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Metabolic signals triggering the endocytosis of nutrient transporters
Sandra Paiva1
1

Centre of Molecular and Environmental Biology, Department of Biology, University of Minho, Campus
of Gualtar, Braga, 4710-057, Portugal

Nutrient transporters are essential for cellular homeostasis and their presence at the
plasma membrane depends on the balance between distinct trafficking pathways, such as
secretion, endocytosis, and endosomal recycling. The selective remodelling of these
transporters via the endocytic pathway represents one of the most important regulatory
mechanisms to ensure rapid adaptation of cells to the changing environment (either
nutrient fluctuations or different stresses).
Although a link between metabolism and endocytosis is known, only recently the
molecules and pathways responsible for the coordinated regulation of these two processes
have started to be uncovered.
In yeast, the Snf1/PP1 and the TORC1 signaling pathways seem to play a crucial role in
relaying the extracellular signals to trigger the downregulation of nutrient transporters.
In this talk we will discuss the recent findings on how nutrient availability and the cellular
energy status regulates the composition of the plasma membrane by endocytosis.

1

Acetate assimilation is an integral part of Candida glabrata
survival in the human host
Rosana Alves1,2, Alexandra Gonçalves1,2, Bea Timmermans3,4, Mieke Van Ende3,4,
Margarida Casal1,2, Patrick Van Dijck3,4 and Sandra Paiva1,2
1

CBMA, University of Minho, Campus de Gualtar, Braga, Portugal
IB-S, University of Minho, Campus de Gualtar, Braga, Portugal
3
Laboratory of Molecular Cell Biology, Institute of Botany and Microbiology, KU Leuven, Leuven,
Belgium
4
VIB-KU Leuven Center for Microbiology, Kasteelpark Arenberg 31, Leuven, Belgium
2

Successful human colonizers such as Candida species have evolved distinct
strategies to survive and proliferate within the human host. These strategies include
sophisticated mechanisms to rapidly adapt to a diverse range of environmental stresses
and assimilate the available nutrients.
For instance, during gastrointestinal and vaginal colonization, where glucose is
scarce, alternative carbon sources such as acetate or lactate are particularly abundant and
may support the growth and the proliferation of Candida cells.
Our studies have demonstrated that the presence of these alternative nonfermentable carbon sources influence biofilm formation, antifungal drug resistance and
immune recognition. Additionally, there is evidence that carboxylate transporters have an
important impact on these processes.
Here, we provide a detailed view on the role of C. glabrata acetate transporters
during carbon adaptation. Our data support the view that adaptive responses of Candida
cells to alternative carbon sources affect their virulence, through multifarious
mechanisms.

2

The activity of Saccharomyces cerevisiae Na+, K+/H+
antiporter Nha1 is negatively regulated by 14-3-3 protein
binding at Ser481
Olga Zimmermannová1, Aneta Šmídová2, Kateřina Staňková1, Hana Sychrová1,
Veronika Obšilová2
2

Institute of Physiology CAS, 1 Department of Membrane Transport, Prague
Department of Structural Biology of Signaling Proteins, Division Biocev, Vestec; Czech Republic

An appropriate concentration of monovalent cations (Na+, K+ and H+) is crucial for the
majority of cell functions. Na+/H+ antiporters belong among the cation transport systems
that participate in ensuring the optimal intracellular level of alkali-metal cations and
protons in cells of most organisms. In S. cerevisiae, the plasma-membrane Na+, K+/H+
antiporter Nha1 is a housekeeping protein that together with the main cation efflux
systems (Ena ATPases) enables the growth of cells in the presence of high concentrations
of alkali-metal-cations salts. Due to its ability to export K+ cations, Nha1 also plays an
important role in the regulation of internal pH and membrane potential, in immediate cell
response to osmotic stress or in the regulation of cell cycle [1]. The presence of Nha1
long C-terminus (554 amino acid residues, i.e. 56.2% of the whole 985-aa long protein)
is important for all these processes. The Nha1 was previously shown to interact with the
yeast 14-3-3 isoform (Bmh2) [2], but neither the site nor the importance of the binding
were identified. In this work, we searched for Nha1 residues involved in the interaction
with 14-3-3 proteins. Tests of interaction in vitro between the recombinantly prepared
Nha1440-596 C-terminal polypeptide and Bmh proteins showed that phosphorylated Ser481
is the 14-3-3 binding site and the resolved crystal structure of Bmh2 with the
phosphopeptide containing pSer481 confirmed it. In addition, our structural analyses
indicate that the C-terminal part of Nha1 is disordered and the 14-3-3 binding induces its
disorder-to-order transition. Set of experiments in vivo showed that the lack of putative
phosphorylation site at Ser481 in the 14-3-3 binding motif significantly increases the
cation efflux activity via Nha1. Taken together, the binding of 14-3-3 seems to be
essential for the negative regulation of Nha1 activity, which should be low under standard
growth conditions, when low amounts of toxic (Na+ and Li+) salts are present, and the
yeast cells need to accumulate high amounts of K+.
This work was supported by the Czech Science Foundation (project 17-01953S).
[1]
[2]

J. Arino, J. Ramos, and H. Sychrova, "Monovalent cation transporters at the plasma membrane in
yeasts", Yeast, vol. 36, no. 4, pp. 177-193, 2019.
J. Zahradka, G.P. van Heusden, and H. Sychrova, "Yeast 14-3-3 proteins participate in the
regulation of cell cation homeostasis via interaction with Nha1 alkali-metal-cation/proton
antiporter", Biochim Biophys Acta, vol. 1820, no. 7, pp. 849-58, 2012.

3

The functional role of the “Long Hydrophilic Loop” in Trk1
Deepika Kale1,2, Pavel Spurny1, Katsiaryna Shamayeva1, Karin Spurna1, David
Kahoun3, Daniel Ganser4, Vasilina Zayats5 and Jost Ludwig1,2
1

Center for Nanobiology and Structural Biology, Institute of Microbiology, Academy of Sciences of the
Czech Republic, Zamek 136, 373 33 Nove Hrady, Czech Republic
2
University of South Bohemia in Ceske Budejovice, Faculty of Science, Branisovska 1760, 370 05 Ceske
Budejovice, Czech Republic
3
University of South Bohemia in Ceske Budejovice, Faculty of Science, Institute of Chemistry,
Branisovska 1760, 370 05 Ceske Budejovice, Czech Republic
4
Institute of Cellular and Molecular Botany, University of Bonn, Kirschallee 1, 53115 Bonn, Germany
5
Centre of New Technologies, University of Warsaw, Stefana Banacha 2c, 02-097 Warsaw, Poland

In Saccharomyces cerevisiae, Trk1 and Trk2 mediate K+-uptake under K+-limiting
conditions. Trks proteins are related to two-transmembrane-domain potassium channels.
However, a single Trk contains four K-channel subunit homologous domains consisting
of two transmembrane domains and a pore region (MPM) encoded on one polypeptide
chain. Trks contain a large cytosolic region, named “long hydrophilic loop” (LHL)
between the first and the second MPM domain. LHL comprises more than half of out of
Trk1s 1235 residues and more than one third of Trk2’s 889 residues. Trk1 LHLs are not
homologous/similar to any other identified protein (domain) and also show little
similarity between Trk1 and Trk2. Furthermore, secondary structure prediction tools
suggest that LHL is an intrinsically disordered region in both Trk1 and Trk2. In order to
get insight into the function of this region, we performed comparative functional analyses
of full length Trk1 and a mutant, in which LHL was deleted (Trk1[ΔLHL]) [2].
The results demonstrate that Trk1[ΔLHL] is targeted to the plasma membrane and
mediates K+ uptake similar to full length Trk1. However, growth tests and functional
analysis using non-invasive flux measurements (FLISE) showed that LHL influences
selectivity of Trk1 for monovalent cations.
[1]

Zayats et al., (2015). A refined atomic scale model of the Saccharomyces cerevisiae K+translocation protein Trk1p combined with experimental evidence confirms the role of selectivity
filter glycines and other key residues, BBA-Biomembranes, 1848 (5): 1183-1195.

[2]

Kale et al., (2019). The S. cerevisiae cation translocation protein Trk1 is functional without its
"long hydrophilic loop" but LHL regulates cation translocation activity and selectivity. BBABiomembranes, 1861 (8): 1476-1488.

