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Patch-clamp studies of the yeast Schizosaccharomyces pombe reveal that the plasma membrane
contains a voltage-gated channel mildly selective for potassium over sodium, lithium, and
chloride. The channel exhibits several conductances with a maximum of 153 pS. The channel
gates in the region of physiologically relevant voltages, being closed at hyperpolarizing and
open at depolarizing voltages. It is not inhibited by tetraethylammonium, quinine, or quinidine
applied from the cytoplasmic side of the membrane; similarly, ATP and stretch have no effect.
The frequency of its occurrence in patches implies that about 35 channels of this kind are
present in the plasma membrane of a single cell.
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INTRODUCTION

The uptake of nutrients in yeast is driven by an
electrochemical proton gradient, Afi, ., across the
plasma membrane (Eddy, 1978, 1982), and the H*
gradient, in turn, is generated by the plasma mem-
brane-bound H*-ATPase (Goffeau and Slayman,
1981; Bowman and Bowman, 1986; Goffeau and Bou-
try, 1986; Serrano, 1988; Goffeau ef al., 1989). Both
processes are electrogenic and, on the scale of a whole
cell, are balanced electrically by an opposing potas-
sium current, presumably through ionic channels
(Hauer and Hofer, 1982; Hofer, 1989). Using the
patch-clamp technique (Hamill er al., 1981) these
channels can be identified and characterized.

Studies with yeast cells offer a model of higher
plant cells with several advantages: rapid growth,
homogeneity of cell population, and a suitability to
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genetic manipulation. The fission yeast Schizosaccha-
romyces pombe, strain 972h~, was shown by Hofer
and Nassar (1987) to take up D-glucose and non-
metabolizable analogues, 2-DOG® and glucosamine,
in symport with protons. Dufour and Goffeau (1980)
isolated and purified the plasma membrane ATPase of
this yeast and characterized its molecular and catalytic
properties. Only little information, however, exists as
to the molecular pathway of the counterbalancing
potassium current.

The first direct observation of yeast plasma mem-
brane channels came from patch clamp studies on the
strain Saccharomyces cerevisiae. Gustin et al. (1986)
reported a potassium channel with unit conductance
of 20 pS susceptible to inhibition by TEA and exhibit-
ing bursting kinetics. This potassium channel may be
identical with the 17 pS potassium channel in the same

3 Abbreviations: BSA, bovine serum albumin; 2-DOG, 2-deoxy-D-

glucose; DCCD, N,N’-dicyclohexylcarbodiimide; DTT, dithio-
threitol; EGTA, ethyleneglycol-bis-(f-aminoethylether)-N,N,N’
N’-tetraacetic acid; HEPES, N-2-hydroxyethylpiperazine-N’-2-
ethanesulfonic acid; MES, 2(N-morpholino)ethanesulfonic acid;
TEA, tetracthylammonium.
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yeast reported by Ramirez et al. (1989). The latter
exhibited similar gating behavior; however, in a plas-
ma membrane H* -ATPase mutant of the same yeast
strain it displayed certain characteristics identified
with plasma membrane H*-ATPases: activation
by ATP and inhibition by the H*-ATPase-selective
blocker DCCD. A later study by Gustin et al. (1988)
showed that the plasma membrane of the wild-type
harbors also a mechanosensitive channel permeable in
various degrees to both cations and anions.

To study the ionic channels of the plasma mem-
brane of the yeast S. pombe, we used the patch-clamp
technique (Hamill ez /., 1981). A preliminary report
on the results has appeared (Vacata et al., 1990).

MATERIALS AND METHODS

Cultivation of Cells

Schizosaccharomyces  pombe  strain  972h~
(NCYC 1824) was kept on 2% agar slants containing
5.8% glucose and 2% yeast extract in a refrigerator,
and reinoculated every 4 to 6 weeks. Yeast was cul-
tivated according to a modified method described
earlier (Hofer and Nassar, 1987). The cells were grown
aerobically at 30°C on a gyratory shaker in a medium
of the same composition. The pH was adjusted to 4.5
with HCI. A culture 1-4 days old was used to inocu-
late 50 ml fresh medium in a culture flask of 250 ml
capacity. Cells were harvested after 19h and washed
three times in 30 ml distilled water by centrifugation in
a J-2/C Beckman centrifuge. JA20 rotor, at 4000g
(6000 rpm) for 15sec, and the pellet resuspended.

