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Abstract Potassium uptake defective Saccharomyces cerevisiae
strains (Dtrk1,2 and Dtrk1,2 Dtok1) were used for the pheno-
typic analysis of the mouse inward rectifying Kir2.1 channel by
growth analysis. Functional expression of both, multi-copy plas-
mid and chromosomally expressed GFP-mKir2.1 fusion con-
structs complemented the potassium uptake deficient phenotype
in a pHout dependent manner. Upon application of Hygromycin
B to chromosomally mKir2.1 expressing cells, significantly lower
toxin sensitivity (EC50 15.4 lM) compared to Dtrk1,2 Dtok1
cells (EC50 2.6 lM) was observed. Growth determination of
mKir2.1 expressing strains upon application of Ag+, Cs+ and
Ba2+ as known blockers of mKir2.1 channels revealed signifi-
cantly decreased channel function. Cells with mKir2.1 were
about double sensitive to AgNO3, 350-fold more sensitive to
CsCl and 1500-fold more sensitive to BaCl2 in comparison to
the respective controls indicating functional expression and cor-
rect pharmacology.
� 2005 Published by Elsevier B.V. on behalf of the Federation of
European Biochemical Societies.
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1. Introduction

Mammalian cells express a diverse array of transmembrane

ion-channel proteins that selectively regulate the movement of

ions across cellular membranes. With K+ as the most abundant

cellular cation, K+ channels play pivotal roles in a number of

essential processes like electrical activity of excitable cells, cel-

lular K+ homeostasis and, indirectly, pH regulation. Kir2.1 is a

K+ selective channel present in many excitable and non-excit-

able mammalian tissues [1], whose voltage-dependent high-

affinity binding of intracellular blocking cations (spermine,

spermidine, Mg2+; [2–5]) underlies inward rectification.

Kir2.1 subunits are believed to underlie the cardiac inward rec-

tifying current IK1 that is considered to contribute significantly

to the repolarising current during the terminal phase of the ac-

tion potential (AP) and serves as the primary conductance con-

trolling the resting potential in ventricular myocytes [6].
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Mutations in the KCNJ2 gene that encodes Kir2.1 subunits

are causative to the inherited Andersen syndrome (AS) long-

QT disorder with ventricular arrhythmia and skeletal develop-

ment abnormalities [7]. In view of the essential roles and great

diversity of K+ channels, the search for specific K+ channel

modulators for the targeted opening or closing of subtypes

of channels has since long been prioritised to enable efficient

therapeutic applications [8,9]. However, only few approaches

[10,11] addressed expression of mammalian channels in yeast

to serve as potential medium to high-throughput pre-screening

system for pharmacological active compounds.

In the eukaryotic unicellular organism Saccharomyces cere-

visiae, two closely related plasma membrane localised K+

translocation systems, Trk1 and Trk2 mediate K+ uptake to

maintain a high intracellular potassium concentration to coun-

terbalance the high negative charge on nucleic and amino

acids. The third major K+ translocation system, encoded by

the TOK1 gene, is a voltage-dependent outward rectifying

K+ channel [12] that under certain conditions also mediates in-

ward K+ uptake [13].

Previous studies reported functional expression of plant [14–

16] and vertebrate inward rectifying K+ channels [10,11] in S.

cerevisiae Dtrk1,2 double mutants. Both kinds of K+ channels,

though originating from different kingdoms are activated at

hyperpolarised membrane voltages and mediate inward K+

fluxes at membrane potentials more negative than the K+ equi-

librium potential (EK). The increased K+ requirement of the S.

cerevisiae Dtrk1,2 mutant is accompanied by the inability to

grow on low pH medium [17] and high hyperpolarisation

[18], thereby enabling functional expression of hyperpolarisa-

tion activated K+ channels leading to the restoration of wild-

type growth phenotype on low potassium media.

The objective of this study was to evaluate the yeast based

test system as a diagnostic tool for mammalian K+ selective

channels by growth determination of functionally comple-

mented K+ uptake defective yeast strains. The mKir2.1 cDNA

was expressed in S. cerevisiae strains carrying double or triple

and combination of deletions of trk1, trk2 and tok1. The re-

sults were indicative for the substitution of mKir2.1 for the

endogenous yeast potassium uptake systems with regard to

the potassium uptake deficient, low external pH sensitive and

highly hyperpolarised phenotype. Known inhibitors of the

mKir2.1 channel [11,19–21] strongly impaired the ability to
ation of European Biochemical Societies.
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grow under limiting potassium conditions. The study provided

