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a b s t r a c t

Potassium is an essential intracellular ion, and a sufficient intracellular concentration of it is crucial for 
many processes; therefore it is fundamental for cells to precisely regulate K+ uptake and efflux through the 
plasma membrane. The uniporter Trk1 is a key player in K+ acquisition in yeasts. The TRK1 gene is expressed 
at a low and stable level; thus the activity of the transporter needs to be regulated at a posttranslational 
level. S. cerevisiae Trk1 changes its activity and affinity for potassium ion quickly and according to both 
internal and external concentrations of K+, as well as the membrane potential. The molecular basis of these 
changes has not been elucidated, though phosphorylation is thought to play an important role. In this study, 
we examined the role of the second, short, and highly conserved intracellular hydrophilic loop of Trk1 (IL2), 
and identified two phosphorylable residues (Ser882 and Thr900) as very important for 1) the structure of 
the loop and consequently for the targeting of Trk1 to the plasma membrane, and 2) the upregulation of the 
transporter’s activity reaching maximal affinity under low external K+ conditions. Moreover, we identified 
three residues (Thr155, Ser414, and Thr900) within the Trk1 protein as strong candidates for interaction 
with 14–3–3 regulatory proteins, and showed, in an in vitro experiment, that phosphorylated Thr900 of the 
IL2 indeed binds to both isoforms of yeast 14–3–3 proteins, Bmh1 and Bmh2.

© 2023 The Author(s). Published by Elsevier B.V. on behalf of Research Network of Computational and 
Structural Biotechnology. This is an open access article under the CC BY-NC-ND license (http://creative

commons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Potassium ion, being an indispensable intracellular ion, plays 
many essential roles, such as in the regulation of cell volume and 
internal pH, stabilization of membrane potential, balancing the ne
gative charge of macromolecules, protein synthesis, and enzyme 
activation. In yeast cells, sufficient K+ content is also a pivotal signal 
for cell division and a prerequisite for resistance to various stresses 
[1,2]. Nonetheless, excess internal K+ is toxic, and it leads to the 
deacidification of yeast vacuoles, and, consequently, to a shortened 

lifespan [3]. It is therefore of the highest importance for the yeast 
cells to regulate the import and export of potassium across the 
plasma membrane tightly in order to maintain its intracellular level 
within the optimal ranges of 200–300 mM [1]. Yeast cells employ a 
variety of K+ uptake and efflux systems with distinct structures and 
transport mechanisms. For K+ import, apparently, all yeast species 
possess a Trk1 uniporter, many also Hak1 K+-H+ symporters, and a 
few of them also Acu1 ATPases [4,5]. To export surplus K+, yeast cells 
employ Ena ATPases, Nha1 cation/H+ antiporters, and Tok1 chan
nels [2].

Saccharomyces cerevisiae has no Hak1 and Acu1 K+ importers; its 
genome only encodes two Trk proteins, Trk1 and Trk2. TRK1 is 
dominant in potassium uptake, as its deletion substantially di
minishes cell growth on low external K+ [6]. The contribution of Trk2 
to potassium acquisition in growing cells is only marginal, probably 
due to its very low expression [7], and its role is more important in 
stationary cells, where it is necessary for the survival of various 
stresses [8,9]. Deleting both TRK genes leads to not only the inability 
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of cells to grow at low K+ concentrations [10], but also results in the 
hyperpolarization of their plasma membrane and acidification of 
their cytosol [11].

Trk proteins of S. cerevisiae are integral membrane proteins with 
a predicted structure conserved across all yeast and fungi. According 
to a recent model, the S. cerevisiae Trk1 polypeptide chain (1235 
amino acids) contains four MPM domains, each consisting of two 
transmembrane M-helices connected by a short pore P-helix. MPM 
domains are assembled around the central axis, thus creating a pore 
for substrate transport [12]. MPM domains are connected by in
tracellular and extracellular loops of various lengths. Trk1 of S. cer
evisiae contains a very long intracellular loop connecting the first 
and second MPM subdomains (Fig. 1 A), whose length and sequence 
are not conserved among yeast Trk proteins, and which seems to not 
be crucial for Trk1′s transport activity [13]. Additionally, Trk1 pro
teins are thought to form tetramers capable of facilitating an efflux 
of chloride anions across the plasma membrane [14].

Besides K+, Trk1 also transports rubidium ion, which is com
monly used as a substrate to estimate Trk1′s activity and kinetic 
parameters [1]. Under certain conditions (a very high external con
centration of Na+ and very low external concentration of K+), some 
sodium ions can enter via Trk1, but in general, the Trk1 transporter 
of S. cerevisiae is regarded as K+-specific [1,2]. The most distinct 
feature of Trk1 is the ability to adjust its kinetic parameters, with 
affinity ranging from 180 μM to 2.5 mM, according to the availability 
of K+, intracellular K+ content, and actual membrane potential [15].

S. cerevisiae Trk1 is believed to be expressed at a constitutive and 
very low level, and its expression is unaffected by changes in ex
ternal conditions, including changes in external K+ concentration 
[1,2]. The necessary tight regulation of Trk1′s activity and affinity is 
therefore thought to occur at a post-translational level, mainly via 
phosphorylation/dephosphorylation. Various phosphoproteomic 
studies have led to the identification of multiple amino-acid residues 
as potential targets for phosphorylation (all residues identified so far 
are listed in Table S1). According to these studies, conditions under 
which Trk1 is presumably phosphorylated include the loss of one of 
the main N-acetyl transferases [16], exposure to the alpha factor 

[17], and DNA damage [18]. Additionally, crosstalk between phos
phorylation and ubiquitination was suggested to play a role in the 
degradation of Trk1 [19], and finally, Trk1 was indicated as a po
tential substrate for phosphorylation by the Cdk1 kinase [20]. Be
sides the global phosphoproteomic studies, several studies focusing 
on the involvement of specific kinases and phosphatases in the 
regulation of Trk1 have been performed. The kinases Hal5 [21], and 
Snf1 [22], as well as calcineurin phosphatase [23], stimulate the 
activity of Trk1. In the contrast, the phosphatases Ppz1 and Ppz2 [24]
and kinase Sky1 [25] are thought to be involved in the down
regulation of Trk1′s activity.

