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“Progress is made by trial and failure; the failures are generally a hundred times more numerous

than the successes; yet they are usually left unchronicled.”

William Ramsay



Abstract

The overexpression of ATP-binding cassette (ABC) transporters is one of the main
mechanisms that result in the phenomenon of multidrug resistance (MDR) existing across all
organisms from man to bacteria. In Saccharomyces cerevisiae, the ABC transporters of the
pleiotropic drug resistance (PDR) network are often involved in conferring MDR by lowering the
cytosolic concentration of cytotoxic compounds. The key player of this network is Pdr5, a full-size
ABC transporter that was discovered thirty years ago as a gene which’s gene product confers
cycloheximide resistance. Since then it has become an important model to study MDR in fungi,
especially since its homologues like Cdrl from pathogenic Candida albicans are conferring
resistance towards the most commonly clinically used antifungals.

Mutational studies of Pdr5 mapped several key residues that are important for either its
ATPase or transport activity. However, since it was not possible to investigate this efflux pump in
an isolated form, many aspects of the molecular mechanism of the transport process remained
elusive. Therefore, in a first step, a purification protocol was established that enabled in-depth
biochemical, biophysical and structural analysis of Pdr5. It could be demonstrated that the
detergent purified Pdr5 exhibits identical NTPase characteristics compared to Pdr5 located in the
plasma membrane. Remarkably, using an electrophysiological approach, we could show that Pdr5
reconstituted into a planar lipid bilayer acts as a drug/proton symporter and can conduct ion
currents. This has not been demonstrated for any other ABC exporter before.

Pdr5 belongs to the class of asymmetric ABC transporters that possess a degenerate
nucleotide binding site (NBS). Mutational studies demonstrated that this degeneration is of
crucial importance for the functionality of the protein. Based on the established purification
protocol it was possible to perform structural analysis of Pdr5 using single particle cryo electron
microscopy (cryo-EM). During this doctoral research, we were able to obtain the first electron
density maps and the resulting model structure of Pdr5 in its apo and occluded state. This allowed
to propose a mechanistic model that explains how the degenerate NBS forms the structural basis
for the transport process, which does not fully follow the classical ‘alternating access model’ but
rather indicates a ‘twist-like’ conformational shift of Pdr5 during the substrate efflux. Finally,

based on the biochemical and biophysical data combined with the proposed transport model, it
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can be concluded that cycloheximide, which initially led to the discovery of the ABC transporter
Pdr5, might in fact not be a real substrate of Pdr5, but the observed cycloheximide-resistance is

a byproduct of the proton pumping properties of Pdr5.



Zusammenfassung

Die Uberexpression von ATP-binding cassette (ABC) Transportern ist einer der
Hauptmechanismen, der in dem Phanomen der Multidrogenresistenz (MDR) resultiert und das in
allen Organismen vom Menschen bis zur Bakterie existiert. In Saccharomyces cerevisiae sind die
ABC Transporter des pleiotropen Drogenresistenz (PDR) Netzwerkes oft in die Vermittlung von
MDR involviert, indem sie die zytosolische Konzentration zytotoxischer Stoffe reduzieren. Der
Hauptakteur dieses Netzwerkes ist Pdr5, ein volllangen ABC Transporter, der vor dreiBig Jahren
als Gen entdeckt wurde, dessen Genprodukt Resistenz gegen Cycloheximid vermittelt. Seitdem
ist es zu einem wichtigen Modell geworden, um MDR in Fungi zu untersuchen, vor allem, da seine
Homologe wie Cdrl von pathogenen Candida albicans Resistenz gegen die Ublicherweise klinisch
eingesetzten Fungizide vermitteln.

Mutationsstudien mit Pdr5 haben mehrere Schliissel-Aminosduren aufgezeigt, die wichtig
sind fir entweder seine ATPase- oder Transportaktivitat. Dennoch, da es nicht méglich war diese
Effluxpumpe in isolierter Form zu studieren, blieben viele Aspekte des molekularen Mechanismus
des Transportprozesses ungeklart. Folglich wurde in einem ersten Schritt ein Protokoll zur
Reinigung des Proteins etabliert, das die tiefgehende biochemische, biophysische und strukturelle
Analyse von Pdr5 ermoglicht. Es konnte gezeigt werden, dass das Detergenz-gereinigte Pdr5
identische NTPase Eigenschaften aufweist wie Pdr5, das in der Plasmamembran lokalisiert ist.
Bemerkenswerterweise konnten wir mit einem elektrophysiologischen Ansatz zeigen, dass Pdr5
rekonstituiert in eine planare Lipid-Doppelschicht als Drogen/Proton Symporter agiert und
lonenstrome leiten kann. Dies wurde noch fiir keinen anderen ABC Exporter zuvor demonstriert.

Pdr5 gehort zu der Klasse der asymmetrischen ABC Transporter, die eine degenerierte
Nukleotidbindestelle (NBS) besitzen. Mutationsstudien zeigten, dass diese Degeneration von
duBerster Wichtigkeit flir die Funktionalitdt des Proteins ist. Basierend auf dem etablierten
Protokoll fir die Reinigung, war es moglich, Pdr5 strukturanalytisch mittels Einzelpartikel
Kryoelektronenmikroskopie (cryo-EM) zu untersuchen. Wahrend dieser Doktorarbeit konnten wir
die ersten Elektronendichtekarten und die daraus resultierende Modellstruktur von Pdr5 in seiner
apo und geschlossenen Form erhalten. Dies erlaubte ein mechanistisches Modell vorzuschlagen,

das erklart, wie die degenerierte NBS die strukturelle Basis flir den Transportprozess bildet,
1
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welcher nicht vollstdandig dem klassischen ,,abwechselnden Zugangsmodell” folgt, sondern eher
auf eine drehungsdhnliche Konformationsdanderung von Pdr5 wahrend des Substrateffluxes
hindeutet. AbschlieBend, basierend auf den biochemischen und biophysischen Daten zusammen
mit dem vorgeschlagenen Transportmodell, kann geschlussfolgert werden, dass Cycloheximid,
welches initial zu der Entdeckung des ABC Transporters Pdr5 gefihrt hat, tatsachlich kein echtes
Substrat von Pdr5 ist, sondern die beobachtete Cycloheximidresistenz ein Nebenprodukt der

Eigenschaft Pdr5 ist, Protonen zu pumpen.
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1. Introduction

1.1 Membrane transport

Biological membranes protect cells from all kind of environmental stress and its integrity
is crucial for cell survival (Cocucci et al., 2017; Engelman, 2005). However, they form also a barrier
against solutes and molecules that the cell needs in order to survive and to proliferate. Therefore,
it is necessary to enable the uptake of these compounds as well as to ensure the efflux of toxic
molecules out of the cell. Depending on the chemical and structural characteristics of the
molecules, different kinds of transport processes across the membrane can take place (Cocucci
etal., 2017; Sugano et al., 2010). In general, membrane transport can occur in two different ways:
active or passive. Small nonpolar molecules like oxygen can passively diffuse over the membrane
along the concentration gradient, while larger and polar or charged molecules need carrier
proteins in order to pass this barrier (Cocucci et al., 2017). Channel proteins interact more weakly
with their substrates and therefore are able to transport significantly faster compared to carriers.
As depicted in Figure 1, passive transport occurs as diffusion of small nonpolar molecules or as
facilitated diffusion by channels or pores as in the case for hydrogen peroxide by aquaporins or
various cell metabolites across all organisms (Bienert et al., 2007; Neuhaus and Wagner, 2000).
These channels or pores can be voltage-, ligand-gated or mechanosensitive (Armstrong and Hille,
1998; Perozo et al., 2002). Carrier-mediated active membrane transport can be subdivided into
secondary and primary active transport. In the case of primary active transport, the carrier or
pump utilizes an energy source like ATP or light in order to translocate the substrate across the
membrane, which can also occur in an uphill manner, i.e. against the concentration gradient of
the substrate. Secondary transporters like antiporters or symporters use co-substrates that are
transported unidirectional (symporter) or in opposing directions (antiporter) (Cocucci et al., 2017;
Saier, 2000). The largest family of secondary active transporters is the major facilitator
superfamily (MFS) consisting of more than 70 subfamilies. They transport a huge variety of
different substrates ranging from ions over lipids to peptides (Yan, 2013). One of the most famous
families of primary active transporters are the ATP binding cassette (ABC) transporters that

energize the substrate transport by binding and hydrolyzing ATP. Like the MFS transporters, ABC
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transporters are found in all kingdoms of life (Higgins, 2001). Other transport ATPases like P-type

ATPases catalyze the translocation of lipids or cations (Bublitz et al., 2011).

Carrier-mediated active transport

Passive transport Secondary transporters Primary transporters
A *
| A e e *
® o 00 | o A mE ]
®
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Lebiebitel feleletataleetal @aeee0s00 Y el : ‘,. [Meeennponed

® O O A - < N
®
ATP ADP+P,
Passive diffusion Channel/pore Uniporter Symporter Antiporter ATPase

Figure 1 Schematic overview of the membrane transport types. Passive transport occur either
by diffusion or facilitated by channel or pore proteins. Carrier-mediated active transport is divided
into primary and secondary active transport (based on (Cocucci et al., 2017; Saier, 2000) and
created with BioRender).

1.2  Structure of ABC transporters

ABC transporters are ubiquitous integral membrane proteins that serve a variety of
physiological roles. Depending on the direction of transport, they are divided in two subclasses:
ABC importers and exporters. However, the former are in general only present in prokaryotes
while ABC exporters are found in all organisms (Higgins, 2001; Hollenstein et al., 2007; Locher,
2016). Although ABC transporters are highly diverse in their physiological roles, they all share a
similar structural blueprint. A functional unit consists of four domains that are either located in
one molecule (full-size transporter) or separated in two monomers (half-size transporters): two
transmembrane domains (TMDs) and two nucleotide binding domains (NBDs). The latter are the
motor-domains of the ABC transporter that bind and hydrolyze ATP and are thought to thereby
give the power stroke that is necessary to translocate the substrate across the lipid bilayer

(Oswald et al., 2006). These domains share an overall high sequence similarity and consist of
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characteristic and conserved sequence motifs that are necessary to bind and hydrolyze the
nucleotides: Walker A (consensus sequence GXXGXGKST, where X is any amino acid), C-loop
(consensus sequence LSGGQ), Walker B (consensus sequence ¢ ¢ ¢ @DE, where @ is any
hydrophobic amino acid) and additionally the H-loop, Q-loop and D-loop. In the presence of ATP
the two NBDs dimerize and form two nucleotide binding sites (NBDs) in which the C-loop of one
NBD interacts with the sequence motifs of the second NBD and vice versa (Jones and George,
2013; Oswald et al., 2006).

While there is a high sequence identity within the NBDs throughout the ABC transporter
family, the TMDs have low sequence similarity which reflects the substrate diversity of these
proteins. The highly hydrophobic TMDs each consist typically of six membrane spanning
transmembrane helices (TMHs) although there are examples for 5 up to 11 helices per domain
(Biemans-Oldehinkel et al., 2006; Oldham et al., 2008).

Prokaryotic ABC importers consist additionally of a substrate binding protein (SBP) which are
located in the periplasmic or extracellular space (see Figure 2) and are necessary for the uptake

process as they guide the substrate to the TMDs (Biemans-Oldehinkel et al., 2006).

ABC importer ABC exporter

Type | Type Il Type | Type ll
ModBC-A BtuCD-F TM287/288 ABCG5/ABCGB

Figure 2 Structures of ABC transporters. Depending on their fold, ABC importers and exporters
are subdivided into type | (e.g. ModBC-A, TM287/288) and type Il (e.g. BtuCD-F, ABCG5/ABCGS8)
(created with BioRender based on (Lee et al., 2016)).
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Structures of membrane proteins are rare compared to their soluble counterparts.
However, especially since the “resolution revolution” in cryo EM began, more and more
structures of ABC transporters are solved using this technique (ElImlund et al., 2017). The first
structure of an ABC exporter was Sav1866 from Staphylococcus aureus (Dawson and Locher,
2006). Since then, it took ten years until it became clear that there are more than one type of
exporters similar to the situation of ABC import systems (Figure 2). The structure of the human
sterol transporter ABCG5/ABCG8 shows a different fold compared to all other ABC transporters
that were determined to that date. Interestingly, it has similarities to type Il importers in which
coupling helices only interact within one monomer unit, i.e. NBD1 with TMD1 and NBD2 with
TMD2 (Lee et al., 2016).The human multidrug transporter ABCG2 has a similar overall fold as
ABCG5/ABCG8 which might indicate that exporters of the ABCG subfamily of ABC transporters

might share this feature (Paumi et al., 2009; Taylor et al., 2017).

1.3  Models, functions and mechanisms of ABC transporters

ABC transporters fulfill a broad variety of different functions within a cell, ranging from
nutrition uptake in bacteria, maintenance of the lipid bilayer asymmetry to efflux of toxic
compounds (Locher, 2016; Schmitt and Tampe, 2002). Despite this diversity in function, the
known structures of importers and exporters as well as biochemical data proof that the
translocation process is coupled to the catalytical process of ATP binding and hydrolysis (Oldham
et al., 2008). The mechanism of ATP binding, dimerization of the NBDs and ATP hydrolysis is rather
well-understood thanks to structural data of purified NBDs (Oswald et al., 2006). On the other
hand, little is known about how the released energy of ATP hydrolysis is transferred to induce the
movement of the TMDs or to enable the release of the substrate. Mutational and structural
studies point towards several key residues on the transmission interface between the TMDs and
NBDs especially of the Q-loops in the NBDs and intracellular loops (ICLs) of the TMDs
(Ananthaswamy et al., 2010; Oancea et al., 2009; Sauna et al., 2008). There is an ongoing debate
whether the hydrolysis or the binding of ATP to the NBDs is the conformational change inducing
step. In the ATP switch model the NBDs dimerize upon ATP binding which induces the

conformational change in the TMDs. The subsequent ATP hydrolysis resets the transporter and
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leads to the separation of the NBD dimer (Higgins and Linton, 2004). However, the limited amount
of structures of ABC pumps in the different conformations that they undergo during a pump cycle
makes it difficult to elucidate this question.

Starting from the catalytic ATPase mechanism, over the transmission interface between
NBDs and TMDs, there are several models for the translocation mechanism. The importance of
understanding the molecular mechanisms of transport results from diverse physiological
functions of ABC transporters. Especially diseases caused by pathogenic organisms that are
resistant towards drugs by the means of multidrug resistance (MDR) ABC transporters or that are
caused by malfunctioning of human ABC transporters that are involved in cellular processes like
membrane homeostasis (Borst and Elferink, 2002; Jungwirth and Kuchler, 2006; Prescher et al.,
2019). The most prominent model regarding the overall mechanism for ABC transporters is the
alternating two-site access model (Jardetzky, 1966). The basis of this model are two major
conformations of the membrane protein: the inward-facing conformation and the outward-facing
conformation. In the inward-facing conformation, the NBDs of an ABC exporter are monomeric,
i.e. no ATP is bound while the high affinity substrate binding pocket is accessible from the cytosol.
Upon substrate and ATP binding, the NBDs dimerize and drive a conformational change of the
TMDs to the outward-facing conformation that result in the exposure of the substrate to the
extracellular space in the low affinity binding pocket. As the ATP switch model proposes, the
hydrolysis of ATP leads to the return to monomeric NBDs and therefore the inward-facing
conformation (Higgins and Linton, 2004; Hollenstein et al., 2007).

Although this model is widely used to explain the mechanism of ABC transporters, it has
its limitations. In the case of lipid transporters for example, it is unlikely that a protein could
transport such a highly hydrophobic substrate through a mostly hydrophilic and water filled
translocation channel across a membrane. Therefore, it is questionable if these transporters
undergo the same conformational changes as proposed by the two-site access model. Another
proposed mechanism to explain the translocation of lipids is the credit card mechanism (Pomorski
and Menon, 2016). Here, the substrate is not transported through the channel formed by the
TMDs, but rather along the transmembrane helices on the surface of the protein and through the
membrane bilayer, which prevents unfavorable interactions of the polar head group of the lipid

and the hydrophobic interior of the membrane.
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1.4 MDR ABC exporters — a special case

Multidrug resistance in cells describes the ability to survive high concentrations of
cytotoxic compounds that is caused by different mechanisms. The increasing number of multidrug
resistant pathogenic organisms as well as the inefficient chemotherapeutic treatment of cancer
caused by multidrug resistance are alarming (Blair et al., 2015; Gottesman et al., 2002).

Multidrug resistance can occur through different mechanisms as for example target
modification, decreased uptake, metabolic alterations or increased efflux of the drugs. The latter
is caused by MDR transporters that belong to two classes, depending on the energy source: First,
secondary active transporters of the multidrug and toxic compound extrusion (MATE) family, the
small MDR (SMR) superfamily, the resistance-nodulation-cell division (RND) family and MFS.
Second, primary active transporters of the ABC transporter family (Chang, 2003; Lage, 2003; Sa-
Correia et al., 2009). MDR ABC transporters have been in the focus of clinical research for years,
especially after the discovery of the involvement of human MDR1 (P-glycoprotein (P-gp), ABCB1)
in MDR of tumor cells (Kim, 2006). Since then, numerous studies in vivo and in vitro, including
structures of some transporters, have helped to characterize these transporters from human,
bacteria or fungi. However, it still is not possible to elucidate how these transport proteins are
able to facilitate the efflux of such a wide variety of structurally and chemically unrelated
compounds while all other known transporters and enzymes have a high substrate specificity
(Chang, 2003; Ernst et al., 2010). The most commonly assumed model for MDR ABC transporters
is the ‘drug pump model’, i.e. the transporter actively translocates the substrates across the
biological membrane against a concentration gradient. Several studies used liposomal systems or
inside-out plasma membrane vesicles to demonstrate substrate transport, although these
methods do not provide any proof for uphill transport (Eckford and Sharom, 2008; International
Transporter et al., 2010; Kolaczkowski et al., 1996; Velamakanni et al., 2008). Another model
proposes that these ABC transporters do in fact lower the intracellular drug concentration.
However, they do not actively expel the drugs out of the cell through pumping, but through
altering the membrane environment. This ‘alternated partitioning model’ describes the ability of
ABC transporters to influence the internal pH, membrane potential and lipid environment and

thereby lowers the ability of the drugs to pass the membrane (Roepe, 2000). Both models are
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able to explain certain aspects of MDR that is mediated by ABC transporters, but none is
describing all features of ABC transporters universally and therefore disputed. Most scientific
evidence supports the model of direct drug extrusion as the drug resistance conferring
mechanism (Ambudkar et al., 1999; Roepe et al., 1996; Sharom, 1997). However, the ability of
MDR ABC transporters to mediate ion efflux or uptake was also shown in several studies (Agboh
et al., 2018; Hoffman and Roepe, 1997; Milewski et al., 2001; Singh et al., 2016). It is therefore
likely that both models interplay and while direct drug extrusion takes place, these membrane

proteins alter simultaneously the drug partitioning by changing the membrane environment.

1.5 MDRin yeast — The pleiotropic drug resistance network

Infections with the main pathogenic fungi Candida albicans or Candida glabrata are
primarily treated for decades with antifungals like azoles (Denning and Hope, 2010). Overall,
there are only five common drug classes used to treat fungal infections (Kontoyiannis and Lewis,
2002). The general use of this limited number of antifungals has led to the development of isolates
that are multidrug resistant, which in yeast is also referred to as pleiotropic drug resistance (PDR)
(Alexander and Perfect, 1997; Balzi and Goffeau, 1995). Saccharomyces cerevisiae is a model
organism for studying PDR in fungi since the genome is fully sequenced and the proteins involved
are highly homologues to other fungi like C. albicans (Balzi and Moye-Rowley, 2019; Lamping et
al., 2010).

The members of the PDR network of S. cerevisiae can be divided into 3 major classes: ABC
transporters, MFS transporters and transcription factors (Balzi and Goffeau, 1995). As seen
exemplary in Figure 3 for PDR1 and PDR3, the regulation of the network is highly complex and
involves several transcription factors that interact with each other and have overlapping target
genes. Overall there are at least six transcription factors within the PDR network, of which PDR1
and PDR3 with their characteristic CyseZn; DNA binding motifs are the most prominent (Balzi and
Goffeau, 1995; Kolaczkowska and Goffeau, 1999). PDR1 was discovered in 1987 and has since led
to important insights into the mechanisms of PDR in yeast (Balzi and Moye-Rowley, 2019).
Following the discovery of PDR1, another key player and target gene of PDR1 was discovered

three years later.
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LTE ABC

RSB1 PDR5

RTA1

HXT2
HXT9
HXT11
TPO1

Figure 3 Schematic overview of target genes of the transcription factors PDR1 and PDR3 of the
PDR network. LTE: lipid-translocator exporter family, MFS: major facilitator superfamily, ABC:
ATP-binding cassette transporter family. Modified based on (Kolaczkowska and Goffeau, 1999).

PDRS5, a gene that was later found to encode an ABC transporter was found to play a major
role in resistance of S. cerevisiae towards cycloheximide (Balzi et al., 1994; Leppert et al., 1990).
A gain-of-function mutation of PDR1 (PDR1-3) led to overexpression of Pdr5 and thereby to hyper
resistance towards cycloheximide (Meyers et al., 1992). In the following years the importance of
Pdr1 was further manifested as it was shown that it also regulates the expression of the genes for
the PDR ABC transporters SNQ2, which confers resistance towards different xenobiotics, and
YOR1 that confers oligomycin resistance (Decottignies et al., 1995; Katzmann et al., 1995; Servos
et al., 1993).

Fungal PDR ABC transporters form a first line of defense against a broad range of toxic
compounds. They belong to the ABCG subfamily of ABC transporters and like their plant and
human homologues, they possess a reverse domain topology of (NBD-TMD) whereas other
subfamilies are (TMD-NBD) oriented. In S. cerevisiae, except Adp1, all PDR ABC transporter are
full-size transporters (Bénédicte et al., 1991; Lamping et al., 2010). An interesting feature of full-

size fungal PDR ABC transporter is that they are members of the family of asymmetric ABC
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transporters. Although both, N-terminal and C-terminal halves show high similarity as they are
likely a product of gene duplication, they have alterations within their NBDs (Lamping et al., 2010).
It is important to note, however, that although there are several asymmetric ABC transporters,
e.g. CFTR, ABCG5/G8 or MRP1, the degree of asymmetry varies a lot (Lee et al., 2016; Sorum et
al., 2017; Yang et al., 2003). It is not well understood yet how the degree of asymmetry within the

NBDs influences the overall function of the protein.

1.6 Pdr5 -The key player of the pleiotropic drug resistance

Since the discovery of the PDR5 gene as a cause of cycloheximide resistance in S. cerevisiae
and that the product of this gene is an ABC transporter, many mutational and biochemical studies
provided important insights about fungal drug resistance and ABC transporters in general (Golin
and Ambudkar, 2015; Leppert et al., 1990).

Like all members of the PDR ABC full-size transporters family, Pdr5 is an asymmetric ABC
transporter. As depicted in Figure 4, the NBS of Pdr5 has amino acid exchanges in all of the key
motifs that are necessary to bind and hydrolyze ATP. Compared to other members of this family,
e.g. ABCG5/ABCGS8 or TM287/288, it has, together with its homologue Cdrl from C. albicans, the
highest degree of asymmetry (Banerjee et al., 2019; Gupta et al., 2014; Hohl et al., 2012; Wang
et al., 2011). Although the purpose of this degeneration is not known, mutational studies
demonstrated that they are crucial for the functionality of the protein as already mutations within
the degenerate NBS result in loss of function in ATPase activity, substrate transport or both

(Gupta et al., 2014).
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Walker A C-loop Walker B H-loop
Pdr5 GASGAGKTT VSGGE LVFLDE THOQ
Cdrl GASGAGKTT CSGGE LLFLDE IHOQ
ABCG5/G8 GSSGSGKTT LSGGE VMLFDE THQ
TM287/288 GPTGSGKTT FSGGQ ILILDE AHR

B Walker A C-loop Walker B H-loop
Pdr5 GRPGSGCTT LNVEQ FQCWDN IYQ
Cdrl GRPGAGCST LNVEQ IQCWDN IYQ
ABCG5/G8 GSSGCGRAS ISTGE ILILDE IHQ
TM287/288 GETGSGKST LSQGO VLILDD TOK

Figure 4 Sequence alignment of the Walker A, C-loop, Walker B and H-loop motifs of the
asymmetric ABC transporters Pdr5, Cdrl, ABCG5/G8 and TM287/288. A: Canonical NBS. B:
Degenerate NBS. Residues that are non-canonical are marked red.

Moreover, PDR ABC transporters with their inverse domain topology of (NBD-TIMD)
belong to the ABCG subfamily of ABC transporters (Paumi et al., 2009). As such, Pdr5 belongs
structure wise to the type Il exporter that were first identified based on the structure of the
human sterol transporter ABCG5/G8 (Lee et al., 2016). A model based on ABCG5/G8 for Pdr5 and
its homologue Cdrl from C. albicans indicates differences to known type Il structures like
ABCG5/G8 and ABCG2 (Tanabe et al., 2019; Taylor et al., 2017). One of the key differences are
the larger extracellular loops, a region that is also the target for a known inhibitor FK506
(Kueppers et al., 2013; Tanabe et al., 2019). However, since there is only the computational model
of Pdr5 and no structure of fungal ABC transporters has been solved yet, it remains elusive what
the exact key features of this efflux pump are.

An interesting feature of Pdr5 is its high basal ATPase activity. Other model MDR ABC
transporters as for example MDR1 have a low basal ATPase activity that is stimulated by its
substrates and at higher concentrations undergoes substrate inhibition as described by the bell-
shaped curves of its substrate dependent ATPase activity curves (Kimura et al., 2007; Muller et
al., 1996). MDR1 belongs therefore to the coupled ABC transporters that link directly the ATPase

activity to substrate transport. Contrarily, Pdr5 shows no stimulation by any of its substrates but
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trans-inhibition at higher concentrations (Decottignies et al., 1994; Ernst et al., 2008). This fact

raises several questions:

First, is the high basal ATPase activity in the absence of a substrate a waste of energy and
resources for the cell?

Second, if Pdr5 follows the alternating access model that is proposed for all ABC transporters and
the ATPase activity is always at the same level, how does substrate selection work for this
transporter?

And third, what benefit does the transporter and finally the cell have to keep the efflux pump in

an always-on state?

(I) It is argued in literature that the high basal ATPase activity could be an artifact of
purification. In fact the maltose ABC importer from E. coli displayed high basal activity when
solubilized with detergent. However, it was shown that this was indeed a detergent artifact, as
the importer did not possess such a high basal ATPase activity upon reconstitution in liposomes
and therefore is not an uncoupled transporter (Bao and Duong, 2012; Reich-Slotky et al., 2000).
For S. cerevisiae it was demonstrated that specific PDR pump inhibitors like FK506 lead to
increased intracellular ATP levels (Krasowska et al., 2010). As the study was performed in the
absence of any known PDR substrate, it indicates that these ABC transporters are in fact in an
always-on state. Moreover, comparison of the overall growth of cells harboring Pdr5 and other
PDR ABC transporters and cells lacking these demonstrates that the ATP consumption by the
efflux pumps does not inhibit cell proliferation (Krasowska et al., 2010). One has to be aware,
however, that the physiological substrate of Pdr5, if there is one, is not known and there is the

possibility that a substrate is always present.

(I1) The molecular mechanism of substrate recognition and transport of ABC efflux pumps
is still unknown. Based on determined structures of ABC transporters together with biochemical
data, the alternating access model describes roughly how the underlying mechanism might work.
Here, an ABC transporter can adopt two distinct conformations: inward-facing and outward-
facing (Jardetzky, 1966). The conformational shift between the two states is driven by ATP binding
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and hydrolysis. Some structures, however, show an intermediate state in which the NBDs are
dimerized upon ATP binding, but the transporter remains occluded to the extracellular space
(Choudhury et al., 2014; Locher, 2016). This indicates that the combination of substrate and ATP
binding are necessary to enable the conformational movement from the inward to the outward-
facing state. For a coupled ABC transporter like MDR1 this concept seems to make sense as upon
substrate binding, the ATPase activity increases in a concentration dependent manner. For an
uncoupled system like Pdr5, however, it seems more complicated as the transporter must move
always between the inward-facing and occluded conformation. How then does Pdr5 select
between substrates, if not the substrate binding induces the shift? One possible explanation is
the ‘kinetic substrate selection’” model. Here, not the affinity of the substrates to the binding
pocket of the transporter are the crucial step, but rather the rate of equilibration of the substrate
with Pdr5 (Ernst et al., 2010). Interestingly, this model can also explain why trans-inhibition of
Pdr5 by its substrates is differently affected depending on which nucleotide is used. For
clotrimazole it was shown that at concentrations that inhibit the ATPase activity completely, the
GTPase activity remained intact, indicating that the kinetics of NBD dimerization influence the

transport activity (Golin et al., 2007).