evidence that yeast is a sensitive and practical model system for

fast and reliable pharmacological pre-screening by utilising the

advantages of growth determination in an unicellular eukary-

otic organism because the response to pharmacological active

compounds can be significant, the life cycle is short and yeast

cells are easy to maintain.
2. Materials and methods

2.1. Yeast strains and growth conditions
Haploid S. cerevisiae yeast strains used throughout this study are

listed in Table 1. Strains were grown aerobically at 30 �C. Nutritional
requirements appropriate for selection and maintenance of mutants
and plasmids in the transformed strains were scored on liquid complete
synthetic SDAP medium [22] consisting of 0.5% DD-glucose, vitamins,
trace elements, amino acids and salts without uracil and leucine (for
episomal expression of mKir2.1; the latter to utilise the LEU2-d func-
tion of the pYEX-BX vector to increase for plasmid copy numbers) or
without leucine (for chromosomal expression of mKir2.1). The me-
dium was adjusted to pH 5.9 with phosphoric acid and supplemented
with the appropriate amount of KCl. All medium components were
dissolved in ultrapure MilliQ water. Hygromycin B and the salts
BaCl2, CsCl and AgNO3 were dissolved in MilliQ water and 3-bicy-
clo[2.2.1]hept-2-yl-benzene-1,2-diol (48F10, ChemBridge Corporation,
San Diego, CA) in DMSO. AgNO3 stock solutions were kept in the
dark to avoid reduction of Ag+ to Ag0. BaCl2 containing media were
prepared without SO4 salts. All amino acids were purchased from Flu-
ka; DMSO and the metals salts were obtained from Sigma–Aldrich.
All components were of analytical quality.

2.2. Plasmid construction
The applied episomal vector was the high copy Escherichia coli/yeast

shuttle vector pYEX-BX (Clontech, Palo Alto, USA). A GFP-mKir2.1
plasmid (pYEGFP-C1-mKir2.1) was obtained from N. Klöcker (Uni-
versity of Freiburg). Plasmid pYEX-GFP-mKir2.1, used to express the
yeast enhanced yEGFP of Aequorea victoria [23] mouse Kir2.1 fusion
gene under the control of the CUP1 promoter was obtained by stan-
dard DNA manipulations according to [24] and used to transform mu-
tant yeast strains to uracil and leucine prototrophy by standard
methods [25]. The applied integrating vectors were the p774 plasmid
that targets integration to the genomic LEU2 locus [26] and the p77x
Table 1
Yeast strains

Strain Genotype

PLY232 MATa his3-D200 leu2-3,112 trp1-D901 ur
PLY238 MATa his3-D200 leu2-3,112 trp1-D901 ur
PLY240 MATa his3-D200 leu2-3,112 trp1-D901 ur
PLY246 MATa his3-D200 leu2-3,112 trp1-D901 ur

tok1D1::HIS3
PLY240T-GFP-mKir2.1 MATa his3-D200 leu2-3,112 trp1-D901 ur

tok1::PPMA1-GFP-mKir2.1
PLY240T-GFP MATa his3-D200 leu2-3,112 trp1-D901 ur

tok1::PPMA1-GFP
PLY240L-GFP-mKir2.1 MATa his3-D200 leu2-3,112 trp1-D901 ur

leu2::PPMA1-gfp-mKir2.1
PLY240L-GFP MATa his3-D200 leu2-3,112 trp1-D901 ur

leu2::PPMA1-gfp
PLY246L-GFP MATa his3-D200 leu2-3,112 trp1-D901 ur

tok1D1::HIS3 leu2::PPMA1-gfp
PLY240-sig/mRFP/HDEL MATa his3-D200 leu2-3,112 trp1-D901 ur

tok1::PPMA1-sig/mRFP/HDEL
PLY240 [pYEX-GFP-mKir2.1]
PLY240 [pYEX-GFP]
PLY246 [pYEX-GFP-mKir2.1]
PLY240 [pYEX-GFP-TRK1]
PLY240 [pYEX-GFP-TRK2]
plasmid that targets integration to the TOK1 locus. p77x was gener-
ated from p774 by replacing the LEU2 targeting regions with �400
bp of TOK1 5 0 and 3 0 non-coding sequence, respectively. In both gene
replacement constructs, the expression of the GFP-mKir2.1 construct
was under control of the PMA1-promoter. Following transformation
and selection for leucine and uracil prototrophy the correct integra-
tions were confirmed by PCR and Southern blot analysis. As an ER
marker, a fusion comprising the signal sequence of the prepro-alpha-
mating factor (sig) [27], the monomeric red fluorescent protein mRFP
[28] and the �HDEL� ER-retention signal [29] was generated in a mod-
ified p77x to yield strain PLY240-sig/mRFP/HDEL (tok1::PPMA1-sig/
mRFP/HDEL).
2.3. Cellular potassium content
Cells were grown in SDAP media supplemented with 10 or 50 mM