Preparation of Protoplasts

Protoplasts were prepared according to the modi-
fied method of Dickinson and Isenberg (1982). The
fresh cell suspension was centrifuged at 4000g for
15sec., 250-mg portion of the cell pellet was trans-
ferred into 5ml of freshly prepared cell pretreatment
medium (CTM—100mM Na,EDTA, 100mM MES
and 40 mM DTT, pH 5.6) and incubated at 32°C for
30-40 min in a water bath. Cells were harvested by
centrifugation at 4000 g (5500 rpm) for 15 s. They were
then washed in 5ml cell wash medium (CWM—
300mM KCl and 20mM MES, pH 5.6), centrifuged
again, and resuspended in 5ml of freshly prepared
protoplast forming medium (PFM—600mM KClI,
20mM K,HPO,/citric acid, pH 5.6, shortly before
use, 20mM DTT, 10mM BSA, and 10mg/ml
NovoZym 234). The cells were then incubated for

Vacata, Hofer, Larsson and Lecar

70 min at 30°C in a water bath. Then 6 ml of ice-cold
1M protoplast medium (1M PM—1.0M sorbitol,
10mM KCl, 60mM 2-DOG, 11 mM EGTA, 10mM
MgCl,, 1 mM CaCl,, and 10 mM HEPES/KOH, pH
7.6) was added to the cell suspension, and the cultiva-
tion flask was placed on ice.

The treated cells were then observed under a
microscope. If no protoplasts formed, cells were re-
turned to the water bath and incubated another
30 min. When protoplasts formed, cells were washed
three times by centrifugation at 1500 g (3000 rpm) for
1.5-2 min and resuspended in 3 or 9ml (the last wash
to improve protoplast separation from cell debris) or
0.75M protoplast medium (0.75M PM—0.75M sor-
bitol, 140mM KCl, 60mM 2-DOG, 11mM EGTA,
10mM MgCl,, 1mM CaCl,, and 10mM HEPES/
KOH, pH 7.6). After the third wash, the cells were
resuspended in 3 ml of 0.75M PM, placed on ice, and
observed under a microscope. When protoplasts were
abundant, we used 1.00 Osm patch-clamp medium;
when protoplasts were scarce, we used 0.95 Osm patch-
clamp medium (see below). The protoplast media con-
tained 2-DOG to prevent cell wall regeneration.

Patch-Clamp Measurements

Patch micropipettes of resistances 4-8 MQ were
pulled in two stages from soft glass capillaries (Clay
Adams) and backfilled. Protoplasts were transferred
from 1M PM medium into a patch-clamp medium
(140mM XY, XY being the salt of interest, 11 mM
EGTA, 2mM MgCl,, 1 mM CaCl,, 10mM HEPES/
Tris, and 591-841mM sorbitol, pH 7.2, 0.90-1.15
Osm) of appropriate osmolarity (see above). Proto-
plasts suitable for patch clamping had a diameter of
6-10 um and were distinguished from spheroplasts by
a low-contrast boundary. Seals with resistances of
1-15GQ formed within 0-5min after touching the
cells with the micropipette and applying suction of
0-50mm Hg. After establishing a gigaohm seal,
excised inside-out patches were obtained by shearing
the cell away from the micropipette tip with a jet of
liquid. All patch-clamp measurements were done in
the inside-out mode, i.e., with the outer side of the
membrane facing the inside of the micropipette.* The
transmembrane currents were amplified by a List L/M

4 A note on voltage polarity: In the inside-out mode used through-
out the work, the voltage we refer to is that inside the electrode
which, with respect to the orientation of the patch, represents that
of the external medium of the cell. To translate the recording
potentials reported throughout this paper into in vivo cell poten-
tials, the sign must be changed.
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EPC-7 amplifier, filtered usually at 800 Hz through an
8-pole Bessel filter (Frequency Devices, Model
902LPF), and fed through a TL-1 Interface (Axon
Instruments) to an IBM-AT computer. The experi-
ment was either controlled through a pcLamp pro-
gram (Axon Instruments), or the voltages were con-
trolled manually while the signal was continuously
recorded on a computer hard disk using an AxoTape
program (Axon Instruments). Data were analyzed
using AxoTape, pcLamp, and StatGraphics (Statisti-
cal Graphics Corporation) software, and plotted on a
Hewlett-Packard LaserJet I1I printer.

