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Summary. The plasma membrane of the yeast Saccharomyces
cerevisiae has been investigated by patch-clamp techniques, fo-
cusing upon the most conspicuous ion channel in that membrane,
a K7-selective channel. In simple observations on inside-out
patches, the channel is predominantly closed at negative mem-
brane voltages, but opens upon polarization towards positive
voltages, typically displaying long flickery openings of several
hundred milliseconds, separated by long gaps (G). Elevating cy-
toplasmic calcium shortens the gaps but also introduces brief
blocks (B, closures of 2-3 msec duration). On the assumption that
the flickery open intervals constitute bursts of very brief openings
and closings, below the time resolution of the recording system,
analysis via the beta distribution revealed typical closed durations
(interrupts, I') near 0.3 msec, and similar open durations. Overall
behavior of the channel is most simply described by a kinetic
model with a single open state (), and three parallel closed states
with significantly different lifetimes: long (G), short (B) and very
short (). Detailed kinetic analysis of the three open/closed transi-
tions, particularly with varied membrane voltage and cytoplasmic
calcium concentration, yielded the following stability constants
for channel closure: K; = 3.3 - ¢ in which u = ¢V, /kT is the
reduced membrane voltage, and z is the charge number; K; =
1.9+ 107%[Ca?]- e*)~';and K = 2.7 - 10%([Ca®* ] - )2 Because
of the antagonistic effects of both membrane voltage (V,,) and
cytoplasmic calcium concentration ([Ca”]cyt) on channel opening
from the B state, compared with openings from the G state, plots
of net open probability (P,) vs. either V,, or [Ca?*] are bell-shaped,
approaching unity at low calcium (uM) and high voltage (+150
mV), and approaching 0.25 at high calcium (10 mm) and zero
voltage. Current-voltage curves of the open channel are sigmoid
vs. membrane voltage, saturating at large positive or large nega-
tive voltages; but time-averaged currents, along the rising limb of
P, (in the range 0 to +150 mV, for 10 uM [Ca®*]) make this channel
a strong outward rectifier. The overall properties of the channel
suggest that it functions in balancing charge movements during
secondary active transport in Saccharomyces.

Key Words K* channels - patch clamp - Saccharomyces -
outward rectifier - voltage dependence - calcium dependence

* Present address of corresponding author: Pflanzenphysi-
ologisches Institut, Universitdt Géttingen, Untere Karspiile 2
3400 Gottingen, Germany

Introduction

Fungal cells, particularly those of Neurospora and
Saccharomyces, have long served as model cells for
biochemical and physiological experiments, having
the major advantage that they are readily studied via
genetics and molecular biology. Thus, the recent
growing interest in function and structure of ion
channels, particularly in plant-cell systems, has nat-
urally extended to fungi, for which specific earlier
evidence of channe! function came from observa-
tions of action potentials (Fuller & Pickard, 1976;
Slayman, Long & Gradmann, 1976; Caldwell, Van
Brunt & Harold, 1986), and from identification of
strongly rectifying conductances at the extremes of
normal membrane voltage (Blatt, Slayman and Lew,
manuscript in preparation). The first explicit demon-
stration of ion channels in fungi was the identifica-
tion, via patch-clamp experiments, of a K* channel
in the plasma membrane of Saccharomyces (Gustin
et al., 1986). That was followed by the description
of a (mechano-) stress-sensitive channel in the same
membrane (Gustin et al., 1988), by a reported assort-
ment of channel-like currents in bilayers to which
yeast membrane vesicles had been fused (Gomez-
Lagunas et al., 1989), and by demonstrations of a
cation channel in the yeast tonoplast (Wada et al.,
1987; Tanifuji et al., 1988; Bertl & Slayman, 1990),
multi-state cation channels in Schizosaccharomyces
plasma membrane (Larsson et al., 1992), and again a
stress-sensitive channel in Uromyces plasmalemma
(Zhou et al., 1991).

Despite the impetus given to channel studies in
Saccharomyces by recent successes in cloning and
sequencing genes that encode for K* transport mole-
cules (Gaber, Styles & Fink, 1988; Ko, Buckley &
Gaber, 1990; Ko & Gaber, 1991) and in functionally
expressing plant K* transporters in yeast (Anderson
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et al., 1992; Sentenac et al., 1992), patch-clamp ex-
periments on yeast plasma membranes had remained
difficult (and therefore rare), at least partly because
of the peculiar mechanical properties of this particu-
lar membrane.

The principal objectives of this study, then,
were (i) to refine the procedures for handling Sac-
charomyces in patch-clamp experiments, to make
the organism more generally useful; (ii) to obtain a
detailed description of the major channel type in
yeast plasma membranes, and thereby, (iii) to pro-
vide the basis for structure/function studies to be
conducted in yeast on native channels as well as on
cloned channels of plant and animal origin; and (iv)
to quantify both the gating and the conductance
characteristics of the major channel type, so that it
can be plausibly modeled in kinetic terms.

Materials and Methods

GrOWTH AND HANDLING OF CELLS

All experiments were carried out on the tetraploid strain YCC78,
of Saccharomyces cerevisiae, which was selected for its large
size (about 1.6x diameter of normal haploid yeast) and was sup-
plied by Dr. Michael Snyder (Yale Department of Biology). The
strain, which requires adenine and uracil supplementation, was
grown overnight in YPD medium (30 ml per 125-ml Erlenmeyer
flask; 25 °C) with rotary shaking at 120 rpm. Cells were harvested
by low-speed centrifugation (500 X g for 5 min), resuspended in
10 ml buffer A (50 mm KH,PQ, titrated to pH 7.2 with KOH, plus
40 mM B-mercaptoethanol) repelleted, resuspended in 3 ml buffer
A, and then incubated at 30 °C for 30 min with occasional shaking.