KCl and adjusted to pHout 5.9 or 6.5 to late stationary phase (20 h)
and collected on Millipore membrane filters (pore size 0.2 lm). Follow-
ing rapid washing with a 20 mM MgCl2 solution, the cells were
acid-extracted with 10 mM MgCl2 and 0.2 M HCl overnight at room
temperature. The potassium content was analysed in supernatants by
atomic absorption spectroscopy (Shimadzu AA-660). All measure-
ments were repeated at least four times.
2.4. Fluorescence microscopy
Microscopic images were obtained with a ZEISS Axioplan micro-

scope with ZEISS Plan Neofluar 100· objective. The excitation source
was a 50 W Hg vapour arc lamp. The gfp fluorescence was visualised
by a 450–490 nm band pass (BP) excitation filter and an 515–565 nm
BP emission filter. Images were taken by a CCD camera (CF8/1
DXC, Kappa).

2.5. Immuno-blotting
Yeast cells were grown to an OD of �1 (corresponding to 1.2 · 107

cells/ml). 10 ml of cells were harvested by centrifugation and washed
with distilled water. Protein extraction was carried out using the alka-
line lysis method [30]. Protein content was determined using the Bio-
Rad protein assay (Bio-rad Laboratories). For detection of GFP and
GFP/Kir2.1 fusion proteins �20 lg of total protein were separated
by SDS–PAGE (10% polyacrylamide) and transferred to nitrocellulose
membranes (Amersham) by wet blotting. Blots were incubated with an
anti-GFP antibody (mixture of two monoclonal antibodies, Roche)
and after incubation with a secondary alkaline phosphatase-conju-
gated goat anti-mouse antibody (IgG, Sigma–Aldrich) labelled pro-
teins were detected using BCIP/NBT (Sigma–Aldrich).
References

a3-52 suc2-D9 Bertl et al. [17]
a3-52 suc2-D9 tok1D1::HIS3 Bertl et al. [17]
a3-52 suc2-D9 trk1D51 trk2D50::kanMX Bertl et al. [17]
a3-52 suc2-D9 trk1D51 trk2D50::kanMX Bertl et al. [17]
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a3-52 suc2-D9 trk1D51 trk2D50::kanMX This study
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Fig. 2. The expression of mKir2.1 constructs functionally comple-
mented the Dtrk1,2 and Dtrk1,2 Dtok1 mutant phenotype in 10 mM
potassium. In comparison to the respective control strains that
expressed the GFP gene either chromosomally or episomally the

Fig. 1. (A) Growth characteristics were determined by calculation
(approximative integral) of a defined area under the obtained OD600

curves within a time interval of 12.5 h (hatched area) to account for
qualitative different growth curves as given in (B). In response to
inhibitory substances growth curves were altered in different manners
by 8 lM AgNO3 (h), 100 lM BaCl2 (n) and 8 lM 3-bicy-
clo[2.2.1]hept-2-yl-benzene-1,2-diol (d) compared to the control (––).
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2.6. Assay conditions
For liquid growth determination, the minimal SDAP medium was

chosen to precisely control KCl contents since YNB medium contains
�10 mM potassium (determined by Atomic absorption spectroscopy)
which can confound attempts to monitor potassium dependent growth
phenotypes. For quantitative assessment of growth phenotypes, cells
were grown under permissive conditions (100 mM KCl) to the station-
ary phase, washed with MilliQ water and diluted in fresh medium to a
start OD600 of 0.2 (pathlength 1 cm, Pharmacia Ultrospec 2000 Spec-
trophotometer) corresponding to 3 · 106 cells/ml. The growth was esti-
mated by photometric determination of the turbidity at 600 nm in
15 min intervals in transparent 96-well microtitre plates using a micro-
plate reader (Tecan, Spectrofluor Plus) with 30 �C incubation and con-
stant agitation for 15 h. The growth of mKir2.1 expressing strains and
corresponding controls were compared in 100 and 10 mM KCl at dif-
ferent concentrations of Hygromycin B, AgNO3, CsCl, BaCl2 and 3-
bicyclo[2.2.1]hept-2-yl-benzene-1,2-diol. For each tested condition, at
least four replicate tests were carried out on different days. Each exper-
iment consisted of one control and up to nine test concentrations of the
substances with inhibition scored between >0% and <100%. Tests were
considered as valid when the turbidity of the control cultures increased
at least fivefold during the incubation period.

