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Summary

Summary

As sessile organisms plants are exposed to many environmental stressors. Although they
cannot move they react to their environment by activating stress response and signaling
pathways. This response includes detoxification mechanisms as well as herbivore and
pathogen response. ATP-binding cassette (ABC) transporters were shown to be involved in
all these processes. Interestingly, plants contain high numbers of ABC transporters compared
to organisms from other kingdoms and also compared to microalgae, the ancestor of plants.
Therefore it was hypothesized that ABC transporter genes multiplied and obtained new
functions during the adaption of plants to the sessile lifestyle on dry land. The plasma
membrane ABC transporter PDRS8 from Arabidopsis thaliana belongs to the Pleiotropic Drug
Resistance (PDR) family, which only exists in plants and fungi. Applying mutant studies and
reverse genetics the protein was shown to be involved in diverse physiological processes
including heavy metal detoxification, hormone transport, drought and salt resistance and
pathogen response. AfPDRS8 was furthermore assigned a key role in nonhost resistance in A.
thaliana. The physiological studies imply that 4/PDR8 transports a variety of structurally
unrelated compounds. However, this hypothesis lacks direct evidence and the possibility that
AtPDRS transports only one stress-inducible compound cannot be excluded at the moment.
Additionally, contradictory results exist complicating the understanding of 4/PDRS function
in plant immunity. Knowledge about the transported substrate(s) will help to clarify the
physiological role of the transporter. This requires biochemical studies and the establishment
of an in vitro system to ensure that interfering processes do not mask the role of the
transporter. This project aimed the establishment of an in vitro system for the ABC
transporter AfPDRS. To realize this, five steps were required: 1) Cloning, 2) Heterologous
expression, 3) Purification, 4) Reconstitution into liposomes and 5) Establishment of a
suitable transport assay. The AtPDRS8 gene was cloned into expression vectors for prokaryotic
and eukaryotic systems and different affinity tags were fused to the N- or the C-terminus of
the protein sequence. During the cloning and expression tests potential toxicity of 4/PDRS to
the (pro- and eukaryotic) hosts was encountered resulting in the need to explore multiple
cloning strategies and strains. Expression of a construct with N-terminal affinity tags was
successful in the yeast Pichia pastoris. In this study, for the first time a plant ABC transporter
was expressed in P. pastoris. However, the position of the tag was crucial for successful
overexpression. Density gradient centrifugation and confocal fluorescence microscopy could

show that A/PDRS was targeted to the plasma membrane in P. pastoris, which implies correct
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folding and processing of the protein. AfPDR8 was subsequently purified, for which the
purification protocol was established. That included the screening of different detergents as
well as a screening of different affinity chromatography approaches and the evaluation of a
size exclusion chromatography. The reconstitution protocol for 4fPDR8 was also established,
which comprised the liposomes preparation using different lipid compositions, the
optimization of the destabilization process and the integration of 4fPDRS8 into the liposomes.
Floating density gradient centrifugation could proof the success of the reconstitution. This
study represents the first purification and reconstitution of a PDR transporter from A.
thaliana. In order to clarify which substrates are transported and to identify unknown
substrates of the transporter a transport assay was established, which allows the usage of a
mixture of unknown compounds, e.g. cytosolic extracts. The establishment required the
evaluation of optimal conditions for the transport reaction and the evaluation of different
methods for the disruption of membrane vesicles. Tandem mass spectrometry even allows the
identification of transported compounds of low abundance. The knowledge gained in this
project will facilitate the establishment of in vitro systems for other plant full-size ABC
transporters. Since several eukaryotic ABC transporters display broad substrate spectra these
systems will be needed to biochemically characterize the transporters regarding substrate

specificity and transport characteristics.
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Zusammenfassung

Als sessile Organismen sind Pflanzen einer Vielzahl von Stressfaktoren ausgesetzt. Obwohl
sie darauf nicht durch Relokalisierung reagieren konnen schiitzen sie sich durch die
Aktivierung von Verteidigungs- und  Signalstoffwechselwegen. Diese beinhalten
Mechanismen zur Entgiftung sowie zur Verteidigung gegen pathogene und herbivore
Organismen. Es wurde gezeigt, dass ,,ATP-binding cassette (ABC)-Transporter an diesen
Prozessen beteiligt sind. Interessanterweise beinhalten Pflanzen eine Vielzahl an ABC-
Proteinen im Vergleich zu Organismen der anderen Reiche und auch im Vergleich zu
Mikroalgen, den Vorfahren von Pflanzen. Daher wird vermutet, dass wihrend der Anpassung
der Landpflanzen an die sessile Umgebung ABC-Transporter-Gene multipliziert wurden und
neue Funktionen entwickelt haben. Der Transporter PDR8 aus Arabidopsis thaliana gehort zu
der Familie der ABC-Transporter mit pleiotropischer Wirkstoffresistenz (englisch: Pleiotropic
drug resistance, PDR), welche bisher nur in Pflanzen und Pilzen entdeckt wurden. 4/PDRS ist
in der Plasmamembran lokalisiert und durch Mutationsstudien und reverse Genetik an A.
thaliana wurde herausgefunden, dass AfPDRS an diversen physiologische Prozessen beteiligt
ist. Dazu gehoren Entgiftung, Hormontransport, Resistenz gegen Salz und Trockenheit sowie
Pathogenabwehr. Des Weiteren wurde gezeigt, dass A/PDRS eine Schliisselfunktion in der
Resistenz von Nicht-Wirtspflanzen einnimmt. Die Physiologischen Studien weisen darauf
hin, dass AfPDRS eine Vielzahl verschiedener Substanzen transportiert. Allerdings fehlt der
direkte Nachweis fiir diese Hypothese und es kann daher nicht ausgeschlossen werden, dass
AfPDR8 nur eine einzige, Stress-induzierbare Substanz transportiert. Dariliber hinaus
existieren widerspriichliche Studien beziiglich der Rolle von A/PDR8 in der
Pflanzenimmunitédt. Das Wissen iiber die transportierten Substrate wiirde Aufschluss iiber die
tatsdchliche physiologische Rolle von AfPDR8 geben. Dazu werden biochemische Analysen
und die Etablierung eines /n vitro-Systems benétigt um zu verhindern, dass andere Proteine
die Charakterisierung storen. Diese Arbeit zielte auf die Etablierung eines In vitro-Systems
des ABC-Transporters PDR8 ab. Fiir die Umsetzung mussten folgende Schritte realisiert
werden: 1) Klonierung, 2) Heterologe Expression, 3) Proteinreinigung, 4) Rekonstitution
sowie 5) die Etablierung einer Transportanalyse. Das PDRS-Gen wurde in
Expressionsvektoren fiir pro- und eukaryotische Systeme kloniert. Dabei wurden
verschiedene Affinitdtsmarkierungen an den C- oder N-terminus der Proteinsequenz angefiigt.
Wiéhrend der Klonierungs- und Expressionsstudien wurde deutlich, dass ArPDRS

moglicherweise toxisch fiir die getesteten pro- und eukaryotischen Systeme ist. Aus diesem

VI



Zusammenfassung

Grund wurden verschiedene Klonierungsstrategien und Stamme analysiert. Die Expression
mit N-terminaler Markierung war erfolgreich in der Hefe Pichia pastoris. In dieser Arbeit
wurde zum ersten Mal ein pflanzlicher ABC-Transporter in P. pastoris exprimiert, wobei die
Position der Affinititsmarkierung entscheidend fiir die erfolgreiche Expression war. Durch
Dichtegradientenzentrifugation und konfokaler Fluoreszenzmikroskopie konnte gezeigt
werden, dass AfPDRS auch in P. pastoris in der Plasmamembrane lokalisiert ist. Daher kann
angenommen werden, dass das Protein korrekt gefaltet und prozessiert wurde. AnschlieSend
wurde A/PDRS aufgereinigt, wofiir das Protokoll in dieser Arbeit erstellt wurde. Dazu wurden
verschiedene Detergenzien analysiert sowie verschiedene Ansitze der
Affinititschromatographie in Kombination mit GroBenausschlusschromatographie. Das
Protokoll fiir die Rekonstitution von AfPDR8 in Liposomen wurde ebenfalls etabliert. Dazu
wurde die Herstellung von Liposomen aus verschiedenen Lipidansitzen, die Optimierung der
Liposomendestabilisierung und die Integration von A/PDRS in die Liposomen untersucht. Der
Erfolg der Rekonstitution konnte durch Dichtegradientenzentrifugation bestétigt werden. In
dieser Arbeit wurde zum ersten Mal ein PDR-Transporter aus A. thaliana gereinigt und
rekonstituiert. Um zu kldren welche Substrate transportiert werden und um unbekannte
Substrate zu identifizieren, wurde eine Transportanalyse etabliert, welche die Verwendung
eines Komponentengemischs, wie zum Beispiel ein zytosolischer Extrakt, ermoglicht. Dazu
wurde der Transporter Pdr5 aus Saccharomyces cerevisiae verwendet, da dessen Substrate
schon studiert wurden. Die Etablierung umfasste die Evaluation der optimalen
Transportbedingungen  sowie  die = Analyse  verschiedener = Methoden  zum
Membranvesikelaufschluss. Der Einsatz von Tandem-Massenspektroskopie ermoglicht die
Identifikation unbekannter Substanzen, selbst wenn diese in geringen Konzentrationen
vorliegen. Das durch dieses Projekt gewonnene Wissen erleichtert die Etablierung weiterer in
vitro-Systeme fiir Volllaingen-ABC-Transporter. Mehrere eukaryotische ABC-Transporter
weisen breite Substratspektren auf. Daher werden in vitro-Systeme bendtigt um die
Transporter biochemisch zu charakterisieren in Bezug auf die Substratspezifitit und die

Transportcharakteristika.
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Introduction

1 Introduction

1.1 Plants in their environment — how to hold your ground when you are sessile

Plants are highly specialized organisms that have presumed the sessile lifestyle (Hwang et al.,
2016). They are exceptional compared to other organisms. They have a unique body structure
with a big relative surface area for light collection as energy input for photosynthesis. To
avoid damage of UV light plants are coated with cutin and wax layers. In contrast, the wide
surface area prevents rapid movement, which could have been a reason why plants have
adopted the sessile lifestyle (Hwang et al., 2016). Due to the sessile lifestyle plants are
subjected to many environmental stressors, which they cannot avoid by simply moving away.
These stressors, which may occur simultaneously, can be UV radiation, drought, salinity,
extreme temperatures, lack of nutrients and the exposure to toxic compounds (Dicke and
Hilker, 2003). Furthermore, plants have no excretory organs like animals; therefore
detoxification must take place on a cellular level (Sanchez-Fernandez et al., 2001a). Although
plants cannot move they actively interact with the surrounding environment and respond to
the conditions they are exposed to with physiological and morphological mechanisms
(phenotypic plasticity). Upon stress the plant metabolism is radically changed by activating
stress response and signaling pathways and only maintaining the indispensible basic

metabolism (Gechev and Hille, 2012, Dicke et al., 2003, Kretzschmar et al., 2011).

1.1.1 Detoxification

Due to the sessile lifestyle plants are exposed to a variety of detrimental compounds. These
compounds can be xenobiotics like pollutants or biocides, toxic microbial metabolites, soil-
born minerals that are taken up together with nutrients, but also products of internal metabolic
pathways that become toxic if not modified or removed. Since plants cannot avoid these
compounds they have developed detoxification mechanisms (Rea, 2007). The detoxification
process comprises two successive processes: the modification and the compartmentation. The
first step of the modification is the hydrolysis or oxidation of the toxic compound. The
hydrolysis is performed by esterases and the oxidation by cytochrome P450s. Thereby
reactive sites are added to the toxic compound, which enables conjugation. The compound
then gets conjugated to a hydrophilic molecule in order to prevent diffusion across

membranes. The hydrophilic molecules can be glucose, malonate or glutathione. The
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conjugations are catalyzed by glucosyl, malonyl or glutathione transferases. Through the
modification toxicity of the compound is reduced and the distribution in cells and tissues is
avoided. In the compartmentation process the compound is exported from the cytosol either
into the vacuole or into the apoplast. The export is generally mediated by ATP-dependent
membrane transporters. Heavy metals are mainly bound by phytochelatins, which are
synthesized from glutathione by the phytochelatin synthase. The phytochelatin synthase is in
turn activated by heavy metals. AtABCC1 and AtABCC2 were shown to transport
phytochelated arsenic, cadmium and mercury into the vacuole (Kang et al., 2011, Coleman et
al., 1997). The plasma membrane located ABC transporter 4/PDR8 mediates cadmium
transport into the apoplast and AfPDR12 is involved in lead tolerance (Lee et al., 2005, Kim et
al., 2007). AtABCI16/4tALS3 and AtABCI17/AtSTAR1 were shown to be involved in
aluminum resistance (Larsen et al., 2005, Huang et al., 2010). However, it is unclear in what

form the heavy metals are translocated by these transporters (Kang et al., 2011).

1.1.2  Plant resistance to pathogens

During the adaption to dry land, plants have evolved different mechanisms to defend
pathogen attack. Most plants are resistant to a broad range of pathogens and are only
colonized by a small number of adapted pathogens. The term “nonhost resistance” describes
the nonspecific resistance of a plant species to all genotypes of non-adapted pathogen species.
Nonhost resistance includes physical barriers avoiding pathogen entry into the cell,
penetration resistance and postpenetration resistance. It is a multi-layered process and
includes constitutive and inducible mechanisms (Mysore and Ryu, 2004). The first step is the
pathogen associated molecular pattern (PAMP)-triggered immunity. PAMPs are general
elicitor molecules that are recognized by the plants through plasma membrane-localized
receptors (Mysore and Ryu, 2004, Niks and Marcel, 2009). One general elicitor is flagellin, a
protein that forms the filament in flagellated bacteria. The conserved 22 amino acids long
sequence flg22 of the N-terminus is recognized by the receptor-like kinase flagellin sensitive
2 (FLS2) (Chinchilla et al., 2006). Fungal elicitors are for example xylanase and chitin
(Benschop et al., 2007, Underwood and Somerville, 2013).

The elicitor recognition activates defense mechanisms, which include the expression of
defense genes, the enhancement of resistance to diseases, the activation of the mitogen-

activated protein kinase (MAPK) cascade, ethylene biosynthesis, induction of phospholipases
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and the production of reactive oxygen species by the plasma membrane localized NADPH
oxidase and apoplastic peroxidases (Johansson et al., 2014, Benschop et al., 2007). The signal
transduction pathways that are activated after elicitor recognition involve inter alia ion fluxes
across the plasma membrane, extracellular alkalinization, temporary elevation of the cytosolic
calcium ion concentration, protein phosphorylation/dephosphorylation by MAPK and the
calcium ion-dependent protein kinases (CDPKs) as well as the production of jasmonate. The
proteins involved in these signal transduction pathways are activated by post-translational
modifications, conformational changes or by changes in complex formation. The activated
defense responses include closure of stomata, reinforcement of the cell wall, formation of
papillae, synthesis of phytoalexins and secretion of secondary metabolites (Johansson et al.,
2014, Benschop et al., 2007, Underwood and Somerville, 2013). Some pathogens have
evolved ways to circumvent the PAMP-triggered immunity. They produce effector proteins
that repress the plant defense signaling. This process is called effector-triggered susceptibility.
In turn, some plants recognize the effector molecules and activate defense mechanisms in
response (effector-triggered immunity), which includes the hypersensitive response, the

programmed cell death of the infected tissue (Johansson et al., 2014, Mysore and Ryu, 2004).

In A. thaliana the PENETRATION (PEN) mutants show enhanced susceptibility to nonhost
pathogens. PEN1 is a membrane-located syntaxin, which is involved in vesicle-dependent
secretory defense (Nielsen and Thordal-Christensen, 2013). PEN2 and PEN3 were shown to
act together in the same pathway for extracellular defense, which is distinct from the PEN1
pathway. The PEN2/PEN3 pathway is especially important in nonhost resistance because it
restricts the growth of a broad range of pathogens (Lipka et al., 2005, Bednarek et al., 2009,
Stein et al., 2006). PEN2 is a myrosinase, which is peroxisome-localized and hydrolyzes
indole glucosinulates to form antimicrobially active compounds. PEN3 is the plasma
membrane-localized ABC transporter AfPDRS8, which likely exports the PEN2-activated
compounds. The proposed pathway is shown in Figure 1. The tryptophan-derived indole-3-
ylmethyl glucosinulate (I3G) is converted to 4-hydroxy-indol-3-ylmethylglucosinulate (4-
OH-I3G) by the P450 monooyxgenase CYP81F2, which can be further converted to 4-
methoxyindol-3-ylmethylglucosinulate (4MI3G) by O-methyltransferases (IGMTs). 4MI3G
was shown to accumulate in pen2 mutants, however, the necessity of functional IGMTs for
pathogen resistance is not clarified. Both 4-OH-13G and 4MI3G could be activated by PEN2
through hydrolysis. It was speculated that the produced bioactive compound is exported by
AfPDR8/PEN3 (Bednarek et al., 2009, Lu et al., 2015).
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Figure 1: Proposed model for PEN2/PEN3 mediated nonhost resistance in A. thaliana. The tryptophan-derived
compound I3G is converted to 4-OH-I3G by CYP81F2. 4-OH-13G is then methylized by IGMTs to 4MI3G. Both,
4-OH-I3G and 4MI3G could be activated by PEN2. Possibly the 4MI3G-derived compound is again demethylized
by O-demethyltransferase. The resulting active compounds might be exported by PEN3. In pen3 mutant plants the
compound 40GIcI3F accumulated, which could result from detoxification of the bioactive PEN3-substrate through
UDP-glycosoltransferase. The pen2 mutant also exhibits PEN3-mediated resistance, which indicates that PEN3
might also export tryptophan-derived compounds independently of PEN2. The figure was taken from Lu et al.
2015.

1.1.3 ABC transporters take part in the adaption of plants to the sessile lifestyle

The sessile lifestyle of plants involves a defense mechanism that depends on secondary
metabolites and the export of these. Plants produce a huge variety of secondary metabolites
for fighting herbivores and pathogens but also for attraction of beneficial pollinators. More
than 100,000 secondary metabolites were identified in plants (Rea, 2007). These metabolites
often need to be transported across membranes to the site of action. The autotrophic lifestyle
requires the de novo synthesis of many compounds and the transport of intermediates and
products between the involved organelles as well as the export of toxic by-products (Sanchez-
Fernandez et al., 2001a, Rea, 2007). Plants acquire nutrients from the soil. Thereby they often
take-up toxic compounds from the soil like heavy metals or xenobiotics, which then have to
be exported or transferred to storage organs. Physiological processes are organized on the
whole plant-level, which involve plant hormones as signaling molecules. Phytohormones
often have to be transported from one plant organ to another. They regulate plant
development and also the response to biotic and abiotic stressors (Hwang et al., 2016,

Kretzschmar et al., 2011). In all these processes ABC transporters are involved (Rea, 2007).
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Compared to other organisms, plants are enriched in genes coding for ABC proteins (two to
four times more) (Figure 2). For example, 48 ABC proteins were identified in humans and 29
in yeast, 128 and 129 were identified in A. thaliana or rice (Kang et al., 2011, Nuruzzaman et
al., 2014, Rea, 2007). The number of genes was thereby not simply multiplied in relation to
the genome size, as the comparison with the number of human ABC proteins elucidated
(Sanchez-Fernandez et al., 2001b). The enrichment does not apply for microalgae, the
ancestor of plants. This implies that during evolution of plants from microalgae the genes
coding for ABC proteins got multiplied and in this process also diversified to obtain new
functions. The increased capability to transport compounds and thereby interact with the
environment may have been crucial for the adaption of plants to the sessile lifestyle (Hwang

etal., 2016).
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Figure 2: ABC proteins are enriched in plants. The phylogenetic tree displays species from
all kingdoms of life. Numbers below the species names stand for the numbers of ABC
proteins present in the respective species. The figure was taken and modified from Hwang
et al. (2016).
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1.2 ABC transporters: the organization of domains and transport mechanism

1.2.1 Domain organization in ABC transporters

ABC transporters are built in a modular fashion of four core domains (Figure 3). These
include two nucleotide-binding domains (NBD) and two transmembrane domains (TMD)
(Rea, 2007). Some ABC transporters comprise additional domains with proposed regulatory
functions (Biemans-Oldehinkel et al., 2006). Some transporters, e.g. C-subfamily members or
human TAP1, comprise an additional TMD (TMDO0), which in humans and yeast is important
for correct targeting but seems to have no function in the transport of compounds (Mason and

Michaelis, 2002, Westlake et al., 2005, Procko et al., 2005).

TMD
————
Yy
ATP ADP + P,
NBD Nucleotide Binding Domain

Energizes transport by ATP hydrolysis

TMD Transmembrane Domain
Pathway across the lipid bilayer

Figure 3: Organization of domains in ABC transporters. The crystal structure of the exporter Savi866
from Staphylococcus aureus (PDB entry 2HYD) determined by Dawson and Locher (2006) is shown in
cartoon style on the left side. The schematic representation of the four domains of ABC transporters is
depicted on the right side. The two NBDs and TMDs are shown in shades of blue and purple, respectively.
The membrane is indicated in grey.

While in prokaryotes different genes often encode the four domains, it was widely accepted
that in eukaryotes two or four domains are fused in one polypeptide chain. Thereby the NBDs
and TMDs are alternating meaning a full size transporter has the following order of domains:
NH; -TMD-NBD-TMD-NBD-COO'. In case that the transporter is a half-size transporter the
order of domains would be: NH; -TMD-NBD-COO". Two half-size transporters dimerize to

form a functional transporter. Some half- and full-size transporters are encoded by genes with
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a reversed order of domains. In that case the NBD is N-terminal und the TMD is C-terminal:
NH; -NBD-TMD-[NBD-TMD]-COO" (van den Brule and Smart, 2002, Verrier et al., 2008,
Rea, 2007). However, there is evidence that in plants functional ABC transporters also
assemble from individual protein domains. The bacterial-like ABC proteins OsSTAR1 and
OsSTAR?2 transcribe an NBD and a TMD and were shown to form a functional ABC
transporter complex that acts in aluminum resistance (Huang et al., 2009). The ABC proteins
AtABCI14 (Trigalactosyldiacylglycerol 1, TGD1) AtABCI15 (TGD2) and AtABCI (TGD3)
are involved lipid transport in A. thaliana chloroplasts (Lu et al., 2007, Awai et al., 2006, Xu
et al., 2003). The three proteins assemble to form a functional ABC transporter where TGD1
is the TMD, TGD3 the NBD and TGD?2 the substrate binding protein (Roston et al., 2012).
The ABC transporter complex is located in in the inner envelope of the chloroplasts. Another
protein involved in lipid translocation is TGD4, which is located in the outer envelope of the
chloroplasts and does not belong to the ABC protein family. Studies demonstrate that the
contact between TGD4 and the ABC transporter complex TGD1/TGD2/TGD3 is mediated by
TGDS, which is located in the chloroplast envelope (Fan et al., 2015). These findings indicate
that in plants transport mechanisms exist that are similar to those found in bacteria (Symmons

et al., 2009, Malinverni and Silhavy, 2009).

1.2.2  The nucleotide binding domains

The transport is energized by ATP hydrolysis. During ATP hydrolysis a hydroxyl group
derived from water attacks the y-phosphate group of the ATP molecule. The high-energy
electrons relocate and form new bonds, which releases energy. The ATP molecule breaks into
the products ADP and orthophosphate, which are lower in energy than ATP due to multiple
resonance structures of the orthophosphate and less electrostatic repulsion in the ADP
molecule (Hill and Morales, 1951). In the enzymatic reaction, divalent cations can act as
cofactors by interacting with the oxygen atoms of the phosphate groups (Mildvan, 1979). The
NBDs of ABC transporters, which catalyze the ATP hydrolysis, are highly conserved among
all organisms and are approximately 220 — 240 amino acids in size (Ambudkar et al., 2006,

Rea, 2007). They contain several conserved motifs (Figure 4 and Figure 5).

The Walker A (phosphate-binding loop or P-Loop) and Walker B motifs are important for
nucleotide binding and are present in many enzymes that hydrolyze ATP (Vetter and

Wittinghofer, 1999, Schmitt and Tampe, 2000). The Walker A motif is glycine-rich with the
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consensus sequence GXXGXGK[ST] (X can be any residue). The amino acid residues
interact with the phosphate groups of the nucleotide and the cofactor Mg®". The lysine of the
Walker A motif is highly conserved and interacts with the - and y-phosphate of ATP, which
fixes the ligand in a defined position (Zaitseva et al., 2005). The Walker B motif has the
consensus sequence hhhhD (h is any hydrophobic residue). The highly conserved aspartate
coordinates the magnesium ion in the binding pocket (Schneider and Hunke, 1998, Zaitseva et
al., 2005). The Walker B motif is directly followed by a glutamate (the catalytic base), which
activates the water molecule for nucleophilic attack of the y-phosphate of the nucleotide

(Orelle et al., 2003).

Walker A Walker B

NH;— [ I — COO-
| | |
I [ [

Variable

Helical ABC signature Switch
domain region

Figure 4: Scheme of the nucleotide binding domain of ABC proteins. The consensus sequences of the respective
motifs are listed. h stands for any hydrophobic residue and X can be any residue. The Figure was adapted from
Schneider and Hunke (1998).

Studies involving mutations of the Walker A and B motifs could show that exchanging the
important amino acids can completely abolish ATPase activity of ABC proteins (Koronakis et
al., 1995, Schneider et al., 1994, Loo and Clarke, 1995, Henriksen et al., 2005, Moody et al.,
2002). The A-loop is located upstream of the Walker A motif (Ambudkar et al., 2006). It is an
aromatic residue that contacts the adenosine ring of ATP via n-n interactions (Gaudet and
Wiley, 2001, Yuan et al., 2001). Another important motif is the ABC signature motif (C-loop
or peptide linker), which has the consensus sequence
[LIVMFY]S[SG]GXXX[RKA][LIVMYA]X[LIVFM][AG] and is typical for ABC proteins.
It is located between the Walker A and B motif and mutations in this sequence severely affect
ATP hydrolysis (Panagiotidis et al., 1993, Koronakis et al., 1995, Schneider et al., 1994, Loo
and Clarke, 1995, Aparicio et al., 1996). Crystal structures of several NBDs showed that the
ABC signature motif is involved in forming the nucleotide-binding pocket. The two NBDs are
thereby located in a head-to-tail arrangement, which means that the Walker A motif of one
NBD pairs with the ABC signature motif of the other NBD (Chen et al., 2003, Smith et al.,
2002, Zaitseva et al., 2005). The Walker B motif is followed by a switch region (H-loop),
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which assists in signal transduction between the domains (Schneider and Hunke, 1998), but
was also shown to be involved in catalytic activity (Zaitseva et al., 2005). The D-loop is the
contact area of the two NBDs. The D-loop of one NBD interacts with the H-loop of the other
NBD and thereby enables monomer-monomer communication (Zaitseva et al., 2005). The Q-
loop is located at the surface of the NBD. Its residues interact with the coupling helices of the
TMDs. The Q-loop and the coupling helices thereby build the contact area between NBD and
TMD (Hollenstein et al., 2007). In some full-size transporters and some heterodimeric half-
size transporters certain motifs are degenerated by amino acid substitutions in the binding
sites. For example the hydrophobic Walker B motif is interrupted by a hydrophilic residue or
the signature motif contains other residues than the consensus sequence (Gupta et al., 2014,

Rea, 2007).

Figure 5: Crystal structure of the nucleotide binding domain of the E. coli ABC transporter haemolysin B. The
structure was published by Schmitt et al. in 2003 (PDB entry 1MTO0). The NBD monomer is depicted in cartoon
style and the conserved motifs are listed: Walker A (magenta), Walker B (blue), ABC signature (cyan), D-loop
(pink), H-loop (green) and the Q-loop (red).
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1.2.3 The transmembrane domains

The TMDs build the pathway across the biological membrane. They consist of 5 — 10 a-
helices per domain meaning a complete transporter consist of 10 — 20 a-helices, depending on
the transporter class (Locher et al., 2002, Kadaba et al., 2008). The majority of exporters
however follows the 6 + 6 paradigm and consists of 12 a-helices in two TMDs (Dawson and
Locher, 2006, Ward et al., 2007). The TMDs are arranged in a way that they form a tunnel for
the substrate translocation. Unlike the NBDs the TMDs are hardly conserved, although they
can display a similar topology within the same transporter class (Rees et al., 2009). The
TMDs have short cytoplasmic helices in the cytoplasmic loops, which are in contact with the
NBDs (via the Q-loop) and are therefore named coupling helices (Locher et al., 2002). They
transfer the conformational change induced by ATP binding and hydrolysis from the NBDs to
the TMDs (Locher, 2016, Rees et al., 2009). Through the conformational change the TMDs
switch between the inward and the outward facing conformations (Figure 6). The TMDs are
considered as being important for substrate binding and specificity, which might reflect the
heterogeneity of the primary sequence since the transported substrates are very diverse
(Yazaki, 2006). For some transporters specific residues were identified, which are important
for substrate binding and therefore form a binding site (Chen, 2013, Oldham and Chen, 2011).
Other ABC transporters do not seem to have a specific binding site, but rather a hydrophobic
cavity (Korkhov et al., 2014) and again others have more than one binding site (Aller et al.,

2014).

A) Outward-facing confirmation B) Inward-facing confirmation

Figure 6: Crystal structure of the flippase PgIK from Campylobacter jejuni determined by Perez et al., 2015. During
the conformational change the transporter changes between the outward-facing confirmation (A) and the inward-
facing (B) confirmation.
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1.2.4 The transport mechanism

Different models exist that explain the conformational changes of the domains upon binding
and hydrolysis of ATP. The models thereby rely on biochemical and structural data reported
for different ABC transporters (Senior et al., 1995, Janas et al., 2003, Chen et al., 2003). It is
unclear in which way ATP hydrolysis is coupled to the transport (Jones and George, 2004).
One model supports the idea that two ATP molecules are simultaneously bound at the NBDs.
After the substrate binding the conformational change of the NBDs in induced by ATP
binding and thereby also the conformational change of the TMDs, which releases the
substrate from the transporter. After sequential hydrolysis of ATP the NBDs open and ADP
and orthophosphate are released. The TMD configuration also changes so that another
substrate can bind (Hopfner et al., 2000, Smith et al., 2002, Verdon et al., 2003). Another
model suggests that the NBDs are always close to each other and that ATP hydrolysis of the
two binding site takes place as alternating cycle. That means when one binding site
hydrolyses ATP the products are released at the other binding site and vice versa (Janas et al.,
2003, Qu et al., 2003, Druley et al., 2001). Since the motifs of the NBDs are highly conserved
in a lot of species one could assume that the mechanism of ATP hydrolysis is also conserved,
however, at which step during ATP binding and hydrolysis the conformation of TMDs is still

under debate.

1.3 The role of ABC transporters in plants

ATP binding cassette (ABC) proteins comprise one of the largest and diverse protein
superfamily and are uniquely present in all kingdoms of life (Kang et al., 2011, Theodoulou,
2000). The protein family comprises ABC proteins without any TMD and membrane proteins,
the ABC transporters. Soluble ABC proteins have regulatory functions in the cell, like
regulation of translation or expression (Chakraburtty, 2001, Marton et al., 1997), mRNA
trafficking and DNA repair (Kozak et al., 2002, Goosen and Moolenaar, 2001, Hopfner et al.,
2000). The ABC transporters, which represent the larger part of the ABC family, are primary
pumps using energy derived from ATP hydrolysis to drive active transport of various
substrates across biological membranes. Their substrates range from small peptides, sugars,
lipids, heavy metals, and polysaccharides to steroids, inorganic acids and even intact proteins
(Rea, 2007, Theodoulou et al., 2006, Biemans-Oldehinkel et al., 2006). ABC transporters

catalyze the substrate translocation in different cell compartments.
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ABC transporters can be divided into importers and exporters. Importers are for example
involved in nutrient uptake while exporters for example confer resistance to cells by exporting
xenobiotics or by participating in pathogen defense. They often have substrate binding
proteins that are located in the periplasm and transmit the substrate to the TMDs (Oldham et
al., 2008). Classically, it was believed that importers only exist in prokaryotes and archaea,
however, more and more evidence arises that plants, as the only eukaryotes until now, have
ABC transporters that function as importers (Lee et al., 2008, Kang et al., 2010, Terasaka et
al., 2005, Kang et al., 2015).

In plants, ABC transporters are located in plasma membranes, mitochondrial membranes,
vacuolar membranes, the chloroplasts and the peroxisome (Choi et al., 2014, Jaquinod et al.,
2007, Hayashi et al., 2004, Fan et al., 2015, Kushnir et al., 2001). They are expressed in all
organs of plants (figure 2). While some are uniquely expressed others are only expressed in
certain organs such as for example roots or seeds. The first described plant ABC transporters
were thought to be involved in detoxification. Today it is known that plant ABC transporters
are involved in many more processes. They are important in plant hormone transport, biotic
and abiotic stress response and for plant nutrition. All these processes indicate that ABC
transporters are critical for the plant’s interaction with the environment (Kang et al., 2011,

Martinoia et al., 2002).

1.3.1 Organization of the plant ABC protein family

According to their phylogenetic relationship plant ABC transporters can be divided into eight
subfamilies A — G and I (H does not exist in plants) (Verrier et al., 2008). The phylogenetic
tree of the NBDs from A. thaliana is shown in Figure 7. The ABCA subfamily comprises the
full-size transporter ABCA1 (AOH) and 11 half-size transporters ABCA2 — 12 (ATHs). In 4.
thaliana AOH 1is the largest ABC protein. The protein has a large linker domain and is
orthologous to the human ABC1 (Sanchez-Fernandez et al., 2001a, Verrier et al., 2008, Kang
et al., 2011). The ABCB subfamily consists of 21 full-size transporters (ABCB1 — 7, 9 — 22),
which are also named Pgps or MDRs. Characterized full-size transporters were shown to
localize to the plasma membrane. The seven half-size transporters (ABCB23 — 29) of the
ABCB subfamily are inter alia located in the mitochondria, the chloroplasts und the vacuole
(Sanchez-Fernandez et al., 2001a, Verrier et al., 2008, Kang et al., 2011). The ABCC

subfamily comprises only full-size transporters (MRPs), which have an additional
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et al., 2001a, Verrier et al., 2008, Kang et

al., 2011). Of all subfamilies the ABCG family is by far the largest containing 29 half-size
(ABCG1 — 29, also named WBCs) and 15 full-size transporters (ABCG30 — 43, also named
PDRs) (Sanchez-Fernandez et al., 2001a, Verrier et al., 2008, Kang et al., 2011). Many

no transport function (Sanchez-Fernandez

proteins of the ABCG subfamily were shown to localize to the plasma membrane (Ruzicka et
al., 2010, Stein et al., 2006, Kang et al., 2010, Yim et al., 2016, McFarlane et al., 2010, Yadav
et al., 2014, Choi et al., 2014). Compared to the other subfamilies, the members of the ABCG
subfamily have a reverse orientation of domains, meaning that the NBD is located at the N-
terminus of the protein. The ABCH subfamily is the only other subfamily with reverse
domain orientation, but this subfamily is not present in plants (Sanchez-Fernandez et al.,
2001a, Verrier et al., 2008, Kang et al., 2011). Members of the ABCI subfamily form a
heterogeneous group with no phylogenetic relationship. They encode for single NBDs, TMDs
or potential substrate binding proteins (Sanchez-Fernandez et al., 2001a, Verrier et al., 2008,

Kang et al., 2011).
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1.3.2  The Pleiotropic Drug Resistance ABC transporter subfamily

The pleiotropic drug resistance (PDR) proteins are the full-size transporters of the ABCG
subfamily. Proteins of the ABCG subfamily have a reverse orientation of domains. Due to
sequence analysis it is hypothesized that the PDR transporters originate from duplication of a
half-size transporter gene of the same subfamily, the WBCs (Kang et al., 2011, Verrier et al.,
2008). Crouzet et al. (2006) performed a sequence comparison and created a phylogenetic tree
of plant and fungi PDR and WBC genes (Figure 8). In the phylogenetic tree the WBCs of
plants and fungi cluster together, but separately from the PDRs. That indicates that the WBCs
from plants and fungi have a common ancestor. The PDRs might result from duplication of a
half-size transporter and this happened before plants and fungi separated during evolution.
The PDRs of fungi and plants again cluster in separate groups, which shows that, after the
separation of plants and fungi, the PDRs evolved individually in the respective groups. It is
therefore unlikely to find functionally comparable orthologs of plant and fungi PDRs. By
comparing ABC genes of different plant species it becomes obvious that the genes do not
cluster according to their species affiliation. For example AtMRP3 clusters with OsMRP1 and
AtMDRS clusters with OsMDRS and OsMDR14. That illustrates that the differentiation of the
ABCs happened before the plants separated into monocots and dicots (Crouzet et al., 2006).

The genomic structure of plant PDRs displays high conversation. This is reflected in the
exon/intron boundaries, which are at similar positions as well as in the number of exons (19 —
24). The only exceptions are AtPDR7 and AtPDRS8, which have 9 and 7 exons, respectively.
Those PDR genes that cluster together in the phylogenetic tree also display similar genomic
structures. Only the linker region of the two half-molecules of each PDR gene displays high
variability (van den Brule and Smart, 2002). The fungal PDR genes display highly
degenerated Walker A, Walker B, H-loop and ABC signature motifs (Gupta et al., 2014). The
Walker A motifs of the plant PDR genes are highly conserved, but the N-terminal Walker B
motifs do not strictly follow the consensus sequence. For example in eight of the 15 PDR
genes in A. thaliana the second residue of the N-terminal Walker B motif is not hydrophobic.
Both of the ABC signature motifs vary from the consensus sequence. The second last residue
of the N-terminal motif does not correspond to the consensus sequence as well as the second,
third and fourth residues of the C-terminal ABC signature motif (van den Brule and Smart,
2002). The plant PDR genes contain four regions with identical residues, which are the plant

PDR signature motifs. PDR signature motif one (LLLGPP) precedes the N-terminal Walker A
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motif and PDR signature motif two (GLDSST) follows the N-terminal Walker B motif. The
third PDR signature motif (GLDARAAAIVMR) is downstream of the Walker B motif of the
C-terminal NBD followed by the fourth PDR signature motif (VCTIHQPSI) (van den Brule
and Smart, 2002).

%%
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Figure 8: Phylogenetic analysis of half- and full-size members of the ABCG subfamily. Randomly selected genes of the
full-size transporters (PDRs) and the half-size transporters (WBC) of A. thaliana, O. sativa and S. cerevisiae were
analysed and compared to other members of the plant ABC family. The numbers in the Plant PDR cluster stand for
the following proteins: A7fPDR1 (1), OsPDR12 (2), AfPDR6 (3), OsPDRS5 (4), AtPDR12 (5), OsPDR9 (6), AfPDR9Y (7),
OsPDRS (8). The figure was taken from Crouzet et al. (2006). For details see the publication.
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The first PDR was characterized in the yeast Saccharomyces cerevisiae. With a total number
of 29 ABC proteins the yeast contains nine PDR transporters. Out of these ScPdr5 has been
studied best and is thereby considered as the prototype for the PDR family. It was shown to
mediate resistance to various drugs, among these antifungal and anticancer drugs (Ernst et al.,
2005). Since it exports a broad range of structurally unrelated compounds it is considered a
functional homolog to the mammalian Multi Drug Resistance (MDR) group of ABC
transporters. However, the sequence identity between the mammalian MDRs and ScPdr5 is
low and the domain orientation is different (Rea, 2007, Nuruzzaman et al., 2014). In fact there
is no ScPdr5 homolog identified in prokaryotes or animals; the PDR subfamily only exist in
plants, fungi, brown algae, slime molds and oomycetes (Huala et al., 2001, Cock et al., 2010,

Tyler et al., 2006, Anjard et al., 2002, Cherry et al., 2012).

1.3.3 PDRs are involved in many physiolocical processes by secondary metabolite transport

The first identified PDR in plants was SpTUR2 from the water plant Spirodela polyrrhiza
(Smart and Fleming, 1996). The expression of SpTUR2 in A. thaliana conferred resistance to
the diterpene sclareol, therefore it was described as a sclareol exporter. The transcription of
SpTUR? is activated by absicic acid (ABA) and abiotic stress factors such as cold or salinity
(van den Brule et al., 2002). Another PDR transporter potentially involved in sclareol export
is NpPDR1 from Nicotiana plumbaginifolia. NpPDR1 expression is elevated by sclareolide,
the lactone of sclareol and in suspension culture the export of radiolabeled sclareol was
monitored after induction of NpPDR1 expression The NpPDRI promoter sequence
furthermore includes the cis-regulatory sequence sclareol box 3, which is important for

induction by sclareol and methyl jasmonate (Grec et al., 2003, Jasinski et al., 2001).

Apart from sclareol plant PDRs are involved in the transport of many different secondary
metabolites, as summarized in Figure 9. For example CrTPT2 expression is induced by the
alkaloid catharanthine; the PDR is supposed to transport this anticancer drug to the leaf
surface in Catharanthus roseus (Yu and De Luca, 2013). MtABCGI10 from Medicago
truncatula was shown to be involved in phenylpropanpoid metabolism by likely exporting 4-
coumarate and liquiritigenin, two intermediates of the medicarpin pathway (Biala et al.,
2017). VmTPT2 from Vinca minor could export monoterpene indole alkaloids, especially

vincamine (Demessie et al., 2017). These functions are interesting from a pharmacological
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point of view since the phenylpropanoids and monoterpene indole alkaloids were shown to

have therapeutical relevance (Demessie et al., 2017, Biala et al., 2017).

AtPDRY expression was induced upon iron deficiency. The protein is involved in the secretion
of highly oxygenated coumarin compounds. Coumarins are known to be secreted under iron
deficiency. The AfPDR9 promoter sequence contains putative WRKY transcription factor
binding sites, which implies a role in pathogen response, too (Ziegler et al., 2017, Fourcroy et
al., 2014, Ito and Gray, 2006, Rushton et al., 2010). Transport experiments in a heterologous
system confirmed that the auxin precursor indole-3-butyric acid (IBA) was transported by
AtPDRO (Ruzicka et al., 2010). Another PDR involved in plant hormone transport is PAPDR1
from Petinua hybrida. 1t was postulated to export strigulactone and thereby regulate the
axillary branching and the cultivation of arbuscular mycorrhizae (Kretzschmar et al., 2012).
The expression of NtPDR3 from Nicotiana tabacum was upregulated under iron deficiency,
too. Furthermore the promoter sequence comprises an iron deficiency responsive element 1
box, which is a common element in promoter regions (Kobayashi et al., 2003) of genes
elevated under iron deficiency. It was speculated that the transporter acts in iron homeostasis.
The expression of NfPDR3 was induced by the diterpene cembrene, salicylic acid, jasmonate

and 1-naphthalene acetic acid (NAA) (Ducos et al., 2005).

AtPDR2 was shown to shape the microbiome of the rhyziosphere. The knock-out mutation of
AtPDR2 changed the secretion levels of a variety of root exudates (e.g. phenolics, indolics,
organic acids sugars, flavonols), which possibly altered the microbial community. This does
not necessarily mean that AfPDR2 transports such a large set of compounds; it is likely that

this pleiotropic phenotype resulted from other metabolic interactions (Badri et al., 2009).

AtPDR3 is involved in steryl glucoside deposition at the pollen surface, which is important for
pollen coat maturation. The transporter therefore contributes to the protection of the pollen
against abiotic factors like drought and cold (Choi et al., 2014). Plant PDR transporters were
furthermore shown to be involved in cuticle and cell wall formation and thereby adding to the
physical barrier of the plant. HvABCG31 from Hordeum vulgare might contribute to cuticle
formation since mutating HvABCG31 resulted in water loss in leafs (Chen et al., 2011).
AtPDR4 could fulfill a similar function in 4. thaliana (Bessire et al., 2011). AtfPDR1 was
shown to play a role in monolignol transport to the cell wall, which is important for lignin

synthesis. Another study could not find any difference in lignin contents in A¢#PDRI knockout
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plants compared to the wild-type and thereby concludes that AfPDR1 is not solely involved in
monolignol transport (Alejandro et al., 2012). Next to AfPDR1, AtfPDR2 AfPDR4, AtPDRS5
and ArPDR6 were co-expressed with lignin synthesis related genes. Analysis of the
expression levels in mutants resulted in upregulation of AtfPDR2 in the atpdr6 and of A(PDR6
in the atpdr? mutant, respectively (Takeuchi et al., 2018). These results suggest that several
PDRs are involved in monolignol transport and thereby in lignin synthesis. Because the
cuticle and the cell wall build physical barriers transporters involved in the formation of these

indirectly also play a role in plant defense.