4

Microelectrode based flux estimation (MIFE) as non-invasive
method to analyse ionic currents across yeast plasma
membrane. Differences between Trk1 and Trk2.
Pavel Spurný1, Jost Ludwig1,2
1

Center for Nanobiology and Structural Biology, Institute of Microbiology, Academy of Sciences of the
Czech Republic, Nové Hrady, Czech Republic
2
Faculty of Science, University of South Bohemia, České Budějovice, Czech Republic

In order to determine ionic currents across cell membranes, the patch clamp
technique that allows very precise measurements is widely used. Whereas patch clamp is
usually the method of choice when currents (ion fluxes) across mammalian cells are
analysed, it can be problematic with cells that possess cell walls (e.g. plant and fungal
cells). In that case, enzymatic treatment to remove the cell wall, that prohibits the
formation of a “giga-seal” between patch-pipette and plasma membrane is necessary. This
works well with many plant cells, but can be problematic with yeast and other fungal
cells. Additionally, the enzymatic treatment could affect plasma membrane transporters
and ion channels. As alternative non-invasive method for determination of ion fluxes
called MIFE can be used for such cells.
"Microelectrode based flux estimation” (MIFE) [1] is based on ion-selective
microelectrodes, which are moving between two positions (closer and further) above a
tissue, slice, or a monolayer of cells. Ion fluxes are calculated from the small differences
of concentrations between these two positions. We optimised the MIFE protocol for
determination of ion fluxes across the plasma membrane of a monolayer of yeast cells.
With this protocol, we are able to detect differences in K+, Na+ and H+ ion fluxes between
TRK1 (TRK2) and deletion mutant expressing cells.
[1]

Newman I. A.; “Ion transport in roots: measurement of fluxes using ion-selective microelectrodes
to characterize transporter function”, Plant, Cell and Environment (2001)

5

Modelling of Trk1, the main cation translocation protein in
Saccharomyces cerevisiae
Natalia Kulik1, Jost Ludwig1,2
1

Center for Nanobiology and Structural Biology, Institute of Microbiology, Academy of Sciences of the
Czech Republic, 37333, Nové Hrady, Czech Republic, Zamek 136
2
Faculty of Science, University of South Bohemia, České Budějovice, Czech Republic

Potassium ions are known to play crucial role in cell physiology, especially in
membrane processes. Saccharomyces cerevisiae demonstrate ability to grow in a wide
range of K+ concentrations and are used as a model organism for TRK channel study.
The structure of Trk1 is thought to consist of two (or according to other
computational data four [1]) identical protomers (M1PM2 element), each of them
containing four transmembrane domains (A-D) on one peptide chain. Trk channels cannot
only mediate K+ translocation but are also able to promote the efflux of Cl- and other
anions across the plasma membrane [2, 3]. It will require presence of an additional pore
and it could have a tetrameric composition in which a central inter-domain pore is formed.
The main goal of our work is to gain fundamental knowledge about the functional
structure of this channel, identify role of selected residues in ion translocation by
computational methods. MD simulation and modeling were used to build different
compositions of TRK multimeters and equilibrate complexes. Systems were simulated in
POPC membrane by GROMACS with CHARMM force field [4]. Stability of multimer
structures and formation of inter-domain pore was analyzed.
We have found that stable inter domain channels are not fully formed in dimers,
but in tetramers C and B. Equilibrated comlexes were also used for modeling of Trk-GFP
complexs in order to confirm physiological structure of Trk1 by experimental BiFC
method. To complete previous model [5] we built lost intracellular loops by ab initio
modeling.
As far as we didn’t observed ion translocation through membrane during
unrestrained MD we applied additional force to check ability of selected multimers to
permit Cl- ion translocation.
Additionally effect of choline ions in potassium attraction to the channel has been
studied. Choline ions competitively inhibit attraction of potassium ions mainly through
the binding close to the pore.
[1] S.R. Durell, H.R Guy, Structural models ofthe KtrB, TrkH, and Trk1,2 symporters based on the
structure of the KcsA K+-channel, Biophys. J.77: 789–807 (1999)
[2] T. Kuroda, H. Bihler, E. Bashi, C. L. Slayman, A. Rivetta, Chloride channel function in the yeast TRKpotassium transporters, J. Membr. Biol. 198: 177–192 (2004)
[3] A. Rivetta, C. Slayman, T. Kuroda, Quantitative modeling of chloride conductance in yeast TRK
potassium transporters, Biophys. J. 89: 2412–2426 (2005)
[4] http://www.charmm-gui.org/
[5] V. Zayats, T. Stockner, S. K. Pandey, K. Wörz, R. Ettrich, J. Ludwig, A refined atomic scale model of
the Saccharomyces cerevisiae K+-translocation protein Trk1p combined with experimental evidence
confirms the role of selectivity filter glycines and other key residues. Biochim Biophys Acta.
1848(5):1183-95 (2015)
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Approaches to analyse the multimerity of Trk systems
Karin Spurna1, Natalia Kulik1, Katsiaryna Shamayeva1, Vasilina Zayats3, Jost Ludwig1,2
1

2

3

Center for Nanobiology and Structural Biology, Institute of Microbiology, Academy of Sciences of the
Czech Republic, Zamek 136, 373 33 Nove Hrady, Czech Republic

University of South Bohemia in Ceske Budejovice, Faculty of Science, Branisovska 1760, 370 05 Ceske
Budejovice, Czech Republic

Centre of New Technologies, University of Warsaw, Stefana Banacha 2c, 02-097 Warsaw, Poland

Trk1 and Trk2 are two closely related high-affinity cation-translocation systems
in the yeast Saccharomyces cerevisiae. They belong to the SKT-family of proteins,
widespread alkali metal cation transport systems in plants and fungi.
Trks (like other SKT proteins) most likely evolved from simple potassium (K-)
channels by gene duplications [1]. Thus one Trk monomer contains four membrane-poremembrane regions that are each homologous to a minimal K-channel subunit. With this
and the fact that K-channels are tetramers, Trks could be fully functional as monomers.
However, two distantly related SKT proteins (TrkH and KtrB) have been crystallized as
dimers. Furthermore, surface charges proposed by Trk models [2, 3], seemed not to allow
stable monomers in the hydrophobic plasma membrane and dimers improbable. Thus, it
was proposed that full Trks are tetramers [2]. The latter notion was supported by the fact
that Trks seem to have a secondary transport capacity, i.e. they can mediate inward
currents that are carried by the outflux of Cl- ions. This could be most easily explained by
the presence of a central pore in a tetramer [4].
In order to assess Trk multimerity and to investigate whether Trk1/Trk2
heteromers can exist, we applied Fluorescence complementation techniques (BiFC) and
evaluated the outcome microscopically. The results showed that Trks can occur at least
as dimers and that Trk1/Trk2 heteromers are theoretically possible. A disadvantage of the
BiFC approach is however, that it is hard to quantify the results in order to get estimates
about the distance between the fragments of the fluorescent protein. Therefore, we
complemented these experiments with FRET that should allow some quantification and
extended the evaluation to quantitative measurements of complementation and FRET
using Spectrofluorimetry. The preliminary results of these approaches will be discussed.

[1]

Durell S.R., Hao Y., Nakamura T., Bakker E.P., Guy H.R. “Evolutionary relationship between K +
channels and symporters” Biophys. J. 77, 775–788 (1999).

[2]

Durell S.R, Guy H.R. “Structural models of the KtrB, TrkH, and Trk1,2 symporters based on the
structure of the KcsA K+ channel” Biophys. J. 77, 789–807 (1999).

