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Characterization of native and
heterologously expressed membrane

transporters in yeast using fluorescent
probes

Institute of Physics of Charles University

Supervisor of the doctoral thesis: doc. RNDr. Dana Gášková, CSc.
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Abstract: Yeast plasma membrane transporters play crucial roles in many cellular
processes, including detoxification and build-up and maintenance of the plasma
membrane potential (∆Ψ). The former development of the diS-C3(3) fluorescence
assay by the Biophysics Group of the Institute of Physics, Charles University,
enabled us to conveniently study both, including their changes, using a simple
fluorescent probe diS-C3(3).

Many studies carried out on both animal and yeast cells have revealed that ethanol
and other alcohols inhibit the functions of various membrane channels, receptors
and solute transport proteins, and a direct interaction of alcohols with these
membrane proteins has been proposed. Using the diS-C3(3) assay for multidrug-
resistance pump inhibitors in a set of isogenic yeast pdr5 and snq2 deletion mu-
tants we found that n-alcohols (from ethanol to hexanol) exhibit an inhibitory
effect on both pumps, increasing with the length of the alcohol carbon chain. The
inhibition is not connected with loss of plasma membrane structural or functional
integrity and is fully reversible. This supports a notion that the inhibitory action
does not necessarily involve only changes in the lipid matrix of the membrane
but may entail a direct interaction of the alcohols with the pump proteins.

Tok1p is a highly specific yeast plasma membrane potassium channel with strong
outward directionality. Its opening is induced by membrane depolarization. Al-
though the biophysical properties of Tok1p are well-described, its potentially
important physiological role is currently largely unexplored. We examined the
Tok1p activity following chemically-induced depolarization by measuring ∆Ψ
changes using the diS-C3(3) fluorescence assay and a tok1 deletion mutant. We
report that Tok1p channel opening in response to chemical stress does not depend
solely on the extent of depolarization, but may also be negatively influenced by
accompanying effects of the compound, e.g. interaction with plasma membrane or
the channel itself, or cytosolic acidification. While ODDC-induced depolarization
exhibits the cleanest Tok1p activation, restoring astonishing 75 % of lost ∆Ψ,
higher BAC concentrations reduce Tok1p activity.
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resistance, potassium

ii



Dedicated to Polly.

Either directly or indirectly a lot of people were involved in the path that lead
me to writing my doctoral thesis. Some walked with me the whole way, some a
part of it and some just crossed it somewhere in the middle. And of course, some
paved parts of it before me. No matter their contribution, they are each of them
very important.

First and foremost, I would like to thank my supervisor doc. RNDr. Dana
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Introduction

Every cell is divided from the surrounding area by a plasma membrane, enabling
the cell to maintain different intracellular environment compared to its surround-
ings. This difference is essential for the existence of life. The processes taking place
on/across the membrane are crucial for any living cell. These include the recep-
tion of a multitude of signals from the environment and neighbouring cells, but
also transport of various compounds both in and out of the cells. The compounds
transported through the membranes range from simple ions, such as hydrogen
and potassium, to more complex organic molecules, such as sugars, amino acids
or products of the cell’s metabolism. Depending on their function and importance
for the cell, the transported compounds can be divided into various categories,
such as nutrients, toxic agents (both intrinsic and extrinsic) and those taking part
in build-up of electrical gradients.

Living in an environment with a very complex chemical composition, cells
have to defend themselves against a wide variety of potentially toxic agents. These
do not necessarily originate in the environment, as the normal products of the
cells metabolism can turn toxic if accumulated in higher amounts. There are also
substances specifically designed to destroy cells, be it bacteria, yeast or tumour
cells. Over the course of evolution, the needs of the cells to protect themselves
gave rise to various defence mechanisms, including pump proteins that are able
to directly export such harmful compounds out of the cells, giving rise to the
phenomenon known as multidrug resistance (MDR). While being very useful for
the cells themselves, the presence and activity of such proteins poses a serious
problem in treatment of bacterial and yeast infections and also of cancer. The
study of these proteins, and mechanisms that would enable us to inhibit them, is
therefore crucial for fighting disease.

The basic laws of thermodynamics dictate that the total energy of a closed sys-
tem is always conserved. It can be neither created nor destroyed, only converted
to a different form. An example of such a conversion is the ATP hydrolysis-fuelled
transport of protons out of the cell, creating a proton electrochemical gradient
across the plasma membrane. In plants and fungi, the proton gradient (also called
the proton-motive force) is a major part of the plasma membrane potential which
can in turn be utilized as an energy source for the uptake of other ions and nutri-
ents. The existence of membrane potential is tightly connected with the integrity
of the plasma membrane and is essential for life. Its maintenance and regulation
is therefore of primary interest to any cell.
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Being the first line of cell defence, the plasma membrane is often the primary
target of a wide range of chemical (and environmental) stressors. Apart from
changing its properties, such as fluidity and permeability to substances (affecting
both membrane potential and efficacy of drugs), the effect of such stressors may
also include a change in the activity of membrane-bound enzymes, including
those involved in mediating MDR as well as those responsible for the build-up
and maintenance of membrane potential.

The main aim of the doctoral thesis was to study the activity of native and
heterologously expressed membrane transporters involved in both multidrug resis-
tance and membrane potential build-up and maintenance. Furthermore, we were
interested in the effect of various compounds (i.e. chemical stressors) on both
types of transporters. To this end, we deployed the diS-C3(3) fluorescence assay
that had been developed by the Biophysics Group of the Institute of Physics,
Charles University. This method had been proven to be appropriate for monitor-
ing time-dependent changes in both membrane potential and activity of MDR
pumps in response to chemical stressors. Early on into the research it became
clear that the interesting phenomena we discovered in the context of the function
of native transporters would deserve all of our attention and yield a great amount
of interesting results. We have therefore opted to focus on the native transporters
only and study their action thoroughly.



Chapter 1

Theoretical Introduction

1.1 Yeast Saccharomyces cerevisiae as a model

eukaryotic organism

All living organisms share one important aspect - they are composed of cells, the
most basic units of life. Depending on the complexity of their cells, namely the
presence of a true nucleus, we distinguish between prokaryotic and eukaryotic
organisms. While prokaryota are, without exception, unicellular organisms, eu-
karyota are predominantly, but not exclusively, multicellular complex organisms.

Among the simplest unicellular eukaryotic organisms is the baker’s yeast Sac-
charomyces cerevisiae (Phylum Ascomycota) that has been known to the advan-
tage of mankind for aeons and used in both baking and brewing. Being among
the first discovered and isolated yeast species, it is also one of the best charac-
terized. The yeast is non-pathogenic, easily manipulated and readily cultivated
in media with wide range of pH, osmolarity and nutrient composition, exhibiting
short duplication times under non-limiting nutrient conditions (ca. 2 hours). It
is therefore not surprising that the yeast is widely used in industry in produc-
tion of not only food and drink, but also in biotechnology, chemical industry and
pharmacology, as well as in the production of biofuels (Volkov, 2015).

Adding to the list of advantages, S. cerevisiae is the first eukaryotic organism
to have the whole genome sequenced (Cherry et al., 1997). It can exist in both
diploid and haploid state and both can be exploited in very specific and relatively
straightforward genetic manipulations and preparation of new mutant strains. In
addition to chromosomal DNA, the yeast also contains a so-called 2 µm plasmid,
which provides further means of genetic manipulation.

This easy manipulation makes yeast invaluable in the context of biomedical re-
search. Certain yeast phenotypic deficiencies caused by a missing/non-functional
protein can be rescued by the expression of a mammalian (e.g. human) homo-
logue, providing insight into its function (for concrete examples consult Intro-
duction in Volkov (2015)). Furthermore, since the fundamental processes in all
eukaryotes are either same or very similar, study of yeast can bring useful insights
into human physiology of the cell (Janderová and Bendová, 1999).

6
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1.2 Yeast cell envelope

All living cells are defined by their outer envelope structures that give them
shape and rigidity and provide the first line of defence against their environment.
In contrast to mammals, the yeast cell envelope is made up of more than one
constituent, namely the plasma membrane, cell wall and in certain cases also a
capsule.

1.2.1 Capsule

The ∼3 µm thick capsule (in the case of in vitro cultures; Rivera et al. (1998)),
representing the outermost layer of the cell envelope, is more common for bacteria
than yeast. In fact, only a handful of yeast species, such as the opportunistic
human pathogen Cryptococcus neoformans, form capsules (Bose et al., 2003),
often giving rise to slimy colonies.

Capsules are made of radially oriented polysaccharides whose main building
blocks are invariably mannose and glucuronic acid, accounting together with xy-
lose for ∼90 % of the C. neoformans capsule saccharide content (Bose et al.,
2003). Depending on the species, these are supplemented with other saccharides,
such as glucose and galactose, in varying ratios. The polysaccharide structure
is well-organized and stable and can be visualized microscopically after staining
with an appropriate dye, e.g. India ink or Maneval’s capsule stain.

The exact function of the capsules in yeast is presently unclear. It seems, how-
ever, that it might be involved in nutrient uptake under limiting conditions and
may possibly help cells adhere to surfaces. Hence, it may be a factor in the forma-
tion of biofilms. The capsule is an important determinant in the pathogenicity of
C. neoformans, helping the yeast bypass the immune response of the host (Bose
et al., 2003). Furthermore, the thickness of the capsule varies in the approximate
range of 8-20 µm depending on the type of infected tissue (Rivera et al., 1998).
However, there is no general correspondence between the presence of capsule and
pathogenicity of yeast, since C. neoformans is the only yeast exhibiting both
attributes.

1.2.2 Cell wall

The cell wall, encapsulating the plasma membrane, is a 110-200 nm thick envelope
structure (Dupres et al., 2010) that serves to protect the cell from mechanical and
osmotic damage and is a major determinant of its morphology. Furthermore, it
plays an indispensable role in both vegetative and sexual reproduction of yeast
as well as sporulation and formation of biofilms. The cell wall is also involved in
adhesion to other cells and communication with them. It is relatively permeable
even for large molecules (smaller than 600 Da; Scherrer et al. (1974)), but the
degree of permeability varies with growth phase and cultural conditions, being
more porous in exponentially growing cells (de Nobel and Barnett, 1991).
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The yeast cell wall shares certain similarities with the cell wall of bacteria
and plants, as well as the extracellular matrix of mammalian cells. These include
the negative charge of its surface and reliance on linked polysaccharides as the
building blocks of its fibrous structure. Other characteristics of the cell wall from
different species vary significantly (Fry, 1986; Cosgrove, 1997). For example, plant
cell walls contain cellulose, while the yeast cell walls do not.

In S. cerevisiae the cell wall represents ∼15-30 % of the dry weight of a typ-
ical vegetative cell (Aguilar-Uscanga and François, 2003). The most abundant
components of the cell wall are polysaccharides (∼70-85 % dry weight, Nguyen
et al. (1998)), predominantly the fibrous β-1,3-glucan linked by the branched
β-1,6-glucan (Kapteyn et al., 1996; Kollár et al., 1997), forming the fibrous
scaffold of the cell wall. Its outer layer is the predominant localization site of
highly (50-95 %) glycosylated mannoproteins (∼15-30 % dry weight; Nguyen
et al. (1998)), Figure 1.1, which are involved in modulation of cell wall permeabil-
ity (de Nobel et al., 1990; Zlotnik et al., 1984), cell adhesion, cell wall construction
and remodelling etc. (Cabib and Arroyo, 2013). Furthermore, phosphorylation of
the mannosyl side chains of mannoproteins gives yeast their negative surface
charge.

Figure 1.1: Schematic representation of cell wall assembly and spatial distribution
of its components revealing its two-layer character. While chitin (green spheres) tends to
occupy the inner region of the cell wall, β-1,6-glucan (red spheres) and mannoproteins (purple
spheres connected with purple lines) are predominantly localized in its outer part. β-1,3-glucans
(blue spheres) span the whole cell wall. Reprinted after cropping from Cabib and Arroyo (2013).

The third most abundant constituent of the cell wall is the N -acetylglucos-
amine polymer, chitin (∼1-2 % dry weight) that is linked to the glucans (Kollár
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et al., 1997) and contributes to the insolubility of the cell wall (Hartland et al.,
1994), being most abundant on its inner side (Zlotnik et al. (1984); Fig. 1.1). The
amount of chitin increases in response to the presence of mating pheromones in the
environment (Schekman and Brawley, 1979; Orlean et al., 1985), indicating that
it plays an important role in yeast sexual proliferation. This is further supported
by the fact that high amounts of chitin are to be found in the septum between
the mother and daughter cell of budding yeast. As a result, the bud scars are also
rich in chitin.

It has been shown that the various cell wall components are linked covalently
to one another, forming a sort of lattice (Kollár et al., 1997). Their overall spacial
distribution is depicted in Figure 1.1. While sharing some general characteristics,
the actual composition of the cell wall depends on the yeast strain, carbon source
and, for example, budding history of the cell.

In order to prevent cellular lysis, the rigidity and intactness of the cell wall
needs to be maintained at all times. On the other hand, the structure needs to
be dynamic enough to accommodate for the growth of the cell. This involves
a constant breaking and reformation of bonds between the constituents of the
cell wall, as well as their synthesis and breakdown. According to available data,
the polysaccharide constituents are synthesized at the plasma membrane (Durán
et al., 1975; Shematek et al., 1980), from precursors that are formed inside the
cell and transported to the synthases, while the growing chain is being extruded
simultaneously through the membrane into the periplasmic space (Fig. 1.1). This
process has been studied extensively for chitin (Cabib et al., 1983) and seems to
also be true for β-1,3-glucan. The mannoproteins are synthesized in the endo-
plasmic reticulum and Golgi apparatus, packed into vesicles and transported to
the plasma membrane, where they are secreted into the periplasmic space (Or-
lean, 2012; Lesage and Bussey, 2006). It has been reported that up to a quarter
(i.e. ∼1200, excluding essential genes) of all S. cerevisiae genes are involved in cell
wall maintenance and synthesis (de Groot et al., 2001). Even if most of them are
involved indirectly or only marginally, it is clear that the cell wall maintenance
uses a significant amount of cellular energy.

The integrity and stability of the cell wall may be challenged by the appli-
cation of various compounds, such as calcofluor white, Congo red, sodium dode-
cyl sulfate, aminoglycoside antibiotics, caffeine, and K1 killer toxin (Ram et al.,
1994; Hampsey, 1997; Lussier et al., 1997; de Groot et al., 2001). The cell wall
can also be enzymatically digested, e.g. by zymolyase or β-glucanase, to prepare
spheroplasts, a technique widely used in cellular biology. The application of these
stresses activates the cell wall integrity pathway (Levin, 2011).

1.2.3 Plasma membrane

The primary function of the plasma membrane is to serve as a permeability barrier
for polar molecules and ions that separates the cytoplasm from the extracellular
environment. The ∼7.5 nm thick structure is composed of complex polar lipids
and proteins that form a bilayer due to the hydrophobic interactions among the
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lipids and the hydrophilic interactions of their polar heads with the aqueous
environment, Figure 1.2.

Figure 1.2: Schematic representation of the plasma membrane according to the
fluid mosaic model. Reprinted from Nelson and Cox (2008).

The lipid composition of the plasma membrane is complex and tightly reg-
ulated, pointing to the importance of lipids in activity of membrane proteins. The
major lipid classes forming the bilayer in yeast are phospholipids, sphingolipids
and sterols.

Phospholipids generally consist of two hydrophobic fatty acid chains connected
to a hydrophilic phosphate head by a glycerol molecule. The phosphate group is
in certain cases modified by simple molecules, such as choline. The amphiphilic
character of phospholipids is crucial in the formation of the plasma membrane
bilayer. It is therefore not surprising that they are the most abundant plasma
membrane lipids. Phospholipids in direct contact with the plasma membrane
proteins seem to directly affect their function and activity (Yeagle, 1989), as
has been reported for a chitin synthetase (Kang et al., 1984) and the Pma1p
H+-ATPase (Malpartida and Serrano, 1980). Indeed, it has been shown already
by Serrano (1980) that in order to function properly, Pma1p needs to be in direct
contact with lipids composed of negatively charged polar heads and unsaturated
hydrophobic acyl chains.

Originally discovered in human brain tissue in 1884, sphingolipids (glycosyl-
ceramides) are abundant in plasma membranes of all eukaryotes, representing
∼30 % of their total lipid content (Patton and Lester, 1991). They are a class of
lipids containing a backbone of sphingoid bases, a set of aliphatic amino alcohols,
such as sphingosine. Like phospholipids, they also have two aliphatic chains. Pre-
sumably localized in the outer leaflet of the plasma membrane (Op den Kamp,
1979), sphingolipids have been proposed to play a role in the synthesis of the cell
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wall, serving as anchors. They are also important in signal transduction across
the plasma membrane (Hakomori, 1990) and intracellular protein trafficking and
assembly (Skrzypek et al., 1997; Gaigg et al., 2005). Furthermore, sphingolipids
are essential for growth at low pH, elevated temperatures and at high salt con-
centrations (Patton et al., 1992). In humans sphingolipids are involved in regu-
lation of differentiation, apoptosis, inflammation and vasculogenesis. It has been
shown that they also play a role in a wide range of diseases, e.g. diabetes, cancer,
Alzheimer’s disease etc. (Cowart and Obeid, 2007).

Sterols (steroid alcohols) are important determinants of rigidity of the plasma
membrane, hence affecting the lateral movement and activity of membrane pro-
teins. In contrast to higher eukaryotes, where cholesterol is the dominant type
of sterol, the plasma membrane of yeast contains mainly ergosterol and zymo-
sterol (Zinser et al., 1991). Yeasts not able to synthesize sterols rely on their high
concentration in the environment (Rodriguez et al., 1985) to satisfy the need of
the cell for specific sterols necessary for proliferation (Nes et al., 1993). Due to
its effect on the plasma membrane rigidity, ergosterol also plays a critical role in
ethanol tolerance in S. cerevisiae (Daum et al., 1998; Swan and Watson, 1998)

The nature and function of membrane proteins is rather diverse. The most
abundant are without question various transport proteins, constituting ∼50 % of
the total protein content of the plasma membrane (Serrano, 1991). This number
does not include the Pma1p H+-ATPase, however, an enzyme which by itself
accounts for ∼50 % of membrane proteins in exponentially growing cells (Serrano,
1991). In lesser amounts are represented proteins involved in cell wall synthesis,
signal transduction (Oehlen and Cross, 1994) and cytoskeleton anchorage (Barnes
et al., 1990).

According to the nature of their association with the plasma membrane, we
distinguish three types of membrane proteins:

� Integral membrane proteins span the whole bilayer and are stabilized in
the membrane by the hydrophobic interactions of their trans-membrane
domains (such as an α-helix) with the acyl chains of the membrane lipids.
They are only removable by application of detergents and organic solvents.

� Peripheral membrane proteins are associated with the plasma membrane
through electrostatic interactions and hydrogen bonding with hydrophilic
domains of integral proteins and polar head-groups of membrane lipids.
They can be removed rather easily by modifications of the electrostatic
interactions, e.g. by modification of the ionic strength or pH.

� The last class are amphitropic proteins that can be found both in the cytosol
and in association with membranes. Their localization is governed by their
non-covalent interactions and their association with the membrane is often
regulated, e.g. by a conformational change revealing a lipophilic domain or
their binding to a lipid anchor, such as glycosylphosphatidylinositol (GPI),
turning them in effect into peripheral proteins.
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It had been believed for many years that the constituents of the plasma mem-
brane are able to freely diffuse within the plane of the membrane (i.e. laterally),
as well as undergo rotational and traverse motions (flip-flop; Singer and Nicol-
son (1972)). However, this view was proven incorrect when it was shown that
the lateral movement of lipids in the S. cerevisiae plasma membrane is rather
slow (Greenberg and Axelrod, 1993). Furthermore, the lateral movement of mem-
brane proteins is hindered by their interaction with other membrane proteins, the
cytoskeleton and the cell wall.

The plasma membrane displays two degrees of asymmetry - vertical (trans-
membrane) and lateral. The vertical asymmetry is the result of the action of var-
ious ATP-dependent plasma membrane proteins (flippases, floppases and scram-
blases) that catalyze the translocation of lipids from the outer to the inner leaflet
(and vice versa). As a result, the inner layer of S. cerevisiae plasma membrane is
enriched in phosphatidylethanolamine, phosphatidylinositol and phosphatidylser-
ine (Cheng and Michels, 1991).

The lateral asymmetry is the result of the formation of areas that vary not
only in their lipid and protein composition, but also overall structure and func-
tion. These are generally called microdomains. In the yeast S. cerevisiae, one
such microdomain is the MCC (membrane compartment of the arginine perme-
ase Can1p; Maĺınská et al. (2003)), supported by a cytosolic protein complex
called eisosome. Apart from microdomains, other structures have been detected,
such as the detergent-resistant membranes (DRMs). While originally thought to
originate in regions of the plasma membrane with distinct function, 10 years of
intensive research failed to prove this view and it has been finally abandoned (Zur-
zolo et al., 2003). It is now generally believed that the DRMs are an artifact of the
detergent-treatment of the cells. For an extensive and very detailed review of fun-
gal plasma membrane domains and their physiological function consult Maĺınský
et al. (2013).

Furthermore, in order to fully appreciate the complexity of the plasma mem-
brane, one also needs to consider its dynamics in the terms of rapid turnover of
lipids that is invariably connected with endocytosis and exocytosis. These two
processes are responsible for the turnover of the area corresponding to that of
the entire cell within 30 minutes. Moreover, there is another, less conspicuous,
vesiculation and re-fusion process of unknown origin (possibly pinocytosis) that
might actually be 20 times more rapid than endo- and exocytosis (Farge, 1995).

1.2.4 Protein-mediated transport across the plasma mem-
brane

The significance of membrane transporters emerges from the realization that the
plasma membrane, due to its lipid bilayer character, acts as a permeability bar-
rier with a certain degree of selectivity, depending on the nature of the chemical
species. Small hydrophobic molecules (e.g. O2, CO2, N2 and benzene) readily dif-
fuse through the membrane. Small electrically neutral polar molecules (e.g. H2O,
glycerol, ethanol) still diffuse, but not without a certain degree of difficulty. On



CHAPTER 1. THEORETICAL INTRODUCTION 13

the other hand, polar molecules larger than 100-150 Da (e.g. monosaccharides and
amino acids) pass only with a very low probability, and ions (e.g. H+, Na+, K+,
Ca2+, etc.) are by themselves not able to diffuse through the plasma membrane
at all (Fig. 1.3).

Figure 1.3: Overview of plasma membrane permeability for various types
of chemical compounds, with approximate diffusion coefficients. Reprinted from
www.studyblue.com.

Since many cellular processes are directly dependent on transport of sub-
stances through the membrane (nutrient uptake, efflux of metabolites and toxic
compounds, membrane potential generation, etc.), it is essential that the plasma
membrane contains proteins specialized in facilitating the transport of various
substances.

Facilitated transport

Since the facilitated transport is directly dependent on the activity of specific
proteins (transporters, translocases, permeases, channels etc.), there are several
general rules that govern the transport. The transport rate is dependent on the
concentration gradient of the substrate and can be described by the saturation
Michaelis-Menten kinetics. While some of the transport-mediating proteins are
highly selective for a narrow range of substrates, other are almost non-specific.
Since the transport is connected with the conformational changes of proteins, it
can, at least in theory, be inhibited by the action of an inhibitor, hindering such
conformational changes.
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Depending on the thermodynamics of the transport process, we distinguish
two general categories of transporters, active and passive:

� Active transporters mediate the passage of substrates through the plas-
ma membrane against their electrochemical gradients. Since this process is
not thermodynamically favoured, it needs to be coupled to another from
which it derives the necessary energy. Based on the source of energy we
distinguish between primary and secondary active transporters:

– Primary active transporters convert light or chemical energy into
electrochemical energy. In yeast, where no light-powered transporters
have been identified, hydrolysis of ATP is required to fuel the con-
formational changes leading to transport of substrates (Fig. 1.4(a)).
Sometimes called ”pumps”, the enzymes are able to transport any-
thing from ions through lipids and metabolites to small peptides. One
of the most important active transporters in the yeast S. cerevisiae
is the Pma1p H+-ATPase that pumps protons out of the cytosol and
hence helps maintain the cytosolic pH and membrane potential (Ser-
rano, 1983). Other important examples of pumps are the ABC (ATP-
binding cassette) proteins Snq2p and Pdr5p that play a crucial role in
the pleiotropic drug resistance (Balzi and Goffeau, 1994; Balzi et al.,
1994).

– The activity of secondary active transporters is tightly linked to
that of primary active transporters (Fig. 1.4(b)). Working without
exception as cotransporters, they use the existing ion gradients (built
up by the primary active transporters) to fuel the transport of other
ions or small metabolites. For example, the uptake of potassium in
S. cerevisiae via Trk1p is thought to be fueled by the electrochemical
gradient of protons across the plasma membrane (Ko and Gaber, 1991)
built predominantly by Pma1p.

� Passive transporters mediate facilitated diffusion of solutes through the
plasma membrane down their electrochemical gradients. We distinguish
between three classes of passive transporters, according to their modus
operandi.

– Channels open under certain circumstances and enable the passage
of ions or small molecules down their electrochemical gradients. The
activity of these channels can be gated (regulated) by membrane poten-
tial, mechanical stress, pH or other physical and/or chemical qualities
of the environment, membrane or cytosol. In the yeast S. cerevisiae
one such channel is the voltage-gated K+-specific Tok1p (Bertl et al.,
1993), whose opening is also modulated by cytosolic pH (Lesage et al.,
1996; Bertl et al., 1998) and mechanical stress (Gustin, 1988).

– Another type of passive transporters are the members of the major
facilitator superfamily (MFS). These are believed to be working
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(a) Primary active transport (b) Secondary active transport

Figure 1.4: Schematic depiction of the two types of active transport. (a) Substrate
X is transported out of the cell/organelle via primary active transport, which creates an elec-
trochemical gradient of X across the membrane. (b) The electrochemical gradient of X is used
to fuel the influx of substrate S via secondary active transport. Reprinted from Nelson and Cox
(2008).

generally in the ”rocker-switch” fashion, exposing only either the exra-
cellular or intracellular binding site to the environment at any given
time. The Hxtp sugar transporters of S. cerevisiae form a subfamily of
MFS proteins (van der Rest et al., 1995; Boles and Hollenberg, 1997).

– Though not native to the cell and not necessarily of peptide character,
the last group of diffusion mediators are ionophores that can work
either as carriers or as pore-forming agents. While the specificity of
the pores can be quite wide (gramicidin A forms channels and facili-
tates diffusion of Na+, K+ and H+) to non-existent (as is the case of
some antibiotics), the carriers are often specific for a single ion species
(e.g. valinomycin for K+ and carbonyl cyanide m-chlorophenyl hydra-
zone for H+). The two groups can be distinguished experimentally,
since only the mobility of the carriers is affected by changing temper-
ature (leading to changes in plasma membrane fluidity).

Another important aspect of protein-mediated transport is its stoichiome-
try. While uniporters transport a single substrate molecule per transport cycle
(e.g. Pma1p), the activity of cotransporters involves the simultaneous/sub-
sequent movement of two or more different substrates per cycle. Based on the
relative direction of movement of said cotransported substrates, we differenti-
ate between symporters (movement in the same direction; Trk1p, Pho89p) and
antiporters (movement in opposite directions; Nha1p), Figure 1.5. It is readily
deducible that the uniporters include passive transporters and primary active
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transporters, while the cotransporters will be in majority represented by sec-
ondary active transporters.

Figure 1.5: Schematic depiction of three general classes of transport systems based
on stoichiometry. Transporters differ in the number of substrates transported and the direc-
tion in which each is transported. Reprinted from Nelson and Cox (2008).

Based on the impact of the transport on the distribution of electrical charge
across the plasma membrane, we can further differentiate between electrogenic
and electoneutral (electrosilent) transport.

1.3 Multidrug resistance in yeast Saccharomy-

ces cerevisiae

All living organisms are constantly exposed to their environment, including poten-
tially harmful substances. Over the course of time various mechanisms of defence
against such xenobiotics (substances foreign to the cell) evolved. On the level of
a single cell, these include the action of membrane-bound proteins that mediate
the efflux of a wide range of structurally and chemically unrelated substances out
of the cytosol either into the surroundings of the cell or into various intracellular
compartments, out of reach of their targets. In order to make their way inside
the cell, the xenobiotics need first cross the plasma membrane. It is therefore of
great advantage that a big part of the transporters is localized here. Furthermore,
there have been reports that at least some of the pumps are able to export xeno-
biotics directly from the plasma membrane, preventing them from ever reaching
the cytoplasm (Prasad et al., 2002; Ernst et al., 2005).

While it is clear that the existence and activity of these pumps is of a great
advantage for the cell and its ability to survive, their overexpression often gives
rise to the so-called multidrug resistance (MDR) phenomenon. Cells exhibiting
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MDR are often resistant to a wide range of chemicals, which poses a great com-
plication in the treatment of diseases, including bacterial infections, mycoses and
even cancer. Studying of these pumps and of ways to inhibit them is therefore of
great medical importance.

The MDR pumps can be divided into two groups according to the type of
energy they utilize for transport:

� Primary active transporters derive the energy for transport from the hy-
drolysis of ATP molecules. Such transporters form a big group called ABC
(ATP-binding cassette) superfamily.

� Secondary active transporters, on the other hand, use the energy stores in
the electrochemical gradients of ions, above all hydrogen, potassium and
sodium. Hence, they work as cotransporters.

1.3.1 MDR pumps utilizing ATP

The primary active transporters contributing to MDR in yeast belong to one of
the largest known paralogous protein families, the ATP-binding cassette (ABC)
superfamily. According to our knowledge, ABC transporters are present and
highly conserved in all organisms, from bacteria to man (Balzi and Goffeau, 1994).
However, the number of ABC genes expressed varies with the organism, ranging
from 70 in the E. coli genome (Linton and Higgins, 1998), through 30 in the
case of yeast (Bauer et al., 1999; Decottignies and Goffeau, 1997; Taglicht and
Michaelis, 1998) to around 50 in humans (Dean et al., 2001).

The chief function of ABC transporters is primary active transport of a wide
range of substances across the plasma membrane. The transported molecules in-
clude ions, heavy metals, pigments, peptides, steroids, lipids and many others.
While the prokaryotic ABC proteins are implicated in both uptake and export of
compounds, no example of an uptake ABC protein has been reported in eukary-
otes to this date. The substrate specificity of particular ABC transporters ranges
from quite narrow to very wide, almost non-specific (Ernst et al., 2005). A highly
conserved function of ABC proteins is detoxification of the cell and export of
xenobiotics, including antibiotics, antimycotics and chemotherapeutical agents.

In humans, mutations of ABC genes are often the cause of various diseases,
including cystic fibrosis (CFTR gene), Tangier disease, Dubin-Johnson syndrome,
various sight disorders and adrenoleukodystrophy (Decottignies and Goffeau,
1997; Higgins and Linton, 2003). Furthermore, overexpression of P-glycoprotein,
the product of the MDR1 gene, often leads to tumour cells resistance against
chemotherapy (Ames, 1986; Gottesman and Pastan, 1993).

The major ABC proteins contributing to multidrug resistance in yeast (in
this case known under the term pleiotropic drug resistance; PDR) are the plasma
membrane proteins Pdr5p, Snq2p and Yor1p. These pumps have different, but
partially overlapping substrate specificities (Rogers et al., 2001) and are described
in detail in section 1.3.3. Due to the high homology, the ABC transporters of
S. cerevisiae are often used as a model to study the drug resistance in human
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infectious diseases and cancer as well as screens for novel drugs for such (Sipos
and Kuchler, 2006; Lamping et al., 2007).

Surprisingly, besides the transport of molecules across the plasma membrane,
some ABC transporters have been reported to also act as receptors, sensors,
proteases, channels, channel regulators and even signalling components (Higgins,
1995).

1.3.2 Molecular characteristics of ABC transporters

A typical ABC protein forms two transmembrane domains (TMD) and two
nucleotide-binding domains (NBD). These two domain types usually alternate
within the amino acid sequence, starting either with TMD or NBD. However,
this is not a strict general rule, since also half-variants exist.

The NBD is of hydrophilic character and is essential for ATP hydrolysis and
hence energization of the transport. It is formed by three peptide motives, Walker
A and Walker B, which are present in all nucleotide-binding proteins (Walker
et al., 1982), and of the ABC signature motive, unique to ABC transporters.
This motive seems to be essential for the proper function of the ABC transporters,
since mutations in its sequence often lead to loss of function of the transporter,
leading to diseases, such as CFTR (Browne et al., 1996).

The TMD is lipophilic, constituting most often of 6 α-helices spanning the
plasma membrane. Together, the α-helices form the translocation pore and bind-
ing site for the substrate, making it an important determinant of substrate speci-
ficity (Lage, 2003; Prasad and Panwar, 2004) which may, however, also be influ-
enced by the NBD (Ernst et al., 2008).

1.3.3 Major yeast plasma membrane PDR transporters

Pdr5p (pleiotropic drug resistance) is a 1511 amino acids long ABC trans-
porter (Balzi et al., 1994) whose functional unit is proposed to be a homodimer,
Figure 1.6. It is the most extensively studied and best characterized of the yeast
PDR proteins (Bauer et al., 1999; Ernst et al., 2005; Golin et al., 2007).

The PDR5 gene is located on the right arm of chromosome XV, with its ex-
pression positively regulated by Pdr1p, Pdr3p (Balzi et al., 1987, 1994; Katzmann
et al., 1994), Stb5p (Akache and Turcotte, 2002) and under heat shock conditions
and oxidative stress also by Yap1p and Yap2p (Miyahara et al., 1996) transcrip-
tion factors. Negative regulation is mediated by Rdr1p (Hellauer et al., 2002).
While the PDR1 and PDR3 genes are partly redundant, the disruption of either
leads to a drop in Pdr5p mRNA levels. Overexpression of Pdr5p, e.g. due to the
pdr1-3 point mutation in the transcription factor Pdr1p (Mahé et al., 1996), leads
to pleiotropic drug resistance (Leppert et al., 1990; Bissinger and Kuchler, 1994;
Hirata et al., 1994).

Basal expression of Pdr5p is the highest in the exponential growth phase, drop-
ping rapidly during diauxic shift or when nutrients are limiting. There is almost
no expression of the transporter in post-diauxic and stationary cells (Mamnun
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Figure 1.6: Three-dimensional reconstruction of a Pdr5p dimer at 25-Å resolution in
negative staining. Three regions are clearly differentiated: the first region corresponding to the
lowest part of the volume has been attributed to the membrane embedded domains; the second
region corresponds to four protruding segments that have been attributed to the stalks domains;
the third region consists of four lobes that have been attributed to the nucleotide binding
domains (NBDs). Arrows show the different orientations of the NBDs. Reprinted, including
legend, from Ferreira-Pereira et al. (2003).

et al., 2004; Čadek et al., 2004; Maláč et al., 2005). Half-time of the protein is
rather short, 45-90 minutes (Plemper et al., 1998; Egner et al., 1995; Ferreira-
Pereira et al., 2003).

Substrates transported by Pdr5p include antimycin A, azoles, cycloheximide,
cerulenin, chloramphenicol, dexametazone, erythromycin, estradiol and a wide
range of other chemicals, unrelated neither structurally nor chemically (Leonard
et al., 1994; Hirata et al., 1994; Kolaczkowski et al., 1996). Despite the wide range
of its substrates, Pdr5p is not essential for the cell and pdr5∆ mutants, however
drug- and salt-hypersensitive (Leppert et al., 1990; Miyahara et al., 1996), are
fully viable. Even more so, deletion of the gene leads to more rapid growth of yeast
cultures in the liquid media and higher overall mass (Hlaváček et al., 2009). The
activity of the protein can be inhibited for example by fujimycin (FK506) (Kralli
and Yamamoto, 1996) and by a group of compounds called enniatins (Hiraga
et al., 2005).

Apart from mediating PDR, Pdr5p has also been reported to be involved
in cation homeostasis of yeast under ionic stress conditions (Miyahara et al.,
1996), to act as a phosphatidylethanolamine translocase, i.e. it plays a function
in establishment of discrete plasma membrane microdomains (Decottignies et al.,
1998; Pomorski et al., 2003; Kihara and Igarashi, 2004), and in quorum sensing
for yeast populations growing in liquid culture (Hlaváček et al., 2009).

Snq2p (sensitivity to 4-nitroquinoline-N-oxide) is a 1501 amino acids long (Balzi
and Goffeau, 1994) ABC transporter (Decottignies et al., 1995). Despite being the
first identified yeast ABC transporter mediating PDR (Haase et al., 1992), it has
been studied somewhat less extensively than its homologue Pdr5p, with which
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it shares about 40 % identity of the amino acid sequence (Prasad and Panwar,
2004).