(111) Assuming that the transporter is in an always-on state and that it is not harming cell
proliferation, the question of what the benefits are of a high basal ATPase activity remains. First,
in a study on BtuC;D; from E. coli, the authors compared the stability as well as the functionality
of the ABC transporter in vitro coming from an always-on and from an idle state. The always-on
state was simulated by repeated additions of ATP to the storage buffer over the time course of
several days, while the sample of the idle state lacked ATP. The results proved that BtuC,D, was
longer stable and functional if the basal ATPase activity was continuously fueled by ATP additions.
Additionally, transport activity did not show any lag phase, which was observed in the idle state
sample (Livnat-Levanon et al., 2016). As it was shown in vivo, Pdr5 has a long lifetime with more
than 80% of the molecules still found after a chase period of 180 min (Decottignies et al., 1999).
This fact supports the finding of a high basal ATPase activity as it might stabilize the protein and
protect it from degradation. The long lifetime of Pdr5 and the fact that an ABC transporter is more

responsive coming from an always-on state make sense for Pdr5 given the fact that this efflux
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pump mediates resistance towards such a broad variety of structurally diverse substrates, ranging
from azoles over ionophores to steroids and antibiotics (Kolaczkowski et al., 1996; Rogers et al.,
2001). Overall, the high basal ATPase activity appears to not be a waste of energy, but rather a
mechanism of the yeast cell to ensure the protection towards xenobiotics in the shortest amount
of time and thereby cell proliferation.

Although studied over decades, several key characteristics of the PDR ABC transporter
Pdr5 are yet to be elucidated. So far, it was not possible to study this transporter in an isolated
system that allows for functional and structural characterization in order to understand the
molecular mechanisms that underlie substrate binding and translocation. As the model protein
of the pleiotropic drug resistance and for asymmetric eukaryotic ABC transporters, it is crucial to

establish the necessary tools to study this transporter in vitro.
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2. Aims

The ABC transporter Pdr5 from Saccharomyces cerevisiae is one of the most prominent

fungal PDR exporter of great physiological significance that is studied for almost three decades
(Golin and Ambudkar, 2015). Since it belongs to the family of asymmetric PDR ABC transporters
that confers resistance towards a wide variety of cytotoxic compounds, it is used as a model to
study the impact of the degenerated NBS in asymmetric ABC transporters as well as to study
multidrug resistance in pathogenic fungi like Candida albicans or Candida gebralta (Gupta et al.,
2014, Prasad et al., 2015; Tanabe et al., 2019; Vermitsky and Edlind, 2004).
Numerous mainly mutational studies on this ABC transporter have been performed, giving
insights into possible mechanisms for transport function as well as identifying new substrates and
inhibitors. Nonetheless, many open questions remain, especially because it was not possible to
purify Pdr5 in an active form and investigate molecular details of this export pump in an isolated
system. In order to elucidate the molecular mechanism of substrate transport the first aim of this
doctoral thesis was to establish a purification protocol that allows to study Pdr5 in an active and
functional state.

Moreover, substrate transport assays have been limited to either in vivo or plasma
membrane vesicle experiments such as liquid drug assays or fluorescence quenching assays based
on rhodamine 6G (Kolaczkowski et al., 1996; Rogers et al., 2001). Therefore, a second focus was
set on finding new approaches among others using electrophysiological techniques with purified
Pdr5 reconstituted into lipid bilayers to further investigate molecular details of the transport
process with substrates of varying physicochemical properties.

The degenerate NBS of the asymmetric efflux pump Pdr5 is of fundamental importance
(Gupta et al., 2014). However, since there are no structures of fungal ABC transporters, not to
mention PDR ABC transporters, it remains unclear what the structural basis for this functionally
crucial asymmetry in the motor domains of Pdr5 is. Consequently, the final aim of this thesis was
the structure determination of the ABC transporter Pdr5 using single particle cryo-EM that allows
in combination with collected biochemical and biophysical data to establish a model for the

overall transport mechanism of the ABC transporter Pdr5 on a molecular basis.
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Abstract: ABC (ATP-binding cassette) transporters are
ubiquitous integral membrane proteins catalyzing the
active export or import of structurally and function-
ally unrelated compounds. In humans, these proteins
are clinically and economically important, as their
dysfunction is responsible for a number of diseases. In
the case of multidrug resistance (MDR) ABC exporters,
they particularly confer resistance to a broad spectrum
of toxic compounds, placing them in the focus of clini-
cal research. However, ABC-mediated drug resistance is
not only restricted to humans. In yeast for example, MDR
is called pleiotropic drug resistance (PDR). Important
and well-studied members of the PDR subfamily of ABC
transporters are Pdr5 from Saccharomyces cerevisiae
and its homolog Cdr1 from Candida albicans. Mutational
studies of these two transporters provided many insights
into the complexity and conceivable mechanism of the
interdomain cross-talk that transmits the energy gained
from ATP hydrolysis to the substrate translocation pro-
cess across the membrane. In this review, we summarize
and discuss our current knowledge of the interdomain
cross-talk as well as new results obtained for asymmet-
ric ABC transporters and derive possible structural and
functional implications for Pdr5.
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Introduction: fungal PDR efflux
pumps

Multidrug resistance (MDR) in cancer cells is one of
the major challenges, which have to be overcome in
order to improve chemotherapy and fight the disease
(Gottesman et al., 2002). Several mechanisms of MDR,
such as decreased uptake of drugs, alteration of the
drugs, increased DNA repair activity and increased efflux
of cytotoxic compounds by ATP-binding cassette (ABC)
transporters, combine to obstruct an efficient treatment
(Gottesman et al., 2002).

Likewise, in pathogenic fungi such as Candida albi-
cans, which is the main cause of opportunistic mycosis
(Pfaller and Diekema, 2007), MDR against a broad variety
of antifungals such as azoles expounds the problem of an
efficient treatment (Lamping et al., 2010). The plant and
fungal homolog of MDR is called pleiotropic drug resist-
ance (PDR). The PDR network acts as a first line of defense.
It consists of several ABC transporters and together with
secondary transporters, they are all located in the plasma
membrane and regulated by transcription factors such as
Pdr1 and Pdr3 (Figure 1), providing a broad spectrum of
resistance against a variety of toxic compounds. One of
the most well-studied PDR proteins is the ATP-binding
cassette (ABC) transporter Pdr5 from Saccharomyces cer-
evisiae, which was first discovered in 1990 (Leppert et al.,
1990) as a DNA sequence conferring resistance towards
cytotoxic compounds and later classified as an MDR ABC
transporter (Balzi et al., 1994; Bissinger and Kuchler, 1994;
Hirata et al., 1994). Pdr5 and its homolog from C. albicans
Cdrl show unique characteristics that might be transfer-
able to asymmetric, mammalian ABC transporters, which
will be specified in detail below.

In general, a functional ABC transporter is composed
of two transmembrane domains (TMDs) and two highly
conserved nucleotide-binding domains (NBDs) (Biemans-
Oldehinkel et al., 2006; Oswald et al., 2006; Oldham et al.,
2008). The two NBDs dimerize in the presence of ATP and
both NBDs contribute amino acid residues to a catalytic
active nucleotide-binding site (NBS). However, there are
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PdrS pdr10 pdr1s Snd2

Figure 1: A simplified model of the PDR network in the yeast
Saccharomyces cerevisiae.

The transcriptional regulators Pdr1 and its paralog Pdr3 are respon-
sible for the transcription of several transporters of the ABC and
secondary transporter family of the PDR network that are located

in the plasma membrane. For further details see also the excellent
review of Prasad and Goffeau (2012).

asymmetric or degenerated ABC transporters. Here, one
NBS contains catalytically active residues, while these
residues are all exchanged against non-active residues in
the other NBS (Procko et al., 2006; Golin and Ambudkar,
2015). Examples of such ABC transporters in humans are
TAP (transporter associated with antigen processing)
(Ernst et al., 2010) or CFTR (cystic fibrosis transmembrane
conductance regulator) (Kim Chiaw et al., 2011).

Although extensively studied, the molecular mecha-
nism of transport as well as the energy coupling of ATP
binding, hydrolysis and substrate transport and the
transmission from the NBS to the transmembrane seg-
ments (TMS) remain still elusive. In the following, we will
review the current knowledge on the interdomain cross-
talk between NBD and TMD and discuss in some detail
the effect of substrates on residues that are apparently
involved in the communication of these domains in the
asymmetric yeast ABC transporter Pdr5.

The cross-talk between NBD and
TMD may be substrate dependent

Although the substrate specificity and general physiologi-
cal function of ABC transporters can be diverse, a fully
functional ABC transporter consists of TMDs as well as
two NBDs, as briefly described above (Oswald et al., 2006;
Hollenstein et al., 2007). These can be either organized in
a forward (TMD-NBD), or, in the case of fungal PDR pro-
teins or the human ABCG subfamily, a reverse (NBD-TMD),

DE GRUYTER

topology. The conserved NBDs bind and hydrolyze NTPs,
particularly ATP (Ernst et al., 2005). Whether the released
energy is used to induce directly the transport of sub-
strate across the membrane or whether it is used to reset
the exporter into an inward-facing conformation after
transport is not fully understood to date. The alternating
two-site access model (Jardetzky, 1966), as summarized
schematically in Figure 2, describes how binding and
hydrolysis of ATP could control the conformational state of
an ABC transporter — either in its inward-facing conforma-
tion, i.e. its binding pocket is accessible from the cytosol,
or in its outward-facing conformation, in which the sub-
strate is released into the extracellular space (Hollenstein
et al., 2007). In this model, an ABC transporter, which cat-
alyzes substrate export, switches through binding of ATP
and subsequent dimerization of its NBDs from the inward-
to the outward-facing conformation. After hydrolysis of
ATP, ADP and inorganic phosphate are released and the
transporter switches back to the inward-facing orientation.

Generally, TMDs have a higher variation in their
sequence, however, they typically consist of at least six
transmembrane helices (TMHs) per TMD, which span the
membrane and form the so-called core set of the TMDs.
They are connected by intra- and extracellular loops (ICL

¢ ADP +Pi

Figure 2: The ‘two-site alternating access’ model of canonical ABC
exporters.

NBD1 and TMD1 are colored in orange, NBD2 and TMD2 are colored
in blue, and the substrate is colored in red. Each column comprises
two TMHs. (A) Alternating access model for type | exporters with
interdomain cross-talk between the opposing monomer. (B) Model
for type Il exporters, where only TMD-NBD interaction within one
monomer takes place.
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and ECL, respectively) and are presumed to form the sub-
strate binding site and channel through which the sub-
strate is transported (Ernst et al., 2005; Lamping et al.,
2010). Even though many details are known about each of
the domains, it needs yet to be elucidated how the cross-
talk between these two distinct parts of ABC transporters
occurs on the molecular level.

Within this context, mutational studies of Pdr5 point
towards an important role of TMH2 and ICL1. Sauna et al.
(2008) demonstrated that cycloheximide resistance of
cells bearing a S558Y mutation in Pdr5 was completely
abolished, while ATPase activity of this mutant was com-
parable to that of the wild-type protein. Furthermore, the
authors were able to restore functionality of this mutant
by a second mutation located between the Walker A and
signature motif of NBD1. Based on the homology model
of Rutledge et al. (2011), this second residue, N242, inter-
acts with the intracellular loop 1 (Sauna et al., 2008).
Additionally, in a second study investigating mutants
that restore functionality of the S558Y mutation, Anan-
thaswamy et al. (2010) identified nine repressor mutants.
Five of these are located close to or within the Q-loop of
NBD1, giving evidence that the Q-loop of NBD1 directly
interacts with ICL1. Moreover, two mutants that define
the Q-loop of the degenerated (E244G) and the canonical
(Q951G) NBS were shown to have lower resistance towards
cycloheximide and clotrimazole, while the K values of
ATP hydrolysis did not change significantly. Although
asymmetric and symmetric ABC transporters may differ in
the functional equivalence of the two NBS, the results of
Ananthaswamy et al. demonstrate that both NBS interact
with the transmembrane domains, which was also shown
for the symmetric ABC transporter P-gp (Urbatsch et al.,
2000). Interestingly, a major difference between MDR
and PDR ABC transporters is how the Q-loop-ICL interac-
tion takes place. While MDR efflux pumps such as P-gp
or non-MDR pumps such as TAP adopt a trans conforma-
tion (Zolnerciks et al., 2007; Oancea et al., 2009), studies
on Pdr5 demonstrated that the interaction of Q-loop and
ICL employ a cis interface (Ananthaswamy et al., 2010;
Furman et al., 2013). This finding is consistent with the
newly determined structure of ABCG5/ABCGS8 (Lee et al.,
2016) as described below. A more recent study by Dou and
colleagues showed that two other mutations within TMH2
(E574K and E580K) resulted in hypersensitivity of the cells
against several known substrates of Pdr5, comparable to
the knock-out mutant, while the ATPase activity was not
affected and remained similar to that of wild-type Pdr5.
The E570 residue of Cdrl, which is also located within
TMH2 also revealed an impaired transport of several
drugs (Shah et al., 2015; Dou et al., 2016). Together, these
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findings underline the importance of TMH2 for substrate
efflux and point towards TMH2 as the main interaction
region of NBDs and TMDs. Yet, there are additional muta-
tions showing that the causal relationships are far more
complex. For example, a mutation within the H-loop
(H1068A) abolished rhodamine 6G transport, while the
ATPase activity as well as the resistance towards other
substrates of Pdr5 remained identical to the wild-type
protein (Ernst et al., 2008). The fact that a single muta-
tion within the NBD abolished transport of a specific set
of substrate(s), but does not affect the efflux of other
drugs, hints towards a mechanism in which dependent
on the substrate of Pdr5, different regions of TMD and
NBD might interact. This is also supported by the S1360F
mutation leading to a higher resistance against the immu-
nosuppressant FK506 (Egner et al., 1998; Kueppers et al.,
2013). S1360 is presumably located in TMHI11 near its
cytosolic end and thus in a region that might be involved
in the interdomain cross-talk of TMDs and NBDs. The
exchange of serine to phenylalanine does not change the
ATPase activity or drug efflux compared to wild-type Pdr5.
However, while the ATPase activity as well as the rho-
damine transport is inhibited by FK506 in the wild-type
transporter, this effect is significantly less pronounced in
the mutant (Kueppers et al., 2013).

In summary, the description of only a minor number
of mutants of Pdr5 that have been analyzed in the past
provides interesting insights in the complexity of the
interdomain cross-talk. Analysis of these mutants raises
many questions including whether the substrate, trans-
porter interaction affects conformation and transport.

Substrate selection of fungal PDR
proteins

One of the best-characterized human MDR transporters is
P-glycoprotein (P-gp, MDR1 or ABCB1). It has been dem-
onstrated that all TMHs are involved in drug transport
because of a high number of structure-function studies.
Until now it is suggested that P-gp contains at least seven
different drug-binding sites (Safa, 2004). More recently,
the crystal structure of mouse P-gp in combination with
biochemical data identified a large internal binding cavity
that is capable of accommodating various, structurally
unrelated compounds at the same time (Aller et al., 2009).
However, because the transporter-drug interactions of
P-gp are believed to be highly dynamic (Ernst et al., 2010),
the mechanism of multidrug recognition and selection is
still unknown.
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Although the substrate spectra of P-gp and Pdr5 are
to some extent overlapping, the rules of substrate selec-
tion apparently differ. In the case of P-gp, most of the sub-
strates are positively charged and contain aromatic ring
systems. Their size spectrum varies from 200 to 1900 Da
(Eckford and Sharom, 2009) and it is known that the
ability to form hydrogen bonds represents a key factor for
efficient recognition by P-gp (Seelig, 1998). For the yeast
PDR pump Cdr1, Puri et al. (2010) showed that substrates
have specific characteristics such as molecular branching,
high aromaticity as well as a so-called atom centered frag-
ment, i.e. (R-CH-R). In the case of Pdr5, Golin and co-work-
ers demonstrated that the molecular volume rather than
hydrophobicity is a crucial factor for substrate selection.
In this study, tetra-alkylin compounds were used, which
are effective Pdr5 substrates, even though they contain
neither aromatic nor electron pair donor groups (Golin
et al., 2000). Golin et al. were also able to demonstrate
that efficient Pdr5 substrates possessed surface volumes
of 200-300 A Substrates that are smaller than 90 A® are
not transported or only with low efficiency. Furthermore,
Pdr5 exhibits multiple binding regions (such as P-gp and
Cdr1) (Shukla et al., 2003; Safa, 2004) and it was sug-
gested that there are at least three different drug-binding
sites (Golin et al., 2003).

But how does drug transport and selection take
place? Interestingly, different mutations only affected the

ECL3
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transport of a subset or single substrates of Pdr5. Kuep-
pers et al. (2013) identified the S1360F mutation of Pdr5,
which is located in the hydrophilic face of the predicted
transmembrane helix 11 (TMH11) (Figure 3), where sub-
strate specificity is altered. Notably, in this mutant, the
resistance against the immunosuppressant FK506 was
drastically increased. Other kinetic and thermodynamic
parameters of the S1360F mutant are similar to those
of the wild-type protein in the absence of FK506. These
results indicate that the S1360F mutation modulates the
ability of NBSs to hydrolyze ATP in the presence of FK506
by interfering with the interdomain cross-talk. A similar
effect was shown in the T1351F mutant of Cdrl. Shukla
et al. (2004) demonstrated that the mutation of T1351,
which is equivalent to S1360 in Pdr5, leads to a downsiz-
ing of rhodamine 6G transport. For both proteins, Pdr5
as well as Cdr1, it was shown that the respective residues
(51360 and T1351) are responsible for the synergic effects
of immunosuppressant FK506, FK520 and azoles, respec-
tively, which leads to an increased drug susceptibility.
Mutation of these residues to phenylalanine eliminated
this effect (Egner et al., 1998; Shukla et al., 2004).

For both ABC transporters, P-gp and Pdr5, a phe-
nomenon coined allosteric or trans-inhibition has been
described. Here, high concentrations of a subset of drugs
cause an inhibition of the ATPase activity of these trans-
porters. Gupta et al. (2011) proposed that efflux pumps,

ECL6

ICL3

Figure 3: Location of mutations in Pdr5 that are affecting transport or ATPase activity (Ernst et al., 2008; Ananthaswamy et al., 2010;
Downes et al., 2013; Kueppers et al., 2013; Mehla et al., 2014; Dou et al., 2016).
NBD1 and TMD1 are colored in orange; NBD2 and TMD2 are colored in blue. The mutated amino acids are marked with a gray box.
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which fail to release the substrate can not switch back into
the inward facing conformation and thereby the bound
nucleotide can not be released and finally hinders the
substrates from re-entry into the cells.

Many clinically relevant substrates, however, do not
inhibit the ATPase activity of P-gp and Pdr5 even at high
concentrations (Litman et al., 1997; Golin et al., 2007;
Ernst et al., 2008; Downes et al., 2013), which excludes
that these molecules act according to the mechanism
described above. What prevents these substrates from
getting back into the cell at high concentrations? Based
on in silico studies of P-gp, it was clearly demonstrated
that none of the substrates is taken up again although
they are apparently not able to inhibit the transporter
(Turk et al., 2009). Accordingly, a molecular diode
mechanism was proposed by Gupta et al. (2011), who
suggested that ABC transporters undergo a re-modeling
process after substrate release and ATP hydrolysis. This
re-modeling would prevent a re-uptake of the substrate
into the cell. Mehla et al. (2014) characterized the S1368A
mutant of Pdr5 and provided the first experimental evi-
dence for such a diode mechanism. S1368 is located in
transmembrane helix 11 (TMH11) of Pdr5. An atomic
model of Pdr5 (Rutledge et al., 2011) places S1368 deep
in the proposed drug-binding pocket of Pdr5. Previous
work by Egner et al. (1998) demonstrated that muta-
tions in TMH10 (later predicted to be TMH11) affect the
substrate specificity of Pdr5. Although drug binding and
ATP hydrolysis were similar to the wild-type protein, this
mutant showed hypersensitivity to some drugs that are
not transported from the same drug-binding site. Fur-
thermore, they developed an assay that directly demon-
strated reflux of rhodamine 6G in the S1368A background
compared to the wild-type protein. In conclusion they
suggested that residue 51368 is central to prevent the
reflux of a transported substrates. The best model that
fits to their data is that S1368 helps to create a molecular
diode or a one-way gate in Pdr5 (Mehla et al., 2014).

Another interesting model for substrate selection in
Pdr5 is known as the kinetic substrate selection hypoth-
esis. Here, Ernst et al. (2010) proposed how different sub-
strates are transported with different efficiencies based on
the rate of substrate equilibration with Pdr5 and the rate of
interconversion of Pdr5 between the inward- and outward-
facing state. Thereby, this model provides an explanation
of how the dynamics of cross-talk between NBD and TMD
can influence the rate of substrate transport. Such a sce-
nario would also explain why mutations remote from the
substrate-binding site such as H1068A (Ernst et al., 2008)
(Ref) influence the efficiency of substrate translocation
(Ernst et al., 2010).
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Basal ATPase activity in uncoupled
systems - the ‘always-on’ state

Until now, the molecular mechanisms by which ATP is uti-
lized to energize the transport of substrates across mem-
branes by ABC transporters remain unknown. Moreover,
the role of ATP hydrolysis for the transport process seems
to vary among different transporters. There are many
transporters that show strict coupling of ATP hydrolysis
and substrate transport such as to name only a single
example the bacterial maltose transporter (Davidson
etal., 1992). Accordingly, the mammalian multidrug efflux
transporter P-gp exhibits only a low basal activity in the
absence of substrate, while the ATPase activity is stimu-
lated manifold in presence of substrate (Lerner-Marma-
rosh et al., 1999; Al-Shawi and Omote, 2005).

Fungal ABC transporters such as Pdr5 from
Saccharomyces cerevisiae and its homolog Cdr1 from the
pathogenic yeast Candida albicans, however, show differ-
ent functional properties. In the absence of substrate, they
exhibit a high basal ATPase activity that cannot be stimu-
lated by substrate, or show weak stimulation (1.4-fold) in
the case of Cdr1 (Decottignies et al., 1994; Shukla et al.,
2006; Ernst et al., 2008). This implies that these trans-
porters are in an ‘always-on’ state. This raises the ques-
tion why an organism would permanently waste energy in
the form of ATP hydrolysis to power an efflux pump even
if there is no substrate present. Interestingly, in a recent
study of the E. coli ABC transporter BtuC,D, that transports
vitamin B, it was observed that the continuous hydrolysis
of ATP enables the protein to remain in a stable and func-
tional state for much longer time than a transporter that
was in the idle state, e.g. that was kept in buffer without
ATP before measurement (Livnat-Levanon et al., 2016).
Therefore, it is plausible that cells keep transporters such
as Pdr5 or Cdrl that are crucial for efflux of a high variety
of toxic compounds in a permanent active state to reduce
response times and increase their efficiency when toxic
substrates appear and thus enabling a faster protection.

In a study (Krasowska et al., 2010) investigating the
effects of PDR pump inhibitors on the cellular ATP level
in S. cerevisiae it was demonstrated that the high basal
ATPase activity of PDR efflux pumps measured in plasma
membranes was not an artifact of purification as it has
been demonstrated for the maltose importer from E. coli
(Reich-Slotky et al., 2000; Krasowska et al., 2010; Bao and
Duong, 2012). The fact that PDR pump inhibitors lead to
an increased cellular ATP level proves that these pumps
are in an ‘always-on’ state in vivo even though there is no
apparent substrate present. Moreover, comparing the final
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A Walker A C-loop Walker B
Pdr5 GASGAGKTT VSGGE LVFLDE
Cdr1 GASGAGKTT CSGGE LLFLDE
ABCG5 GSSGSGKTT VMLFDE
ABCG8 LSGGE
Consensus GxSGXGKTT XSGGE XXXXDE
B Walker A C-loop Walker B
Pdr5 GRPGSGCTT LNVEQ FQCWDN
Cdr1 GRPGAGCST LNVEQ IQCWDN
ABCGS ISTGE
ABCG8 GSSGCGRAS ILILDE
Consensus GXxXGXGXXX KXXXX XXxxDx

Figure 4: Alignment of the Walker A, C-loop.

DE GRUYTER

H-loop
IHQ
THQ
IHQ

THQ
H-loop
I¥Q

I¥YQ

IHQ
IxQ

Walker B and H-loop motifs of the asymmetric ABC exporters Pdr5, Cdrl and human ABCG5/ABCG8. (A) The canonical nucleotide-binding
site. (B) The degenerated nucleotide-binding site. Residues that differ from the consensus sequence are highlighted in red.

OD growth values of two yeast strains, one lacking Pdr5,
Snqg2 and other PDR efflux pumps, and one harboring Pdr5
and other PDR proteins, shows no significant difference in
cell proliferation and therefore demonstrates that the ATP
consumption by the ABC transporters does not negatively
impact cell growth (Krasowska et al., 2010). However, one
has to be aware that currently the physiological substrate
of Pdr5 is not known, and it could be still possible that
the protein is always actively transporting its natural yet
unknown substrate.

Another interesting feature of fungal PDR ABC trans-
porter is the presence of a degenerated NBS (Lamping
et al., 2010). As seen in Figure 4, several key residues
of Pdr5 and Cdr1 that are necessary for hydrolyzing ATP
within the Walker A, Walker B and H-loop of NBD1 as well
as the ABC signature motif (C-loop) of NBD2 are replaced
by non-canonical amino acids (Figure 4B). In the case of
the asymmetric human sterol transporter ABCG5/ABCGS,
the degeneration is restricted to the C-loop of the ABCG5
molecule and Walker A of the ABCG8 monomer (Wang
et al., 2011). This degeneration, however, seems to play
an important role in the functionality of these fungal pro-
teins. Gupta et al. showed in a mutational study of Pdr5
that in exchanging these residues with the canonical ones
and thereby establishing a symmetrical NBS, Pdr5 loses
its ATPase activity completely to background levels and
therefore functionality (Gupta et al., 2014). The remaining
question is why do PDR transporters contain this degen-
eration that is essential for their ATPase activity with no
apparent other function?

As proposed based on the crystal structure of the
asymmetric ABC transporter TM287/288 (Hohl et al., 2012)
the degenerated NBS could bind ATP and thereby couple
both NBDs permanently and form a rigid connection while

the canonical NBS transmits the motion through binding
and hydrolysis of ATP to the transmembrane segment.

Structure of asymmetrical ABC
exporters

Until recently, ABC export pumps were believed to share
a similar fold and therefore were all classified as type 1
exporters. The first high-resolution structure of type I
exporters, solved in 2006, is the bacterial ABC transporter
Sav1866, shown in Figure 5A (Dawson and Locher, 2006),
which was believed to represent the basic blueprint for
all ABC exporters. This assumption was supported by all
structures of ABC exporters determined subsequently.
Consequently, the two fungal PDR ABC exporters Cdrl and
Pdr5 were also assumed to adopt the molecular fold of
type I exporters. Based on the X-ray structures of Savi866
(employing only the TMD) and the NBDs of HlyB (Zaitseva
et al., 2005), Rutledge and colleagues created a homol-
ogy model of Pdr5 (Figure 5C) (Rutledge et al., 2011). The
model of these type of transporters includes two coupling
helices (CH) located within the ICL of each TMD that con-
tacts in the case of the CH1 of ICL1 both NBDs, while the
CH2 of ICL2 only reaches to the opposing NBD (Figure 2A).
Thereby, the mechanical motion generated in the NBDs
by ATP-induced dimerization is transferred to the TMDs
energizing substrate efflux by switching from the inward-
to the outward-facing conformation (Dawson and Locher,
2006; Oldham et al., 2008). The recently published crystal
structure of the asymmetric heterodimer ABCG5/G8
(Figure 5B), however, describes a completely novel fold
of ABC exporters, creating a new subfamily of exporters,
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Sav1866

ABCG5/G8

Model of
Pdr5

Figure 5: Selected crystal structures of ABC exporter (A and B) and the homology model of Pdr5.

In each structure, NBD1 and TMD1 are colored in orange, NBD2 and TMD2 are colored in blue. Lines indicate the approximate position of the
lipid bilayer. (A) Structure of the homodimeric bacterial ABC type | exporter Sav1866 (PDB code 2HYD). (B) Structure of the heterodimeric
type |1 ABC exporter ABCG5/G8 (PDB code 5D07). (C) Homology model of Pdr5 based on the structure of Sav1866 (Rutledge et al., 2011).

namely type II (Lee et al., 2016). The authors describe a
structure of a transporter in a conformation much like
ABC importers with two separated NBDs that interact
solely with their respective TMD and not with the TMD
of the opposing monomer, as schematically shown in
Figure 2B. ABCG5/ABCGS is a human sterol exporter that
in case of mutations within these genes can lead to sitos-
terolemia (Hubacek et al., 2001). Interestingly, ABCG5/G8
harbors a coupling helix only within ICL1 of each TMD.
This coupling helix is, in the case of ABCG5, interacting
with the degenerated NBS1 of ABCG5 while the coupling
helix of ABCG8 does not interact with the canonical NBS2.
Moreover, both TMDs contain a connecting helix that
interacts with the respective NBD of the same monomer
(Lee et al., 2016). Since PDR ABC transporters are asym-
metric with respect to their NBDs and contain an inverse
topology (NBD-TMD), they belong to the ABCG subfamily
of ABC transporters (Paumi et al., 2009). Obviously, the
question arises of what implications of the newly defined
type II exporter possesses with respect to the residues
involved in interdomain cross-talk in PDR proteins. First,
the structure of ABCG5/G8 suggests that the degenerated
NBS1, which cannot hydrolyze ATP, works as a rigid con-
nection between TMD and NBD, while the canonical and
more flexible NBS2 actually transmits the motion from
binding and hydrolysis of ATP to the TMD (Lee et al., 2016).
As most mutations influencing the cross-talk between the
two distinct domains of Pdr5 are located within either the
NBS1 or ICL1, the putative coupling helix, as for example
the Q-loop mutants of Pdr5 (Ananthaswamy et al., 2010)
or in the case of Cdrl the I574A and S593A mutants (Shah
et al., 2015), it can be assumed that the tight connection of

the two domains is interrupted and therefore functional-
ity is lost. Conversely, mutations near NBS2 or the putative
coupling helix of TMD2 in Pdr5, which is in the model of
ABCG5/G8 the more flexible region, do not abolish overall
drug efflux. The H-loop mutant H1068A for example leads
to hypersensitivity towards rhodamine 6G, however, did
not influence the transport of other drugs analyzed (Ernst
et al., 2008). The importance of the degenerated NBS as
indicated by the structure of ABCG5/G8 is underlined by
the mutational study of Pdr5, in which the symmetry of
both NBS was recovered. It was shown that by eliminating
the asymmetry the ABC transporter loses not only its func-
tionality in substrate transport but also its ATPase activity
(Gupta et al., 2014).