[3] Zayats V, Stockner T, Pandey SK, Wörz K, Ettrich R, Ludwig J. “A refined atomic scale model of the
Saccharomyces cerevisiae K+-translocation protein Trk1p combined with experimental evidence
confirms the role of selectivity filter glycines and other key residues”, BBA-Biomembranes, 1848:
1183–1195 (2015).
[4] Kuroda T., Bihler H., Bashi E., Slayman C.L., Rivetta A. “Chloride channel function in the yeast TRK
potassium transporters”, J. Membr. Biol., 198:177-192 (2004).
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Exploring the transportome of the biosurfactant producer
Starmerella bombicola
Silke Claus1, Sylwia Jezierska, Inge Van Bogaert
1

Centre for Synthetic Biology, Faculty of Bioscience Engineering, Ghent University, Ghent, Belgium

Starmerella bombicola is a non-conventional yeast mainly known in industry for
its capability to produce high amounts of sophorolipids; biological detergents. Even
though this yeast has been known already for a couple of decades, its genetics and
regulatory circuitry remain largely elusive up to now, except for the gene cluster
responsible for sophorolipid synthesis [1]. At the center of this well-oiled machinery is
the sophorolipid MDR transporter (SL MDR), pumping sophorolipids out of the cell and
thereby reaching titers of over 400 g/L. In this study, not only this particular SL MDR is
investigated, but the entire transportome of Starmerella bombicola. Computational
analysis of the in-house sequenced and annotated genome enabled us to identify 274
putative transporter genes. Several in silico studies were performed in order to assign their
function in the intricate interplay of S. bombicola ’s metabolism, such as phylogenetic
clustering, subcellular localization, differential expression analysis and homology-based
comparison using BLAST. Furthermore, confirmation of predicted function was aimed
for with in vitro studies on selected knockout strains. Considering the industrial
importance of this non-conventional yeast, this fundamental knowledge of its transport
processes will help not only to further optimize sophorolipid production, but will also
help the transformation of this yeast into a platform organism for the production of other
molecules of interest.

[1]

Van Bogaert INA, Holvoet K, Roelants SLKW, Li B, Lin Y-C, Van de Peer Y, & Soetaert W
(2013). The biosynthetic gene cluster for sophorolipids: a biotechnological interesting biosurfactant
produced by Starmerella bombicola. Mol Microbiol. 88, 501-509.
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Truncation of large hydrophilic domains of Nha1 and Trk1
results in the loss of transporters´ requirement of Erv14
COPII cargo receptor
Klara Papouskova, Michaela Hraskova, Hana Sychrova, Olga Zimmermannova
Department of Membrane Transport, Institute of Physiology of the Czech Academy of Sciences, Prague,
Czech Republic

To perform their physiological functions in ion homeostasis, alkali-metal-cation
transporters must be properly targeted either to the plasma membrane or to the membranes
of particular intracellular organelles. Saccharomyces cerevisiae Nha1 Na+, K+/H+
antiporter and Trk1 high affinity K+ importer were both identified as binding partners of
Erv14 COPII cargo receptor 1-3. In the absence of Erv14, the proteins are partially
stacked in the ER and their transport function is affected. Both Nha1 and Trk1 are also
polytopic transmembrane proteins with large hydrophilic domains localized in the
cytoplasm. Although Erv14 was shown to physically interact with transmembrane parts
of Nha1, no intracellular stacking can be observed for a truncated Nha1 version lacking
the majority of its long hydrophilic C-terminus, though this truncated antiporter is still
able to bind Erv14 2.
The aim of this work was to study the effect of the size of hydrophilic domains of
both Nha1 and Trk1 on their requirement of Erv14 to exit ER. We prepared several
truncated versions of Nha1 and showed that only long versions of the antiporter require
Erv14 to proceed through the secretory pathway of cells. Moreover, heterologous
expression of various yeast Nha antiporters with different size of their C-termini in S.
cerevisiae suggested that Erv14 is especially important for ER exit of Nha proteins with
long C-termini. In Trk1, the truncation of its long hydrophilic loop diminished Trk1
requirement of Erv14 for proper functioning. Thus, we show here that the size of big
hydrophilic domains of two alkali-metal-cation transporters influences their exit from ER
and that Erv14 helps with biogenesis of structurally complex proteins with large
hydrophilic moieties.
This work was supported by a GACR grant 17-01953S.

1
2
3

Y. Herzig et al., “A systematic approach to pair secretory cargo receptors with their cargo suggests
a mechanism for cargo selection by Erv14,” PloS Biol., vol. 10, no. 5, e1001329, 2012.
P. Rosas-Santiago et al., “Erv14 cargo receptor participates in yeast salt tolerance via its interaction
with the plasma-membrane Nha1 cation/proton antiporter,” Biochim. Biophys. Acta Biomembr.,
vol. 1858, no. 1, pp. 67-74, 2016.
O. Zimmermannová et al., “Erv14 cargo receptor participates in regulation of plasma-membrane
potential, intracellular pH and potassium homeostasis via its interaction with K +-specific
transporters Trk1 and Tok1, ” Biochim. Biophys. Acta Mol. Cell Res., vol. 1866, no. 9, pp. 13761388, 2019.
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The role of potassium transporters in programmed cell death
of Sacharomyces cerevisiae
Michala Dušková, Denis Cmunt, Hana Sychrová
Department of Membrane Transport, Institute of Physiology Academy of Sciences of the Czech Republic
v.v.i., Vídeňská 1083, Prague 4, Czech Republic

The existence of programmed cell death in unicellular organisms has been
reported for number of species and one of the most studied is yeast Saccharomyces
cerevisiae. The population of yeast cells de facto behave as a multicellular entity of
communicating individuals and is believed that altruistic death of individual yeast cells
under certain circumstances could be beneficial for the population as a whole. The death
of yeast cells may be caused by different agents such as various mutations, acetic acid,
pheromone arrest or sugar. Sugar induced cell death (SICD), in our case glucose induced
cell death (GICD), is quite an exception, because glucose is the most favourable nutrient.
Glucose induces the death of S. cerevisiae within a few hours in the absence of additional
nutrients to support growth. These conditions are accompanied by rapid ROS production
(reactive oxygen species), which are subsequently responsible for cell death [1]. The
exact mechanism of ROS production is not known, but is modulated by membrane
potential, especially by the plasma membrane hyperpolarization. Precisely speaking,
glucose activates the Pma1 H+-ATPase after being transported into the cell, and it results
in the hyperpolarization of plasma membrane, which should be compensated by an active
influx of K+ [2]. On the other way around, an efficient active K+ uptake acts as protection
against the GICD.
S. cerevisiae possesses two high-affinity potassium transporters encoded by TRK1
and TRK2 genes, with Trk1 as the dominant transporter in exponentially growing cells.
On the other hand, Trk2 is important in stationary cells [3]. Our data indicate that Trk2 is
also crucial to prevent the GICD as well as the cell death induced by other fermentable
sugars.

[1]
[2]
[3]

