCGCCATTCAGGCTGCGCAACT
GTT

Cassette oligonucleotides for the generation of the YEpNHIS plasmid

YEpNHISFor

YEpNHISRev

GATCCTTTAATTATCAAACAATATCAATATGCATCATCACCATCATCA
CCATCATCACCATCATCATCACCATGGTGGTGGTATTGAAGGTAGA
CCCGGGTAGA
CGCGTCTACCCGGGTCTACCTTCAATACCACCACCATGGTGATGAT
GATGGTGATGATGGTGATGATGGTGATGATGCATATTGATATTGTTT
GATAATTAAAG
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Oligonucleotides for the cloning of MRP2, BSEP, and MDR3 into the YEpCHIS and
YEpNHIS plasmids by homologous recombination

BSEP-YEpHISN-S1

BSEP-YEpHISN-S2

BSEP-YEpHISC-S1

BSEP-YEpHISC-S2

MDR3-YEpHISN-S1

MDR3-YEpHISN-S2

MDR3-YEpHISC-S1

MDR3-YEpHISC-S2

MRP2-YEpHISC-S1

MRP2-YEpHISC-S2

TCACCATCATCATCACCATGGTGGTGGTATTGAAGGTAGATCTGAC
TCAGTAATTCTTCGAAGTATAAAG

GAATAAGGTAAACATGGTAGCGATGTCGACCTCGAGACGCGTCTAA
CTGATGGGGGATCCAGTGGTGACT
ATAAGAAGATAGGATCCTTTAATTATCAAACAATATCAATATGTCTGA
CTCAGTAATTCTTCGAAGTAT
CGATGTCGACCTCGAGACGCGTCTAATGGTGATGGTGATGGTGAT
GGTGACCACTGATGGGGGATCCAGTGGTGACT
TCACCATCATCATCACCATGGTGGTGGTATTGAAGGTAGAGATCTT
GAGGCGGCAAAGAACGGA
GAATAAGGTAAACATGGTAGCGATGTCGACCTCGAGACGCGTCTAT
AAGTTCTGTGTCCCAGCCTGGACACTGACCATT
ATAAGAAGATAGGATCCTTTAATTATCAAACAATATCAATATGGATCT
TGAGGCGGCAAAGAACGGA
CGATGTCGACCTCGAGACGCGTCTAATGGTGATGGTGATGGTGAT
GGTGACCTAAGTTCTGTGTCCCAGCCTGGACACTGACCATT
TCACCATCATCATCACCATGGTGGTGGTATTGAAGGTAGATCTGGC
CTGGAGAAGTTCTGCAACTCTA
GAATAAGGTAAACATGGTAGCGATGTCGACCTCGAGACGCGTCTAG
AATTTTGTGCTGTTCACATTCTCAA

Oligonucleotides for the cloning of BSEP into the p426 plasmid set by homologous

recombination for the expression screen

BSEP-p426-NHis-HR S1

BSEP-p426-CHis-HR S2

BSEP-p426-CHis-HR S1

BSEP-p426-CHis-HR S2

TCTAGAACTAGTGGATCCCCCGGGCTGCAGGAATTCGATAATGCAT
CATCACCATCATCACTCTGACTCAGTAATTCTTCGAAGTATAAAG
ATAACTAATTACATGATATCGACAAAGGAAAAGGGGCCTGTCTAACT
GATGGGGGATCCAGTGGTGACT
TCTAGAACTAGTGGATCCCCCGGGCTGCAGGAATTCGATAATGTCT
GACTCAGTAATTCTTCGAAGTATAAAG
ATAACTAATTACATGATATCGACAAAGGAAAAGGGGCCTGTCTAATG
GTGATGGTGATGATGACTGATGGGGGATCCAGTGGTGACT
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Oligonucleotides for the cloning of BSEP into the pPIC3.5 plasmid set by

homologous recombination for expression in Pichia pastoris

OriLeu-pPIC3.5-Ndel-S1 AACTATGCGGCATCAGAGCAGATTGTACTGAGAGTGCACCATATGC
GAGGCCCTTTCGTCTTCAAGAATTAACTGTGGGA

OriLeu- pPIC3.5-Ndel-S2  GTATTTTCTCCTTACGCATCTGTGCGGTATTTCACACCGCATATGAT
CTGTGCGGTATTTCACACCGCATATATCG

BSEP-pPIC3.5-S1 AATTATTCGAAGGATCCTACGTAGAATTCCCTAGGGCGGCCGCATG
TCTGACTCAGTAATTCTTCGAAGTATAAAGAAAT

BSEP-pPIC3.5-S2 TGAGGAACAGTCATGTCTAAGGCGAATTAATTCGCGGCCGCCTAAT
GGTGATGGTGATGGTGATGGTGACCACTGATG

Oligonucleotides for the E. coli-free site-directed mutagenesis of BSEP for

introduction of an extra BstBl restriction site

BSEP-BstBlmut-S1 AGCTCTITCGAAGAGCCTTCTCTTACACCCCAAGTTATGCAAAAGCTA
AA

BSEP-BstBImut-S2 AGAAGGCTCITCGAAGAGCTGTTGCACTCAGTACAACTGCAGAGAT
CAC

Oligonucleotides for the addition of a Ori/Leu sequence into the Aflll restriction site of
the mammalian BSEP expression construct pEYFP-N1-BSEP by homologous

recombination

OriLeu-pEYFP-AfI-S1 TCTAGTTGTGGTTTGTCCAAACTCATCAATGTATCTTAAGCGAGGCC
CTTTCGTCTTCAAGAATTAACTGTGGGA

OriLeu-pEYFP-AfilI-S2 ATTTTAACAAAATATTAACGCTTACAATTTACGCCTTAAGATCTGTGC
GGTATTTCACACCGCATATATCG

Oligonucleotides for sequencing and of MRP2, BSEP, and MDR3 and colony PCR

MRP2-FWD-Seq1 AGGACCAAGAGATCCTCTAC
MRP2-FWD-Seq2 GCTACAAGCGTCCTCTGACA
MRP2-FWD-Seq3 CTTATTCACTGCGGCTCTCA
MRP2-FWD-Seq4 TGCGATACTGTCCACCAAGA
MRP2-FWD-Seq5 GGAAGCCACAGTCCGAGATG
MRP2-FWD-Seq6 GCAGTGGATGCTCATGTAGG
MRP2-FWD-Seq7 AGCCTGAAGGAAGACGAAGA
MRP2-FWD-Seq8 AGTCCTTGCGCAGCTGGATT
MRP2-FWD-Seq9 AACTGGCTGGTGAGGATGAC
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MRP2-FWD-Seq10
MRP2-FWD-Seq11
MRP2-SeqREV
MRP2-REV-Seq1

TCTGGAAGCCTGAGGATGAA
GGTCCTAGACAACGGGAAGA
CATTCTCAATGCCAGCTTCC
AGAGCGGCCTTCAATACCAC

BseqFOR1 CATGTGTGAATAACACCATTGTA
BseqFOR2 TAGGAGAATAATGAGAATGGA
BseqFOR3 TTACGGACTATGAGCTGAAG
BSEP-FWD-Seq3 CCATCGCTTGTCCACCATCC
BseqFOR4 AGTGTCATAGTAGGAGCTT
BseqFORS TAGAGATCAGATTGGGATA
BseqFORG6 AGAGCTGCAGATACCATCAT
BseqFOR7 CATTAGCTGTTGTAGATCATA
BseqFORS8 GAGCATTGACAACAAGACTT
BseqFOR9 GATGTTGACAGGATTTGC
BseqFOR10 GTGATCTCTGCAGTTGTAC
BSEP-REV-Seq5’ CCAACTCTAACGCCATCACC
BseqREV1 GACAGCAATTCCAGCATAGTA
BseqREV2 AACCACAGATGGTCGAGGTCAT
BseqREV3 ATCTGGACAAGGGTTCCAG
BseqREV4 TAAGAGAGCGAATGTCATG
BseqREV5 TATGATCTACAACAGCTAATG
BseqREV6 AAGTCTTGTTGTCAATGCTC
BseqREV7 GATGACCAGGCTCAGCT
BseqREV8 GTCTCAAGTGCTTCAATG
BseqREV9 GTTCCAACAGCTGAATGCT
BseqREV CTGGCCATTCTGACTCAGTA
MDR3-SeqFor1 GGCCATAGCTCACGGATCAG
MDR3-SeqFor2 CTCAATACGCGGCTAACAGA
MDR3-SeqFor3 GGCCATCAGGACTGTGATAG
MDR3-SeqFor4 TCAACCTGAAGGTGCAGAGT
MDR3-SeqFor4.5 AAGAGGCCAACGCCTATGAG
MDR3-SeqFor5 GATGAGGCCACGTCAGCATT
MDR3-SeqFor6 AATGTGCCACCAGTGTCCTT
MDR3-SeqFor7 AGTCCAAGGAGCCACAGGAA
MDR3-SeqFor8 TGGACATATGCGCTTCAGAG
MDR3-SeqFor9 CAGTGCTTCTCGATGGTCAA
MDR3-SeqFor10 GCCGCACCTGCATTGTGATT
MDR3-SeqREV1 TGCAATGGCGATCCTCTGCT
MDR3-SeqREV1.5 GCATTTCGGACCGTAGACAG
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5’-locus AATTATCGTCACAATCTAATCA
3’-locus GTCAGCCTGCCGTATGTCAA
checkprom_pRK3 TTGGCAACTAGGAACTTTCG [205]
Heukan2 GTCAAGACTGTCAAGGAGGG
Heukan3 CATCATCTGCCCAGATGCGAAG
p426-Promoterseq TATGCTTCCGGCTCCTATGT
p426-SegRev GCGCGTAATACGACTCACTA
YEpHISsSeq AAAATATACCCCAGCTAGTT
YEpHISasSeq GACACGGACGACAGTAACAA

Oligonucleotides for the site-directed mutagenesis of the cryptic prokaryotic promoter

motif (TATAAT box) as in [174]

BSEP-cryptmut-FOR
BSEP-cryptmut-REV

2.1.10 Technical devices

GAGTCAGATAAATCATACAACAATGATAAGAAATCAAGG
CCTTGATTTCTTATCATTGTTGTATGATTTATCTGACTC

Avanti J-20xp
AKTA Prime / Basic / Explorer / Purifier

Balances EMB 2200-0/ 440-47N/ ALS 220-4

Bead beater

Centrikon T-124

ChemiGenius2 imaging system
CO8000 Cell density meter

Gel electrophoresis apparatus
Incubator

LSM 510

Megafuge 1.0R

Multiwell plate reader Polarstar Galaxy
Nanodrop ND-1000 spectrophotometer
pH meter

Pharmacia ECPS 3000-150 power supply
Power Pac Basic power supply
SDS-PAGE apparatus

Semidry Western Blot apparatus

Beckman Coulter
GE Healthcare
Kern

Biospec

Kontron
Syngene

WPA Biowave
Custom-made
Bachofer

Zeiss

Heraeus

BMG Labtech
Peqglab

Schott
Pharmacia
Bio-Rad
Custom-made / Bio-Rad
Bio-Rad
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Sonorex ultrasonic water bath

Sorvall Evolution RC / Discovery 90 SE and

120 SE
Sterile cleanbench Lamin Air LB-48-C

Tabletop microcentrifuge 5415C/ 5417R/

5415D

Thermocycler
Thermomixer
Ultracentifuge L7-65
Unitron shaking incubator
Vortex Genie 2

Wild M5A stereo microscope

Chromatography media

Bandelin

Thermo Fisher

Heraeus

Eppendorf

Biometra

Eppendorf

Beckman Coulter
Infors

Scientific Instruments
Wild Heerbrugg

5 ml IMAC column
Superdex 200 10/300 GL column

Consumables

GE Healthcare
GE Healthcare

0.5 mm Glas-Beads

1.5 and 2 ml reaction tubes SafeSeal
and Easy Cap

15 and 50 ml conical ("falcon") tubes
96well microtiter plate, non sterile
Amicon Ultra 15 (MWCO 100 kDa)
Biomax Films MS/XAR

Nitrocellulose membranes

Pipette tips (10, 200, and 1000 uL)
Whatman 3MM filter paper

BioSpec Products
Sarstedt

Sarstedt

Greiner

Millipore

Kodak

Schleicher & Schull/Pall Gelman
Sarstedt

Whatman
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2.2 Methods

Unless stated otherwise, all buffers and solutions were made from double-distilled

water.

2.2.1 Methods of molecular biology and microbiology

All microbiological steps were performed under at least semi-sterile conditions, using
either a cleanbench for S. cerevisiae and P. pastoris or a bunsen burner environment

for working with E. coli.

2.2.1.1 Cultivation of E. coli

Lysogeny broth (LB, low salt) LB agar

10 g/L Tryptone/Peptone from caseine LB medium supplemented with
5 g/L yeast extract 1.5 % (w/v) agar

10 g/L NaCl

1000X Carbenicilline Stock
50 mg/ml Carbenicilline sodium salt in
50 % (v/v) ethanol

E. coli cells were cultivated in LB medium with either 50 pg/ml Carbenicillin or 30
pg/ml Kanamycin at 37 °C and 200 rpm shaking in baffled Erlenmeyer flasks. For
propagation of unstable plasmids, the temperature was strictly kept at 30 °C. Liquid
media were always inoculated with single, freshly grown colonies from LB agar plates
with the appropriate antibiotic. For the small-scale isolation of plasmids, liquid
cultures of 5 ml volume were incubated overnight at the appropriate temperature. For
large-scale plasmid isolation, 150 ml medium were used.

For long-term storage of E. coli cells, aliquots of overnight cultures were taken,
adjusted to 15 % (v/v) glycerol, and snap-frozen in liquid nitrogen. These glycerol
stocks were stored at -80 °C. For recultivation, a sterile plastic pipette tip was used to
transfer frozen material to a room-temperature LB plate, and the thawed bacterial

solution was spread with a inoculum needle.
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2.2.1.2 Cultivation of S. cerevisiae

YP (Yeast extract, Peptone)

20 g/L Tryptone/Peptone from Caseine
10 g/L Yeast extract
(dissolved in 900 ml dd. water and

autoclaved)

YPD (YP Dextrose)
YP supplemented with
2 % (w/v) Glucose

(900 ml YP + 100 ml 20 % (w/v) glucose)

2X Dropout stock medium (740 ml)

3.4 g Yeast nitrogen base

2.86 g Amino acid mix
5 g Ammonium sulfate
(adjusted with KOH to a pH 5.6 and

autoclaved)

100X Histidine / Leucine / Tryptophane

20 % (w/v) Glucose

(autoclaved)

YPD agar
YPD medium supplemented with

2 % (w/v) agar
(autoclaved as YP agar; glucose is added after

autoclaving)

Dropout medium and aqar (-HIS, -LEU, -URA)
185 ml 2X Dropout stock medium
3X5mlof 100X Histidine stock and/or

100X Leucine stock and/or

100X Tryptophane stock and/or
100X Uracil stock
250 ml sterile dd. water or 4 % (w/v) agar
50 ml 20 % (w/v) glucose
(e.g. -HIS: Leu, Trp, and Ura are added, His is
left out)

Amino acid mix (14.5 q)

Stock (100ml)
0.6 g Histidine
2.6 g Leucine

0.4 g Tryptophane
0.4 g Uracil

(100X Tryptophane is sterile filtered
(0.4p filter), all other stocks are
autoclaved and stored at 4°C; precipitate
formation is dissolved by short sonication
and brief heating in a microwave oven)

0.4 g Adenin

0.2 g L-arginine
0.3 g L-tyrosine
0.3 g L-isoleucine
0.5 g L-phenylalanine
1 g L-glutamic acid
1 g L-aspartic acid
2 g L-threonine

4 g L-serine

1.5 g L-valine

1.5 g L-methionine
1.8 g L-lysine
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S. cerevisiae cells were cultivated at 25 or 30 °C and 200 rpm shaking in the
appropriate liquid medium, using only baffled Erlenmeyer flasks for better aeration.
Yeast cells on solid media were maintained at 30 °C for a maximum time of one
week before restreaking onto a fresh plate. Small-scale cultures were of 3-5 ml for
expression or drug resistance tests, and 5 or 50 ml culture volumes were used for
plasmid recovery experiments. Preparative Plasmid isolation from yeast was always
from 1 L overnight cultures.

Glycerol stocks of important cultures were made in analogy to E. coli, but at a
final glycerol concentration of 30 (v/v). For recultivation, glycerol stock material was
streaked out on the appropriate solid medium, and plates were incubated for 2-4

days for colony formation.

2.2.1.3 Cultivation of P. pastoris

MD agar MGY and MMY medium
13.4 g/L yeast nitrogen base 10 g/L yeast extract

1.5 % (w/v) agar 20 g/L peptone from caseine
added sterile after autoclaving: 13.4 g/L yeast nitrogen base
0.4 mg/L biotin 0.4 mg/L biotin and

2 % (w/v) glucose 1 % (v/v) gylcerol (MGY) or

0.5 % (v/v) methanol (MMY)

P. pastoris cells were cultivated like S. cerevisiae with the exception that they were
shaken at 250 rpm. Cultivation was also in YPD or on YPD plates for simple

propagation purposes, or

2.2.1.4 Chemical Transformation of E. coli

E. coli were made chemically competent by the method of Hanahan [211] or used
directly in a competent form as part of a kit. For transformation by heat shock,
aliquots of competent cells were thawed on ice for 10 min and split into 50 pl aliquots.
Regularly, 10-100 ng of plasmid DNA were used in a maximal volume of 5 pl that

was added to the cell supension and mixed by gentle stirring with a sterile pipette tip.
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After 20 min incubation on ice, cells were subjected to a heat shock at 42 °C for 60
sec, cooled on ice for 2 min, and were mixed with 800 ul of sterile, prewarmed LB
medium without any antibiotic. For transformation of normal plasmids, all following
steps were carried out at 37 °C, and 30 °C was used for all unstable constructs. The
cells were incubated for 1 h at 200 rpm shaking, pelleted by centrifugation at 8.000
rpm for 2 min in a table top microcentrifuge, and the supernatant was discarded by
decantation. Cells were carefully resuspended in the remaining medium and plated
out on LB agar containing the suitable antibiotic. At 37 °C, plates were incubated
overnight, and at 30 °C, incubation was for two days to allow colony formation of the

slow-growing transformants.

2.2.1.5 Measurement of optical density of cell suspensions

The optical density in cultured cell suspensions was measured at a wavelength of
600 nm in disposable cuvettes in a cell density meter (CO8000). Water was used for
calibration in the case of dilute samples, and the appropriate medium for non-dilute

samples.

2.2.1.6 Chemical transformation of S. cerevisiae

10X TE 10X LiAc

100 mM Tris pH 7.5 1 M Lithium acetate pH 7.5
50 % (w/v) PEG 4000 dd. sterile water

LATE buffer PLATE buffer

1ml 10X TE 1ml 10X TE

1 ml 10X LiAc 1 ml 10X LiAc

8 ml dd. sterile water 8 ml 50 % (w/v) PEG 4000

For the preparation of competent S. cerevisiae cells, a single freshly grown yeast
colony was used to inoculate an 5 ml YPD culture. After overnight growth, the ODgoo
was measured, and 5 ml YPD in a small baffled Erlenmeyer flask were inoculated to

an ODggp of 0.2 and allowed to grow to 0.8-1. The cells were harvested in an sterile
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50 ml falcon tube (5 min at 4000 rpm and 4 °C in a Megafuge 1.0R), washed once in
30 ml of ice-cold, sterile water and resuspended in 1 ml LATE. After transfer to a
sterile 1.5 ml reaction tube, the cells were pelleted by brief centrifugation at 10.000
rom at room temperature, and resuspended in 50 ul LATE per 10 ODgpo equivalent.
Cells were stored for a maximum of four days before transformation with plasmid
DNA. For use in homologous recombination, freshly made competent cells were
always used.

50 pl aliquots were used for chemical transformation. To these, a maximum of
10 ug linear expression cassette DNA was added, or usually several hundreg ng of
plasmid DNA, and the suspension was mixed by pipetting up and down a few times.
After addition of 300 ul PLATE buffer and careful yet thorough mixing of the reaction,
the cells were incubated at 30 °C for 20 min. They were then heat-shocked by a 20
min incubation at 42 °C. During heat shock, the cells were resuspended every 5 min
by gentle inversion. Finally, after harvest by brief centrifugation at 13.000 rpm, the
supernatant was completely removed by pipetting the cells were carefully
resuspended in 100 ul of sterile water and plated out onto appropriate Dropout
plates. The plates were incubated at 30 °C for up to five days in order to allow the
growth of sufficiently large colonies that were then restreaked onto the same plate

type for a second round of selection.

2.2.1.7 Transformation of P. pastoris by electroporation

1 M sorbitol

500 ml YPD medium were inoculated from an overnight culture to an ODgyo of 0.2
and grown to ODgyo 1.3-1.5. Cells were harvested by centrifugation for 5 min at 1.500
x g and 4°C and then washed twice with 500 ml of ice-cold, sterile dd. water. The
cells were resuspended in 20 ml of ice-cold 1 M sorbitol, transferred to a sterile 50 ml
falcon tube and collected by centrifugation (5 min at 1500 rpm and 4 °C in a
Megafuge 1.0R). The cell pellet was resuspended in 1.5 ml of ice-cold 1 M sorbitol
and stored at 4 °C for use on the same day.

80 ul of this cell suspension were transferred into a sterile electroporation

cuvette with a electrode gap of 2 mm and mixed with 5 to 10 ug of linearised vector
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DNA. For electroporation, DNA hast to be salt-free. For BSEP expression in P.
pastoris, the pPIC3.5BSEP construct was linearized by restriction digest with Sall
and salt/ethanol-precipitated to remove salts. The cells were incubated with the DNA
on ice for 5 min and then electroporated for 5 ms at 1500 V. Immediately after, 1 ml
of ice-cold 1M sorbitol was added to the cells by gentle inversion, and 300 ul of the
cell suspension were plated out on MD agar plates. These are devoid of histidine and
select for histidine prototrophy of the transformants by the HIS4 marker on the
linearized plasmid that is only maintained in P. pastoris by homologous
recombination into the AOX7 locus of the histidine auxotrophic strain GS-115.
Transformants that were obtained after 4 days of growth and restreaked onto MD

agar for a second round of selection.

2.2.1.8 DNA precipitation by sodium acetate/ethanol

It was found that freshly precipitated DNA resulted in better transformation of S.
cerevisae cells. For in vivo homologous recombination, the corresponding fragments
were mixed in an equimolar ratio to an amount in the ug range and coprecipitated by
addition of 1/10 volume of 3M sodium acetate and 2 volumes of pure, -20 °C cold
ethanol followed by thorough mixing. The DNA was allowed to precipitate either at -
20 °C overnight or at -80 °C for 1 h. The precipitate was collected by centrifugation
for 30 min at 13.000 rpm and 4 °C, and residual salt was washed out with 500 pl of -
20 °C 70 % (v/v) ethanol. The DNA pellet was dried under the cleanbench for 10 min
at room temperature with the reaction tube lying on the side to prevent pellet loss.
After that, the DNA was directly resuspended in the 50 pl of competent yeast cells
und used for transformation. For electroporation, DNA was resuspended in 10 pl of

sterile dd. water.