Chemicals

NovoZym 324 was purchased from NOVO
INDUSTRI (Novo Biolabs, Bagsverd, Denmark),
yeast extract from DIFCO, and 2-DOG and the rest
of the chemicals of analytical grade from SIGMA.

RESULTS

Patch-Clamping of Yeasts

In the patch-clamp method, the tip of a glass
micropipette is pressed against the cell’s phospholipid
membrane and suction applied until a tight mechani-
cal and clectrical seal is formed. Under these con-
ditions currents through the membrane patch sealing
the tip of the micropipette can be measured. The
crucial prerequisite of this method is a direct contact
between the glass and the phospholipid membrane of
the cell; this condition is relatively easy to meet with
animal cells, but plant cells and microorganisms are
protected by a rigid cell wall, and sealing the micro-
pipette to the membrane patch poses a difficult pro-
blem. The standard procedures for preparing proto-
plasts in other kinds of studies are not suitable to the
patch-clamp technique because they do not render the
cell membrane sufficiently “clean.” We found that by
resuspending the protoplasts in a mildly hypoosmotic
patch-clamp medium, some of the slowly inflating
protoplasts allow formation of a gigaohm seal.
Electron-microscopic pictures of the protoplasts
indicate that most of their surface is still covered with
a certain amount of the cell wall or periplasmic material
residue. The hypoosmotic inflation of the cells appears
to “tear” this material and exposes the clean plasma
membrane to the external medium. When viewed in a
phase-contrast mode, these inflated protoplasts, some
of which are patch-clampable, appear darker than the
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other cells. The patch-clampable protoplasts can also
be found by a “rocking” test: of all the cells which rest
on the glass bottom of the clamping chamber, only the
ones with large areas of their membrane exposed to
the outside will have affinity to this glass bottom;
when the whole setup is gently rocked, these proto-
plasts, unlike the other cells, will appear to be attached
to the bottom.

Two Types of Channels

The voltage-clamped, inside-out patches of the
plasma membrane reveal a wide spectrum of conduc-
tances ranging from 8 to 160pS. We divide these
conductances into two categories.

Events associated with conductances in the range
of 31-160 pS (Fig. 1) we ascribe to multilevel gating of
a single species of channel; i.e., we conclude that they
do not represent a superposition of current events in
several different channels (see the next section). Events
in this category were the most frequent and, since they
appear to be functionally coupled, will be ascribed to
multilevel gating of a single species of channel desig-
nated as “153-pS channel” according to the mean
conductance implied by the largest occurring current
events.

The second category comprises events associated
with conductances in the range of 8-16pS (Fig. 2).
These events were rather rare, occurring in about one
out of 20 patches. There is no suggestion of correla-
tion among the observed events and therefore they
might naturally be supposed to originate from several
independent channels. However, one strong statistical
argument suggests some kind of coupling of the
observed current activities: in a majority of patches
these current events cannot be seen; yet, when they
occur, they always occur together. We mention these
small current events just as a note of interest: the focus
of this report is the 153-pS channel.

Multiple-Conductance Channel

An overview of gating of a single 153-pS channel
at different voltages is shown in Fig. 3A. Figure 3B
allows a detailed analysis of the multiplicity of the
conductance levels at + 90 mV. It reveals the presence
of five different conductance states termed 4 through
E which, we believe, make up the total of the possible
conductance states of a single multilevel channel pro-
tein. The figure serves to provide evidence of this
conclusion by clearly illustrating the interconnection
of the five conductance states. In Trace 1 of Fig. 3B,
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Fig. 1. Current events in the 31-160pS region. The individual
traces are all recorded from a single patch under identical con-
ditions, and the beginning of each trace corresponds to the onset of
an applied +90mV voltage step. Between each step the patch was
held for 20 at voltage of —80mV in order that ail channels would
be fully open. The patch was bathed in a standard clamp solution
on both sides of the membrane: 140 mM KCl, 11 mM EGTA, 2mM
MgCl,, 1mM CaCl,, 10 mM HEPES/Tris, and 591 mM sorbitol,
pH 7.2, 0.90 Osm. The numbers next to the current jumps indicate
the corresponding change in conductance, in pS. The initial bending
of traces is due to the capacitive current which follows the voltage
step from —80 to +90mV.