Another strategy for plant defense is the secretion of secondary metabolites that are repelling
or toxic for plant enemies. PDR genes were upregulated under pathogen or herbivore attack,
which implies that PDR transporters are involved in biotic stress response. NfPDR1 was
expressed in response to fungal and bacterial elicitors, methyl jasmonate and cembrene
(Sasabe et al., 2002, Crouzet et al., 2013). Activity of the purified protein was stimulated by
diterpenes and sesquiterpenes, which are involved in plant defense (Pierman et al., 2017).
NpPDRI1 was upregulated upon pathogen infection (Stukkens et al., 2005, Bultreys et al.,
2009) and NtPDRS was upregulated upon wounding, herbivore attack, pathogen infection and
methyl jasmonate treatment (Bienert et al., 2012). In a mutant screening atpdr6 plants showed
hypersensitivity for sclareol. 4fPDR6 expression was induced by methyl jasmonate and
pathogen infection. It was proposed that the indole alkaloid camalexin is exported in response
to pathogen infection (Khare et al., 2017). In petunia PAPDR2 confers resistance against
herbivores, likely by extruding petuniasterone and petuniolide (Sasse et al., 2016). TaPDR1
from wheat was induced after treatment with the mycotoxin deoxynivalenol and aluminium
and calcium ions. It was suggested that 7aPDR1 takes part in defense as well as detoxification
(Shang et al., 2009). TaLr34, a gene mediating resistance to fungal pathogens in wheat, was

shown to code for a PDR transporter as well (Krattinger et al., 2009).
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Stimulus Gene/Protein Transport Physiological role Reference
p-coumaryl AtPDR1 Monolignols Cell wall formation Alejandro et al., 2012
(p-coumaryl) Takeuchi et al., 2018
AfPDR2 Root exudates? Shaping soil microbiome Badri et al., 2009
ABA Hormone transport Kang et al., 2015
Cell wall formation? Takeuchi et al., 2018
AfPDR3 Steryl glucoside? Pollen coat maturation Choi et al., 2014
ABA Hormone transport Kang et al., 2015
AtPDR4 Cuticle formation Bessire et al., 2011
Cell wall formation? Takeuchi et al., 2018
Pathogen infection AtPDRS Cell wall formation? Takeuchi et al., 2018
MeJA, SA, Auxin Crouzet et al., 2006
MelJA AtPDR6 Camalexin, Pathogen response Khare et al., 2017
Pathogen infection Sclareol? Cell wall formation? Takeuchi et al., 2018
Fungal elicitors AfPDR8 Indole-derived compounds Pathogen response Stein et al., 2006
Bacterial elicitors Product(s) of PEN2 Detoxification Kobae et al., 2006
Pathogen infection pathway Auxin homeostasis Under wood and
Lead Cadmium Drought resistance Somerville, 2013
Copper IBA Salt resistance Kim et al., 2007
Cadmium Strader and Bartel, 2009
Kim et al., 2010
Iron deficiency AtPDR9 Coumarins? Iron homeostasis Ziegler et al., 2017
Pathogen infection, IBA Pathogen response? Fourcroy et al., 2014
JA, SA, Auxin 2,4-D? Hormone transport Ito and Gray 2006
NPA? Ruzicka et al., 2010
Crouzet et al., 2006
Lead AtPDR12 Lead? Detoxification Campbell et al., 2003
Sclareol ABA Hormone transport Lee et al., 2005
Pathogen infection Pathogen response Kang et al., 2010
SA, MeJA, ET Kang et al., 2015b
Crouzet et al., 2006
Catharanthine CrTPT2 Catharanthine? Secretion of monoterpene Yu and De Luca, 2013
indole alkaloids
HvABCG31 Cutin? Cuticle formation Chen et al., 2011
Fungal elicitors MtABCG10 4-coumarate Part of phenylpropanoid Biala et al., 2017
4-coumarate liquiritigenin pathway
Sclareolide NpPDR1 Sclareol? Pathogen response Stukkens et al., 2005
Larixol Constitutive defense? Bultreys et al., 2009
Pathogen infection Jasinski et al., 2001
MeJA Crouzet et al., 2006
Abietic acid
Fungal elicitors NtPDR1 Diterpenes Defense? Sasabe t al., 2010
Bacterial elicitors Sesquiterpenes Crouzet et al., 2012
Cembrene Pierman et al., 2017
MeJA
Iron deficiency NtPDR3 Iron homeostasis Ducos etal., 2005
Cembrene Diterpene transport?
SA, JA,NAA
Herbivore attack NtPDR5 Defense? Bienert et al., 2012
Pathogen infection Herbivore resistance
Wounding
MelJA
GR24 PhPDR1 Strigulactone? Hormone transport Kretzschmar et al., 2012
NAA Axillary branching
Mycorrhizae cultivation
Mela PhPDR2 Petuniasterone? Herbivore resistance Sasse et al., 2016
Petuniolide?
Temperature SpTUR2 Sclareol? Pathogen response? Smart and Fleming, 1996
Salinity Van den Brule et al., 2002
ABA
Sclareol
Rhodamine 6G
Cycloheximide
Pathogen infection Talr34 Pathogen response Krattinger et al., 2009
Mycotoxin DON TaPDR1 Defense? Shang et al., 2009
Aluminium Detoxification?
Calcium
VmTPT2 Vincamine Secretion of monoterpene Demessie et al., 2017

indole alkaloids

Figure 9: Overview about the functions fulfilled by plant PDRs. The list shows the environmental stimuli that induced
expression of the respective genes as well as the suggested substrates and functions of the protein. For details see text.
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1.3.4 Plant PDRs: several phenotypes — several substrates?

Many PDR transporters seem to be involved in diverse physiological processes, which always
leaves the question whether one substrate is transported or several, maybe structurally
unrelated, substrates. The expression of AfPDR12 was induced by sclareol and the transporter
was show to be involved in pathogen response, which implies a role in plant defense
(Campbell et al., 2003, Lee et al., 2005). On the other hand, growth experiments could show
that plants expressing AfPDR12 displayed increased resistance against lead ions. It was
hypothesized that the lead ions are detoxified via glutathione conjugation (Lee et al., 2005).
Another study showed abscisic acid (ABA) transport by AfPDR12 (Kang et al., 2010). It was
reported that together with AfPDR2, AfPDR3 and AtWBC25, AfPDR12 mediates the transport
of ABA from the endosperm to the seeds. ABA is produced in the endosperm, which
surrounds the seed embryo, and is exported by AfWBC25 and ArPDR3. The uptake of ABA
into the embryo is then mediated by AtfPDR12 and AfPDR2, which both are postulated to have
an importer function (Kang et al., 2015).

These data raise the question if 4fPDR12 is able to transport several structurally unrelated
compounds, as some yeast and mammalian ABC transporters do (Kolaczkowski et al., 1996b,
Ambudkar et al., 1999), or if only one stress inducible compound is transported. In fact only
ABA transport was demonstrated applying transportomic approaches (Kang et al., 2010), the
other findings result from mutant studies with AzPDR 2 knock-out plants or plants expressing
AtPDRI2 constitutively. In addition, the transport experiments point to ABA as the only
substrate of ArfPDR12. ABA is a phytohormone that is involved in several physiological
events. In rice it was shown to be involved in cadmium response and in 4. thaliana
overproduction of ABA causes increased susceptibility to pathogens (Mohr and Cabhill, 2003).
A reason could be that ABA inhibits ethylene production, a signaling molecule involved
pathogen response (LeNoble et al., 2004, Guo and Ecker, 2004). The diverse roles of ABA
support the possibility that 4/PDR12 maybe transports a single compound and that knocking

out the transporter results in different phenotypes regarding biotic and abiotic stress.

The PDRs have gained more and more interest in recent years. While in 2002 only 21 PDRs
were identified in plants (van den Brule and Smart, 2002) the number increased to 43 in 2006.
This number comprises PDRs from the species Oryza sativa, A. thaliana, S. polyrrhiza, N.

tabacum and N. plumbanigifolia (Crouzet et al., 2006). Until now additional PDRs have been
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analyzed, for example in cucumber, wheat, petunia and barley (Nuruzzaman et al., 2014,
Krattinger et al., 2011, Chen et al., 2011, Sasse et al., 2016), which underlines the increasing
interest in PDR transporters from crops. The studies demonstrate that PDRs are involved in
vital processes of plants and understanding the function of the PDRs will greatly improve our
understanding of these processes. Especially the function of PDR transporters in crops could
be of valuable knowledge for future perspectives. However, considering the number of PDRs
in each plant species and the fact that in most reports the substrates could not be clearly

identified we are still at the beginning of understanding these processes.

1.4 AfPDRS - a key player in stress response

AtPDR8/AtABCG36/PEN3 is an ABC transporter belonging to the Pleiotropic Drug
Resistance family of A. thaliana. The 5.7 kbp large gene was identified in the Arabidopsis
genome-sequencing project (Arabidopsis Genome, 2000, Huala et al., 2001) and annotated
according to its homology to ScPdr5 from S. cerevisiae (Sanchez-Fernandez et al., 2001a). It
comprises seven introns and eight exons that code for a 1469 aa protein (van den Brule and
Smart, 2002, Huala et al., 2001). It was predicted to have 13 (Stein et al., 2006, Strader and
Bartel, 2009, Sazuka et al., 2004) or 14 transmembrane helices (Tsirigos et al., 2015).
AtPDR& is expressed in all organs of 4. thaliana (van den Brule and Smart, 2002). Promoter
analysis revealed that the 4/PDRS8 promoter is most active in leafs, root tips, around stomata
and in the root hair (Kobae et al., 2006, Kim et al., 2007). Several studies proof the
localization of AfPDRS in the plasma membranes of A4. thaliana cells (Stein et al., 2006, Xin
et al., 2013, Underwood and Somerville, 2013, Kobae et al., 2006, Campe et al., 2016).

1.4.1 A¢PDRS is involved in biotic stress response

In 2006 Stein and colleagues performed a mutant screening of A. thaliana plants for
susceptibility to non-adapted powdery mildew pathogens. Plants grown from ethyl
methanesulfonate-mutagenized seeds were screened for elevated penetration of the barley
powdery mildew Blumeria graminis f. sp hordei. In that screening the penetration 3 (pen3)
mutants pen3-1 and pen3-2 were discovered and mapped to the A¢tPDRS locus on the A.
thaliana chromosome one (Stein et al., 2006). The pen3-1 mutation is a single amino acid
substitution at position 354 that replaces a glycine by aspartic acid in the Walker A motif of
the N-terminal NBD. The pen3-2 mutation substitutes a glycine to a serine at position 915 in

the C-terminal Walker A motif. Both alleles transcribe the gene but seem to result in non-
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functional proteins (Lu et al., 2015, Stein et al., 2006). On the other hand the pen3-3
(SALK 110926) and pen3-4 (SALK 000578) mutants contain T-DNA insertions in the first
exon of the gene, which result in no expression of the protein (Stein et al., 2006). All pen3
mutants exhibited similar infection phenotypes. Upon inoculation with the non-adapted
pathogens B. g. hordei, the pea powdery mildew Erysiphe pisi, the potato late blight
Phytophthora infestans (an oomycete) and Alternaria alternate, which causes Alternaria stem
canker in tomato, penetration, hyphae formation and elongation of the pathogens were
increased in pen3 mutants suggesting a function of A7rPDR8 in nonhost resistance to
inappropriate pathogens (Sanchez-Vallet et al., 2010, Stein et al., 2006, Egusa et al., 2013).
Inoculation with the broad host range necrotrophic pathogen Plectosphaerella cucumerina
resulted in severe leaf damage of pen3 plants compared to wild-type plants and 4AfPDR8 was
also shown to accumulate at fungal penetration sites, which implies that the protein exports an
antifungal compound (Stein et al., 2006). In contrast to these results the pen3 mutation
mediated enhanced resistance towards the adapted A. thaliana pathogen Erysiphe
cichoracearum. Leafs of E. cichoracearum-infected pen3 plants showed chlorosis and
necrosis, which are defense mechanisms against biotrophs. This pen3-associated resistance
phenotype was likely SA-dependent since microarray data suggested an upregulation of the
SA pathway in pen3 plants (Stein et al., 2006). Similar observations were obtained by Kobae
et al. (2006), who also studied P. infestans infections in pen3 plants. Loss of 4fPDR&/PEN3
resulted in a loss of penetration resistance towards P. infestans. They further inoculated with
the biotrophic bacterial strain Pseudomonas syringae pv. tomato DC3000. They report
enhanced cell death of infected pen3 plants compared to wild-type plants and suppressed
growth of the bacteria, which is comparable to the results after E. cichoracearum infection.
Contrary to this, Xin et al. (2013) reported decreased resistance towards P. syringae pv.
tomato DC3000 in pen3 plants. They also did not observe chlorosis or cell death of infected
pen3 plants, which might be the reason of the contradictory phenotypes. They argue that
additive biotic and abiotic stressors might result in the unspecific upregulation of defense
pathways. In line with this where the observations made by Sanchez-Vallet et al. (2010),
where functional 4fPDR8 was important for the resistance against the adapted pathogen P.

cucumerina BMM.

AtPDR8 was shown to accumulate at fungal penetration sites, however, after a certain time
the accumulation was suppressed by P. syringae pv. tomato DC3000 in a type III secretion-

dependent manner (Xin et al., 2013). Expression of the P. syringae pv. tomato DC3000

22



Introduction

effector AvrPto, which interferes with the A. thaliana FLS2 receptor (Xian et al. 2008),
together with AfPDR8 in A. thaliana resulted in reduced accumulation of A/PDRS. These
results cold not be confirmed by bacterial infection experiments, which implies more complex

effector interactions between plants and bacteria (Xin et al., 2013)

Johanson et al. (2014) infiltrated leaves of the pen mutants with P. syringae pv. tomato
DC3000 expressing the effectors AvrRps4 and AvrRpm1 and monitored the programmed cell
death. The hypersensitive response was reduced up to 50 % for the pen3-1 plants compared to
the wild-type. In order to test the influence of other effectors they also inoculated with the
oomycete Hyaloperonospora arabidopsidis isolate Cala2, which produces the effector ATR2.
While the wild-type was able to restrict pathogen growth by rapid host cell death pen3 plants
exhibited extended necrosis and hyphae formation that was outgrowing cell death (Johansson
et al., 2014). These results are contrary to that obtained by Kobae et al. (2006), who reported
that pen3 plants displayed enhanced resistance towards P. syringae expressing AvrRpt2 due
to the hypersensitive response. The results suggest a role for AfPDR8 in effector-triggered

immunity, too.

Lu et al. (2015) isolated an additional pdr8 mutant. The pen3-5 mutation, which displays an
amino acid substitution (L704F) in the 4™ transmembrane helix of A/PDRS, still results in
protein production. Aligning all A. thalina PDRs showed that this position contains aliphatic
amino acids in all AfPDRs. After pathogen inoculation Lu at al., performed metabolite
profiling of compounds from PEN3 wild-type and mutant plants. They observed the
accumulation of 4-O-B-D-glucosyl-1-H-indole-3-yl formamide (4OGGIcI3F) in pen3
mutants, which might be a product of the PEN2 pathway. The authors speculated that
40GGIcI3F was not the bioactive compound transported by 4/PDRS but rather a detoxified
derivative form of the potentially toxic AtfPDR8 substrate. Interestingly, pen3-5 plants did not
display the IBA-sensitive phenotypes of the other pen3 mutants in response to IBA treatment
(chapter 1.4.3). The authors thereby concluded that the pen3-5 mutation did not abolish
potential IBA transport as the pdr§-115 mutation (chapter 1.4.3) or the pen3-null mutants did
(Lu et al., 2015).
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1.4.2 A¢PDRS is involved in abiotic stress response

Abiotic stresses are important factors in plant growth, productivity and immunity (Pandey et
al., 2017). Heavy metals are common pollutants and can have severe effect for plants by
causing cellular damage, protein denaturation and supporting the creation of reactive oxygen
species. The detoxification involves the transport of heavy metal ions or conjugates and ABC
transporters were shown to be involved in heavy metal resistance (Kim et al., 2006, Lee et al.,
2005). AfPDRS8 was suggested to be involved in heavy metal detoxification through extrusion
of metal ions from the plant cell. The expression of 4fPDR8 was increased by lead, copper
and cadmium treatment. AtPDRS knock-out and RNAIi plants exhibited diminished growth on
media containing cadmium and lead ions while 4AfPDRS8 overexpressing lines grew better
compared to wild-type plants. The metal ions Cu®**, Fe’", Zn*" and AI’* had no influence on
growth behavior. The same result was obtained for sclareol ABA, H,O, and cycloheximide,
which all did not alter growth behavior of A/PDR8 RNAi and wild-type plants. The cadmium
and lead contents were measured in wild-type plants, atpdr8 mutant and overexpressing
plants. Mutant plants contained higher cadmium levels than wild-type plants and the
overexpressing plants exhibited lower cadmium levels than wild-type plants. No difference
was detected for the lead content. The cadmium transport was confirmed by monitoring
radiolabeled '"’Cd transport across the plasma membrane in A. thaliana protoplasts. The
uptake of cadmium was less in protoplasts from A/PDR8-overexpressing plants compared to
protoplasts from wild-type plants. The uptake was highest in protoplasts from 4/PDR8 RNAi
plants. The same pattern was observed for the cadmium release, which was fastest in
AtPDRS-overexpressing protoplasts und slowest in 4/PDR8 RNAI protoplasts. The transport
was unaffected by pH changes but could be abolished by vanadate and glibenclamide. These
results suggest that the resistance to cadmium was mediated by an ABC-transporter,

potentially A7PDR8 (Kim et al., 2007).

Kim et al. (2010) further investigated the role of AfPDR8 in drought and salt resistance. They
observed that 4fPDR8-overexpressing plants were more resistant to drought and salt while
AtPDRS8 mutant plants showed decreased resistance compared to the wild-type. They could
further show that the sodium content in the AfPDR8-overexpressing plants was reduced, and
the plants grew better on sodium-containing media. That implies that the drought and salt
resistance phenotypes were linked to sodium reduction. Interestingly, the AfPDRS8 expression

was not elevated under drought and salt stress conditions (Kim et al., 2010). It remains to be
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clarified whether the 4fPDR8-mediated drought and salt resistance relies on direct export of

sodium by AfPDRS or depends on the influence of other mechanisms.

1.4.3 The role of AtfPDR8 in phytohormone transport

The phytohormone auxin is important for plant growth and development because it regulates
cell division and elongation and thereby controls stem and root elongation, leaf expansion and
patterning and lateral root initiation. The auxin precursor indole-3-butyric acid (IBA) has an
elongated side chain compared to the active auxin indole-3-acetic acid (IAA). IBA is
transformed into IAA by shortening of the carbon carboxyl side chain that takes place in the
peroxisomes. Plants store IAA inter alia in the precursor version IBA (Woodward and Bartel,
2005). Strader and Bartel (2009) used mutant studies to analyze the auxin transport in plant
cells and the resulting developmental effects. They identified the pdr§-115 mutation, which
results in an amino acid substitution from alanine to valine at position 1357 in the 11®
transmembrane helix. Using this and other published mutants (Stein et al., 2006) they
observed impaired [H]-IBA-efflux in the mutants but normal [*H]-IAA accumulation.
Furthermore the afpdr§ plants showed increased lateral root production and lengthened root
hairs as well as larger cotyledon areas compared to wild-type plants. These phenotypes
pointed to an excessive auxin production that resulted from prior IBA accumulation. This
finding was supported by the blocking of the IBA to IAA conversion, which resulted in
suppression of the atpdr8 phenotypes. The authors proposed a model for the function of
AtPDR& in auxin homeostasis. Active auxin is produced by the f—oxidation of IBA to IAA in
the peroxisomes. IAA then regulates lateral root formation, root hair elongation and cotyledon
expansion. In that model AfPDR8 regulates the IBA accumulation in the cell by exporting
excessive IBA into the apoplast. The IBA levels then influences IAA production levels, which
is why AfPDRS acts in auxin homeostasis (Strader and Bartel, 2009). Several mechanisms
involve IBA and TAA transport and accumulation (Blakeslee et al., 2005, Woodward and
Bartel, 2005). Thereby the question will always remain if the phenotypes observed by Stader

and Bartel could as well be due to other redundant processes in the cell.
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1.4.4 Recruitment and regulation of AfPDR8

AtPDRS is constitutively expressed in A. thaliana, however, expression was enhanced by
pathogen inoculation and elicitor treatment (Kobae et al., 2006, Stein et al., 2006, Johansson
et al.,, 2014). AfPDRS is equally distributed in the plasma membrane, but it relocates and
accumulates at bacterial infections sites and in response to flg22 (Underwood and Somerville,
2013). The bacterial effector binds the FLS2 receptor (Chinchilla et al., 2006) and thereby
possibly activates AfPDRS8 expression. FLS2 forms a complex with BRI1-associated receptor
kinase 1 (BAK1) (Sun et al., 2013) and bak! mutants fail to induce several responses to f1g22
(Chinchilla et al., 2007). The bakl-4 null mutant seems to have no influence on the
accumulation of A/PDRS to fungal penetration sites, but the bakl-5 allele seems to have a
dominant negative effect on A/PDRS8 recruitment since a reduction in accumulation was
observed (Underwood and Somerville, 2013). That implies that the accumulation of 4/PDRS8
at penetration sites is FLS2-dependen but does not require the functional FLS2-BAK1
complex. The accumulation of ATPDRS8 was further investigated using pharmacological
inhibitors in order to disrupt specific cellular functions. Disruption of microtubules, secretory
trafficking, vesicle trafficking and protein biosynthesis did not affect AfPDR8 accumulation.
Only disruption of the actin cytoskeleton resulted in impaired localization of ArPDRS8 at
pathogen penetration sites. These data suggest that accumulation of AfPDR8 at penetration
sites does not depend on secretory trafficking or synthesis of new protein and vesicle-
dependent transport to the site of action. It seems that protein synthesized prior to pathogen
attack is relocated and this process depends on actin microfilaments (Underwood and

Somerville, 2013).

Campe et al. (2015) performed an A. thaliana protein array (4fPMA-500) screening in order
to identify potential interaction partners of the N-terminal cytosolic domain of 4/PDRS8. Most
of the identified interaction partners were calcium-sensing proteins, as well as proteins
involved in biotic stress response. The authors then created an A/PDR8 network with calcium-
sensing proteins, which it included mainly calmodulines (CaMs) or calmodulin-like (CMLs)
proteins. CaMs and CMLs are catalytically inactive, but calcium binding induces
conformational changes, which influences the interaction with other proteins. Plants contain
several CaM genes that encode multiple CaM isoforms. Additional database research revealed
that ArfPDRS is co-expressed with 4tCaM7. Fluorescence microscopy revealed that 4/PDRS-
GFP and AtCaM7-mRFP co-localized in planta. Binding of AtCaM7 to the N-terminal
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cytosolic domain of A/PDRS8 was proven in vitro by CaM overlay assays and pull-down
assays. The binding was enhanced in the presence of calcium ions. However, mutant studies
revealed that 4#CaM7 was not important for the role of A/PDRS in defense resistance. In
addition, microarray data of pathogen-infected plants indicated that 4fCaM7 was not co-
expressed with AfPDRS8. Furthermore none of the ArCaM isoforms showed differential
expression upon pathogen attack. It could be that the different CaM isoforms have

overlapping functions in 4. thaliana (Campe et al., 2016).

AtPDR8 was differentially phosphorylated after induction with fungal and bacterial elicitors
(Benschop et al., 2007, Nuhse et al., 2007) The identified phosphorylation sites of 4/PDRS8
are located in the N-terminal NBD, which implies that this domain is important for 4fPDRS8
regulation. The screening for ArPDRS interaction partners furthermore identified several
kinases, among these MAP3Ks, MAP3K-like integrin kinases, RLKs and CDPKs. In the
network for calcium-sensing proteins CDPK 10 was connected to AfPDR8 via CML9 (Campe
et al., 2016). CDPK10 was shown to phosphorylate an AtfPDR8 peptide in vitro (Curran et al.,
2011) and CML9 is involved in plant defense likely through flagellin-dependent signaling
pathways (Leba et al., 2012). Calcium ion influx is one of the first responses to elicitor
perception (Zhao et al., 2005). A potential scenario in plant pathogen response could be that
after elicitor recognition calcium binds to CaM (possibly CML9 or CaM7), which then
recruits a kinase (possibly CDPK10) to phosphorylate and thereby activate 4fPDR8. AfPDR8

then exports an antimicrobial compound, which was prior activated by the myrosinase PEN2.

1.5 Invivo versus in vitro — why an additional system is needed

Several in vivo studies with A/PDR8 knock-out mutant and overexpressing lines were
conducted, which show that the protein is involved in biotic as well as abiotic stress response
and plant hormone homeostasis. These different roles imply that AfPDRS transports a variety
of diverse substrates. Potential substrates, according to the in vivo and mutant studies, could
be for example heavy metal ions, heavy metal conjugates, phytochelatines, the auxin
precursor IBA, indoles, terpenoids and products of the PEN2 pathway. But is this really the
case? ScPdr5, the PDR prototype was shown to transport structurally unrelated compounds
(Kolaczkowski et al., 1996b). However, this concept was not biochemically proven for any
plant ABC transporter so far. Another example for a PDR transporter with pleiotropic mutant

phenotypes is AfPDR12. As described above, the transporter is supposed to be involved in
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pathogen resistance, in ABA transport and in lead resistance. Only the ABA transport could
be proven by a transport assay and in that assay AfPDR12 was highly specific for this
substrate. This raised the assumption that AfPDR12 possibly only transports one stress-
inducible compound and the other observed phenotypes were the result of the deficiency of
this compound (Lefevre et al., 2015). The same could apply for AtfPDRS. The various AfPDRS§
mutant studies give an idea in what general processes the protein is involved. Concerning
pathogen response, AfPDR8 seems to be involved in PAMP-triggered immunity as well as in
effector-triggered immunity. However, several contradictory studies exist, which complicate
the understanding of 4A/PDRS8 function in plant immunity. Insights about the transported
substrate(s) could help to clarify the exact physiological role of the transporter. The approach
of reverse genetics and mutant studies seems to be insufficient to characterize 4/PDRS in
regard to the transported substrates. There is always the possibility that effects of different
pathways mask each other. In addition, the plant ABC protein family is very large, which
brings the potential of functional redundancy among the proteins, especially when they are
involved in important processes that are linked to plant survival. An example for the
insufficiency of in vivo studies is NpPDR2. The protein was shown to be expressed in roots
and inflorescences, however, knocking-out NpPDR2 by RNA interference showed no
phenotypical difference compared to the wild-type. The expression was furthermore not
affected by pathogens nor by phytohormones involved in stress response (Trombik et al.,
2008). In that particular case knocking-out the transporter gave no insights about the potential

function of the protein.

In order to better understand the plant PDR proteins and the transport processes further
studies are required. These involve biochemical approaches as well as an in vitro system to
ensure that interfering processes do not mask the roles of the PDR transporters. To date,
biochemical studies are rather limited. One reason is the necessity for purified protein in
adequate quantities for biochemical and/or structural studies. Suitable overexpression that
provides sufficient amounts of the protein in reasonable time is still a main issue concerning
eukaryotic membrane proteins (Gréfe et al., in preparation). Heterologous overexpression of
membrane proteins is often challenging due to the size and hydrophobic nature of membrane
proteins, toxicity of the protein to the host, misfolding, incorrect localization or the lack of the
proper post-translational modification(s) (Gréfe et al., in preparation, Bernaudat et al., 2011,
Ahmad et al., 2014, Crouzet et al., 2013, Lefevre et al., 2015, Gul et al., 2014). It furthermore

emerged that not only expression, but also cloning of membrane proteins, especially ABC
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transporters, can be difficult because the sequences are unstable in E. coli (Grife et al., in
preparation, Sami et al., 1997, Covic and Lew, 1996, Stindt et al., 2011, Ellinger et al., 2013,
Crouzet et al., 2013).

Members of the plant PDR family were heterologously overexpressed in eukaryotic systems
(Gréfe et al., in preparation, Choi et al., 2014, Ruzicka et al., 2010, Biala et al., 2017, Yu and
De Luca, 2013, Demessie et al., 2017). However, other studies also showed that expression of
PDRs is not always easily achieved. For example NpPDRS5 from N. plumbaginifolia could
neither be expressed in S. cerevisiae nor in S. pombe (Pierman et al., 2017, Grife et al., in
preparation). AtfPDR9 was expressed in S. cerevisiae but did not localize to the correct
membranes. It localized correctly when it was expressed in HeLa cells and in
Schizosaccharomyces pombe (Grife et al., in preparation, Ruzicka et al., 2010). Heterologous
expression of NfPDR1 completely failed, only the expression in the homologous system
worked. For NpPDR1, even cloning was not successful (Grife et al., in preparation, Crouzet
et al., 2013). Despite these challenges, heterologous overexpression is for some subsequent
applications, like protein purification, essential, because heterologous systems, like bacterial
or yeast based systems, have the advantage of fast protein production with higher yields

compared to homologous (plant) systems (Gréfe et al., in preparation, Lefevre et al., 2015).

This work aimed the establishment of an in vitro system for the biochemical characterization
of AfPDRS. This included the overexpression of full-length A7PDR8 in an appropriate
heterologous system. Therefore the gene needed to be cloned into suitable expression vectors
for the respective systems. Another important step was the establishment of a purification
protocol for AtTPDR8 in order to prevent cross-interactions with other transport proteins during
the in vitro characterization. In order to perform transport studies, AtPDRS8 should be
reconstituted into liposomes; this also required the establishing of the reconstitution protocol
as well as the transport assay protocol. The resulting proteoliposomes represent a helpful tool
to analyze the binding properties, kinetic parameters and the substrate spectrum of the ABC

transporter.
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2 Materials and Methods

2.1 Materials

2.1.1 Chemicals and Reagents

Chemicals and reagents that were used in this study are listed in Table 1.

Table 1: Chemicals and reagents

Materials and Methods

Chemical/reagent Purity Manufacturer
Acetic acid Analytical reagent grade | VWR

Acetone For analysis VWR
D-Adenine >99 % Fluka

Agar Agar (Agar) Research grade Serva
Agarose, GTQ For gelextraction Carl Roth
L-Alanine >99 % Carl Roth
4-Aminobenzoic acid >99 % Sigma-Aldrich
6-Aminohexanoic acid >98.5% Sigma-Aldrich
Ammonium hydroxide, 25 % solution Not specified VWR

Ammonium-"N chloride

98 atom % °N

Sigma-Aldrich

Ammonium iron(III) citrate

Pharma grade

Sigma-Aldrich

Ammonium peroxodisulfate (APS) For analysis Carl Roth
Antifoam 204, mixture of organic polyether dispersions Not specified Sigma-Aldrich
L-Arginine pure AppliChem
L-Asparagine >98 % Sigma-Aldrich
L-Aspartic acid >98.5% Carl Roth
Biobeads” SM-2 Adsorbent 20 — 50 mesh Not specified BioRad

Biotin >99 % Sigma-Aldrich
Boric acid >99.8 % Carl Roth
Bromphenol blue Not specified Merck
Calcium chloride dihydrate >99,5% Fluka

Calcium sulfate 99 % Acros Organics
Chemiluminescence substrate Western Lightning® Ultra Not specified PerkingElmer Inc.

Chloroform

Analytical reagent grade

Fluka

Coomassie® Briliant blue R-250

Not specified

Serva

Cobalt(II) chloride x 6 H,O

For analysis

Acros Organics

Complete™ protease inhibitor cocktail tablets, EDTA-free

Roche Diagnostics

Copper(Il) chloride x 5 H,O

For analysis

Merck

Cysteine

>99 %

Fluka
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Diethyl ether >99.8 % Carl Roth
Dimethylsulfoxid (DMSO) 99.9 % Acros Organics
1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) >99 % Avanti polar lipids
1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE) >99 % Avanti polar lipids
1,2-dioleoyl-sn-glycero-3-phospho-(1'-rac-glycerol)

g Y prosp Y >99 % Avanti polar lipids

(sodium salt) (DOPG)

Dipotassium hydrogen phosphate For analysis Merck
Disodium hydrogen phosphate >99.5% Carl Roth
Dithiotreitol (DTT) >99 % Carl Roth
DNA loading dye (6 x) Not specified Thermo Scientific
n-Dodecyl-B-D-maltopyranoside (3-DDM) >99 % Glycon
Deoxynucleotides mix: 10 mM dATP,

New England
10 mM dCTP, 10 mM dGTP, 10 mM For molecular biology

BioLabs
dTTP (dNTPs)
Ethanol technical Carl Roth
Ethidium bromide For molecular biology Carl Roth
Ethylenediamine tetraacetic acid (EDTA) For analysis AppliChem
Ethylene glycol-bis(B-aminoethyl ether)-N,N,N’,N’-

Y Y P d ) >99 % Carl Roth

tetraacetic acid (EGTA)
Fos-choline 14 (FOS-14) Sol-grade Anatrace

D-(+)-Glucose monohydrate

For analysis

Sigma-Aldrich

Glycerol Analytical reagent grade | Fisher Scientific
Glutamine >99.5% Sigma-Aldrich
Glutamic acid 99 — 100 % Sigma-Aldrich
Glycine >99.5% Sigma-Aldrich
Histidine >99 % Sigma-Aldrich
Hydrochloric acid, 37% (w/v) pure Sigma-Aldrich

2-(4-(2-Hydroxyethyl)-1-piperazinyl)-
ethansulfonsédure (HEPES)

For molecular biology

Fisher Scientific

Imidazole >99.5 % Sigma-Aldrich
Iodixanol solution OptiPrepTM Density Gradient Medium Sigma-Aldrich
Iron(Il) sulfate x 7 H,O >99.5 % Fluka
L-Isoleucine >98 % Sigma-Aldrich
Isopropanol 99.6 % VWR
Isopropyl B-D-1-thiogalactopyranoside (IPTG) >99 % Carl Roth
Ketoconazole >98 % Sigma-Aldrich
Lauryl maltose neopentyl glycol (LMNG) Sol-grade Anatrace
L-Leucine >98 % Sigma-Aldrich
Lithium acetate x 2 H,O For analysis AppliChem
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L-Lysine >98 % Sigma-Aldrich
Magnesium chloride >98.5% Carl Roth
Magnesium sulfate heptahydrate >99,5% Sigma-Aldrich
Manganese sulfate x H,O Pure Merck
2-Mercaptoethanol >99 % Carl Roth

Methanol Analytical reagent grade | Fisher Scientific
L-Methionine >99 % Carl Roth
Myo-Inositol >97 % Duchefa Biochemie
Nickel(II) chloride hexahydrate >98,0 % Carl Roth
N,N,N’,N’-Tetramethyl-1,2-ethylendiamin (TEMED) For analysis Merck

Non-fat dried milk powder Blotting Grade Carl Roth
Polyethylene glycol 400 (PEG 400) Pure AppliChem
L-Phenylalanine For biochemistry Carl Roth

Phosphoric acid 85 %

For analysis

Fisher Scientific

Potassium dihydrogen phosphate

Analytical regent grade

Fisher Scientific

Potassium hydroxide, pellets

85 %, for analysis

AppliChem

Potassium sulfate

Laboratory reagent grade

Fisher Scientific

L-Proline For biochemistry Merck
Rhodamine 6G chloride 99 % Sigma-Aldrich
Rotiphorese” Gel: 30 % Acrylamide solution and 0.8 %

- Carl Roth
bisacrylamide solution (37.5:1) (Acrylamide)
L-Serine For biochemistry Merck
Sodium acetate x 3 H,O Not specified Acros Organics
Sodium azide 99 % Acros Organics

Sodium chloride

For analysis

Fisher Scientific

Sodium dodecylsulfate (SDS) >99,0 % Serva

Sodium hydroxyde For analysis AppliChem
Sodium iodide Pure Merck

Sodium molybdate(VI) x 2 H,O 99+ % Acros Organics
Sodium dihydrogen phosphate For analysis AppliChem
D-Sorbitol >98 % Carl Roth
D(+)-Saccharose (Sucrose) >99.5% Carl Roth
Sulfuric acid 95 % VWR
Tetramethylethylendiamin (TEMED) Not specified Merck
Thiamin hydrochloride >98.5 % Duchefa Biochemie
D-Threonine >98 % Sigma-Aldrich
Trans-PCC a-maltoside Not specified Glycon
Trichloroacetic acid (TCA) For analysis AppliChem
Tris-(hydroxymethyl)-aminomethan (Tris) For analysis VWR
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Triton X-100 - Anatrace
Tryptone/peptone from caseine For microbiology Carl Roth
L-Tryptophan >98 % Sigma-Aldrich
Tween 20 Pure, pharma grade AppliChem
L-Tyrosine >98 % Sigma-Aldrich
L-Valine >98.5% Carl Roth

Yeast extract For bacteriology Carl Roth
Yeastmaker' ™ Carrier DNA - Takara Bio USA
Yeast nitrogen base (YNB) Not specified Difco

Zinc chloride Molecular biology grade | AppliChem

2.1.2 Devices

The (technical) devices used in this study are summarized in Table 2.

Table 2: Devices

Device

Manufacturer

AKTA™1liquid chromatography system, contains UV-900, P-900,
Frac-920, PV908 and INV-907

GE Healthcare, Boston, MA, USA

AKTAprime plus system

GE Healthcare, Boston, MA, USA

Autoklav Systec VX-120 und VX-150

Systec GmbH, Linden, DE

Balance EW 2200-2NM (max: 2200 g + 0,01 g)

Kern & Sohn GmbH, Balingen-Frommern, DE

Balance ABT 120-5DM (42 g; 120 g + 0,00002 g; 0,0001 g)

Kern & Sohn GmbH, Balingen-Frommern, DE

BeadBeater

Bio Spec Products Inc., Bartlesville, OK, USA

Benchtop UV Transillluminator

UVP, LLC, Upland, CA, USA

Bioreactor (15 L), glass, autoclavable

Applikon Biotechnology, Delft, NL

Cell disruption system

Constant Systems Limited, Daventry, UK

Centrifuge 5415D for 1.5 and 2.0 mL tubes

Eppendorf AG, Hamburg, DE

Centrifuge AvantiRJ-26xP

Beckman Coulter, Brea, CA, USA

Centrifuge Heraeus Megafuge 1.0R for 50 and 15 mL tubes

Thermo Fisher Scientific, Waltham, MA, USA

Centrifuge Sorvall Evolution RC

Thermo Fisher Scientific, Waltham, MA, USA

Centrifuge rotor Sorvall SLC-6000

Thermo Fisher Scientific, Waltham, MA, USA

Centrifuge rotor Sorvall SS-34

Thermo Fisher Scientific, Waltham, MA, USA

Centrifuge rotor JA-10, 10,000 rpm

Beckman Coulter, Brea, CA, USA

Confocal microscope Zeiss LSM 880 with Airyscan,

63 x NA 1.4 objective

Carl Zeiss Microscopy GmbH, Jena, DE

Cooling unit NESLAB RTE 740

Thermo Fisher Scientific, Waltham, MA, USA

Disruptor-Genie ™

Scientific Industries, Bohemie, NY, USA
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Electroporation system Multiporator™

Eppendorf AG, Hamburg, DE

ez-Control for autoclavable bioreactors

Applikon Biotechnology, Delft, NL

Fluorolog

Horiba Jobin Yvon GmbH, Bensheim, DE

Heating and cooling block Thermomixer comfort

Eppendorf AG, Hamburg, DE

Incubator

Heraeus GmbH, Hanau, DE

Lumia Imaging System: Chemi Genius2 Bio Imaging System

Synoptics (Syngene), Cambridge, UK

Microplate reader FUOstar OPTIMA

BMG LABTECH GmbH, Ortenberg, DE

Milli-Q water filtration unit

Merck (Millipore) KgaA, Darmstadt, DE

PCR cycler Gradient Thermocycler

Analytic Jena AG (Biometra), Jena, DE

Peristaltic pump Masterflex” console drive

Cole-Parmer GmbH, Wertheim, DE

Peristaltic pump Minipuls”3

Gilson, Middleton, WI, USA

pH-Meter pHenomenal pH1000L

VWR, Radnor, PA, USA

Pipettes Pipetman Classic® with variable volumes:

1000 pL, 200 pL, 100 L, 20 puL, 10 uL and 2 pL

Gibson, Middleton, WI, USA

Power supply Consort EV215

Cleaver Scientific, Warwickshire, UK

Power supply EPS 500/400

GE Healthcare, Boston, MA, USA

Rotary evaporator

Heidolph Instruments GmbH & Co. KG,
Schwabach, DE

SDS-PAGE chamber

Bio-Rad Laboratories GmbH, Miinchen, DE

Shaking incubators Multitron Standard and Ecotron

Infors AG, Bottmingen, CH

Sonorex ultrasonic water bath

Bandelin electronic GmbH & Co. KG, Berlin, DE

Spectrophotometer NanoDrop '™ ND-1000

PEQLAB Biotechnologie GmbH, Erlangen, DE

Spectrophotometer Ultrospec10

GE Healthcare, Boston, MA, USA

Sterile cleanbench Lamin Air LB-48-C

Heraeus GmbH, Hanau, DE

Swing out ultra centrifuge rotor Kontron TST 41.14

tresser instruments, Rossdorf, DE

Swing out ultra centrifuge rotor Kontron TST 60.4

tresser instruments, Rossdorf, DE

Tank blotting system Criterion' " Blotter

Bio-Rad Laboratories GmbH, Miinchen, DE

Ultra centrifuge Optima™™ L-90K

Beckman Coulter, Brea, CA, USA

Ultra centrifuge rotor SI00AT6

Hitachi-Koki, Chiyoda, Tokyo, JP

Ultra centrifuge rotor SI20AT3

Hitachi-Koki, Chiyoda, Tokyo, JP

Ultra centrifuge rotor Ti-45

Beckman Coulter, Brea, CA, USA

Ultra centrifuge rotor Ti-70

Beckman Coulter, Brea, CA, USA

Ultra centrifuge Sorvall Discovery M120 SE

Hitachi-Koki, Chiyoda, Tokyo, JP

Tube rotator Stuart SB2

Cole-Parmer, Staffordshire, UK

Vacuum concentrator plus

Eppendorf AG, Hamburg, DE

Vacuum pump MZ2C NT 2AK

Vacuubrand GmbH + CO KG, Wertheim, DE

Vortex-Genie 2

Scientific Industries, Bohemie, NY, USA

Wavin platform shaker Polymax 1040

Heidolph Instruments GmbH & Co. KG,
Schwabach, DE
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2.1.3 Enzymes

Polymerases, restriction enzymes and other enzymes that were used in this study are listed in

Table 3. All enzymes were used in their corresponding buffers, which are also named.

Table 3: Enzymes

Enzymes

Manufacturer

BamHI restriction enzyme (20 U/uL) with NEBuffer™ 3.1 (10 x)

New England BioLabs

BglII restriction enzyme (10 U/pL) with buffer

Thermo Fisher Scientific

Deoxyribonuclease I from bovine (> 400 kunits/mg protein)

Sigma-Aldrich

Dpnl restriction enzyme (20 U/uL) with CutSmart” buffer (10 x) New England BioLabs
EcoRI-HF restriction enzyme (20 U/uL) with CutSmart” buffer (10 x) New England BioLabs

Lysing enzymes from Trichoderma harzianum

Sigma-Aldrich

Mssl restriction enzyme (5 U/uL) with buffer Tango (10 x)

Thermo Fisher Scientific

Nhel-HF restriction enzyme (20 U/uL) with CutSmart” buffer (10 x)

New England BioLabs

Notl restriction enzyme (10 U/uL) with NEBuffer™ 3.1 (10 x)

New England BioLabs

®

Pacl restriction enzyme (10 U/pL) with CutSmart™ buffer (10 x)

New England BioLabs

Pfi DNA polymerase (2.5 U/uL) with Pfu buffer with MgSO, (10 x)

Thermo Fisher Scientific

Phusion® High-Fidelity DNA Polymerase (2 U/uL) with Phusion™ HF buffer (5 x) New England BioLabs
PrimeSTAR® GXL DNA Polymerase (1.25 U/uL) with _

o Takara Bio USA
PrimeSTAR"™ GXL buffer (5 x)
Spel restriction enzyme (10 U/uL) with CutSmart” buffer (10 x) New England BioLabs
Sphl restriction enzyme (10 U/uL) with CutSmart” buffer (10 x) New England BioLabs

T4 DNA Ligase (5 U/uL) with T4 DNA Ligase buffer (10 x)

Thermo Fisher Scientific

Taq DNA Polymerase with ThermoPol® buffer (10 x) New England BioLabs
Xho restriction enzyme (20 U/uL) with CutSmart™ buffer (10 x) New England BioLabs
Xmal restriction enzyme (10 U/uL) with CutSmart” buffer (10 x) New England BioLabs
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Materials and Methods

The antibodies that were used to detect proteins in this study are listed in Table 4.

Table 4: Antibodies

Antibody

Referrence

Anti-rabbit IgG HRP conjugated

Sigma-Aldrich

Anti-mouse IgG HRP conjugated

Jackson ImmunoResearch

Penta His™ antibody

Qiagen

Anti-Pdr5 antibody

Davids Biotechnologie

2.1.5 Kits and electrophoresis markers

Table 5 lists the kits and electrophoresis markers used in this study.

Table 5: Kits and electrophoresis markers

Kits

Manufacturer

Plasmid Midiprep Kit NucleoBondq-‘) Xtra Midi/Maxi

Macherey-Nagel

CloneJET PCR Cloning Kit

Thermo Fisher Scientific

Plasmid Miniprep Kit NucleoSpin® Plasmid

Macherey-Nagel

Gel/PCR purification Kit NucleoSpin® Gel and PCR clean-up

Macherey-Nagel

Gibson Assembly mastermix New England Biolabs
Quick Blunting™ Kit New England Biolabs
Detergent Solution Master Kit, 10 % solutions Anantrace
In-Fusion®” HD cloning Kit Takara Bio USA
Electrophoresis markers Manufacturer

GeneRuler™ 1 kb DNA ladder, 0,5 pg/ul

Thermo Fisher Scientific

PageRuler ™ unstained protein ladder 10 — 200 kDa

Thermo Fisher Scientific

PageRuler' prestained protein ladder 10 — 170 kDa

Thermo Fisher Scientific
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2.1.6 Antibiotics

Antibiotics used in this study are shown in Table 6. Ampicillin and kanamycin were prepared
as aqueous stock solutions. Chloramphenicol was dissolved in 100 % ethanol and zeocin was
purchased as solution. All antibiotic solutions were filter sterilized (0.2 um). The final

working concentrations in medium are also listed.

Table 6: List of antibiotics and the used working concentrations.

Antibiotic Purity Manufacturer Working concentration
Ampicillin sodium salt >97 % Carl Roth 100 pg/mL
Chloramphenicol >98 % Sigma-Aldrich 30 pg/mL

Kanamycin sulfate >750 LE./mg Carl Roth 50 pg/mL

™ ) 25 pg/mL for E. coli,
Zeocin Not specified InvivoGen
0.5 — 1 mg/mL for P. pastoris
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Materials and Methods

Strains that were used for cloning and expression are listed in Table 7. In addition the

genotype and the origin of the strain are mentioned.