The expression of the SNQ2 gene, located on chromosome IV, is positively
regulated by Pdr1p, Pdr3p and Stb5p (Decottignies et al., 1995; Mahé et al., 1996;
Cui et al., 1999; Akache and Turcotte, 2002) and also induced by the presence of
drugs via Yrr1p and Yrm1p (Cui et al., 1998; Le Crom et al., 2002; Lucau-Danila
et al., 2003) and by heat-shock via Yap1p and Yap2p (Miyahara et al., 1996;
Bauer et al., 1999). In contrast to Pdr5p, the basal expression of Snq2p seems to
be slightly elevated after the diauxic shift (Gasch et al., 2000).

The substrate specificity of Snq2p partly overlaps with that of Pdr5p and like
its cousin is not essential for the cell. Its deletion, however, renders the cells sen-
sitive to various metabolic inhibitors, including 4-nitroquinoline N-oxide (Servos
et al., 1993; Cui et al., 1998), triaziquon, solfometuron-methyl, phenanthroline,
staurosporine and fluphenazine. Snq2p can be inhibited specifically by erythro-
sine B and non-specifically by vanadate, Triton X-100 (Decottignies et al., 1995)
and also by the protonophore CCCP (Hendrych et al., 2009).

Besides its role in PDR, Snq2p is also involved in the protection of yeast
against photosensitizers that, when exposed to light of appropriate wavelength,
produce singlet oxygen species (Ververidis et al., 2001) and, like Pdr5p, plays a
role in quorum sensing in yeast populations growing in liquid culture (Hlaváček
et al., 2009) and contributes to the maintenance of cationic homeostasis under
ionic stress conditions. Disruption of the SNQ2 gene leads to hypersensitivity to
salts like NaCl, LiCl and MnCl2 (Miyahara et al., 1996).

Yor1p (yeast oligomycin resistance) is a 1477 amino acids long ABC transporter.
More specifically, it is the only yeast MRP (multidrug resistant protein)/CFTR
(cystic fibrosis transmembrane conductance regulator) yeast protein located in
the plasma membrane, as opposed to the rest that are located in the vacuolar
membrane. Its ATPase activity is about 15-fold lower compared to Pdr5p (De-
cottignies et al., 1998).

The YOR1 gene, located on chromosome VII, is a human MRP1 (30 %),
CFTR (28 %) and yeast vacuolar Ycf1p homologue. Expression of the gene
is positively regulated by Pdr1p (Balzi et al., 1987), Pdr3p (Delaveau et al.,
1994), Pdr8p (Hikkel et al., 2003) and also by Yrr1p (Zhang et al., 2001) and
Yrm1p (Lucau-Danila et al., 2003).

Yor1p mediates resistance of yeast cells to oligomycin (Katzmann et al., 1995),
reveromycin A and aureobasidin A, and is important for detoxification of a wide
range of organic anions (Cui et al., 1996) and cadmium by actively extruding
cadmium-glutathione complexes out of the cytosol Nagy et al. (2006). Further-
more, like Pdr5p, Yor1p mediates efflux of rhodamine B (Cui et al., 1996; De-
cottignies et al., 1998) and is believed to act as a phosphatidylethanolamine
translocase (Pomorski et al., 2003). The transporter may be inhibited by vana-
date (Decottignies et al., 1998).
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1.3.4 MDR pumps utilizing the electrochemical gradient

From the proteins utilizing electrochemical gradients to power the transport of
xenobiotics, of highest importance are those belonging to the major facilitator su-
perfamily (MFS). Besides contributing to MDR, these proteins transport a wide
range of other compounds, both into and out of the cell, including oligosaccha-
rides, amino acids, nucleotides and Krebs cycle metabolites (Marger and Saier,
1993). It is interesting to note that this class of proteins has been originally iden-
tified as sugar transporters, a function they exhibit in both prokaryotes (Kaback
et al., 2001) and eukaryotes, including mammals (Mueckler et al., 1985).

1.4 Effect of alcohols on eukaryotes

Alcohols (in particular ethanol) have been long known to exhibit a wide range of
effects on life and living organisms, from unicellular bacteria to high eukaryotes,
including humans (Korpi et al., 1998; Möykkynen and Korpi, 2012). Interestingly,
many molecular pathways sensitive to alcohol are conserved throughout species,
such as mice, humans, worms and fruit flies (Dick and Foroud, 2002; Lewohl et al.,
2011).

In lower organisms the most important effect of alcohols is their antimicrobial
activity that is generally believed to be caused by membrane damage and protein
denaturation with subsequent interference with metabolism and cell lysis. The
most widely used alcohols for this purpose are ethanol and n-propanol which ex-
hibit their effect against vegetative bacteria, viruses and fungi. The antimicrobial
potency of alcohols is generally limited at concentrations below 50 %, while being
optimal in the range 60-90 % (McDonnell and Russell, 1999).

Their mode of action on the molecular level, however, still remains subject
to debate (Peoples et al., 1996). Alcohols were originally proposed to predomi-
nantly affect the lipid bilayer of membranes, including those of axons (Seeman,
1972; Franks and Lieb, 1978; Goldstein, 1984). However, direct alcohol-protein
interactions have been observed in studies of the ligand- and voltage-gated neu-
ronal channels (Li et al., 1994; Lovinger, 1997; Godden et al., 2001; Horishita and
Harris, 2008), ion channels in non-excitable cells (Chanson et al., 1989; Hamada
et al., 2005) and the soluble enzyme luciferase (Adey et al., 1975; Franks and
Lieb, 1984, 1985).

Regardless of the nature of the interaction, however, the end result is always
modification of protein activity. At low concentrations, the direct alcohol-protein
interactions might prevail, giving way to the effect on the lipid membrane at
higher concentrations (Lundbæk, 2008). However, it is also worth considering
that the incorporation of alcohols into the lipid bilayer of the membrane leads to
its increased fluidity and hence increased permeability for ions, possibly leading
to dissipation of their gradients (Petrov and Okorokov, 1990).

In general, the efficiency of primary alcohols to cause anaesthetic effects as
well as inhibit membrane proteins (or exhibit any of their toxic effects) increases
with the length of their carbon chain, which has been attributed to the concomi-
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tant increase of their hydrophobicity index (i.e. solubility in lipids; Pringle et al.
(1981); Lovinger (1997); Alkire and Gorski (2004)). This correlation between hy-
drophobicity and toxicity of alcohols has been shown in various bacteria, such as
Escherichia coli, Pseudomonas putida and Acinetobacter calcoacetidus (Sikkema
et al., 1995; Ramos et al., 2002; Kabelitz et al., 2003), as well as in the yeast
Saccharomyces cerevisiae (Gray and Sova, 1956; Ingram and Buttke, 1984; Fujita
et al., 2004).

While at first becoming more effective with the elongation of the carbon chain,
the potency of the homologous alcohol series often suddenly drops to almost
non-existent upon reaching a certain carbon chain length (Pringle et al., 1981;
Franks and Lieb, 1985). This cut-off effect has been shown to originate in the
existence of anaesthetics/alcohol-binding amphiphilic protein pocket of finite di-
mensions (Franks and Lieb, 1985). Therefore, upon increasing of the carbon chain
length above the cut-off point, the substrate is sterically hindered from binding
into the pocket and in turn fails to exhibit an effect on the protein. This view is
further supported by the fact that the partition of alcohols into membranes is not
negatively affected by their increased length (Franks and Lieb, 1986). However,
beyond the length at which the cut-off occurs, the alcohols no longer disturb the
order of the lipids in the membrane, and may even cause the membrane to become
more ordered (Miller et al., 1989).

1.4.1 Effect of alcohols on humans

Due to its perfect hydrophobic-hydrophilic balance, together with small molec-
ular weight, ethanol is transported effectively by all bodily fluids and readily
passes through membranes, including the blood-brain barrier, leading to more or
less uniform distribution across the body (Zakhari, 2006). Ethanol exposure of
humans is therefore a whole-body experience.

Effects of alcohols on the central nervous system

In humans, alcohol (most notably ethanol) is best known for its effects on the cen-
tral nervous system (CNS). Due to its psychoactive properties, ethanol has been
used recreationally for tens of thousands of years. The alcohol-induced feeling of
well-being seems to be connected with release of endorphins, elevated serotonin
and dopamine transmission (Murphy et al., 1982) and direct effects on the opioid
receptors (implicated in addiction development; Zaleski et al. (2004)).

In general, alcohol effects on the CNS include changes in the levels and func-
tion of neurotransmitters, enzymes, receptors, and other molecules (such as DNA
and microRNA), culminating in the synaptic changes in the brain circuitry reg-
ulating compulsive behaviour and inhibition. This is thought to be a form of
adaptation to chronic exposure to alcohol/ethanol and can lead to development
of alcoholism (Wilke et al., 1994).

In humans, n-alcohols are known to produce general anaesthesia (Dundee
et al., 1969). Their potency rises with their carbon chain length, but levels off
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after undecanol and completely disappears after tridecanol (Pringle et al., 1981).
While dodecanol is one of the most potent, tetradecanol is practically inactive,
consistent with the ”protein mechanism” of general anaesthesia (Franks and Lieb,
1985). Indeed, according to more recent research and reports, proteins seem to
be the primary sites of alcohol action (Peoples et al., 1996). The alcohol methy-
lene group interacts directly with specific amino acid residues of the proteins via
hydrogen bonds and van der Waals interactions (Harris et al., 2008). It is possi-
ble that a single binding site may accommodate multiple ethanol molecules. On
the other hand, alcohols have been shown to interact with the lipid bilayer only
at concentrations much higher than clinically relevant, again supporting a direct
alcohol-protein interaction (Pang et al., 1980; Peoples et al., 1996).

Alcohols are known to directly affect the function of various ion channels,
particularly those gated by ligands (Harris et al., 1997; Mihic et al., 1997), but
also those gated by voltage. Among those inhibited by alcohols are for example rat
glutamate receptors (Wong et al., 1998), voltage-gated Ca2+ channels (resulting in
lower neuron excitability, loss of motor coordination and attention deficits; Zaleski
et al. (2004)) and Na+ channels of human excitable cells, producing an open-
channel block and hence modified action potential profiles. A cut-off is observed
at nonanol (Horishita and Harris, 2008).

On the other hand, interaction of inwardly rectifying potassium channels
GIRK and Kir3 (Kobayashi et al., 1999; Lewohl et al., 1999), the capsaicin and
cannabinoid receptor TRVP1 (important in the perception of heat and pain; Bled-
nov and Harris (2009)) and glycine receptors (important in behaviour regula-
tion; Mascia et al. (2000)) with ethanol enhances their activity, which is also true
for GABAA and GABAB receptors (ligand-gated chloride channels; Lobo and
Harris (2008)). Their hyperactivation leads to sedation, relaxation and loss of
inhibitions (Charlton et al., 1997) due to elevated γ-aminobutyric acid signalling
and partly due to inhibition of dopamine release.

Regulation of some channels, however, directly depends on the length of the
alcohol. For example, while the activity of neuronal nicotinic acetylcholine recep-
tors in humans is enhanced by ethanol, propanol and butanol, longer alcohols
inhibit them. The cut-off seems to be determined by the molecular volume of the
alcohols (Godden et al., 2001).

Effects of alcohols on genetics

Most alcohol-induced genomic changes are caused by chronic exposure. Prob-
ably the most striking are the changes of epigenetic traits, i.e. the structure of
chromatin (Guerri and Pascual, 2010), brought about by ethanol effect on various
enzymes. Excessive drinking leads to reduced histone acetylation (Warnault et al.,
2013) and overall changes in the DNA methylation profile, changing expression
patterns and levels of certain genes. While histone deacetylation is connected with
alcohol withdrawal-induced anxiety and stress (Pandey et al., 2008), a direct link
between DNA methylation and alcohol dependence has been proposed (Warnault
et al., 2013). Furthermore, epigenetic changes in offspring of parents consuming
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alcohol in excess during pregnancy have been reported (Finegersh and Homanics,
2014).

Besides its effects on chromatin, ethanol may also directly affect the expres-
sion machinery. Indeed, ethanol activates some transcription factors, such as the
heat shock factor protein 1 (HSF1), leading to elevated expression of one of the
GABA receptor subunits and hence changing overall activity of the receptor.
Long-term treatment of humans with ethanol also activated the CREB (cAMP re-
sponse element-binding protein) transcription factor, leading to increased NR2B
(an NMDA receptor subunit) gene transcription (Rani et al., 2005). This can
be dangerous, since NMDA receptors tend to become hyperactive upon alcohol
withdrawal, which can lead to agitation and sometimes epileptic seizures.

It has been discovered quite recently that not only transcription, but also
translation of genetic information can be affected by alcohols. MicroRNAs (miR-
NAs) are short, non-coding RNA sequences that specifically regulate translation
of some mRNAs. It has been shown that chronic exposure to ethanol causes
global changes in miRNA expression in human alcoholic brains (Li and van der
Vaart, 2011), though the mechanism is still unclear. Interestingly, manipulation
of a single miRNA can produce robust changes on the molecular level and in
turn behavioural changes. For example, elevation of miR-9 (suggested to regulate
neuronal differentiation) levels leads to downregulation of the large-conductance
calcium and voltage-gated potassium channel BK. This in turn contributes to
alcohol tolerance (Pietrzykowski et al., 2008).

Effects of alcohols on the cardiovascular system

Dependent on the dose and frequency of administration, alcohol can be both
beneficial and harmful to the cardiovascular system. The turning point seems to
be between two and three drinks, i.e. beers or glasses of wine, per day (Zakhari,
1997).

The beneficial effects of moderate drinking include elevated concentration of
high-density lipoproteins (Linn et al., 1993), enhanced cellular signalling within
the endothelium, decreased platelet (Foegh and Virmani, 1993) and clot formation
and stimulation of blood clot dissolution (Iso et al., 1993), as well as enhanced
blood flow due to elevated fluidity of red blood cell membranes, leading to their
higher deformability (Sonmez et al., 2013). Taken together, these effects help
protect against coronary artery disease as well as stroke (Palomäki and Kaste,
1993) and heart-attack.

On the other hand, excessive drinking has been linked directly to elevated risk
of heart muscle disorders (including depressed contractile function due to affected
calcium release from the sarcoplasmic reticulum, actin and myosin function and
oxygen supply; Capasso et al. (1991); Zakhari (1997)), arrhythmia (due to thick-
ening and scarring of the connective tissue and lack of oxygen; Zakhari (1997)),
high blood pressure (Beilin and Puddey, 1992) and both embolic (Qureshi et al.,
2017) and haemorrhagic (Iso et al., 1995) stroke.
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1.4.2 Alcohol-induced stress in yeast

Among the primary effects of ethanol on yeast are modification of the plasma
membrane fluidity (Thomas et al., 1978; D’Amore et al., 1990; Alexandre et al.,
1994), destruction of various membrane structures and stimulation of Pma1p
H+-ATPase activity (probably due to partial dissipation of the trans-membrane
proton gradient; Cartwright et al. (1987); Rosa and Sá-Correia (1991, 1992)).
Longer primary alcohols (hexanol to dodecanol), however, inhibit the pump. The
highest inhibition is achieved by alcohols from octanol to dodecanol. Upon elon-
gation of the carbon chain to 13 carbon atoms, the inhibitory efficiency drops to
almost zero (cut-off). This effect has been proposed to originate in the interac-
tion with the plasma membrane lipids surrounding Pma1p, the alcohols acting as
surfactants (Kubo et al., 2003).

Ethanol diffuses freely across biological membranes in yeast allowing relatively
rapid equalization of concentrations in the intracellular and extracellular pools.
Accumulation of ethanol in growing yeast cultures eventually leads to decreased
rates of fermentation (under both aerobic and anaerobic conditions), decreased
growth rates and loss of viability (Ingram and Buttke, 1984; Carlsen et al., 1991).
This might be caused by non-competitive inhibition of the protein-mediated im-
port of a plethora of nutrients, such as ammonium, amino acids, sugars, and
organic acids (Thomas and Rose, 1979; Leão and van Uden, 1982, 1984; Iglesias
et al., 1991; Casal et al., 1998).

Once inside the cell, ethanol decreases the glycolytic rate by competitively
inhibiting phosphoglycerate kinase, phosphoglycerate mutase and pyruvate de-
carboxylase. The remaining nine enzymes of the glycolytic pathway are also in-
hibited, however in a non-competitive way (Millar et al., 1982). Besides affect-
ing glucose metabolism, alcohols also reversibly inhibit sporulation (Trujillo and
Laible, 1970), but are not sporicidal (McDonnell and Russell, 1999).

On the genomic level, ethanol (over a wide concentration range) causes com-
plete destruction of mitochondrial DNA, giving rise to respiration-deficient ρ0

mutants (Bandas and Zakharov, 1980; Jiménez and Beńıtez, 1988; Ibeas and
Jimenez, 1997). On the other hand, damage to nuclear DNA was shown to occur
only in repair-deficient strains (Jiménez and Beńıtez, 1988; Ristow et al., 1995).

1.4.3 Cellular response and tolerance to ethanol-stress in
yeast

Yeast have developed a wide range of responses enabling them to deal with various
types of high ethanol-related damage and stress. These include changes in gene
expression, membrane composition and increase in chaperone proteins that help
stabilize denatured proteins. These mechanisms allow them to proliferate nor-
mally at ethanol concentrations lethal to other microorganisms (3-4 % w/v) and
often even higher, up to 18 % in the case of some sake producing strains (Watan-
abe et al., 2007). Brettanomyces and Zygosaccharomyces have similar ethanol
tolerance to that of Saccharomyces.
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In contrast to very high toxicity of methanol for humans (Wallace and Green,
2009), yeast tolerate it rather well, generally even better than ethanol (Troyer,
1953, 1955). Nevertheless, alcohols (predominantly longer, e.g. butanol1) still rep-
resent a form of chemical stress with its primary target being the plasma mem-
brane. The alcohol tolerance is determined predominantly by its lipid composi-
tion (Thomas et al., 1978; Beaven et al., 1982; Ingram and Buttke, 1984; Mishra
and Prasad, 1988). To be more specific, yeast grown in the presence of ethanol
increase the content of mono-unsaturated fatty acids (Beaven et al., 1982; You
et al., 2003) and ergosterol (Thomas et al., 1978; Walker-Caprioglio et al., 1990;
Castillo Agudo, 1992; Daum et al., 1998; Swan and Watson, 1998; Aguilera et al.,
2006) in their membranes, which seems to be aimed at counterbalancing the
alcohol-mediated changes in membrane fluidity and stabilizing the membrane. In
fact, a correlation between ethanol tolerance and increased degree of fatty acid
saturation and ergosterol content in the plasma membrane of S. cerevisiae has
been reported on multiple occasions (Beaven et al., 1982; Ghareib et al., 1988;
Mishra and Prasad, 1989; Mishra and Kaur, 1991; Alexandre et al., 1994; You
et al., 2003). Being connected to lipid fluidity of the membrane, it is of no surprise
that ethanol tolerance is diminished by rising of the ambient temperature (van
Uden, 1983). Change in fatty acid composition is also one of the adaptive pro-
cesses employed by E. coli grown in the presence of alcohols (Ingram, 1976).

However, the changes in lipid composition are not limited to the degree of
(un)saturation. After 4-hour exposure of S. cerevisiae cells to moderate ethanol
concentrations (0-12 %), the total glycolipid content of the plasma membrane
was shown to increase. Also increased was the amount of glucose bound in the
glycolipids, in contrast to the decreased galactose levels. This effect is probably
connected to changes in β-galactosidase activity upon ethanol treatment (Mal-
hotra and Singh, 2006).

On the molecular level, ethanol triggers the activation of stress-related tran-
scription factors Msn2p and Msn4p (general stress response), Asr1p (Betz et al.,
2004; Ding et al., 2010) and Hsf1p (heat shock response; Lee et al. (2000)), induc-
ing the transcription of up to 14 heat shock proteins (such as Hsp30p; Piper et al.
(1994, 1997); Swan and Watson (1998); Piper et al. (1997); Galeote et al. (2007);
Vianna et al. (2008)). The heat shock proteins directly contribute to ethanol
tolerance, presumably by acting as chaperones, stabilizing denatured proteins, a
function they share with trehalose, whose increased intracellular concentrations
confer the yeast more resistant to ethanol (Leão and van Uden, 1984; Ogawa
et al., 2000). Furthermore, a group of genes related to the integrity of the cell
wall has been identified as required for ethanol tolerance (Takahashi et al., 2001)

The chemical composition of the cultivation media also plays an important
role in ethanol tolerance. Cultivation in the presence of Mg2+, inositol, amino
acids and high salt concentrations all lead to higher ethanol tolerance. While the

1There is a general barrier for growth between 1-2 % (E. coli, Z. mobilis, non-Saccharomyces
yeast). Only a few microorganisms are able to tolerate 2 % butanol. Several S. cerevisiae
strains exhibit limited growth at 2 % butanol. Two Lactobacillus strains are able to grow in 3%
butanol (Knoshaug and Zhang, 2009).
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magnesium effect is connected to the biosynthesis of heat shock proteins (Petrov
and Okorokov, 1990; Birch and Walker, 2000), amino acids (proline, isoleucine,
methionine and phenylalanine) are incorporated into the plasma membrane and
counteract the ethanol-caused fluidization of the membrane (Takagi et al., 2005;
Hu et al., 2005). Cultivation at high salt leads to modification in the lipid compo-
sition of the membrane (Russell, 1989; Tunblad-Johansson et al., 1987; Hosono,
1992). In general, osmotolerance, thermotolerance and ethanol tolerance seem to
correlate (Sharma et al., 1996; Birch and Walker, 2000).

Increased ethanol tolerance is interesting not only scientifically, but also eco-
nomically, due to the necessity of alternative (and renewable) energy/fuel sources.
Ethanol has shown to be of great promise as a potential biofuel due to its renewa-
bility and environmental friendliness (Farrell et al., 2006).

1.5 Membrane potential

1.5.1 Definition of membrane potential

The plasma membrane potential (∆Ψ) is defined as the electric potential differ-
ence between the interior and the exterior of the semi-permeable plasma mem-
brane. The difference is the result of various processes connected with the move-
ment of ions across the membrane, giving rise to the electrochemical gradients of
various ionic species. In resting state of the membrane, the willingness of an ionic
species to flow through the membrane is given by its electrochemical potential µ̃i:

µ̃i = µ̃0
i +RT lnai + ziFψ, (1.1)

where µ̃0
i stands for standard electrochemical potential of the given component of

the solution, ai denotes the activity of said component and zi the number of its
elementary charges. T is the thermodynamic temperature, R the universal gas
constant and F the Faraday constant. ψ is the electrical potential of the given
phase, independent of the specific components.

As evident from the equation, the electrochemical gradient has two compo-
nents, the osmotic (RT lnai) and the electric (ziFψ). In the case of alike envi-
ronments inside and outside of the membrane, and hence no difference in the
electrochemical potentials, the resulting gradient is determined by the Gibbs free
energy of a particle upon its passage through the membrane.

When considering a membrane potential created due to unequal ion distribu-
tion, we can make use of the Goldman-Hodgkin-Katz equation to describe it:

∆ψ =
RT

F
ln

∑
Pc[Cout] +

∑
Pa[Ain]∑

Pc[Cin] +
∑
Pa[Aout]

, (1.2)
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where [Cin] ([Ain]) and [Cout] ([Aout]) represent the molar concentrations of the
cation (anion) in question inside and outside of the cell, respectively. Pc (Pa)
represent permeability coefficients of the respective cations (anions). The sum-
mations run over all present ion species, where the major contributors are H+,
K+, Na+ and Cl−. Note that only monovalent ions are taken into account, since
only such are present in living cells in significant concentrations.

Just as in other organisms, the charge across the resting yeast plasma mem-
brane is distributed in a way that the interior is negative compared to the exterior.
This difference between electric potentials is denoted as the resting membrane po-
tential ∆ψ = ψin − ψout, being the sum of resting potentials of all present ions.
Its typical value in almost all living cells is ca. -70-100 mV.

In the resting state, the distribution of any ion species across the membrane
with a fixed membrane potential can be described by the Nernst equation:

ψ =
RT

zF
ln

[Iout]

[Iin]
, (1.3)

where z is the number of elementary charges of the ion and [Iin] and [Iout] represent
the molar concentrations of the ion inside and outside the cell, respectively.

1.5.2 Means of measurement of membrane potential

Currently, there is a plethora of methods for measurements of membrane poten-
tial. However, not all are appropriate for yeast cells in particular due to their
size and presence of the cell wall (such as the use of microelectrodes), or are not
appropriate for the monitoring of dynamic processes (e.g. radiolabelled lipophilic
cations).

On the other hand, utilization of fluorescent potentiometric probes is not
limited in these two ways. Their use is non-invasive and their response to changes
in membrane potential in cell suspensions is relatively rapid. Furthermore, their
manipulation is simple and safe.

There are two main categories of potentiometric fluorescent probes, elec-
trochromic and ratiometric:

� The response of a electrochromic probe is very rapid, in the order of
milliseconds. The change in the fluorescence signal is caused by a direct
interaction of the probe with the electric field which can either change the
space-orientation of the probe or give rise to electrochromism, i.e. change
of absorbance spectra due to the application of the electrical field.

� Redistribution probes, on the other hand, are lipophilic compounds with
a delocalized charge which enables them to pass with ease through the stud-
ied membrane. In the case of negative potential on the inside and a cationic
character of the probe, the probe passes trough the membrane until the
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concentrations inside and outside of the cells respond to the membrane po-
tential according to the Nernst equation (Eq. 1.3). The establishment of
the equilibrium across the plasma membrane is slower compared to elec-
trochromic probes, in the order of seconds to minutes.

An example of a potentiometric redistribution fluorescent probe used in yeast
is diS-C3(3) (3,3’-dipropylthiacarbocyanine iodide; Fig. 1.7). It is an iodide salt
which in polar environments dissociates into the iodide anion and active probe
cation with a delocalized π-electron system. Together with the aliphatic character
of its side chains, this facilitates the influx of the probe into cells through the
hydrophobic region of the cytoplasmic membrane (Peña et al., 1984).

Figure 1.7: The fluorescent probe diS-C3(3) (3,3’-dipropylthiacarbocyanine iodide).
The diS-C3(3) probe molecule has two aromatic rings and a quaternary ammonium group, giving
it its lipophilic and cationic character, respectively.

Since the internal side of the yeast plasma membrane is negative relative to
its outer side, the probe influx into the cells is driven not only by its concentra-
tion, but also electrical gradient. The final ratio of inner to outer concentration of
the probe in equilibrium is given by the Nernst equation for membrane potential
(Eq. 1.3). The probe can therefore be readily used to monitor relatively rapid
changes in cytoplasmic and/or mitochondrial membrane potential in cells under-
going different types of stress - chemical, metabolic, heat shock etc. (Gášková
et al., 2001, 2007).

Furthermore, the diS-C3(3) probe is also a substrate of major PDR pumps
Pdr5p and Snq2p (Gášková et al., 2002). Its use is therefore not limited to
monitoring of membrane potential, but it also enables us to study the per-
formance of important plasma membrane-bound proteins under various condi-
tions (Gášková et al., 2002; Hendrych et al., 2009) and their activity and/or
expression in cells cultivated in various growth media (Maláč et al., 2005). The
use of the diS-C3(3) probe also provides a means of discovering inhibitors of Pdr5p
and Snq2p (Chládková et al., 2004) and possibly other pumps with the capacity
to transport the probe.

1.5.3 Maintenance of membrane potential and ion home-
ostasis

Both intake of nutrients, and efflux of metabolites or xenobiotics across the plasma
membrane are invariantly dependent on a source of energy. While some of these
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processes are fuelled by the hydrolysis of ATP, other derive the energy necessary
for transport from the electrochemical gradients of various ions, such as H+ or
K+. The adjustment of these gradients also plays an important role in regulation
of both cytosolic pH and osmotic pressure. This is partly mediated by voltage-
gated channels whose activity directly responds to the membrane potential. Its
maintenance is therefore one of the most crucial tasks of any living cell and its
complete dissipation leads to death.

Figure 1.8: Alkali metal cation transporters of the yeast plasma membrane and
their regulatory network. Dotted lines indicate interactions that are not fully documented.
Reprinted from Ariño et al. (2010).

In the yeast Saccharomyces cerevisiae, plasma membrane potential is con-
trolled mainly by the regulation of H+ and K+ fluxes. Since the plasma mem-
brane is not readily permeable for ions, the maintenance of their gradients has
to be mediated by integral membrane transporters (Fig. 1.8). While the primary
active transporters (Pma1p and Ena1-5p) are responsible for the build-up of the
gradients, their dissipation is the result of diffusion facilitated by the opening
of channels (Tok1p). Secondary active transporters (Nha1p and possibly Trk1p
and Trk2p) use the gradient of one ion to create the gradient of another. In this
section the most important transporters, both active and passive, involved in the
maintenance of ion gradients and membrane potential in yeast S. cerevisiae are
described.
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Maintenance of the proton-motive force

Pma1p H+-ATPase is a 918 amino acids long (99.6 kDa) integral membrane
protein (Malpartida and Serrano, 1980) whose gene has been shown to be highly
conserved in various fungi (Wach et al., 1992), Figure 1.9. Pma1p uses hydrolysis
of ATP molecules to drive transport of protons outside of the cell (Villalobo
et al., 1981; Malpartida and Serrano, 1981; Perlin et al., 1984; Goormaghtigh
et al., 1986), at the rate of 20-100 H+ per second (Serrano, 1988).

Besides playing an important role in the cytosolic pH regulation, enabling the
yeast to maintain it roughly constant in a wide range of extracellular pH (Eraso
and Gancedo, 1987), the H+ pumping process leads to the creation of H+ gradient
across the plasma membrane which can be used as fuel for secondary active
transport of sugars, amino acids, nucleosides etc. (Serrano, 1988; Portillo, 2000).
In addition, the H+ gradient generated by Pma1p is a major component of the
plasma membrane potential.

Figure 1.9: Structure and domain organization of Pma1p. The cytoplasmic domains
are: A - actuator, N - nucleotide binding and P - phosphorylation domain. Reprinted from Morth
et al. (2011).

Pma1p belongs to the P-type cation transporting ATPases, a widely con-
served group that includes the mammalian plasma membrane Na+/K+-ATPase
and Ca2+-ATPase (Kühlbrandt, 2004). Upon interaction of a cytoplasmic H+ with
the enzyme, ATP is bound and hydrolyzed resulting in a high energy phospory-
lated intermediate, giving this class of ATPases its name. The formation of the
phosporylated intermediate leads to a conformational change of the protein re-
sulting in the transfer of the bound proton to the extracellular space, followed
by the release of ADP and phosphate. The stoichiometry of this transport in
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Neurospora crassa and Escherichia coli H+-ATPases has been reported to be 1
transported H+ per 1 hydrolysed ATP molecule (Perlin and Slayman, 1986). Be-
cause of high homology of membrane H+-ATPases among fungi and bacteria, it
is very probable that this is also true for the H+-ATPase of yeast S. cerevisiae.

The mature Pma1p protein is formed by 10 trans-membrane α-helices, that
are the determinant of specificity and that form a H+ transport pathway (Lecchi
et al. (2007); see also Fig. 1.9), and by a cytosolic section, consisting of a small
(containing part of the sequence of the A domain; the rest is located on the
N-terminal domain) and a large loop (containing the sequence of the N and P
domains; Fig. 1.9 and 1.10) exhibiting its catalytic function.

Figure 1.10: Schematic topology of the S. cerevisiae Pma1p. M1-M10 denote the
transmembrane segments, with the L5-6 loop between M5 and M6 depicted. On the side of the
cytosol, the small and large loops are the first and second from the left, respectively. Numbers
indicate amino acid residues in the cytosolic parts of the enzyme. Reprinted from Petrov (2015).

Unlike its close homologue Pma2p (89 % amino acid sequence identity; Fer-
nandes and Sá-Correia (2003)), Pma1p is essential for the cell (Serrano et al.,
1986; Viegas et al., 1994), with the requirement of at least 20 % of its overall ac-
tivity for the cells to be able to survive (Cid et al., 1987). In fact, Pma1p accounts
for up to 25 % (50 % in exponentially growing cells; Serrano (1991)) of all the
plasma membrane proteins, making it the most abundant protein there (Toulmay
and Schneiter, 2007). It is therefore not surprising that it is also the biggest con-
sumer of ATP, contributing to ∼20 % of its overall consumption (Portillo, 2000;
Lecchi et al., 2007).

The Pma1p activity is modulated on both transcriptional and post-trans-
lational level. Namely, the expression of the PMA1 gene varies with growth phase,
being significantly depressed after the post-diauxic transition (DeRisi et al., 1997;
Gasch et al., 2000; Segal et al., 2003; Brauer et al., 2005; Hlaváček et al., 2009),
consistent with its growth-dependent activity pattern (Eraso and Gancedo, 1987;
Nso et al., 2002). The extent of Pma1p expression also depends on the carbon
source, being highest when the cells are grown on glucose and lowest when grown
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on ethanol (full order: glucose > fructose > galactose ≈ sucrose > raffinose >
ethanol; Rao et al. (1993); Gasch et al. (2000)). Re-addition of glucose to starved
cells also leads to extensive induction of PMA1 gene expression within 60 min-
utes (Rao et al., 1993).

On the post-translational level the activity of Pma1p is modulated mainly
by the availability of fermentable sugars (primarily glucose; Serrano (1983)) and
acidity (Eraso and Gancedo, 1987; Portillo, 2000). Glucose (re-)addition to cells
initially leads to rapid 5- to 10-fold increase in the ATPase catalytic activity,
connected with increased Vmax, decreased Km and a shift in pH optimum from
5.6-5.7 to 6-7 (Serrano, 1983). This process requires active metabolism of the
sugar (Capieaux et al., 1989) and apparently involves disruption of the acetylated
tubulin complex that interacts with the enzyme, releasing it from this interaction
and resulting in the observed Pma1p activation (Campetelli et al., 2005).

In contrast to the glucose effect on kinetic parameters of the enzyme, cytosolic
acidification under growth conditions, caused for example by weak acids (Holyoak
et al., 1996), causes a change only in Km (Eraso and Gancedo, 1987; Carmelo
et al., 1997) and does not effect the pH optimum of the enzyme (Eraso and
Gancedo, 1987), suggesting a distinct mechanism of activation (Lecchi et al.,
2007). In fact, the G-protein Gpa2p involved in the glucose-induced activation
of Pma1p, and working in parallel with the glucose sensor Snf3p (Trópia et al.,
2006), is not required in the case of activation by weak acids (dos Passos et al.,
1992; Pereira et al., 2008). Furthermore, both phospholipase C and protein ki-
nase C activities are essential for the glucose-induced activation process (Souza
et al., 2001), as is the action of the Ptk2p protein kinase (Goossens et al., 2000).
However, involvement of these in the acid-induced activation has not been re-
ported to date.

On the other hand, activation by glucose and acids share some similari-
ties (Pereira et al., 2008). For example, activation by fermentable substrates
is controlled by an auto-inhibitory domain located at the C-terminus (Portillo
et al., 1989, 1991), as is the activation by external acidification and nitrogen
starvation (Benito et al., 1992). Removal of this C-terminal domain (either pro-
teolytically or on the genomic level) leads to a complete loss of this regulation
and a massive (50-fold) increase of Pma1p activity regardless of glucose/acid
presence (Portillo et al., 1989).

On the post-translational level, the activity of Pma1p may also be affected by
inhibitors, such as omeprazole in acidic environment (Seto-Young et al., 1997),
orthovanadate, Dio-9, DCCD and several others (for review see Goffeau and Slay-
man (1981)), and also by fungicides, such as BM2 that not only inhibits the pro-
tein but also blocks the azole antimycotic resistance of the yeast (Monk et al.,
2005). Pma1 activity is negatively influenced also by the lysosomotropic com-
pound DM-11 (Witek et al., 1997).
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Potassium uptake

Trk1p and Trk2p (transport of K+) are 1235 (141.1 kDa) and 889 (101.1
kDa) amino acids long integral plasma membrane proteins, respectively, with or-
thologs in a variety of yeasts, fungi and higher plants (Rodŕıguez-Navarro, 2000).
They are localized in the glycolipid-enriched microdomains of the plasma mem-
brane (Yenush et al., 2005). The two K+ transporter proteins (also able to uptake
Rb+) share a 55 % sequence homology (Ko and Gaber, 1991) and apparently also
the structural motif. Both Trk1p and Trk2p contain 12 membrane spanning do-
mains (Gaber et al., 1988; Ko et al., 1990; Ko and Gaber, 1991) which form
four identical subunits with a high level of identity with those of the other trans-
porter. Together, these four subunits have been proposed to form the K+-selective
pore (Durell and Guy (1999); Haro and Rodŕıguez-Navarro (2002); Fig. 1.11)
with two binding sites for cations, normally cotransporting two identical (K+)
cations (Haro and Rodŕıguez-Navarro, 2002).

Figure 1.11: A schematic model of the Trk1p transporter tetra-M1PM2 structure.
Mi denote the hydrophobic domains connected by α-helical P segments. Residues Q90 and L949
have been identified as important for the transport process. Fragments connecting the four
M1PM2 elements have been omitted for clarity. Reprinted from Haro and Rodŕıguez-Navarro
(2002).