as a first example, a jump in the current from a high
conductance state, E, down to a lower conductance
state, 4, is accompanied by the onset of a rapid flicker-
ing between states 4 and B. Assuming these current
events to be associated with the activity of membrane
channels, the coincidence of the initial downward
jump with the sudden onset of flickering seems too
unlikely in any interpretation but one which ascribes
the events to a single channel. Similarly, this argument
applies to the subsequent siep-like current event of
~ 200 ms duration occurring between levels 4 and C:
the jump to C is coincident with an immediate cessa-
tion of the flicker, which then spontaneously resumes
upon transition down to A. Therefore, conductance

’ 2 pA
300 ms

Fig. 2. Current events in the 8-16pS region. All six traces repre-
sent one continuous record of the current through a membrane
patch held at +80mV for 30s. The patch solution is the same as in
Fig. 1. The numbers next to the current jumps indicate the change
in conductance in pS. The trace does not suggest any correlation
between the events. The first four events in the third trace might
indicate the gating activity of two independent channels, in which
case we see an 8-pS channel open, followed by a 16-pS channel, after
which the 8-pS channel closes, again followed by the 16-pS channel.

state C ought to be associated with B, and hence also
E, and all three should be taken as states of a single
channel. Additional records collected over the range
of — 90 to +90mV show that states 4 and F represent
the fully closed and the fully open conductance states
of this channel.

Trace 2 of Fig. 3B shows a jump from a high
conductance state to a lower one, followed by several
rapid switches to a still lower state. The absolute
magnitude of the current levels and the differences
between them allows us to identify them with states E,
C, and A of the one channel.

Traces 3 and 4 of Fig. 3B and reasoning similar
to that above indicate yet another conductance state
(or even a group of conductances), D. At the begin-
ning of Trace 3 we see that the patch-current fluc-
tuates between an amplitude of D and F and that this
flicker is of a certain character. Following a transition
between levels E and A, one familiar from Trace 1, a
flickering of a visibly different character begins, which
seems to be the already discussed transition AB.

A better resolved conductance switch between the
fully open and the closed state is given in Fig. 3C. This
and other records indicate that at a given resolution
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Fig. 3. (A) Gating activity of the potassium channel in the excised inside-out patches of the yeast S.
pombe. Foe each current trace the membrane was held at a potential indicated to the left of the trace;
between the episodes the patch was held at —80mV for 20s to open the channel for the next episode.
The horizontal lines to the right of the current traces indicate the current level of the closed channel.
The patch was bathed in a standard clamp solution on both sides of the membrane: 140mM KCI,
11mM EGTA, 2mM MgCl,, 1l mM CaCl,, 10 mM HEPES/Tris, and 591 mM sorbitol, pH 7.2, 0.90
Osm. The initial bending of traces is due to the capacitive current after switching the voltage from
—80mV to the clamp potential. (B) Subconductance states of the 153-pS channel. Excerpts from the
current records of a single patch. Experimental setup as in (A). In all traces the membrane patch was
clamped at +90mV. The five conductance states are termed 4 through E, where A is the fully closed
state and E is the fully open one. A detailed description of the conductance jumps is given in the text.
(C) Highly resolved conductance jump between levels £ and 4. Clamp voltage +80mV, filtering

bandwidth 800 Hz.

the conductance switch between the two extreme con-
formational states of the channel can proceed directly,
without any observable residency in the conductance
substates. Such a current switch with a simultaneous
opening or closing of four functionally unlinked
smaller channels would have an infinitesimally small
probability.

Together these observations strongly suggest that
(1) the initial flickering in Trace 1 of Fig. 3B arises not
from a small and distinct channel superimposed on the
record over a larger one, (2) this flickering is connect-

ed with the channel responsible for the transition FA4,
and consequently that (3) level D is yet another con-
ductance state of the same channel associated with
states 4, B, C, and E.

Interlevel Gating

Various transitions between the five conductance
states were observed to occur. Figure 4 illustrates
which interlevel transitions were observed at different
voltages for a single patch. Nine of the ten possible
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Fig. 4. Interlevel gating. The number at the upper left corner of
each square indicates the voltage at which the transitions were
observed. The probability of transitions between the lower-conduc-
tance states increases at voltages of absolute magnitude greater than
60mV. For lower voltages the most frequent transition is that
between the fully open and fully closed states. The only transition
that has not been observed is that between states B and C.

transitions between the five conductance states were
recorded, only the transition between states B and C
being absent. The probability of gating between one
subconductance state and another, or between one
substate and the fully open state, increases sharply at
voltages of absolute magnitudes higher than 60 mV.
For voltages between — 60 and + 60 mV the gating is
more sporadic; the correlation of the five conductance
states is much less readily apparent, and events might
easily be taken as the activity of several channels.