Table 7: Strains for cloning and expression with genotypes

Strains Organism Genotype Origin
F endAl ginV44 thi-1 recAl relAl gyr496
Escherichia Thermo Fisher Scientific
DHS5alpha deoR nupG purB20 ¢80dlacZAM15 ™
coli . (Invitrogen ™)
A(lacZYA-argF)U169, hsdR17(rg mg ), A~
endAl gyrA96(nal®) thi-1 recAl relAl lac
Escherichia .
XL1-Blue p ginV44 F'[ ::Tnl0 proAB™ lacl’ Stratagene
coli
A(lacZ)M15] hsdR17(ry myg')
endAl ginV44 recAl thi-1 gyrA96 reldl
Escherichia lac Hte A(mcrA)183 A(mcrCB-hsdSMR-
XL10-Gold 2 Stratagene
coli mrr)173 tet” F'[proAB lacl"ZAM15
Tnl0(Tet® Amy Cm")]
endAl ginV44 thi-1 gyrA96 relAl lac recB
Escherichia recJ sbcC umuC::Tn5 uvrC el4- A(mcrCB-
SURE2 . Stratagene
coli hsdSMR-mrr)171 F'[ proAB” lacl?
lacZAM15 Tn10 Amy Cm"]
E. coli Clac(LacZw) [Kan*McrA McrCB
Escherichia ,
ABLE K i MecrF Mrr HsdR(rx mg )] [F proAB Agilent Technologies
coli
lacl'ZAM15Tn10 (Tet")]
E. coli str. B F-ompT gal dcm lon
Escherichia hsdSg(re=mp~) A(DE3 [lacl lacUV5-T7p07
BL21(DE3) Stratagene
coli ind1 sam?7 nin5]) [malB*]k-12(A5)
pLysS[T7p20 oriyi5a] (CmR)
Thermo Fisher Scientific
X33 Pichia pastoris | Wild type ™
(Invitrogen ™)
MATasura3-52;trpl-1;leu2—
Saccharomyces
YRE1001 (APP) 3,112;his311,15;ade2-1; PDRI-3; Ernst et al., 2008
cerevisiae
APDRS5prom, APDRS::TRP
Saccharomyces | MATo ura3-52 lys2-801 amber ade2-
YPHS500 Sikorski anf Hieter, 1989
cerevisiae 101 ochre trpl-A63 his3-A200 leu2-Al1
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Materials and Methods

Table 8 lists the used plasmids with encoded resistances and signaling peptides.

Table 8: Plasmids with encoded references and signaling peptides.

Plasmid Promoter Selection Signaling peptide Reference
pSGP18-2pn AOX1 Zeocin 6xHis, CBP (C-term.) | Ellinger et al., 2013
Based on pSGP18
10xHis, (Chloupkova et al., 2007)
pSGP18-Ntag AOX1 Zeocin ) )
CBP (N-term.) Kindly provided by Dr.
Diana Kleinschrodt
pET16b T7 Ampicillin 10xHis (N-term.) Merck
T7 (N-term.)
pET24a T7 Kanamycin Merck
6xHis (C-term.)
p426GPD GPD Ampicillin - Mumberg et al., 1995
Kanamycin, Kindly provided by Dr.
pNZ-SV-Entero-His | PNisA 6xHis (C-term.)
erythromycin Diana Kleinschrodt
Ampicillin,
pIL-SV PNisA - AlKhatib et al., 2014
chloramphenicol
pJET1.2/blunt T7 Ampicillin - Thermo Fisher Scientific

2.1.9 Chromatography media and columns

Table 9 lists the columns and resins used for protein purification.

Table 9: Chromatography media and columns

Column or resin

Manufacturer

Calmodulin affinity resin

Agilent Technologies

HiTrap Chelating HP column (5 mL)

GE Healthcare

Ni-NTA resin

Thermo Fischer

Superdex™ 200 10/300 GL column

GE Healthcare
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2.1.10 Oligonucleotides

Materials and Methods

Table 10 shows the primers that were used for cloning, site directed mutagenesis and

sequencing. All primers were purchased at MWG-Biotech AG (Ebersberg, DE) and diluted in

sterile water to a final concentration of 100 pmol/pL.

Table 10: PCR and sequencing primers. The Annealing temperature of all sequencing primers was 55 °C

PCR primer Sequence 5°> 3’ Uanncaling | Description
ACT TAG TTT CGA CGG ATT TTC GAA CTA 1 i
Hom.Rek PDRSEWD 59 °C Primers include overhangs for
GTG GAT CCCCCG GGA TGG homologous recombination in
S. cerevisiae. Amplification of
Hom.Rek PDRSREV TGT AAG CGT GAC ATA ACT AAT TAC 59 °C ) )
" ATG ACT CGA GGT CGA CGG GTC PDR8 with C-terminal tags
from pSGP18-2pu-PDRS.
Lin.p426GPDFWD CGT CGA CCT CGA GTC ATG TAA TTA G 65 °C Linearization of vector
p426GPD for homologous
Lin.p426GPDREV CCC GGG GGA TCC ACT AGT TC 65 °C R
recombination in S. cerevisiae.
Amplification of PDR8 from
PDR&InFuspNZEWD CGA CGA CGA CAA GAT GAT CCA TGG 59 °C
u P .

P CAG CAG ATG GAT TAC AAT CCA AAT pSGP18-2u-PDRS with or
without C-terminal tags for
cloning in pNZ via In-Fusion®

PDR&InFusTagsRE CGG ATC TCA GTG GTG GTG GTG GTG 59 °C . . .
u
g GTG GGG TCG AAG AAT TCA GTG reaction. Primers include
respective overhangs.
Lin.pNZ-FWD CCA CCA CCA CCA CTG AGA 65 °C Linearization of vector pNZ for
Lin.pNZ-REV CTG CTG CCA TGG ATC TTG T 65 °C In-Fusion” reaction.
AGC TGA GGA TCC ATG GAT TAC AAT i 1 i -
PDR8 BamHI FWD 59 °C Amplification of PDR8 with C
CCAAATCTT terminal tags. Primers include
AGC TGA CTC GAG GGT CGA AGA ATT icti i
PDRS Xhol REV 59 °C overhangs for restriction sites
CAGTGA BamHI and Xhol.
PDRSFWD ATG GAT TAC AAT CCA AAT CTT C 59 °C Amplification of PDR8 with
tags from pSGP18-2u-PDR8
TagsPDREREV GGT CGA AGA ATT CAG TGA TG 59 °C for blunt end ligation in pIL-
SV.
PDR8 Pacl-fwd TCA GAC TTA ATT AAATGG ATT ACA 65 °C Arnpliﬁcation of PDRS from
- ATC CAA ATC TTC CTC CTT TAG . Lo
pJET and addition of restriction
PDRS Sphl rev TGC ACG GCA TGC TCT GGT CTG GAA 65 °C )
_Spal GTT GAG AGT TCT G sites for Pacl and Sphl.
pSGPlB-ZpSphIfw ?CGS :s: gii Zii CGT CTC GCC TCC AAC 68 °C Linearization of the vector
pSGP18-2p and addition of
TCG ACG TTA ATT AAG CTG CAG CGT CTC
pSGP18-2n_Pacl-2 68 °C

GAA CCCATTCITTTAC

restriction sites for Pacl and
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Sphl.

AGC TGA CTC GAG ATG GAT TAC AAT

PDRS Xhol FWD 59 °C Amplification of PDRS8 without
CCA AAT .. .
tags and addition of restricton
AGC TGA GGA TCC CTA TCT GGT CTG o
PDR8 BamHI REV GAA GTT GAG 59°C sites for Xhol and BamHI.
PDRS 1 FWD GGA TTA CAATCC AAATCT TCC TCC TTT 60 °C
— = AGG Amplification of the PDRS8
TTA TCT GGT CTG GAA GTT GAG AGT TCT i
PDRS 2 REV . 60 °C coding sequence from cDNA.
AGC TGA GAA TTC ATG GAT TAC AAT i 1 i
EcoRIPDRSpNZFWD 60 °C Amplification of PDRS8 without
CCAAATCITC tags from pSGP18-2p. Primers
include overhangs with
TGC AGC GCG GCC GCT CTG GTC TGG o
NotIPDR8pNZREV 60 °C restrictions sites for EcoRI and

AAG TTG

Notl.

Mutagenesis primer

Sequence 5°> 3’

PDRS SiDiMu FWD

GTT CCA CTA CTT TCC AAA TCG TCA AGT G

PDRS SiDiMu REV

CACTTG ACG ATT TGG AAA GTA GTG CAAC

Sequencing primer

Sequence 5°> 3’

3’AO0X GCA AAT GGC ATT CTG ACA TCC
5’A0X GAC TGG TTC CAA TTG ACA AGC
PDRS§ 2 TCA ATG GTT ACC AAC TCG
PDRS8 3 AAC CCG AAC AGA CCTTATC
PDRS& 4 ACT TCT TGT GTT CTT GCT C
PDRS8 5 ATT GTG ATG AGG GCG GTA AGG
PDR& 6 AGC GTT GGT AAA AGA AC
PDRS8 7 TGG ACC GTG TAT GGA TTG
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Materials and Methods

Additional materials that do not belong to the categories named before are listed in Table 11.

Table 11: List of other materials that were used.

Material

Manufacturer

Beakers Duran® 500 ml, 100 ml, 50 ml

Schott AG, Mainz, DE

Bottle-top filter unit Nalgene®

Thermo Fisher Scientific, Waltham, MA, USA

Cannula

Henke Sass Wolf GmbH, Tuttlingen, DE

Centrifuge beakers 1 L

Hitachi-Koki, Chiyoda, Tokyo, JP

Centrifuge beakers 500 mL

Hitachi-Koki, Chiyoda, Tokyo, JP

Centrifuge tubes Clear' PPCO, 50 ml

Laborgerite Beranek GmbH, NuBloch, DE

Ultra centrifuge tubes, polyallomer, thin wall, 14 mL

Laborgerite Beranek GmbH, NuBlloch, DE

Concentrator Vivaspin® 6 MWCO 100 kDa, 6 mL

Satorius AG, Géttingen, DE

Cuvettes, polystyrol, 1 cm pathlength

Sarstedt AG & Co, Niimbrecht, DE

Cuvettes QS High Precision Cell Quartz Suprasil®

Hellma GmbH & Co. KG, Miillheim, DE

Disposable sterile plastic pipettes 5 mL, 10 mL and 25 mL

Sarstedt AG & Co, Niimbrecht, DE

Disposable petri dishes

Sarstedt AG & Co, Niimbrecht, DE

Disposable pipette tips

Sarstedt AG & Co, Niimbrecht, DE

Electroporation cuvette, 2 mm, short electrode

Bio-Budget Technologies GmbH, Krefeld, DE

Erlenmeyer flask Duran® 5 L,2L,300 mL and 100 mL

(with or without baffles)

Schott AG, Mainz, DE

Filter membrane Supor®-200 0,2 um

Sarstedt AG & Co, Niimbrecht, DE

Filter paper for Western blotting

Bio-Rad, Hercules, CA, USA

Forceps, 18/10, stainless steel

VWR, Radnor, PA, USA

Glass beads 0.5 mm diameter

Carl Roth GmbH + Co. KG, Karlsruhe, DE

Glass bottle Duran® 1 L, 0,5L, 250 ml, 100 mL and 50
mL

Schott AG, Mainz, DE

Glass syringe Hamilton™, 50 pl

Hamilton Company, Reno, NV, USA

Measuring cylinder 500 mL, 250 mL, 100 mL, 50 mL

VITLAB GmbH, Grossostheim, DE

Nitrocellulose blotting membrane BioTrace ™ NT

Pall Life Sciences, Pensacola, FL, USA

Parafilm® M

Bemis Company, WI, Neenah, USA

PVDF blotting membrane Amershan""Hybond ™ 0.45 pm

GE Healthcare, Boston, MA, USA

Reaction tubes 1.5 mL, 2 mL, 15 mL and 50 mL

Sarstedt AG & Co, Niimbrecht, DE

Scalpel

B. Braun Melsungen AG, Melsungen, DE

Sterile filter Filtropur S 0,2 pm

Sarstedt AG & Co, Niimbrecht, DE

Syringe Injekt"-F 1 mL

B. Braun Melsungen AG, Melsungen, DE

Syringe 10 mL

BD DiscarditTM, Beckton Dickinson S.A., Fraga,
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Huesca, ES
Syringe 50 mL Henke Sass Wolf GmbH, Tuttlingen, DE
Test tubes 10 mL, glass
Ultra centrifuge tubes, polyallomer, thin wall, 4.4 mL Laborgerite Beranek GmbH, NuBlloch, DE

Ultra centrifuge tubes polycarbonate, thick wall, 3.2 mL Laborgerite Beranek GmbH, NuBloch, DE

Ultra centrifuge tubes polycarbonate, thick wall, 0.5 mL Laborgerite Beranek GmbH, NuBlloch, DE

Ultra centrifuge tubes with lids 60 mL and 25 mL Beckman Coulter, Brea, CA, USA

Zirconium/glass pellets 0.5 mm diameter Carl Roth GmbH + Co. KG, Karlsruhe, DE

2.1.12 Buffers, solutions and culture media

Tables 12 to 14 list the buffers, solutions and media used in this study. If not stated otherwise,
all solutions were prepared in filtered water. Buffers were filtered (0.2 um) and all media

were autoclaved at 121 °C for 20 min.

Table 12: List of buffers and their composition.

Buffers Composition
Tris-HCI pH 8 (4 °C) 50 mM
NaCl 200 mM
Sucrose 330 mM
Extraction buffer EDTA 1 mM
EGTA 1 mM
Aminohexanoic acid 100 mM
Protease inhibitor cocktail 1 tablet
Tris-HCI pH 7.2 (4 °C) 50 mM
Membrane buffer NaCl 200 mM
Glycerol 10 % (v/v)
Tris-HCI pH 7.2 (4 °C) 500 mM
10 x membrane buffer NaCl 2 M
Glycerol 50 %
Tris-HCI pH 7.5 (4 °C) 50 mM
Hypo-osmotic buffer Sorbitol 200 mM
EDTA 1 mM
Protease inhibitor cocktail 1 tablet
Tris-HCI pH 8 (4 °C) 50 mM
NaCl 150 mM
IMAC wash buffer
Glycerol 20 mM
Imidazole 10 mM
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Respective detergent 3 X cme
Tris-HCI pH 8 (4 °C) 50 mM
NaCl 150 mM
IMAC elution buffer Glycerol 20 mM
Imidazole 200 mM
Respective detergent 3 X cmce
PEG 400 40 %
Lithium acetate 100 mM
LP-mix
Tris-HCI pH 7.5 (RT) 10 mM
EDTA 1 mM
Tris-acetic acid pH 7.5 (4 °C) 50 mM
Pdr5 re-suspension buffer EDTA 5 mM
Protease inhibitor cocktail 1 tablet
Hepes pH 7 50 mM
MgCl, 10 mM
Pdr5 transport buffer
Sodium azide 10 mM
Rhodamine 6G 150 oM
Tris-HCI pH7.2 (4 °C) 50 mM
NaCl 200 mM
Protein buffer
Glycerol 10 % (v/v)
Respective detergent 3 X cmce
Tris-HCI pH 8.85 (RT) 1.5 M
Resolving gel buffer
SDS 0.4 % (W/v)
Glycin 1.9 M
SDS-PAGE electrophoresis
Tris-HCI pH 8.3 (RT) 025 M
buffer (10 x)
SDS 1 % (W/v)
Tris-HCI pH 6.8 (RT) 0.5 M
Stacking gel buffer
SDS 0.4 % (W/v)
Tris-HCL, pH 7.5 10 mM
Sucrose gradient buffer EDTA 1 mM
Sorbitol 800 mM
Tris-acetic acid pH 8.4 (RT) 40 mM
TAE buffer
EDTA 1 mM
Tris-acetic acid pH 7.5 (4 °C) 10 mM
TAE buffer for Pdr5
EDTA 0.2 mM
Tris-acetic acid pH 7.5 (4 °C) 10 mM
TAEG buffer for Pdr5 EDTA 0.2 mM
Glycerol 20 %
Glycin 112 g/L
Tank blotting buffer
Tris 242 g/L
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Methanol 10 % (V/v)

Tris-HCI pH 8 (RT) 50 mM
TE buffer

EDTA 1 mM

Tris-HCI pH 8 (RT) 20 mM
TBS buffer

NaCl 250 mM

Tris-HCI pH 8 (RT) 20 mM
TBS-T buffer NaCl 250 mM

Tween 20 0.1 % (V/v)
Table 13: List of solutions and their composition.
Solutions Composition

Milk powder 10 % (W/v)
Blocking solution

in TBS-T buffer

Aluminium sulfate 5 % (W/v)
Colloidal coomassie staining Ethanol 10 % (V/v)
solution Coomassie brillant blue-R250  0.02 % (w/v)

Phosphoric acid 235 % (v/v)

Lysing enzymes 10 mg/mL
Lysing enzymes solution Na;PO4 pH 7.4 100 mM

DTT 1 mM

Penta-His antibody 1 pL/mL
Primary antibody solution BSA 3 %

- in TBS-T

Copper(Il) sulfate x 5 H,O 6 g/L

Sodium iodide 0.08 g/L

Manganese sulfate x H,O 3 g/L

Sodium molybdate x 2 H,O 02 gL

Boric acid 0.02 g/L
PTM, Trace salts

Colbalt chloride 0.5 g/L

Zinc chloride 20 g/L

Iron(II) sulfate x 7 H,O 65 g/L

Biotin 0.2 g/L

Sulfuric acid 5 mL/L

SDS-PAGE stacking gel

buffer 10 mL

SDS (16 % in H,0) 10 mL
SDS-PAGE loading dye for

Urea 1.5 M
membrane proteins (5 x)

Glycerol 20 mL

H,0 10 mL

Bromphenol blue 40 mg
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Anti-mouse/rabbit-HRP 0.1 pL/mL
Secondary antibody solution Milk powder 10 %

- in TBS
TCA solution, 100 % TCA 2.2 g/mL

TCA solution 100 % 1 mL
TCA solution, 10 %

HzO 9 mL

Table 14: Composition of culture media for E. coli, P. pastoris and S. cerevisiae.

Culture media Composition

Basal salt medium Phosphoric acid 85 % 26.7 mL/L
Calcium sulfate 093 g/L
Potassium sulfate 182 g/L
Magnesium sulfate x 7 H,O 149 g/L
Potassium hydroxide 4.13 ¢g/L
Glycerol 40 g/L

Boost medium Yeast extract 50 g/L
Tryptone/peptone 100 g/L

Buffered complex glycerol | 100 mM potassium phosphate 100 mM

medium (BMGY) Yeast extract 10 g/L
Tryptone/peptone 20 g/L
Yeast nitrogen base 134 g/L
Biotin 04 g/L
Glycerol 1 % (v/v)

Buffered complex 100 mM potassium phosphate 100 mM

methanol medium Yeast extract 10 g/L

(BMMY) Tryptone/peptone 20 g/L
Yeast nitrogen base 134 g/L
Biotin 04 g/L
Methanol 0.5 % (v/v)

Drop out mix minus uracil | Adenine 0.5 g | Leucine 10 g
Alanine 2 g | Lysine 2 g
Arginine 2 g | Methionine 2 g
Asparagine 2 g | p-aminobenzoic
Aspartic acid 2 g | acid 2 g
Cysteine 2 g | Phenylalanine 2 g
Glutamine 2 g | Proline 2 g
Glutamic acid 2 g | Serine 2 g
Glycine 2 g | Threonine 2 g
Histidine 2 g | Tryptophan 2 g
Inositol 2 g | Tyrosine 2 g
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Isoleucine Valine 2
LB medium Yeast extract 5 gL
Tryptone/peptone 10 g/L
NaCl 5 gL
(Agar for plates) 15 g/L
Minimal glycerol medium | Yeast nitrogen base 134 g/L
(MGY) Biotin 04 ¢g/L
Glycerol 1 % (v/v)
Minimal methanol Yeast nitrogen base 134 g/L
medium (MM) Biotin 04 g/L
Methanol 0.5 % (v/v)
Synthetic complete (SC) Yeast nitrogen base 6.7 g/L
medium minus uracil Glucose 20 g/L
Drop out mix 2 g/L
Agar 20 g/L
YPD Yeast extract 10 g/L
Tryptone/peptone 20 g/L
Glucose 2 % (W/v)
(Agar for plates) 20 g/L
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2.2 Methods

2.2.1 Cultivation of strains

2.2.1.1 Cultivation of E. coli

E. coli strains were grown on LB medium supplemented with the respective antibiotics,
depending on the resistance gene encoded on the plasmid and on the strain used for
transformation. Plates were incubated at 37 °C. Liquid cultures were shaken at 37 °C and

180 rpm.

2.2.1.2 Cultivation of P. pastoris

P. pastoris strain X33 was grown on YPD plates at 30 °C. Liquid cultures were grown in
either minimal glycerol medium (MGY)) or buffered glycerol medium at 30 °C and 200 rpm.
For induction of protein expression, glycerol was substituted by 0.5 % methanol in minimal as

well as in complex media.

2.2.1.3 Cultivation of S. cerevisiae

S. cerevisiae strain YPH500 was grown on YPD medium at 30 °C, liquid cultures were

shaken at 200 rpm.

2.2.2  Electrophoresis and immunoblotting

2.2.2.1 Agarose gel electrophoresis

DNA fragments were separated using an agarose gel (1 % in TAE buffer). Samples were
prepared as follows: For plasmid preparations from E. coli 2 pL. were added to 10 uL water
and mixed with 5 x DNA loading dye to a final concentration of 1 x loading dye. For PCR
products 5 uL. were used. DNA fragments were separated for 60 min at 100 V. The gel was
stained in ethidium bromide aqueous solution (1 pg/mL) for 30 min and visualized with the
Lumi Imaging system. DNA fragment sizes were determined by comparing band sizes to a

DNA marker.
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2.2.2.2 SDS-PAGE

For SDS-polyacrylamide gel electrophoresis SDS gels were prepared according to Table 15.
The content of acrylamide of the resolving gel depends on the molecular weight of the target
protein. For detecting PDR8 gels with 7.5 % acrylamide were used. All PDR8 samples were
mixed with SDS-PAGE loading dye for membrane proteins to a final concentration of 1 x
loading dye. 30 pL of the mixture were loaded onto the gel. For determination of protein sizes
a protein marker was used. Samples were separated at 100 V for 2 — 3 h. Gels were either
subjected to Western Blotting (see below) or stained with colloidal coomassie staining
solution overnight. Gels were de-stained in water for two days, while the water was replaced

several times.

Table 15: Compositions of stacking and resolving gel for SDS-PAGE.

Chemical 4.5 % stacking gel 7.5 % resolving gel
Stacking gel buffer 8.75 mL -
Resolving gel buffer - 18.75 mL

H,O 21 mL 38 mL
Acrylamide 6 mL 17.5 mL
TEMED 70 uL 70 L

APS 210 uL 300 uL

2.2.2.3 Western blotting

Immunoblotting was performed in order to detect the protein and to proof the identity. After
SDS-PAGE protein content of the gel was transferred to a PVDF membrane using wet/tank
blotting. The membrane was incubated in methanol, the filter paper was incubated in tank
blotting buffer. The SDS-gel was stacked on top of three layers of filter paper followed by the
PVDF membrane and another three layers of filter paper. Proteins were transferred for 90 min
at 80 V. The membrane was incubated 1 — 12 h in blocking solution in order to saturate the
surface and to prevent unspecific binding of antibodies. The membrane was washed three
times for 10 min in TBS-T buffer and incubated with primary antibody for 1 — 12 h. The
membrane was washed again three times in TBS-T and incubated with the secondary HRP-
conjugated antibody for one our. The membrane was washed three times for 10 min in TBS-T

and once in TBS buffer. Afterwards the chemiluminescent substrate was spread onto the
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membrane and proteins were detected with the Lumi Imager System: 5 min for expression

tests of PDRS, 1 min for purified PDRS.

2.2.3 DNA amplification and purification methods

2.2.3.1 cDNA

First strand cDNA was generated by reverse transcription of 4. thaliana Columbia-0 extracted
RNA and was kindly provided by the laboratory of Prof. Andreas Weber, Institute for Plant

Biochemistry, Heinrich-Heine University Diisseldorf.

2.2.3.2 Primer Design

The Clone Manager Suite (Sci-ED Software) was used for primer design. If required for
cloning, overhangs were fused to the primers adding, for example, restriction sites to the
sequence. Primers used for side directed mutagenesis PCR were designed using the web-
based program PrimerX (http://bioinformatics.org/primerx/). All oligonucleotides were

synthesized by MWG Eurofins.

2.2.3.3 Polymerase Chain Reaction (PCR) from cDNA

The PCR reagents were pipetted according to table 16 to a total volume of 50 puL. 396 ng
cDNA were used as template for the reaction. The used PCR program is displayed in Table
16.

Table 16: Pipetting protocol and program for the PCR from cDNA. Denaturation, annealing and elongation were
repeated for 32 cycles.

PCR reagent [nL] Program step [°C] [min]
PrimeSTAR@ GXL buffer (5x) 5 Initial denaturation 98 1

dNTPs (10 mM each) 1 Denaturation 98 0.15

Primer PDR8_|_FWD 1 Annealing 60 0.15 :|3 2 cycles
Primer PDR8 2 REV 1 Elongation 68 2

PrimeSTAR® GXL Polymerase (1.25 U/uL) 1 Final elongation 68 5

cDNA (197 ng/uL) 2 Pause 12 0

H,0O 34
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2.2.3.4 Polymerase Chain Reaction (PCR) from plasmid template

Depending on the polymerase, the PCR reagents were pipetted according to Tables 17 and 18.
The total volume of 50 pL was used for one reaction or was divided into 15 pL aliquots to
test different annealing temperature in a temperature gradient. If needed the total volume was
scaled up keeping the ratio of the ingredients. The volume of the template complied with the
concentration of the isolated plasmids. The used PCR programs are displayed in Tables 17
and 18. The annealing temperatures depended on the used primer pair, the elongation time on
the performance of the respective polymerase and the size of the amplified DNA fragment.

PCR products were gel purified.

Table 17: Pipetting protocol and program for the PCR with GXL polymerase. Denaturation, annealing and
elongation were repeated for 32 cycles.

PCR reagent [nL] Program step [°C] [min]
PrimeSTAR® GXL buffer (5x) 5 Initial denaturation 98 1

dNTPs (10 mM each) 1 Denaturation 98 0.25

Primer FWD 1 Annealing Variable 0.25 ]32 cycles
Primer REV 1 Elongation 68 1/kpb
PrimeSTAR® GXL Polymerase (1.25 U/uL) 1 Final elongation 68 5

Plasmid DNA (app. 300 — 500 ng) Variable Pause 12 o0

H,O Fill up to 50

Table 18: Pipetting protocol and program for the PCR with Phusion polymerase. Denaturation, annealing and
elongation were repeated for 32 cycles.

PCR reagent [nL] Program step [°C] [min]
Phusion” buffer (5x) 5 Initial denaturation 98 0.5
dNTPs (10 mM each) 1 Denaturation 98 0.15
Primer FWD 1 Annealing Variable 0.5
Primer REV 1 Elongation 72 0.5/kbp
Phusion” Polymerae 0.5 Final elongation 72 5
Plasmid DNA (app. 3 ng) Variable Pause 12 o0
H,O Fill up to 50
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2.2.3.5 Side directed mutagenesis PCR

To integrate mutations into the DNA sequence of a plasmid the site directed mutagenesis PCR was
used. Primers contained one or two mismatching base pairs integrating a mutation that resulted in an
amino acid change of the protein sequence. The PCR mix was pipetted as listed in Table 19. If
required different annealing temperatures were screened in a temperature gradient. The template was a
circular plasmid, which needed to be removed from the PCR product by digestion with the restriction
enzyme Dpnl. Because the enzyme was active in the PCR buffer 1 pL. of Dpnl was directly added to
50 uL of PCR product and incubated at 37 °C overnight. The PCR product was transformed into E.
coli as described in chapter 2.2.4.7.

Table 19: Pipetting protocol and program for the side directed mutagenesis PCR. Denaturation, annealing and
elongation were repeated for 32 cycles.

PCR reagent [nL] Program step [°C] [min]

Pfu buffer with MgSO, (10 x) 5 Initial denaturation 95 3

dNTPs (10 mM each) 1 Denaturation 95 0.5

Primer FWD 0.5 Annealing Variable 0.5 ]32 cycles
Primer REV 0.5 Elongation 72 2/kbp

Pfu Polymerae (2.5 U/uL) 1 Final elongation 72 15

Plasmid DNA (app. 25 — 65 ng) Variable Pause 12 o0

H,O Fill up to 50

2.2.3.6 Purification of PCR products and DNA fragments

PCR products were separated by agarose gel electrophoresis (chapter 2.2.2.1). Under UV light the
DNA bands at the correct fragment size were cut out of the gel. The selected DNA was purified from
the gel with the Gel/PCR purification kit according to the user manual. Alternatively, DNA fragments
(for example after restriction digestion) were purified without prior gel extraction using the same kit.
The DNA was eluted with 20 pL 50 °C water. The concentration was determined with the

NanoDrop™ spectrophotometer.

2.2.3.7 Isolation of plasmids from E. coli cultures

The respective E. coli culture was grown overnight in a 3 mL LB medium with the respective
antibiotics (see Tables 8 and 6) at 37 °C and 180 rpm. The culture pas pelleted (2 min
11,000 x g) and the plasmids were isolated with the Plasmid Miniprep kit. The plasmid DNA
was eluted with 20 pLL 50 °C water. If a larger quantity of plasmid material was needed the
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E. coli culture volume was increased to 100 mL and the Plasmid Midiprep kit was used. The
concentration was determined with the NanoDrop™ spectrophotometer. The DNA was

sequenced by GATC Biotech AG.

2.2.3.8 Colony PCR of E. coli clones

One transformed E. coli colony was transferred into 6.35 uL. water. The remaining PCR
ingredients (Table 20) were added and the DNA was amplified using the PCR program listed
in Table 20. The PCR products were analyzed by agarose gel electrophoresis.

Table 20: Pipetting protocol and program for the E. coli colony PCR. Denaturation, annealing and elongation were
repeated in for cycles.

PCR reagent [nL] Program step [°C] [min]
Tagq buffer (10 x) 1 Initial denaturation 95 0.5
dNTPs (10 mM each) 0.2 Denaturation 95 0.5
. . . 30 cycles
Primer FWD 0.2 Annealing Variable 0.5
Primer REV 0.2 Elongation 68 1/kbp
Tag Polymerae (5 U/uL) 0.05 Final elongation 68 15
H,O 6.35 Pause 12 0

2.2.4 Cloning and transformation

2.2.4.1 Blunt end ligation into pJET1.2/blunt

PCR products amplified from cDNA were cloned into pJET1.2/blunt from the CloneJET PCR
Cloning kit. The ligation reaction was pipetted as listed in Table 21. The reaction was

incubated for 15 min at 22 °C and immediately used for transformation into XL1-Blue cells.

Table 21: Pipetting protocol for the blunt end ligation into pJET1.2/blunt.

Reagent [nL]
Reaction buffer (10 x) 2
Purified PCR product 10
pJET1.2/blunt (50 ng/puL) 2
T4 DNA ligase (5 U/uL) 1
H,0O 7
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2.2.4.2 Cloning by restriction digestion and ligation

Purified plasmids/PCR products (PDRS8 gene and expression vector) were digested in a single
reaction mixture that includes all the required endonuclease enzymes (Table 22). If the two
enzymes were not active in the same buffer (Table 3) two subsequent digestion reactions were
set up with a DNA purification step in between. The reaction was incubated for 1 h at 37 °C.

Digested fragments were always gel purified using the Gel/PCR purification kit.

Table 22: Pipetting protocol for the restriction digestion with two endonucleases.

Reagent [nL]
Buffer (10 x), depends on the enzymes 6
Purified DNA 50
Enzyme 1 1.5
Enzyme 2 1.5

The ligation reaction was set up according to Table 23. The digested PDRS8 gene (insert) and
the expression vector were combined in a molar ration of 3:1. Formulas 1 and 2 were used to
calculate the volumes of insert and vector, taking the concentration and the number of base
pairs (bp) into account. The combined volume of both insert and vector was set to 8 pL.. The
ligation mix was incubated at 4 °C overnight, alternatively at 22 °C for 30 min. After
transformation into E. coli clones were screened by plasmid isolation, restriction digestion

and agarose gel electrophoresis.

Table 23: pipetting protocol for the ligation into expression vectors.

Reagent [nL]
Buffer (10 x) 2
Vector, digested and purified X

PDRS gene, digested and purified Y

T4 DNA Ligase 1

H,0O Fill up to 20 pL
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bp (insert)  c(vector)

V(insert) =Y = [1]
V(vector) = X = 8 — V(insert) [2]

with

bp (vector)  c(insert)

V = volume [pL]
¢ = concentration [ng/ulL]
n = factor of the insert to vector ratio

bp = number of base pairs

2.2.4.3 In-Fusion® cloning

In-Fusion® cloning was performed using the In-Fusion® HD Cloning kit. Following the
manual, expression vector was linearized by PCR reaction. The insert was amplified by PCR.
Primers included 15 bp overhangs that were complementary to the ends of the linearized
vector. Both amplified insert and vector were purified using the Gel/PCR purification kit. The
In-Fusion reaction mix was set up as shown in Table 24 and incubated for 15 min at 50 °C.
The reaction mix was then transformed into E. coli. Clones were screened by restriction

digestion of the isolated plasmids and agarose gel electrophoresis.

Table 24: Pipetting protocol for In-Fusion cloning.

Reagent [nL]
In—Fusion@ HD enzyme premix (5 x) 2
Vector, linearized and purified (200 ng) Variable
Insert gene, purified (200 ng) Variable
H,0 Fill up to 10
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2.2.4.4 Gibson Assembly Cloning

The insert was mixed with the vector in a ratio of 3:1 and added to 8 uLL Gibson mastrmix in a
total volume of 10.4 uL. The reacrion was incubated at 50 °C for 1 h and subsequently used

for transformation into E. coli.

2.2.4.5 Blunting

After restriction digestion the following was added directly into the restriction digestion
mixture: 5 mM DTT, 2 pL Blunt enzyme mix and 10 mM dNTPs. The blunting reacrion was
incubated at room temperature for 30 min followed by heat inactivation at 70 °C for 10 min.

The mixture was subsequently used for ligation.

2.2.4.6 Homologous recombination in S. cerevisiae

Homologous recombination in S. cerevisiae was performed similarly as described in Schiestl
and Gietz (1989). A 3 mL S. cerevisiae YPH500 overnight culture was pelleted (5,000 x g,
1 min) and the reaction mixture was pipetted as listed in Table 25. The mixture was incubated
at 25 °C for 30 min followed by a heat shock at 42 °C for 15 min. After addition of 500 pL
TE-buffer the cells were pelleted (5,000 x g, 1 min) and washed with 1 mL TE-buffer
(10,000 x g, 30 sec.). The cells were re-suspended in 500 uL. YPD medium and incubated for
1 h at 30 °C, 180 rpm. For selection, cells were plated on SC minus uracil medium and

incubated at 30 °C until appearance of colonies (2-3 days).

Table 25: Protocol for homologous recombination in S. cerevisiae.

Reagent [nL]
Carrier DNA 10
Insert gene, purified (500 ng) Variable
Vector, linearized and purified (100 ng) Variable
LP-mix 500
DMSO 55
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2.2.4.7 Transformation of E. coli

Plasmids were transformed into E. coli strains using heat shock transformation. 100 pL
chemically competent E. coli cells were thawed on ice, mixed and added to 5 puL of ligation
reaction or 20 ng of isolated plasmid DNA. The mix was first incubated on ice for 20 min and
then shocked at 42 °C for 1 min. After 2 min incubation on ice 1 mL LB medium was added.
Cells were shaken at 37 °C for 90 min, spun down (11,000 x g, 2 min) and plated on LB

plates containing the respective antibiotics. Colonies formed overnight at 37 °C.

2.2.4.8 Transformation of P. pastoris

The expression vectors were transformed into P. pastoris by electroporation according to the
guidelines of Invitrogen. Electro-competent P. pastoris X33 cells were prepared by
inoculating a 50 mL pre-culture with one colony of X33 cells and growing overnight. The
main culture was inoculated to a final ODgy of 0.2 and grown until an ODgy of 1.3 was
reached. Cells were then pelleted (1,500 x g for 5 min) and re-suspended in 400 mL ice-cold
sterile water. Cells were centrifuged three more times and re-suspended first in 250 mL water,
second in 50 mL ice-cold 1 M sorbitol and finally in 1 mL sorbitol. 40 pg of plasmid were
linearized with the restriction enzyme Mssl overnight and purified with the Gel/PCR
purification kit. 20 pg linearized plasmid were mixed with 80 pL electro-competent P.
pastoris cells and incubated on ice for 5 min. Electroporation cuvettes were pre-chilled on ice.
Cells were transformed by pulsing the cells with 1,500 V for 5 ms. Immediately, 1 mL of ice-
cold 1 M sorbitol was added. Cells were incubated at 30 °C for 1 h without shaking. After
addition of 1 mL YPD medium cells were shaken for another 2 h at 200 rpm. 200 pL of cell
suspension were plated on YPD-agar supplemented with 0.5 and 1 mg/mL zeocin. Single

clones were re-stroked on separate YPD plates containing 0.5 mg/mL zeocin.

2.2.5 Protein expression and subcellular localization

2.2.5.1 Expression test of P. pastoris clones

Expression screenings were performed similarly to the protocol described in Ellinger et al.
(2013). 50 mL minimal glycerol medium was inoculated with % fully grown plate and shaken

at 220 rpm and 30 °C for 24 h. Expression was induced by exchanging to minimal methanol
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medium Therefore the culture was pelleted (3,000 x g, 10 min, 4 °C) and re-suspended in MM
medium. After another 24 h, 10 mL of cells were harvested by centrifugation and re-
suspended in 4 mL ice-cold extraction buffer. The cells were centrifuged again and re-
suspended in 0.5 mL extraction buffer. Zirconia beads according to 1/3 of the total volume
were added. Cells were disrupted by mixing 6 times for 1 min and chilling on ice between the
disruption cycles. Cell debris was removed by centrifugation (12,000 x g, 5 min, 4 °C) and
MgCl, was added to the supernatant to a final concentration of 10 mM. After incubation for
15 min on ice, the membranes were pelleted by centrifugation (90 min at 20,000 x g, 4 °C).
The supernatant was removed and the membranes were re-suspended in extraction buffer.

Protein expression was analyzed by SDS-PAGE and Western blotting.

2.2.5.2 Expression test of E. coli clones

The cloned constructs were transformed into the respective E. coli expression strain as
described above. A 3 mL pre-culture containing the respective antibiotics was inoculated with
a single E. coli colony and grown at 37 °C and 180 rpm overnight. 10 mL main culture in a
50 mL flask was inoculated to an ODggp of 0.2 and incubated at 37 °C and 180 rpm. When the
ODgoo had reached 0.7 the expression was induced by addition of 1 mM IPTG. Cells were
grown for another 4 — 5 h. Every 60 min the ODgo9 was determined and a 1 mL sample was

pelleted and stored at —20 °C. Expression was analyzed by SDS-PAGE and Western blotting.

2.2.5.3 Fermentation of P. pastoris

Cells were fermented in a 15L glass bioreactor according to the Invitrogen Pichia
Fermentation Process Guidelines. The bioreactor was connected to the steering unit, which
automatically fed antifoam and ammonium hydroxide solution according to the data reported
by the sensor technology. The carbon source (glycerol or methanol) was fed manually by a
separate pump system. As preliminary work the bioreactor containing 6 L basal salt medium
was autoclaved and run overnight without culture in order to saturate the medium with
dissolved oxygen and to adjust the pH to 5.2 and the temperature to 30 °C. In addition two
YPD plates fully grown with the P. pastoris expression clone were used to inoculate a 1 L
MGY pre-culture. After incubation at 30 °C and 200 rpm overnight the complete pre-culture
was used to inoculate the basal salt medium. 4.35 mL/L PTM; trace salts were added. During
the whole fermentation process the dissolved oxygen is kept > 20 %. If required, the feeding

was reduced. In the glycerol batch phase the glycerol in the medium is consumed by the cells,
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which can be monitored by a decrease in dissolved oxygen. When all glycerol is consumed
the dissolved oxygen value rises to 100 %. Then 50 % glycerol, supplemented with
4.35 mL/L PTM, trace salts, was fed with a rate of 13 mL/h/L. After 5 h glycerol fed-batch
phase the feeding was stopped. When the dissolved oxygen value had increased to 100 %
expression was induced by feeding methanol with 3.6 mL/h/L for 48 h. Cells were harvested
by centrifugation (5,000 x g, 10 min, 4 °C), frozen in liquid nitrogen and stored at -80 °C for

subsequent use.

2.2.5.4 Sucrose gradient centrifugation

The localization of proteins expressed in P. pastoris was analyzed using a sucrose gradient.
The gradient was created with the AKTAprime plus pump system generating a linear gradient
ranging from 22 to 60 % sucrose in sucrose gradient buffer. The total volume of one gradient
was 10 mL. 1 mL of crude membranes diluted to 2 mg/mL in 1 mL ice-cold hypo-osmotic
buffer and was layered on the top of the sucrose gradient. Ultracentrifugation in a swing-out
rotor (130,000 x g, 22 h, 4 °C, TST 41.14 rotor) was used to separate the different membrane
species. The gradients were separated into 500 pL aliquots and analyzed by SDS-PAGE and
Western blotting.

2.2.5.5 Confocal fluorescence microscopy

The construct pGSP18-eGFP-Ntag-4/PDRS8 was transformed in to P. pastoris and expressed
as described above. A 50 mL MGY culture was inoculated with % of a fully grown plate and
incubated at 30 °C, 200 rpm for 24 h. The medium was exchanged by centrifugation
(4,000 rpm, 5 min) and re-suspension of the cells in MM medium. Thereby protein expression
was induced. After 24 h cells were harvested and mixed with 0.1 % (v/v) of the fluorescence
stain SCRI Renaissance 2200 (SR2200) (Musielak et al., 2015). The mixture was pipetted
onto a poly-L-lysine coated slide (Thermo Scientific) and covered with a coverslip. Images
were taken on a Zeiss LSM880 microscope with Airyscan and a 63 x NA 1.4 objective. The
SR-Airyscan mode (pixel size of 40 nm) was used for image acquisition and the ZEN
software was used for automatic procession of the images. Figures were created using
OMERQO .figure (Allan et al., 2012). eGFP excitation was performed at 488 nm and SR2200
excitation at 404 nm. Images were taken with kind support of the Center for Advanced

Imaging, Heinrich Heine University Diisseldorf.
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2.2.6 Protein purification

2.2.6.1 Membrane preparation of P. pastoris cells for protein purification

100 g of P. pastoris were thawed on ice and re-suspended in 200 mL extraction buffer. The
cells were passed twice with 2.5 kbar through a pre-cooled cell disruptor. The disrupted cells
were centrifuged two times (15,000 x g, 30 min, 4 °C) in order to get rid of the cell debris.
The supernatant was centrifuged at 125,000 x g and 4 °C for 90 min to pellet the membrane
vesicles, which were then re-suspended in membrane buffer. The concentration was
determined by measuring a dilution series with the NanoDrop™ spectrophotometer. Crude
membrane vesicles were frozen in liquid nitrogen and stored at — 80 °C. In order to prepare
plasma membrane vesicles, crude membrane vesicles were thawed on ice and diluted to
5 mg/mL. The mitochondria were precipitated by titrating the crude membranes to pH 5.2
with 18.5 % HCI. After 1 min the pH was titrated back to 7.2 with 5 M NaOH. Mitochondria
were pelleted by centrifugation (7,000 x g for 10 min, 4 °C). The plasma membrane vesicles
were collected by centrifugation at 125,000 x g and 4 °C for 90 min. Plasma membrane
vesicles were frozen in liquid nitrogen and stored at — 80 °C. The concentration was

determined as described above in this chapter.

2.2.6.2 Solubilization screening for PDRS8

Detergents that possibly solubilize PDR8 were screened using the Dot Blot technique
(Ellinger et al., 2013) in combination with the Detergent Solution Master Kit. All included
detergents were dissolved in water to a concentration of 10 %. The solubilization screening
was set up as follows: In a total volume of 200 L. membrane buffer the protein concentration
was adjusted to 5 mg/mL. The respective detergent was added to a final concentration of
either 1% or higher, depending on the critical micellar concentration of the respective
detergent (Appendix Al). In total 88 detergents were tested. All reactions were incubated at
4 °C for 1 h in a tube rotator. After centrifugation at 168,000 x g the supernatant was mixed in
a ratio of 5:1 with SDS-PAGE loading dye. 5 pL were spotted on a nitrocellulose blotting
membrane. After drying the membrane was blocked in 10 % milk powder in TBS-T followed

by incubation in primary and secondary antibodies as described in chapter 2.2.2.3.
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2.2.6.3 Solubilization for protein purification

Membrane vesicles were diluted to a final protein concentration of 5 — 7 mg/mL. For
solubilization of crude membranes 1 % Fos-Choline-14 was added, for solubilization of
plasma membranes 2 — 3 % of Fos-choline-14 were added. Solubilization either happened on
a tube rotator at 4 °C or at 12 °C without shaking. The progress of solubilization was
determined by the turbidity of the sample. When the solution was optically clear,
insolubilized protein was removed by centrifugation at 125,000 x g and 4 °C for 45 min.
When solubilization took more than 2 — 3 h additional detergent was added. The supernatant

was used for purification.