Conclusion

Although mutational studies help to narrow down the
potentially huge amount of possible residues involved in
the interdomain cross-talk of Pdr5 and Cdr1, a lot of issues
remain elusive and might be only addressed by working in
a reconstituted system. These questions include how the
series of events of ATP binding, hydrolysis and substrate
transport across the membrane takes place. Moreover,
the newly published crystal structure of the type II ABC
exporter ABCG5/ABCG8, which belongs to the same sub-
family as Pdr5 and Cdr1, raises the question if the residues
that are thought to be involved in the interdomain cross-
talk and were identified based on the homology model
of Pdr5 available so far, might play a different role than
anticipated so far.
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In vitro NTPase activity of highly
purified Pdr5, a major yeast ABC
multidrug transporter

Manuel Wagner, Sander H. J. Smits & Lutz Schmitt

i The ABC transporter Pdr5 of S. cerevisiae is a key player of the PDR network that works as a first line of

defense against a wide range of xenobiotic compounds. As the first discovered member of the family of
asymmetric PDR ABC transporters, extensive studies have been carried out to elucidate the molecular
mechanism of drug efflux and the details of the catalytic cycle. Pdr5 turned out to be an excellent model
system to study functional and structural characteristics of asymmetric, uncoupled ABC transporters.
However, to date studies have been limited to in vivo or plasma membrane systems, as it was not
possible to isolate Pdr5 in a functional state. Here, we describe the solubilization and purification of
Pdr5 to homogeneity in a functional state as confirmed by in vitro assays. The ATPase deficient Pdr5
E1036Q mutant was used as a control and proves that detergent-purified wild-type Pdr5 is functional
resembling in its activity the one in its physiological environment. Finally, we show that the isolated
active Pdr5 is monomeric in solution. Taken together, our results described in this study will enable

a variety of functional investigations on Pdr5 required to determine molecular mechanism of this
asymmetric ABC transporter.

: ATP-binding cassette (ABC) transporters are ubiquitous, primary active membrane proteins that are found in

all kingdoms of life'. In general, they can be divided into two classes, depending on the direction of transport:
ABC importers (including ECF transporters)” and exporters®. A functional unit of an ABC transporter consists
of two nucleotide-binding domains (NBDs) that bind and hydrolyze ATP to energize the transport cycle, and two

¢ transmembrane domains (TMDs), which form the translocation pathway across the membrane'. Overexpression

of ABC transporters that export toxic compounds is part of a phenomenon known as multidrug resistance and
represents a main obstacle in chemo-therapeutic cancer treatment as well as bacterial infections*”. In fungi and

. plants the overexpression of these drug efflux pumps is part of the pleiotropic drug resistance (PDR) network®.
: All PDR ABC transporters are, with the exception of Adpl, full-size transporter and possess a reverse topology

of (NBD-TMD),"®. The ABC transporter Pdr5 of Saccharomyces cerevisiae has been established as a model for
fungal PDR proteins and studied for more than 25 years®. It confers resistance towards a broad range of structur-
ally and functionally different substrates including azoles, ionophores, antibiotics and many others'®!!. However,

the nature of the physiological substrate(s) is not known. The expression of PDR ABC transporters is regulated
. through a complex regulatory network of transcription factors, of which the zinc finger regulators Pdr1 and Pdr3

are mainly responsible for Pdr5 regulation'?. A mutation in Pdr1 (pdr1-3) is used for constitutive overexpression
of the transporter'®, which can also be used to overexpress other ABC transporter using this system'”.

ABC transporters all share conserved motifs within their NBDs, namely the Walker A and B, the signature
motif (or C-loop) as well as the D- and H-loop'®. Pdr5, however, features substitutions of key residues in each
motif, except of the D-loops, in one of its nucleotide binding sites (NBSs), which renders this NBS ATPase defi-
cient, also known as degenerated. Therefore, Pdr5 belongs to the family of asymmetric ABC transporters amongst
CFTR, MRP1, ABCG5/ABCGS and others'®'®. It remains elusive what the exact physiological function of the
degenerated NBS is, but it is obvious that there is an essential function as restoring the canonical motifs leads to
inactive Pdr5". There are however, indications that the degenerated NBS is involved in the interdomain crosstalk

between the NBDs and the TMDs. Single mutations within the deviant NBS did not impact the overall ATPase

activity of the transporter while they severely affected the transport functionality'®*. The crystal structure of

© TM287/288%' nicely demonstrated the consequence of one catalytic and one non-canonical site, e. g. only a bound

nucleotide (ATP) at the non-canonical site. However, one has to stress that a gradient of asymmetry exists in
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Figure 1. Size exclusion chromatograms of Pdr5 after affinity purification with different detergents. (a) SEC
of Pdr5 purified with DDM. (b) SEC of Pdr5 purified with Cy,E. (¢) SEC of wild-type (black solid line) and
E1036Q (gray dashed line) Pdr5 purified with trans-PCC-o-M. SEC was performed in buffer A (50 mM Tris-
HCIl pH 7.8, 50 mM NaCl, 10% glycerol and 0.05% DDM, 0.01% C,,E; or 0.003% trans-PCC--M respectively)
on a Superdex 200 10/300 GL column (GE Healthcare). The concentration of Pdr5 was 2 mg/ml. The elution
fractions that were analyzed by SDS-PAGE and Western blot (Fig. 2) are indicated above the chromatograms.
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Figure 2. (a) Colloidal coomassie stained SDS-PAGE gel showing the elution fractions of the SEC following the
affinity purification with trans-PCC-o-M. Western Blot of the elution fractions of the SEC with trans-PCC-a-M
detecting (b) anti-Penta-His and (c) anti-Pdr5 specific antibody. Purified Pdr5 migrates at a molecular weight
of approximately 170 kDa. The elution fractions E1-E5 for trans-PCC-a-M purified Pdr5 correspond to the SEC
chromatograms in Fig. 1.

asymmetric ABC transporters. The number of mutations in the catalytically relevant motifs resulting in the inac-
tivation of the corresponding nucleotide-binding site ranges from a few (e.g. two mutations in ABCG5/ABCG8*®
or three in CFTR* and TM287/288') to all motifs forming the NBS (Pdr5 and its homologue in Candida albicans
Cdr1?). This obviously raises the questions whether or not a relation between number of disrupted motifs and
the molecular mechanism of substrate transport exists.

Pdr5 from Saccharomyces cerevisiae was the first identified member of the PDR subfamily of asymmetric ABC
transporters®. Due to the medical significance of mammalian homologues and the agricultural importance of
plant and other fungal homologues, the yeast PDR system serves as a unique model to investigate their molecular
mechanisms.
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Figure 3. Pdr5-specific ATPase activity after each purification step. After solubilization, oligomycin-sensitive
ATPase was measured (grey bar: overall activity, white bars: Pdr5-specific activity). The error bars represent the
data of three independent measurements with the standard deviation reported as error.

Moreover, Pdr5 exhibits a high basal ATPase activity that, in contrast to other ABC transporters such as
P-gp*, cannot be further stimulated in the presence of its substrates, uncoupling the ATPase activity from drug
efflux®. Although there is a long history of studies related to Pdr5, it has not been accomplished to successfully
purify the ABC transporter and to study it in detail in an isolated system, which is a prerequisite to fully under-
stand the molecular mechanisms of drug binding and transport,

Results

Isolation and purification of Pdr5 in a functional form. In order to establish the purification of Pdr5
in a functional state at high purity and yield, we screened 20 different detergents for protein solubilization. In
the course of these experiments, it turned out that PCC-o-M was the most suitable detergent for solubilization
as well as for subsequent affinity purification and size exclusion chromatography. Figure 1 shows three selected
examples of size exclusion chromatograms of Pdr5 after affinity purification in the presence of DDM, C,,Ey and
trans-PCC-o-M. The protein yield in the case of DDM and the purity after the two-step purification procedure®
was sufficient. However, the inhomogeneity of the sample as evident from the shape of the elution peak (Fig. 1a)
shows that DDM does not fulfill the requirements for further, functional analysis of Pdr5. Additionally, when
Pdr5 purified with DDM was assayed for ATPase activity, no activity was detected above background levels,
although earlier work showed low remaining activity in DDM solubilized membrane fractions”’. Therefore, a
detergent screen was performed, using the oligomycin sensitive ATPase activity of solubilized plasma membranes
containing Pdr5 as an indicator?>?”? (not shown). Besides the initially promising results for DDM, C,,Ey extracts
showed rather high ATPase activity. Unfortunately, the following SEC showed again an inhomogeneous elution
peak (Fig. 1b), which ruled out further use of this detergent.

We therefore focused on other members of the class of maltosides and an only recently commercially available
member of this detergent class, trans-PCC-a-M (trans-4-(trans-4'-propylcyclohexyl)cyclohexyl-ai-d-maltoside) ™
was chosen to be tested in all purification steps. Starting with the solubilization, trans-PCC-a-M showed nearly
identical results to DDM with respect to the yield after solubilization. The yield of the subsequent affinity purifi-
cation was even higher as compared to DDM (up to 1 mg of protein per L cell culture compared to 0.3 mg/L cell
culture). Figure 1c shows the SEC chromatograms performed with trans-PCC-a-M for wild-type Pdr5 as well
as the E1036Q mutant that behaved identically during solubilization and purification. Most importantly and in
clear contrast to other tested detergents, the purification protocol using trans-PCC-o-M resulted in a solubilized
Pdr5 protein in a highly homogenous state, without aggregates at high purity as evident from the SDS-PAGE
shown in Fig. 2a, as well as in the Western blots using anti-Penta-His (Fig. 2b) and polyclonal, anti-Pdr5 anti-
bodies (Fig. 2c). These findings were supported by mass spectrometry (MS) analysis, which demonstrated that
more than 90% of peptides observed in the MS spectra were derived from Pdr5 (not shown). Additionally, with
trans-PCC-a-M, purified Pdr5 possessed a preserved ATPase active during all steps of the purification (Fig. 3).
Thus, with respect to our objectives, trans-PCC-a.-M turned out to be the detergent of choice.

Pdr5 is amonomer in solution.  Pdr5 is a full-size ABC transporter comprising two NBDs and two TMDs
encoded on a single gene'®. Previously, a low resolution structure (25 A), obtained by electron microscopy, of
Pdr5 in a lipid bilayer showed a square-like arrangement of particles that led to the conclusion that Pdr5 may
form a dimer of two full-size transporters, To assess whether Pdr5 is monomeric or forms higher oligomeric
species in solution, multi-angle light scattering in combination with SEC (SEC-MALS) analysis was performed?’.
As Pdr5 is detergent solubilized, it was necessary to first determine the value of dn/dc as a measure of Pdr5
bound trans-PCC-a-M to be able to distinguish between the mass of the micelle and the protein. The dn/dc
value is the specific refractive increment that corresponds to the changes in the refractive index in relation to the
change in concentration of the investigated macromolecule and thereby enables to distinguish between the mass
of the protein and the bound detergent™. Using a batch method with different detergent concentrations®”! we
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Figure 4, SEC-MALS analysis of purified Pdr5. The dn/dc value for trans-PCC-a-M was calculated in an
independent measurement and used for the conjugate analysis. The overall mass of the protein-detergent
complex was calculated as 387 kDa (red dashed line), with a protein molecular mass of 178.2 +0.2kDa (blue
dashed line). The modifier mass (green dashed line) corresponds to the detergent micelle mass.
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Figure 5. pH dependency of the ATPase activity of purified WT (e) and E1036Q (a) Pdr5. Release of inorganic
phosphate was measured after 20 min incubation with 4 mM ATP. Error bars represent three independent
measurements (n=3).

obtained a value of dn/dc=0.1392 + 0.001 ml/g. As shown in Fig. 4, this resulted in a calculated protein mass of
My, =178.2 £0.2kDa, close to the theoretical mass of 173.1kDa, including the histidine tag and protease cleavage
site, demonstrating that Pdr5 is indeed a monomer in solution.

NTPase activity of purified Pdr5. NTPase activity of purified wild type Pdr5 was performed by a colori-
metric NTPase activity assay as described in detail by Baykov et al.””. The E1036Q Pdr5 mutant, which does not
exhibit any significant ATPase activity®®, purified by the same protocol, was used as a negative control. Plasma
membrane embedded Pdr5 exhibits the highest ATPase activity at pH 9.5%, In order to validate whether this is
the case for detergent purified Pdr5, we analyzed the pH dependency of the ATPase activity of Pdr5 in detergent
solution. As summarized in Fig. 5, the activity has a broad range with a maximum at pH 9.5. Figure 6 shows the
NTPase activity of the WT and E1036Q Pdr5 at different NTP concentrations. At saturating substrate concen-
trations the measured ATPase activity of WT Pdr5 was 208.5 + 6.3 nmol/(min*mg) with a K, of 0.44 +0.05mM
while the E1036Q mutant did not exhibit any significant activity above background (see Figure 62 and Table 1). In
the context of Golin ef al.”, it was of interest to analyze the efficiency of other NTPs as it is suggested that the ABC
transporter Pdr5 can utilize other nucleotides to fuel its transport activity. As summarized in Fig. 6 and Table 1,
Pdr5 exhibits significant NTPase activity for all nucleotides tested, with the lowest efficiency for UTP and GTP
(Viax/ Ky 0f 0.0001 L/mg/min) followed by CTP (v, /K, of 0.0002 L/mg/min), and with the highest efficiency
for ATP (v,,.,/K,, of 0.0005 L/mg/min). Although the v, of the CTPase is higher than the ATPase activity, only
the latter displays a K, that is in respect to NTP concentrations within the physiological range (intracellular NTP
levels: ATP: 1.51 4+0.32mM, GTP: 0.30 +0.02mM, CTP: 0.21+0.03mM, UTP: 0.33 +0.08 mM*) that allows
the transporter to work always at saturating levels of nucleotide. The E1036Q mutation in the Walker B motif of
NBD2 led to no significant activity in any of the performed assays (Figs 5 and 6), which demonstrates on the one
hand that no detectable impurities are present and more importantly that in fact the degenerated NBS is ATPase
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Figure 6. NTPase activity of purified WT () and E1036Q (a) Pdr5. (a) ATPase activity of Pdr5. (b) GTPase
activity of Pdr5. (¢) UTPase activity of Pdr5. (d) CTPase activity of Pdr5. In all experiments 0-5mM of NTPs
were added and the release of inorganic phosphate was measured after 20 minutes. The error bars represent the
data of at least three independent measurements (n = 3). Kinetic parameters of the Pdr5 specific NTPase activity
can be found in Table 1.

ATP 208.5+6.3 0.4440.05 0.0005
GTP 106.0£7.9 1.61+£0.30 0.0001
UTP 64.6+4.2 0.5940.11 0.0001
crp 38494232 1.62+0.25 0.0002

Table 1. Kinetic parameters of purified Pdr5 NTPase activity.

deficient as shown earlier”. As proposed by Golin et al.**, we show here that GTP can be used as an energy source
for Pdr5. However, with the K, being above intracellular GTP levels, the significance of this nucleotide for active
drug efflux under physiological conditions remains unclear.

Inhibitory effects of substrates and inhibitors on the ATPase activity of purified Pdr5. For
plasma membrane vesicles it has been previously shown that Pdr5 is a strictly uncoupled transporter?, as none
of the known substrates of Pdr5 were able to stimulate its ATPase activity. However, some substrates as well as
inhibitors are able to reduce the ATPase activity up to complete inhibition®. This characteristic allows to validate
whether detergent solubilized and purified Pdr5 shows the same or similar characteristics as embedded in its
physiological environment, the lipid bilayer. This also opens up a suitable way to compare the functional proper-
ties of the transporter in solution with the one embedded in the membrane. We therefore measured the effect of
several substrates and inhibitors on its ATPase activity. As shown in Fig. 7, all tested inhibitors and substrates are
able to inhibit the purified Pdr5 transporter comparable to what was observed in plasma membranes. The respec-
tive K| of each effector-compound is summarized in Tables 2 and 3, respectively. Interestingly, in solution the
concentration necessary to inhibit the ATPase activity of purified Pdr5 by its substrates rhodamine 6 G and keto-
conazole is roughly 5 times higher than determined for Pdr5 in plasma membrane vesicles (Table 2). Moreover,
for inhibitors the corresponding values are even up to 300-fold increased (Table 3). All tested Pdr5 substrates and
inhibitors are hydrophobic molecules and have similar partition coefficients to ketoconazole™ (Tables 1 and 2),
preferring the hydrophobic nature of a biological membrane. Thus, the local concentrations of the drugs in the
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Figure 7. Inhibition of the ATPase activity of purified Pdr5 by its substrates and inhibitors. (a) rhodamine
6G, (b) ketoconazole, (c) beauvericin, and (d) oligomycin. Error bars represent 3 independent measurements

(n=3).
Substrate K, [uM] K [uM] logP
glé“d“mi“ 32402 0.6+0.1 53 6.52
Ketoconazol |22.73+21 [54+08 42 406

Table 2. Substrate-mediated inhibition of Pdr5 ATPase activity and substrate partition coefficient. *“Taken

from*.
Inhibitor K [uM] K [nM] logP
Oligomycin | 1.464+0.13 | 0.088" 16.2 6.49
Beauvericin | 1.45£0.30 | 0.004£0.002° 362.5 9.57

Table 3. Inhibitor-mediated inhibition of Pdr5 ATPase activity and inhibitor partition coefficient. "Taken
from?” for UTPase activity. “Taken from™,

membrane are several orders higher than in solution. Therefore, the increase in K; for purified Pdr5 compared
to the membrane system is not surprising. Additionally, these values may reflect the more flexible environment
for the protein within a detergent micelle compared to a lipid bilayer. Other tested substrates like cycloheximide
did not inhibit the ATPase activity (not shown), similar to what was observed for Pdr5 in plasma membranes®.
Together, the results of the Pdr5- AT Pase inhibition assay confirm that detergent purified Pdr5 shows comparable
properties and characteristics as in plasma membranes.

The asymmetric ABC transporter Pdr5 does not exhibit adenylate kinase activity. We tested
whether Pdr5 possesses an adenylate kinase (AK) activity, as it was reported for other asymmetric ABC trans-
porters like CFTR and TmrAB**%. Therefore, the formation of ADP through the AK catalyzed reaction of
ATP+ AMP — 2ADP was assayed as a function of NADH consumption in the enzyme coupled ATPase assay. In
the case of an AK activity, addition of AMP would increase the ADP concentration additionally to the formation
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Figure 8. Test for adenylate kinase activity of Pdr5 as described in*’. The relative activity in percent corresponds
to the formation of ADP as a function of NADH consumption in an enzyme coupled assay. An increasing
amount of AMP at saturating ATP concentration (4 mM) was added and in case of adenylate kinase activity, an
increase in activity should be observerd. Error bars represent 3 independent measurements.

through the ATPase activity of the protein. The method used in this study was first described for CFTRY. Since
Pdr5 exhibits a high basal ATPase activity that is not further stimulated by its substrates, as described in this study,
other methods of assaying AK activity are in our opinion unsuitable. However, as seen in Fig. 8, the addition of
AMP to the reaction did not increase the formation of ADP. Conversely; it led to a slight decrease in NADH con-
sumption, which indicates a minor inhibition of the ATPase activity of Pdr5 with a maximum inhibition of about
20% at 2mM AMP. We therefore can rule out that Pdr5 exhibits an adenylate kinase activity that was shown for
other ABC transporter™®.

Discussion

Pdr5 is the major ABC protein in the PDR network of S. cerevisiae®*® conferring resistance to many unrelated
exogenous drugs or xenobiotics'®. Although extensively studied for more than 25 years’, the molecular mecha-
nism of the efflux pump remains mostly elusive, as it was not possible to investigate it in an isolated and functional
state. This is most certainly due to the fact that mainly the detergent solubilization process causes an inactivation
of the protein, leading to inactive protein after purification, as demonstrated in our present study. Previously,
numerous mutational studies have provided important insights in residues involved in drug binding, interdomain
crosstalk as well as the molecular diode function®®* of the unidirectional substrate transport of Pdr5. However
in order to disclose at a molecular level how these mutations affect the different steps in the pump cycle, it is
necessary to isolate the ABC transporter for these mechanistic studies in a functional state and, as a final goal, to
determine the 3D-structure.

In plasma membranes vesicles, it was shown that Pdr5 exhibits a high basal ATPase activity over a broad pH
range with a maximum at pH 9.5 that could not be further stimulated in the presence of substrates. However,
some of its substrates inhibit the ATPase activity at high concentration, possibly due to non-competitive inhi-
bition?**"*, We tested whether purified Pdr5 shows similar behavior towards the well-studied substrates keto-
conazole and rhodamine 6G and two inhibitors (oligomycin'' and beauvericin*) and could demonstrate that,
indeed, the substrates and inhibitors affect the ATPase activity in the same way as it was shown for Pdr5 in plasma
membranes. The measured K;s however differed in magnitudes, especially for the inhibitors. This finding however
is not surprising, given the hydrophobic nature of the substances tested, which show a high preference for parti-
tioning into the membrane as highlighted by the partition coefficients of these compounds. For beauvericin it was
shown that only nanomolar concentrations are required to inhibit the ATPase and transport activity in plasma
membranes, while in whole cell assays the concentration necessary to observe an impact on the Pdr5-mediated
drug efflux was within the micromolar range*". This indicates that the drug cannot freely partition in the mem-
brane presumably due to polar groups on the cell surface and/or the cell wall, which are not present in isolated
plasma membranes. Therefore, higher concentrations were required to obtain inhibitory effects on Pdr5 com-
pared to isolated plasma membranes. A similar effect is likely observed in our detergent-solubilized system, where
such an increased drug accumulation within the protein-detergent micelle does not occur. Moreover, oligomycin
is a known inhibitor of the Pdr5 ATPase activity'' as well as of ATP synthase. Here, it binds to the membrane
embedded F, subunit, which was shown by cryo-EM structure analysis*. Additionally; this effect is not specific to
Pdr5. It was shown for the well-studied ABC transporter P-gp that EC,, values for some hydrophobic compounds
like verapamil with a logP value of 4.55 are well-above 300 times higher in a detergent system compared to P-gp
embedded in a lipid bilayer*.

Pdr5 exhibits significant NTPase activity for all NTPs as shown in this study. Although ATP shows the high-
est efficiency with a K, below physiological ATP concentrations, we cannot rule out that the transporter might
utilize other NTPs. In the light of the work of Golin et al.**, in which it was shown that substrate inhibition for
GTP fueled transport takes place at higher concentrations compared to ATP mediated efflux and the *kinetic sub-
strate selection model’ proposed by Ernst et al.”” it can be speculated that the NTPs are utilized depending on the
present substrate and its concentration as they exhibit different kinetic parameters. Additionally, it was shown for
the multidrug transporter PatA/PatB that GTP is actually the preferred nucleotide to energize the translocation
of its substrates compared to ATP**. This indicates that the choice of nucleotide might depend on several factors
and it is not necessarily ATP inducing NBD dimerization and being hydrolyzed to energize the substrate efflux of
ABC transporters, as it was also proposed in a study of a NBD from Methanocaldococcus jannaschii®. It is worth
mentioning that the reported basal ATPase activity of Pdr5 in plasma membranes is in some cases up to 2 umol/
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min/mg?. However, it is important to note that the catalytic efficiency (vy,,,/K,,) of Pdr5 for ATP in detergent is
0.0005 and in the case of plasma membrane bound Pdr5 0.0008 L/mg/min (values taken from'?) which is a factor
of 1.6, as the v,,,, and K, are both lower compared to plasma membrane preparations. This reflects a v,,,,/K,,
compensation. Additionally, the reported activity of Pdr5 in plasma membranes varies a lot as Golin et al. report
an activity of about 150 nmol/mg/min®, which is within the range of activity reported in this study.The above
described findings need further support from studies in a reconstituted system. However, it was not possible so
far for us to reproducibly measure rhodamine 6G transport in Pdr5 containing proteoliposomes.

The low resolution structure of Pdr5 suggested that Pdr5 might function as a dimer in the membrane®. As
Pdr5 is a full-size ABC transporter consisting of two NBDs and two TMDs within a single molecule®, these
findings were quite surprising. However, as the author state in their study, dimerization was only observed
upon detergent removal and no activity of the purified or reconstituted protein was reported®. It was shown
for other ABC transporters like ABCA1 as well as the peroxisomal ABC transporters ABCD1 and ABCD2 that
these proteins can actually form higher oligomeric functional units***!. Nevertheless, for Pdr5 it is assumed that
the functional unit is a monomer as shown for other full-size ABC transporters™. In our experiments, we used
SEC-MALS analysis™ of the purified functional Pdr5 in trans-PCC-:-M micelles to gain information of the
oligomeric state of the protein in solution. Size-exclusion chromatography, coupled with multiangle light scat-
tering, is a most widely used technique for determining the absolute molecular weight distribution and averaged
molecular weights of proteins and natural polymers™. Here, we show with in vitro assays that we purified Pdr5 in
a functional state and by SEC-MALS analysis that the functional, purified Pdr5 is monomeric in solution.

In summary, the above described purification protocol for Pdr5 in a monomeric physiological competent,
high active form will allow further detailed functional and structural investigations on the molecular steps during
the transport cycles of Pdr5. Additionally, the presented data and purification approach could be extended to the
Pdr5 homolog Cdr1 of the clinically important pathogen C. albicans. Initial studies on Cdr1 purified with Triton
X-100 resulted in rather low activity and might be improved using our protocol™.

Methods

Growth media and chemicals. Yeast strains were cultured in YPD medium (20 g/l tryptone/peptone, 10g/1
yeast extract and 20 g/l glucose). All chemicals, if not stated otherwise, were obtained from Carl Roth or Sigma-
Aldrich. trans-PCC-a-M was purchased from Glycon Biochemicals. anti-Pdr5 antibody was purchased from
Davids Biotechnology, anti-Penta-His antibody was obtained from Qiagen.

Yeast strains. In this study we used the S. cerevisiae strain YRE1001 (MATa ura3-52 trpl-1 leu2-3,112 his3-
11,15 ade2-1 pdr1-3 pdr5pdr5prom A:: TRP1). For more detailed information on the strain construction see®.

Total membrane isolation and solubilization.  Cells were grown at 30°C in YPD medium. The nitrogen
source was refreshed at an ODg, of 1.5 by addition of 10% (v/v) 5x YP (100 g/l tryptone/peptone, 50 g/l yeast
extract). At an ODyg of 3.5 the cells were harvested at 5000 x g for 15 min (4°C).

All steps of the membrane isolation were performed at 4°C. Cells were resuspended in 50 mM Tris-HCI pH
8.0, 5mM EDTA and two protease inhibitor tablets (EDTA-free, ROCHE). Lysis of the cells was performed with
glass beads. The suspension was centrifuged twice at 1000 x g for 5min (4°C) and once at 3000 x g for 5min
(4°C) to remove cell debris and the supernatant was centrifuged at 20,000 x g for 40 min (4 °C). The resulting
pellet was resuspended in buffer A (50 mM Tris-HCI pH 7.8, 50 mM NaCl, 10% (w/v) glycerol) and adjusted to
10 mg/ml overall protein concentration. Solubilization of the membrane proteins was carried out with 1% (w/v)
trans-PCC-o-M for 1h under gentle stirring at 4°C.

Affinity purification and size exclusion chromatography. The immobilized metal ion affinity chro-
matography (IMAC) of N-terminal 14x histidine tagged Pdr5 was performed as described in'“. In short, solubi-
lized proteins were separated from the non-solubilized fraction by ultracentrifugation at 170,000 x g for 45 min at
4°C. A 1 ml HiTrap Chelating column loaded with Zn** ions was equilibrated using low histidine buffer (50 mM
Tris-HCI pH 7.8, 500mM NaCl, 10% glycerol, 2.5 mM L-histidine, 0.003% (w/v) trans-PCC-a-M). Subsequently,
the sample was loaded on the column, washing and elution was performed by a step gradient using low and
high histidine buffer (50 mM Tris-HCI pH 7.8, 500 mM NaCl, 10% glycerol, 100 mM L-histidine, 0.003% (w/v)
trans-PCC-a-M).

For size exclusion chromatography, the elution fractions were pooled and concentrated using a Vivaspin
6 (Sartorius) centrifugal concentrator (100 kDa MWCQO). The size exclusion chromatography was per-
formed on a Superdex 200 10/300 GL column (GE Healthcare) equilibrated with buffer A containing 0.003%
(w/v) trans-PCC-a-M. Both purification steps were carried out on the Akta protein purification systems (GE
Healthcare).