The different activity of phosphorylated/dephosphorylated 
transporters may fully or partially result from the binding of 14–3–3 
proteins. 14–3–3 proteins are a family of small, highly conserved, 
regulatory proteins expressed in all eukaryotes [26]. Forming dimers, 
each monomer is able to bind a phosphorylated serine or threonine 
contained within a specific consensus sequence of binding partners 
[27]. The binding of 14–3–3 proteins leads to changes in the function 
of target proteins by various mechanisms, e.g. changes in con
formation leading to either activation or inactivation [26] or the 
blocking of specific regulatory sequences within target proteins and 
thus altering their function or localization [28,29]. In S. cerevisiae, 
14–3–3 proteins are encoded by two genes, BMH1 and BMH2, with 
BMH1 accounting for approximately 80% of total 14–3–3-expression 
[30]. Although yeast cells are able to withstand individual BMH de
letions, suggesting an overlap in the function of the two isoforms, 
the combined deletion of both genes is lethal in most S. cerevisiae 
laboratory strains [31]. With up to hundreds of interaction partners 
[32], 14–3–3 proteins are involved in the regulation of essentially 
every process in yeast cells [33], and they have been shown to reg
ulate both the subcellular localization [34] and the activity [35–37]
of membrane transporters, including one of the K+ exporters in S. 
cerevisiae, the Nha1 antiporter [35].

In order to add to existing scarce data on the regulation of Trk1, 
this study focuses on the identification of putative phosphorylation 
sites involved in the regulation of Trk1′s activity and affinity, which 
are mainly localized in the second short and highly conserved 

Fig. 1. Trk1 model and its intracellular loop 2. (A) Topological model of S. cerevisiae Trk1 with intracellular loop 2 (IL2) highlighted in red. (B) WebLogo analysis of IL2 sequences of 
S. cerevisiae Trk1 and Trk2, and Trk1s of Candida albicans, C. glabrata, C. parapsilosis, C. dubiliensis, and Zygosaccharomyces rouxii. Putative phosphorylation sites within IL2 of S. 
cerevisiae Trk1 are highlighted with grey arrows. (C) Potential phosphorylation sites in IL2 with their respective NetPhos 3.1 score, identity, and results of 14–3–3-Pred analysis (++ 
+, residue predicted by the three algorithms as a potential 14–3–3 binding site; -, residue not predicted by any algorithm).
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intracellular loop of the protein. The involvement of a specific set of 
kinases and 14–3–3 proteins is also examined.

2. Materials and methods

2.1. Strains and growth conditions

Yeast strains used in this study are listed in Table S2. BYT12- 
derived strains with each a deletion of one of the genes encoding 
kinases PTK2 (YJR059W), SKY1 (YMR216C), SNF1 (YDR477W), HAL5 
(YJL165C), and HOG1 (YLR113W) were constructed by homologous 
recombination with a KanMX cassette and the Cre-loxP system [38]
using the oligonucleotides listed in Table S3.

Yeast cultures were routinely grown in YNB (0.67% YNB (Yeast 
Nitrogen Base w/o Amino Acids; 291940; Difco, USA), 2% glucose, 
containing approx. 15 mM K+) or YNB-F (0.17% YNB-F (Translucent K+ 

free medium, Yeast nitrogen base w/o Amino Acids, Ammonium 
Sulphate & Potassium; CYN7502; Formedium, UK) containing ap
proximately 15 µM K+, 2% glucose, 0.4% ammonium sulphate; pH 
adjusted to 5.8 by NH4OH) media at 30 ◦C. For solid media, 2% agar 
was added. Media were sterilised by autoclaving. A mixture of 
auxotrophic supplements (OMM or OMM-ura for transformed cells; 
[39]) was added after autoclaving.

Growth of yeast cells was compared in drop tests on solid media. 
Yeast cells were pre-grown on YNB plates supplemented with 
100 mM KCl, collected and resuspended in sterile water to OD600 ∼ 
0.6. Three additional 10-fold dilutions were prepared, and 3 µL were 
spotted on YNB-F plates supplemented as indicated. The pH of the 
plates was adjusted with either NH4OH (pH 5.8) or diluted HCl (pH 
4.0). Plates with pH 7.2 were buffered with 20 mM MOPS and 
NH4OH. Plates were incubated at 30 ◦C. Representative results of at 
least three repetitions are shown.

Cells were grown in liquid YNB supplemented with 100 mM KCl 
for uptake measurements (OD600 ∼ 0.3–0.4) or fluorescence micro
scopy (OD600 ∼ 1), and they were either used directly (non-starved 
cells) or additionally incubated in liquid YNB-F media without added 
KCl for 1 h (K+-starved cells).

2.2. Plasmids

All plasmids used in this study are listed in Table S4. A cen
tromeric plasmid, weak and constitutive promoter and C-terminal 
GFP-tagging were used as this combination seemed to be optimal to 
observe differences brought by mutations of TRK1 [15]. Single 
amino-acid substitutions were performed by site-directed muta
genesis using a QuikChange II Site-Directed Mutagenesis Kit (Agilent 
Technologies, Santa Clara, CA, USA) with oligonucleotides listed in 
Table S5. Plasmids pCScTRK1, pGRU1ScTRK1 or pCScTRK1-GFP were 
used as templates. All substitutions were confirmed by sequencing.

2.3. Fluorescence microscopy

To compare the localisation of Trk1 and its mutated versions, 
cells expressing C-terminally GFP-tagged Trk1 from either multicopy 
or centromeric plasmids were used. Cell images were acquired with 
an Olympus BX53 fluorescent microscope with an Olympus DP73 
camera. A Cool LED light source (with 460 nm excitation and 515 nm 
emission) was used. Differential interference contrast (DIC) was used 
to visualise whole cells.

