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B Annotation

This thesis is focused on the functional and structural analysis of
potassium translocation proteins (Trk) in the plasma membrane of yeast
(S. cerevisiae and Pichia pastoris). In S. cerevisiae, Trk1 and Trk2 are the
sole specific potassium uptake systems and required for growth in
potassium limiting conditions. P. pastoris has only one Trk protein PpTrk,
which had not yet been functionally analysed. All Trk proteins possess a
huge cytosolic part of unknown role, the “long hydrophilic loop” (LHL).
In order to investigate the role of LHL, functional studies were performed.
Comparative functional analysis of Trk1 from S. cerevisiae and Trk from
P. pastoris (PpTrk) revealed differences in the selectivity for monovalent
cations. Furthermore, as a first step towards structure elucidation by X-ray
diffraction crystallography, production of Trk proteins and parts of Trk
proteins was attempted using different expression systems (E. coli, S.

cerevisiae and P. pastoris).
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Introduction




Transport across biological membranes is one of the essential processes,
involved in many aspects of metabolism and signaling in all species. In
cells, K™ plays many important physiological roles; e.g., the intracellular
concentration of K* plays a pivotal role in maintaining pH and membrane
potential (Evans and Wildes, 1971), and in protein synthesis (Lubin and
Ennis et al., 1964). K" is also required for the activation of key metabolic
processes, such as pyruvate synthesis, for compensation of negative
charges e.g. DNA and RNA, and also in regulation of enzyme activities
(Page and Di Cera, 2006; Leigh and Jones, 1984). It has been shown that
in Saccharomyces cerevisiae lack of K" activates oxidative stress response
and the expression of genes required cell cycle progression is reduced
(Barreto et al., 2012). In yeast the cellular K concentration is 200 - 300
mM. However, yeast can grow from 10 pM to 2.5 M, of external K*
concentrations and maintains a minimal amount of internal K™ ~30 mM to
survive (for review see: Arino et al., 2019; Arino et al., 2010).

This thesis describes experiments directed towards the understanding of
the structure and function relationships Trk proteins that mediate
translocation of ions across the plasma membrane of yeast
(Saccharomyces cerevisiae and others). In order to understand
terminology and the principle concepts, it starts with a brief description of
the role of biological membranes and the proteins responsible for the
translocation of molecules. Also, the basic concepts and terminology of
different types of translocation/membrane transport will be described.

Transport across biological membrane

The biological membranes are dynamic, flexible, fluid structures that form
a boundary around the cell composed of phospholipid bilayer, lipids and
proteins. Each phospholipid molecule has a hydrophilic head and a
hydrophobic tail. These macromolecules are in constant motion which the
membrane a fluid character. In 1972, a model was proposed "fluid mosaic
model" which describes the structure of biological membranes (Singer and
Nicolson, 1972).



The biological membrane functions as a barrier to separate the
contents of cells from the environment. It does not allow every substance
to pass through. Small uncharged substances, like oxygen and carbon
dioxide, can cross the cell membrane by simple diffusion. The membrane
is also relatively permeable for water molecules; low-capacity
bidirectional movement of water can take place via diffusion. However,
high capacity faster transport takes place through water channels;
Aquaporins (Agre 2006). In case of big and charged molecules (sugars,
amino acids, peptides) the translocation across the plasma membrane takes
place by two mechanisms: active and passive transport.

The molecules that cannot pass freely through the lipid bilayer can
be translocated (transported) either through channels or with the help of
carrier proteins. This process is called passive transport/facilitated
diffusion. Passive transport does not require energy for translocation; it
allows molecules to move along their electrochemical gradient (consisting
of the chemical (concentration) gradient and the membrane potential that
is usually inside negative).

If substances are transported against their electrochemical gradient
(movement of a charged substance is influenced by both concentration
gradient and membrane potential) the process is called active transport.
Facilitated diffusion and active transport share many features. Both
usually involve proteins, and show specificity for ions, sugars or amino
acids.

Active transport, the transport of ions or molecules against the
(electrochemical) gradient needs energy. In most cases, energy is obtained
from the hydrolysis of ATP but it can also be directly driven by external
energy, e.g. by light (light-driven H'-pump-bacteriorhodopsin). Integral
membrane proteins mainly carry out this process.

The second form of active transport is dubbed "secondary active
transport". In this process the driving force for the movement of one
molecule is obtained from the electrochemical gradient of another

molecule that simultaneously crosses the membrane in energetically



favorable direction. Such transport mechanism is also known as
cotransport. Therefore, in this process the energy for translocation of a
substance is not derived directly from ATP nor light.

According to the direction of movement, secondary active transport can
be classified as symport and antiport. In symport, the molecules are moved
in the same direction, for example Na“ and amino acid transporters in
mammalian cells use the inwards directed electrochemical Na* gradient to
transport amino acids against their gradient. The proton-sugar transporter
in bacteria and the Na" sugar transporters use either inwardly directed
proton or Na’ gradients. Antiport moves two molecules in opposite
directions, for example Na* in and Ca”* out (Lodish et al., 2003; Murray
et al., 1996; Berg et al., 2002).

Membrane transport proteins are proteins that are involved in the
movement of ions, molecules such as proteins across biological
membrane. In general, these transport proteins can be classified into ion
channel/pore proteins, active transporters, group translocator and electron
carriers (Lodish et al., 2003).

Ion channels are proteins that enables the translocation of molecules or
ions across the membrane by a central pore. These pores/channels are
specific for ions or molecules. The size and charge of the “substrate” and
the structure of the protein determine their specificity. Ion channels
translocate with high velocity of up to 10® ions per second. Channels can
be in open state or in closed state. The opening (gating) of channels
involves usually only a small conformational change. (Hille et al., 2001,
Berg et al., 2002).