2.7. Data capture and evaluation
Growth calculation was performed by the approximation of the area

(A) under the growth curves obtained within 12.5 h incubation by the
following equation:

A ¼
Xm�1

i¼1

1

2
ðODi þODiþ1Þ �OD1

� �
� ðtiþ1 � tiÞ

� �

where ODi is the measured optical density; i = 1 to m is the number of
measurements during the test time (12.5 h). Inhibitory effects were cal-
culated by quantifying the extent of growth inhibition in the test cul-
tures in comparison to control cultures. Corresponding EC50 values
were determined by either Hill plot analysis for monophasic inhibition
kinetics or by fitting biphasic kinetic curves according to:

G ¼ Gstart � 1� ð1� E1Þ �
cn

K1 þ cn

� �� �
� 1� ð1� E2Þ �

cm

K2 þ cm

� �� �

where c is the actual test substance concentration, G is the growth at
concentration c, Gstart the growth of the negative control culture (with-
out test substance), E1,2 the growth at maximum response relative to
the negative culture control, K1,2 are the half-saturation constants
and n and m, respectively, are the indicators for the cooperativeness
of the respective effect.
GFP-mKir2.1 expressing strains exhibited similar growth characteris-
tics as the wild type (WT) or the endogenous TRK-transporters
(TRK1, TRK2).
3. Results

Different S. cerevisiae uptake and efflux deficient yeast

strains were used as hosts for the heterologous expression of

the mouse inward rectifier Kir2.1 channel. The expression de-

ployed two different strategies, the integration into the single

LEU2 and TOK1 genomic loci whereby the K+ channel cDNA

was set under control of the constitutive PMA1 promoter and

the episomal expression using the pYEX-BX multicopy vector

with CUP1 promoter. Growth characteristics were observed

by measuring the optical density in liquid SDAP media for

12.5 h. Liquid culture growth modulations were determined

by calculation of a defined area (approximating the integral)

under the individual OD600 growth-curves (Fig. 1A). Thereby,

possible strain specific and compound induced altered growth

characteristics like delayed lag-phase, different slopes of log-

phase and corresponding entering of the plateau phase with

variations of maximum cell density in the stationary phase

(Fig. 1B) were taken into account.

In Fig. 2, the growth characteristics of different mKir2.1

expressing strains in SDAP media supplemented with 10 or
100 mM KCl are summarised. In comparison to the respective

control strains that expressed the GFP gene either chromo-

somally or episomally and thus represented the Dtrk1,2 or

Dtrk1,2 Dtok1 mutants, the GFP-mKir2.1 expressing strains

exhibited clear growth advantages under limiting potassium

(10 mM KCl) concentrations. The functional complementa-

tion of the yeast mutant phenotypes by mKir2.1 almost re-

stored wild-type growth properties whereby differences in the

growth complementation capability were dependent on the

expression construct and level (Fig. 2, [31]). Except the Dtrk1,2
mutant with LEU2 locus integrated fusion construct, all GFP-

mKir2.1 expressing strains exhibited enhanced growth on

10 mM KCl compared to that on 100 mM KCl. A similar phe-

notype was obtained by episomal expression of the endoge-

nous TRK1 or TRK2 genes.

Another reported phenotype of Dtrk1,2 and Dtrk1,2 Dtok1
mutants is the sensitivity towards acidic external pH values

particularly in combination with limited potassium. Grown

in media containing external potassium concentrations



Fig. 3. pHout dependency of mKir2.1 mediated growth under permis-
sive (100 mM) and limiting potassium KCl concentrations. The
Dtrk1,2 tok1::GFP-mKir2.1 (j) was compared to both, the respective
control (Dtrk1,2 tok1::GFP) without mKir2.1 (r) and the wt strain
(n).
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between 3 and 100 mM KCl and ranging from pH 4 to pH 7,

the GFP-mKir2.1 expressing triple mutant showed a signifi-

cant growth advantage at 3 mM KCl pHout 5.9 or 6.5 and even

at pH 7 (Fig. 3). The most remarkable growth advantages of

the GFP-mKir2.1 expressing strain compared to the mutant

were observed at 6 and 10 mM KCl, pH 5.9. That observation

was also reflected by the cellular potassium content analysis

revealing similar Kþ
int concentrations at limiting (10 mM

KCl) potassium concentrations in wild type and mKir2.1

expressing cells at pH 5.9, whereas the Dtrk1,2 Dtok1 mutant

cells contained significantly less intracellular potassium (Fig.