2.2.1.9 Plasmid recovery from S. cerevisiae

Yeast cells in the logarithmic growth phase were harvested and the cell wall was
digested with Zymolyase 100T for 30 min at 37 °C in the presence of 2 mM DTT. The

spheroblasted cells were then subjected to chemical lysis as described for E. coli.
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2.2.1.10 Plasmid isolation from E. coli

Plasmid isolation was carried with the Qiagen pasmid mini- and midiprep kits and the
Macherey-Nagel Nucleobond Xtra Midi kit according the manufacturers” guidelines.
E. coli cultures for were either grown overnight at 37 °C or for 48 h at 30 °C to allow
the generation of enough bacterial mass and plasmid. For plasmid miniprep, 2 ml of
cell suspension were either harvested in 2 ml reaction tubes. For plasmid midiprep,
150 ml medium were cultured and harvested in 50 ml falcon tubes. The cell pellets
were either directly resuspended and processed or stored at -20 °C until preparation.
DNA was always resuspended in elution buffer (10 mM Tris/HCI pH 8.5) and stored
at 4 °C for a short period or at -20 °C indefinetely. DNA quantity and purity was

measured on a Nanodrop ND-1000 spectrophotometer.

2.2.1.11 DNA sequencing

Sequencing of plasmids and PCR products was carried out at the service unit of the
Biologisches-Medizinisches Forschungszentrum (BMFZ) at the University of

Duesseldorf.

2.2.1.12 Manipulation of DNA with enzymes in vitro and agarose gel electrophoresis
Restriction digest of DNA

Restriction endonucleases were either from Fermentas of New England Biolabs and
were used according to the manufacturers” guidelines. Analytical restriction digests
were regularly performed in microtiter plates in a reaction volume of 10 pl with
approximately 100 ng of DNA and a maximum of 0.3 units per restriction enzyme. As
most restriction endonucleases are delivered in a concentration of 10 units/ul, this
corresponds to 0.3 ul. As a rule, the volume of restriction enzyme stock solution
never exceeded 10 % (v/v) of the final reaction volume as too high glycerol
concentrations of glycerol can inhibit restriction enzyme activity. The plates were
covered with their lid, after sterile water was pipetted in each of the plates edges to
saturate the air and prevent sample evaporation. The plates were sealed with

parafilm and put into an incubator at the optimal restriction temperature for 1 h.
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Preparative restriction digests were carried out in final volumes that were the double
of the used DNA solution to digest. Accordingly, 25 or 30 ul were digested in a final
volume of 50 and 60 ul, respectively. Depending on the amount of enzyme used,
preparative digestion was performed for 2 to 4 h or overnight for complete digestion
unless a restriction enzyme was used that was prone to star activity upon

overdigestion.

Agarose gel electrophoresis of DNA

50X TAE buffer EDTA stock

2 M Tris 0.5 M EDTA

1 M acetic acid (adjusted to pH 8)
100 mM EDTA

(pH 8.1)

6X DNA sample buffer

40 % (v/v) glycerol

0.25 % (w/v) Bromophenol blue
0.25 % (w/v) Xylene cyanole

in 10X TAE buffer

For purposes of analysis or purification of digested DNA, samples were mixed with
6X DNA sample buffer to a final concentration of 1X and separated by agarose gel
electrophoresis. DNA fragments were usually separated on 1 % (w/v) agarose gels
(prepared in 1X TAE buffer) at 140 V (about 14 V/cm) for 30-60 min. Separation of
larger fragments was improved by using 0.8 % (w/v) agarose gels. After
electrophoresis, the relevant parts of the gels were incubated in an ethidium bromide
bath (40 pl of a 10 % EtBr stock solution in 400 ml of dd. water) for DNA visualization
and documentation on a UV light unit (Chemigenius 2). For the preparative excision
of DNA, the gels were exposed to UV light as short as possible (few seconds) to
prevent excessive DNA damage. The DNA fragment was then separated from EtBr
and agarose by using the Qiagen gel extraction kit. Elution from the spin column was

increased by incubation of the membrane with elution buffer for 3 min before elution.
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Dephosphorylation of DNA ends

The enzyme calf intestinal alkaline phosphatase (CIAP) was used to remove the
terminal 5°-phosphate at the ends of DNA fragments. This prevents a ligation of the
dephosphorylated 5” strand end to the terminal hydroxyl group of the 3" strand of a
compatible end. After the restriction digest of a plasmid at a single site, CIAP
treatment prevents a religation of the resulting DNA ends. An insert however, can still

ligate to such ends as it has intact 5"-phosphate-carrying termini.

Ligation of DNA

Depending on the concentration of the fragments to be ligated, the reaction volume
was between 10 and 20 pl. A typical reaction consisted of 50-100 ng total DNA in an
15 ul reaction with 0.5 to 1 pl of T4 DNA ligase and corresponding ligase buffer from
Fermentas that was allowed to proceed for 1 to 2 h at room temperature before heat
inactivation of the enzyme at 65 °C for 10 min. 1 to 5 yl of this mixture were then

used for chemical transformation of E. coli cells.

2.2.1.13 Generation of a system of expression cassette vectors for chromosomal

overexpression of genes in S. cerevisiae

10 pl of a plasmid miniprep of the pRE2 vector were digested in 50 ul reaction
volume with 20 units Nsil and 20 units Pacl for 3 h at 37°C. The vector backbone was
then purified on a preparative 0.8 % (w/v) agarose gel and was gel extracted. DNA
was eluted in 30 pl elution buffer. Each pair of the forward and reverse
oligonucleotides encoding the different tags, 3X glycine linker, optional Sfil restriction
site and factor Xa protease cleavage site was pooled (1 pl per oligonucleotide
solution 100 pmol/ul in water, in 100 pl 1X PNK reaction buffer), heated to 94 °C in
the metal block of a thermal incubator for 1 min, and allowed to anneal by slow
passive cooling of the metal block to room temperature for 30 min. The ends of 20 ul
annealed cassette oligonucleotide were then phosphorylated by the addition of 1 ul of
T4 polynucleotide kinase and incubation for 1 h at 37 °C. After inactivation of the
enzyme for 20 min at 65 °C, the finished cassette fragment was ligated into the
double-digested pRE2 backbone (1 pl cut pRE2, 1 ul cassette fragment in 15 uyl 1X

ligase reaction buffer and 1 pyl T4 DNA ligase) for 2 h at room temperature. The
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ligation mixture was inactivated for 10 min at 65 °C, and 5 pl were used to transform
E. coli strain DH5a. Transformants were selected on LB agar supplemented with 100
Mg/ml ampicilline, and plasmid preparations from these were subjected to analytical
restriction digest with Nsil and Pacl. Positive clones were digested into backbone and

cassette insert.

2.2.1.14 The Sfil cloning strategy
Principle

For Sfil-mediated cloning of any gene of interest (GOI), a PCR product is generated
from the GOI with primers that each encode a Sfil restriction site on their 5°

overhangs. The Sfil sequence on the p10- and p14HisSfil plasmids is:

5-GGCCGCTC/TGGCC-3'.

Primer design

Since Sfil digestion takes place at 50 °C the DNA ends of the GOI PCR product are
expected to "breathe", i. e. to partially become single-stranded. To prevent this, the
PCR primers should be designed with some additional G and C bases upstream of
their Sfil restriction site. Examples are given in the oligonucleotide table in the

Materials section for MRPZ2 and the lacZ fragment.

2.2.1.15 Blue/white screening of E. coli colonies

LB-IPTG/X-Gal agar (25 ml)
100 pl 2 % (w/v) X-Gal in dimethyl formamide
40 I 0.1 M IPTG

The presence of the /acZ insert in p14HisSfil was tested blue/white screening. E. coli
XL1blue cells were chemically tranformed with the inactivated ligation reaction and
plated out onto LB agar containing IPTG and X-Gal. The lacZ-encoded beta
galactosidase was induced by IPTG and catalyzed the formation of a blue dye from

X-Gal in cells that carried the plasmid with the insert.
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2.2.1.16 Construction of MDR3 and BSEP expression vectors by homologous

recombination and the recombination-based BSEP expression screen

Generation of PCR products and preparation of vectors for homologous

recombination in S. cerevisiae

The YEpHIS and YEpMDR1HIS vectors [182] were the kind gift of Marwan Al-Shawi.
All PCR reactions were performed with the Phusion ® DNA polymerase in HF buffer
according to the manufacturers recommendations. 50 ul reactions usually contained
1.5 yl of DMSO, except for yeast colony PCR. PCR conditions were: 2 min initial
denaturation, 50 sec cycle denaturation, 50 sec annealing, 20 sec per kbp of
extension for 35 cycles, followed by 7 min of final extension. For homologous
recombination, all vectors were linearized by restriction digest as indicated during
which they also were dephosporylated with calf intestinal alkaline phosphatase
(Fermentas). YEpMDR1HIS was double-digested with BamH| and Bsml, YEpHIS
was cut with BamHl and Mlul to remove the C-terminal his tag [182]. The
oligonucleotides YEpNHISFor and YEpNHISRev encoding an N-terminal hisqy4 tag
followed by a factor X, cleavage site were mixed in equimolar amounts, heated to 95
°C for 5 min and allowed to anneal by slow cooling to room temperature. After T4
polynucleotide kinase (NEB) treatment, the phosphorylated synthetic insert was
ligated into the gel-purified linearized YEpHIS plasmid. BSEP PCR products with
fitting overlaps were generated with the primer pairs BSEP-YEpHISN-S1 / -S2 and
BSEP-YEpHISC-S1 / -S2, respectively.

2.2.1.17 The two-step, recombination-based BSEP expression screen

For the two-step expression screen, p426-GPD, -TEF, -CYC1, -MET25 from ATCC
vector set No. 87669 [208], and p426-GAL1 from set No. 97670 [209] were used.
Preparative digest of the p426-MET25 plasmid was carried out in a volume of 80 pl
with 20 units of the indicated restriction enzymes following the manufacturers’
recommendations. BSEP cDNA was amplified with primer pair BSEP-p426-CHis-HR-
S1/-S2 for homologous recombination into the first plasmid of the set, p426-MET25.
All DNA fragments were gel-purified, mixed together in equimolar amounts (final
amount before precipitation: 2 - 4 ug), and co-precipitated with salt / ethanol. The

pellet was briefly dried and directly used to transform 50 ul of competent yeast cells.
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Transformants arising from the selection procedure were directly used to screen the

BSEP expression from YEX whole cell lysates.

2.2.1.18 Plasmid recovery from S. cerevisiae

Small- (5 - 10 ml for E. coli transformation) or large-scale (0.5 - 1 | for obtaining
preparative plasmid amounts) overnight yeast liquid yeast cultures were harvested,
washed in cold water once, and then resuspended in Zymolyase incubation buffer
(see above, with 1.2 M sorbitol). The yeast cell wall was digested with occasional
gentle inversion for 30 min at 37 °C, cells were then lysed by alkaline lysis generally
as described in [212], with the exception that the Macherey-Nagel midiprep kit was
used. 0.5 - 1 pl of this preparation was used to transform chemically competent E.
coli strain XL1blue. After heat shock, bacteria were shaken for 1 h at 30 °C and 200
rpm to prevent the loss of unstable construct. After plating out on low salt LB media
containing 50 ug/ml Carbenicillin, plates were incubated at 30 °C. Carbenicillin allows
for a tighter and longer lasting selection as it hydrolyzes much slower than ampicillin.
150 ml low salt LB with Carbenicillin were then directly inoculated with a single
colony and allowed to grow for 36 to 48 hours at 30 °C and 200 rpm. Cells were

harvested and plasmid prepared from these. The plasmids were sequence-verified.

2.2.1.19 Isolation of genomic DNA from S. cerevisiae

Total genomic DNA was isolated from S. cerevisiae using the DNeasy Blood and
Tissue kit (Qiagen) and the additional kit protocol "Purification of total DNA from

yeast".

2.2.1.20 Polymerase chain reaction

The polymerase chain reaction was used to amplify DNA sequences for analytical
detection or recombinant DNA work. The Phusion HiFi DNA polymerase was used to
minimize nucleotide misincorporation during PCR. PCR reactions were set up on ice

in total volumes of 50 or 30 pl according to the product guidelines.
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50 ul Rxn 30 ul Rxn
5X HF buffer (final conc. 1.5 mM Mg®*) 10 pl 6 ul
10 mM dNTPs 1 ul 0.6 pl
optional: DMSO 1.5 ul 0.9 ul
optional: 50 mM MgCl, 1 ul 0.6 ul
Primers (10 pmol/pl) 3 ul each 1.8 pl
Template 10-50 ng 10-50 ng / one
small bacterial
colony
water, molecular biology grade to 49.5 ul to 29.7 ul
Phusion polymerase 0.5 ul 0.3 pl

The PCRs were performed as hot start, except for colony PCR setups. The hot start
procedure was found to improve yields, especially with primers that have long and

overlapping 5°-ends.

Yeast colony PCR

Freshly growing transformant colonies were picked and restreaked onto selective
agar plates. The rest of the material was treated with Zymolyase for 45 min at 37 °C
in 50 pl reaction volume (0.1 M sodium phosphate buffer pH 7.4, 2 mM DTT, and 5 -
10 mg/ml of Zymolyase T-100 (ICN)). After heating the reactions to 95 °C for 10 min,
the material was frozen at -20 °C for 10 min and thawed again. 5 pl of this were used
as template for colony PCR (30 pl reaction in Phusion HF buffer: 2 mM final conc. of
MgCl,, 20 pmol/primer, 200 uM dNTPs, 1.5 units Phusion ® DNA polymerase).

Restriction analysis of colony PCR products from the BstBl mutagenesis

10 upl of the reaction was directly digested with BstBl (15 pl reaction, 8 units

restriction enzyme) for 1 h at 37 °C and then resolved on a 1 % agarose gel.
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2.2.1.21 Standard site directed mutagenesis (SDM)

Classic site-directed mutagenesis was performed with the Quikchange Il XL site-
directed mutagenesis kit according the manufacturers” protocol for silent removal of
the Sfil sites in the MRP2 cDNA and the plasmid backbone of p10- / p14HisSfil.

2.2.1.22 The new, E. coli independent site-directed mutagenesis procedure

For introduction of the missense, BstBl mutation into BSEP constructs, the
mutagenesis primer pair BSEP-BstBImut-S1 / -S2 was used. Cycling conditions were
as in the classic SDM protocol, with 18 cycles to minimize PCR-induced errors, and
with the annealing temperature strictly being kept at 60 °C to ensure the generation
of ds-ended mutagenesis product (for a detailed description of the procedure, see
Results 3.10). Reactions were set up with the Phusion DNA polymerase, as this
proofreading enzyme has a low error rate practically identical to the enzyme used in
the Stratagene SDM kits (according to the manufacturers’ datasheets: 4.4 x 107 for
Phusion High Fidelity Polymerase, 4.3 x 10~ for PfuUltra HF Polymerase). Extension
time was 1 min per kb to allow for complete extension. This seems to be a very
important factor in the successful generation of mutagenesis product. The
recommended elongation time for Phusion polymerase is 15 - 30 seconds per kbp,
and an extended incubation at the elongation step was found to be paramount for a
successful exponential product generation, probably because it ensures the
quantitative integrity of the ends that serve as priming sites in subsequent cycles. 10
ng of template was used, and the reaction was initiated after heating the reaction to
98 °C (hot start) with 0.5 pl of Phusion polymerase. The finished reaction was
precipitated with sodium acetate and ethanol, and directly resuspended in 20 ul (= 4
ODesoo equivalents) of fresh competent yeast cells in LATE buffer. This assures an
optimal ratio of mutagenesis product to yeast cells. The transformation was carried
out as described above by addition of 120 yl PLATE buffer (40 % (v/v) PEG 4000, 0.1
M lithium acetate, 10 mM Tris-HCI pH 8, 1 mM EDTA).
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2.2.1.23 Drug agar resistance assays of S. cerevisiae

Compound Solvent

Taurocholate dd. sterile water

Taurodeoxycholate dd. sterile water

FK506 DMSO

Cycloheximide dd. sterile water

Fluconazol DMSO

Ketoconazole DMSO

Doxorubicin ethanol

Lovastatin 15 % (v/v) ethanol, 0.25 % (w/v) NaOH*
Pravastatin dd. sterile water

*hydrolyzed at 60°C for 1 h as described in [213]

Drug agar plates were prepared as follows: the indicated liquid agar medium was
allowed to cool down to about 60 °C and kept liquid by slow mixing on a magnetic
stirrer (a stirring bar was autoclaved in the agar). Serial dilutions of the tested drugs
were made either in sterile dd. water or the indicated solvent. For each concentration,
the same volume of drug solution was then pipetted into a sterile 50 ml falcon tube,
mixed with some of the warm medium by gentle inversion and then filled up to 50 ml.
The same volume of solvent was used as a control. The amount of ethanol or DMSO
never exceeded 0.5 % (v/v). After mixing by repeated careful inversion to avoid air
bubbles, the drug-containing medium was poured in two equal parts into two petri
dishes. The drug agar plates were allowed to solidify and stored at room temperature
in the dark until their use on the same day.

S. cerevisiae cells from 5 ml overnight cultures were used to inoculate 5 ml of
liquid medium to an ODggo of 0.2. At the ODgqgo of 1, the cultures were put on ice until
all strains for an experiment were collected. If the time between the first and the last
culture was more than an hour, the experiment was abandoned and repeated. For
this reason, every strain was inoculated twice. Aliquots of the cultures were diluted to
an ODggo of 0.2 in sterile ice-cold reaction caps, and from these, serial 1:10 dilutions
were made in the culture medium. Using a printed template, 3 pl aliquots of the serial

dilutions were spotted onto the different drug agar plates.
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2.2.2 Methods of protein biochemistry

2.2.2.1 Preparation of whole cell lysates of S. cerevisiae by chemical lysis

YEX (Yeast EXtraction) buffer [214] 50 % (w/v) trichloroacetic acid (TCA)
1.85 M NaOH

7.5 % B-ME

double-distilled water 1 M Tris/HCI pH 8

All solutions must be ice-cold. 2 ODggg of cells were harvested by centrifugation for 1
min at 13.000 rpm and 4 °C in a tabletop microcentrifuge. The cell pellet was washed
once in 1 ml water, then resuspended in the same volume of water. 150 ul of YEX
buffer were added, the samples were briefly, but thoroughly mixed and incubated for
10 min on ice. After addition of 150 ul of 50 % (w/v) TCA and mixing as above, they
were incubated for an additional 10 min in ice. Precipitated proteins were collected by
centrifugation for 10 min at 13.000 rpm and 4 °C, and supernatants were discarded.
Initially, 1 ml of ice-cold acetone was then used to remova any remaining TCA. Since
this made the protein pellets more fragile and resulted in random loss of sample, this
step was changed: after removal of the supernatant, the reaction tubes were allowed
to dry for 10min upside down on tissue paper. Residual TCA was neutralized by
addition of 10 yl of 1 M Tris/HCI pH 8, and the samples were resuspended in 40 ul of
1X SDS special sample buffer per ODggo equivalent. Samples were incubated at 65
°C for 10 min, briefly allowed to cool down and cellular debris was removed by short
centrifugation (30 sec at 13.000 rpm at room temperature). 20 ul of lysate

corresponding to 0.5 ODgg equivalents of cells were then analyzed by SDS-PAGE.

2.2.2.2 Sodium dodecylsulfate polyacrylamide gel electrophoresis (SDS-PAGE) of

proteins

Separating gel buffer Stacking gel buffer
SDS 4 g/L SDS 4 g/L

Tris-HCI 1.5 M pH 8.85 Tris-HCI 0.5 M pH 6.8
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10X SDS electrophoresis buffer
Glycine 1.9 M

Tris-HCI 0.25 M

SDS 10 g/L

final pH of this solution is 8,8 and does

not need to be adjusted.

5X SDS special sample buffer [214]
10 ml Stacking gel buffer

10 ml 16 % (w/v) SDS

5 ml 0.2 %(w/v) Bromophenol blue

8 M Urea (concentration in 50 ml final

volume)

Components are mixed in an 50 ml
falcon tube and then Urea is added.
Finally, glycerol is added to 50ml final

volume.

Separating gel (for 9 gels)

Western blot transfer buffer
100 ml 10X SDS electrophoresis buffer
700 ml double-distilled water

200 ml methanol

Reducing SDS special sample buffer
960 pl 5X SDS special sample buffer
40 yl 1M DTT

(stored at -20 °C)

7% 8 % 9% 10 % 12 % 15 %
dd. water 38.75ml 36.25ml 33.75ml 31.25ml 26.25ml 18.75 ml
Separating gel 18.75ml 18.75ml 18.75ml 18.75ml 18.75ml 18.75 ml
buffer
Acrylamide/ Bis- 17.5 ml 20 ml 22.5 ml 25 mi 30 ml 37.5 mi
acrylamide
(37.5:1)
10 % (w/v) APS 300 pl 300 pl 300 pl 300 pl 300 pl 300 pl
TEMED 70 pl 70 pl 70 pl 70 pl 70 pl 70 pl
Stacking gel (for 9 gels)

4.5 %

Stacking gel buffer 5 mi
Acrylamide/Bisacrylamide 5.25 ml
(37.5:1)
dd. water 28 ml
10 % (w/v) APS 210 pl
TEMED 70 pl
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APS and TEMED were added to initiate polymerization. The SDS gels were cast (40
min polymerization for separating, 1 h for stacking gel) and stored up to one week at
4 °C wrapped in wet paper. For BSEP and MDR3, 7 % SDS gels were used. Since
most membrane proteins irreversably aggregate at high temperatures, samples were
incubated in reducing SDS special sample buffer at 65 °C for 10 min. After brief
centrifugation to remove insoluble material, the protein samples were separated at
150 V using 1X SDS electrophoresis buffer.

2.2.2.3 Coomassie staining of SDS gels

Coomassie staining solution Destaining solution

100 ml glacial acetic acid 100 ml glacial acetic acid
500 ml dd. water 500 ml dd. water

400 ml methanol 400 ml methanol

0.25 % (w/v) Coomassie brilliant blue R-250

Proteins in SDS gels were stained by incubation in Coomassie staining solution for
30 min to 1 h. The gels were rinsed briefly with dd. water and incubated in several
rounds of destain solution until protein bands were clearly visible against the

background.

2.2.2.4 Silver staining of SDS gels

Fixing solution Thiosulfate buffer

30 % (v/v) ethanol 0.1 M sodium acetate pH 6

10 % (v/v) glacial acetic acid 30 % (v/v) ethanol

Silver nitrate solution Developing solution

0.5 g/L AgNO3 2.5 % (wt/v) Na,COg3

(immediately before use, add 12.5 pl (immediately before use, add 25 pl of 37
37 % (wt/wt) formaldehyde) % (wt/wt) formaldehyde)

37 % (w/v) Formaldehyde solution Glacial acetic acid
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After electrophoresis, SDS gels were fixed for 15 min under gentle agitation in fixing
solution. After incubation in thiosulfate buffer for 15 min, the gels were washed 2 x 10
min in dd. water. The gels were incubated for 25 min in silver nitrate solution, washed
in water for 1 min and then submerged in developing solution. Development of bands
was stopped by addition of 1 ml glacial acetic acid, a few minutes of gentle agitation,

and transfer into dd. water. 50 ml per gel were used of each solution.