Values of the Conductances of the Individual States

The current-voltage characteristics of the four
open conductance states of the 153-pS channel are
depicted in Fig. 5. At positive pipette voltages the
current-voltage characteristics of all conductance sta-
tes appear linear. At negative voltages, the charac-
teristics deviate slightly from linearity, and the con-
ductance transition denoted as AC shows some rec-
tification, possibly caused by yet another conductance
substate. From the figure, the conductances of the
four open states for positive voltages are:B43 + 5pS,
C 8 + 7pS, D 128 &+ 5pS, and E 153 £ 6pS
(n = 12).

There is no conflict between these values and the
values implied by certain other events, for example,
the 31-pS transition shown in the sixth trace of Fig. 1:
this event can be reasonably ascribed to an inter-
substate transition DE, since according to the values
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Fig. 5. -V plots of all conductance states for transitions to and
from the fully closed state. At positive voltages, the characteristics
of all states are linear, while at negative voltages the characteristics
deviate slightly from linearity. Conductance C either exhibits rec-
tification at negative voltages, or owes its nonlinearity to another
undiscerned sublevel of conductance. In the region of positive
voltages the conductances are B 43 4+ 5pS, C 89 4+ 7pS, D
128 +£5 pS,and E 153 £ 6pS (n = 12).

reported above we would expect such a transition
DE =D — E =25 + 11pS. Indeed, no less than
nine categories of events were observed, all of which
were ascribable to gating between the four different
conductance states, and no other conductance sources
need be postulated to account for the events recorded,
excepting only the 8-16-pS events mentioned above.

Dwell Times of Conductance States and
Time/Conductance-Averaged Currents

The dwell times of individual conductance states
for a range of voltages are shown in Fig. 6. At the
physiologically relevant voltages, + 30 mV and above,
the highest degree of substate activity is observed,
whereas below + 30 mV and at negative potentials the
channel resides in the fully open state E the whole of
the time (note that a dwell time of 8s indicates the
state was stable for the duration of the entire record-
ing).

The time- and conductance-averaged current
I(V') represents a general function which takes into
consideration the fraction of time spent in, and con-
ductance carried by, individual conductance states. It
can be calculated as a function of voltage:

S (V). P(V)

Iv) = i‘—n——— 14 )
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Fig. 6. Dwell times of conductance states. Points are derived from
sixteen 8-s intervals following an applied voltage step from a hold-
ing potential of —80mV to the various clamp potentials, and take
into account events of greater than ~ 50ms duration. B through £
correspond to the conductance states discussed in the text. Notice
that the main region of activity occurs at positive voltages, which
are the physiologically relevant negative membrane potentials.

where G;(V) is the conductance of the i state at voltage
V, P.(V) is the fraction of time the channel spends in
that state, and » is the number of nonclosed conduc-
tance states. The resulting -V curve, shown in Fig. 7,
reveals strong rectification at the physiologically rele-
vant voltages, leading to small positive currents. In
this region the fully open state F accounts for roughly
half of the channel’s activity, as can be seen by com-
paring the two curves of Fig. 7. Hence, in intact yeast
cells we would expect roughly half of the ionic current
to flow through the fully open channels and the other
half through channels in the other conformational
substates.

Ton Selectivity

The ion selectivity of the channel was determined
from its current-voltage characteristics, either with
different KCl concentrations across the membrane, or
under biionic conditions. The former measurement
allows to determine the ratio of the potassium to
chloride permeability using a rearranged Goldman~
Hodgkin-Katz potential equation:

PK A — e(F/RT)Vrev
x _ A 7 @)
P Ae(F/RT)VreV —1

where V., is the reversal potential, P; and P, are the
permeabilities of the channel with respect to potas-
sium and chloride ions, 4 = [K*],/[K*], = [Cl" ]/

1
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Fig. 7. Time/conductance-averaged currents. The averaged cur-
rents were calculated using Eq. (1). The data were compiled from 12
different experiments for the conductance values, and three experi-
ments for the dwell-time values. Circles—averaged currents for all
conductance sublevels; squares—averaged currents for only the
fully open state E of the channel. The curves show strong rectifica-
tion at the physiologically relevant voltages.