Transporters are integral membrane proteins, which mostly transport
nutrients such as amino acid, sugars, peptides and vitamins (e.g. Bacterial
permeases) (Lodish et al., 2003). They also play roles in cell metabolism,
ion homeostasis, signal transduction, osmoregulation (Benedito et al.,
2010). A more detailed description for the terms mentioned above is
existing in many textbooks (e.g. Berg et al., 2002. Lodish et al., 2003,
Alberts et al., 2002).



Saccharomyces cerevisiae

S. cerevisiae is a eukaryotic microbe belonging to the kingdom of fungi,
often used as model organism in research to discover the functional
relationships between sequence and gene products in higher eukaryotes.
S. cerevisiae has a short generation time (doubling time under ideal growth
conditions can be as low as 2 hours) and can be easily cultured. In 1996,
the complete yeast genome (as the first genome of a eukaryote) was
available to the public (Goffeau et al., 1996). The genome is made up of
12,068 kilobases contained in sixteen linear chromosomes. S. cerevisiae
can be easily transformed; it has an excellent homologous recombination
system enabling easy addition of new genes or deletions. It also has the
ability to grow as a haploid what simplifies the creation of gene knockout
and mutant strains. All together these properties make S. cerevisiae a
versatile model organism to study eukaryotic systems.

In the following chapters, cation homeostasis in S. cerevisiae will be
discussed. Because of the outstanding role of potassium ions, an overview

on potassium translocation in the yeast will also be given.

Cation homeostasis and cation translocation proteins in S. cerevisiae

Cations are important for many metabolic processes within cells. They
facilitate different biochemical reactions such as transport and ATP
synthesis. However, at higher concentrations cations can be toxic, their
concentration must be regulated and to regulate the concentration of these
cations, cells have developed homeostasis mechanisms. S. cerevisiae cells
maintain appropriate intracellular concentrations of Na" and K and other
cations by uptake, storage, and efflux mechanisms, which allow the cells
to survive at extreme situations i.e., either limited availability or high
concentration (Arino et al., 2010; Cyert et al., 2013). How these cations
translocation systems help to maintain homeostasis in S. cerevesiae is
described briefly below (see Fig. 1 for an overview on the different cation-
translocating membrane proteins). The main cation translocation systems

in S. cerevesiae plasma membrane are Pmal, Enal, Nhal (Villalobo et al.,



1981; Haro et al., 1991, Prior et al., 1996) and the specific K* translocation
systems are Trkl Trk2 and Tokl (Gaber et al., 1988; Ko et al., 1991;
Ketchum et al., 1995).

Pmal is a P>-type H'-ATPase made up of a single 100-kD polypeptide
that pumps one proton across the plasma membrane per hydrolysed ATP
molecule (Villalobo et al., 1981). Pmal is one of the most essential cellular
proteins. It generates an electrochemical proton gradient a "proton motive
force", consisting of membrane potential (inside negative) and an inwardly
directed proton concentration gradient. It plays an essential role in the
maintaining neutral pH in the cytosol (Ambesi et al., 2000). There is also
an isoform S.c. Pma2 (Schlesser et al., 1988) whose gene is expressed at
lower level.

Enal and Nhal are responsible for outward translocation of
surplus cations. Enal (Efflux of Na) (Haro et al., 1991) is a primary active
system (P-type ATPase) which pumps surplus of Na* but also K" and other
monovalent cations out of the cell. ENA expression is induced by alkaline
external pH. Thus, this protein is largely responsible for salt tolerance
under alkaline conditions. Studies in S. c. revealed that the role of the Ena
ATPase is essential for sodium detoxification at high external pH. Under
these conditions the Nhal antiporter system cannot effectively exchange
Na* for protons (Ramos et al., 2011). Nhal (Prior et al., 1996) is an alkali-
metal (K, Na, Li)-proton antiporter, that is constitutively expressed at a
low level. Its main role seems to be maintaining intracellular pH and K*
constant.

Tokl is a K* selective outward rectifying channel (Ketchum et al.,
1995, Reid et al., 1996) and will be described together with other specific
K*-translocation systems in some more detail below. The existence of
another cation translocation system, Nscl (for non-specific cation
channel), was proposed from electrophysiological recordings, in which K
currents were detected in #rkl trk2 mutants. These K currents can be
blocked by Ca?" and other divalent cations. Nscl1 was suggested to be
responsible for the low affinity K* transport, but the specific protein



responsible for that has not yet been identified (Bihler et al., 1998; Madrid
et al., 1998).

Fig. 1: The main transport systems that are responsible for transport of alkali
metal ions in S. cerevisiae. (taken from Cyert et al., 2013, modified).
Additionally, there are a number of cation translocation systems

that are localized in intracellular membranes. Proton/(Na*/K") antiporters
Vnx1 in vacuoles (Cagnac et al., 2007), Khal in the golgi apparatus
(Ramirez et al., 1998) and Nhx1 in endosomes (Nass et al., 1997) and
Mkh1/Mdm38, a protein essential for the exchange of K'/H" across the
inner mitochondrial membrane (Novikovsky et al., 2004). K" uptake in S.
cerevisiae is mediated by two translocation systems Trk1 and Trk2 (Gaber
et al., 1988; Ko et al., 1991). Trk1 is required for growth in low [K'].