2.2.2.5 Western blot and immunodetection of proteins

Western blot transfer buffer Ponceau S solution
100 ml 10X SDS gel electrophoresis buffer 0.1 % (w/v) Ponceau S in
700 ml dd. water 3% TCA

200 ml methanol

TBS(-T) Blocking solution

20 mM Tris/HCI pH 8 5 % (w/v) non-fat dried milk powder in
250 mM NaCl TBS-T

(0.1 % (v/v) Tween 20) 0.05 % (w/v) sodium azide

Stripping buffer

15 g/L glycine

1 g/L SDS

1 % (v/v) Tween 20
pH adjusted to 2.2

Proteins separated by SDS-PAGE were transferred onto nitrocellulose membranes
by semi-dry Western blot transferin a Biorad apparatus. For this, the glass plates
surrounding the polyacrylamide gels were gently pried apart with a broad plastic
wedge or spatula SDS, and the gels were sandwiched between nitrocellulose
membranes and presoaked Whatman filter paper in the following order, from bottom
to top: 3 layers of whatman paper, the nitrocellulose membrane, the SDS gel

including the stacking gel part, and three layers of whatman paper. For optimal
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electrotransfer of the proteins, the filter paper and the membranes were cut to the gel
size and extensively soaked in transfer buffer for 10 min. The stacking gel area was
also transferred onto the membrane to check for possible membrane protein
aggregation, which however was not an issue due to use of the SDS special sample
buffer. Proteins were electrotransferred at 110 mA per gel for 1.5 h to achieve

maximum transfer.

Ponceau S staining

The transfer was checked by reversible Ponceau S staining of the nitrocellulose
membrane after blotting. The membranes were covered in Ponceau S solution and
incubated for 3-5 min under gentle agitation. The solution was recovered for reuse,
and excessive stain was removed by repeated gentle rinsing with dd. water.
Complete removal of the stain was achieved by simple blocking of the membranes in

blocking solution.

Immunodetection of nitrocellulose membranes

The membranes were blocked for 30 min in blocking solution. Primary antibodies
were used in volumes of 10 ml of blocking buffer per membrane at concentrations of
1:2500 (K24), 1:2000 (K168), 1:1000 (C219), 1:10.000 (anti Pdr5), and 1:1500 (anti
Dpml), respectively. The blocked membranes were incubated in the primary antibody
for 1 h, rinsed shortly with TBS-T after antibody solution recovery (the primary
antibody solutions can be reused several times and were stored at 4 °C between
uses), and washed three times in TBS-T for 5 min under gentle agitation. Then the
membranes were incubated with the appropriate secondary antibodies at a dilution of
1:10.000 in 10 ml of blocking solution without sodium azide for 1 h. Sodium azide
inhibits the horseradish peroxidase that is coupled to the secondary antibodies for
detection. After 2 wash steps in TBS-T and one wash step in TBS, proteins marked
by antibodies were detected with the ECL Advanced Western blot detection kit
according to the manufacturers” guidlines. All incubation and washing steps were

under gentle agitation.
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His tag immunodetection

The pentaHis antibody from Qiagen was used to detect his-tagged proteins
according to the manufacturers” guidlines, with the following deviations: membranes
were blocked in blocking solution instead of TBS-T with 3 % (v/v) BSA. After
blocking, membranes were rinsed briefly in TBS-T, then washed 2 x 5 min int TBS-T
and 1 x 5 min in TBS. After incubation in the primary antibody solution (pentaHis
diluted 1:1000 in TBS + 3 % (w/v) BSA), membranes were subjected to the same
washing regime and incubated with the secondary antibody solution (goat anti-
mouse, HRP-coupled, diluted 1:10.000 in TBS + 10 % non-fat dried milk). The
washing regime was repeated, and the blot membranes were detected as described

above.

Stripping and reprobing of membranes

During stripping, bound antibodies and detection reagents are removed from the blot
membrane. The binding of the antibodies is disrupted by the low pH of the solution.
As an internal control for some of the Western blots that were made of the sucrose
gradients to investigate the subcellular localization of the human ABC transporters in
S. cerevisiae, these membranes were stripped by two incubation steps with 15 ml of
stripping buffer for 10 min. After this, membranes were washed 2 x 10 min in TBS,
then 2 x 5 min in TBST. After incubation in blocking solution for 30 min, the
membranes were ready for redetection. In the case of the sucrose gradients,

membranes were reprobed with anti Dpml.

2.2.2.6 Subcellular fractionation of membranes from whole S. cerevisiae Cells

Incubation medium Spheroblast medium

200 mM Tris/HCI pH8.0 SD or YPD medium adjusted to
20 mM EDTA 1 M sorbitol

1 % (v/v) B-mercapto ethanol 5 mM NaN3

5 mM NaN; 5 mM NaF

5 mM NaF

(150 ml per cell pellet: 50 ml for cell wall
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(50 ml per cell pellet)

Hyposmotic buffer

50 mM Tris/HCL pH7.5
200 mM Sorbitol

1 mM EDTA

one Roche Protease inhibitor cocktail

tablet per 50 ml

(1 pg/ml Aprotinin, 1 pg/ml Leupeptin, 1
pg/ml Pepstatin, 5 ug/ml Antipain, 1 mM
Benzamidin, 1 mM PMSF)

digestion, 2 x 50 ml for wash steps)

Sucrose gradient

Sucrose solutions 22-60 % (w/w) in
10 mM HEPES/KOH pH7.2

1 mM EDTA

0.8 M sorbitol

Gradients were always pipetted in
duplicates for balancing during the

ultracentrifugation step. Concentration

steps were as follows:

(4-6 ml per cell pellet, can be stored at -

20 °C) 0.5ml 60%
1 ml 40%
1 ml 37%
1.5 ml 34%
2 mi 32%
2 mi 29%
1.5ml 27%
1.5ml 22%

500 ml yeast cultures were harvested at an ODggg of 1 by centrifugation at 4000 rpm
and 4 °C (MegaFuge 1.0R) for 11 min and. The pellet was resuspended in 50 ml
Incubation medium and incubated with 0.9 mg/ml Lysing Enzymes. The cells were
then incubated for 30 min at 30 °C, cooled on ice and washed twice with ice-cold
Spheroblast medium (4000 rpm, 5min at 4°C). All subsequent steps were carried out
at 4 °C. Spheroblasts were resuspended in 4-6ml ice-cold Hypoosmotic buffer and
disrupted in a small Dounce homogenizer with 15 strokes. This lysate was then
transferred into 15 ml Falcon tubes and centrifuged for 5 min at 500 x g to remove
cellular debris. The supernatant was centrifuged for 10 min at 13.000 x g (10.500 rpm
in A8.24 rotor). Complete membranes were then harvested from the resulting
supernatant by ultracentrifugation (100.000 x g, Ti60 rotor) for 1 h. During the

centrifugation step, the gradients were pipetted. Membrane pellets were
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resuspended in 2 ml ice-cold Hypoosmotic buffer with protease inhibitor cocktail and
carefully layered on top of the sucrose gradient. The different membrane species
were then separated by ultracentrifugation for 18 h at 130.000 x g (32.100 rpm in a
SW40Ti rotor). The gradients were separated into 600 pul aliquots by carefully
pipetting from the top. Equal volumes were then directly analyzed by SDS-PAGE and
Western blot.

2.2.2.7 Preparation of whole cell membranes from S. cerevisiae

1 M Tris/acetate pH 7.5 Acid washed glass beads
(in water)

500 mM EDTA pH 8 TEG

(adjusted with NaOH) 10 mM Tris/acetate pH 7.5
0.2 mM EDTA

20 % (v/v) glycerol

Membrane buffer

20 mM Tris/Hcl pH 8
75 mM NaCl
15 % (v/v) glycerol

All steps of this procedure were carried out at 4 °C with ice-cold buffers. S. cerevisiae
cells carrying YEpHISBSEP or -MDR3 were grown in 10 L DO-LEU medium
supplemented with 10 % (w/v) glycerol overnight at 25 °C and 200 rpm shaking. The
next morning, at an ODgg of 1 to 1.5, they were harvested by centrifugation for 11
min at 6000 x g. The cell pellet was washed once in ice-cold dd. water and cells were
stored in 50 ml falcon tubes at -20 °C until use.

For membrane preparation, frozen cell pellets from 10 L were dislodged from
their falcon tube with 20 ml of cold dd. water on a rotational shaker. Pellets were
pooled in a glass cylinder and filled up to 84 ml, then 5 ml 1 M Tris/acetate pH 7.5
and 1 ml 500 mM EDTA pH 8 were added. Cells were disrupted in a bead beater
(Biospec): the precooled container unit was first filled with 200 ml of acid-washed

glass beads, then two protease inhibitor cocktail tablets and the cell suspension (cell
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pellets don’t need to be completely dissolved) were added. The rest of the glass
beads was added, and the remaining space of air in the container was filled with a bit
of ice-cold dd. water. The container was closed, and the cells were disrupted by 5
cycles of a 1 min burst followed by 1 min of cooling phase to prevent sample
overheating. The lysate and glas beads were separated by gentle vacuum filtration
though a porous glass filter, and the beads were washed twice with 30 ml of TEG
buffer. Cell debris of the pooled lysate was removed by centrifugation for 10 min at
5.000 x g. Whole cell membranes were collected from the supernatant by
ultracentrifugation (1.5 h at 180.000 x g in a Ti60 rotor) The Pellet was resuspended
in 10 ml membrane buffer with a Dounce homogenizer, snap-frozen in liquid nitrogen,
and stored at -80 °C.

2.2.2.8 Preparation of highly enriched plasma membranes

1 M sodium acetate 2.5 M Tris/acetate pH 7.5
(pH 5.2)

50 MM HEPES pH 7
(one tablet of protease inhibitor cocktail
in 50 ml)

This method is a combination of two preparation methods by L. Serrano [215] and A.
Goffeau [216,217] and was initially developed for selective enrichment of the S.
cerevisiae ABC transporter Pdr5 [205]. All steps were carried out at 4°C and with ice-
cold buffers. One preparation usually was from cell pellets of 4 L culture. Cells were
grown, harvested and disrupted as in 2.2.2.7. Cell debris was removed in three
centrifugations: 2 x 5 min at 1.000 x g, 1 x 5 min at 3.000 x g. The resulting
supernatant was centrifuged for 40 min at 20.000 x g, and the resulting pellet was
resuspended in 12 ml TAE buffer with protease inhibitor cocktail. The suspension
was adjusted to a protein concentration of 5 mg/ml. Under constant mixing on a
magnetic stirrer, this suspension was brought to a pH of 5.2 with 1 M sodium acetate.
The acidification results in the massive precipitation of mainly mitochondrial
membranes. The precipitate was immediately removed by centrifugation for 5 min at
6.900 x g, and the supernatant was quickly adjusted to pH 7.5 with 2.5 M Tris/acetate

buffer. Highly enriched plasma membranes were collected by centrifugation for 30
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min at 26.500 x g and resuspended in 1-2 ml of 50 mM HEPES pH 7 with protease
inhibitor cocktail. The concentration was adjusted to 10 mg/ml and the suspension

was snap-frozen in aliquots and stored at -80 °C

2.2.2.9 Protein quantification using the Bradford Assay

The protein content of samples was measured using the Coomassie Plus protein
assay reagent kit (Biorad) which is based on the method of Bradford [218]. Samples
were taken in several dilutions made with their buffer, and this buffer served as the
empty control. Briefly, 10 ul of diluted protein sample or control were pipetted in
duplicates into flat bottom, 96well plates and mixed with 200 ul of the assay reagent.
The plates were covered for protection against dust, and colour development was
allowed for 8 min at room temperature. Measurements were taken on a multiwell
plate reader (Polarstar Galaxy) at 562 nm. Multiple serial dilutions of BSA in water
were used as a quantitative reference. Only sample dilutions that gave values in the
linear area of the BSA reference curve were used to calculate sample protein

concentration.

2.2.2.10 Solubilization of BSEP and MDR3

Membrane proteins were solubilized from plasma membrane preparations for the
initial affinity purifications of BSEP and MDR3. For the solubilization trials for BSEP
and MDRS3 from purified plasma membrane purifications, or MDR3 from whole
cellular membranes, 300 pl aliquots of the respective membrane preparation at the
indicated concentration were brought to their final detergent concentration from 10 %
(w/v) freshly made stock solutions (prepared in dd. water) and incubated for 1 h at 4
°C on an overhead tumbler under slow inversion. Insoluble material was pelleted by
ultracentrifugation (1 h at 180.000g and 4 °C), and the supernatant was transferred
into a reaction tube, while the pellet was resuspended in 300 ul of membrane buffer.
Equal volumes of both supernatant and resuspended pellet were then analyzed by
SDS-PAGE and Western blot for solubilization efficiency. For the preparative
purification of MDR3, whole cell membranes were adjusted to 2 mg/ml with
membrane buffer, and Fos-choline was added from a 10 % (w/v) stock solution to a
final concentration of 0.5 % (w/v). Membranes were solubilized for 1 h at 4 °C under

gentle stirring, and insoluble material was removed by ultracentrifugation (1 h at
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180.000g and 4 °C). The supernatant contained the solubilized material and was

used for affinity purification.

2.2.2.11 Purification of human MDR3 by IMAC on AKTA systems

Buffer A Buffer B
20 mM Tris/Hcl pH 8 Buffer A with
75 mM NaCl 300 mM imidazole

15 % (v/v) glycerol
0.001325 % (w/v) Fos-choline 16
10 mM imidazole

Imidazole stock solution

500 mM imidazole pH 8
(adjusted with NaOH)

All steps were carried out at 4 °C and with precooled buffers. A 5 ml IMAC column
equilibrated in 100mM cobalt chloride was used to purify solubilized MDR3. The
supernatant from the Foscholin 16 solubilization was adjusted to 10 mM imidazole
and applied to the column at a flow rate of 2 ml/min, and the flow-through was
collected. The column was washed with buffer A until a stable baseline was reached,
and proteins were eluted in 1 ml fractions in steps of 20, 40, 60, 80, and 100 %
(fraction of Buffer B mixed into Buffer A, corresponding to 58, 116, 174, 232, and 300

mM imidazole concentration, respectively).

2.2.2.12 Protein concentration using Amicon filter devices

An 15 ml Amicon spin concentrator with a molecular weight cutoff of 100 kDa was
prewetted with dd. water and then preequilibrated with Buffer A by centrifugation at
4000 rpm at 4 °C (Megafuge 1.0R). The sample was concentrated in the equlibrated
unit in centrifugation steps of 15 min until the desired concentration was reached. For
the preparative MDR3 purification, all fractions from the protein elution peaks 2-4

were pooled and concentrated up to a volume of 250 pl.
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2.2.2.13 Gel filtration of affinity-purified MDR3

A Superdex 200 10/300 GL gel filtration column was preequilibrated with buffer A.
100 pl concentrated MDR3 from the affinity purification were applied to the column
and eluted with buffer A at a flow rate of 0.2 ml/min. The eluate was collected in

fractions of 1 ml.

2.2.2.14 IMAC purification of BSEP and MDR3 with Ni?*-NTA slurry

BSEP and MDR3 were purified from purified plasma membranes (see 2.2.2.8) that
came from 1 L of cells. The membranes were diluted with purification buffer (50 mM
Tris/HCI pH 8, 150 mM NaCl, 10 % (v/v) glycerol). After solubilization (see 2.2.2.10),
the supernatant was mixed with 500 pl of 50 % (v/v) Ni?*-NTA slurry (Qiagen) that
was pre-equilibrated to the purification buffer. The slurry was then batch-loaded for 1
h at 4 °C under gentle agitation, and purification was performed at 4 °C by gravity
flow. All further steps involved 2 column volumes of the respective buffers: the
gravity-packed column was washed twice (purification buffer + 5 mM imidazole) and
elution was in steps of 30, 60, 100, 150, 200, and 300 mM imidazole.

2.2.2.15 Transfection of cell lines with wild type and BstBl-mutated BSEP-eYFP and

fluorescence microscopy

pEYFP-N1-BSEP was made yeast-compatible as described for pPIC3.5 by addition
of an Ori / Leu PCR product made from YEpHIS with primer pair OriLeu-pEYFP-AfllI-
S1/-S2. The Ori / Leu fragment can be removed completely and without trace by
Aflll digestion (see above) which was not necessary. HepG2 cells were cultured in
Dulbecco's modified Eagle's medium Nutrimix F12 (DMEM-F12; Invitrogen), HEK293
cells were cultured in DMEM and MDCK cells were cultured in MEM with Earle’s
Salts, each containing 10 % fetal calf serum (PAA, Coelbe, Germany), in a
humidified, 5 % COj-atmosphere at 37 °C. The indicated BSEP-YFP plasmid DNA
was transfected using FUGENE HD (Roche) according to the manufacturer's
guidelines. For fluorescence microscopy (LSM 510, Zeiss, Oberkochen, Germany)
cells were fixed and permeabilized with methanol (100 %, 4 °C, 1 min) and nuclei
were stained with Hochst 34580 (Invitrogen). Cell culture and microscopy was
kindly handled by Dr. Claudia Stross (Department of Gastroenterology, Hepatology

and Infectiology, Heinrich Heine University Dusseldorf).
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3 Results

In this thesis, overexpression of both human BSEP and MDRS3 is established in two
yeast species as a foundation for future in vitro studies. MRP2, that does not express
in P. pastoris [199], is also found not to express in S. cerevisiae. Accordingly, the
Results section is divided into two parts that adress two central aspects of the in vitro
theme: the first part consists of the experiments that were necessary to obtain an
overexpression of both proteins. The cloning of the corresponding, unstable coding
sequences was a major hurdle that had to be solved first. The second part is
dedicated to show how these in vitro systems can be connected to clinical in vivo
data of disease-causing mutations in both transporters. For this, mutations need to
be transferred quickly between the biochemical and clinical world, e. g. between
recombinant expression (for functional studies) and mammalian cell culture systems

(cell biology).

3.1 The BSEP and MDR3 cDNA Sequences are unstable in E. coli

Expression screening plays an important role in the first steps of recombinant
membrane protein expression. Depending on the pursued strategy, an expression
screen consists of several expression systems, their vectors, promoters, purification
tags and tag positions. In essence, screening involves substantial recombinant DNA
work to create the necessary expression constructs. Standard techniques of
molecular biology, however, become limiting when working with gene sequences that
are unstable in Escherichia coli. Several cirumstances can account for the fact that a
certain sequence is toxic to or unstable in its bacterial host [219,220]. However,
comprehensive approaches to create, maintain, and manipulate such a construct are
limited, and studies on the actual cloning of such unstable or toxic genes for
expression are rare [221]. Unfortunately, both the MDR3 and BSEP cDNA were
shown to be unstable in several E. colivectors [174,175,207,222].

Genes and DNA sequences in general can be unstable in their bacterial host
for a variety of reasons, including: extensive secondary structure (e. g. z-DNA [223]),
inverted or direct sequence repeats, encoding a gene product toxic to host
metabolism, or carrying unintended prokaryotic signal sequences [174,224]. A close
comparison of the MDR1 with the MDR3 and BSEP sequences revealed 79 and 49

% DNA sequence identity, respectively (Figure 1), but no obvious reason for the
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difference in toxicity, one exception being a cryptic prokaryotic promoter motif within
the BSEP cDNA that has previously been suggested to destabilize it in E. coli [174].
However, silent mutagenesis of this motif as published did not abolish the instability
of the BSEP coding sequence and was not easily accomplished. Also, reduction of
the incubation temperature to 30 °C as described [174] or even to room temperature
had no positive effect on any cloning efforts for BSEP in E. coli.

In essence, the integration of BSEP or MDR3 containing DNA fragments into
the expression cassette vectors or any other of many tested commercial or non-
commercial plasmids failed, either as blunt-ended PCR products or as DNA
fragments resulting from restriction digest. Topo-TA cloning trials were as
unsuccessful as as the application of several low-copy plasmids for subcloning of the

unstable DNA at more tolerable copy numbers.

MDRL o I —— | .
MDR3 — e — —

MDR1 . —
BSEP —

TMD NBD TMD NBD

Areas of significant similarity (80% identity, in windows 50 bases in length)

Figure 1. Pairwise assembled sequence alignment of MDR1/MDR3 and
MDR1/BSEP. The coding sequences of the human ABC transporters
(MDR1, NM_000927.3; Mdr3, NM_000443.2; BSEP, NM_003742.2)
were aligned with the Clone Manager Software V.7 (Fast Scan,
Maximum Quality, and default algorithm values). The assembled
sequence alignment algorithm is used for pairwise comparison of
sequences with some similar and some different regions such as ABC
transporters (conserved NBDs, divergent TMDs). The significance
threshold was set to 80 % identity for display of only significant local
homologies. MDR3 is clearly more related to MDR1 (79 % DNA
sequence identity) than BSEP (49 %) as significant local sequence
conservation is found (blue bars). Not surprisingly, the only significant
local homologies to MDR1 are found in the BSEP NBDs (red boxes
indicate the corresponding sequences).
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In none of these attempts, plasmids containing the full transcripts were obtained, only
rarely small fragments of BSEP or MDR3 were contained in the plasmids, with no
obvious preference for a certain backbone, restriction site(s) or bacterial strain. The
attempt to obtain the desired constructs by stepwise cloning of pieces of both cDNAs
also failed, as did efforts to construct plasmids with a BSEP insert by ligation-
independent cloning (LIC). Because of this instability, the cloning, expression, and
mutagenesis of human BSEP and MDR3 remains a tedious and complicated task,
and biochemical studies on these ABC transporters in recombinant expression
continue to be severely limited: the only heterologous expression of BSEP and

MDR3 so far was accomplished in insect cells [174,175,222].

3.2 A Set of Cassette Vectors for the Chomosomal Overexpression
of both yeast and non-yeast genes in Saccharomyces cerevisiae

There are two basic strategies to overexpress a gene of interest (GOIl) in S.
cerevisiae: either from a chromosomal locus or from a plasmid. Both strategies have
mutually exclusive advantages. The biggest advantage of chromosomal expression
is the genetic stability: the expression cassette is stably propagated along with its
host chromosome upon cell division, without the need of selection agents or
chemically defined media allowing the selection of prototrophy markers in order to
maintain a plasmid. With chromosomal expression, every cultured cell has the
genetic information needed for expression of the recombinant gene. A plasmid on the
other hand, is a highly flexible autonomous container of genetic information, that is
easily manipulated. It can also be present in several copies per cell, thus increasing
the gene copy number from one (chromosomal expression in a haploid S. cerevisiae

strain) up to 60, depending on the construct used [225,226].