4). In 50 mM KCl, pHout 5.9, a condition in which the growth
Fig. 4. Cellular potassium content of the wild type (black filled
columns), the Dtrk1,2 Dtok1 triple mutant (grey filled columns) and the
GFP-mKir2.1 expressing triple mutant (hatched columns) in limiting
(10 mM) and permissive (50 mM) KCl at different external pH values.
Error bars represent S.E.M.
differences between the triple mutant and the mKir2.1 express-

ing strains were marginal, the intracellular potassium content

almost approximated among the tested strains. Similar data

were also obtained for the Dtrk1,2 mutant and the LEU2 locus

GFP-mKir2.1 expressing strain (data not shown). At 50 mM

KCl, pHout 6.5 the mKir2.1 expressing triple mutant exhibited

a distinct higher Kþ
int content than either the wild type or the

triple mutant.

The subcellular localisation of integrated or multi-copy gfp

tagged mKir2.1 was investigated in S. cerevisiae Dtrk1,2 Dtok1
cells (Fig. 5A, B and E) in comparison to the episomally ex-

pressed endogenous potassium transporters Trk1 or Trk2

(Fig. 5C and D). Microscopic inspection of the chromosomally

expressed GFP revealed an evenly cytosolic distributed fluores-

cence whereas discrete punctiform labelling predominantly

near or at the plasma membrane and around the nucleus was

observed with GFP-mKir2.1 (Fig. 5A). The gfp fluorescence

intensity was significantly enhanced by multi-copy expression

(Fig. 5B–E). The reintroduced native plasma membrane trans-

porters exhibited bright uniform ring-shape fluorescence near

or at the plasma membrane (Fig. 5C and D) with GFP-Trk1

also accumulating around the nucleus similar to GFP-mKir2.1

(B, confirmed by DNA H33342 stain). Co-localisation of epi-

somally expressed GFP-mKir2.1 with the ER marker sig/

mRFP/HDEL revealed substantial overlay with the GFP-

mKir2.1 mediated fluorescence (Fig. 5E). These observations

indicated that at least partial incorporation of the heterolo-

gous channel into the plasma membrane is sufficient to account

for the functional complementation of uptake deficient yeast

mutants. Immunoblot analysis of GFP-mKir2.1 expressing

strains with an anti-gfp antibody revealed in the majority of

the strains the full length GFP-mKir2.1 product of 75 kDa

(Fig. 6).

The sensitivity to Hygromycin B is known as reliable indica-

tor of membrane potential. The knock out of both Trk trans-

porters has been reported to result in considerable membrane

hyperpolarisation [18]. The high sensitivity towards the posi-

tively charged toxin was used as indirect indicator of plasma

membrane hyperpolarisation of the Dtrk1,2 Dtok1 triple mu-

tant in comparison to the mKir2.1 and TRK1,2 expressing

strain (Fig. 7). Under limiting potassium conditions (20 mM

KCl) the triple mutant exhibited an extremely high sensitivity

with an EC50 of 2.6 lM. Significantly lower sensitivity was ob-

served in the chromosomally mKir2.1 expressing strain with an

EC50 of 15.4 lM compared to the endogenous Trk1,2 medi-

ated EC50 of 59.7 lM. Thus, the presence of the heterologous

channel decreased the membrane potential and accordingly the

sensitivity to Hygromycin B. This effect was not observed un-

der permissive conditions (data not shown).

Various mono- and divalent cations such as Ag+, Ba++ and

Cs+ [19–21] have been shown to block the mKir2.1 inward rec-

tifying channel by different mechanisms. The effects of these

cations on mKir2.1 in S. cerevisiae were tested by growth

determination (Fig. 8). Application of all inhibitors produced

biphasic growth inhibition kinetics, where the mKir2.1 specific

inhibition preceded the residual growth inhibition of the

parental mutants. Such inhibition kinetic was evaluated by

the equation given in Section 2 to separate the effects. In the

presence of increasing concentrations of CsCl, growth medi-

ated by integrated GFP-mKir2.1 in the triple mutant was se-

verely inhibited with an EC50 of 70 lM compared to

the respective control with an EC50 of 24.4 mM (Fig. 8A).



Fig. 5. Subcellular localisation of gfp-tagged mKir2.1 compared to gfp-tagged endogenous Trk1 and Trk2 and corresponding control (only GFP).
(A) S. cerevisiae Dtrk1,2 tok1::GFP-mKir2.1 with punctiform fluorescence label near or at the plasma membrane and around the nuclear envelope
(left panel) and Dtrk1,2 tok1::GFP with even cytosolic fluorescence distribution (right panel). (B) Dtrk1,2 Dtok1 multi-copy plasmid GFP-mKir2.1
expression (left panel) with ring-shape fluorescence (plasma membrane and nuclear envelope) and corresponding control (right panel), in both cases
with enhanced intensity compared to (A). Dtrk1,2 Dtok1 cells with multi-copy plasmid GFP-TRK1 (C), or GFP-TRK2, (D) expression. (E) sig/
mRFP/HDEL (left panel), Dtrk1,2 Dtok1 with multi-copy plasmid GFP-mKir2.1 (middle panel) and overlay image (right panel) indicative for
mKir2.1 plasma membrane localisation.
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Multi-copy mKir2.1 expressing Dtrk1,2 cells were inhibited

with an EC50 value of 370 lM compared to cells episomally

expressing either TRK1 (EC50 of 17.8 mM) or TRK2 (EC50

of 19.5 mM, Fig. 8B). Under permissive conditions (100 mM

KCl), this inhibitory effect was not obtained (data not shown).