[C17],, Fis the Faraday’s constant, R is the gas con-
stant, and 7 is the absolute temperature. The biionic
measurement allows one to determine the selectivity of
the channel to potassium relative to other cations
according to the alternate expression of the Goldman—
Hodgkin-Katz equation

PK _ B
PX - (B + l)e(F/RT)Vrev — 1

A3)

where B = Py [P . The results of the measurements
for a single patch are shown in Table I, in which we
can see that the permeability of the channel to the ions
tested goes Py > Py, > Py > Pq.

Table I. Ion Selectivities of the Channel”

K* Na* Li* cl-
V., (mV) 0 —102 —15.1 —192
PPy 1 1.6 2.1 6.1

“Permeabilities were derived from the reversal potentials obtained
at T = 297K with 140mM KCl inside the micropipette, and
various bath solutions: 46.7mM KCl for determination of P /P
[Eq. (2), 4 = 3}and 140mM LiCl and NaCl for determination of
PPy and P[P, [Eq. (3)], respectively. The tabulated values
represent the average of two measurements each; therefore, no
deviations are given.
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Insensitivity to Common Potassium Channel
Blockers, Stimulants, and Inhibitors of ATPases, and
Mechanical Stretch

Since the channel appears to be potassium-selec-
tive, we checked the effect of the common potassium
channel blockers TEA (10 mM), quinine, and quin-
idine (both 50uM). The blockers were perfused
through the bath solution external to the micro-
pipette, and were therefore administered to the cyto-
plasmic side of the membrane patch. No effect was
observed. Similarly, in light of the effects in S. cerevi-
siae, ATPase mutants reported by Ramirez et al.
(1989) in which activation and blocking of that yeast’s
potassium channel were observed in response to per-
fusion of ATP and DCCD, respectively, we tested
these substances, observing no effect.

To test for the sensitivity of the channel to
mechanical stress, we applied negative pressures of up
to 15kN m™? to all patches, regardless of the channel
activity. This mechanical stretch of the membrane
produced neither additional gating in the patches con-
taining the channel, nor activation of any channel in
patches which appeared to contain no channels.

Density of Channels in S. pombe Plasma Membrane

Based on the diameter of the average protoplast
and micropipette tips, and statistics on the number of
membrane patches which contained none, one, or
more channels, we may estimate the density of expres-
sion of the 153-pS channels in the average yeast plas-
ma membrane. The selection of small patches of mem-
brane from whole yeast cells is a random process, and
we can test the channel statistics by comparing the
number of actually observed channels to the expected
Poisson distribution:

—m ok

k!

e

P(k) = (4)

where P(k) is the probability of finding k channels
in a patch, and m is the mean number of channels
observed.

Out of a representative ensemble of 39 membrane
patches, one patch contained two channels, eight
patches contained one channel only, and 30 patches
contained no channels at all. Therefore, for 10 chan-
nels per 39 patches, m = 10/39 = 0.256, and we can
compare the theoretical distribution of channels in
patches to the number actually counted on the basis of
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Table II. Probabilities of Finding Channel in a Membrane Patch

Probability Experiment Theory
P(0) 30/39 = 0.769 0.774
P(1) 8/39 = 0.205 0.200
P(2) 1/39 = 0.0256 0.0254

gating activity (Table II). The close agreement bet-
ween the experimental and theoretical values demon-
strates that the statistics follow Poisson distribution,
that the number of channels observed corresponds to
the number of channels present in the membrane
patch, and that we may justifiably extrapolate from
the observed density of channels in patches to the total
population within the cell.

Since the average protoplast diameter is ~ 8 um,
the total area of the whole cell plasma membrane is
approximately 200 um?*. The type and shape of micro-
pipettes used imply (Ruknudin ez a/., 1991) an average
patch area of 1.5 um*. The representative ensemble of
39 membrane patches therefore represents a sampling
of 58 um? of the cell surrface, in which we found 10
channels. In the total surface of 200 um?® of the whole
yeast protoplast one would thus expect about 35 chan-
nels.

A possible pitfall in the extrapolation of the chan-
nel population from the observation of the channel
activity is that perhaps not all channels within the
patch of membrane under observation are always
active; i.e., perhaps there are significant periods of
“dormancy” for the channel which is then not
observed and counted.

DISCUSSION

The plasma membrane of S. pombe harbors at
least three different types of ionic channels: one 153-
pS potassium channel and two smaller ones, 8- and
16-pS channels. Our study concentrates on the former
one.