Potassium is taken up through this pore against a significant electrochemical
gradient, most probably utilizing the energy stored in the proton-motive force
of the plasma membrane (i.e. the H+ electrochemical gradient; Ko and Gaber
(1991)). Affinity of the transport via each of the two proteins seems to vary
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with growth history of the culture, K+ abundance and presence of the other
transporter (Ariño et al., 2010). After its uptake, K+ is sequestrated into various
organelles (Roomans and Sevéus, 1976; Okorokov et al., 1980; Herrera et al.,
2013).

In wild-type cells the potassium uptake is facilitated mainly (if not exclusively)
by the Trk1p transporter, enabling the cells to grow already at micromolar K+

concentrations (Ramos et al., 1985; Gaber et al., 1988). Mutants lacking a func-
tional TRK1 gene are viable, but need at least millimolar K+ concentrations
to grow properly, for which they depend on the weakly expressed Trk2p trans-
porter (Ko et al., 1990; Ramos et al., 1994; Vidal et al., 1995). Double trk1 trk2
mutants require at least 10 mM K+ to grow, relying on non-specific mechanisms
for K+ uptake. Furthermore, their plasma membrane is hyperpolarized (Madrid
et al., 1998) and they are hypersensitive to low extracellular pH. At 50 mM
K+ and above, their growth rate is indistinguishable from their TRK1- TRK2 -
competent parent strain (Madrid et al., 1998; Bihler et al., 1998, 2002).

Besides their normal function as K+ and Rb+ uptake mechanisms, an addi-
tional function of Trk proteins have been reported, namely efflux of halides (I−,
Br− and Cl−), but also non-halides (SCN− and NO−

3 ; Bihler et al. (1999); Kuroda
et al. (2004); Rivetta et al. (2011). The physiological role of this efflux remains
unclear, but it may play a role in charge balancing (Rivetta et al., 2011).

Apart from Trk1p and Trk2p, there seems to be another potassium uptake sys-
tem in the yeast plasma membrane, the NSC1 (non-selective cation channel).
It displays very low affinity for K+ and works independently of both Trk1p and
Trk2p (Bihler et al., 1998). Apart from potassium, the system also facilitates en-
try of lithium, sodium and ammonium cations into the cell (Bihler et al., 2002).
It may be inhibited by mM concentrations of Ca2+ and other divalent cations,
low extracellular pH, hygromycin B and, less extensively, tetraethylammonium.
It has been demonstrated that NSC1 is the principal low-affinity uptake route
for potassium in yeast (Bihler et al., 2002). Unfortunately, the gene(s) coding the
protein(s) has yet to be identified (Ariño et al., 2010).

Potassium release

Tok1p (also known as YPK1 ; (Bertl et al., 1993), YKC1 ; Zhou et al. (1995),
YORK ; Lesage et al. (1996) and DUK1 ; Reid et al. (1996)) is a 691 amino
acids long (77.4 kDa) voltage-dependent integral plasma membrane channel with
strong outward directionality and high selectivity for potassium (Bertl et al., 1993;
Ketchum et al., 1995; Fairman et al., 1999). While being the only K+-specific ef-
flux mechanism in yeast (Gustin et al., 1990; Bertl et al., 1993; Ketchum et al.,
1995; Zhou et al., 1995), a small inward potassium current mediated by the chan-
nel has also been reported in the absence of Trk1p and Trk2p transporters (Fair-
man et al., 1999). It has also been reported that the presence of a functional
Tok1p channel renders cells sensitive to Cs+, most probably because it facilitates
its influx (Bertl et al., 2003).
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As predicted from its nucleotide sequence found on chromosome X (ORF
J0911; Miosga et al. (1994)), Tok1p contains 8 transmembrane segments and two
pore-forming P domains (Ketchum et al. (1995); Fig. 1.12). While P domains are
structural entities common to all known K+-selective ion channels (Ahmed et al.,
1999), Tok1p is the first identified to contain two of them within a single polypep-
tide (Ketchum et al., 1995; Zhou et al., 1995; Goldstein et al., 2001). Furthermore,
each of these domains forms a functional channel permeable to potassium, making
the Tok1p channel unique in both its function and structure. It can therefore be
considered a ”founding member” of a new class of K+ channels (Ketchum et al.,
1995; Bertl et al., 1998). The uniqueness of the channel was also supported by
the complete absence of homology of its sequence with any known protein at the
time of discovery of its ORF (Miosga et al., 1994).

Figure 1.12: Predicted Tok1p channel topology. The channel is predicted to form two
P domains (P1 and P2) and 8 transmembrane segments (S1-S8). Both C- and N-terminus are
cytosolic. Reprinted from Goldstein et al. (2001).

Consistent with the prediction of Miosga et al. (1994), the Tok1p channel is
expressed rather weakly, with only ∼40 protein molecules per cell, an estimate
based on current measurements carried out first on isolated-patches (Bertl et al.,
1993) and later on whole cells (Bertl et al., 1998). Nevertheless, the Tok1p ex-
pression is elevated after the diauxic-shift of a growing culture (DeRisi et al.,
1997; Gasch et al., 2000; Brauer et al., 2005). To our best knowledge, there are
currently no known expression regulators of the channel.

The Tok1p channel is predominantly closed at negative membrane voltages,
but is opened by plasma membrane depolarization in a sigmoid manner (Bertl
et al., 1993). The opening is dependent not on the absolute membrane potential
value, but is triggered when ∆Ψ becomes more positive than the Nernst equilib-
rium potential for K+ (Bertl et al., 1993; Ketchum et al., 1995; Vergani et al.,
1997; Fairman et al., 1999; Loukin and Saimi, 1999). Hence, the Tok1p channel
activity is modulated by external K+ concentration. The activated state of the
channel typically displays long flickery openings separated by gaps (Bertl et al.,
1993). Once the channel is opened, K+ accumulated in the cells can be released
to regenerate membrane potential (Bertl et al., 1998). The outward potassium
currents can be induced indirectly (i.e. the activation involves some, presently
unknown, soluble cytoplasmic components) by activation of protein kinase C, but
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not protein kinase A (Lesage et al., 1996). The channel is also phosphorylated at
its C-terminus by the Hog1p MAP kinase and is proposed to play a minor role
in the immediate response of the cell to osmotic stress (Proft and Struhl, 2004).

Opening of Tok1p under steady-state conditions is dependent on ATP in the
cytoplasmic solution (Bertl et al., 1998) and is partially regulated by the cytoso-
lic C-terminus that prevents closures of the channel (Loukin and Saimi, 2002).
When expressed in Xenopus oocytes, the Tok1p channel has also been reported
to mediate K+ currents induced by the action of volatile anaesthetics (Gray et al.,
1998). On the other hand, the channel is inhibited by tetraethylammonium ions
(TEA+; Gustin et al. (1990); Ketchum et al. (1995); Bertl et al. (1998), qui-
nine (Lesage et al., 1996), extracellular Cs+ and Ba2+ ions (Ketchum et al., 1995;
Vergani et al., 1997) and low intracellular pH (while being insensitive to changes
of extracellular pH in the range of 8.0-5.5; Lesage et al. (1996); Bertl et al. (1998)).
Furthermore, there have been reports that the Tok1p channel is a target of the
yeast viral killer toxin K1 (Ahmed et al., 1999) which is believed to act both from
intra- as well as extracellular side of the plasma membrane (Sesti et al., 2001).
While the binding of the toxin to the extracellular side of Tok1p is believed to
cause, at least under certain conditions, opening of the channel, efflux of potas-
sium and cell death (Ahmed et al., 1999), its binding to the intracellular side has
been shown to inhibit the channel opening, therefore rendering the virus-infected
cells immune to the extracellular toxin (Sesti et al., 2001). However, the K1 toxin
interaction with the Tok1p channel and its physiological consequences are subject
to debate (Breinig et al., 2002).

The behaviour of the channel can be described with a kinetic model with
a single open state and three independent, parallel, closed states with distinct
lifetimes: gap (long), block (short: 2-3 ms) and interrupt (very short: ∼0.3 ms).
The channel can change between the open state and any of the closed states, but
not directly from one closed state into another (Bertl et al., 1993).

While the Tok1p channel has been known for over two decades (Bertl et al.,
1993; Ketchum et al., 1995; Zhou et al., 1995) and its electrophysiology has been
well described (Gustin et al., 1990; Bertl et al., 1993), knowledge about its physio-
logical function in vivo is still very limited. To this date, despite extensive efforts,
no clear phenotype has been observed upon deletion of the tok1 gene (Miosga
et al., 1994; Zhou et al., 1995; Reid et al., 1996; Marešová et al., 2006, 2009).
Furthermore, the deletion does not cause a change in intracellular concentration
of either K+ or Rb+, as measured by atomic spectrophotometry. So far, it has only
been shown that the deletion of the tok1 gene results in plasma membrane depo-
larization, whereas overexpression of the TOK1 gene leads to hyperpolarization
of the yeast plasma membrane (Marešová et al., 2006).

Sodium efflux

Since sodium ions are toxic for the cell, they are not actively accumulated by
yeast. However, their concentration might rise due to saline environment, NSC1-
facilitated influx and due to the use of the Na+ gradient across the plasma mem-
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brane as fuel for inorganic phosphate import by Pho89p, the only yeast nutrient
transporter known to require sodium for its activity (Martinez and Persson, 1998).
Yeast therefore need to rid themselves of Na+ against its electrochemical gradient,
depending on two different systems.

The ENA (exitus natru) gene cluster (particularly ENA1 ) is a major sodium
tolerance determinant in yeast Saccharomyces cerevisiae. The various ENA genes,
usually localized in tandem on chromosome IV, encode identical or very similar
P-ATPases (Haro et al., 1991; Martinez et al., 1991; Garciadeblas et al., 1993;
Wieland et al., 1995). The exact number of these genes varies depending on the
particular strain. Loss of the complete gene cluster results in hypersensitivity to
sodium and lithium ions (Haro et al., 1991; Posas et al., 1995; Wieland et al.,
1995; Gómez et al., 1996) and also impaired growth at alkaline pH (Haro et al.,
1991; Platara et al., 2006). While Ena1p is highly effective in Na+ export, Ena2p
is more specific for Li+ (Wieland et al., 1995) and K+ which the Ena proteins
also extrude (Benito et al., 2002).

Under standard growth conditions the number of Ena1p, Ena2p and Ena5p
is estimated to be around 700 molecules per cell (Ghaemmaghami et al., 2003).
Their expression is increased in the response to saline stress (e.g. presence of high
NaCl) and alkaline pH (Wieland et al., 1995).

Based on their amino acid sequence, they have been predicted to form 9-10
transmembrane domains. This is consistent with the plasma membrane localiza-
tion of Ena1p and Ena2p (Wieland et al., 1995). However, under conditions of
overexpression, Ena1p has been also reported in intracellular membranes (Benito
et al., 1997).

Nha1p (Na+/H+ antiporter) is a 985 amino acids long (109.3 kDa) Na+/H+ an-
tiporter localized predominantly in detergent-resistant, ergosterol-rich fractions of
the plasma membrane, requiring presence of sphingolipids for stabilization (Mit-
sui et al., 2009). Nha1p is indeed very stable with its half-life reaching up to
6 hours (Ariño et al., 2010). Besides sodium, the protein also transports potas-
sium with similar affinity and its further substrates are lithium and rubidium,
providing the cell with means of general cation detoxification (Bañuelos et al.,
1998; Kinclová et al., 2001b). The functional Nha1p transporter is most probably
a homodimer that requires more than one H+ for transport of a single substrate
ion (Ohgaki et al., 2005; Mitsui et al., 2009).

Based on its amino acid sequence, Nha1p has been predicted to form 12 trans-
membrane segments with a very short N-terminal tail and a relatively large
C-terminal domain (both cytosolic), accounting for roughly half of the protein
weight. The C-terminus seems to be involved in post-translational regulation of
the protein (Kinclová-Zimmermannová and Sychrová, 2006; Simón et al., 2001,
2003; Kinclová et al., 2001b), being phosphorylated upon osmotic shock by the
Hog1p kinase. The C-terminal tail phosphorylation leads to a change in Nha1p ac-
tivity (Proft and Struhl, 2004), transiently inhibiting the Nha1p-mediated potas-
sium efflux (Kinclová-Zimmermannová and Sychrová, 2006).
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In contrast to ENA genes, expression of the NHA1 gene, localized at chro-
mosome XII, is constitutive, amounting to ∼1500 molecules per cell (Ghaem-
maghami et al., 2003). The transcription does not seem to be induced by salts,
changes in pH, nor osmotic shock, which suggests that Nha1p plays a housekeep-
ing role in potassium homeostasis and maintenance of intracellular pH (Bañuelos
et al., 1998; Sychrová et al., 1999; Brett et al., 2005). Like the Ena protein clus-
ter, Nha1p plays an important role in tolerance against high extracellular salt
concentrations and helps maintain high K+/Na+ ratio in the cytoplasm. While
the Ena1p is important for proper cell growth at high KCl and NaCl concentra-
tions at high pH when Nha1p is inhibited (Haro et al., 1991), Nha1p is important
at acidic pH (Bañuelos et al., 1998). Hence, these two systems are somewhat
complementary in their function.

Under certain circumstances, such as rapid alkalinization of the cytosol, Nha1p
can act as a kind of a ”safety valve”, using the K+ gradient to drive influx of pro-
tons into the cytosol (Ortega and Rodŕıguez-Navarro, 1985; Bañuelos et al., 1998;
Kinclová et al., 2001b). Besides this important function in pH homeostasis and
cation (Na+ and Li+) detoxification, Nha1p has been also shown to be involved in
regulation of the cell cycle (Simón et al., 2001, 2003), cell volume and membrane
potential (Kinclová-Zimmermannová et al., 2006; Marešová et al., 2006; Zahrádka
and Sychrová, 2012), and in the rapid response to osmotic shock (Bañuelos et al.,
1998; Kinclová et al., 2001a,b; Proft and Struhl, 2004). In all of these, Nha1p is
probably somehow linked to the activity of Trk1p (and/or Trk2p; Kinclová et al.
(2001a)).



Chapter 2

Material and Methods

2.1 Material

2.1.1 Yeast strains

The S. cerevisiae strains used in this study are listed in Table 2.1. They were
stored at -20 ◦C in glycerol media designed for culture freezing. Pre-cultures on
solid media were stored at 4 ◦C for no longer than a month.

Strain Genotype

US50-18C MATα, PDR1-3, ura3, his1
AD12 US50-18C yor1::hisG, snq2::hisG 1

AD13 US50-18C yor1::hisG, snq2::hisG 1

AD1-3 US50-18C yor1::hisG, snq2::hisG, pdr5::hisG 1

AD1-3-tok1 AD1-3 tok1::HPH 2

AD1-3 pTEF1-pHl AD1-3 pTEF1-pHl 3

1Decottignies et al. (1998)
2Constructed for this work by Ing. Otakar Hlaváček PhD., Institute of Microbiology, CR
Academy of Sciences
3Constructed for this work by RNDr. Tomáš Hendrych PhD., Department of Genetics and
Microbiology, Faculty of Science, Charles University

Table 2.1: Saccharomyces cerevisiae strains used in this study.

In the context of the study of Tok1p contribution to the plasma membrane
potential maintenance, the strains AD1-3, AD1-3-tok1 and AD1-3 pTEF1-pHl are
referred to as parent strain, tok1 mutant and pHluorin-expressing variant of the
parent strain, respectively.

The tok1 mutant was prepared by deleting the TOK1 gene from the AD1-3
strain using homologous recombination. The pUG6-32 plasmid (hph marker – re-
sistance to hygromycin B) was used as a PCR template for preparing the disrup-
tion cassette. The plasmid had been constructed previously from plasmids pUG6
and pAG32 (Euroscarf, Bad Homburg, Germany) to enable the hph marker res-
cue, as the original pAG32 plasmid does not contain loxP sites (Goldstein and

40
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McCusker, 1999). A plasmid with the same function is now available from Eu-
roscarf under the name pUG75 (Hegemann and Heick, 2011).

The AD1-3 pTEF1-pHl strain harbouring pHluorin with a strong constitutive
pTEF1 promoter instead of the HIS3 gene was prepared using homologous recom-
bination with two overlapping cassettes. One, containing the pTEF1 promoter,
was prepared with pYM-N20 plasmid (nat marker - resistance to nourseothricin,
Euroscarf, Bad Homburg, Germany) as PCR template, the other with pHluo-
rin was obtained from plasmid pVT100U kindly provided by Dr. Aleš Holoubek.
Correct cytosolic localization was verified by confocal fluorescence microscopy.

Both mutant strains retained the growth characteristics of their parent strain
(monitored by measuring optical density at 578 nm [OD578] of the growing culture
with an Amersham Biosciences Novaspec III spectrophotometer), in agreement
with previous research in the case of tok1 deletion (Marešová et al., 2006).

2.1.2 Overview of used chemicals

Compound M.W. Producer

Agar - Carl ROTH
Bactopeptone - Oxoid
D-glucose 180.16 Sigma-Aldrich
Ethanol 46.07 Lach-Ner
Glycerol 92.10 Lach-Ner
Yeast extract - Serva

Table 2.2: Overview of cultivation media components used in this study.

2.1.3 Cultivation media and buffers

Yeast cultivation

Liquid cultivation medium (YPD), per 1000 ml:
yeast extract - 20 g, peptone - 10 g, D-glucose - 20 g

Medium for culture freezing (storing), per 100 ml:
yeast extract - 2 g, peptone - 1 g, D-glucose - 10 g, glycerol - 60 g

YPD agar for cultivation on Petri dishes, per 1000 ml:
agar - 10 g, yeast extract - 10 g, peptone - 10 g, D-glucose - 20 g

Top YPGE agar for drug susceptibility assays, per 1000 ml:
agar - 10 g, yeast extract - 10 g, peptone - 10 g, glycerol - 20 g, ethanol - 20 g
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Compound M.W. Producer

Ethanol for UV spectroscopy 46.07 Lach-Ner
1-propanol 60.10 Sigma-Aldrich
1-butanol 74.12 Sigma-Aldrich
1-pentanol 88.15 Sigma-Aldrich
1-hexanol 102.18 Sigma-Aldrich
Ammonium acetate 77.08 Sigma-Aldrich
Citric acid 192.13 Lach-Ner
Dimethyl formamide (DMF) 73.10 Fluka
Dimethylsulfoxide (DMSO) 78.13 Fluka
Hydrochloric acid (HCl) 35% 36.46 Lachema
Na2HPO4·12H2O (reagent grade) 358.14 Sigma-Aldrich
Potassium chloride (KCl) 74.56 Fluka
Sodium azide (NaN3) 65.01 Sigma-Aldrich
Sodium chloride (NaCl) 58.44 Sigma-Aldrich
Sodium hydroxide (NaOH), pellets 40.00 Sigma-Aldrich

Table 2.3: Overview of chemicals and stressors used in this study.

Compound M.W. Producer Solvent

2-deoxy-D-glucose 164.16 Sigma distilled water
BAC 337.00 Fluka distilled water
CCCP 204.60 Fluka DMF
diS-C3(3) 520.49 Fluka ethanol
DM-11 308.00 * distilled water
FK506 (fujimycin) 804.32 RC Laboratories ethanol
Fluconazole 306.27 Sigma-Aldrich DMSO
Ketoconazole 531.43 Sigma-Aldrich DMSO
Nigericin 746.90 Sigma-Aldrich ethanol
NQO 190.17 Supelco distilled water
ODDC 623.80 Schülke & Mayr distilled water
TEA+Cl− 165.71 Sigma-Aldrich distilled water

BAC - benzalkonium chloride, CCCP - carbonyl cyanide m-chlorophenyl hydrazone, diS-C3(3) -
3,3’-dipropylthiacarbocyanine iodide, DM-11 - 2-dodecanoyloxyethyldimethylammonium chlo-
ride, NQO - 4-nitroquinoline 1-oxide, ODDC - octenidine dichloride, TEA+Cl− - tetraethyl
ammonium chloride
* - The lysosomotropic compound DM-11 (2-dodecanoyloxyethyldimethylammonium chloride)
was synthesized in the laboratory of Prof. S. Witek (Univ. Wroclaw; Witek et al. (1997)) and
kindly provided by Dr. A. Krasowska.

Table 2.4: Overview of chemical stressors and PDR inhibitors used in this study.

Bottom YPG agar for drug susceptibility assays, per 1000 ml:
agar - 20 g, yeast extract - 10 g, peptone - 10 g, glycerol - 20 g
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Measuring and calibration buffers

Citrate-phosphate (C-P) buffer, per 1000 ml:
Na2HPO4·12H2O - 3.60 g (10 mM), titrated with citric acid to pH 6

Citrate-phosphate (C-P) buffer for pH measurement calibration, per 1000 ml:
Na2HPO4·12H2O - 3.60 g (10 mM), KCl - 3.73 g (50 mM), NaCl - 2.87 g (50 mM),
sodium azide 0.65 g (10 mM), ammonium acetate 15.42 g (200 mM), titrated with
either hydrochloric acid od NaOH to desired pH.

2.2 Methods

2.2.1 Yeast cultivation and preparation

Small amount of cells from the glycerol stock was spread on YPD Petri dishes
with a sterile inoculation loop and grown in an incubator (Incucell - BMT medical
technologies s.r.o.) at 30 ◦C for 48 hours. A small amount of the grown culture
was then transferred with a sterile inoculation loop into 10 ml of liquid YPD
medium (in a 50 ml Erlenmeyer flask) and grown in a shaking water bath (GFL
1083 ) at 30 ◦C for 24 hours. These pre-cultures were then stored in a refrigerator
at 4 ◦C for up to a week and used to inoculate the main cultures with 5-10 µl
(depending on the experiment and cultivation time). The main cultures were then
grown at 30 ◦C until the desired OD578 was reached.

2.2.2 Measurement of PDR pump activity and membrane
potential changes with diS-C3(3) fluorescent probe

Cells were cultivated as described in 2.2.1 and harvested upon reaching the
desired OD578. They were washed twice with double-distilled water and resus-
pended in C-P buffer (see 2.1.3). The concentration of cells was set to OD578=0.13
(2.5·106 cells/ml) and 3 ml aliquots of the cell suspension were taken in PMMA
cuvettes (1×1 cm). These were then labelled with the diS-C3(3) dye to a final
concentration of 2·10−8 M 30 seconds before the acquisition of the first emission
spectrum.

Fluorescence emission spectra were recorded with spectrofluorimeters Fluoro-
Max-3® and FluoroMax-4® (Jobin-Yvon Horiba, SPEX) equipped with a xenon
lamp (excitation wavelength: 531 nm; acquisition range: 560-590 nm; step: 1 nm;
integration time: 0.3 s; slits of used excitation and emission monochromators:
10 nm bandpass) at 2-3 min intervals. Scattered light was eliminated with an
orange glass filter (Zeiss 1752 - cut-off at 540 nm / B+W 39 040 4x MRC - cut-
off at 550 nm).

The dependence of the diS-C3(3) fluorescence emission maximum wavelength,
λmax, on time is depicted by the so-called staining curve (Denksteinová et al.,
1997; Gášková et al., 1998). When appropriate, the tested compound was added
to the desired final concentration either 10 minutes before or 10-20 minutes after
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the beginning of staining. The samples were kept at room temperature and occa-
sionally gently stirred by turning upside-down. To partially automate the mea-
surements of staining curves, including λmax determination, the program HUGO
was used (Hendrych, 2009).

The method enables us to monitor both PDR pump activity and membrane
potential. While these two attributes are independent (Gášková et al., 2002) of
each other, the resulting staining curves are a combination of the two. There-
fore, when monitoring the effect of various substances on membrane potential,
it is of great advantage to use PDR pump-deficient strains. However, it should
be emphasized here that the equilibrium staining (λeqmax) values cannot be di-
rectly converted to underlying membrane potential values in mV (Plášek et al.,
2012). Using our calibration-free method, only differences in plasma membrane
potentials under two different conditions (e.g. presence of a stressor or absence
of a gene) can be acquired using the difference in equilibrium staining values
(∆λeqmax). The conversion of this difference to membrane potential changes in mV
relies on the fact that λeqmax values are clearly linked to the B/A ratio of the frac-
tions of bound dye spectra and free dye spectra in the final spectrum (Plášek
and Gášková, 2014). The difference of their logarithms, log(B/A)2 − log(B/A)1,
assessed through ∆λeqmax can be used to calculate the difference of underlying
membrane potentials: ∆Ψ2 − ∆Ψ1 = (RT/F )[log(B/A)2 − log(B/A)1], where
R, T and F are the universal gas constant, absolute temperature and Faraday
constant, respectively.

2.2.3 Monitoring of cytosolic pH by the means of syn-
chronously scanned pHluorin fluorescence

pHluorin-expressing AD1-3 cells (section 2.1.1) were cultivated (section 2.2.1)
and harvested as for the fluorescence measurement (section 2.2.2). They were
resuspended in 10 mM C-P buffer (same as for membrane potential measure-
ments; see 2.1.3), to a final cell density three times higher to provide better
signal-to-noise ratio. Cytosolic pH (pHcyt) was measured using the method of
synchronously scanned fluorescence, as described by Plášek et al. (2015), with
the aforementioned modification of the used buffer to bring the experimental
conditions closer to those used for membrane potential measurements.

Calibration was carried out in the same buffer as the measurements, with
the addition of 50 mM KCl and 50 mM NaCl to stabilize the cells; 10 mM
sodium azide to inhibit the Pma1p H+ATPase through cellular ATP depletion;
and 200 mM ammonium acetate to equilibrate the pH across the vacuolar and
plasma membranes (Preston et al., 1989; Ali et al., 2004). The buffer was then
titrated with either HCl or NaOH to various pH values in the range of 4.6 to
8.2. Synchronously scanned fluorescence spectra of the pHluorin-expressing cells
resuspended in this set of buffers were measured over the course of an hour. From
the obtained values, only the ones stable in time were used for the calibration
curve (Fig. 2.1) which is in very good correspondence with that obtained pre-
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viously with digitonin-treated cells in 10 mM citrate-phosphate buffer, therefore
validating the use of our calibration buffer (Orij et al., 2009).

Figure 2.1: Calibration curve used for the pHcyt measurements. The experimental
data are depicted by grey circles. Black line is the dependence fitted to the cubic equation:
pHcyt=3.609+4.384*IR-2.044*IR2+0.405*IR3; IR - intensity ratio. Blue and red lines enclose
the areas of 95 % confidence and 95 % prediction bands, respectively.

In the actual measurements, synchronously scanned fluorescence spectra were
measured for ca. 120 minutes to follow the time course of pHcyt changes. Where
appropriate, the stressors were added either ∼10 minutes before (TEA+) or
∼12 minutes after the start of the assay. Accumulated spectra were processed
as described by Plášek et al. (2015) and the pHcyt values were calculated from
the obtained ratios according to the calibration curve. During the experiments,
the samples were gently stirred by turning upside-down three times just before
each measurement.

Each pHcyt measurement included 3-4 extra samples with the studied cells
resuspended in various calibration buffers to verify the coincidence with the cal-
ibration curve. These were measured both before and after the measurement of
pHcyt.

2.2.4 Monitoring of extracellular pH with a pH meter

Exponential cells were cultivated and harvested as described above (see 2.2.1
and 2.2.2, respectively) and resuspended in double-distilled water to final concen-
tration equivalent to OD578=2.0. Extracellular pH was recorded with one minute
intervals using an Inolab 7310 pH meter using a Sentix 81 pH electrode. Cell
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suspensions were continuously gently stirred with a magnetic stirrer. Glucose
and alcohols were manually injected to final concentrations specified in the figure
legends, at designated times.

2.2.5 Monitoring of pHluorin localization and cell wall in-
tegrity via confocal microscopy

Cells for both cytosolic pHluorin localization (pHluorin-expressing variant of the
AD1-3 strain) and cell wall integrity (AD1-3 strain) measurements were cultivated
(section 2.2.1) and harvested as for the fluorescence measurements (section 2.2.2).
They were resuspended in 10 mM C-P buffer (same as for membrane potential
measurements; see 2.1.3), to the same final density.

The cells were then treated with respective chemicals (glucose, CCCP, DM-11,
ODDC or BAC) and in the case of cell wall integrity measurements also with cal-
cofluor (2 µl/ml cell suspension). Cells were then fixed with 1 % agarose gel on
microscopic slides to prevent their movement and the effect of the stressors on
pHluorin localization was monitored using an Olympus IX83/FV1200 laser scan-
ning microscope with a water immersion objective UPLSAPO 60x/1.2. Images
obtained with the scanning microscope were cropped and their contrast was dig-
itally enhanced using the open source digiKam (version 4.12.0) software where
appropriate.

2.2.6 Monitoring of drug susceptibility via Kirby-Bauer
disc diffusion assay

Exponential cells were cultivated and harvested as described above (see 2.2.1
and 2.2.2, respectively) and resuspended in sterile C-P buffer. Consequently,
the cells were diluted in YPGE top agar of 45 ◦C to a final concentration of
2.5×106 cells/ml and poured onto YPG plates (for agar and C-P buffer compo-
sition, see 2.1.3).

Tested chemicals (2 µl) were spotted onto Whatman paper discs lying on the
top of the top agar. After 48 hours at 30 ◦C, the plates were photographed and
the sizes of the growth-inhibition zones were measured.

To find out whether the alcohols under study are substrates of Pdr5p and
Snq2p pumps, two types of the disc-diffusion test were performed: the standard
version (Kolaczkowski et al., 1998), using AD12, AD13 and AD1-3 cells, and
its simplified variation designed to detect Pdr5p substrates only, therefore only
using AD12 cells. In the latter, the tested alcohol was spotted on two paper discs,
one of which had been pretreated with FK506 (2 µl of 50 mM ethanol solution)
15 minutes before, in effect simulating the AD1-3 cells, since FK506 is a potent
Pdr5p inhibitor.

To determine whether a particular alcohol is able to inhibit the extrusion of a
known substrate (BAC, ketoconazole or nigericin for Pdr5p; 4-NQO for Snq2p)
by the pumps, we used a ’double addition’ mode of the standard disc-diffusion
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test (Hendrych et al., 2009). The tested alcohols were added 15 minutes before
the known substrate.

2.2.7 Monitoring of drug susceptibility via plating tests

Cells were grown to the desired growth-phase as described in section 2.2.1 and
harvested as for the fluorescence measurements (section 2.2.2). They were then
resuspended in 10 mM C-P buffer (same as for membrane potential measurements;
see 2.1.3), to a final cell density two times higher.

The cells were then incubated with various concentrations of alcohols, DM-11,
ODDC or BAC at room temperature with continuous gentle stirring. At desig-
nated times aliquots of 100 µl were taken from the samples and diluted 10-fold
three times (i.e. to the final 1000-fold dilution). Three to five replicate aliquots of
100 µl were then plated on 1 % YPD agar plates (1 % agar, 1 % yeast extract, 1 %
peptone, 2 % glucose) and incubated for 2 days at 30 ◦C. Colonies were counted
and the relative survival rates were calculated. For control samples the number
of colonies per plate was about 200.

2.2.8 Monitoring of cellular material release via measure-
ments of absorbance at 260 nm

Cells were cultivated (see 2.2.1) and harvested as for the fluorescence measure-
ments (section 2.2.2). They were resuspended in 10 mM C-P buffer (same as for
membrane potential measurements; see 2.1.3), to the same final cell density.

Aliquots of the cell suspension were incubated with various concentrations of
either the respective alcohol or BAC at room temperature with continuous gentle
stirring. Aliquots of 3 ml were taken at designated times, centrifuged once and
2 ml of the supernatant were used for absorption measurements. The absorption
spectra were accumulated using 1Ö1 cm quartz cuvettes using a Varian Cary 50
UV spectrophotometer (acquisition range: 200-400 nm; step: 1 nm; integration
time: 0.2 s). The absorbance was determined after baseline correction as the
average of values measured in the interval of 260±2 nm.

2.2.9 Monitoring of the extent of permeabilization via
propidium iodide staining

Cells were cultivated (see 2.2.1) and harvested as for the fluorescence measure-
ments (section 2.2.2). They were then resuspended in 10 mM C-P buffer (same as
for membrane potential measurements; see 2.1.3), to the same final cell density.

Aliquots of 0.5 ml were then incubated in Eppendorf tubes with various BAC
concentrations for the desired period of time and occasionally gently stirred. The
aliquots were then stained by adding 1 µl of propidium iodide solution and in-
cubated for 10 minutes. 20 µl were then transferred to a SD100 Cell counting
chamber and the amount of permeabilized cells was measured in a Nexcelom Bio-
science LLC Cellometer® Vision using the VB595-502 emission filter. The data
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were analysed using the Cellometer Vision software. Propidium iodide, counting
chambers, the emission filter and analysis software were all provided by Nexcelom
Bioscience LLC with the instrument.

2.2.10 Preparation of permeabilized cells

Cells were cultivated (see 2.2.1) and harvested as for the fluorescence measure-
ments (section 2.2.2). They were then resuspended in 10 mM C-P buffer (same as
for membrane potential measurements; see 2.1.3), to the same final cell density.
In order to permeabilize the cells, two methods were used:

(a) Permeabilization induced by heat shock: The cell suspension was sub-
merged in a water bath of 60 ◦C for 10 minutes (Gášková et al., 1999) and
then kept on ice for 5 minutes.

(b) Chemically-induced permeabilization: The cells in suspension were ex-
posed to 3 µM octenidine dihydrochloride (ODDC) for 15 minutes (this
exposure time and ODDC concentration are sufficient to achieve full per-
meabilization, as shown by Kodedová et al. (2011)). The cells were then
washed twice in distilled water to remove the drug and resuspended in C-P
buffer to their original concentration before washing.

The cells were then used as a suspension of solely permeabilized cells or mixed
with untreated cells to obtain the desired permeabilized:intact cells ratio.



Chapter 3

Results and Discussion

3.1 Motivation and specification of the aims of

the thesis

Sometimes I do miss my motivation a bit.

I hope she is well, wherever she is. 1

As mentioned in the introduction, the effect of chemical stressors may be studied
in the context of their action on the plasma membrane and the enzymes embedded
in it. The diS-C3(3) fluorescence assay enables us to study the way the stressors
influence the activity of multidrug resistance (MDR) proteins and the effects
they have on plasma membrane potential (∆Ψ), either by affecting the proteins
involved in ∆Ψ maintenance or the lipid bilayer itself. The results of the thesis
are divided accordingly into two parts.

The evolutionary need to protect oneself combined with natural selection and
overuse of antibiotics and sanitation products over the past decades inevitably
gave rise to the phenomenon of multidrug resistance (MDR). Mediated in part
by proteins (also called pumps) that actively and effectively expel a wide range
of unrelated substances out of the cell, MDR is responsible for the inefficiency
of sanitation, sterilization of working surfaces and most importantly failure of
treatment of diseases ranging from bacterial infections through mycoses all the
way to cancer. In order to enhance the treatment efficiency and lessen the side
effects, it is of great importance to find ways to inhibit the proteins mediating
MDR.

The first part of the doctoral thesis builds on previous work of our Biophysics
Group, mainly the development of the diS-C3(3) fluorescence assay and the find-
ings that it can be conveniently used to monitor the activity of Pdr5p and Snq2p
ABC (ATP-binding cassette) transporters, the main culprits of MDR in the yeast
S. cerevisiae. The assay is based on the fact that the used fluorescence probe,

1adapted from mademyday.com
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diS-C3(3) (3,3’-dipropylthiocarbocyanine iodide), is a substrate of both of these
transporters that pump it out of the cell. Inhibition of the pumps therefore leads
to higher staining of the cell.

Ethanol and other alcohols have been known to the big benefit of mankind for
thousands of years. Their effect on humans, especially in the context of cognitive
functioning and cardiovascular system, have been well documented. While it had
originally been assumed that the effect of alcohols originates within their interac-
tion with the lipids of cell membranes, cases of direct alcohol-protein interactions
were later reported as well. Furthermore, it has been shown in the yeast S. cere-
visiae that ethanol and other alcohols inhibit a range of permeases for various
substrates (e.g. sugars, ammonium and amino acids) in a non-competitive way.
The degree of inhibition has been shown to be dependent on the solubility of
the alcohol in the lipid phase. While the molecular basis of this inhibition is still
subject to debate, the end result is always lowering of protein activity.

Since alcohols interact with a wide range of proteins, from receptors and chan-
nels to transporters, we were interested in studying the effect of short n-alcohols
(from ethanol to hexanol) on the S. cerevisiae MDR pumps Pdr5p and Snq2p.

The existence and extent of plasma membrane potential (∆Ψ) is the
result of a plethora of electrogenic processes connected with transport of various
substances across the plasma membrane. Due to the importance of membrane
potential, the processes involved in its creation and maintenance need to be tightly
regulated. While the role of the Pma1p H+-ATPase in these processes has been
studied extensively in the last 30-40 years, the role of potassium deserves further
and closer attention.