Thus, Cs cations specifically inhibited mKir2.1 mediated

growth. Silver was applied as AgNO3 and shown to specifically

inhibit growth of the mKir2.1 expressing strains with an EC50

of 0.57 and 0.52 lM in Dtrk1,2 or Dtrk1,2 Dtok1 cells, respec-

tively (Fig. 8C). The parental mutants revealed EC50 values of

1.17 and 1.64 lM. Barium was supplied as BaCl2 to the growth

media and in the presence of increasing concentrations shown

to inhibit mKir2.1 mediated growth with an EC50 of 2.3 lM
compared to the respective control with an EC50 value of

3.6 mM (Fig. 8D).

Recently, the compound 3-bicyclo[2.2.1]hept-2-yl-benzene-

1,2-diol was identified as specific inhibitor of Kir2.1 and

Kv2.1 channels with EC50 values of 60 and 1 lM, respectively,

determined by patch-clamp experiments [11]. Evaluation of the

current yeast growth based assay, that is potassium content de-

fined minimal medium and usage of the triple Dtrk1,2 Dtok1
mutant chromosomally expressing GFP-mKir2.1 with this

compound revealed an growth inhibition EC50 value of

5.1 lM compared to the respective control (EC50 of

28.4 lM) under limiting potassium conditions (Fig. 9). At

100 mM KCl for both, the GFP-mKir2.1 expressing and the



Fig. 7. Growth effects of Hygromycin B under non-permissive (20 mM
KCl) conditions: Control Dtrk1,2 tok1::GFP cells (n), the mKir2.1
expressing strain Dtrk1,2 tok1::GFP-mKir2.1 (j) and TRK1,2 Dtok1
(r) cells were grown in the presence of increasing Hygromycin B
concentrations. Calculated EC50 values are 2.6, 15.4 and 59.7 lM,
respectively.

Fig. 6. Immunoblot analysis of protein extracts obtained from the
mKir2.1 expressing strain Dtrk1,2 tok1::GFP-mKir2.1 (lane 1), the
control Dtrk1,2 [pYEX-GFP] (lane 2) and the mutant Dtrk1,2 (lane 3)
with an anti-GFP antibody. The �75 kDa band corresponds to the size
of the gfp-mKir2.1 fusion protein. Below the 29 kDa marker band a
signal corresponding to unspecific cross reaction was detected.
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control strain, clear cytotoxic effects could be observed with

EC50 values of 46.3 and 22.5 lM (data not shown).
4. Discussion

We investigated S. cerevisiae potassium uptake defective

strains transformed with integrative or episomal mKir2.1

and GFP-mKir2.1 plasmids to identify and characterise the

channel activity through an assay based on changes in growth
Fig. 8. The growth mediated by chromosomal expression of mKir2.1 at 10
CsCl (A) (EC50 value of 70 ± 18 lM), AgNO3 (EC50 value of 0.52 ± 0.11 lM
corresponding control strain without mKir2.1 (r) indicated cytotoxic effects.
10 mM KCl in the double Dtrk1,2 mutant (j) was shown to be significantly m
multi-copy expression of endogenous TRK1 (n) or TRK2 (s) with EC50 va
characteristics. Since the yeast mutants exhibit clearly defined

growth phenotypes the indicator strains expressing the func-

tional mKir2.1 enable quantification of both the activation

and inactivation function of the channel. Investigations com-

prised both specificity and sensitivity of the system. The deter-

mination of growth characteristics changes as approximation

of the integral under the measured growth curve of the specific

culture in wells of the microtiter plate served sufficient to ac-

count for several different effects like delayed growth phase,
mM KCl in the Dtrk1,2 Dtok1 mutant (j) was specifically blocked by
) (C), and BaCl2 (EC50 value of 2.32 ± 0.53 lM) (D). In each case the
(B) Growth mediated by multi-copy plasmid expression of mKir2.1 at
ore sensitive to CsCl (EC50 = 0.37 mM) compared to that mediated by
lues of 17.8 and 19.5 mM, respectively.