The 153-pS channel is voltage-dependent, mildly
selective for potassium over other ions. The channel
activity fits well the presumed physiological role of the
channel, which is to counterbalance the flow of pro-
tons across the membrane, be it in the outward direc-
tion through the H*-ATPase or in the inward direc-
tion during the symport with various solutes. The
observed channel activity meets the behavior of the
expected potassium channel: for a depolarized mem-
brane the channel is open, allowing potassium ions to
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flow into the cell down the electrochemical gradient
generated by the H*-ATPase, while for a hyper-
polarized membrane the channel shuts close, provid-
ing a mechanism to control the potassium gradient as
well as the performance of the H* -ATPase.

The channel activity is insensitive to the common
potassium channel blockers TEA, quinine, and qui-
nidine applied from the cytoplasmic side of the mem-
brane. By its insensitivity to TEA, the channel differs
from that reported in S. cerevisiae (Gustin et al.,
1986). The response of the S. pombe channel to TEA
cannot, however, be considered as conclusive since
TEA is fully effective when applied to the outside of
the plasma membrane and at higher concentrations.
On the other hand, in reconstituted plasma membrane
vesicles from Metschnikowia reukaufii already 2 mM
TEA inhibited the generation of ApH by 50% when
applied from the cytoplasmic side of the inside-out
vesicles (Glaser and Héfer, 1987). Van de Mortel et al.
(1990) reported a massive, TEA-insensitive potassium
efflux from S. cerevisiae through putative potassium
channels induced by onset of glucose fermentation.
Hence, the sensitivity of ionic channels of the yeast
plasma membrane to TEA does not appear to be
obligatory.

The occurrence of this 153-pS channel is repro-
ducible and independent of any activating means,
such as mechanical pressure or chemicals. The gating
of this channel entity is complex, exhibiting several
closely associated subconductance levels and thus
raising the question of its nature.

Two models seem to be plausible in explaining
the multiple conductance levels. In the first one, the
channel entity can be seen as a single barrel which is
capable of undergoing several conformational chan-
ges. The tight functional coupling, i.e., the coincidence
of onset or cessation of flickering with the opening or
closing of the channel, and the direct transitions bet-
ween the closed and the fully open states, seems to be
an intuitively acceptable feature of such a single-barrel
channel. In the second model the channel consists of
several identical and functionally tightly coupled bar-
rels. This is suggested by the observation that the
conductance transitions are, within experimental
error, integral multiples of the smallest conductance
'step. The transition kinetics of this multi-barrel entity
would be highly cooperative since most of the time the
barrels stick together. At this moment there is no
conclusive evidence for either of these two models. A
blocker that would either close the whole channel
(Model 1) or bring out individual sublevels (Model 2)
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may solve this problem. However, such a blocker has
not yet been found.

The long-standing dilemma of the yeast plasma
membrane physiology is the coupling of the proton to
potassium currents across the membrane. Two views
are being discussed at present. According to the first
one the H*-ATPase of fungal plasma membranes is a
pure electrogenic proton pump (Goffeau and Slay-
man, 1981; Goffeau and Bountry, 1986; Serrano,
1988). The potassium channel is a protein entity
independent of the H*-ATPase, and the sole driving
force for the uptake of potassium into the cell is the
electrochemical gradient generated by the H*-
ATPase. The currents of the two ions are coupled
indirectly by means of an obligatory charge compen-
sation. The channel described in this paper might be a
good candidate for this independent transporter: it is
potassium-selective and exhibits the right gating
characteristics.

According to the other view (Poole, 1978; Vil-
lalobo, 1982, 1984, 1988; Hofer and Gliser, 1989) the
potassium channel is a part of the H* -ATPase which
operates as an electrogenic H™ /K * exchanger similar
to the sodium pump of animal cells (Cantley, 1981). In
this case the coupling of the two ionic currents would
be direct via one protein complex energized by the
hydrolysis of ATP. If this were the case with the
plasma membrane of S. pombe, one would expect to
see some effects on this channel of the H"-ATPase
activators or blockers. However, none was observed.
Moreover, there is a discrepancy between the densities
of the potassium channels and the H* -ATPases in the
plasma membrane of S. pombe: while the observed
proton gradients have to be generated by 10°-10° of
slow-pumping H* -ATPases (Slayman, 1987), there is
only about 35 potassium channels in the plasma mem-
brane of a single cell. Hence this second view does not
seem to apply to the plasma membrane of S. pombe.