Protoplasts were formed by adding 3 ml of buffer B (50 mm
KH,PO, titrated to pH 7.2 with KOH, plus 40 mM S8-mercaptoeth-
anol and 2.4 M sorbitol), along with 2 mg/ml zymolyase, 2 mg/
ml glucuronidase, and 30 mg/ml BSA. The mixture was then
incubated at 30 °C for 45 min, and protoplasts were harvested by
low-speed centrifugation and resuspended in buffer C (250 mm
KCl, 10 mMm CaCl,, 5 mm MgCl,, and 5 mM MES titrated to pH
7.2 with Tris base). This suspension was pelleted, resuspended
in buffer C containing 1% glucose. The size of freshly liberated
protoplasts varied in the range of 4-6 um in diameter, with the
central vacuole occupying 15-25% of the cell volume.

SEAL FORMATION AND PATCH ISOLATION

Larger protoplasts, which are more convenient to work with,
were obtained by incubating freshly liberated protoplasts in glu-
cose-supplemented saline (buffer C) at room temperature. This
allowed the protoplasts to enlarge without either budding and
dividing or regenerating cell walls, and yielded protoplasts up to
15 uwm in diameter after 24 hr (Bertl, Gradmann & Slayman,
1992a; Bertl & Slayman, 1993). However, highest success rate
and easiest seal formation were obtained from protoplasts incu-
bated for about 1-2 hr. Seal formation is aided by high concentra-
tions of CaCl, (10 mM) and proper osmolality of the bath solution
(Spalding et al., 1992), where protoplasts are swollen but safely
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short of their bursting point. With this procedure, seals of >10
GQ formed in >50% of the attempts. After seal formation, the
high Ca®' bath solution was exchanged by a low (1 um) Ca?*
solution, and inside-out patches were produced by an abrupt and
drastically increased perfusion velocity. Low Ca’* in the bath
solutions prevents resealing of the membrane and formation of a
vesicle within the pipette tip.

ELECTRICAL EXPERIMENTS
AND DATA ACQUISITION

The actual experiments were carried out using standard patch-
clamp techniques (Hamill et al., 1981); and data acquisition and
storage were managed with the apparatus described by Bertl and
Slayman (1990). Most data were obtained by recording in the
inside-out patch configuration. Recording solutions (bath, cyto-
plasmic side) typically contained 200 mm KCI, S mM MES titrated
to pH 7.0 with Tris base, plus Ca’", which was unbuffered at
about 100 uM or above and buffered with EGTA at 10 uM or
below. Free Ca®* was calculated using a standard computer pro-
gram (CAMG, 1989, by W.H. Martin, Yale University). Pipette
solutions (extracellular side) contained 50 mm KCl, 0.1 mMm
CaCl,, 250 mM sorbitol, pH 5.5-5.7 unbuffered. The original data
(recorded at 20 kHz sampling rate, through a 10-kHz low-pass
filter [ fi]) were played back to the computer, usually with lower
sampling rates and filter frequencies (f;). After such serial filter-
ing, the effective frequency was taken as f = (1/f} + 1/fH™%,
corresponding to a first-order filter time constant of r = 1/Q2#@f).
Empirical calibration of the recording system, including the out-
put filter (eight-pole Bessel filter, at frequency f,) yielded an
effective system time-constant, 7, = 0.224/f,.

NOMENCLATURE

The kinetic behavior of channels is sufficiently described by an
ensemble of open and closed states, along with their specific
mean lifetimes, but it is useful also to have an interpretive verbal
description for easily observed events. In keeping with conven-
tions already adopted to describe K* channels in nerve and mus-
cle membranes (see Latorre & Miller, 1983; Hille, 1984; Yellen,
1987), we will use the terms italicized below. When the apparent
open state is found to be noisy (see Fig. 14 and B) due to unre-
solved on/off switching, the enlarged open channel fluctuations
(usually asymmetric) will be called flicker; the apparent open
state will be termed a burst, and the long, quiet, closed intervals
separating bursts will be named gaps. The fast, incompletely
resolved closures within bursts will be referred to as interrupts.
Finally, discrete brief closures, resulting from high positive mem-
brane voltages (V,,) and high cytoplasmic [Ca’*] (see Fig. 1C and
D), will be called blocks.

BETA DISTRIBUTION ANALYSIS
OF CHANNEL FLICKER

Although for most purposes, commercial software (pCLAMP,
Axon Instruments, Foster City, CA) was used to manage and
analyze these experiments, analysis of the flicker data required
our own algorithm, which was written to encode the beta distribu-
tion function, as described by Yellen (1984). Briefly, channel
flicker was assumed to consist of unresolved transitions between
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two discrete conductance states: one open state (/) and one closed
state (0). If the mean lifetimes of the open state (r; = 1/k;p) and
the closed state (7, = 1/ky;) of this simple on/off system are
shorter than half the effective filter time constant 7,, the probabil-
ity density function (y(x)) of the observed open-channel amplitude
(x, 0 =x= 1), expressed as a fraction of the *‘true’’ open-channel
amplitude, is

(@=D(j — )= :
y(x)=x—-i-—L)—,wherea =landb=;, 1M
1

B(a,b) 70

in which 7., 7y, and 7; are defined above, and B(a,b) is the beta
distribution function, equal to unity when integrated over all
amplitudes. The ‘‘true’’ open-channel amplitude (/,, the denomi-
nator of x) is also an intrinsic parameter of Eq. (1).

Practical application of Eq. (1) required correction for intrin-
sic Gaussian recording noise, seen in the baseline. This was ac-
complished by accumulating the baseline and burst amplitudes
in separate files. Baseline noise was determined as a Gaussian
standard deviation, sbg, and Eq. (1) was numerically convoluted
with this Gaussian noise. 74, 7;, and I, were determined by least-
squares fitting of this broadened beta distribution to the ex-
perimental data. When 7, or 7, turned out not to be <7,/2, the
data were refiltered until this requirement was fulfilled (Yellen,
1984).