Potassium Translocation systems in various yeast

Types of K uptake systems

Three different types of plasma membrane transporters mediating
potassium influx have been described in yeast and other fungi: Trk
(Transporters of K*), HaK (High Affinity K* transporter) and ACU (Alkali
Cation Uptake) ATPases. These transporters share the same function (i.e.
K'-translocation), but they differ by translocation mechanism and also in
their abundance.



Trk’s (Transport of K") are widely distributed in all yeasts. K*
transport in S. cerevisiae depends mainly on Trk1. In the presence of Trk1
the role of Trk2 protein in K supply is very low and its transport activity
is undetectable (Arino et al., 2019; Arino et al., 2010). Thus, the role of
Trk2 is not clearly known. However, it has been shown that Trk2 plays
role in the maintenance of plasma membrane potential (Petrezselyova, et
al., 2011). Hak symporters are a class of K™ transporters encoded by HAK
genes. HAK is present in many yeast such as Hansenula polymorpha,
Debaryomyces and Candida albicans (Rodriguez-Navarro, 2000; Arino et
al., 2010, Ramos et al., 2011). It is also found in N. crassa a mycelial
fungus (Haro et al., 1999). The last type of K" uptake systems are the ACU
ATPases which belongs to subfamily of P-type ATPases involved in high-
affinity K" or Na" uptake. Yeast which have ACU ATPase, are e.g.
Ustilago maydis or Pichia sorbitophila (Benito et al., 2004, Ramos et al.,
2011).

Tokl, Trkl and Trk2: Specific systems for K" translocation across the
plasma membrane of S. cerevisiae

Tokl

Tokl is a 691 amino acid long integral membrane protein. It is an
outwardly rectifying K* selective channel in the plasma membrane of S.
cerevisiae (Bertl et al., 1993, Ketchum et al., 1995, Reid et al., 1996).
Candida, Zygosaccharomyces, Yarrowia or Pichia yeast species contain
a gene homologous to the S. cerevisiae TOK1, whereas S. pombe and D.
hansenii lack a similar system. TOKI1 activity in S. cerevisiae might
contribute to the maintenance of a stable plasma membrane potential (for
review see, Arino et al., 2019; Arino et al., 2010). Tok1p belongs to two-
pore domain potassium channel family and reported to be a “molecular
target” of the yeast viral killer toxin K1 (Ahmed et al., 1999), but it was
shown that Toklp may be a target but it is not essential for toxin action
(Breinig et al., 2002; Baev et al., 2003). The cytosolic carboxy terminal
tail of Tok1 (160 amino acid long) strongly interacts with the central core



of the channel and regulates its gating (Loukin and Saimi 2002). Cells
lacking Tok1 gene can grow at low potassium concentration <1 mM (Bertl
etal., 2003). Deletion of TOK1 results in plasma membrane depolarisation
while hyperpolarisation occurs in cells over expressing TOK1 (Maresova
et al., 2006).

Potassium uptake: Trkl and Trk2

Trk1 and Trk2 are specific K" uptake systems in S. cerevisiae plasma
membrane. In the year 1988 the TRK/ gene was cloned and shown that it
is required for high-affinity potassium transport (uptake) (Gaber et al.,
1988). TRK?2, identified by Ko et al., 1991, was considered as second
transporter of potassium in S. cerevisiae. Cells lacking gene for Trk1 and
Trk2 are hypersensitive to low pH; they are severely limited in their ability
to take up K* (Ko et al., 1991). The uptake of potassium by Trk2 is lower
than Trk1 in the cells that are in exponential phase (Ramos et al., 1994).
The presence of two TRK genes in S.c. that encodes for potassium uptake
might accomplish similar function as PMA1 and PMA? that encode for H
ATPases. In both cases, the second has lower expression and protein with
slightly different properties (Haro et al., 1999, Ramos et al., 1994). Most
Saccharomyces species contain a high-affinity K* transporter gene highly
similar to TRKI in S. cerevisiae. A TRKI homologue (u-TRKI) was
identified in S. uvarum, which encodes a membrane protein of 1241 amino
acid that is 78 % identical and 86 % similar to S.c. Trk1l (Anderson et al.,
1991).

Regulation of Trk proteins

In potassium limiting conditions, the ACU (Benito et al., 2004) and Hak
(Su et al, 2002) gene expression is triggered. Both genes are
transcriptionally regulated. However, this is not true for TRK. However,
there are several proteins that might regulate Trk function at post-
translational levels (for review see; Arino et al., 2019 and table 1.1 below).



Table 1.1: Some regulators of S. cerevisiae Trk proteins (adapted from
Arino et al., 2019).

Gene/complex Description of the Gene

ARLI G protein of the Ras superfamily

BMHI,2 14-3-3 proteins involved in signalling processes during potassium
starvation

CNBI1/CRZ1 Calcineurin regulatory subunit/transcription factor

HAL4,5 Protein kinases involved in regulation of Trk

PMAL?2 Plasma membrane ATPase

PMP3 Plasma membrane protein involved in the regulation of membrane

potential

PPZ1,2/HAL3

Serine/threonine protein phosphatase (PPZ)/Regulatory subunit of
PPZ

SKY1 Protein kinase. Mutants show altered potassium transport
SNF'1 Protein kinase. Mutants show defective potassium uptake
TPSI subunit of trehalose-6-P synthase/phosphatase complex
TORC1 Target of Rapamycin complex involved in the regulation of
potassium fluxes
Structure of Trkl