A System of Expression Cassette Vectors for S. cerevisiae

As the N-terminally 14xhistidine (his14)-tagged Pdr5 ABC transporter of S. cerevisiae
could be overexpressed at high level from its native chromosomal locus [186], this
setting was also attempted for the expression of BSEP, MDR3, and MRP2. For
availability of several types and combinations of affinity tags for protein production
and purification, the expression cassette plasmid pRE3 [205] was modified and
expanded into a set of several plasmids (Figure 2) that allow to chromosomally tag
any S. cerevisiae gene of interest (GOI) for homologous overexpression [191], and
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also to introduce any foreign GOl into the genome of S. cerevisiae. After

chromosomal integration, expression is driven from the strong constitutive PDR5

promoter in the cassette. In the set, several affinity tags are available: a hisqo or his14

tag, a hisqo / hemagglutinin (HA) tag combination, and a double HA tag. The

considerable length of the hisq4 tag allows for a more stringent washing step during

affinity purification, which minimizes co-purification of potential contaminants.
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Figure 2.

14HIS

A system of expression cassette vectors for S. cerevisiae. Two
variants are available: a set for the in situ tagging of any open reading
frame (ORF) in the S. cerevisiae genome, and a set for the directed
insertion of a non-S. cerevisiae gene of interest into the Sfil restriction
site of the cassette on the plasmid (detail in B). in both cases, the
expression cassette is prepared for site-specific recombination via
PCR-primer-encoded terminal 40 bp overlaps. The tagging cassettes
are then put upstream in frame to the S. cerevisiae gene of interest,
while the expression cassette containing the non-S. cerevisiae GOl is
recombined into the targeted locus. Successful integration results in
histidine prototrophy of the transformants (HIS5). In this study, a
custom-designed strain with a modified PDR5 locus was used [186].
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All affinity tags are designed to be flexible via insertion of a short linker: a stretch of
three glycines prevents interference with protein folding by random steric obstruction
and assures accessibility to their respective ligand during affinity purification. The
sequence encoding these features was introduced by ligation of one synthetic
double-stranded oligonucleotide per construct downstream of the PDR5 promoter
into pRE2 [205]. For directional cloning of a GOl into the cassette, a Sfil restriction
site was inserted downstream of the hisiy or hisq4 tag on the p10- or p14HisSfil
plasmid. The directional cloning of a DNA fragment is possible because the Type lls
restriction endonuclease Sfil recognizes a non-palindromic sequence (5'-
GGCCNNNNWNGGCC-3', N for any nucleotide) [227]. To adapt the pRE2 plasmid
to the Sfil cloning strategy, a Sfil restriction site in the backbone was removed by
silent mutagenesis. While directional cloning with a single restriction site is a very
convenient method, it has been reported that Sfil requires two recognition sites in cis,
i. e. on the same plasmid for efficient digestion as two sites are bound and cut
simultaneously by this enzyme [228]. To evaluate the efficiency of the Sfil cloning
step with a single site in cis, a small insert of about 500 bp was cloned that contains
the beta galactosidase gene along with its promoter (Figure 3A). As small fragments
ligate much more efficiently due to cloning bias of size [229], nearly all properly Sfil-
cut plasmids are expected to receive an insert, and only religated or uncut plasmids
will result in the formation of white colonies after transformation. To minimize
background due to religation of the single-cut plasmids, their free ends were
dephosphorylated. In essence, the amount of ligation mirrors the amount of
digestion. The ligation efficiency was then determined by blue-white screening of the
resulting transformant colonies (Figure 3A). The digestion of the p14HisSfil vector
was found to be almost complete as judged from the screening plate that shows
almost exclusively blue (insert present = was properly digested) and only few white
bacterial colonies (undigested or religated). Next, the cloning efficiency of the large
(4700 bp) MRP2 cDNA was tested. Ten clones resulting from tranformation of a 1 h
ligation with equimolar amounts of vector and insert were picked and analyzed. Nine
out of ten carried the correct plasmid as established by Xhol restriction digest, which
only cuts once and within the MRPZ2 insert. This demonstrates the efficient insertion
of DNA with compatible ends into the p14HisSfil vector (Figure 3B).
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Figure 3.

p14Hissfil-lacZ p14HisSfil-lacZ
pl14Hissfil un Sfil

lacz
fragment

1 2 3 4 5 6 7 8 9 10
un Xhol un Xhol un Xhol un Xhol un Xhol un Xhol un Xhol un Xhol un Xhol un Xhol

Proof of concept for the Sfil cloning strategy with the expression
cassette vector p14HisSfil. A, left panel A fragment containing the
lacZ gene and promoter from E. coli ("lacZ fragment") was directionally
cloned into the Sfil restriction site on p14HisSfil. Right panel E. coli
cells capable of blue/white screening (XL1blue) were transformed with a
ligation reaction containing the dephosphorylated Sfil-cut vector with an
equimolar amount of a lacZ fragment carrying compatible Sfil cohesive
ends. Black circles denote examples of white colonies. B Sfil-based
cloning of the MRP2 cDNA. This proof of concept shows that even
without a second Sfil restriction site in cis (= on the same plasmid), the
p14HisSfil vector can be efficiently digested by this type lls enzyme. un,
undigested; Xhol/Sfil, digested with the respective restriction enzyme.

The use of the Sfil site is based on the analysis of all human ABC transporter coding

sequences (Figure 4A). The analysis shows that the vast majority (77 %) of all cDNA

variants do not contain any, and only few (23 %) contain one or more Sfil recognition

sites. From the 1024 ((4 bases)® nucieotide positions)y hassible Sfil recognition sequences

64 ((4 bases)® nucleotide positions)y gjittarent cohesive ends can originate that often would
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be different from the one used on the p10- and p14HisSfil plasmids. Even a cleaved
ABC gene could then properly religate with itself and the vector backbone in the
correct order. However, ligation efficiency also decreases with the number of
participating fragments [229], and the MRP2 cDNA was one of the few transcripts to
contain a (different) Sfil site that interfered with its efficient cloning. It was removed

by silent mutagenesis (Figure 4B).
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Figure 4. The Sfil cloning strategy. A Sfil restriction site frequency in the 87
transcriptional mRNA variants of the 49 human ABC genes. The
majority of the predominant variants carries no Sfil site and can readily
be inserted into the custom expression cassette plasmid as a Sfil-
digested PCR product. B The MRP2 cDNA is one of few human ABC
protein transcripts containing a Sfil restriction site. It was removed via
silent site-directed mutagenesis.

Integration of the MRP2 Expression Cassette into the Chromosomal PDR5

Locus of S. cerevisiae

After generation of the MRP2 cassette plasmid (p14HisSfil-MRP2, Figure 3B) and
sequence verification of the complete expression cassette, the latter was amplified
with overlap-containing primers that target the PDRS5 locus on chromosome XV of S.
cerevisiae (Figure 5). The yeast strain used for expression has two important

characteristics: the pdr1-3 transcriptional gain of function mutation that turns the
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strong, but highly regulated PDR5 promoter into a constitutive promoter, and the
deletion of both this promoter and the PDRS5 structural gene from the chromosomal
locus by its replacement with a tryptophan prototrophy cassette [186]. Due to the
latter deletion the strain was designated APP. The removal of the PDR5 promoter is
necessary to avoid interference with the PDR5 promoter on the cassette during

homologous recombination.

Amplified expression cassette recombines
with targeted locus on yeast chromosome via

High fidelity PCR of terminal 40 bp homologies (IEIzN)
expression cassette GIRK AIS5 ™ [PDR5Pron>{ 14HIS |_gene of inferest ELld

p14His-ABC

4700 bp IHH

§..GGCCNNNN NGGCC...3
3',‘.CCGGNANNNNCCGGA.,5' haploid S.cerevisiae, pdri-3,

APDRS5 promoter

5'HH

Figure 5. Targeting of the chromosomal PDR5 locus of S. cerevisiae. The
cassette vector (p14HisSfil-MRP2) serves as the template used for
amplification of the expression cassette containing the gene of interest.
Here, the target locus for integration can be chosen by design of the 40
base pair long homologies on the primers used to amplifiy the cassette.
S. cerevisiae is then transformed with the expression casette and
transformants are selected on minimal medium via the His5"
prototrophy marker.

As shown in Figure 6, human MRP2 expression could not be detected in whole cell
lysates of yeast transformants with two different antibodies. The polyclonal MRP2
antiserum MLE (used in Figure 6A) was raised against a synthetic oligopeptide
comprising the N-terminal 26 amino acids of the protein [201]. To exclude possible
interference by the fusion of the N-terminal hisi4 tag and linker sequence to this
epitope with its immunodetection, the samples were reprobed with a second MRP2
antibody, the monoclonal mAb Mylll-6 (Figure 6B) [202]. Three control lysates from
liver samples (kind gift of Dr. Verena Keitel) were included as a positive control for
MRP2 and showed an immunoreactivity of approximately 180 kDa, which

corresponds to the glycosylated form of MRP2 (Figure 6A and B, lanes 1 to 3).
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Figure 6. Expression of human MRP2 is not detected in S. cerevisiae. Equal
amounts of whole cell lysates from small-scale liquid yeast cultures of
the indicated optical density (OD) were separated on an 8 % SDS gel
and electroblotted. A Western blot detection with the polyclonal anti-
MRP2 antiserum MLE [201]. B Stripped membrane from A reprobed
with the monoclonal MRP2 antibody MllI-6 [202]. *Cross-reactivity.

In a previous study on the close homologue MRP1, expression of the human
transporter was detectable in S. cerevisiae throughout the exponential phase of
growth [184]. Accordingly, a liquid yeast culture of a yeast clone with a fully
sequence-verified recombinant PDR5/MRP2 locus was used to sample MRP2
expression at corresponding culture densities (Figure 6A and B, lanes 7 to 9). Both

antibodies show a marked signal at a molecular weight of about 150 kDa that might
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be mistaken as MRP2-specific, since underglycosylation of MRP2 in S. cerevisiae
could be anticipated from previous studies [182,184]. The high molecular weight of
the native protein, in contrast, results from its substantial glycosylation [230].
However, the same quality and quantity of immunoreactivity was found in the empty
parental APP strain (lane 6), indicating lack of MRP2 expression. Since MRP-type
ABC transporters are also found in S. cerevisiae, one or more of these membrane
proteins could cross-react with both antibodies due to sequence conservation. This
was confirmed by testing a whole cell extract from strain AD1-8U" [192], which lacks
the yeast ABC transporter genes YOR1, SNQ2, PDRS, PDR10, PDR11, YCF1, and
PDR15 (as well as the transcription factor gene PDR3). Here, the signal found in the
APP backgound from 150 kDa upwards was not detected (Figure 6A and B, compare
lanes 5 and 6 to 9). In summary, the N-terminally hisq4 -tagged human MRP2 could

not be expressed in S. cerevisiae.

3.3 Expression in S. cerevisiae of the Human Bile Salt Export Pump
and Multidrug Resistance Protein 3 by Use of Homologous
Recombination

While the human MRPZ2 cDNA could readily be cloned into the expression cassette,
this was not the case for the unstable coding sequenes of BSEP and MDR3. Their
insertion into the designed expression cassette plasmids either by Sfil-based or any
other means of bacterial cloning was ultimately unsuccessful. Instead, the expression
cassette was constructed at the PDRS locus by employing a "local assembly"
strategy (Figure 7). Here, the two parts of the cassette that could not be spliced
together by conventional cloning were combined in vivo by multiple homologous
recombination (HR; Figure 7A): the HIS5" prototrophy marker, PDR5 promoter, start
codon and hisy4 tag on one, and the coding sequence on the other segment. Both
parts were generated by high fidelity PCR, adding 40 (termini) or 60 (overlap of both)
bp of sequence overlap for HR. Only the combination of both fragments resulted in
formation of transformant colonies on the Dropout-HIS agar plates, which select for

the capability of the transformants to grow in the absence of histidine (Figure 7B).
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GOl insertion at your favorite locus
local assembly via homologous recombination
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Figure 7. @ The homologous recombination-based, "local assembly"” strategy
leads to recombinant S. cerevisiae expression strains for human
BSEP. A Two fragments are generated via PCR, carrying overlaps (40
bp) to both up- and downstream chomosomal sequence targeting the
chromosomal locus of choice (YFL, Your Favorite Locus). Both
fragments are also made to overlap with each other (60 bp) to allow
HR-mediated joining. B Actual experiment of A carried out for human
BSEP. Competent S. cerevisiae cells were transformed with either one
or both of the expression cassette fragments and plated onto Dropout-
HIS agar plates. Only the combination of both fragments (middle) leads
to the formation of colonies of histidine-prototrophic transformants.

Importantly, the fragment carrying the histidine prototrophy marker could not
integrate by itself (left side) due to the PDR5 promoter and gene deletion in the APP

strain. This "local assembly" strategy, which entails a triple homologous crossing-
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over event, allowed for the generation and analysis of S. cerevisiae strains that
express human BSEP and human MDR3 (Figures 8 and 9). Both BSEP and MDR3
transformants were tested for the correct local assembly of the complete expression
cassette by colony PCR: primer pairs were used that generate PCR products
overlapping all de novo formed junctions (Figure 8A). All nine BSEP clones (the
same as from Figure 7) and three arbitrarily picked MDR3 clones showed the correct
product for each of the three junctions (front, junction, back) thus proving the correct

cassette generation on the chromosome.

A front junction back
_— ; ;
yeast chr ’ HIS5 *_[PDR5Prom > 14HIS [ X I human ABC cDNA > yeast chr
: R e— | : —— | ——=
| ’ e :

General primer binding locations to check correct local assembly

BSEP MDR3
B empty colony PCR colony PCR
crl 1 2 3 4 5 6 7 8 9 6 7 12 3
4 colony PCR 279hp‘|:] 1787bp
279bp ( )
2773"”‘| ! bt ) = ’gDNA PCR

Figure 8.  Genetic analysis confirms the successful "local assembly" of the
BSEP and MDR3 expression cassettes. A Cartoon of the
chromosomal recombinant PDR locus carrying the recombinant
expression cassette. Primer pairs are colour-coded. The exact primer
binding sites are not indicated as these vary for BSEP and MDRS3.
Instead, the general priming location relative to the three covalent
recombinant junctions (indicated by the broken lines) is shown. Each
primer pair product spans at least one of these junctions and is only
generated (and then at the expected size) if correct recombination at
these sites has taken place. B Using primer pairs corresponding to the
colour-coding in A, all tested S. cerevisiae transformants yield PCR
products of the exprected size and thus show the correct local
assembly of the expression cassettes containing either the unstable
BSEP (left panel) or MDR3 cDNA (right panel).
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Western blot analysis of these clones showed a signal at approximately 130 kDa for
both BSEP and MDR3 (Figure 9), which is considerably smaller than the 160 kDa of
the native proteins coming from human cell lines [176,177]. However, this is
expected given the fact that the closely related MDR1 of the same polypeptide length
as both was found to be only core-glycosylated in S. cerevisiae and thereby migrate
at 130 kDa [182] while having a native apparent molecular weight of approximately
190 kDa in human cells [231]. A clear difference can be seen between the
immunodetection of BSEP and MDR3: the polyclonal rabbit BSEP antiserum K24
[174] shows several signals at various apparent molecular weights that are unspecific
cross-reactions, because they also occur in the control lane with whole cell lysate
from the empty parental S. cerevisiae strain (Figure 9, left panel, compare clones 1 to

9 and empty control, also middle panel).
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Figure 9. The "local assembly"” strategy leads to the first heterologous
expression of human BSEP and MDR3 in S. cerevisiae. Western
blot analysis of S. cerevisiae whole cell lysates harvested in the early
log-phase (ODggp of 1) showed the constitutive expression of BSEP
(with the polyclonal rabbit antiserum K24 [174]) and MDR3 (with the
monoclonal antibody C219 [232]). Left panel All nine obtained BSEP
clones were tested, and at least five of these express the human
membrane protein (clone 2, 3, 6, 7, 9). Clones 3, 6, 7, and 9 were
reprobed for expression with light sensitive film material. Right panel
Three arbitrarily picked clones of more than 50 obtained from
transformation were tested for correct cassette assembly (B, right
panel) and showed MDR3 expression.
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In contrast, the monoclonal P-glycoprotein antibody C219 [232], which detects a
stretch in the first NBD conserved in both MDR1 and MDR3, showed only a single
band of the full-length protein (right panel).

Not all clones, however, seemed to express BSEP, and those which did,
seemed to do so at varying levels (Figure 9, left panel, clones 2, 3, 6, 7, 9). This
variation was probably the result of partial protein loss during sample preparation (for
details on this and a subsequent modification of the corresponding protocol, see
Materials and Methods 2.2.2.1). To clear this issue, the Western blot was repeated
for the four expressing clones 3, 6, 7, and 9 from fresh S. cerevisiae cultures (Figure
9, middle panel), and all four clones were now found to express BSEP at similar
levels. Several confirmed expression clones were checked for the sequence integrity
of the expression cassette. In all cases except one, the obtained sequence of the
complete chromosomal expression cassette was found to completely replicate the in
silico constructed sequence. The MDR3 clone 3 carried a missense mutation that
resulted in an amino acid substitution from methionine to isoleucine at position 800.
Unless stated otherwise, BSEP clone 9 and MDR3 clone 2 (carrying the wild type
sequences) were used for all subsequent studies on the chromosomally expressed
transporters.

Since the expression cassette could rapidly be generated by multiple
homologous recombination in vivo, this "local assembly" strategy qualified as a
suitable alternative to attempts of conventional cloning of the unstable BSEP and
MDR3 cDNAs for expression. Judging from the Western blot signals, however, the
expression levels were quite low and therefore insufficient for purification and
biochemical studies. Several reasons for this were considered or excluded: |) The N-
terminal his tag demanding fourteen consecutive histidines could, under conditions of
high translational activity, lead to the local depletion of tRNAs carrying histidine so
that the ribosome stalls and subsequently translation into protein is abrogated (a
quantitative study of this phenomenon found in [233]). This seems unlikely as the
same his tag configuration in the same cassette allowed a dramatic Pdr5
overexpression [186]. Accordingly, the tag has been designed using both available
histidine codons (CAC and CAT) in alteration to balance codon usage. IlI) The N-
terminal his tag position could lead to mistargetting of the protein. Therefore, C-
terminally tagged versions of both BSEP and MDR3 would be of closer interest.

Human MDR1 has been successfully overexpressed with a C-terminal hisg tag to
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purifyable amounts [182]. Importantly, this MDR1 fusion protein conferred a cellular
multidrug resistance phenotype, indicating at least a partial localization to the S.
cerevisiae plasma membrane for its proper function. Ill) The proteins are intrinsically
unstable or mistargeted in the S. cerevisiae environment and thus rapidly turned
over, leading to low levels of detected expression. As both MDR3 and BSEP are
detectable at their full molecular weight, they are expected to reside in a membrane
environment and thus to be folded properly. In essence, mistargetting due to an
unfavourable his tag position or a general sequence incompatibility (e. g. codon
usage [234]) remained as two possible reasons for the unsatisfactory expression
levels of BSEP and MDR3. An obvious solution was the shift of the his tag to the C-
terminus of the fusion protein. If this is unsuccessful, an increase in gene copy

number may help to increase protein yield [200,235].

3.4 Expression of BSEP and MDR3 from Plasmid in S. cerevisiae

The impact of his tag position and copy number can be studied by the direct
expression of both tag configurations from a multicopy plasmid: chromosomal (single
copy) and plasmid-based (multicopy) expression of the very same tag configuration
can then directly be compared. At the same time, expression of the two tag
configurations from the same expression vector can be tested. For these reasons,
BSEP and MDR3 expression vectors were constructed with both his tag
configurations by direct homologous recombination in S. cerevisiae. Homologous
recombination-based plasmid construction in S. cerevisiae has been well-
documented [236,237,238]. In general, S. cerevisiae can rely on sequence overlaps
as short as 20 base pairs (bp) to generate a selectable circular plasmid from one,
two, or several fragments after transformation. This is used to easily shuffle large
fragments between constructs [237,238,239]. Next to the "local assembly" strategy,
this method is another convenient way to circumvent cloning in E. coli. It allowed the
rapid construction of a set of plasmids expressing N- and C-terminally his-tagged
wild-type BSEP or the V444A allele of BSEP (Figure 10). The V444A allele has been
described as both a natural allelic variant and a clinically relevant mutation that has
been associated with drug-induced cholestasis and reduced BSEP protein levels
[146,222,240,241]. V444A BSEP constitutes the first non-wild type BSEP variant

expressed in S. cerevisiae. The YEpHIS expression vector was chosen because the
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BSEP and MDR3 homologue MDR1 (human P-glycoprotein) could functionally be

overexpressed from this construct in S. cerevisiae [182] as well as human MRP1
[184], a close relative of MRP2 from the same ABC transporter subfamily (ABCC).
For clarity, it is referred to as YEpCHIS throughout this work.

N
ol .,

gapped YEpCHIS (CHis) or
YEpNHIS (NHis) plasmid

Figure 10.

BSEP or MDR3 amplicon

backbone only

bsep wt bsep V444A

with terminal 40bp
overlaps .
NHis

O————— 7

NHis CHis

empty empty empty
Ctrl  wt  Ctrl V444A Ctrl wt Ctrl V444A

130kDa - b Po—

Plasmid-based expression of two human BSEP variants in S.
cerevisiae. A, left panel Homologous recombination was used to
construct the unstable BSEP expression vectors in S. cerevisiae. Right
panel The gapped plasmid backbone and BSEP PCR products carrying
40 bp terminal overlaps were co-transformed into competent S.
cerevisiae cells. Only Co-transformation of both backbone and insert
resulted in transformant colony formation. B Resulting transformants
were picked and directly used to screen the expression of BSEP from
small-scale, mid-log liquid cultures. Equal amounts of whole S.
cerevisiae cell extracts were resolved on SDS gels, electroblotted and
probed with the polyclonal BSEP antiserum K168 [203]. NHIS / CHIS,
N- or C-terminal his tag position; empty Ctrl, strain transformed with the
corresponding empty expression plasmid.
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Since the original YEpHIS vector exclusively encodes a C-terminal hisg tag, a version
of this plasmid with a N-terminal his44 tag followed by a 3 x glycine linker and a factor
Xa protease cleavage site was constructed and designated as YEpNHIS. The gapped
plasmid backbone of both tag variants was then co-transformed into S. cerevisiae
with a PCR product of the coding insert with terminal 40 bp overlaps (Figure 10A, left
panel). Since under selection only the circular plasmid is propagated, only
recombinants with the insert survive (Right panel). The transformants obtained were
analyzed by Western blot from small-scale liquid cultures, and Figure 10B shows the
expression of both wild-type and V444A variant BSEP from representative clones. All
four recombinant BSEP variants were found to express roughly in similar amounts
(lanes 2, 4, 6, and 8). More importantly, however, both tag positions did not differ in
terms of expression levels. The only observable difference was that the C-terminally
hisg-tagged fusion proteins (lanes 6 and 8) seemed to give a slight high molecular
smear that was less pronounced in the lanes with the N-terminally tagged BSEP
variants (lanes 2 and 4). From this comparison it could be concluded that the position
of the polyhistidine affinity tag is not the limiting factor in the low BSEP expression

levels.

Expression of N- and C-terminally His-tagged MDR3 from plasmid in S.

cerevisiae

In analogy to BSEP, both MDR3 tag variants were constructed based on the YEpHIS
and YEpNHIS construct. In order to facilitate a direct discrimination between the
impact of the tag position and the impact of gene copy number (chomosomal versus
plasmid-based expression), chromosomally expressed N-terminally hisq4-tagged
MDR3 was included on the Western blot (Figure 11). For a proper comparison, the
corresponding S. cerevisiae strain was grown in the same synthetic complete
medium as the plasmid-based expression strains, with the difference that an
appropriate amount of leucine was included that was left out in the other media for
plasmid selection.