2.4. Uptake measurements and estimation of kinetic parameters

To estimate the activity of Trk1 and its mutated versions, Rb+ was 
used as a substrate. Cells grown and starved of K+ as described above 
were collected, washed with sterile water, and resuspended in MES 
buffer (20 mM MES, 2% glucose, 0.1 mM MgCl2; pH adjusted to 5.8 

with Ca(OH)2) to OD600 ∼ 0.2. At time 0, RbCl was added to the 
desired final concentration. Five-mL samples were collected at 1- 
min intervals over 5 min, filtered through Millipore filters (0.8 µm 
pore size) and washed with 20 mM MgCl2. Filters with cells were 
then extracted overnight in an extraction buffer (0.2 M HCl, 10 mM 
MgCl2, 0.2% KCl). The obtained extracts were analysed by atomic 
absorption spectrometry, and initial rates of Rb+ uptake in nmoles 
per mg dry weight of cells per minute were calculated [40]. For the 
estimation of kinetic parameters of Rb+ uptake, four different con
centrations of RbCl were used, ranging from 50 µM to 1 mM for K+- 
starved cells and from 1 mM to 10 mM for non-starved cells. The 
initial uptake rates obtained for each Rb+ concentration were plotted 
on a Lineweaver-Burk plot, and KT and Vmax were calculated.

2.5. Bioinformatics

The sequence alignment was performed using the Geneious 
alignment function (Global Alignment with Cost Matrix Blosum90) 
in Geneious prime software version 2022.1.1 (Biomatters, Inc., San 
Diego, CA, USA), and the sequence logo was created using WebLogo 
version 2.8.2 [41]. NetPhos 3.1 server was used for the prediction and 
scoring of putative phosphorylation sites, [42], and the 14–3–3-Pred 
server was used for evaluating potential sites for interaction with 
14–3–3 proteins [43]. The PDB-files of 3D models of Trk1 proteins 
from S. cerevisiae and C. albicans and Trk2 protein from S. cerevisiae 
were obtained from the AlphaFold database [44,45]; database 
numbers: P12685, A0A1D8PTL7 and P28584 respectively. The vi
sualization of 3D models and prediction of hydrogen bonds were 
performed in USFC ChimeraX version 1.1 [46].

2.6. Fluorescence polarization assay

Both S. cerevisiae 14–3–3 isoforms (Bmh1 and Bmh2) were ex
pressed and purified as described previously [47,48]. The N-terminal 
6 ×His-tag was removed using TEV protease, and final size-exclusion 
chromatography was performed in a HiLoad Superdex 75 column 
(GE Healthcare, Chicago, IL, USA). Bmh1 and Bmh2 were dialyzed 
overnight into a buffer containing 10 mM HEPES (pH 7.4) and 
150 mM NaCl. Proteins at an initial concentration of 160 μM, fol
lowed by binary dilution series, were incubated for 1 h with 50 nM of 
FITC-labeled synthetic Trk1 peptide (FITC-RRCFpTLLFP), where pT 
denotes phosphothreonine (Pepscan Presto BV, Lelystad, Nether
lands). The dilution series were performed in 384-well black low- 
volume flat-bottom plates (Corning, NY, USA) in a buffer containing 
10 mM HEPES (pH 7.4), 150 mM NaCl, 0.1% (v/v) Tween 20% and 0.1% 
(w/v) BSA, using an epMotion P5073 pipetting robot (Eppendorf, 
Hamburg, Germany). Fluorescence polarization assay was measured 
using a CLARIOstar microplate reader (BMG Labtech, Thermo Fisher 
Scientific, Waltham, MA, USA) at 23 °C. The excitation and emission 
wavelengths were 482 nm and 530 nm, respectively. The KD values 
were determined as the mean of four independent measurements.

2.7. Statistics

The obtained data were analysed in Microsoft Excel 2010 or 
GraphPad Prism version 9.1.0. (GraphPad Software, San Diego, CA, 
USA). P-values were calculated using the two-tailed Student’s T-test 
in Microsoft Excel 2010. All measurements were repeated at least 
three times and the mean values with standard deviations are pre
sented.
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3. Results

3.1. Involvement of short second intracellular loop (IL2) in the activity 
regulation and structure integrity of Trk1

To elucidate the mechanism that adapts the activity of Trk1, we 
centred our study on the identification of putative phosphorylation 
sites, which might be involved in this process. To narrow down the 
number of potential candidates (several tens in the whole protein, 
and 10 of them already confirmed in phosphoproteomic studies, 
Table S1) we initially focused on the second intracellular loop, IL2. 
IL2 is only 35 amino-acid residues long (Fig. 1 A) but it contains 
several Ser and Thr residues that can be phosphorylated. To our 
knowledge, the role of this short loop has never been studied. When 
we compared the amino-acid sequences of Trk1 proteins of several 
yeast species whose Trk1 proteins have been characterized (S. cere
visiae, C. albicans, C. glabrata, C. dubliniensis, C. parapsilosis, Z. rouxii), 
a remarkably high degree of conservation was observed in IL2 (100% 
identity for the majority of residues; Fig. 1B and Fig. S1), similarly as 
in a previous study of C. albicans Trk1 protein [49]. Such a degree of 
conservation among hydrophilic intracellular segments of trans
porters is rather rare, and suggested a significant function of IL2 in 
Trk1′s activity.