Bioinformatical analysis of the S.c. TRKI gene indicated that it
encodes an integral membrane protein of 1,235 amino acids. The structure
of Trkl is not yet known, based on genetic information and solved
structures of related proteins, several studies were done in order to
characterize the structure of Trkl. Initially, the structure of Trkl was
assumed to be similar to those of the major facilitator superfamily (MFS)
e.g. GLUT transporters, consisting of 12 transmembrane (TM) domains
domains and a large hydrophilic loop which is located either intra- or
extracellular. It was also assumed, that transport is secondary active
(K'/H"-symport) in analogy to many members of the major facilitator
superfamily (MFS) (Gaber et al., 1988). Durell and colleagues (Durell et
al., 1999) revealed by sequence analysis a possible evolutionary
relationship between S. cerevisiae Trk (and the related prokaryotic Ktr,
Trk and plant Hkt) and K" channels (Fig. 2). The basis for this was the
similarity within the putative selectivity filter region (see below), where
they identified a single almost invariant glycine residue. Therefore, they
proposed a different transmembrane topology, which is similar as in K"
channels.
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Fig. 2: Helical wheel representation of structural models of potassium
translocation proteins: (A) KcsA, (B) KtrB, (C) TrkH, (D) Trkl, 2. The color
code of residues indicates the level of conservation from high to low. Red
background indicates regions with residues conserved among all of these
translocation systems, the orange background indicates residues conserved
among only the KtrB and Trk-euk (i.e., Trkl, 2) families (taken from Durell and
Guy, 1999).

Potassium channels have a tetrameric structure (Mackinnon 1991,
Doyle et al., 1998). The crystal structure confirmed that channel is made
up from a transmembrane helix - pore helix - transmembrane domain
(MPM or M1PM2) motif. KcsA channels (as all K™ channels) contain a
"selectivity filter" with conserved amino acid sequence (TVGYG in
KcsA) and a special arrangement of oxygen atoms from backbone
carbonyl groups (Fig. 3) which plays an important role to differentiate
between K" and Na'.

The potassium channel is highly specific for K" ions, Na“ and Li"
permeate only very rarely. Only a single sodium ion is allowed to pass
through the channel for every 10,000 potassium ions (Doyle et al., 1998).
The selectivity for K" over Na* is mainly achieved by the difference in
dehydration energies (Doyle et al., 1998, MacKinnon, 2003). At the
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extracellular and internal ends of the filter, potassium ions are surrounded
by water molecules. As K" enters the filter, it interacts with the carbonyl
backbone of glycine residues within the selectivity filter and the hydration
shell is replaced. Na* do not interact favorably with the oxygen atoms of
the carbonyl backbone due to their smaller size (Doyle et al., 1998,
Gouaux & Mackinnon, 2005). The free energy for dehydrating of K™ (55
kCal/mol), is less than for dehydration of Na* (72 kCal/mol) (Berg et al.,

2002). This difference is the main reason for selectivity of K over Na".
A

Outside
_—

Membrane

Inside

Fig. 3: KcsA potassium channel structure. Panel A shows two MPM motives
oriented in membrane. The selectivity filter is shown in brown. Panel B shows
the close view on the selectivity filter. S1-S4 represents the binding sites for K*
ion. Green balls represent K ion. Atoms are colored: carbon in brown, oxygen -
red and nitrogen — blue (taken from Lockless et al., 2007).

Additionally, the similarity between KcsA-related K™ channels and
at that time presumed “symporters”, allowed building first three-
dimensional models of Trk/KtrB/HKT (superfamily of K transporters,
SKT) proteins (Durell et al., 1999). In structural models of, they are
similar to inward rectifying K* channels. As said above, each of the four
K* channel forming a-subunits consists of two transmembrane (TM)
helices (M1 and M2) connected by a short pore helix and a "selectivity-
filter" region, the latter two subsumed as pore (P) region (MPM). In SKT
proteins, the four repeats of the MPM motifs are all together on a single
peptide chain. Four conserved glycine residues are placed within the
selectively filter and were the starting point for the alignments used to
build the models (Durell et al., 1999).
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In 2011, the crystal structure of TrkH from Vibrio
parahaemolyticus was solved (Cao et al., 2011) They gave a first insight
to the structural organization of SKT proteins. TrkH crystallized as a
homodimer as shown on (Fig. 4). Each monomer consists (as predicted
3B the Durell and Guy models) of four MPM motifs arranged around the
central pore. As expected, this architecture in general resembles the
structure of KcsA, however, only the selectivity filter, pore helices and
adjacent part of the transmembrane helices is really similar to potassium
channel. The part below that together with the internal pore significantly
differs from KcsA. In three out of four MPM repeats one transmembrane
helix is bend in opposite direction of the internal pore. In addition, the
internal pore is filled by a loop. It is a new structural feature, which was
not seen before. Together with the loop the side chain of positively
charged residue arginine 468 is located right inside of the pore forming
the constriction on a way to the selectivity filter. Experimental results
showed that mutation of the Arg 468 to alanine lead to the increased rate
of K" influx (Cao et al., 2011).

Fig. 4: The crystal structure of TrkH from Vibrio parahaemolyticus. TrkH has a
dimeric structure. Every domain within each monomer is colored differently
(taken from Cao et al., 2011).

Two years later the crystal structure KtrB, another member of the
SKT family, together with its associated regulatory subunit KtrA protein,
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was released. The crystal structure of the KtrAB complex was shown to
consist of a homodimeric KtrB and a cytoplasmic octameric KtrA ring.
Electrophysiological measurements showed that the regulatory subunits
KtrA play an important role in gating mechanism of the protein (Vieira-
Pires et al., 2013). The KtrB structure is very similar to the architecture of
the TrkH channel described above. In both, TrkH and KtrB, the conserved
glycine residues are located within the selectivity filter (Cao et al.,2011;
Vieira-Pires et al., 2013). This all supports the earlier hypothesis about
relationship between Trk/KtrB/HKT proteins.