As seen for MDR3 expressed from the YEp plasmids (Figure 11), the tag
position seems to be a vital determinant of its expression levels in S. cerevisiae as
the N-terminal tag variant (lane 3) expressed much less than the chromosomal

version of the same tag configuration and length (lane 2). The C-terminal tag variant
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on the other hand (lanes 4 and 5 show two arbitrarily picked clones) expressed to
levels comparable with MDR1 (lane 6). The direct comparison of expression levels
between the chromosomal, single copy N-His and the plasmid-based, multicopy C-
His version of human MDR3 showed a roughly two- to threefold difference of

expression in favor of the latter.

Chr. Plasmid

empty NHis NHis CHis CHis
Ctrl MDR3 MDR3 MDR3 MDR1

130kDa = .

Figure 11. Plasmid-based expression of human MDR3 in Saccharomyces
cerevisiae. As in Figure 10, MDR3 expresion vectors were constructed
by homologous recombination from the YEpHIS and YEpNHIS plasmids.
Equal amounts of whole S. cerevisiae cell extracts from mid-log growth
phase liquid culture were resolved on SDS-PAGE, electroblotted and
probed with the monoclonal C219 P-gp antibody that detects both MDR1
and MDR3 P-glycoproteins. Chr., chromosomal expressio; NHis / CHis,
N- or C-terminal his tag position; empty Ctrl, strain transformed with
empty YEpHIS expression plasmid.

In summary, the shift from chromosomal to plasmid-based expression showed that
the low BSEP expression was not alleviated by a change of the his tag position. For
MDR3, the tag position has a pronounced influence on protein levels. In comparison
to the chromosomal, N-terminal hisq4 tag fusion protein, the same tag configuration
from plasmid resulted in a drastic decrease of detectable MDR3, while the C-

terminally hisg-tagged MDR3 expressed about two- to threefold better.
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In light of these findings a direct comparison between both MDR3 and BSEP
expression levels became interesting: how great is the difference in expression
between the both in S. cerevisiae or, more specifically, is the MDR3 P-glycoprotein
expressed much better, perhaps as it is more closely related to the well-expressing
MDR1 than BSEP? The C219 antibody does not recognize human BSEP in S.
cerevisiae (own observation). Instead, the protein levels of recombinant human
BSEP and MDR1 in S. cerevisiae with the same his tag position and length that were
expressed from the same construct (YEpHIS) were analyzed with a his tag antibody
(Figure 12). BSEP (lane 3) was found to express at a much lower level than MDR1
(lane 2). Since MDR1 and MDR3 are expressed at roughly the same amount (see
Figure 11), this means that the BSEP expression is also much lower than that of
MDR3. This direct comparison of MDR1 and BSEP yields showed the clear need for

further optimization of BSEP expression conditions in S. cerevisiae.

empty
Ctrl MDR1 BSEP

130kDa - ) <=

Figure 12. Direct comparison of MDR1 and BSEP expression in S. cerevisiae.
Human BSEP is much less expressed in S. cerevisiae than human
MDR1. Equal amounts of whole S. cerevisiae cell extracts from mid-log,
small-scale liquid culture expressing C-terminally hisg-tagged MDR1 or
BSEP were probed with a monoclonal anti his tag antibody. As in Figure
7, all shown lanes come from the same blot membrane and detection.
Irrelevant lanes have been omitted for the sake of clarity.
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3.5 A Recombination-Based Expression Plasmid Screen for BSEP

Since recombinant BSEP expression in S. cerevisiae was, irrespective of the affinity
tag position, shown to be inadequate for further biochemical or structural studies,
other ways of increasing protein yield were explored. To test the impact of different
promoters, an expression screen was developed that addressed the following

requirements:

I) A set of different (strong, weak, inducible, repressible) promoters was to be tested
against both available terminal affinity tag positions. For subsequent cost-effective
purification, a short, hisg tag was chosen that could easily be encoded on either of

the overlap-containing primers.

[I) It must, as all previous successful efforts to clone BSEP, be as independent of E.
coli usage as possible in order to circumvent the problems encountered when

working with the unstable BSEP coding sequence.

Recovery of the Unstable BSEP and MDR3 Plasmids from S. cerevisiae

Plasmids generated in S. cerevisiae, as was done for BSEP and MDRS3, can be
recovered from yeast cells [212]. For lysis to occur, the rugged outer cell wall is either
disrupted by mechanical force (vortexing with glass beads) or by treatment with a cell
wall-digesting enzyme mix such as zymolyase or lyticase. Then the S. cerevisiae
cells are subjected to a standard alkaline lysis procedure just as E. coli [212], yielding
plasmid of sufficient quantity and purity. As plasmid copy number in S. cerevisiae is
generally much lower than in E. coli [225,226], larger culture volumes are required to
partially compensate for this difference [212]. From a 1 L overnight yeast culture,
several micrograms of plasmid can be purified. For comparison, a 100 ml overnight
bacterial culture can easily yield 100 micrograms of a multicopy plasmid.

The BSEP- and MDR3-containing YEp vectors were recovered from S.
cerevisiae and used to transform several E. coli strains (DH5alpha, DH10b, XL1blue,
XL10Gold, S.U.R.E., S.U.R.E.2). It was found that all tested bacterial strains could
maintain the intact vectors stably as long as the incubation temperature was strictly
kept at the permissive temperature of 30 °C [174]. At 37 °C none of the constructs
could be stably propagated. As in previous attempts to construct BSEP and MDR3
plasmids in E. coli, the lowered temperature was kept at every step following the heat

shock used for transformation, including the regeneration phase in antibiotic-free
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medium. Figure 13 shows the plasmid recovery of the YEpHIS constructs with the
MDR1, BSEP (V444A), and MDR3 insert, respectively, in XL1blue E. coli cells. The
YEpHIS vector is maintained by ampicilline selection in bacteria. The much slower
hydrolyzing beta-lactam carbeniciline was used to ensure a tighter selection
pressure on the bacteria for better maintenance of the intact plasmid during the
prolonged time of incubation. Additionally, the transformed bacteria were strictly
cultured under low salt conditions. The integrity of the constructs could in all cases be
verified by DNA sequencing. Only rarely (about one in ten), clones were picked that

carried single random point mutations.
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Figure 13. Intact toxic BSEP and MDR3 plasmids can be recovered from S.
cerevisiae and propagated in E. coli under suitable conditions. A
Analytical agarose gel of the plasmid preparation coming directly from
S. cerevisisae. B E. coli XL1blue cells were transformed by heat shock
with the preparations from A and grown at 30 °C on low salt LB agar
plates containing carbenicillin, and pictures were taken after incubation
for 48 h. BSEP- and MDR3-containing plasmids result in slower
bacterial growth than MDR1. Black bars = 0.3 mm.
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At this point, it should be noted that, although some groups have ultimately
succeeded in creating full-length human BSEP, their generation in E. coli has never
been a straightforward, let alone quick procedure due to the reported instability of the
BSEP cDNA [174,207]. It could be observed that the bacterial colonies resulting from
BSEP and MDR3 plasmid transformations are slow-growing in comparison to the
closely related, stable and non-toxic MDR1-containing YEpHIS plasmid, indicating
that E. coli is impaired by the presence of BSEP and MDR3 coding sequences
(Figure 13B).

Screening of BSEP Expression in S. cerevisiae: a Two-Step Strategy for the

Generation of Unstable Plasmids

Combining in vivo homologous recombination to first generate and plasmid recovery
to then amplify the intact toxic BSEP contructs in E. coli at 30 °C, a rapid BSEP
expression screen was established. A subset of multicopy vectors with inducible
(GAL1), repressible (MET25), and constitutive promoters of varying strength (GPD,
TEF, CYC), was taken from two S. cerevisiae expression vector sets available in the
public domain (ATCC nos. 87669 [208] and 87670 [209], respectively). As all the
vectors share a common backbone, the same terminal insert overlaps added by PCR
can be used for recombination into all of these.

While the generation of the BSEP inserts for recombination via PCR was
straightforward, optimizing the product yield was not as uncomplicated. The following
circumstances had to be taken into account to ensure a fool-proof routine for the
screen: first, the transformation of S. cerevisiae has to be chemical because this
requires less hands-on time and is much less error-prone (in terms of handling) than
S. cerevisiae spheroplast electroporation. For an efficient chemical transformation of
S. cerevisiae cells for homologous recombination, more DNA is needed than for
bacterial transformation, i. e. in the range some hundred nanograms [238]. These are
contained in a few pooled PCR reactions that have to be gel-purified in order to
remove secondary products that otherwise could compete with the desired insert
during HR. The purification results in a reduced yield of product. This is either
compensated by pooling and purifying more reactions or by optimization of PCR
conditions. The design of the primers for HR in general is, however, often rather

fixed: start and end of the coding sequence to be inserted have to serve as priming
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sites, and the 5’-overhangs consist of the overlaps necessary for targeted
recomination, usually around 40 bp. If either of the primers is to encode additional
information like a his tag or a protease cleavage site then the oligonucleotide
overhangs that do not prime become too long and may interfere with the PCR by
unproductive binding to stretches of random complementarity. The main feature of
variability about such primers is the length of the priming stretch which is adjusted to
avoid unfavourable properties such as primer dimerization. This however can only be
done within a certain range as the primers should not be too long. What can be
optimized instead is the reaction itself by additives like DMSO, which promotes
template DNA denaturing, or increasing the amount of free Mg?*, which is needed for
polymerase activity. The primers for BSEP amplification both carried 40 bp of
homology stretches to the ends of the gapped target plasmid, and, in each of the two
used primer pairs, one encoded the hisg tag. The features of the primers allowed for
a limited optimization of PCR product yield (Figure 14). In the depicted example,

DMSO was the central component in optimizing PCR product yield.

N6His BSEP C6His BSEP
bp
10000
6000 5000 —
3500 —2000 — <=
3000 —
2500
2000 ——
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1000
750
500
DMSO  + + - - + + - -
Mg  + - + - + x + -

Figure 14. Overlap-carrying primers limit the yield of PCR product for HR.
Optimization of PCR conditions can not always compensate for
limitations in primer performance that are dictated by the necessary 5'-
overlaps and custom features such as encoded tags. Shown here is a
sparse optimization strategy to increase BSEP product (indicated by the
arrow) yield under such conditions by addition of dimethyl sulfoxide and
/ or magnesium. Several such PCR reactions have to be pooled (eight
in the case of BSEP) for an efficient co-transformation of S. cerevisiae.

85



Results

This essentially means that more reactions have to be pooled to obtain enough

product after gel purification, and for this reason the construction of the whole set of

screening plasmids was divided into two phases (Figure 15):

) Initially, the two his tag configurations of the p426-MET25-BSEP vector were

created by in vivo recombination in S. cerevisiae (Figure 15, Box |).

Il) After plasmid recovery, amplification in E. coli and sequence verification,

preparative amounts of these were then used for restriction digest to obtain the

inserts for immediate recombination into the remaining screening set vectors (Figure

15, Box II).
e.g. p426- I
TEF ) Preparative restriction digest gives large yields of NHis or CHis BSEP °
_ 4 GAL1 fragment with longer downstream homology from vector backbone.
This enhances subsequent HR efficiency, so less DNA can be used
p426-MET25-N6His-BSEP
HR of NHis / CHis BSEP
fragment into remaining —

Smal CIAP expression vectors = e

p426-MET25 PCR with KR primers from ___r~ NHis- oo Smal Fspl
BSEP template or I.
e=— "]

Smal CIAP

CHis-

Smal / -
3 \ ) or Smal /\
::> O )~ Fspl
Recovery of vectors \ /

Two vectors, with N- and C-

One vector from set is terminal his tag position

gapped

HR of BSEP PCR product encoding his tag at
N- or C-terminus and gapped vector

Figure 15.

A simple, two-step screening strategy is used to construct and
test BSEP expression from a set of different expression vectors.
The construction of the vector set is carried out in two steps: I. Overlap-
generating primers are used to generate two wild type BSEP PCR
products covering both terminal his tag positions. The first screening
plasmid is then gapped und used to construct both BSEP variants by
homologous recombination in S. cerevisiae (black box). Il. Plasmids are
harvested either from S. cerevisiae or E. coli culture. BSEP cDNA with
terminal sequence overlaps is then obtained by preparative restriction
digest (RSl = Smal, RSIl = Fspl for the vector set used) and
recombined into the remaining gapped vectors of the screening set
(grey box).
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The resulting S. cerevisiae clones in each step were directly used to screen
expression. All obtained clones were found to uniformly express BSEP; examples

from both phases of the screen are given in Figure 16.

A B

p426-MET25-N6HisBsep p426-TEF-N6HisBsep

Gapped vector Gapped vector
and insert

Gapped vector only Gapped vector only and insert

p426-MET-N6HisBsep p426-TEF-N6HisBsep

Pos.
1 2 3 4 5 6 7 Ctrl 1 2 3 4 5 6
- ' ' B |
130kDa — -<}:I 130kDa —| . > . pam [ BN — <:
Phase | Phase Il

Figure 16. Homogeneity of expression among transformants in the plasmid-
based screen. Representative examples of Western blots from both
steps of the screen show that every transformant clone obtained
expresses BSEP. A Performance of the N-terminally hisg-tagged BSEP
construct made in step | of the expression screen. B Performance of the
TEF promoter / N-terminal hisg tag from step Il of the screen. Pos. Cirl,
YEpCHIS-BSEP as expression reference.

The results of the screen have been compiled in Figure 17: the strong constitutive
GPD and TEF promoter constructs showed the strongest BSEP expression (lanes 1
to 4), while the weak CYC promoter did not lead to detectable BSEP levels (lanes 5
and 6). From the regulatable promoters, both MET25-driven variants expressed at
quite low levels, while under induction only the N-terminally hisg-tagged GAL1-BSEP
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construct shows expression (lanes 7, 8, 9, and 10). In all cases, the BSEP sequence

on these constructs was verified by sequencing, including the correct upstream

junction and promoter. In summary, by following this two-step strategy a set of

vectors could be used to rapidly screen the influence of promoter strength and his tag

position on expression from the unstable BSEP cDNA. However, no combination of

these led to a notable increase in BSEP expression.

Figure 17.

p426-
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BSEP expression from a set of different expression vectors
constructed with the two-step, HR screening strategy. A The
construction of the vector set is carried out in two steps: I. Overlap-
generating primers are used to generate two wild type BSEP PCR
products covering both terminal his tag positions. The first screening
plasmid is then gapped und used to construct both BSEP variants by
homologous recombination in S. cerevisiae (black box). Il. Plasmids are
harvested either from S. cerevisiae or E. coli culture. BSEP cDNA with
terminal sequence overlaps is obtained by preparative restriction digest
(RSI = Smal, RSII = Fspl for the vector set used) and recombined into
the remaining gapped vectors of the screening set (grey box). B The
expression screen showed a correlation of promoter strength and BSEP
expression. Mid-log BSEP expression was assessed by probing
Western blots of whole S. cerevisiae cell extracts with K168 [203].
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3.6 The Use of the Compatible Solute Glycerol as a Chemical
Chaperone to Increase BSEP Expression in S. cerevisiae

Since the plasmid-based expression screen (Results 3.5) did not result in an increase
of BSEP expression, an alternative approach was tested. If modifications on the
genetic level fail, the expression conditions themselves can be adjusted. Two
previous studies on the functional expression of human ABC transporters reported
the successful use of glycerol as a small molecular chaperone to increase the
amount of expressed MDR1 and MRP1 [182,184]. Glycerol is a non-toxic compound
that mixes well with water, and, more importantly, is not metabolized in S. cerevisiae
while glucose is present. It has already been used as a chaperone in eukaryotic cell
culture [242]. Glycerol is thought to stabilize and facilitate the proper folding of
nascent polypeptide chains, thus increasing the amount of active and non-degraded
protein in the cell [242,243].

For MDR1, Figler and colleagues found an addition of 10 % (v/v) glycerol to be
optimal in stabilizing the recombinant membrane protein [182]. This concentration
was also tested for the MDR1 homologues BSEP and MDRS, and the expression of
both membrane proteins was indeed sustained by use of this chemical chaperone.
Two observations can be derived from the Western blots depicted in Figure 18: for
both variants of plasmid-expressed BSEP (wild type and V444A) and chromosomally
expressed MDRS3, the de facto expression was detectably increased, and the time of
expression during exponential growth phase was significantly prolonged. This may
help to partially compensate low yield with cell mass: more protein is obtained from
more cells. Through the use of the chemical chaperone glycerol, the same culture
volumes can now be grown to higher densities instead of having to scale up for

compensation.
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Figure 18.
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The chemical chaperone glycerol increases and extends the
expression of both BSEP and MDR3. A Equal amounts of whole cell
lysates from 1 L liquid cultures with or without 10 % (v/v) glycerol
sampled at the indicated optical density were probed for BSEP
expression with a monoclonal anti-his tag antibody. B Experiment as
described in A for chromosomally expressed, N-terminally hisis-tagged
MDRS3. MDR3 appears on this blot as a double band, which is the result
of using a 10 % SDS separating gel instead of 7 %. The signal’s
weakness in comparison with the other MDR3 Western blots is due to
the use of the ECL+ detection solution instead of the more sensitive
ECL Advanced reagent.
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Since it was shown for MDR3 and BSEP as well as for MDR1 [182] that these
proteins are most prominently expressed during exponential growth phase, the
expression behaviour at the very onset of the exponential growth phase, after one
cell division cycle, was investigated (Figure 19). At this point, cells expressing N-
terminally his-tagged MDR3 from the chromosomal PDR5 locus showed an increase

in expression by glycerol (see Figure 18B, ODgg 0.6 sample with glycerol).

YEpNHIS YEpCHIS YEpCHIS
MDR3 _MDR1 _MDR3

+ + + 10 % (v/v)
glycerol

kDa
170 —

o | L

100 —
70 —

50 —

Figure 19. The chemical chaperone glycerol has no influence on the
expression of the MDR3 plasmid constructs at the onset of the
exponential growth phase. Whole cell lysates from cells harvested at
ODsgoo 0.5 were probed for protein expression with the C219 P-gp
antibody that recognizes both MDR1 and MDRS3. Cultures were
inoculated at an ODggp of 0.2. The Western blot shows that, after one
cell division, glycerol had no effect on the expression. MDR1 and MDR3
expressed equally well and were not affected by glycerol. The low
expression of the N-terminally his-tagged MDR3 expressed from
YEpNHIS is not rescued, suggesting that this tag position does not
result in an unstably folded fusion protein in S. cerevisiae.

The Western blot showed that, after one cell division, glycerol had no effect on MDR3
expression from any of the constructs, suggesting that the expression was at its
maximum. Importantly, at this growth stage MDR1 and MDR3 expressed equally well
and were not affected by the addition of glycerol. The low expression of the N-
terminally hisqs-tagged MDR3 expressed from YEpHIS was not rescued by the

chemical chaperone.
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3.7 Subcellular Localization of Human BSEP and MDR3 in S.
cerevisiae

BSEP and MDR3 were then investigated with respect to their subcellular localization
to see whether impaired trafficking could account for the low BSEP expression. For
this, membranes were harvested from whole yeast cells in the early phase of
logarithmic growth, and subjected to density fractionation through a multistep sucrose
gradient [244]. Figure 20 shows the localization of the membrane proteins in the
fractionated membranes. All tag variants of BSEP and MDR3 co-localized at least
partially with Pdr5, which was exclusively found in the plasma membrane (PM)

fractions (Figure 20, green box).

Endoplasmic reticulum
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PO TR S eS| from YEpCHIS
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130+ . ) ’ . A CHis-MDR1
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Figure 20. Subcellular localization of BSEP, MDR1 and MDR3 in early log-
phase S. cerevisiae. Membane vesicles prepared from whole S.
cerevisiae cells were separated by ultracentrifugation through a
multistep sucrose gradient. Dpml is a membrane-resident yeast enzyme
marker for the endoplasmic reticulum (ER), while the Pdr5 transporter is
a yeast plasma membrane marker. Both BSEP and MDR3 at least
partially localized to the plasma membrane (PM). MDR3 and MDR1
shared a localization pattern throughout the sucrose gradient, while
BSEP seems to consist of two populations, one residing in the ER, and
the other localized to the PM.
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One striking difference was observed between the low-expressing BSEP and the
better expressing MDR3 and MDR1: the latter were found throughout all fractions
from the endoplasmic reticulum (ER) to the PM, while both N- and C-terminal his tag
variants of BSEP were found separated into two species: one resided in the ER (red
box) while the other was targeted to the yeast plasma membrane. Whether the low
level of BSEP protein is due to partial degradation in the ER is unclear. The high
MDR1 and 3 expression levels, on the other hand, may result in these proteins being
stuck in all stages of the secretory pathway, and it is uncertain whether a lower
expression would result in an exclusive PM-localization or the bipartite pattern
observed for BSEP.

3.8 Testing for a Cellular Resistance Phenotype of BSEP and MDR3
in S. cerevisiae

The expression of drug efflux pumps of both fungal and mammalian origin was
frequently found to be functional in S. cerevisiae and often conferred cellular drug
resistance [181,193,245,246,247,248,249,250]. As an example, the homologous
over-expression of Pdr5 results in hyperresistance against the broad substrate
spectrum of this PDR transporter such as azoles and cycloheximide [251,252].
Heterologous expression of human MDR1 also conferred a multidrug resistance
phenotype against a broad spectrum of cytotoxic compounds that was easily
detected in a Apdr5 strain background (Figure 21) [181,253]. In contrast, MDR3,
which is a close MDR1 homologue in terms of sequence conservation but not
function, is a phosphatidylcholine floppase and not a multidrug efflux pump like
MDR1. As expected, its expression in S. cerevisiae cells did not confer resistance

against any of the tested drugs (Figure 21).

MDR3-associated Phenotype

Next, FK506 was tested as a compound that is an important MDR1 substrate in the
context of transplantation medicine [254,255]. Also known as tacrolimus, FK506 is a
potent immunosuppressant that additionally functions as an antifungal compound
and in yeast has a cytotoxic effect [256]. In the blood-brain barrier, MDR1 mediates
FK506 efflux back into blood plasma and protects the central nervous system from
neurotoxic effects [257]. The compound is lipophilic, and its clearance from the body

is highly dependent on liver function [258]. A drug resistance assay against FK506
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was carried out to test whether MDRS3, that is almost exclusively expressed in the
apical membrane of liver parenchymal cells, also plays an active role in FK506
excretion. Indeed, MDR3 has been found to transport a small subset of the MDR1
spectrum, the relevance of which in biliary drug clearance, however, is likely to be
low [175]. As FK506 was not among the tested substrates in that study, the
compound was tested here. As seen in Figure 22, only MDR1 but not MDR3
expression conferred FK506 resistance to S. cerevisiae cells. A marginal resistance
could be found and reproduced for a chromosomal MDR3 clone that carried an
M800I missense mutation located in the cytoplasmic loop between TM helix 7 and 8
in the second TMD (Figure 22, Chr. N-his14-MDR3 Clone 3). For the wild type MDR3

(clones 1 and 2), however, no resistance against FK506 was observed.