Fig. 9. Growth inhibition of Dtrk1,2 tok1::GFP-mKir2.1 cells (j) in
the presence of increasing concentrations of 3-bicyclo[2.2.1]hept-2-yl-
benzene-1,2-diol and limited potassium (10 mM KCl). The mKir2.1
mediated growth was specifically inhibited with an EC50 of
5.1 ± 1.5 lM. The corresponding control (Dtrk1,2 tok1::GFP, (r))
revealed also strong cytotoxic effects with an EC50 of 28.4 ± 5.9 lM.
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flat or steep logarithmic phase and early or late entering of the

stationary phase (Fig. 1A and B).

4.1. Specificity

The mKir2.1 channel functionally complemented the uptake

deficient phenotype in Dtrk1,2 or Dtrk1,2 Dtok1 cells regardless
of integrative or episomal expression and in cells lacking both

potassium uptake and efflux transport systems (Dtrk1 Dtrk2
Dena1–4 Dnha1) cells (Fig. 2, [31,32]). Nevertheless, remark-

able differences of growth were noticed upon different levels

of expression, a phenomenon also observed in mKir2.1

expressing alkali-metal-cation efflux defective strains, where

the level of mKir2.1 protein expression influenced the sensitiv-

ity of cell to external KCl [32]. For instance, under permissive

conditions (100 mM KCl) episomal expression of mKir2.1

slightly impaired growth of the strains in comparison to that

in limited potassium concentrations. This phenotype was

dependent on the expression of a functional channel since mu-

tant GFP-mKir2.1 cDNAs (R67W, D71V, data not shown)

did not impair growth in 100 mM KCl.

As mammalian channel, the mKir2.1 inward rectifier is

adapted to a nearly neutral physiological environment. This

is in contrast to the usual optimal growth pH of yeast cultures

of around pH 5. Our investigations revealed not only that the

functionally expressed mKir2.1 also complemented the re-

ported pHout sensitive Dtrk1,2 mutant phenotype [17], but that

a significant growth advantage could still be observed at pHout

7 at very low external potassium concentrations (3 mM, Fig.

3). Thus, the mKir2.1 activity covers in this genetic back-

ground two pHout units, an observation that is similar to re-

sults obtained in alkali-metal-cation efflux defective cells

(Dena1–4 Dnha1) where mKir2.1 channel mediated pHout-

dependent increased sensitivity to external KCl [32]. The low-

est tested concentration (3 mM KCl) appeared different from

related approaches using 0.1 or 2 mM external KCl [33,11].

However, [11] involved YNB as medium basis that contains

�10 mM endogenous contaminant potassium (determined by

Atomic absorption spectroscopy). By using the synthetic min-

imal SDAP medium potassium concentrations can be more

accurately controlled.
Under limiting potassium concentrations (10 mM KCl) at

pH 5.9 triple mutant cells had a decreased potassium concen-

tration compared to wild-type cells (Fig. 4). The expression of

mKir2.1 in the triple mutant is in such conditions accompanied

by an increase in cellular potassium content to the level of

wild-type cells. Under limiting potassium concentrations at

pH 6.5 as well as permissive conditions (50 mM KCl) at pH

5.9, the intracellular potassium content of the investigated

strains approximated. However, in mKir2.1 expressing cells

grown in 50 mM KCl, pH 6.5 the cellular potassium concen-

tration was increased compared to both wild type and triple

mutant cells. The observed growth inhibition of the mKir2.1

expressing strain at 100 mM KCl, pHout 6.5 and 7 (Fig. 3) to-

gether with the high Kþ
int concentration at 50 mM KCl pHout

6.5 (Fig. 4) suggests that the channel activity under these con-

ditions caused an increased membrane permeability for K+

and thus a growth inhibiting depolarisation that is not appar-

ent in the triple mutant, where K+ is mainly translocated by

unspecific mechanisms [34–36]. The potassium homeostasis ap-

pears pHout dependent connected to a rather limited cellular

content range between �600 and �900 nmol/mg dry weight

whereby both, decreased (Dtrk1,2 and Dtrk1,2 Dtok1) and

exceeding (tok1::GFP-mKir2.1) Kþ
int concentrations are in-

volved in the observed suboptimal growth phenotypes.