Several studies were carried out in order to analyze the role of the
conserved glycine residues in the selectivity filter in SKT proteins. For
example, all four putative glycine residues from KtrB Vibrio alginolyticus
were mutated in order to analyze whether these residues indeed form
selectivity filter. The results showed that mutations of each of glycine to
serine reduced the K'/Na" selectivity. Also, these results support the
prediction that glycine residues are located within the selectivity filter
(Tholema et al., 2005).

The structure of S. cerevisiae Trkl is not yet solved. However,
homology between Trkl and related proteins (TrkH and KtrB) allowed
creating a rather detailed Trkl structural model (Zayats et al., 2015). In
this work the roles of residues conserved throughout the transporter's
families were studied experimentally. As already mentioned above, the
key residue that enabled to relate Trkl, TrkH and HKT potassium
transporters to a common ancestor is the invariant glycine residue in the
selectivity filter. The evidence for conserved glycine residues belong to
the selectivity filter was given for TrkH and HKT proteins, but not yet for
Trkl.

Therefore, the experimental and theoretical studies were focused
on analysis of predicted conserved glycine residues. The results of this
work indicated that location of glycine residues within the selectivity filter
is also true for Trk1. Furthermore, the experimental results based on the
Trkl model showed that Trkl as well as TrkH and KtrB possess a
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conserved salt bridge between Asp 79 and Lys 1147. These results
strengthen the hypothesis of evolutionary relationship between Trk1 and
bacterial potassium transporters TrkH and KtrB, and in turn also indicate
the validity of the model (Zayat et al., 2015). However, this model lacks
information about some parts (C-tail, N-tail and long hydrophilic loop) of
the proteins.

Regulatory Domains or Subunits

K" channels and SKT proteins can possess "regulator of K* channel
conductance" (RCK) domains that play important role in the gating of the
systems. These RCKs can be part of the channel protein and encoded on
the same polypeptide chain. This is the case e.g. in Ca>" activated channels
where the RCK domain is located at the C-terminal end of the polypeptide
(see e.g. Jiang et al., 2002). Alternatively, additional subunits can act as
RCKs e.g. TrkA (with TrkH) and KtrA (with KtrB) are shown to regulate
the gating of the complexes. However, they are not necessary for the
principal channel function. TrkH and KtrB can mediate K translocation
alone (Cao et al., 2011, Vieira-Pires et al., 2013). For the closest
homologue of eukaryotic Trk proteins, the bacterial KtrB, it has been
shown that the KtrA (Nakamura et al., 1998) regulates cation translocation
via the binding of ATP. I.e., conductivity (or open probability) is highest
when ATP is bound, decreased when ATP is replaced by ADP and even
lower in the absence of KtrA (Vieira-Pires et al., 2013). Similarly, the ion
translocation activity of TrkH is enhanced by TrkA (Bossemeyer et al.,
1989, Cao et al., 2011) when ATP is present (Cao et al., 2013). A
representation of the composition including RCK domains for SKT
protein is given below in (Fig. 5). S. cerevisiae do not possess any
additional RCK elements but contain a long hydrophilic loop (LHL). The
LHL in S. ¢. comprises of ~50% of the total protein. LHLs of Trk1 and
Trk2 are 633 aa and 317 aa long. There are no known proteins homologous
to either Trk1 or Trk2 LHL. Also, the similarity between the Trk1(LHL)
and Trk2(LHL) is very low (Kale et al., 2019) (Fig. 5).
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Dinucleotide- .
Binding Domain inucl n KtrB Eubacteria

Prokaryole 2TM
K* Channel

Fig. 5: The additional domain/subunit of TrkH (TrkA) and KtrB (KtrA), both are
highlighted with the box. The fungal Trk’s (long hydrophilic loop) and the loop
(dinucleotide binding domain) of plant HKT are highlighted with a circle,
(modified from Durell et al., 1999).

Transmembrane parts of Trk

As already described, the MPM elements of SKT proteins are linked
together on one polypeptide chain and are designated as repeats A, B, C
and D (Fig. 6). Due to the similarity of the principal channel forming
subunits it was predicted that SKT proteins have evolved from an ancestral
“K" channel” through two-fold gene duplication. Therefore, the question
was whteher it is possible overexpress and purify a single domain of Trk
protein and can a domain alone form a functional tetramer in S.

cerevisiae?.

Multimerization/subunit composition: As mentioned, a difference between
K" channels and SKT (Ktr/Trk/HKT) proteins is that for the former the
functional unit is a tetramer (corresponding to a SKT monomer, cf.
Fig.3D). In principle, also SKT proteins could be fully functional as
monomers. However, the structures of KtrB/KtrA and TrkH/TrkA indicate
that their “functional” unit is composed of two channel forming (KtrB,
TrkH) and eight regulatory subunits (KtrA, TrkA, see above; Cao et al.,
2013; Vieira-Pires et al., 2013). Since Trk1 is more closely related to SKT
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proteins than to KcsA, KtrB and TrkH were used as templates for
homology modeling and thus also a dimeric composition was assumed
(Zayats et al., 2015). However, the M2p subunit of fungal Trk1 contains
several charged residues that could not be all modeled in a way that
charged side chains are hidden from hydrophobic environment (Durell and
Guy 1999). Therefore, a tetrameric composition where charged residues
are located within the protein has been proposed. Here it is noteworthy to
mention that fungal Trks cannot only mediate K translocation but are also
able to promote the flux of Cl" and other anions across the plasma
membrane (Kuroda et al., 2004; Rivetta et al., 2005; Rivetta et al., 2011).
Thus, Trks might also play a role in maintaining intracellular Cl™ levels
within an acceptable range, i.e. counteract the activity of CI" influx
systems (Kuroda et al., 2004). The presence of an additional pore formed
at the monomer interface(s) would be inconsistent with a monomeric
functional unit. It is also unlikely in a dimer in which the monomer
interface is tightly packed (as in TrkH, KtrB and our Trk1 model). Thus,
a tetrameric composition in which a central metapore is formed at the
monomer interface (Fig. 7) seems possible. Hence, a question was, what
is the “normal” multimeric state of Trk protein?