One of the proteins involved in potassium movement across the plasma mem-
brane is the highly specific K+ channel Tok1p. Displaying strong outward direc-
tionality, its opening is induced by membrane depolarization, as has been reported
by a range of electrophysiological studies. While identified before ∼30 years and
characterized in detail in the context of its biophysics under various conditions,
the physiological role and importance of the channel in vivo remains unclear.

We have therefore decided to study the response of the channel to depo-
larization-inducing chemical stress and its contribution to membrane potential
under such conditions. Our attention was focused mainly on the answering of the
following questions:

1. How effectively can the Tok1p-mediated potassium currents counterbalance
chemically induced depolarization?

2. Does the stressor’s mode of action affect the activity of the Tok1p channel?

3. If so, which side effects of the stressors exert minimal/maximal influence on
its activity?

To answer these questions, we deployed several chemical stressors with known
modes of action and known impact on plasma membrane potential and followed
their effect on the Tok1p channel activity using the diS-C3(3) assay. This part of
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the thesis is based on the knowledge that in the absence of pumps extruding the
fluorescence probe out of the cytosol, the overall staining is governed solely by
the plasma membrane potential of the cell.
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3.2 Alcohols act as inhibitors of S. cerevisiae

PDR pumps Pdr5p and Snq2p

3.2.1 Determination of the amount of permeabilized cells

As discussed in section 1.5.2, the diS-C3(3) fluorescence assay is a very suitable
method for the studying of Pdr5p and Snq2p activity and for identification of their
inhibitors. Elevated accumulation of the diS-C3(3) probe in the cells, resulting
in a red shift of the overall fluorescence signal, is generally caused either by
hyperpolarization of the cells or by inhibition of pump-facilitated probe export.
However, the red shift can also be caused by permeabilization of a part of the
cells in the suspension (Gášková et al., 2001; Kodedová et al., 2011), which can
lead to misinterpretation of the data. It is therefore crucial that we are able to
monitor this undesired effect.

The most convenient way to monitor the amount of permeabilized cells in
suspensions used in a fluorescence measurement is the application of the so-called
CD cocktail (Hendrych et al., 2009; Kodedová et al., 2011) which combines the
activity of the protonophore carbonyl cyanide m-chlorophenyl hydrazone (CCCP)
and a Pma1p inhibitor, the lysosomotropic compound 2-dodecanoyloxyethyldime-
thylammonium chloride (DM-11; Witek et al. (1997)). Addition of their equimolar
mixture to cells results in complete depolarization of intact plasma membranes
due to inability of the DM-11-inhibited Pma1p to counteract the CCCP-mediated
influx of protons, leading to a shift of staining to λmax ∼570 nm, i.e. very close
to the λmax of the unbound probe in aqueous solutions. However, when the CD
cocktail is added to permeabilized cells stained with diS-C3(3), no blue shift (i.e. a
shift towards shorter wavelengths) is observed, since the proton gradients (as well
as gradients of other ions) have already been dissipated. The CD cocktail can
therefore be used to estimate the amount of permeabilized cells in a diS-C3(3)-
stained suspension. This is useful especially after exposure of cells to one or more
chemical stressors over an extended period of time.

In order to make use of the cocktail, however, it is first necessary to per-
form a calibration experiment. Permeabilized Pdr5p-expressing AD12 and pump-
deficient AD1-3 cells were prepared as described in section 2.2.10 and mixed with
intact cells in defined ways to obtain various permeabilized:intact cells ratios. The
suspensions were then stained with the diS-C3(3) fluorescent probe, followed by
the addition of the CD cocktail ∼45 minutes later. Subsequently, λeqmax/CD was
recorded, Figure 3.1.

It is readily observable from Figure 3.1 that the diS-C3(3) staining of both
strains is dependent on the amount of permeabilized cells in the sample. Fully
viable AD1-3 cells (lacking both Pdr5p and Snq2p; Fig. 3.1(a)) are stained grad-
ually according to their membrane potential and an equilibrium is achieved af-
ter ∼30-40 minutes, a staining rate typical for pump-deficient strains (Gášková
et al., 1998). However, as the percentage of permeabilized cells elevates, so does
the staining level and also its rapidity. Suspensions containing exclusively perme-
abilized cells stain practically immediately.



CHAPTER 3. RESULTS AND DISCUSSION 53

(a) AD1-3 (b) AD12

Figure 3.1: Calibration of the fluorescence response of suspensions to CD cocktail
addition, depending on the amount of permeabilized cells. Staining curves of (a) AD1-3
and (b) AD12 cell suspensions containing various amounts of permeabilized cells (PC): 0 % -
empty circles, 5 % - dark inverted triangles, 10 % - dark squares, 20 % - dark diamonds, 30 % -
dark triangles, 40 % - dark hexagons, 50 % - light circles, 60 % - light inverted triangles, 70 %
- light squares, 80 % light diamonds, 90 % - light triangles and 100 % - light hexagons. The
arrows and vertical dotted lines indicate the addition of the CD cocktail (i.e. 10 µM CCCP +
10 µM DM-11). Data are representative of three independent measurements.

Addition of the CD cocktail to intact AD1-3 cells leads to λmax levels almost
identical to those characteristic for the unbound probe in aqueous media. When
permeabilized cells are present in the suspension, however, the resulting λmax is
considerably higher, as permeabilized cells do not respond to the CD cocktail.
The final staining level is directly dependent on the amount of permeabilized
cells and is hence a good indicator thereof.

The effect of the presence of permeabilized cells on suspension staining is even
more striking in the case of the Pdr5p-expressing AD12 strain (Fig. 3.1(b)), since
the probe is actively exported by the pump, leading to relatively low staining.
Importantly, however, presence of pumps plays no role in the fluorescence response
to CD cocktail, as is readily observable from the comparison of Figure 3.1(a) and
Figure 3.1(b). Qualitatively equal results as with the AD12 strain were obtained
with the Snq2p-expressing AD13 strain (data not shown). Note that the estimate
of the amount of permeabilized cells in the suspension is not accurate above 40 %
due to non-linear response of the diS-C3(3) probe above ∼578 nm (Plášek and
Gášková, 2014). Even in such a case, the application of the CD cocktail provides
invaluable insight into the intactness of the cells in the suspension and therefore
validity of obtained results.

The reliability of the permeabilization procedure (and hence the calibration
itself) was verified by the means of a plating test (section 2.2.7), where the de-
pendence of cell survival (in terms of the number of colony forming units; relative
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to suspensions of fully intact cells) on the fraction of permeabilized cells was
monitored, Figure 3.2.

Figure 3.2: Cell survival rate directly mirrors the amount of permeabilized cells
in the suspensions of AD1-3 and AD12 cells. As the two different approaches of permeabi-
lized cells preparation (section 2.2.10) yielded the same results within the standard error, only
the data for heat-shock permeabilized cells are presented here. Data are calculated from two
independent measurements, consisting of three biological replicas each. Error bars indicate SDs.

3.2.2 Effect of alcohols on the activity of the pumps Pdr5p
and Snq2p

As mentioned above, staining of pump-expressing strains is relatively low com-
pared to their pump-deficient counterpart(s) due to active efflux of the diS-C3(3)
fluorescent probe. In turn, inhibition of the pump(s) leads to elevated staining,
identical to that of the pump-deficient control(s) once full inhibition is achieved.
Any possible effect of an inhibitor on membrane potential will be of the same de-
gree in all treated strains, since pleiotropic drug resistance (PDR) pump activity
and membrane potential are independent (Gášková et al., 2001).

The possible inhibition of PDR pumps by alcohols was studied in exponential
Pdr5p- (AD12) and Snq2p-expressing (AD13) cells by the means of the diS-C3(3)
fluorescence assay (section 2.2.2). Their staining was compared with the pump-
deficient AD1-3 isogenic strain, Figure 3.3. Exponential cells were chosen due to
significantly elevated expression of PDR pumps in this growth phase compared
to older cells (Mamnun et al., 2004; Čadek et al., 2004; Maláč et al., 2005). Alco-
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hols (ethanol to hexanol2) were added to the cell suspensions ∼10 minutes after
the probe to various, relatively low (max 3 %), final concentrations. While many
studies in the past were concerned with finding the optimal inhibitory concen-
tration for various alcohols (Leão and van Uden, 1982, 1984; Casal et al., 1998),
we focused on the comparison of the alcohol effects at low concentrations. Since
ethanol is tolerated very well by yeast (as discussed in detail in section 1.4.3), it
served as the reference compound.

Keeping the high tolerance in mind, it is hardly surprising that ethanol (up to
the tested 3 %) produces only a negligible effect on the activity of both Pdr5p and
Snq2p. Starting from propanol, however, the alcohol-treatment of cell suspensions
leads to a red shift (i.e. a shift to longer wavelengths) of staining of both AD12
and AD13 cells. As described in section 3.2.1, apart from pump inhibition, the
observed red shift might also be connected to permeabilization of cells due to the
action of the used alcohols. Indeed, addition of the CD cocktail reveals that higher
alcohol concentrations lead to a certain degree of permeabilization, especially in
the case of longer alcohols, most notably hexanol, Figure 3.3. Nevertheless, even
in the concentration range where the permeabilization is negligible (i.e. staining
of CD cocktail-treated cells is close to 570 nm), there is still a significant effect of
alcohols on the pump activity. Application of the CD cocktail clearly reveals that
yeast cells can be permeabilized by the action of alcohols if their concentration is
sufficiently high. This means that the alcohols may exhibit a dual action on the
cells, i.e. inhibit MDR pumps as well as cause permeabilization.

As is readily observable from Figure 3.3, the effect of alcohols on PDR pumps
depends both on their concentration and on the length of their carbon chain.
Specifically, gradually elevating the concentration to 3 % leads to more extensive
inhibition in the case of all studied alcohols with the exception of ethanol. Elon-
gation of the carbon chain of the alcohol also leads to higher inhibition efficiency,
just as it was reported for both general anaesthesia (effect on lipids; Pringle et al.
(1981)) and direct alcohol-protein interactions (Peoples et al., 1996; Kubo et al.,
2003). As a direct comparison, consider the corresponding staining of AD12 (or
AD13) cells treated with 2 % propanol, 0.2 % pentanol and 0.07 % hexanol.

The fact that concentrations of ethanol up to 3 % produce negligible effects
on the PDR pump activity and plasma membrane integrity is not very surpris-
ing, since ethanol is a natural product of S. cerevisiae metabolism and the yeast
are able to tolerate it well. We were therefore interested if further elevation of
ethanol concentration might produce any effect, Figure 3.4. While the membrane
potential is unaffected by up to 9 % ethanol (leading to depolarization when ele-
vated further), there is a clear inhibitory effect observable already after exposure
of cells to 6 % ethanol, reaching its full potential at 15 %. Importantly, while
causing deep depolarization, even exposure to such a high ethanol concentration
for ∼60 minutes does not cause permeabilization of the plasma membrane, as
verified by the use of the CD cocktail.

2Methanol is generally even less toxic for yeast than ethanol (Troyer, 1953, 1955). Alcohols
with longer carbon chain lengths than hexanol were not used due to their very limited (almost
non-existent) solubility in distilled water.
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(a) AD12 (b) AD13

Figure 3.3: Elongation of the alcohol carbon chain length leads to rise in both Pdr5p
and Snq2p inhibition activity. Staining of exponentially growing (a) Pdr5p-expressing
AD12 and (b) Snq2p-expressing AD13 cells exposed to various concentrations of the respec-
tive alcohol: 0 % - empty circles, 3 % - full inverted triangles, 2 % - full squares, 1 % - full
diamonds, 0.5 % - full triangles; compared with the staining of equally treated pump-deficient
AD1-3 strain. Alcohols were added ∼10 minutes after the probe (left-hand arrow, first verti-
cal dotted line) and consequently CD cocktail (10 µM CCCP + 10 µM DM-11) was added
∼40 minutes after the respective alcohol (right-hand arrow, second vertical dotted line). Data
are representative of three independent measurements.

The results point to the fact that the ability of alcohols to inhibit the Pdr5p
and Snq2p pumping activity is directly dependent on their chain length. Whether
this effect is caused by the changing polarity or size of the molecule cannot be
said with certainty at this point.
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(a) AD12 (b) AD13

Figure 3.3: (continued) Elongation of the alcohol carbon chain length leads to rise in
both Pdr5p and Snq2p inhibition activity. Staining of exponentially growing (a) Pdr5p-
expressing AD12 and (b) Snq2p-expressing AD13 cells exposed to various concentrations of
the respective alcohol: 0 % - empty circles, 1 % - full diamonds, 0.5 % - full triangles, 0.2 %
- full circles, 0.1 % - full stars, 0.07 % - full hexagons; compared with the staining of equally
treated pump-deficient AD1-3 strain. Alcohols were added ∼10 minutes after the probe (left-
hand arrow, first vertical dotted line) and consequently CD cocktail (10 µM CCCP + 10 µM
DM-11) was added ∼40 minutes after the respective alcohol (right-hand arrow, second vertical
dotted line). Data are representative of three independent measurements.

The inhibition effect of alcohols may have several underlying causes which
need to be properly addressed before a conclusion about the character of the
alcohol-pump interaction can be drawn. Particularly, the alcohols may:

(a) cause depletion of ATP in the intracellular space leading to down-regulation
of Pdr5p and Snq2p pumping activity due to insufficient energy sources for
active transport.

(b) be substrates of Pdr5p and/or Snq2p, competing for transport with the
diS-C3(3) probe.

(c) affect the fluidity of the plasma membrane resulting in modified membrane-
protein interactions, hence affecting the activity of the pumps.

(d) act as allosteric modulators of Pdr5p and/or Snq2p by changing either the
conformation of the protein or free energy of its conformational changes.



CHAPTER 3. RESULTS AND DISCUSSION 58

(a) AD12 (b) AD13

Figure 3.4: Higher concentrations of ethanol inhibit Pdr5p and Snq2p, while ex-
hibiting no effect on plasma membrane integrity. Staining of exponentially growing (a)
Pdr5p-expressing AD12 and (b) Snq2p-expressing AD13 cells exposed to various concentra-
tions of ethanol: 0 % - empty circles, 3 % - inverted triangles, 6 % - squares, 10 % - triangles,
15 % - hexagons; compared with the staining of equally treated pump-deficient AD1-3 strain.
Ethanol was added ∼10 minutes before the probe and consequently CD cocktail (10 µM CCCP
+ 10 µM DM-11) was added ∼50 minutes after the probe (vertical dotted line with an arrow).
Data are representative of three independent measurements.

It is quite possible that, at least under certain circumstances, several of these
effects work together to produce the resulting pump inhibition.

3.2.3 Effect of alcohols on plasma membrane integrity and
permeability for ions and small molecules

As demonstrated by the addition of the CD cocktail, alcohols can cause perme-
abilization of the plasma membrane (Fig. 3.3), which might lead to efflux of ions
and small molecules. We therefore monitored the concentration-dependent effect
of alcohols on the ability of cells to acidify the surrounding medium and on the
efflux of UV-absorbing molecular species, e.g. ATP. Both of these methods are
routinely used to study the lethality of chemical stressors (Bennis et al., 2004;
Marešová et al., 2009).

In order to monitor their glucose-induced ability to acidify the environment,
exponential AD1-3 cells were prepared as described in section 2.2.4. The premise
of the experiment is that an elevation of the plasma membrane permeability
leads to lower extent of acidification due to the steady influx of protons into the
cells (Leão and van Uden, 1984). Indeed, as can be seen in Figure 3.5, addition
of alcohols to exponential glucose-treated AD1-3 cells (i.e. with activated Pma1p
H+-ATPase and hence under conditions of greatest attainable transmembrane
pH gradient) leads to concentration-dependent alkalinization of the media. While
ethanol causes practically no change in acidification within the monitored con-
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centration range, elongation of the alcohol carbon chain clearly leads to more
extensive impact on the plasma membrane permeability, as reflected in more ex-
tensive alkalinization.

The increase in medium alkalinization with the carbon chain length is in good
correspondence with the fluorescence determination of the amount of permeabi-
lized cells after exposure to alcohols. Specifically, the concentrations of various
alcohols that lead to the same increase of staining after CD cocktail application
(Fig. 3.3) also give rise to the same level of alkalinization (compare for instance
3 % butanol with 1 % pentanol).

Leakage of UV-absorbing molecular species was monitored in exponential
AD1-3 cells (prepared as described in section 2.2.8) treated with alcohols in a
range of concentrations and exposure times. As readily seen from Figure 3.6,
the studied concentrations of alcohols (except for 0.5 % and 1 % hexanol) do not
cause a significant leakage of substances absorbing at 260 nm even after 60-minute
exposure. Hence, the damage to the plasma membrane integrity is not extensive.

Comparing Figures 3.3, 3.5 and 3.6 clearly shows that low concentrations of
ethanol do not produce any effect on PDR pump activity, permeabilization nor
acidification of the medium. For all the other studied alcohols, however, it is
possible to find a relatively low concentration that does not affect the medium
acidification and does not cause permeabilization, while producing a clear in-
hibitory effect on both Pdr5p and Snq2p.

3.2.4 Inhibition of Pdr5p and Snq2p by alcohols is not
caused by ATP depletion

It is a well known fact that acidification of the yeast cytosol leads to activation
of the Pma1p H+-ATPase (dos Passos et al., 1992; Hendrych et al., 2009). Since
we show in section 3.2.3 that alcohols facilitate influx of protons into the cell,
we have to consider activation of Pma1p as a possible consequence. Indeed, this
has been previously reported for ethanol (Cartwright et al., 1987; Rosa and Sá-
Correia, 1991, 1992). In turn, since Pma1p is the greatest ATP consumer in the
cell (Portillo, 2000; Lecchi et al., 2007), its activation could lead to significant
lowering of cytosolic ATP, to a level insufficient to fuel the Pdr5p and Snq2p
probe pumping activity. This would then lead to elevated staining of the pump-
expressing strains, closer to that of the pump-free control.

We examined this possibility by comparing the staining of exponential AD12
and AD13 cells upon their exposure to alcohols in both de-energized cells and
cells energized by the addition of glucose. Since hexanol induces the most exten-
sive pump inhibition among the studied alcohols (as well as exhibiting the most
extensive effect on the plasma membrane), data obtained with hexanol-treated
cells were selected to demonstrate the effect, Figure 3.7.

Addition of 0.07 % hexanol to pump-expressing glucose-free AD12 or AD13
cells produces a response typical for inhibition of the pumps, i.e. a red shift in
staining. This effect is not caused by permeabilization, as verified by the CD cock-
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(a) Ethanol (b) Propanol

(c) Butanol (d) Pentanol

(e) Hexanol

Figure 3.5: The effect of alcohols on glucose-induced medium acidification is
concentration- and chain length-dependent. The changes in extracellular pH of expo-
nential AD1-3 cells following the addition of 1 % glucose (left-hand arrows at time zero) were
measured. Alcohols were added 15-20 minutes after glucose (right-hand arrows) to the final con-
centrations of: 3 %, 2 %, 1 %, 0.5 %, 0.2 %, 0.1 %, 0 % (the actual concentration range depends
on the particular alcohol used). Data are representative of two independent measurements.
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(a) 10-minute exposure (b) 30-minute exposure

(c) 60-minute exposure

Figure 3.6: Alcohols, with the exception of hexanol, do not cause extensive damage
to the plasma membrane on the time scale of 60 minutes. Absorbance of cell suspensions
was measured at 260 nm in supernatants of exponential AD1-3 cells treated for (a) 10, (b) 30,
and (c) 60 minutes with different alcohols: ethanol, propanol, butanol, pentanol, hexanol. Data
represent means ± SD from three independent measurements.

tail addition (Fig. 3.7). Pretreatment of cells with glucose leads to Pma1p acti-
vation and hyperpolarization of the plasma membrane. The resulting staining
level of AD12 and AD13 cells is given by the end equilibrium between the ac-
tive pump-mediated probe export and the hyperpolarization-driven probe influx.
Further treatment of the cells with 0.07 % hexanol results in elevation of stain-
ing, indicating pump inhibition, to a level higher than in the absence of glucose.
Nevertheless, the difference between the hexanol-treated cells and the controls
remains the same, indicating that the hexanol-induced inhibition of either pump
is not affected by the presence of glucose, i.e. source of energy. Hence, we can
conclude that depletion of ATP is not the effect underlying the alcohol-mediated
inhibition of Pdr5p and Snq2p.

It should be noted that, contrary to the action of FK506 on Pdr5p (Kodedová
et al., 2011), the inhibitory effect of alcohols can be reversed simply by washing
with buffer, as indicated by the low staining of washed cells, Figure 3.8. The
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(a) AD12 (b) AD13

Figure 3.7: The inhibitory effect of alcohols on Pdr5p and Snq2p is not caused by
depletion of ATP. Effect of the studied alcohols on the pumps in question was compared
in glucose-energized (full symbols) and non-energized (empty symbols) exponential (a) AD12
and (b) AD13 cells; compared with equally treated AD1-3 cells. Glucose was added in all
cases 5 minutes before the probe to the final concentration of 10 mM. Hexanol was added
∼12 minutes after the probe (inverted triangles; left-hand arrows and vertical dotted lines) to
the final concentration of 0.07 %. Hexanol-free controls are depicted by circles. CD cocktail
(10 µM CCCP plus 10 µM DM-11) was added ∼30 minutes after hexanol (right-hand arrows
and vertical lines). Data are representative of three independent measurements.

degree of reversal is directly proportional to the number of washing procedures.
The reversibility of the inhibition supports our conclusion that it is not mediated
by ATP depletion, but rather by a direct interaction of alcohols either with the
membrane lipids or the proteins themselves, either as substrates or as allosteric
modulators. Furthermore, it also shows that the change in physical properties of
the plasma membrane caused by the action of alcohols is not extensive and seems
to be reversible as well.

3.2.5 Alcohol-induced inhibition of Pdr5p and Snq2p is
not caused by competition with diS-C3(3) probe for
transport

The ability of some plasma membrane proteins to export foreign substances out
of the cytosol provides the cell with a great advantage against other species, and
their environment in general. Substrate specificities of such transporters can be
resolved for example by:

(a) locally exposing a plate culture of pump-deficient cells to the substance of
interest and monitoring how well it is able to grow in its presence, relative
to its pump-expressing counterpart - the Kirby-Bauer disc diffusion test
(section 2.2.6).
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(a) AD12 cells treated with alcohols (b) AD12 cells treated with FK506

Figure 3.8: The inhibitory effect of alcohols, but not FK506, on Pdr5p can be re-
versed by simple washing of the cells. Staining of exponentially growing Pdr5p-expressing
AD12 cells (empty black circles; inverted grey triangles after washing) treated with (a) alcohols
(circles) and treated with alcohols and then washed (inverted triangles). The concentration of
alcohols was set to produce approximately the same inhibition effect without causing perme-
abilization: 3 % propanol, 1 % butanol, 0.5 % pentanol, 0.1 % hexanol; compared with the
staining of untreated AD1-3 strain. (b) Staining of exponentially growing Pdr5p-expressing
AD12 cells treated with FK506 (circles) and treated with FK506 and then washed (inverted
triangles); compared with the staining of untreated pump-deficient AD1-3 strain. In both (a)
and (b), CD cocktail (10 µM CCCP + 10 µM DM-11) was added in both cases ∼35 minutes
after the probe. For simplicity, only Pdr5p-expressing AD12 cells are shown. Staining of Snq2p-
expressing AD13 cells is comparable, including the effect of alcohols and their washing away.
The Pdr5p-specific inhibitor FK506 produces no effect on AD13 cells. Data are representative
of three independent measurements.

(b) exposing the pump-deficient cells (in a suspension) to the substance in ques-
tion for a defined period of time and then comparing their survival rate
(ability to form colonies) with that of their pump-expressing counterparts
treated in the same way - the plating test (section 2.2.7).

For the disc diffusion test, exponential cells were prepared as described in
section 2.2.6. As the first step, the regular set-up was employed, i.e. the pump-
expressing strains AD12 and AD13 were treated with alcohols and the inhibition
zones were compared with the pump-free strain AD1-3, Figure 3.9(a). It is clear at
first sight that, despite the reported alcohol-induced growth inhibition (Ingram
and Buttke, 1984), there are no visible growth-inhibition zones in the case of
any strain or alcohol, with the exception of hexanol. In this case, however, the
inhibition zones are of the same size in all strains and hence suggest that hexanol
is not a substrate of either pump.

The regular disc diffusion tests were supplemented by their simplified version,
where we used the Pdr5p-expressing AD12 cells exclusively and simulated the
pump-free AD1-3 strain by adding FK506, a potent Pdr5p inhibitor (Kralli and
Yamamoto, 1996; Egner et al., 1998), to the cells alongside with the monitored
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(a) Regular Kirby-Bauer disc diffusion test

(b) Simplified Kirby-Bauer disc diffusion test

Figure 3.9: Exposure of cells to alcohols in a Kirby-Bauer disc diffusion test does
not create growth inhibition zones and provides no indication that alcohols are
substrates of either Pdr5p or Snq2p. (a) Exponential cells of the Pdr5p-expressing AD12,
Snq2p-expressing AD13 and pump-deficient AD1-3 strain were exposed to various alcohols
by spotting 2 µl of each on a Whatman paper disc. Photographs are representative of three
independent measurements. (b) Exponential AD12 cells were exposed to alcohols and Pdr5p
substrates fluconazole (15 mM) and benzalkonium chloride (BAC; 15 mM) either alone or in
combination with FK506, a potent Pdr5p inhibitor (to simulate pump-deficient AD1-3 cells).
Photographs are representative of three independent measurements.

compound, either an alcohol or a known Pdr5p inhibitor (fluconazole or benza-
lkonium chloride; BAC). As clearly visible in Figure 3.9(b), addition of FK506
(either alone or in a combination with an alcohol or even fluconazole) to the
cells does not give rise to any growth inhibition zone. In fact, the only visible
growth inhibition zone is that formed after the addition of BAC and is enlarged
by co-addition with FK506.

The simplest explanation for the inconsistency between the reported and ob-
served effect of alcohols on yeast growth seems to be that alcohols diffuse rather
rapidly in agar (the diffusion coefficient of ethanol in 4 % agarose beads at 25◦C
is 8.0-9.5·10−6 cm2.s−1; Westrin (1990)) and their local concentration is therefore
very low and insufficient to cause inhibition of growth. Hexanol, due to its much
lower solubility in aqueous environments does not diffuse as rapidly and stays
concentrated enough in the immediate proximity of the disc to cause growth
inhibition.
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We have verified this possibility by modifying the disc-diffusion assay in a way
that we placed multiple Whatman paper discs in close vicinity and spotted 2 µl
of respective alcohols on each, Figure 3.10, effectively raising the local alcohol
concentration. In the case of propanol (as well as ethanol; not shown), there
is no inhibition visible regardless of the number of paper discs, consistent with
regular disc-diffusion assays. However, the longer alcohols clearly show inhibition
of growth in the areas of multiple discs placed in close vicinity. It is therefore clear
that the rapid diffusion is indeed the cause of the absence of growth-inhibition
zones in the regular disc-diffusion assay (Fig. 3.9(a)).

(a) Propanol (b) Butanol

(c) Pentanol (d) Hexanol

Figure 3.10: The absence of inhibition zones in regular disc-diffusion assays is caused
by rapid diffusion of alcohols in the agar plates. Exponential cells of the pump-deficient
AD1-3 were exposed to various alcohols by spotting 2 µl of each on either a single Whatman
paper disc, or multiple discs placed in close vicinity of each other. Photographs are representative
of three independent measurements.

For the plating tests, exponential cells were prepared as described in sec-
tion 2.2.7. Figure 3.11 shows that all three strains exhibit the same ability to
withstand the stress posed by 30-minute exposure to various concentrations of
alcohols. This, together with the disc diffusion tests, clearly indicates that the
alcohols are not actively transported from the cells by either Pdr5p or Snq2p.
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(a) Ethanol (b) Propanol

(c) Butanol (d) Pentanol

(e) Hexanol

Figure 3.11: Alcohols are not substrates of Pdr5p nor Snq2p. Exponential cells of
the Pdr5p-expressing AD12, Snq2p-expressing AD13 and pump-deficient AD1-3 strain were
exposed to various concentrations of alcohols for 30 minutes and plated. Their colony forming
units were counted and compared with non-treated cells. Data represent means ± SDs obtained
from two independent measurements containing three biological replicates each.

3.2.6 Alcohols are true inhibitors of Pdr5p and Snq2p

By unambiguously showing that the inhibition of Pdr5p and Snq2p is not caused
by either depletion of ATP or competition with the probe for transport, the only
remaining option is that alcohols interact directly either with the lipids of the
plasma membrane or with the proteins themselves, which results in their lower
activity.
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(a) benzalkonium chloride (b) NQO

Figure 3.12: Alcohols inhibit transport of known Pdr5p and Snq2p substrates.
Exponential cells of the Pdr5p-expressing AD12, Snq2p-expressing AD13 and pump-deficient
AD1-3 strain were exposed to various alcohols and known substrates of their respective pumps,
either alone or in a combination, by spotting 2 µl of each on a Whatman paper disc. (a)
benzalkonium chloride (15 mM; Pdr5p substrate); (b) NQO - 4-nitroquinoline 1-oxide (1.6 mM;
Snq2p substrate). Photographs are representative of three independent measurements.

In order to verify this proposition, we examined the ability of Pdr5p and
Snq2p to transport their benchmark substrates (Pdr5p: nigericin, ketoconazole
and benzalkonium chloride; Snq2p: 4-nitroquinoline 1-oxide [NQO]) in the ab-
sence and presence of alcohols by the means of a disc diffusion test (section 2.2.6;
double-addition mode), Figure 3.12. As is evident in the case of the AD12 strain,
combined addition of benzalkonium chloride (BAC) and alcohols from ethanol to
butanol leads only to a slight enlargement of the growth inhibition zone compared
to treatment with BAC alone. Combined addition with pentanol and hexanol,
however, gives rise to growth inhibition zones almost identical to those formed on
the pump-deficient AD1-3 strain background. This points to extensive inhibition
of Pdr5p-mediated BAC transport by both pentanol and hexanol. The small effect
of shorter alcohols is possibly caused by their fast diffusion in the agar plate, as
discussed in section 3.2.5, and hence a concentration that is insufficient to cause
inhibition of transport (note also the concentrations shown to inhibit the pump-
mediated probe transport in the fluorescence assay, Fig. 3.3). The same character
of alcohol-induced effects on the growth inhibition zones is observed in the case
of NQO, supporting the explanation. In the case of nigericin and ketoconazole,
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(a) Nigericin (b) Ketoconazole

Figure 3.12: (continued) Alcohols inhibit transport of known Pdr5p and Snq2p sub-
strates. Exponential cells of the Pdr5p-expressing AD12, Snq2p-expressing AD13 and pump-
deficient AD1-3 strain were exposed to various alcohols and known substrates of their respective
pumps, either alone or in a combination, by spotting 2 µl of each on a Whatman paper disc. (c)
nigericin (20 mM; Pdr5p and Yor1p substrate); (d) ketoconazole (1.5 mM; Pdr5p substrate).
Photographs are representative of three independent measurements.

the situation is again, very similar. However, hexanol seems to be a more effective
inhibitor than pentanol in these two cases.

In order to confirm that the absence of inhibitory effect is indeed connected
to the fast diffusion of short alcohols, we compared the survival of exponential
Pdr5p-expressing AD12 and pump-deficient AD1-3 strains exposed to 1.5 µM
BAC and alcohols, either separately or combined, for 30 minutes, in a plating
test (section 2.2.7). The AD12 strain is able to proliferate significantly better
in the presence of BAC than the pump-deficient AD1-3 strain, consistent with
our previous research (Kodedová et al., 2011). As evident from Figure 3.13, this
difference disappears when the cells are exposed to BAC in the combination with
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butanol, pentanol or hexanol. It is, however, only partially reduced by the use
of 3 % propanol, while ethanol produces no tangible effect on Pdr5p, consistent
with the results of the fluorescence assay (Fig. 3.3).

Figure 3.13: Propanol and higher alcohols inhibit benzalkonium chloride transport
mediated by Pdr5p. Exponential cells of the pump-deficient AD1-3 and Pdr5p-expressing
AD12 strain were exposed to various alcohols (ethanol - 3 %; propanol - 3 %; butanol - 1 %;
pentanol - 0.5 %, and hexanol - 0.1 %) and 1.5 µM benzalkonium chloride, either alone or in
their combination, for 30 minutes and then assayed for survival. Data represent means ± SD
from three independent measurements.

The role of alcohols in Pdr5p and Snq2p inhibition seems to be inarguably
proven in the previous experiments. However, the antifungal mechanism of action
of various substances, including BAC, includes mechanical damage to the plasma
membrane (Kodedová et al., 2011). We therefore need to consider the possibility
that the lower survival of cells could be caused by permeabilization of the plasma
membrane due to the combined addition of an alcohol with a substrate.

As discussed above, the amount of permeabilized cells in a suspension is eas-
ily determined by the addition of the CD cocktail in a fluorescence assay. In
order to exclude permeabilization, we therefore exposed AD12 and AD1-3 cells
to the combination of hexanol (most potent inhibitor as well as most aggressive
towards the plasma membrane) with Pdr5p substrates BAC and ketoconazole
and monitored the staining after the addition of the CD cocktail, Figure 3.14.
As is evident from the same staining after CD cocktail addition, the treatment
of AD12 and AD1-3 cells with either BAC or ketoconazole alone does not lead
to permeabilization of the plasma membrane, Fig. 3.14(a). The only visible effect
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(a) In the absence of hexanol (b) In the presence of 0.07 % hexanol

Figure 3.14: Combined effect of Pdr5p substrates and hexanol does not lead to
permeabilization of the plasma membrane. Exponential cells of the Pdr5p-expressing
AD12 and pump-deficient AD1-3 strain were treated with: (a) nothing (empty circles), 1.5 µM
BAC (triangles) and 15 µM ketoconazole (inverted triangles) 5 minutes before the addition of
the probe. 10 µM FK506 was added to AD12 cells ∼25 minutes after the probe (left-hand arrow
and vertical dotted line) to detect any residual Pdr5p activity. (b) 0.07 % hexanol 5 minutes
before the addition of the probe. Pdr5p substrates were added ∼20 minutes after the probe
(left-hand arrow and vertical dotted line): empty circles - nothing, triangles - 1.5 µM BAC,
inverted triangles - 15 µM ketoconazole. In both cases the CD cocktail was added ∼65 minutes
after the probe (right-hand arrow and vertical dotted line.) Data are representative of three
independent measurements.

is the slight depolarization caused by the action of BAC, while ketoconazole has
no immediate effect on the membrane potential. Furthermore, when cells are pre-
treated with 0.07 % hexanol and then subjected to either BAC or ketoconazole,
there is, again, no detectable permeabilization, Figure 3.14(b). We can therefore
safely conclude that the inhibition of Pdr5p and Snq2p by the action of alcohols
is not connected to damage of the plasma membrane, but is indeed caused by
their direct interaction(s) with the proteins and/or their lipid microenvironment.
This is further supported by the fact that the inhibition is reversible, decreasing
after the removal of alcohols by simple washing (Fig. 3.8).
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3.3 Yeast Tok1p channel is a major contributor

to membrane potential maintenance under

chemical stress

When monitoring membrane potential and its changes, it is of great conve-
nience to use strains deficient in PDR pumps (as described in more detail in
section 2.2.2). We therefore used the Pdr5p and Snq2p-deficient strain (AD1-3)
and its isogenic tok1 mutant (AD1-3 tok1∆). In these strains the probe response
is defined solely by the membrane potential and is not distorted by the action of
Pdr5p and Snq2p multidrug resistance pumps (Čadek et al., 2004; Maláč et al.,
2005). Furthermore, we monitored the performance of Tok1p in suspensions of
washed cells devoid of glucose, as the role of Tok1p channel is masked by Pma1p
activity in the presence of the sugar (Marešová et al., 2009).

3.3.1 Effect of growth phase and glucose presence on the
contribution of Tok1p channel to membrane poten-
tial

The depolarization of the plasma membrane in the suspension of washed cells
devoid of glucose represents a practical benchmark for the contribution of Tok1p
channel to ∆Ψ maintenance under chemical stress. Exponential and post-diauxic
cells of the two strains were prepared as described in section 2.2.2 and their
staining in both absence and presence of glucose was monitored, Figures 3.15(a)
and 3.15(b).

Washed exponential cells exhibit significantly lower staining compared to cells
with added glucose, which indicates their relative depolarization. Furthermore,
as revealed by lower equilibrium staining values (λeqmax), the cells of the tok1
mutant are significantly depolarized relative to the parental strain, consistent
with previous research (Marešová et al., 2006, 2009).

