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Abstract. The current through TOK1 (YKCL1), the out- microbes as well. For example, AKT1, a*khannel
ward-rectifying K channel inSaccharomyces cerevi- found in the root cells ofrabidopsis,appears to play a
siae,was amplified by expressinBOK1from a plasmid role in the uptake of K (Serrano, 1991; Hirsch et al.,
driven by a strong constitutive promotefOK1 so  1998). Patch-clamp examination of the plasma mem-
hyper-expressed could overcome theauxotrophy of a  brane of budding yeast reveals the activities of & K
mutant missing the two K transporters, TRK1 and specific channel (Gustin et al., 1986) whose gene was
TRK2. Thistrk1A trk2A double mutant hyperexpressing then cloned and manipulated (below).
theTOK1transgene had a higher internal €ontent than Biophysical characterization and molecular cloning
one expressing the empty plasmid. We examined protohave allowed us to sort ion channels into different fami-
plasts of thes@ OK1-hyperexpressing cells under a patch lies. The superfamily of K channels is probably the
clamp. Besides the expected Kutward current activat- most thoroughly studied and the knowledge gained from
ing at membrane potentiaV() above the K equilibrium  these studies illustrates how delicately each variety of
potential Ex+), a small inward current was consistently channel is tuned to a particular function (Hille, 1992).
observed when th¥,,, was slightly belowE,-. The in- A voltage-gated K channel of theShakersuperfamily is
ward and the outward currents are similar in their acti-a filter-fitted pore enclosed by four subunit proteins.
vation rates, deactivation rates, ion specificities anfi'Ba Each subunit has the motif of, SP-S;, where the Ss are
inhibition, indicating that they flow through the same transmembrane (TM) domains and P is the “P-loop”
channel. Thus, the yeast outwardly rectifying ghan-  containing the canonical TXGYGD sequence that forms
nel can take up Kinto yeast cells, at least under certain the K filter in the tetramer. Inwardly rectifying K

conditions. channels are similar, but with only two TMs arranged as
S,-P-S, [6]. Recently Doyle et al. (1998) solved the

Key words: TOK1 — YKC1 — K* channel — Yeast — crystal structure of a two-TM Kchannel from the bac-

Patch clamp terium Streptomyces lividanand revealed its architec-

ture at atomic resolution.
The genome sequence of the budding yesatcha-
Introduction romyces cerevisiaerevealed an open reading frame
(ORF) (Miosga, Witzel & Zimmermann, 1994) which

lon channels are best known for their roles in excitableconcepmaIIy corresponds to a channel peptide with eight

tissues; conducting ion currents during membrane excitMs and two P loops, arranged ag $P;-Se_7Po-Se.

tation and enabling the rapid propagation of action po-ThiS ORF is calledTOK1 (Ketchum et al., 1995), also

tentials in neurons and muscles (Hille, 1992; Armstrong<"0Wn asYKC1(Zhou et al., 1995)DUK1 (Reid et al.,

& Hille, 1998). However, channels are found in all cells ':Il%glfi andYORI; (Lesage et ?II% 1996).bDeIeti(cj)n of
including nonexcitable ones where they participate in removes the native yeast urrent observed un-

sensory reception, secretion, membrane-potentia) ( der patch clamp; overexpression ®0OK1 enhances it

regulation, and other functions. Though traditionally (Zhou etdal_.r,]X1995; Reid tet al., dlSi;)GTf])lil clan bel
studied in animals, ion channels are found in plants angXpPressed Infenopusoocytes an € heterologously
expressed K current has most of the characteristics of

the K" current native in yeast (Ketchum et al., 1995;

Lesage et al., 1996; Vergani et al., 1997; Loukin et al.,
I 1997). TOK1 currents show a clear outward rectification
Correspondence toC. Kung above the equilibrium potential of KE,+); i.e. when the
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V., is more positive than thE,-, the outward K current ~ of S. Kurtz, (Bristol-Myers Squibb, New Jersey) (Tang et al., 1995).
increases disproportionately, indicating increased ChanIh_'S strain has disruptions in both TRK1andTRK2K™ transporters.
nel open probability. This was observed in thé éur- It is referred to as the “double knockout mutant” and labeled as
rent native to yeast (Gustin etal.. 1986 Zhou et al 1995‘_‘ trk1A trk2A” below. The “triple knockout mutant” otrk1A trk2A

. ] “tok1A was generated by crossinglO911 with SGY1529 giving the
Reid et al., 1996; Bertl, Slayman & Gradmann, 1993;yenotypeMATa ade2-1, canl-100, his3-11/15, leu2—3/112, trpl-1,