KINETIC MODELING
OF OPEN-CHANNEL CURRENTS

Our enzyme-kinetic description of the channel is based on a
unified cyclic model (Lauger, 1980). For practical application,
this can be simplified to a two-state model, which was first applied
to ion pumps (Hansen et al., 1981) and later to channels as well
(Bertl & Gradmann, 1987; Gradmann, Klieber & Hansen, 1987;
Bertl, Klieber & Gradmann, 1988; Bertl, 1989; Draber, Schultze
& Hansen, 1991; Spalding et al., 1992; Klieber & Gradmann,
1993;). In this model, one pair of apparent rate constants (k;, and
k,;) stands for a voltage-dependent, reversible transfer of charge
(here z = 1) between inside (/) and outside (0): k;, = &9, - ¢ and
ki, = k% - e where the superior 0 denotes the particular value
at zero voltage, u is the reduced voltage (v = V,,e/kT), e, k and
T have their usual thermodynamic meanings, and the factor 2
reflects the assumption of a symmetric Eyring barrier. A second
pair of apparent rate constants (k;, , k,;) represents the remaining,
voltage-independent part of the reaction cycle, with all constit-
uent steps lumped together. The overall current-voltage relation-
ship of this model, then, is described by:

I kigicy; = koiki

=ze ——% 00 2
¢ kig ko T ki + Ky @

CONVENTIONS AND DEFINITIONS

We use the standard sign convention in electrophysiology (Bertl
etal,, 1992b); transmembrane voltage, V,,, is taken as the electric
potential of the cytoplasm minus that of the extracytoplasmic
space. Positive charges leaving the cytoplasm are designated as
positive (outward) currents, and are plotted upward in all graphs.
Positive charges entering the cytoplasm are designated as nega-
tive (inward) currents, and are plotted downward. An ‘*outward
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rectifier’’ has a preferentially high conductance for outward cur-
rents, and a low conductance for inward currents.

For an abbreviated presentation of the important informa-
tion about compositions of media on the two sides of the mem-
brane we use the form {inside/outside}: {200 K, 0.1 Ca/50 K}, for
example, means that solution on the cytoplasmic side contained
200 mMm K* plus 0.1 mM Ca?* and the extracellular solution con-
tained 50 mM K*. Constant constituents (i.e., [Cl7], pH, and
extracellular [Ca’"]) are usually not specified in the text, since
their effects were small or unknown, but are listed in general
solution compositions (see Growth and Handling of Cells, above)
and/or in the figure legends.

Results

Basic DEscripTION OF CHANNEL BEHAVIOR

Although occasional patch records from the plasma
membrane of S. cerevisiae hint at other kinds of
channels in that membrane, by far the easiest to
observe under our experimental conditions is a po-
tassium selective channel of ~20 pS conductance,
in cell-attached patches with 200 mmM KCl and 10 mMm
CaCl, in the patch pipette. This channel is clearly the
same as that first reported by Gustin et al. (1986),
and its selectivity for K™ over other cations, espe-
cially Na™, can readily be demonstrated by substitu-
tion experiments in which K* removal progressively
diminishes the open-channel current to zero. A de-
tailed description of the selectivity and pharmacol-
ogy of this channel will be the subject of a separate
study.

The main conducting and switching characteris-
tics of this yeast K* channel can all be recognized
in the recordings shown in Fig. 1. Panel A is a set
of single-channel records made in the celi-attached
mode, illustrating four properties which distinguish
this channel from the other well-characterized yeast
membrane channel, the tonoplast cation channel
(Bertl & Slayman, 1990). The most obvious differ-
ence, already referred to above, is the small conduc-
tance (G,) of the open channel: approximately 20
pS in {Cytoplasmic K*/200 KCl}, calculated from
the open-channel current (~3 pA) at a clamped mem-
brane voltage (V,,) of 140 mV. Under comparable
conditions, the tonoplast cation channel has a much
higher conductance, 120-150 pS.

A second difference is that opening of the
plasma membrane channel, which was rarely ob-
served at negative membrane voltages, was en-
hanced by large positive voltages, i.e., by reverse
polarization. Thus, Fig. 14 shows increasing chan-
nel open probability as voltages go more positive
between +60 and +180 mV. [Since the intracellular
K" concentration in Saccharomyces is normally
near 150 mm (Jones et al., 1965; Camancho et al.,
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1981), compared with 200 mm in the patch pipette,
the clamp voltage noted to the left of each record
should have been within a few mV of the actual
membrane voltage.] Two further features are that
at moderate positive voltages, the channel tended
to be either open or closed for long periods of
time (several hundred msec), and that the open-
channel currents showed much larger fluctuations
than did the baseline. These fluctuations (channel
flicker) were larger at moderate positive voltages
(80-100 mV in Fig. 14) than at higher ones (>120
mV).

The remaining panels of Fig. 1, which represent
measurements on isolated membrane patches in the
inside-out configuration, confirm these properties
and add several new ones. The three sets of records
differ only in the concentration of free calcium ap-
plied to the cytoplasmic side of the membrane (bath
solution): 10 uM in B, 100 uMm in C, and 1 mM in D.
The traces at low positive voltages (+20 mV, +40
mV, with all three Ca* concentrations) for the iso-

VO I
vt
o TN,

40 WWLWMMMM

20 R, W b A

bl Pipette: 200 mm KCl, 10 mm Ca?*, pH 7 (4)
or 50 mm KCI + 100 um CaCl, equilibrated
with air (pH. 5.7-5.9; B-D); Bath: 200 mm
KCl plus 5 mm MES titrated to pH 7.0 with
Tris, plus Ca’* as given above. Bath solution
was ‘‘cytoplasmic’’ for the isolated patches.
Baseline (current with zero open channels) is
at the bottom of each trace. Data low-pass
filtered at 200 Hz and sampled at 2 kHz.

Note especially the characteristic
increase in current fluctuations during
channel-open periods (see lower 2--3 traces in
each set). Also, the brief full closures at 10
uM Ca?* (B) and 80-100 mV, which were
dominant at 100 uM Ca?* (C) and coalesced
to long closed periods at I mm Ca?* (D).

IGpA

lated patches demonstrate selectivity of the channel
for K* over Cl7, since open-channel currents were
always positive. With {200 KC1/50 KCl}, the equilib-
rium voltage for potassium (Ex+) was near =29 mV,
but that for chloride was near +29 mV (equilibrium
voltages corrected for activities), and a Cl™-selective
channel would have displayed negative open-chan-
nel currents at +20 mV, and essentially zero current
at +30 mV.