Granot, D., A. Levine, and E. Dor-Hefetz, "Sugar-induced apoptosis in yeast cells", FEMS Yeast
Res, vol 4, no. 1, pp. 7-13, 2003.
Hoeberichts, F.A., et al., "The role of K+ and H+ transport systems during glucose- and H2O2induced cell death in Saccharomyces cerevisiae", Yeast, vol. 27, no. 9, pp. 713-25, 2010.
Borovikova, D., et al., "Potassium uptake system Trk2 is crucial for yeast cell viability during
anhydrobiosis", FEMS Microbiol Lett, vol. 350, no. 1, pp. 28-33, 2014.
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Trk1, the sole plasma membrane potassium transporter in
Candida glabrata, influences the proper functioning of a
diversity of physiological processes
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Candida glabrata is a haploid yeast that is considered to be an emergent pathogen
since it is the second most prevalent cause of candidiasis. This yeast species carries only
one plasma membrane potassium transporter named CgTrk1. We will show in our
presentation that the activity of this transporter is regulated at the posttranslational level,
and thus Trk1 contributes to potassium uptake under very different external cation
concentrations. In addition to its function in potassium uptake, we report a diversity of
physiological effects related to this transporter. CgTRK1 contributes to proper cell size,
intracellular pH and membrane-potential homeostasis when expressed in Saccharomyces
cerevisiae. Moreover, lithium influx experiments performed both in C. glabrata and S.
cerevisiae indicate that the salt tolerance phenotype linked to CgTrk1 can be related to a
high capacity to discriminate between potassium and lithium (or sodium) during the
transport process. Finally, tolerance to various substances and drugs as well as
invasiveness characteristics was affected in the C. glabrata mutant lacking Trk1.
In summary, we will show that CgTRK1 exerts a diversity of pleiotropic
physiological roles and we propose that the corresponding protein may be an attractive
pharmacological target for the development of new antifungal drugs.
[1] Llopis-Torregrosa V, Hušeková B, Sychrová H. “Potassium Uptake Mediated by Trk1 Is Crucial for
Candida glabrata Growth and Fitness,” PLoS One, doi: 10.1371/journal.pone.0153374, 2016.
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Molecular bases of the extreme toxicity of the fungal
phosphatase Ppz1
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3
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Ppz1 is a type 1-like protein phosphatase that is only found in fungi. In S.
cerevisiae, this phosphatase is involved in the influx of K+ and the efflux of Na+ cations.
In addition, Ppz1 is the most toxic yeast protein when overexpressed: it does not kill the
cells, but leads to a cell cycle blockage at G1 phase [1].
Ppz1 activity is inhibited by two partially redundant proteins with moonlighting
activity (Hal3 and Vhs3), since they also participate in essential functions in the CoA
biosynthetic pathway [2]. We have demonstrated that Ppz1 toxicity derives from its
phosphatase activity and not from a possible impact on CoA biosynthesis resulting from
sequestration of the regulatory subunits. Ppz1 toxicity does not seem to directly originate
from alterations in cation homeostasis.
To investigate the molecular basis of this toxicity, we have developed several
approaches i) a screen for high-copy number suppressors, ii) identification of proteins
that co-purified with affinity-purified GST-Ppz1, iii) a genome-wide transcriptomic
profiling of the effect caused by of Ppz1 overexpression, and iv) a phoshoproteomic
analysis of the impact of increased Ppz1 activity. These studies suggest that the effect of
Ppz1 over-dosage on the cell is multifaceted and involves, at least, alteration in protein
translation, generation of oxidative stress, and widespread changes in the phosphorylation
pattern of near 400 proteins (mainly dephosphorylated) including numerous proteins
involved in mitotic cell cycle and bud emergence. We are in the course of investigating
possible changes in the phosphorylation pattern that might be responsible for the observed
cell cycle blockage.
[1] Ariño J, Velázquez D, and Casamayor A (2019). Ser/Thr protein phosphatases in fungi: structure,
regulation and function. Microb Cell. 6(5): 217–256.
[2] Ruiz A, Gonzalez A, Munoz I, Serrano R, Abrie JA, Strauss E, and Arino J (2009). Moonlighting
proteins Hal3 and Vhs3 form a heteromeric PPCDC with Ykl088w in yeast CoA biosynthesis. Nat
Chem Biol. 5: 920–928.
This work has been supported by grants BFU2014-54591-C2-1-P and BFU2017-82574-P
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Hydroxycitric Acid Can Antagonize Chronological Aging,
Apoptosis and ROS-Induced Cell Death in Budding Yeast
M. David Baroni1,2,3, Sonia Colombo2, Olivier Libens2, Rani Pallavi3, Marco Giorgio3,4,
Enzo Martegani2
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Caloric Restriction Mimetics (CRMs) are promising molecules to prevent agerelated diseases. Some bona fide CRMs have been defined as agents causing protein
deacetylation and autophagy, possibly extending lifespan. [1] Hydroxycitric acid (HCA),
a nutraceutical CRM from tropical plants, is thought to mainly acts as a competitive
inhibitor of ATP citrate lyase (ACLY), depleting cytosolic AcCoA and so inhibiting both
protein acetylation and lipogenesis. HCA has been shown to reduce body weight, insulin
resistance, inflammation and oxidative stress as well as to promote autophagy and
antitumor therapy efficacy. [1, 2]
Here we preliminarily describe some HCA effects on S.cerevisiae, where ACLY
enzyme is lacking. Strikingly, the drug revealed a powerful anti-aging effect, greatly
extending the chronological life span (CLS) of yeast cells in a dose-dependent way. This
phenotype was related to HCA ability to repress cell apoptosis and necrosis during CLS
but even after a pro-apoptotic acetic acid treatment on growing cells. The drug appeared
to control the metabolism as a function of the physiological status of the cells. Indeed,
HCA-treated quiescent cells resumed cell growth more slowly than controls, but then
proliferated at the maximum growth rate in the presence of the drug. HCA also markedly
modulated the oxygen consumption rate (OCR) of stationary phase cells before aging.
Finally, it largely prevented the cellular death caused by a severe hydrogen peroxidedriven oxidative stress, as shown by FACS analysis of dihydrorhodamine (DHR) 123 /PI
double stained cells.
Our system gives the unique opportunity to identify new phenotypically relevant
HCA targets among metabolic enzymes and regulatory pathways. Indeed, HCA also
inhibits phosphofructokinase, isocitrate dehydrogenase, aconitase, citrate synthase and
pyruvate dehydrogenase whereas it can remarkably activate AcCoA carboxylase. [3] In
addition, in our preliminary analyses on CLS mutants we observed that sch9 cells were
almost unresponsive to HCA benefits during aging and were able to mimic the HCAmediated rescue from cell death caused by an oxidative stress. However, sch9 mutation
did not alter the OCR changes induced by the drug. Finally, the HCA rescue ability from
age-related cell death of ras2 populations was significant but partial. These results
suggest that HCA can act with multiple ACLY-independent mechanisms.
[1]

[2]
[3]