Bertl et al., 1998) as well as in TOK1 heterologously ura3-1, trk1::HIS3, trk2:: TRP1, TOK1::URAS3This triple mutant was
expressed in oocytes (Ketchum et al., 1995; Lesage et akhen made Uraby transplacing (using electroporation) with a dis-
1996; Loukin et al., 1997). No clear inward current ruptedURA3gene (from Yep352ES, courtesy of Johan den Boon,
through this channel has been reported previousiypniversity of Wisconsin, Madison; disrupted from the interabR1
Whether this channel can serve as a conduit foirflux site at bp415 to th&tulsite at bp663) and selecting for Urauxot-

L . . rophy. This strain, named CF1001, has the genotyipda ade2-1,
under growth conditions (membrane polarized and int€z,,1_ 100, his3-11/15, leu2-3/112, trpl—1, ura3-1, trki:HIS3,
rior negative) is open to speculation. For example, Sery: TRP1, tokl::uraaEs.
rano (1991) suggested that TOK1 channels may mediate
the uptake of K in energized, hyperpolarized cells, and
the efflux of K™ in depolarized cells. The possibility of CELL CULTURES

uptake through the TOK1 Kchannel was again raised

recently by Bertl et al. (1998). Unlike animal cells, the SD, a synthetic medium having NHs the nitrogen sou_rce and g_Iucose
as the energy source (Sherman, 1991), was used in preparing proto-

m_embrane potential of f_ungl and plants is Iairgely deter'plasts for patch clamping. All other cultures were grown on modified
mined by the electrogenic’tbump. Though direct mea- arginine-based SL medium (Rodriguez-Navarro & Ramos, 1984),
surement from yeast is not practical (Bertl et al., 1998)which has a basal [} of 2 to 5 um K* and has the following com-
the V,, of yeast is thought to be very internally negative position: 10 n L-arginine, 5.0 mn glutamic acid, 1 m MgSQ,, 0.1
(some -100 to -200 m\/)_ Wm is more negative than mMm CacCl, 2% glucose, 4.4 m phosphate plus vitamins, amino acids,
E:, a small inward R current through TOK1 should and trace elements. Here, 0.5, 1.0, 5.0, 20.0 or 80M0KE1 was

. . . added to form the various test media. Colony-forming capability was
allow seepage of Kinto the cell, and, integrating over tested by plating on 1.5% agar in various-Bnriched SL media.

the cell C.yCIe' even a small seepage may b_ecome SIgn'flGrowth tests in liquid SL media were at 30°C and began with precul-
cant. Wild-type yeast has two powerful activé #ptake  turing in 5 mv K* (SL with 5 mu KCI, a medium permissive to all
mechanisms encoded BYRK1 (Gaber, Styles & Fink, strains). These overnight cultures were diluted with freshnski SL
1988; Ko, Buckley & Gaber, 1990) antRK?2 (KO & medium to an Oly, of 0.05, grown again, and were then used that
Gaber, 1991). The possible passive influx dﬁhrough evening to inoculate new cultures in the same medium at ag,Qdd
TOK1 would ordinarily be overshadowed by the strong 0.05. This is to make sure that the inocula were in the logarithmic

. . phase of growth and fully adapted to 5an$L. The changes in Ofg,
active Uptake by TRK1 and TRK2. To maximize the were monitored every 2 hr for a total of 12 h. Duplicate 1-ml samples

chances of detecting this passive influx, we examineGyere taken from the culture at the last time point (12 hr) and from the
yeast cells hyperexpressifigOK1 but deleted ofTRK1  preculture half an hour before the inoculation (time -0.5 hr) for the
and TRK2 We studied the growth patterns of this and analysis of K content and 4-ml samples were taken at the same times
other yeast cells on plates and in liquid media of differentfor dry weight determination.

[K*]ou (external concentration of ¥, measured their
[K™];, (internal K™ content) by flame photometry, exam-
ined membrane Kcurrents under patch clamp and found
evidence consistent with*Kinflux through TOK1 under

certain conditions. To determine dry weight, 4-ml samples from each of the above cultures
were collected by centrifugation in predried and preweighed microfuge
tubes, dried in an 80-90°C oven for >24 hr and then weighed again

Materials and Methods using a Mettler Toledo AG245 balance. Duplicate 1-ml aliquots of the
same cultures were each filtered through a 25-mm diameter m22-
nitrocellulose filter (Millipore) and washed with 4 ml of SL medium

PLASMIDS AND STRAINS with no additional KCI. Filters were placed in a 50-ml beaker and dried
at 80-90°C overnight. The filters were then resuspended in 4 ml of

pSUFYKCL1 (Zhou et al., 1995, Loukin et al., 1997) i2J®A3yeast double-distilled water and assayed for potassium content using a flame

expression plasmid with ZOK1 open reading frame inserted behind photometer (PFP7 Buck Scientific) following the instructions of the

the strong constitutive promoter of tiJF14gene (Hill et al., 1986).  manufacturer. Potassium content is expressed as nrigheikmg dry

pSUF000, a plasmid containing no insert was used as controlSAll  weight.