SEC-MALS analysis. To investigate the oligomeric state of purified Pdr5, multi-angle light scattering in
combination with size exclusion chromatography (SEC-MALS) analysis was petformed on an Agilent 1260
HPLC System. A triple-angle light scatter detector in combination with a differential refractive index detector
(miniDAWN TREOS and Optilab rEX, respectively (Wyatt Technology Europe) were used and data analyzed
with Astra 4 Software (Wyatt Technology Europe).

NTPase activity assay. Purified Pdr5 (1pg per well) was incubated with 10 mM MgCl,, 300 mM
Tris-glycine buffer pH 9.5, 0.004% (w/v) trans-PCC-o-M and 0-5mM NTP in a reaction volume of 25 pl.

pH dependency of the Pdr5 ATPase activity was measured as described in®. In short, 1 pg Pdr5 was incubated
with 4mM ATP, 10 mM MgCl, and 0.004% (w/v) trans-PCC-a-M in 300 mM MES-Tris (pH 4.6-8.0) or 300 mM
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Tris-glycine (pH 8.0-11.0) buffer After incubation for 20 min at 30 °C, the reaction was stopped by adding 175pl
of ice-cold 40 mM H,SO,*.

Oligomycin (OM) sensitive ATPase activity of solubilized plasma membrane proteins was performed as
described in**¥7%%,

Released inorganic phosphate was determined by a colorimetric assay using Na,HPQ, as a standard™.

ATPase inhibition assay. The inhibition assays were performed as the NTPase activity assays described
above. The compounds were dissolved in an appropriate solvent (water, methanol or DMSQO) and mixed with
750mM Tris-glycine buffer to reach the desired stock concentrations. Purified Pdr5 was incubated with each
substance for 5 min before the reaction was started by addition of 4mM ATP. Detection of released inorganic
phosphate was performed as described for the NTPase activity assay. The non-inhibited ATPase activity was set
to 100%. The K; was determined using Equation (1) as described in*.

1 — [drug]

v =100 ¥ ————=—
K; + [drug] (1)
Here, v corresponds to the relative ATPase activity, K; to the inhibitory constant in mol/L constant and [drug] to
the drug concentration in mol/L.

logP values of the tested compounds were calculated with the Chem3D program (Perkin Elmer) based on
Molecular Networks’ chemoinformatics platform MOSES (https://www.mn-am.com/moses).

Adenylate kinase activity assay. Adenylate kinase activity assay was performed as described in*’. In brief,
an enzyme coupled ATPase assay was performed in a 96-well plate at 30 °C and measured in a Tecan Infinite 200
PRO reader (Tecan). The reaction volume of 200 ul was composed of 300 mM Tris-glycine buffer pH 8, 0.004%
(w/v) trans-PCC-o-M, 5mM MgCl,, 4mM PEP, 0.6 mM NADH, 3.5 ul pyruvate kinase/lactic dehydrogenase
(PK/LDH) (Sigma-Aldrich). The reaction was started by the addition of 0-4 mM ATP. For detection of adenylate
kinase activity, 0-2 mM AMP were added at saturating concentrations of ATP (4 mM). The absorbance of NADH
was detected at 340 nm for 20 minutes. The decrease in NADH absorbance is proportional to the increase in ADP.
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Summary

Resistance to antimicrobial and chemothera-
peutic agents is a significant clinical problem.
Overexpression of multidrug efflux pumps often
creates broad-spectrum resistance in cancers and
pathogens. We describe a mutation, A666G, in the
yeast ABC transporter Pdr5 that shows greater
resistance to most of the tested compounds than
does an isogenic wild-type strain. This mutant exhib-
ited enhanced resistance without increasing either
the amount of protein in the plasma membrane
or the ATPase activity. In fluorescence quench-
ing transport assays with rhodamine 6G in puri-
fied plasma membrane vesicles, the initial rates of
rhodamine 6G fluorescence quenching of both the
wild type and mutant showed a strong dependence
on the ATP concentration, but were about twice as
high in the latter. Plots of the initial rate of fluores-
cence quenching versus ATP concentration exhib-
ited strong cooperativity that was further enhanced
in the A666G mutant. Resistance to imazalil sulfate
was about 3-4x as great in the A666G mutant strain
as in the wild type. When this transport substrate
was used to inhibit the rhodamine 6G transport, the
A666G mutant inhibition curves also showed greater
cooperativity than the wild-type strain. Our results

Accepted 7 July, 2019. *For correspondence: E-mail golin@cua.edu;
Tel. 240-643-3968; Fax 202-319-5722. Drs. Arya and Rahman are
considered joint first authors.

© 2019 John Wiley & Sons Ltd

suggest a novel and important mechanism: under
selection, Pdr5 mutants can increase drug resist-
ance by improving cooperative interactions between
drug transport sites.

Introduction

Broad-spectrum resistance to antibiotics in pathogens
and chemotherapeutic agents in tumor cells remains a
major clinical problem. Multiple mechanisms are respon-
sible for this, with genetic alterations in ATP-binding cas-
sette (ABC) multidrug transporters playing a major role.
Often, multidrug resistance results from the overexpres-
sion of these proteins in fungal pathogens and cancers
(Konotoylannis and Lewis, 2002; Gottesman et al., 2002;
Lage, 2003; Pfaller, 2012; Prasad et al., 2014; Kathawala
et al., 2015). It seemed plausible that additional mech-
anisms for increased multidrug resistance existed and
were worth identifying.

Multidrug transporters of the ABC superfamily are
polytopic proteins. They bind and hydrolyze nucleotides
in the nucleotide-binding domains (NBDs). The energy
from binding and hydrolysis is used to affect conforma-
tional changes in the transmembrane domains (TMDs),
where drugs bind to many sites in a large drug-binding
pocket. These changes allow the transporter to cycle
from an inward-facing, drug-binding conformation to an
outward-facing, drug-releasing structure (Seeger et al.,
2015). Activities at these separate domains are coordi-
nated through a transmission interface that has been well
characterized in the yeast Pdr5 multidrug transporter, the
founding member of the large Pdr fungal subfamily of ABC
proteins (Gbelska et al., 2006). Typically, loss-of-function
mutations in the transmission interface exhibit reduced
ATPase and GTPase activities, increased drug hypersen-
sitivity to xenobiotic agents and increased resistance to
noncompetitive inhibition of the ATPase activity (Sauna
et al., 2008; Downes et al., 2013; reviewed in Golin and
Ambukar, 2015).

The Pdr subfamily of fungal transporters is closely
related to the ABCG family found in plants and animals
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(Lamping et al., 2010). Both subfamilies have a reverse
orientation of NBDs and TMDs, high basal ATPase activ-
ities, a cis orientation of the signaling interface and short
intracellular loops.

As is the case with other multidrug transporters, overex-
pression of Pdr5 leads to hyperresistance (Meyers et al.,
1992). Furthermore, these high levels of Pdr5 are sta-
bly maintained even under conditions of nutrient stress
(Rahman et al., 2018). Recently, however, Downes et al.
(2013) demonstrated that multidrug-resistant yeast cells
that were already overexpressing the Pdr5 transporter
achieved even greater levels of drug resistance because
of gain-of-function mutations in the transmission interface.
In particular, they showed that a V656L substitution in the
intracellular loop-2 (ICL-2) of Pdr5 was responsible for
approximately doubling the resistance. Remarkably, there
was no further increase in either the amount of Pdr5 in
the plasma membrane (PM) or the level of ATPase activ-
ity. Molecular modeling of this region suggests that ICL-2
is too short to make direct contact with an ATP binding
site. Nevertheless, it appears to play a significant role
in the intradomain crosstalk. A V656A mutant exhibited
significant levels of ATPase activity, but had almost no
transport. Furthermore, the hypersensitive E244G Q-loop
mutation was suppressed by the V656L mutation. The
Q-loop is known to play a critical role in the intradomain
crosstalk of ABC transporters, including Pdr5 (Urbatsch
et al., 2000; Dalmas et al, 2005; Ananthaswamy et al.,
2010). Kolaczkowski et al. (2013) characterized a series
of hyperresistant mutants in the CaCdr1 transporter of the
pathogenic fungus C. albicans in an important study. This
ABC efflux pump has 56% amino acid identity to Pdr5.
The mutations lie in the signal transmission interface
and these investigators analyzed both single mutant and
multiple mutant combinations with respect to drug resis-
tance and ATPase activity in the presence of transport
substrates. Several mutants were similar phenotypically
to ours, but the mechanism responsible for the increased
resistance in these mutants was not elucidated.

In this report, we probe the mechanism responsible
for Pdr5-mediated hyperresistance with a more robust
mutant: an A666G alteration located near Val-656 that
appeared in two screens for mutants that increased the
cycloheximide resistance (Downes et al., 2013).

ABC transporters are known to have multiple drug
binding sites (Bruggemann et al., 1989; Golin et al.,
2003; Shukla et al., 2003) with simultaneous binding
of more than one molecule (Loo et al, 2003; Lugo
and Sharom, 2005). An early study demonstrated that
mammalian multidrug transporter P-glycoprotein (P-gp)
binds azidopine in two places (Martin et al., 2000). It
is now clear that both regions are part of the large,
drug-binding pocket. Our results suggest that transport
efficiency and resistance are enhanced by the A666G

mutation, which establishes significant cooperativity
between transport sites.

Results
Isolation of the A666G mutation

The A666G mutation appeared in two separate
genetic screens. In the first screen, it was isolated as
a suppressor of a Q-loop region mutant N242K, which
resulted in increased hypersensitivity to Pdr5 transport
substrates (Sauna et al., 2008). In the second screen,
yeast cells already overexpressing Pdr5 were plated
on a lethal concentration of cycloheximide (Downes
etal., 2013). The A666G substitution arose here as well.
We recreated this mutation on the integrating plasmid
pSS607, which was placed in the APdr5 strain R-1. We
confirmed that the resulting strains were hyperresistant
to cycloheximide. We performed all of the work in this
study with the recreated mutation. We made two addi-
tional substitutions: A666V and A666L. The former was
phenotypically identical to the A666G mutant. Western
blotting demonstrated that the latter failed to localize
the PM (data not shown).

The evolutionary relationships between fungal ABC
transporters were the subject of a detailed study (Gbelska
et al., 2006). The Pdr subfamily was initially described
as one of the eight clusters found in fungi. It was further
subdivided into four groups of ABC transporters, each
resembling Pdr5, Sng2, Pdri2 or Pdri1. A more recent
study divided the Pdr subfamily into nine distinct clusters
(Lamping et al., 2010). Among transporters of this sub-
family, Ala-666 shows 97% conservation (Lamping et al.,
2010).

The steady-state level of Pdr5 was not increased in
A666G mutant PM vesicles

To determine whether the steady-state level of Pdr5 in PM
vesicles could account for the large increase in drug resis-
tance, we performed a Western blot analysis with three sets
of purified PM vesicles from the A666G strain with WT and
APdr5 preparations as controls. We obtained a Pdr5/Pmat
ratio for each of the samples in each blot where Pdr5 could
be detected. We then compared these values from the
WT and the A666G mutant preparations. The A666G had
1.03 + 0.26 the amount of Pdr5 as the WT. A t-test indicated
no significant difference between the two sets of prepara-
tions. The results, therefore, demonstrate that steady-state
levels of Pdr5 in vesicles prepared from the WT and A666G
strains do not differ (Fig. 1A). During the course of this study,
we switched to a vastly improved method for purifying ves-
icles. This ensured preparations of much higher enzyme
and transport activity. Coomassie Blue-stained samples of

© 2019 John Wiley & Sons Ltd, Molecular Microbiology, 0, 1-14
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Fig. 1. The steady-state level of Pdr5 in PM vesicles is unaltered in the A666G mutant.
A. We performed Western blotting as described in the Experimental Procedures with 10 pg of purified PM vesicle protein solubilized for
30 min at 37°C in SDS-PAGE. All lanes are from the same gel, but a lane with a blot of another strain was cropped and is not shown. The

ratio of Pdr5/ Pma1 is shown below the WT and A666G lanes.

B. We performed gel electrophoresis with 10 pg samples of solubilized PM vesicle protein prepared according to Kolaczkowski et al. (1996)
as modified by Ernst et al. (2008). The following electrophoresis as described in the Experimental Procedures, the gel was stained in
SimplyBlue SafeStain solution for one hour and destained in reverse osmosis water overnight. A different set of molecular weight markers

was used in each panel.

WT, A666G and APdr5 preparations are shown in Fig. 1B.
The Pdr5 band, which was absent in the APdr5 sample,
was estimated to make up roughly 10% of the total PM ves-
icle protein. We also determined that the APdr5 vesicles
consistently had more Pma1 in PM vesicles than either the
WT or A666G mutant preparations.

The ATPase activities of the WT and A666G PM vesicle
preparations are similar

We routinely measured the ATPase activity of all of our PM
vesicle preparations with 3 mM ATP at 35°C. We saw no
difference in the activity between the PM vesicles (data not
shown). We also tested the ATPase activity as a function
of ATP concentration at 35°C in four independent sets of
PM vesicle preparations from both strains, with the same
HEPES transport buffer (pH 7.0) employed in fluorescence
quenching studies described below. We made each pair,
consisting of PM vesicles from the WT and mutant, on
the same day or on successive days. Under these con-
ditions we noted little difference in the ATPase activities
of the WT and mutant preparations (Fig. 2A). Therefore,
the increased resistance of the A666G mutant cannot be
attributed to increased ATPase activity. Similarly, the K|
values were not significantly different (Fig. 2B).

These vesicles have a large amount of Pma1, which
retains the significant activity at a pH of 7.0. This
results in significant background, especially at ATP
concentrations that are 3 mM or greater. We, therefore,
probably underestimated the Pdr5-specific ATPase;
however, we saw no difference between the strains.

© 2019 John Wiley & Sons Ltd, Molecular Microbiology, 0, 1-14

The Pdr5 ATPase activity has a broad pH range (Ernst
et al., 2008). When Tris-glycine (pH 9.5) served as the
assay buffer to measure the activities in two sets of
PM vesicles (Fig. 2C), the background observed in the
negative control was considerably reduced. In this par-
ticular experiment, the V. of the WT ATPase activity
was ~ 1.5 pmol min™' mg™' and the K, was ~ 1.1 mM.
The corresponding values for the A666G mutant were
1.9 pmol min™' mg™ and 0.7 mM.

The A666G mutant increased resistance to many Pdr5
transport substrates

We compared the resistance of the WT and A666G
strains to the six Pdr5 transport substrates as shown in
Fig. 3. Five additional plots are found in the Supporting
Information (Fig. S1). The entire collection encom-
passed compounds that are distinct in the structure
and mechanism of action (tamoxifen, two trialkyltin
chlorides, cycloheximide and cerulenin) and a set of
structurally similar compounds (bifonazole, clotrim-
azole, imazalil sulfate (IMZ) and cyproconazole) that
inhibit ergosterol (and therefore membrane) biosyn-
thesis. Thus, we tested 11 Pdr5 transport substrates.
These varied considerably in hydrophobicity and size.
Cycloheximide was the most polar (log p = 0.56); tripen-
tyltin chloride was the most hydrophobic (log p = 5.84)
and largest. Cerulenin was the smallest of the Pdr5
substrates tested.

The A666G mutation created robust resistance to 10 of
the 11 tested compounds. Depending on the compound,
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Fig. 2. The WT and mutant PM vesicle preparations have indistinguishable ATPase activities. V.

ATP [mM]

nax (A) and K_ (B) values from assays of

four PM vesicles preparations from WT (green box) and A666G (blue box) mutant strains. The assays were performed in HEPES buffer (pH
7.0) as described in the Experimental Procedures. The horizontal bars indicate the median values. (C) The ATPase activity was also assayed
in Tris-glycine buffer (pH 9.5). No other parameters of the assay were altered. In this panel: green line (%) = WT and blue line (0) = A666G

mutant.

the resistance to these substrates in the A666G mutant
strain was roughly 2—4x higher than in the WT. The mutant
did not exhibit enhanced clotrimazole resistance. In two-
way ANOVA tests, only the plots for clotrimazole showed
no significant difference between the WT and A666G
strains.

Identification of substrates whose transport is not
enhanced by the A666G mutation may have bearing on
the mechanism of resistance. The clotrimazole data are
complicated by the fact that this transport substrate is a
potent inhibitor of Pdr5 ATPase in vitro, which might limit
any additional resistance above the WT level in vivo. In
the Supporting Information, we identify coumarin 6 as a
strong Pdr5 substrate whose transport was not enhanced
further by the A666G mutant (Fig. S2) and did not inhibit
the Pdr5-specific ATPase activity.

The A666G mutant had increased R6G transport in
whole cells

We also compared the whole cell R6G transport capa-
bility of the WT, A666G and G312A mutant strains with
5 uM (Fig. 4A) and 10 pM R6G (Fig. 4B). The G312A null
mutant and the isogenic APdr5 strain served as nega-
tive controls. In an assay with 5 uM R6G, the WT strain
accumulated a median value of 94.4 arbitrary fluores-
cence units (a.u.); the APdr5 strain retained 1920 a.u.
Cells treated with 50 mM 2-deoxyglucose to deplete ATP

levels retained levels of fluorescence that were compa-
rable to the negative control. Fluorescence was 6x as
great in the WT as in the A666G strain (15.7 a.u.). A sim-
ilar result appeared in a transport assay conducted with
10 uM R6G. In this case, the differential between the
AB66G and WT strains was about 5x (Fig. 4B).

Whole cell transport experiments and measurements
of drug resistance were carried out at 30°C and various
in vitro assays were performed at 35°C. We, therefore,
performed one set of whole cell transport experiments at
a higher temperature to determine whether the relative
difference between the strains was maintained (Fig. 4B).
However, transport was reduced overall, the WT still accu-
mulated about 5x as much R6G as the A666G mutant
strain. We concluded that the A666G mutant was not tem-
perature sensitive and that the results obtained at the two
temperatures were comparable.

Imazalil sulfate inhibits R6G transport in whole cells

In a previous study, IMZ exhibited the concentration-
dependent inhibition of R6G whole cell transport (Mehla
et al., 2014). IMZ was also useful because it did not inhibit
the Pdr5 ATPase activity at the concentrations used in our
transport assays (Downes et al., 2013). When 5 uM R6G
was the substrate, IMZ caused concentration-dependent
inhibition with levels of retained fluorescence reaching that of
the APdr5 control (Fig. 5A). The IC,, of IMZ in the WT strain

© 2019 John Wiley & Sons Ltd, Molecular Microbiology, 0, 1-14
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Fig. 3. The A666G mutant exhibits strong hyperresistance to multiple Pdr5 substrates. Cells were cultured in YPD broth at 30°C for 48 h
in the presence of drugs as described in the Experimental Procedures. YPD cultures of each strain that contained no drug served as an
untreated control for growth comparisons. Cell concentration was determined at 600 nm. In this figure: ®, green, WT; 4, red, APdr5 and o,

blue, A666G (n = 3).

was ~ 60-70 pM. The A666G mutant, however, behaved dif-
ferently. It took a larger concentration of IMZ to begin to see
the inhibition. At higher concentrations, however, the mutant
curve increased sharply so that the IC;, (about 100 pM)
was similar to that of the WT. When we used a nonlinear
transformation to make plots of the log of the IMZ concen-
tration versus the fluorescence (Fig. 5B), the WT curve had
a Hill (h) coefficient of 0.9, but the mutant value was 2.4,
suggesting cooperativity between transport sites.

The concentrations of IMZ used to inhibit R6G trans-
port also inhibited growth in the culture. However, the
gating profiles of IMZ-treated cells obtained during fluo-
rescence cell sorting were similar to the untreated con-
trols and gave no evidence of increased cellular damage
or death during the relatively short incubation period, cau-
tion is required in interpreting these results. Studies car-
ried out by Siegel and Ragsdale (1978) demonstrated the
effects of imazalil on ergosterol precursor pools as early
as 30 min. Therefore, it was important to perform the in
vitro studies described below.

© 2019 John Wiley & Sons Ltd, Molecular Microbiology, 0, 1—14

The A666G mutant enhanced R6G fluorescence
quenching in purified PM vesicles

We developed a fluorescence quenching assay suitable
for measuring the R6G transport for Pdr5 (Kolaczkowski
et al., 1996) and have used it to analyze the transport
capability of several mutants (Ernst et al., 2008; Furman
et al., 2013). However, R6G is a known inhibitor of
Pdr5 ATPase. It was, therefore, important to establish
whether the WT and A666G mutant enzyme activities
were inhibited to the same degree. If, for example, the
AB66G mutant enzyme was more sensitive to inhibition
than the WT, the initial rate (IR) of fluorescence quench-
ing would be underestimated in the mutant. In the
Supporting Information (Fig. S3, panel A), we present
the data indicating that the IC,, of the A666G ATPase
was only modestly lower than that of the WT when
assayed in HEPES (pH 7.0) buffer with relatively high
concentrations of R6G (5-35 uM). At the concentra-
tion of R6G used in most of our quenching experiments
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Fig. 4. The A666G mutant enhances the R6G transport in

whole cells. Transport of 5 uM (A) or 10 pM (B) R6G against

a concentration gradient was performed as described in the
Experimental Procedures at 30°C for 90 min. The median
fluorescence (a.u.) obtained from sorting 10,000 cells per sample
is shown (n = 3). We also compared the transport at 30°C and
35°C in the same strains (B). Each independent culture (n = 3) was
split into two portions and the transport was monitored at the two
temperatures with the whole cell transport protocol described in
the Experimental Procedures.

(100 nM), the WT enzyme retained 90% of the activity
found in untreated samples; the A666G mutant retained
80% (Fig. S3, panel B).

We initially assayed a single preparation of PM vesicles
from the WT and A666G strains (Fig. 6A). We performed
reactions with 3 mM ATP, a concentration thought to be
physiological for Saccharomyces (Ozalp et al., 2010). As
expected, the kinetics of R6G quenching in the WT and
AB66G strains were first order (R? values = 0.9926 and
0.9965 respectively) when we performed a linear regres-
sion on a plot of the natural logarithm (In) of the fluores-
cence a.u. versus time (Fig. 6B). PM vesicles from the
isogenic APdr5 served as a negative control and showed
no quenching. The plot from this preparation yielded a
slope that was not significantly different from zero. We
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Fig. 5. Imazalil sulfate inhibition of the R6G transport is
concentration dependent.

A. Inhibition of 5 M R6G transport was performed in the presence
of IMZ. The assay was the same as the one used throughout the
whole cell transport studies except that during inhibition assays,
IMZ was added at the same time as R6G and remained throughout
the entire incubation period. The red line indicates the level of
fluorescence in the APdr5 control strain. In these experiments,
n=6for WT (green line) and n = 4 for the A666G mutant (blue
line).

B. A logarithmic plot was constructed from the same data.

obtained a similar result when we omitted ATP from a
reaction containing either WT or A666G (data not shown).
Because the ATPase activities of the WT and A666G PM
vesicles used in this experiment were similar, thus we
concluded that the IR of fluorescence quenching was
about twice as fast in the mutant.

ATPase activities varied somewhat from one PM ves-
icle preparation to another; furthermore, we switched to
a much improved method of PM vesicle preparation that
yielded significantly higher ATPase activities. We used
this method to prepare the PM vesicles used exclusively
in the experiments described in Figs 8 and 9. Therefore,
it was important to determine whether IRs of R6G fluo-
rescence quenching and ATPase activity were propor-
tional. Results presented in the Supporting Information
(section S2 and Fig. S4) demonstrate that this was the
case.

© 2019 John Wiley & Sons Ltd, Molecular Microbiology, 0, 1-14
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Fig. 6. Pdr5-mediated R6G transport is enhanced in PM vesicles
prepared from AB66G cells. In these experiments: ®, green, WT;
4 red, APdr5 and o, blue, A666G. Fluorescence quenching was
carried out as described in the Experimental Procedures at 35°C
with 30 pg PM vesicle protein suspended in transport buffer
containing 100 nM R6G and 3 mM ATP in a final volume of 2 ml, as
described by Furman et al. (2013).

A. Quenching was carried out with PM vesicles prepared from
WT, APdr5 and the A666G mutant strains as described in the
Experimental Procedures. The plot shows the fluorescence in a.u.
at 1 min intervals.

B. A linear regression was performed on the same data shown in
Fig. 7A by plotting the In fluorescence (a.u.) against the time using
GraphPad software.

C. Fluorescence quenching experiments used independent

PM preparations from the WT and A666G mutant strains. Initial
quenching rates were determined by linear regression performed
on each plot as shown in panel B. We plotted the rates against the
ATPase activity determined in HEPES transport buffer with 3mM
ATP, with the assay described in the Experimental Procedures.

No large changes occurred in the IRs of fluorescence
quenching over an 8x range of R6G concentrations

We looked at the IRs of fluorescence quenching over an
8x range in R6G concentration in the preparations of WT
and the A666G mutant (12.5 nM—100 nM). We observed
no consistent change in the quenching rates over this
range of concentrations (Fig. 7). If anything, the mutant
rates decreased very slightly with increased concentra-
tions of R6G.

© 2019 John Wiley & Sons Ltd, Molecular Microbiology, 0, 1-14
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Fig. 7. IRs of fluorescence quenching measured over a range of
R6G concentrations. Fluorescence quenching experiments with
WT (green bar) and A666G (blue bar) PM vesicles were performed
as described in the Experimental Procedures with different
concentrations of R6G (12.5-100 nM).

The enhanced fluorescence quenching observed in
the A666G PM vesicles is attributable to increased
cooperativity between transport sites

To evaluate whether the A666G phenotype is attributable
to altered kinetics of the drug transport cycle, we initially
compared the IRs of fluorescence quenching of the WT
and mutant PM vesicles with similar preparation dates
and ATPase activities over a range of ATP concentra-
tions (1.5-10 mM).

With the improved method of purifying PM vesicles, we
obtained preparations of much higher ATPase activity and
fluorescence quenching capability. We observed that at
higher IRs of R6G fluorescence quenching, the curves
became nonlinear with increasing time in both WT and
A666G vesicles. By carrying out linear regression on the
entire data set (20 min) would have resulted in an under-
estimation of the IRs of fluorescence quenching once we
performed a linear transformation (and the R? values in
some cases would have been less). Therefore, we deter-
mined the IRs of R6G fluorescence quenching for these
from the linear portion of the curves, with linear regres-
sion. Representative plots of the In fluorescence versus
time are found in the Supporting Information (Fig. S5)
from assays with 1.5, 3.0 and 5.0 mM ATP. The linear por-
tions used to determine rates are indicated. The /? values
for the linear portions were all > 0.99.

When we plotted the rates versus ATP concentration
(Fig. 8A), several features were readily apparent. The
curves for both the mutant and the WT fit a nonlinear trans-
formation that used an allosteric sigmoid equation. The
R values for the WT and A666G plots were 0.9776 and
0.9921, respectively, indicating a reasonably strong fit. The
Ky (areys Necessary to reach half the V,,, of fluorescence

max
quenching were similar: 3.5 mM for the WT and 3.4 mM
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Fig. 8. The A666G mutant enhances cooperativity between transport sites. Fluorescence quenching was performed with 100 mM R6G
at 35°C for 20 min as described in the Experimental Procedures except that 60 pg of purified PM vesicles were used in each reaction with
the first set of PM vesicles tested (A) and 30 pg were used with a second set of WT and mutant PM vesicles (B). In each panel: =, green
line = WT and £, blue line = the A666G mutant. The ratio of the A666G mutant and WT IRs is compared above and below the K (C).

for the A666G mutant (Table 1). There was a remarkable
increase in the IRs of fluorescence quenching between 3
and 4 mM ATP in both cases. This largely accounts for the
high h coefficients of 5.9 for the WT and 8.6 for the mutant.
This cooperativity represents interactions between the
drug transport sites rather than the ATP hydrolysis sites.
The Pdr5-mediated ATPase activity is well studied, follows
strict Michaelis—Menten kinetics and therefore exhibits no
cooperativity (Golin et al., 2007; see also Fig. 2C).

The higher h coefficient observed in the plot from
the AB66G mutant was potentially important because it
suggested a mechanism by which resistance could be
enhanced. For this reason, we prepared a new set of WT
and A666G PM vesicles and again tested the effect of
varying ATP concentrations on the IRs of fluorescence
quenching. In this experiment, however, we also mea-
sured the IRs of R6G fluorescence quenching at the lower
ATP concentrations of 0.5 and 1.0 mM. The results in the
two experiments were qualitatively similar (Fig. 8B). The
pertinent kinetic data for the experiments shown in Fig. 8
are averaged and are presented in Table 1.

The Supporting Information presents the results from
a set of WT and A666G mutant preparations that were
made and tested independently of each other (Fig. S6A
and B). In addition, an earlier experiment used a pair
of WT and A666G PM vesicles prepared with the origi-
nal purification method and therefore lower ATPase and
quenching activity (Fig. S6C). In all of these, the h coef-
ficient was noticeably higher for the mutant than the WT.

We compared the enhancement of quenching in the
AB66G PM vesicles at each of the ATP concentrations
that we tested (Fig. 8C). Overall, we saw no significant
difference in the enhancement at concentrations that
were above or below the Km values. However, in both
experiments, the ATP concentration directly above the K |
resulted in the largest enhancement.