Fig. 7: a) Possible tetrameric arrangement of Trk monomers. A central pore
could be formed by the four M1p helices (taken from Durell et al., 1999). b) A
dimerisation of dimers as in our model would not lead to a central symmetrical

pore.
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Thesis overview

This thesis describes experimental work dedicated to the analysis
of structure and function of Trk, the main K-translocation system in yeast.
K" is one of the most essential ions for all organisms including fungi. In
S. cerevisiae, Trk proteins allow cells to survive and grow in potassium
limiting environments (a few uM K*), while maintaining the homeostasis.
As mentioned previously there are two specific K™ uptake systems in S.
cerevisiae: Trk1 and Trk2. For past three decades, studies related to fungal
Trk proteins were focused on understanding the physiological role of the
protein as well as to gain the structural information of the protein.
Recently, in our lab an atomic scale model for Trk1 was generated using
two bacterial K-uptake proteins (TrkH and KtrB as templates (Zayats et
al., 2015). However, there is still a lot of structural information about Trk
proteins and their role in yeast other than S. cerevisiae missing.

1. Trk proteins possess a long hydrophilic loop between M1g and
M2a domains, and the role of LHL was unknown and no
experiments were performed to address this question.

2. Pichia pastoris (correct Komagataella phaffii) is methylotropic
yeast, it possess only one K" uptake system: PpTrk, that has not
yet been studied in any detail. Hence, a question was, does PpTrk
share similar function as ScTrk’s?

3. The full structure of S. cerevisiae Trkl, as the model lacks
information about cytosolic parts of the proteins (C-tail, N-tail, and
LHL) as well as the multimeric state of the protein is not known.
Can MPM domain alone be functional? And is it possible to
produce and purify them as a single protein?

The results obtained during this study have been divided into three parts:

Part 1: The S. cerevisiae cation translocation protein Trkl is functional
without its “Long Hydrophilic Loop” but LHL regulates cation
translocation activity and selectivity
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To address the first question about the role of LHL in Trk proteins,
comparative analysis of Trkl and Trkl1ALHL was carried out. growth
tests, fluorescence microscopy, and ion flux measurements (FLISE) were
used to determine the role of LHL. It was demonstrated that even after the
deletion of LHL, Trk1 is functional and LHL plays a role in selectivity and
in regulating the ion translocation activity (published in Kale et al., 2019).

Part 2: Characterization of the Pichia pastoris K* translocation system
PpTrk

Pichia pastoris has a wide range of industrial applications, i.e. it is used
in production of recombinant proteins, in vaccines, and biofuels. Pichia
pastoris possesses PpTrk. K™ plays an important role in regulating cell
growth, nutrient uptake as well as maintaining homeostasis during the
fermentation process (Lam et al., 2014). Experimentally, it was
demonstrated that Trkl in S. cerevisiae plays an important role in
maintaining homeostasis during the ethanol fermentation. Therefore, a
characterization of PpTrk was carried out. This included the cloning of the
gene, its heterologous expression in S. cerevisiae and basic functional
characterization by growth tests. It turned out that PpTrk seems to have a
reduced K" selectivity compared to S. ¢. Trk1 that might be caused by a
Glycine to Alanine exchange in the selectivity filter (manuscript in

preparation).

Part 3: Production of full length and parts of Trk proteins
The second part is divided into 3 parts A and B.

A) Heterologous overexpression of TRKI in E. coli and P. pastoris and
its homologous overexpression.

As the crystal structure of Trkl is unknown an attempt was made to
overexpression full length protein in E. coli. Because of failure to
overexpress full length protein in E. coli, eukaryotic expression systems,
S. cerevisiae and Pichia pastoris were used. The expression of both, TRK

19



and TRKIALHL was attempted. The experiments and results obtained are
described in this section (unpublished data).

B) Overexpression and functional studies of transmembrane parts (A
and D), regulatory domain (LHL) and cytosolic parts (C- and N-tail) of
S. cerevisiae TRK1.

A Trk1 monomer resembles a fully functional K" channel. Hence
the idea was to overexpress and purify single MPM domains of TRKI1,
each corresponding to a K* channel alpha subunit. The production of A
and D domains in E. coli was attempted. However, only low protein
production was observed. Thus, further experiments focused on the
targeting and possible function of these domains when the genes were
expressed S. cerevisiae. Furthermore, the heterologous expression of
(GFP-fusion) genes encoding LHL, C-terminal cytosolic “tail” (C-tail)
and N-terminal cytosolic part (N-tail) in E. coli and their purification was
carried out. These results are discussed in this section (unpublished data).
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The S. cerevisiae cation translocation protein Trk1 is functional
without its “Long Hydrophilic Loop” but LHL regulates cation
translocation activity and selectivity
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Zayats V., Ludwig J.
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Abstract
In Saccharomyces cerevisiae, K*-uptake under K*-limiting conditions is largely