The main physiological role of the observed
channel is, to our opinion, the control of the electrical
potential difference across the yeast plasma mem-
brane. The high potassium concentration gradient
serves as a buffer of the membrane potential: by
depolarizing the plasma membrane, the potassium
channels open and the outflow of positive charges
repolarizes the plasma membrane again. This happens
under physiological conditions, e.g., by the onset of a
symport. Indeed, a stoichiometric efflux of potassium
coupled to H™ /sugar symport was observed in the
yeast Rhodotorula glutinis (Hauver and Héfer, 1982).

The rather moderate specificity of the described
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channel for potassium is also consistent with such a
function of the channel. For an electrical charge com-
pensation it is irrelevant which ionic species carries the
compensating charges. In experiments with isolated
plasma membrane from S. pombe incorporated in
proteoliposomes the ionic preference for charge
compensation during Afiy, generation was
K* > Na* » Li* and CI- = NOj » SO;~ (Mair
and Hofer, 1988). The activity of another yeast plasma
membrane H*'-ATPase from M. reukaufii incor-
porated in proteoliposomes exhibited a remarkable
stimulation by alkali ions, K* being the most effective
one, followed by Na*™, NH{, and with a considerably
lower efficiency also by Li* (Gldser and Hofer, 1987).
A similar low ion selectivity was reported for the
mechanosensitive channel of the yeast S. cerevisiae
(Gustin et al., 1988). This may imply that the channel
detected in S. pombe is of the same nature. However,
the ionic channel of S. pombe plasma membrane
exhibited no response to mechanical stretch. In mam-
malian membranes a low selectivity toward alkali ions
was also reported, e.g., for the ¢cGMP-dependent
channel from bovine photoreceptor membranes
(Hanke et al., 1988; Lithring et al., 1990).

In view of these results, we conclude that the
identified ionic channel in the plasma membrane of S.
pombe is a membrane protein entity different from the
H*-ATPase, serving to control the membrane poten-
tial. On the other hand, our results provide no
evidence in favor of the H*-ATPase being either a
pure electrogenic H*-pump or an electrogenic H* /K-
exchanger. Although the identified ionic channel and
the H* -ATPase are undoubtedly different from each
other, the later may still catalyze the potassium uptake
in exchange for H*. This uptake would then be inde-
pendent of the potassium flux through the channel.

The discovery of the multiconductance ionic
channel in the yeast plasma membrane raises the ques-
tion of the physiological significance of the various
subconductances. In general, the main gating between
the closed and the fully open states of the channel
occurs at physiologically relevant voltages, allowing
massive fluxes of electrical charge across the mem-
brane. The physiological role of the low-conductance
events may consist in a finer adjustment of the mem-
brane potential by fine-tuning of the ionic flux
through the channel. This role may be confirmed by
further patch clamp examination of mutant cells with
an altered ion transport.

One perplexing aspect of the plasma membrane
physiology of S. cerevisiae is the rather large amount
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of different potassium channels reported to date
(Gomez-Lagunas et al., 1989; Gustin et al., 1986,
1988; Ramirez et al., 1989). The conductances of these
potassium channels, as normalized to 140 mM KCl,
which we used in our experiments, are approximately
20, 35, 50, 70, and 160 pS. It is not clear why a plasma
membrane of one cell should harbor so many different
types of potassium channels, and why different
research groups would observe different potassium
channels. In our case, with the yeast strain of S.
pombe, we observed one 153-pS channel which, how-
ever, exhibits four open conductance levels, with
conductances of 43 + 5, 89 + 7, 128 + 5, and
153 + 6pS. Considering the fact that transitions bet-
ween all conductance levels seem to be allowed, this
channel makes possible a total of six distinctive con-
ductance transitions that could be related to the chan-
nels reported earlier: 25 + 11, 43 + 5, 64 + 13,
89 + 7,128 + 5,153 + 6pS. At low voltages some
of these conductances occur sporadically, suggesting
no link to a multiconductance channel (Fig. 3A, traces
at —30, —45, —60mV). Even though our observa-
tions were made with a different yeast strain, we do
not exclude the possibility that some of the seemingly
different potassium channels observed with the yeast
S. cerevisiae are expressions of one multiconductance
potassium channel.

Finally, the ability to record single-channel
events in the plasma membrane of the yeast, a simple
eukaryote which can easily be manipulated by genetic
engineering, potentially allows an electrophysiological
examination of foreign channel genes expressed in
these cells. A successful expression of an algal glucose-
symporter gene in S. pombe has already been reported
(Sauer et al., 1990).
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