cerevisiaestrains used were derived from the “wild-type” W303, ge-

notype ade2-1 canl1-100 his3-11,15 leu2-3,112 trpl-1 ura3—

1. StrainAJ0911 isxW303tok1:URA3 Both strains were gifts of T.  PROTOPLAST FORMATION AND PATCH-CLAMP METHODS

Miosga (Institute fur Mikrobiologie, Darmstadt) (1994). StraiKU8

was selected for its Uraauxotrophy fromAJ0911 in the presence of Yeast protoplasting was carried out as described (Gustin et al., 1986;

5-flouroorotic acid. SGY1529, genotyp@ATa ade2-1 canl-100 Zhou et al., 1995; Bertl, Slayman & Gradmann, 1993) with minor

his3-11,15 leu2-3,112 trp1-1 ura3-1 trk1::HIS3 trk2:: TRIAs a gift modification. Briefly, cells were precultured overnight in 1 ml of SD

DETERMINATION OF DRY WEIGHT AND
PoTtassium CONTENT
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trk1A trk2A Cells in 1mM Table 1. Potassium content (nMol Kper mg dry weight) oftrk1A
trk2A yeast cells cultured in different media

with pSUFYKCA1 )
trk1A trk2A cells transformed with

pSUFYKC1 pSUFO00
i Precultured in 5.0 m K* 432 + 77* 184 + 8062
with pSUF000 Cultured in 5.0 m K* 361 + 37 151 +36
Cultured in 0.5 nu K* 54 +16 n.d.**

Fig. 1. HyperexpressingrfOK1 overcomes the K auxotrophy of a
trk1A trk2A double mutant missing the two known®Kransporters.  * p < 0.05 from the empty plasmid contral,= 3. ** Not determined
Leftmost spots show patterns of growth after 3 days at 30°C after arhecause of cell death.

inoculation with 5ul of culture at 0.2 OR,, Serial tenfold dilution of
the first inocula are shown to the righitop row trk1A trk2A double
mutant expressing the plasmid pSUFYK®httom row same mutant
expressing the empty plasmid pSUFOOO.

experiments in different concentrations of added K
permissive conditions, e.g., 5.0nK", the TOK1trans-
formed cells form larger colonies sooner than the empty
medium. A 0.1 ml aliquot was cultured the next morning in 1 mi of Plasmid control. Note that attk1A trk2A cells have a
fresh SD medium at 30°C for 2 hr. Cells were washed with 50 m Single chromosomal copy GfOK1,and the comparisons
KH,PQ,, 40 mv B-mercaptoethanol, pH 7.2 (KOH), and then incu- here are of the presence or absence of additional strongly

bated in 0.5 mI of the same buffer at 30°C for 0.5 hr. 01 ml of cells promotedTOKl transgenes |n muluple Copy
were then digested in 1 ml of the same buffer containing 2 mg/mi

zymolyase, 2 mg/ml glucuronidase, 30 mg/ml BSA andsdrbitol at

30°C for 1-2 hr, depending on strain and growth rate. Protoplasts Wer¢gsrowTH oF MUTANTS CORRELATES WITH THEIR

harvested and resuspended in 0.5 ml of 250KCI, 5 mm MgCl, and K* CONTENT

5 mm HEPES pH 7.2 (KOH). Patch-clamp examination was carried

out in the whole-cell mode as previously described (Gustin et al., 1986; . . . .
Zhou et al., 1995). Membrane currents were recorded using an epcthe plate phenotypes in Fig. 1 have their parallels in
patch-clamp amplifier (List Medical System) at room temperature. liquid cultures. Thetrk1A trk2A cells hyperexpressing
The signal was filtered at 1 kHz before digitizing and analyzing with TOK1 in trans proliferate faster than thek1A trk2A
PCLAMP 6.0 software (Axon Instruments). expressing the empty plasmid in liquid media containing
permissive [K],, ranging from 3 to 20 m K*. For
example, expression of OK1 transgene doubles the