Elevating Ca’* on the cytoplasmic side had two
very clear effects on channel properties. At low posi-
tive voltages, it increased the probability of the chan-
nel to be in the flickery open state. And at moderate
or large voltages, high [Ca®*"] increased the fre-
quency of discrete brief closures: these were sparse
at the largest voltages with cell-attached patches
(Fig. 1A4), convincing at +80 and +100 mV in 10 uM
Ca’", dominant at the higher voltages in 100 um
Ca?*, and evidently coalesced into long uninter-
rupted closures at the highest [Ca**],,, and voltage
(+120 mV in Fig. 1D).
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Fig. 2. Reaction model to describe the gating properties shown
in Fig. 1: three closed states, arranged as parallel transitions from
a single open state (0). Closed state I (interrupt) represents very
brief closures (sub-millisecond) which were not resolved, but
generated flicker in the open-channel traces; state G (gap) repre-
sents long closures (the quiet baselines); and state B (block)
represents brief calcium-induced closures. At least three of the
six implied rate constants (see table, bottom panel) are voltage
sensitive, as indicated by the reaction factor f,, which is the
Boltzmann term exp(zeV,,/kT); and at least two are calcium sensi-
tive, as indicated by the concentration term [Ca*].

A KINETIC MODEL

From inspection of the original data in Fig. 1, a
simple (minimal) model can be derived to represent
the switching behavior of the yeast plasma mem-
brane K* channel. As shown in Fig. 2, this model
consists of a single open state (O) and three
independent, parallel, closed states: gap (G), refer-
ring to the long closed-channel intervals conspicu-
ous at low positive voltages and low Ca’" concen-
trations (Fig. 1A,B); block (B), for the discrete
brief closures at high positive voltages and high
Ca’" (Fig. 1B,C,D); and interrupt (I), for the brief,
incompletely resolved closures within a burst (all
panels of Fig. 1). The effects of membrane voltage
and calcium concentration are also indicated in
Fig. 2, in the form of pseudoreactants, f,(= %)
and [Ca’*], which push channe!l opening or closure
as noted above. The kinetic order of those effects
(one, for transitions I — O and G — O; two for
O — B) is a qualitative aspect which will be
derived below.
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QUANTITATIVE TREATMENT
OF THE BURST INTERVALS

Unresolved interrupts should have two easily ob-
servable effects on the apparent open-channel cur-
rent amplitude: asymmetrically broadened channel
flicker, already noted, and reduction of the open-
channel current due to time averaging. With certain
assumptions, these two effects can be analyzed via
a beta probability function to yield average parame-
ters for the discrete events. These assumptions are
here (i) that the channel displays only one open state
(0), with a fixed conductance; (ii) that it has only
one closed state (I, for interrupt), here specifically
during the burst intervals, and (iii) that the overall
filter frequency is sufficiently low: in practice, less
than half the intrinsic frequency of the opening/clos-
ing events (see Materials and Methods).

After 7, was calculated from the filter settings,
the fitting procedure yielded values for mean inter-
rupt time (7;), mean open time (7,,), and true open-
channel current (I,). One set of results is illustrated
in Fig. 3, for data accumulated at +20, +40, and +60
mV (top to bottom, respectively) from an isolated
patch. The current records in the left column of Fig.
3 (point plots, filtered at 2 kHz and sampled at 5
kHz) show an asymmetry which is not obvious in
the filled records of Fig. 1. At +20 mV, for example,
the density of points is high near the baseline and
thins toward more positive currents. This density
distribution is reflected in the shape of the corre-
sponding histogram in the right column of Fig. 3, by
the tail toward larger currents. For the +60 mV data
the situation is reversed, with the point density thin-
ning and the histogram tail stretching toward less
positive currents (baseline). The three tics along
each current axis indicate the closed-channel current
(0), the mean open-channel current (/,,), and the
fitted true open-channel current (Z,). The fractional
separation between true current and mean current
diminished with increasing positive voltage, imply-
ing a voltage-dependent increase of open probability
('P,) within the bursts. This is represented in Fig. 2
by entry of £, on the I-O limb.

The data in Fig. 3 are examples from an experi-
ment with 100 uMm Ca?*, but essentially the same
results were obtained at all calcium concentrations
from 10 uM to 1 mM, demonstrating that the distribu-
tion of interrupts, and open probability within a
burst, were voltage dependent, but calcium indepen-
dent. Plots of 7; and 7, vs. membrane voltage are
shown in Fig. 4, where the differently shaped sym-
bols designate the different Ca?' concentrations
tested. Independent regression lines fitted to these
log-linear plots (see legends to Fig. 4) have slopes
of 0.71 per 58.5 mV for 7, and —0.29 per 58.5 mV
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Fig. 3. Examples of beta distribution analysis
of flicker in open-channel current data, at
three membrane voltages: +20 mV (top), 40

mV (middle), and 60 mV (bottom). Left
column: point plots of 800-msec segments of
current records, filtered at 2 kHz and
sampled at 5 kHz. Right column: Histograms
of similar data (longer segments), refiltered at
~100 Hz: fitted beta distributions (text Eq. 1)
are superimposed. Baseline serifs (L — R,
respectively): zero current (0), mean current
(), “‘true’’ open-channel current (1,). All

—_—
200 ms I3 pPA T

for 7;, assuming z = 1. Interestingly, these numbers
render the apparent charge number for voltage gat-
ing in this reaction step to be exactly 1.0. The corre-
sponding intercepts at V,, = 0 are 0.58 msec and 0.17
msec, and the implied exponential representations of
voltage dependence are as follows:

7, = 0.58¢70%% and 7, = 0.17¢°7'%, in msec, (3)

where the voltage coefficients 0.71 and 0.29 locate
the peak in an Eyring barrier as a fraction of mem-
brane thickness (or distance between the electric
potentials on the two sides of the membrane).