The inhibition of R6G fluorescence quenching by
IMZ in A666G PM vesicles also exhibited enhanced
cooperativity

We also observed enhanced cooperativity in the A666G
mutant PM vesicles when we used IMZ to inhibit R6G
fluorescence quenching. We compared the inhibition of
R6G fluorescence quenching with 50, 75 and 100 nM
R6G in new pairs of PM vesicles prepared from the WT
and A666G strains (Fig. 9A-C). The lowest concentration
of IMZ used (0.5 pM) resulted in 0%—15% inhibition rela-
tive to the untreated control depending on the strain and
R6G concentration. The mutant curves exhibited greater
cooperativity than the WT ones at all three concentra-
tions. The data are summarized in Table 2, where they
are compared to the values obtained from experiments in
which we monitored the IR of R6G fluorescence guench-
ing as a function of ATP concentration. The h coefficients
for both WT and mutant were higher in the experiments
where ATP was varied than in those in which we used IMZ
as an inhibitor.

© 2019 John Wiley & Sons Ltd, Molecular Microbiology, 0, 1-14
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Fig. 9. Inhibition of R6G fluorescence quenching by IMZ mirrors
the results with whole cell transport studies. Fluorescence
quenching experiments were performed with 25 pg of purified PM
vesicle protein for 20 min at 35°C as described in the Experimental
Procedures. A different pair of PM vesicles was used to monitor
fluorescence quenching at 75 nM R6G. Inhibition studies were
performed with IMZ with (A) 50 nM, (B) 75 nM and (C) 100 nM
R6G with various concentrations of IMZ (0.5-30 uM). The IRs
were determined using Graph Pad software through the same
linear transformation that was applied to the tamoxifen data. The
resulting curves were fitted by a nonlinear transformation (IR
versus log [inhibitor], variable slope with four parameters). In all
panels: WT = ® green line and A666G = o, blue line.

Discussion

Traditionally, cancers and pathogenic organisms are
screened for the overexpression of these efflux pumps.

© 2019 John Wiley & Sons Ltd, Molecular Microbiology, 0, 1-14
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Table 1. IR of fluorescence quenching versus ATP concentration:
kinetic parameters?

Kinetic parameters WT ABB6G

V..., quenching (S~ x 107 -19 (3.5) -33 (1.4)
K., quenching (mM) 2.9 (0.9) 2.2 (0.4)
Hill values (h) 4.7 (1.8) 6.8 (2.6)
V.. ATPase (umol min~' mg™")® 1.4 (0.2) 1.4 (0.7)
K., ATPase (mM) 21 (1.3) 21 (0.9)

*The kinetic parameters are the average values for the experiments
shown in Fig. 8A and B. The kinetic parameters were determined
using GraphPad Prism 8.0 software. The standard deviations are
included in parentheses. Each point on a curve is the average IR
of R6G fluorescence quenching for two quenching reactions. One
of these (2 mM ATP, A666G) was recognized as an outlier by the
GraphPad software and removed.

"The ATPase activity was measured in Tris-glycine buffer (pH 9.5).

In this report, we describe the phenotypic features of a
novel mutation: A666G, which exhibited robust enhance-
ment in drug resistance. This mutant acquired under
selection generally had IC., values that were 2.5-4x
as high as the WT depending, on the substrate. When
we measured the R6G efflux in whole cells, the WT
retained ~ 3.4-6x as much fluorescence as the mutant.
Significantly, these enhancements occurred, however,
no further increase in the ATPase activity or the steady-
state level in the PM.

These observations have major implications for the ther-
apeutic treatment of cancers and fungal pathogens. They
suggest that further robust resistance mediated by ABC
transporters may be obtained without overexpression.
The transport of clotrimazole and coumarin 6, however,
was not enhanced by this alteration. We observed no dif-
ference in clotrimazole resistance or coumarin-6 transport
capability between the WT and A666G mutant strains.
Understanding the mechanism behind the increased
resistance that defines the A666G mutant phenotype
might offer improved treatment of fungal resistance and
drug-resistant cancer. It may help identify therapeutic
compounds that are more effective because mutants sim-
ilar to AB66G are unable to enhance their transport.

Our observations suggest a novel mechanism for the
resistance exhibited by the A666G mutant. Conservation
of this residue in numerous clinically relevant fungal trans-
porters and the similar phenotype of the A666G substitu-
tion in CaCdr1 suggests that this could be a significant
way to increase the multidrug resistance.

Both whole cell transport and fluorescence quenching
assays in the presence and absence of competing trans-
port substrates indicate that this mutant makes the efflux
process more efficient by increasing the cooperativity
between transport sites. It is important to note that the
cooperativity between drug binding sites in P-gp has been
known for some time (Shapiro and Ling, 1997). However,
genetic modification can result in greater resistance
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Table 2. Summary of h values from various experiments

Strain Conditions Mean h value n SD
WT (JG2015) Varying the ATP concentration 41 38 1.6
WT (JG2015) Imazalil sulfate inhibition 23 3 05
A666G Varying the ATP concentration 6.6 ZH 1.8
AB66G Imazalil sulfate inhibition 3.7 3 L]

The h values were determined for two different types of experiments. One set of experiments determined the IRs as a function of ATP concen-
tration. A second set of experiments compared the inhibition of R6G fluorescence quenching in WT and A666G PM vesicles by imazalil sulfate.
®These calculations include an experiment performed with an additional PM preparation of WT and A666G PM vesicles made and tested sepa-
rately. The additional plots are found in the Supporting Information (Fig. S6A and B).

because of increased cooperativity, a novel and important
observation. However, there are numerous examples of
multidrug transporter overexpression leading to hyperre-
sistance, the mechanism behind mutants such as A666G
remained unknown. When the IRs of R6G fluorescence
quenching were plotted as a function of ATP concentra-
tion, both mutant and WT preparations showed coopera-
tivity. However, it was greater in the mutant. We observed
a similar phenomenon with IMZ inhibition of R6G fluo-
rescence quenching. It should be noted, however, that
small changes in the IRs of R6G fluorescence quench-
ing can result in relatively large changes in h coefficients.
Therefore, a single experiment is probably not definitive.
For instance, in the plot shown in Fig. 8A, the 95% confi-
dence interval for the WT gives a range for the h coefficient
of 4.2-8.6. For the A666G mutant, the range is 6.7-11.
When we included all of the data including that found in
the Supporting Information, the difference in h coefficients
between WT and mutant was significant according to the
ttest (p = 0.036). Furthermore, in all of the experiments in
which we determined the h coefficient, the mutant value
was always higher than the corresponding WT coefficient
obtained at the same time. Thus, the evidence that the
AB66G mutant enhances resistance by increasing coop-
erativity between transport sites is striking.

Interestingly, when we compared the kinetics of IMZ
inhibition of R6G transport to ATP-dependent R6G flu-
orescence quenching, the former exhibited less coop-
erativity in both the mutant and WT preparations. The
WT differential was statistically significant (p = 0.022).
This observation suggested that though Pdr5 ATPase is
unstimulated by its substrates, they affect the interaction
between transport sites. Consistent with this idea is the
observation that IMZ is a weaker substrate than R6G. For
instance, the APdr5 strain was only 10 times as sensi-
tive to IMZ as the WT (Downes et al., 2013). In contrast,
the strain lacking Pdr5 retained 20 times as much R6G
fluorescence as the WT strain. Furthermore, it took micro-
molar amounts of IMZ to completely inhibit nanomolar
amounts of R6G quenching.

We considered the possibility that the cooperativity
we observed could be accounted for the kinetic drug

selection model first proposed by Ernst et al. (2008) to
explain the behavior of a substrate-specific H-loop muta-
tion of Pdr5. This model proposes that the time spent
in each conformational state during the transport cycle
is subjected to genetic control. Therefore, a mutation
could lead to a longer period spent in the inward-facing,
drug-binding structure. This might also result in a longer
period for a substrate to interact with Pdr5 and perhaps
allow increased cooperativity. This model may very well
explain some of the interesting FK506 hyperreistant
mutants in Cdr1 and Pdr5 (Tanabe et al., 2019). However,
we have no concrete kinetic evidence that it explains the
behavior of the A666G mutant, some observations from
this study lend support to this model. The kinetic drug
selection model predicts that when the IRs of the quench-
ing reaction are below the K (which is ~ 2.0-3.5 mM
ATP), the differential between the mutant and WT should
be reduced or perhaps even eliminated because the ATP
is rate limiting. Under such conditions, the entire transport
cycle would be moving relatively slow and the substrate
(R6G) would, therefore, have more time to interact with
the WT transporter. It is not clear how far below the K|
the ATP concentration would need to observe such an
effect. However, we saw no significant difference when we
compared the quenching enhancement above and below
the K, the difference at the 0.5 mM ATP concentration
was lower (1.5x faster in the mutant preparations) than
that observed directly above the K (2.3x faster in the
mutant preparations). Furthermore, the lack of enhance-
ment in coumarin-6 transport (Supporting Information)
in the ABB6G strain makes us cautious about discarding
the kinetic substrate selection as the explanation for this
mutant's behavior. One prediction of this model is that
strong Pdr5 substrates (for instance, those that equili-
brate rapidly) might interact so quickly with Pdr5 that the
time spent in the drug-binding conformation is not rate
limiting. The transport of such compounds would therefore
not enhance further by increasing the proportion of time
spent in the drug-binding (inward-facing) conformation.
The recently reported cryo-EM structure of ABCG2
(Manolaridis et al., 2018) suggests that substrates bind to
an inner pocket containing drug binding sites. During the
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ATP-driven conformational switch, drug molecules pass
through a gate to an outer binding pocket before release.
It is possible that Pdr5 has an analogous structure. Pdr5
has a gating function and Ser-1368 is critical (Mehla et al.,
2014). An alignment of ABCG2 and Pdr5 places Ser-1368
quite close to Leu-554 and Leu-555, which make up part
of the gate in the former efflux pump. It is possible that the
AB66G mutant fosters even greater cooperativity between
two pockets during this two-step exit process.

Experimental procedures
Yeast strains and plasmids

All the Saccharomyces cerevisiae strains (Table 3) we used
were isogenic and derived from R-1, which lacks all PM ABC
transporters and contains a PDR1-3 mutation, which causes
overexpression of PDR5. Thus, the Pdr5 efflux pump medi-
ates virtually all drug resistance to the particular compounds
that we tested. This strain offers numerous other advantages
for genetic and biochemical analyses, which are described in
detail elsewhere (Sauna et al., 2008; Ananthaswamy et al.,
2010). It served as a negative control for most of the exper-
iments in this research. We also used a phenotypically null
mutation, G312A, as a negative control. We cultured the
strains at 30°C in the yeast extract peptone dextrose (YPD)
medium. We used the pSS607-integrating plasmid for site-
directed mutagenesis, as previously described (Golin et al.,
2007). This plasmid has aWT PDRS5 gene under the transcrip-
tional control of its own upstream region, as well as a URA3
selectable marker. We initially used isogenic strains contain-
ing two copies of either WT or an A666G mutant gene to make
purified PM vesicles for ATPase, fluorescence quenching and
vesicle transport assays. Double-copy strains were also used
for the whole cell transport assays with [*H]-clotrimazole. In
general, we cultured cells in the yeast extract peptone dex-
trose (YPD) medium at 30°C. Cultures used to perform whole
cell transport assays were grown in synthetic dextrose, yeast
nitrogen base medium (SD) supplemented with uracil and
histidine. Later in this study, when we switched to a better
method for purifying PM vesicles that yielded preparations
of much higher ATPase activity, we used the single-copy WT
(JG2015) and A666G strains for the biochemical assays.

Table 3. Yeast strains used in this study®

Strain number Genotype

Pdr5-mediated hyperesistance 11

Chemicals and media

We purchased most of our chemicals from Sigma Aldrich.
Five-fluoroorotic acid and G-418 were purchased from
Research Products International and we purchased climba-
zole, cerulenin, cyproconazole, tebuconazole and IMZ
from LKT laboratories and from Sigma Aldrich. We pur-
chased tributyltin chloride from Alfa Aesar. All chemicals
were dissolved in DMSO except for 5-fluoroorotic acid and
G-418, which were dissolved in the sterilized YPD medium
and cycloheximide, which was dissolved in sterile, MilliQ
water. [*H]-coumarin 6 (20 Ci mmol™) was purchased from
American Radiolabeled Chemicals.

Measurement of relative resistance of strains

To measure the relative resistance of each strain to all the
compounds except for R6G, we inoculated yeast strains
in 5ml of YPD broth and grew them overnight at 30C in an
incubator shaker overnight at 110 rpm. The next day, we
placed 2 ml of sterile YPD broth into sterile glass tubes.
We introduced the desired concentration of drug into each
tube. We measured the absorption of overnight culture
with a spectrophotometer at ABS600 and used the value
to calculate the cell concentration; we added 0.5 x 10°
cells (typically 2-5 pl). We incubated cultures at 30°C
for 48 h at 110 rpm in a shaking incubator. We measured
absorbance at 600 nm (Ag,,). We used isogenic WT and
Apdr5 strains to compare the susceptibility of the mutants
to the drugs. For each strain, an untreated culture served
as a growth control.

Site-directed mutagenesis

We introduced the Ala-666 substitutions into pSS607
using a QuikChange Lightning site-directed mutagen-
esis kit (Agilent Technologies). We designed mutant
primers with a genomics program provided by Agilent
Technologies (www.genomics.agilent.com). The mutant
plasmids were introduced into XL-Gold E. coli by transfor-
mation, as described in the QuikChange instruction man-
ual. We extracted plasmid DNA from the transformants
with an IBI miniprep kit (Midwest Scientific) and had it
sequenced commercially to confirm the presence of the
mutation in the plasmid (SeqWright). We introduced the

Reference

R-1 MATa hist, ura3, PDR1-3, pdr5:KanMX4, snq2, yor1, pdr3, pdri0, ycfi Sauna et al. (2008)

JG2015 Isogenic to R-1, but contains an insertion of pSS607 that has a WT PDR5 gene in addition to Golin et al. (2007)
the pdr5:KanMX4 cassette

JG2063 Isogenic to JG2015 but containing a G312A mutation in the insertion plasmid pSS607 instead Furman et al. (2013)
of the WT allele

JG2133 Isogenic to JG2015, but containing an AB66G mutation in the insertion plasmid pSS607 This study
instead of the WT allele

JG2004 Isogenic to JG2015, but the pdr5::KanMX4 cassette was replaced with a second copy of PDR5 Sauna et al. (2008)

JG2153 Isogenic to JG2133, but the strain contains two copies of the A666G mutation This study

2All of the yeast strains used in this study are derivatives of the R-1 strain.
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mutant plasmid DNA into R-1 with a Sigma Aldrich yeast
transformation kit. Genetic testing described elsewhere
(Ananthaswamy et al., 2010) confirmed that the construct
was correctly inserted.

Preparation of purified PM vesicles

We initially prepared purified PM vesicles essentially as
described by Shukla et al. (2003), with minor modifications.
We determined the protein concentration of PM vesicle
protein with a bicinchoninic acid kit. However, this protocol
gave satisfactory results, the proportion of Pdr5 in PM ves-
icles and therefore the ATPase activity varied significantly
from preparation to preparation. Midway through this study,
we adopted the procedure of Kolaczkowski et al. (1996) as
modified by Ernst et al. (2008), which significantly reduces
the amount of contaminating mitochondrial membrane and
gives consistently higher ATPase activity.

Gel electrophoresis of PM vesicle proteins

To check the quality of PM vesicle proteins, we solubi-
lized samples containing 5 and 10 pg PM vesicle protein
in SDS-PAGE buffer for 30 min at 37°C. We separated the
proteins on NU PAGE 7% Tris-acetate gels (125-150 V
for ~ 80 min; Life Technologies) before staining them for
one hour in SimplyBlue (Coomassie G-250) SafeStain
(Thermo Fisher) and destaining for 24-36 hours in MilliQ
water.

Western blots of Pdr5 in PM vesicles

We conducted Western blotting with 10 pg PM vesicle
protein as previously described (Downes et al., 2013). We
performed the transfer from the gel to the nitrocellulose
membrane (400 mAmp, 60 min) with an X Cell Il minicell
apparatus (Invitrogen). We purchased all the antibodies
from Santa Cruz Biotechnology. We diluted the polyclonal
goat anti-Pdr5 (yC18) and anti-Pmal (yN-20) antibodies
1:1000 and 1:250 respectively. We blocked the nitrocellu-
lose membranes for 30 min with 5% nonfat milk in PBS con-
taining 1% Tween 20. Following this, we incubated the filters
with both the Pdr5 and Pma1 primary antibodies overnight
at 4°C. We washed three times for 15 min before adding
a 1:5000 dilution of secondary antibody (donkey, antigoat
IgG horseradish peroxidase; SC2033) and incubating at a
room temperature for 2 h. We developed blots with a Novex
ECL horseradish peroxidase chemiluminescent substrate
reagent kit (Thermofisher). The relative amount of Pdr5 pro-
tein was compared with the Pdr5/Pma1 ratio as previously
described (Downes et al., 2013).

Assay of ATPase activity

We initially measured the Pdr5-specific ATPase activity for
8 min at 35°C with 16 pg purified PM vesicle protein in a final
volume of 100 pl as previously described (Golin et al., 2007),
except that we assayed activity for 8 min at 35°C in the same
HEPES transport buffer used to measure Pdr5-mediated

coumarin 6 and R6G quenching (50mM HEPES, pH 7.0 and
5 mM MgCl,). After we switched to the PM vesicle prepara-
tion method of Kolaczkowski et al. (1996), we reduced the
amount of protein/assay to 5.0 ug. To measure the ATPase
activity of the PM vesicles purified with the Kolakowski
method, we used 300mM Tris-glycine buffer (pH 9.5) in a
final volume of 100 pl for 8 min at 35°C. To reduce the back-
ground, we added 0.2 mM ammonium molybdate, 50mM
KNO3 and 10mM NaN3 respectively (Goffeau and Dufour,
1988). The non-Pdr5 activity observed in APdr5 negative
control PM vesicles was subtracted from the background
before the calculating activity.

Assay of [PHJ-coumarin-6 transport in whole cells

To measure [*H]-coumarin-6 transport against a concen-
tration gradient (Supporting Information), 3 x 108 cells in
the exponential phase of growth were pelleted in sterile
Eppendorf tubes. We removed the supernatant and resus-
pended the pellets in 500 pl of 0.02 M HEPES, 1 mM glu-
cose (pH 7.0) containing [°H]-coumarin 6 made up to 20 pM
with nonradioactive compound. We incubated the cells at
30°C in a circulating water bath for 90 min, pelleted them
and washed them twice with 1 ml of cold 0.02M HEPES buf-
fer (pH 7.0) without glucose. The pellets were resuspended
in 500 pl of the same buffer and analyzed with a Triathler
liquid scintillation counter (Lab Logic).

R6G transport in whole cells

We measured the R6G transport against a 10pM concen-
tration gradient. We placed 3 x 10° cells in 500 pl of 0.02 M
HEPES, 1 mM glucose (pH 7.0) and 10 pM R6G and incu-
bated them at 30°C for 90 min. The cells were pelleted and
washed with 1 ml of cold 0.02M HEPES buffer (pH 7.0)
without glucose. The pellets were resuspended in 500 pl of
the same buffer and analyzed with a FACSort with an exci-
tation wavelength of 529 nm and an emission wavelength of
553 nm. For each determination, the median retained fluores-
cence was obtained from sorting 10,000 cells. We analyzed
the data with a CellQuest program. We expressed retained
fluorescence in a.u. When IMZ was used to inhibit R6G trans-
port, it was present throughout the assay.

R6G and coumarin-6 transport in purified PM vesicles

We performed assays of R6G quenching in purified PM ves-
icles as described by Kolaczkowski et al. (1996) with the
same buffer conditions at 35°C and a few minor modifications
(Furman et al., 2013). We compared activities in preparations
that were made within a few days of each other, with identical
buffers and reagents. Unless otherwise indicated, each reac-
tion contained 30 pg of purified PM vesicle protein. We used
a Varian Cary Eclipse fluorimeter (Agilent Technologies).
The excitation wavelength was 529 nm and the emission
wavelength was 553 nm. We used 12.5-100 nM R6G for the
guenching reactions. We mixed multiple reactions’ worth of
components in a 15 ml tube to ensure uniformity across a set
of assays. Following this, we split the mixture and placed 2 ml
of portions in cuvettes. We added a fixed concentration of
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ATP to one tube and immediately placed it in the fluorimeter
at 35°C; we monitored quenching for 8-20 min, depending
on the experiment. Our kinetic analysis of quenching used
Varian Cary Eclipse kinetics software (Agilent Technologies).
Fluorescence was expressed as a.u. In inhibition studies with
IMZ, the antagonist was present for the duration of the reac-
tion. The same fluorescence quenching assay was adapted
for the use with coumarin 6 (Supporting Information). We
used coumarin 6 concentrations of 100-300 nM. The exci-
tation was 460 nm and the emission wavelength was 500 nm.

Statistical and kinetic analyses

We performed statistical and kinetic analyses using Prism
GraphPad 8 software. Error bars in the figures or a + desig-
nation in the text indicates the standard error of the mean.
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An A666G mutation in transmembrane-helix 5 of the yeast multidrug transporter

PdrS5 increases drug efflux by enhancing cooperativity between transport sites
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Fig. S1. The A666G mutant increases resistance to transport substrates
Fig. S2. Coumarin 6 transport is not enhanced by the A666G mutant.
Fig. S3. The A666G mutant ATPase exhibits a modest hypersensitivity to R6G inhibition.
Fig. S4. The initial rates of fluorescence quenching are directly proportional to ATPase activity.
Fig. S5. Representative plots of fluorescence quenching performed with 1.5, 3.0, and 5.0 mM
ATP
Fig. S6. The A666G mutant exhibits increased cooperativity between transport sites
Results

S1. Coumarin 6 transport was not increased in the A666G mutant

The A666G mutant failed to enhance clotrimazole resistance or transport. This suggested that the A666G
phenotype could be substrate-specific. Such an observation would have important bearing on mechanistic
explanations for the otherwise robust enhancement of drug resistance observed in this mutant. Previous
work demonstrated, however, that clotrimazole is a potent, non-competitive inhibitor of Pdr5 ATPase

activity with an ICsp of ~ 2.0-2.5 uM when WT PM vesicles were used in the reaction (70).
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This inhibition might therefore impose limits on the ability of the A666G mutant to enhance transport of
this substrate. We discovered, however, that coumarin 6 transport was also not enhanced by the A666G

mutant.

As part of an attempt to identify additional fluorescent substrates of Pdr5 beside R6G, we tested the
fluorescence quenching capability of coumarin 6. This compound that appeared to have the features of a
strong Pdr5 substrate particularly because its molecular volume (267.1 cm?/ Mol) is between two strong
substrates: climbazole (248.4 cm?/ Mol) and clotrimazole (302.0 cm?/ Mol). It also did not inhibit Pdr5-
specific ATPase activity in either WT or A666G PM vesicle preparations even at high concentrations.
(Fig. S2A). When we tested the fluorescence quenching capability of the compound with WT PM
vesicles, we observed that it was concentration-dependent (Fig. S2 B). The observed initial rate (IR) in a
reaction containing 300nM coumarin 6 was 8.3 x 10*S™'. Control experiments demonstrated that
quenching was both nucleotide and Pdr5-dependent. However, when we tried to use a 500 nM
concentration, there was strong, nucleotide- independent autoquenchng of coumarin 6; an observation

made by others using micromolar concentrations (Li e al. 2005).

We compared the coumarin 6 quenching capability of PM vesicles made from WT and A666G strains
(Fig. S2 C). These preparations had similar ATPase activities and representative plots are shown (n=3). In
this set of plots, the observed IRs of coumarin 6 fluorescence quenching (-6.6 x 10* S and -6.4 x 10*S™)
were not significantly different once the rates were normalized to ATPase activity. The same result was

also observed with two other sets of WT and A666G PM vesicle preparations (Fig.S2 D).

Coumarin 6 is not toxic to yeast cells. However, we were able to measure [*H]-coumarin 6 transport in
whole cells (Fig. S2 E). Transport was clearly Pdr5-dependent. The WT strain accumulated about 4x less
coumarin 6 than the APdr5 control. There was, however, no significant difference in the transport
capability of the WT and A666G strains.

S2. Fluorescence quenching was directionally proportional to ATPase activity

We evaluated the relationship between fluorescence quenching and ATPase activities, which we
measured in the Hepes buffer (pH 7.0) using the same (3 mM) concentration of ATP (Fig. S4). We did
this for six preparations of A666G mutant and eight preparations of WT vesicles. The data demonstrate
that although ATPase activities can vary considerably, the IRs of fluorescence quenching in the A666G
mutant (blue line) were roughly 2x faster than the WT (green line) regardless of enzyme activity. Thus, a
linear regression was performed and yielded slopes of -0.0092 and -0.0209 for the WT and A666G mutant
respectively. This indicated that the IRs of fluorescence quenching of the A666G mutant are about 2.3x
faster than the WT. The R-squared values were 0.7888 and 0.8558 respectively indicating acceptable fits.
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To determine whether the slopes of the lines were different, a t-test was performed. We obtained a t-value

of 0.0106 indicating a very high probability that the lines were different (0.9918).
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Fig. S1. The A666G mutant increases resistance to transport substrates. Cells were cultured in YPD
broth at 30 °C for 48 h in the presence of drugs as described in the Experimental Procedures. YPD
cultures of each strain that contained no drug served as an untreated control for growth comparisons. Cell
concentration was determined at 600 nm. In this figure: m, green WT; A, red, APdr5; and o, blue,

A666G (n=3).

55



Publications — Chapter llI

ATPase activity: % untreated

0

3

~ 2.0
0 b
et -~
g £ 159
Do ©
C - £
E » s 1.0+
Q 2
£ g,
=] ME. 0.51
c @

o

° 0.0

£

a

A . B

O

2 3 5.4
1901 ® R 3
1254 g ] . 9 5.1
100-44 84"' - --&--&-.@.-;.‘h c
[ Q
2 & 5.04
" :
| b ‘m ot
% g S 4.8
251 = [T, =
[ £35 r . $ 4 : . .
0 5 10 15 20 25 30 0 2 4 6 8 0 2 4 6 8
Coumarin 6 [uM] Time (min) Time (min)

m

Qb@ & &

Fig. S2. Coumarin 6 transport is not enhanced by the A666G mutant. In panels (A) and (C), m, green
WT; A, red, APdr5; and o, blue, A666G. (A) ATPase activity was monitored as described in the
Experimental Procedures. Reactions were made up in Hepes transport buffer and included 16 pg purified
PM vesicle protein, 3mM ATP + coumarin 6 in a final volume of 100 pl. Incubations were performed for
8 min at 30 °C. (B) Coumarin 6 fluorescence quenching was performed as described in the Experimental
Procedures. In these experiments, each sample was made up in Hepes transport buffer and contained 30
ng of purified PM vesicles, 3 mM ATP, and coumarin 6 concentrations of: e, 100 nM; m, 150 nM; A, 250
nM, and A, 300nM. The dashed green line represents a sample in which ATP was omitted, although 250
nM coumarin 6 was present. (C) Coumarin 6 fluorescence quenching was performed with PM vesicles
prepared from the WT, APdr5, and A666G strains using 300 nM coumarin 6 and the same set of
conditions described in panel B. Representative plots are shown (n=3). (D) The initial rates from three
independent preparations of WT and A666G PM vesicles are shown. (E) [?’H]-coumarin 6 transport in
whole cells was measured as described in the Experimental Procedures. Reactions contained 3 x 10° cells
in a final volume of 500 pl 0.2M Hepes buffer containing 100 mM glucose and 20 uM [*H]-coumarin 6.

In these experiments, n =6.
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Fig. S3. The A666G mutant ATPase exhibits a modest hypersensitivity to R6G inhibition.