Results growth rate of the empty plasmid control cells in 5.6rm

K™ (Fig. 2, filled symbols). Above 20 m K™ the
TOK1 CaN SupPORTCOLONY GROWTH AFTER KNOWN growth-rate difference between the two cell types be-
K™ UPTAKE MECHANISMS ARE REMOVED come obscure. Below 3mK™, cells with TOK1 trans-

genes grew slowly and the ones without did not grow.
Deletion of the K channel, TOK1, in the wild-type For example, in an SL medium containing 0.5 K™,
background has little effect on yeast growth under ordi-the former grows slowly, doubling only once in 10 hr,
nary laboratory conditions (Miosga et al., 1994; Zhou etwhile the latter died, as gauged by colony forming units
al., 1995; Reid et al., 1996). However, its possible roleon plates of a permissive (10MK™") SL medium (Fig.
in K* uptake can be tested more clearly in & &ixo- 2, open symbols). Growth became difficult to detect be-
trophic yeast strain. The two major Ktransporters, low 0.5 mu K*, even for theTOK1 hyperexpressing
TRK1 and TRK2 (Serrano, 1991; Gaber et al., 1988; Kocells. This contrasts the robust growth in less thap.&0
et al., 1990) enable the wild-type cells to proliferate in K* of wild-type yeast with intactRK1and TRK2.
the low micromolar K inherent to SL medium. The To rule out the possibility that TOK1 supports
trk1A trk2A double mutant, on the other hand, cannotgrowth oftrk1A trk2A cells by means unrelated to" Kve
form colonies on SL plates unless they are supplementedsed flame photometry to directly measure thedén-
with 3 mm or more of KCI. We tested the effects of tent, [K'];,, of yeast cells from the different cultures
TOK1 by expressing plasmid-bor@K1 genes driven represented in Fig. 2. Table 1 shows that the hyperex-
by the strong constitutivesSUF promoter. TheTOK1  pression of TOK1 is positively correlated with TK,.
transgenes so expressed clearly support colony formationhe inocula were cultured in the permissive SL medium
of trk1A trk2A on plates containing only 1 mK* (Fig.  with 5.0 v K* (Row 1 and 2, Table 1) as were the cells
1A, top row). This is not due to a nonspecific effect of in the first experiment (Row 2). While there is no dif-
plasmid transformation because the control cells transference between the'kcontent of the precultures (0.5 hr
formed with empty plasmids do not form colonies (bot- before inoculation) and culture (12 hr after inoculation),
tom row). The difference between the control and ex-the K" content of cells transformed withOK1-bearing
perimental is robust, repeatedly observed in more than 2plasmids is consistently more than twice that of control
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trk1A trk2A Cells
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Fig. 2 Growth oftrk1A trk2A cells in SL liquid media supplemented with 5.0 or 0.51#*. Cells were precultured starting with a concentration
of 0.05 ODy,, and grown for 12 hr. These culture € —0.5 hr) were used to assay {Kvalues and dry weights (Table) prior to redilution of
cultures to 0.05 ORy, (T = 0 hrs) for a further 12-hr growth. In SL media with 5.0vnKK*, a premissive concentratiotrk1A trk2A cells with
pSUFTOKI (filled squares) grow faster than those with the empty plasmid (filled circles). InM.&"ma restrictive concentratiotrk1A trk2A

cells with pSUFTOK1 grow slowly (open squares); thielA trk2A cells containing the empty plasmid do not grow (open circles). Bars are mean
+sp whensp is larger than the symboh = 3.

cells with empty plasmids. Cells witfOK1l-bearing symmetric test solutions diagramed by the inset of Fig. 3
plasmids inoculated into SL with 0.5MK™ survive and  (top). Below 0 mV, however, we found the membrane
grow slowly (Fig. 2, open square). Correlated with this current to reverse and flow inwardly, peaking at about
slow growth is a very low [K];, measured after 12 hr of —-10 mV and declining at more negative voltages (Fig.
culturing. The [KT;, of cells with empty plasmids in 0.5 3A, arrow). In all cases testea ¢ 20), this smaller in-

mm K™ cannot be reliably measured because these celkward current always accompanies the large outward cur-
are dying, and by 12 hr, nearly all dead. rent previously determined to be carried by knd
through a channel encoded BYK1 (Zhou et al., 1995;
Reid et al., 1996). Comparison of currents such as those
shown in Fig. 3 clearly show that, like the outward cur-
Currents through the plasma membrane of individuaf€nt. this inward current is induced by the pSUFYKC1
yeast cells have been examined directly with patch clamjplasmid and is therefore an expressiof 61 To con-

in the whole-cell recording mode (Gustin et al., 1986: firm that this inward current indeed flows through
Zhou et al., 1995; Reid et al., 1996) or excised inside-outl OK1, we tested whether it changes with the electromo-
mode (Bertl et al., 1993; Bertl et al., 1998). The TOK1 tive force of K". Figure 3 shows a separate experiment
channel in its native setting is ‘Kspecific, activates at that began as iA (symmetric 180 m K™ solutions) and

low voltages, and rectifies outwardly at voltages abovethe same currents are seen (the rising trace on the right in
E,-, the equilibrium potential of K (Zhou et al., 1995; Fig. 38). However, when the bathwas reduced to 90