The difference between the staining of the parental strain and the tok1 mutant
(light blue area in Fig. 3.15(a)) displays the time-dependent Tok1p channel con-
tribution to ∆Ψ maintenance. The difference in equilibrium staining of the two
strains (∆λeqmax) is 1.6 ± 0.2 nm corresponding to ∆Ψ difference of 14.6 ± 2.8 mV,
cf. (Plášek and Gášková, 2014). This is quite a significant difference, as it corre-
sponds to 48 ± 6 % of ∆Ψ change caused by glucose addition to tok1 mutant cells.
Furthermore, relatively low concentrations of glucose (in comparison to those rou-
tinely used in growth media, i.e. 2 % equal to 128 mM) lead to merging of the
staining curves of the strains. This indicates that the Tok1p channel is inacti-
vated by high membrane potential, consistent with previous studies (Marešová
et al., 2009). In the post-diauxic phase, on the other hand, there is practically no
difference in the membrane potential of the two strains regardless of the presence
of glucose (and hence hyperpolarization), Figure 3.15(b).

To explain the depolarization of the exponential cells of the tok1 mutant rel-
ative to the parental strain, it is necessary to consider that the preparation of ex-
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(a) Exponential cells (b) Post-diauxic cells

(c) Cytosolic pH (d) pHluorin localization

Figure 3.15: Contribution of Tok1p channel to ∆Ψ maintenance depends on cell
age and presence of glucose. (a, b) Staining curves of the parental strain (circles) and tok1
mutant (triangles) grown to (a) exponential and (b) post-diauxic phase and exposed to 5 (red)
or 50 mM (orange) glucose added ∼8 minutes after the probe (vertical dotted line with arrow).
Empty black symbols - controls. Data are representative of ten independent measurements. In-
serts represent means ± SDs calculated from twelve independent λmax/60 assessments. “ns” and
the asterisks indicate P -values obtained from a t-test: ns (not significant) - t-test P value ≥ 0.05;
*** - t-test P value < 0.001. (c) Effect of 5 (red) and 50 mM (orange) glucose on cytosolic pH
(pHcyt) of exponential (circles) and post-diauxic (squares) cells of the pHluorin-expressing vari-
ant of the parental strain. Empty black symbols - controls. Glucose was added ∼15 minutes
after the beginning of the measurement (vertical dotted line with arrow). Data are represen-
tative of five independent measurements. (d) Exclusively cytosolic localization of pHluorin in
post-diauxic cells in both absence and presence of 5 mM glucose. Micrographs are representative
of three independent measurements of five biological replicas each. Exponential cells exhibit the
same pHluorin localization (data not shown).



CHAPTER 3. RESULTS AND DISCUSSION 73

ponential cells for the fluorescence measurement involves removal of glucose from
the cells’ surroundings. This leads to down-regulation of Pma1p activity (Serrano,
1983) and consequently depolarization of the plasma membrane. In the parental
strain the depolarization is compensated by Tok1p channel opening and K+ re-
lease, resulting in partial restoration of membrane potential (Bertl et al., 1998).
The tok1 mutant is unable to release potassium and therefore stays depolarized
relative to the parental strain. On the other hand, the post-diauxic culture is
adapted to an environment completely devoid of glucose. The transfer of such
cells to the glucose-free ∆Ψ measurement buffer therefore does not affect their
Pma1p activity. Thus, even in the situation of higher channel expression relative
to exponential cells (DeRisi et al., 1997; Gasch et al., 2000; Brauer et al., 2005),
there is practically no difference in the membrane potential of the two strains
(Fig. 3.15(b)). This clearly demonstrates that the level of ∆Ψ corresponding to
λmax ∼ 579 nm under our experimental conditions is high enough to keep the
channel in one of the two inactive states.

Cytosolic pH (pHcyt) is known to affect the opening capacity of the Tok1p
channel (Lesage et al., 1996; Bertl et al., 1998). It should therefore be noted that
under our experimental conditions, the pHcyt of untreated exponential cells is al-
most constantly lower than pHcyt of post-diauxic cells, by 0.30 ± 0.15 pH units
(Fig. 3.15(c)). Nevertheless, addition of glucose leads to extensive and quite rapid
alkalization which reaches the same final value in both growth phases. The rise
in pHcyt is in both cases preceded by a small transient acidification, which is
consistent with previous research (Thevelein et al., 1987). This drop in pHcyt

originates in the initial steps of glycolysis. Correct cytosolic localization of the
pH reporter, pHluorin, is documented in Figure 3.15(d) for post-diauxic cells,
both untreated and treated with glucose. Exponential cells exhibit the same lo-
calization patterns (data not shown).

The relatively lower pHcyt of exponential cells most likely originates in Pma1p
down-regulation (Serrano, 1983) and V-ATPase disassembly (Kane, 1995; Seol
et al., 2001) upon glucose removal from exponential cells. Glucose (re)addition
leads to hyperpolarization and extensive alkalinization in both phases, indicat-
ing the possibility of Pma1p and V-ATPase activation by glucose not only in
exponential (Kane, 1995; Seol et al., 2001), but also in post-diauxic cells.

Taken together, we can clearly see that, even in the absence of chemical stress,
our experimental set-up reveals a clear difference in Tok1p contribution to mem-
brane potential in exponential and post-diauxic cells. Thus, the results indicate
considerable contribution of the Tok1p channel to ∆Ψ maintenance when Pma1p
activity is reduced in the absence of glucose, either by its removal or by the
completion of the diauxic transition.
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3.3.2 Characterisation of Tok1p channel activity under
chemical stress induced by a model depolarizing a-
gent CCCP

In order to understand the functioning of the Tok1p channel under conditions
of chemical stress leading to plasma membrane depolarization, we selected the
protonophore carbonyl cyanide m-chlorophenyl hydrazone (CCCP) as the model
depolarizing agent due to its well-described effect on yeast cells. CCCP is a weak
lipophilic acid that mediates passive proton transport across cellular membranes
according to the respective electrochemical gradients (Heytler and Prichard, 1962;
Kasianowicz et al., 1984; Purwin et al., 1986; Gášková et al., 1998). This proton
flow results not only in plasma membrane depolarization (Preston et al., 1989)
but also cytosolic acidification (Purwin et al., 1986; Plášek et al., 2017).

We expected the CCCP-induced plasma membrane depolarization to trig-
ger Tok1p channel opening (once the Nernst equilibrium potential for K+ was
surpassed) leading to potassium release. On the other hand, the cytosolic acidi-
fication is known to trigger activation of Pma1p, leading to extensive export of
protons out of the cytosol. This process is aimed at both keeping the pHcyt con-
stant and at re-polarization of the plasma membrane (Brandão et al., 1992; dos
Passos et al., 1992; Pereira et al., 2008; Hendrych et al., 2009).

In order to set the experimental conditions in a way that there is a clearly
detectable contribution of the Tok1p channel to the maintenance of plasma mem-
brane potential, we considered following factors:

� cell culture growth phase

� activation of Pma1p by glucose

� time of stressor addition relative to the beginning of cell staining with
diS-C3(3)

� extent of stressor-induced cytosolic acidification

� effect of known inhibitors of Tok1p (tetraethylammonium ion, TEA+) and
Pma1p (2-dodecanoyloxyethyldimethylammonium chloride, DM-11)

Exponential (Fig. 3.16(a)) and post-diauxic (Fig. 3.16(b)) cells of the parental
strain and the tok1 mutant were subjected to a sublethal concentration of CCCP
at two different times relative to the time of probe addition (12 and 50 minutes).
Staining of exponential cells of the parental strain is not significantly affected by
CCCP, consistent with previous research of our group (Hendrych et al., 2009), in-
dicating a practically negligible effect on membrane potential. However, addition
of CCCP to tok1 mutant cells and post-diauxic cells of the parental strain leads
to quite rapid and transient drop in staining, indicating depolarization. This is
followed by relatively slow redistribution of the probe between the cytosol and
external buffer, indicating membrane potential restoration.
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(a) Exponential cells (b) Post-diauxic cells

(c) Cytosolic pH (d) pHluorin localization

Figure 3.16: Contribution of Tok1p to post-CCCP ∆Ψ re-building in equilibrium is
independent of addition time. (a, b) Staining curves of the parental strain (circles) and tok1
mutant (triangles) grown to (a) exponential and (b) post-diauxic phase and exposed to 10 µM
CCCP added at times t = 12 (orange) or 50 minutes (yellow) relative to the probe (vertical
dotted lines with arrows). Empty black symbols - controls. Data are representative of ten
independent measurements. (c) Effect of 10 µM CCCP (yellow) on pHcyt of exponential (circles)
and post-diauxic (squares) cells of the pHluorin-expressing variant of the parental strain. Empty
black symbols - controls. CCCP was added ∼18 minutes after the beginning of the measurement
(vertical dotted line with arrow). Data are representative of ten independent measurements.
(d) Exclusively cytosolic localization of pHluorin in exponential and post-diauxic cells exposed
to 10 µM CCCP. Micrographs are representative of three independent measurements of five
biological replicas each.

The marked differences in the staining curve profiles corresponding to vari-
ous times of CCCP addition can be attributed to unequal amounts of diS-C3(3)
fluorescent probe accumulated in the cells before depolarization is induced. Re-



CHAPTER 3. RESULTS AND DISCUSSION 76

gardless of this difference, however, the staining level in equilibrium (λeqmax) of
CCCP-treated cells is independent of the time of its addition for each given strain
and growth phase (Figs. 3.16(a) and 3.16(b)). The λeqmax therefore represent an
unambiguous measure of plasma membrane depolarization induced by CCCP.
It should be noted that not the membrane potential transients, but rather the
steady-state ∆Ψ values represent the physiologically relevant parameter by which
to characterize the response of cells and the Tok1p channel to chemical stress.

Despite the inability of the staining curves to precisely follow fast changes of
∆Ψ (due to relatively slow redistribution of the probe), they still report the exis-
tence of a pronounced transient depolarization caused by the addition of CCCP
to tok1 mutant cells and to post-diauxic cells of the parental strain. The stain-
ing curves also reveal that about 10 minutes after the initial depolarization, ∆Ψ
begins to rise again towards a new equilibrium value due to Pma1p activation.
The initial depolarizing effect of CCCP in post-diauxic cells of both strains is
considerably more pronounced than in the exponential cells. Note also that the
CCCP-induced drop of pHcyt is greater in post-diauxic (from 6.7 ± 0.2 to 5.0 ± 0.2
in about 60 min after CCCP addition) than in exponential cells (from 6.3 ± 0.2
to 5.0 ± 0.3), Figure 3.16(c)3. It should be emphasized that the response of pHlu-
orin to immediate pHcyt changes is faster than about 3 sec (Plášek et al., 2017).
Therefore, the slow changes in pH following the initially rapid drop after CCCP
addition (Fig. 3.16(c)) are not due to methodological limitations, but represent
actual slow changes of pHcyt occurring in washed cells devoid of glucose. While
undoubtedly of interest, the elucidation of this pHcyt decline was beyond the scope
of our study.

Observed λeqmax data report following relationships between steady-state ∆Ψ
values in CCCP-treated cells and untreated controls:

� Exponential phase: In the cells of the parental strain, there is only a slight
temporary CCCP-induced ∆Ψ drop that is rapidly and completely re-
stored. The tok1 mutant glucose-free controls have lower ∆Ψ relative to
the parental strain. The CCCP-induced temporary ∆Ψ drop is more pro-
nounced than in the parental strain. Nevertheless, it is still almost com-
pletely recovered (Fig. 3.16(a)).

� Post-diauxic phase: For both strains, the CCCP-induced transient ∆Ψ drop
is more pronounced than in the exponential phase. The final steady state
depolarization induced by CCCP addition is therefore also deeper than in
the exponential cells (Fig. 3.16(b)).

To clearly demonstrate that the difference between the staining of the parental
strain and the tok1 mutant (∆λmax) corresponds to Tok1p channel activity, we
used TEA+ (tetraethylammonium ion), an established inhibitor of the chan-
nel (Gustin et al., 1990; Bertl et al., 1998). In suspensions treated solely with

3Fig. 3.16(d) clearly shows correct cytosolic localization of the pHcyt reporter, and intact
vacuolar membrane after exposure of cells to CCCP.
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TEA+ (of 100 mM concentration) the cells exhibited some depolarization rela-
tive to the control, regardless of strain and growth phase, as reported by λeqmax

(Figs. 3.17(a) and 3.17(b)). This depolarization is accompanied by slight cytosolic
alkalization (≤0.1 pH units) in both growth phases (Figs. 3.18(a) and 3.18(b)), as
found in the parallel experiment performed with the pHluorin-expressing strain.

(a) Exponential cells (b) Post-diauxic cells

Figure 3.17: Tok1p response to CCCP-induced depolarization in the presence of
known inhibitors of Tok1p (TEA+) and Pma1p (DM-11) Staining curves of the parental
strain (circles) and tok1 mutant (triangles) grown to (a) exponential and (b) post-diauxic phase
and exposed to 10 µM CCCP (yellow), 10 µM CD cocktail (10 µM CCCP + 10 µM DM-11;
green), 100 mM TEA+ (empty pink symbols) or the combination of TEA+ and CCCP (filled
pink symbols). Empty black symbols - controls. TEA+ was added ∼10 minutes before and
CCCP / CD cocktail ∼15 minutes after the beginning of the respective measurement (vertical
dotted line with arrow). Data are representative of ten independent measurements.

In the exponential phase, the extent of TEA+-induced depolarization (mea-
sured by the difference between corresponding λeqmax of controls and TEA+-treated
cells) of the parental strain is roughly twice as extensive as that of equally treated
tok1 mutant. This results in smaller ∆λeqmax between the two strains. Conversion
of ∆λeqmax to changes of ∆Ψ, cf. (Plášek and Gášková, 2014), indicates that the
contribution of Tok1p channel to ∆Ψ maintenance after TEA+ addition (amount-
ing to 8.0 ± 0.9 mV) is significantly smaller than in the absence of the inhibitor
(19.8 ± 0.3 mV). In the post-diauxic phase the change of λmax in response to
TEA+ addition is the same in the two strains and the staining curves of the two
strains overlap almost perfectly both in the presence and in the absence of the in-
hibitor. Furthermore, pretreatment of the cells with TEA+ completely abolishes
the Tok1p contribution to ∆Ψ in response to CCCP-mediated depolarization
only in post-diauxic cells, as indicated by the coincidence of the staining curves
(compare Figs. 3.17(a) and 3.17(b)).

When using an established Tok1p channel inhibitor, one expects the differ-
ence between the staining of the two strains (corresponding to the Tok1p channel
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(a) pHcyt - exponential cells (b) pHcyt - post-diauxic cells

Figure 3.18: Response of pHcyt to known inhibitors of Tok1p (TEA+) and Pma1p
(DM-11) in combination with CCCP Effect of 10 µM CCCP (yellow), 100 mM TEA+

(empty pink symbols) or their combination (filled pink symbols), and 10 µM CD cocktail (green)
on pHcyt of (a) exponential and (b) post-diauxic cells of the pHluorin-expressing variant of
the parental strain. Empty black symbols - controls. TEA+ was added ∼10 minutes before and
CCCP / CD cocktail ∼15 minutes after the beginning of the respective measurement (vertical
dotted line with arrow). Data are representative of five independent measurements.

activity) to disappear completely. Indeed, in post-diauxic cells the extent of de-
polarization caused by the addition of TEA+ is small and of the same extent
in both strains, demonstrating the absence of any Tok1p channel contribution
to ∆Ψ (Fig. 3.17(b)). In exponential cells (Fig. 3.17(a)) the use of the inhibitor
does make the difference between the staining of the two strains less extensive.
However, it does not result in complete merging of the staining curves. To under-
stand the origin of this difference, we need to consider that the Tok1p channel
is induced to open by the washing procedure and glucose removal (resulting in
Pma1p down-regulation) preceding the addition of the inhibitor. Nevertheless,
conversion of the respective ∆λeqmax to changes of ∆Ψ in millivolts (Plášek and
Gášková, 2014) clearly shows that the Tok1p channel contribution to ∆Ψ main-
tenance after TEA+ addition (amounting to ∼8 mV) is considerably smaller than
in the absence of the inhibitor (∼20 mV). Since the difference between ∆Ψ of the
strains originates in K+ redistribution, the fact that the inhibition of the efflux-
oriented Tok1p channel leads to decrease of this difference points to the existence
of a simultaneous influx and efflux of potassium across the plasma membrane,
consistent with general belief (Ortega and Rodŕıguez-Navarro, 1985; Lapathitis
and Kotyk, 1998; Ariño et al., 2010; Volkov, 2015). The influx (i.e. reuptake) is
most probably mediated by the action of Trk1p and Trk2p transporters.

We suggested above that the observed ∆Ψ restoration following the initial de-
polarization after CCCP addition is most likely the result of Pma1p activation,
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which is a known effect of the protonophore (dos Passos et al., 1992; Brandão
et al., 1992; Pereira et al., 2008; Hendrych et al., 2009). To prove this unam-
biguously, we used the lysosomotropic compound DM-11 (2-dodecanoyloxyethyl-
dimethylammonium chloride), a known Pma1p inhibitor, that not only blocks its
H+-ATPase activity but also prevents its further activation (Witek et al., 1997).
Addition of an equimolar solution of DM-11 and CCCP (the so-called CD cock-
tail) to both exponential (Fig. 3.16(a)) and post-diauxic (Fig. 3.16(b)) cells leads
to complete depolarization of the plasma membrane due to rapid dissipation of
the proton gradient that the inhibited Pma1p is unable to compensate (Hendrych
et al., 2009). The depolarization is not followed by a significant restoration of
λmax (and hence ∆Ψ), clearly indicating that the rise in staining in the absence
of DM-11 is indeed the result of CCCP-induced Pma1p activation.

Curiously, however, the Tok1p channel activity after CD cocktail addition
is somewhat lower than after the treatment with CCCP alone, by 6 mV in ex-
ponential and 2 mV in post-diauxic cells (see Table 3.1, cf. Plášek and Gášková
(2014)). In contrast, cytosolic acidification following CD cocktail addition is prac-
tically identical to that caused by the addition of CCCP alone (Figs. 3.18(a)
and 3.18(b)). It is therefore possible that the action of DM-11 causes slight inac-
tivation of the channel.

Tok1p contribution to ∆Ψ Tok1p contribution to ∆Ψ
CCCP-treated cells CD cocktail-treated cells

Exponential cells 17.3 ± 1.6 mV 11.3 ± 2.0 mV
Post-diauxic cells 10.3 ± 2.5 mV 8.6 ± 1.3 mV

Table 3.1: Contribution of Tok1p channel to ∆Ψ under chemically induced depo-
larization caused by protonophore CCCP (10 µM) alone and CD cocktail (10 µM CCCP +
10 µM DM-11), respectively. Means and SDs were calculated from ten independent repeats.

The results obtained with CCCP and TEA+-treated cells show that it is more
convenient to use post-diauxic cells for monitoring of Tok1p contribution to ∆Ψ
maintenance under the conditions of chemical stress. Their chemically-induced
depolarization is, in contrast to exponential cells, not preceded by depolarization
caused by down-regulation of Pma1p upon glucose removal. Furthermore, the
channel expression is higher in this growth-phase (DeRisi et al., 1997; Gasch
et al., 2000; Brauer et al., 2005), making post-diauxic cells even more favourable
for assays to be carried out with further chemical stressors.

3.3.3 Tok1p channel activity increases in cells treated with
Pma1p inhibitor DM-11

The Pma1p inhibitor DM-11 (2-dodecanoyloxyethyldimethylammonium chloride)
is known to cause depolarization of not only the parental strain used in this
study (Hendrych et al., 2009), but also of other strains Palková et al. (2009). We
therefore decided to study the contribution of Tok1p to the plasma membrane
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maintenance in cells exposed to the compound. DM-11 is a weak base with lyso-
somotropic properties. Deprotonated form of such compounds readily penetrates
cellular membranes, and their protonated form accumulates in acidic compart-
ments such as vacuoles, lysosomes or endosomes. Upon exceeding the critical
micellar concentration, lysosomotropic compounds can cause disruption of mem-
branes of these subcellular compartments (Miller et al., 1983; Dubowchik et al.,
1994; Ob lak and Krasowska, 2010). In the case of vacuoles and lysosomes, such dis-
ruption results in the release of hydrolytic enzymes into the cytosol leading to au-
tolysis of the cell. As mentioned above, DM-11 also inhibits the plasma membrane
H+-ATPase Pma1p and prevents its further activation (Witek et al., 1997), lead-
ing to depolarization (Hendrych et al., 2009). This depolarization most likely re-
flects the extent of H+ consumption from the extracellular environment (Palková
et al., 2009).

(a) Staining curves (b) Equilibrium staining

Figure 3.19: Tok1p contribution to ∆Ψ restoration following exposure to DM-11.
(a) Staining curves of the parental strain (circles) and tok1 mutant (triangles) grown to post-
diauxic phase and exposed to various concentration of DM-11 (light to dark green: 10, 12.5, 15,
20 and 25 µM) added ∼10 minutes before the probe. Lower concentrations omitted for clarity.
Empty black symbols - controls. Data are representative of ten independent measurements.
(b) Dependence of λeqmax of the parental strain (circles) and tok1 mutant (triangles) on the
used concentration of DM-11. Data represent means ± SDs calculated from ten independent
measurements of staining curves.

Increasing the concentration of DM-11 leads to lower staining, indicating de-
polarization, in the cells of both strains, Figures 3.19(a) and 3.19(b)). For concen-
trations above 10 µM, the depolarization of the tok1 mutant becomes gradually
deeper than that of the parental strain. In contrast, the staining of the parental
strain is constant in the concentration range of 10 to 25 µM. The difference be-
tween the staining of the two strains, indicating Tok1p channel activity, becomes
gradually more extensive with deeper depolarization, in a manner consistent with
the studies of the channel’s electrophysiology (Bertl et al., 1993; Ketchum et al.,
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1995; Lesage et al., 1996; Bertl et al., 1998). The highest Tok1p channel activity
after treatment of cells with DM-11 corresponds to 17.9 ± 1.4 mV, as indicated
by the arrow in Figure 3.19(b). While it seems that elevation of the DM-11 con-
centration might lead to more extensive Tok1p channel activation, exposure of
cells to concentrations above 25 µM leads to compromised viability of the cells
(Fig. 3.20(b)), making them unsuitable for membrane potential measurements.

(a) Cytosolic pH (b) Cell survival

Figure 3.20: Effect of DM-11 on pHcyt and cell viability. (a) Effect of 10 (light green)
and 20 µM (dark green) DM-11 on pHcyt. Empty black symbols - controls. DM-11 was added
∼18 minutes after the beginning of the measurement (vertical dotted line with arrow). 10 µM
CCCP (yellow) shown for comparison. Data are representative of five independent measure-
ments. (b) Viability of the parental strain after exposure to various concentrations of DM-11
(light to dark green: 10, 20, 25 µM; coral: 30 µM). Data represent means ± SDs calculated from
three independent measurements of three biological replicates each.

When the cells are treated with DM-11 alone, the cytosolic acidification is
much less extensive than that caused either by CCCP alone, Fig. 3.20(a), or
by the combination of DM-11 with CCCP in the CD cocktail, Figures 3.18(a)
and 3.18(b).

3.3.4 Tok1p channel activity increases in cells treated with
the surface active compound ODDC

Another compound with a known depolarizing effect is octenidine dihydrochloride
(ODDC; Kodedová et al. (2011)). As a cationic surface-active compound, ODDC
binds readily to negatively charged microbial envelopes leading to their disrup-
tion. The combined effect of leaking cytoplasmic and mitochondrial (Ellabib et al.,
1990) membrane results in a broad antimicrobial spectrum (Kramer and Müller,
2008) already at very low concentrations (Harke, 1989; Ghannoum et al., 1990;
Hübner et al., 2010; Koburger et al., 2010) and short exposure times (Kodedová
et al., 2011). A very important feature of the action of ODDC is that it is not
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absorbed by human epithelial cells, including wound tissue (Hübner et al., 2010).
It can therefore be used as an efficient antiseptic to treat or prevent infections of
skin, mucous membranes and wounds with no adverse effects (Harke and Goroncy-
Barnes, 1991). It is especially effective against biofilm-forming organisms (Hübner
et al., 2010).

Figures 3.21(a) and 3.21(b) demonstrate that raising the concentration of
ODDC leads to gradual depolarization of the tok1 mutant plasma membrane,
similar in character to that following exposure of cells to DM-11. Membrane po-
tential of ODDC-treated parental strain is only slightly lower than that of controls
and remains constant from 12.5 to 175 nM. The difference in staining of the two
strains therefore becomes gradually more extensive with deeper depolarization.
This indicates elevated Tok1p channel activity, in a manner consistent with elec-
trophysiological studies (Gustin et al., 1990; Bertl et al., 1993). Furthermore, the
Tok1p channel seems to be able to almost completely compensate the depolar-
ization induced by ODDC of up to 175 nM. The highest Tok1p channel activity
after treatment of cells with ODDC corresponds to 29.9 ± 3.4 mV (in response
to 175 nM ODDC), as indicated by the arrow in Figure 3.21(b).

(a) Staining curves (b) Equilibrium staining

Figure 3.21: Tok1p contribution to ∆Ψ restoration following exposure to ODDC. (a)
Staining curves of the parental strain (circles) and tok1 mutant (triangles) grown to post-diauxic
phase and exposed to various concentrations of ODDC (light to dark: 50, 75, 100, 115, 125, 150
and 175 nM) added ∼10 minutes before the probe. Higher concentrations omitted for clarity.
Empty black symbols - controls. Data are representative of ten independent measurements.
(b) Dependence of λeqmax of the parental strain (circles) and tok1 mutant (triangles) on the
used concentration of ODDC. Data represent means ± SDs calculated from ten independent
measurements of staining curves.

Raising the ODDC concentrations to 200 nM and above results in lower equi-
librium staining of the parental strain. λeqmax of the tok1 mutant also decreases
with increasing ODDC concentration, but not as rapidly as in the case of the
parental strain. This indicates concentration-dependent lowering of Tok1p chan-
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nel contribution to ∆Ψ at concentrations above 200 nM (Fig. 3.21(b)). This might
be caused by various effects of ODDC on cell surface structures, e.g. weakening
of the cell envelope, as was shown to be the result of one-hour incubation of cells
with 240 nM ODDC (Ghannoum et al., 1990). However, while the cell envelope
might be affected, we have shown using the plating test that even 90-minute ex-
posure of cells to a concentration as high as 300 nM does not lead to a statistically
significant loss of cell survival (Fig. 3.22(b)).

(a) Cytosolic pH (b) Cell survival

Figure 3.22: Effect of ODDC on pHcyt and cell viability. (a) Effect of various concen-
trations of ODDC on pHcyt (light to dark: 100, 200, 300 nM). Empty black symbols - controls.
ODDC was added ∼18 minutes after the beginning of the measurement (vertical dotted line
with arrow). 10 µM CCCP (yellow) for comparison. Data are representative of five independent
measurements. (b) Viability of the parental strain after exposure to various concentrations of
ODDC (light to dark: 100, 200, 300 nM). Data represent means ± SDs calculated from three
independent measurements of three biological replicas each.

Simultaneously with the plasma membrane depolarization, ODDC causes rel-
atively low, concentration-dependent, cytosolic acidification (0.6 ± 0.3 pH units
after almost 2-hour exposure to 300 nM ODDC) compared to the effect of CCCP
(1.7 ± 0.4 pH units), Figure 3.22(a).

Comparing the contribution of Tok1p channel to ∆Ψ at the corresponding
level of depolarization of the tok1 mutant (572.3 nm) following the addition of
ODDC (∼30 mV, Fig. 3.21(a) or 3.21(b)) and CCCP (∼16.5 mV, Fig. 3.16(b))
clearly demonstrates that the effect of cytosolic acidification on the channel ac-
tivity is considerable. In this case, deepening the acidification by 1 pH unit
causes a loss of about 45 % of the channel’s activity. Curiously, however, even
at pHcyt ∼6.0, when the Tok1p opening probability is believed to be only about
15 % (Lesage et al., 1996), the channel is still able to almost completely counter-
balance the loss of ∆Ψ caused by the action of up to 175 nM ODDC.

When compared to DM-11, exposure of the parental strain to ODDC leads
to less extensive depolarization, indicating higher contribution of the channel to
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∆Ψ relative to that after the exposure of DM-11 (by ∼11 mV). To bring an
insight into the lower Tok1p channel activity after exposure to DM-11 compared
to ODDC, one needs to consider the cytosolic acidification at concentrations
leading to the same depolarization (Fig. 3.19(a), 3.20(a) and 3.21(a), 3.22(a)).
However, since the compounds cause comparable extent of cytosolic acidification,
the effect of pHcyt on Tok1p channel activity after exposure to the compounds is
also comparable.

Since DM-11 is known to interact with Pma1p (Witek et al., 1997), it is
possible that it also interacts with the Tok1p channel, causing slight inactivation.
This interaction can be either direct or mediated by affecting the immediate
lipid environment of the channel after incorporation in the plasma membrane,
a known action of the compound (Kane, 1995). While the elucidation of the
actual inactivation mechanism is beyond the scope of the present study, it is
clear that not only cytosolic acidification (as was the case under CCCP-induced
depolarization), but also other effects of the stressor may influence the Tok1p
channel activity.

3.3.5 Tok1p channel is inhibited by BAC in a concentra-
tion-dependent manner

In order to gain deeper understanding of the various stressor-mediated effects that
may lead to lowering of the Tok1p channel opening capacity, we deployed BAC
(benzalkonium chloride), a synthetic quaternary ammonium compound with a
broad antimicrobial spectrum (Fazlara and Ekhtelat, 2012). BAC has found a
wide range of use from sanitation of surfaces and production lines in the food
industry (Kuda et al., 2008), through clinical sanitation and topical treatment
in health care facilities as well as first-aid kits, to antimicrobial preservation at
low concentrations (Pernak, 1999; Mangalappalli-Illathu and Korber, 2006). Very
common is also the use of BAC in rinse-free hand sanitizers (Moadab et al., 2001)
and intranasal treatments, where it serves a preservative function and appears to
be well-tolerated by human cells even after tong-term use (Marple et al., 2004).

Being a cationic surface active compound, BAC induces plasma membrane dis-
organization which affects its general permeability. While causing depolarization
at low concentrations, the use of higher concentrations inevitably leads to leak-
age of low molecular weight materials (Salton, 1968) and damage to the plasma
membrane, promoting further uptake of the compound. Once inside the cell, BAC
affects cell metabolism. In fact, it has been clearly shown that BAC toxicity lies
predominantly within metabolic inhibition rather than plasma membrane dam-
age (Kodedová et al., 2011).

As evident from Figures 3.23(a) and 3.23(b), the response of the Tok1p chan-
nel to BAC is considerably distinct from all CCCP, DM-11 and ODDC. While the
exposure of cells to low concentrations (1 and 1.5 µM) leads to a response com-
parable in character to that produced by ODDC and DM-11, indicating stable
extent of depolarization (Fig. 3.23(a)), exposure to higher concentrations exhibits
a ”two-phase” character. In this case, the initial quasi-equilibrium depolarization
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is followed by another slow decrease of ∆Ψ and establishing of a new equilibrium
(Fig. 3.23(a)). Furthermore, the difference between respective λeqmax values found
for the parental strain and the tok1 mutant decreases for BAC concentrations
over 2.5 µM (Fig. 3.23(b)). On the other hand, the equilibrium difference gradu-
ally increased with increasing concentration of DM-11 (Fig. 3.19(b)) and ODDC
(Fig. 3.21(b)).

(a) Staining curves (b) Equilibrium staining

Figure 3.23: Tok1p is inhibited by BAC in a concentration-dependent manner. (a)
Staining curves of the parental strain (circles) and tok1 mutant (triangles) grown to post-
diauxic phase and exposed to various concentration of BAC (light to dark blue: 1, 1.5, 2.5,
4 and 10 µM) added ∼10 minutes before the probe. Empty black symbols - controls. Data
are representative of ten independent measurements. (b) Dependence of λeqmax of the parental
strain (circles) and tok1 mutant (triangles) on the used concentration of BAC. Data represent
means ± SDs calculated from ten independent measurements of staining curves.

Besides extensive depolarization, addition of BAC causes slight, concentration-
dependent, acidification. The effect of BAC on pHcyt is almost equal to that caused
by DM-11 and ODDC at concentrations causing the same extent of depolarization
(Fig. 3.24).

In the case of the the lysosomotropic compound DM-11, membrane depolar-
ization reflects the extent of H+ entering the cytosol that is not counterbalanced
by Pma1p due to its inhibition by the compound (Palková et al., 2009). On the
other hand, the ∆Ψ decrease caused by BAC is associated with a leakage of in-
tracellular molecules, including those absorbing light at 260 nm, such as ATP
(Fig. 3.25(a); Salton (1968)). Within the range of BAC concentrations used for
∆Ψ measurements (Fig. 3.23(b)) the leakage of intracellular material increases
very slowly compared to the sharp rise following the increase of BAC concentra-
tion to 50 µM. Furthermore, as monitored by propidium iodide staining, BAC
concentrations ≤10 µM cause only a very limited fraction of the suspension to
become permeabilized (Fig. 3.25(b)). Taken together, these results indicate that
BAC-induced depolarization is not a trivial consequence of membrane permeabi-
lization.
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Figure 3.24: Effect of BAC on pHcyt. Effect of 1 (light blue) and 10 µM (dark blue) BAC
on pHcyt. Empty black symbols - controls. BAC was added ∼18 minutes after the beginning of
the measurement (vertical dotted line with arrow). 10 µM CCCP (yellow) shown for comparison.
Data are representative of five independent measurements.

(a) Intracellular material release (b) Permeabilization of cells

Figure 3.25: Used concentrations of BAC do not have detrimental effect on the
plasma membrane. (a) Dependence of release of low molecular-weight intracellular material
absorbing light at 260 nm on the used concentration of BAC. (b) Dependence of the amount of
permeabilized cells on the used concentration of BAC. In both cases, data were obtained from
measurements in suspensions of the parental strain cells, exposed to BAC for 60 (light) or 120
(dark) minutes. Data represent means ± SDs calculated from three independent measurements
of three biological replicates each.

Many processes within living cells, many of which are connected to activity
of membrane transporters, are directly dependent on the presence of ATP in the
cytoplasm. In fact, an electrophysiological study has shown that the opening of the
Tok1p channel is one such case (Bertl et al., 1998). We were therefore interested
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in monitoring the effect of ATP depletion on Tok1p channel activity. For this
purpose, washed post-diauxic cells were incubated for 2 hours in C-P buffer with
5 mM 2-deoxy-D-glucose (2DG; Fig. 3.26). As above, the difference between λeqmax

values of the parental strain and that of the tok1 mutant is a good measure of
Tok1p activity. Addition of 2.5 µM BAC to cells pretreated with 2DG seems to
result in slight depolarization. However, it is rather small (within the standard
error) and of the same extent in both strains. Moreover, higher concentrations of
BAC do not provide any indication of 2DG-mediated effect either. We therefore
conclude that neither the depletion of ATP by incubating the cells with 2DG, nor
the starvation of washed cells without glucose has any significantly detrimental
effect on the Tok1p channel activity in vivo, at least under our experimental
conditions.

Figure 3.26: Depletion of intracellular ATP by 2-hour incubation with 2-deoxy-D-
glucose (2DG) does not affect Tok1p channel opening capacity. The concentration-
dependent equilibrium staining levels (λeqmax) of BAC-treated post-diauxic cells of the parental
strain (circles) and tok1 mutant (triangles) incubated with 5 mM 2-deoxy-D-glucose (2DG) for
2 hours to deplete intracellular ATP (pink); effect of 0-hour (empty black) and 2-hour (grey)
starvation in absence of 2DG shown for comparison. Data represent means ± SDs calculated
from three independent measurements.

Our results indicate that in contrast to DM-11 and ODDC, increasing the
concentration of BAC leads to lowering of Tok1p channel activity (as revealed
by the difference between probe accumulation in the parental strain and the
tok1 mutant). The underlying cause of this effect could be extensive cytosolic
acidification. However, as demonstrated by Figure 3.24, the effect of BAC on pHcyt

is not significantly different (if possibly slightly less extensive) from the effect of
DM-11 and ODDC at concentrations causing the same extent of depolarization.
It is therefore clear that the subpar contribution of Tok1p to ∆Ψ after exposure
of cells to BAC is not the result of low pHcyt, and that not only the ultimate
effect of a stressor, but also its mode of action is an important determinant of
Tok1p opening capacity.
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Despite our extensive efforts to pinpoint a simple cause of the observed de-
crease of Tok1p channel activity, we have not been able to find one related to
the cell metabolism. We therefore conclude that BAC most probably exerts is
influence on the Tok1p channel by a direct interaction, which is supported by the
known binding of BAC molecules not only to phospholipids but also proteins in
the plasma membrane of bacteria (Maris, 1995). Furthermore, the relatively slow
decrease of membrane potential and, concomitantly, Tok1p activity following the
treatment of cells with BAC (Fig. 3.23(a)) suggests that the possible interaction
of BAC with the channel takes place predominantly from the intracellular side.
Since BAC is known to modify the properties of the plasma membrane, it is
also possible that the inhibitory effect is caused by the interaction of BAC with
the immediate lipid microenvironment of the Tok1p channel, as we have shown
to be the case of the inhibitory action of alcohols on Pdr5p and Snq2p activity
(section 3.2.6).