(A) ATPase activity was measured in Hepes (pH 7.0) buffer as described in the Experimental Procedures
in the presence of R6G (0-35 pM) which was added five minutes prior to initiating hydrolysis with the
addition of 3 mM ATP. In this figure: WT activity = green line, A666G activity = blue line. (B) ATPase
activity was measured at various ATP concentrations in the presence of 100 nM R6G (dashed green line =
WT activity; dashed blue line = A666G mutant activity). These activities were compared to

corresponding reactions containing no R6G (solid green line =WT; solid blue line =A666G mutant).
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Fig. S4. The initial rates of fluorescence quenching are directly proportional to ATPase activity.
Fluorescence quenching experiments were performed with independent PM preparations of the WT and
A666G mutant. Initial quenching rates were determined by linear regression performed on each plot
shown in panel B of fig S2. The rates were plotted versus ATPase activity determined in Hepes transport

buffer with 3mM ATP using the assay described in the Experimental Procedures.
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Fig. S5. Representative plots of fluorescence quenching performed with 1.5, 3.0, and 5.0 mM ATP.
Fluorescence quenching experiments were performed as described in the Experimental Procedures. We
plotted the In of the fluorescence values taken at one-minute intervals. WT: green; A666G: blue. The

linear portions of the curves used to determine the IRs have solid symbols.
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Fig. S6. The A666G mutant exhibits increased cooperativity between transport sites. The
experiments shown in this figure are analogous to those illustrated in Fig. 8. The quenching reaction was
performed as described in the Experimental Procedures. In addition to the data found in Fig. 8, we did the
analogous experiment with (A) an additional WT and (B) A666G mutant preparations that were made and
assayed independently of each other. (C) We also performed the same assay with PM vesicles that were
made using the older protocol and were therefore were not as active. The number at the bottom of each

curve is the Hill coefficient. In this figure: m, green WT; and o0, blue, A666G.
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Abstract

Pdr5 from Saccharomyces cerevisiae is a prominent member of eukaryotic ATP binding cassette
(ABC) transporters that are involved in multidrug resistance (MDR) and thus a broadly used model
system. Although studied for decades, the underlying molecular mechanisms of drug transport
and substrate specificity remain elusive. Here, we provide electrophysiological data on the
reconstituted ABC transporter Pdr5 demonstrating that Pdr5 can transport K* and Cl ions at high
rates across the membrane. Strikingly, in the presence of Mg?*-ATP and substrates, Pdr5 generates
a proton motive force across the membrane by acting as a proton/drug symporter. It is important
to emphasize that similar observations have not been shown for any MDR efflux pump previously.
We conclude from these findings that the mechanism of MDR conferred by Pdr5 and most
probably other transporters is more complex than the sole extrusion of cytotoxic compounds and

involves secondary coupled mechanisms of action.
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Introduction

The phenomenon of multidrug resistance (MDR) exists in all cells ranging from prokaryotes
to higher eukaryotes and describes the ability to abolish the effectiveness of a wide range of
functionally and structurally different cytotoxic compounds. One of the major mechanisms that
confers MDR is the overexpression of certain efflux pumps that expel these toxic compounds into
the extracellular space (Gottesman et al., 2002). Two classes of transporters are involved: ATP
binding cassette (ABC) transporters that utilize the binding and hydrolysis of ATP to transport their
substrates as well as secondary transporters of the major facilitator superfamily (MFS), the RND
and the MATE family that use an electrochemical gradient across the membrane in order to export
the compounds (Kumar et al., 2016; Quistgaard et al., 2016; Sa-Correia et al., 2009; Schmitt and
Tampe, 2002). Although studied for decades, the molecular mechanisms underlying the resistance
conferred by these membrane proteins often remain elusive (Chang, 2003).

In general, membrane transporters and channels reveal a high specificity towards their
substrates. Therefore, the large variety of substrates of individual MDR transporters raises the
question whether these MDR transporters directly transport such a broad variety of structurally
unrelated compounds or whether their physiological role within the cellular membrane leads to
an indirect protection against the cytotoxic compounds (Roepe, 2000; Sa-Correia et al., 2009). For
the well-characterized human MDR ABC transporter P-gp (MDR1 or ABCB1), it was shown that
cells expressing this protein have an altered cytosolic pH and membrane potential compared to
cells not harboring MDR1. Therefore, two models were proposed: the ‘drug pumping’ and the
‘altered partitioning’ model (Ambudkar et al., 1999; Hoffman and Roepe, 1997; Roepe, 2000).
While the first model claims the direct extrusion of drugs, the latter refers to a decreased uptake
of compounds due to a changed cytosolic pH and membrane potential. Similar to the ABC
transporter MDR1, several studies reported alterations of the membrane environment through
altered ion gradients by MDR efflux pumps. For the bacterial multidrug transporter LmrA from
Lactococcus lactis, electrophysiological measurements indicated that the efflux of ethidium is
coupled to an ion translocation in an antiport fashion (Agboh et al., 2018). Earlier, in vivo studies
demonstrated that Cdrl, a major MDR ABC transporter from pathogenic Candida albicans and a

close homologue to S. cerevisiae Pdr5, alters the extracellular pH (Milewski et al., 2001).
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Pdr5 is a long-studied member of the MDR ABC transporter and the major player of the
pleiotropic drug resistance (PDR) network of S. cerevisiae (Balzi et al., 1994; Ernst et al., 2008;
Golin and Ambudkar, 2015; Kolaczkowski et al., 1996; Rogers et al., 2001). Like other MDR ABC
efflux pumps, in vivo and in vitro studies with plasma membrane vesicles reported that Pdr5
confers resistance towards a wide variety of hydrophobic compounds that are structurally
unrelated, as well as metabolites (Kolaczkowski et al., 1996; Mamnun et al., 2004; Rogers et al.,
2001). Only recently it was possible to isolate this transporter and purify it in an active state and
thereby paving the way to study the underlying molecular mechanisms of drug efflux in vitro
(Wagner et al., 2019).

Here, we used purified Pdr5 reconstituted into planar lipid bilayers and provide in vitro
data for this MDR ABC transporter demonstrating that Pdr5 can act as an ATP and substrate
dependent drug/H* symporter. Not only do we demonstrate that for Pdr5 both, the ‘drug efflux’
and the ‘altered partitioning’ model apply and are actually interconnected, but we also provide
important insights into the molecular mechanisms of MDR ABC transporters. Moreover, we
demonstrate the power and the informative value of single molecule electrophysiological

measurements for the in vitro investigation of the molecular mechanisms of ABC transporters.
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Results

Pdr5 shows voltage dependent ion channel activity

In order to verify whether wild-type Pdr5 (Pdr5wr) can facilitate voltage dependent ionic
currents of small cations or anions across a membrane, purified Pdr5 was reconstituted into planar
lipid bilayer (DOPC/DOPE lipids) and voltage dependent currents across the bilayer were
monitored.
The slope conductance of the control (“empty”) bilayer was G;; = 2 p§ (Fig. 1A) when a voltage
ramp from V; = —150 mV to + 150 mV was applied. After addition of detergent solubilized PdrSwr
to the cis-compartment of the bilayer (symmetrical cis/trans 250 mM KCl, 10 mM HEPES pH 7.0
buffer) and applying a voltage ramp starting at a holding potential of ¥, =0 mV small ion currents
were observed (Fig. 1B, G; = 140 pS). Starting the same voltage ramp at a holding potential of
Vi, = +100 mV' | a significant increase of the Pdr5wr mediated membrane current was observed (
Gy =5.7 nS, Fig. 1C). This demonstrates that Pdr5wr spontaneously incorporates into the planar
bilayer and conducts voltage dependent K and CI” ions at high rates across the membrane.
Moreover, as demonstrated by the rectifying current-voltage relation Pdr5 incorporation into the
membrane occurred unidirectional with the nucleotide binding site at the cis compartment. With
prolonged exposure of PdrSwr to higher positive stationary holding potentials ¥, = +100 mV
appear to induce an ion conducting conformation of membrane integrated Pdr5wr. Thus, PdrSwr
when reconstituted into a planar bilayer displays voltage activated ion-channel activity. This ion
conducting state of Pdr5wr appears to be transiently induced by high positive membrane

potentials (V; = 100 mV'),

Pdr5 possesses three main conductance states

The observation of voltage activation was confirmed by results shown in Fig. 2, displaying
currents induced by voltage gates from ¥, = +80 mV to ¥, = +140 mV. Voltage gates of 10
seconds duration at the indicated ¥, were used to gain information on the single channel
conductance of Pdr5wr. Fig. 2A shows a current recording from a bilayer containing a single active
Pdr5wr channel where above ¥}, = +100 mV flickering current gating events from closed to open

states were observed.
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A closer inspection of the current recordings at V%, = £ 140 mV" (Fig. 2B-G) demonstrates
that channel gating occurred with different open channel amplitudes. Due to the very short
durations of the channel opening at positive Vm and the small open current amplitudes only a log-
plot of the all point current histogram allows detection of the different open channel amplitudes
(Fig. 2D). Nevertheless, in the all point current histogram individual open channel current peak
are hardly resolved, except the peak of the bilayer leak current (Fig. 2D).

However, the histogram in combination with a mean variance analysis of the current
recording at ¥4 =140mV was helpful in resolving the amplitudes of the channel openings (Patlak,
1993). The mean variance plot (Fig. 2E) displays the current transitions of each channel-gating
event in Fig. 2A (¥, =140 mV). Furthermore, by combining the current and mean-variance
histograms (see Fig. S3 for details) we were able to disclose that the voltage activated open Pdr5wr
channel current displayed three different main open channel amplitudes, corresponding to the
mean current values in the mean variance histogram. From the analysis of current recordings at
higher membrane potentials (V3 = £120mV, 1, = £ 130 mV, i, =+ 140 mV"  (see Fig. 2A)) the
following main mean conductance states of Pdr5wr were obtained: G, =25 13.6p5,
G, = 134 + 16 p5, G; = 250 £ 78 p5. From these results the question arises whether these different
conductance states belong to a single Pdr5wr transporter or whether the particular channel open
states reveal inhomogeneous open channel amplitudes with simultaneous channel opening or
closing. Closer inspection of the time-course of gating events (see Fig. 2B, C and Fig. S3) clearly
demonstrates that one single PdrSwr transporter displayed multiple open channel states (for more
details see Sl).

Thus, the mean variance analysis demonstrates that voltage activated Pdr5wr displays at
least three distinct main subconductance states. Remarkably, the mean open state (; was nearly
exclusively occupied at membrane potentials above 100 mV (see Sl for more details). Considering
the most frequent conductance state of &» =134 p5 at 250 mM ionic strength and using the
simplified model of a cylindrical restriction channel zone (Hille, 1968; Smart et al., 1997) with a

length of 1 nm, we can calculate the pore diameter of the restriction zone to be d,sericron = 6.4 A,
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lon selectivity of Pdr5

At higher positive membrane potentials, Pdr5Swr mediated current increased exponentially
indicating that either rectification occurred or opening of additional Pdr5wr channels took place
(Fig. S1A). Additionally, in asymmetric buffer conditions (590 mM KCl (cis)/250 mM KCl (trans)) we
observed a reversal potential of ¥;,= 9 mV (Fig. S1B). Using the commonly applied macroscopic

GHK approach {Goldman, 1943) (see S| for more details) this value corresponds to a slight cation

over anion selectivity of Pg+:Pg- = 2.5:1 of reconstituted Pdr5wr.

Modulation of Pdr5 mediated ion conductance by its substrates

We also tested the effect of Pdr5 substrates such as rhodamine 6G (R6G), ketoconazole
(KA) and cycloheximide (CHX) on voltage-induced ion channel activity of Pdr5wr. Fig. 3A shows a
voltage ramp from a bilayer containing a single active copy of reconstituted and activated Pdr5wr.
The activation was performed by exposing Pdr5wr containing bilayer to V; = +130 mV for 30s
followed by a voltage ramp from ¥, = =130 mV to ¥, = +150 mV as shown in the right part of Fig.
3A. As obvious, ion conducting activity with channel gating was observed (see enlarged panel for
details). The linear slope conductance (indicated by the black lines in Fig. 3A) reveal values of G1=
14 +0.14 p5 and G,=129 + 0.2 pS. These values are very close to the mean values of the three
Pdr5wr conductance states deduced from channel gating (see above). Therefore, the current-
voltage ramp can be attributed to a single activated Pdr5wr unit. After addition of 2 mM Mg?*-ATP
(cis/trans) and 330 nM R6G to the cis compartment of the same bilayer, no further voltage
dependent channel gating could be observed. The current was drastically reduced while the shape
of the current-voltage ramp changed to an exponential form no matter whether the command
voltage was run from +V; to —V; or vice versa (Fig. 3A and B). In addition, the zero current potential
(Ver) changed completely and unexpectedly to ¥..= — 46 mV. This effect was reproducibly
observed in seven different bilayer experiments with ¥,, =—43.8+48mV.n=7 no matter
whether the bilayer contained single activated or multiple activated copies of Pdr5wr. In this
context, it is particularly important to mention that this R6G-induced shift of ¥, was strictly
dependent on the presence of Mg?*-ATP in the cis compartment. Addition of AMP (cis) (n = 3) did
not show this effect.

In order to explain the observed shift of ¥, we can use the macroscopic GHK approach to

calculate the expected reversal potentials from the GHK current equation based on the ion67
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composition of the bilayer cis and trans compartments (the detailed calculation can be found in
SlI). The ion concentrations in the cis/trans compartments were held completely symmetrical (250
mM KCI, 10 mM HEPES pH 7.0, 2 mM Mg?*-ATP) before the addition of 330 nM R6G to the cis
compartment and corresponding to this we observed ¥, = 0 + L3 mV.n = 7. The calculation of the
reversal potential by the GHK current equations (see SI for details) at the given ionic
concentrations in cis/trans before and after addition of charged R6G (n=+1) clearly shows that this
ion concentration across the Pdr5wr containing membrane can by no means produce a current
voltage-relation with a zero current crossing at ¥, = —43.8 + 4.8 mV (see Fig. S2). Therefore, we
can conclude that R6G induced a Pdr5wr mediated active ion transport of one of the anions or
cations present in solution. With symmetrical cis/trans 250 mM KCl either €I~ ion have to be
transported from trans to cis to final concentrations of c£_,. = 75 mM and cf; =425 mM, or in the
case of K* the ions would be transported from cis to trans to the final concentrations of
¢k, =75mM and c£_,. =425 mM (for details see Sl). This massive ion pumping of one of the two
ion species would in both cases reduce and increase the bulk conductance in either bilayer
compartments, which in fact was not observed. Consequently, H* —ions are the remaining
candidates to build up an ion gradient across the Pdr5wr containing bilayer yielding a zero current
potential of V., = —47.2 £ 5.4mV (mean value of n=12). Introducing H ™ as an additional ion in the
GHK current equations (see Fig. S6 for details), we finally conclude that starting with pH 7
symmetrically H ions are transported from cis to trans to a final concentrations of
cf = 7.94nM (pH 8.1) and ¢f_,. = 0.9 uM (pH 6.03).

As it is obvious from the calculated current voltage relation (Fig. S2), R6G addition to the
cis compartment in Pdr5wr containing bilayer induced apparently active (active means: H*
permeability Pz*+ = @) H* transport from the cis to the trans compartment. Using a high resolution
setup we discovered during the course of our experiments that even without voltage activation
incorporation of Pdr5wr into the bilayer induced a small but characteristic increase of bilayer
currents when applying voltage ramps (Fig. 4A, B). We therefore performed the same experiment
as described above, however without activating PdrSwr higher conductance channel activity by
application of a membrane potential of ¥, = +130 mV for 30s. Fig. 4 shows a series of experiments
on a single identical bilayer with the current-voltage ramp of a control bilayer and Fig. 4B the same
bilayer after addition of Pdr5wr to the cis compartment. While the control bilayer displays a linear
current voltage relation with a slope conductance of G;; = 2.0 p5, the current after addition of

Pdr5wr displayed a rectifying shape and increased significantly. 68
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Addition of Mg2*-ATP increased the current slightly further (Fig. 4C), while addition of R6G
changed the reversal potential to ¥, = — 58 mV, which matches a &pH shift of ~2.3 units (cis: pH
8.1 vs trans: pH 5.85) (see above). Again, this effect was only observed when Mg2*-ATP and R6G
were present. Therefore, also non-activated Pdr5wr in the presence of Mg**-ATP and R6G
seemingly pumps H™ actively from cis to the trans compartment. When the bilayer leak
conductance of the control is subtracted from Pdr5wr mediated currents and Pdr5wr currents in
the presence of Mg?*-ATP and R6G the situation becomes even more prominent (see Table S1 and
Fig. S5).

At negative membrane potentials flow of small cation currents only from trans to cis are

observed with ¥, = 0 mV, while in the presence of Mg?*-ATP/R6G an additional cationic current
from cis to trans with zero current crossing of ¥, = —37mV is observed.
In similar experiments we tested whether the non-charged KA, another well-known substrate of
Pdr5wr, also modulates the activity of reconstituted Pdr5wr in planar bilayer. In a series of four
different experiments, we observed a Mg?*-ATP/KA induced shift of the zero current potential of
Ve = — 64+ 8mV (n =4) (see Fig. S4).

Based on these results, we conclude analogously that also KA in the presence of Mg?*-ATP
induces active Pdr5wr mediated H* transport from the cis to the trans compartment. Interestingly,
with CHX as a potential substrate, we did in contrast to R6G and KA, not observe a significant

modulation of Pdr5wr-mediated currents.

Proton gradient is ATPase dependent

In order to verify the significance of the observed modulation of Pdr5wr activity by its
substrates, we performed the same set of experiments as describe above except that we used the
ATPase deficient E1036Q mutant (Pdr5gq) instead of the Pdr5wr.
Fig. 5A and B demonstrate that Pdr5eq also incorporates into the planar bilayer membrane and
can form a voltage dependent ion channel. However, Pdr5:q mediated currents were observed
already at membrane potentials above 20 mV. In more than 90% of the attempts in voltage ramps
rather large currents were observed (Fig. 5C) and correspondingly also in voltage gates (Fig. 5D).
These results indicate that a high number of ion conducting Pdr5eq have been incorporated into
the bilayer. It is worth noting that in the case of Pdr5eq channel gating was rarely observed and

the channels remained almost exclusively in the open states. The conductance values of th%9
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Pdr5eq was in the same range as observed for Pdr5wr with G = 121.7 £19 p§, G; =363 £ 57p5 (n>4).
This also holds for the ion selectivity of the Pdr5eq mutant determined to be Px*/ Pc'=3.5:1 (see
SI for details).We also tested whether channel currents of Pdr5eq could be modulated by the
substrates R6G and KA in a similar set of experiments as described above for Pdr5wr. We observed
in none of the 15 attempts with both substrates any modulation of Pdr5eq mediated currents
showing that ATPase activity and transport of the substrate is an absolute requirement for

substrate induced H* symport currents.

Beauvericin locks Pdr5 in an open state

Beauvericin (BEA) is known as a potent inhibitor of Pdr5 (Shekhar-Guturja et al., 2016) and
in addition it can mediate ion transport across the membrane most likely in a carrier like mode
(Benz, 1978). We therefore first investigated membrane currents after addition of 3.3 uM and 9.9
LM BEA on the cis side (Fig. 6B and C). The conductance values of these measurements are listed
in Table S2. Next we addressed the question whether BEA might suppress the substrate induced
H* symport of Pdr5wr. Fig. 6 shows a representative series of experiments with an identical bilayer.
Graphs 6G and E demonstrate that Pdr5wr was incorporated in the membrane in the non-
activated form and after addition of R6G to the cis compartment a shift of V.= — 51 mV is
observed. Remarkably, after addition of 1.7 uM BEA the overall current increased drastically and
the shift of the reversal potential disappeared completely (Fig. 6D). These recordings show clearly
that BEA can act as a carrier, but most importantly act as a Pdr5 inhibitor that locks Pdr5 in an
open conformation. The conductance values of the different measurements in Fig. 6 are listed in

Table S3.
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Discussion

MDR ABC transporters have a broad and diverse range of substrates that are highly diverse
in terms of structure and physico-chemical properties. There has been a long debate on how these
membrane proteins confer resistance, i.e. how the transporters reduce the drug concentration
within a cell. There are numerous studies that support the ‘drug pump model’, in which ABC
transporters actively expel the compounds out of the cell (Ambudkar et al., 1999; Sharom, 1997).
On the other side, studies including human MDR1 and Cdr1 from the pathogenic fungi C. albicans,
as well as the bacterial MDR ABC transporter LmrA have demonstrated that these proteins effect
intracellular pH and are able to conduct ions across the membrane, giving evidence towards the
‘altered partitioning model’(Agboh et al., 2018; Hoffman and Roepe, 1997; Milewski et al., 2001;
Roepe, 2000). After all, the question arises whether all of the known substrates of MDR
transporters are actually real substrates in a sense that they are indeed actively transported out
of the cell against the concentration gradient, or if they mediate a decreased influx of the drugs
by altering the membrane properties, or whether both mechanisms are actually used by MDR ABC
transporters.

Although studies performed on MsbA and LmrA indicate that ion gradients benefit the
activity of the respective ABC transporter (Agboh et al., 2018; Singh et al., 2016), there are to our
knowledge up to now no in-depth electrophysiological characterizations of MDR ABC transporters
in vitro. We were able to work with the functionally purified, reconstituted Pdr5 and a well-studied
ATPase deficient mutant as a control as well as known substrates of Pdr5 (R6G, KA and CHX (Ernst
et al., 2008; Kolaczkowski et al., 1996; Rogers et al., 2001; Wagner et al., 2019)) and the potent
Pdr5-specific inhibitor BEA that enabled an extensive electrophysiological in vitro
characterization.

An interesting feature of the ABC transporter Pdr5 is that it can be voltage activated and
allows high current fluxes across the membrane even in the absence of Mg?*-ATP or substrates
and conducts K* and CI ions with a slight cation selectivity. Cation selectivity is not surprising at
all as all known charged substrates of Pdr5, like for most MDR ABC transporters, are cationic
(Ambudkar et al., 1999; Kolaczkowski et al., 1996; Rogers et al., 2001). We were also able to show
that Pdr5 switches between at least three major confirmations as apparent from the three distinct

conductance states with mean subconductance values of G; = 20p5, G, =134 p5, G =250 p5l.1



Publications — Chapter IV

Moreover, the rather broad distribution of open channel states indicates that Pdr5 has a rather
flexible membrane part responsible for the membrane translocation of its substrates. Additional
experiments with the Pdr5 inhibitor BEA demonstrated that it locks Pdr5 in an open conformation
as indicated by the measured high conductance.

Most importantly, we were able to demonstrate in our setup that Pdr5 in the presence of
Mg2*-ATP and substrate can generate a membrane potential that, under the given conditions, can
only be a result of the generation of a proton gradient (A pH) across the membrane. We therefore
conclude that the MDR ABC transporter Pdr5 is an ATP-dependent drug/H* symporter that actively
translocates substrates, while it simultaneously influences the trans-membrane proton gradient
and thereby the membrane potential. It was speculated before from in vivo experiments that
MDR1 as well as the Pdr5 homologue Cdrl may transport protons from the intra- to the
extracellular space and thereby alkalize the cytoplasm (Hoffman and Roepe, 1997; Milewski et al.,
2001). However, the complexity of the cell environment of in vivo experiments did not allow to
unambiguously pinpoint observations to a single protein level nor for the experimenter to control
all relevant critical cellular parameters. For Cdrl it was hypothesized that the ABC transporter
creates an additional proton motive force when it was expressed in S. cerevisige. It is important
to note that in our experiments, the proton gradient does only occur in an Mg*-ATP and strictly
substrate dependent manner. This means that in the absence of a substrate, Pdr5 does not
participate in pH homeostasis of the membrane even if ATPase activity is present.

Interestingly, the H* gradient occurs independently of the charge of the substrate. Both,
the cationic R6G as well as the neutral KA are transported in a drug/H+ symporter fashion. Our
electrophysiological measurements with a charged and neutral substrate also allow to prove that
Pdr5 actively transports the substrate across the bilayer and does not solely follow the ‘altered
partitioning model’ by pumping ions. The zero current potentials of Viey =— 64 £ 8 mV for KA and
Viev = —47.2 £ 5.3 mV for R6G clearly show that R6G is transported from cis to trans since the
putative Viev = + 13.6 mV (see Fig. S2) of the R6G*-ions contributes to the overall Vi, Which is
reduced in comparison with the non-charged substrate KA (Fig. S6A, B). This conclusion assumes
a nearly identical stoichiometry of drug/H* translocation for both substrates. Another tested
substrate, CHX, however, did not induce any proton gradient or change in conductance. CHX does
not, opposed to the majority of known Pdr5 substrates, influence the ATPase activity of Pdr5 and
is hydrophilic (Ernst et al., 2008; Wagner et al., 2019). One can speculated that either a different

transport mechanism for this hydrophilic substrate exists, or that CHX is not a substrate at all and 7
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the observed resistance conferred by Pdr5 is due to intracellular alkalization caused by Pdr5
mediated proton pumping as CHX undergoes degradation at basic pH (Garrett and Notari, 1965).
Further evidence that the observed proton gradient is strictly Mg?*-ATP and substrate dependent
is given by the fact that the ATPase deficient E1036Q mutant (Pdr5eq) was not affected in its ion
conducting properties when tested under the same conditions as the wild type protein

Since we used R6G, which is a cationic substrate as well as the uncharged KA, we conclude
that the measured gradient cannot be an artifact of the efflux of a protonated or cationic substrate
and instead is a real H* gradient created by Pdr5 in an Mg*-ATP- and substrate-dependent
manner. The acidification of the trans compartment of our setup reflects an acidic external pH in
an in vivo setting, which compares well with the results that were obtained previously for Cdrl
and MDR1 in vivo (Hoffman and Roepe, 1997; Milewski et al., 2001).

The phenomenon of drug extrusion in a proton-dependent manner is known for MFS
proteins. However, all so far characterized MDR MFS transporter in yeast are drug/H* antiporters
(Sa-Correia et al., 2009; Saier and Paulsen, 2001). With the exception of MsbA that was shown to
operate in a drug/proton antiport fashion (Singh et al., 2016), ABC transporters are not known to
couple substrate with proton transport. Pdr5 is therefore the first member of a new class of MDR
transporter, an ATP-dependent drug/proton symporter. Since Pdr5 belongs to the large family of
MDR as well as to the family of asymmetric ABC transporters that share common motifs and
characteristics, our here presented findings are presumably of significant relevance for other
efflux pumps. Moreover, the here described electrophysiological approach can provide powerful
tools to get insight into the molecular mechanisms that underlie substrate transport as well as
binding of potential inhibitors and might help to further characterize other ABC transporters in

vitro.
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Materials and Methods

Pdr5 Expression and Purification

Pdr5 was expressed and purified as described in (Wagner et al., 2019). Briefly, S. cerevisiae
YRE1001 (Ernst et al., 2008) cells were grown at 30 °C to a final ODggo of 3.5. Cells of 4 L YPD media
were harvested and disrupted using glass beads. Total membranes were collected adjusted to 10
mg/ml total protein concentration with buffer A (50 mM Tris-HCI, pH 7.8, 50 mM NaCl, 10% (w/v)
glycerol and solubilized for 1 h 1% (w/v) trans-PCC-a-M under gentle stirring at 4 °C. Immobilized
metal ion affinity chromatography of the His-tagged Pdr5 was performed with a Zn2+ loaded 1 ml
HiTrap Chelating column (GE Healthcare) and elution was carried with a step gradient using low
and high histidine buffers (50 mM Tris-HCl pH 7.8, 500 mM NaCl, 10 % (w/v) glycerol, 0.003% (w/v)
trans-PCC-a-M and 2.5 mM or 100 mM I-histidine. The elution fractions were collected, pooled
and concentrated in a ultrafiltration unit (100 kDa MWCO). The size exclusion chromatography
was performed on a Superdex 200 10/300 GL column (GE Healthcare) with buffer A containing
0.003 % (w/v) trans-PCC-a-M. All chromatography steps were performed on the Akta protein

purification systems (GE Healthcare).

Single Channel Recordings from Planar Lipid Bilayers and Data Analysis

Planar lipid bilayer measurements using the Compact bilayer platform (lonovation GmbH)
were performed as described in detail previously (Bartsch et al., 2013). In brief: if not explicitly
stated otherwise, symmetric conditions (250 mM KCl, 10 mM HEPES, pH 7.0) were used in cis and
trans compartments. The denomination cis and trans corresponds to the half-chambers of the
bilayer unit. Reported membrane potentials are always referred to the trans compartment.
Bilayer fabrication was performed on PFTE film at a 100 um prepainted (1 % hexadecane in n-
hexane) aperture with a Phosphatidylcholine (18:1) (PC) / Phosphatidylethanolamine (18:1) (PE)
(7:3 ratio) lipid mixture (both lipids were purchased from Avanti Polar Lipids) in n-pentane using
the “thinning method” (Bartsch et al., 2013).

lon channel currents were recorded using an EPC 10 USB amplifier (HEKA Elektronik GmbH)
in combination with the Patchmaster data acquisition software (HEKA Elektronik GmbH). For data
acquisition a sampling rate of 5kHz (voltage ramps) and 10 kHz (continuous recording) was used

and the data were further analyzed using the Origin package (Origin Lab) and the I\/IATL.L‘\B74
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(MathWorks) based lon-channel-Master software developed in our laboratory (Bartsch et al.,
2013). After addition of Pdr5 to the cis compartment, channel insertion into the bilayer occurred
unidirectional as deduced from the rectification characteristics of the current-voltage ramps.
Gating transition amplitudes were analyzed and subsequently filtered for dwell times exceeding
five times the sampling interval to exclude incompletely resolved gating transitions from the
analysis (McManus et al., 1987). When required and applicable, currents traces with amplitudes
well below 10pA were filtered by a Savitzky-Golay filter (Gorry, 1990; Savitzky and Golay, 1964) to
enhance the S/N ratio. Single channel analysis was performed essentially as described in detail
(Harsman et al., 2011). In brief, we used the robust mean variance approach (Patlak, 1988, 1993)
that allows rigorous unbiased analysis of single channel recordings. For this, we had developed a
Mathlab-based program that allows the automatic current-amplitude and channel state dwell

time analysis of single channel recordings (Bartsch et al., 2013) (see also SI).

H2: Supplementary Materials

Fig. S1. lon selectivity of the activated Pdr5wr channel.

Fig. S2. Current-voltage relations calculated by the GHK current equations using
experimental ionic conditions for 3 cases.

Fig. S3. Mean variance analysis.

Fig. S4. Effects of KA on Pdr5 mediated ion conductance.

Fig. S5. Current-voltage ramps of non-activated Pdr5wr after bilayer leak subtraction.

Fig. S6. Comparison of experimental and calculated fits for the reversal potentials.

Table 1. Conductance parameter of non-activated Pdr5wr (Fig. 4A-D) after subtraction of
the bilayer leak conductance (see Fig. S3).

Table 2. BEA induced conductivity across an empty bilayer (Fig. 6A-C).

Table 3. Conductance parameters of PdrSwr in the presence of Mg?*-ATP, R6G and BEA
Data analysis S1. Determination of the conductance sates of the voltage activated Pdr5
channel.