Reid et al., 1996). This current is evident irklA ~ mm, both the outward and the inward current were found
trk2A protoplasts with empty plasmids and with an intactto be activated at more negative voltages. The leftmost
single chromosomal copy @fOK1 (Fig. 3A, second cur-  trace in Fig. B shows that when th&- is shifted by
rent trace). Deletion off OK1 erases this current (top changing the bath solution, the reversal potential of the
current trace). The current is dramatically amplified currents is shifted by =16 mV very close to the calculated
when the yeast cell is expressifi@@K1 from a plasmid Eg+ of =17 mV. In addition, the whole profile of the
driven by theSUF promoter (9) (Fig. & bottom trace). TOK1 current, including the inward current, shows a
As expected, this current activates strongly at voltageparallel left shift of =16 mV.

above theE,-+ which is at 0 mV here because of the The kinetics of TOK1 expressed in oocytes have

AN INWARD K* CURRENT THROUGH TOK1
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been modeled as C1 - C2 - O where C1 and C2 represent
closed states and O represents the open conformation.
The slower departure from the closed state has a set of
time constants on the order of hundreds of milliseconds
depending on the Kdriving force (Ketchum et al., 1995;

A +20 mvV Loukin et al., 1997). We found the outward and the in-
ward K" currents in yeast spheroplasts activate at similar
rates. In the experiment shown in Figh 4he activation

of the outward current has a time constant of about 380
msec; that of the inward current about 300 msec. The

180K+ | 180K™

- tok14 JLM small difference is expected, since the test voltages are
T O?t different. The deactivation rates of the two currents are
U UOeral 0 also very similar data not showp That the ensemble
trk1A trk2A (pSUF000) kinetics of the outward and the inward currents are simi-
ﬂ lar supports the notion that the same channel molecules

underlie both currents.
TOKZ1 current can be discerned at the microscopic
level even though unitary currents are small and flicker

|
/ i O}“ rapidly (Gustin et al., 1986; Zhou et al., 1995; Reid et al.,
e RV 1996; Loukin et al., 1997). We make use of this behav-
trk1A trk2A (pSUFYKC1) Pt o ' ior and let the coincidence of brief multiple openings
in indicate the direction of current flow. At very low posi-

tive voltages where the open probability is low, multiple
unitary outward currents sum into a form that appears as

B upward spikes rising from the baseline closed level (Fig.

4B, upper traces). At -10 mV, however, these spikes

10 pA oint downward from the baseline closed level, indicat-
| p

ing multiple unitary currents flowing inward (Fig.B4
middle traces). At -40 mV, where channel open prob-
ability is very low and the coincidence of multiple open-
ings rare, inwardly directed currents remain obvious but
the amplitude of spike-like activity is small (Fig.B4
bottom traces). These activities are comparable to those
previously reported for TOK1 (Gustin et al., 1986; Zhou
Fig. 3. Patch-clamp examination of various yeast protoplasts in Whole-ej[ a_l" 1995; Re'q etal., 1996; LOUK_m etal., 1997)_ and are
cell recording mode.4) Whole-cell currents from three types of pro- distinct from noises of the recording system, since the
toplasts at slow-ramp voltage. As diagrammed, both the pipette and thactivities greatly diminish rather than increase when the
bath contain 180 m K* solution. Thetop tracediagrams the command  voltage is lowered further from -=10 to —40 mV. In ex-
voltage from —120 to +20 mV applied. Tisecond traceshows current  periments where [K,,, is varied from 180 to 60 to 30
from a TOK1A cell deleted of its TOK1 K-channel gene (strain mm, the current reversed very near the expedges.

aKU8). Neither inward nor outward current is observed at this reso-, . . .
lution (only a brief current artifact). Thlird trace shows current from Like the outward K current, the inward current is also

atrk1A trk2A mutant cells (with an intact chromosmal copyT@K1) blocked by 20 to 30 m B&™* (data not ShOW)1
bearing the empty plasmid pSUFOQO. It shows an outwardly rectify-

ing current wherv,,, is above 0 mV (th&, + of the symmetric solutions

here). This current is similar to thHEOK 1current native to the wild type

with a single copy ofOK1[9, 16]. Inward current is not evident at this DELETION OF TOK1 FURTHER AGGRAVATES THE K*
magnification. Thebottom traceshows the current from k1A trk2A

mutant cell strongly expressing til@K1 current, due to the plasmid AUXOTROPHIC MUTANT
pSUFYKC1. A strong outward current is recorded above 0 mV as
expected ofTOKZI's outward rectification. However, at voltages just
below 0 mV, an inward current is clearly evident (arrow). Each trace is . .
typical of more than 20 protoplasts examineB) Parallel Shift of ~ 1N€ above experimentation uses yeast cells strongly ex-
currents withE,.+. As in (A), a pSUFTOK1-bearingk1A trk2A mutant ~ pressingrOK1transgenes from plasmids. It is more dif-
cellis first recorded in symmetric 180mrK*. The currentis similarto  ficult to demonstrate the possible role of the inward cur-
that of the bottom trace oA, as expected. After the bath solution is rent through TOK1 channels expressed from single copy
replaced with 90 m K* and 90 nu Na, both the outward and the  ~hromosomalTOKL If TOK1 serves as a Kuptake
inward current remain clearly discernable. However, the currents a?)athway, one would expect its removal to aggregate the