3.3.6 Comparison of Tok1p channel activity in response to
depolarization caused by ODDC, BAC and DM-11

In this work we made use of a small set of chemical stressors known to cause
plasma membrane depolarization, each by a distinct mechanism of action. These
substances were used to search for a hypothetical relationship between the extent
of yeast plasma membrane depolarization and Tok1p channel activity, as assessed
from the difference in staining of the parental strain and the tok1 mutant.

To directly and conveniently compare the effect of the stressors on Tok1p
channel opening, we plotted the dependence of the channel’s activity in equi-
librium on the respective depolarization of treated tok1 mutant cells, expressed
either in nm (Fig. 3.27(a)) or directly in mV (Fig. 3.27(b)). The latter approach
provides us with an additional advantage of the possibility to directly compare the
absolute values of Tok1p-mediated membrane potential repolarization in response
to exposure of the cells to various stressors.

As evident from Figure 3.27, there is almost no difference between the stressors
at concentrations leading to low depolarizations (up to ∼10 mV). As the depolar-
ization becomes deeper, however (above ∼15 mV), the differences in the Tok1p
channel activity are revealed as a direct consequence of the distinct modes of ac-
tion of the compounds. The most striking difference between the stressors can be
observed when the depolarization lies within the range of 30–40 mV (Fig. 3.27(b)).
While the channel is able to counterbalance astounding ∼75 % of the depolariza-
tion caused by ODDC within said range, inducing equivalent depolarization by
BAC enables the Tok1p channel to counterbalance only about 25 % of the lost
membrane potential. This clearly points to the adverse and possibly direct effects
of the latter on the channel, as discussed above. Repolarization efficiency in the
response to exposure to DM-11 lies somewhere in the middle between ODDC and
BAC, just below 50 %.

As discussed above, the selected stressors elicit similar degree of cytosolic acid-
ification in the treated cells, making their direct comparison quite straightforward.
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(a) Expressed in ∆λeqmax

(b) Expressed in mV

Figure 3.27: Mode of action of a stressor influences the Tok1p channel activity in
response to depolarization in a concentration-dependent manner. Extent of Tok1p
channel opening in response to depolarization caused by various concentrations of DM-11
(green), ODDC (pink) and BAC (blue) expressed in (a) ∆λeqmax and (b) mV. Data repre-
sent means ± SDs calculated from λeqmax from five independent measurements. The DM-11
dependence is cut short compared to BAC and ODDC, since higher concentrations lead to loss
of membrane integrity.

CCCP was not included into this analysis as it induces much greater pHcyt change
than the other stressors. Despite the comparable effect of DM-11, ODDC and
BAC on pHcyt, Figure 3.27 clearly displays differences in Tok1p channel activity
in response to each of these compounds.
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Our results clearly show that when assessing the contribution of the Tok1p
channel to membrane potential maintenance under chemical stress, it is not suf-
ficient to consider the extent of depolarization as the sole determinant. More
specifically, the used stressor might cause further effects that can negatively in-
fluence the opening capacity of the channel (Fig. 3.28). These include transfer
of hydrogen ions into the cell and acidification of the cytosol, direct interaction
with the plasma membrane and possibly influx of the compound into the cell.
The influx may in turn lead to further effects either on metabolism or membrane
structures within the cytoplasm, or interaction with the plasma membrane or the
Tok1p channel itself from the intracellular side. While the application of a stres-
sor does not have to necessarily lead to all of them, we see that the effects are
somewhat intertwined and not completely independent. Our results indicate that
the most adverse effects of a stressor on the Tok1p channel activity are produced
by its direct interaction with the Tok1p channel and/or by affecting its immediate
lipid environment.

Figure 3.28: Overview of different possible actions of chemical stressors, not limited
to influence on membrane potential Besides causing (1) plasma membrane depolarization,
leading to (2) Tok1p channel opening, the chemical stressor may also: (1’) cause cytosolic
acidification, leading to (3) Pma1p activation and rise in ∆Ψ; (1”) interact with the plasma
membrane, and (4) pass through the plasma membrane into the cytosol and affect cellular
metabolism or interact with the channel directly. All of the above may cause lowering of the
Tok1p channel activity.



Chapter 4

Conclusions

The main aim of the doctoral thesis has been the monitoring of the effect of
various compounds on both multidrug resistance proteins Pdr5p and Snq2p, and
on membrane potential, focusing on the activity of the potassium channel Tok1p.
As the dominant approach, the diS-C3(3) fluorescence assay was used, supported
by other methods, such as disc-diffusion assays, plating tests, monitoring of both
intracellular and extracellular pH, confocal microscopy and other.

The results have already been published in peer-reviewed scientific journals
(Attachments I and II) and presented either orally or in the form of a poster at
international conferences (Attachments III to VII).

The first part of the thesis focuses on the effect of short linear alcohols on
the function of multidrug resistance pumps Pdr5p and Snq2p. Alcohols have
been known for some time to exhibit an inhibitory effect on various receptors,
channels and transporters. We therefore decided to verify the possibility that
alcohols could also inhibit the action of Pdr5p and Snq2p and hence contribute
to the fight against multidrug resistance. In the case of a positive result, we also
aimed to explain the origin of the inhibition.

Focusing on low concentrations of short n-alcohols (ethanol to hexanol), we
found that all of these compounds variously affect the activity of both Pdr5p and
Snq2p. The inhibitory efficiency proved to increase with both concentration and
length of the alcohols. While very high concentrations of ethanol are necessary
to produce a full inhibitory effect (15 %; simultaneously causing deep depolariza-
tion), a concentration of hexanol as low as 0.1 % produces a comparable effect,
while affecting neither membrane potential nor integrity of the plasma mem-
brane. What is especially fascinating is the low concentration at which alcohols
exhibit their effective inhibitory action. We have shown that the inhibition is not
caused by the loss of plasma membrane integrity, nor depletion of ATP. Rather,
it originates in direct interaction with the Pdr5p and Snq2p protein molecules.
Alternatively, the inhibition may stem from affected mechanical properties of the
plasma membrane, such as fluidity. Our conclusion is further supported by the
full reversibility of the inhibitory action of alcohols by simple washing of the cells
with the measurement buffer.

91
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The alcohols can be used therapeutically in a combination with currently
available antifungals and possibly antibiotics or chemotherapy drugs (if their
effect proves to be of a wide enough specificity) in order to make the available
means of treatment more effective.

The second part of the thesis focuses on the activity of the potassium channel
Tok1p and its contribution to membrane potential. While we have also examined
the Tok1p channel behaviour in non-stress conditions, our main interest was mon-
itoring of the channel’s activity and contribution to plasma membrane potential
maintenance under chemically-induced stress. We were further interested in ef-
fects of the stressors beside the actual depolarization and how these may affect
the activity of the Tok1p channel.

Our analysis has shown that the capacity of the channel to counterbalance
chemically-induced depolarization is amazing, amounting up to 75 % in some
cases. In absolute values, the maximum contribution of the Tok1p channel to
membrane potential is around 35-40 mV. Considering that the absolute value
of membrane potential is believed to be ∼100 mV, it is plain that the channel
is much more important in maintenance of this critical cellular parameter than
has been previously believed. The astonishing capacity of the channel is further
underlined by the fact than based on electrophysiological reports, there are only
around 50 Tok1p channel molecules in the plasma membrane.

We have further shown that when assessing the Tok1p channel contribution
to membrane potential maintenance, it is essential to consider not only the extent
of depolarization, but also the mode of action of the used stressor and its possible
side effects. The most extensive negative effects are caused by direct interaction
of the stressor either with the channel or its immediate lipid microenvironment.
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Marešová, L., Muend, S., Zhang, Y. Q., Sychrová, H. and Rao, R.
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Möykkynen, T. and Korpi, E. R. (2012). Acute effects of ethanol on gluta-
mate receptors. Basic Clin. Pharmacol. Toxicol., 111(1), 4–13.

Mueckler, M., Caruso, C., Baldwin, S. A., Panico, M., Blench, I.,
Morris, H. R., Allard, W. J., Lienhard, G. E. and Lodish, H. F.
(1985). Sequence and structure of a human glucose transporter. Science, 229
(4717), 941–945.

Murphy, J. M., McBride, W. J., Lumeng, L. and Li, T. K. (1982).
Regional brain levels of monoamines in alcohol-preferring and -nonpreferring
lines of rats. Pharmacol. Biochem. Behav., 16(1), 145–149.



BIBLIOGRAPHY 115

Nagy, Z., Montigny, C., Leverrier, P., Yeh, S., Goffeau, A., Garri-
gos, M. and Falson, P. (2006). Role of the yeast ABC transporter Yor1p
in cadmium detoxification. Biochimie, 88(11), 1665–1671.

Nelson, D. L. and Cox, M. M. Lehninger Principles of Biochemistry. W. H.
Freeman and Company, New York, 5th edition, 2008. ISBN 978-0-7167-7108-1.

Nes, W. D., Janssen, G. G., Crumley, F. G., Kalinowska, M. and
Akihisa, T. (1993). The structural requirements of sterols for membrane
function in Saccharomyces cerevisiae. Arch. Biochem. Biophys., 300(2), 724–
33.

Nguyen, T. H., Fleet, G. H. and Rogers, P. L. (1998). Composition of
the cell walls of several yeast species. Appl. Microbiol. Biotechnol., 50(2),
206–212.

Nso, E., Goffeau, A. and Dufour, J. P. (2002). Fluctuations during growth
of the plasma membrane H+-ATPase activity of Saccharomyces cerevisiae and
Schizosaccharomyces pombe. Folia Microbiol., 47(4), 401–406.

Ob lak, E. and Krasowska, A. (2010). Biologiczna aktywność zwiazków
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Souza, M. A. A., Trópia, M. J. and Brandão, R. L. (2001). New aspects of
the glucose activation of the H+-ATPase in the yeast Saccharomyces cerevisiae.
Microbiology, 147(10), 2849–2855.

Swan, T. M. and Watson, K. (1998). Stress tolerance in a yeast sterol aux-
otroph: Role of ergosterol, heat shock proteins and trehalose. FEMS Microbiol.
Lett., 169(1), 191–197.
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CD cocktail addition, depending on the amount of per-
meabilized cells. Staining curves of (a) AD1-3 and (b) AD12
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- light hexagons. The arrows and vertical dotted lines indicate the
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Data are representative of three independent measurements. . . . 53

3.2 Cell survival rate directly mirrors the amount of perme-
abilized cells in the suspensions of AD1-3 and AD12 cells.
As the two different approaches of permeabilized cells preparation
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Data are calculated from two independent measurements, consist-
ing of three biological replicas each. Error bars indicate SDs. . . . 54

3.3 Elongation of the alcohol carbon chain length leads to
rise in both Pdr5p and Snq2p inhibition activity. Stain-
ing of exponentially growing (a) Pdr5p-expressing AD12 and (b)
Snq2p-expressing AD13 cells exposed to various concentrations of
the respective alcohol: 0 % - empty circles, 3 % - full inverted
triangles, 2 % - full squares, 1 % - full diamonds, 0.5 % - full trian-
gles; compared with the staining of equally treated pump-deficient
AD1-3 strain. Alcohols were added ∼10 minutes after the probe
(left-hand arrow, first vertical dotted line) and consequently CD
cocktail (10 µM CCCP + 10 µM DM-11) was added ∼40 min-
utes after the respective alcohol (right-hand arrow, second vertical
dotted line). Data are representative of three independent mea-
surements. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56

3.3 (continued) Elongation of the alcohol carbon chain length
leads to rise in both Pdr5p and Snq2p inhibition activity.
Staining of exponentially growing (a) Pdr5p-expressing AD12 and
(b) Snq2p-expressing AD13 cells exposed to various concentrations
of the respective alcohol: 0 % - empty circles, 1 % - full diamonds,
0.5 % - full triangles, 0.2 % - full circles, 0.1 % - full stars, 0.07 % -
full hexagons; compared with the staining of equally treated pump-
deficient AD1-3 strain. Alcohols were added ∼10 minutes after the
probe (left-hand arrow, first vertical dotted line) and consequently
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dotted line). Data are representative of three independent mea-
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3.4 Higher concentrations of ethanol inhibit Pdr5p and Snq2p,
while exhibiting no effect on plasma membrane integrity.
Staining of exponentially growing (a) Pdr5p-expressing AD12 and
(b) Snq2p-expressing AD13 cells exposed to various concentra-
tions of ethanol: 0 % - empty circles, 3 % - inverted triangles, 6 %
- squares, 10 % - triangles, 15 % - hexagons; compared with the
staining of equally treated pump-deficient AD1-3 strain. Ethanol
was added ∼10 minutes before the probe and consequently CD
cocktail (10 µM CCCP + 10 µM DM-11) was added ∼50 min-
utes after the probe (vertical dotted line with an arrow). Data are
representative of three independent measurements. . . . . . . . . . 58

3.5 The effect of alcohols on glucose-induced medium acidifi-
cation is concentration- and chain length-dependent. The
changes in extracellular pH of exponential AD1-3 cells following
the addition of 1 % glucose (left-hand arrows at time zero) were
measured. Alcohols were added 15-20 minutes after glucose (right-
hand arrows) to the final concentrations of: 3 %, 2 %, 1 %, 0.5 %,
0.2 %, 0.1 %, 0 % (the actual concentration range depends on the
particular alcohol used). Data are representative of two indepen-
dent measurements. . . . . . . . . . . . . . . . . . . . . . . . . . . 60

3.6 Alcohols, with the exception of hexanol, do not cause ex-
tensive damage to the plasma membrane on the time scale
of 60 minutes. Absorbance of cell suspensions was measured at
260 nm in supernatants of exponential AD1-3 cells treated for (a)
10, (b) 30, and (c) 60 minutes with different alcohols: ethanol,
propanol, butanol, pentanol, hexanol. Data represent means ± SD
from three independent measurements. . . . . . . . . . . . . . . . 61

3.7 The inhibitory effect of alcohols on Pdr5p and Snq2p is
not caused by depletion of ATP. Effect of the studied alco-
hols on the pumps in question was compared in glucose-energized
(full symbols) and non-energized (empty symbols) exponential (a)
AD12 and (b) AD13 cells; compared with equally treated AD1-3
cells. Glucose was added in all cases 5 minutes before the probe to
the final concentration of 10 mM. Hexanol was added ∼12 minutes
after the probe (inverted triangles; left-hand arrows and vertical
dotted lines) to the final concentration of 0.07 %. Hexanol-free con-
trols are depicted by circles. CD cocktail (10 µM CCCP plus 10 µM
DM-11) was added ∼30 minutes after hexanol (right-hand arrows
and vertical lines). Data are representative of three independent
measurements. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62
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3.8 The inhibitory effect of alcohols, but not FK506, on Pdr5p
can be reversed by simple washing of the cells. Staining of
exponentially growing Pdr5p-expressing AD12 cells (empty black
circles; inverted grey triangles after washing) treated with (a) alco-
hols (circles) and treated with alcohols and then washed (inverted
triangles). The concentration of alcohols was set to produce ap-
proximately the same inhibition effect without causing permeabi-
lization: 3 % propanol, 1 % butanol, 0.5 % pentanol, 0.1 % hexanol;
compared with the staining of untreated AD1-3 strain. (b) Stain-
ing of exponentially growing Pdr5p-expressing AD12 cells treated
with FK506 (circles) and treated with FK506 and then washed (in-
verted triangles); compared with the staining of untreated pump-
deficient AD1-3 strain. In both (a) and (b), CD cocktail (10 µM
CCCP + 10 µM DM-11) was added in both cases ∼35 minutes
after the probe. For simplicity, only Pdr5p-expressing AD12 cells
are shown. Staining of Snq2p-expressing AD13 cells is compara-
ble, including the effect of alcohols and their washing away. The
Pdr5p-specific inhibitor FK506 produces no effect on AD13 cells.
Data are representative of three independent measurements. . . . 63

3.9 Exposure of cells to alcohols in a Kirby-Bauer disc diffu-
sion test does not create growth inhibition zones and pro-
vides no indication that alcohols are substrates of either
Pdr5p or Snq2p. (a) Exponential cells of the Pdr5p-expressing
AD12, Snq2p-expressing AD13 and pump-deficient AD1-3 strain
were exposed to various alcohols by spotting 2 µl of each on a
Whatman paper disc. Photographs are representative of three inde-
pendent measurements. (b) Exponential AD12 cells were exposed
to alcohols and Pdr5p substrates fluconazole (15 mM) and ben-
zalkonium chloride (BAC; 15 mM) either alone or in combination
with FK506, a potent Pdr5p inhibitor (to simulate pump-deficient
AD1-3 cells). Photographs are representative of three independent
measurements. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64

3.10 The absence of inhibition zones in regular disc-diffusion
assays is caused by rapid diffusion of alcohols in the agar
plates. Exponential cells of the pump-deficient AD1-3 were ex-
posed to various alcohols by spotting 2 µl of each on either a single
Whatman paper disc, or multiple discs placed in close vicinity of
each other. Photographs are representative of three independent
measurements. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65
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3.11 Alcohols are not substrates of Pdr5p nor Snq2p. Exponen-
tial cells of the Pdr5p-expressing AD12, Snq2p-expressing AD13
and pump-deficient AD1-3 strain were exposed to various concen-
trations of alcohols for 30 minutes and plated. Their colony forming
units were counted and compared with non-treated cells. Data rep-
resent means ± SDs obtained from two independent measurements
containing three biological replicates each. . . . . . . . . . . . . . 66

3.12 Alcohols inhibit transport of known Pdr5p and Snq2p sub-
strates. Exponential cells of the Pdr5p-expressing AD12, Snq2p-
expressing AD13 and pump-deficient AD1-3 strain were exposed to
various alcohols and known substrates of their respective pumps,
either alone or in a combination, by spotting 2 µl of each on a
Whatman paper disc. (a) benzalkonium chloride (15 mM; Pdr5p
substrate); (b) NQO - 4-nitroquinoline 1-oxide (1.6 mM; Snq2p
substrate). Photographs are representative of three independent
measurements. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67

3.12 (continued) Alcohols inhibit transport of known Pdr5p
and Snq2p substrates. Exponential cells of the Pdr5p-expressing
AD12, Snq2p-expressing AD13 and pump-deficient AD1-3 strain
were exposed to various alcohols and known substrates of their
respective pumps, either alone or in a combination, by spotting
2 µl of each on a Whatman paper disc. (c) nigericin (20 mM;
Pdr5p and Yor1p substrate); (d) ketoconazole (1.5 mM; Pdr5p
substrate). Photographs are representative of three independent
measurements. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68

3.13 Propanol and higher alcohols inhibit benzalkonium chlo-
ride transport mediated by Pdr5p. Exponential cells of the
pump-deficient AD1-3 and Pdr5p-expressing AD12 strain were ex-
posed to various alcohols (ethanol - 3 %; propanol - 3 %; butanol -
1 %; pentanol - 0.5 %, and hexanol - 0.1 %) and 1.5 µM benzalko-
nium chloride, either alone or in their combination, for 30 minutes
and then assayed for survival. Data represent means ± SD from
three independent measurements. . . . . . . . . . . . . . . . . . . 69
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3.14 Combined effect of Pdr5p substrates and hexanol does
not lead to permeabilization of the plasma membrane. Ex-
ponential cells of the Pdr5p-expressing AD12 and pump-deficient
AD1-3 strain were treated with: (a) nothing (empty circles), 1.5 µM
BAC (triangles) and 15 µM ketoconazole (inverted triangles) 5 min-
utes before the addition of the probe. 10 µM FK506 was added to
AD12 cells ∼25 minutes after the probe (left-hand arrow and ver-
tical dotted line) to detect any residual Pdr5p activity. (b) 0.07 %
hexanol 5 minutes before the addition of the probe. Pdr5p sub-
strates were added ∼20 minutes after the probe (left-hand arrow
and vertical dotted line): empty circles - nothing, triangles - 1.5 µM
BAC, inverted triangles - 15 µM ketoconazole. In both cases the
CD cocktail was added ∼65 minutes after the probe (right-hand
arrow and vertical dotted line.) Data are representative of three
independent measurements. . . . . . . . . . . . . . . . . . . . . . 70

3.15 Contribution of Tok1p channel to ∆Ψ maintenance de-
pends on cell age and presence of glucose. (a, b) Staining
curves of the parental strain (circles) and tok1 mutant (triangles)
grown to (a) exponential and (b) post-diauxic phase and exposed
to 5 (red) or 50 mM (orange) glucose added ∼8 minutes after the
probe (vertical dotted line with arrow). Empty black symbols - con-
trols. Data are representative of ten independent measurements.
Inserts represent means ± SDs calculated from twelve indepen-
dent λmax/60 assessments. “ns” and the asterisks indicate P -values
obtained from a t-test: ns (not significant) - t-test P value ≥ 0.05;
*** - t-test P value < 0.001. (c) Effect of 5 (red) and 50 mM
(orange) glucose on cytosolic pH (pHcyt) of exponential (circles)
and post-diauxic (squares) cells of the pHluorin-expressing variant
of the parental strain. Empty black symbols - controls. Glucose
was added ∼15 minutes after the beginning of the measurement
(vertical dotted line with arrow). Data are representative of five
independent measurements. (d) Exclusively cytosolic localization
of pHluorin in post-diauxic cells in both absence and presence of
5 mM glucose. Micrographs are representative of three independent
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drug-size-related cutoff effect, it was proposed that

amphiphilic receptor proteins contain a hydrophobic

pocket of circumscribed dimensions where the alcohols

and other drug molecules bind and exert their effects on

the receptor (Franks & Lieb, 1985; Li et al., 1994; Korpi

et al., 1998). In particular, when the alcohol chain length

is increased above the cutoff point, the alcohol molecule

is sterically hindered to bind in the pocket and as a result

fails to modulate the receptor function.

Taken together, although the primary sites of action in

the two theories differ, both theories attribute the ultimate

effects of alcohols to alterations in protein function. It is

not possible to exclude that both action sites, that is, lipids

and proteins, may be involved simultaneously in producing

the final effect and that depending on the concentration of

alcohols, protein function can be modulated in a different

way. At very low concentration, drugs (alcohols) can regu-

late protein function by a specific interaction with the

hydrophobic pocket. At higher concentrations that alter

the physical properties of the lipid bilayer, a related

nonspecific alcohol effect may considerably modulate the

specific effect of drug binding to proteins and thus the

observed changes in protein function (Lundbaek, 2008).

In the yeast Saccharomyces cerevisiae, it was found that

ethanol and other alcohols inhibit activities of permeases

for sugars (Leao & van Uden, 1982), ammonium (Leao &

van Uden, 1983), amino acids (GAP; Leao & van Uden,

1984a), and organic acids such as acetic acid (Casal et al.,

1998) in a noncompetitive way, and the degree of inhibi-

tion increases with the lipid solubility of the alcohols. It

is important to note that, with the exception of glucose

which is transported by facilitated diffusion, all of these

solutes are transported by solute–proton symport and

therefore require a proton-motive force (Serrano, 1977;

Borst-Pauwels, 1981). Therefore, the inhibitory effects

induced by alcohols can be caused not only by altering

the conformation of permeases and/or their lipid environ-

ment (lipid vs. protein theories), but also by dissipation

of electrochemical gradient of protons across the plasma

membrane (Cartwright et al., 1986; Casal et al., 1998), as

alcohols increase the proton permeability of the yeast

plasma membrane, that is, they act as uncouplers (Leao

& van Uden, 1984b; Petrov & Okorokov, 1990).

Among the variety of membrane transporters in S. cere-

visiae, whose activity could be affected by alcohols, serious

attention is being paid to membrane proteins belonging to

the group of multidrug-resistance (MDR) transporters,

(Balzi & Goffeau, 1994; Decottignies & Goffeau, 1997;

Ernst et al., 2005), which are responsible for the resistance

of the cells against a broad spectrum of structurally differ-

ent xenobiotics (Kolaczkowski et al., 1996, 1998). The

major multidrug exporters of S. cerevisiae are the ABC

transporters Pdr5p, Snq2p, and Yor1p, which show

different, but overlapping, substrate specificities (Rogers

et al., 2001). It is well established that the PDR1–3 muta-

tion at the yeast PDR1 transcription regulator locus is

responsible for overexpression of the three ABC transporter

genes PDR5, SNQ2, and YOR1 (Carvajal et al., 1997;

Kolaczkowska & Goffeau, 1999; Nawrocki et al., 2001).

In this study, we examined the inhibitory effect of alco-

hols (ranging from ethanol to hexanol) on Pdr5p and

Snq2p using the diS-C3(3) diagnostic assay (Hendrych

et al., 2009). As shown previously, the fluorescent probe

diS-C3(3) is a substrate of these two pumps, but not of

Yor1p and other MDR pumps deleted in AD1-8, that is,

Pdr10p, Pdr11p, Pdr15p, and Ycf1p (Gaskova et al., 2002;

Cadek et al., 2004). The assay is based on measuring the

accumulation of diS-C3(3) in Pdr5p- or Snq2p-overex-

pressing cells (strains AD12 and AD13, respectively) in the

absence of an inhibitory drug and after its addition (Hend-

rych et al., 2009). This accumulation was compared with

probe accumulation in Pdr5p- and Snq2p-deficient cells of

strain AD1-3, which was used as a negative control showing

a negligible effect of other MDR pumps on diS-C3(3) trans-

port. This assay permits not only the detection of pump

inhibition by a drug, but also reveals the effect of the drug

on plasma membrane potential as a marker of the

membrane function and integrity. In this context, it should

be noted that unlike the aforementioned transport systems,

the activity of these MDR pumps is independent of the

membrane potential (Gaskova et al., 2002).

Materials and methods

Yeast strains

The S. cerevisiae strains AD1-3 (MATa, PDR1-3, ura3,

his1, yor1D::hisG, snq2D::hisG, pdr5D::hisG), AD12

(MATa, PDR1-3, ura3, his1, yor1D::hisG, snq2D::hisG) and
AD13 (MATa, PDR1-3, ura3, his1, yor1D::hisG, pdr5D::
hisG) are derived from the parent strain US 50-18C

(MATa, PDR1-3, ura3, his1; Decottignies et al., 1998).

Media and cell growth conditions

Yeast was precultured in YPD medium (1% yeast extract,

1% bactopeptone, 2% glucose) at 30 °C for 24 h. A small

volume (1–10 µL) of inoculum was added to 10 mL fresh

YPD medium, and the main culture was grown until it

had reached the early exponential phase.

Spectrofluorometric monitoring of diS-C3(3)

accumulation in cells

Yeast cells from the early exponential growth phase were

harvested, washed twice with double-distilled water, and
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resuspended in citrate-phosphate (CP) buffer of pH 6.0 to

OD578 (nm) = 0.1. The potentiometric fluorescent probe

3,3′-dipropylthiacarbocyanine iodide, diS-C3(3), was added

to 3 mL of yeast cell suspension in 1 9 1 cm cuvette as

10�5 M stock solution in ethanol to a final concentration

of 2 9 10�8 M. Fluorescence emission spectra of the

diS-C3(3) stained cell suspensions were measured using a

FluoroMax-4 spectrofluorometer (Horiba JobinYvon) in

intervals of 2–5 min (full emission scan duration 20 s).

Excitation wavelength was 531 nm, fluorescence emission

range 560–590 nm, and scattered light was eliminated by

orange glass filter with a cutoff wavelength of 540 nm.

A membrane potential driven redistribution of

diS-C3(3) from the medium to the cell cytosol is revealed

by a so-called staining curve (Denksteinova et al., 1997;

Gaskova et al., 1998), that is, the time course of a change

in the wavelength of fluorescence emission maximum,

kmax, observed during the time elapsed after adding diS-

C3(3) to the cell suspension (kmax shifts from 568 nm

observed in pure aqueous solutions to about 581 nm

upon diS-C3(3) binding to cytosolic proteins).

Test alcohols were usually added to the cells suspensions

after 10 min of staining with diS-C3(3), to a desired con-

centration. When appropriate, another stressor (inhibitor

or substrate) was also added to the cell suspension, usually

after 30-min exposure to the alcohol. The samples were

kept at room temperature and occasionally gently stirred.

Drug susceptibility assay

To find out whether the alcohols under study are

substrates of Pdr5p and Snq2p pumps, two types of disk-

diffusion test were performed: a standard test (Kolacz-

kowski et al., 1998), and its simplified version designed

to detect Pdr5p substrates only. To perform the standard

test, yeast cells (AD1-3, AD12 and AD13) grown to the

exponential phase in liquid YPD medium were washed

twice with double-distilled water and resuspended in CP

buffer (pH 6.0). Then, they were diluted into top agar

(seeded with 2.5 9 106 cells per mL) and poured onto

YPG plates (2% agar, 1% yeast extract, 1% peptone, 2%

glycerol); 1% YPGE top agar (1% agar, 1% yeast extract,

1% peptone, 2% glycerol, 2% ethanol) was used in this

study. Alcohols (2 µL) were spotted onto Whatman paper

disks lying on the top of the agar.

AD12 cells only were used in the simplified test. More-

over, each of the test alcohols was spotted on two differ-

ent Whatman disks in this case. Before spotting the test

alcohol, FK506 was dropped onto one of these disks

(2 lL of 50 mM solution in ethanol) 15 min before the

test alcohol. FK506 inhibits Pdr5p and thus simulates the

behavior of the pump-deficient strain AD1-3. Known

Pdr5p substrates, BAC and fluconazole, were used as

positive controls. After 2 days at 30 °C, the plates were

photographed and the size of the growth inhibition zones

was measured.

To determine whether a particular alcohol is able to

inhibit the extrusion of a known substrate (BAC, ketoco-

nazole or nigericin for Pdr5p, 4-NQO for Snq2p) by the

pumps, we used a ‘double addition’ mode of the standard

disk-diffusion test (Hendrych et al., 2009). The tested

alcohols were added 15 min before the known substrate.

Plating tests

To determine cell viability, washed exponential cells were

incubated with alcohol, BAC, and their combination at

room temperature with occasional gentle stirring. After

30 min, 10 lL cells were diluted 1000-fold to stop the

action of the compound(s) under study, and 3–5 replicate

aliquots were plated on 1% YPD agar (1% agar, 1% yeast

extract, 1% peptone, 2% glucose) and incubated for

2 days at 30 °C. For control samples, the number of colo-

nies per plate was about 200.

Measurement of extracellular pH

Exponential cells were harvested, washed three times, and

resuspended in double-distilled water to an OD578 (nm) of

2.0. Extracellular pH was recorded every minute with an

Inolab 7310 pH meter using a Sentix 81 pH electrode.

Cell suspensions were stirred during the pH measure-

ments. Glucose and alcohols were manually injected to

final concentrations specified in the figure legends.

Measurement of release of cellular material

The release of cellular material from cells treated with alco-

hols (which absorbs light at 260 nm) was performed as

follows. Exponential cells were harvested, washed twice,

and resuspended in double-distilled water to OD578 (nm) of

0.1. The cell suspension was divided into several equal

parts. One was an alcohol-free control, which underwent

the same procedure as cells exposed to alcohols. Cells were

treated with various concentrations of alcohols (ranging

from 0.1% to 3%) for different periods of time: 10, 30, and

60 min. After this treatment, aliquots (3 mL) were centri-

fuged, and absorption spectra of supernatants (2 mL) were

measured using Varian Cary 50 UV spectrophotometer in

the range of 190–400 nm. The absorbance at 260 nm was

determined and compared with an alcohol-free control.

Preparation of permeabilized cells

Two methods of preparation of permeabilized cells were

used: (1) Permeabilization by heat shock. Twice-washed
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exponential cells were resuspended in CP buffer (pH 6.0)

to OD582 (nm) of 0.1. The heat shock was carried out by

immersing the cell suspension in a water bath at 60 °C
for 10 min (Gaskova et al., 1999). After the heat-shock

treatment, the cells were kept on ice for 5 min. (2)

Permeabilization by an antimicrobial agent ODDC that

binds to negatively charged microbial surfaces (H€ubner

et al., 2010). Twice-washed exponential cells were resus-

pended in CP buffer (pH 6.0) to OD582 (nm) of 0.1 and

ODDC was added to a final 3 µM concentration. After

15-min exposure to ODDC [this exposure time and

ODDC concentration are sufficient to achieve full per-

meabilization (Kodedova et al., 2011)], the cells were

washed twice in double-distilled water to remove the drug

and resuspended in CP buffer to an OD582 (nm) of 0.1.

Chemicals

The following materials were purchased: diS-C3(3) (3,3′-
dipropylthiacarboxycyanine), DMSO, and dimethyl form-

amide (DMF; Fluka, Prague, Czech Republic), yeast

extract (Serva, Heidelberg, Germany), bactopeptone

(Oxoid, Brno, Czech Republic), glucose (Penta, Prague,

Czech Republic), ethanol for UV spectroscopy, glycerol,

citric acid, and Na2HPO4.12H2O (reagent grade; Lach-

Ner, Neratovice, Czech Republic), agar (Dr. Kulich,

Pharma, Hradec Kralove, Czech Republic), and octenidine

dihydrochloride (ODDC; Sch€ulke & Mayr GmbH, Nor-

derstedt, Germany). MDR pump substrates or inhibitors,

alcohols, lysosomotropic compound, and protonophore

used in this study were obtained from the following

sources: benzalkonium chloride (BAC; Fluka), FK506,

fluconazole, ketoconazole, nigericin from Streptomyces

hygroscopicus, 1-propanol, 1-butanol, 1-pentanol, 1-hexa-

nol and CCCP (carbonyl cyanide 3-chlorophenylhydraz-

one; Sigma, Prague, Czech Republic), 4-NQO

(4-nitroquinoline 1- oxide; Supelco). The lysosomotropic

compound DM-11 (2-dodecanoyloxyethyldimethylammo-

nium chloride) was synthesized in the laboratory of Prof.

S. Witek (Univ. Wroclaw; Witek et al., 1997) and kindly

provided by Dr. A. Krasowska.

Results and discussion

Fluorescence calibration of the fraction of

permeabilized cells in suspension by a

diagnostic CD cocktail

Recently, we have shown that the diS-C3(3) diagnostic

assay is suitable for identifying inhibitors of Pdr5 and

Snq2 pumps. This method is based on comparing the

accumulation of the benchmark pump substrate

diS-C3(3) in Pdr5p- and/or Snq2p-expressing cells

(strains AD12, AD13, and US50-18C) vs. a negative con-

trol represented by Pdr5p- and Snq2p-deficient cells

(strains AD1-3 and AD23) in the absence of an inhibitor

and after its addition (Hendrych et al., 2009). Blocking

the active probe efflux from cells by adding pump(s)

inhibitor leads to increased intracellular probe concentra-

tion, which is followed by a shift of kmax toward longer

wavelengths (hereafter called ‘red shift’). In other words,

when the pump(s) are inhibited, the difference in diS-C3(3)

staining level of pump(s)-deficient and pump(s)-express-

ing cells disappears, because then the staining levels are

given mainly by actual membrane potentials (DΨ).

However, one should be aware that a considerable red

shift can also occur due to permeabilization of the cells

(Gaskova et al., 2001; Kodedova et al., 2011). It should

be therefore verified first that substances tested for their

potency to inhibit MDR pumps do not affect cell

membrane integrity. As shown previously, the best indica-

tor of membrane permeation is the use of diagnostic CD

cocktail (Hendrych et al., 2009; Kodedova et al., 2011).

This cocktail is composed of CCCP as protonophore plus

the lysosomotropic compound DM-11 acting as an H+-

ATPase inhibitor (Witek et al., 1997). Its addition to

stained intact cells leads to the drop of kmax to a level

close to the fluorescence of free dye in aqueous medium,

thus indicating a marked membrane depolarization. In

contrast to intact cells, there is no response of probe

fluorescence if the CD cocktail is added to the suspension

of permeabilized cells stained with diS-C3(3) (Hendrych

et al., 2009; Kodedova et al., 2011).

To correlate spectral shifts observed after application of

CD cocktail with the percent fraction of permeabilized

cells, a calibration experiment must be done. We per-

formed this calibration by mixing intact and permeabilized

cells of both pump-deficient AD1-3 and pump-expressing

AD12 strains in different proportions and measuring kmax/

CD after CD cocktail addition, Fig. 1a and b. The quality of

cell permeabilization, which is crucial for reliable calibra-

tion protocol, was checked by measuring the dependence

of cell survival on the fraction of permeabilized cells in the

suspension, Fig. 1c. We did not observe any significant

difference between the results obtained with cells permeabi-

lized by two different methods described in Section ‘Chem-

icals’. Therefore, we present below only data measured with

heat-permeabilized cells.