mediated by the cation translocation systems Trkl and Trk2 belonging to the
family of SKT proteins. They are related to two-transmembrane-domain (inward
rectifying K-) channels but unlike the symmetrical tetrameric structure of
K-channels, a single Trk contains four pore-forming domains (A-D) encoded on
one polypeptide chain. Between domains A and B Trks contain large cytosolic
regions dubbed "long hydrophilic loop" (LHL). LHLs are not homologous/similar
to any other identified protein (domain) and also show little similarity between
Trkl and Trk2. Here we demonstrate that Trkl is functional without LHL.
However, in growth experiments NaCl sensitivity of Trkl1[ALHL] expressing
cells is increased under K'-limiting conditions compared to full-length Trk1. Non-
invasive ion flux measurements showed that K'-influx through Trkl and
Trk1[ALHL] is decreased in the presence of surplus Na" due to permeability of
the proteins for both cations and competition between them. Trk1[ALHL] is less
affected than full-length Trkl because it is more selective for K* over Na™.
Furthermore, K" re-uptake after starvation is delayed and decreased in
Trk1[ALHL]. Thus, a role of LHL is regulating cation fluxes through Trk1 by (i)
allowing also Na* to pass if monovalent cations (mainly K*) are limiting and (ii)
by accelerating/enhancing a switch from low to high affinity ion translocation.
We propose that LHL could modulate Trkl transport properties via direct
influence on a transmembrane helix (M24) which can switch between bent and
straight conformation, thereby directly modifying the radius of the pore and
selectivity filter.
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Part 2

Characterization of the Pichia pastoris K* translocation system
PpTrk

Kale D., Kulik N., Kahoun D., and Ludwig J.

(manuscript in preparation)

This part is comprised of 31 pages (59-90) unpublished data, which
is present in the original thesis deposited at the Faculty of Science,
University of South Bohemia
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Abstract

According to the genomic sequence, the biotechnologically widely used
yeast Pichia pastoris (syn. Komagataella spp.) has only one specific K"
uptake protein, PpTrk. In this study, we report the first functional
characterization of PpTrk heterologously expressed in Saccharomyces
cerevisiae. PpTrk complements the growth defect of a K" uptake deficient
strain of S. cerevisiae (trkl,2 tokIA), in low [K*] medium. Growth of the
PpTRK expressing strain was highly sensitive to high [Na] under [K']-
limiting conditions, in contrast to S. cerevisiae (trkl,2 toklA) cells
expressing TRK under control of the same promoter. This indicated a
decreased selectivity of PpTrk for K over Na’. Sequence analysis and
homology modeling revealed a residue in the selectivity filter (Alanine
93), that might play an important role in the determination of ion-
selectivity.
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Part 3
Production of full length and parts of Trk proteins

Part 34

Heterologous and homologous production of Trk proteins in E. coli, P.
pastoris and S. cerevisiae

(Unpublished data)

and

Part 3B

Overproduction and functional studies of transmembrane parts (A and
D), long hydrophilic loop (LHL) and cytosolic parts (C- and N-tail) of
S. cerevisiae Trkl

(Unpublished data)

This part is comprised of 60 pages (92-152) unpublished data, which
is present in the original thesis deposited at the Faculty of Science,
University of South Bohemia
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3A4) Heterologous overexpression of TRK1 in E. coli and P. pastoris and
its homologous overexpression.

Abstract

As the crystal structure of Trkl is unknown an attempt was made
to overexpression full length protein in E. coli. Because of failure to
overexpress full length protein in E. coli, eukaryotic expression systems,
S. cerevisiae and Pichia pastoris were used. Different constructs where
TRK1 fused, to the C-terminal and N -terminal of GFP were made and
used to transform S.c. strain BY4741-3M and functional/expression
studies were carried out with these strains. When observed
microscopically, the fusion proteins were targeted correctly. By western
blot and immuno-staining with anti-GFP antibodies, it was shown that the
produced fusion proteins were full length. Furthermore, crosslinking
experiments showed that Trk proteins can form oligomers. The expression
of both, TRK1 and TRKIALHL was attempted. Optimization studies for
determining suitable buffer, methods of cell disruption and solubilisation
were performed. Using the identified optimal conditions for purification,
an attempt was made to purify the Trkl (pYEX-6xHis/GFP/TRKI) by
metal affinity chromatography. The amount of protein produced in S.c.
was low, and protein purification was not successful. Constructs suitable
for expression of TRKI and TRKI(ALHL)/GFP-fusion genes under
control of the MeOH activated AOX] promoter were generated and used
to transform different P. pastoris strains. Production of Trk proteins was
checked after induction with methanol. Fluorescence microscopy of
GFP/Trk fusion proteins showed plasma membrane localization in P.
pastoris. Also, protein analysis by SDS-PAGE and western
blot/immunostaining using anti-GFP and anti-His antibodies showed the
presence of Trk1- and Trk1(ALHL). Thus, expression of TRK using both

yeast expression systems S. cerevisiae and P. pastoris was successful.
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3B) Overexpression and functional studies of transmembrane parts (A and
D), regulatory domain (LHL) and cytosolic parts (C- and N-tail) of S.
cerevisiae TRK1.