IL2 of ScTrk1 contains 4 prospective phosphorylation sites: 
Ser878, Ser882, Ser887 and Thr900 (Fig. 1B). Three of them (Ser882, 
Ser887, Thr900) are fully conserved among the compared sequences, 
but none of them was identified in previous phosphoproteomic 
studies (Table S1). When we employed NetPhos 3.1 software [42] to 
predict and evaluate potential phosphorylation sites on IL2, we ob
tained substantially high scores for Ser882 and Ser887 (Fig. 1 C). 
Additionally, three separate algorithms, using 14–3–3 Pred [43]
identified Thr900 as a potential site for interaction with 14–3–3 
proteins (Fig. 1 C). To unravel the possible contribution of these four 
residues to the regulation of Trk1, they were individually mutated to 
alanine, and the resulting versions of Trk1 were expressed from a 
centromeric vector in BYT12 cells that lacked chromosomal copies of 
TRK1 and TRK2 genes and was consequently unable to grow at low K+ 

concentrations.
All four mutants were functional, as they supported the growth 

of BYT12 cells on 3 mM KCl, similarly to the wild-type Trk1 version 
(Fig. 2 A). At very low K+ concentrations, e.g., 50 µM (Fig. 2 A), the 
growth of cells expressing different Trk1 versions was not the same. 
Cells expressing the S882A and T900A versions grew slower than the 
other strains, suggesting a diminished activity of these two mutated 
Trk1 proteins and, thereby, a role of these residues in upregulating 
the activity/affinity of Trk1 under K+ limitation. We also tested 
growth on plates with the same two concentrations of KCl (50 μM 
and 3 mM) and supplemented with sodium, lithium, and ammonium 
salts, or with a pH of 4.0 or 7.2, instead of the usual 5.8 (Fig. S2). The 
general growth pattern and growth differences were similar to 
growth observed without added toxic salts; only cells with the Trk1 
S882A and T900A versions grew slightly slower on plates with pH 
4.0 than on plates with pH 5.8 (Fig. S2). Further, we estimated the 
initial rate of the uptake of the K+ analogue Rb+ in cells starved of K+ 

for 1 h (cf. Materials and methods). Due to a negligible Rb+ uptake in 
BYT12 cells carrying the empty vector (Fig. 2B), the uptake observed 
in the other strains corresponded to the activity of Trk1. Fig. 2B 
shows that Rb+ uptake was affected to different degrees in cells with 
all mutated Trk1 versions. The decrease in uptake capacity was more 
pronounced in BYT12 cells expressing the S882A and T900A versions 
than in cells harbouring Trk1 with the S878A and S887A mutations, 
respectively (approximately 35–50% decrease compared to ap
proximately 15% decrease; Fig. 2B).

3.1.1. Role of Ser882 and Thr900
Based on the results of growth tests and Rb+ uptake measure

ments, we focused subsequent experiments on cells expressing Trk1 
with the substitutions S882A and T900A and estimated the kinetic 
parameters of Rb+ uptake via mutated Trk1 versions both in non- 
starved (NS) and K+-starved (ST) cells (Fig. 2 C). In non-starved cells, 
the affinities of wild-type and T900A versions were comparable, 
while the affinity of S882A decreased by approximately 20%. The 
maximum velocity was similarly decreased for both mutated Trk1 
versions. In K+-starved cells, in which Trk1 proteins are in the high- 
affinity state [15], we detected a significantly decreased affinity and 
maximum velocity for both mutated versions compared to the wild- 
type Trk1 (Fig. 2 C).

To elucidate whether residues Ser882 and Thr900 contribute to 
the function of Trk1 similarly, we constructed a Trk1 version with 
both the S882A and T900A substitutions. The double mutation re
sulted in additive effects, both in drop tests and Rb+ uptake mea
surements (Fig. 2A, B). When we estimated the kinetic parameters of 
the double mutant, it was evident that it could not reach the high- 
affinity state, and its transport capacity was also very low (Fig. 2 C). 
These results suggested that the two residues contribute to the 
function of Trk1 separately.

To establish a possible connection between the two putative 
phosphorylation sites (Ser882 and Thr900) and specific kinases, we 
decided to express both wild-type and mutated versions in BYT12 
cells with deletion of the open reading frames for the kinases Hog1, 
Snf1, Sky1, Ptk2 and Hal5. As was mentioned in the Introduction, the 
kinases Snf1, Sky1 and Hal5 are thought to play a role in the reg
ulation of Trk1. The Ptk2 kinase was included, as it activates the 
Pma1 H+-ATPase [50] and may thus have an important role in the 
interplay between the function of Pma1 and Trk1. Finally, as the 
Hog1 pathway is involved in the stress response related to cation 
homeostasis [51], we hypothesised that Hog1 kinase could have a 
stimulatory effect on Trk1 as well. As shown in Fig. S3, we detected 
an overall negative effect of HOG1 and SNF1 deletions on the growth 
of BYT12 cells expressing all three Trk1 versions, while the deletion 
of SKY1, PTK2 and HAL5 had no apparent effect. As the differences in 
growth between cells expressing wild-type and mutant Trk1 ver
sions were not diminished in strains lacking the kinases (as a con
sequence of non-phosphorylated residues of the wild-type Trk1), it 
seemed likely that none of the tested kinases was involved in the 
regulation of Trk1′s activity via the phosphorylation of Ser882 and 
Thr900 under the conditions of our experiments.

Besides involvement in the regulation of the transporter’s affi
nity, Ser882 and Thr900 may also have a function in protein struc
ture and, thereby, in its biogenesis and stability. To inform on a 
potential role versus other roles, we introduced additional sub
stitutions for each residue. These were replacements with aspartic 
acid, with its negatively-charged side chain presumably able to 
mimic phosphorylated residues (an approach previously applied in 
[52,53]), and with cysteine, whose side chain is structurally similar 
to both serine and threonine and at the same time cannot be 
phosphorylated. We presumed that if the substitution for aspartic 
acid could reverse the negative effect of the substitution for alanine, 
then residues would most likely be targets for activating phos
phorylation, and on the other hand, if the cysteine residue gave 
functionality, Ser882 and Thr900 residues could possibly fulfil more 
a structural function.