Staining curves of both strains depend significantly on

the percentage of permeabilized cells in the sample. The

staining curves of intact AD1-3 cells (0% permeabilized

cells) lacking the major MDR pumps Pdr5p and Snq2p

reflect the probe accumulation in cells that is controlled

solely by membrane potential, Fig. 1a. For these curves, a

gradual increase in kmax is characteristic; it takes c. 30 min

to reach equilibrium level of probe accumulation in cells
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(Gaskova et al., 1998). Increasing amounts of permeabi-

lized cells markedly affects cell staining. The corresponding

staining curves reveal clearly higher initial rates of staining

compared to the untreated cells, which is caused by the

increasing fraction of fast and highly stained permeabilized

cells in cell suspensions (compare kmax values measured at

time zero). The addition of CD cocktail to intact cells leads

to the drop of kmax to a level near that of free dye in aque-

ous medium. An increase in the fraction of permeabilized

cells leads to a smaller drop in kmax because the permeabi-

lized cells do not respond to CD cocktail.

Contribution of permeabilized cells to an apparent

kmax value is much more striking in AD12 cells that stain

much less than AD1-3 cells due to active efflux of

diS-C3(3) by the pumps, Fig. 1b. Horizontal dotted lines

connecting the final kmax/CD values in Fig. 1a and b

clearly show that these values are not dependent on the

strain; they are determined only by the fraction of

permeabilized cells in the sample. This was confirmed

also with AD13 cells having only Snq2p (data not

shown). The variations in kmax/CD values were used in the

following experiments as the measure of cell permeabili-

zation caused by alcohols. However, it is fair to note that

the determination of the fraction of permeabilized cells

higher than 40% is inaccurate. For this reason, the stain-

ing curves in Fig. 1a and b are shown in light colours.

The effect of alcohols on activity of Pdr5p and

Snq2p

Staining curves revealing the time course of diS-C3(3)

accumulation in exponentially growing cells were

measured with both pump-expressing strains (AD12 or

AD13) and pump-deficient mutants (AD1-3). Various

(a)

(c)

(b)

Fig. 1. Fluorescence calibration of the fraction of permeabilized cells in suspension by a diagnostic CD cocktail. Staining curves of suspensions

containing different proportions of intact and permeabilized exponential AD1-3 (a) or AD12 (b) cells. All experiments were done by mixing

suspensions of intact and heat-permeabilized exponential cells (stock cell suspensions in CP buffer: OD578 (nm) = 0.1). The fraction of permeabilized

cells (PC) in suspension: 0% – open circles, 5% – dark (blue for AD1-3 cells, green for AD12 cells) inverted triangles, 10% – dark squares, 20% –

dark diamonds, 30% – dark triangles, 40% – dark hexagons, 50% – light (blue for AD1-3 cells, green for AD12 cells) circles, 60% – light inverted

triangles, 70% – light squares, 80% – light diamonds, 90% – light triangles, and 100% – light hexagons. The arrows and dotted lines indicate the

addition of 10 lM CCCP plus 10 lM DM-11 (CD cocktail). The data in a and b are representative of three independent experiments. (c) Dependence

of survival of AD1-3 (blue bars) and AD12 (green bars) cells on the fraction of permeabilized cells in suspension. Error bars indicate SDs derived from

two independent experiments consisting of three replicas each.
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alcohols (from ethanol to hexanol) were added to the

suspensions of these cells at about 10 min of staining,

Fig. 2. Relatively low alcohol concentrations (up to 3%)

were used. Rather than finding an optimum inhibitory

concentration of each alcohol (Leao & van Uden, 1982,

1983, 1984a; Casal et al., 1998), we aimed at comparing

(a) (a)

(c) (d)

(e) (f)

(g) (h)

(i) (j)

Fig. 2. Alcohols (from ethanol to hexanol) variously affect the Saccharomyces cerevisiae multidrug-resistance pumps Pdr5p and Snq2p. Blue symbols

– exponential AD1-3 cells (pump-free negative control); green and orange symbols – exponential AD12 (a, c, e, g, i) and AD13 (b, d, f, h, j) cells,

respectively. The amounts of alcohol added to cell suspensions: empty circles – 0%, full inverted triangles – 3%, full squares – 2%; full diamonds –

1%; full triangles – 0.5%; full circles – 0.2%; full stars – 0.1%, full hexagons – 0.07%. For greater clarity, if appropriate, the concentrations of

alcohols are also listed in the panel. Left-hand arrows with dotted lines indicate alcohol addition. Right-hand arrows with dotted lines indicate the

addition of diagnostic CD cocktail (10 lM CCCP plus 10 lM DM-11). Data are representative of three independent experiments.
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their effects at low concentrations, with ethanol serving as

a reference compound.

As assumed, ethanol exerts a negligible effect on the

staining curves in any type of cells at any of the concen-

trations used (from 1% to 3%), Fig. 2a and b, but the

addition of other alcohols beginning with propanol to

AD12 and AD13 cells caused an increase in kmax toward

the values found with the cells of negative control (AD1-

3), Fig. 2c–j. This indicates that the latter alcohols affect

seriously both Pdr5p and Snq2p, causing an inhibitory

effect.

It can be concluded from the first chapter of ‘Results

and discussion’ that an alcohol-induced cell permeabiliza-

tion may also contribute to an apparent red shift of kmax.

To exclude the possibility that the observed effect of alco-

hols is merely due to such permeabilization, the actual

degree of cell permeabilization was assessed using CD

cocktail and measuring the ratio of respective kmax/CD

values in cells without and with alcohol. As shown in

Fig. 2, for each alcohol, the fraction of permeabilized cells

is practically negligible for a certain range of low concen-

trations, while the pump inhibition is still considerable.

However, the CD cocktail test revealed that with increas-

ing alcohol concentration, the number of permeabilized

cells is no longer negligible. This means that at high con-

centrations, harmful effects of alcohol on yeast cells can

combine MDR pump inhibition with cell permeabiliza-

tion. It is also clear from Fig. 2 that the pump inhibition

is markedly concentration- and alcohol-dependent. In

particular, the concentration of alcohol that is sufficient

to cause a significant red shift of kmax decreases with

increasing acyl chain length, from about 1% for propanol

to 0.07% for hexanol. This implies that the potency of

various alcohols to reduce the performance of Pdr5p and

Snq2p pumps is directly correlated with the chain length.

However, this effect can in general have multiple causes

that need to be critically assessed in order to draw conclu-

sions on the mechanism by which alcohol affects the opera-

tion of these MDR pumps. Possible causes are the

following: (1) depletion of ATP for active probe export

from the cells by Pdr5p and Snq2p, (2) alcohols can be

pump substrates efficiently competing with the probe for

transport, (3) alcohol acts on membrane lipids, resulting in

modulation of MDR pump activity (‘lipid theory’), and (4)

alcohol directly interacts with pump proteins, leading to

inhibition of their function (‘protein theory’). Very likely,

under certain circumstances, several factors can be simulta-

neously involved in the inhibitory effect of alcohols.

It should be noted that, in contrast to, for example, the

Pdr5p inhibitor FK506, the subsequent removal of the

alcohols by washing (Kodedova et al., 2011) after the

30-min exposure used in our experiments results in a

decrease in the inhibitory action of the alcohols depend-

ing on the number of the washing-out steps (data not

shown). This means that the observed inhibition of

diS-C3(3) transport is reversible, that is, it decreases after

removal of the inhibitory agent. This drop in inhibition

can in this case be due to the removal of an alcohol (1)

as a pump substrate from the surrounding medium, or

(2) from the membrane (both lipid matrix and proteins)

as determined by its partition coefficient.

The effect of alcohols on the permeability of

S. cerevisiae membranes for ions and small

metabolites

To evaluate how much alcohols influence the permeabil-

ity of S. cerevisiae membranes for ions and small metabo-

lites, we assessed the concentration-dependent effect of

the alcohols on glucose-induced medium acidification

(which should be partially reduced by passive transmem-

brane proton fluxes due the alcohol-induced cell perme-

ability), Fig. 3a, and on release of metabolites absorbing

at 260 nm (indicator of membrane integrity), Fig. 3b.

Both methods are commonly used to assess the lethal

effect of chemical stressors on cell membranes, see for

example (Bennis et al., 2004; Maresova et al., 2009).

As shown in Fig. 3a, the addition of alcohols to expo-

nential AD1-3 cells with glucose-activated H+-ATPase, that

is, under conditions of a maximum attainable pH gradient,

leads to a concentration-dependent alkalinization of pHout,

as a consequence of increased proton permeability of the

plasma membrane [a generally accepted fact (Leao & van

Uden, 1984b)]. With increasing acyl chain length, the

extent of medium alkalinization increases. The increase in

alkalinization after addition of alcohols is in a very good

correlation with the fluorescence determination of the per-

centage of permeabilized cells. In particular, the same value

of kmax/CD of various alcohols coincides with the same

extent of alkalinization, compare Figs 2 and 3. A compari-

son of Figs 2 and 3 also shows an extremely important fact:

ethanol causes neither medium alkalinization nor a

decrease in pump activity. On the other hand, for alcohols

beginning with propanol, a concentration can be found

which does not lead to alkalinization, but which still exhib-

its an inhibitory effect on both pumps.

As demonstrated in Fig. 3b, alcohols at the concentra-

tions used (except 0.5% and 1% hexanol) do not cause

any extensive damage to plasma membrane even after

60 min of action (no change in the value of Abs(260 nm)).

Inhibitory effect of alcohols is not caused by

depletion of ATP

Acidification of the cytosol results in an activation of the

H+-ATPase (dos Passos et al., 1992; Hendrych et al.,
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2009). We must therefore take into account the possibility

that an alcohol-induced influx of protons into the cells

may also activate the H+-ATPase. Then, the increased

consumption of ATP by the enzyme can possibly cause a

depletion or at least reduction of ATP concentration

needed for active probe export from the cells by the pumps

Pdr5p and Snq2p. Lack of energy for the probe export

would result in increased cell staining after addition of

alcohols relative to the control. To confirm or rule out this

type of pump inhibition, we compared the fluorescence

response of AD12 and AD13 cells to the addition of alco-

hols in the presence and absence of 10 mM glucose added

5 min before the probe. We show here the data for hexanol

only, because this alcohol exhibits the highest pump inhibi-

tion effect, cf. Fig. 2. AD1-3 cells were again used as a nega-

tive control.

Figure 4 shows the effect of 0.07% hexanol, which illus-

trates the typical response to all tested alcohols, that is, the

red shift of kmax due to the pump inhibition. The presence

of glucose in AD1-3 cell suspension causes a fast H+-AT-

Pase activation, followed by the hyperpolarization of the

cells, which is accompanied by a faster and higher cell

staining relative to glucose-free control, while the addition

of alcohol had a negligible effect. The hyperpolarization of

AD12 and AD13 cells by glucose leads to a small increase

in staining as a result of the changed equilibrium between

passive probe uptake according to DΨ and the active

probe efflux by the pumps. However, the response to hex-

anol has the same character both in the absence and pres-

ence of glucose. We can therefore rule out the possibility

of ATP depletion as a reason of the observed inhibitory

effects of alcohols. This conclusion is also supported by

the recovery of the pump activity after alcohol removal.

The results of CD cocktail test proved that the degree

of cell permeabilization was negligible in this set of

experiments.

(a)

(b)

Fig. 3. Concentration-dependent effects of alcohols on glucose-induced medium acidification and cell lysis: Saccharomyces cerevisiae AD1-3

exponential cells. (a) The changes in extracellular pH following the addition of 1% glucose (left-hand arrows at time zero). The right-hand arrows

indicate addition of alcohols: 1%, 2% and 3% ethanol and propanol, 0.5%, 1%, 2% and 3% butanol, 0.2%, 0.5% and 1% pentanol, 0.1%, 0.2%

and 0.5% hexanol. Open circles – no alcohol added. Data are representative of two independent experiments. (b) The absorbance of cell suspensions

measured at 260 nm in supernatants of AD1-3 cells treated for 10, 30, and 60 min with different alcohol concentrations. Circles – ethanol, triangles

– propanol, inverted triangles – butanol, squares – pentanol, diamonds – hexanol. Data are means from three independent experiments �SD.
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Inhibitory effect of alcohols is not caused by

their competition with the probe for transport

(i.e. alcohols are not substrates of Pdr5p and

Snq2p)

To determine whether alcohols are substrates of Pdr5p

and Snq2p, we performed two tests: (1) drug susceptibil-

ity assay in both the classical and our simplified version

(see Materials and methods) and (2) plating test. As is

evident from Fig. 5a (classical disk-diffusion test using a

set of mutants isogenic to AD1-3, but deleted in only one

MDR pump, i.e. AD12 and AD13) and Fig. 5b (simplified

version using only AD12; pump-deficient strain is simu-

lated by the action of FK506 on AD12 cells), alcohols do

not form any inhibition zones (except for very small

zones in the case of hexanol that are identical for all

strains). This finding is surprising because it is known

that alcohols inhibit cell growth (Ingram & Buttke, 1984).

The most logical explanation seems to be that the alco-

hols (with the exception of hexanol) diffuse too quickly

through the agar and their concentration near the disks is

therefore insufficient for growth inhibition.

All the strains showed comparable survival after

30 min exposure to alcohols, Fig. 5c, indicating that the

activity of pumps is not involved in the effects of alcohols

on the cells. In other words, the alcohols are not

substrates of the pumps.

Alcohols act as true inhibitors of Pdr5p and

Snq2p

To prove that alcohols act as true inhibitors of both

pumps (i.e. their effect on cell membrane results in

modulation of pump activity), we used a ‘double addi-

tion’ mode of the classical disk-diffusion test (see Plating

tests). BAC (Fig. 6a), nigericin (Fig. 6c), and ketoconaz-

ole (Fig. 6d) were used as known substrates for Pdr5p,

4-NQO (Fig. 6b) as a substrate for Snq2p. As evident

from the disk-diffusion tests on Pdr5p- or Snq2p-express-

ing strains, AD12 or AD13, the zones of inhibition

formed in the presence of substrates plus pentanol or

hexanol reach up to the size that is observed in the

Pdr5p- and Snq2p-deficient strain AD1-3. The absence of

enlargement of the zones with propanol and butanol plus

substrates is most likely due to an insufficient alcohol

concentration near the disks for inhibition (given by their

too fast diffusion through the agar; compare sufficient

concentrations of each alcohol to inhibit the probe efflux

by the pumps, see Fig. 2). To confirm this, we performed

an analogous assay based on the survival of AD12 and

AD1-3 cells exposed to 1.5 lM BAC and alcohols at a

suitable inhibitory concentration, and their combinations

with BAC for 30 min. AD12 strain shows higher survival

when exposed to BAC compared to Pdr5p-deficient AD1-

3 strain (Kodedova et al., 2011). This difference (1)

disappears after the simultaneous action of BAC and alco-

hols beginning with butanol (2) is partially reduced with

3% propanol and (3) remains with ethanol which does

not inhibit Pdr5p (see Fig. 2; data not shown).

Reduced ability of cells to survive the effect of

substrates in the presence of alcohols is not

the result of cell permeabilization caused by a

combined alcohol-substrate effect

Although it may seem that the role of alcohols as pump

inhibitors was clearly proved by preceding experiments,

there is still the possibility that their effects in combination

with other ‘stressors-substrates’ can lead to significant

damage to the cell membrane and its permeabilization.

(a) (b)

Fig. 4. Inhibitory effect of alcohols is not caused by depletion of ATP. Comparison of the effects of alcohols under study on energized and

nonenergized cells is illustrated by the action of 0.07% hexanol. Exponential AD12 (a) and AD13 (b) – green and orange symbols, respectively,

and AD1-3 (a and b) – blue symbols were not treated (open symbols) or treated (full symbols) with 10 mM glucose for 5 min before the addition

of diS-C3(3) at time zero. The alcohol (0.07% hexanol) was added to the cells at 12 min of staining (triangles). Circles – controls (hexanol-free).

Left-hand arrows indicate hexanol addition; right-hand arrows indicate the addition of diagnostic CD cocktail (10 µM CCCP plus 10 µM DM-11).

Data are representative of three independent experiments.
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(a)

(b)

(c)

Fig. 5. No evidence that alcohols are substrates for Pdr5p or Snq2p. (a) Growth inhibition zones measured in a classical disk-diffusion test using

YPGE top agar in variously pump-expressing strains (AD12, AD13) and the negative control AD1–3 exposed to alcohols (2 lL of alcohols were

spotted onto Whatman paper disks). (b) Growth inhibition zones measured in a simplified disk-diffusion test using YPGE top agar in Pdr5p-expressing

strain AD12 exposed to Pdr5p substrates BAC (15 mM) and fluconazole (FLU, 15 mM), alcohols, and combinations of all tested compounds with

FK506 (50 mM; an inhibitor of Pdr5p) as described in Section ‘Materials and methods/Plating tests’. The data in panels a and b are representative of

three independent experiments. (c) Cell viability after a 30-min exposure to alcohols (AD1-3, blue bars; Pdr5p-containing AD12, green bars; Snq2p-

containing AD13, orange bars). Error bars indicate SDs derived from three independent experiments consisting of three replicas each.
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Indeed, the toxic effect of many pump substrates on the cell

has a multitarget character including disturbance of the cell

membrane, as is the case of BAC (Kodedova et al., 2011).

To prove that the observed pump inhibition by alcohols

is not the result of such action, we tested the combined

effect of Pdr5p substrates, BAC or ketoconazole, with

(a) (b)

(c) (d)

Fig. 6. Alcohols (from ethanol to hexanol) variously inhibit substrate transport mediated by Pdr5p and Snq2p. Comparison of growth inhibition

zones of AD12 or AD13 with AD1-3 cells exposed to a substrate of Pdr5p or Snq2p, respectively, to alcohols, and their combinations with the

substrate: (a) BAC (15 mM; a substrate of Pdr5p), (b) 4-NQO (NQO, 1.6 mM; a substrate of Snq2p), (c) nigericin (NIG, 20 mM; a substrate of

Pdr5p and Yor1p) and (d) ketoconazole (KET, 1.5 mM; a substrate of Pdr5p). The data are representative of three independent experiments.

Note that in all cases, addition of an agent that is not a substrate of the given pump, along with alcohol, gives an inhibition zone that is equal to

the zone found in the pump-deficient strain AD1-3 (data not shown).
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hexanol using a diS-C3(3) diagnostic assay that is very

suitable for the determination of the percentage of per-

meabilized cells in a suspension, Fig. 7. As shown in

Fig. 7a, there is no increase in the fraction of permeabi-

lized cells in the suspension during the action of BAC or

ketoconazole. BAC only weakly depolarizes the membrane,

whereas ketoconazole has no effect on DΨ (compare the

difference in staining of AD1-3 cells pretreated with a sub-

strate). The addition of these substrates to hexanol-treated

cells also does not lead to their increased permeabilization,

Fig. 7b. We can therefore conclude that alcohols indeed

inhibit the ability of Pdr5p and Snq2p to transport the

substrate by affecting the pump protein and/or its lipid

environment. Moreover, the observed inhibition is revers-

ible, decreasing after removal of the inhibitory agent from

the membrane (both lipid matrix and proteins).

Conclusions

In this paper, we present alcohols, especially pentanol and

hexanol, as effective inhibitors of two major S. cerevisiae

MDR pumps – Pdr5p and Snq2p. It seems astonishing

that very low concentrations of these relatively simple

molecules can be such powerful tools in the fight against

MDR resistance. Furthermore, alcohols target, in part, the

plasma membrane (it does not matter whether lipid

matrix or protein pocket), that is, they do not need to

enter the cells to achieve the inhibitory effect and thus

avoid the resistance mechanism presented by the pump.

They could be useful therapeutically in conjunction with

current antifungals – Pdr5p and/or Snq2p substrates – to

combat yeast infections.
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Abstract 
Tok1p is a highly specific yeast plasma membrane potassium channel with strong outward 

directionality. Its opening is induced by membrane depolarization. Although the biophysical 

properties of Tok1p are well-described, its potentially important physiological role is currently 

largely unexplored. To address this issue, we examined the Tok1p activity following chemically-

induced depolarization by measuring changes of plasma membrane potential (ΔΨ) using the diS-

C3(3) fluorescence assay in a Tok1p-expressing and a Tok1p-deficient strain. We report that Tok1p 

channel activity in response to chemical stress does not depend solely on the extent of 

depolarization, as might have been expected, but may also be negatively influenced by 

accompanying effects of the used compound. The stressors may interact with the plasma membrane 

or the channel itself, or cause cytosolic acidification. All of these effects may negatively influence 

the Tok1p channel opening. While ODDC-induced depolarization exhibits the cleanest Tok1p 

activation, restoring astonishing 75% of lost ΔΨ, higher BAC concentrations reduce Tok1p activity, 

probably because of direct interactions with the channel and/or its lipid microenvironment. This is 

not only the first study of the physiological role of Tok1p in ΔΨ maintenance under chemical stress, 

but also the first estimate of the extent of depolarization the channel is able to counterbalance. 

 

1. Introduction 

 The plasma membrane potential (ΔΨ) is defined as the electric potential difference between 

the interior and exterior of a cell. It is the result of various processes connected with the movement 

of ions across the cell plasma membrane. The highly regulated processes involved in its generation 

and maintenance are crucial for any living cell to survive and proliferate. In the yeast 

Saccharomyces cerevisiae, ΔΨ is controlled mainly by the regulation of H+ and K+ fluxes [1]. In the 

yeast the main ΔΨ regulator is the extensively studied and well-characterised Pma1p H+-ATPase. 

The protein pumps protons out of the cytosol to regulate intracellular pH and create a proton 

electrochemical gradient across the plasma membrane [2, 3]. Besides Pma1p, several types of active 

and passive K+ transporters contribute considerably to ΔΨ maintenance. One such potassium 

channel is the largely unexplored Tok1p. For review see [4].  

 Numerous in vitro electrophysiological studies have shown that Tok1p is a potassium-

specific voltage-gated plasma membrane channel [5] with strong outward directionality [5-7]. It is 

activated not according to the absolute ΔΨ value, but rather when ΔΨ becomes more positive than 

the Nernst equilibrium potential for K+ [5, 7-9]. Under steady-state conditions, this activation is 

influenced by the cytoplasmic ATP concentration [10]. On the other hand, the activity of Tok1p is 
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inhibited by external K+, Cs+ and Ba2+ ions [8], tetraethylammonium ions (TEA+) [10, 11] and also 

by intracellular acidosis [10, 12]. Once the channel is opened, the K+ accumulated in the cells can 

be released to regenerate membrane potential [10]. Although the biophysical properties of the 

Tok1p channel are well described by in vitro electrophysiology studies using mostly patch-clamp 

methods [6, 11, 13], knowledge about its actual physiological function in vivo is very limited. To 

date, it has only been shown that the deletion of the TOK1 gene results in significant plasma 

membrane depolarization. On the other hand, its overexpression leads to hyperpolarization of the 

yeast plasma membrane [14, 15]. 

 The in vitro electrophysiological studies of transmembrane potassium transport imply that 

the Tok1p channel is likely to be a significant contributor to the regulation of membrane potential 

under depolarizing conditions induced by chemical stressors. However, this has not been studied in 

vivo to date. While the membrane potential is set directly by the voltage on the electrodes used in 

the electrophysiological experiments, the depolarization in vivo is the result of the interaction of the 

cell with a chemical species. This interaction may result in elevated permeability of the plasma 

membrane and in a change of cytosolic concentration of various ions. This in turn affects membrane 

potential and cytosolic pH. The compound may even interact and/or interfere with intracellular 

structures and processes. All of the mentioned effects may affect Tok1p channel activity. 

 This study is mainly aimed at monitoring the contribution of the Tok1p channel to the 

maintenance of plasma membrane potential under chemically-induced depolarization. We 

concentrate on answering the following questions: (1) How effectively can the Tok1p-mediated 

potassium currents counterbalance chemically induced depolarization? (2) Does the stressor’s mode 

of action affect the activity of the Tok1p channel? (3) If so, which effects of the stressors influence 

the Tok1p activity most significantly? In order to answer these questions, we investigated the 

Tok1p channel activity in response to several stressors that are known to depolarize the plasma 

membrane while exhibiting distinct modes of action [16, 17]. This was performed by monitoring the 

changes of membrane potential via following the accumulation of the diS-C3(3) fluorescent probe in 

the parental strain and mutant strain lacking Tok1p (tok1). The use of the known protonophore 

CCCP (collapsing both the ΔΨ and ΔpH across the plasma membrane) enabled us to establish the 

“experimental window” for determining the contribution of Tok1p to membrane potential 

regulation under chemical stress. 

 We present evidence that higher concentrations of surface-active stressors such as BAC 

significantly reduce the Tok1p channel activity. However, if the side effects of a stressor are 

negligible (as is the case of low ODDC concentrations), the ability of the channel to compensate 

depolarization is enormous, reaching up to 75%. This suggests that the physiological importance of 
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Tok1p in yeast cell membranes lies in particular in maintaining high membrane potential during its 

fluctuations.  

 We have previously shown that the diS-C3(3) fluorescence assay is an appropriate and 

sensitive tool for monitoring plasma membrane potential (ΔΨ) changes in vivo after the application 

of various chemical substances [see e.g. 16-18]. The method is based on the use of the 

potentiometric fluorescent probe 3,3′-dipropylthiacarboxycyanine, diS-C3(3), that in the absence of 

multidrug resistance pumps accumulates in the cytosol according to the plasma membrane potential 

(negative inside). Higher plasma membrane potential is reflected in higher equilibrium intracellular 

probe concentration and vice versa. 

 The progressive cytosolic accumulation of the probe is reported by time-dependent increase 

of the fluorescence emission maximum wavelength (λmax) and takes ~30 min to reach equilibrium 

due to the presence of the cell wall which acts as a barrier [19, 20]. For the same reason the changes 

of λmax values following any change of plasma membrane potential are not immediate, but follow a 

similar time course as the initial staining. 

 A slight drawback of the diS-C3(3) fluorescence assay is that it does not enable us to 

measure absolute values of membrane potential. However, neither do other currently available in 

vivo methods employing some kind of probe response calibration whose reliability is usually 

difficult, if not impossible to verify. Nevertheless, under conditions of equilibrium staining, changes 

of ΔΨ can be expressed directly in mV [21], which is of great advantage. It should be emphasized 

here that not the ΔΨ transients, but steady-state ΔΨ represent the physiologically relevant parameter 

to characterize the adaptive response of cells to chemical stress. 

  

2. Materials and Methods 

 
2.1. Yeast strains and plasmids 

Yeast strains used in this study are AD1-3 (MATα, PDR1-3, ura3, his1, yor1::hisG, snq2::hisG, 

pdr5::hisG) [22], hereafter referred to as “parental strain”, its isogenic tok1 deletion mutant and 

AD1-3 pTEF1-YpHl (the latter referred to as “pHluorin-expressing strain”; both prepared in the 

context of this work). The AD1-3 strain is deficient in multidrug resistance pumps [16, 17]. 

Therefore, the potentiometric fluorescent probe diS-C3(3) accumulates in the cytosol solely 

according to the plasma membrane potential. 

 The tok1 mutant was prepared by deleting the TOK1 gene from the AD1-3 strain using 

homologous recombination. The pUG6-32 plasmid (hph marker – resistance to hygromycin B) was 

used as a PCR template for preparing the disruption cassette. The plasmid had been constructed 
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previously from plasmids pUG6 and pAG32 (Euroscarf, Bad Homburg, Germany) to enable the hph 

marker rescue, as the original pAG32 plasmid does not contain loxP sites [23]. A plasmid with the 

same function is now available from Euroscarf under the name pUG75 [24]. 

 The AD1-3 pTEF1-YpHl strain harbouring pHluorin with a strong constitutive pTEF1 

promoter instead of the HIS3 gene was prepared using homologous recombination with two 

overlapping cassettes. One, containing the pTEF1 promoter, was prepared with pYM-N20 plasmid 

(nat marker – resistance to nourseothricin, Euroscarf, Bad Homburg, Germany) as PCR template, 

the other with pHluorin was obtained from plasmid pVT100U kindly provided by Dr. Aleš 

Holoubek. Correct cytosolic localization in both absence and presence of chemical stress was 

verified by the means of confocal fluorescence microscopy. 

 Both mutant strains retained the growth characteristics of their parental strain (monitored by 

measuring optical density at 578 nm (OD578) of the growing culture with an Amersham Biosciences 

Novaspec III spectrophotometer; data not shown), in agreement with previous research in the case 

of tok1 deletion [14]. 

 

2.2. Media and cell growth conditions 

Yeast precultures were grown at 30°C for 24 h in YPD medium: 1% yeast extract (Serva, 

Heidelberg, Germany), 1% bactopeptone (Oxoid, Brno, Czech Republic) and 2% glucose (Sigma). 

An inoculum of 5–10 μl was added to 10 ml fresh YPD medium and the culture was grown until it 

reached the desired growth phase. 

 

2.3. Chemicals 

The following materials were purchased: 3,3′-dipropylthiacarbocyanine iodide, diS-C3(3), and 

dimethyl formamide (Fluka); yeast extract (Serva); agar (Carl ROTH); bactopeptone (Oxoid); 

glucose, ethanol for UV spectroscopy, glycerol, citric acid and Na2HPO4·12H2O (Sigma). The 

chemical stressors were obtained from the following sources: CCCP (Sigma); BAC (Fluka); ODDC 

(Schülke & Mayr GmbH); DM-11 was synthesized in the laboratory of Prof. Stanislaw Witek [25] 

(Wroclaw University, Wroclaw, Poland) and kindly provided by Dr. Anna Krasowska. 

 
2.4. Fluorescence measurements of diS-C3(3) accumulation in cells 

Yeast cells from either exponential or post-diauxic growth phase were harvested, washed twice with 

double-distilled water, and resuspended in glucose-free 10 mM citrate-phosphate (CP) buffer of pH 

6.0 to OD578 = 0.1 (equal to 2.5×106 cells/ml). The potentiometric fluorescent probe diS-C3(3) was 

added to 3 ml of yeast cell suspension in a 1×1 cm UV-grade fluorometric cuvette (Kartell, Italy) as 
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10-5 M stock solution in ethanol to the final concentration of 2×10-8 M. Fluorescence emission 

spectra of the diS-C3(3) stained cell suspensions were measured using a FluoroMax-4 

spectrofluorometer (Horiba Jobin Yvon) in intervals of 5-10 min. Excitation wavelength was 531 

nm, fluorescence range 560–590 nm, duration of a single spectral scan ~20 s, scattered light was 

eliminated by orange glass filter with a cut-off wavelength of 540 nm. The time-course of the 

position of fluorescence emission maximum (λmax) was recorded to obtain the so-called staining 

curves [19, 20]. The samples were kept at room temperature and gently stirred by turning upside 

down before acquiring their emission spectra. 

 Where appropriate, chemical stressors were introduced 10 minutes before (ODDC, DM-11 

and BAC) or after the addition of the probe (glucose, CCCP). The Tok1p channel inhibitor TEA+ 

was added 10 minutes before the probe. 

 It should be emphasized here that the equilibrium staining (λmax
eq) values cannot be directly 

converted to underlying membrane potential values in mV [26]. Using our calibration-free method, 

only differences in plasma membrane potentials under two different conditions (e.g. presence of a 

stressor or absence of a gene) can be acquired using the difference in equilibrium staining values 

(Δλmax
eq). The conversion of this difference to membrane potential changes in mV relies on the fact 

that λmax
eq values are clearly linked to the B/A ratio of the fractions of bound dye spectra and free 

dye spectra in the final spectrum [21]. The difference of their logarithms, log(B/A)2 - log(B/A)1, 

assessed through Δλmax
eq can be used to calculate the difference of underlying membrane potentials: 

ΔΨ2 - ΔΨ1 = (RT/F)[log(B/A)2 - log(B/A)1], where R, T and F are the universal gas constant, 

absolute temperature and Faraday constant, respectively. 

 

2.5. Monitoring of cytosolic pH via synchronously scanned pHluorin fluorescence 

Cells of the pHluorin-expressing strain (see “Yeast strains and plasmids”) were cultivated and 

harvested as for fluorescence measurements and resuspended in the same buffer to a final cell 

density three times higher (i.e. OD578 = 0.3, corresponding to 7.5×106 cells/ml) to provide better 

signal-to-noise ratio (this change of cell concentration in the suspension does not affect the 

quantitative response of pHluorin fluorescence to the used concentrations of respective chemicals; 

data not shown). Cytosolic pH (pHcyt) was measured using the method described by Plášek et al in 

2015 [27]. 

 Synchronously scanned fluorescence spectra (SSF) of the cell suspensions were measured in 

1×1 cm UV-grade fluorometric cuvettes (Kartell, Italy) using a FluoroMax-3 spectrofluorometer 

(Horiba Jobin Yvon). For each sample two SSF spectra were recorded using excitation vs. emission 

offsets of 30 and 110 nm. Each of these spectra follows one of the two peaks normally found in the 
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standard excitation spectra of pHluorin fluorescence. Since the full width of half maximum of the 

peaks is considerably reduced in this way, the method provides higher resolution and precision. 

Furthermore, it enables for straightforward and simple subtraction of the cell autofluorescence 

which only has to be measured once for each sample type [27]. 

 Calibration was carried out in the same buffer as the measurements, with the addition of 50 

mM KCl and 50 mM NaCl, 10 mM sodium azide and 200 mM ammonium acetate, in accordance 

with previous studies [28, 29]. The buffer was then titrated with either HCl or NaOH to various pH 

values in the range of 4.6 to 8.2. The SSF spectra of cells resuspended in this set of buffers were 

measured over the course of one hour. From the obtained values, only those stable in time were 

used to obtain the calibration curve. 

 In the actual measurements, the SSF spectra were measured for ca. 120 minutes to follow 

the time course of pHcyt changes. Where appropriate, the stressors were added ~15 minutes after the 

start of the assay. Each pHcyt measurement included 3-4 extra samples with the studied cells 

resuspended in various calibration buffers to verify the coincidence with the calibration curve. 

These were measured both before and after the measurement of pHcyt. 

 

2.6. Monitoring of pHluorin localization and cell wall integrity using confocal microscopy 

Cells for cytosolic pHluorin localization (pHluorin-expressing strain) measurements were cultivated, 

harvested and resuspended as for fluorescence measurements. The cells were then treated with 

respective chemicals (glucose and CCCP) and fixed with 1% agarose gel on microscopic slides to 

prevent their movement. The effect of the stressors on pHluorin localization was monitored using 

an Olympus IX83/FV1200 laser scanning microscope with a water immersion objective UPLSAPO 

60x/1.2. The micrographs were cropped and their contrast digitally enhanced using the open source 

digiKam software (version 4.12.0) where appropriate. 

 

2.7. Monitoring of drug susceptibility via plating tests  

Cells were cultivated, harvested and resuspended as for the fluorescence spectra measurements, but 

to a final cell density two times higher (i.e. OD578=0.2; 5×106 cells/ml). The cells were incubated 

with various concentrations of DM-11, ODDC or BAC at room temperature while being 

continuously gently stirring. At designated times aliquots of 100 μl were taken from the samples 

and diluted 10-fold three times (i.e. to the final 1000-fold dilution). Three replicates of 100 μl were 

then plated on 1% YPD agar plates (1% agar, 1% yeast extract, 1% peptone, 2% glucose) and 

incubated for 48 hours at 30°C. Colonies were counted and the survival rates for each time-point 



AC
CE

PT
ED

 M
AN

US
CR

IP
T

ACCEPTED MANUSCRIPT

8 

were calculated relative to untreated controls. For control samples the number of colonies per plate 

was ~200. 

 

2.8. Monitoring of cellular material release by measuring cell suspension absorbance  

Cells were cultivated, harvested and resuspended as for the fluorescence spectra measurements. 

Aliquots of the cell suspension were incubated with various concentrations of BAC at room 

temperature while being continuously gently stirred. Aliquots of 3 ml were taken at various times, 

centrifuged and the supernatant was used for absorption measurements. The absorption spectra were 

acquired in 1×1 cm quartz cuvettes using a Varian Cary 50 UV spectrophotometer (200-350 nm 

scanning range of 1 nm steps; integration time of 0.2 s). The absorbance was determined as a mean 

over the interval of 260 ± 2 nm. 

 

2.9. Monitoring of the extent of permeabilization by propidium iodide staining 

Cells were cultivated, harvested and resuspended as for the fluorescence spectra measurements. 

Aliquots of 0.5 ml were then incubated in Eppendorf tubes with various BAC concentrations for the 

desired period of time and occasionally gently stirred. The aliquots were then stained by adding 1 μl 

of propidium iodide solution and incubated for 10 minutes. Consequently, 20 μl were transferred to 

a SD100 cell-counting chamber (Nexcelom Bioscience LLC) and the amount of permeabilized cells 

was measured in a Nexcelom Bioscience LLC Cellometer® Vision using the VB595-502 emission 

filter. The data were analysed using the Cellometer Vision software.  

 
3. Results  

To understand the contribution of Tok1p to membrane potential regulation under the conditions of 

chemical stress leading to plasma membrane depolarization, the protonophore CCCP was selected 

as the model depolarizing agent. This weak lipophilic acid mediates passive proton transport across 

cellular membranes [20, 30-32], which results not only in plasma membrane depolarization [28] but 

also cytosolic acidification [32, 33].  

 We expected the CCCP-induced plasma membrane depolarization to trigger Tok1p channel 

opening and potassium release, while the cytosolic acidification leads to activation of Pma1p. 