Madeo F, Carmona-Gutierrez D, Hofer SJ, Kroemer G., “Caloric Restriction Mimetics against AgeAssociated Disease: Targets, Mechanisms, and Therapeutic Potential,” Cell Metab., vol.29, no.3,
pp. 592-610, 2019
Granchi C., “ATP citrate lyase (ACLY) inhibitors: An anti-cancer strategy at the crossroads of
glucose and lipid metabolism,” Eur J Med Chem., vol. 157, pp. 1276-1291, 2018
Cheema-Dhadli S, Halperin ML, Leznoff CC., “Inhibition of enzymes which interact with citrate
by (--) hydroxycitrate and 1,2,3,-tricarboxybenzene,” Eur J Biochem., vol.38, no.1, pp. 98-102,
1973
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The Roles Of Mitochondrial Metabolism Genes PPA2, DSS1
And AFG3 İn Mitochondrial Functions And Cellular
Longevity
Ahmet Koç1 and Khandaker Ashfaqul Muid2
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Mitochondria play central roles in cellular metabolism and aging. In this study, we
identified three deletion mutants of mitochondrial metabolism (ppa2∆, dss1∆ , and afg3∆)
that live longer than wild type cells. These long-living cells comprised relatively less
amount of mitochondrial DNA at the young stage with effective proliferation rate while
mtDNA content was decreased in old cells. The complete absence of endogenous reactive
oxygen species (ROS) level was observed both in young and old long living mutants,
suggested that they may get benefit from this no ROS state, which in turn may facilitate
longevity. Compared to the serpentine nature of wild type mitochondria, a different
dynamics and distribution pattern of long-lived cell’s mitochondria were shown as
mitochondrial aggregation and colonization that helps to retain the mitochondrial density
within cells. In addition, the elevation of the mitochondrial membrane potential was found
to predominate the relative degree of longevity. Both young and old long-lived cells
produced relatively low and a certain level of ATP and observed as sufficient for cellular
activity. The status of the retrograde signaling was checked by determining the
transcriptional activation of CIT2 gene and found relatively higher in long-living mutants.
Mutant cells were also profiled for their expression patterns and genes that were up-or
down regulated were determined. All long-lived cells comprised similar pleiotropic
phenotype by means of mitochondrial functions. Thus, this study suggests that ppa2∆,
dss1∆ , and afg3∆ mutants have remodeled mitochondrial morphology and functions
which enable them to live longer.
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Crosstalk between azole resistance mechanisms in yeast
W. Scott Moye-Rowley1
1
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Azole drugs represent the most commonly used antifungal drugs in the world.
These also are the only type of antifungal agents that can be delivered without a hospital
stay. Owing to the relatively close evolutionary relationship between fungi and
mammalian cells, the number of antifungal compounds is quite limited. Loss of efficacy
of any of these is a strong negative indicator for eventual clinical outcome.
In the pathogenic yeast Candida glabrata, the major route of azole resistance
comes from acquisition of gain-of-function (GOF) mutations in the coding sequence for
the transcription factor Pdr1. These GOF forms of Pdr1 are hyperactive transcription
factors and drive high, constitutive levels of expression of target genes like the ATPbinding cassette (ABC) transporter protein-encoding CDR1 locus. Cdr1 is thought to act
as a broad specificity drug efflux pump and prevent azole levels from reaching toxic
levels in the cell.
The actual target of azole drugs is the lanosterol -14 demethylase enzyme
encoded by the ERG11 gene. ERG11 is transcriptionally induced upon exposure to azole
drugs in a manner that depends on the transcription factor Upc2A in C. glabrata. In other
fungi, mutations in their ERG11 or Upc2A genes are found to confer azole resistance but
these are extremely rare in C. glabrata.
Previous thinking has treated these resistance mechanisms as separate pathways.
Our recent work suggests an alternative view: that there is a direct physiological link
between the Upc2A-dependent pathway for azole resistance and that of Pdr1/CDR1.
Using two different means to genetically deplete cells of the Erg11 protein, we find that
Pdr1/CDR1 are transcriptionally activated in a Upc2A-dependent manner. Chromatin
immunoprecipitation coupled with high-throughput sequencing (ChIP-seq) experiments
demonstrate that Upc2A binds to the promoters of many genes that are also controlled by
Pdr1. Our data argue that the coordinated actions of Upc2A and Pdr1 may provide linked
control of the lipid composition of the plasma membrane as well as regulation of ATPdependent drug efflux pumps that function there.
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Diverse regulatory signals control Pdr1-driven azole
resistance of Candida glabrata
Lucia Simonicova1 and Scott Moye-Rowley1
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The opportunistic pathogen Candida glabrata is the second most common cause of
Candida bloodstream infections in North America [1]. The yeast can easily develop highlevel resistance in response to azole compounds that target a key step in biosynthesis of
cell membrane component ergosterol. Given the clinical importance and widespread use
of azole drugs, resistance to this antifungal is a major complication in treatment of
infections caused by C. glabrata.
Azole resistance is mediated by constitutive upregulation of ABC transporter gene CDR1.
The expression of CDR1 is controlled by zinc finger transcription factor Pdr1 which
normally exhibits azole-inducible transcriptional regulation. High expression of Cdr1 in
azole resistant strains is caused by PDR1 alleles that contain gain-of-function (GOF)
mutations. The mutations are found scattered throughout the two primary functional
domains of C-terminal region: central-inhibitory domain and transcriptional activation
domain.
To understand the complex regulation of Pdr1 we have analyzed the level of azole
susceptibility and Pdr1 or Cdr1 expression in various clinically relevant azole-resistant
PDR1 GOF mutants generated in an isogenic background. Our data indicate that these
mutants do not act via the same mechanism(s) to trigger high-level Cdr1 expression. Next,
we studied the interaction between the activation domain of Pdr1 and coactivator
Med15A that is a vital part of Pdr1-driven expression of target genes and a potential
therapeutic target in azole resistance of C. glabrata. We showed that strains carrying a
clinically important GOF mutation D1082G located in the activation domain of Pdr1 have
complex transcriptional properties. First, D1082G Pdr1 is one of the strongest GOF forms
of Pdr1 that we have characterized (playing a negative role in control of Pdr1). Second,
this same allele appears to interact with a 9 amino acid transactivation domain (9aa TAD)
of Pdr1. The 9aa TAD was also found to be a negative regulator of Pdr1 activity until it
was combined with the D1082G allele. This double mutant was highly compromised for
its ability to activate downstream target gene expression. We confirmed that D1082 lies
within the region that interacts with Med15A-independent coactivator and can regulate
the transactivation potential of Pdr1 independently on activities that occur on 9aa TAD.
Thus D1082 represents the unique site where two regulatory aspects of Pdr1 meet; the
inhibitory signaling that keeps Pdr1 in low activity state and the transactivation processes
that navigate Pdr1-driven transcription of genes involved in azole resistance.
[1]

K. R. Healey and D. S. Perlin, “Fungal resistance to Echinocandins and the MDR Phenomenon in
Candida glabrata,” J Fungi, vol. 4, no. 3, pii: E105. doi: 10.3390/jof4030105, 2018.

16

Suppressor mutations in Cdr1p highlight the role of the noncatalytic ATP-binding site in asymmetric ABC pumps
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ATP-Binding Cassette (ABC) pumps couple the energy of adenosine tri-phosphate
(ATP) binding and hydrolysis to the translocation of a wide variety of molecules across
membranes. Those transporters share common features with two nucleotide-binding sites
(NBS) shared between two nucleotide-binding domains, and at least two transmembrane
domains where the drugs bind and are translocated. Common proposed mechanisms
involve ATP binding and hydrolysis at both NBS, either simultaneously or sequentially,
to allow conformational changes of the protein required for substrate transport. However,
in so-called “non-canonical” pumps such as fungal ABC transporters, only one of these
NBS hydrolyzes ATP while it only binds in the second, hence identified as the noncatalytic NBS. The role of the latter in substrate translocation thus remains unclear. A
drug-transport deficient mutant L529A localized in the outer leaflet of the transmembrane
domain of the fungus Candida albicans drug resistance protein 1 (Cdr1p) allowed us to
isolate a strain in which a secondary mutation Q1005H restored a drug resistance
phenotype. The mutation was mapped 60 Å far away the primary one, precisely in the
“deviant” ABC signature sequence interacting with the non-catalytic NBS. The transport
restoration occurred by a “re-coupling” mechanism, as both the mutant and suppressor
proteins remained ATPase active, but remarkably, the single Q1005H mutation led to
50% loss in ATP hydrolysis rate coupled with a two-fold increase in xenobiotics
resistance. Similar rescue patterns highlighting residues either close to the D-loop (Cdr1p)
or in the Q-loop (Pdr5p) of the non-catalytic NBS have also been described. Furthermore,
some of these mutants showed either selective enhancement or partial loss of the pump’s
substrate-transport ability. Brought together, these data point at the direct control by the
non-catalytic NBS of the substrate-translocation steps in asymmetric ABC transporters.
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Mechanism of action of new styrylpyridinium derivatives on
multidrug resistant Candida glabrata cells
Marie Kodedová1, Simona Vaitkienė2, Rimantas Daugelavičius2, Gunars Duburs3, Hana
Sychrová1
1

Department of Membrane Transport, Division BIOCEV, Institute of Physiology of the Czech Academy of
Sciences, Vestec, Czech Republic
2
Department of Biochemistry, Vytautas Magnus University, Kaunas, Lithuania
3
Institute of Organic Synthesis, Riga, Latvia

More than 90% of Candida invasive infections are attributed to five species – C.
albicans, C. glabrata, C. parapsilosis, C. tropicalis and C. krusei. Despite the fact that C.
albicans remains the most common species causing invasive candidiasis worldwide, the
incidence of C. albicans infections in the population has decreased in the last few decades,
and the proportion of infections caused by non-albicans Candida species increased,
especially the occurrence of C. glabrata as a result of its higher innate resistance to
commonly used antifungal drugs. The prophylactic use of fungistatic azoles such as
fluconazole has been associated with an increased frequency of innate (primary) or
acquired (secondary) drug resistance in Candida clinical isolates. Therefore, novel
treatments for fungal infectious are urgently needed. One of the main resistance
mechanisms of Candida cells constitutes the upregulation of multidrug (MDR)
transporters.
We characterized the mechanism of action of eight new styrylpyridinium
derivatives on C. glabrata clinical isolates. We used the diS-C3(3) fluorescence probe as
a major tool. The probe not only accumulates in yeast cells in response to the value of
membrane potential [1], but it is also a substrate of the CgCdr1 MDR pump [2]. We
detected the dose dependent damaging events of drugs at the plasma membrane by the
diS-C3(3) fluorescence assay (depolarization, hyperpolarization and permeabilization)
and found that several styrylpyridinium derivatives were actively transported by CgCdr1
out of the cells, resulting in decreased intracellular drug concentrations in wild-type cells
compared to the cdr1∆ mutant.
We supported the fluorescence results by biological tests – monitoring of C.
glabrata growth in the presence of styrylpyridinium derivatives and testing possible
synergism with known antifungal drugs and substrates of CgCdr1 and/or CgCdr2 (FK506,
terbinafine, fluconazole, ketoconazole).
Acknowledgements:
We wish to thank Prof. Dominique Sanglard for kindly providing C. glabrata strains.
This work was supported by the Ministry of Education, Youth and Sports of CR within the
LQ1604 National Sustainability Program II (Project BIOCEV-FAR) and by the project
“BIOCEV” (CZ.1.05/1.1.00/02.0109) and by the Research Council of Lithuania (project number
09.3.-LMT-K-712-02-0200).