well as the reversal potential shift to the left by about 16 mV in parallel.
This shift indicates that both the inward and outward currents dre K pathology of thetrk1A trk2A double mutant. Indeed,

selective. Typical of 3 experiments. Leakage current has been subVhen plated on K limiting media, the triple knockout
tracted from bothA andB. tok1A trk1A trk2A grows less well than does the double

trk1A trk2 A(pSUFYKC1)
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trk1A trk2 A (PSUFYKC1) (e.0., 1 nm, Fig. 1), it is apparently detrimental when
+15 [K*]out IS high. For example, 80 m[K*],, is permis-
sion to these cells, as shown by cells expressing the
empty plasmids (Fig. 6, bottom row). Expression of
plasmid-borneT OK1 inhibits the growth of thes&rk1A
trk2A cells (top row). Similar results are found with
wild-type cells (i.e., TRK1 TRK2 expressing the two
plasmids ¢ata not showh

Discussion

We discovered that the yeast Khannel, TOK1, passes
an inward current at membrane potential slightly below
the equilibrium potential of K. This was found by mag-
nifying the TOK1 current through the hyperexpression of
TOK1 genes from plasmids. Such transgenes rescue

B trk1A trk2 A (pSUFYKC1) Vesmy from auxotrophic death _in Kpoor medig thetrk1A
out trk2A double mutant lacking the two active®Kuptake
4 “ o systems. At permissive but ‘Kpoor media, cells ex-

pressing the transgenes grow faster and accumulate more
K™ per weight than control cells. These results indicate
V=-10mv that yeast can use its TOK1 'Kchannel to take up Kin

| WWMWWMWWW"O vivo, at least in these circumstances.
in

K* FLUXES THROUGH TOK1

V=-40mV

T e The prominent outward rectification of a'Kurrent was
in noticed in the very first patch-clamp examination of the

yeast plasma membrane (Gustin et al., 1986). This rec-
5F’AlW tification is also a prominent feature when th©K1I1-
me encoded current was examineddenopusocytes (Ket-
Fig. 4. The inward and the outward currents have similar kinetigy. ( Chum et al., 1995; Lesage et al., 1996; Loukin et al.,
Current activation kinetics of a pSUFYKC1-bearitrig1A trk2A mu-  1997). Unlike strictly voltage-activated outward rectifi-
tant cell. Shown are activation of the outward current upon a stepers TOK1 channel open probability depends upon both
ctvaion of he inward current upon a step depolanzation rom 120" 219 Bc: and the channel activation profile shifts in
P b dep parallel with E- when [K'],.. is changed (Ketchum et

to =10 mV (the falling current trace). Note that the two currents have . . ! . .
similar activation rates. Single exponential fits resulted in time con-al" 1995; Reid et al., 1996; Lesage et al., 1996; Loukin

stants of 384 msec and 304 msec for the outward and inward current€t @l-, 1997). A value of an inward current at a voltage
respectively. Typical of over 20 experiment$) (Unitary current ~ below E.- is given in a nearly linear unitary-currens.
events observed at different voltagd©K1 microscopic current has  voltage plot by Bertl et al. (1995). However, because the
the appearance of flickering rapidly when examined at fast_tim_e baseyeast cell is small and the current density low, this in-
;‘L’?ﬁt‘;‘l"‘ecii?toﬁr:‘;ts’ ‘:toxi ?:tvv(z:)dovnjit:;eotfcg Qﬁéﬁa’siﬁﬁe';e-m ward current has been difficult to demonstrate directly in
mV, just belowE+, such currents point inward. At —40 mV (t;ottom yeaSt'_ Our_work using hypere).(pr?SSI()nT@Kl from a
trace) the less “noisy” trace indicates fewer multiple unitary events. plasmid driven by the Con_St'_tUt'VSUF]-A' perOter
Typical of over 20 experiments. clearly demonstrates that this inward current indeed ex-
ists in yeast (Figs. 3, 4). This inward current is blockable
knockouttrk1A trk2A (Fig. 5). This difference was con- by B&* as is the K outward current. The inward current
sistently observed over a range of limiting KKoncen-  is also continuous with the outward*keurrent inl-V
trations from 2 to 5 mi. We also found that when'is  plots reversing aEy+. That this inward current always
critical (5 mw), the addition of NH- to the SL medium accompanies the outward’Kurrent, is proportional to
inhibits growth of the triple knockout more than that of it, and has both activation and deactivation kinetics simi-
the double knockout. lar to it, further indicates that both currents flow through
the same channel protein, TOK1.
HYPEREXPRESSION OFTOK1 CaN ALSO
Be DELETERIOUS THE OUTWARD RECTIFICATION