The meaning of these results can perhaps be
seen better by reference to the table in Fig. 2. The
mean lifetime of the open state within a burst (7,,) is
the reciprocal of the probability for the spontaneous
transition O — I within a given time interval: 7, =
1/ky; ; and correspondingly, 7, = 1/k; holds for the
mean lifetime of the interrupt state. Then the stabil-
ity constant for interrupt, which is just the ratio of
transition probabilities, as given in Fig. 2, is

Ky=Xoi T3 30w = gou, )
ko 7o

in which K} is the I-state stability constant with
V,, = 0. The open probability ('P,) within the bursts

T data were taken from Fig. 1C, but only
flickery open-channel intervals are included
in the histograms.

follows simply as

p —_To _ 1 _ ! (52)
© rptrm 1+K 14337

which equals 0.5 with 7, = 7, at approximately

30mV in Fig. 4. Finally, the interrupt (closed) proba-

bility ('P;) within the bursts is

P, = T K, 1

STt e Klrw 1+ 3.3 (5)

QUANTITATIVE TREATMENT OF GAPS
AND BLOCKS

The channel-open and -closed probabilties, 'P, and
'P,, calculated above are conditional probabilities;
i.e., they depend upon the assumption that the chan-
nel be not in the gap or blocked (G- or B-closed)
states. In order to convert these conditional proba-
bilities to the corresponding global probabilities, P,
and P, it is necessary to multiply by the joint proba-
bility (Py4;) of the open and interrupt states with
respect to all time. We call that the burst probability,
which is

P 1+ K,
O T+ K, + K + Ky’

©)
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Fig. 4. Voltage dependence, and calcium independence, of mean
residence times (7o, 7;) for the yeast K* channel in open and
closed states during bursts. Summary results from all experiments
similar to those in Fig. 1B-D, analyzed by means of the beta
distribution, as in Fig. 3. Different symbols designate different
Ca?" concentrations in the bath (cytoplasmic) solution: @, O =
10 pM; B, [0 = 100 uM; and A, A = 1 mM.

and the resultant expressions for global probabilities
are:

’ _ KI
Pr="07 P0+’_1+K,+KG+KB (72)
and

, 1
PO= Po'P0+1: (7b)

1+ K,+ K+ Ky

Thus, in order to determine P, and P;, a value for
[K; + Kl is needed.

This can be obtained by noting that P, can be
separately evaluated from amplitude histograms for
multichannel patches containing known numbers of
channels. Such a histogram is shown in Fig. 5 for a
record taken from the experiment of Fig. 1C, with
a two-channel patch. The individual peaks in the
histograms are broadened and skewed slightly by
unresolved interrupts, but the relative areas never-
theless define P, ; as follows:

=02 (8)

in which # is the number of channels in the patch,
and A; is the area under the histogram representing
i open channels. Resulting plots of the global P, vs.
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Fig. 5. Typical current-amplitude histogram for a two-channel
patch. Data from an extended record with membrane voltage
clamped at +60 mV, and solutions as in Fig. 1C (100 uM Ca®*).
The “‘open’’ state represented by such histograms includes the
true open state (Q) plus unresolved interrupts (I), so that the
areas enclosed by the several peaks can be used to calculate the
channel burst probability, Py, ;, by means of text Eq. (8).

membrane voltage, for the four conditions in Fig. 1,
are shown in Fig. 6. These plots quantify a salient
feature in Fig. 1, viz., that the open probability in-
creases with increasingly positive membrane volt-
ages at low Ca’* concentrations (10 uM in Fig. 1B;
0.7 um = [Ca®*], to fit the curve in Fig. 14), but
peaks and then decreases with rising positive mem-
brane voltages at higher [Ca®*"].,,. Combining Eqs.
(6) and (8) yields

cyt*

1-P
+

=

(n — DA,
=20 (1+K). ©)

> A
i=0

The plots of Fig. 6 clearly show that [Ca’*].,, and
V.. dependencies of open probability with respect to
the gap state to differ from those with respect to the
blocked state. That means that if a form for these
dependencies is assigned, then the associated pa-
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Fig. 6. Voltage and calcium dependence of channel open proba-
bility (P,). Each panel represents summary results for the experi-
ments illustrated in the corresponding panel of Fig. 1. Points were
calculated from the data, analyzed for ‘P, and K; via the beta
distribution (as in Fig. 3) and Eq. (5a), and analyzed for P,,, via
the histograms (as in Fig. 5) and Eq. (8). Smooth curves were
drawn by fitting Eq. (7b) to the points, with optimized values of
K and K. This figure quantifies the main features of voltage-
and calcium-dependent gating of the yeast K* channel, which are
qualitatively evident in Fig. 1.

rameter values can be estimated by empirical fitting
the plots of Fig. 6 with Eq. (7b). Good fits were
obtained only when V,, and [Ca**]., were entered
with the signs and stoichiometries shown in Fig. 2.
The stability constants can then be written

K
KG = W (103)
and
Kp =K% ([Ca?*]- e¥). (10b)

In other words, K is inversely proportional to
[Ca’*],,, and to the Boltzmann expression, and K
is directly proportional to the square of those func-
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Fig. 7. Demonstration that calcium-induced blocking events (B)
increase primarily in frequency, not in duration, with rising cyto-
plasmic [Ca’"]. Expanded scale records from a single-channel
patch; experiment similar to that in Fig. 1B-D. Clamped mem-
brane voltage, +80 mV. Calcium concentrations as shown. Note
also that open-channel currents are flickery, indicating that fast
interrupts (I) continue whenever the channel is not blocked by
calcium.

tions. [K% and K% are defined for the standard condi-
tion that V,, = 0 and [Ca’*].,, = 1 m.] Using K} =
3.3 (see Eq. (4)), substituting Egs. (10) into Eq. (7b),
and fitting the resultant equation to the data of Fig.
6 yielded KL =1.9-10"*Mand K§ =2.7- 10’ M2,
and gave the smooth curves of Fig. 6. Fitting the
plot of Fig. 64 meant also picking the concentration
of calcium, since those datarepresent a cell-attached
experiment. With K; and K determined from the
fits of Fig. 6B-D, the necessary [Ca“]cyt was 0.7
UM,

Intuitively, it can be seen that the form of K,
and the value of K% are determined by the rising
curve of open probability (P,) vs. V,, at moderate
positive voltages; and that the form of K and value
of K are determined by the amplitude cutoff and
descending slope of P, at higher positive voltages.