As shown in Fig. 3A, the replacement with cysteine did not result 
in a negative effect on the growth of cells at low external K+ con
centrations. On the other hand, the replacement with aspartic acid 
had the same or even a slightly more pronounced (T900D vs. T900A, 
Fig. 3A) effect than the introduction of alanine. We did not detect 
any additional differences when the growth under the presence of 
toxic salts or low and high pH was tested. Cells with the S882D and 
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Fig. 2. Replacements of Ser878, Ser882, Ser887 and Thr900 with alanine affect the activity of Trk1. (A) Growth of trk1Δ trk2Δ (BYT12) cells carrying an empty vector (YCp352) or 
expressing wild-type (wt) Trk1 and its mutated versions on YNB-F plates supplemented with indicated concentrations of KCl. Images were captured after 7 days of incubation at 
30 ◦C. (B) Initial rates of 100 µM Rb+ uptake in cells starved of K+ for 1 h in YNB-F (*, p  <  0.05; **, p  <  0.01; ***, p  <  0.001). (C) Kinetic parameters of Rb+ uptake via wild-type (wt) 
Trk1 and its mutated versions. Cells were grown overnight in YNB supplemented with 100 mM KCl (non-starved cells, NS) or additionally incubated in YNB-F for 1 h (K+-starved 
cells, ST).

Fig. 3. S882C and T900C do not exhibit the negative effects of S882A and T900A. (A) Growth of BYT12 cells carrying empty vector (YCp352) or expressing wild-type (wt) Trk1 and 
its mutated versions on YNB-F plates supplemented with indicated concentrations of KCl. Images were captured after 7 days of incubation at 30 ◦C. (B) Localization of GFP-tagged 
wild-type Trk1 and its mutated versions in BYT12 cells. (C) Initial rates of 100 µM Rb+ uptake in cells starved of K+ for 1 h in YNB-F (*, p  <  0.05; **, p  <  0.01; ***, p  <  0.001; n, no 
significant difference). (D) Kinetic parameters of Rb+ uptake via wild-type (wt) Trk1 and its mutated versions in cells K+-starved in YNB-F for 1 h (ST cells).
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T900D versions were a little more sensitive to low pH (Fig. S4), si
milarly to cells with the S882A and T900A versions of Trk1.

When we tagged the wild-type and mutated Trk1 versions C- 
terminally with GFP, expressed them from a multicopy plasmid and 
visualized the cells under a fluorescence microscope, we observed a 
dramatic effect of the S882A/D and T900A/D substitutions. A major 
portion of these mutated versions was not located in the plasma 
membrane, but in several spots inside the cells (Fig. 3B). The sub
cellular localization of cysteine-containing versions was similar to 
the plasma-membrane localization of wild-type Trk1 (Fig. 3B) and 
suggested that the observed restoration of the relative good growth 
of cells with the S882C and T900C versions (Fig. 3 A, 50 μM KCl) was 
a consequence of the increased amount of Trk1 with cysteines in the 
plasma membrane. The presence of a cysteine may lead to new 
disulfide bridges stabilizing the active state of Trk1 or favoring tet
ramer formation.

Based on the results from drop tests (Fig. 3 A) and fluorescence 
microscopy (Fig. 3B), we expected a substantially increased rate of 
Rb+ uptake in cells expressing Trk1 S882C and T900C compared to 
cells with the S288A/D and T900A/D versions. But surprisingly, the 
initial uptake rates of 100 μM Rb+ in cells expressing Trk1 versions 
with alanine and cysteine substitutions were similar, and only those 
with aspartate substitutions were significantly lower (Fig. 3 C). Si
milarly, when we estimated the kinetic parameters for Rb+ uptake, 
the differences between them were much lower than expected from 
the drop tests and fluorescence microscopy (Fig. 3D). The results 
obtained in Rb+ uptake measurements suggested first that all the 
mutants, including those with cysteine, might have a lower affinity 
for Rb+ than the wild-type Trk1, and second, that probably a sub
stantial proportion of wild-type, S882C and T900C Trk1 molecules in 
the plasma membrane is not in an active state, as deduced from 
relatively small differences in the maximum velocities of individual 
transporters (Fig. 3D) and considerable differences in their locali
zation in cells (Fig. 3B).

3.1.2. Model structure of the IL2
To broaden our knowledge about the putative role of the short 

IL2 in the structure and function of Trk1, we analyzed its AlphaFold 
3D model [44]. We could not use the latest published model, as it 
lacks internal segments of the Trk1 protein and focuses exclusively 
on MPM domains [12]. Fig. 4 A shows that the IL2 is a highly ordered 
segment with two helical regions (residues 869–877 and 883–893, 
respectively) connected by a short turn (residues 878–882). These 
two helical regions explain the remarkable degree of conservation 
observed in the comparison of Trk1 sequences from various yeast 
species (Fig. 1B, S1), and also point to the potentially crucial function 
of this segment for the function of Trk1. We also observed a very 
similar conformation of IL2 in models of S. cerevisiae Trk2 and C. 
albicans Trk1 (Fig. 4B).

The proper conformation of the two helices and the entire region 
is presumably maintained by a number of non-covalent interactions 
including hydrogen bonds. Fig. 4C shows the participation of the 
studied residues Ser878, Ser882, Ser887 and Thr900 in the forma
tion of such hydrogen bonds, and potentially explains the distinct 
effects of the substitution of residues 878 and 887 for alanine 
compared to the same substitution of residues 882 and 900. As is 
visible in Fig. 4C, both Ser878 and Ser887 only participate in the 
creation of hydrogen bonds with their main chains and not the side 
chains (left panels), whereas Ser882 and Thr900 participate in the 
formation of hydrogen bonds with their side chains (right panels). 
The fact that the side chain of alanine is unable to form hydrogen 
bonds could explain the relatively strong negative effect of the in
troduction of alanine into positions 882 and 900, and the marginal 
effects of alanine at positions 878 and 887 (Fig. 2A, B). As shown in 
the upper right panel of Fig. 4C, the side chain of Ser882 forms a 
hydrogen bond with Glu886 from the very beginning of the second 

helical region of IL2, suggesting the importance of this interaction in 
stabilizating the orientation of the second IL2-helix with respect to 
the short turn connecting it to the first helical region. Residue 
Thr900, on the other hand, forms a hydrogen bond with His122 of 
the second transmembrane helix of the MPM1 domain (Fig. 4C, 
lower right panel). This interaction could participate in the stabili
zation of not only local but also the overall conformation of the Trk1 
protein. The ability of the side chain of cysteine to form hydrogen 
bonds combined with its high structural similarity to the side chains 
of amino acids with hydroxyl groups may thus explain the minor 
effect of cysteine in positions 882 and 900 on growth on low K+ and 
subcellular localization (Fig. 3A, B).