2.2.6.4 Immobilized metal ion affinity chromatography of PDR&

A 5 mL HiTrap Chelating HP column was prepared as follows: Using a peristaltic pump, the
column was rinsed with 5 column volumes water, then it was loaded with Ni*" ions by rinsing
with 100 mM NiCl,, the column was washed again 5 column volumes water and then it was
equilibrated with 5 column volumes of IMAC wash buffer. The Akta™ liquid
chromatography system was washed with water and equilibrated in IMAC wash buffer.
Membrane vesicles were solubilized as described in chapter 2.2.6.3. Imidazole was added to a
final concentration of 10 mM to the supernatant. The supernatant was loaded onto the HiTrap
Chelating HP column with a flow rate of 1 mL/min. The column was washed with IMAC
wash buffer (2 mL/min) until a stable baseline was reached. During loading and washing the
flow-through was collected in 10 mL fractions. The protein was eluted with a gradient from 0
— 100 % elution buffer or the percentage of the elution buffer was increased in steps. The flow
rate was 2 mL/min and 2 mL fractions were collected. Fractions were analyzed by SDS-

PAGE and Western blotting.

2.2.6.5 Calmodulin affinity chromatography

Membrane vesicles were solubilized as described in chapter 2.2.6.3. After centrifugation the
supernatant was rotated overnight at 4 °C with 1.5 mL calmodulin affinity resin and 2 mM
CaCl,. The resin was collected with a filter and washed with twenty volumes of protein
buffer, supplemented with 2 mM CaCl,. The protein was then eluted with 2 mM EGTA in

five column volumes of protein buffer. 500 uL fractions were collected and protein
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concentration was determined using the NanoDrop ' spectrophotometer. If the detergent was
exchanged during purification the wash buffer and the elution buffer contained the new

detergent. Fractions were analyzed by SDS-PAGE and Western blotting.

2.2.6.6 Size exclusion chromatography of PDRS&

For size exclusion chromatography of PDRS a Superdex™ 200 10/300 GL column was used.
It has a base volume of 23.562 mL. The buffer and water used were filtered (0.2 um) and
degased. The protein sample was centrifuged at 100,000 x g for 30 min to remove precipitated
protein. The Akta™ liquid chromatography system was washed with H,O, and then the
column was connected and rinsed with 30 mL water. The flow rate was 0.3 mL/min. After
equilibrating the column with 28 mL protein buffer the protein sample was injected. During
sample separation 400 pL fractions were collected. Fractions were analyzed by SDS-PAGE
and Western blotting.

2.2.6.7 TCA precipitation of proteins

25 % of ice-cold 100 % TCA solution was added to the volume of each protein sample.
Samples were incubated on ice for 10 min. 500 pL of an ice-cold 10 % TCA solution were
added and samples were incubated on ice for 20 min. After centrifugation (20,000 x g,
30 min, 4 °C) the supernatant was removed. The pellets were washed twice with 500 pL ice-
cold acetone (20,000 x g, 10 min, 4 °C) and dried in a vacuum evaporator. Pellets were re-

suspended in SDS-PAGE loading dye for SDS-PAGE analysis.

2.2.7 Reconstitution into liposomes

2.2.7.1 Preparation of liposomes

Liposomes were prepared similarly as described in Geertsma et al. (2008). 100 mg of lipids
were dissolved in chloroform and dried in a rotary evaporator for at least 1 h at room
temperature. 1 mL of diethyl ether was added and removed in a rotary evaporator for 3 h. For
hydration of lipids 5 mL of membrane buffer was added and rotated overnight without
vacuum. Liposomes were aliquoted and ultrasonicated for 10 min to form small, unilamellar

vesicles. The aliquots were flash-frozen in liquid nitrogen and allowed to thaw at room
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temperature. This was repeated another two times to generate large, multilamellar vesicles.

Vesicles were stored at — 80 °C.

2.2.7.2 Destabilization screening of liposomes

Liposomes were thawed at room temperature and extruded eleven times through a 400 nm
polycarbonate membrane in order to form large, unilamellar vesicles. Vesicles were diluted to
4 mg/mL with membrane buffer. In a 96 well plate 100 pL aliquots were destabilized with
different detergent concentrations ranging from 0.25 to 20 mM of the respective detergent.
After 90 min incubation at room temperature the plate was measured in a plate reader at
wavelengths ranging from 330 to 595 nm. By plotting the absorption against the detergent
concentration, the optimal detergent concentration for later reconstitution was determined, as

described in Geertsma et al. (2008).

2.2.7.3 Reconstitution of PDRS into liposomes

Liposomes were extruded as described above and diluted to 4 mg/mL with membrane buffer
in a volume of 5 mL. The respective detergent was added to the concentration that was
determined in the destabilization screening. After 90 min incubation at room temperature the
purified and concentrated protein was added to the lipids in a ratio of 1:100. The mixture was
incubated at 4 °C under rotation. After 1 h 200 mg biobeads were added to the reconstitution
mixture. Another 200 mg were added after 30 min, after 1 h, the next day and after another
2 h the next day. In total 800 mg biobeads were added. The biobeads were removed with a
filter and washed with 1 mL membrane buffer. Proteoliposomes were pelleted by
centrifugation (30 min, 267,000 x g, 4 °C) and re-suspended in 500uL 50 mM Tris-HCl pH
7.2 (30 °C).

2.2.7.4 Floating Centrifugation

The success of the reconstitution was validated by floating centrifugation through an
iodixanol gradient. First the 60 % iodixanol solution was diluted in 10 x membrane buffer to a
concentration of 54 % iodixanol. The proteoliposomes were then mixed with the 54 %
iodixanol solution to a final concentration of 30 % iodixanol in a volume of 900 pL. This

solution was pipetted to the bottom of a centrifugation tube. Successively 900 puL of 25, 10
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and 5% iodixanol dilutions (in membrane buffer) were pipetted on top of the
proteoliposomes. The last layer consisted of only buffer. The gradient was centrifuged at
20,000 rpm and 4 °C in TST 60.4 rotor for 8 h. By pipetting from the top to the bottom the
gradient was divided in 4 fractions. The proteins in the fractions were precipitated with TCA

and analyzed by SDS-PAGE and Western blotting.

2.2.8 TNP-ATP binding assay

Fluorescence measurements were preformed as described previously (Ernst et al., 2006). In a
2 mL quartz cuvette, 0.5 uM purified protein in protein buffer supplemented with 10 mM
MgCl, was constantly kept at 30 °C. Fluorescence was monitored using a Fluorolog with slit
widths set to 4 nm. TNP-ATP was excited at 409 nm and emission was detected from 520 to
580 nm. The fluorescence titration was performed by successively adding 1 uM TNP-ATP
from a 1 mM stock solution. The measured total fluorescence upon TNP-ATP binding is
described by equation 4. Parameters describing the binding are the dissociation constant (Kp)
and the ligand number (N). Fp,x is the maximum fluorescence intensity upon binding of TNP-
ATP to APDR8. Kp and N were determined by nonlinear fitting of equation 4 to the
experimental data. Q, and Q; are fluorescence constants and were determined by titration of
TNP-ATP to buffer alone and fitting the data to the polynomial equation 3. With increasing
TNP-ATP amounts the fluorescence does not remain proportional to the ligand concentration.

The emitted fluorescence is partly absorbed, which is corrected by equation 3.

Fpupfer = Q1Lo + Q,L3 [3]
Frotar=Q1Lo+Q2L3 + Fnax - (A = AZ = 4LoNP, ) [4]
with

A= (Kp, + Lo+ NPy) [5]
and

Lo:nucleotide concentration Q1,Q5: fluorescence constants
F: fluorescence Py: protein concentration

Co: protein concentration N:ligand number

Fax: maximal fluorescence upon TNP — ATP binding
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2.2.9 Transport assay

2.2.9.1 Expression of S. cerevisiae Pdr5

Two 100 mL pre-cultures were inoculated with the S. cerevisiae strain YRE1001
overexpressing wild-type ScPdr5 or the ScPdr5 E1036Q mutant, respectively. Both pre-
cultures were shaken at 30 °C and 200 rpm overnight. The pre-cultures were used to inoculate
a 2 L main culture (in a 5 L baffled flask) to an ODggo of 0.05. The cultures were incubated
overnight at 25 °C and 200 rpm. When the ODgo had reached 1.5 200 mL boost medium
were added to each flask. Cells were harvested at an ODgy of 3.6 by centrifugation at
8,000 x g and 4 °C for 10 min. Cells were re-suspended with 30 mL water, transferred into a

50 mL reaction tube and pelleted again. Cells were stored at -80 °C.

2.2.9.2 Plasma membrane preparation of S. cerevisiae Pdr5

All steps were performed on ice; centrifuges, glass beads and buffers were pre-chilled. Frozen
cells from 4 L cell culture were re-suspended in 80 mL Pdr5 re-suspension buffer and filled
into the container of the bead beater together with 200 mL glass beads. To minimize air space
the container was filled to the top with buffer. The container was placed on the bead beater
and covered with ice. Cells were disrupted in 5 cycles for 1 min with 1 min pause in between.
The glass beads were removed with a glass filter; the beads were rinsed with 160 mL TAEG
buffer. The cell suspension was centrifuged twice at 1000 x g for 5 min and once at 3000 x g
for 5 min in order to remove un-cracked cells. Membranes were pelleted by centrifuging the
supernatant at 20,000 x g for 40 min. The pellet was re-suspended in 20 mL TAE buffer for
Pdr5. The concentrations of a dilution series were determined with the NanoDrop™
spectrophotometer. The mitochondria were precipitated by titrating the pH to 5.2 with 1 M
sodium acetate. Mitochondria were removed by centrifugation at 7000 x g for 5 min.
Immediately the pH was neutralized to 7.5 with 2.5 M Tris-acetic acid pH 7.5. Plasma
membranes were pelleted at 26,500 x g for 30 min and re-suspended in 10 mL 50 mM Hepes

pH 7. Plasma membranes were frozen in liquid nitrogen and stored at -80 °C.
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2.2.9.3 ScPdr5 transport measurements

Different dilutions of the drug ketoconazole in DMSO were prepared. For each measurement
970 uL Pdr5 transport buffer were mixed with 30 uL ScPdr5 plasma membrane vesicles
(protein concentration 1 mg/mL, either the wild type or the E1036QQ mutant) in a quartz
cuvette. To keep the influence of DMSO comparable, equal amounts of the dilutions were
added to achieve the respective concentration of the drug. In addition, the maximal added
volume of drug in DMSO was 0.2 %. The final concentrations of the drugs were 20, 50, 100,
200, 300, 400, 500, 600, 700 and 800 nM. Cuvettes were equilibrated at 35 °C for 10 min
with stirring. In order to start the transport 50 uL. of 200 mM ATP pH 7 were added to the
cuvette. Rhodamine 6G transport was monitored with a Fluorolog III. The fluorescence was

detected over time; the excitation wavelength was 529 nm, the emission wavelength 553 nm.

2.2.9.4 Membrane vesicle disruption tests

The transport reaction was set up similarly as described above. In a 1.5 mL reaction tube
970 uL Pdr5 transport buffer were mixed with 30 uL Pdr5 plasma membranes (protein
concentration 1 mg/mL, either the wild type or the Pdr5 E1036QQ mutant) and supplemented
with 200 nM ketoconazole. After 5 min incubation at 35 °C the transport was started with
addition of 50 pL of 200 mM ATP pH 7. After 60 min reaction the membrane vesicles were
pelleted at 60,000 rpm in the rotor SIOOAT6. The supernatant was discarded and the pellet
was washed twice wish Pdr5 transport buffer without ketoconazole. For vesicle disruption, the
pellets were treated as described in Table 26. Samples were centrifuged at 60,000 rpm in the
rotor S120AT3 and the supernatant was transferred to a new reaction tube for mass

spectrometry analysis.

Table 26: Methods for disrupting the membrane vesicles.

Disruption method Pellets were resuspended in:
) Osmotic pressure 100 uL H,O.
Physical
Ultrasonication 100 pL H,O and ultrasonicated for 1 h.
Chemical Methanol 100 pL of 80 % methanol.
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3 Results

3.1 Strategy for the in vitro characterization of the ABC transporter AfPDRS

In vivo protein studies often involve the problem of different processes interfering with each
other and thereby masking the effects caused by the target protein. This could complicate the
interpretation of results and leave doubts about the reliability of data. In order to circumvent
this, an in vitro approach was chosen for the characterization of the ABC transporter AfPDRS.
This approach in turn requires homogenous protein that can be produced in sufficient
quantities in reasonable time. To meet these requirements, it was decided to overexpress
AtPDR& in a heterologous system. Choosing the appropriate expression host is thereby not of
minor importance. Heterologous overexpression of plant membrane proteins is often
challenging because of the size of membrane proteins, their hydrophobicity, possible toxicity
of the protein to the expression host, wrong localization, misfolding and/or lack of the proper
post-translational modification(s) (Bernaudat et al., 2011, Gul et al., 2014, Crouzet et al.,
2013, Lefevre et al., 2015). Since AfPDRS is a plant membrane protein a bacterial host
seemed less suitable. Therefore the expression system Pichia pastoris was chosen. The
methylotrophic yeast is a eukaryotic system with the ability to perform post-translational
modifications and it was used before for successful overexpression of human full-size ABC
transporters (Chloupkova et al., 2007, Ellinger et al., 2013). The complete strategy for the in
vitro characterization is outlined in Figure 10. It involved first the cloning of the AtPDRS
coding sequence into the expression vector. In this step affinity tags for later purification were
fused to the protein. Overexpression was performed in a bioreactor, which allowed the
production of the protein in larger amounts compared to shaking flask cultures.
Overexpression was followed by protein purification. The purification protocols were
established in this thesis. This included the choice of a detergent that was able to solubilize
AtPDRS out of the membrane and the set up of an affinity chromatography protocol. Pure
protein can be used for various in vitro approaches. In order to determine the substrates that
are translocated by 4/PDRS an approach was needed that not only gives information about the
activity of the NBDs in presence of certain compounds, but also provides data about the
actual transport process. Furthermore, AtPDRS mutant studies (Lu et al., 2015, Kim et al.,
2010, Kim et al., 2007, Strader and Bartel, 2009) imply that not a single compound is
transported, but several compounds. In addition to this, it is very likely, that some potential

substrates have not been identified yet, since there are AzPDRS8 mutant phenotypes that cannot
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be connected with the currently proposed substrates. Because of these reasons, an in vitro
approach was needed that contained the determination of the transport characteristics as well
as the screening of a large set of potential substrates. Reconstitution of the protein into
liposomes followed by a vesicular transport assay could meet these requirements. The
reconstitution of membrane proteins gives the advantage, that the protein is located in a lipid
environment without the influences of detergents, which can be necessary for proper activity.
By reconstituting into inside-out vesicles, the direction of transport is from the outside to the
inside of the vesicles. This offers the possibility to add a mixture of substrates to the
liposomes. If a compound is a substrate to the transporter, it is transported to the inside of the
vesicles in presence of ATP (Glavinas et al., 2008, Krumpochova et al., 2012). With this
strategy, all potential substrates are transported to the inside of the vesicles and adding
mixtures of unknown composition, like for example root or cytoplasm extracts, even
unknown substrates could be identified. The liposomes need to be opened in order to analyze
the content by mass spectrometry (Krumpochova et al., 2012). In theory every transported
compound should give a peak in the mass spectrum and the identity of the compounds can be

determined by tandem mass spectrometry.

Cloning
Fermentation
—_ _—

‘% Removal of detergent Protein in detergent
| °
[ -

. NS . .
Addition of Purification
substrates

+
+++ . i |
+ 33 +
= + + o+
= el T
= A B
ST k ¢
3
&h %ﬁ'l % n
Transport assay Disruption of vesicles MS analysis

Figure 10: Strategy for the in vitro characterization of A7PDRS8. The gene is first amplified from Arabidopsis thaliana
Col-0 cDNA and then cloned into an expression vector. The protein is expressed, purified and reconstituted into
liposomes for the transport assay. After disruption of liposomes the transported compounds are analysed by mass
spectrometry.

68



Results

3.2 Cloning and expression of AfPDRS8

3.2.1 Overview of the cloning procedure and expression tests

In order to realize heterologous overexpression of AfPDRS the coding sequence had first to be
cloned into an expression vector. Figure 11 depicts the strategy that was chosen. The gene
was PCR-amplified from 4. thaliana Col-0 cDNA and cloned into the pJET1.2/blunt vector
for amplification in bacteria. The A¢PDRS gene was then cloned into the P. pastoris
expression vector pSGP18-2u. Since there was no expression of A/PDRS in P. pastoris, the
gene was also subjected to cloning for expression in other heterologous systems. This was
only successful for the E. coli expression vector pET16b. For the other constructs different
cloning strategies were applied but without success. Expression tests in E. coli showed the
production of a truncated protein. This revealed that during transformation the AtPDRS
coding sequence was spontaneously mutated and a stop codon was integrated. The same had
happened in the pSGGPI18-2u-PDRS8 construct. After correcting the sequence of both
constructs by site directed mutagenesis still no expression was detected, neither in P. pastoris
nor in E. coli. This lead to the idea to change the position of the affinity tags in the P. pastoris
expression vector from the C-terminus to the N-terminus. The N-terminally tagged construct
finally showed expression in P. pastoris. The process of cloning AtPDRS§ turned out to be
complicated and several hurdles, like spontaneous mutations, had to be overcome. The

cloning procedure and the expression tests are described in detail in the following chapters.
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Figure 11: Strategy for cloning (purple boxes) and expression (blue boxes) of 4/PDRS8. The numbers indicate the
chapters in which the respective experiments are described. Successful steps are depicted in orange.
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3.2.2  Amplification of 4tPDRS from cDNA and cloning into pJET1.2/blunt

The AtPDRS coding sequence was amplified from A. thaliana Col-0 cDNA using PrimeStar
GXL polymerase. The primers PDR8 1 FWD and PDR8 2 REV were used. The PCR
product was purified by gel extraction and then blunt-end ligated into the vector
pJET1.2/blunt. The ligation reaction was transformed into E. coli XL1-Blue cells and clones
were selected on ampicillin. In order to check if the A/PDRS gene was integrated into the
vector pJET1.2/blunt the isolated plasmids were digested with the restriction enzyme Bg/II.
The enzyme cuts the insert out of the vector and the A/PDRS sequence itself is cut four times.
That results in six fragments, which represent the pJET1.2/blunt vector of approximately
3,000 bp and five AtPDRS fragments of approximately 2,000 bp, 1,100 bp, 790 bp, 460 bp
and 90 bp. Figure 12 shows the agarose gel electrophoresis of the fragments after Bg/Il
restriction digestion. The band pattern of sample MP 6 fits to the expected fragment sizes.
The smallest fragment is not visible on the agarose gel. The plasmid sample MP 6 was
positive, which was also confirmed by sequencing, and was therefore used for further cloning

experiments.
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Figure 12: Agarose gel electrophoresis of isolated plasmids after Bg/II digestion. The cloning of A¢/PDRS into the
vector pSGP18-2p was successful for sample MP6. The left lane (bp) shows the loaded marker with the fragment
sizes 10,000, 8,000, 6,000, 4,000, 3,500, 300, 2,500, 2000, 1,500, 1,000, 750, S00 and 250 bp. Lanes MP 1 to 6 display
the loaded plasmid isolations 1 to 6. The band pattern of MP6 resembles the expected band pattern after Bgl/ll
digestion.
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3.2.3 Cloning of AtPDRS into the P. pastoris expression vector pSGP18-2p

Figure 13 outlines the construct, which was supposed to be cloned, namely A¢PDRS in the P.
pastoris expression vector pSGP18-2pu. Genes integrated in this vector are controlled by the
alcohol oxidase I (AOX1) promoter, which is a strong endogenous P. pastoris promoter. In P.
pastoris, it controls the expression of the AOX protein, which is required for the methanol
metabolism. The AOX1 promoter is tightly regulated and inducible by methanol (Cregg et al.,
2000). When P. pastoris is transformed with the expression vector, the target gene is
integrated into the P. pastoris genome by homologous recombination of the AOXI promoter
and terminator sequences. The vector contains furthermore the sequences of two affinity tags,
which are the Calmodulin Binding Peptide (CBP) tag and the 6 x Histidin (6x His) tag, as
well as a C3 cleavage site. Primers were designed to intergrade the 4tPDRS coding sequence
upstream and in frame with the tag sequences. With this strategy the tags were fused to the C-

terminus of AtPDRS.

AOX1

pSGP18-2p

Figure 13: Schematic construct of AzPDRS (green) in the pSGP18-2pn vector backbone. The encoded protein is fused to
a 6x His (purple box) and a CBP tag (dark blue) as well as a 3C cleavage site (light blue) at the C-terminus. The gene
is controlled by the A0XI promoter (depicted by the arrow). The scale of the modules does not represent actual DNA-
fragment sizes.

The AtPDRS gene was PCR-amplified from the construct pJET1.2/blunt-AtPDRS. The
polymerase Phusion was used in combination with the primers PDR8 Pacl-fwd and
PDRS8 Sphl rev. The primers included overhangs for fusing restriction sites for the enzymes
Pacl and Sphl to the AtPDRS gene. The vector pSGP18-2u was also PCR-amplified in order
to linearize the plasmid and to add restriction sites to for Pacl and Sphl to the sequence
(primers pSGP18-2u.Sphl.fw and pSGP18-2u_Pacl-2). The amplification of both fragments
was successful (Figure 14). The AtPDRS8 gene has a size of approximately 4,420 bp and the
linearized vector a size of 3,430 bp. Figure 14 indicates that the PCR product of the vector
still contains the un-linearized template. Therefore the template was digested with the

restriction enzyme Dpnl, which only cuts methylated DNA und thus not the PCR product.
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bp  PDR8 pSGPI8-2

Figure 14: Agarose gel of the PCR products AtPDR8 (middle lane) and the vector pSGP18-2p (right lane) after
amplification with Phusion polymerase. The left lane shows the marker with the fragment sizes 10,000, 8,000, 6,000,
4,000, 3,500, 300, 2,500, 2000, 1,500, 1,000, 750, 500 and 250 bp

Both PCR products were PCR purified and digested with the enzymes Pacl and Sphl. The
digested fragments were gel purified and ligated. After transformation in E. coli XL1-Blue
cells, plasmids were isolated from the respected clones, which were selected on zeocin. To
check whether the insert was successfully ligated into the vector, the plasmids were digested
with Mssl. In this reaction the plasmid was linearized by cutting the sequence once. This
results in a fragment of approximately 9,000 bp. If only the vector was present, the fragment
should be around 4,600 bp. Figure 15 shows the result of the cleavage after agarose gel
electrophoresis. The sizes of the bands of the samples MP 3, 5, 6, 7, 9, 10, and 11 are in the
expected range of 9,000 bp indicating that the insert AzPDRS was integrated into the vector
pSGP18-2u. The plasmid sample MP 11 was sent for sequencing, which confirmed the
insertion of AtPDRS.
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Figure 15: Agarose gel electrophoresis of the isolated plasmids pSGP18-2-4/PDR8 digested with Mssl. Lanes MP 1 to
12 display the digested plasmid isolations 1 to 12.The samples MP3, 5, 6, 7, 9, 10 and 11 show the expected band size
after successful integration of A2PDRS into the vector. The outer lanes (bp) show the loaded marker with the fragment
sizes 10,000, 8,000, 6,000, 4,000, 3,500, 300, 2,500, 2000, 1,500, 1,000, 750, 500 and 250 bp.
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3.2.4 Expression test of 4/PDRS in P. pastoris

The positive plasmid pSGP18-2u-4tPDRS was transformed into P. pastoris. Clones were
selected on zeocin and screened in expression tests as described in Materials and Methods.
None of the numerous tested clones showed expression. Figure 16 shows a typical Western
Blot after an expression test. Membrane preparations of different time points after methanol
induction were analyzed (lane M). As negative control samples of an un-induced culture (lane
GY) were loaded for each time point, too. As positive control (+ ctrl) the human ABC
transporter BSEP was expressed. The AfPDR8 construct should display a signal at
approximately 170 kDa. Only the positive control shows a band at its expected size.
Expression conditions were altered by changing to buffered complex medium, screening for
different expression temperatures and reducing the culture volume for better aeration. None of

these methods resulted in expression of AtTPDRS.

6h 22h 30 h +etd

GY M GY M GY M 30h 6h kDa

Figure 16: Western Blot analysis of the expression test of AfPDRS in P. pastoris. Expression was induced after 24 h
with methanol (lanes M). At 6, 22 and 30 h after induction samples were analysed. Lanes GY shows the uninduced
negative controls. + ctrl displays the expressed positive control BSEP at 6 and 30 h after induction. The right lane
(kDa) shows the loaded marker with protein bands at 170, 130, 100, 70 and 50 kDa. Proteins were detected using
anti-His antibody. The arrow marks the expected size of the A7/PDRS protein band.

74



Results

3.2.5 Cloning of AfPDRS for expression in Saccharomyces cerevisiae, Lactococcus lactis

and Escherichia coli

Since the expression of A/PDRS in P. pastoris was not successful it was decided to clone
AtPDRS into expression vectors for other heterologous overexpression systems, which were

S. cerevisiae, L. lactis and E. coli. The respective constructs are shown in Figure 17.

GPD

p426GPD

Saccharomyces cerevisiae

NisA

pNZ-SV-Entero-His

T7 NisA
FXa
pET16b pIL-SV
Escherichia coli Lactococcus lactis

Figure 17: Scheme of the AtPDRS8-constructs for the expression systems E. coli, L. lactis and S. cerevisiae. The S.
cerevisiae construct comprises the p426GPD backbone and the A7PDRS8 sequence is integrated together with the 6x
His (purple box), the CBP (dark blue) and the 3C (light blue) sequences from the pSGP18-2n vector. The gene is
controlled by the GPD promoter (depicted by the arrow). The same strategy was pursued for the L. lactis vectors
pNZ-SV-Entero-His and pIL-SV and the E. coli vector pET16b, where again the PDR8 coding sequence was
integrated together with the sequences for the C-terminal tags. For the N-terminally tagged E. coli constructed the
PDRS gene was integrated without tag sequences and fused to the vector internal tags, which are a 10x His tag and a
Factor Xa cleavage site. In the L. lactis plasmids the gene is controlled by the Nis4 promoter and in the E. coli vectors
by the 77 promoter. The scale of the modules does not represent actual DNA-fragment sizes.
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3.2.6 Cloning into E. coli expression vectors

For expression in E. coli, two different constructs were planned. One construct with C-
terminal tags and one with N-terminal tags. For the N-tagged construct the AtPDRS8 coding
sequence was PCR-amplified, gel purified and cloned into the pET16b expression vector so
that the N-terminal 10 x His tag of the vector was in frame with the AtPDRS gene. Primers
PDR8 Xhol FWD/PDR8 BamHI REV were used together with Phusion polymerase. The
primers contained restrictions sites for Xhol and BamHI enabling cloning via restriction
digestion and ligation. The vector already contained the respective restriction sites and was
thereby directly digested. For the C-tagged construct the AfPDR8 coding sequence was
amplified together with the sequences of the affinity tags from the pSGP18-2u-AtPDRS
construct. The primers PDR8 BamHI FWD and PDRS8 Xhol REV contained restriction sites
for BamHI1 and Xhol. The gene was then cloned into the pET16b expression vector not in
frame with the vector tags. The fragments of the respective digestion reactions for the N-
tagged and the C-tagged construct were ligated and transformed into XL1-Blue cells. The
amplified plasmids were isolated and digested with XAol and BamH]I in order to check if the
cloning was successful. The result of the cleavage for the two constructs is shown in Figure
18. If A¢tPDRS was integrated into the respective vector, two bands should be visible on the
gel, representing the vector and the insert. For both ligations into pET16b, only one plasmid
each shows a second band for the insert. These are the plasmids MP 6 (ligation into pET16b,
N-terminal tags) and MP 4 (ligation into pET16b, C-terminal tags).

A) Ligation of PDRS into pET16b, B) Ligation of PDRS into pET16b,
N-terminal tags C-terminal tags
bp MP1 MP2 MP3 MP4 MP5 MP6 MP1MP2 MP3 MP4 MP5 MP6 bp
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Figure 18: Agarose gels of the digested plasmids of PDRS ligated into pET16b. A) Ligation into pET16b with N-
terminal tags. Only MP6 shows the expected band pattern after successful PDRS ligation. B) Ligation into pET16b
with C-terminal tags. MP 4 shows the band pattern that confirms the PDRS ligation. The lanes bp show the loaded
marker with the fragment sizes 10,000, 8,000, 6,000, 4,000, 3,500, 300, 2,500, 2000, and 1,500 bp. Lanes MP 1 to 6
display the digested plasmid isolations 1 to 6 of the respective construct.
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Sequencing the plasmids confirmed that the N-terminally tagged construct was indeed
positive, but the sample with C-terminally tagged construct contained two plasmids.
Additional clones of the transformation of the C-terminally tagged pET16b-4tPDRS construct
were analyzed, but all isolated plasmids were lacking the A¢tPDRS insert (data not shown).
The cloning experiment was therefore repeated for the C-terminally tagged construct. This
time only one out of 12 clones had the AtPDRS gene integrated, however, the orientation of

the gene in the vector was inverted (data not shown).

3.2.7 Cloning into the S. cerevisiae expression vector

The same strategy as for the C-terminal E. coli construct was applied for the S. cerevisiae
vector p426GPD. The same primers were used as well as the same polymerase protocol.
Figure 19 shows the agarose gel after digestion of the isolated plasmids with X%ol and
BamHI. Since these enzymes remove the insert from the vector two bands should be visible
on the gel if the integration of A¢/PDRS into p426GPD was successful. This is the case for the
isolated plasmids MP 1, 2, 4, 5, and 6. Sequencing these plasmids revealed that the AzPDRS

gene was integrated, but again the orientation was inverted.

MP1 MP2 MP3 MP4 MP5 MP6 bp
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Figure 19: Agarose gel of the digested plasmids PDRS ligated into p426GPD. The most right lane (bp) displays the
loaded marker with the fragment sizes 10,000, 8,000, 6,000, 4,000, 3,500, 300, 2,500, 2000 and 1,500 bp. Lanes MP 1
to 6 include the digested plasmid isolations 1 to 6.
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Cloning of AtPDRS into p426GPD was therefore repeated, but was not successful as the insert
AtPDRS was not present in any of the isolated plasmids (data not shown). Therefore the
cloning strategy for the p426GPD construct was changed. In case of potential toxic effects
that might prevent propagation of plasmids in E. coli, homologous recombination in S.
cerevisiae was performed. This strategy has the advantages that it circumvents the
amplification of plasmids in E. coli and the integration of the insert in the vector is performed
in vivo in S. cerevisiae. AtPDRS was amplified together with the C-terminal tags from the
pSGP18-2u-A4rPDRS template. The primers (Hom.Rek. PDRSFWD/REV) added overhangs to
the sequence that were homologous to the flanking regions of insertion site in the p426GPD
vector. The vector was linearized by PCR. The position of the primers
(Lin.p426GPDFWD/REV) determined the insertion site of the AtPDRS gene. Agarose gel
electrophoresis of the PCR products confirmed that the AtPDRS gene and the p426GPD
vector were successfully amplified (Figure 20). Both samples were purified and heat shock
transformed into S. cerevisiae. For selection the culture was plated on minus-uracil medium
but no colonies formed. That indicates that the homologous recombination of the plasmid was

not successful.
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Figure 20: Agarose gel of the PCR products of PDRS (left lane) and p426GPD (middle lane). The PCR primers fused
overhangs to the sequences for homologous recombination. The right lane (bp) shows the DNA marker with the
fragment sizes 10,000, 8,000, 6,000, 4,000, 3,500, 300, 2,500, 2000, 1,500, 1,000 and 750 bp.
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3.2.8 Cloning into L. lactis expression vectors

For cloning A¢PDRS into the L. lactis vector pIL-SV a blunt-end ligation was performed.
Therefore the AtPDRS gene was PCR-amplified with the C-terminal tags from the pSGP18-
2u-AtPDRS construct. The primers PDR8FWD and TagsPDRSREV did not fuse any
overhangs to the sequence. Figure 21 shows that the amplification of AzPDRS was successful;

the agarose gel of the PCR product shows a band in a range that fits to the AtPDRS8 gene size
(~ 4,400 bp).
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Figure 21: Agarose gel of the PCR product PDRS (left lane) amplified for cloning into pIL-SV. The right lane (bp)

shows the DNA marker with the fragment sizes 10,000, 8,000, 6,000, 4,000, 3,500, 300, 2,500, 2000, 1,500, 1,000 and
750 bp.

The PCR product was purified. The expression vector pIL-SV was linearized by digestion
with Nofl. The resulting single-stranded overhangs were removed by blunting. The purified
PCR product and the blunt-ended vector were ligated and transformed into E. coli. Plasmids
were isolated and analyzed by Nhel digestion and agarose gel electrophoresis. Both the
AtPDRS gene and the vector pIL-SV contain one restriction site for Nhel. That means if the
gene was integrated two bands should appear on the gel (7,233 and 3,936 bp). Figure 22
shows only one band between 6,000 and 8,000 bp on the agarose gel. The band represents the
linearized vector (6,760 bp) meaning the insert was not present in all of the isolated plasmids.
Repeating the whole experiment gave the same result (data not shown) showing that the

background of non-cloned vectors is very high.
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Figure 22: Agarose gel of the isolated plasmids of PDRS cloned into pIL-SV and digested with Nhel. The lanes MP1 to
12 show the digested plasmid isolation 1 to 12. In all plasmid isolations the bands represent the vector without the
PDRS insert. The two outer lanes (bp) show the DNA marker with the fragment sizes 10,000, 8,000, 6,000, 4,000,
3,500, 300, 2,500, 2000, 1,500, 1,000, 750 and 500 bp.

Alternatively, it was also tried to clone the AtPDRS gene into the L. lactis expression vector
pNZ-SV-Entero-His. Here two cloning strategies were followed. On the one hand the cloning
with restriction digestion and ligation and on the other hand the Gibson Assembly cloning.
For restriction digestion and ligation, the A/PDRS8 gene plus the C-terminal tags were PCR-
amplified by Phusion polymerase and with the primers EcoRIPDR8pNZFWD and
NotIPDR8pNZREV, which added restrictions sites for the enzymes EcoRI and Notl to the
AtPDRS sequence. The PCR was successful as Figure 23 proofs. The size of the PCR product
conforms to the theoretical size of AtPDRS (~ 4,400 bp). After gel extraction the PCR product
as well as the purified vector pNZ-SV-Entero-His were digested with EcoRI and Notl and
ligated. The ligation reaction was transformed into XL10-Gold cells and the plasmids of the
different clones were isolated. Agarose gel electrophoresis of the isolated plasmids shows that
only the vector pNZ-SV-Entero-His was transformed (Figure 24). The insert AtPDRS is
missing. The pNZ-SV-Entero-His-AtPDRS8 construct would have a size of 10,425 bp. The
vector alone has a size of 6015 bp, which fits to the band pattern seen on the gel. The gel
shows the different forms of plasmids run on an agarose gel. These are the linearized plasmid,
which runs exactly at its predicted size (~ 6,000 bp), the relaxed plasmid, which is kind of
bulky and runs above its predicted size and the supercoiled plasmid, which is very compact

and therefore runs faster than the linearized form and shows a band below 6,000 bp.

80



Results

bp PDRS

10,000
8,000

6,000
5,000
4,000
3,500
3,000
2,500

2,000
1,500

1,000
750
500

Figure 23: Agarose gel of PDR8 PCR-amplified for the cloning into pNZ-SV-Entero-His. The right lane (PDRS)
displays the PDR8 PCR product. The left lane (bp) shows the DNA marker with the fragment sizes 10,000, 8,000,
6,000, 4,000, 3,500, 300, 2,500, 2000, 1,500, 1,000, 750 and 500 bp.
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Figure 24: Agarose gel of the isolated plasmids after cloning of PDRS into the vector pNZ-SV-Entero-His. Lanes MP1
to 12 display the loaded plasmid isolations 1 to 12. The outer lanes show the DNA marker with the fragment sizes
10,000, 8,000, 6,000, 4,000, 3,500, 300, 2,500, 2000, 1,500, 1,000, and 750 bp.

Other than restriction digestion and ligation, Gibson Assembly allows the fusion of DNA
fragments in a single, isothermal reaction by using a combination of an exonuclease, a
polymerase and a ligase. The exonuclease digests the 5’-ends of two homologous sequences.
The resulting sticky ends anneal and the polymerase fills in the remaining gaps. Finally a

ligase closes the nicks.
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The AtPDRS gene with the C-terminal tags was PCR-amplified with primers
(PDRS8InFuspNZFWD/PDR8InFusTagsRE) adding overhangs to the gene that were
homologous to the pNZ-SV-Entero-His vector. The vector was linearized by PCR reaction
with the primers Lin.pNZ-FWD/REV. Figure 25 shows the agarose gel of the PCR products.
The AtPDRS sample as well as the vector sample shows a band at the expected fragment size

of approximately 4,400 and 6,000 bp, respectively.
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Figure 25: Agarose gel of the PCR products of AtPDRS8 (left lane) and the vector pNZ-SV-Entero-His (middle lane)
for Gibson Assembly cloning. The right lane (bp) displays the DNA marker with the fragment sizes 10,000, 8,000,
6,000, 4,000, 3,500, 300, 2,500, 2000, 1,500, 1,000, 750 and 500 bp.

Because there was an additional band in the vector sample the PCR products were gel
purified. Both fragments were incubated with the Gibson mastermix (see Materials and
Methods) and transformed into DH5a cells. Clones were selected on kanamycin. A total of 19
colonies had formed, which were all checked for the integration of the AtPDRS gene by
colony PCR. The PCR was performed with primers (PDRSFWD and TagsPDRSREV) that
amplified the full-length A¢tPDRS sequence. If a clone is positive, the agarose gel should
therefore show a band at approximately 4,400 bp. Figure 26 shows that the clones 6, 15, 17,
18 and 19 display bands at the expected size, however, additional bands appeared. That
indicated that the primers did bind more than once. In fact, sequencing the isolated plasmids
confirmed that wrong fragments were integrated into the expression vector, since none of the

AtPDRS sequencing primers was able to bind to the plasmid sequences.
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Figure 26: Agarose gel of the colony PCR products after Gibson Assembly cloning of AtPDRS into pNZ-SV-Entero-
His. Lanes CL 1 to 19 show the PCR products of the E. coli clones 1 to 19. The respective lanes bp display the bands of
the DNA marker with the fragment sizes 10,000, 8,000, 6,000, 4,000, 3,500, 300, 2,500, 2000, 1,500, 1,000, 750 and
500 bp.
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3.2.9 Expression test of N-tagged AfPDRS in E. coli reveals spontaneous mutations

The positive plasmid pET16b-4tPDR8 MP 6 was transformed into the E. coli BL21(DE3)
expression strain. Expression was induced with IPTG and samples of different time points
were analyzed by SDS-PAGE and Western Blotting. Figure 27 shows the Western Blot of the
expression test of two different clones. Clone 1 shows protein bands of approximately 40 kDa
at 1, 3 and 4 h after induction. The predicted size of the expressed AtfPDRS construct is about
170 kDa. Testing additional clones did not provide successful expression of 4fPDRS (data not
shown). This raised the assumption that a truncated protein was expressed instead of the full-
length AfPDRS8 construct. Sequencing the utilized plasmid again revealed that during a re-
transformation step a stop codon was inserted into the AtPDRS codon sequence at 1,140 bp.
Furthermore, mutations were discovered that result in four amino acid substitutions in the
AtPDRS protein sequence compared to the reference sequence (Huala et al., 2001). This leads
to the expression of the N-terminal 380 amino acids, which form a protein of approximately
40 kDa. The same had happened with the pSGP18-2u-4tPDRS construct, but because of the

C-terminal tagging the possible expression of a truncated protein was not detectable by

Western Blotting.
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Figure 27: Western Blot analysis of the expression test of N-tagged A/PDRS in E. coli BI21(DE3). Samples of two
clones (CL1 and CL2) were analysed at 0, 1, 3 and 4 h after induction with IPTG (depicted by the respective
numbers 0 - 4). Cells with the empty vector were grown as negative control (- ctrl). The most right lane shows the
protein marker bands: 170, 130, 100, 70, 55 and 40 kDa. Proteins were detected using anti-His antibody. The arrow
marks the expected size of the AfPDRS8 protein band.
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3.2.10 Rectification of the stop codons by site directed mutagenesis

The AtPDRS coding sequence of the positive expression constructs pET16b-4AtPDRS and
pSGP18-2u-AtPDRS was rectified by site directed mutagenesis PCR. Therefore the complete
circular plasmid was PCR-amplified with primers (PDR8 SiDiMu FWD/REV) that contain
mismatching bases and thereby insert mutations in the PCR product sequence. The PCR was
performed at different annealing temperatures in order to screen for the optimal annealing
temperature. Figure 28 A) shows the agarose gel of the PCR products. Most PCR product was
produced at 62.0 °C. The PCR product was digested with Dpnl to remove the template and
then transformed into XL1-Blue cells. Plasmids were isolated from different clones and
linearized by digestion with BamHI. Figure 28 B) shows the result of the agarose gel
electrophoresis after the restriction digestion. Except for plasmid MP 3, all plasmid
preparations contained fragments of the correct band size of ~ 10,100 bp (pET16b-A4tPDRS).
Plasmid preparations MP 1, 5, 6, 8 and 9 were sequenced. The preparations MP 1 and 9
contained several repetitions of the primers, but the other plasmid preparations, MP 5, 6 and
8, were positive as they contained the correct AtPDRS coding sequence without stop codons.
The site directed mutagenesis was repeated with the pSGP18-2-u-4AtPDRS§ construct by using
the same protocol with the same primers. Figure 28 C) proofs that the mutagenesis was
successful; the agarose gel shows bands at the expected size of the construct (~ 9,000 bp).
Both rectified constructs were tested for expression in the respective expression system, but
no expression was detected in any system by Western Blotting (data not shown). That
indicates that the expression of the truncated AfPDRS8 was successful, but not the one of the

full-length protein.
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A) Site directed mutagenesis of pET16b-A¢PDRS, B) Site directed mutagenesis of
PCR products pSGP18-2u-AtPDRS, isolated plasmids
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C) Site directed mutagenesis of pET16b-4¢PDRS, isolated plasmids
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Figure 28: Site directed mutagenesis of AtPDRS8 in pET16b and in pSGP18-2p. A) Agarose gel of the PCR product
after side directed mutagenesis PCR of pET16b-4tPDRS. The numbers of the different lanes show the annealing
temperatures at which the respective PCR was performed. B) Agarose gel of the isolated plasmids pSGP18-2p-
AtPDRS after linearization with Mssl. C) Agarose gel of the isolated plasmids pET16b-4tPDRS after digestion with
BamHI. Lanes labelled with MP 1 to 6 or 1 to 10, respectively, show the linearized plasmids of the respective
constructs. Lanes labeled with bp display the DNA marker with the fragment sizes 10,000, 8,000, 6,000, 4,000, 3,500,
300, 2,500, 2000, 1,500, 1,000 and 750 bp.
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3.2.11 Changing the position of the affinity tags enables expression in P. pastoris

Apart from changing to a different expression system, another strategy to realize AfPDRS
expression was to change the tag position. Possibly, the position of the tag was important for
detectable expression in P. pastoris. In order to check this hypothesis, expression was tested
with the N-terminally tagged pSGP18-Ntag-AtPDRS construct, which was kindly provided by
Dr. Diana Kleinschrodt, Institute of Biochemistry, Heinrich-Heine University Diisseldorf. The
pSGP18-Ntag vector contains a 10 x Histidin tag and a CBP tag as well as a C3 cleavage site.
The AtPDRS sequence was integrated into the vector via In-Fusion reaction. The construct is

depicted in Figure 29.

AOXI1

pSGP18-Ntag

Figure 29: Scheme of the N-terminally tagged construct of AzPDRS in the vector pSGP18-Ntag. The AtPDRS gene
(depicted in green) is fused to the sequences of a 10x His (purple box) and a CBP tag (dark blue) as well as a 3C
cleavage site (light blue) at the N-terminus of the encoded protein. The scale of the modules does not represent actual
DNA-fragment sizes.

The vector was transformed into P. pastoris and 10 clones were tested for expression. The
measured ODggo values change marginally after induction with methanol (Table 27). The
reason is the slow methanol metabolism of the transformed cells compared to non-
transformed cells. In P. pastoris, methanol is metabolized by oxidation to formaldehyde,
which is then further processed. The reaction is catalyzed by the alcohol oxidase. The P.
pastoris genome comprises to genes that encode for AOX, the AOXI and the AOX2 gene. The
X33 strain is a Mut® (methanol utilization sensitive) strain. Recombination of the plasmid
DNA into the AOXI locus knocks out the AOX!I gene. The cells then rely on the AOX2 gene
for the methanol metabolism. The 40X2 promoter displays weaker expression compared to
the strong AOXI promoter. This results in hardly any cell growth after induction with

methanol.
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Table 27: ODg values of the different P. pastoris clones screened for AfPDRS8 expression. ODgyy was determined 24
and 48 h after induction of expression with methanol. As positive control the human ABC transporter BSEP was
expressed and as negative control cells transformed with the empty vector pSGP18-Ntag were grown.