In order to decompose the stability constants
K and K into their constituent unidirectional rate
constants, additional information is needed. More
careful inspection of the records in Fig. 1 (and re-
lated data) made clear that the extent of V,,-depen-
dent Ca?* blocking was determined largely by the
frequency of calcium-induced blocks, not by their
duration, which was rather independent of both V,,
and [Ca”]cyt, as shown by the several expanded
records in Fig. 7. The duration of blocking events,
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Fig. 8. Dwell-time histogram for calcium-induced block of the
channel, indicating simple exponential decay of the blocked state.
Single-channel patch from experiment similar to that in Fig. 1D,
with membrane voltage clamped at +100 mV. The smooth curve
represents optimized fitting of the exponential distribution func-
tion, with a mean closed time (75) of 2.5 msec. Events shorter
than 1 msec were omitted from the fit.

for example at + 100 mV and 1 mm Ca?", is displayed
in the histogram of Fig. 8, which represents simple
exponential decay of a blocked state having a mean
dwell-time () of 2.5 msec. As can be seen from
Table 1, there was random variation of this value for
the different experimental conditions, but 75 aver-
aged 2.5 msec overall, corresponding to a transition
probability B— O (kgo = 1/15) of 400 sec™!. Individ-
ual values for kp, are also shown in Table 1, along
with the voltage- and calcium-dependent values of
kog (= Kplkgp). The implied average value of k%z—
for standard conditions (V,, = 0, [Ca**], = 1 M)—
is 1.3 - 10° sec™! M72,

We cannot analogously obtain values for &g,
and kg, because the mean lifetime of the G-state is
too long to allow accumulation of sufficient data
for convincing dwell-time histograms. Qualitatively,
however, 75 (= 1/kgo) is in the range of several
hundred msec at moderate positive voltages and
10 wm Ca?™, but is both voltage and calcium depen-
dent (see Fig. 1).

OPEN-CHANNEL CURRENTS

As has already been discussed (see Eq. (1) and Fig.
3), the time-averaged effect of unresolved channel
interrupts diminished the apparent open-channel
current in most records of this yeast plasma
membrane K* channel. But a fringe benefit of the
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Table 1. Kinetic parameters for the voltage- and calcium-
dependent channel blocks

V,, (mV) Parameter [Ca®* ]y (mm):
0.1 1.0
80 Ks 0.02 1.7
7p (msec) 2.1 2.6
kg (sec™) 476 385
kog (sec™) 9.5 655
100 Kg 0.07 8.6
75 (msec) 2.8 2.5
ko (sec™) 357 400
ko (sec™") 26.5 3,440
120 Ky 0.4 8
7p (msec) 2.8 2.7
kg (sec™) 357 370
kog (sec™) 143 15,900

Ky = stability constant for the blocked state, determined by fitting
Eq. (7b) to the plots in Fig. 6. 7; = mean closed time for the
blocked state, obtained by fitting a simple exponential probability
density function to dwell-time histograms, similar to that of Fig.
8. kpo = rate constant for channel opening from the blocked state,
= l/rg. kogp = rate constant for channel closing to the blocked
state, = Kp/7p. For the blocking reaction, all voltage and cal-
cium dependence is in kgg, which is equal to k%z{[Ca**],, -
exp(eV/kT)F, where kdp = 1.3 - 10° sec™' M2, averaged for the
six cases in this table (see also Eq. 10b).

beta distribution analysis is that it enables the value
of I, the true open-channel current, to be estimated.
Values of I, for the conditions shown in Fig. 1 are
plotted in Fig. 9. Current tended toward saturation
at large positive voltages, and probably also at large
negative voltages (but the paucity of channel-open
events at negative voltages obviously makes that a
weak statement). Permeation, then, is easily de-
scribed by a simple reaction cycle analogous to con-
ventional enzyme kinetics (see Materials and
Methods).

Equation (2) was fitted by least squares to all
data in Fig. 9 with the actual rate constants, k) =
57.4, k% = 33.2, x,, = 43.1, and k,; = 31.6, in
units of 10° - sec™!, for the 10 um data (@) and
a scaling factor of 0.84 for a 10-fold increase in
free Ca®’. Evidently, increased cytoplasmic Ca®*
causes only a weak and voltage-independent re-
duction in open-channel currents, but did not in-
fluence the tendency of I, to saturate at large
membrane voltages. The maximal slope conduc-
tance (G,,,) of these K* channels, observed near
the reversal voltage (V,, intercept in Fig. 9),
was ~63 pS with {200 K*/50 K*} for inside-out
patches.
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Fig. 9. Open-channel current-voltage plots for yeast K* chan-
nels, showing the tendency of current to saturate at large positive
voltages. Recording conditions as in Fig. 1, with 10 uM Ca’" (@),
100 M Ca?* (M), and 1 mM Ca’* (A). Data over the full span (10
uM Ca?t) were fitted by text Eq. (2), and the positive portion of
the curve was scaled by factors of 0.84 and 0.70, respectively, to
fit the data at 100 uM and 1 mm Ca’*.

TIME-AVERAGED CURRENTS

All K* channels observed in these experiments ap-
peared to have the same gating and conductances
properties. If that observation can be extrapolated
to intact cells, passive K* conductance of the Sac-
charomyces plasma membrane due to the total en-
semble of these channels can be inferred from time-
averaged behavior of single channels observed in
isolated patches. That time-averaged behavior is the
product of open-channel current and open probabil-
ity (I, - P,) as a function of V,,, [Ca**],, etc., and
can be computed by dividing the fitted curves in Fig.
9 by the appropriate value of (1 + K; + K; + Kg)
from Eq. (7b). The resultant currents are plotied
against membrane voltage for each of the three
calcium concentrations tested, in Fig. 10, and
smooth curves have been drawn as the product of
Eq. (7b) and Eq. (2), using the numerical values
of parameters determined as above. Thus, despite
the monotonic character of unitary currents
through this K* channel (Fig. 9), the expected
whole-membrane currents decline sharply for ele-
vated (+) membrane voltages and calcium concen-
trations, due entirely to effects of V,, and [Ca®']
on P,.