The structural importance of residues Ser882 and Thr900 prob
ably also explains the failure of mimicking putative phosphorylation 
by replacing them with aspartic acid, as the presence of a large 
negative charge in structurally important regions of Trk1 during the 
folding of the nascent protein might lead to structural impairments 
and thus to mislocalization of the protein. To confirm this hypoth
esis, we introduced a negative charge (aspartyl residue) to position 
881 instead of leucine, the side chain of which, according to the 
model, points outward from the turn of IL2, and does not participate 
in the formation of non-covalent interactions (Fig. S5B). As shown in 
Fig. S5A, this substitution had no effect on the growth of cells on low 
K+, this is consistent with our hypothesis that a negatively charged 
residue at position 882 disrupts structurally crucial non-covalent 
interactions and consequently leads to improper folding and mis
localization of the protein.

3.2. Involvement of 14–3-3 proteins in the regulation of Trk1

As Thr900 was predicted to be a potential site for interaction 
with 14–3–3 proteins (Fig. 1C), we examined the involvement of 
14–3–3 proteins in K+ uptake and homeostasis. We expressed wild- 
type Trk1 in a strain that, besides TRK1 and TRK2, also lacks the 
BMH1 gene (BYT12Δbmh1), which accounts for about 80% of 14–3–3 
proteins. Fig. 5A shows that the deletion of BMH1 resulted in a 
slightly diminished growth of cells at 50 μM KCl, suggesting the role 
of 14–3–3 proteins in Trk1 upregulation in these conditions. At 
higher KCl concentrations, the absence of Bmh1 had no effect on cell 
growth (Fig. 5).

The deletion of BMH1 also led to a very slight decrease in Rb+ 

uptake (Fig. 5C) but not to a changed localization of the Trk1 in cells 
(Fig. 6C). A detailed analysis of Trk1′s kinetic parameters revealed 
that the absence of Bmh1 changed the transporter‘s affinity (Fig. 5D). 
In K+-starved cells without Bmh1, Trk1 did not reach its maximum 
affinity, which corresponds to the observed difference in cell growth 
at low K+. Taken together, the results obtained with the BYT12Δbmh1 
strain suggested the involvement of 14–3–3 proteins in the regula
tion of K+ homeostasis, probably via interaction with Trk1.

To elucidate in more detail a possible connection between Trk1 
and 14–3–3 proteins, we next focused on identifying putative 
binding sites in the Trk1 protein, other than T900, which was 
identified in the first search. Again employing the three prediction 
algorithms of the 14–3–3-Pred software, we identified 14 potentially 
interacting residues (listed in Table S6). For further analysis, we 
selected 8 residues, 7 of them according to two additional para
meters, a NetPhos 3.1 score above 0.6, and more than 40% identity to 
other Trk sequences. The eighth residue, Thr491, even though it did 
not fulfil all the requirements, was included as a neighbour of 
Ser490. The 8 selected residues were mutated to alanine, and mu
tated Trk1 proteins were expressed in BYT12 cells.

When the growth of cells expressing these 8 mutated Trk1 ver
sions was tested on plates supplemented with various concentra
tions of KCl, most of the mutants gave the same phenotype as the 
wild-type Trk1, and only cells expressing Trk1 T900A grew slower at 
very low K+ concentrations (Fig. 6A). However, when the Rb+ uptake 
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Fig. 4. 3D model of Trk1 depicting structure of IL2 and predicted hydrogen bonds. PDB files were obtained from the AlphaFold database and visualized in ChimeraX version 1.1. (A) 
IL2 and MPM domains of S. cerevisiae Trk1 (database number P12685) in red. Putative phosphorylation sites of IL2 are highlighted with blue arrows. (B) IL2 of S. cerevisiae Trk2 
(left, database number P28584) and IL2 of C. albicans Trk1 (right, database number A0A1D8PTL7) in red. For better clarity, only the MPM2 (green) and MPM3 (yellow) are shown. 
Putative phosphorylation sites of IL2 are highlighted with blue arrows. (C) Hydrogen bonds of Ser878 (blue) of IL2 with Met874 and Arg885 (upper left panel), Ser882 (blue) of IL2 
with Pro879, Met884 and Glu886 (upper right panel), Ser887 (blue) of IL2 with Gln883 and Leu891 (bottom left panel), and Thr900 (blue) of IL2 with His122 (bottom right panel).
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was measured, three mutants exhibited a significantly decreased 
uptake. In addition to Trk1 T900A, also cells expressing Trk1 T155A 
and S414A (residues located in the first long intracellular loop) ac
cumulated approximately 25% less Rb+ than the wild-type Trk1 
(Fig. 6B). Unlike Trk1 T900A, both versions were localized to the 
plasma membrane (Fig. 6C), and thus the observed decrease in Rb+ 

uptake was most likely caused by a change in the activity of the 
protein rather than in its mislocalization. When kinetic parameters 
of Rb+ uptake in K+-starved BYT12 cells expressing mutated version 
were estimated, T155A and S414A substitutions led to a slight de
crease in affinity, while there were no significant changes in max
imum velocity (Fig. 6D). The obtained results confirmed that T900 is, 
of the residues predicted to be 14–3–3 binding sites, the most im
portant for Trk1 localization and activity under low K+ conditions.

We also examined the possibility of physical interaction between 
14-3–3 proteins and Trk1 in an in vitro study. First, a short synthetic 
peptide containing phosphorylated Thr900 bordered on each side by 
the four amino acids from the natural sequence of Trk1 
(RRCFpTLLFP) was synthesized. The peptide was labelled on its N- 
terminus with fluorescein isothiocyanate (FITC), and a fluorescence 
polarization assay was performed to determine binding affinities to 
both Bmh1 and Bmh2 as described in Materials and methods. Fig. 7A 
shows that the phosphopeptide interacts with both Bmh1 and Bmh2 
in a dose-dependent manner. Binding affinities for interaction with 
Bmh1 and Bmh2 were relatively high, with dissociation constants of 
4.0 and 3.4 µM, respectively (Fig. 7B).