[1]
[2]

D. Gášková et al., “Fluorescent probing of membrane potential in walled cells: diS-C3(3) assay in
Saccharomyces cerevisiae,“ Yeast, vol. 14, no. 13, p. 1189–1197, 1998.
M. Kodedová, and H. Sychrová, “High-throughput fluorescence screening assay for the
identification and comparison of antimicrobial peptides’ activity on various yeast species,” J.
Biotechnol., vol. 233, p. 26–33, 2016.
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ATP-Binding Cassette (ABC) Transporters of an emerging
pathogenic yeast Candida auris
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Candida species is the fourth most common cause of blood stream infection and
among them Candida albicans and a few non albicans species are most prevalent species.
However, recent emergence of multi-drug resistant Candida auris over five continents
has become a global concern [1]. Compared to other pathogenic Candida species, C. auris
has certain uniqueness, which makes it difficult to handle. The species is mostly clonal,
spread rapidly in the hospitals, difficult to identify phenotypically and show thermotolerance. Superimposed with its manifestation of resistance to commonly used
antifungals of different classes poses an additional clinical challenge.
Considering the recent outbreaks of drug resistant Candida auris infections in
hospitals around the globe, this study has analyzed the entire ABC superfamily members.
The initial Whole Genome Sequence (WGS) of few C.auris isolates have revealed that a
significant portion of genome encodes for ABC and MFS transporter families along with
other transporters. However, so far clear role of ATP-binding cassette (ABC) or MFS
transporters in MDR in C. auris is not well defined.
We subjected C. auris CBS 109131T to whole genome sequencing and after
annotation, examined the landscape of ABC proteins. Our analysis identified 28 putative
ABC proteins encoded by C. auris. On the basis of phylogenetic analysis, domain
organization and nomenclature adopted by the Human Genome Organization (HUGO)
scheme, these proteins were categorized into six subfamilies. Among these, only 20 ABC
proteins contained transmembrane domains (TMDs) and were grouped as membrane
proteins, predominantly belonging to PDR, MDR, MRP and ALDp subfamilies. Our
quantitative real time PCR (qRT-PCR) results confirmed the presence of all 20membrane transporters encoding genes as true ORFs. Further, the change in transcript
levels after short-term exposure of drugs and in drug resistant C. auris clinical isolates
underscored their relevance in drug resistance. Coinciding with the well-established role
of CDR1 as a major multidrug exporter in other yeasts, CAUR_02725, a homologue of
CDR1, showed consistently higher expression in MDR clinical strains of C. auris. Other
homologues of PDR subfamily members; CDR4, CDR6 and SNQ2 also showed raised
expressions in certain clinical isolates. Together, our analysis presents the first
comprehensive landscape of ABC superfamily proteins of an important human fungal
pathogen C. auris, which underline their role in MDR and provides an important platform
for in depth analysis of their physiological relevance [2].
[1] Satoh, K., Makimura, K., Hasumi, Y., Nishiyama, Y., Uchida, K., Yamaguchi, H., Candida auris sp.
nov., a novel ascomycetous yeast isolated from the external ear canal of an inpatient in a Japanese
hospital. Microbiol. Immunol. Vol.53, page. 41–44, 2009.
[2] ABC Transporter Genes Show Upregulated Expression in Drug-Resistant Clinical Isolates of Candida
auris: A Genome-Wide Characterization of ATP-Binding Cassette (ABC) Transporter Genes, Mohd
Wasi et al., Frontiers Microbiol. doi: 10.3389/fmicb.2019.01445
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We previously reported [1] that fluorescence changes and accumulation of acridine
yellow can be used to estimate and also to obtain actual values of the plasma membrane
electric potential difference (PMP) in yeast. Experiments were performed with an old dye
labelled “acridine yellow”, used by previously purifiying it. However, trying to perform
more experiments, a new acridine yellow was obtained, but it was a material with
different colour, absorbance and fluorescence spectra, and did not produce the results
obtained before. The structure of the old dye was obtained and resulted to be thioflavin
T. A retraction note has been published [2].
We acquired commercial pure thioflavin T, and all experiments were repeated. Using
starved cells, fluorescence changes and microscopic images show that in the presence of
glucose, the dye accumulates in the mitochondria, which quenches the fluorescence, but
this can be avoided with low concentrations of an uncoupler. Then, the addition of 5 mM
KCl produces a decrease of fluorescence. To obtain real PMP values, the accumulation
of the dye was measured, mainly based in increasing the dye concentration. Also, the
accumulation values have been corrected to eliminate that dye bound because of its
cationic and hydrophobic character to the internal components of the cells. This was
achieved by permeabilizing the cells with chitosan in the absence or presence of variable
concentrations of KCl, that enables to correct the raw data obtained under different
conditions. This allowed obtaining more accurate values than those reported before.
Experiments were also performed to analyze the effects of pH, and it was found that at
pH 4.0 incubation medium, results in a lower PMP.
[1] Calahorra M, Sánchez NS, Peña A. (2017) Acridine yellow. A novel use to estimate and measure
the plasma membrane potential in yeast. J Bioenerg Biomembr 49:281-290. doi:10.1007/s10863017-9699-7. ISBN: 2167-7662
[2] Calahorra M, Sánchez N, Peña A. (2019) Retraction Note to: Acridine yellow. A novel use to estimate
and measure the plasma membrane potential in Saccharomyces cerevisiae. J Bioenerg Biomembr.
May 31. doi: 10.1007/s10863-019-09801-y.

20

Membrane potential, cell surface potential and ionophores in
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Membrane potential (∆ψ) is most likely the sole driving force for K+ inSaccharomyces
cerevisiae. Its most probable value, measured in different yeast species with different
methods, amounts to about 120 mV [1,2]. Cell surface potential (∆ψcsp), generated by the
negative charges at cell membrane surface and recently made accessible by a new
experimental method [3], brings about cation accumulation in the periplasmic space. Due
to this effect, K+ concentration in periplasm is increased at least by one order of magnitude
as compared to its concentration in the bulk medium (especially at very low K+
concentrations). Recent measurements of the effect of the K+ ionophore valinomycin in
the AD1-3 mutant of S. cerevisiae, strain lacking the three most important ABC-pumps
(Pdr5p, Snf2p and Yor1p), indicated that the intracellular osmotically free K+
concentration moves in a range of tenth of mM. Hence, the actual K+ concentration
gradient across S. cerevisiae plasma membrane represents two orders of magnitude only,
that can be generated and maintained by ∆ψ of 120 mV.
Weak acid uncouplers, the so-called protonophores, such as carbonyl cyanide mchlorophenylhydrazone (CCCP) or pentachlorophenol (PCP), do not mediate
translocation of H+ in their ionic form butin bound form of electroneutral uncoupler
molecules. The driving force for their diffusion across biological membranes (yeast
plasma membrane, mitochondria inner membrane or chloroplast thylakoid membrane) is
the concentration gradient of the undissociateduncouplermolecules. The depolarizing
effect of the uncouplers is due to the back diffusion of uncoupler anions according to their
electrochemical gradient. Thus, it is not the electrochemical proton gradient that drives
the H+ concentration equilibration across membranes and their depolarization.It is in fact
the concentration gradient of neutral undissociated uncoupler molecules that drives the
proton translocation. Under certain conditions, addition of uncouplers to yeast
suspensions (at alkaline pH values) leads to H+ uptake against their apparent
electrochemical gradient [4].
[1] Hauer, R. and Höfer, M. (1978) Evidence for interactions between the energy-dependent transport of
sugars and the membrane potential in the yeast R. gracilis (Rhodotorula toruloides). J. Membr. Biol.
43, 335-349.
[2] Höfer, M. and Novacky, A. (1986) Measurement of plasma membrane potentials of yeast cells with
glass microelectrodes. Biochim. Biophys. Acta 862, 372-378.
[3] Plášek, J., Babuka, D., Gášková, D. and Höfer, M. (2017) A novel method for assessment of local pH
in periplasmic space and of cell surface potential in yeast. J. Bioenerg. Biomembr. 49, 273–279.
[4] Plášek, J., Babuka, D. and Höfer, M. (2017) H+translocation by weak acid uncouplers is independent
of H+ electrochemical gradient. J. Bioenerg. Biomembr. 49, 391-397.
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Fungi show vast capabilities of adaptation to potent antifungal compounds acting
on single targets, which like azoles are used as monotherapy of human infections and in
crop protection. The widespread use of antifungals results in the increasing resistance of
fungal pathogens. This poses a challenge to the recent achievements of contemporary
medicine, including transplantations and chemotherapy of cancer, which put patients at
an increased risk of difficult-to-treat disseminated fungal infections. The increase in
antifungal resistance, climate change, and the loss of biodiversity, may combine to pose
a serious threat to our food supply. [1] New strategies of protection against drug resistant
fungal pathogens, including newly emerging species such as Candida auris, are urgently
needed.
Studies in model yeast Saccharomyces cerevisiae, as well as important human and
plant pathogens, such as Candida glabrata and Botrytis cinerea, respectively, reveal that
the acquisition of a single point mutation in the whole genome may be sufficient to render
a strain resistant to most classes of currently available antifungals. Such isolates, with
point mutations clustering in specific regions of a gene encoding a zinc finger
transcriptional regulator (Pdr1 of S. cerevisiae and C. glabrata, Mrr1 of B. cinerea),
rendering the protein a potent constitutive activator, spontaneously arise under selective
pressure. They overproduce several target genes, including those encoding multiple
multidrug ATP-binding cassette (ABC) transporters, actively extruding xenobiotics out
of the cell. [2, 3]
To get more insight into the function of this active permeability barrier, and find
effective ways to modulate its function, we used specifically engineered strains
selectively overproducing different variants of MDR ABC transporters from model and
pathogenic yeast. Using a panel of known compounds and newly isolated secondary
metabolites of plant origin, affecting growth and transport, new selective interactions
were identified. These reveal new aspects of coordinated protection of plants and
microbes, which may help in the development of new therapeutic approaches.
[1]