Ctrl Fluconazole Ctrl Cycloheximide

YPD 3mg/ml

YPD Sug/ml
parental strain

Chr. MDR3

YEpMDR1His

YEpCHisMDR3

Ctrl Ketoconazole Ctrl Doxorubicin
DMSO 160ug/ml YPD 40pg/ml

parental strain

Chr. MDR3

YEpMDR1His

YEpCHisMDR3
ODgm

0.2 0.02 0.002

Figure 21. MDR1, but not MDR3 confers a cellular multidrug resistance
phenotype in S. cerevisiae. Expression of the human P-glycoprotein
(MDR1) protected the yeast cells against fluconazole, ketoconazole,
cycloheximide, and doxorubicin. Human MDRS failed to protect the cells
against these compounds. Parental strain: APP strain, that is devoid of
Pdr5 expression.
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ODg, 0.2 0.02 0.002 0.2 0.02 0.002
parental strain

Clone 1| chromosomally
Clone 2 | expr. N-his,,
Clone 3| MDR3

YEpMDRlHis

DMSO 75ug/ml FK506

Figure 22. MDR1 confers resistance against FK506 in S. cerevisiae. One of the
MDR3 clones (3) also mediates a marginal yet reproducible resistance.
This clone carries a M800lI missense mutation. Parental strain, APP
strain that is devoid of Pdr5 expression.

BSEP-associated Phenotype

Under aerobic conditions, exogenous sterol compounds are not taken up by S.
cerevisiae cells, a phenomenon which is termed aerobic sterol exclusion [259].
However, the conjugated bile salts taurocholate (TC) and taurodeoxycholate (TDC)
are major constituents of the bile salt pool that are sterol derivatives and have a
strong detergent capacity owing to their more hydrophilic nature after conjugation.
Unless neutralized in the bile as part of mixed micelles containing both cholesterol
and phosphatidylcholine, they inflict substantial cellular damage in the liver by
partitioning into and subsequently destroying the canalicular membrane by its lysis.
In some PFIC3 patients, the canalicular systems are damaged so much that they can
not be identified morphologically anymore [171]. The difference between TC and
TDC is a single hydroxyl group at carbon position 7 in the B ring of the sterane core
structure (Figure 23). Along with the taurine-conjugated form of chenodeoxycholic
acid, they are the major species of bile salts found in human bile. The conjugation
also permits a high canalicular (in the mixed micelles) and intestinal concentration
without passive reabsorption that would occur with the more hydrophobic
unconjugated forms. As both TC and TDC are BSEP substrates [174,207] and strong
detergents, they were tested for their potential as cytotoxic compounds that impair
yeast cell growth by compromising membrane integrity, and it was tested whether the

expression of human BSEP conferred cellular resistance against them (Figure 24).
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Figure 23. Chemical structures of taurocholate (TC) and taurodeoxycholate
(TDC). Both are dominant forms of conjugated bile acids in the bile salt
pool.

A YpDonly | Taurocholate cmc 3-11 mM

Chromomally expr.
N-his,, BSEP

cmc 1-4 mM

® B ® 3

® & # o : ;

®® F -~ B e R @ Chromomally expr.
O v T N-his,, BSEP
®d B o

[mM]
0.D.4 0.2 0.002
0.02 0.0002

Figure 24. Resistance test of S. cerevisiae strains expressing BSEP against
tauro- and taurodeoxycholate. A The bile salt taurocholate is growth-
inhibiting starting from 1 mM. Surprisingly, its inhibitory effect
diminishes with increasing concentration. B No effect on growth is seen
over a range of taurodeoxycholate concentrations. The range of the
respective bile salts” critical micellar concentration (cmc) is indicated.
Serial dilutions of mid-log growth phase cells were spotted onto YPD
plates with the indicated bile salt concentrations.

It was found that TC, but not TDC had a strong growth-inhibiting effect on S.
cerevisiae cells. The effect was found in concentrations below and within the range of
the critical micellar concentration (cmc) of TC (the cmc range is indicated for both TC
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and TDC in Figure 24). Interestingly, S. cerevisiae cells returned to their full growth
potential at concentrations above the cmc for TC. The cmc value of a detergent can
be influenced by other additives in an aqueous system [260], which might explain the
offset encountered between growth inhibition and theoretical cmc range. In addition,
the broad cmc range of bile salts is not easily estimated as a mixture of different
aggregates exists throughout this range and even well above the given cmc
concentration [261]. The expression of BSEP in the four clones 3, 6, 7, and 9 (see
Results 3.3) did not result in a resistance against TC. The slightly better growth of
clone 3 at 1 mM TC (in Figure 24A) was not reproducible, when the relevant
concentrations of taurocholate were used to test all available BSEP expessing S.
cerevisiae clones (Figures 25 and 26, upper panels). The lack of resistance could
again be reproduced for all nine clones (see Results 2.2) that contain the expression
cassette for N-terminally hisq4-tagged BSEP (Figure 25). Also, the expression of the
wild type or the V444A allele of BSEP with either the N- or the C-terminal tag from

plasmid did not lead to TC resistance (Figure 26, upper panels).

Taurocholate [mM]

parental strain

1
YPD

S~ woN

NHisBSEP
(N-his )

YPD

v/
o N oo»

ODg, 0.5 0.05
3ul/spot of indicated dilution

Figure 25. Taurocholate resistance test of S. cerevisiae strains expressing
BSEP from the chromosomal PDR5 locus. This experiment fully
reproduces the results from Figure 24 as none of the nine clones that
express Nhis{4-BSEP show resistance against TC.
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Since MDR3 was shown to translocate phosphatidylcholine from the inner to the
outer leaflet of the membrane [83], and this protects the canalicular membranes from
bile salt-mediated damage, it was tested whether the expression of MDR3 conferred
such a "secondary" resistance to the yeast plasma membrane by overloading it with
phosphatidylcholine. However, the three yeast strains chromosomally expressing
MDR3 were found to be as susceptible to TC as the control strain (Figure 26, lower
panels). In all TC resistance experiments the onset and ceasing of the bile salts-
mediated growth impairment was observed with increase in concentration, strongly
suggesting that this effect is an inherent characteristic of this compound, and most

likely cmc-related.
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Figure 26. Taurocholate resistance test of S. cerevisiae strains expressing
either BSEP from plasmid or MDR3 from the PDRS5 locus. Neither
BSEP nor MDR3 mediate cellular TC resistance.

Analysis of Statins as S. cerevisiae Growth Inhibitors and BSEP Substrates

Statins are inhibitors of the 3-hydroxy-3-methylglutaryl (HMG) -CoA reductase, a key
enzyme in the cholesterol biosynthesis pathway, by mimicking its subtrate, HMGCoA
[262]. Lovastatin (Figure 27) has been shown to also inhibit yeast HMGCoA
reductase and thus growth of yeast cells. Another statin, pravastatin, has been

reported to be a transported substrate of BSEP [263]. However, it is unclear whether
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this compound can inhibit the S. cerevisiae HMG-CoA reductase and thus function in

the selection of yeast cells expressing functional BSEP.

H 3C“;|

Figure 27. Chemical structures of statins. A Lovastatin is an inhibitor of the
HMGCoA reductase of S. cerevisiae [213]. B Pravastatin is a BSEP
substrate [263].

Both statins were tested as compounds selecting for active BSEP expression.
Lovastatin, as an inhibitor of the yeast HMG-CoA reductase [213], was found to
inhibit growth of all tested yeast strains irrespective of BSEP or MDR3 expression
(Figure 28). As statins are drugs that may be cleared by efflux pumps such as MDR1,
yeast cells expressing this transporter were included as a control. MDR1 in S.
cerevisiae, however, did not transport Lovastatin (Figure 28), although this statin was
found to interact with MDR1 in mammalian cell culture [264]. In the same study,
pravastatin did not interact with MDR1, yet neither of these statins was tested for
being an actual MDR1 transport substrate. MDR3 expression did not provide
protection against the toxic effect of lovastatin (Figure 28). Since MRP2 is another
apical efflux pump that could mediate statin efflux in hepatocytes, and which could
not be expressed from the chromosomal PDRS5 locus with a N-terminal his4 tag (see
Results 3.2), an MRP2 expression plasmid with a C-terminal his tag was constructed
by homologous recombination in S. cerevisiae. The sequence-verified construct
showed no MRP2 expression, and no lovastatin resistance of S. cerevisiae cells

carrying this plasmid could be detected (Figure 28).
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Figure 28. Lovastatin inhibits cellular growth but is not a BSEP substrate in
S. cerevisiae. A MDR1 and MDR3 did not protect the cells from
lovastatin. In addition, yeast cells carrying the YEp expression plasmid
for carboxyterminally hisg-tagged MRP2 showed no resistance. B In
Western blot analysis, no MRP2 expression from this plasmid was
detected with a monoclonal his tag antibody. Ctrl, drug-free control

medium (solvent only).

The other tested statin, pravastatin, showed no growth-inhibiting effect on any of the
tested S. cerevisiae cells in a broad range of concentrations (Figure 29). In summary,
no information about BSEP-, MDR3-, and MDR1-conferred resistance toward this

substance in yeast cells could be gained.
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Figure 29. Pravastatin does not inhibit S. cerevisiae cell growth. Therefore, it
could be used as a compound to confirm functional BSEP expression.

Ctrl, drug-free control medium (solvent only).
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3.9 Initial Purification of Human BSEP and MDRS3 from S. cerevisiae

Nonetheless, a first analytical affinity purification of both human transporters was
possible. An initial solubilization screen of membranes prepared from whole yeast
cells pointed towards the stronger, ionic Fos-choline detergents and here, the best
results for both MDR3 and BSEP were obtained with Fos-choline 16 that has the
longer aliphatic chain (Figure 30). Using this detergent, the C-terminal his tag fusion
proteins were taken for purification, since MDR3 gave the highest yield in this tag
configuration. In this way, a direct comparison of the purification efficiency for both

membrane proteins could be made.
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Figure 30. Initial solubilization screen for MDR3 and BSEP. A small selection of
"popular" detergents in membrane protein biochemistry were screened
for their capability to efficiently solubilize the human ABC transporters at
a final concentration of 1 % (w/v) at 4 °C for 1 h. Fos-choline (FOS) 14
and 16 are stronger detergents in comparison to decyl-, dodecyl-
maltoside and CYMAL-5 as they are ionic detergents. Only the stronger
detergents could efficiently solubilize C-hisg-BSEP (detected with K168)
and C-hisg-MDR3 (C219). For both membrane proteins, FOS16 gave
the best results (indicated by grey box). SN, supernatant; P, pellet.

Although the amounts obtained were insufficient for any further studies, the his tags
on both membrane proteins were clearly accessible to the IMAC column material and

thus were not occluded by a detergent micelle or the protein itself (Figure 31).
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Figure 31. Affinity purification of C-terminally hisg-tagged human BSEP and
MDR3. Both BSEP (A) and MDRS3 (B) were solubilized with Fos-choline
16 from preparations of whole yeast cellular membranes, the column
material (Ni*-NTA agarose) was batch-incubated with the solubilized
material. Packing, washing and elution steps were performed by gravity
flow. Equal volumes of the indicated steps and fractions were separated
on SDS gels, electroblotted, and detected with K168 (A) and C219 (B).
Arrows indicate the full-length proteins, and brackets indicate
degradation products. M, marker lane on MDR3 Western blot.

BSEP, once solubilized from its membrane, seemed to become the subject of
substantial degradation (Figure 31A), although a cocktail of protease inhibitors was
used. A major product of this degradation might contain both the his tag and the
linker region between the two homologous TMD-NBD halves of BSEP as it was
detected by the K168 antibody that recognizes aa residues 688-702. Although both
proteins should be concentrated roughly 500-fold in this purification step, they could
only be detected via Western blot. During MDR3 purification, Figure 31B, wash1).

As MDR3 expression gave high enough vyields, its purification could be
optimized further. First, the solubilization step was optimized by changing the mass
ratio of membrane protein to detergent (Figure 32). Again, Fos-choline 16 was the
most effective detergent for MDR3 solubilization. Here, a protein concentration of 2
mg/ml was found to be more favourable than 5 mg/ml at a final detergent

concentration of 0.5 % (w/v).
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Figure 32. A sparse solubilization screen for MDR3 shows the impact of the
protein:detergent ratio on solubilization. The concentration of the
detergents indicated was set to 0.5 % (w/v) for the Fos-cholines and 1
% (w/v) for DDM. After solubilization for 1 h at 4 °C, unsolubilized
material was removed by ultracentrifugation. This material was then
resuspended in the initial volume of membrane buffer and used for
comparison with the supernatant. The variations in signal intensity in
the pellet (P) lanes come from inhomogenous resuspension of the
insoluble material.

In addition to this change during solubilization, the purification was scaled up from
analytical gravity flow columns and batch loading of the Ni**-NTA slurry to a larger
bed volume used in an AKTA liquid chromatography system, and cobalt was used as
the loaded metal cation providing a higher affinity than nickel.

As a result of these optimizations, the affinity purification of MDR3 from yeast
membranes now yielded more substantial amounts of protein that could even be
detected on a Coomassie-stained SDS-polyacrylamide gel (Figure 33B). For this,
cells from 10 L of yeast culture were grown in 10 % glycerol and used to prepare and
solubilize whole cellular membranes, and the elution was with a step gradient from O
to 300 mM Imidazol in five steps of 60 mM (Figure 33A, green trace). In the first
elution step (at 60 mM Imidazole), a lot of unspecifically bound proteins were found
to elute (red trace), while at the second and third peak the main fractions of the
bound MDR3 were eluted (120 and 180 mM Imidazole, respectively; Figure 33B and
C). Fractions containing MDR3 from peaks 2 to 4 were pooled (containing about 2
mg MDR3).
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Figure 33. Optimized affinity purification of human MDR3. A Chromatogram of

MDR3 IMAC purification. Red, UV signal at 280; green, elution buffer
(300 mM). B, upper panel Coomassie stained SDS gel of the
purification in A. Lower panel Silver stained SDS gel of the same. C
Western blot of the IMAC samples.

The pooled eluate was concentrated (Figure 34A), and a portion of the concentrate

was then subjected to gel filtration for further purification. The elution profile shows a

sharp peak at the void volume (Figure 34B), indicative of substantial aggregate

formation in the filtrated sample (fraction 4). This fraction was also found to contain

MDR3, however, the main fraction of MDR3 eluted outside the void volume as a
broad peak (Figure 34B and C). The width of the peak indicates that the MDRS3

membrane protein together with detergent and yeast lipids forms a variety of micellar

species of different size.
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Figure 34.
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Coomassie Western blot

Gel filtration of affinity-purified MDR3. A Fractions containing
recombinant human MDR3 eluted from the Co?*-chelating material in
Figure 32 were pooled and concentrated using a filter with a 100 kDa
cutoff. B Using a Superdex 200 10/300 GL column, the material was gel
filtrated. C The peak fractions were analyzed by SDS-PAGE and silver
staining (left panel) or Western blot detection (right panel).

105



Results

3.10 Moving Expression of BSEP from S. cerevisiae to Pichia
pastoris

The screen of BSEP expression from several constructs with different promoters and
his tag positions (see Results 3.5) did not lead to an expression suitable for the
purification of preparative amounts. None of the used vectors in combination with
either the N- or C-terminal his tag position led to a drastic increase in BSEP
expression Also, the use of the chemical chaperone glycerol (Results 3.6) did not
increase the yield to a point where attempts to purify BSEP became a feasible option
(Results 3.9).

Because of this, the expression system was changed to another eukaryotic
expression system, the methylotrophic S. cerevisiae Pichia pastoris. This unicellular
organism has, like S. cerevisiae, the necessary eukaryotic processing and trafficking
machinery to accomodate mammalian membrane proteins. In addition, it can reach
much higher cell densities than are normally possible with S. cerevisiae. P. pastoris
has been shown to be very suitable for the heterologous overexpression of several
human ABC transporters before, including human MDR1 P-glycoprotein
[195,197,199,265]. Notably, in one of these studies the expression of 25 human ABC
transporters could be detected [199]. Interestingly, Chloupkova and co-workers did
not report the expression of BSEP or MDR3, most probably due to cloning issues in
E. coli as they were applying a ligation-independent cloning (LIC) strategy in order to
clone several human ABC transcripts in a high-throughput fashion. Also, MRP2
expression could not be detected in P. pastoris [199]. Notably, the crystal structure of
recombinant mouse MDR3 (the murine MDR1 homologue) coming from P. pastoris
was solved, as this expression system could provide the necessary quality and

quantity of membrane protein [55].

BSEP Expression in Pichia pastoris

Expression in P. pastoris is frequently accomplished from the chromosomal AOX1
locus. The necessary recombination cassette is created by cloning the gene of
interest downstream of the AOX7 promoter into one of several commercially
available plasmids that can be maintained in E. coli, but not in S. cerevisiae. They
contain the upstream sequence of the strong inducible AOX7 promoter followed by a
multiple cloning site and a stretch of downstream AOX7 sequence so that the gene of

interest (GOI), after cloning into this vector is flanked by sequences that surround the

106



Results

AOXT1 structural gene on its chromosomal locus. AOX7 is then replaced by the GOl
via homologous recombination. Here, the P. pastoris integration vector pPIC3.5 was
used. However, in order to achieve the chromosomal integration of the unstable
BSEP cDNA along with the necessary vector-encoded sequences of the expression
cassette, local assembly was deemed to be an impractical option as P. pastoris
needs larger overlaps for an efficient site-specific recombination [266]. Such long
overlaps are not easily added to the unstable GOI just with primers but instead
require delicate fusion PCR reactions to splice together the whole linear expression
cassette in vitro. In the light of the abundant clinical BSEP variants, such an
approach is impractical.

Another point to be considered is that, by a local assembly strategy (see
Results 3.3), multiple cassette integration events at the targeted chromosomal locus
that are the basis of high-expressing clones [200] would become practically
impossible. Three parts have to be recombined into the AOX7 locus in the Pichia
genome to form the expression cassette: upstream AOX7 sequence, GOI, and
downstream AOX7 sequence. This entails four crossing-over events; multicopy
integrants, however, depend on efficient integration of a first copy of the expression
cassette followed by tandem integration events. The need for four recombination
events to generate just one copy at the targeted locus is incompatible with the

occurence of multiple integration events.

3.10.1 The Pichia pastoris Integration Vector pPIC3.5 is made maintainable in

S. cerevisiae for Recombination-Based Plasmid Construction

In essence, it would be favourable, if the pPIC3.5 vector could be made viable in S.
cerevisiae, that is, maintainable and selectable. In a previous study, Vu and
coworkers constructed a yeast-mammalian shuttle vector by integrating a
mammalian expression cassette into the multiple cloning site of a S. cerevisiae
plasmid [221]. In contrast, pPIC3.5 was prepared for manipulation in S. cerevisiae by
integration of only the relevant sequence that is necessary for maintenance and

selection in S. cerevisiae (Figure 35).
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Unstable amplicon of

gene of interest (BSEP) O Recovery of toxic
and expression vector . -
oc————0o " " Transformation of non-S. cerevisiae
or ("yeast shuttle expression host (Pichia pastoris)
\ / & pPIC3.5CHisBSEP)
Non-S. cerevisiae expression
vector (pPIC3.5 for expression in
Pichia pastoris) is gapped at O |:> |::>
cloning site and at unique RS \
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fragment with yeast 2 micron
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Figure 35. Moving BSEP expression from Saccharomyces -cerevisiae to
Pichia pastoris. A Toxic or unstable expression plasmids can be made
for any system in S. cerevisiae by adding the necessary sequence to
the plasmid backbone. In order to move BSEP expression from S.
cerevisiae to Pichia pastoris, the pPIC3.5 recombination vector was
double-digested to allow the simultaneous insertion of both the unstable
BSEP coding sequence and a PCR-generated fragment of the YEpHIS
plasmid carrying the 2 micron origin (Ori) of replication and the leucine
(LEU) prototrophy marker by homologous recombination (RS = Ndel).
The plasmid was recovered from yeast and obtained in preparative
amounts from E. coli by cultivation at 30 °C. The sequence necessary
for propagation and selection in yeast was then removed by restriction
digest and religation to avoid possible interference after chromosomal
insertion in P. pastoris.

For this, a PCR product comprising the Ori and LEU marker region from the YEpHIS
plasmid was recombined into the single Ndel restriction site of pPIC3.5
simultaneously with a BSEP PCR product carrying a C-terminal hisg tag and terminal
overlaps to the sequence around the vector’s BamHI cloning site (step 1). As this his
tag location did not interfere with the expression of several other human ABC
transporters in P. pastoris [199], it was also selected for BSEP. The resulting
derivative pPIC3.5-CHISBSERP is identical to the construct that would be obtained by
conventional bacterial cloning, with the exception that the backbone enhancement
allows its maintenance and manipulation in S. cerevisiae. This construct was
recovered from yeast and amplified in E. coli, taking the precautions described in

Results section 3.5 (Figure 35). Prior to tranformation and integration into the
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chromosomal Pichia AOX1 locus, the yeast Ori/LEU marker sequence was removed
by digestion and religation of the vector. Abundant Pichia transformants were

obtained and twelve of these tested for BSEP expression (Figure 36).

empty P pastoris GS-115 transformed with pPIC3.5CHisBSEP
Ctl 2 2 3 4 5 6 7 8 9 10 11 12

-4

e e e

- fepmanprened

Rt

9 10 11 12

Figure 36. Human BSEP is expressed in P. pastoris. pPIC3.5-CHISBSEP was
constructed as described in A and used to transform P. pastoris strain
GS-115 by electroporation. Equal amounts of whole cell extracts from
small-scale liquid cultures harvested after 48h after induction were
resolved by SDS-PAGE, electroblotted and probed with K168 [203].
Empty Ctrl, parental P. pastoris GS-115 strain.

As shown by Western blot, all of the tested clones expressed BSEP at various levels
(Figure 36 lanes 2 to 13) as compared to the control (lane 1). The level of BSEP
expression achieved in highly expressing P. pastoris clones was found to be suitable
for further purification and subsequent biochemical studies in our lab (see

Discussion).
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3.11 The Site-Directed Mutagenesis of Human BSEP by a New, E.
coli-independent Approach

One of the most common methods to generate targeted mutations is the site-directed
mutagenesis (SDM) procedure [267]. In this method, a pair of oligonucleotides
carrying the intended sequence mutation is used in which one primer is the exact
reverse complement of the other. The product of this SDM reaction exists in a non-
covalently closed circular form in which the full length of both primers comprises the
annealed single-stranded overlaps. The nicks in the phosphodiester backbone of
both strands are repaired after transformation of the mutagenesis product into E. coli
[267]. As a result of this primer complementarity, the SDM reaction is a linear copying
and not an exponential amplification of the template plasmid. The product of one
SDM cycle can not serve as a template in the next one (Figure 37, left side), and
thereby polymerase-introduced sequence errors are kept at a minimum. For
introducing directed mutations into toxic or otherwise unstable DNA such as the
BSEP and MDR3 coding sequences, a different approach than standard SDM is

needed as its product is a linearized, unstable plasmid that would perish in E. coli.