In summary, the obtained results confirmed that Bmh1 and 
Bmh2 bind to Thr900 of Trk1, consistently with their involvement in 
the regulation of activity and/or localization of Trk1, and this way in 
K+ homeostasis. Moreover, we identified two new residues in IL1, 
Thr155 and Ser414, as potentially interacting with 14–3–3 proteins 
and thereby involved in regulating Trk1, though they are not as 
important as Thr900 at low K+ conditions.

4. Discussion

Trk1 is expressed constitutively and at a low level, at both high 
and low external K+ concentrations, thus its activity must be pre
cisely regulated at the protein level to ensure optimum K+ con
centration in the cell and to compensate properly for the changes in 
the efflux of positive charges protons via Pma1 [24]. As phosphor
ylation is the dominant posttranslational modification in eukaryotic 
cells [54], we focused on the role of potentially phosphorylated 
amino-acid residues in the transporter’s activity. Due to intracellular 
segments making up more than 70% of the protein (881 amino-acid 
residues out of 1235), Trk1 contains a large abundance of potential 
phosphorylation sites. We therefore limited our study to a specific 
subset of these sites, putative phosphorylation sites in the highly 
conserved second intracellular loop (IL2) and putative phosphor
ylation sites with the potential for interaction with 14–3–3 proteins.

Apart from harbouring four potential phosphorylation sites, IL2 
of Trk1 is a highly structured domain with two helical subdomains 
(Fig. 4), according to a model acquired from the AlphaFold database. 
High degree of conservation of this domain (Fig. 1B and Fig. S1) 
strongly suggests its functional importance. Cytosolic domains of 
transport proteins were shown to be involved in activity regulation 
in various ways, most notably by interaction with either ATP [55] or 
with other proteins regulating a given transporter [56]. Moreover, a 
structurally similar element was proposed to be involved in the 
gating of KtrB, an ion channel that structurally belongs to the same 
group of SKT-proteins as Trk1 [56].

Two out of four potential phosphorylation sites of IL2, Ser878 and 
Ser887, seem to not be very important for Trk1 transport activity 
under our experimental conditions. Their replacement with alanine 
did not result in a substantial phenotype of growth at low K+ 

(Fig. 2A), and the ability of mutated Trk1 versions to transport Rb+ 

was only slightly affected (Fig. 2B). On the other hand, analysis of the 
two other residues, Ser882 and Thr900, revealed a dual function, 

Fig. 5. Involvement of 14–3–3 proteins in K+ uptake and homeostasis. (A) Growth of BYT12 and BYT12Δbmh1 cells carrying an empty vector (YCp352) or pCScTRK1 on YNB-F 
plates supplemented with indicated concentrations of KCl. Images were captured after 5 days of incubation at 30 ◦C. (B) Subcellular localization of GFP-tagged Trk1 in BYT12 and 
BYT12Δbmh1 cells. (C) Initial rates of 100 µM Rb+ uptake in cells starved of K+ for 1 h in YNB-F (*, p  <  0.05; ***, p  <  0.001). (D) Kinetic parameters of Rb+ uptake via Trk1 in BYT12 
and BYT12Δbmh1 cells starved of K+ in YNB-F for 1 h (ST cells).
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both structural and activity-regulating ones. Upon their replacement 
with alanine, cells harbouring Trk1 versions with these mutations 
grew very slowly on low K+ (Fig. 2A), Trk1 in these cells did not reach 
its highest affinity at low K+ conditions, and the maximum velocity 
was significantly diminished (Fig. 2C). The decrease in maximum 
velocity was most likely a consequence of mislocalisation of a sig
nificant portion of the mutated proteins (Fig. 3B).

As was mentioned above, IL2 is highly structured (Fig. 4A), and 
many of its residues are predicted to participate in noncovalent in
teractions with other MPM domains or intracellular segments of 
Trk1 (Fig. 4C and Fig. S6). Ser882 and Thr900 probably fulfil crucial 

structural functions. According to the model, they both participate in 
the formation of hydrogen bonds, and their replacement with ala
nine (eliminating some hydrogen bonds) leads to mislocalized Trk1 
proteins (Fig. 3B). The structural function of these two residues is 
also supported by the lack of negative effects upon the introduction 
of cysteine (Fig. 3A, B). The non-covalent interactions of Ser882 and 
Thr900 might be especially important for proper folding during the 
synthesis of a nascent protein, which is consistent with the failure of 
mimicking a phosphorylation by the introduction of a negatively 
charged aspartic acid (Fig. 3). Aspartyl’s negative charge, when 
placed at position 882 or 900 in IL2, during the synthesis of a Trk1 

Fig. 6. Effect of mutation of putative sites for interaction with 14–3–3 proteins. (A) Growth of BYT12 cells carrying empty vector (YCp352) or expressing wild-type (wt) Trk1 and 
its mutated versions on YNB-F plates supplemented with indicated concentrations of KCl. Images were captured after 7 days of incubation at 30 ◦C. (B) Initial rates of 100 µM Rb+ 

uptake in cells starved of K+ for 1 h in YNB-F (*, p  <  0.05; **, p  <  0.01; ***, p  <  0.001; n, no, significant difference). (C) Localization of GFP-tagged wild-type Trk1 and its mutated 
versions in BYT12 cells. (D) Kinetic parameters of Rb+ uptake via wild-type (wt) Trk1 and its mutated versions. Cells were K+-starved in YNB-F for 1 h (ST cells).