In S. cerevisiae, the endoplasmatic reticulum (ER) centres

not only around the nucleus but is attached or at least close

to the plasma membrane [37]. In addition, yeast strains epi-

somally expressing different genes have been shown to accu-

mulate large amounts of the heterologous membrane protein

by ER membrane proliferation [38,39]. We thus investigated

the subcellular localisation of chromosomally and multi-copy

expressed GFP-mKir2.1 in comparison to multi-copy ex-

pressed GFP-TRK1 and GFP-TRK2 (Fig. 5). In Dtrk1,2
Dtok1 cells GFP-mKir2.1 protein localised around the nu-

cleus (confirmed by H33342 DNA stain) and close to or

at the plasma membrane in primarily punctiform (chromo-

somal) or evenly ring-shape (episomal) patterns. Additional

internal fluorescence was among the endogenous Trk trans-

porters only visible for GFP-Trk1, probably due to the plas-

mid bound overexpression. Co-localisation with an ER

restrained prepro-alpha-factor-rfp fusion (sig/mRFP/HDEL)

revealed a significant overlap of the two fluorophores indic-

ative of partial retention of the GFP-mKir2.1 fusion con-

struct in the ER. Accumulation of aberrant ER

proliferation and overexpression induced proteotoxicity was

not detected and the obtained functional data suggest that

the (even low) protein amount correctly targeted to the plas-

ma membrane is necessary and sufficient to complement the

mutant phenotypes. This was also demonstrated by the addi-

tion of the positively charged toxin Hygromycin B (Fig. 7).

The antibiotic was massively taken up by hyperpolarised

cells (EC50 of 2.6 lM in Dtrk1,2 Dtok1 versus 59.7 lM in

TRK1,2 cells) and inhibited intracellularly protein synthesis

and thus growth. The observed reduced intoxination by

Hygromycin B in mKir2.1 expressing cells (EC50 15.4 lM)

indicated a distinct less hyperpolarised membrane depended

on K+ translocation. Comparable to results obtained for

plant CNGC channels [40] our observations suggested that

cells encounter the channel activity also for proper mainte-

nance of the membrane potential. In summary, these results

provided evidence that in strains with stably integrated or

episomally expressed mKir2.1 the channel is functional.
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4.2. Sensitivity

The sensitivity of mKir2.1 in the yeast microenvironment

was investigated by exposure to known blockers of the chan-

nel. Among CsCl, AgNO3 and BaCl2, cesium (Fig. 8A and

B) exerted the strongest channel specific effect by an EC50 of

70 lM versus 24.4 mM in chromosomally expressing cells

and 370 lM versus 17.8 or 19.5 mM in episomally expressing

mKir2.1, TRK1 or TRK2, respectively cells. Cs+ was shown

to block Kir2.1 channels and comparable inhibition parame-

ters of KD = 101 ± 7 lM at �97 mV were determined in

patch-clamp experiments [21]. Silver exposure yielded the low-

est nominal EC50 values (0.57 and 0.52 lM, Fig. 8C) but

caused also a significant cytotoxic effect because the calculated

EC50 values of 1.17 and 1.64 lM for Dtrk1,2 and Dtrk1,2
Dtok1 cells, respectively, were in the same order of magnitude

as for the wild type (EC50 of 2.6 lM, data not shown). A com-

plete block of mKir2.1 mediated currents was observed upon

0.2 lM AgNO3 application in patch-clamp experiments [19],

the yeast based mKir2.1 growth determination data are thus

within the same order of magnitude. BaCl2 inhibited mKir2.1

protein mediated growth with an EC50 of 2.3 lM (Fig. 8D)

that is significantly less than the reported IC50

of 16.2 ± 3.4 lM of homomeric Kir2.1 channels in Xenopus

oocytes but similar to that of native I(K1) 4.7 ± 0.5 lM Ba++

sensitivities [20]. The compound 3-bicyclo[2.2.1]hept-2-yl-ben-

zene-1,2-diol was identified as specific inhibitor of Kir2.1 chan-

nels in a primary yeast screen with an EC50 value of 60 lM
determined by patch-clamp experiments [11]. The specific

mKir2.1 effect of this compound could be confirmed in the cur-

rent assay (Fig. 9) by an EC50 value of 5.1 lM in comparison

to Trk1 and Trk2 (EC50 of 6.9 and 27.4 lM, respectively; data

not shown) for which a K+ channel related topology was pro-

posed [41]. In addition, severe cytotoxic effects were detected

under limiting (EC50 of 28.4 lM) and permissive (EC50 of

22.5 lM) potassium concentrations.

4.3. Summary

Most proteins are sufficiently complex to necessitate their

production in living systems, mostly by recombinant DNA

technology. As such, the choice of recombinant yeast expres-

sion hosts particularly for mammalian K channels may

provide advantages for primary pharmacological or toxicolog-

ical screening. The method of growth change determination is

reliable to qualitatively measure specific effects. The method is

also suited to quantitatively characterise heterologously ex-

pressed mKir2.1 inward rectifying channels by toxicological

parameters like effective concentrations (EC) of potential

inhibitors.
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