Classic site-directed . Exponential, E. coli-free
mutagenesis site-directed mutagenesis

B
X
i

Figure 37. Primer binding on the mutagenesis products determines yield and
the nature of the product termini. Left SDM product does not serve
as template in the reaction. Absolute complementarity of the
mutagenesis primers results in additional protection of the single-
stranded termini (red circles) during annealing and extension steps due
to their high Tp,. Right SDM product is exponentially generated, from
both template and product from previous cycles. The 20 bp 5'-
complementarities of the primers have a lower T,, and do not protect
single-stranded ends by annealing. This decreases unproductive 5°
primer dimers, aiding in the exponential generation of product.
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Sufficient amounts of plasmid template for the classic SDM approach can be
obtained directly from S. cerevisiae (Results 3.5). However, all DNA in S. cerevisiae
is unmethylated and thus cannot be removed from the final mutagenesis reaction
mixture by Dpnl digestion [268,269,270]. If the template is not removed, the mutated
product has to drastically outnumber the template for a suitable mutagenesis
efficiency. The linear SDM reaction cannot achieve this. A change in the
mutagenesis primer design from a complete to a partial, 5'-overlap of the primer pair
(Figure 37, right side) turns the mutant strand synthesis reaction of the classic SDM
into an exponential, PCR-like reaction (Figure 38). Due to the primer shift, the
generated product carries terminal priming sites that can be used for productive
priming in subsequent reaction cycles (step 1 and 2). By strictly keeping the
annealing temperature above the T, of the primer pair overlap, the ends of the
mutagenesis product become double-stranded (step 3). After transformation into S.
cerevisiae, the mutagenesis product can be precisely recircularized by intramolecular

homologous recombination of its overlapping ends.

Amplified, mutated ds-end product is
Productive annealing is greatly favoured in Also, product of 1st cycle is converted into a circular plasmid in
1st cycle with shifted primer design available as template in 2nd cycle yeast by homologous recombination

@ ==

productive primer
annealing dimer

5

3

o b Direct transformation of yeast
Template prepared from yeast with precipitated product

> =Y

Figure 38. A modification of the classic SDM protocol for mutagenesis of
unstable plasmids without E. coli. The product yield can be
increased significantly by shifting the primer binding sites from a
complete to a partial overlap (step 1, compare also [271]) that allows
binding of the primers to mutagenesis product in subsequent reaction
cycles (step 2). The minute amount of unmutated template used in the
reaction is outnumbered by the yield of mutagenesis product. This
allows for the direct transformation of S. cerevisiae without the need of
prior template removal (step 3). The mutagenesis product is then
recircularized by homologous recombination of the double-stranded
ends.

111



Results

The new primers are constructed according to the following guidelines: both primers
are about 50 bp in length, with the 5’-end consisting of 20 bp sequence overlap
between the primers. This stretch is a minimum requirement for the later
intramolecular homologous recombination that turns the mutagenesis PCR product
into a circular plasmid in S. cerevisiae. Due to the exponential nature of the new site-
directed mutagenesis, the number of cycles is strictly kept at 18 as in the classic
SDM protocol [272] in order to minimize PCR-introduced errors. In addition, a
proofreading DNA polymerase is used with an error rate equal to that of the Pfu Ultra

enzyme in the commonly used Stratagene kit [273].

Proof of Concept:
Targeted Mutagenesis of BSEP and MDR3 Constructs in S. cerevisiae

As proof of principle and to establish the efficiency of the yeast-based mutagenesis,
the unstable, 12 kbp YEpHISBSEP plasmid was mutated with the new site-directed
mutagenesis method, completely avoiding the use of E. coli. A primer pair was
designed according to the devised guidelines that carried a missense mutation. This
changes a glycine at amino acid postion 1032 to arginine (G1032R), thus introducing
an additional BstBI recognition site into the vector (Figure 39). For comparison, SDM
was also performed with a mutagenesis primer pair of classic design that contained
the same mutation, which is a single nucleotide exchange at position 3094 (counted
from the A of the BSEP cDNA start codon) from G to C. The shift to an exponential
product generation can clearly be seen in Figure 39A (compare middle and right
panel). As an additional control, a mock-treated SDM reaction (thermocycled without
DNA polymerase) was included in the experiment. In both control and SDM, neither
template nor product was detectable, and only a slight smear could be observed.
This is not uncommon, as the standard SDM yield especially of large template
plasmids not always permits visual detection on an agarose gel [272]. In addition, the
repeated thermocycling is expected to result in the stepwise degradation of template.
Nonetheless, competent yeast cells were directly transformed with all of the
reactions. The mock-treated (left) and the standard SDM reaction (middle) did not
result in the formation of yeast colonies, and only the modified site-directed
mutagenesis protocol yielded abundant colonies. Classic SDM products can in theory
be nick-repaired by yeast [274], while the modified product is recircularized by

homologous recombination of its double-stranded ends. Clearly, the classic SDM
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product yield was then insufficient for a successful chemical transformation of S.
cerevisiae. In contrast, a single mutagenesis reaction of the new design was enough
to give ~ 100 colonies after transformation (Figure 39A, right panel). 25 of the
resulting transformants were picked and the targeted plasmid region was first

amplified by colony PCR, then directly subjected to BstBI digestion (Figure 39B).

A nick repair homologous recombination
Classic E.coli-free

Template only site-directed mutagenesis site-directed mutagenesis

bp ) bp bp iy
10000 10000— 10000
8000 8000— | 8000—
Template (10ng) Classic site-directed E.coli-free site-
mutagenesis, not directed mutagenesis
Dpnl-digested
bp + + + - - 4+ + + + + 4+ + -+ -+ 4+ + + - o+ + - o+ o+
2000~
1500 - e - an - —

1000= s m— a— - —————— — PR —p— — — ——

750
500

250

Figure 39. An unstable BSEP-plasmid is mutated with high efficieny, without
the use of E. coli. A Only the modified SDM results in colony formation
after direct transformation of yeast (right), whereas a mock-treated
(without polymerase, left) and a standard SDM reaction (middle) do not
yield transformants. B Successful mutagenesis results in the addition of
a BstBI restriction site into the BSEP coding sequence. Colony PCR of
the resulting transformants was performed with primers surrounding the
mutagenesis site, and the resulting product was digested with BstBIl. 19
of 25 clones carried the additional restriction site, corresponding to an
mutagenesis efficiency of 76 %.

113



Results

From these 25 clones, 19 could be digested and thereby carried the introduced
mutation, corresponding to a mutagenesis eficiency of 76 %. This is well in the range
of the 80 % efficiency reported for the E. coli-based SDM by the kit manufacturer
[272]. The plasmids from two randomly picked, BstBl-positive yeast clones were
recovered and, after amplification in E. coli, the integrity of the complete BSEP
coding region could be confirmed by sequencing.

The functionality of the new mutagenesis method was additionaly tested on
the YEpHISMDRS3 construct. Here, an E558Q mutant of MDR3 was generated that
inactivates one of the ATP binding casettes in the NBDs (see Introduction 1.3).
Primers were again designed according to the described guidelines, and the resulting
transformants were sequenced. As shown in the electropherograms in Figure 40, this
mechanistically relevant mutant could be constructed as described for the clinical
BstBl mutation in Figure 39. Again, the integrity of the MDR3 coding region could be

sequence-verified.

MDR3
wild type

MDR3
E558Q

CCCAAGATCCTTCTGCTGGATCAAGCCACG

Pro Lys lle Leu Leu Leu Asp Glu Ala Thr
=2Gln

Figure 40. Sequence analysis of the E558Q YEpHISMDR3 missense mutation
created with the E. coli free SDM. Upper panel Wild-type MDR3
sequence. Lower panel Sequence from MDR3 (E558Q). Arrows
indicate the corresponding base changes. This mutation removes the
catalytically important glutamate residue in the Walker B motif of the
first NBD of MDR3 (see Introduction 1.3).
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3.12 Rapid Site-Directed Mutagenesis and Expression Analysis of a
Yeast-Enabled Mammalian BSEP Expression Vector

Essentially, the recombinant DNA techniques used and developed so far for the
unstable BSEP and MDR3 sequences allow their cloning, maintenance, and
mutagenesis in yeast. As many human membrane proteins are studied using
mammalian cell lines, a consecutive step was to combine all established methods
into a complete workflow that allowed the potential manipulation (see Results 3.10)
and mutagenesis (Results 3.11) of plasmids used to express proteins in cell culture.
This allows the study of aspects such as the localization of the transporter in a native
cellular setting (i. e. human cell lines). Therefore, a yeast-compatible derivative of the
mammalian BSEP expression vector pEYFP-N1-BSEP [210], that is used to study
transporter localization in human cell lines, was created in analogy to the P. pastoris
vector modification shown in Results 3.10.1 (see Figure 35). After sequence
verification, the "yeast shuttle" construct could successfully be transfected into
HEK293 cells with comparable efficiency as the parental non-yeast shuttle plasmid
(Figure 41). The cell culture work and fluorescence microscopy was kindly performed
by Dr. Claudia Stross (Department of Gastroenterology, Hepatology and Infectiology,
Heinrich Heine University Dusseldorf) as part of a cooperation on the generation and
analysis of clinically relevant BSEP mutations. Detection of the fluorescent eYFP-tag
in the BSEP fusion protein showed the same localization of the ABC transporter
expressed from both constructs to the plasma membrane (Figure 41A, B). From
these observations, it could be concluded that the presence of the additional
backbone sequence does not influence the properties of the construct in cell culture.
In the yeast-enabled construct, the missense BstBl mutation was then introduced by
the new E. coli-free SDM method described above. After plasmid recovery and
subsequent transient transfection, the BstBl construct variant expressed in HEK293,
MDCK, and HepG2 cells (Figure 41C). Comparison of the BstBl to wild type BSEP
expression showed a different localization pattern: although the plasma membrane
was consistently fluorescent in HEK293, MDCK and HepG2 cells, the cytoplasm
showed a clear fluorescence that was not present in HEK293 cells transfected in the
control or yeast-enabled wild type. This suggested an at least partial defect in
trafficking of the mutated BSEP fusion protein to its cellular target location, the

plasma membrane.
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yeast-enabled wt

Figure 41.

C BstBl

HEK293

Coni'rol wt

I

The yeast-maintainable mammalian BSEP expression construct is
functionally indistinguishable from the non-yeast parental plasmid
in cell culture. A HEK293 cells transfected with pEYFP-N1-BSEP
[210]. B HEK293 cells transfected with pEYFP-N1-OriLeu-BSEP.
Equimolar amounts of both constructs showed the same transfection
efficiency as shown by FACS analysis. C HEK293 (upper panel), MDCK
(middle), and HepG2 cells (lower panel) were transfected with the BstBI
mutation in pEYFP-N1-OriLeu-BSEP that was introduced with the E.
coli-free site-directed mutagenesis method. All cells were transfected
with equimolar amounts of the respective constructs via the Fugene
reagent according to the manufacturer’s guidelines. After fixation, nuclei
were stained with Hoechst 34580 (blue), and the fluorescence (green)
of the eYFP tag in the BSEP fusion protein was observed.
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4 Discussion

The bile salt export pump and the multidrug resistance protein 3, two human ABC
transporters connected with severe hereditary diseases of the liver, could be
overexpressed in two yeast species for the first time (Results 3.3 and 3.10). As a
result of this work, in vitro biochemical studies on the purified BSEP and MDR3 ABC
transporters can now be engaged. A constant source of protein is now available,
from unicellular eukaryotes that, unlike mammalian or insect cell culture, can deliver
substantial cell mass in a short amount of time. Equally important, the recombinant
protein can now easily be adjusted to any arising needs: mutations of both clinical
and mechanical relevance can be and have been generated with ease in the
unstable BSEP and MDR3 coding sequences with an E. coli-independent site-
directed mutagenesis method (Results 3.11 and 3.12). With the BstBl (BSEP) and
the EQ (MDRS3) mutations, both a clinically and a mechanistically relevant mutation
could be realized without any of the problems previously encountered when
attempting mutagenesis in E. coli. Together with the means of in vivo homologous
recombination in S. cerevisiae (Results 3.3, 3.4, 3.5, and 3.10), this constitutes a
complete workflow that permits the generation of constructs from and manipulation of

these unstable sequences without the use of a bacterial organism if this is required.

4.1 The Impact of Affinity Tag Position on the MDR3 Fusion Protein
demonstrates the Empirical Value of Expression Screens

An unexpected finding was the drastic decrease in protein levels of the N-terminally
his-tagged MDR3 upon change from chromosomal to plasmid-based expression.
Both fusion proteins are, on the genetic level, identical, including the recombinant N-
termini. The chromosomal expression clearly shows that the recombinant protein
itself is not intrinsically destabilized by the his tag at the N-terminus. It was, as all
other expressed variants of both MDR3 and BSEP, associated with the membrane
fraction, and MDR3 co-localized with the plasma membrane-resident Pdr5 (Results
3.7, Figure 20). Here, the comparison of both his tag positions on MDR3 showed an
identical pattern of subcellular distribution, and thereby a mistargetting of the N-
terminal tag fusion can be ruled out. In support of this, the M800l mutant of MDR3
conferred a weak cellular resistance in S. cerevisiae against the antifungal compound

FK506 (Results 3.8, Figure 22), which also indicates a functional protein at the
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plasma membrane. Also, the chemical chaperone glycerol did not rescue the low
plasmid expression of Nhis14.-MDR3 (Results 3.6, Figure 19). All this is indicative of a
properly folded and targeted integral membrane protein. What then remains to
explain this difference in expression of two identical proteins? Both the PDR5 and
PMA1 promoter are highly active during the exponential growth phase and were
found to be of comparable strength in the pdr7-3 strain background used throughout
this study, because in highly enriched plasma membranes of pdr7-3 S. cerevisiae
cells Pdr5 and and Pma1 were two dominant protein bands of comparable intensity
[186]. The nature of the two mRNAs expressed from chromosome or plasmid may be
very different with respect to translational activity or lifetime. Figler and colleagues
added a short stretch of the 5™-untranslated region (5°-UTR) of the highly expressed
PMA1 gene [11] to their YEpHIS construct downstream of the PMA1 promoter and
found an increased MDR1 expression [182]. In the empirical approach to obtain
overexpression, the levels of the two mRNA species were not quantified and leave
potential differences in mRNA stability to speculation.

The unexpected impact of the same affinity tag in different settings in any case
illustrates the value of empirical screening approaches in the attempt to push the
expression of a given protein: a single-copy, N-terminal fusion protein expression
leads to higher expression than the multi-copy version, against expectations that
would be the result of an "educated guess". Expression levels for MDR3 with a C-
terminal his tag reach those that are achieved for MDR1 in S. cerevisiae [182]. Here,
a yield of milligram amounts per L of mid-log growth phase culture was reported. The
C-terminal tag variant of MDR3 expressed from plasmid in the same range of yield
and could be preliminary affinity-purified to an amount of about 2 mg from a 10 L
culture (Results 3.9). One potential way to further increase MDR3 vyield in S.
cerevisiae is the reintroduction of the corresponding coding sequence into the PDR5
locus. First, chromosomal expression of MDR3 with a C-terminal tag can be
expected to result in higher yields, because every cell in the culture carries the
expression cassette as an part of its genome. This is not the case in plasmid-based
expression, where the plasmid copy number in the cell population can fluctuate
throughout the fermentation process [275]. Additionally, the metabolic cost of plasmid
selection on the cells is abolished (growth in the presence of antibiotics, or the need

to synthesize an amino acid missing in the growth medium), and in the case of S.
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cerevisiae, rich media can be used for the expression of stably integrated coding

sequences.

4.2 Overexpression of Human BSEP
Low BSEP Expression in S. cerevisiae

In contrast to the strong influence of the tag position on MDR3 expression, the low
expression of BSEP from the PDR5 locus with a N-terminal his14 tag was found to be
independent on tag position. A shift from the N- to the C-terminal tag configuration
did not increase the expression from the same construct that was also used for
MDR3 (Results 3.4). An expression screen probing the combination of both his tag
positions with a set of different promoters failed to produce an overexpressing BSEP
vector (Results 3.5). The strain background was strictly kept to the APP strain for two
reasons: several native yeast membrane proteins could be overexpressed from the
PDR5 locus [191], and the absent major PDR transporter PDR5 does not interfere
with cellular drug assays (Results 3.8). The most influential strain characteristic with
respect to heterologous protein production is likely to be the cellular repertoire of
chaperones that facilitate protein folding and proteases that remove misfolded
proteins. While there is a number of protease-deficient available S. cerevisiae strains,
degradation did not seem to be a problem as judged from Western blots of whole cell
lysates (Results 3.3 and 3.4). For the BSEP transporter, that is less homologous to
the good "yeast-expresser" MDR1 than the better-expressing MDR3, S. cerevisiae
may simply be a suboptimal choice. The bile salt export pump may need specific
interacting proteins (such as human chaperones [276]), or the mMRNA might be
translated with limited efficiency due to differences in codon usage. Obvious
differences in BSEP codon utilization that might give rise to problems after the
switching from human to expression in yeast were not found. Under such vague
circumstances, that are commonplace when starting to work on a membrane protein
of interest (reviewed in [276]), a first empirical screening approach should always
encompass different expression systems in order to produce a first "hit". S.
cerevisiae proved to be such a first hit on the way to the large-scale (i. e. mg/L)
protein production of BSEP. The test of other yeast species may change the
repertoire of chaperones and proteases (along with a plethora of other parameters) in

favour of a better target protein expression.
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BSEP can be purified from Pichia pastoris

The usefulness of P. pastoris as a suitable host for membrane protein
overexpression is firmly established (see Introduction 1.7). Supporting this notion,
human BSEP could be brought to overexpression in P. pastoris (Results 3.10). The
affinity purification of BSEP from this source was subsequently accomplished and is
currently under optimization (personal communication by M.Sci. Philipp Ellinger). For
this, the expression cassette was changed from a C-terminal, single hisg tag to a dual
tag configuration that comprises both a hisg and a calmodulin binding peptide (CBP)
tag [199]. This allowed for a tandem affinity purification procedure which yields

preparative amounts of protein of high purity in two steps.

4.3 Further Steps towards In Vitro Studies of BSEP and MDR3

The example of MDR3 shows the next necessary steps: further purification and
reconstitution into proteoliposomes of both wild type and relevant mutant protein
variants. Gel filtration of detergent-solubilized MDR3 resulted in the separation of
aggregates in the void volume of the column and a broad peak that contained the
protein along with other impurities, that at least partially are derived from MDR3 itself
(Results 3.9). Upon concentration by filter membranes with a proper molecular
weight cutoff these impurities remained, suggesting that these MDR3 fragments were
residing in detergent micelles that could not pass the pores of the filter device. This
assumption is supported by the observed molecular weight of the two main
fragments which correspond to about half the size of the full-length protein and
therefore most likely contain transmembrane segments. A similar cleavage pattern
was observed for BSEP upon solubilization in Fos-choline 16 (Results 3.9, Figure
31). The continued state of solubilization in micelles of this comparatively strong
detergent may facilitate the degradation of MDR3 throughout the purification process.
To solve this problem, an exchange on the IMAC column to a more gentle detergent
such as DDM may be helpful [277]. The exchange to gentler detergents may lead to
micelles in which the membrane protein is more protected from proteases and its
native conformation is less compromised. In addition, a detergent that keeps the
protein "happy" in solution can have substantial impact on the homogeneity of the
protein-micelle population and thereby facilitate purification by forming a sharper
elution peak during gel filtration than found with the initial, solubilizing detergent
(Results 3.9, Figure 34).
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Functional, Cysteine-Free, and Glycosylation-Deficient Mutants

Another step that is directed more towards potential structural studies of MDR3 and
BSEP is an increased homogeneity of the purified proteins themselves. This can
either be achieved by generating non-functional, "dead" mutants in which the
catalytically relevant glutamate residues in the non-degenerate NBDs (one in BSEP,
two in MDR3) are substituted by glutamine residues [35,59]. A bound substrate or
inhibitor may be capable of locking these protein variants in one or a narrow
ensemble of similar conformations. Another way to limit conformational diversity of a
protein in heterologous systems is the generation of a cysteine-free version of the
wild-type protein. Cysteines can form disulfide bridges in vivo, and heterologous
expression into the ER of a host that may not be able to facilitate their correct
formation can result in a heterogeneity of protein conformations, which in turn
prevents ordered formation of a crystall lattice. A functional cysteine-less mutant of
mouse P-gp was generated and expressed in P. pastoris [278]. Erroneous
glycosylation may be another source of protein microheterogeneity, which may be
abolished by mutation of the residues (asparagine and arginine in N-glycosylation).
Hyperglycosylation may also be an impediment to overexpression in some cases
[276]. Using the new SDM method, any of these mutations can be introduced with
little effort into BSEP and MDR3 expression constructs.

4.4 Lack of a Cellular Phenotype of BSEP Expression in S.
cerevisiae

The finding that the BSEP substrate taurocholate inhibited S. cerevisiae growth
already at a concentration below 1 mM, while BSEP expression from none of the
constructs conferred resistance against this conjugated bile salt (Results 3.8), gives
rise to several questions. According to subcellular fractionation experiments (see
Results 3.7), intact BSEP is at least partially located at the yeast plasma membrane.
The lack of mammalian glycosylation patterns in either S. cerevisiae or P. pastoris is
highly unlikely to result in an inactive protein as several MDR efflux pumps that
feature various degrees of glycosylation in their native tissue could be functionally
expressed in both yeast species [181,182,183,184]. Human MDR1, which in this
study was used as an expression control, was fully functional in S. cerevisiae and
conferred a multidrug resistance phenotype (Results 3.8, Figure 21). Why then is no

taurocholate resistance observed? The mode of taurocholate-mediated cytotoxicity is
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assumed to be the disruption of the yeast plasma membrane by solubilization. The
low expression levels of its cognate export pump may simply be insufficient to protect
the cells against the toxic effect of TC. Future resistance assays conducted on
BSEP-expressing Pichia recombinants may prove more conclusive, although
expression during growth on solid media may differ significantly from that achieved
by fermentation. A prerequisite for these resistance assays is the correct localization
of BSEP to the plasma membrane of Pichia which can be investigated by subcellular

localization.