A. Bertl et al.: Plasma Membrane K* Channels in Yeast
Discussion

The salient features of the Saccharomyces plasma
membrane K* channel, apart from its predominant
K* selectivity, are that (i) under the conditions used
here, it appears closed at negative membrane volt-
ages and is opened by positive polarization of the
plasmalemma; (i} it has two distinct voltage-
dependent gating modes, with apparently a single
open state but two closed states (I, G) having mean
lifetimes of several hundred microseconds (I) and
several hundred milliseconds (G), respectively; (iii)
combined /- and G-gating yields a characteristic
“‘bursting’’ behavior of channel openings; (iv) mod-
erately elevated cytoplasmic calcium (ca. 10 pum)
antagonizes the G-state, thus increasing channel
open probability; and finally (v) high cytoplasmic
calcium concentrations (100 uM and above) cause
stochastic blocking of the channel, which is exagger-
ated at strong positive membrane voltages (i.e., >
+60 mV); this phenomenon defines a third closed
state (B) of the channel. A simple reaction model to
describe the behavior of this K* channel has been
drawn in Fig. 2. Alternative serial models have been
examined as well, but discarded for, e.g., the follow-
ing reason. The integer relationships for Ca** bind-
ing (0 for O — I, 1 for O — G, and 2 for O — B)
as well as for the apparent charge numbers for the
voltage sensitivities (1 for O <> I, 1 for O <> G, and
2 for O < G) are consistent with the parallel model,
but incompatible with serial models, where coupling
between the individual reactions leads to intermedi-
ate relationships. The reaction parameters of the
parallel model (Fig. 2) which can be determined from
the accumulated data are summarized in Table 2,
and the extended voltage dependence of the channel,
based on these parameters, is displayed in Fig. 11.

Open-channel currents through the yeast K*
channel were sigmoidal as a function of membrane
voltage (Fig. 9). These characteristics are confirmed
by the data in Fig. 14, where open-channel currents
do not significantly increase any more upon an in-
crease in voltage from 180 to 200 mV. Saturation of
open-channel currents is a common observation in
isolated-patch studies of plant K* channels, when a
wide voltage span is tested (Schroeder, Hedrich &
Fernandez, 1984; Liihring, 1986; Bertl, 1989; Katsu-
hara, Mimura & Tazawa, 1989; Fairley, Laver &
Walker, 1991; Spalding et al., 1992). A generic re-
statement of this finding is that transiting ions have
a finite residence time in/on the channel, indepen-
dent of the electric field. Although a more detailed
study would be required to demonstrate that satura-
tion arises in the channel itself, rather than in an
access region (Adrian, 1969; Liuger, 1976), the be-
havior is clearly reminiscent of that almost univer-
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Fig. 10. Time-averaged currents through the yeast K™ channel, demonstrating a prominent decline of current at high (+) voltages and
high cytoplasmic [Ca’*], due mainly to calcium-induced block. Panels A, B, and C, respectively, correspond to Fig. 68, C, and D, with
10 uM, 100 uM, and 1 mm Ca’". Plotted points were obtained as the product of plotted values of P, in Fig. 6 times the plotted values
of I, in Fig. 9. The smooth curves were drawn as the product of P, (Eq. 7b) and I, (Eq. 2) with the fitted parameters given in the text
for Fig. 9, and I, scaling factors 1, 0.84, and 0.70, respectively, for panels A, B, and C.

sally observed in carrier-mediated processes. And
these are customarily described and analyzed in
terms of enzyme-like cyclic reactions. For mono-
tonic current-voltage data, indeed, only a two-state
cyclic reaction scheme—with a single voltage-
dependent step—is required (Hansen et al., 1981),
and the use of such a function (Eq. 2) can be taken
conservatively as providing an empirical descrip-
tion, plus a simple method to interpolate or extrapo-
late from the data.

It is our opinion that this representation is con-
ceptually simpler than diffusional barrier models for
channel transport which do display saturating cur-
rents (Heckmann et al., 1972; French & Shoukimas,
1985). Furthermore, since gated channels are uni-
versally accepted to undergo ‘‘conformational”
changes in the gating process (Catterall, 1977;
Lauger, 1983; McCleskey & Almers, 1985; Ring &
Sandblom, 1988; Eisenberg, 1990), it is no great leap
to suppose that they also'change conformations (or
at least electrostatic configurations) during actual
ion transit. This concept, indeed, underlies Lauger’s
(1980) unifying idea of active transport as energy-
driven channel peristalsis. While it must be allowed
that most channels display apparent multiple simul-
taneous occupancy by transiting ions, that in itself
does not rule out configurational changes in the
channel molecule nor invalidate the use of enzyme-
type kinetics to describe the process (Liuger, 1983).
Indeed, at least one well-known *‘‘file-diffusion”
phenomenon, the anomalous mole-fraction effect
observed in channel transport of ion mixtures, can
be better described by a cyclic enzyme-type reaction

with current carried across a single energy barrier
(K*/TI* currents through Nitella K channels;
Draber et al., 1991, see also Markin et al., 1992) than
by the multiple-ion, multiple-barrier pore model of
Hille and Schwarz (1978).

OPEN-CHANNEL CURRENT VERSUS
TiME-AVERAGED CURRENT

In the enzyme-kinetic approach to channel-type
transport, the sigmoidal current-voltage characteris-
tic of an open channel corresponds to the fundamen-
tal reaction cycle of an ordinary enzyme, and current
saturation at V,, displacements far from the zero-
current voltage is equivalent to velocity saturation
(Vmay) in the conventional Michaelis-Menten analy-
sis. But modulation of enzyme activity, which in
the case of individual ion channels would be due to
changes in on/off kinetics of the fundamental reac-
tion cycle, produces additional phenomena. For ex-
ample, after appearing to saturate with rising V,,,
current can decline again at still higher voltages
(G = dI/dV, < 0), thus showing negative slope
conductance; or the slope can rise continuously with
increasing voltage (dG/dV,, > 0), an effect which
has been termed ‘‘superlinearity.”” All three types
of current-voltage characteristics are visible in data
for the yeast plasma-membrane K* channel: satura-
tion, in the open-channel current-voltage character-
istics of Fig. 9; negative slope conductance, in the
time-averaged current-voltage curves at high cal-
cium concentrations (Fig. 10B,C), due to block of
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Table 2. Summary of determined reaction parameters for Saccharomyces plasma-membrane K~*
channel