Though the hyperexpression ®OK1complemented the Presumably, one of TOK1's functions is to reset the
K™*-uptake defects dfk1A trk2A cells in limiting [K*],,, membrane potential as do other outward rectifiers. This
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Deletion of YKC1 further aggravates K+ auxotrophy

W303
(WT)

Fig. 5. Cells grown after 3 days at 30°C on LS
media with 4 nm K* added. Shown are the wild type
(TRK1 TRK2 TOK1strain W303), the double mu-
tant trk1A trk2A TOKZY, strain SGY1529) and the
triple mutant {rk1A trk2A tokl1A strain CF1001).
Leftmost spots showd of culture at Oy, of 0.2
with 10-fold dilutions to the right.

SGY 1529
(trk 1A trk2A)

CF1001
(trk 1A trk2A yke1A)

trk1A trk2A Cells on 80 mM K+ TRK2 Further, deletion ofOK1 does not result in K
auxotrophy. Although we found that the deletion of
TOK1 further aggravates the'Kauxotrophy of therk1A
trk2A double mutant (Fig. 5), it is difficult to rule out the
possible indirect pathological aggravation of a third mu-
tation on a strain that already suffers two. That the triple
mutant is more sensitive to NHoxicity is consistent
with such an aggravation.

with pSUFYKC1

with pSUF000

Fig. 6. Hyperexpression oTOK1 in the trk1A trk2A double mutant
can block its growth at high concentration of KShown are the growth

pattern of cells with theTOK1 plasmid or the empty plasmid on SL HYPEREXPRESSION OFTOK1 CaN BE DELETERIOUS
plates containing 80 mK™ after 3 days at 30°C. Leftmost spots show

5 pl of culture at O of 0.2 with 10-fold dilutions to the right. .
" Roo 9 Although expressing the TOK1 transgene clearly rescues

thetrk1A trk2A double mutant (Fig. 1), such expression

notion seems reasonable since free-living cells should not necessarily beneficial. Active'Kiptake mecha-
have evolved mechanisms to recharge their membranddsms such as TRK1 and TRK2 that are directly coupled
using a prestored Kgradient; for example, upon depo- 0 energy may be expected to slow down or stop when
larization due to changes in the external milieu or afterK 'lin reaches a physiological limit (Ko & Gaber, 1991).
their membranes have been temporarily compromised?assive flows of K and its analogs through TOK1 are
Because TOK1 is activated according to theridotive ~ apparently poorly controlled. The hyperexpression of
force (V,,— E«+) and not just by the absoluié,, TOK1 ~ TOK1 can block yeast cell growth when K, is in-

should prohibit aV,, drift away from the dee|E,- re- ~ Ccreased (Fig 6). This may be due to excess amountof K
gardless of [K],. in the cytoplasm entered through the channel, although

we cannot rule out the possible entry of other contami-

. nating toxic ions.
K™ INFLUX THROUGH TOK1 CaAN SUPPORTGROWTH

Although TOK1 channels mediatekefflux in depolar- ~ THE PossIBLE PHYSIOLOGICAL ROLE OF K™ INFLUX

ized cells, Serrano (1991) and Bertl et al. (1998) suggestHROUGH TOK1

that these channels may mediate the uptake ofikder

certain conditions. We have demonstrated thiaigtake =~ What TOK1 does ordinarily when expressed from a
they proposed. By bacteriological methods, we havesingle copy gene in the wild type remains uncertain. In
shown that hyperexpression @1OK1 increases [K];,  yeast, unlike animal cells, thé,, is largely determined
and supports growth. By electrophysiological methodspy the action of the electrogenic "HATPase, PMAL
we have also registered inward' KKurrents through the (Serrano, 1991). Indirect experiments show that re-
TOKL1. Calculations show that this inward current is duced-functionpmal mutants seem to have lowst,,
more than sufficient to provide the'kneeded for yeast It therefore seems unlikely that TOK1 is the major de-
cell doubling. However, these experiments were carriederminant ofV,, in yeast, unlike in animal cells whekg,