Number of 4/PDRS clone ODggo 24 h after induction ODygo 48 h after induction

1 14.1 14.6

2 12.9 14.4

3 11.1 12.1

4 12.1 12.2

5 12.4 12.5

6 13.2 14.4

7 12.8 13.5

8 11.7 11.8

9 12.8 12.4

10 10.2 10.7

Positive control BSEP 14.3 15.9
Negative control pSGP18-Ntag 12.6 14.1

Figure 30 shows the Western Blot of the isolated membranes of the clones 24 h after
induction of expression. As positive control the human transporter BSEP was expressed
(+ ctrl), the negative control was the transformed empty vector pSGP18-Ntag (- ctrl). All of
the 10 tested clones displayed expression of N-terminally tagged AfPDRS as Figure 30 proofs.
The results indicate that the position of the affinity tag is important for detectable 4/PDRS8

protein expression in P. pastoris.

kDa +ectrl CL1 CL2 CL3 CL4 CL5 CL6 CL7 CL8 CL9 CL10 -ctrl

.
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100 | .
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Figure 30: Western Blot analysis of the expression test of N-terminally tagged A/PDRS8 in P. pastoris. After 24 h
glycerol feeding the expression was induced with methanol. 24 h after induction cells were harvested and the
membranes were isolated. Membrane fractions of the different clones were run on SDS-PAGE and after Western
Blotting AfPDR8 was detected with anti-His antibody (marked with the asterisk). The outer left lane shows the
protein marker bands: 170, 130, 100, 70, 55 and 40 kDa.
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3.3 Subcellular localization of AfPDRS8 expressed in P. pastoris

In regard to functional studies, the correct localization of a heterologously overexpressed
protein is important, since correct targeting implies correct folding. To check the localization
of AfPDR&8 expressed in P. pastoris, centrifugation of the isolated crude membranes through a
continuous sucrose gradient was performed. The different membrane species are thereby
separated by retardation in different sucrose concentrations. Figure 31 shows the Western
Blot of the different fractions of the linear sucrose gradient. The AfPDRS signal was detected
in the fractions with higher sucrose concentrations. As marker proteins the plasma membrane
proteins ScPdr5 in S. cerevisiae membranes (Egner et al., 1995) and the human MDR3
expressed in P. pastoris (Ellinger et al., 2013) were used. The three proteins co-localized in
the same fractions indicating that 4fPDRS is located in the plasma membrane in P. pastoris,

which also implies that the protein is processed correctly in P. pastoris.

22 % 60 %
(w/iw) (wW/w)
kDa

170 — Ve APDRS
130 — N R I HsMDR3

150 — AR R A 4 4 L Ee ScPdr5

Fractions 1 2 3 4 5 6 7 8 9 10 11 12 13 14 151617 18 19 20 21 22 23|24 25 26 27

Plasma membrane
Figure 31: Subcellular localization of ArPDRS8 in P. pastoris determined by sucrose gradient centrifugation. The
protein AfPDRS8 expressed in P. pastoris (top row) co-localizes with human MDR3 (middle row), which was also
expressed in P. pastoris and with ScPdr5 (bottom row), which was expressed in S. cerevisiae. The sucrose
concentration is indicated by the triangle. Numbers below the Western Blots display the fractions of the linear sucrose

gradient. The position of the plasma membranes in the gradient is indicated by the rectangle. Proteins were detected
with anti- His and anti-Pdr5 antibodies. See Appendix A2 for complete Western Blots.

As an alternative approach to determine the localization of AfPDR8 in P. pastoris the eGFP-
AtPDRS fusion protein was expressed and analyzed by confocal fluorescent microscopy. To
mark the cell margin the cell walls of P. pastoris were stained with the cell wall marker SCRI
Renaissance 2200 (SR2200). Upon excitation the eGFP gave a ring-like signal that was
partially localized at the cell margin (Figure 32). In some areas the eGFP signal almost

overlaps with the SR2200 signal. However the eGFP signal also appears in structures inside
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the cells indicating the fusion protein was also located in other cell compartments. Cells that
did not express the GFP fusion protein did not show any fluorescence signal (data not shown).

The fluorescent microscopy only partially supports the result of the sucrose gradient.

eGFP-AtPDR8

free eGFP

Figure 32: Confocal fluorescence microscopy of P. pastoris cells expressing GFP-4rPDR8 (top) and free eGFP
(bottom). The respective left pictures show the eGFP fluorescence signals while the pictures in the middle display the
SR2200 signals of the cell wall marker. The left pictures show the merge of the eGFP and the SR2200 signals. The
scale bars indicate S pm.

90



Results

3.4 Purification of AfPDRS

The purification of the membrane protein AfPDR8 comprised several steps (Figure 33),
whereby purification trials were inspired by previous purifications of ABC transporters
expressed in P. pastoris cells (Ellinger et al., 2013, Wang et al., 2006). First the P. pastoris
cells overexpressing the protein were fermented. The harvested cells were cracked to isolate
the membranes. The membrane proteins were then solubilized out of the P. pastoris
membrane; this required the screening for a detergent that was able to solubilize 4/PDRS. In
order to separate AfPDR8 from the co-solubilized proteins affinity chromatography was
performed. The protocol was established by testing different approaches. AfPDRS8 was fused
to two different affinity tags. This allowed the usage of immobilized metal ion affinity
chromatography (IMAC) or calmodulin binding peptide affinity chromatography (CBP-AC),
as well as a combination of both, the tandem affinity chromatography. Furthermore, it was
tested whether the usage of a resin was preferable over the usage of a pre-packed column and
if different detergents influence the purification result. Adding a subsequent size exclusion

chromatography step was also analyzed.

Establishing the purification protocol for AfPDRS8

Solubilization:
screening for a detergent
342

A 4

Affinity chromatograhy in FC14
343

IMAC with Tandem affinity IMAC with resin CBP-AC with resin
chelating column chromatography 3434 3433
3431 3432

4

Affinity chromatography:
change of detergent

A

\ 4

B-DDM (" PCC-aM )
CBP-AC + SEC CBP-AC + SEC
3.4.4 L 345 )

Figure 33: Scheme of the purification establishment of A7PDRS.
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3.4.1 Fermentation of 4/PDR8 and membrane preparation

Fermentation of P. pastoris cells overexpressing AtPDRS yielded approximately 1 kg wet
cells from 6 L culture volume. The ODgqq in the bioreactor had reached about 150. Membrane
preparation of 100 g wet cells resulted in 45 mL volume with a protein concentration of about
50 mg/mL, depending on the respective preparation. P. pastoris plasma membranes were
separated from the other membrane fractions, like mitochondrial membranes, by precipitation
of the latter. Figure 34 shows a Western Blot after the preparation of crude and plasma
membranes. The AfPDRS8 band runs at approximately 170 kDa, which corresponds to the size
of the protein with the affinity tags (170 kDa). It seems that plasma membranes are enriched
in AfPDR8 compared to crude membranes since the immunoblot signal is stronger.
Apparently, some protein was lost during the precipitation as lane MP (pellet after
precipitation) shows a smeary signal on the Western Blot. The additional bands of higher

molecular weight refer to protein that remained between the stacking and the resolving gel.

CM MP kDa PM Serial dilution of PM

170
130

100

35

Figure 34: Membrane preparation after fermentation of P. pastoris cells expressing AfPDR8. CM: preparation of
whole cell membranes, MP: pellet after mitochondria precipitation, PM: plasma membranes, kDa: protein marker
with the fragment sizes 170, 130, 100, 70, 55, 40 and 35 kDa. The asterisk marks the A/PDRS protein band.
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3.4.2 Screening for a detergent that solubilizes AfPDRS out of the P. pastoris membrane

In order to identify a detergent that solubilizes 4/PDR8 out of the P. pastoris membranes the
Dot Blot technique was used (Ellinger et al., 2013). Thereby 88 different detergents were
tested (see Appendix Al for a detailed list). After incubation of membranes with the
respective detergent the insoluble fraction was separated and the solubilized proteins were
spotted on a nitrocellulose membrane (Figure 35). Anti-His staining revealed in which soluble
fraction AfPDR8 was included. AfPDR8 was mainly solubilized by Fos-Cholines (Figure 35,
red boxes) while membranes solubilized with Fos-Choline-14 (Figure 35, E5) and Fos-
Choline-15 (Figure 35, E6) displayed the strongest signals. The Fos-Cholines-11, -12, -13 and
-16 solubilize A/PDR8 more weakly compared to Fos-Choline-14 and -15. Furthermore
AtPDRS8 was slightly solubilized by CHAPS and CHAPSO (green box), n-dodecyl-N,N-
dimethylamine-N-oxide (DDAO) and sodium dodecanoyl sarcosine (Figure 35, dark blue and
orange box). Very faint signals were observed for n-heptyl-f-D-thioglucopyranoside and n-
heptyl-B-D-glucopyranoside (Figure 35, light blue box), and for Cyclofos-9 and -10 (Figure
35, purple box). As positive control sodium dodecyl sulfate (SDS) was used for solubilization
(HS in Figure 35). The signal on the Western Blot is weaker than the signal for the Fos-
Cholines -14 and -16. This is due to partial precipitation of the SDS during the incubation at
4 °C. The negative control (buffer, H6 in Figure 35) does not show any protein signal on the
Western Blot. Since sample E5 showed the strongest signal Fos-Choline-14 was used for

further purification experiments.

Figure 35: Detergent screening for the solubilization of A/PDRS. 88 different detergents were incubated with 4/PDRS-
containing P. pastoris membranes; the soluble fraction was spotted onto a nitrocellulose membrane. 47PDR8 was
detected by immune staining. Light blue box: glucopyranosides, green box: CHAPS and CHAPSO, purple box:
Cyclofoses, red boxes: Fos-Cholines, dark blue box: DDAO, orange box: sodium dodecanoyl sarcosine, grey box:
positive control SDS (H5) and negative control buffer (H6).
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3.4.3 Purification of AfPDR8 in the detergent Fos-Choline-14

3.4.3.1 Immobilized metal ion affinity chromatography (IMAC) in continuous flow process

Immobilized metal ion affinity chromatography (IMAC) was used to remove impurities that
were co-solubilized with the target protein. The Ni*" -saturated column was loaded with the
solubilized protein mixture in a continuous flow process. Figure 36 shows the chromatogram
of the absorption at 280 nm. After the loading (50 — 100 mL in Figure 36) the column was
washed until the 280 nm signal had reached baseline level. The elution was started by mixing
30 % elution buffer with wash buffer (green line in Figure 36); the percentage of the elution
buffer was then linearly increased until 100 %, which corresponds to a final imidazole
concentration of 200 mM. The collected fractions were analyzed by SDS-PAGE and Western
Blotting (Figure 37). The coomassie stained gel shows that the elution fractions contained a
lot of impurities that were also present in the wash fractions. The protein 4fPDRS is visible as
a faint band in the elution fractions at approximately 150 kDa. The identity of AfPDR8 band
was confirmed by Western Blotting. Furthermore the Blot also shows bands at lower
molecular weights in the elution fractions that were not present in the wash fractions. Since
these bands were detected by immunoblotting there is a possibility that they correspond to
degradation products of AtfPDR8. Most of the bands on the coomassie stained gel did not give

a signal on the Blot and were therefore contaminant proteins.
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Figure 36: Chromatogram of the immobilized metal ion affinity chromatography of 4/PDRS8. The absorption at
280 nm was monitored (blue line). The protein was eluted after 150 mL by adding 30 % elution buffer to the running
buffer (green line).
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Figure 37: SDS-gel (top) and Western Blotting (bottom) of the IMAC fractions in Fos-Choline-14. The asterisk marks
the ArPDRS protein band. L: load, kDa: protein marker with the fragment sizes 200, 150, 120, 100, 85, 70 60 and
50 kDa for the SDS-gel and 170, 130 100 70 and 55 kDa for the Western Blot.

3.4.3.2 Tandem affinity purification

After IMAC the elution fractions were not homogenous und 4fPDRS8 was not the dominant
protein in these fractions. The presence of two different affinity tags at the N-terminus of the
protein enabled tandem affinity purification. The addition of another affinity chromatography
step after the IMAC can improve protein purity. The calmodulin binding peptide affinity
chromatography (CBP-AC) was performed after IMAC (Figure 38). The concentration of
AfPDRS in the CBP elution fraction was increased compared to the IMAC elution fractions.
Furthermore A/PDR8 was the dominant protein band present in the fractions. Although there
were fewer impurities as the comparison of the coomassie stained gel and the Western Blot
shows, a lot of additional bands appeared in both detection methods. The extended

purification time seemed to foster degradation of the target protein.
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Figure 38: Tandem affinity purification of 4/PDRS8. Coomassie stained SDS-gel (left) and Western Blot (right) of the
CBP-AC, which was performed subsequently of the IMAC. The asterisk marks the 4AfPDRS8 protein band. kDa:
protein marker with the fragment sizes 170, 130 100 70 and 55 kDa.

3.4.3.3 Calmodulin binding peptide affinity chromatography

The tandem affinity purification of ArPDR8 resulted in higher concentrated target protein
after the elution compared to the IMAC alone, although apparently a lot of the protein was
degraded. This raised the question of the IMAC step was required at all or if a single CBP-AC
step was also sufficient. Therefore after solubilization the CBP-AC was performed without a
prior IMAC. The coomassie stained gel of the CBP-AC fractions shows a prominent band
between the marker bands of 170 and 130 kDa, which is the 4fPDRS8 band as confirmed by
Western Blot (Figure 39). A lot of lower molecular weight bands were detected, which were
probable degradation products. But compared to the other purification methods tested so far
the lower molecular weight bands were less abundant in relation to the target protein, which
was even higher concentrated than before. The concentrated elution fractions did not display

ATPase activity in the detergent Fos-Choline-14.
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Figure 39: SDS gel (top) and Western Blotting (bottom) of the CBP-AC of 4fPDRS8 in Fos-Choline-14. The arrows
mark the A/PDRS8 protein bands. CM: P. pastoris whole-cell membranes, P: pellet after solubilisation, S:
supernatant after solubilisation that was incubated with the calmodulin resin, FT: flow-through, E: elution, kDa:
protein marker with the fragment sizes 170, 130 100 70 and 55 kDa.

3.4.3.4 Immobilized metal ion affinity chromatography in semi-batch process

For purification of AfPDR8 the CBP-AC resulted in higher concentrated target protein and
less impurities compared to the IMAC (Figure 39 and Figure 37). One difference between the
two applications was the usage of a continuous flow-column for the IMAC and a resin for the
CBP-AC. To test whether the process method or the different affinity tag resulted in higher
concentrated 4fPDR8 the IMAC was performed using a Ni*-NTA resin. The binding of the
protein to the resin was performed as batch incubation of the solubilisate and the resin. The
washing and elution steps in turn were performed using continuous flow. Figure 40 shows the
coomassie stained gel and the Western Blot of the IMAC with Ni*-NTA resin. The band
pattern of the elution fraction is comparable to that of the CBP-AC elution fractions. The
AtPDRS band is the most prominent band and a lot of lower molecular weight bands appeared

that also showed up on the Western Blot. It can therefore be concluded that, regardless of the
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affinity tag used for purification, the batch incubation results in higher concentration and

purity of AtfPDR8 compared to the loading of the column in continuous flow.

Wash Elution kDa Wash Elution kDa
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Figure 40: IMAC of A/PDRS in Fos-Choline-14 with Ni-NTA resin. SDS-gel (left) and Western Blot (right) of the
IMAC fractions. The asterisk marks the 4fPDR8 protein band. kDa: protein marker with the fragment sizes 170,
130, 100, 70 and 55 kDa.

3.4.3.5 Size exclusion chromatography

Size exclusion chromatography (SEC) was performed in order to remove the lower molecular
weight fragments that were present in the elution fractions after affinity chromatography.
Figure 41 shows the chromatogram of the SEC run. The peak between 7 and 13 mL
corresponds to AfPDRS, as the coomassie stained gel and the Western Blot confirmed (Figure
42). The peak exhibits a shoulder starting at ~7 mL, which could represent aggregated
protein. Some of the smaller fragments were separated from A/PDRS, as the fragments of 70
and 100 kDa are less abundant in fractions 5 to 8, but more in fractions 9 to 11 (Figure 42).
Furthermore an impurity of approximately 120 kDa appeared in fractions 10 to 13, which did
not give a signal on the Western Blot. The SEC did not sufficiently separate the different
fragments to obtain pure full-length ArPDRS8. The concentrated fractions did not show
ATPase activity in Foc-Choline-14 (data not shown).
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Figure 41: Chromatogram of the size exclusion chromatography of A/PDRS8 in Fos-Choline-14. The protein
absorption at 280 nm was detected. The marked fractions were subjected to SDS-PAGE and Western Blotting.
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Figure 42: SDS-PAGE and Western Blotting of the SEC fractions of AtpDRS in Fos-Choline-14. The asterisk mark
the ArPDRS8 protein band. Two separate gels were run for Coomassie-blue staining and Western Blotting. kDa:
protein marker with the fragment sizes 170, 130 100 70 and 55 kDa.
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3.4.4 Purification of AfPDR& in the detergent n-Dodecyl-B-D-maltopyranoside

Because A/PDRS8 did not show ATPase activity in Fos-Choline-14 the detergent was
exchanged to n-Dodecyl-B-D-maltopyranoside (f-DDM) during the washing step of the CBP-
AC. Figure 43 shows the coomassie stained gels and the Western Blots of the CBP-AC and
the SEC in B-DDM. The elution fraction (lane E in Figure 43 A) displays a weak ArPDR8
band. Concentrating that fraction shows that also in f-DDM a lot of possible degradation
products occurred (lane C in Figure 43 A). The SEC chromatogram did not show any protein
peak (data not shown) but the SEC fractions on the gel show faint bands whose size
corresponds to AfPDRS8. The Western Blotting revealed additional fragments of 70 and
100 kDa in the SEC fractions that could be degradation products of AfPDRS.

A) CBP of AIPDRE in DDM B) SEC of AiPDRR after CBP in DDM
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Figure 43: SDS-gels (upper row) and Western Blots (lower row) of the CBP-AC (A) and the SEC (B) of AfPDRS in -
DDM. The protein was solubilized in Fos-Cholone-14 from whole-cell membranes. CM: P. pastoris whole-cell
membranes, FT: flow-through, W: washing, E: elution, C, concentrated elution fractions, kDa: protein marker with
the fragment sizes 170, 130 100 70, 55 and 40 kDa. The asterisk marks the AfPDRS8 protein band.
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In order elevate A/PDRS8 yield after CBP-AC in B-DDM plasma membranes were used
instead of whole cell membranes as it was done before. Figure 44 shows that the elution
fractions of the CBP-AC were enriched in AtfPDRS and the impurities were less in relation to
the target protein. In contrast to this no difference was observed between the usage of whole
cell and plasma membranes when the CBP-AC was performed in Fos-Choline-14 (data not
shown). Subsequently, a SEC was performed in f-DDM. The chromatogram shows two small
peaks at approximately 8 and 11 mL and a higher peak at 19 mL (Figure 45 A). No protein
was detected in the corresponding fractions neither with SDS-gel electrophoresis nor with
Western Blotting (data not shown). The proteins in these fractions were therefore precipitated
(Figure 45 B), which revealed that the second peak in the chromatogram contained ArPDRS,
the first peak may result from aggregates. As in Fos-Choline-14, the separation was not
sufficient to remove the aggregate and the impurities from the target protein. Regarding purity
and protein activity (data not shown), the purification in f-DDM shows no benefits compared

with the purification in Fos-Choline-14.

P S FI W kDa Elution P 8 FI W kDa Elution

N

Figure 44: SDS-gel (left) and Western Blot (right) of the CBP-AC of AfPDRS in -DDM. P: pellet after solubilization
of plasma membranes, S: supernatant after solubilization that was incubated with the calmodulin resin, FT: flow-
through, W: washing, kDa: protein marker with the fragment sizes 170, 130 100 70 and 55 kDa. The asterisk mark
the ArPDRS protein band.
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A) SEC chromatogram of 4(PDR8 in DDM B) Western Blotting of
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Figure 45: Size exclusion chromatography of A7/PDR8 in p-DDM purified from plasma membranes. A) SEC

chromatogram of the absorption at 280 nm. B) Western Blotting of the in A) marked fractions after protein
precipitation. kDa: protein marker with the fragment sizes 170, 130, 100, 70 and 55 kDa.
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3.4.5 Purification of A/PDRS in the detergent trans-4-(trans-4'-propylcyclohexyl)-

cyclohexyl-a-D-maltoside

Alternatively to B-DDM the detergent trans-4-(trans-4'-propylcyclohexyl)-cyclohexyl-a-D-
maltoside (PCC-a-M) (Hovers et al., 2011a) was used for the purification of AfPDRS. Figure
46 shows the results of the CBP-AC purification in PCC-a-M. The elution fraction displays a
strong APDRS protein band on the coomassie stained gel, which was confirmed by Western
Blotting (Figure 46 left and middle). In contrast to the purifications in Fos-Chline-14 and (-
DDM, the abundance of potential breakdown products was significantly reduced. The CBP-
AC in PCC-a-M resulted in almost homogenous protein. This result was successfully
reproduced as Figure 46 (right) and Figure 48 demonstrate. AfPDRS protein concentrations up

to 1 mg/mL were reached in a volume of 1 —3 mL.
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Figure 46: Calmodulin affinity chromatography of 4/PDRS8 in the detergent PPC-a-M. The 4A/PDRS8 containing
plasma membranes were solubilized with Fos-Choline-14. Left: SDS-gel of the CBP-AC with the corresponding
Western Blot (middle). The CBP-AC was repeated to confirm the result (right). FT: flow-through, W: washing, E:
elution, kDa: protein marker with the fragment sizes 170, 130 100 70 and 55 kDa. The asterisk mark the 4rfPDRS8
protein band.

Size exclusion chromatography in PCC-0-M after the CBP-AC shows an A/PDR8 protein
peak that eluted from the column between 7 and 13 mL (Figure 47). The coomassie stained
gel and the Western Blot of these fractions demonstrate that AfPDR8 was pure without any
impurities or breakdown products (Figure 48). The high peak at 7 ml presents the aggregate
peak; the resolution was therefore not sufficient to separate the aggregate (starting at 7 mL)
from the protein. All peaks are quite dispersed and blend into each other. The other peaks of
the SEC chromatogram did not show any protein signal neither on the coomassie stained gel

nor on the Western Blot. SEC in PCC-a-M successfully removed the fragments of lower
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molecular weight, which was not achieved in the other detergents. Although the purification

was improved by exchanging the detergent, no ATPase activity was detected in PCC-a-M.

For the SEC the protein must be concentrated after the CBP-AC to a final volume of 0.5 mL.

This resulted in a loss of more than half of the eluted protein (compare lanes C and P in

Figure 48). For further assays the SEC was therefore omitted.
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Figure 47: Size exclusion chromatography of AZPDRS in PCC-a-M purified from plasma membranes. The absorption

signal at 280 nm is shown.
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Figure 48: SDS-gels (upper row) and Western Blots (lower row) of the CBP-AC (A) and the SEC (B) of AfPDRS in
PCC-0-M. The protein was solubilized in Fos-Cholone-14 from plasma membranes. Fractions of the CBP-AC: FT:
flow-through (FT), washing (W), elution (E), concentrated elution fractions (C), pellet after centrifugation of the
concentrated fractions (P). The numbers refer to the SEC fractions. kDa: protein marker with the fragment sizes 170,
130 100 70, 55 and 40 kDa. The asterisk mark the 4A/PDRS8 protein band.
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3.4.6 Mass spectrometry analysis of AfPDRS8 after CBP-AC

Elution kDa

During purification, AfPDR8 was detected by immunoblotting
against the His-tag at the N-terminus of the protein. To confirm the |I|
identity of the protein the A/PDRS protein band (Figure 49 purple
box) was analyzed by mass spectrometry. The proteins identified in -
the AfPDR8 band are listed in Table 28. Most abundant in the

[s=]-

sample was the A/PDRS8 construct with the N-terminal tag. 131

unique peptides were identified, which results in a sequence

170

130

70

55

coverage of more than 50 %. Figure 50 displays the AfPDRS8 Figure 49: CBP-AC of AfPDRS
in Fos-Choline-14. The boxes

sequence coverage of the identified peptides. Noteworthy is the mark the samples that were
analysed with MS: the A/PDRS8

detection of the peptide TLNFQTR, which aligns to the C- protein band (purple),
impurity at 70 kDa (green) or

terminus of ArPDR8. That proofs that the full-length protein the complete elution fraction

(blue).
AtPDR8 was present, although the protein band did not run

the

exactly at 170 kDa in the SDS-gel. Next to the AfPDR8-Ntag construct 13 other proteins were

detected in the ArTPDR8 protein band-sample. Ubiquitin from P. pastoris was identified with

11 peptides, which cover the ubiquitin protein sequence by more than 90 %. Apart from

ubiquitin some proteins were detected that are involved in protein biosynthesis, processing,

folding and vesicular transport, such as for example the translation initiation factor EIF4F,

Hsp90 or the coatomer subunit alpha. Furthermore, some membrane proteins were identified

next to a transketolase and proteins that are in involved in synthesis of thiamin-related

compounds.
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Figure 50: Sequence coverage of the AfPDRS peptides that were identified by MS analysis of the 4/PDRS8 protein

band. Green areas illustrate the peptides that align to the A/PDRS8 protein sequence.
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Additionally, the band at 70 kDa (green box in Figure 49) was also analyzed, because this
impurity was present in many of the purifications. Furthermore, the complete elution fraction
was analyzed in order to clarify whether the multiple bands of lower molecular weight, which
were also detected by Western Blotting, were degradation products of ArPDRS. In both
samples the AfPDR8-Ntag construct was the most abundant species with 103 unique peptides
in the 70 kDa band-sample and 120 unique peptides in the complete elution fraction that align
to the AfPDR8-Ntag protein sequence (see Appendix A3 and A4). The sequence coverage was
> 40 and > 50 %, respectively. In the 70 kDa band-sample ubiquitin was again identified. The
list of other identified proteins is much longer for both samples (see Appendix A3 and A4)
compared to the ArPDR8-band sample and indicates that more impurities were present.
However, most proteins whose peptides were identified in the A/PDR8-sample were also

detected in the two other samples.

Table 28: MS analysis of the AfPDRS protein band. The identified proteins of the detected fragments are listed as well
as the respective coverage, the number of the unique peptides that were detected and the molecular weight.

AtPDRS8-Ntag protein band

UniProtKB Coverage | # Unique MW
Accession Description Strain Gene [%] Peptides [kDa]
AfPDRS with N-terminal tags 52.04 131 170.7
C4R8V1 |Ubiquitin from P. pastoris GS115/ATCC 20864| PAS chr4_0762 92.90 11 34.8
C4R5Q0 ;;f?{fi‘iftOIase’ similar to Tk12p from P. GS115/ATCC 20864| PAS chr3 0834 | 13.01 9 78.5
Translation initiation factor eIF4G, subunit of
C4QVYS8 |the mRNA cap-binding protein complex GS115/ATCC 20864 | PAS _chri-1_0053 7.65 7 121.4
(EIF4F) from P. pastoris
caraxg |ATPaseinvolvedin protein folding and the | ¢y 15/ 10 20864| PAS chr3 0230 6.85 4 70.7
response to stress from P. pastoris - -
ER membrane protein involved in regulation of
C4R9CS8 |OLELl transcription, acts with homolog Spt23p |GS115/ATCC 20864 |PAS_FragD 0002 4.38 4 121.4
from P. pastoris
C4QWP7 |Coatomer subunit alpha from P. pastoris GS115/ATCC 20864 | PAS _chrl-1_0294 4.06 4 136.7
Thiazole synthase, catalyzes formation of the |GS115/ATCC 20864
C4R560 |thiazole moiety of thiamin pyrophosphate from PAS chr3_0648 8.41 4 37.0
P. pastoris
C4QzQ7 l]))gﬁ);(ii;rected RNA polymerase from P. GS115/ATCC 20864 PAS chr2-1 0125 1.96 3 1395
Protein involved in synthesis of the thiamine ~ |GS115/ATCC 20864
C4R6R6 |hydroxymethylpyrimidine (HMP) from P. PAS chr4_0065 7.94 3 38.2
pastoris
GS115/ATCC 20864
C4QVS9 Plasma membrane H+-ATPa§e, pumps protons PAS chrl-1 0002 257 5 9738
out of the cell from P. pastoris - -
C4R2D0 ll:;l:jl{t)l:;? magnesium transporter from P. GS115/ATCC 20864 PAS chr2-2 0260 319 5 918
C4AR6M4 ;,Jtillg,l:,l,im carboxyl-terminal hydrolase from P. |GS115/ATCC 20864 PAS chrd_0022 1.66 5 140.8
C4QXI5 |Heat shock protein Hsp90 from P. pastoris GS115/ATCC 20864 | PAS chri-4_0130 3.40 2 80.9
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Mass spectrometry also determined the post-translational modifications of the peptides. For
the peptides of the 4/PDRS protein band-sample three types of modifications were detected:
the oxidations of methionines, the carbamidomethylation of cysteines and the ubiquination of
lysins. The AfPDRS8 peptides of the 70 kDa band-sample contained only oxidations of
methionines (data not shown) while the 4/PDR8 peptides of the complete elution fraction
contained oxidations of methionines (data not shown) and ubiquibations of lysins. The
number of the latter was larger compared to the number of ubiquinated lysins in the AfPDR8
protein band-sample (Table 29). This supports the assumption that AfPDR8 was partially
degraded.

Table 29: List of AtfPDRS peptides that were ubiquinated and detected by mass spectrometry. Modified lysines are
indicated in italics.

Peptide sequence Sample Modification | Peptide sequence Sample Modification
AALVFDKYSVSK Eﬁ?ﬁ; K7 (GlyGly) | ILTALR Eﬁ?ﬁ; K4 (GlyGly)
AQLTILADISGVIKPGR Ei‘gt‘g; K7 (GlyGly) | kKGTADFLQEVTSK ﬁ;ﬂ?Rg K1 (GlyGly)
ASAAQGVANSLVTDYTLK ﬁ;ﬂ?Rg K8 (GlyGly) | ANFIAVSAANR Ei‘gt‘g; K1 (GlyGly)
ASAAQGVANSLVTDYTLK EL‘;?I‘:; K8 (GlyGly) | ATGGYIEGDVR EL‘;?I‘:; K1 (GlyGly)
BQGIFPEADVDLFMkASAAQG EZTS; K15 (GlyGly) bl}))}k{SLQVSGDITYNGYQLDEF EZTS; K3 (GlyGly)
DISGVIKPGR Ei‘gt‘g; K7 (GlyGly) | LPVFY4QR ﬁ;ﬂ?Rg K6 (GlyGly)
DNILEFFESFGFACPER EL‘;?I‘:; K13 (GlyGly) | MSNELAVPFDASR EL‘;?I‘:; K11 (GlyGly)
EVDVTALDGEDR EL‘;?I‘:; K6 (GlyGly) | VGIALPTVEVR EL‘;?I‘:; K4 (GlyGly)
FIDMVFAVAEQDNER Eﬁ?ﬁ; K7 (GlyGly) | VVEYFESFPGVSKIPEK Eﬁ?ﬁ; K13 (GlyGly)
GHKAALVFDK EL‘;?I‘:; K3 (GlyGly) | WAAIEALPTYSR EL‘;?I‘:; K6 (GlyGly)
ILGLDICADTIVGDDMMR EL‘;?I‘:; K8 (GlyGly) | YEHLTIKADCYTGNR EL‘;?I‘:; K7 (GlyGly)
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3.4.7 TNP-ATP binding to A/PDRS

Trinitro phenyl (TNP)-ATP is a fluorescent nucleotide analogue whose fluorescence ability is
weak in buffer solutions but becomes enhanced upon binding to a hydrophobic environment
such as a ligand binding side of a protein (Horn et al., 2003). TNP-ATP was therefore used to
analyze the nucleotide binding ability and stoichiometry of purified A/PDRS8. The
fluorescence emission spectrum (Figure 51) shows that the fluorescence intensity of TNP-
ATP was enhanced in the presence of AfPDRS&, which indicates binding of the ligand to the
protein. Furthermore the emission maximum was shifted to shorter wavelengths. In
comparison, AfPDR8 in buffer alone did not fluoresce. TNP-ATP was successively titrated to
0.5 uM ArPDRS (Figure 52). The fluorescence increased until the curve leveled off indicating
that saturation of binding was reached. The TNP-ATP titration into buffer was used to
determine the fluorescence constants Q1 and Q2 (equation 3 in Materials and Methods),
which were calculated to be 60895 and -1678, respectively. The data points of the TNP-ATP
titration to the protein were fitted to equation 4 (Materials and Methods). Thereby, the

dissociation constant (Kp) was determined as 14.3 uM and the calculated ligand number (N)

was 0.8.
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3.5 Reconstitution of AfPDRS into liposomes

Reconstitution is the in vitro process of integrating a membrane protein into an artificial lipid
bilayer, which can be for example liposomes, giant vesicles or nanodiscs. The membrane
protein is thereby situated in an in vitro lipid environment, which can influence activity or
stability of the protein. The reconstitution of a protein into liposomes comprises three steps:
1) the liposome preparation, 2) the destabilization of liposomes with detergent and 3) the
reconstitution of protein into liposomes by removing the detergent. A variety of reconstitution
protocols exist (Rigaud et al., 1995), however, for establishing the reconstitution of 4/PDR8
the protocol published by Geertsma et al. (2008) was chosen as a starting point, because it

describes the successful reconstitution of an ABC transporter.

Figure 53 shows the steps of the reconstitution process of A/PDRS&. For the liposome
preparation the lipids were sonicated to form small unilamellar liposomes. By several cycles
of freezing and thawing the small unilamellar liposomes were fused to form large
multilamellar liposomes. By extruding these through a membrane of defined pore size large
unilamellar liposomes of defined size were formed. In order to make the liposomes accessible
for the membrane protein a detergent was added to penetrate the liposomes. The
destabilization was monitored by measuring the optical density. After addition of the
membrane protein the detergent was removed. In general, this can be done by various
methods, for example by size exclusion chromatography, rapid dilution or dialysis. In this
case AtPDR8 was reconstituted by removing the detergent with polystyrene beads. Finally,
floating gradient centrifugation was performed to check whether the reconstitution of 4/PDRS8

into liposomes was successful.
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Lipids in organic solvent

Evaporation
Hydration

Lipids in buffer
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Small unilamellar liposomes
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Large unilamellar liposomes

Titration with
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Detergent-destabilized liposomes
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Proteoliposomes
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Figure 53: Flow-chart showing the different steps of AfPDRS8 reconstitution into liposomes. The steps include the
preparation of liposomes, the destabilization and the formation of proteoliposomes by removing the detergent.

3.5.1 Preparation of liposomes

Liposomes were prepared as described in Materials and Methods. The lipids were dissolved in
an organic solvent to prepare a homogeneous lipid film. This is especially important when
mixtures of different lipids are used to ensure that the lipids are equally distributed. Differing
from the protocol published by Geertsma et al. (2008) the rotary evaporation time of
removing the solvent and the hydration were prolonged. By rotating the lipids overnight the
formation of lipid vesicles was promoted since in this step the lipid film, which had formed
after rotary evaporation, was hydrated in buffer. The lipid sheets swelled with buffer and
because of the rotation they detach and close into vesicles. These can be very inhomogeneous
with varying sizes. Freezing cycles fuse liposomes to larger structures while downsizing the
liposomes needs energy input. Sonic energy was used to form very small unilamellar vesicles
and mechanical energy (extrusion) was used to form unilamellar particles of defined sizes.
Freezing and thawing cycles produced large multilamellar vesicles. These liposomes were

used for the destabilization and reconstitution.
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3.5.2 Optimization of the destabilization of liposomes with detergent

For destabilizing the liposomes aliquots of detergent were titrated to the liposomes and the
optical density was monitored. Thus, the optimal detergent concentration for the
reconstitution was determined. Figure 54 A shows a typical titration of liposomes with Triton
X-100 (Geertsma et al., 2008). First the optical density increases because the detergent
incorporates into the liposomes. At the maximum (Ryy in Figure 54 A) the liposomes are
completely saturated with detergent. Then solubilization starts and the optical density
decreases until the liposomes are fully solubilized (R, in Figure 54 A). At Ry, the optical
density is almost zero. According to Geertsma et al. (2008) the optimal detergent
concentration for reconstituting a membrane protein into liposomes is shortly after the
saturation concentration (indicated by the red-boxed arrow in Figure 54). However, the first
trials of E. coli total lipid extract liposomes destabilized with the detergent PCC-0-M, which
was also used for AfPDR8 purification, did not result in the typical titration curve (Figure 54
B). The data points did not show a maximum peak and at higher detergent concentrations the

values did not reduce towards zero indicating that the solubilization was not achieved.
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Figure 54: Titration of detergent to liposomes. A) Titration with Triton X-100 published by Geertsma et al. (2008).
R, marks the concentration where liposomes are fully saturated with detergent and R, the concentration where the
liposomes are fully solubilized. The red box marks the optimal concentration for the addition of the purified protein
according to Geertsma et al. (2008). B) First titration trial of E. coli liposomes with the detergent PCC-0-M. The data
points do not resemble the expected curve in A).

Factors influencing the destabilization in this experiment could have been the lipids, the
wavelength, the incubation time and the used detergent. Not only the nature of the detergent
and its concentration determine successful penetration of the lipids but also the reaction time.
Furthermore, there is also the possibility that the conditions of measuring the optical density
were not appropriate for the prepared liposomes. To take all these factors into account, the
destabilization was optimized regarding the used lipids, the detergent, the wavelength for
monitoring the destabilization and the incubation time. The tested conditions are listed in
Figure 55 whereby the different possible combinations were tested. The resulting

destabilization experiments are shown in the following chapters.

Optimization of destabilization - conditions that were tested:
- Wavelengths: - Incubation time:
* 330 nm * 30 min
* 415nm * 60 min
* 544 nm * 90 min
*  595nm
- Lipids: —> Detergents:
* E. colitotal « [p-DDM
lipid extract * PCC-a-M
« DOPC + LMNG

Figure 55: Optimization of the destabilization experiments. The conditions tested were different
wavelengths, different incubation times, different detergents and different kinds of lipids.
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3.5.2.1 The optimal wavelength for monitoring the destabilization

To exclude that the measurement set-up negatively influenced the destabilization experiments
the first factor tested was the wavelength used for measuring the optical density. There is the
possibility that depending on the wavelength the lipids absorb the light differently. The
absorption of lipids could influence the values of the optical density. Liposomes from E. coli
total lipid extract were prepared and incubated with different PCC-0-M concentrations. The
absorption was determined at the wavelengths 330 nm, 415 nm, 540 nm and 595 nm. Figure
56 shows the results for 90 min incubation. It became evident that for these lipids the
wavelength 415 nm worked best since during the titration the absorption values maximize to a
peak and then reduce towards zero indicating the success of the solubilization. At 595 nm the
values leveled out in a plateau but the minimal absorption was not tending to zero. At 540 nm
the values had the tendency to form a maximum peak, but there was no clear reduction
towards zero. For both wavelengths the difference between maximum and minimum was less
compared to the values measured at 415 nm. This was not the case for the measurement at
330 nm, but the values were generally higher indicating the lipids itself absorbed more light at
this wavelength. At 415 nm the lipids absorbed least and therefore this wavelength was

chosen for the destabilization.
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Figure 56: Destabilization of E. coli total lipids liposomes with PCC-a-M. The detergents was titrated to the liposomes
and the absorption was monitored at different wavelengths: A) 595 nm, B) 540 nm. C) 415 nm and D) 330 nm.

3.5.2.2 Detergents need time for the destabilization of liposomes

To check whether different incubation times influence the destabilization process liposomes
prepared from E. coli total lipid extract were titrated with PCC-a-M and incubated for 60 and
90 min. Figure 57 shows that the values at the titration start as well as at the end were similar,
but the maximum increased with time. That indicates that at lower concentrations the
detergent required time to penetrate the liposomes while at higher concentrations the
solubilization was faster. Because of these results liposomes were generally incubated with

detergent for 90 min.
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Figure 57: Comparison of different incubation times for the destabilization of liposomes. E. coli total lipids liposomes
were titrated with PCC-a-M. The absorption was monitored at 415 nm after 60 min incubation (A) and 90 min
incubation (B).

3.5.2.3 The influence of buffer conditions on the destabilization process

In order to assess whether buffer components influence the destabilization process four
different buffer compositions were tested. Tris-HCI buffer was chosen because the 4/PDRS8
purification was performed in Tris-HCI. The second buffer substance tested was phosphate
since the destabilization and reconstitution in phosphate buffer had been published before
(Geertsma et al., 2008). Both buffers were tested with and without glycerol. In all tested
buffer conditions the destabilization curve resembled the theoretical curve with the increase of
the absorption to a maximum followed by the leveling out towards zero with increasing
detergent concentrations (Figure 58). During the 90 min incubation, the presence of glycerol
slightly reduced the maximum absorption. In phosphate buffer, the absorption at the peaks
was generally higher compared to Tris-HCI buffer. This indicates that the buffer substance
itself as well as glycerol influences the absorption values. However, for the further
reconstitution the buffer was not changed because the shape of the curves did not change with
the different buffers. That means in all tested buffer conditions the optimal detergent

concentration for the reconstitution was similar.
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Figure 58: Comparison of different buffers during the destabilization. E. coli total lipids liposomes were prepared in
either Tris-HCL with glycerol (A), without glycerol (B), or in phosphate buffer with (C) and without glycerol (D).
Liposomes were titrated with PCC-0-M and the absorption was monitored after 90 min incubation.

3.5.2.4 Comparison of E. coli total lipid extract liposomes to DOPC liposomes

To examine how different lipids behave during the preparation of liposomes and the
destabilization experiment two different types of lipids were tested. On the one hand a total
lipid extract from E. coli, which is a complex mixture of lipids, and on the other hand the
synthetic lipid DOPC, which is an unsaturated phosphatidylcholine.

During the extrusion a large proportion of the E. coli lipids was lost. This raised the
assumption that during the freeze- and thaw-cycles the liposomes merged to big structures
that could not pass the extrusion membrane. During the OD measurements this became
evident since the maximum values were reduced pointing to a generally lower liposome
concentration (Figure 59). Furthermore the complete solubilization of the E. coli lipids was
achieved at lower detergent concentrations compared to DOPC. That indicated that the
protocol for the liposome preparation needed to be further adapted for the E. coli total lipid
extract.
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Figure 59: Destabilization of liposomes with different lipid compositions. A) Liposomes prepared from E. coli total
lipid extract and B) liposomes prepared from DOPC were both destabilized with PCC-a-M.

3.5.2.5 Behavior of different detergents during the destabilization

The usage of polystyrene beads for removing the detergents enables the use of detergents with
low cmc, which could be problematic in other applications like rapid dilution or dialysis.
However, it also limits the choice to non-polar detergents as these adsorbed best to the non-
polar beads. Mixing the protein with the destabilized liposomes exposes the protein to the
detergent used for destabilization and dilutes the detergent used for purification. Thus it is
desirable to use a detergent for destabilization that is mild and non-denaturing. Therefore the
sugar-derivates B-DDM, LMNG and PCC-0-M were tested as well as Triton X-100. f-DDM,
PCC-0-M and Triton X-100 showed the typical destabilization curve while LMNG displayed
a one-point maximum but no curve progression (Figure 60 A, B and D). Furthermore all
LMNG values except for the maximum were in the same absorption range (Figure 60 D).
Measuring the samples at different wavelengths and with different buffer conditions gave the
same result (data not shown). It is possible that LMNG could display a curve progression in
the concentration range of 0 — 2 mM since the cmc of LMNG (0.01 mM) is more than 10 x
lower compared to B-DDM and Triton X-100 (0.15 and 0.24 mM, respectively). However,
PCC-a-M has a cmc of 0.036 mM and shows a similar behavior as B-DDM (Chae et al., 2010,
Tiller et al., 1984, Hovers et al., 2011b). Both detergents displayed maxima at 4 mM
detergent concentration, although B-DDM reached a higher maximal absorption than PCC-a-
M. For both detergents the absorption values decreased to approximately 0.2. Triton X-100
has the highest cmc and the saturation was reached already at 1.5 mM. At higher detergent
concentrations the absorption values decreased to almost zero (0.04 mM), which shows that
not only the lipids but also the detergents absorb the light differentially. The destabilization
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with Triton X-100 took place really fast compared to the other tested detergents. After 2 min

incubation in Triton X-100 the destabilization of the lipids was visible and also measurable.

The other detergents were incubated for 90 min as described earlier. This raised the

assumption that different detergents also behave differentially concerning the incubation time.
Therefore, the destabilization of lipids with PCC-0-M and B-DDM was compared after 30, 60
and 90 min. PCC-a-M needs at least 90 min to destabilize the liposome while for f-DDM the

destabilization was achieved at 60 min. For both detergents 30 min were not enough to

properly destabilize the liposomes (Figure 61). The detergents PCC-a-M, -DDM and Triton

X-100 successfully destabilized the liposomes under the elaborated conditions. LMNG was

not considered as suitable for the destabilization without further optimization.
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Figure 60: Comparison of different detergents for destabilization. DOPC liposomes were destabilized with PCC-0-M
(A), p-DDM (B), LMNG (C) or Triton X-100 (D). PCC-a-M, p -DDM and LMNG were incubated for 90 min with the
liposomes; Triton X-100 was incubated for 2 min.
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Figure 61: Comparison of the destabilization with PCC-a-M to the destabilization with p-DDM regarding the
incubation time. PCC-a-M needs 90 min for the solubilisation process (A — C) compared to f-DDM (D - F), which

needs 60 min.
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3.5.2.6 Destabilization of DOPC/DOPE/DOPG liposomes with Triton X-100

For functionality, many membrane transporters require non-bilayer as well as anionic lipids.
Therefore, the lipids DOPG and DOPE were added to DOPC in a ratio of 1:1:1 and liposomes
were prepared. In order to test whether the differing lipid composition affects the
destabilization the liposomes were titrated with Triton X-100 (Figure 62). The detergent
concentration of the maximum absorption was similar, 2 mM (DOPC/DOPE/DOPG) and
1.5 mM (DOPC), though the absorption at the saturation point was less compared to the
titration of the DOPC liposomes (0.32 compared to 0.75). The nature of the lipids therefore
influenced the absorption values. The Triton X-100 concentration for the destabilization of
DOPC/DOPE/DOPG liposomes was chosen to be 3 mM, which is in little excess of the

saturation point.
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Figure 62: Titration of DOPC/DOPE/DOPG liposomes
with Triton X-100.