Data analysis S2. Determination of the substrate induced reversal potential shift with the

reconstituted non activated Pdr5.
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Fig. 1. Current recordings from a planar lipid bilayer. (A) Current-voltage ramp measurement with

a DOPE/DOPC (7:3) bilayer in symmetrical cis/trans buffer conditions (control). (B) Current

recording of the same bilayer as in (A), but after insertion of detergent purified PdrSwr from the

cis compartment. (C)Voltage ramp of the same bilayer as in (B), but Pdr5wr activated for 30s at

+150 mV. (D)Time course and amplitude of the command voltage in the measurements in (A-C).
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Fig. 2. Single channel analysis of Pdr5wr. (A) Current recordings in response to voltage gates with

the indicated amplitudes. (B) Extension plot of the current recording at Vi =-140 mV. (C) Extension

plot of the current recording at Vi = +140 mV. (D) All point current histogram at Vi, = +140 mV (log

scale). (E) Mean variance plot of the current recording at Vi = +140 mV. (F) All point current

histogram at Vi = -140 mV. (G) Mean variance plot of the current recording at Vi =-140 mV.
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bilayer. (B) the same bilayer as in (A) after addition of Pdr5eq and Mg?*-ATP to the cis
compartment. (C) current-voltage ramp from a bilayer containing multiple active copies of Pdr5eq.

(D) current-voltage gates of the same bilayer as in (C). (E) Current-voltage relation obtained from

the mean currents in (D).
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Fig. S1. lon selectivity of the activated Pdr5wr channel. (A) Current recording from a bilayer

containing multiple active copies of the reconstituted voltage activated Pdr5wr in response to a

voltage ramp from -150 mV to +150 mV in symmetrical cis/trans (250 mM

KCI, 10 mM HEPES, pH

7.0) buffer. Pdr5wr always displayed a rectifying current voltage relation with significant higher

currents at positive Vi. (B) Asymmetric buffer conditions (590 mM/250 mM KClI (cis/trans)) led to

Viey Of 49 mV.
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Fig. S4. Effects of KA on Pdr5 mediated ion conductance. (A) Control bilayer after reconstitution

of Pdr5. (B) Same bilayer as in (A) but after addition of 330 nM KA to the cis compartment.
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Fig. S5. Current-voltage ramps of non-activated Pdr5wr after bilayer leak subtraction. (A) Current
voltage ramp of reconstituted Pdr5wr. (B) Same bilayer as (A) but in the presence of 2 mM Mg?*-

ATP cis/trans. (C) Same bilayer as (B) but in the presence of 330nM R6G cis.
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Fig. S6. Comparison of experimental and calculated fits for the reversal potentials. Fit of the
experimental reversal potentials (red) and comparison to the calculated fit of the reversal

potentials if no protons are symported (black) for KA (A) and R6G (B).
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Table S1. Conductance parameter of non-activated Pdr5wr (Fig. 4A-D) after subtraction of the

bilayer leak conductance (see Fig. S3).

Pdr5wr Pdr5wr -ATP Pdr5wr -ATP-R6G
G,,(pS) (+V;) 0.72 1.8 6.7 (19.2)
G,,(pS) (-V,) 19.2 21,4 31
View (MV) 0 0 -58
Rectification 26.7 11.9 4.6 (1.6)

Table S2. BEA induced conductivity across an empty bilayer (Fig. 6A-C).

Control BEA (3.3uM) BEA (9.9uM)
G,(pS) 1.3 (Fig. 6C) 4.2 (Fig. 6B) 20.8 (Fig. 6A)
View (MV) 0 0 0

Table S3. Conductance parameters of Pdr5wr in the presence of Mg?*-ATP, R6G and BEA

Blank | Pdr5-Mg?*-ATP Pdr5-Mg?*-ATP/R6G Pdr5-MgATP/R6G-BEA
(1.7uM)
G,,(pS) 1.2 2.4 (Fig. 6F) 7.7 (Fig. 6E) 175 (Fig. 6D)
V.., (mv) [0 0 -51 0

92



Publications — Chapter IV

Data analysis S1. Determination of the ion selectivity and conductance sates of the

voltage activated Pdr5 channel.

After voltage activation, reconstituted Pdr5wr always displayed a rectifying current voltage
relation with significant higher currets at positive membrane voltages no matter whether single
active cannels or multiple active channel currents were detected. Under asymmetric buffer
conditions (590 mM/250 mM KClI (cis/trans)) a reversal potential of Viev = +9 mV * 2.8 (n=3) was
observed for the Pdr5wr, while for the Pdr5eq mutant we obtained Viey = +13 mV £ 2.2 (n=3) with
the same gradient (details not shown). Using the GHK approach the corresponding relative
permeability for the PdrSwr and the Pdr5gq mutant are Px+/ Pg-=2.5:1 and Pg+/ Pg-=3.5:1
respectively.

After voltage activation, reconstituted Pdr5wr displayed membrane potentials above 100
mV and complex, fast channel gating (Fig. S3). We analyzed the single channel recordings using
the mean variance analysis, which allows an unbiased determination of ion-channel conductance
states (Patlak, 1988, 1993). For this we applied the Matlab based lon-Channel-Master program
(Bartsch et al., 2013).

The Pdr5wr channel displayed fast flickering gating transitions from the closed to the open
state with different open channel amplitudes (see expansion plot in the lower part of Fig. S3A).
The time-course of the gating events (see marked events) clearly indicates that the observed
complex gating to different open states cannot be due to the presence of two or more active
channels with simultaneous gating. The probability of to observe 2 simultaneous gating transitions
within the sampling window of 100us is: W= (z..)> =1 -107%s, Thus in 3 years and 21 days
measuring time, the probability (W) of a simultaneous gating in this time window would be W=1.
The mean variance plot in Fig. S3B depicts directly each of the resolved gating transition with
variable amplitude in Fig. S3A. The bars below the mean variance plot indicate the amplitudes of
the four most frequent gating transitions deduced from the histogram in Fig. S3C. The dashed
lines in the lower part of the expansion plot in Fig. S3A also mark the same most frequent current
amplitudes. In Fig. S3A the following main current transitions were observed:
Ai, = 3.8 pA, Ai, = 18.5 pA, Ai; = 25 pA,Aiy = 35 pA. We collected similar set off data
(n>10) from recordings with V;, = £120 to V,, = £140 mV. It turned out that the gating
transitions could be grouped into three different Pdr5 conductance states : G, = 25+ 3.6 p§,

L = 134+ 26 pS, G, = 250 + 78 ps. o
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Data analysis S2. Determination of the substrate induced reversal potential shift

with the reconstituted non activated Pdr5.

After reconstitution into a planar bilayer, Pdr5wr induced small ion currents and we tested
whether the substrates Ketoconazole (KA) and Rhodamine 6G (R6G) in the presence of Mg2*-ATP
induces shifts in a similar way as with the voltage activated Pdr5.

In these measurement, addition of KA to the cis compartment induced a drastic shift of
the reversal potential of V,_..=-70mV. In four different bilayer experiments we obtained an
average of AV, = — 641+ 8mV (n=4).

Similar experiments were conducted with R6G as a substrate. Starting with the control
bilayer (Fig. 6A), we added Pdr5Swr to the cis compartment of the same bilayer and observed
spontaneous insertion of Pdr5wr into the bilayer without applying prolonged high voltage by small
rectifying current (Fig. 1B). After subsequent addition of Mg?*-ATP to cis/trans (Fig. 6C) and 300nM
R6G we observed again a significant shift in the reversal potential (Fig. 6D). Subtraction of the
bilayer leak conductance (Fig. 6A) discloses that Pdr5Swr behaves as an almost complete rectifier
since it allowed nearly exclusively transport of K ions from trans to cis (Fig. S5A, B), while in the
presence of R6G an additional cation current from cis to trans with AV, = — 57 mV was
observed (Fig. S5C). In different bilayer experiments with R6G as a substrate we observed a shift

of the reversal potential of V,.., = —47.2 % 53mV (n=12),

Data analysis S3. Electrophysiological permeation assay (GHK approach).

The Goldman-Hodgkin-Katz approach is by far the most commonly used framework to describe
ion permeability and selectivity of membranes (Goldman, 1943; Hodgkin and Katz, 1949). Beside
the principal difficulties underlying the macroscopic GHK constant field theory, which assumes
independent movement of the ions through membrane pores (see references (Cory et al., 2000; Moy et
al,, 2000; Syganow and von Kitzing, 1999) for 5 detailed discussion) it has been demonstrated that the
methodology can be used to obtain reliable semi-quantitative measures for permeation of
charged drugs through membranes(Hille, 2001).

We were interested in obtaining information on the selectivity of the membrane transport
mediated by the ABC transporter Pdr5wr. For this, we used high-resolution electrophysiological
recordings from planar bilayer containing the reconstituted Pdr5wr. In practice, this method can

be used to measure ion currents across the membrane up to a maximum resolution of 100 fA with o4
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a maximal bandwidth of 1 kHz. In the case of ion channels, for example, a channel with a
conductance of G = 100pS the current through the open channel at V, = 100mV is i = 10pA
corresponding to a turnover of n = 6.2 - 107ions/s. Therefore, by this method the current
through a single ion channel molecule can be measured. The situation with Pdr5wr is different:
from the ATP turnover of approx. 6 ATP /s (Ernst et al., 2008) which in the worst case is connected
to the same turnover (stoichiometry 1: 1) of a charged molecule across the membrane, we obtain
a conductance of G =10 fS and a current i = 0.001 fA. It is therefore clear that even under the most
optimal conditions, the ion currents across the membrane mediated by individual ABC
transporters cannot be resolved. On the contrary, in the case of such electrophysiological
measurements, it is necessary to rely on the largest possible number of transporters being active.
A planar bilayer with a radius of 100um has an area of approx. F = 3 - 10~ *cm*, which implies
that the bilayer with 300 active Pdr5wr (see above) would have a specific conductivity of roughly
G,, = 10uS/em*. When applying a voltage of V,, = +100mV this results in a total flux of about
n=6.2-10%ions/s to adjust the new membrane equilibrium. Moreover, from the specific
resistance and specific capacity of the planar bilayer one can calculate that the new equilibrium
states are realized with an exponential time constant of about 1ms. In other words, at small
membrane currents the measurement of zero current potentials is an excellent opportunity to
study the properties of the ion fluxes mediated by transporters with low turnover rates across the
membrane.

During the electrophysiological experiments with Pdr5wr reconstituted into planar bilayer,
however, it turned out that Pdr5wr can be transferred by exposure to higher voltages (
V,, = £100mV) to an ion channel like state capable to conduct ions at high rates with a main
conductance state of &; = 134p5 and subconductance states of G; = 25p5, and G3 = 250p5,
Moreover, we observed that BEA opened concentration dependent activated Pdr5wr channels in
a saturating fashion allowing a rough estimate of the total number of Pdr5wr incorporated into
the bilayer. On the other hand, we also detected very small membrane currents after
incorporation of Pdr5wr into the planar bilayer without voltage activation (see Fig. 6). These small
currents revealed in asymmetric buffer (590 mM KClI (cis)/250 mM KClI (trans)) a reversal potential
of V,..,=11mV (details not shown) a similar value as obtained for the high conductance form of

Pdr5wr (see Fig. 3B). This shows that the currents are likewise carried by K and €1~ ions with

2
Pf = 3.3 as in the Pdr5wr high conductance states. One
= 95

almost the same permeability ratio of
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interesting estimate concerning the turnover for cations through Pdr5wr can be deduced from
measurements with the activated form (details not shown) and a BEA titration of bilayer yielding
a maximal slope conductance of 106 nS. Considering the mean conductance of G,=134 pS, this
means that the bilayer contained ~800 copies of the active Pdr5wr. With the slope conductance
of G;(pS) (-V,,)=19 pS (Table 1) we obtain a ”“native” conductance of PdrSwr G = 20 fS for K-
ions.

To characterize the ion fluxes mediated by the activated and non-activated Pdr5wr we

employed the following experimental conditions for bilayer containing an unknown number for

PdrSwr.

Permeability Pdr5wr : Pg+ = 2.5; P~ = 1; P, .+ = variable; Py+ = variable
Cation: Zp+ = 1; Cp e = 250 MM cp+ (e = 250 mM

Anion: Zem = =105 ¢ i = 250mMM; € ppgne = 220mM
Substrate KA: Zga = 0; Cup-pie = 330nM; cpy_irans = 00mM

Zero current potential KA: V., = —64.5 mV (experimental value n = 4))

Protons:z,+ = 1; cy+,;. = 8- 107 °M(pH 8.1) ; ¢4+ rpans = 1.04- 10 °M(pH 5.98)
Substrate R6G: Zpect = 1; Cap—pie = 3300M; Cpy_rpgne = 00mM

cis = 7.94- 107’ M (pH 8.1) ;¢ rrans = 93+ 107" M(pH 6.03)

Protons:zy+ = 1; cy+

Zero current potential R6G: V.., = —47.2 mV (experimental value (n = 12)

Assuming electrical recording from a bilayer with the above concentrations in the cis and trans
compartment and considering that the assumptions of the GHK-theory are valid we can calculate
the expected current voltage relation for the above bilayer membrane containing an unknown
number of active Pdr5wr channels for the particularly given combination of ion concentration on

both sides of the membrane.
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GHK-current equations

[K+ (V) = ‘!(V.' 'PK+'Zk+-' CK+cis-' CK+E‘?‘R?‘!S)1

[Cf_.' (V) = I(VJ PCI_"ZCR_J'CC!-C:'SJ CCE_rz'ails)

1
2
3. Ipee+ (V) = I(V, Prec+,Zpec*» Crec* cis» Cec *trans)
4 I+ (V) = IV, Py+, Zy+ . €t cir Ci* epaams )
5 SIWV) =1+ (V)4 I~ (V) 4 Tee+ (V) + I+ (V)
Using equation 1-5 we calculated for the ionic conditions given above the corresponding current-
voltage relations using a Mathcad (PTC-Software) based routine. Starting with ketaconazole
addition to the cis compartment in the presence of MgATP however we have to propose that the
reconstituted PdrSwr initiates active substrate and Mg?*-ATP driven transport of H*-jons from cis
to the trans compartment (H “-Symport) to explain the observed V.., = — 64.5 mV (Fig. S3A).
Active transport means that the permeability (P) approaches in the GHK formalism towards
infinity. Starting for KA at pH 7 (cis/trans) we obtained by generating a pH gradient through
iteration the “new” equilibrium concentration of H *-ions in the cis and trans compartment after
initiation of transport with the correponding value of Py+ (P = 10° cm®/s) and with the now
fixed ApH we obtain the value for Pgeo+ (P =2 - 10° cm® /s). Since KA induced H™-pumping by
Pdr5 is expected to be in the same order of magnitude as for R6G it appeared justified to use the
values (Py+ cy+oe = 8107 M(pH 8.1) 505+ tpans = 1.04- 107 M (pH 5.98) obtained for KA
to fit the observed reversal potential obtained with R6G as substrate. Provided Mg?*-ATP driven
R6G transport would occour without H Fpumping at the given ionic conditions (cis/trans) we
should have observed V,..,, = +14 mV (Fig. S4B) which was not the case. However our calculations

show that R6G* and H ™ ions are symported at a relative permeability of Py+/Ppec+ = 5.

97



3.5 ChapterV

Titel:

Authors:

Published in:

Proportionate work

on this manuscript:

Structure of the fungal asymmetric ABC transporter Pdr5

Manuel Wagner, Dijun Du, Andrzej Szewczak-Harris, Arthur

Neuberger, Sander H. J. Smits, Holger Gohlke, Ben F. Luisi, Lutz

Schmitt

to be submitted

50%

98



Publications — Chapter V

Structure of the fungal asymmetric ABC transporter Pdr5
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Abstract

The overexpression of ATP-binding cassette (ABC) transporters is one of the main mechanisms
that confer multidrug resistance (MDR) to all living organisms. Several structures of MDR ABC
transporters in bacteria and humans have been solved over the recent years, especially since the
advances in single particle cryo-electron microscopy (cryo-EM). However, there are no known
structures of any ABC transporters from fungi or plants to this date. Here, we present the
structure of Saccharomyces cerevisiae ABC transporter Pdr5 obtained through single particle
cryo-EM and additional density maps of the occluded ATP-bound sate. Our results suggest a new
mechanism for this asymmetric ABC transporter, in which the nucleotide binding domains (NBDs)
stay in constant contact without any ATP molecule present. Moreover, comparison of the apo
and occluded state demonstrates that the transmembrane region of Pdr5 moves in a twist-like

fashion and possibly does not follow the classical ‘alternating access model’.
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Introduction

ABC transporters are ubiquitous integral membrane proteins that exist in all prokaryotes as well
as eukaryotes that facilitate the transport of a broad range of structurally and chemically diverse
substrates across biological membranes in an ATP dependent manner (Higgins, 2001; Rees et al.,
2009). A functional unit of an ABC transporter consists of two highly conserved NBDs that
represents the motor domains of the pump by binding and hydrolysis of ATP and two
transmembrane domains (TMDs) that form the translocation channel through the membrane
(Locher, 2016; Oswald et al., 2006; Schmitt and Tampe, 2002). Depending on the direction of
transport, ABC transporters are subdivided into exporters and importers. While in prokaryotes
both classes exist, eukaryotes in general only possess ABC exporters that fulfill a variety of cellular
functions (Rees et al., 2009). One growing concern in bacterial and fungal infections as well as
cancer treatment is the raise of MDR as known therapeutics fail to succeed in the treatment of
the disease. The mechanisms that cause the resistance towards the xenobiotics are often based
on the overexpression of ABC transporters (Lage, 2003). The phenomenon of MDR in pathogenic
fungi like Candida albicans correlates with the overexpression of pleiotropic drug resistance (PDR)
ABC transporters (Lamping et al., 2010; Prasad et al., 2015). In S. cerevisiae, the most prominent
member of this protein family is Pdr5, which was first discovered as a gene conferring resistance
towards the antifungal cycloheximide (Golin and Ambudkar, 2015; Leppert et al., 1990). Since
then, numerous biochemical and mutational studies have been performed that helped to
understand many aspects of the molecular mechanisms of this transporter (Ananthaswamy et al.,
2010; Ernst et al.,, 2008; Golin and Ambudkar, 2015; Golin et al., 2007; Gupta et al., 2014;
Kolaczkowski et al., 1996; Kueppers et al., 2013; Sauna et al., 2008; Wagner et al., 2019). Pdr5
belongs like all PDR ABC transporter to the ABCG subfamily of eukaryotic ABC transporters that
feature an inverse topology of (NBD-TMD); and adopt a type Il exporter fold (Lamping et al., 2010;
Paumi et al., 2009; Tanabe et al., 2019). A key feature of Pdr5 is the asymmetry of its NBDs, also
referred to the canonical and the degenerate NBD. It was demonstrated that this asymmetry is
crucial for the functionality of the protein (Gupta et al.,, 2014). Although there are other
asymmetrical ABC transporters, like ABCG5/ABCGS8, TM287/288 or CFTR (Hohl et al., 2012; Sorum
etal., 2017; Wang et al., 2011), the degree of degeneration with mutations of residues in five NBD

100



Publications — Chapter V

motifs is the highest within this class of fungal transporters. To date, the mechanistic and
structural implications of this degeneration remain elusive.

Recent advances in single particle cryo-EM led to the ‘resolution revolution’ and to the
determination of a constantly increasing number of structures of membrane proteins (Cheng,
2018; Lee and Rosenbaum, 2017; Locher, 2016; Subramaniam et al., 2016; Taylor et al., 2017).
However, to date no structures resolved of fungal membrane proteins nor structures of PDR ABC
transporters have been determined. Here, we present the first 3-D structure of the fungal ABC
transporter Pdr5 in different conformations providing important molecular insights into this class
of membrane proteins. We provide first structural evidence for the significance of the asymmetry
of the NBDs of Pdr5 and propose a new ‘twist model’ for substrate transport that differs from the

classic ‘alternating access model’ (Jardetzky, 1966).

Material and Methods

Protein purification
Pdr5wr and Pdreq were expressed and purified as described in (Wagner et al., 2019). In short, S.
cerevisiae YRE1001 (Ernst et al., 2008) cells were grown to an ODeoo of 3.5 at 30 °C. For one
purification procedure, cells of 4 L YPD liquid media were harvested and disrupted using glass
beads. Total membranes were solubilized in buffer A (50 mM Tris-HCI, pH 7.8, 50 mM NaCl, 10%
(w/Vv) glycerol) for 1 h with 1% (w/v) trans-PCC-a-M under gentle stirring at 4 °C. Next, a two-step
purification was performed with an immobilized metal ion affinity chromatography of the His-
tagged Pdr5 followed by a size exclusion chromatography on a Superdex 200 10/300 GL column
(GE Healthcare) with buffer A containing 0.003 % (w/v) trans-PCC-a-M. All chromatography steps
were performed on the Akta protein purification systems (GE Healthcare).

In order to force the ABC transporter into the occluded state, purified Pdr5wr, Pdr5eq or
the Pdr5-peptidisc complex was incubated with 200 uM ortho-vanadate, 2 mM Mg?*-ATP in the
presence or absence of 100 uM rhodamine 6G, ketoconazole or beauvericin and incubated for 5

min at 30 °C.
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Cryo-EM specimen preparation, data collection and processing
Cryo-EM specimen preparation as well as data collection and processing were in general

performed as described in (Du et al., 2014; Wang et al., 2017).

Homology modelling, model docking and optimization
Homology modelling, model docking and optimization were essentially performed as described

in (Du et al., 2014; Tanabe et al., 2019; Wang et al., 2017).

Results

Sample preparation and reconstitution into peptidisc

For a structural analysis of Pdr5, active and functional wildtype Pdr5 as well as the ATPase
deficient E1036Q mutant were purified as described in (Wagner et al., 2019). Further details are
described in the Materials and Methods section. The main elution fraction with a concentration
between 1.3-1.7 mg/ml was collected and directly blotted onto grids for cryo-EM screenings.
Additionally, in order to improve the particle number and stabilize the protein in solution,
detergent solubilized Pdr5 was reconstituted into peptidisc. Peptidisc consists of a small
amphipathic bi-helical peptide called nanodisc scaffold protein (NSP.) that wraps in multiple
copies around the membrane protein and, opposed to classical nanodisc, does not need any lipid
addition (Bayburt and Sligar, 2010; Carlson et al., 2018). Pdr5wr was purified with the detergent
trans-PCC-a-M and concentrated to a final concentration of 4 mg/ml. For reconstitution, Pdr5wr
was mixed with NSP, in a 1:1 (wt/wt) ratio resulting in a molar ratio of 1:39 for Pdr5wr:NSP;. The
subsequent size exclusion chromatography was performed with buffer lacking detergent (50 mM
Tris-HCl pH 7.8, 50 mM NaCl) and is depicted in Figure 1A. Reconstituted Pdr5wr eluted similar to
the detergent solubilized protein at approximately 10 ml. An additional elution peak at 14 ml
indicated excess NSPr molecules that did not reconstitute with Pdr5wr. In order to verify the
reconstitution as well as the stability of the Pdr5wr-peptidisc complex, two additional injections
of the main elution peaks were performed (see Figure 1A and B). As obvious from Figure 1, PdrSwr

remains stable in buffer without detergent, which indicates the successful reconstitution into
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peptidisc. The resulting reconstituted Pdr5wr was incubated with different additives (see Table 1)
and grids for a cryo-EM screening were prepared as described in Materials and Methods section.

Unfortunately, the initial screenings of the grids showed that the Pdr5wr-peptidisc
complex resulted in a preferred orientation of the particles that limited the angular information
drastically and thereby led only to low resolution three-dimensional maps (not shown). In order
to overcome this obstacle, new samples were prepared, to which the detergent CHAPSO was
added, right before blotting the grid. This technique has been shown before to eliminate the

problem of preferred orientation in cryo-EM for the bacterial RNA polymerase (Chen et al., 2019).
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Figure 1 SEC chromatograms of reconstituted Pdr5wr in peptidisc. A: First injection after mixing
Pdr5wr:NSP: at a 1:39 molar ratio. B: Reinjection injection of the main elution peak of A. C:
Reinjection of the elution peak in of B. All SEC experiments were performed with detergent-free

buffer (50 mM Tris-HCl pH 7.8, 50 mM NaCl). Vg indicates the void volume of the column.
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Cryo-EM density maps of Pdr5

The resulting density maps (resolution ~3.8 A) of detergent purified Pdr5wr as well as the
reconstituted Pdr5wr-peptidisc complex after the addition of CHAPSO to the sample are shown in
Figure 2. When compared to the electron density map of apo Pdr5wr solubilized with trans-PCC-
a-M (Figure 2A), the sample of the Pdr5wr-peptidisc complex (Figure 2B) resulted in an identical
density map as seen in the superposition of both densities (Figure 2C). This indicates that the
detergent does not drastically alter the conformation or fold of the protein and thus allows to

investigate the structure of the protein in detergent solution.

Figure 2 Density maps of Pdr5wr. A: Electron density map of apo Pdr5wr solubilized with trans-
PCC-a-M. B: Electron density map of apo Pdr5wr reconstituted into peptidisc. C: Superpaosition of

the electron density maps shown in A and B.

The obtained resolution of 3.8 A allows to identify single helical structures in the transmembrane
region as well as the NBDs and demonstrate that the protein adopts the inward facing
conformation in both density maps . Furthermore, the detergent solubilized E1036Q mutant
incubated with Mg?*-ATP was prepared in order to force Pdr5 to adopt the outward facing
conformation. Unfortunately, no difference was apparent in the electron densities and resulted

in an identical map as for the wild-type samples (not shown).
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Only the N-terminal TMD moves

Next, we were interested in the conformational shift that might take place upon ATP binding, i.e.
how the dimerization of the NBDs affect the conformation of the TMDs. Therefore, Pdr5wr
solubilized with trans-PCC-a-M was incubated with ortho-vanadate and ATP in order to trap the
protein in the dimerized NBD state. Interestingly, cryo-EM screenings demonstrated that the ABC
transporter was not trapped in one distinct state, but shows a variety of transient conformations
that resulted in rather low particle numbers of each of these classes. However, it was possible to
isolate two classes with roughly 5000 particles that resulted in the density maps seen in Figure 3A

and Figure 3C.

front back front back

Figure 3 Cryo-EM densities from the two main classes of the ‘Vitrapped state’. A: Front and back
view of the first class resembling the apo state. B: Superposition of A with the density map of the
apo state seen in Figure 2A. C: Front and back view of the second class that belongs to the
occluded state. D: Superposition of the two classes found in the Vi trapped state’ (A and C). E:

Superposition of the apo with the occluded state with the density maps of Figure 2A and C.

As obvious from the density maps, the first of the two classes (Figure 3A) identified belongs to
the apo state that we observed in the absence of any ATP and vanadate as shown in Figure 2.

Although the resolution is low due to the low particle number, Figure 3B demonstrates clearly the
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overlapping densities and therefore demonstrates that although ATP and vanadate are present,
the protein still adopted the apo state, i.e. the inward facing conformation. The second class,
however, shows a different conformation as highlighted in Figure 3D and E. In this conformation,
the electron density of the NBDs indicates that they dimerized compared to the apo state.
Particularly the front view shows a movement of the NBDs towards each other, while the back
view of the superposition indicates only minor movement of the TMDs and degenerate NBS.
Moreover, the main displacement in the TM region is observed in the coupling helix of the N-
terminal TMD (left side of the respective front views) that is shifted inside while the C-terminal

TMD does not move significantly compared to the apo form.

The model of Pdr5

Based on the crystal structure of ABCG5/ABCGS (Lee et al., 2016) a homology model for the three
dimensional structure of Pdr5 was created as shown in Figure 4. Since the electron density allows
only for a map to a resolution up to 3.8 A, we were not able to create a complete model for Pdr5.
The missing parts are highlighted by the dashed lines within the model. These areas include the
extracellular loops (ECL) as well as the N-terminal extension that precedes the first NBD of the
ABC transporter. Especially the N-terminal extension is predicted to be highly disordered (not
shown) which could be the reason of the low electron density of this region. Overall the generated
model resembles well the structure of the type Il ABC exporters ABCG5/ABCGS as well as ABCG2
(Taylor et al., 2017). Characteristic for type Il exporters is the absence of transmembrane coupling
helices interacting with the NBD of the opposing NBD, i.e. the N-terminal NBD is only interacting
with the N-terminal TMD and vice versa. Strikingly, the extracellular loops of Pdr5 are significantly

larger compared to its human homologs.
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front back

back

Figure 4 Initial model of Pdr5 based on the obtained density maps using the structure of
ABCG5/ABCGS as templates.
A: Fit of the model into the electron density of Pdr5wr as shown in Figure 2A. B: Front and back

view of the Pdr5 model alone.