Abstract

A Trk1 monomer resembles a fully functional K" channel. Hence
the idea was to overexpress and purify single MPM domains of TRK1,
each corresponding to a K' channel alpha subunit. The production of A
and D domains in E. coli was attempted. However, only low protein
production was observed. Thus, further experiments focused on the
targeting and possible function of these domains when the genes were
expressed S. cerevisiae. Furthermore, the heterologous expression of
(GFP-fusion) genes encoding LHL, C-terminal cytosolic “tail” (C-tail)
and N-terminal cytosolic part (N-tail) in E. coli and their purification was
carried out. Only E. coli was used as host for the production of cytosolic
parts of Trkl (cytosolic amino-terminal part, “N-tail”, carboxy-terminal
part “C-tail” and LHL) and transmembrane domains (A and D).
Production of the cytosolic amino- and carboxy-terminal tails (N- and C-
tail) was achieved in E. coli and the C-tail was successfully crystallized.
However, its structure could not be solved, most likely because it is too
flexible. Trkl1(LHL) could not be produced in 4 different E. coli
expression strains due to its toxicity for the bacterial cells. Also, the
attempts to produce single MPM domains in E. coli failed. However,
single domains A and D were successfully produced in S. cerevisiae,
though also not yet in amounts allowing purification and crystallization.
Taken together, the results obtained confirmed that the solution of the
structure of membrane proteins is a challenging task. The whole procedure
is laborious and usually results are obtained based on numerous trial and
error experiments. As first step towards a crystal structure of a yeast Trk,
production of ScTrk and PpTrk in P. pastoris and S. cerevisiae has been
achieved.
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Discussion and Conclusions
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This thesis work was focused on the functional and structural
analysis of potassium translocation proteins (Trk) in the plasma membrane
of yeast (S. cerevisiae and Pichia pastoris). In yeast, Trk’s are the
potassium uptake systems and required for growth in potassium limiting
conditions. Trk proteins possess at the cytosolic side a “long hydrophilic
loop” (LHL), that comprises more than 50% of the total residues.
However, there was no information available about structure and function
of LHL. In order to investigate the role of LHL, comparative analyses
between full length Trkl and strain lacking LHL (TrklALHL) were
performed (part 1).

Results described in part 1, showed that Trk1 is functional without
LHL. However, growth experiments with low [K'] and 3000-fold surplus
[Na®], Trk1[ALHL] expressing cells revealed increased NaCl sensitivity,
compared to full-length Trk1. Non-invasive ion flux measurements using
FLISE showed that K'-influx through Trk1 and Trk1[ALHL] is decreased
in the presence of surplus Na", due to permeability of the proteins for both
cations and competition between them. Surprisingly, the deletion of LHL
increased the selectivity of Na" over K.

Thus, the observed higher sensitivity of Trk1[ALHL] to NaCl is
not due to toxic effects of Na" but caused by a too low intracellular
concentration of monovalent cations. LHL might also accelerate/enhance
a switch from low to high affinity mode that has been proposed for Trk1.
In this respect, LHL resembles the role of RCK domains (in K-cannels) or
subunits of SKT proteins (KtrA and TrkA) that modulate activity of these
related transport systems. An explanation for the action of LHL could be
a mechanic influence of LHL on a transmembrane helix which might
modify the size of the pore and thus selectivity.

The P. pastoris Trk protein (PpTrk), was not functionally analysed
before. Hence, a comparative functional analysis of Trkl and Trk2
(ScTRK1, -2) from S. cerevisiae and Trk from P. pastoris was performed
(part 2). Growth tests, revealed differences in the properties of PpTrk and
ScTrk proteins. The growth of S.c. (A trk1,1, tok1) cells expressing PnTRK
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was completely inhibited under K'-limiting conditions and 3000-fold
surplus Na“. AAS measurements revealed that PpTRK expressing cells
had under these conditions a 3.5 times higher intracellular Na
concentration than cells expressing ScTRKI or ScTRK2, indicating
decreased selectivity for K™ over Na®. Sequence analysis and homology
modeling indicated that due to differences between the selectivity filter
sequences, the pore of PpTrk might possess a larger diameter, letting pass
Na" more easily. Furthermore, these analyses showed that charges and
charge distribution in LHLs differ between PpTrk and ScTrkl and -2,
possibly causing differences in the release of K™ and Na" to the cytosol.

In Part 3, as a first step towards structure elucidation by X-ray
diffraction crystallography, production of Trk proteins from S. cerevisiae
and parts of these proteins was attempted using different expression
systems (E. coli, S. cerevisiae and P. pastoris). Attempts to overexpress
genes encoding full-length Trks were carried out using all three systems.
Only E. coli was used as host for the production of cytosolic parts of Trk1
(cytosolic amino-terminal part, “N-tail”, carboxy-terminal part “C-tail”
and LHL) and transmembrane domains (A and D). After optimization of
expression conditions, membrane purification and solubilisation of
membrane proteins, the isolation of full-length Trk1 in S. cerevisiae and
P. pastoris was accomplished. However, amounts were too small for
crystallization experiments.

Production of the cytosolic amino- and carboxy-terminal tails (N-
and C-tail) was achieved in E. coli and the C-tail was successfully
crystallized. However, its structure could not be solved, most likely
because it is too flexible. Trk1(LHL) could not be produced in 4 different
E. coli expression strains due to its toxicity for the bacterial cells. Also,
the attempts to produce single MPM domains in E. coli failed. However,
single domains A and D were successfully produced in S. cerevisiae,
though also not yet in amounts allowing purification and crystallization.

Taken together, the results obtained confirmed that the solution of
the structure of membrane proteins is a challenging task. The whole
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procedure is laborious and usually results are obtained based on numerous
trial and error experiments. As first step towards a crystal structure of a
yeast Trk, production of ScTrk and PpTrk in P. pastoris and S. cerevisiae
has been achieved. Future studies should focus on improving protein yield
and purification from P. pastoris. To conclude, the structure and function
of the K channels are well known. Nevertheless, for fungal Trk proteins,
due to the lack of crystal structure information, the exact mechanism for
the ion selectivity remains unknown. The results obtained in this study,
showed that LHL might play a regulatory role in the functioning of Trk1.
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