[2]

[3]

M. C. Fisher, N. J. Hawkins, D. Sanglard, and S. J. Gurr, "Worldwide emergence of resistance to
antifungal drugs challenges human health and food security," Science, vol. 360, no. 6390, pp. 739742, 2018.
M. Kretschmer et al., “Fungicide-driven evolution and molecular basis of multidrug resistance in
field populations of the grey mould fungus Botrytis cinerea,” PLoS Pathog., vol. 5, no. 12,
e1000696. doi:10.1371/journal.ppat.1000696, 2009.
A. Kolaczkowska, and M. Kolaczkowski, “Drug resistance mechanisms and their regulation in
non-albicans Candida species,”. J. Antimicrob. Chemother., vol. 71, no. 6, pp.1438-1450, 2016.
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One of the key regulatory mechanisms of cellular ion homeostasis is a precisely
adjusted transport across the plasma membrane that guarantees uptake and storage of
essential, desired compounds, such as potassium. Potassium is a vital, monovalent cation
participating in fundamental processes, for instance: regulation of membrane potential
and cell turgor, enzymatic activity and protein synthesis. Saccharomyces cerevisiae
employs two main potassium-uptake uniport systems encoded by TRK1 and TRK2. Due
to substantial impairment of trk1 mutants ability to grow at low potassium
concentrations, Trk1p is considered to be a key player in potassium uptake [1]. Trk1p is
1235 aa long and consists of four transmembrane MPM domains. The most striking
feature of Trk1p is its alleged ability to switch affinity, from millimolar (low-affinity
state) to micromolar (high-affinity state) ranges under potassium-limiting conditions or
in the presence of toxic monovalent cations. The precise nature of this mechanism
remains unclear and so far only one amino acid (Leu949) has been suggested to play role
in this process. Leu949 is located in the third MPM domain and according to kinetic
measurements, mutation of Leu949 to proline, abolishes switching to the high-affinity
state [2].
In our work, we used site-directed mutagenesis and subsequent tests of cellular
growth under various concentrations of potassium and in the presence of toxic lithium, to
unveil, in more detail, the role of Leu949 in Trk1-mediated potassium uptake. More
specifically, we studied the impact of substitutions of Leu949 for neutral alanine or
proline, charged arginine or glutamic acid and polar serine. Possible alternation in
subcellular localization of Trk1p with proline-substitution in Leu949 was also tested via
fluorescence microscopy.
Substitution of Leu949 for proline did not change the transporter’s localization or
cell tolerance to lithium but it negatively affected growth at low concentrations of
potassium. Absence of phenotypic manifestation of substitution of Leu949 for alanine
and serine, under tested conditions, suggested non-essentiality of leucine at position 949
and also indicated, that the putative loss of affinity-switch, manifested as a diminished
growth rate of the L949P mutant at low K+, is not a consequence of the loss of leucine,
but rather a result of proline introduction into given position. Our results also hint at
importance of the amino-acid residue 949 to the transporter’s activity. Introduction of
positively charged arginine resulted in severely impaired growth under all tested
conditions and substitution of Leu949 for negatively charged glutamic acid led to a
diminished growth specifically in the presence of lithium.

[1]
[2]

J. Arino, J. Ramos, and H. Sychrova, "Monovalent cation transporters at the plasma membrane in
yeasts," Yeast, vol. 36, no. 4, pp. 177-193, 2018.
R. Haro and A. Rodriguez-Navarro, "Molecular analysis of the mechanism of potassium uptake
through the TRK1 transporter of Saccharomyces cerevisiae," Biochimica et Biophysica Acta, vol.
1564, no. 1, pp. 114-122, 2002.
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Voriconazole (VOR) is a triazole antifungal agent, demonstrating high in vitro
and in vivo activity against human pathogenic yeasts and molds.[1] One of the problems
encountered during antifungal chemotherapy with VOR is fungal resistance, mainly due
to the point mutation in the CYP51A gene encoding lanosterol demethylase. However,
resistance of Candida yeast to VOR may be also of the multidrug (MDR) type, due to the
overexpression of genes encoding drug efflux transporters of ABC of MFS family.
Evidence for participation of ABC transporters, CaCdr1p and CaCdr2p, in VOR
resistance in Candida albicans were previously presented.[2]
Five salts of VOR with lactic acid and amino acids were prepared. Anticandidal
in vitro activity of these compounds was comparable or slightly better than that of VOR.
The Candida albicans clinical isolate overexpressing CaCDR1/CaCDR2 genes, highly
resistant to VOR, was apparently more sensitive to VOR salts. On the other hand,
sensitivity of another C. albicans clinical isolate, demonstrating MDR phenotype due to
the overexpression of CaMDR1, to VOR salts was comparable to that to VOR.
Comparative studies on influence of VOR and its salts on Rhodamine 6G efflux from
sensitive and multidrug-resistant C. albicans cells revealed that the VOR salts are much
poorer substrates for CaCdr1p drug efflux pump than VOR.
[1]
[2]

G.R. Thompson and J.S. Lewis, "Pharmacology and clinical use of voriconazole." Expert Opin.
Drug Metab. Toxicol., vol. 6, pp. 83-94, 2010.
R. Wakieć, R. Prasad, J. Morschhäuser, F. Barchiesi, E. Borowski and S. Milewski, “Voriconazole
and multidrug resistance in Candida albicans.” Mycoses, vol. 50, pp. 109-115, 2007.
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Many known potential antifungals are not effective enough because of their
limited cellular penetration. One of the possible approaches facing this challenge is
conjugation of an active substance with a molecular organic nanocarrier. Several
antimicrobial molecular nanocarrier–drug conjugates have been already reported but
most of them exhibit antibacterial, not antifungal activity.[1]
A number of amino acid inhibitors of fungal intracellular enzymes are known.
Among them, two seem especially noteworthy, namely cis-pentacin (CPEN), inhibitor of
Ile-tRNAIle synthetase and N3-(4-methoxyfumaroyl)–L-2,3-diaminopropanoic acid
(FMDP), targeting glucosamine-6-phosphate synthase. The former, is taken up by
proline-specific permease [2] but its antifungal activity is limited in amino acidscontaining media. The latter, is taken up by fungal cells and thus exhibits poor growth
inhibitory effect.
Fifteen conjugates of molecular nanocarriers, such as cholate and deoxycholatebased “molecular umbrellas”, cell penetrating peptides and lipid molecules with CPEN
and FMDP have been synthesized and tested for antifungal activity. Some of these
conjugates contained “trimethyl lock” [3] ensuring effective release of amino acid cargo
upon the action of intracellular esterases. Most of the conjugates were effectively
accumulated by Candida albicans cells, what was shown for their fluorescent derivatives.
However, only very few demonstrated growth inhibitory effect. Presence of the esterasetriggered trimethyl lock in a conjugate, apparently facilitated cargo release and resulted
in higher antifungal activity of such conjugates.
[1]
[2]