Pmap1 exports protons out of the cytosol both to keep the pHcyt constant and to re-polarize the 

plasma membrane [16, 34-36]. The setting of the experimental window (i.e. experimental 

conditions under which there is a manifest contribution of Tok1 to the maintenance of plasma 

membrane potential) included following factors: (1) cell culture growth phase, (2) activation of 
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Pma1p by glucose, (3) time of stressor addition relative to the beginning of cell staining with diS-

C3(3), (4) cytosolic acidification, (5) use of known inhibitors of Tok1p (TEA+) and Pma1p (DM-11). 

 

3.1. The effect of growth phase and glucose on the contribution of Tok1p channel to ΔΨ 

maintenance 

The plasma membrane depolarization in the suspension of washed cells devoid of glucose 

represents a practical benchmark value for the contribution of Tok1p channel to ΔΨ maintenance 

under chemical stress.  

 Washed exponential cells exhibit significantly lower staining compared to the cells with 

added glucose, which indicates their relative depolarization, Fig. 1A. Furthermore, the cells of the 

tok1 mutant are also significantly depolarized relative to the parental strain, as revealed by lower 

equilibrium staining value, λmax
eq , consistent with previous research [14, 15]. The difference 

between the staining of the parental strain and the tok1 mutant (grey area in Fig. 1A) displays the 

Tok1p channel contribution to ΔΨ maintenance in time. In equilibrium the difference in staining 

(Δλmax
eq) is 1.6 ± 0.2 nm which corresponds to ΔΨ difference of 14.6 ± 2.8 mV, cf. [21]. This 

amounts to 48 ± 6% of ΔΨ change caused by glucose addition to tok1 mutant cells. Furthermore, 

addition of even relatively low concentrations of glucose leads to merging of the staining curves of 

the strains, indicating Tok1p channel inactivation by high membrane potential, consistent with 

previous studies [15]. On the other hand, there is practically no difference in the membrane

potential of the two strains in the post-diauxic phase regardless of the presence of glucose, Fig. 1B. 

 It should be noted here that under our experimental conditions, the pHcyt of untreated 

exponential cells is almost lower than pHcyt of post-diauxic cells by 0.30 ± 0.15 units, Fig. 1C. 

Nevertheless, addition of glucose to the cells of both growth phases leads to extensive and quite 

rapid alkalization and reaches the same final value. The rise in pHcyt is in both cases preceded by a 

small transient acidification, which is consistent with previous research [37]. Correct cytosolic 

pHluorin localization in our strain is documented in Fig. 1D for post-diauxic cells, both untreated 

and treated with glucose. 

  

3.2. Tok1p channel activity under chemical stress induced by a model depolarizing agent CCCP 

Exponential (Fig. 2A) and post-diauxic (Fig. 2B) cells were subjected to a sublethal concentration 

of the protonophore CCCP at two different times relative to the probe addition (12 and 50 minutes). 

The differences in the staining curve profiles corresponding to various times of CCCP addition can 

be attributed to unequal amounts of fluorescent probe accumulated in the cells before depolarization 

is induced. The initial depolarization is followed by relatively slow redistribution of the probe 
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between the cytosol and external buffer. However, as already noted in the Introduction, not the ΔΨ 

transients, but steady-state ΔΨ values represent the physiologically relevant parameter to 

characterize the response of cells to chemical stress. Hence, the main information obtained from the 

staining curves measured in CCCP treated cell suspensions is revealed by their mean λmax
eq and 

Δλmax
eq (indicating the extent of Tok1p channel activity) values, not by their whole time course. 

Regardless of the difference between staining profiles, the λmax
eq values of both strains measured in 

the CCCP treated cell suspensions are independent of the time of CCCP addition, Fig. 2A and 2B. 

They therefore represent an unambiguous measure of plasma membrane depolarization induced by 

CCCP. 

 Despite the fact that the staining curves fail to precisely follow the fast changes of ΔΨ, they 

still report the existence of a pronounced temporary depolarization caused by the addition of CCCP 

to tok1 mutant cells. Moreover, they also reveal that about 10 minutes after the initial depolarization, 

ΔΨ begins to rise again towards a new equilibrium value due to Pma1p activation. The initial 

depolarizing effect of CCCP in post-diauxic cells of both strains is considerably more pronounced 

than in the exponential cells. Note also that the CCCP-induced drop of pHcyt is greater in post-

diauxic cells (from 6.7 ± 0.2 to 5.0 ± 0.2 in about 60 min after CCCP addition) compared to 

exponential cells (from 6.3 ± 0.2 to 5.0 ± 0.3), Fig. 2C (Fig. 2D provides proof of the pHcyt 

reporter's cytosolic localization and vacuolar membrane integrity after exposure of cells to CCCP). 

It should be emphasized that the response of pHluorin to immediate pHcyt changes is faster than 

about 3 sec [33]. Therefore, the slow changes in pH following the initial very rapid drop after 

CCCP addition (Fig. 2C) are not due to methodological limitations, but represent real slow changes 

of pHcyt occurring in washed cells devoid of glucose. 

 Observed λmax
eq data report following relationships between steady-state ΔΨ values in 

CCCP-treated cells and untreated controls: (1) Exponential phase: In the cells of the parental strain, 

there is only a slight temporary CCCP-induced ΔΨ drop that is finally fully restored. The tok1 

mutant controls have lover ΔΨ relative to the parental strain. Moreover, the CCCP-induced 

temporary ΔΨ drop is more pronounced than in the parental strain, but it is still almost completely 

recovered, Fig. 2A. (2) Post-diauxic phase: For both strains, the CCCP-induced temporary ΔΨ drop 

is more pronounced than in the exponential phase. The final steady state depolarization induced by 

CCCP addition is therefore also deeper than in the exponential cells (Fig. 2B). 

 

 To clearly demonstrate that the difference between the staining of the parental strain and the 

tok1 mutant (Δλmax) corresponds to the Tok1p channel activity, we used TEA+ 

(tetraethylammonium ion), the established inhibitor of Tok1p channel [10, 11]. In suspensions 
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treated solely with TEA+ (of 100 mM concentration) the cells exhibited some depolarization 

relative to the control, regardless of strain and growth phase, as reported by λmax
eq (Fig. 3A and 3B). 

This depolarization is accompanied by slight cytosolic alkalization (≤ 0.1 pH units) in both growth 

phases (Fig. 3C and 3D), as found in the parallel experiment performed with the pHluorin-

expressing strain. 

 In the exponential phase, the extent of TEA+-induced depolarization (measured by the 

difference between corresponding λmax
eq of controls and TEA+-treated cells) in the parental strain is 

roughly twice that in the cells of the tok1 mutant. On the other hand, there is no such difference in 

the size of TEA+-induced depolarization in the post-diauxic phase, as the respective staining curves 

of the parental and tok1 mutant and their λmax
eq values overlapped nearly perfectly, both in the 

control and TEA+-treated cells. Moreover, conversion of the Δλmax
eq values to changes of ΔΨ, cf. 

[21], indicates that the contribution of Tok1p channel to ΔΨ maintenance after TEA+ addition 

(amounting to 8.0 ± 0.9 mV) is significantly smaller than in the absence of the inhibitor (19.8 ± 0.3 

mV). Furthermore, pretreatment of the cells with TEA+ completely abolishes the Tok1p 

contribution to ΔΨ in response to CCCP-mediated depolarization only in post-diauxic cells, as 

indicated by the coincidence of the staining curves in the latter, but not in the former (Fig. 3A and 

3B). 

 

 To prove that the gradual ΔΨ restoration in CCCP-treated cells is caused by Pma1p 

activation, we employed the lysosomotropic compound DM-11 (2-dodecanoyloxyethyl-

dimethylammonium chloride), a known inhibitor of Pma1p [25]. When added to the cells in 

combination with CCCP (as CD cocktail containing 10 μM DM-11 and 10 μM CCCP) it completely 

depolarizes the plasma membrane due to rapid dissipation of the proton gradient [16]. As shown in 

Fig. 3A and 3B, the pronounced depolarization caused by CD cocktail is not followed by a 

significant ΔΨ recovery, thus indicating that the rise in staining in the absence of the inhibitor is 

indeed the result of CCCP-induced Pma1p activation. The Tok1p channel activity in the cells 

treated with CD cocktail is somewhat lower than after the treatment with CCCP alone (by ~6 mV 

and ~1.7 mV in exponential and post-diauxic cells, respectively, see Table 1). In contrast, cytosolic 

acidification following CD cocktail addition is practically identical to that caused by the addition of 

CCCP alone (Fig. 3C). 

 

Table 1: Contribution of Tok1p channel to ΔΨ under chemically induced depolarization caused by 

protonophore CCCP (10 μM) alone and CD cocktail (10 μM CCCP + 10 μM DM-11), respectively. 

Means and SDs were calculated from ten independent repeats. 
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 Tok1p contribution (mV) 

in CCCP-treated cells 

Tok1p contribution (mV) 

in CD cocktail-treated cells 

Exponential cells 17.3 ± 1.6 11.3 ± 2.0 

Post-diauxic cells 10.3 ± 2.5 8.6 ± 1.3 

 

 The results obtained with CCCP and TEA+-treated cells show that it is more convenient to 

use post-diauxic cells for monitoring of Tok1p contribution to ΔΨ maintenance under the 

conditions of chemical stress. Their chemically-induced depolarization is, in contrast to exponential 

cells, not preceded by depolarization caused by down-regulation of Pma1p upon glucose removal. 

Furthermore, the channel expression is higher in this growth-phase [38-40], making post-diauxic 

cells even more favourable for assays to be carried out with other chemical stressors. 

 

3.3. Tok1p channel activity increases in cells treated with Pma1p inhibitor DM-11 

The Pma1p inhibitor DM-11 causes weak depolarization of not only the parental strain used in this 

study [16], but also of other strains [41]. We therefore tested the contribution of Tok1p to the ΔΨ 

maintenance in these cells. DM-11 belongs to the group of lysosomotropic compounds whose 

deprotonated form readily penetrates cellular membranes and their protonated form accumulates in 

acidic compartments such as lysosomes or vacuoles. Moreover, these lysosomotropic compounds 

can even cause disruption of membranes if used at high concentrations [42-44]. 

 Increasing the concentration of DM-11 leads to lower λmax, indicating depolarization, in the 

cells of both strains. For concentrations exceeding 10 μM, the depolarization in tok1 mutant cells 

gradually becomes considerably deeper than that in the parental cells. On the other hand, the 

depolarization of the parental strain is constant in the range of 10 to 25 μM, Fig. 4A and 4B (higher 

concentrations lead to significantly affected viability, Fig. 4D). Hence, the difference in staining of 

the two strains, indicating Tok1p channel activity, becomes gradually more extensive with deeper 

depolarization, in a manner consistent with electrophysiological studies. The highest Tok1p channel 

activity after treatment of cells with DM-11 corresponds to 17.9 ± 1.4 mV, as indicated by the 

arrow in Fig. 4B. 

 When the cells are treated with DM-11 alone, the cytosolic acidification is much less 

extensive than that caused either by CCCP alone, Fig. 4C, or by the combination of DM-11 with 

CCCP in the CD cocktail, Fig. 3C and 3D. 

   

3.4. Tok1p channel activity increases in cells treated with the surface active compound ODDC 
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Another compound with a known depolarizing effect is octenidine dihydrochloride (ODDC) [17]. 

ODDC readily binds to and disrupts microbial cell envelopes and eukaryotic cell membranes. Its 

action results in a broad antimicrobial spectrum [45] at very low concentrations [46-49] and short 

exposure times [17]. It was shown using the plating test that the exposure of cells to ODDC at 

concentration as high as 300 nM does not lead to a significant lowering of cell survival on the time 

scale of 90 minutes (higher than 80% for 300 nM ODDC after 90 min exposure; data not shown). 

 Raising the ODDC concentration is followed by gradual depolarization of the tok1 mutant 

plasma membrane. The membrane potential of the parental strain, however, becomes only slightly 

lower than that of controls and remains constant in the range of 12.5 to 175 nM. The difference in 

staining of the two strains therefore becomes gradually more extensive with deeper depolarization, 

indicating elevated Tok1p channel activity, in a manner consistent with electrophysiological studies. 

The highest Tok1p channel activity after treatment of cells with ODDC corresponds to 29.9 ± 3.4 

mV (in response to 175 nM ODDC), as indicated by the arrow in Fig. 5A. At concentrations of 200 

nM and higher the equilibrium staining of the parental strain decreases. The λmax
eq of the tok1 strain 

also decreases with increasing ODDC concentration, but not as rapidly as in the case of the parental 

strain. This indicates concentration-dependent lowering of Tok1p channel contribution to ΔΨ at 

concentrations above 200 nM, Fig. 5A. Simultaneously with the plasma membrane depolarization, 

ODDC causes relatively low, concentration-dependent, cytosolic acidification (0.6 ± 0.3 pH units 

after almost 2-hour exposure to 300 nM ODDC) compared to the effect of CCCP (1.7 ± 0.4 pH 

units), Fig. 5B. 

 

3.5. Tok1p channel is inhibited by BAC in a concentration-dependent manner 

To understand how much the different modes of stressor’s action may affect the Tok1p channel 

activity we tested BAC (benzalkonium chloride) that belongs to the group of quaternary ammonium 

compounds. These chemicals induce plasma membrane disorganization leading to leakage of low 

molecular weight materials [50]. BAC causes not only membrane depolarization but also acts in an 

intracellular manner and affects cell metabolism. In fact, it was clearly shown that the dominant role 

in BAC toxicity lies within metabolic inhibition rather than plasma membrane damage [17]. 

 The response of the Tok1p channel to the depolarizing action of BAC is considerably 

different from that following exposure to DM-11 and ODDC, as evidenced from Fig. 6A. In 

particular, the difference between respective λmax
eq values found for the parental strain and the tok1 

mutant strain decreases for BAC concentrations over 2.5 μM. On the other hand, it gradually 

increased with increasing concentration of DM-11 (Fig. 4A and 4B) and ODDC (Fig. 5A). Besides 

depolarization, BAC also causes slight, concentration-dependent, acidification. The effect of BAC 
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on pHcyt is almost equal to that caused by DM-11 and ODDC at concentrations causing the same 

extent of depolarization (Fig. 6B). 

 The ΔΨ decrease caused by BAC is associated with a leakage of intracellular molecules, 

including those absorbing light at 260 nm, such as ATP (Fig. 6C). For the range of BAC 

concentrations displayed in Fig. 6A this leakage of intracellular material increases only very slowly 

compared to the sharp rise following the increase of BAC concentration to 50 μM. Furthermore, we 

tested the BAC treated cells for membrane permeability by the means of propidium iodide staining. 

As shown in Fig. 6D, BAC concentrations ≤ 10 μM cause only a very limited fraction of the 

suspension to become permeabilized. Our results indicate that BAC-induced cell depolarization is 

not a trivial consequence of membrane permeabilization. 

 Since an electrophysiological study showed that the channel opening is dependent on 

cytosolic ATP [10], we also analysed the effect of ATP depletion. For this purpose, washed post-

diauxic cells were incubated for 2 hours in C-P buffer with 5 mM 2-deoxy-D-glucose (2DG). As 

above, the indication of Tok1p activity is the difference between λmax
eq values measured with the 

parental strain and its tok1 mutant. As shown in Fig. 7, neither the depletion of ATP by incubating 

the cells with 2DG, nor the starvation of washed cells without glucose has any significant effect on 

the Tok1p channel activity. 

 

3.6. Comparison of Tok1p channel activity in response to depolarization caused by ODDC, BAC 

and DM-11 

 In this work we present concentration dependencies of depolarization as observed in washed 

cells after the application of chemical stressors of different types. These were used to search for a 

hypothetical relationship between the extent of yeast cell depolarization and Tok1p channel activity, 

as assessed from the difference in staining of the parental strain and the tok1 mutant. The 

dependence of the channel's activity in equilibrium on the respective depolarization of treated tok1 

mutant cells can be plotted either in terms of Δλmax
eq (Fig. 8A) or directly in mV (Fig. 8B). The 

latter provides the additional advantage of the possibility to compare the absolute values of Tok1p-

mediated ΔΨ restoration in response to exposure of the cells to various stressors. 

 As evident from Figs. 8A and 8B, there is almost no difference between the stressors at 

concentrations leading to low depolarization. Deeper depolarization, however, reveals the 

differences in the Tok1p channel activity as a direct consequence of the distinct mode of action of 

the compounds. The most striking difference between the stressors can be observed when the 

depolarization lies within the range of 30-40 mV (Fig. 8B). While the channel is able to 

counterbalance astounding ~75% of the depolarization caused by ODDC within said range, 
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inducing equivalent depolarization by BAC enables the Tok1p channel to counterbalance only 

about 25% of the lost membrane potential.  

 
4. Discussion 

In this paper we attempt to clarify the contribution of the Tok1p channel to the maintenance and/or 

restoration of yeast plasma membrane potential under depolarizing action of several chemical 

stressors. These include CCCP as a model depolarizing agent, Pma1p inhibitor DM-11, and surface 

active compounds ODDC and BAC, the latter being capable of inducing plasma membrane 

disorganization. We monitored membrane potential changes induced by these drugs through the 

intracellular accumulation of the redistribution potentiometric fluorescent probe diS-C3(3). The 

extent of probe accumulation is revealed by the spectral shifts of probe fluorescence emission 

maxima. We assessed the activity of Tok1p channel by comparing the extent of depolarization in a 

strain expressing the TOK1 gene with that in a tok1 mutant strain lacking it. 

 In our study we used cells of a multidrug resistance pump-deficient strain AD1-3 and its 

tok1 mutant to avoid misleading artefacts in intracellular probe accumulation due to a possible 

efflux of diS-C3(3) by the pumps. Furthermore, we performed the assays aimed at Tok1p 

performance with suspensions of washed cell devoid of glucose, because the role of Tok1p channel 

is masked by Pma1p activity in the presence of the sugar [15]. 

 The above necessary condition for disclosing the contribution of Tok1p to plasma 

membrane potential maintenance is confirmed in Fig. 1A. The presented staining curves indicate 

that in exponential cells, the depolarization caused by glucose removal is less extensive in the 

parental strain than in the tok1 mutant. The observed λmax
eq difference between the depolarized cells 

of the parental strain and its tok1 mutant corresponds to a ΔΨ difference of ~15 mV. This amounts 

to ~50% of ΔΨ change caused by glucose addition to tok1 mutant cells. Thus, the results indicate 

considerable contribution of the Tok1p channel to ΔΨ maintenance when Pma1p activity is reduced 

in the absence of glucose. 

 We analysed the role of Tok1p channel also in post-diauxic cells. It is known that the 

removal of glucose from the cells' surroundings leads to down-regulation of Pma1p activity [51] 

and consequently depolarization of the plasma membrane. On the other hand, cells of post-diauxic 

cultures are adapted to the absence of glucose in their growth medium. Their transfer to the glucose-

free buffer therefore need not considerably affect Pma1p activity. Thus, even in the situation of 

higher Tok1p channel expression relative to exponential cells [38-40], there is practically no 

difference in the membrane potential of the two strains in post-diauxic cells (Fig. 1B). 



AC
CE

PT
ED

 M
AN

US
CR

IP
T

ACCEPTED MANUSCRIPT

16

 However, the cytosolic alkalization of post-diauxic cells following glucose addition (Fig. 1C) 

indicates the possibility of Pma1p and V-ATPase activation by glucose not only in exponential [52, 

53], but also in post-diauxic cells. Interestingly, the extensive and quite rapid alkalization following 

the addition of glucose (preceded by a small transient acidification, consistent with previous 

research [37]) reaches the same final value regardless of the strain. It should also be noted that 

under our experimental conditions, the pHcyt of glucose-starving exponential cells is consistently 

about 0.2 pH units lower than pHcyt of the post-diauxic cells. This difference can be readily 

explained by the known effect of Pma1p down-regulation [51] and V-ATPase disassembly [52, 53] 

upon glucose removal from exponential cells. 

 

 The protonophore CCCP was used as a model depolarizing agent. It caused a relatively deep 

transient depolarization followed by partial restoration of ΔΨ. Although the relatively slow 

response of diS-C3(3) fluorescent probe does not allow for accurate tracking of rapid ΔΨ changes, 

the staining curves shown in Fig. 2 still reliably prove the existence of the restoration phase. 

Furthermore, the equilibrium staining levels are reliable, as demonstrated by their equality 

regardless of the CCCP-addition time.  

 Addition of CCCP to glucose-starving exponential cells of the parental strain does not cause 

any significant change in the steady-state level of cell staining, i.e. in the steady-state ΔΨ (Fig. 2A). 

This is consistent with our previous study in which we attributed the absence of any λmax drop after 

the protonophore addition to Pma1p activation [16]. The addition of the protonophore to tok1 

mutant cells (which are already slightly depolarized compared to the cells of the parental strain) led 

to much more pronounced initial drop in staining, followed by large, but not complete ΔΨ 

restoration. This means that the Tok1p channel plays a considerable role not only in the 

maintenance of high ΔΨ in untreated cells, but also in ΔΨ restoration following their CCCP-

induced depolarization. The depolarizing effect of CCCP in post-diauxic cells of both strains is 

considerably more pronounced than in exponential cells (Fig. 2B). The apparent contribution of 

Tok1p channel to maintaining the membrane potential under CCCP-induced depolarization is also 

stronger in this case, which is consistent with elevated expression of the channel in post-diauxic 

cells [38-40]. Furthermore, the contribution of the channel to ΔΨ maintenance gradually decreases 

in both exponential and post-diauxic cells after achieving maximum as a consequence of increasing 

membrane potential. 

 The conclusion that the above discussed differences between membrane potentials of the 

parental strain and its tok1 mutant reflect the Tok1p channel activity, is further supported by the 

results of assays using the Tok1p channel inhibitor TEA+ (Fig. 3). When using an established 
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inhibitor, one expects the difference between the staining of the two strains (corresponding to the 

Tok1p channel activity) to disappear completely. Indeed, in post-diauxic cells the extent of 

depolarization caused by the addition of TEA+ is small and of the same extent in both strains, 

demonstrating the absence of any Tok1p channel contribution to ΔΨ (Fig. 3B). In exponential cells, 

however, the use of the inhibitor does not result in complete merging of the staining curves of the 

two strains (Fig. 3A). However, it does make the difference between them less extensive. This 

difference in staining, and hence ΔΨ, originates in Tok1p channel opening and K+ release in 

response to depolarization (due to glucose removal and Pma1p down-regulation) which precedes 

the addition of TEA+ to the cells. Since the difference between ΔΨ of the strains originates in K+ 

redistribution, the fact that the inhibition of the efflux-oriented Tok1p channel leads to decrease of 

this difference points to the existence of a simultaneous influx and efflux of potassium across the 

plasma membrane, consistent with general belief [4, 54-56]. 

 The ΔΨ restoration after the transient CCCP-induced depolarization can be plausibly 

attributed to H+ efflux resulting from Pma1p activation. We found that although the post-diauxic 

cells of the parental strain have higher pHcyt than exponential cells, their acidification (the total 

change of pHcyt) after exposure to CCCP is more extensive. Therefore, the overall response of 

Pma1p to CCCP appears less extensive in post-diauxic cells than in exponential cells. This notion is 

consistent with lower Pma1p expression in post-diauxic cells, as has been reported not only for the 

parental strain used in this study [57] but also for other strains [38-40, 59], suggesting it to be a 

general phenomenon. Considering also that the channel expression is higher in the post-diauxic 

phase [38-40], it is not surprising that the apparent contribution of Tok1p to the maintenance of ΔΨ 

in CCCP treated cells is more pronounced in post-diauxic cells compared to exponential cells. 

Therefore, further assays using chemical stressors DM-11, ODDC and BAC were carried out with 

post-diauxic cells. 

 The use of the surface-active compounds ODDC and BAC yielded valuable information 

about the performance of Tok1p channel in cells depolarized by stressors of distinct chemical nature. 

The results obtained with gradually rising concentration of ODDC indicate that the Tok1p channel 

activity rises with more extensive depolarization, consistent with the studies of the channel's 

electrophysiology [6, 11]. They further show that the channel activity is sufficient to almost 

completely compensate the ODDC-induced depolarization up to 175 nM (Fig. 5A). At 

concentrations of 200 nM and higher the Tok1p channel contribution to ΔΨ becomes less extensive.  

This might be caused by various effects of ODDC on cell surface structures, e.g. weakening of the 

cell envelope, as was shown to be the result of one-hour incubation with 240 nM ODDC [47]. 

Comparing the contribution of Tok1p to ΔΨ at the corresponding level of depolarization of the tok1 



AC
CE

PT
ED

 M
AN

US
CR

IP
T

ACCEPTED MANUSCRIPT

18

mutant (572.3 nm) following the addition of ODDC (~30 mV; Fig. 5A) and CCCP (~16.5 mV; Fig. 

2B) clearly demonstrates the effect of cytosolic acidification on the channel activity. In this case, 

deepening the acidification by 1 pH unit causes a loss of about 45% of the channel's activity. It is 

very curious that even at pHcyt ~ 6.0, when the Tok1p opening probability is only about 15% [12], 

the channel is able to almost completely counterbalance the loss of ΔΨ caused by the action of up to 

175 nM ODDC. 

 Compared to DM-11, exposure of the parent strain to ODDC leads to less extensive 

depolarization, indicating higher contribution of the channel to ΔΨ relative to that under the effect 

of DM-11 (by 11 mV). To bring an insight into the lower Tok1p channel activity after exposure to 

DM-11 compared to ODDC, one needs to consider the cytosolic acidification at concentrations 

leading to the same depolarization (Fig. 4A, 4C and 5A, 5C). However, since the compounds cause 

comparable acidification, the effect of pHcyt on Tok1p channel activity after exposure to the 

compounds is also comparable. 

 Since DM-11 is known to interact with Pma1p [25], it is possible that it also interacts with 

the Tok1p channel, causing slight inactivation. This interaction can be either direct or mediated by 

affecting the immediate lipid environment of the channel after incorporation in the plasma 

membrane, a known action of the compound [44]. While the elucidation of the actual inactivation 

mechanism is beyond the scope of the present study, it is clear that not only cytosolic acidification 

(as was the case under CCCP-induced depolarization), but also other effects of the stressor may 

influence the Tok1p channel activity. 
 

 The surface-active compound BAC is capable of inducing plasma membrane 

disorganization leading to leakage of low molecular weight materials [49]. It is important to note 

that while lethal to microorganisms at higher concentrations and longer exposure times, the toxicity 

of BAC has been shown to originate in metabolic inhibition rather than plasma membrane damage 

[17]. The compound was chosen to gain insight into how much different modes of stressor’s action 

may affect the depolarization-induced Tok1p channel activity. 

  The suitability of this choice became obvious by finding that the depolarizing action of BAC 

is considerably different from that following exposure to DM-11 and ODDC, as evidenced by Fig. 6. 

In particular, the Tok1p activity (revealed by the difference between probe accumulation in the 

parental strain and the tok1 mutant) does not gradually increase with the stressor concentration, but 

decreases for BAC concentrations over 2.5 μM. Despite that the effect of BAC on pHcyt is almost 

identical to that caused by DM-11 and ODDC at concentrations causing the same extent of 

depolarization, the same extent of depolarization leads to lower Tok1p activity in the cells treated 
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with BAC. This finding again indicates that the mode of action of the stressor is an important 

determinant of Tok1p channel activity.  

 Any acceptable explanation of the different BAC mode of action must first of all consider 

the way in which BAC induces depolarisation. In contrast to the action of DM-11, where membrane 

depolarization reflects the extent of H+ entering the cytosol that is not counterbalanced by Pma1p 

due to its inhibition by the compound [41], BAC depolarises cells by inducing leakage of negatively 

charged cytosolic molecules, including ATP. Following the investigation of the effect of ATP 

depletion from BAC treated cells, neither the depletion of ATP (by incubating the cells with 2-

deoxy-D-glucose for 2 hours) nor the starvation of washed cells without glucose has any significant 

effect on the Tok1p channel activity indicating that decreased level of intracellular ATP is not the 

reason of BAC-induced Tok1p inhibition. The latter finding challenges the conclusion based on 

whole-cell electrophysiological recording that the Tok1p opening is dependent on the presence of 

cytosolic ATP [10]. Our findings indicate that the negative effect exhibited by BAC on the Tok1p 

channel activity is mediated either by interaction with immediate lipid environment of the channel 

and/or direct interaction with the channel itself. These possibilities are supported by the mechanism 

of alcohol-induced inhibition of Pdr5p and Snq2p multidrug resistance pumps [18]. Furthermore, 

cells deficient in the multidrug resistance pump Pdr5p (such as those used in this study) accumulate 

BAC, since they are unable to mediate its efflux, as we have shown previously [17]. Therefore, we 

cannot exclude that BAC interacts with Tok1p from the intracellular side of the plasma membrane. 

 Fig. 8 conveniently displays and compares the efficiency of Tok1p channel-mediated ΔΨ 

restoration after exposure of cells to different chemical stressors, namely the lysosomotropic 

compound DM-11 and the surface-active compounds ODDC and BAC. As discussed above, the 

selected stressors elicit similar degree of cytosolic acidification in the treated cells, making their 

direct comparison more straightforward. CCCP was not included into this analysis as it induces 

much greater pHcyt change than the other stressors. Despite the comparable effect of DM-11, ODDC 

and BAC on pHcyt, Fig. 8 clearly displays differences in Tok1p channel activity in response to each 

of these compounds. It is therefore clear that to make a qualified conclusion about the Tok1p 

channel contribution to ΔΨ maintenance under the conditions of chemical stress, it is necessary to 

consider not only the extent of depolarization, but also the manner in which the depolarization is 

accomplished. However, even in the case when the exact molecular mechanism of the stressor’s 

effects are not known, its influence on the Tok1p channel opening capacity can be directly 

compared with that of other stressors. 

A complex set of data on Tok1p contribution to plasma membrane potential maintenance in 

yeast under chemically induced depolarization is presented in this paper. The study revealed that the 
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Tok1p channel activity can be affected by a range of effects originating in the mode of action of a 

specific stressor, as graphically summarised in Fig. 9. These include transfer of a hydrogen ion into 

the cell and acidification of the cytosol, direct interaction with the plasma membrane and influx of 

the compound into the cell leading to further effects either on metabolism or membrane structures 

within the cytoplasm. While the application of a stressor does not have to necessarily lead to all of 

them, we see that they are somewhat intertwined and not independent. Our results indicate that the 

most adverse effects of a stressor on the Tok1p channel activity are produced by its interaction with 

the plasma membrane, by affecting the protein from either extracellular or intracellular side, and/or 

by affecting its immediate lipid environment. 
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Fig. 1. Contribution of Tok1p channel to ΔΨ maintenance depends on growth phase and 
presence of glucose. Staining curves of the parental strain and tok1 mutant grown to (A) 
exponential and (B) post-diauxic phase; comparison of untreated and glucose-treated cells. Data are 

representative of ten independent repeats which were also used to calculate the means and SDs in 

the inserts: equilibrium staining levels (λmax
eq) after 60 minutes of staining. “ns” and the asterisks 

indicate P-values obtained from the t-test: ns (not significant) – t-test P value ≥ 0.05; *** – t-test P 

value < 0.001. (C) Effect of glucose on cytosolic pH (pHcyt) of exponential and post-diauxic cells of 

the pHluorin-expressing strain. Data are representative of five independent repeats. (D) Exclusively 

cytosolic localization of pHluorin in post-diauxic cells both in absence and presence of 5 mM 

glucose (~60-minute exposure). Representative figures.

Fig. 2. Contribution of Tok1p to post-CCCP ΔΨ restoration in equilibrium is independent of 

addition time. Staining curves of the parental strain and tok1 mutant grown to (A) exponential and 

(B) post-diauxic phase; effect of CCCP added at three different times (12 and 50 min) relative to the 

diS-C3(3) fluorescent probe. Data are representative of ten independent repeats. (C) Effect of CCCP 

on cytosolic pH (pHcyt) of exponential and post-diauxic cells of the pHluorin-expressing strain. Data 

are representative of ten independent repeats. (D) Exclusively cytosolic localization of pHluorin in 

exponential and post-diauxic cells treated with 10 μM CCCP for ~60 minutes. Representative 

figures. 

Fig. 3. Tok1p response to CCCP-induced depolarization in the presence of known inhibitors 
of Tok1p (TEA+) and Pma1p (DM-11). Staining curves of the parental strain and tok1 mutant 

grown to (A) exponential and (B) post-diauxic phase; effect of the Tok1p channel inhibitor TEA+ 

added 10 minutes before the diS-C3(3) fluorescent probe and Pma1p inhibitor DM-11 added 

simultaneously with CCCP (CD cocktail). Data are representative of ten independent repeats. Effect 

of CCCP, TEA+, their combination and CD cocktail on cytosolic pH (pHcyt) of (C) exponential and 

(D) post-diauxic cells of the pHluorin-expressing strain. TEA+ was added 10 minutes before the 

start of the pHcyt measurement and DM-11 simultaneously with CCCP (CD cocktail). Data are 

representative of five independent repeats. 

Fig. 4. Tok1p contribution to ΔΨ restoration following exposure to DM-11. (A) Staining curves 

of the parental strain and tok1 mutant grown to post-diauxic phase and treated with various 

concentrations of DM-11 added 10 minutes before the diS-C3(3) fluorescent probe. Data are 

representative of ten independent repeats. (B) Dependence of equilibrium staining levels (λmax
eq) of 
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post-diauxic cells on the used DM-11 concentrations. Means and SDs were calculated from ten 

independent repeats. (C) Effect of various concentrations of DM-11 on cytosolic pH (pHcyt) of post-

diauxic cells of the pHluorin-expressing strain; effect of CCCP for comparison. Data are 

representative of five independent repeats. (D) Time-dependent viability of post-diauxic cells of the 

parental strain exposed to various DM-11 concentrations. Means and SDs were calculated from 

three independent repeats. 

Fig. 5. Tok1p contribution to ΔΨ restoration following exposure to ODDC. (A) Dependence of 

equilibrium staining levels (λmax
eq) of post-diauxic cells treated with various concentrations of 

ODDC added 10 minutes before the diS-C3(3) fluorescent probe. Means and SDs were calculated 

from ten independent repeats. (B) Effect of various concentrations of ODDC on cytosolic pH (pHcyt) 

of post-diauxic cells of the pHluorin-expressing strain; effect of CCCP for comparison. Data are 

representative of five independent repeats. 

Fig. 6. Tok1p is inhibited by BAC in a concentration-dependent manner. (A) Dependence of 

equilibrium staining levels (λmax
eq) of post-diauxic cells treated with various concentrations of BAC 

added 10 minutes before the diS-C3(3) fluorescent probe. Means and SDs were calculated from ten 

independent repeats. The arrow indicates the maximal Tok1p-mediated repolarization (12.6 ± 2.3 

mV; corresponding depolarization of the tok1 mutant was 27.4 ± 1.8 mV). (B) Effect of various 

concentrations of BAC on cytosolic pH (pHcyt) of post-diauxic cells of the pHluorin-expressing 

strain; effect of CCCP for comparison. Data are representative of five independent repeats. (C) 
Effect of various concentrations of BAC on the release of low molecular-weight intracellular 

material absorbing light at 260 nm; measured in post-diauxic cells of the parental strain. Means and 

SDs were calculated from three independent repeats. (D) Concentration-dependent permeabilization 

of cells exposed to BAC in post-diauxic cells of the parental strain, measured by propidium iodide 

staining. Means and SDs were calculated from three independent repeats, each consisting of three 

biological replicates. 

Fig. 7. Depletion of intracellular ATP by 2-hour incubation with 2-deoxy-D-glucose (2DG) 
does not affect Tok1p channel opening capacity. Concentration-dependent equilibrium staining 

levels (λmax
eq) of BAC-treated post-diauxic cells incubated with 5 mM 2-deoxy-D-glucose (2DG) 

for 2 hours to deplete intracellular ATP; effect of 0-hour and 2-hour starvation in absence of 2DG 

for comparison. Means and SDs were calculated from three independent repeats. 
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Fig. 8. Mode of action of a stressor influences the Tok1p channel activity in response to 
depolarization in a concentration-dependent manner. Tok1p channel activity in response to 

depolarization caused by various concentrations of DM-11, ODDC and BAC expressed in (A) 
Δλmax

eq and (B) mV; measured in post-diauxic cells. Means and SDs were calculated from λmax
eq 

from ten independent repeats. The DM-11 dependence is cut short compared to BAC and ODDC 

due to loss of membrane integrity after exposure to higher DM-11 concentrations. The 

repolarization efficiency denotes the ratio of Tok1p channel opening and the extent of respective 

tok1 mutant depolarization. 

Fig. 9. Schematic overview of possible effects following the addition of a stressor. 
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Fig. 2 
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Fig. 3 
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Fig. 6 
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Highlights 
 
Tok1p channel plays an important role in the regulation of membrane potential 
It is able to counterbalance up to 75% of chemically-induced depolarization 
Effects of stressors beside depolarization may affect Tok1p channel activity 
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