4.5 The M800I Variant of MDR3

A mutated, N-terminally hisqiy-tagged MDR3 that had a methionine to isoleucine
exchange at amino acid position 800 conferred a weak resistance against the
antifungal compund FK506 in S. cerevisiae (Results 3.8, Figure 22). The wild type
protein, in contrast, failed to protect the yeast cells, although both variants are
expressed to the same extent (Results 3.3, Figure 9). This was an unexpected and
intriguing finding, since this mutation seems to result in an at least partially altered
substrate spectrum of this highly specific phosphatidylcholine translocase [83].
Although MDR3 was shown to transport a few compounds in polarized monolayers of
transfected cells to some extent [175], this compound was not tested in that study.
The M800I mutation has not yet been described in a clinical or mechanistic context.
A multiple alignment of MDR1, MDRS3, and BSEP from mouse, rat and human shows
that this residue is located in a conserved sequence stretch (Figure 1) that comprises
the intracellular loop between transmembrane helices 7 and 8 in the structure of the
closely related mouse MDR1 (Figure 2). In human MDRA1, this position is occupied by
a valine residue, and in all other cases an isoleucine is found at this position.
Interestingly, this loop has previously not been implicated in interdomain
crosstalk (see Introduction 1.3). For this, the interface made by the coupling helix and
the structurally diverse region of the NBDs was the central candidate [279]. If this
mutation has mechanistic relevance and causes not some random pleitropic effect,
then this highly conserved residue has a role in interdomain communication: its
mutation allows the triggering of the catalytic export cycle by ATP binding in the
NBDs in response to FK506 binding which is assumed to take place in the central

cavity formed by the two TMD segments.
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KSMLROQOISWFDDHRENSTGSLTTRLASDASSVKGAMGARLAVVTQNVANLGTGVILS--L 849 MDR1_MOUSE
KSMLROQOISWFDDHRKNTTGSLTTRLASDASNVKGAMGSRLAVVTQNVANLGTGIILSLVL 851 MDR1_RAT
RSMLRQDVSWFDDPRKNTTGALTTRLANDAAQVKGAIGSRLAVITQNIANLGTGIIIS--F 851 MDR1_HUMAN
KAMLROQDMSWFDDHKNSTGALSTRLATDAAQVQGATGTKLALIAQNTANLGTGIIIS--F 847 MDR2_MOUSE
KAMLROQDMSWFDDHKNSTGALSTRLATDAAQVQGATGTRLALIAQNTANLGTGIIIS--F 849 MDR2_RAT
KAMLRQDMSWFDDHKNSTGALSTRLATDAAQVQGATGTRLALIAQNIANLGTGIIIS--F 850 MDR3_HUMAN
KAMLRQDIGWFDDLKNNPGVLTTRLATDASQVQGATGSQVGMMVNSFTNIFVAVLIA--F 894 ABCBB_MOUSE
KAMLGQOIGWFDDLRNNPGVLTTRLATDASQVQGATGSQVGMMVNSFTNIIAALLIA--F 894 ABCBB_RAT
RAMLGQOIAWFDDLRNSPGALTTRLATDASQVQGAAGSQIGMIVNSFTNVTVAMIIA--F 894 ABCBB_HUMAN

sakk kg kkkk sk, ok dgddkdkdhk kg gk g s . * =

Figure 1. Multiple alignment of MDR1, MDR3, and BSEP from mouse, rat,
and human. Alignment made with ClustalW2 on the Expasy website
(www.expasy.ch). M800 is found in a highly conserved stretch of
sequence that comprises the intracellular loop between the
transmembrane helices 7 and 8 of the second TMD. Mouse MDR1 is
the murine ABCB1.

90°C

Figure 2. Putative localization of the M800I mutation on the mouse P-
glycoprotein. The crystal structure comes from mouse ABCB1, the
murine functional homologue of the human MDR1 efflux pump [55]. Left
side Overall structure of mouse P-gp. Four helices of the cis and two of
the helices from the trans TMD in this inward opened structure form a
clustered transmembrane segment interfacing each of the NBDs. Right
side Detail of the TMD loops interfacing with the NBD. The mutation is
located in the connecting loop between TM helices 7 and 8 of the cis
helix bundle part in the second NBDs” TM segment. Amino acid position
800 is in the center of a stretch of residues conserved in mouse
ABCB1, human MDR1 and MDR3 P-glycoproteins. Interestingly, only
MDR3 has a methionine at position 800, while both the mouse and
human efflux pumps have a valine in this position (the corresponding
residue is depicted in the structure in green).
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Further studies based on systematic mutations in this loop and in its counterpart helix
in the other TMD unit are needed to pinpoint the exact mechanistic role of this

residue and the cytosolic helix it resides in.

4.6 Lack of MRP2 Expression in S. cerevisiae

The lack of MRP2 expression in S. cerevisiae is likely to be an intrinsic characteristic
of this transporter in general, as both a C- and an N-terminal tag position were tried
and found not to express (Results 3.2 and 3.8, Figures 6 and 28, respectively).
Interestingly, MRP2 also did not express in Pichia pastoris (supplementary material
to [199]). In general, S. cerevisiae should be capable to correctly fold and traffic a
membrane protein of MRP-type topology as its genome contains several MRP-type
ABC transporters [180]. One (empirical) option that might lead to expression is the
removal of the extra, N-terminal TMDO segment of MRP2. This five transmembrane-
helix domain was found to be dispensable for transporter function [157,158], although
it was necessary for apical membrane sorting for MRP2 [156]. After its deletion on an
expresion plasmid, both his tag configurations can again be tested for a detectable
expression. In this context, either a suitable antibody has to be found that does not
detect any of the native ABC transporters in S. cerevisiae that shape its wild-type
repertoire, or a more suitable strain should serve to probe for MRP2 expression in
future attempts. Interestingly, the background detected by both the MLE and the
Malll-6 antibodies was not present in the AD1-8U" strain that is devoid of seven PDR
and compound efflux related ABC transporters (Results 3.2, Figure 6). Since both
yeast strains lack the PDR5 gene, this ABC transporter can be ruled out as the
source of the intrinsic immunoreactivity. Pdr5 is, at any rate, not a MRP-type ABC
transporter. Of the transporters that are absent in AD1-8U", only Yor1 and Ycf1
belong to the MRP/CFTR-subfamily of S. cerevisiae ABC proteins [280]. Yor1 lacks
the TMDO segment, but has a large, N-terminal cytosolic loop that is found between
the TMDO and TMD1 domains in human MRP1, 2, and Ycf1 of S. cerevisiae. A
sequence analysis indicates similar C-terminal portions of Yor1, Ycf1, and MRP2 that
might all be recognized by the monoclonal M;lll-6 antibody, while the N-terminus of
MRP2 recognized by the polyclonal MLE antiserum is not conserved in Yor1 and

Ycf1. So most likely the cross-reaction comes from one of these ABC transporters.
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4.7 DNA Cloning and Manipulation in S. cerevisiae
4.7.1 Yeast Recombination as a Flexible Tool in High-Throughput Applications

As shown in this work, recombination-based cloning in S. cerevisiae has tremendous
potential for high-throughput expression screening (for example, see [281]), because
cloning and expression can be accomplished in the same cell, and the resulting
transformants can instantly be screened for protein expression. The construction and
expression test of the first yeast BSEP expression plasmids (Results 3.4) can, from
obtaining the gapped plasmid backbones by restriction digest and performing the
BSEP PCRs to the final Western blot detection, be completed in as little as six days,
which may be considered a short time-frame when working with such unstable
constructs. A complete recombinatorial expression screen as shown for BSEP can
be achieved in as little as two weeks (Results 3.5, Figure 15). Currently, several sets
of S. cerevisiae expression vectors are available that include different promoters and
a variety of available tags at both ends (for a good overview, see http://web.uni-
frankfurt.de/fb15/mikro/euroscarf/). Most, if not all of these sets are built in a similar
fashion, meaning that with a single primer pair for the insert all vectors in the set can

be used.

4.7.2 Non-Yeast Plasmids and their Manipulation in S. cerevisiae

In order to use any given plasmid for direct cloning in yeast, it has to be properly
maintained, replicated, and selected for in this organism. This is easily accomplished
by the addition of a yeast 2 micron ori and prototrophy marker sequence as shown
for the pPIC3.5 vector (Results 3.10.1, Figure 35) and the mammalian expression
vector pEYFP-N1-BSEP (Results 3.12). Notably, it was subsequently found for the
pPIC3.5 construct that the Ori/LEU sequence could be left in the backbone as its
presence on the chromosomal AOX7 locus did not seem to impact on BSEP

expression or the viability of P. pastoris.

4.7.3 Recovery of Unstable Plasmids from Yeast and Propagation in E. coli

Genes and DNA sequences in general can be unstable in their bacterial host for a
variety of reasons, including: extensive secondary structure (e.g. z-DNA [223]),
inverted or direct sequence repeats, encoding a gene product toxic to host

metabolism, or carrying unintended prokaryotic signal sequences as was the case for
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BSEP [174]. BSEP plasmids were, once constructed in yeast, found to be sufficiently
stable in E. coli at 30 °C. Plasmid integrity could be verified by analytical restriction
digest and DNA sequencing. In this context, it should be noted that, although some
groups have at succeeded in creating full-length human BSEP constructs, their
generation in E. coli has not been a straightforward procedure due to the instability of
the BSEP and MDR3 cDNAs [174,175,207,222]. Another issue regarding their
handling is the seemingly random loss of bits of the coding sequence when trying
site-directed mutagenesis using E. coli. This most probably arises due to bacterial
selection of incomplete, dysfunctional plasmid species that are stable und thus retain
the encoded selection marker upon recircularization in their host. While the
amplification of an intact construct in bacteria is highly unlikely to be a general option
when attempting this for other unstable or toxic coding sequences, changing the host
back to E. coli after yeast recombination has one advantage: unlike in a ligation
mixture that contains a heterogenous mix of linearized vector, insert, partial and
complete vector-insert ligations, the unstable plasmid recovered from yeast is in a
nick-free and intact form. Several E. coli strains that are custom-tailored to meet
diverse requirements can then be tested for their propagation properties, starting

from the common basis of an intact construct.

4.7.4 General Advantages of S. cerevisiae as a Cloning Tool

In bacterial cloning, a large (i. e. in the range of several kbp) insert already is prone
to inefficient cloning due to size bias [229], while generally being of no concern in
yeast recombination. For the efficient, high-throughput cloning of such inserts in E.
coli, ligation-independent cloning (LIC) [282] is often applied to streamline the
process and optimize cloning efficiency [283]. This necessitates the introduction of
LIC linker sequences that, depending on the strategy, can lead to the introduction of
extra amino acid residues to at least one end of the protein. The homologous
recombination process on the other hand has the additional advantage of utilizing
existing constructs without any need to modify the cloning site with LIC linkers, while

being as high-throughput compatible.
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4.7.5 The New, E. coli-independent Site-Directed Mutagenesis Approach

A critical review of the classic SDM mechanism [267] was the necessary basis of
attempting an E. coli-independent approach. In this method, a pair of
oligonucleotides carrying the mutation is used in which one primer is the exact
reverse complement of the other. Both will form a perfect short stretch of double-
stranded DNA. In the presence of the plasmid template, a small but sufficient
percentage of both primers also bind to their respective priming sites on the template
DNA. A DNA polymerase extends each primer around the length of the plasmid until
the very nucleotide behind the 5°-end of this same primer. Upon reaching this end,
the enzyme stalls and falls off the double-stranded DNA, leaving behind a nick in the
phosphodiester backbone. As a result of primer complementarity, the product of this
SDM reaction exists in a non-covalently closed circular form in which the full length of
both primers comprises the annealed single-stranded overlaps. Both nicks are

repaired after transformation of the reaction product into E. coli [267].

Why Template Removal is necessary in Classic SDM

Due to the non-exponential nature of the mutagenesis step, the mutagenesis product
is not in great excess over the unmutated template. Thus the latter needs to be
removed by digestion with the restriction endonuclease Dpnl which recognizes the
template due to its Dam-mediated methylation obtained in the bacterial host from
which it comes. Otherwise a great percentage of the picked clones will contain the
original plasmid without the mutation. This methylation is not a feature of the mutated
product generated in vitro, and Dpnl recognizes and cleaves methylated and
hemimethylated (consisting of heteroduplex DNA formed by template and
mutagenesis product) double-stranded DNA. The recognition site (5...G m6A"T
C...3') consists of four base pairs and occurs quite frequently, so the unmutated DNA
is cleaved into short fragments and thus efficiently removed. The remaining amount
of mutagenized DNA is sufficient to chemically transform highly competent E. coli

cells.

Due to Full Primer Complementarity, the Classic SDM is a Non-Exponential Reaction
The SDM reaction is, however, a non-exponential, linear copying rather than an
exponential amplification of the template plasmid. The reason for this is again found

in the absolute primer complementarity: the product of the first SDM cycle has, as
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explained above, single-stranded ends that are comprised of the primers themselves.
These in turn can again fully bind their respective counterpart, which, however, is an
unproductive priming situation. As a result, the product of one SDM cycle can not
serve as a template in the next one. The SDM method is designed based on the
reasoning that sequence errors introduced by DNA polymerase nucleotide
misincorporation should be kept at a minimum. If a nucleotide misincorporation were
to occur in one cycle of an exponential, polymerase chain reaction, this error would
be exponentially copied in subsequent cycles. This is simply prevented by the non-
exponential nature of the SDM procedure as only the original can copied in each

mutagenesis cycle.

Designing a New Site-Specific Mutagenesis Procedure Based on Classic SDM

For introducing directed mutations into toxic or otherwise unstable DNA such as the
BSEP and MDR3 cDNA, a different approach than standard site-directed
mutagenesis is needed, since the usage of E. coli must completely be avoided. It has
been shown in Results 3.5 that only infact BSEP and MDR3 plasmids (constructed
by homologous recombination in and recovered from S. cerevisiae) could be
maintained with sufficient stability in E. coli. The site-directed mutagenesis product,
however, is not an intact, nick-free plasmid as discussed above. Sufficient amounts
of plasmid template for the classic SDM approach can be obtained directly from
yeast (see Results 3.5). However, all DNA in S. cerevisiae is unmethylated and thus
cannot be removed from the final mutagenesis reaction mixture by Dpnl digestion
[268,269,270]. While it is possible to methylate the template DNA in vitro, this is
hardly a practicable way as this constitutes several additional reaction steps,
complicates handling, and a complete methylation can be considered unobtainable
under in vitro conditions. If the template is not removed, the mutated product has to
drastically outnumber the template for a suitable mutagenesis efficiency. Generating
more product is also a prerequisite for the efficient transformation of yeast cells, as
this requires more DNA than is generated during a SDM reaction. Finally, to obtain
transformants directly from S. cerevisiae, the linear product obtained from a
polymerase-based procedure needs to be precisely recircularized by its host, even

after a change in primer design.
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Turning the Classic SDM Reaction into a Genuine, Exponential PCR

By changing the mutagenesis primer design from a complete to a partial, 5’-overlap
of the primer pair the mutant strand synthesis reaction from classic SDM is turned
into an exponential, PCR-like reaction. Due to this extensive primer shift, a product is
generated that carries terminal primer binding sites that can be used for productive
priming. As a result, the mutagenesis product functions as a template in all
subsequent reaction cycles. A similar shift of primer positions has previously been
reported in a different context [271], where a more efficient simultaneous introduction
of more than one mutation in E. coli was desired. By strictly keeping the annealing
temperature above the T, of the 5™-overlap of the primer pair (Tann = 60 °C), the ends
of the mutagenesis product should become double-stranded. The different impacts of
both the classic and the new primer design on the mutagenesis are compared in
detail in Figure 3. The new primers are constructed according to the following
guidelines: both primers are about 50 nt in length, with the 5°-end consisting of 20 nt

sequence overlap between the primers (lower panel, left).

primer dimer productive annealing circularization by
5 ¥ , ,
- 7 3 linear copying
== hry Yz
comoF;I:)tr?n?:fsrlap " t nick repair
50 bp total length 5 0 bp
k . T . 20bp .
exponential '. ..
< amplification P 3
=& ) > X
: - homologous
20 bp recombination
overlap
Figure 3. Impact of the different primer designs on template binding and in

vivo product repair in site-directed mutagenesis. Upper panel
Classic SDM. The primer pair forms a perfect double strand due to
absolute complementarity. Lower panel New, E. coli-independent
SDM. The primer pair forms only a partial double strand, while the full
length of each oligonucleotide can bind to the template. Dark grey
stretches indicate the reverse-complementary regions on the primers.
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This simple, yet fundamental change in primer design is apt to instantly solve all
problems encountered upon dismissal of E. coli for mutagenesis: |) Template
removal. The unmutated template can be left in the reaction mixture. The
exponentially generated reaction product significantly outcompetes the minute
amount of used template (10 ng). Thus, the template can be unmethylated and come
directly from yeast. Il) Yield. A single reaction is now sufficient to chemically
transform yeast cells. With the amounts obtained with classic SDM, many more
reactions would need to be pooled, and this would inevitably result in a substantial
number of false positive clones, because the mutagenesis template has, if toxic, to
come directly from yeast, and then can not be removed. Ill) Product repair in the
target organism. Instead of single-stranded overlaps made up by the mutagenic
primer pair, the mutagenesis product by the different primer design is endowed with
double-stranded ends of identical sequence that allow its precise recirculation by
homologous recombination into an intact, selectable plasmid (Figure 3, lower panel,
right). The 20 nt 5" -overlap is a minimum requirement for this [284]. At the same time
it should not be too long as this results in an increase of unproductive primer
dimerization against which the template has to compete (compare upper and lower
panel, left and middle). As a rule, this stretch should never exceed 40 % of the whole
primer length for preferred template binding. The modified primer design of the
presented, yeast-based SDM is simple and like the classic SDM covers by definition
all aspects of mutagenesis (Figure 4): mutation, insertion and deletion (including

large deletions).

Mutation Insertion Deletion Big deletion

5] 5
3 -
0 3’ .
e [ 3 .37

Figure 4. Mutation, insertion, and small or big deletions with the new SDM
primer design. The shifted primer design of the exponential, S.
cerevisiae-based SDM approach allows for any of the manipulations
that the classic SDM permits. Dark grey boxed areas indicate the 20 nt
stretch of reverse-complementary.
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The primer pair for yeast-based SDM can easily be designed by the following basic
rules: each oligonucleotide should be around 50 bases long, with 20 bases of 5
primer-to-primer overlap for an efficient recombination of the mutated plasmid ends in
yeast, carrying the mutation, deletion or insertion in their middle, and 30 bases of 3'-
sequence for template annealing. Due to the exponential nature of the new site-
directed mutagenesis, the number of cycles is strictly kept at 18 as in the classic
SDM protocol [285] to minimize PCR-introduced errors. Also, a proofreading DNA
polymerase is used with an error rate equal to that of the Pfu Ultra enzyme in the
commonly used Stratagene kit [273]. All analyzed clones so far faithfully replicate the
template sequence in addition to the introduced mutation. Still, after obtaining the
desired toxic gene mutation, one should confirm the integrity of all features needed
for subsequent cloning steps of a project, e. g. before shuttling a mutated plasmid

back into cell culture, the complete relevant sequence should be verified.

Restriction Sites as Markers for Successful Mutagenesis

Only some mutational changes that effect the change of an amino acid or its deletion
result in the addition or disappearance of restriction sites on the mutated DNA. Since
the primer cover a sequence of about 50 nucleotides, this stretch is bound to contain
cryptic or complete restrition sites that can be activated or inactivated, respectively,
by a second mutation encoded on the mutagenic primer. This second mutation then
serves as a marker for the first, "restriction-silent" mutation in the subsequent
analysis of transformant yeast clones by colony PCR. Additionally, it only needs to be
designed into one of the primers when located outside the 20 nt 5°, primer-primer
overlap region. The only limitation for this analytical mutation is that it should not be

among the first 10 bases of the oligonucleotide as this may compromise priming.

Figure 5 shows a detailed comparison of the E. coli- and yeast-based SDM
procedures. In classic SDM (left side), the template has to compete with the
oligonucleotides for priming because they allow for just as much base pairing as
itself, if the primer-template mismatch due to the mutation is not taken into account.
In contrast, the reduction of the primer complementarity to 20 nt (right side) greatly
favors the annealing of the full 50 nt to the template in the first cycle (step 1 and 2).
More importantly yet, it still outcompetes in subsequent cycles, when the shifted

primers can not only again bind to the plasmid template at full length, but also to the

131



Discussion

product template with 30 nt (step 3). While the 10 additional nt in comparison with the

20 nt primer-primer interaction may not drastically favor mutagenesis product priming

in the second cycle, already at the end of this cycle the first product molecules with

double-stranded ends appear, which subsequently are drastically preferred priming

targets that, like the template, offer the full 50 nt of binding.

Figure 5.

== —f8

start of 1st cycle

productive primer _ productive primer
annealing dimer j annealing dimer

ﬁ
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product of 1st cycle is not available product of 1st cycle is available as

as template in 2nd cycle template in 2nd cycle
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@ 18th cycle Q
ss-end product ds-end product

Comparison between the classic and the new, E. coli-independent
site-directed mutagenesis method. Left cartoon side The classic
site-directed mutagenesis (SDM). The mutagenesis primers perfectly
overlap (step 1). As a result, the single-stranded ends of the product
(steps 2 and 4) are not available as template in further cycles (step 3).
Right cartoon side The change in primer design to a partial overlap
results in preferred template binding (step 1). Thus, the ends of the
product (steps 2 and 4) are available as productive primings sites in
following reaction cycles (step 3). So already in third cycle, the first
completely double-stranded product molecules appear.
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In the course of the practical work on this thesis, a complete workflow for the cloning
and manipulation of unstable or otherwise toxic genes was established that consists
of several, partially well-established procedures. It permits their quick cloning into any
plasmid, the simultaneous construction and screening of several expression vectors,
and the introduction of point mutations, utilizing a minimum of resources and hands-
on time. This approach proved to be vital to this project as it gave the first-time
heterologous overexpression of the unstable BSEP and MDR3 cDNA in two yeast
species. Due to the new, E. coli-independent mutagenesis method, both mechanistic
and disease-associated mutations of these two human liver ABC transporters can
now rapidly be generated and analyzed in cell culture or in vitro. Particularly the new
approach to targeted mutagenesis should prove helpful in future endeavors where
functionally relevant mutants of proteins up to now could not be studied due to

limitations in their bacterial cloning.

Several novel clinical BSEP mutations have been recreated in cell culture models by

the new mutagenesis method and are currently being studied on the cellular level.

The purification of BSEP and MDR3 is currently being optimized on both the genetic
and the biochemical level. Future in vitro studies utilizing the two expression systems
will aim at elucidating the function of these challenging membrane proteins in health

and disease.
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nucleotide binding domain

nucleotide

nitrilotriacetic acid

sodium (Na) taurocholate co-transporting polypeptide
N-terminal extension

oligo-adenylate binding protein

organic anion transporting polypeptide
open reading frame

origin of replication

pellet

P-glycoprotein

Pichia pastoris

phosphatidylcholine

polymerase chain reaction

pleiotropic drug resistance

poly ethylene glycol

progressive familiar intrahepatic cholestase
Pyrococcus furiosus

protein kinase C

plasma membrane

plasma membrane ATPase |
polynucleotide kinase

revolutions per minute

room temperature

retinoic X receptor

Saccharomyces cerevisiae
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SBP
SDM
SDS
PAGE
SLC
SN
TAP
TBS(-T)
T(D)C
TCA
TEMED
TMD
Tris
uv

Vv

viv
wiv
wit
YFL
YNB
YPD

subtrate binding protein
site-directed mutagenesis

sodium dodecyl sulphate

poly acrylamide gel electrophoresis
solute carrier

supernatant

transporter associated with antigen processing
Tris-buffered saline (-Tween)
tauro(deoxy)cholate

trichloroacetic acid
tetramethylethylenediamine
transmembrane domain
tris-(hydroxymethyl)-aminomethan
ultraviolet

Volt

volume per volume

weight per volume

wild type

your favourite locus

yeast nitrogen broth

yeast peptone dextrose
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