[3]

A.S. Skwarecki, S. Milewski, M. Schielmann and M.J. Milewska, “Antimicrobial molecular
nanocarrier-drug conjugates,” Nanomedicine, vol 12, pp. 2215-2240, 2016.
J.O. Capobianco, D. Zakula, M.L. Coen and R.C. Goldman, “Anti-Candida activity of cispentacin:
the active transport by amino acid permeases and possible mechanisms of action.” Biochim.
Biophys. Res. Commun., vol. 190, pp. 1037-1044, 1993.
O.A. Okoh and P. Klahn, “Trimethyl lock: a multifunctional molecular tool for drug delivery,
cellular imaging, and stimuli-responsive materials,” ChemBioChem, vol. 19, pp. 1668 – 1694, 2018.
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Maintaining ionic homeostasis at a relatively constant level is one of the main conditions
for maintaining cell activity. The main cation translocating system in S. cerevisiae is
Trk1. Additionally, S. cerevisiae possesses a second, related K+ translocation protein,
Trk2 that is expressed at a significantly lower level and thus seems to participate in cation
translocation under most physiological conditions.
There is only limited data on comparison of the electrophysiological properties between
Trk1 and Trk2 available. This is due to the facts that (i) S. cerevisiae cells are not easily
analyzed using patch-clamp because the required removal of the cell wall is a rather
tedious task and (ii) the usually lower expression of Trk2 compared to Trk1 complicates
the comparison of their properties.
In order to analyze the properties of Trk1 and -2 unbiased by their expression levels, we
generated yeast strains expressing TRK1 or TRK2 under control of a strong promoter in a
trk1, 2, tok1 background using a non-invasive-method, “Microelectrode-based Ion Flux
Estimation” (MIFE).
The results showed that both, Trk1 and Trk2 mediated similar high-affinity K+-uptake
when KCl was added to K+ starved cells. With both, TRK1 and TRK2 expressing cells
also Na+ fluxes were observed. However, these were weaker in Trk2 cells compared to
Trk1 cells. This result indicates that the pore of Trk2 might be more selective for K+ and
could point to a role of Trk2 as K-sensor under physiological conditions.
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Debaryomyces hansenii is a hemiascomycetous non-conventional yeast of importance in basic
and applied research that can be found in salty environments and food. In a recent work, we
isolated a collection of yeasts from fermented cured meat products from Valle de los Pedroches
(North of Córdoba, Spain) and the yeasts were identified by molecular and biochemical analysis
(1). Strain D. hansenii Lr1, isolated from Iberian pork loin, was selected on the basis of its
tolerance to abiotic stresses and its metabolic characteristics. Selected D. hansenii Lr1 was used
to inoculate pork loin under four different conditions. Yeast cells were inoculated either directly
on the meat surface (M treatments) or on the collagen casing (C treatments) in which each loin
piece (1.25 Kg approximately) was stuffed to make the product (Viscofam company). One or two
ml of yeast suspension was inoculated on each piece of loin and spread by rubbing with the aid of
a sterile laboratory brush. Therefore, two different amounts of yeasts were used to inoculate each
loin, 0.52 g (approximately 5 × 109 cells) (treatments M1 and C1) or 1.04 g of cells (approximately
1010cells) (treatments M2 and C2). In addition, uninoculated control samples were maintained in
parallel with the treated samples. Then, we studied the effect of this yeast on the physico-chemical
and sensory characteristics of the final product after three months ripening. To sum up, our results
show that:
- Yeasts were able to implant and proliferate in the surface of the fermented cured pork loin.
- The inoculation with yeasts increased the water activity and the pH and the sodium content
decreased.
- The content in fatty acids and the volatile and aroma compounds were affected by the
inoculation with this strain of D. hansenii. Inoculation with Lr1 strain did not importantly change
the fatty acids profile of none of the treatments applied. Three important effects due to the
inoculation with specific yeasts were very clearly observed. First a decrease in aldehyde
compounds, second, an increase in ester compounds and third an increase in alcohols.
- A tendency in consumers acceptance to prefer cured pork loin specifically inoculated with the
higher amounts of yeasts used in this study was observed.
Finally, this study opens possibilities for improved industrial productions since a tendency to a
better consumer acceptability was observed when twice yeast amounts were used to inoculate the
loins which may be linked to a higher Aw and pH and lower amount of Na+ in those treatments
(M2 and C2) at the end of the ripening process.
Acknowledgements:Research was supported by XX and XXI Plan Propio de Investigación to José Ramos
(UCO). We thank Bibiano López (Navalpedroche S.L.) for supplying the meat samples and Dr
Hortensia Galán for useful and critical comments. The fatty acids and aroma compounds analyses
werecarried out in the UCO-SCAI (UCO).
[1]

Ramos, J., Melero, Y., Ramos-Moreno, L., Michán, C., & Cabezas, L. (2017). Debaryomyces hansenii Strains
from Valle De Los Pedroches Iberian Dry Meat Products: Isolation, Identification, Characterization, and
Selection for Starter Cultures. Journal of Microbiology and Biotechnology, 27, 1576-1585.
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High affinity potassium uptake in the yeast Saccharomyces cerevisiae is to a large
degree mediated by Trk1, that is like the homologue Trk2 a member of the SK family of
cation translocation systems. A Trk1 monomer consists of four domains each homologous
to a 2-TM K channel subunit. It is generally assumed now that in fact Trks (as other SK
proteins) have evolved from ancestral K-channels via two-fold gene duplication [1].
According to this molecular architecture, Trk1 could be functional as a monomer.
However, based on molecular modelling, a tetrameric assembly of Trk monomers was
suggested. We have previously developed an atomic scale model of Trk1 [2] based on the
resolved structures of the SK-proteins KtrB [3] and TrkH [4], which have been
crystallized as dimers. According to this model, Trk1 is obviously also a dimer. However,
the model provides only medium resolution as it is based on templates with low sequence
identity.
To empirically determine possible interactions between monomers and the
number of Trk1 monomers in the assembly in the membrane, we used Bimolecular
Fluorescence complementation (BiFC) [5]. Our results show that the Amino- and
Carboxy-termini of one Trk1 monomer are close enough for allowing BiFC. Furthermore,
BiFC was observed when the fluorescent protein parts were attached to the Carboxytermini of different Trk1 monomers, indicating that the functional form is at least a dimer.
In order to distinguish between dimer and tetramer, we adopted Trimolecular
Fluorescence complementation [6]. As proof of concept, the triple-interaction of N-andC-termini of one monomer and the C-terminus of a second monomer was tested and
showed the principal applicability of the method.

[1]
[2]

[3]
[4]
[5]
[6]

Durell S.R. et al., (1999) “Evolutionary relationship between K+ channels and symporters”,
Biophys. J. 77: 775–788.
Zayats V. et al., (2015) “A refined atomic scale model of the Saccharomyces cerevisiae K+translocation protein Trk1p combined with experimental evidence confirms the role of selectivity
filter glycines and other key residues”, BBA-Biomembranes, 1848: 1183–1195.
Vieira-Pires R.S. et al., (2013) “The structure of the KtrAB potassium transporter” Nature, 496: 323328.
Cao Y. et al., (2011) “Crystal structure of a potassium ion transporter TrkH” Nature, 471: 336-340.
Miller K.E. et al., (2015) “Bimolecular fluorescence complementation (BiFC) analysis: advances
and recent applications for genome-wide interaction studies”, J Mol Biol, 427(11): 2039–2055.
Cabantous S. et al., (2013) “A New Protein-Protein Interaction Sensor Based on Tripartite SplitGFP Association” Sci Rep 3, 2854.
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