The deviant nucleotide binding site — the foundation for the constant contact model

As an asymmetric ABC transporter, Pdr5 possesses a degenerate NBS that is unable to hydrolyze
ATP. Mutational studies demonstrated that this degeneration is crucial for the functionality of
this ABC transporter (Gupta et al., 2014). Based on our structural model, a closer look and
comparison of the two NBSs could explain why this degeneration could be fundamental for
ATPase and transport functionality. A zoom-in in both NBS (Figure 5) reveals that the canonical
NBS is separated as the distance between the ATP binding motifs are 12.7 A apart, which is
expected for the apo state. In clear contrast, the degenerate site remains in close contact. The
measured distance of 3.4 A between residue R194 of the Walker A motif in NBD1 and E1013 of
the C-loop of NBD2 is within hydrogen bond distance (Jeffrey, 1997), or can form a salt bridge
(Walker and Causgrove, 2009) and indicates that NBS1 could form the basis for a ‘constant

contact’ model of Pdr5, in which only NBS2 is binding and hydrolyzing ATP. This is further
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supported by the density map of the occluded state (Figure 3). In comparison to the apo state,
only the N-terminal TMD and coupling helix show significant movements, whereas the C-terminal
site slightly shifts from the apo to the occluded state. Further, the back view of the electron
density maps (Figure 3D and E) demonstrates no movement of the degenerate NBS even if ATP

and V; are present.

Figure 5 Focus view on the NBS of PdrSwr. A: The degenerate nucleotide binding site with the
indicated distance between key residues of Walker A of NBD1 and the C-loop of NBD2. B: The
canonical NBS with the closest distance indicated between the Walker A of NBD2 and the C-loop
of NBD1. The color coding is as follows: NBD1: blue, NBD2: yellow, Walker A motif: purple, Walker
B motif: light green, C-loop: orange, R194: red, E1013: cyan.
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Discussion

The determined structure of Pdr5 represents the first high resolution 3D structure of an ABC
transporter from fungi in general and in particular the class of PDR ABC transporter that exists in
plants and fungi. Since Pdr5 belongs to the ABCG subfamily of ABC transporters (Paumi et al.,
2009), it is not surprising that the overall fold of the protein resembles that of type Il exporters
such as the MDR exporter ABCG2 and the sterol transporter ABCG5/ABCGS, respectively (Lee et
al., 2016; Taylor et al., 2017). However, our structural models, based on the different electron
density maps, revealed certain key features that were not observed in other structures of ABC
exporters. Compared to ABCG2 as well as ABCG5/ABCGS, the extracellular loops (ECLs) of Pdr5
are significantly larger. In a mutational study of Cdrl and Pdr5, it was demonstrated that the ECLs
play a critical role in drug release and therefore in the conferred resistance by the transporter
(Tanabe et al., 2019). The observed movement of the coupling helix of the N-terminal half of Pdr5
between the apo and occluded state indicates how the transmission interface between the NBDs
and TMDs take place in this transporter. Interestingly, only the N-terminal half shows a shift of
transmembrane helices while the C-terminal part is rigid. This observation could indicate that the
transporter is not undergoing the classical ‘alternating access model’ (Jardetzky, 1966)
movement, but the movement represents rather a twisting of the transmembrane domain
without an actual drug release through the extracellular loops. This ‘twist model’ could also
explain, how the drug efflux takes place. The substrates of Pdr5 are — with a few exceptions — all
hydrophobic (Kolaczkowski et al., 1996; Rogers et al., 2001) and will freely partition into the
membrane. It is to assume that Pdr5 takes up the drugs from the inner leaflet of the membrane
in order to expel them. The hydrophobic nature of these compounds makes it energetically
disadvantageous to transport the drug through a water filled cavity into the extracellular space.
Therefore, it is tempting to speculate that the actual transport process rather takes place at the
membrane/protein interface from the inner to the outer leaflet of the membrane, which does
not require an opening of the extracellular loops but instead a twist of the transmembrane
helices. To further elucidate the possible molecular mechanism of ATP binding, hydrolysis and
drug efflux, we have to look closer into the degenerated NBS of Pdr5. In the literature, two models
exist that describe how the NBDs dimerize upon ATP binding and dissociate (or do not dissociate)
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upon ATP hydrolysis. The first one is called the ‘switch model’ and proposes that the NBDs of an
ABC transporter form a symmetrical dimer with two ATP molecules bound, which dissociate to
two monomers after ATP hydrolysis (Higgins and Linton, 2004). A second model, the ‘constant
contact model’, however, describes a mechanism in which the hydrolysis of ATP takes place in an
alternating fashion in each of the NBS and thereby the NBD stay in constant contact throughout
the catalytic cycle (Jones and George, 2013). However, in the case of Pdr5 and probably other
asymmetric ABC transporters, a different mechanism than these described by the two models has
to be operational for the individual molecular steps during transport. The fact that the
degenerated NBS lacks key residues in each of the NBD motifs renders this site incapable to
hydrolyze ATP (Gupta et al., 2014). Moreover, the distance shown here in our model of 3.4 A
between the arginine of the Walker A motif in NBD1 and the glutamine of the C-loop in NBD2 is
too small to allow binding of an ATP molecule (Rse = 7 A (Azarashvili et al., 2011)), but is close
enough for a hydrogen bond or salt bridge (Jeffrey, 1997, Walker and Causgrove, 2009).
Therefore, we can propose an alteration of the ‘constant contact model’ in which, based on their
asymmetry, the NBDs are indeed always dimerized, even in the absence of ATP. Only the
canonical NBS induces the movement of the TMDs through binding and hydrolysis of ATP.

In summary, the here presented structure and electron densities of the asymmetric ABC
transporter Pdr5 in the apo and occluded state provides important insights into the molecular
mechanism of this class of membrane proteins. Existing models like the ‘switch model’ and
‘constant contact model’ are not sufficient to describe the molecular mechanism that underlies
the energy transmission between the NBDs and TMDs of Pdr5. This might hold as well for other
asymmetric export pumps. Additionally, the electron density of the occluded state points to a
transport mechanism that differs from the ‘alternating access model’ as it appears that the
transmembrane helices undergo a twist movement that might enable the transport from the

inner to the outer leaflet.
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4. Discussion

This thesis focusses on elucidating the molecular mechanism of substrate transport of the
asymmetric ABC transporter Pdr5 from S. cerevisiae. In a first step and in order to perform
biochemical, functional and structural analysis in vitro, it was necessary to establish an isolation
and purification protocol for the protein in an active and functional state. Initial studies
performed by Decottignies et al. indicated that n-Dodecyl-B-D-maltoside (DDM) as a detergent
might retain the ATPase activity of Pdr5 (Decottignies et al., 1994). So far, we have not been able
to reproduce these results and instead had to experience that Pdr5 does not retain any significant
ATPase activity in DDM. Extensive detergent screens and optimization of the purification protocol
led to functional and homogenous Pdr5 as described in detail in Chapter Il. The key to the final
success was the use of the detergent trans-4-(trans-4'-propylcyclohexyl)cyclohexyl-a-D-maltoside
(trans-PCC-a-M) (Hovers et al., 2011). Only this detergent allowed to purify Pdr5 in a two-step
procedure (immobilized metal ion chromatography (IMAC) (loaded with Zn?* ions) in combination
with size exclusion chromatography (SEC)) to homogeneity while retaining its ATPase activity (see
Chapter Il, Figures 1-3).

Although it remains elusive why certain detergents retain the activity of a membrane
protein while others, even structurally similar detergents inactivate the protein, we can speculate
that some features of trans-PCC-a-M are beneficial to maintain Pdr5 functionality. Trans-PCC-a-
M is a mild, non-ionic detergent of the class of maltosides that are widely used in the field of
membrane protein purification (Seddon et al., 2004). Comparing the structures of one of the most
prominent member of the class of maltosides DDM and trans-PCC-a-M (Figure 5) it becomes
apparent that the more bulky di-cyclohexyl moiety of trans-PCC-a-M gives a more rigid
hydrophobic structure compared to the alkyl chain of DDM. One might therefore speculate that
exactly this rigidity is the cause for the mildness of the detergent as there will be fewer
interactions with the hydrophobic transmembrane parts of the protein and less tightly bound

lipids will be displaced by the detergent (Hovers et al., 2011)
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Figure 5 Structural comparison of two maltosides. A: n-Dodecyl-B-D-maltoside (DDM). B: trans-
4-(trans-4'-propylcyclohexyl)cyclohexyl-a-D-maltoside (trans-PCC-a-M).

After this basic task was fulfilled, biochemical, biophysical and structural analysis of this efflux
pump could be performed. During these investigations, the following four discoveries on the
molecular basics of the Pdr5 activity were obtained:

First, Pdr5 has a high basal NTPase activity in solution that cannot further stimulated by

its substrates but at high concentrations undergoes trans-inhibition.

Second, Pdr5 functions as an H*/drug symporter and therefore represents a new class of

ABC transporters.

Third, the NBDs of Pdr5 are always dimerized even in the absence of ATP, which is based

on the degenerated NBS.
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Fourth, Pdr5 might not follow the ‘alternating access model’ with two distinct inward and
outward facing conformations but rather function in a twist-like fashion that allows
substrate transport at the membrane-protein interface from the inner to the outer leaflet

of the membrane.

4.1 Pdr5is an uncoupled transporter

Since its discovery, it was always controversial discussed whether the high basal ATPase
activity of Pdr5 in plasma membrane preparations is artificial, if it's due to the ‘real” substrate
being present or whether this ABC transporter is in fact an uncoupled transporter that hydrolyzes
ATP at high rates even in the absence of a substrate that cannot be further stimulated
(Decottignies et al., 1994; Ernst et al., 2008; Golin and Ambudkar, 2015). Other MDR ABC
transporters like P-gp are strictly coupled transporters with a rather low basal ATPase activity that
can be stimulated by its substrates which was shown for membrane vesicles as well as in
detergent purified preparations (Shukla et al., 2017). The data presented in Chapter Il of isolated,
detergent purified Pdr5 wildtype in comparison to the ATPase deficient E1036Q mutant proves
that the ATPase activity is indeed uncoupled from transport activity. Similar to plasma membrane
preparations the ATPase activity cannot be stimulated beyond the basal level, but Pdr5 undergoes
allosteric or trans-inhibition at high substrate concentrations (see Chapter Il, Figure 7) (Ernst et
al., 2008). This on the first sight futile ATPase activity in the absence of substrate makes sense if
one considers the broad substrate specificity of Pdr5 (Kolaczkowski et al., 1996; Rogers et al.,
2001). As stated by Ernst et al., it is difficult to imagine for MDR ABC transporters how the binding
of hundreds of structurally and physicochemical diverse substrates can lead to the same response
of the transporter in upregulating its ATPase activity (Ernst et al., 2008). Moreover, given the
importance of the efflux pump Pdr5 for cell survivability in the presence of xenobiotics, the
response time to toxic compounds should be as short as possible while the lifetime of the
transporter should be considerable high. As shown for the ABC transporter BtuC;D, the protein
remains stable over a longer period with a shorter response time towards the addition of
substrate if ATP is continuously added compared to the same protein under starving conditions

(Livnat-Levanon et al., 2016).
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The fact that isolated, detergent-purified Pdr5 exhibits a high basal ATPase activity
supports the finding that this ABC transporter works in fact uncoupled. From a physiological
perspective, basal ATPase activity is necessary for MDR ABC efflux pumps as they need to be able

to respond fast upon presence of xenobiotic compounds in order to protect the cell.

4.2 Pdr5 as a proton pump and its implications

The most common model to explain the drug resistance conferred by ABC transporters is
the ‘pump model’. In this model, the MDR ABC transporter actively expel the drugs from the cell
into the extracellular space against a concentration gradient (Gottesman and Pastan, 1988).
Although most biochemical studies support this model some key features of MDR pumps are not
explained by it. Therefore, the ‘altered partitioning model’ challenges the ‘pump model’ as it
assumes MDR ABC transporter do not actively transport their substrates but rather change the
membrane environment by ion transport which leads to lowered drug accumulation within the
cells (Roepe, 2000; Roepe et al., 1996). This model was mainly discussed in the field of MDR1 and
supported by data demonstrating elevated intracellular pH of MDR1 containing cell lines and
changed ion concentrations as well as the argument of lack of MDR1 substrate specificity
(Hoffman and Roepe, 1997). Nonetheless, these findings are not sufficient to account for the
magnitude of fold increase in resistance of MDR cell lines (Ambudkar et al., 1999).

Interestingly, during our biochemical and biophysical characterization of Pdr5, we
discovered that not the ‘pump model’ nor the ‘altered partitioning model’ are sufficient to
describe the mechanism of Pdr5 conferred drug resistance. In vivo studies on MDR1 and the Pdr5
homologue Cdrl from Candida albicans indicated altered intracellular pH compared to null-
mutant cells, supporting the ‘altered partitioning model’ (Hoffman and Roepe, 1997; Milewski et
al.,, 2001). Unfortunately, the complexity of the cell environment renders in vivo studies
unsuitable to draw exact direct conclusions from the multitude of altered cellular parameters.
Therefore, we reconstituted purified functional Pdr5 into planar lipid bilayers and performed
electrophysiological measurements in the absence and presence of substrates and inhibitors (see
Chapter lll).The electrophysiological data on the reconstituted Pdr5 demonstrate that Pdr5 can

facilitate permeation of K* and ClI" ions at high rates across the membrane. Moreover, in the
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presence of Mg?*-ATP and substrates, Pdr5 can generate a proton motive force (ApH) across the
membrane by acting as a proton/drug symporter (see Chapter IV). At the same time, the
measured difference of the reversal potentials between the neutral ketoconazole and charged
rhodamine 6G (R6G) proves that not only a proton gradient is established, but also the R6G
substrate is actively transported across the bilayer. Although in a study of the ABC transporter
LmrA and MsbA indications of ion transport and effects of ions on the translocation activity were
shown, these studies did not provide direct evidence of a generated proton gradient nor active
substrate transport (Agboh et al., 2018; Singh et al., 2016). Remarkably, in the yeast S. cerevisiae
only two classes of MDR efflux pumps are known so far: MDR ABC transporter and major
facilitator superfamily (MFS) transporter that all function as drug/H* antiporters. Pdr5 is therefore
the first representative of a new type of drug/H* ABC symporter. Similar transporters have not
been identified yet. Since no other ABC transporter so far was systematically examined by
electrophysiological means, it remains unclear (i) whether this is a general mechanism of MDR
ABC transporters, or (ii) whether it is a feature of asymmetric ABC transporters, or (iii) solely a
unique characteristic of Pdr5, which, given the observations of in vivo studies performed on MDR1

and Cdr1, seems rather unlikely.

4.3 On the proposed R6G transport mechanism mediated by Pdr5

One of the most commonly used biochemical assays for Pdr5 is the R6G transport assay in
isolated inside-out plasma membrane vesicles ((Ernst et al., 2008; Kolaczkowski et al., 1996;
Kueppers et al., 2013)). In these vesicles, the NBDs of the transporter are situated outside of the
vesicles, which enables the substrate transport into the vesicle lumen (see Figure 6). Since its first
appearance, it was described as a concentration-dependent quenching assay in which R6G
molecules undergo self-quenching by forming non-fluorescent excimers (Figure 6A) (Ernst et al.,

2008; Furman et al., 2013; Kolaczkowski et al., 1996).
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Figure 6 Schematic overview of the R6G transport assay mediated by Pdr5. A: R6G transport
assay with fluorescence quenching based on concentration dependent non-fluorescent excimer
formation upon transport initiation by ATP addition. Left panel: Pdr5 is inside-out oriented in the
vesicle membrane and R6G molecules are evenly distributed between the two leaflets. Right
panel: ATP addition initiates the Pdr5-mediated transport of R6G from the outer to the inner
leaflet where concentration dependent self-quenching of R6G excimers takes place. B: R6G
fluorescence quenching based on depolarization of the vesicle membrane. Left panel: as in A,
Pdr5 is inside-out oriented. The R6G molecules are evenly distributed and highly fluorescent as
an intact membrane potential (AW # 0 mV) is given. Right panel: upon ATP addition, Pdr5 actively
transports R6G and H+ which leads to the depolarization of the membrane (AW = 0 mV) which
causes quenching of the R6G fluorescence. Note that although R6G is transported in B, it remains
evenly distributed across the membrane as it freely diffuses between the membrane leaflets. Pdr5
is depicted with its TMDs in orange, the NBDs in green; the vesicle membrane is shown in blue;
fluorescent R6G molecules as yellow stars, quenched R6G molecules as white stars.
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Without doubt, we can confirm that following published protocols a Pdr5 and Mg?*-ATP-
dependent fluorescence quenching is observed. However, it is to question whether it is
concentration-dependent or if there might be other reasons causing the quenching of R6G
fluorescence. In R6G transport assays with Pdr5 containing plasma membrane vesicles, a R6G
concentration between 75 — 600 nM is commonly used, although R6G causes trans-inhibition with
a Ki = 600 nM (Ernst et al., 2008; Furman et al., 2013; Kolaczkowski et al., 1996; Kueppers et al.,
2013). Now, if we consider the partition coefficient of R6G of logP = 6.52 (see Chapter Il, Table 2),
virtually all R6G molecules will be located in the membrane, roughly equally distributed between
the inner and outer leaflet. Next, if an initial concentration of 300 nM is used, the concentration
at start within one leaflet is approximately 150 nM and at the end of the transport assay -
assuming 100% transport rate - 300 nM in the inner leaflet, causing complete quenching of the
R6G fluorescence (see Figure 6A). Now, if a start concentration for R6G of 600 nM is chosen
instead, the concentration in both membrane leaflets will be 300 nM at the beginning of the
experiment. This is the concentration that arguably led to the complete quenching of R6G in the
experiment with an initial concentration of 300 nM. We would expect a complete self-quenching
at the beginning of the experiment with a start concentration for R6G of 600 nM. Instead, the
fluorescence increases and only after addition of ATP a decrease in fluorescence is observed.
Moreover, complete fluorescence self-quenching of R6G is not to be expected at concentrations
below 40 uM, which is probably not reached in experiments with concentrations far below 1 uM
as it is usually the case in Pdr5 transport assays (Bavali et al., 2015).

Another explanation for the observed fluorescence decrease can be derived from the use
of R6G as a mitochondrial marker, as it passes the outer mitochondrial membrane and
accumulates at the inner mitochondrial membrane that carries an electronegative potential of
about Vm=-180 mV (Scaduto and Grotyohann, 1999; Trounce and Wallace, 1996; Ziegler and
Davidson, 1981). In a study with R6G as a probe for membrane potential in bovine aortic
endothelial cells, it was shown that R6G is strongly responsive to the membrane potential as it is
highly fluorescent if an intact membrane potential exists, while it can be completely quenched if
the membrane is depolarized (Mandala et al., 1999). Now, taking this into consideration for the
transport assay in combination with the fact that Pdr5 is a drug/H* symporter, we can come to

the conclusion that the reason for the fluorescence decrease is very likely the result of a
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depolarization of the membrane by Pdr5-mediated proton transport (see Figure 6B). It is
important to note that the R6G transport assay is only established for plasma membrane vesicles
in which numerous other pumps and ion channels like the proton pump Pmal are present. So far,
we were not able to perform the R6G transport assay with isolated Pdr5 reconstituted into
liposomes, which is possibly caused by the missing initial polarization of the membrane generated

by other electrogenic pumps present in plasma membrane vesicles.

4.4 The structure of Pdr5

So far, only structures of bacterial type | and type Il importers, e.g. ModBC-A and BtuCD-F
and type | exporters like Sav1866 as well as mammalian type | (e.g. MDR1) and type Il exporters
(ABCG5/G8 and ABCG2) have been determined (Dawson and Locher, 2006; Lee et al., 2016; Taylor
et al., 2017). However, structures of plant and fungal ABC transporter have not been reported to
date.

In Chapter IV, we present the first structure of the ABC transporter Pdr5, which at the
same time is the first structure of a fungal ABC transporter in general. As infectious diseases with
fungal pathogens is a growing risk (Pfaller and Diekema, 2007), it is important to develop new
strategies and treatments as the limiting number of clinically used antifungals leads to rising
multidrug resistance (Cannon et al., 2009). The presented structure of Pdr5 provides new insights
into the molecular mechanisms of fungal MDR ABC transporters and can open new avenues to

determine new drug target sites in pathogenic homologues such as Cdrl from C. albicans.

4.5 Asymmetry of the NBDs — A new constant contact model

The ‘switch model’ is the most prominent model for describing the process of energizing
the substrate transport of ABC efflux pumps (Higgins and Linton, 2004). Here, the NBDs of a
transporter switch between two main conformations: a closed dimer that forms upon ATP binding
in both NBS and an open conformation in which the dimer opens up after ATP hydrolysis. The
switch between the two conformations drives the conformational change of the TMDs to

translocate the substrate. A second model is the ‘constant contact model’ (Jones and George,
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2013). The basic steps of ATP binding and hydrolysis driving the overall energization of the
catalytic cycle are the same. However, the main difference is that while in the ‘switch model’ the
C-loop (signature motif) and Walker A motif separate completely in both NBS after ATP hydrolysis,
the constant contact model assumes that ATP hydrolysis takes place in one NBS at a time and
thereby the NBDs always remain as a dimer. It is long ongoing debate with both models having
biochemical and structural evidence (Higgins, 2007; Janas et al., 2003; Jones and George, 2009).
Based on the complexity and versatility of the huge family of ABC transporters one wonders
whether only one of the two, neither or both models can explain the actual mechanism of the
catalytic cycle. Especially since, although the NBDs of ABC transporters are highly conserved in
sequence and structure compared to their TMDs, variations occur as for example in the case of
asymmetric ABC transporters like ABCG5/ABCGS8, TM287/288, CFTR or Pdr5 that all have
alterations within key motifs of their NBDs (Basso et al., 2003; Furman et al., 2013; Hohl et al.,
2012; Wang et al., 2011). As shown in Figure 6A of Chapter IV, the structure of the yeast ABC
transporter Pdr5 leads to a different and so far not described model as a basis for the
conformational changes. Based on this structure, a constant contact model can be assumed that
differs from the model described in literature in two major aspects: ATP hydrolysis does not occur
alternatingly in both NBS but only in the canonical NBS while the degenerate site stays in constant
contact speculatively by a hydrogen bond between R194 of the N-terminal NBD Walker A and
E1013 of the C-terminal NBD C-loop.

The duality in literature between the ‘constant contact model’ and the ‘switch model’
does not account for the complexity of the ABC transporter superfamily. The presented structural
data in Chapter IV indicates that another mechanism exists that forms the basis for the
conformational shifts during the transport cycle. At the same time, it allows for a variation of the
well-established ‘alternating access model’ (Jardetzky, 1966) as only one NBS induces a

movement of the TMDs.

4.6 Pdr5 - An ABC transporter with a twist

Based on the electron density maps in the presence and absence of ATP-V;, i.e. the apo

and occluded state of Pdr5 (see Chapter IV, Figure 3D and E), it is apparent that the extracellular
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loops of Pdr5 do not open up during the dimerization of the canonical NBS and the induced
movement of the coupling helix of the N-terminal TMD. The classical ‘alternating access model’
describes the switch between two distinct states: the inward- and the outward-facing
conformation, facilitated by the association and dissociation of the NBD dimer (Higgins, 2001;
Jardetzky, 1966). Several structures of ABC transporters in the presence of nucleotides with or
without substrate suggest that the mechanism follows a transport mechanism as depicted in
Figure 7A. In the inward-facing conformation, the substrate can bind to the high affinity binding
pocket. Upon ATP binding, the NBDs dimerize and the overall conformation switches to the
outward-facing conformation that opens up the translocation pathway with the low affinity
binding pocket accessible towards the extracellular space and the substrate can exit the efflux
pump. Structures of type | exporters like MsbA, BtuC,D,, P-gp and TmrAB all support this
translocation pathway and mechanism with the ECLs opening towards the extracellular space to
release the substrate (Hofmann et al., 2019; Locher et al., 2002; Rosenberg et al., 2003; Ward et
al., 2007).

Since Pdr5 belongs to the ABCG subfamily of ABC transporters (Paumi et al., 2009) and as
obvious from its structure, it follows the type Il exporter fold that was first described for the
human sterol transporter ABCG5/ABCGS (Lee et al., 2016). Two of the key features of the type Il
exporter fold are that there is no NBD-TMD interdomain crosstalk between the N-terminal and C-
terminal half, as described in Chapter | and that in the apo state the NBDs are not as far separated
as seen in structures of type | exporters like MDR1. It could be tempting to assume that proteins
of the same class with similar structure and type follow the same mechanism. However, as the
structure of the human type Il MDR ABC transporter ABCG2 suggests, the translocation process
for this pump follows the same principle as described in the model in Figure 7A in which the ECLs
separate and thereby open the translocation pathway towards the extracellular space to release
the substrate. (Manolaridis et al., 2018).

Nonetheless, some open questions remained concerning the transport mechanism
regarding structures of ABCG2 in the inward- and outward-facing state, especially in light of its
substrate estrone-3-sulfate (E1S) that was identified in the structure. E1S is a lipophilic compound
with a partition coefficient of logP = 2.36 (Steingold et al., 1986). Therefore, it is likely that this

substrate locates within the lipid bilayer and avoids the water-filled pore that forms the
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translocation channel. However, the structure and model described in the study suggests that the
substrate is released upon opening of the gate that is formed by the ECLs (Manolaridis et al.,

2018).

ATP *substrate

Figure 7 Simplified schematic representation of possible transport mechanisms. A: Alternating
access model that shifts between the inward- and the outward-facing conformation. Left panel:
the substrate can bind to the high affinity binding pocket that is accessible from the intracellular
space. ATP binding leads to the dimerization of the NBDs, which induces the conformational shift
of the TMDs. Right panel: the NBDs are dimerized and the low affinity binding pocket is accessible
from the extracellular space. B: Twist model based on the constant contact model for Pdr5. Left
panel: the substrate binds on the membrane protein interface (inner leaflet) to the high affinity
binding pocket. The NBDs are dimerized by the degenerate NBS. ATP binding induces the closure
of the canonical NBS that induces the twist-like movement of the N-terminal TMD. Right panel:
the substrate diffuses from the accessible low affinity binding pocket into the outer leaflet of the
lipid bilayer. The ECLs do not open as the translocation pathway lays within the membrane.
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Similar to ABCG2, Pdr5 substrates are — with a few exceptions — hydrophobic with high
partition coefficients (see also Chapter 1) (Kolaczkowski et al., 1996; Rogers et al., 2001).
Consequently, these substrates will be concentrated within the membrane and not in solution
(intra- or extracellular) where they can be taken up by Pdr5 from the inner leaflet. Our transport
model for Pdr5 as depicted in Figure 7B is based on the electron density that was obtained from
ATP-Vitrapping, suggests that the translocation process is as follows: Starting in the inward-facing
conformation, the substrate is taken up from the inner leaflet of the lipid bilayer into the high
affinity binding pocket by Pdr5. Following, the canonical NBS dimerizes upon ATP binding which
induces a twist-like shift in the N-terminal TMD. This makes the low affinity binding pocket at the
outer-leaflet-protein interface accessible from which the substrate subsequently diffuses into the
outer leaflet. During this process the hydrophobic compound does not interact with the water-

filled pore and the ECLs do not open towards the extracellular loop.

4.7 Cycloheximide — Transport or degradation?

Pdr5 was first discovered as a gene product in S. cerevisiae that confers resistance towards
cycloheximide (CYH) (Leppert et al., 1990). CYH is a naturally occurring fungicide that is produced
by Streptomyces griseus and acts as protein synthesis inhibitor (Mdller et al., 2011). Since the
discovery of Pdr5, numerous mutational studies on this MDR ABC transporter were conducted.
Thereby, the resistance towards CYH was used as a read out in liquid drug or similar
microbiological assays to validate whether and how the mutation impacts the transport
functionality (Ananthaswamy et al., 2010; Dou et al., 2016; Downes et al., 2013; Golin et al., 2000;
Gupta et al., 2014).

Interestingly, CYH is a hydrophilic molecule (logP = 0.55 (Hansch et al., 1995)), which is
quite different to all other known Pdr5 substrates. If the proposed ‘twist-model’ holds true (Figure
7B), it is rather unlikely that CYH is taken up by Pdr5 at the membrane-protein interface and in
the same way unlikely to exit the transporter towards the membrane. Additionally, CYH does not
lead to allosteric or trans-inhibition during the measurement of the Pdr5 ATPase activity like other
tested substrates in plasma membrane vesicles (Ernst et al., 2008) or purified in solution (Chapter

II). Moreover, when tested as a substrate for electrophysiological measurements with Pdr5 (see
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Chapter 1ll), CYH did not cause a Pdr5 induced proton gradient across the membrane like
ketoconazole and rhodamine 6G did, which means that it was not transported in symport with
protons.

In conclusion, the above described findings could be explained in either of two ways: First,
cycloheximide is transported in a different fashion than its hydrophobic counterparts such as
ketoconazole or rhodamine 6g. The latter two freely partition into the membrane and are able to
enter and exit the transporter at the protein-membrane interface and both are transported
together unidirectional with protons (see Chapter IIl). CYH could be transported through the
water-filled pore of the translocation channel as shown in Figure 7A without the co-translocation
of protons. The second possibility is that CYH is not a substrate of Pdr5. The fact that it behaves
completely different from all other tested substrates and that it is hydrophilic opens up the
guestion, if the effects seen in in vivo experiments are directly attributed to Pdr5 or whether
indirect effects cause the resistance. CYH is stable at neutral and acidic pH, but rapidly degrades
at basal pH (Mdller et al., 2011). Assuming Pdr5 is active and transports lipids, steroids or other
cellular compounds as suggested (Decottignies et al., 1998; Mahe et al., 1996), it will influence
the intracellular pH by pumping protons outwards, leading to a basic cytosolic pHi. Since CYH
degrades at basic pH, the Pdr5-mediated, observed resistance towards this fungicide could be an
indirect effect instead of an active extrusion which would eventually mean that CYH is not a real

substrate of Pdr5.
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