3.5.3 Reconstitution of AtfPDR8 into DOPC/DOPE/DOPG liposomes and verification via

floating gradient centrifugation

Liposomes containing the lipids DOPC, DOPE and DOPG were prepared and destabilized
with Triton X-100 according to the optimized protocol described above. The protein was
added to the detergent-destabilized liposomes in ratio of protein to lipids of 1:100. The
detergent was successively removed by the step-wise addition of polystyrene beads. This step
should force the insoluble protein into the destabilized liposomes otherwise it would
precipitate. The complete absence of detergent should result in closed and intact
proteoliposomes. Whether this process was successful was proven with a flotation gradient

centrifugation (Hussain et al., 1981). In this method a gradient of the density medium
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iodixanol was pipetted on top of the proteoliposomes starting with the highest concentration
at the bottom (Figure 63, Density gradient). During centrifugation the lipids together with the
proteoliposomes migrated to the top of the gradient. The gradient was separated into fractions
and included proteins were TCA-precipitated and analyzed by Western Blotting. Figure 63
proofs that the reconstitution of 4/PDRS into liposomes was successful as the protein was
detected in the top fraction of the gradient. If the protein was not reconstituted it would have
precipitated due to the absence of detergent. Precipitated protein would not float to the top

together with the lipids but remain at the bottom of the gradient.
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Figure 63: Reconstitution of AtPDRS8 into DOPC/DOPE/DOPG liposomes. The liposomes were destabilized with
Triton X-100 before the protein was added. The detergent was removed by successive addition of polystyrene beads.
Flotation gradient centrifugation through a density gradient separated the proteoliposomes from not-reconstituted
protein and liposomes. After precipitation of the fractions 47PDR8 was detected by immunoblotting. kDa: protein
marker with the fragment sizes 170, 130, 100 and 70 kDa.
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3.6 Establishment of the vesicular transport assay with the ScPdrS transport system

ABC transporters have the ability to transport several substrates that can be structurally
unrelated compounds (Sakamoto et al., 2001, Kolaczkowski et al., 1996a). This can
complicate an understanding of their physiological role. Especially when the mutant
phenotypes are pleiotropic the identification of substrates and the characterization of the
transporter may be difficult. In many cases vesicular transport assays with inside-out vesicles
carrying ABC transporters were used to characterize these ABC transporters (Sharom et al.,
1999, Zeng et al., 2000, Bakos et al., 1998). This requires expensive labeled substrates and,
most importantly, the substrate must be somehow identified. Furthermore, this approach does
not characterize the complete substrate spectrum. Krumpochova et al. (2012) combined the
vesicular transport assay with liquid chromatography/mass spectrometry-based metabolomics
to make an inventory of physiological substrates transported by human ABCC2. This chapter
aimed the establishment of a transport assay for 4/PDRS based on this method. This included
first the transport of compounds into the vesicles, second the disruption of the vesicles after
the transport and third the analysis of the vesicle content with mass spectrometry (Figure 64).
In this case the transport step means the incubation of the vesicles with potential substrates in
presence of ATP. To have a preferably large variety of compounds the vesicles could be
incubated with plant cytosolic extracts or exudates. This allows a screening for substrates,
which are transported to the inside of the vesicles. The obstacle is that natural compounds can
occur in very low concentrations, which complicates subsequent analytics. Furthermore, a
method must be found to get access to the vesicle content without interfering with the
analytics. To address these points the transport assay was established with the S. cerevisiae
ABC transporter Pdr5. It also belongs to the pleiotropic drug resistance family and the
substrates have been studied before (Ernst et al., 2008, Gupta et al., 2014).

The establishment of the vesicular transport assay was performed in cooperation with Kalpana
Shanmugarajah, Institute for Biochemistry, Heinrich-Heine University Diisseldorf, Germany.
The mass spectrometry measurements were carried out by Dr. Sabine Metzger, CEPLAS

Plant Metabolism and Metabolomics Facility, University of Cologne, Germany.
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Figure 64: Scheme of the vesicular transport, the vesicle disruption and the mass spectrometry analysis.

3.6.1 Competitive in vitro transport of ketoconazole

Ketoconazole is an antifungal drug and a potential substrate to the ABC transporter ScPdr5.
While ScPdr5 deficient yeast cells die at low ketoconazole concentrations, yeast cells
expressing wild type ScPdr5 are more resistant to ketoconazole (Ernst et al., 2008, Gupta et
al., 2014). This implies that ScPdr5 exports this cytotoxic compound. Thus, the ketoconazole
transport by ScPdr5 has been proven in vivo, however, the proof for the in vitro transport is
still missing. In comparison, the ScPdr5 mediated transport of the fluorescent compound
rhodamine 6G was monitored in vitro. The transport into inside-out vesicles was detected by
the fluorescence quenching of rhodamine 6G (Gupta et al., 2014). Figure 65 displays the
quenching as the reduction of the monitored fluorescence after addition of ATP to the inside-
out vesicles. In this study, the rhodamine 6G transport was used to indirectly demonstrate the
in vitro ketoconazole transport. When both substrates are present they should compete for the
ScPdr5 transporter. This should be detectable as it alters the monitored rhodamione 6G
quenching. The fluorescence of rhodamine 6G together with the ScPdr5 wild type membrane
vesicles was monitored over time (Figure 65 A). After 500 s the transport was activated by
addition of ATP and the fluorescence decreased. When ketoconazole was present the
fluorescence decreased less compared to the reaction with rhodamine 6G alone. However, the
fluorescence decrease was not in linear dependence of the ketoconazole concentration. Up to
100 nM ketoconazole the fluorescence curves were similar displaying little thodamine 6G
transport compared to 0 nM ketoconazole. With higher ketoconazole concentrations the
rhodamine 6G transport was also higher. When the experiment was repeated with the ATPase

deficient ScPdr5 E1036Q mutant no rhodamine 6G transport was observed, independently of
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the present ketoconazole (Figure 65 B). The reduced rhodamine 6G quenching in the presence

of the non-fluorescent compound ketoconazole implies the transport of the same.
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Figure 65: Competitive transport assay with ScPdr5. The rhodamine 6G transport was monitored as a quenching of
the fluorescence signal after addition of ATP at 500 s. A) Transport assay with S. cerevisiae membranes containing
the ScPdr5 wild type. B) Transport assay with ScPdr5SE1036Q membranes. The colours represent the different
ketoconazole concentrations that were added to the transport buffer next to rhodamine 6G. Turquoise: 0 nM, green:
50 nM, blue: 75 nM, brown: 100 nM, orange: 150 nM, red: 200 nM, pink: 250 nM and black: 400 nM ketoconazole.

3.6.2 Ketoconazole detection by mass spectrometry

Ketoconazole samples of different concentrations were analyzed with GC-ESI-TOF-MS. The
theoretical mass of the protonated form is 531.16 g/mol. Figure 66 A shows the spectrum for
the substance. The peak with a mass to charge ratio (m/z) of 531.14 belongs to ketoconazole.
The other masses display the different isotope forms of ketoconazole. The chlorine isotopes
*Cl and *°Cl appear with a probability of app. 24.23 % and 75.77 %, respectively (Debievre
and Taylor, 1993). Because the ketoconazole molecule has two chlorine atoms three isotope
combinations are possible. Therefore the probability that two *>Cl isotopes are present is
57.41 %, that one >Cl and one *’Cl isotope is present is 36.72 % and that two >'Cl isotopes

are present is 5.86 %. This resembles the distribution of the ketoconazole isotope peak
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intensities. The mass 531.14 is most abundant followed by the mass 533.14. The mass 535.14

was less abundant. The mass 532.14 could result from the °C isotope.
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Figure 66: Mass spectrometry analysis of ketoconazole. A) ESI-TOF mass spectrum of
ketoconazole analysed in positive-ion mode. B) ESI-TOF tandem mass spectrometric analysis
of ketoconazole by scanning of m/z 531. The arrow marks the mass 531.
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The tandem mass spectrometry spectrum (Figure 66 B) shows that the parent ion was most
abundant. Smaller masses resulted from the fragmentation of the parent ion. The fragments
with the higher intensities are listed in the table in Figure 67. Five possible fragmentation
events of the ketoconazole molecule are schematically shown in Figure 67. For example
fragmentation of the methylimidazole group creates the mass 82.05 (fragment 1 in Figure 67)
and elimination of the methylcarbonyl radical creates the mass 489.14 of the remaining ion
(fragment 3 in Figure 67). Similar fragmentation patterns of ketoconazole were also observed
in other studies (Chen et al., 2002, Huang et al., 2007). This fragmentation pattern proofs that

the mass 531 belongs to the substance ketoconazole.

1: m/z = 82.05
N
m/z Molecular formula / \
531.16  CygH,CLN,O," &
489.14  CyHy,CLN,O;" N
25500 CyHyCLN,O5" 0
244.00 CiHyCLO," \\\\\‘
219.11  C,,H,;N,O,* o} O
217.13  CH,N,0"
Cl Cl
17710 C,H;;N,0*
2: m/z = 174.09
174.09  C,H,,NO* N
13507 C{H,NO*
N
112.07  C¢H,,NO* h
8205 CHN, 3: m/z = 489.14 4:m/z=177.10 7]/
(6]
5:m/z=219.11

Figure 67: Fragmentation of the ketoconazole molecule. The corresponding molecular formulas to the masses that
were detected in the tandem mass spectrum (Figure 66 B) are listed in the table on the left side. On the right side the
ketoconazole molecule is shown. The boxes represent possible fragmentation events and the masses of the resulting
fragments are stated inside the respective boxes.

The question whether the amount of transported ketoconazole in the transport assay is
sufficient for detection by mass spectrometry was addressed by measuring very low
concentrations down to 0.02 nM (Figure 68). The intensity of the 531.16 peak was in the
range of 20,000 counts. This proofs that even substances of very low concentrations can be
detected and makes mass spectrometry applicable for the detection of transported plant

metabolites.
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Figure 68: Detection of different ketoconazole concentrations by mass spectrometry analysis. Ketoconazole was
diluted in water to A) 0.94 nM, B) 0.19 nM and C) to 0.02 nM. In all spectra the mas 531 (marked by the arrow) was
clearly detectable.

3.6.3 Activity of ScPdr5 in Tris-HCI buffer

Previous studies used the buffering agent HEPES for in vitro assays with ScPdr5. However,

when HEPES was present in the samples measured by mass spectrometry no ketoconazole

was detectable (data not shown). The buffering agent was exchanged to Tris, which works

better for mass spectrometry because the molecule is smaller and less complex than HEPES.

The transport activity of ScPdr5 was confirmed by fluorescence measurement of thodamoine

6G. Figure 69 shows the fluorescence curves of rhodamine 6G transported by ScPdr5 in

different Tris-HCI buffer concentrations.
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Figure 69: Transport of rhodamine 6G in
Tris-HC1 buffer. The transport was
analysed in different Tris concentrations:
10 mM (black), 20 mM (pink), 30 mM
(green), 40 mM (blue) and 50 mM (red).
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3.6.4 Disruption of membrane vesicles

After the transport assay the vesicle content should be measured with mass spectrometry. This
raises the challenge of opening the vesicles without interfering with the enclosed compounds
or with the spectrometry analysis. Three different methods were tested to disrupt the
membrane vesicles. These include chemical and physical approaches. Table 30 gives an
overview about the different methods used and the obtained results.

Table 30: Overview about the tested vesicle disruption methods and results judged on the mass spectrometry spectry
of ketoconazole (Figurejhsf and figure jhg).

Disruption method Result
Osmotic pressure  Inefficient Small ketoconazole peak
Physical
Ultrasonication No disruption No ketoconazole detectable
Chemical ~ Methanol Disruption successful ~ WT displays higher ketoconazole peak than EQ

The physical disruption methods have the advantage that no additional substances are added
to the vesicles that could interfere with the potential substrates or disturb the mass
spectrometry measurements. Membrane vesicles were prepared in the presence of buffer and
salt. Resuspension of the vesicles in water after transport should cause a swelling of the
vesicles due to the increased osmotic pressure on the membrane and lead to the destruction of
the vesicles. Figure 70 shows the mass spectrometry spectra of the disruption experiment with
water. If the disruption was successful the spectra display the masses of the vesicles content
after the transport assay. The spectrum of the disrupted ScPdr5 wild type membranes shows a
ketoconazole peak (m/z = 531) with an intensity of appr. 16 counts. The spectrum of the
ScPdr5 EQ mutant membranes shows no ketoconazole peak at all. This implies that the
disruption was very inefficient since the peak intensity was hardly higher than the intensity of
the background signals. Another physical disruption method tested was ultrasonication. This
method was also applied for the generation of liposomes. It re-organizes the vesicle structures
forming small unilamellar liposomes. This could free the enclosed substances. However, in
this experiment the ketoconazole was not detected by mass spectrometry after the
ultrasonication treatment (Figure 71 A and B). Neither the disruption test of the ScPdr5 wild
type membrane nor of the EQ membranes lead to a detectable ketoconazole peak in the mass

spectrometry spectrum.

128




Results

IR | ptlls B o
35 M‘“ M i Wk i W i W‘i il ﬂw@w M
o] Gmotio pessure T

| |

Il WWW il W il

Figure 70: Disruption of membrane vesicles by changes in osmotic pressure. ScPdr5S wild type (A) and EQ (B)
membrane vesicles were incubated in transport buffer with ketoconazole. For disruption the buffer was removed and
the vesicles were resuspended in water. The insoluble membranes were separated by centrifugation and the
supernatant was analysed by ESI-TOF mass spectrometry. The arrow marks the mass 531.

In the chemical disruption methods the lipids are dissolved by solvents or solubilized by
detergents. The chemical method tested was the re-suspension of the vesicles in a methanol-
water mix (80:20). Since most lipids dissolve in methanol the method should be able to
destroy the vesicular structures. Figure 72 shows the MS spectra after the transport assay and

the vesicle disruption with methanol.
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Figure 71: Disruption of membrane vesicles with ultrasonication. ScPdr5 wild type (A) and EQ (B) membrane
vesicles were incubated in transport buffer with ketoconazole. For the disruption the buffer was removed and the
vesicles were resuspended in water and sonicated. The insoluble membranes were separated by centrifugation and
the supernatant was analysed by ESI-TOF mass spectrometry.

The spectrum for the ScPdrS WT membranes displayed an appr. 2000 counts intense signal
for the mass 531, which is the ketoconazole peak (Figure 72 A and C). The identity of the
substance was confirmed by tandem mass spectrometry (Figure 72 B), where the MS/MS
spectrum shows similar mass peaks as the MS/MS spectrum of ketoconazole in water
(compare Figure 66 B). The spectrum for the ScPdrS EQ membranes also displays a peak at
the mass 531, but the intensity is with appr. 70 counts more than 25 times lower than the
ketoconazole peak of the WT spectrum. The vesicle disruption with methanol was therefore

successful.
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Figure 72: ScPdr5 wild
type (A) and EQ (C)
vesicles were disrupted
with methanol. The
vesicles were incubated
in transport buffer
with ketoconazole. For
the disruption the
buffer was removed
and the vesicles were
resuspended in 80 %
methanol. The in-
soluble vesicles were
separated by centri-
fugation and the super-
natant was analysed by
ESI-TOF mass spec-
trometry. The mass
531 was further
analysed by tandem
mass spectrometry to
confirm the identity of
the substance (B). The
arrows mark the mass
531.
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4 Discussion

4.1 Necessity of an in vitro system for the characterization of A7PDRS8

20 — 30 % of all genes code for membrane proteins, which applies for both prokaryotes and
eukaryotes (Wallin and von Heijne, 1998). Membrane proteins fulfill essential physiological
roles, which is demonstrated by the fact that many of membrane proteins are targets of drugs
(Wagner et al., 2006). While animals have more ion channels plants exhibit elevated numbers
of ABC transporters (Hwang et al., 2016). A possible explanation of the two — threefold
higher numbers of ABC transporters in plants could be the sessile lifestyle of plants, which
requires defense and detoxification mechanisms. In addition, plants produce a huge versatility
of secondary metabolites, which often need to be transported across membranes since the
productions sites may differ from the sites of action. ABC transporters were inter alia shown
to be involved in detoxification mechanisms, plant defense, phytohormone transport and the
transport of other secondary metabolites like terpenes, monolignols and coumarins (Alejandro
et al., 2012, Kang et al., 2015, Kim et al., 2007, Demessie et al., 2017, Ziegler et al., 2017). In
many cases the physiological role of the transporter was assessed from expression analysis as
well as phenotypic and/or metabolite studies involving knockout and/or overexpressing plants
and wild-type plants. However, plants are complex organisms and some mutants exhibit
pleiotropic phenotypes. In such cases it remains to be clarified whether the diverse
physiological roles are caused by a single compound or if several compounds are translocated.
This also applies for AfPDR8. The transporter is supposed to play a key role in nonhost
resistance of A. thaliana to nonadapted pathogens. The protein is thought to export a bioactive
compound produced by the PEN2 pathway. Additionally, AfPDRS8 seems to be involved in
plant defense independent of the PEN2 pathway. This assigns 4fPDR8 an important role in
plant defense. Apart from this, AtfPDR8 seems to further play a role in phytohormone
transport, heavy metal transport and salt resistance. In order to shed light on the transported
substrates of AfPDRS an in vitro system is required that allows the functional characterization
of the transporter. The establishment of the 4fPDRS in vitro system was therefore the subject

of this work.
In order to perform functional in vitro studies proteins need to be cloned, overexpressed and
purified, which remains a challenging task especially for eukaryotic membrane proteins. This

is underlined by the fact that until today only two plant PDR proteins, NfPDR1 and NpPDRS5,
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have been purified and characterized in vitro (Pierman et al., 2017, Toussaint et al., 2017). In
the case of NfPDRI1 the heterologous overexpression in S. cerevsisae was not successful
which is why NfPDR1 was expressed in the homologous system (Crouzet et al., 2013).
Expression trails of NpPDRS5 in S. cerevisiae and S. pombe also resulted in misfolding and
mistargeting of the protein so that NpPDRS had to be expressed in tobacco cells as well
(Toussaint et al., 2017).

4.2 Cloning of A7fPDRS for heterologous expression

Cloning of AfPDRS8 comprised three steps: 1) the amplification of the coding sequence from
cDNA, 2) the integration of the coding sequence into the pJET1.2/blunt vector and 3) the
integration of the coding sequence into the expression vector for the respective expression
system. For the amplification from cDNA it is very important to use cDNA obtained from
plant material with a sufficient amount of transcripts. Some ABC transporters are only
expressed in certain organs or tissues of the plant (Kang et al., 2011) and expression might be
induced at certain conditions, like for example iron starvation (Ziegler et al., 2017). Low
transcript levels of the respective ABC transporter gene in the plant material might complicate
the amplification from cDNA since the relative abundance of the target sequence is low.
AtPDRS8 was shown to be ubiquitously expressed in all plant organs of A. thaliana (van den
Brule and Smart, 2002). Although A/PDR8 expression is elevated by pathogen attack (Kobae
et al., 2006), Underwood and Sommerville (2013) showed that the gene is constitutively
expressed so that the protein can be recruited to infection sites in case of pathogen attack
(Underwood and Somerville, 2013). The continuous abundance of 4fPDRS transcripts in all
plant organs could have facilitated the amplification from cDNA compared to the
amplification of other PDR genes (data not shown). For further amplification of the AtPDRS
gene in E. coli the PCR product was first cloned into the vector pJET1.2/blunt. The linearized
vector contains the lethal gene eco47IR, which gets destroyed if the insert is integrated
(Hoseini and Sauer, 2015). This enabled efficient positives selection of AtPDRS-containing
clones since all clones without any insert were non-viable. Figure 12 (chapter 3.2.2) shows
that out of six tested clones one clone carried the AtPDRS gene. Compared to the first steps,
cloning of APDRS8 into the respective expression vectors was complicated. Expression
vectors for E. coli, S. cerevisiae, L. lactis and P. pastoris were used. Cloning was started
using restriction digestion and ligation enzymes. DNA fragments were digested with two

different restriction enzymes to reduce the probability of wrong fragments inserted into the
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vectors. Still many tested clones did not contain the correct insert or only the empty vector.
Several instances occurred were the AfPDR8 sequence was integrated into the vectors but the
orientation of the gene was inverted. To reduce the high background of empty vectors
different cloning techniques were applied, which all did not result in positive AtPDRS clones.
Homologous recombination in S. cerevisiae did not result in viable colonies. Positive AtPDRS
clones were obtained for the P. pastoris vectors pSGP18-2u and pSGP18-Ntag. During the
expression studies it became evident that stop codons had been integrated into the AtPDRS
coding sequence, which might have enabled cloning of AtPDRS. All these data point to
toxicity of the A#PDRS gene product to the cloning host. It seems that positive A¢PDRS clones
were only propagated if the AtPDRS sequence was disrupted. This assumption is supported by
the observation of reoccurring stop codons and mutations (e.g. deletion of the start codon)
during different re-transformation steps of the AzPDRS constructs (data not shown). Toxicity
could result from basal promoter activity, which can lead the accumulation of toxic gene
products, especially in case of high-copy number plasmids. This in turn results in either cell

death or evading the lethality by mutations (Lee, 2009).

Unstable DNA sequences and toxicity to the cloning host are phenomena observed for other
membrane proteins as well. For example the fungal calcium channel Cchl could only by
cloned by homologous recombination in S. cerevisiae (Vu et al., 2009). Cloning of the
housefly sodium channel Vssc/ using conventional techniques involving a high-copy number
plasmid was unsuccessful but could be realized by the utilization of a low-copy number
plasmid in combination with an E. coli strain that reduces plasmid replication (Lee, 2009).
Several studies reported toxicity problems and mutations when cloning the human bile salt
export pump BSEP in E. coli (Byrne et al., 2002, Byrne et al., 2009, Noe et al., 2002).
NpPDRI could not be cloned at all because the coding sequence was rearranged in E. coli

(Crouzet et al., 2013).

In some cases avoiding E. coli by performing homologous recombination in S. cerevisiae
helped to solve the cloning issues (Stindt et al., 2011, Vu et al., 2009). However, when
homologous recombination was performed for the AtPDRS constructs no S. cerevisiae
colonies were obtained. This could have had two reasons. First the homologous
recombination itself did not work, which could have been due to inefficient transformation of
the DNA fragments or inefficient recombination events. Second, AfPDRS could also be toxic

for S. cerevisiae. This would be quite extraordinary since other potentially toxic eukaryotic
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sequences were successfully cloned in S. cerevisiae and AfPDR8 was successfully
overexpressed in the yeast P. pastoris. However, the used vector for yeast homologous
recombination was p426GPD, which contains the constitutive GPD promoter for expression
in yeast, meaning in case of successful recombination the gene was constitutively transcribed.
Other plant PDRs were overexpressed in S. cerevsisiae (Kang et al., 2010, Demessie et al.,
2017) and at least no stability problems were reported. Contrary to this, expression of
NtPDRI in S. cerevisiae was low and unstable (Crouzet et al., 2013). Thus potential toxicity

of AtPDRS8 to S. cerevisiae cannot be excluded.

Another strategy to circumvent DNA mutations and rearrangement is the usage of E. coli
strains that were engineered for the propagation of unstable plasmids. The SURE 2 strain fails
to produce certain proteins that are involved in the reorganization and deletion DNA
fragments that build certain secondary and tertiary structures often found in eukaryotic DNA
(Stratagene). However, in this study the usage of SURE 2 cells did not facilitate the cloning
process as these cells were designed to prevent reorganization of DNA but not the toxicity of
the gene products to the E. coli cells. On the other hand CopyCutter™ EPI400™ cells
(epicentre) limit the number of plasmids in the cell and thereby reduce the accumulation of
toxic gene products. Using these cells for the re-transformation steps of the successfully
cloned AtPDRS constructs avoided the occurrence of mutations in the AtPDRS coding
sequence. Reducing the copy number in E. coli cells thereby seems to be a helpful tool to

accomplish propagation of plasmids containing plant PDR genes in E. coli.

4.3 Expression and localization of AfPDRS in P. pastoris

The intrinsic expression of membrane proteins is usually to low for isolation and subsequent
biochemical studies (Wagner et al., 2006). This requires a suitable overexpression system.
However, heterologous expression of helical membrane proteins is still a bottleneck (Wagner
et al., 2006). This is mainly caused by the size and the hydrophobic nature of membrane
proteins. Successful expression leading to functional protein comprises the correct translation,
the correct folding and correct trafficking of the protein into the membrane. Extensive
overexpression might result in overwhelming of the membrane protein insertion machinery
and lead to misfolding and degradation of the target membrane protein (Vogl et al., 2014).
Choosing the right host is therefore indispensible for successful overexpression of membrane

proteins. The expression of AfPDRS8 in E. coli was not successful although different strains
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and tag positions were tested. The translation elongation and folding rates of prokaryotes are
higher than those of eukaryotes (Wagner et al., 2006, Grisshammer, 2006), which might have
hampered the expression of AfPDRS in E. coli. Therefore the yeast P. pastoris was chosen for

heterologous expression of 4/PDRS.

P. pastoris is one of the most commonly used systems for overexpression of membrane
proteins and many structures were determined using P. pastoris for protein production (Vogl
et al., 2014). The system does not require complex growth conditions and harbors the
eukaryotic protein processing machinery (Macauley-Patrick et al., 2005). Unlike S.
cerevisiae, P. pastoris is a Crabtree-negative yeast. Under aerobic conditions P. pastoris
metabolizes glucose by respiration while in S. cerevisiae glucose is metabolized by
fermentation to ethanol (Vogl et al., 2014). It is furthermore a methylotrophic yeast meaning
it can use methanol as a sole carbon source. Most enzymes required for the methanol
metabolism are only synthetized in presence of methanol, which makes the system applicable
for the induction of heterologous protein production. The AOX1 promoter has therefore been
used in most cases to drive heterologous expression in P.pastoris. Some proteins could not be
functionally expressed in other systems like S. cerevisiae, bacteria, baculorvirus or insect cells
but were successfully expressed in P. poastoris (Macauley-Patrick et al., 2005). Another
feature of P. pastoris is the ability to grow to high cell densities. This is especially
advantageous for the heterologous production of membrane proteins that might exhibit lower
expression levels per cell, which can be compensated by high cell densities. The fermentation
of AfPDRS8-expressing P. pastoris cells resulted in up to 20 g/L culture medium. However, as
the example of AfPDR8 also shows, heterologous expression of membrane proteins remains
difficult. First trials of 4/PDRS expression in P. pastoris were not successful since the protein

was not detectable by immunoblotting.

Successful expression depends inter alia on the sequence properties of the heterologous
protein, the cultivation conditions and the cellular environment of the expression host.
Optimization of the heterologous overexpression of proteins comprises extrinsic and intrinsic
parameters (Vogl et al., 2014). Extrinsic parameters that were changed during the
establishment of the A/PDRS8 overexpression system were temperature, media compositions
and aeration. All these changes did not result in successful expression of the C-tagged
construct. Intrinsic parameters that influenced successful overexpression of ArPDRS8 in P.

pastoris were the position of the affinity tag and the sequence properties.
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Although numerous clones were tested at different culture conditions, the C-terminally tagged
AtPDRS construct could not be expressed (chapter 3.2.4). When the affinity tag was cloned to
the N-terminus of AfPDRS8 all tested P. pastoris clones expressed ArPDRS8, which was
confirmed by immunoblotting (chapter 3.2.11). There are four possible explanations why the
C-tagged constructs did not show detectable expression. One reason could be that the protein
was expressed but the C-terminal tag was not accessible for the antibody. Because of the
reverse domain orientation of 4/PDR8 the C-tag was fused to the second TMD. Depending on
the topology of AfPDRS8 the C-terminus could either end at the cytoplasmic side of the
membrane or at the apoplastic side. While the NBDs extend into the surrounding medium the
cytoplasmic C-terminus is probably close to the lipid bilayer and might be shielded by the
other domains. According to the domain model proposed by Stein et al. (2006) the 13™ a-
helix ends at the apoplastic side of the membrane. In such case the preparation of (mainly)
inside-out membrane vesicles would make the C-terminus inaccessible for the antibody and
the sensitivity could be too low for detecting the C-tagged protein only in membrane sheets.
Low immunoblotting sensitivity could also be a problem if the expression was generally low.
Analyzing the codon usage of the AfPDR8 coding sequence by P. pastoris (Fuhrmann et al.,
2004) shows that rare codons occur throughout the complete AfPDR8 coding sequence; on
average every fifth codon of A/PDRS displays a frequency of less than 20 % in P. pastoris.
Rare codons sometimes hamper smooth protein expression (Bai et al., 2011). However, this
reason does not explain why the expression of the N-terminally tagged construct worked. The
tag sequence for the N-terminus was synthetically produced in a codon optimized version for
P. pastoris and integrated into the pSGP18 expression vector while the C-terminal tags were
deleted. Optimization of the codon usage at the beginning of the coding sequence can
stabilize the initiation complex of the protein expression machinery (Chen and Inouye, 1990).
This could explain why the N-terminally tagged construct was successfully expressed in
contrast to the C-terminally tagged construct in regard of codon usage. A third reason why the
C-tagged construct was not expressed could have been the formation of secondary mRNA
structures that inhibited the formation of the translation initiation complex. Possibly the
formation of hairpins or stem loops could have blocked the ribosome binding site of the C-
tagged construct. The N-terminal tag could have prevented secondary structure formation near
the ribosome binding site and thereby enable translation (Coleman et al., 1985, Griswold et
al., 2003, Ramesh et al., 1994, Svensson et al., 2006, Busso et al., 2003). A fourth reason why
the C-tagged construct was not expressed could have been misfolding of the protein. The C-

terminal tag could have prevented proper folding of A/PDRS, which might have caused
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degradation of the protein. Indeed, it was reported that the position of the tag can influence

protein production (Sachdev and Chirgwin, 1998).

The sequence stability was another parameter influencing AfPDR8 expression in P. pastoris.
During the cloning process four mutations were integrated into the 4fPDR8 coding sequence
that resulted in amino acid substitutions. These mutations might have stabilized the molecule
enabling expression in P. pastoris. The sequence was corrected by mutating the respective
bases back to the published coding sequence (Huala et al., 2001). However, the corrected
construct did not express any more in P. pastoris indicating that the amino acid substitutions
were critical for successful expression. The substitution of amino acids is a common tool in
order to enhance stability of heterologously expressed proteins and was used before (Yang et

al., 2018, Warne et al., 2008).

Apart of the successful expression the correct targeting is also important for heterologous
production of functional protein. Except for some peroxisomal and mitochondrial membrane
proteins, most membrane proteins enter the secretory pathway, but instead of being secreted
they localize to the ER, Golgi or the plasma membrane. In that pathway the ER is important
for the correct folding, posttranslational modifications and membrane insertion (Vogl et al.,
2014). The correct localization of the heterologously expressed membrane protein implies that
folding and trafficking were correct. In A. thaliana AtPDR8 was shown to be localized in the
plasma membrane of leaf epidermal cells and epidermal and lateral root cap cells (Kim et al.,
2007, Kobae et al., 2006). In order to check the localization of AfPDR8 expressed in P.
pastoris sucrose gradient centrifugation was performed. 4fPDR8 was detected in the same
fractions as the controls ScPdr5 expressed in S. cerevisiae and HsMDR3 expressed in P.
pastoris. This result points to a plasma membrane localization of AfPDRS in P. pastoris and
thus correct. In order to support this result a second technique to determine the subcellular
localization of AtPDRS in P. pastoris was applied, fluorescence microscopy. Therefore the
GFP coding sequence was fused to the N-terminus of the already N-tagged 4fPDRS8 construct
in the P. pastoris expression vector pSGP18. Expression of the GFP-fusion protein was not
detectable by immunoblotting, only by fluorescence microscopy. This indicates that
expression of GFP-4/PDR& was significantly lower compared to AfPDR8 alone, which could
be due to the increased size of the fusion protein. Bernaudat et al. (2001) analyzed the
expression of different membrane proteins in different heterologous systems. They could

show that with increasing molecular weight heterologous expression was less easily achieved
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(Bernaudat et al., 2011). These results correspond to the reduced expression of the GFP-
AtPDR8 fusion protein. Fluorescence microscopy confirmed the plasma membrane
localization of AfPDRS in P. pastoris; however, a considerable amount of the fusion protein
was detected in other compartments. A possible explanation for this could be that the GFP
fusion leads to mistargeting. Another explanation could be that the additional GFP sequence
hampers the folding, which could be why the protein gets stuck in the protein control in the

ER.

4.4 Purification of AfPDRS

Biological membranes not only contain lipids, but also a substantial amount of proteins that
are embedded in the lipid bilayers. The protein-lipid ratio ranges from 4:1 to 1:4 depending on
the membrane of interest (Berg et al., 2007) This is why endogenous membrane proteins can
bias in vitro studies of an overexpressed protein. Thus, biochemical characterization requires

the purification of the protein of interest.

The first step of the purification of a membrane protein is the solubilization out of the
membrane. This requires detergents, which are solubilizing agents consisting of a hydrophilic
head group and a hydrophobic tail. Every detergent interacts differently with the membrane
and the integral proteins, which depends on the lipid composition of the membrane and the
chemical properties of the membrane proteins. Therefore extensive screening might be
required to find a suitable detergent for the solubilization of the membrane protein of interest
(le Maire et al., 2000). In order to determine which detergents are able to solubilize 4fPDRS
out of the P. pastoris membrane 88 different detergents were tested applying the DotBlot
technique (Ellinger et al., 2013). The screening included nonionic, anionic, cationic and
zwitterionic detergents. As Figure 35 (chapter 3.4.2) shows AfPDR8 was solubilized best by
zwitterionic detergents. The group of Fos-Cholines displayed the strongest signals in the
DotBlot, out of which Fos-Choline-14 und -15 solubilized 4rPDR8 most efficient. Weaker
signals were obtained by the solubilization with DDAO, which is also zwitterionic, and with
sodium dodecanoyl sarcosine, which is an ionic detergent. Weak signals were also detected
for the solubilization with CHAPS and CHAPSO, which are again zwitterionic but are
steroid-based in comparison to the Fos-Cholines that contain an alkyl chain. The only
nonionic detergents that slightly solubilized 4/PDRS8 were n-heptyl-p-D-glucopyranoside and

n-heptyl-p-D-thioglucopyranoside. These data demonstrate that ionic charges are required for
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the solubilization of AfPDR8 out of the P. pastoris membrane. The comparison of the Fos-
Cholines with CHAPS and CHAPSO illustrates that the combination of the hydrohpilic haed
group with an alkyl chain is more efficient than with a carbon ring. Solubilization furthermore
improves with increasing number of carbon atoms in the carbon chain up to 14 and 15 (Fos-

Choline-14 and -15), but is again reduced for 16 carbon atoms.

The solubilization comprises three stages. In stage I the detergent penetrates the lipid bilayer.
Since the detergent concentration is below the critical micellar concentration (cmc) and below
Rst no micellar structures are formed. In stage II the lipid bilayer gets saturated with
detergent and is bulging. With increasing detergent concentrations the detergent forms
micelles that constantly deliver detergent molecules to the lipid bilayer. Lipids get extracted
from the bilayer and incorporate into the micelles. Stage III displays the complete
solubilization of the lipid bilayer resulting in detergent-lipid mixed micelles (le Maire et al.,
2000, Lichtenberg et al., 2013). Removal of the lipids from the membrane exposes the
hydrophobic parts of the membrane proteins, which in turn get engulfed by detergent
molecules (le Maire et al., 2000). A possible explanation for the higher effectiveness of the
Fos-Cholines might be that the structure of an ionic head group and an alkyl chain resembles
the structure of membrane lipids and thereby facilitates the penetration into the P. pastoris
membrane. Furthermore the Fos-Cholines exhibit low cmc, which enables the formation if

micelles at lower detergent concentrations.

AtPDR8 was purified using affinity chromatography. The AfPDRS8 construct comprised two
affinity tags at the N-terminus of the protein sequence. The purification protocol was
established in this thesis. Comparing a flow-though column with a resin revealed that binding
was more efficient using the resin. The reason might be the batch incubation overnight, which
allowed extensive interaction of the protein with the resin. This resulted in higher
concentrated and more pure protein in the elution fractions after affinity chromatography. The
positive effect of the batch incubation was independent of the used affinity tag; purification
using the 10 x Histidine tag delivered similar results as the purification with the CBP tag.
Tandem affinity chromatography, which comprises the combination of the IMAC and the
CBP-AC, did not improve the purity of the eluted protein. In theory, the CBP tag binds
specifically to calmodulin, which is more selective than the binding of the histidine tag to the
metal ions, which is why the CBP tag was used for further purifications. The elution fractions

of the affinity chromatography contained a lot of fragments of lower molecular weight, which
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likely were degradation products of A/PDRS. In order to remove these fragments a size
exclusion chromatography was performed. The ArPDR8 protein peak in the SEC
chromatogram displayed a shoulder, which could be aggregated protein. SDS-PAGE of the
fractions of the ATPDR8& protein peak showed that the impurities were less abundant compared
to the elution fractions of the CBP-AC, but not all impurities could be separated. AfPDRS
purified in Fos-Choline-14 did not display ATPase activity.

Ionic and zwitterionic detergents are generally considered as harsh detergents meaning they
are efficient solubilizers but often lead to the inactivation and denaturation of membrane
proteins (le Maire et al., 2000). The detergent was therefore exchanged during the washing
step of the affinity chromatography to B-DDM, which is a mild, non-ionic detergent.
However, this did not restore ATPase activity. Furthermore, the CBP-AC elution fractions
displayed a similar pattern of impurities and the result of the size exclusion chromatography
showed that the protein was inhomogeneous and the yield was low. The detergent PCC-a-M
was then used instead, which was synthesized by Hovers et al. (2011). The detergent contains
a polar maltosyl head group connected to a propylbicyclohexyl group. The rigid and inflexible
structure of the hydrophobic group increases the van-der-Waals contacts when the detergent
molecules aggregate in the micelle, which resembles the surface tension in the lipid bilayer.
This results in a mild detergent that improves the stability of membrane proteins in solution

compared to the detergent f-DDM (Hovers et al., 2011b).

PCC-0-M forms micelles of similar molecular masses as B-DDM (63 and 66 kDa,
respectively), but the maximal micellar radius of PCC-0-M is smaller than the radius of -
DDM with 11.2 A compared to 13.7 A. B-DDM has a higher cmc than PCC-0-M (0.17 and
0.036 mM, respectively), which results from the higher polarity of f-DDM compared to PCC-
a-M (Hovers et al., 2011b). The two GPCRs, turkey [3,-adrenergic receptor and human
Smo, displayed increased stability when purified in PCC-a-M compared to the purification in
B-DDM. In addition, the cytochrome b6f complex, which is inactivated in high f-DDM
concentrations, retains activity in a PCC-a-M solution of the same concentration (Hovers et
al., 2011b). Because of these data purification of A/PDRS8 in PCC-a-M was analyzed. The
elution fractions of the CBP-AC displayed significantly fewer impurities on the Coomassie
blue stained gel and on the Western Blot compared to the purification in other detergents. Size
exclusion chromatography resulted in pure protein. However, for the SEC the protein had to

be concentrated, which resulted in the precipitation of almost half of the protein, which is
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displayed by the big aggregate peak in the SEC chromatogram and the Coomassie blue-
stained gel of the concentrated elution fraction (Figure 47 and Figure 48). No ATPase activity
of AtPDR8 was detected in PCC-a-M solution, however, the reduced degradation products of
AtPDR& point to an increased stability of the protein in the detergent PCC-a-M, which is why

this detergent was used in the final purification protocol.

4.5 Degradation of AfPDRS

During the purification of 4fPDR8 additional bands of lower molecular weight than ArfPDR8
were observed on Coomassie blue-stained gels and Western Blots. The fact that these
fragments were detected by both the anti-His antibody (chapter 3.4) and the anti-CBP
antibody (data not shown) implied that they were degradation products of 4/PDRS. This
assumption was confirmed by mass spectrometry, which identified the fragments inter alia as
AtPDRS peptides (chapter 3.4.6). Degradation has caused difficulties when recombinant

protein production was performed in P. pastoris (Ahmad et al., 2014).

But at which step did the degradation of A/PDRS occur? The degradation could take place ex
vivo during the purification process. The cell disruption frees intrinsic proteases of P.
pastoris, which can cleave the protein during downstream applications. The calmodulin
affinity chromatography involved the overnight incubation of the protein slurry with the resin.
This could have facilitated degradation although protease inhibitors were used. The presence
of high concentrations of the detergent Fos-Choline-14 (up to 3 %) might have destabilized
the protein as well. Alternatively, the degradation could occur in vivo during the heterologous

overexpression, folding and targeting in P. pastoris.

Overexpression can overload the ER protein folding machinery, which results in misfolding.
The accumulation of too many unfolded proteins induces the unfolded protein response
(UPR). In order to eliminate stress, the UPR downregulates the expression of the heterologous
protein and upregulates the expression of proteins that assist in folding. In addition, it also
upregulates the ER-associated protein degradation system (ERAD). In the ERAD process the
misfolded proteins get dislocated from the ER, ubiquinated and are finally degraded by the
proteasome (Wagner et al., 20006).
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The mass spectrometry analysis of purified AfPDRS also revealed the presence of ubiquitin in
the samples. Furthermore the GlyGly modification, which points to the binding of ubiquitin,
was detected at several AfPDR8 peptides. These results indicate that 4//PDRS8 was partially

degraded in response to overload of the ER.

Degradation of the target protein can have several negative effects for downstream
applications. The overall yield is reduced if a substantial amount of the overexpressed protein
is degraded. Degradation can also affect protein activity if certain parts of the protein are
cleaved. Degradation products have similar physical and chemical properties as the target
protein and thereby can impair further applications and analyses, as it was the case for
AtPDR8 were the degradation products were co-purified. It is therefore desirable to reduce
degradation of the heterologously expressed protein. In order to prevent proteolysis due to
proteases from lysed cells protease-deficient strains can be used. Examples are the strains
SMD1163 (4his4 Apep4 Aprbl), SMD1165 (Ahis4 Apep4) and SMD1168 (4his4 Apep4) that
contain mutations of three P. pastoris proteases (Ahmad et al., 2014, Sreekrishna et al., 1997).
However, it was also reported that protease-deficient strains show reduced viability, growth
rates and transformation efficiencies (Cereghino and Cregg, 2000). Another option to prevent
proteolytic degradation during cultivation is the adjustment of the pH to a value that is
reduces the activity of proteases. Adjustment of the pH can also be used to stabilize the target
protein. Since P. pastoris is able to grow across a pH range from 3 to 7 changing the pH
hardly affects cultivation (Macauley-Patrick et al., 2005). In order to avoid overload of the ER
the cultivation temperature can be reduced. A temperature screening of AfPDR8 expression in
P. pastoris showed that most protein was produced at 30 °C (data not shown), which is why
this temperature was chosen for further experiments, but it might be that the produced protein
had partially poor quality. A further alternative to reduce the stress to the ER is attenuating
the recombinant protein production by reducing the methanol concentration. However, these

optimizations must be evaluated empirically, which is very laborious.

The overload of the ER is reflected in limited folding capacity and membrane space. The
folding is catalyzed by chaperones, which might be limited if the overexpression reaches a
certain threshold. The co-expression of chaperones can improve the folding capacity and
thereby the yield of functional recombinant protein. The co-expression of the human
serotonin transporter (SERT) with the ER chaperone calnexin in the baculovirus system

resulted in a drastic increase of functional SERT compared to the expression of SERT alone
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(Tate et al., 1999). Vogl et al. (2014) analyzed the co-expression of PpHacl with several
membrane proteins in P. pastoris. PpHacl regulates the UPR by activating proteins involved
in folding, trafficking and glycosylation. It furthermore increases the available membrane
space in the ER by inducing the formation of additional ER membranes. The co-expression of
PpHacl had positive effects for the overexpression of heterologous ER-residing membrane
proteins. However, no effect was observed for the overexpression of a heterologous plasma
membrane protein (Vogl et al., 2014). If this is generally true for plasma membrane proteins

needs to be evaluated.

4.6 Reconstitution of AfPDRS into liposomes

The establishment of the reconstitution of AfPDR8 was performed following the protocol
published by Geertsma et al. (2008). However, during the reconstitution process it became
evident that several steps needed to be modified. The overall reconstitution involved the
preparation of the liposomes, the destabilization of the liposomes and the insertion of the
membrane protein into the liposomes. During the preparation of the liposomes the steps of the
rotary evaporation were prolonged because the published evaporation times were insufficient
to remove the solvents from the lipids quantitatively. Several factors had to be improved
regarding the destabilization of the liposomes. First the optimal wavelength for monitoring
the destabilization was figured out to be 450 nm. At this wavelength the minima and maxima
of the destabilization curve were displayed best. Other wavelengths could either not
completely detect the solubilization of the liposomes, which is represented by the almost
complete reduction of the turbidity, or the values were in general elevated, which implies
absorption of the detergent at the respective wavelength. Second, depending on the used
detergent the solubiluzation process required significantly more time then stated in the
published protocol. While Triton X-100 almost immediately destabilized the liposomes the
detergent PCC-a-M needed a minimal incubation time of 90 min. This could be due to the
nature of the detergents. Triton X-100 with its hydrophilic polyoxyethylene chain is a flexible
detergent that flip-flops easily across the lipid bilayer. This results in detergent assemblies
that form a toroidal ring and thereby in the rapid solubilization of the membrane. PCC-a-M
contains a bulky hydrophilic maltosyl head group that leads to slow flip-flop rates. Thus, it is
likely that the detergent rather extracts the lipids into preformed micelles, which is a slower
process (Hovers et al., 2011b, le Maire et al., 2000). This is also the case for B-DDM,

although destabilization was faster compared to PCC-0-M, which might be due to the more
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flexible structure of the hydrophobic alkyl chain. Third, the used lipids influenced the
destabilization process. The synthetic lipid DOPC was compared to the total lipid extract from
E. coli. For the E. coli total lipids liposomes destabilization and solubilization were achieved
at lower detergent concentrations compared to DOPC. This points to the fact that the
concentration of the lipids was generally lower. It seemed that during extrusion a substantial
amount of lipids was lost, which could result from the generation of bigger structures in the
freeze- and thaw- cycles that could not pass the extrusion membrane. This did not happen
when DOPC was used. A mixture of DOPC, DOPE and DOPG behaved similarly to DOPC
alone in the destabilization experiments. Next to the lipids mentioned above yeast and soy
total lipid extracts were also tested (data not shown), but the lipids exhibited comparable (or
even worse) results as the E. coli total lipids. That indicates that this destabilization behavior
is especially displayed by the lipid extracts. The preparation and the destabilization of total
lipid extract liposomes would have required further optimization, which is why these
liposomes were not used for the reconstitution trials. Furthermore different buffer conditions
were assessed. The tested buffers resulted in the same shape of the destabilization curve. Only
the total absorption values were changed in a way that phosphate buffer showed in general
slightly higher absorption values compared to Tris buffer and the presence of glycerol slightly
reduced the absorption values in both buffer substances. These effects were considered

negligible.