out in a contrived situation: hyperexpressii@K1in s largely determined by Kconductance. TOK1, native
trk1A trk2A cells. Whether channels encoded by singlein yeast or expressed in oocytes, is clearly regulated by
copy TOK1 under normal control and normal promotion cytoplasmic pH (Lesage et al., 1996; Bertl et al., 1998;
takes up significant K for yeast cell remains uncertain. Zhou,unpublished observationsTOK1 channel activi-
K* uptake through TOK1 is certainly not necessary in theties are also strongly affected by €aconcentrations
wild type, which is equipped withTRK1 and (Bertl et al., 1993; Zhouynpublished observatiohand
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require the presence of cytoplasmic ATP (Bertl et al., inan outward-rectifying K channel from the plasma membrane of
1995). One could therefore speculate that TOK1 func- Saccharomyces cerevisiak Membrane Bi0I132:183—199-
tions in certain physiological adjustments by integratingPo'é: D-A., Cabral, JM., Pfuetzner, R.A., Kuo, A., Gulbis, J.M.,
the status oV, [K+]- , [K+] Ca2+, and cytoplasmic Cohen_, S.L., Chalt., B.T., Macklnr_10n, R. 1993. The structure of
m n out . potassium channel: molecular basis 6f ¢onduction and selectiv-
pH and [ATP]. How TOK1 may relate to Kchannels in ity. Science280:69—77
other organisms also requires further studies. The poSgink, m., Duprat, G., Lesage, F., Reyes, R., Romey, G., Heurteaux, C.,
sible uptake of K through TOK1 resembles the sug-  Lazdunski, M. 1996. Cloning, functional expression and brain lo-
gested function ofArabidopsis’ AKT1 (Hirsch et al., calization of a novel unconventional outward rectifief &hannel.
1998) which has the ;SsP-S; structural motif. At pres- EMBO J.15:6854-6862
ent TOK1 s the Only known Rechannel subunit protein Gatr)r?gm%r';r;esgloet:incrglji'r:ér:jk%o(rgh?g.]hlzfﬁgtz?:sosoilﬁi atlrzfl):s‘;i)rgftl in
‘t‘hat has a ,§,—5'P1_SG—TP2_SB structure, although Sev?ral Saccharomyces cerevisiae. Mol. and Cell. B&R848—2859
two-pored” channels of the $P,-S, 3P,-S, motif o iqein s AN.. Price, LA Rosenthal, D.N., Pausch, M.H. 1996.
have been reported in mammals dsophila,such as ORK1, a potassium-selective leak channel with two pore domains
TWIK1 (Lesage et al., 1996), TREK1 (Fink et al., 1996),  cloned fromDrosophila melanogasteny expression irfBaccharo-
and ORK1 (Goldstein et al., 1996). The physiological myces cerevisiae. Proc. Natl. Acad. Sci. US13256-13261
roles of these diverse Kchannels and their relationship Gustin, M.C., Martinac, B., Saimi, Y., Culbertson, M.R., Kung, C.
await further studies. Like plant and animal channels, 1986.1on channels in yeascience2331195-1197
TOKZ1 can be studied through oocyte expression and siteil: J-E.. Myers, A.M., Koerner, T.J., Tzagoloff, A. 1986. Yedst/
directed mutageneses. Being native to yeast, TOKZ can cgll shuttle vectors with multiple unique restriction siteéeast
. . . o, . 2:163-167
also be sub;ecteq to forwgrd ge”?t'c dissection usmgﬂlle, B. 1992. lonic Channels of Excitable Membranes, 2nd ed.
standard microbial genetic technique. For example, ginauer, Sunderland, MA
gain-of-function mutants selected after random mutagengjrsch, R.E., Lewis, B.D., Spalding, E.B., Sussman, M.R. 1998. A role
eses of TOK1 revealed that residues at the cytoplasmic for the AKT1 potassium channel in plant nutritioScience
ends of § and  are crucial in channel gating (Loukin 280:918-921
et al., 1997). Thus, future genetic and other studies maytetchum, K.A, Joiner, W.J., Sellers, A.J., Kaczmarek, L.K., Goldstein,
help us further understand the role of TOK1 in vivo, S.A. 1995. A new family of outwardly rectifying potassium channel
including the role of its inward current. proteins with two pore domains in tandeMature 376:690—-695
In sum, we have shown unambiguously that TOK1 Ko, C._H_., Buckley, AM Gaber, R.F. 199(11R_K_2is required for low
is capable of passing inward*teurrent in vivo. Under affinity transport inSaccharomyces cerevisiae. Genefi@$:305—

312
: . . +
speual circumstances this influx of 'kcan be used to Ko, C.H., Gaber, R.F. 199ITRK1 and TRK2 encode structurally re-

support growth. However, the role of TO_K]- in W"d'_ lated K* transporters in Saccharomyces cerevisiel. and Cell.
type yeast cells remains unclear and requires further in- Bijol. 11:4266-4273
vestigation. Lesage, F., Guillemare, E., Fink, M., Duprat, F. Lazdunski, M., Romey,

G., Barhanin, J. 1996 A pH-sensitive yeast outward rectifier'K
channel with two pore domains and novel gating properdieBiol.
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