Fig. 7. In vitro interaction between pThr900 and Bmh proteins. (A) Fluorescence polarization (FP) assay of FITC-labelled peptide RRCFpTLLFP with phosphorylated Thr900 
(Trk1_pT900) titrated with Bmh1 or Bmh2. (B) Parameters (KD and Bmax) of Trk1_pT900 peptide binding to Bmh1 (Trk1_pT900 +Bmh1) and Bmh2 (Trk1_pT900 +Bmh2). The 
binding affinities were determined by fitting the FP data to a one-site-binding model. All data points are the mean ±  SD of four replicates.
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might lead to folding impairments and consequent mislocalization 
[57]. This is supported by the fact that the introduction of an aspartyl 
residue at position 881 (mutation L881D, Fig. S5), where its side 
chain points outward from the turn of IL2, has no negative effect on 
Trk1 activity. As for the second role of the studied Ser882 and 
Thr900 residues, a change in their phosphorylation status (in an 
already fully folded protein in the plasma membrane), may lead to 
changes to existing hydrogen bonds or to the formation of new ionic 
interactions [58], which in turn affect the conformation of IL2, and 
the activity and affinity of the transporter.

Taken together, the obtained results revealed a potential dual 
function of residues Ser882 and Thr900. The structural function of 
Ser882 and Thr900 residues, ergo their importance for the proper 
folding and conformation of Trk1, is supported 1) by a substantial 
degree of mislocalization upon their replacement with alanine, and 
the absence of this mislocalization upon replacement with a cy
steine (Figs. 3B), and 2) by putative non-covalent interactions of 
their side chains (Fig. 4 C). Given the observed decreased Rb+ uptake 
capacity of Trk1 versions with cysteine, it is possible that residues 
Ser882 and Thr900 are also targets for phosphorylation that upre
gulates Trk1 activity. Since the decrease in Rb+ uptake was more 
visible in K+-starved cells (Fig. 2 C), the potential phosphorylation of 
the two residues would most likely occur under K+ limitations.

One of the consequences of the phosphorylation status of a 
protein is the possibility of binding 14–3–3 regulatory proteins. As is 
mentioned in the Introduction, yeast 14–3–3 proteins Bmh1 and 
Bmh2 are involved in numerous cellular processes, and there were a 
few pieces of evidence that 14–3–3 proteins could be involved in the 
maintenance of K+ homeostasis, e.g. via inhibiting one of the K+ 

exporters, Nha1 (which is also expressed at a constitutive and low 
level, similarly to Trk1) [35]. Our experiments also showed that the 
absence of Bmh1 had a slightly negative effect on the growth of cells 
at limited concentrations of K+ (50 μM KCl; Fig. 5A), and prevented 
the highest affinity for Rb+ uptake via Trk1 from being reached 
(Fig. 5D). All this prompted us to study the possibility of 14–3–3 
involvement in the regulation of Trk1 activity. In addition to Thr900, 
a further 13 candidate residues were identified using the prediction 
software (Table S6); two of them (Thr155 and Ser414) were also 
identified in phosphoproteomic studies (Table S1) as being likely to 
be phosphorylated under stress conditions [17,19]. When we mu
tated 8 selected residues to alanine and expressed them in BYT12, it 
was evident that, apart from T900A, only 2 mutations (T155A and 
S414A) resulted in a phenotype change (lower uptake of Rb+; 
Fig. 6B). In general, under stress, an increased K+ uptake is favourable 
for cell survival, thus the phosphorylation of both Thr155 and Ser414 
and consequent interaction with 14–3–3 proteins could have a sti
mulatory effect on the function of Trk1, and the impossibility of this 
interaction would decrease the transport capacity of Trk1, as can be 
seen in our results (Fig. 6B, D). Similarly, phosphorylated Thr900 is a 
site of interaction with both Bm1 and Bmh2 proteins, as shown not 
only in whole-cell experiments (Fig. 6) but also confirmed by in vitro 
measurement (Fig. 7).

The study of the connection between Trk1 and 14–3–3 proteins 
was partially aimed at identifying a regulatory link between the K+ 

importing and exporting activity necessary to avoid a futile cycle of 
K+ uptake via Trk1 and efflux via Nha1 under low K+ conditions. Our 
results showing the stimulatory effect of 14–3–3 proteins on the 
activity of Trk1 support the hypothesis about the 14–3–3-mediated 
interplay between Nha1 and Trk1 activities. In addition to Nha1, 
14–3–3 proteins could, in theory, also represent a regulatory con
nection between Trk1 and H+-ATPase Pma1, which is responsible for 
the export of protons. As was previously shown, there is a simulta
neous activation of Trk1 and Pma1, as the import of K+ needs to be 
balanced by the export of protons in order to maintain proper 
membrane potential and vice versa [11, 24, 59]. Pma1 ATPase has 
been shown to be regulated by a C-terminus-mediated 

autoinhibition suppressed by phosphorylation [60]. A strikingly si
milar mechanism has been described for a plant H+-ATPase, in which 
14–3–3 proteins play a role [36,61]. It is possible that 14–3–3 pro
teins upregulate the activity of yeast H+-ATPase Pma1 by suppres
sing this autoinhibition in a similar way as in plant H+-ATPase. Bmh1 
and Bmh2 proteins could thus represent a regulatory link connecting 
at least three important players in K+ homeostasis (Trk1, Nha1 and 
Pma1). For instance, under conditions of K+ limitation, the phos
phorylation and subsequent binding of 14–3–3 proteins could lead 
to a simultaneous stimulation of K+ acquisition via Trk1, balancing 
the membrane potential by Pma1 activation, and retention of the 
acquired K+ by reduction of Nha1 activity.

5. Conclusions

This study newly identified the second, very short and conserved, 
intracellular loop as a highly structured segment involved in the 
proper biogenesis of S. cerevisiae Trk1, and its two residues Ser882 
and Thr900 as important both for the protein’s biogenesis and, 
probably upon phosphorylation, for the upregulation of Trk1′s affi
nity under potassium limitation. Additionally, the role of 14–3–3 
proteins Bmh1 and Bmh2 in the regulation of K+ uptake was de
monstrated, and the binding of 14–3–3 proteins to Thr900 was 
confirmed by in vitro experiments.
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