In order to integrate A/PDRS into the destabilized liposomes the purified protein was added to
the liposomes and the detergent was successively removed by several additions of polystyrene
beads. The success of the reconstitution was confirmed by floating density centrifugation,
however, the yield of reconstituted protein was low. The integration of AfPDRS§ into the
liposomes was inefficient. This could be due to the procedure of removing the detergent.
Possibly the detergent was removed to too slowly or too fast, which could have resulted in the
aggregation of the protein before it could integrate into the liposomes. This could be due to
the nature of the protein and its behavior in combination with the lipids and the detergent. The
reconstitution could be reproduced regarding the qualitative integration of 4fPDRS8 into the
liposomes. However, the ATPase assay of the proteoliposomes delivered inconsistent results.
Together with the low yield this points to the fact that the conditions of the detergent removal

and protein integration are not optimal and would require further optimization.
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4.7 The establishment of an in vitro transport assay

Mutant studies have shown that plant ABC transporters are involved in many diverse
processes that are vital for the plant (Rea, 2007). However, the function of an ABC
transporter cannot be fully characterized unless the substrates are identified. Different
strategies exist for the identification of the substrates of plant ABC transporters. One
approach involves the determination of uptake or release rates of labeled substrates into plant
tissue or cells. Another approach is metabolic profiling of the plant tissues of wild-type plants
and knock-out plants. Again another approach is the isolation of membrane vesicles including
the respective transporter and the transport of compounds into the vesicles, which also
requires labeled substrates. All the mentioned approaches have the disadvantages that
endogenous processes could influence the outcome of the assay (Lefevre et al., 2015). In
addition, the transport assays require expensive labeling of the compounds and one needs to
have an idea about the potential substrates. To avoid these obstacles the approach by
Krumpochova et al. (2012) was chosen. In that method the transport assay is combined with
LC/MS metabolomics in order to identify unknown substrates of ABC transporters. Cytosolic
extract or exudates could be used to provide potential substrates to the transporter. This
circumvents the problems of labeling and the identification of potential substrates prior the
transport assay. If reconstituted proteoliposomes are used instead of isolated membranes the

effect of endogenous proteins interfering with the assay is also evaded.

The transport assay was established using the protein Pdr5 from S. cerevisiae. This protein
has the advantage over AfPDRS that a lot of substrates have been identified and were
analyzed. The substrate rhodamine 6G is a fluorescent compound, which is why transport
could be easily detected by fluorescence quenching in ScPdr5-containing yeast plasma
membranes (chapter 3.6.1). In contrast to this, transport of the substrate ketoconazole has only
been studied in vivo. Because ketoconazole is not fluorescent, fluorescence transport analysis
cannot be directly applied for the investigation of ketoconazole transport. To proof the in vitro
transport of ketoconazole by ScPdr5 a competitive transport assay with rhodamine 6G was
performed (chapter 3.6.1). In presence of ketoconazole a reduction of rhodamine 6G transport
was observed, which indirectly proofs the ketoconazole transport by ScPdr5. This substrate

was therefore used to establish the transport assay protocol for 4/PDRS.
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First the substance ketoconazole was measured with mass spectrometry to get an idea about
the isotope peak pattern and the fragmentation pattern of the MS/MS measurements (chapter
3.6.2). Ketoconazole has two chlorine atoms that can either be the *>Cl or the *’Cl isotope.
These isotopes have different natural abundances, which were reflected by the intensities of
the ketoconazole peaks in the MS spectrum. The MS/MS spectrum shows the typical
fragmentation pattern of ketoconazole that was observed before (Chen et al., 2002, Huang et
al., 2007). Five masses were exemplary assigned to the functional groups after possible
fragmentation events. The use of plant extracts and exudates involves the difficulty that plant
metabolites might occur in very low concentrations and the proportion that is transported in
the assay could be even lower. To assess whether low concentrations of compounds could
hamper the analytics of the transport assay different ketoconazole dilutions were detected
with MS (chapter 3.6.2). The results show that concentrations down to 0.02 nM ketoconazole
were detectable with MS. Analysis of ketoconazole diluted in the assay buffer showed that the
buffer substance HEPES, which was until then used for ScPdr5 assays, was disturbing the MS
detection of ketoconazole. The buffering agent was therefore changed to Tris, which is a
smaller and less complex molecule than HEPES. The rhodamine 6G transport assay

confirmed the ScPdr5 transport activity in Tris buffer (chapter 3.6.3).

During the transport assays the potential substrates are transported to the inside of membrane
vesicles. MS analysis of the enclosed compounds requires the disruption of the vesicles,
preferably without interfering with the subsequent analytics. To ascertain a way to open the
vesicles different methods were tested. Therefore the ketoconazole transport experiment was
performed with S. cerevisiae membranes containing either the ScPdr5S wild-type or EQ
mutant. To determine the best disruption protocol three methods were tested including
physical and chemical approaches. The success of the respective method was defined by MS
detection of ketoconazole. Physical disruption methods have the advantage that no additional
substances are added that could hamper the MS analytics. The methods tested were sonication
and osmotic pressure. During the sonication the energy input leads to the reorganization of the
membrane vesicles. Thereby small membrane vesicles are formed out of the larger vesicles
and this could free enclosed compounds from the vesicles. The disruption by osmotic pressure
was based on the assumption that resuspension of the membrane vesicles, which were
previously prepared in buffer containing salt, would lead to a swelling of the vesicles until the
lipid bilayer cannot sustain the resulting pressure and the vesicles burst. However, both

physical approaches were not able to free the enclosed ketoconazole from the vesicles. The
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chemical disruption represented the resuspension of the vesicle in methanol. The solvent
dissolves the lipid, which destroys the lipid bilayer. This approach turned out to be the most
efficient method. A possible explanation for the failure of the physical methods could be the
hydrophobicity of ketoconazole. If the substrate attaches to the lipid bilayer simply opening
the vesicles is not sufficient. In such case only the dissolution of the lipids would make the
ketoconazole accessible for the detection by MS. This could also apply for potential
hydrophobic substrates of 41PDS.

4.8 Asymmetry of the nucleotide binding domains in 47PDRS8

The nucleotide binding domains contain the motifs that are necessary for binding and
hydrolyzing ATP and thereby energize the substrate translocation in ABC transporters. The
motifs are highly conserved in all species. However, some eukaryotic ABC transporters
display discrepancies in their primary sequence so that the consensus sequence of certain
motifs in not strictly followed. The prototype of the PDR family ScPdr5 has highly
degenerated nucleotide binding domains (Figure 73). The NBDs are arranged head-to-tail
meaning the Walker A, Walker B and the H-Loop of one NBD and the C-loop of the other
NBD act together to bind and hydrolyze one ATP molecule. In case of ScPdr5 the Walker A
and B motifs as well as the H-loop of the first NBD are degenerated and the C-loop of the
second NBD. That results in one inactive nucleotide binding site (Figure 73blue boxes),
which was proposed to bind but not hydrolyze ATP (Gupta et al., 2014). AfPDR8 also shows
degenerated motifs in one binding site, although to a much lesser extend compared to ScPdr5.
In the first NBD the first amino acid of the Walker B motif is not hydrophobic as given by the
consensus sequence. The Walker A motif as well as the C-loop and the H-loop follow the
consensus sequence. The C-loop of the second NBD has two degenerated amino acids
compared to the consensus sequence. For ScPdr5 the inactive binding site was proposed to
structurally and functionally support the active binding site. Possibly the degeneration has
evolved to optimize the communication between the two NBDs and between the TMDs and
the NBDs (Gupta et al., 2014, Ananthaswamy et al., 2010). Since a lot of plant PDR proteins
exhibit degenerations in the Walker B motif and the C-loop (van den Brule and Smart, 2002)
a conserved role of the degenerated binding site could be possible. However, if these
substitutions result in the complete inactivation of one binding site is questionable. In order to
assess the binding stoichiometry of AfPDR8 TNP-ATP binding studies were performed. The

fluorescent nucleotide analogue TNP-ATP emits fluorescence when it binds to the
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hydrophobic ligand binding side of a protein (Horn et al., 2003). In presence of purified
AtPDR8 the TNP-ATP fluorescence got enhanced compared to TNP-ATP in only buffer. This
indicates the binding of TNP-ATP to A/PDRS. Titration of TNP-ATP to purified AfPDR8 and
fitting of the fluorescence data was used to determine the Kp-value and the ligand binding
number (chapter 3.4.7). The Kp-value was calculated to be 14.3 uM, which indicates a low
affinity of TNP-ATP to the protein. The data support the assumption that A/PDRS is not
functional in detergent and that ATP is not hydrolyzed. The ligand number was determined to
be 0.8, which suggests that one TNP-ATP molecule was bound to 4fPDRS. This would
support the possibility of one degenerated nucleotide binding site. However, these data

require further verification.

NBD1 NBD2
Motif Walker A C-Loop Walker B H-Loop Walker A C-Loop Walker B H-Loop
Consensus || GXXGXGK[ST] [IVISGG HHHHDE XHX GXXGXGK[ST] LSGG HHHHDE XHX
ScPdr5 GRPGSGCT VSGG FQCWDN QAD GASGAGKT LNVE LVFLDE HQ
AtPDR8 GPPSSGKT ISGG TLFMDE VHL GVSGAGKT LSTE I[IFMDE HQ

Figure 73: Degeneration of motifs important for ATP binding. The consensus sequence of the motifs for each NBD is
shown as well as the sequences of ScPdr5 and ArPDRS. Degenerated amino acids are marked in magenta. The motifs
that form the first nucleotide binding site are highlighted in blue and the motifs of the second nucleotide binding site
in purple.

4.9 ArPDRS lacks in vitro ATPase activity

The nucleotide binding domains of ABC transporters bind and hydrolyze ATP to energize the
transport of substrates across membranes. In order to perform in vitro assays the purified
ABC transporter must therefore display activity. Activity can be monitored by the phosphate
release resulting from ATP hydrolysis. Purified 4/PDR8 did not show ATPase activity in
comparison to the negative controls (data not shown). Possible reasons why purified 4fPDRS§
lacks detectable ATPase activity are discussed below. One reason could be that the detergent
environment impairs AfPDRS activity. The protein was solubilized in Fos-Choline-14, which
is a harsh zwitterionic detergent. However, in case of AfPDR8 ATPase activity could not be
restored by replacing the detergent by a milder detergent during purification (data not shown).
Another reason could be that the presence of a substrate was required for 4/PDRS to exhibit
detectable ATPase activity. The presence of the potential substrates IBA and cadmium in the
ATPase assay did not stimulate activity, neither of the purified nor of the reconstituted protein

(data not shown).
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The data obtained from TNP-ATP-binding studies (chapter 3.4.7) show that A/PDRS is likely
able to bind TNP-ATP. In consequence, purified 4/PDRS is able to bind but not hydrolyse

ATP. This raises the suspicion that the protein was not functionally produced in P. pastoris.

The mass spectrometry data showed that none of the identified A/PDRS8 peptides was
phosphorylated. Benschop et al. (2007) showed that AtfPDRS is phosphorylated in response to
elicitor treatment, which was not the case in samples from untreated plant material. Some of
the differentially phosphorylated peptides from that study were also identified in the MS data
in this work, however they were not phosphorylated. Campe et al. (2016) suggested that
AtPDR& is phosphotylated by CDPK10 kinase. Furthermore the protein was shown to bind
calmodulin in vitro and an AfPDRS8 peptide was phosphorylated in vitro (Benschop et al.,
2007, Campe et al., 2016, Curran et al,, 2011). These data suggest that after pathogen
perception calmodulin possibly binds 4fPDRS and recruits a kinase to phosphorylate 4/PDRS.
Thus, AfPDRS8 would be activated by phosphorylation and the absence of phosphorylated
groups in the purified AfPDRS8 could be a reason for the lacking ATPase activity of the

protein.

Another reason that impairs activity of 4/PDRS8 could be the amino acid substitutions that
were introduced into the protein sequence during the cloning process. The expression tests of
the mutated and the wild-type constructs indicated that the amino acid substitutions possibly
facilitated the expression of the protein in P. pastroris. Analysis of the primary sequence
showed that the mutations were not located in the motifs important for ATP binding and
hydrolysis. Still, a potential inhibitive effect of the mutations on ATP hydrolysis cannot be

excluded.

Another factor potentially influencing membrane protein activity are lipids. In their natural
environment membrane proteins are embedded in the lipid bilayer, thus it is conclusive that
these proteins form complexes with lipids. Lipids can be important for protein function or
assist in folding and stability (Opekarova and Tanner, 2003). Crystal structures of membrane
proteins obtained in the presence of lipids show that the lipids interact with the proteins.
Amino acid substitutions of the lipid contact sites in the yeast cytochrome bc/ complex lead
to instability of the complex (Lange et al., 2001). The in vitro activity of human MDR1 was
shown to depend on the presence of phosphatidyl choline and phosphatidyl ethanolamine
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(Sharom, 1997). Different lipid compositions of the membrane in the heterologous expression
host compared to the native environment might also affect the production of functional
protein. The E. coli lactose permease EcLacY requires phosphatidyl ethanolamine for the
uptake of lactose into the cell. Phosphatidyl ethanolamine assists in folding of the E. coli
permease LacY and the topology of EcLacY in the membrane changes depending on the
presence of phosphatidyl ethanolamine (Chen and Wilson, 1984, Bogdanov and Dowhan,
1998, Bogdanov et al., 2002). When expressed in S. cerevisiae, human MDRI1 displayed
decreased substrate binding ability compared to homologous expression (Saeki et al., 1991).
The lipid composition of the expression host might have also affected the overexpression of
AtPDRS in P. pastoris. The main difference between yeast and plant membranes is the high
ergosterol content in yeasts while plant membranes contain of stigmasterol, sitosterol and
campesterol. Functionality of plant membrane proteins expressed in yeast systems might inter
alia depend on the ability of ergosterol to replace the plant-specific sterols. Of those plant
membrane proteins that were heterologously overexpressed and purified from yeast systems,
in vitro data regarding the effect of lipid compositions from yeast systems on plant membrane
proteins is limited (Opekarova and Tanner, 2003). HUP1 from Chlorella was analyzed after
homologous expression and expression in S. pombe and the 4. thaliana plasma H'-ATPase
was after expression in S. cerevisiae. In both cases the in vitro data did not vary between
proteins obtained from the homologous and the heterologous systems (Sauer et al., 1990,
Lanfermeijer et al., 1998). This indicates that lipid compositions of yeasts do not necessarily
impair functionality of plant proteins. If the P. pastoris lipid composition was not impairing
AtPDR& activity it could have been the purification conditions. The exchange of the detergent
required extensive washing of the protein in order to remove the Fos-Choline-14. This might
have also removed all the lipids from the micelles together with the Fos-Choline-14. The
complete delipidation of a membrane protein might lead to the loss of functionality
(Opekarova and Tanner, 2003, le Maire et al., 2000). The reconstitution of 4fPDRS8 did not
restore functionality. During the reconstitution the detergents were removed and the protein
was transferred into a lipid environment. However, ATPase activity of ArPDRS
proteoliposomes was inconsistent. Whether this resulted from non-functional protein or the

generally low reconstitution efficiency requires further clarification.
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4.10 Establishment of the AfPDRS in vitro system — lessons learned and future

perspectives

The AfPDRS8 mutant studies suggested that the protein is involved in diverse physiological
processes, which implies multifunctionality of AfPDR8. However, this hypothesis lacks direct
evidence. Furthermore, contradictory studies exist that assign A/PDRS different roles in
nonhost resistance (Kobae et al., 2006, Stein et al., 2006, Xin et al., 2013). The in vitro system
is therefore required to determine the transported substrates and to clarify the role of AfPDRS.
The establishment of an in vitro system for a membrane protein can be a complicated process.
This was demonstrated by several studies that reported problems with the cloning (Crouzet et
al., 2013, Ellinger et al., 2013), the overexpression (Toussaint et al., 2017), the correct
localization (Ruzicka et al., 2010) and the in vitro activity (Ellinger et al., 2013) of ABC
transporters. Until today no 3D structure of a plant ABC transporter has been solved, which
might inter alia result from the difficulties in producing sufficient amounts of functional
protein. Regarding the plant PDR family, only two transporters have been successfully
purified and analyzed in vitro. Also in these cases the authors reported complications
concerning the heterologous overexpression of the protein in yeast (Pierman et al., 2017,

Toussaint et al., 2017).

Also the establishment of the AfPDRS8 in vitro system comprised several difficulties.
However, the gained knowledge might facilitate the establishment of in vitro systems of other
plant full-size ABC transporters. The first hurdle that had to be overcome was the toxicity of
the foreign gene or protein to the cloning host E. coli. Mutations were frequently introduced
into the coding sequence of A/PDR8 during the propagation in E. coli. This problem was
solved using a strain that drastically reduces the copy number of plasmids in the cell, e.g.
CoppyCutter™ EPI400™ cells (epicentre). During the heterologous expression instability of
the protein in the expression host seemed to be another issue. For the heterologous
overexpression it is advisable to keep options broad regarding the used expression vectors,
promoters and tag positions. To facilitate expression, the gene of interest should be
synthesized in a codon-optimized version for the respective expression host. In addition,
different tag positions might influence success of expression. The screening of promoters of
varying strength could prevent an overload of the folding machinery.

Screening different promoters in combination with different tags and tag positions can easily

result in a huge workload. Especially the expression tests of membrane proteins in yeasts and
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plant cells require the laborious preparation of cell lysates and membranes in combination
with gelelectrophoresis and Western Blotting methods to detect the heterologous proteins. To
facilitate the screening process the system published by Vogl et al. (2014) could be used. In
this approach the GFP sequence was fused to the target protein and expression of different
clones was analyzed in a 96-well plate by simply screening for fluorescence signals during the
cultivation. Positive clones can be further analyzed by fluorescence microscopy to determine
the localization in the cell (Vogl et al.,, 2014). In such approach different cultivation

conditions could also be easily tested.

Degradation was a problem during the expression and potentially also in the downstreaming
applications. To reduce degradation in response to folding stress in the ER the co-expression
of chaperones can be useful. In case of P. pastoris the co-expression of Hacl, which induces
the UPR, could be tested. In order to avoid proteolytic degradation the usage of engineered
strains, like protease-deficient strains, can be helpful. However, regarding functionality it can
be reasonable to use a plant system preferably over a yeast expression system, although this
might affect the yield of the produced protein. The facts that the non-mutated 4/PDRS could
not be expressed in P. pastoris, the cloning of AfPDRS in S. cerevisiae did not result in viable
clones and that A4/PDR9, NfPDR1 and NpPDRS5 could not be successfully produced in yeast
systems (Toussaint et al., 2017, Pierman et al., 2017, Ruzicka et al., 2010) indicate that for
certain plant ABC transporters yeast expression systems are not the ideal choice. The BY2
tobacco suspension cell culture could be an alternative system. It combines the advantage of
being a plant system with the relatively easy handling of a liquid culture. Regarding the
problems in protein stability and activity of AfPDRS produced in P. pastoris the BY2 system
represents an alternative expression system worth testing in the future. The purification
conditions could have been another factor that potentially impaired the functionality of
AtPDR8. AfPDRS had to be solubilized with a harsh zwitterionic detergent that very often
inactivates membrane proteins (le Maire et al., 2000). The exchange to a mild detergent
required extensive washing with probably resulted in the delipidation of the protein.
Delipidation is one factor causing inactivity of membrane proteins (le Maire et al., 2000). To
avoid delipidation in future purifications the washing buffer could be supplemented with
solubilized lipids during the purification so that the removed lipids are replaced. This could

contribute to the stability and thereby to the activity of the protein.
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For the reconstitution of A/PDRS8 in to liposomes the protocol published by Geertsma et al.
was used, which especially refers to the reconstitution of ABC transporters. In this work this
reconstitution protocol was already optimized to a large extend regarding the preparation and
destabilization of liposomes. However, the final integration of AfPDRS8 into the liposomes
remained ineffective. Further optimization of the protocol could involve different approaches
to remove the detergent, for example size exclusion chromatography. Apart from this,
additional protocols for the reconstitution exist, which could be more efficient for the

particular reconstitution of 4/PDRS.

Several eukaryotic ABC transporters display a broad substrate spectrum of structurally
unrelated compounds. Examples are human MDR1 and yeast ScPdr5, which were shown to
export a huge variety of compounds. Mutant studies implied that also several plant ABC
transporter transport a structurally unrelated compounds. For AfPDRS8 several possible
substrates (e.g. cadmium ions, IBA, indolic compounds) were proposed. 4/PDRO is thought to
transport coumarins as well as auxinic compounds. However, direct evidence for the
multifunctionality of plant ABC transporters is still missing. In contrast, there is rather
evidence that plant ABC transporters display high substrate specify (Kang et al., 2010,
Kuromori et al., 2010, Geisler et al., 2005). AfPDR12 was first thought to function in
different, unrelated processes, which are plant defense through diterpene export,
detoxification through lead export as well as the import the phytohormone ABA. Except for
the multifunctionality, these data hence propose that A/PDR12 performs transport in both
directions, meaning import and export of compounds. More recent data involving transport

studies suggest that A/PDR12 has indeed only one substrate, which is ABA.

All these contradictory observations call for the establishment of in vitro systems of the
respective transporters. As reported for other transporters, the establishment of the 4/PDRS in
vitro system comprised several difficulties. However, the gained knowledge might facilitate
the establishment of in vitro systems of other plant full-size ABC transporters in the future.
These systems will be required to biochemically characterize the transporters regarding the
3D structure, the substrate spectrum and the transport characteristics. In vitro systems are

indispensible for clarification of the function of ABC transporters in plants.
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Al.List of detergents used in the detergent screening for the solubilization of AfPDRS out
of the P. pastoris membrane. The cmc of the respective detergents, the used
concentration, the position on the DotBlot membrane as well as the nature of the

detergents are listed. N, neutral; A, anionic; Z, zwitterionic

Position | Detergent ecme % used Nature
Al Anameg®-7 0.65 1 N
A2 Anapoe®-20 0.0072 1 N
A3 Anapoe®-35 0.001 1 N
A4 Anapoe®-58 0.00045 1 N
AS Anapoe®-80 0.0016 1 N
A6 Anapoe®-C10E6 0.025 1 N
A7 Anapoe®-C10E9 0.053 1 N
A8 Anapoe®-C12ES8 0.0048 1 N
A9 Anapoe®-C12E9 0.003 1 N

Al0 Anapoe®-C12E10 0.2 1 N
All Anapoe®-C13ES8 0.0055 1 N
Al2 Anapoe®-X-100 0.015 1 N
B1 Anapoe®-X-114 0.011 1 N
B2 Anapoe®-X-305 0.09919 1 N
B3 Anapoe®-X-405 0.16 1 N
B4 Big CHAP 0.25 1 N
B5 Big CHAP deoxy 0.12 1 N
B6 CYGLU®-3 0.86 2 N
B7 CYMAL®-1 15 2 N
B8 CYMAL®-2 54 2 N
B9 CYMAL®-3 0.37 1 N
B10 2,6-Dimethyl-4-heptyl-B-D-maltopyranoside 1.2 2 N
Bl1l1 n-Decyl-a-D-maltopyranoside 2 N
B12 n-Decyl-B-D-maltopyranoside 0.087 2 N
Cl1 n-Decyl-B-D-Thiomaltopyranosid 0.045 2 N
C2 n-Decyl-N,N-Dimethylglycin 0.046 2 z
C3 n-Dodecyl-a-D-maltopyranoside 0.0076 1 N
C4 n-Dodecyl-B-D-maltopyranoside 0.0087 1 N
C5 n-Heptyl-B-D-thioglucopyranoside 0.85 2 N
C6 n-Heptyl-B-D-Glucopyranoside 1.9 2 N
C7 n-Nonyl-p-D-thiomaltopyranoside 0.15 1 N
C8 n-Dodecyl-B-D-thiomaltopyranoside 0.0026 1 N
C9 CYMAL 4 0.12 2 N
C10 CYMAL®-5 0.12 2 N
Cl1 CYMAL 6 0.028 1 N
C12 CYMAL 7 0.0099 1 N
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Appendix

Anzergent 3-8

Anzergent® 3-10

Anzergent®3-12

Anzergent® 3-14

CHAPS

CHAPSO

Cyclofos™-4

Cyclofos™-5

Cyclofos™-6

Cyclofos™-7

Fos-Choline®-9

Fos-Choline-10

Cyclofos™-3

Fos-Choline®-11

Fos-Choline®-12

Fos-Choline®-13

Fos-Choline®-14

Fos-Choline®-15

Fos-Choline®-16

Fos-Choline®-Is0-9

Fos-Choline®-Iso-11

Fos-Choline®-Unisat-11-10

Fos-Choline®-8

n-Dodecyl-N,N-dimethylglycine
n-Dodecyl-N,N-dimethylamine-N-oxide (DDAO)

Cholic acid, sodium salt

Deoxycholic acid, sodium salt

Fosmea - 8

Fosmea®-10

Hexaethylene Glycol Monooctyl Ether (C8E6)

n-Hexyl-B-D-Glucopyranoside

n-Hexyl-B-D-Maltopyranoside

n-Nonyl-B-D- Glucopyranoside

n-Nonyl--D-Maltopyranoside

MEGA-8

Octaethylene Glycol Monodecyl Ether (C12ES)

n-Octyl-B-D-Glucopyranoside

n-Octyl-B-D-Thiomaltopyranoside

n-Octyl—B—D-Maltopyranoside

Cyclofos™-2

Pentaethylene Glycol Monodecyl Ether (C10ES5)

PMAL-CS8

2-Propyl-1-Pentyl Maltopyranoside

Sodium Dodecanoyl Sarcosine

Sucrose Monododecanoate

n-Tetradecyl—p—D-Maltopyranoside

n-Tetradecyl-N,N-Dimethylamine-N-Oxide (TDAO)

10.9
12
0.094
0.007
0.49
0.5
0.45
0.15
0.094
0.022
12
0.35
1.3
0.062
0.047
0.027
0.0046
0.0027
0.00053
0.99
0.9
0.21
3.4
0.041
0.023
0.60 (pH 7)
0.24
0.59
0.15
0.39
6.6
8.9
0.2
0.28
2.5
0.0048
0.53
0.4
0.89
7.5
0.031

1.9
0.42
0.016
0.00054
0.0075

—N = = = NN NN = = NN

e e e e N B e T e T e T O S S S NS I R N0 R N0 e e e e N T e O T N e e S S S = S = U NS )
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GI12 Tetracthylene Glycol Monooctyl Ether (C8E4) 0.25 1 N
H1 n-Tridecyl—pf—D-Maltopyranoside 0.0017 1 N
H2 n-Undecyl-o—D-Maltopyranoside 0.029 1 N
H3 n-Undecyl—pf—D-Maltopyranoside 0.029 1 N
H4 n-Undecyl—p—D-Thiomaltopyranoside 0.011 1 N
H5 SDS A
H6 Buffer

A2.Blotting membranes of the linear sucrose gradient. Sucrose concentration increases
with increasing fraction numbers (top of each membrane). The detected proteins of

each row are listed on the very left side.

12345678 9 10 11 1213 1415 kDa

16 17 18 19 20 21 22 23 24 25 26 27 kDa

170
AtPDR8 130
100
70
55
12345678910 11 12 13 1415 kDa kDa 16 17 18 19 20 2122 23 24 25 26 27
170 170
130 130
HsMDR3 100 100
0 70
55 95
4
w0 ©
128456 18 810 41 42 131415 e 16 17 18 19 20 2122 23 24 25 26 27 kDa
70 170
130 130
100 100
ScPdr5
70 70
55 55
40

40
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A3.Mass spectrometry results of the complete elution fraction after AfPDR8 CBP-AC.
The table lists the accession numbers of the detected proteins, the number of the
identified peptides and the coverage. Furthermore the molecular weight of the detected

proteins is listed as well as the number of amino acids.

. . # Unique MW
Accession Description Coverage Peptides # AAs [kDa]
AtPDR8  AtPDR8_HIS PE=1 SV=1 - [AtPDR8_HIS] 51.78 120 1518 170.7
C4R3X8 ATPase involved in protein folding and the response to stress OS=Komagataella  57.84 24 657 70.7

pastoris (strain GS115 / ATCC 20864) GN=PAS_chr3_0230 PE=3 SV=1 -
[C4R3X8_PICPG]

C4R5D4  Fusion protein that is cleaved to yield a ribosomal protein of the small (40S) 53.33 13 150 17.2
subunit and ubiquitin OS=Komagataella pastoris (strain GS115 / ATCC 20864)
GN=PAS_chr3_0722 PE=4 SV=1 - [C4R5D4_PICPG]

C4R887 ATPase involved in protein folding and nuclear localization signal (NLS)-directed = 47.60 17 645 69.6
nuclear transport OS=Komagataella pastoris (strain GS115 / ATCC 20864)
GN=PAS_chr4_0552 PE=3 SV=1 - [C4R887_PICPG]

C4R1Z2  Mitochondrial porin (Voltage-dependent anion channel), outer membrane protein  78.80 22 283 29.6
OS=Komagataella pastoris (strain GS115 / ATCC 20864) GN=PAS_chr2-2_0392
PE=4 SV=1 - [C4R1Z2_PICPG]

C4QVS9 Plasma membrane H+-ATPase, pumps protons out of the cell 0S=Komagataella  25.78 20 896 97.8
pastoris (strain GS115 / ATCC 20864) GN=PAS_chr1-1_0002 PE=3 SV=1 -
[C4QVS9_PICPG]

C4R5Q0 Transketolase, similar to Tkl2p OS=Komagataella pastoris (strain GS115 / ATCC = 24.89 9 707 78.5
20864) GN=PAS_chr3_0834 PE=4 SV=1 - [C4R5Q0_PICPG]

C4R4Y8  ATP synthase subunit alpha OS=Komagataella pastoris (strain GS115 / ATCC 34.25 20 546 58.7
20864) GN=PAS_chr3_0576 PE=3 SV=1 - [C4R4Y8_PICPG]

C4R6R6  Protein involved in synthesis of the thiamine hydroxymethylpyrimidine (HMP) 47.35 14 340 38.2

0OS=Komagataella pastoris (strain GS115 / ATCC 20864) GN=PAS_chr4_0065
PE=4 SV=1 - [C4R6R6_PICPG]

C4R5P8  Transketolase, similar to Tkl2p OS=Komagataella pastoris (strain GS115 / ATCC =~ 23.76 7 707 78.8
20864) GN=PAS_chr3_0832 PE=4 SV=1 - [C4R5P8_PICPG]

C4R5N2  Uncharacterized protein OS=Komagataella pastoris (strain GS115 / ATCC 20864) 18.02 16 838 94.6
GN=PAS_chr3_0815 PE=4 SV=1 - [C4R5N2_PICPG]

C4QXI5 Heat shock protein Hsp90 OS=Komagataella pastoris (strain GS115 / ATCC 26.77 17 706 80.9
20864) GN=PAS_chr1-4_0130 PE=3 SV=1 - [C4QXI5_PICPG]

C4QVY8 Translation initiation factor eIF4G, subunit of the mRNA cap-binding protein 17.30 15 1098 121.4

complex (EIF4F) OS=Komagataella pastoris (strain GS115 / ATCC 20864)
GN=PAS_chr1-1_0053 PE=4 SV=1 - [C4QVY8_PICPG]

C4R4H7  Serine/threonine-protein phosphatase OS=Komagataella pastoris (strain GS115/ 25.22 15 579 66.3
ATCC 20864) GN=PAS_chr3_0414 PE=3 SV=1 - [C4R4H7_PICPG]
C4R606 NAD(+)-dependent formate dehydrogenase, may protect cells from exogenous 24.11 8 365 40.3

formate OS=Komagataella pastoris (strain GS115 / ATCC 20864)
GN=PAS_chr3_0932 PE=3 SV=1 - [C4R606_PICPG]

C4R2N5 ATP synthase subunit beta OS=Komagataella pastoris (strain GS115 / ATCC 28.03 11 503 54.0
20864) GN=PAS_chr2-2_0165 PE=3 SV=1 - [C4R2N5_PICPG]
C4QZL3 Ribosomal protein L30 of the large (60S) ribosomal subunit, nearly identical to 35.44 10 158 17.9

Rpl24Ap and has simi OS=Komagataella pastoris (strain GS115 / ATCC 20864)
GN=PAS_chr2-1_0086 PE=4 SV=1 - [C4QZL3_PICPG]

C4R4C3  Mitochondrial matrix ATPase OS=Komagataella pastoris (strain GS115 / ATCC 24.42 12 647 69.7
20864) GN=PAS_chr3_0365 PE=3 SV=1 - [C4R4C3_PICPG]

C4R4D1  Uncharacterized protein OS=Komagataella pastoris (strain GS115 / ATCC 20864) 26.55 13 629 71.8
GN=PAS_chr3_0374 PE=4 SV=1 - [C4R4D1_PICPG]

C4R1H5 Uncharacterized protein OS=Komagataella pastoris (strain GS115 / ATCC 20864) 33.92 14 513 57.7
GN=PAS_chr2-1_0701 PE=4 SV=1 - [C4R1H5_PICPG]

C4R2Z2  Protein chaperone involved in regulation of the HSP90 and HSP70 functions 35.07 11 402 43.4

OS=Komagataella pastoris (strain GS115 / ATCC 20864) GN=PAS_chr2-2_0066
PE=3 SV=1 - [C4R2Z2_PICPG]

P04842  Alcohol oxidase 1 OS=Komagataella pastoris (strain GS115 / ATCC 20864) 20.66 11 663 73.9
GN=AOX1 PE=1 SV=2 - [ALOX1_PICPG]
C4QZS3 ATPase involved in protein import into the ER, also acts as a chaperone to 17.99 13 678 74.2

mediate protein folding i OS=Komagataella pastoris (strain GS115 / ATCC
20864) GN=PAS_chr2-1_0140 PE=3 SV=1 - [C4QZS3_PICPG]
C4QWG3 Ribosomal protein L4 of the large (60S) ribosomal subunit, nearly identical to 30.45 9 243 26.8
RpI8Ap OS=Komagataella pastoris (strain GS115 / ATCC 20864) GN=PAS_chr1-
1_0216 PE=4 SV=1 - [C4QWG3_PICPG]
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Ferrochelatase OS=Komagataella pastoris (strain GS115 / ATCC 20864)
GN=PAS_chr3_0264 PE=3 SV=1 - [C4R416_PICPG]

30.21

11

374

42.0

Calmodulin-dependent protein kinase OS=Komagataella pastoris (strain GS115 /
ATCC 20864) GN=PAS_chr1-4_0302 PE=4 SV=1 - [C4QY19_PICPG]

29.04

10

396

45.0

Protein component of the large (60S) ribosomal subunit OS=Komagataella
pastoris (strain GS115 / ATCC 20864) GN=PAS_chr4_0139 PE=3 SV=1 -
[C4R6Z0_PICPG]

30.15

11

388

43.6

Thiazole synthase, catalyzes formation of the thiazole moiety of thiamin
pyrophosphate OS=Komagataella pastoris (strain GS115 / ATCC 20864)
GN=PAS_chr3_0648 PE=3 SV=1 - [C4R560_PICPG]

36.23

345

37.0

Vacuolar proteinase B (YscB), a serine protease of the subtilisin family
OS=Komagataella pastoris (strain GS115 / ATCC 20864) GN=PAS_chr1-1_0226
PE=3 SV=1 - [C4QWH2_PICPG]

14.31

559

59.1

Long chain fatty acyl-CoA synthetase with a preference for C12:0-C16:0 fatty
acids OS=Komagataella pastoris (strain GS115 / ATCC 20864) GN=PAS_chr2-
1_0785 PE=4 SV=1 - [C4R1R9_PICPG]

13.69

701

78.3

Elongation factor 1-alpha OS=Komagataella pastoris (strain GS115 / ATCC
20864) GN=PAS_FragB_0052 PE=3 SV=1 - [C4QZB0_PICPG]

20.92

11

459

50.1

Uncharacterized protein OS=Komagataella pastoris (strain GS115 / ATCC 20864)
GN=PAS_chr2-1_0456 PE=3 SV=1 - [C4R0Q9_PICPG]

18.73

726

79.5

Putative magnesium transporter OS=Komagataella pastoris (strain GS115 / ATCC
20864) GN=PAS_chr2-2_0260 PE=4 SV=1 - [C4R2D0_PICPG]

12.39

815

91.8

Type II HSP40 co-chaperone that interacts with the HSP70 protein Ssalp
0OS=Komagataella pastoris (strain GS115 / ATCC 20864) GN=PAS_chr2-2_0151
PE=4 SV=1 - [C4R2Q1_PICPG]

32.37

346

37.0

Succinate dehydrogenase [ubiquinone] iron-sulfur subunit, mitochondrial
OS=Komagataella pastoris (strain GS115 / ATCC 20864) GN=PAS_chr3_1111
PE=3 SV=1 - [C4R6]2_PICPG]

27.72

267

30.5

Heat shock protein that cooperates with Ydjlp (Hsp40) and Ssalp (Hsp70)
OS=Komagataella pastoris (strain GS115 / ATCC 20864) GN=PAS_chr1-3_0102
PE=3 SV=1 - [C4QV89_PICPG]

10.41

903

100.2

Uncharacterized protein OS=Komagataella pastoris (strain GS115 / ATCC 20864)
GN=PAS_chr4_0080 PE=4 SV=1 - [C4R6T1_PICPG]

22.70

392

45.2

40S ribosomal protein S6 OS=Komagataella pastoris (strain GS115 / ATCC
20864) GN=PAS_chr4_0094 PE=3 SV=1 - [C4R6U6_PICPG]

32.20

236

27.0

Uncharacterized protein OS=Komagataella pastoris (strain GS115 / ATCC 20864)
GN=PAS_chr2-1_0853 PE=3 SV=1 - [C4ROW4_PICPG]

17.14

525

56.8

S-(hydroxymethyl)glutathione dehydrogenase OS=Komagataella pastoris (strain
GS115 / ATCC 20864) GN=PAS_chr3_1028 PE=3 SV=1 - [C4R6A5_PICPG]

18.21

379

40.5

Uncharacterized protein OS=Komagataella pastoris (strain GS115 / ATCC 20864)
GN=PAS_chr4_0064 PE=4 SV=1 - [C4R6R5_PICPG]

19.77

258

29.2

Uncharacterized protein OS=Komagataella pastoris (strain GS115 / ATCC 20864)
GN=PAS_chr3_0802 PE=4 SV=1 - [C4R5L9_PICPG]

10.32

785

86.9

Polyadenylate-binding protein OS=Komagataella pastoris (strain GS115 / ATCC
20864) GN=PAS_chr2-1_0097 PE=3 SV=1 - [C4QZM5_PICPG]

10.06

626

70.0

Cytoplasmic pre-60S factor OS=Komagataella pastoris (strain GS115 / ATCC
20864) GN=PAS_chr1-1_0031 PE=4 SV=1 - [C4QVW4_PICPG]

15.48

407

47.0

Succinate dehydrogenase [ubiquinone] flavoprotein subunit, mitochondrial
OS=Komagataella pastoris (strain GS115 / ATCC 20864) GN=PAS_chr4_0733
PE=3 SV=1 - [C4R8S1_PICPG]

13.03

637

70.2

Uncharacterized protein OS=Komagataella pastoris (strain GS115 / ATCC 20864)
GN=PAS_chr3_0692 PE=4 SV=1 - [C4R5A5_PICPG]

18.21

313

35.8

Protein component of the large (60S) ribosomal subunit OS=Komagataella
pastoris (strain GS115 / ATCC 20864) GN=PAS_chr2-2_0109 PE=3 SV=1 -
[C4R2U4_PICPG]

32.35

170

19.1

Mitochondrial external NADH dehydrogenase, a type II NAD(P)H:quinone
oxidoreductase OS=Komagataella pastoris (strain GS115 / ATCC 20864)
GN=PAS_chr1-4_0299 PE=4 SV=1 - [C4QY16_PICPG]

17.05

569

62.7

Subunit b of the stator stalk of mitochondrial F1IFO ATP synthase
OS=Komagataella pastoris (strain GS115 / ATCC 20864) GN=PAS_chr3_0460
PE=4 SV=1 - [C4R4M3_PICPG]

39.66

232

25.3

Small subunit of carbamoyl phosphate synthetase OS=Komagataella pastoris
(strain GS115 / ATCC 20864) GN=PAS_chr4_0138 PE=3 SV=1 -
[C4R6Y9_PICPG]

17.14

420

46.4

Sulfite reductase beta subunit, involved in amino acid biosynthesis, transcription
repressed by meth OS=Komagataella pastoris (strain GS115 / ATCC 20864)
GN=PAS_chr3_1084 PE=4 SV=1 - [C4R6G5_PICPG]

4.67

1414

157.2

High affinity sulfate permease OS=Komagataella pastoris (strain GS115 / ATCC
20864) GN=PAS_chr3_0489 PE=3 SV=1 - [C4R4Q2_PICPG]

8.21

853

95.5

Uncharacterized protein OS=Komagataella pastoris (strain GS115 / ATCC 20864)
GN=PAS_chr4_0465 PE=4 SV=1 - [C4R7Z3_PICPG]

11.25

489

56.2

182
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C4R9G1  Peptidyl-prolyl isomerase OS=Komagataella pastoris (strain GS115 / ATCC 10.19 6 756 85.5
20864) GN=PAS_c034_0039 PE=3 SV=1 - [C4R9G1_PICPG]

C4R3D4 Peroxisomal integral membrane protein OS=Komagataella pastoris (strain GS115 12.15 6 461 52.2
/ ATCC 20864) GN=PAS_chr3_0043 PE=4 SV=1 - [C4R3D4_PICPG]

C4R6G8  Vacuolar aspartyl protease (Proteinase A) OS=Komagataella pastoris (strain 23.41 5 410 443
GS115 / ATCC 20864) GN=PAS_chr3_1087 PE=3 SV=1 - [C4R6G8_PICPG]

C4QWD5 Mitochondrial ribosomal protein of the large subunit, has similarity to E. coli L2 12.73 6 377 42.1

ribosomal protein OS=Komagataella pastoris (strain GS115 / ATCC 20864)
GN=PAS_chr1-1_0192 PE=4 SV=1 - [C4QWD5_PICPG]

C4QWE4 Aspartate aminotransferase OS=Komagataella pastoris (strain GS115 / ATCC 13.38 5 426 47.8
20864) GN=PAS_chr1-1_0200 PE=3 SV=1 - [C4QWE4_PICPG]

C4R6P6  Mitochondrial aldehyde dehydrogenase OS=Komagataella pastoris (strain GS115  16.77 5 501 54.3
/ ATCC 20864) GN=PAS_chr4_0043 PE=3 SV=1 - [C4R6P6_PICPG]

C4R7C6  Protein component of the large (60S) ribosomal subunit OS=Komagataella 44.09 6 127 143

pastoris (strain GS115 / ATCC 20864) GN=PAS_chr4_0267 PE=3 SV=1 -
[C4R7C6_PICPG]

C4R146 Protein component of the small (40S) ribosomal subunit OS=Komagataella 30.97 5 155 17.6
pastoris (strain GS115 / ATCC 20864) GN=PAS_chr2-1_0584 PE=3 SV=1 -
[C4R146_PICPG]

C4QWS56 Uncharacterized protein OS=Komagataella pastoris (strain GS115 / ATCC 20864) 14.95 5 408 46.3
GN=PAS_chr1-1_0118 PE=4 SV=1 - [C4QW56_PICPG]
C4QWD4 Subunit 5 of the stator stalk of mitochondrial F1IFO ATP synthase 26.34 4 205 21.7

0OS=Komagataella pastoris (strain GS115 / ATCC 20864) GN=PAS_chr1-1_0191
PE=3 SV=1 - [C4QWD4_PICPG]

Q9P4D1  Actin OS=Komagataella pastoris (strain GS115 / ATCC 20864) GN=ACT1 PE=1 14.36 5 376  41.7
SV=1 - [ACT_PICPG]
C4R5L3  Protein involved in the organization of the actin cytoskeleton OS=Komagataella 12.17 5 411 44.4

pastoris (strain GS115 / ATCC 20864) GN=PAS_chr3_0795 PE=4 SV=1 -
[C4R5L3_PICPG]

C4QWG6 Protein component of the large (60S) ribosomal subunit OS=Komagataella 17.32 4 254  27.2
pastoris (strain GS115 / ATCC 20864) GN=PAS_chr1-1_0219 PE=4 SV=1 -
[C4QWG6_PICPG]

C4QV16 Protein component of the large (60S) ribosomal subunit, nearly identical to 15.93 5 339 36.9
Rpl4Ap OS=Komagataella pastoris (strain GS115 / ATCC 20864) GN=PAS_chr1-
3_0034 PE=4 SV=1 - [C4QV16_PICPG]

C4QZ87 Uncharacterized protein OS=Komagataella pastoris (strain GS115 / ATCC 20864)  9.55 3 398 44.6
GN=PAS_FragB_0031 PE=4 SV=1 - [C4QZ87_PICPG]
C4QXA0  Glucose-6-phosphate 1-epimerase (Hexose-6-phosphate mutarotase) 18.79 4 298 33.9

OS=Komagataella pastoris (strain GS115 / ATCC 20864) GN=PAS_chr1-4_0042
PE=4 SV=1 - [C4QXA0_PICPG]

C4R370 Protein that forms a complex with Spt4p OS=Komagataella pastoris (strain 4.30 5 908 101.0
GS115 / ATCC 20864) GN=PAS_chr3_1136 PE=4 SV=1 - [C4R370_PICPG]

C4R8L5  GTP-binding protein OS=Komagataella pastoris (strain GS115 / ATCC 20864) 17.21 4 215 23.7
GN=PAS_chr4_0680 PE=4 SV=1 - [C4R8L5_PICPG]

C4R9A6 ATPase in ER, nuclear membrane and cytosol with homology to mammalian p97  9.28 6 830 91.1

0OS=Komagataella pastoris (strain GS115 / ATCC 20864) GN=PAS_FragD_0026
PE=3 SV=1 - [C4R9A6_PICPG]

C4R760 Major ADP/ATP carrier of the mitochondrial inner membrane OS=Komagataella 17.43 5 304 33.2
pastoris (strain GS115 / ATCC 20864) GN=PAS_chr4_0210 PE=3 SV=1 -
[C4R760_PICPG]

C4R1C0  Uncharacterized protein OS=Komagataella pastoris (strain GS115 / ATCC 20864) 10.07 2 268 29.0
GN=PAS_chr2-1_0874 PE=4 SV=1 - [C4R1C0_PICPG]
C4QY33 Member of silencing information regulator 2 (Sir2) family of NAD(+)-dependent =~ 19.89 5 352 40.1

protein deacetylases OS=Komagataella pastoris (strain GS115 / ATCC 20864)
GN=PAS_chr1-4_0315 PE=4 SV=1 - [C4QY33_PICPG]

C4QWU1 Ribosomal protein L37 OS=Komagataella pastoris (strain GS115 / ATCC 20864) 29.76 4 84 9.7
GN=PAS_chr1-1_0337 PE=3 SV=1 - [C4QWU1_PICPG]

C4R1TO  Uncharacterized protein OS=Komagataella pastoris (strain GS115 / ATCC 20864) 10.78 3 269 31.2
GN=PAS_chr2-1_0891 PE=4 SV=1 - [C4R1T0_PICPG]

C4R1C9 Ribosomal protein L15 OS=Komagataella pastoris (strain GS115 / ATCC 20864) 21.08 4 204 24.2
GN=PAS_chr2-1_0658 PE=3 SV=1 - [C4R1C9_PICPG]

C4R5M5  Uncharacterized protein OS=Komagataella pastoris (strain GS115 / ATCC 20864) 10.17 4 482 54.8
GN=PAS_chr3_0808 PE=3 SV=1 - [C4R5M5_PICPG]

C4R836  Subunit of the prohibitin complex (Phb1p-Phb2p) OS=Komagataella pastoris 21.35 5 267 29.2

(strain GS115 / ATCC 20864) GN=PAS_chr4_0505 PE=4 SV=1 -
[C4R836_PICPG]

C4QYJ4  ATP synthase subunit gamma OS=Komagataella pastoris (strain GS115 / ATCC 16.26 4 289 31.6
20864) GN=PAS_chr1-4_0465 PE=3 SV=1 - [C4QYJ4_PICPG]
C4QWUS8 Protein component of the large (60S) ribosomal subunit OS=Komagataella 14.14 4 297 34.1

pastoris (strain GS115 / ATCC 20864) GN=PAS_chr1-1_0345 PE=3 SV=1 -
[C4QWUS8_PICPG]
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Putative uncharacterized protein OS=Komagataella pastoris (strain GS115 /
ATCC 20864) GN=PAS_c034_0034 PE=4 SV=1 - [C4R9F6_PICPG]

7.16

433

45.2

40S ribosomal protein S1 OS=Komagataella pastoris (strain GS115 / ATCC
20864) GN=RPS1 PE=3 SV=1 - [RS3A_PICPG]

19.53

256

28.9

Protein component of the small (40S) ribosomal subunit OS=Komagataella
pastoris (strain GS115 / ATCC 20864) GN=PAS_chr1-3_0115 PE=3 SV=1 -
[C4QVA2_PICPG]

13.99

243

26.9

Putative transmembrane protein involved in export of ammonia
OS=Komagataella pastoris (strain GS115 / ATCC 20864) GN=PAS_chr1-1_0417
PE=4 SV=1 - [C4QX22_PICPG]

20.50

278

30.1

Uncharacterized protein OS=Komagataella pastoris (strain GS115 / ATCC 20864)
GN=PAS_chr2-2_0463 PE=4 SV=1 - [C4R2P4_PICPG]

28.97

214

23.6

Component of the TOM (Translocase of outer membrane) complex
OS=Komagataella pastoris (strain GS115 / ATCC 20864) GN=PAS_chr4_0391
PE=4 SV=1 - [C4R7R5_PICPG]

16.20

389

42.7

Catalase OS=Komagataella pastoris (strain GS115 / ATCC 20864) GN=PAS_chr2-
2_0131 PE=3 SV=1 - [C4R2S1_PICPG]

9.22

510

57.8

Pyruvate carboxylase OS=Komagataella pastoris (strain GS115 / ATCC 20864)
GN=PAS_chr2-2_0024 PE=4 SV=1 - [C4R339_PICPG]

3.24

1174

129.2

Mitochondrial ribosomal protein of the large subunit OS=Komagataella pastoris
(strain GS115 / ATCC 20864) GN=PAS_chr4_0799 PE=4 SV=1 -
[C4R8Z3_PICPG]

15.10

298

33.9

Protein component of the large (60S) ribosomal subunit, nearly identical to
Rpl13Bp OS=Komagataella pastoris (strain GS115 / ATCC 20864)
GN=PAS_chr4_0413 PE=4 SV=1 - [C4R7T7_PICPG]

22.34

197

22.2

Plasma membrane ATP-binding cassette (ABC) transporter OS=Komagataella
pastoris (strain GS115 / ATCC 20864) GN=PAS_chr4_0832 PE=3 SV=1 -
[C4R926_PICPG]

2.46

1503

170.5

Uncharacterized protein OS=Komagataella pastoris (strain GS115 / ATCC 20864)
GN=PAS_chr3_1188 PE=4 SV=1 - [C4R4G2_PICPG]

14.84

384

43.3

Uncharacterized protein OS=Komagataella pastoris (strain GS115 / ATCC 20864)
GN=PAS_chr4_0120 PE=3 SV=1 - [C4R6X2_PICPG]

17.99

289

G-protein beta subunit and guanine nucleotide dissociation inhibitor for Gpa2p
OS=Komagataella pastoris (strain GS115 / ATCC 20864) GN=PAS_chr1-4_0063
PE=4 SV=1 - [C4QXC0_PICPG]

17.41

316

34.7

Uncharacterized protein OS=Komagataella pastoris (strain GS115 / ATCC 20864)
GN=PAS_chr1-1_0484 PE=4 SV=1 - [C4QWF3_PICPG]

33.14

175

19.7

Uncharacterized protein OS=Komagataella pastoris (strain GS115 / ATCC 20864)
GN=PAS_chr3_0705 PE=4 SV=1 - [C4R5C0_PICPG]

3.96

858

94.9

Protein component of the large (60S) ribosomal subunit OS=Komagataella
pastoris (strain GS115 / ATCC 20864) GN=PAS_chr4_0131 PE=4 SV=1 -
[C4R6Y3_PICPG]

26.95

167

18.6

Cytoplasmic mRNA cap binding protein OS=Komagataella pastoris (strain GS115
/ ATCC 20864) GN=PAS_chr3_0972 PE=3 SV=1 - [C4R650_PICPG]

17.82

202

23.1

Uncharacterized protein OS=Komagataella pastoris (strain GS115 / ATCC 20864)
GN=PAS_chr2-2_0394 PE=4 SV=1 - [C4R1Z0_PICPG]

8.84

328

35.9

Mitochondrial alcohol dehydrogenase isozyme III OS=Komagataella pastoris
(strain GS115 / ATCC 20864) GN=PAS_chr2-1_0472 PE=3 SV=1 -
[C4R0S8_PICPG]

15.43

350

37.0

Cytoplasmic ATPase that is a ribosome-associated molecular chaperone
OS=Komagataella pastoris (strain GS115 / ATCC 20864) GN=PAS_chr3_0731
PE=3 SV=1 - [C4R5E4_PICPG]

5.71

613

66.5

S-adenosylmethionine synthase OS=Komagataella pastoris (strain GS115 / ATCC
20864) GN=PAS_chr3_0876 PE=3 SV=1 - [C4R5U7_PICPG]

9.90

384

42.3

Mitochondrial phosphate carrier protein OS=Komagataella pastoris (strain GS115
/ ATCC 20864) GN=PAS_chr1-4_0615 PE=3 SV=1 - [C4QZ00_PICPG]

14.56

316

32.9

Acetohydroxyacid reductoisomerase OS=Komagataella pastoris (strain GS115 /
ATCC 20864) GN=PAS_chr1-1_0432 PE=4 SV=1 - [C4QX36_PICPG]

11.31

398

44.3

Uncharacterized protein OS=Komagataella pastoris (strain GS115 / ATCC 20864)
GN=PAS_chr2-2_0462 PE=4 SV=1 - [C4R2S0_PICPG]

5.29

473

52.1

Protein that recognizes and binds damaged DNA during nucleotide excision
repair OS=Komagataella pastoris (strain GS115 / ATCC 20864) GN=PAS_chr2-
1_0702 PE=4 SV=1 - [C4R1H6_PICPG]

13.49

341

40.1

Uncharacterized protein OS=Komagataella pastoris (strain GS115 / ATCC 20864)
GN=PAS_chr4_0411 PE=4 SV=1 - [C4R7T5_PICPG]

6.24

481

54.8

60S ribosomal protein L20 OS=Komagataella pastoris (strain GS115 / ATCC
20864) GN=PAS_chr3_0054 PE=3 SV=1 - [C4R3E7_PICPG]

16.57

181

21.5

Uncharacterized protein OS=Komagataella pastoris (strain GS115 / ATCC 20864)
GN=PAS_chr1-4_0274 PE=4 SV=1 - [C4QXY5_PICPG]

16.00

150

17.4

Small rho-like GTPase, essential for establishment and maintenance of cell
polarity OS=Komagataella pastoris (strain GS115 / ATCC 20864) GN=PAS_chr1-

20.16

253

27.9

184



C4Qz92

C4R697

C4QVEOQ

C4R8S3

C4Qzz6

C4QYS9
C4QWP7

C4R7S1

C4ROF7

C4R487

C4ROC8

C4R5Q6

C4R362

C4R290

C4R673

C4R418

C4R5Q7

C4R1D2

C4R8U8

C4R235

C4Qz39

C4Qz19

C4QX33

C4QxC1

C4R6A0

C4R612

Appendix

30113 PE=3 SV=1 - [C4QVAQ_PICPG]

60S ribosomal protein L36 OS=Komagataella pastoris (strain GS115 / ATCC
20864) GN=PAS_FragB_0036 PE=3 SV=1 - [C4QZ92_PICPG]

16.83

101

11.5

D-lactate dehydrogenase, oxidizes D-lactate to pyruvate, transcription is heme-
dependent OS=Komagataella pastoris (strain GS115 / ATCC 20864)
GN=PAS_chr3_1021 PE=4 SV=1 - [C4R697_PICPG]

3.05

590

64.4

Plasma membrane pyridoxine (Vitamin B6) transporter OS=Komagataella
pastoris (strain GS115 / ATCC 20864) GN=PAS_chr1-3_0153 PE=3 SV=1 -
[C4QVEOQ_PICPG]

7.68

508

56.4

One of six ATPases of the 19S regulatory particle of the 26S proteasome
OS=Komagataella pastoris (strain GS115 / ATCC 20864) GN=PAS_chr4_0736
PE=3 SV=1 - [C4R8S3_PICPG]

7.26

441

49.4

Protein O-mannosyltransferase, transfers mannose residues from dolichyl
phosphate-D-mannose to prote OS=Komagataella pastoris (strain GS115 / ATCC
20864) GN=PAS_chr2-1_0212 PE=4 SV=1 - [C4QZZ6_PICPG]

4.94

789

89.5

Peroxiredoxin OS=Komagataella pastoris (strain GS115 / ATCC 20864)
GN=PAS_chr1-4_0547 PE=4 SV=1 - [C4QYS9_PICPG]

19.41

170

18.4

Coatomer subunit alpha OS=Komagataella pastoris (strain GS115 / ATCC 20864)
GN=PAS_chr1-1_0294 PE=4 SV=1 - [C4QWP7_PICPG]

2.82

1206

136.7

Heme-binding protein involved in regulation of cytochrome P450 protein Ergl1lp
0OS=Komagataella pastoris (strain GS115 / ATCC 20864) GN=PAS_chr4_0396
PE=4 SV=1 - [C4R7S1_PICPG]

23.72

156

17.4

Subunit IV of cytochrome c oxidase OS=Komagataella pastoris (strain GS115 /
ATCC 20864) GN=PAS_chr2-1_0361 PE=4 SV=1 - [C4R0F7_PICPG]

26.09

161

18.1

Protein component of the large (60S) ribosomal subunit, identical to Rpl43Ap
OS=Komagataella pastoris (strain GS115 / ATCC 20864) GN=PAS_chr3_0335
PE=3 SV=1 - [C4R487_PICPG]

27.17

92

10.1

ER membrane protein involved in regulation of OLE1 transcription, acts with
homolog Spt23p OS=Komagataella pastoris (strain GS115 / ATCC 20864)
GN=PAS_FragD_0002 PE=4 SV=1 - [C4R9C8_PICPG]

2.65

1095

121.4

Dihydroxyacetone kinase, required for detoxification of dihydroxyacetone (DHA)
OS=Komagataella pastoris (strain GS115 / ATCC 20864) GN=PAS_chr3_0841
PE=4 SV=1 - [C4R5Q6_PICPG]

7.89

608

65.3

Alpha 5 subunit of the 20S proteasome involved in ubiquitin-dependent
catabolism OS=Komagataella pastoris (strain GS115 / ATCC 20864)
GN=PAS_chr3_1129 PE=4 SV=1 - [C4R362_PICPG]

10.59

255

28.0

Pyruvate dehydrogenase E1 component subunit alpha OS=Komagataella pastoris
(strain GS115 / ATCC 20864) GN=PAS_chr2-2_0294 PE=4 SV=1 -
[C4R290_PICPG]

7.32

396

44.0

Cytochrome c1, component of the mitochondrial respiratory chain
OS=Komagataella pastoris (strain GS115 / ATCC 20864) GN=PAS_chr3_0997
PE=4 SV=1 - [C4R673_PICPG]

13.54

288

31.9

Mitochondrial amino acid transporter OS=Komagataella pastoris (strain GS115 /
ATCC 20864) GN=PAS_chr3_0434 PE=3 SV=1 - [C4R4]8_PICPG]

4.43

700

77.9

Multifunctional protein with both hydroxymethylpyrimidine kinase and thiaminase
activities OS=Komagataella pastoris (strain GS115 / ATCC 20864)
GN=PAS_chr3_0842 PE=4 SV=1 - [C4R5Q7_PICPG]

3.62

553

61.5

Catalytic subunit of 1,3-beta-D-glucan synthase OS=Komagataella pastoris
(strain GS115 / ATCC 20864) GN=PAS_chr2-1_0661 PE=4 SV=1 -
[C4R1D2_PICPG]

1878

215.1

C3HC4-type RING-finger peroxisomal membrane peroxin OS=Komagataella
pastoris (strain GS115 / ATCC 20864) GN=PAS_chr4_0759 PE=4 SV=1 -
[C4R8U8_PICPG]

6.36

409

47.5

GTP-binding protein of the ras superfamily required for bud site selection
OS=Komagataella pastoris (strain GS115 / ATCC 20864) GN=PAS_chr2-2_0347
PE=4 SV=1 - [C4R235_PICPG]

8.70

230

25.7

Subunit of SAGA histone acetyltransferase complex OS=Komagataella pastoris
(strain GS115 / ATCC 20864) GN=PAS_chr1-4_0651 PE=4 SV=1 -
[C4QZ39_PICPG]

5.43

644

74.0

Delta(9) fatty acid desaturase OS=Komagataella pastoris (strain GS115 / ATCC
20864) GN=PAS_chr2-1_0072 PE=3 SV=1 - [C4QZ]9_PICPG]

6.46

495

P-type ATPase sodium pump, involved in Na+ and Li+ efflux to allow salt
tolerance OS=Komagataella pastoris (strain GS115 / ATCC 20864)
GN=PAS_chr1-1_0428 PE=3 SV=1 - [C4QX33_PICPG]

3.76

1089

120.4

Aldehyde dehydrogenase OS=Komagataella pastoris (strain GS115 / ATCC
20864) GN=PAS_chr1-4_0064 PE=3 SV=1 - [C4QXC1_PICPG]

6.05

512

57.6

NAD(+)-dependent glutamate synthase (GOGAT) OS=Komagataella pastoris
(strain GS115 / ATCC 20864) GN=PAS_chr3_1024 PE=4 SV=1 -
[C4R6A0_PICPG]

1.64

2138

236.7

3-hydroxyisobutyryl-CoA hydrolase, member of a family of enoyl-CoA
hydratase/isomerases OS=Komagataella pastoris (strain GS115 / ATCC 20864)

3.57

504

56.4

185
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GN=PAS_chr3_0937 PE=4 SV=1 - [C4R612_PICPG]

Co-chaperone that stimulates the ATPase activity of the HSP70 protein Ssclp
OS=Komagataella pastoris (strain GS115 / ATCC 20864) GN=PAS_chr2-2_0323
PE=3 SV=1 - [C4R259_PICPG]

7.72

492

53.1

Glutamine-dependent NAD(+) synthetase OS=Komagataella pastoris (strain
GS115 / ATCC 20864) GN=PAS_chr4_0233 PE=4 SV=1 - [C4R789_PICPG]

3.93

712

80.4

Plasma membrane protein involved in remodeling GPI anchors OS=Komagataella
pastoris (strain GS115 / ATCC 20864) GN=PAS_chr1-1_0069 PE=4 SV=1 -
[C4QWO05_PICPG]

4.04

569

66.8

Clathrin heavy chain OS=Komagataella pastoris (strain GS115 / ATCC 20864)
GN=PAS_chr1-4_0546 PE=3 SV=1 - [C4QYS8_PICPG]

1.21

1656

187.1

Uncharacterized protein OS=Komagataella pastoris (strain GS115 / ATCC 20864)
GN=PAS_chr3_1234 PE=4 SV=1 - [C4R5U9_PICPG]

9.49

390

44.0

Non-essential intracellular esterase that can function as an S-formylglutathione
hydrolase OS=Komagataella pastoris (strain GS115 / ATCC 20864)
GN=PAS_chr3_0867 PE=4 SV=1 - [C4R5T5_PICPG]

9.36

299

33.3

P-type ATPase, ion transporter of the ER membrane involved in ER function and
Ca2+ homeostasis OS=Komagataella pastoris (strain GS115 / ATCC 20864)
GN=PAS_chr3_0368 PE=3 SV=1 - [C4R4C6_PICPG]

2.96

1217

136.0

Uncharacterized protein OS=Komagataella pastoris (strain GS115 / ATCC 20864)
GN=PAS_chr2-2_0177 PE=4 SV=1 - [C4R2M0_PICPG]

10.74

242

27.2

Uncharacterized protein OS=Komagataella pastoris (strain GS115 / ATCC 20864)
GN=PAS_chr2-1_0735 PE=4 SV=1 - [C4R1L1_PICPG]

10.17

177

20.0

Peripheral membrane protein located at Vid (Vacuole import and degradation)
vesicles OS=Komagataella pastoris (strain GS115 / ATCC 20864)
GN=PAS_chr4_0047 PE=4 SV=1 - [C4R6Q0_PICPG]

15.31

294

33.2

Uncharacterized protein OS=Komagataella pastoris (strain GS115 / ATCC 20864)
GN=PAS_chr2-2_0419 PE=4 SV=1 - [C4R1W6_PICPG]

3.80

526

58.3

Mevalonate pyrophosphate decarboxylase OS=Komagataella pastoris (strain
GS115 / ATCC 20864) GN=PAS_chr1-4_0003 PE=4 SV=1 - [C4QX63_PICPG]

6.28

382

41.9

Component of the septin ring of the mother-bud neck that is required for
cytokinesis OS=Komagataella pastoris (strain GS115 / ATCC 20864)
GN=PAS_chr4_0548 PE=3 SV=1 - [C4R883_PICPG]

3.80

474

54.5

Protein component of the large (60S) ribosomal subunit, nearly identical to
RplI34Bp OS=Komagataella pastoris (strain GS115 / ATCC 20864) GN=PAS_chr1-
4_0239 PE=4 SV=1 - [C4QXV1_PICPG]

12.10

124

14.0

Putative integral membrane protein OS=Komagataella pastoris (strain GS115 /
ATCC 20864) GN=PAS_chr3_1058 PE=4 SV=1 - [C4R6D4_PICPG]

6.92

289

31.7

Subunit VI of cytochrome c oxidase OS=Komagataella pastoris (strain GS115 /
ATCC 20864) GN=PAS_chr3_0824 PE=4 SV=1 - [C4R5P1_PICPG]

15.97

144

16.7

Calnexin OS=Komagataella pastoris (strain GS115 / ATCC 20864) GN=PAS_chr2-
1_0322 PE=3 SV=1 - [C4R0B4_PICPG]

4.96

565

63.0

C-22 sterol desaturase OS=Komagataella pastoris (strain GS115 / ATCC 20864)
GN=PAS_chr3_0507 PE=3 SV=1 - [C4R4R9_PICPG]

3.60

528

60.1

Uncharacterized protein OS=Komagataella pastoris (strain GS115 / ATCC 20864)
GN=PAS_c131_0011 PE=4 SV=1 - [C4R389_PICPG]

15.04

133

14.9

Elongation factor Tu OS=Komagataella pastoris (strain GS115 / ATCC 20864)
GN=PAS_chr3_0562 PE=3 SV=1 - [C4R4X4_PICPG]

7.53

425

46.8

Phospholipid-transporting ATPase OS=Komagataella pastoris (strain GS115 /
ATCC 20864) GN=PAS_chr4_0662 PE=3 SV=1 - [C4R8]5_PICPG]

1.50

1265

143.2

Subunit Va of cytochrome c oxidase OS=Komagataella pastoris (strain GS115 /
ATCC 20864) GN=PAS_chr3_0615 PE=4 SV=1 - [C4R526_PICPG]

15.13

152

17.6

Small COPII coat GTPase SAR1 OS=Komagataella pastoris (strain GS115 / ATCC
20864) GN=SAR1 PE=3 SV=1 - [SAR1_PICPG]

12.11

190

21.7

Protein component of the small (40S) subunit, essential for control of
translational accuracy OS=Komagataella pastoris (strain GS115 / ATCC 20864)
GN=PAS_chr1-4_0589 PE=3 SV=1 - [C4QYX3_PICPG]

5.32

263

28.2

Uncharacterized protein OS=Komagataella pastoris (strain GS115 / ATCC 20864)
GN=PAS_chr3_1020 PE=4 SV=1 - [C4R696_PICPG]

8.71

333

37.9

Alpha-isopropylmalate synthase (2-isopropylmalate synthase) OS=Komagataella
pastoris (strain GS115 / ATCC 20864) GN=PAS_chr2-1_0415 PE=3 SV=1 -
[C4ROL2_PICPG]

2.45

571

63.6

AAA-peroxin that heterodimerizes with AAA-peroxin Pex1p OS=Komagataella
pastoris (strain GS115 / ATCC 20864) GN=PAS_chr1-4_0133 PE=3 SV=1 -
[C4QXI8_PICPG]

1.46

1166

129.1

Cytoplasmic serine/threonine protein kinase OS=Komagataella pastoris (strain
GS115 / ATCC 20864) GN=PAS_chr2-2_0179 PE=3 SV=1 - [C4R2L7_PICPG]

5.23

421

48.0

Uncharacterized protein OS=Komagataella pastoris (strain GS115 / ATCC 20864)
GN=PAS_chr1-1_0252 PE=4 SV=1 - [C4QW]9_PICPG]

10.11

178

19.3

Uncharacterized protein OS=Komagataella pastoris (strain GS115 / ATCC 20864)
GN=PAS_chr1-1_0394 PE=3 SV=1 - [C4QWZ8_PICPG]

3.36

536

60.1

186
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Uncharacterized protein OS=Komagataella pastoris (strain GS115 / ATCC 20864)
GN=PAS_chr3_0104 PE=4 SV=1 - [C4R3]8_PICPG]

9.89

182

21.2

Ribosomal protein 59 of small subunit, required for ribosome assembly and 20S
pre-rRNA processing OS=Komagataella pastoris (strain GS115 / ATCC 20864)
GN=PAS_chr2-1_0481 PE=3 SV=1 - [C4R0T7_PICPG]

16.67

144

GTP binding protein (Mammalian Ranp homolog) OS=Komagataella pastoris
(strain GS115 / ATCC 20864) GN=PAS_chr2-1_0449 PE=4 SV=1 -
[C4R0Q2_PICPG]

8.45

213

24.1

Mitochondrial ribosomal protein of the small subunit OS=Komagataella pastoris
(strain GS115 / ATCC 20864) GN=PAS_chr2-1_0384 PE=3 SV=1 -
[C4R0I2_PICPG]

7.38

298

35.0

Transcription factor OS=Komagataella pastoris (strain GS115 / ATCC 20864)
GN=PAS_chr3_0393 PE=4 SV=1 - [C4R4F4_PICPG]

4.15

603

67.9

Co-chaperone that binds to Hsp82p and activates its ATPase activity
OS=Komagataella pastoris (strain GS115 / ATCC 20864) GN=PAS_chr1-4_0072
PE=4 SV=1 - [C4QXC8_PICPG]

8.38

334

37.5

Protein component of the small (40S) ribosomal subunit OS=Komagataella
pastoris (strain GS115 / ATCC 20864) GN=PAS_chr2-1_0482 PE=3 SV=1 -
[C4ROT8_PICPG]

13.08

130

14.6

Uncharacterized protein OS=Komagataella pastoris (strain GS115 / ATCC 20864)
GN=PAS_chr3_1167 PE=3 SV=1 - [C4R3X9_PICPG]

7.88

203

22.6

Uncharacterized protein OS=Komagataella pastoris (strain GS115 / ATCC 20864)
GN=PAS_chr3_0362 PE=4 SV=1 - [C4R4B9_PICPG]

8.42

285

32.6

Uncharacterized protein OS=Komagataella pastoris (strain GS115 / ATCC 20864)
GN=PAS_chr4_0787 PE=4 SV=1 - [C4R8X8_PICPG]

7.42

310

35.6

Uncharacterized protein OS=Komagataella pastoris (strain GS115 / ATCC 20864)
GN=PAS_chr4_0956 PE=4 SV=1 - [C4R7R1_PICPG]

7.74

310

36.3

Mitochondrial peroxiredoxin (1-Cys Prx) with thioredoxin peroxidase activity
0OS=Komagataella pastoris (strain GS115 / ATCC 20864) GN=PAS_chr1-1_0433
PE=4 SV=1 - [C4QX37_PICPG]

8.41

226

25.1

40S ribosomal protein S4 OS=Komagataella pastoris (strain GS115 / ATCC
20864) GN=PAS_chr4_0246 PE=3 SV=1 - [C4R7A1_PICPG]

6.03

282

31.7

Beta 5 subunit of the 20S proteasome, responsible for the chymotryptic activity
of the proteasome OS=Komagataella pastoris (strain GS115 / ATCC 20864)
GN=PAS_chr4_0668 PE=3 SV=1 - [C4R8K2_PICPG]

9.96

281

31.1

Uncharacterized protein OS=Komagataella pastoris (strain GS115 / ATCC 20864)
GN=PAS_c121_0014 PE=4 SV=1 - [C4QZ54_PICPG]

13.66

161

18.6

Ribosomal protein 28 (Rp28) of the small (40S) ribosomal subunit
0OS=Komagataella pastoris (strain GS115 / ATCC 20864) GN=PAS_chr4_0348
PE=3 SV=1 - [C4R7L7_PICPG]

11.03

145

Nucleolar protein involved in pre-rRNA processing OS=Komagataella pastoris
(strain GS115 / ATCC 20864) GN=PAS_chr3_0110 PE=4 SV=1 -
[C4R3K4_PICPG]

3.67

654

75.9

Histone deacetylase OS=Komagataella pastoris (strain GS115 / ATCC 20864)
GN=PAS_chr2-2_0016 PE=3 SV=1 - [C4R347_PICPG]

5.41

462

52.8

Protein involved in negative regulation of transcription of iron regulon
OS=Komagataella pastoris (strain GS115 / ATCC 20864) GN=PAS_chr1-1_0111
PE=3 SV=1 - [C4QW50_PICPG]

2.81

711

79.2

Fructose 1,6-bisphosphate aldolase, required for glycolysis and gluconeogenesis
OS=Komagataella pastoris (strain GS115 / ATCC 20864) GN=PAS_chr1-1_0319
PE=4 SV=1 - [C4QWS2_PICPG]

4.82

353

38.9

ATPase of the ATP-binding cassette (ABC) family involved in 40S and 60S
ribosome biogenesis OS=Komagataella pastoris (strain GS115 / ATCC 20864)
GN=PAS_chr3_0918 PE=3 SV=1 - [C4R5Z1_PICPG]

3.16

601

67.3

E1 beta subunit of the pyruvate dehydrogenase (PDH) complex
0OS=Komagataella pastoris (strain GS115 / ATCC 20864) GN=PAS_chr1-4_0593
PE=4 SV=1 - [C4QYX8_PICPG]

7.12

365

39.6

DNA helicase OS=Komagataella pastoris (strain GS115 / ATCC 20864)
GN=PAS_chr4_0891 PE=3 SV=1 - [C4R986_PICPG]

3.15

794

89.5

Acetyl-coenzyme A synthetase OS=Komagataella pastoris (strain GS115 / ATCC
20864) GN=PAS_chr2-1_0767 PE=3 SV=1 - [C4R1P7_PICPG]

668

73.9

Mitochondrial peripheral inner membrane protein OS=Komagataella pastoris
(strain GS115 / ATCC 20864) GN=PAS_chr1-3_0208 PE=4 SV=1 -
[C4QVI9_PICPG]

2.63

494

56.8

Protein component of the small (40S) ribosomal subunit OS=Komagataella
pastoris (strain GS115 / ATCC 20864) GN=PAS_chr4_0414 PE=3 SV=1 -
[C4R7T8_PICPG]

14.29

147

16.4

Nucleolar protein, component of the small subunit (SSU) processome containing
the U3 snoRNA OS=Komagataella pastoris (strain GS115 / ATCC 20864)
GN=PAS_chr4_0667 PE=4 SV=1 - [C4R8KO0_PICPG]

2.08

864

98.9

NADH-cytochrome b5 reductase OS=Komagataella pastoris (strain GS115 / ATCC

6.23

305

34.6

187
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20864) GN=PAS_chr2-1_0199 PE=3 SV=1 - [C4QZY3_PICPG]

Protein component of the large (60S) ribosomal subunit, has similarity to rat L30  16.82 107  11.6
ribosomal protein OS=Komagataella pastoris (strain GS115 / ATCC 20864)

GN=PAS_chr2-1_0087 PE=3 SV=1 - [C4QZL4_PICPG]

Protein component of the large (60S) ribosomal subunit, nearly identical to 9.84 244 27.9
Rpl7Ap and has similarit OS=Komagataella pastoris (strain GS115 / ATCC 20864)

GN=PAS_chr2-1_0022 PE=4 SV=1 - [C4QZE7_PICPG]

Glycerol-3-phosphate dehydrogenase OS=Komagataella pastoris (strain GS115/  1.95 667 74.2
ATCC 20864) GN=PAS_chr3_0579 PE=3 SV=1 - [C4R4Z1_PICPG]

Uncharacterized protein OS=Komagataella pastoris (strain GS115 / ATCC 20864) 3.34 539 60.6
GN=PAS_chr3_0029 PE=4 SV=1 - [C4R3C3_PICPG]

Subunit of the SAGA and SAGA-like transcriptional regulatory complexes, 5.57 341 38.9

interacts with Spt15p to act OS=Komagataella pastoris (strain GS115 / ATCC
20864) GN=PAS_chr3_0051 PE=4 SV=1 - [C4R3E4_PICPG]

A4.Mass spectrometry results of the 70 kDa band of the AfPDR8 CBP-AC elution

fraction. The table lists the accession numbers of the detected proteins, the number of

the identified peptides and the coverage. Furthermore the molecular weight of the

detected proteins is listed as well as the number of amino acids.

Accession Description Coverage ieL:)rt]ilgg: [L’:;/Z ]

AtPDR8 AtPDR8_HIS GN=AtPDR8_HIS PE=1 SV=1 - [AtPDR8_HIS] 40.97 103 170.7

C4R8V1 Ubiquitin OS=Komagataella pastoris (strain GS115 / ATCC 20864) 72.26 10 34.8
GN=PAS_chr4_0762 PE=4 SV=1 - [C4R8V1_PICPG]

C4R3X8 ATPase involved in protein folding and the response to stress OS=Komagataella 37.29 22 70.7
pastoris (strain GS115 / ATCC 20864) GN=PAS_chr3_0230 PE=3 SV=1 -
[C4R3X8_PICPG]

C4R5Q0 Transketolase, similar to Tkl2p OS=Komagataella pastoris (strain GS115 / ATCC 20.79 12 78.5
20864) GN=PAS_chr3_0834 PE=4 SV=1 - [C4R5Q0_PICPG]

C4R4H7 Serine/threonine-protein phosphatase OS=Komagataella pastoris (strain GS115 / 23.83 18 66.3
ATCC 20864) GN=PAS_chr3_0414 PE=3 SV=1 - [C4R4H7_PICPG]

C4R418 Mitochondrial amino acid transporter OS=Komagataella pastoris (strain GS115 / 18.57 12 77.9
ATCC 20864) GN=PAS_chr3_0434 PE=3 SV=1 - [C4R4]8_PICPG]

C4R697 D-lactate dehydrogenase, oxidizes D-lactate to pyruvate, transcription is heme- 18.31 11 644
dependent OS=Komagataella pastoris (strain GS115 / ATCC 20864)
GN=PAS_chr3_1021 PE=4 SV=1 - [C4R697_PICPG]

C4R708 Tetradecameric mitochondrial chaperonin OS=Komagataella pastoris (strain GS115 22.07 12 60.2
/ ATCC 20864) GN=PAS_chr4_0158 PE=3 SV=1 - [C4R708_PICPG]

C4R4D1 Uncharacterized protein OS=Komagataella pastoris (strain GS115 / ATCC 20864) 13.51 10 71.8
GN=PAS_chr3_0374 PE=4 SV=1 - [C4R4D1_PICPG]

C4ROW4 Uncharacterized protein OS=Komagataella pastoris (strain GS115 / ATCC 20864) 21.33 9 56.8
GN=PAS_chr2-1_0853 PE=3 SV=1 - [C4ROW4_PICPG]

C4QXI5 Heat shock protein Hsp90 OS=Komagataella pastoris (strain GS115 / ATCC 20864) 11.61 8 80.9
GN=PAS_chr1-4_0130 PE=3 SV=1 - [C4QXI5_PICPG]

C4R7I1 Uncharacterized protein OS=Komagataella pastoris (strain GS115 / ATCC 20864) 15.67 6 52.7
GN=PAS_chr4_0945 PE=4 SV=1 - [C4R7I1_PICPG]

P04842 Alcohol oxidase 1 OS=Komagataella pastoris (strain GS115 / ATCC 20864) 11.01 8 739
GN=AOX1 PE=1 SV=2 - [ALOX1_PICPG]

C4R8MO0 Vacuolar carboxypeptidase yscS OS=Komagataella pastoris (strain GS115 / ATCC 13.71 7 658
20864) GN=PAS_chr4_0686 PE=4 SV=1 - [C4R8M0_PICPG]

C4R1R9 Long chain fatty acyl-CoA synthetase with a preference for C12:0-C16:0 fatty acids 12.84 8 783
0OS=Komagataella pastoris (strain GS115 / ATCC 20864) GN=PAS_chr2-1_0785
PE=4 SV=1 - [C4R1R9_PICPG]

C4R5P8 Transketolase, similar to Tkl2p OS=Komagataella pastoris (strain GS115 / ATCC 9.19 2 788
20864) GN=PAS_chr3_0832 PE=4 SV=1 - [C4R5P8_PICPG]

C4R938 Protein disulfide isomerase, multifunctional protein resident in the endoplasmic 12.74 5 526
reticulum lumen OS=Komagataella pastoris (strain GS115 / ATCC 20864)
GN=PAS_chr4_0844 PE=3 SV=1 - [C4R938_PICPG]

C4R8S1 Succinate dehydrogenase [ubiquinone] flavoprotein subunit, mitochondrial 8.16 5 70.2
OS=Komagataella pastoris (strain GS115 / ATCC 20864) GN=PAS_chr4_0733 PE=3
SV=1 - [C4R8S1_PICPG]

C4R773 Vacuolar cation channel OS=Komagataella pastoris (strain GS115 / ATCC 20864) 8.07 6 738

GN=PAS_chr4_0220 PE=4 SV=1 - [C4R773_PICPG]
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C4R5E4 Cytoplasmic ATPase that is a ribosome-associated molecular chaperone 7.67 4 66.5
OS=Komagataella pastoris (strain GS115 / ATCC 20864) GN=PAS_chr3_0731 PE=3
SV=1 - [C4R5E4_PICPG]

C4R1Q2 Phosphoglucomutase, catalyzes interconversion of glucose-1-phosphate and 8.71 6 67.1
glucose-6-phospate OS=Komagataella pastoris (strain GS115 / ATCC 20864)
GN=PAS_chr2-1_0771 PE=3 SV=1 - [C4R1Q2_PICPG]

C4R9F2 Nuclear protein localization protein OS=Komagataella pastoris (strain GS115 / ATCC 7.37 5 63.8
20864) GN=PAS_c034_0030 PE=4 SV=1 - [C4R9F2_PICPG]
C4QXF2 Cytoplasmic aspartyl-tRNA synthetase, homodimeric enzyme OS=Komagataella 9.19 5 63.0

pastoris (strain GS115 / ATCC 20864) GN=PAS_chr1-4_0095 PE=3 SV=1 -
[C4QXF2_PICPG]

C4R404 Acetyl-coA hydrolase OS=Komagataella pastoris (strain GS115 / ATCC 20864) 3.82 4 58.2
GN=PAS_chr3_0253 PE=4 SV=1 - [C4R404_PICPG]
C4R6R6 Protein involved in synthesis of the thiamine hydroxymethylpyrimidine (HMP) 10.88 4 382

OS=Komagataella pastoris (strain GS115 / ATCC 20864) GN=PAS_chr4_0065 PE=4
SV=1 - [C4R6R6_PICPG]
C4R090 Protein involved in proteasome-dependent catabolite degradation of fructose-1,6- 6.68 4 64.0
bisphosphatase OS=Komagataella pastoris (strain GS115 / ATCC 20864)
GN=PAS_chr2-1_0299 PE=4 SV=1 - [C4R090_PICPG]

C4R4Y8 ATP synthase subunit alpha OS=Komagataella pastoris (strain GS115 / ATCC 6.23 3 587
20864) GN=PAS_chr3_0576 PE=3 SV=1 - [C4R4Y8_PICPG]

C4R3K5 Restriction of telomere capping protein 5 OS=Komagataella pastoris (strain GS115 / 5.72 3 65.2
ATCC 20864) GN=RTC5 PE=3 SV=1 - [RTC5_PICPG]

C4ROH8 Protein involved in nuclear export of the large ribosomal subunit OS=Komagataella 5.14 2 574

pastoris (strain GS115 / ATCC 20864) GN=PAS_chr2-1_0380 PE=4 SV=1 -
[C4ROH8_PICPG]
C4QWZ4 Cytosolic asparaginyl-tRNA synthetase, required for protein synthesis 5.99 3 614
OS=Komagataella pastoris (strain GS115 / ATCC 20864) GN=PAS_chr1-1_0390
PE=3 SV=1 - [C4QWZ4_PICPG]

C4R1J1 5-aminolevulinate synthase OS=Komagataella pastoris (strain GS115 / ATCC 20864) 7.14 3 615
GN=PAS_chr2-1_0716 PE=3 SV=1 - [C4R1]1_PICPG]
C4R1Z2 Mitochondrial porin (Voltage-dependent anion channel), outer membrane protein 16.25 4 29.6

OS=Komagataella pastoris (strain GS115 / ATCC 20864) GN=PAS_chr2-2_0392
PE=4 SV=1 - [C4R1Z2_PICPG]

C4R1X5 Uncharacterized protein OS=Komagataella pastoris (strain GS115 / ATCC 20864) 6.83 3 64.8
GN=PAS_chr2-2_0496 PE=3 SV=1 - [C4R1X5_PICPG]
C4R560 Thiazole synthase, catalyzes formation of the thiazole moiety of thiamin 4.93 3 37.0

pyrophosphate OS=Komagataella pastoris (strain GS115 / ATCC 20864)
GN=PAS_chr3_0648 PE=3 SV=1 - [C4R560_PICPG]

C4R605 Phosphoinositide binding protein required for vesicle formation in autophagy 4.24 3 59.9
OS=Komagataella pastoris (strain GS115 / ATCC 20864) GN=PAS_chr3_0931 PE=4
SV=1 - [C4R605_PICPG]

C4ROL2 Alpha-isopropylmalate synthase (2-isopropylmalate synthase) OS=Komagataella 4.55 3 63.6
pastoris (strain GS115 / ATCC 20864) GN=PAS_chr2-1_0415 PE=3 SV=1 -
[C4ROL2_PICPG]

C4R6H6 Phosphoesterase involved in downregulation of the unfolded protein response 4.66 3 66.1
OS=Komagataella pastoris (strain GS115 / ATCC 20864) GN=PAS_chr3_1097 PE=4
SV=1 - [C4R6H6_PICPG]

C4QVE8 Uncharacterized protein OS=Komagataella pastoris (strain GS115 / ATCC 20864) 2.56 2 719
GN=PAS_chr1-3_0160 PE=4 SV=1 - [C4QVE8_PICPG]

C4R3C3 Uncharacterized protein OS=Komagataella pastoris (strain GS115 / ATCC 20864) 3.34 2  60.6
GN=PAS_chr3_0029 PE=4 SV=1 - [C4R3C3_PICPG]

C4QZN4 Shuttling pre-60S factor OS=Komagataella pastoris (strain GS115 / ATCC 20864) 3.67 3 593
GN=PAS_chr2-1_0105 PE=4 SV=1 - [C4QZN4_PICPG]

C4R1W6 Uncharacterized protein OS=Komagataella pastoris (strain GS115 / ATCC 20864) 3.42 2 583
GN=PAS_chr2-2_0419 PE=4 SV=1 - [C4R1W6_PICPG]

C4R6Z1 ATP-dependent DEAD (Asp-Glu-Ala-Asp)-box RNA helicase OS=Komagataella 4.29 2 66.4

pastoris (strain GS115 / ATCC 20864) GN=PAS_chr4_0140 PE=3 SV=1 -
[C4R6Z1_PICPG]
C4R9A4 Subunit of the NuA3 histone acetyltransferase complex that acetylates histone H3 3.86 2 719
OS=Komagataella pastoris (strain GS115 / ATCC 20864) GN=PAS_FragD_0029
PE=4 SV=1 - [C4R9A4_PICPG]

C4R153 Uncharacterized protein OS=Komagataella pastoris (strain GS115 / ATCC 20864) 4.07 2 68.8
GN=PAS_chr2-1_0590 PE=4 SV=1 - [C4R153_PICPG]

C4R2S1 Catalase OS=Komagataella pastoris (strain GS115 / ATCC 20864) GN=PAS_chr2- 4.71 2 57.8
2_0131 PE=3 SV=1 - [C4R2S1_PICPG]

C4QXD6 Fatty acid transporter and very long-chain fatty acyl-CoA synthetase 2.39 2 722

OS=Komagataella pastoris (strain GS115 / ATCC 20864) GN=PAS_chr1-4_0080
PE=4 SV=1 - [C4QXD6_PICPG]

C4R606 NAD(+)-dependent formate dehydrogenase, may protect cells from exogenous 5.21 2 403
formate OS=Komagataella pastoris (strain GS115 / ATCC 20864)
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C4Qz28

C4R6T1
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GN=PAS_chr3_0932 PE=3 SV=1 - [C4R606_PICPG]

Uncharacterized protein OS=Komagataella pastoris (strain GS115 / ATCC 20864) 3.44 79.5
GN=PAS_chr2-1_0456 PE=3 SV=1 - [C4R0Q9_PICPG]

Beta subunit of cytoplasmic phenylalanyl-tRNA synthetase, forms a tetramer with 4.24 66.1
Frs2p to generate ac OS=Komagataella pastoris (strain GS115 / ATCC 20864)

GN=PAS_chr3_0144 PE=4 SV=1 - [C4R3N8_PICPG]

Cystathionine gamma-synthase, converts cysteine into cystathionine 4.07 66.5
OS=Komagataella pastoris (strain GS115 / ATCC 20864) GN=PAS_chr2-1_0752

PE=3 SV=1 - [C4R1M9_PICPG]

Actin-interacting protein OS=Komagataella pastoris (strain GS115 / ATCC 20864) 3.85 62.3
GN=PAS_chr1-4_0641 PE=4 SV=1 - [C4QZ28_PICPG]

Uncharacterized protein OS=Komagataella pastoris (strain GS115 / ATCC 20864) 5.10 45.2

GN=PAS_chr4_0080 PE=4 SV=1 - [C4R6T1_PICPG]

190