Part A: Gating Parameters®

Closed Parameter Standard Voltage Calcium
state value® dependence dependence
Interrupt 70 (msec) 0.17 o0-7ha
7; (msec) 0.58 e 0%
K, 3.3 (e
Gap 7 (msec) 1.4 -10° Yes, but forms undetermined
K (M) 1.9 - 107 (e [Ca?*]™!
Block 7p (msec) 2.5
KB (M—Z) 2.7 103 (e:u)l [Cal+]l
kop (sec™ - M%) 1.3 - 10° (es)? [Car P
Part B: Transport Parameters®
Direction Parameter Standard Voltage
value dependence
Outward ki, 57.4 - 10% (sec™ ) o0
Kiy 43.1 - 10° (sec™)
Inward k,; 33.2 - 10 (sec™!) e 03
Ky 31.6 - 10° (sec™)

2 Model of Fig. 2, assumes three closed states in parallel, and a single open state.

b For voltage-, calcium-dependent parameters, standard values are defined as those for which V,, =
0, [Ca.z*]cyI =1M.

¢ Calculated from Eq. (2), for a two-state cyclic reaction model, fitted to the sigmoid plots of Fig. 9.
Charge transported by the transiting cations. u, the ‘‘reduced’” membrane voltage, is defined by u =
eV, /kT. The r’s—mean lifetimes—were determined as described for Fig. 3, Fig. 8, and Table [, and
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are reciprocals of rate constants set out in Fig. 2: 75 = Vkg;; 7, = Uk 7¢ = Vkgos 75 = Vkpg.

the cycle by Ca?*; and superlinearity, at low calcium
concentrations and voltages (Fig. 10A), resulting
from an increase of the open times (for positive-
going V,,) and a decrease of closed times within the
bursts. Thus, both negative slope conductances and
steadily rising slope conductances, which have been
treated previously for steady-state conditions (see,
e.g., Bertl, 1989; Laver, 1990; Laver & Walker,
1991), are demonstrated here and are explained in
terms of specific modulation of the gating of single
channels, resulting from antagonistic interactions of
V., and ligands (here [Ca**].,,) over different voltage
and concentration ranges.

CaLrLciuM DEPENDENCE OF GATING

The biphasic effect of calcium on the yeast K* chan-
nel, as summarized in the P, plots of Fig. 11, is
unusual among reports on non-animal cells, but that
probably reflects the fact that the Ca?* dependencies
described for other plant channels have generally
been observed over a narrow, quasiphysiological
range of concentrations. Ca?* inhibition of an inward

rectifying K* channel in Vicia guard cells (Schroeder
& Hagiwara, 1989), for example, and Ca’* activation
of anion channels in Amaranthus and Vicia (Boult
et al., 1989; Schroeder & Hagiwara, 1989; Hedrich,
Busch & Raschke, 1990), have all been reported to
be monotonic, but for concentrations between 0.01
and 1.5 uM in controlled experiments on Vicia, and
up to 10 uM on Amaranthus. Both aspects of the
inhibitory component of elevated [Ca?*] visible in
Fig. 11: the decreasing P, with increasing (+) V,,,
and the decreasing amplitude of peak P, are directly
attributable to the blocking events (B-closures), and
it seems likely that such events will also be found in
plant channels if high calcium concentrations are
used.

Dual effects of calcium—activation and block-
ade—are well known and widely distributed among
channels in animal-cell membranes (Latorre et al.,
1989). Calcium-activated maxi-K* channels often
display [Ca’*]-dependent closures of >100 msec du-
ration, which resemble the well-known barium block-
ade of the channels (Vergara & Latorre, 1983; Find-
lay, Dunne & Petersen, 1985). In some cases such
blockade is enhanced.by positive membrane voltage
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Fig. 11. Summary description of open probability of the Sacchar-
omyces K* channel: voltage and calcium dependence. Curves
computed from text Eq. (7b), with the values for closed-state
stability constants (K;, Kg, Kp) given in Table 2. Bold lines
represent results for calcium concentrations actually tested (10
uM—1 mm), and fine lines represent predictions for useful calcium
concentrations yet to be tested (0.1 uM, 1um, and 10 mm). Inset:
five-fold expansion of P, scale, to resolve behavior at negative
membrane voltages.

and by lowered [K*], suggesting the block to result
from calcium occupancy of K*-binding sites rather
thanfrom modulation of a separate gate. Fromaquan-
titative kinetic viewpoint, however, Ca?*-dependent
block of maxi-K* channels is rather different from
that seen in yeast K™ channels, which shows increas-
ing frequency of brief (2-3 msec) closures with ele-
vated calcium. The yeast channels also show the
same blocking behavior with elevated cytoplasmic
magnesium (A. Bertl, unpublished experiments), but
at 30-fold higher concentrations than are needed for
calcium.

Kinetic evidence thus far would permit the two
actions of Ca’* ions on the yeast channel, activation
and blockade, to be mechanistically distinct; i.e.,
with the G— O transition reflecting chemical gating,
and the O — B transition reflecting Ca?* occlusion
of K*-binding/transport site(s) within the channel.
In most cases, Ca?" blockade is fast, allowing just
an apparent reduction in unitary currents to be ob-
served. However, this blockade seems to be slow in
Saccharomyces, resulting in discrete events, which
can be resolved on a time scale of msec. Indepen-
dence of activation and blockade was long assumed
for the related effects of Ca®* on both Na' and K*
channels in squid axon (see review in Armstrong

195

& Matteson, 1986), even though evident competitive
interaction of the transported ions with calcium in the
gating process suggested a unified mechanism. Di-
rect support for a unified Ca®* effect on Na* channels
(in GH3 cells, a cultured pituitary line) was recently
obtained by demonstration of a linear proportionality
between the Ca?*-induced shift of gating voltage and
Ca**-induced reduction in amplitude of whole-cell
Na™ currents (Armstrong & Cota, 1991). Ca?*-block-
ing events, as those in the yeast K* channel, display
several properties expected for reaction with binding
sites within the channel, including voltage depen-
dence and multiple-site action (French & Shoukimas,
1985; Moczydlowski, 1986). If this notion withstands
further tests, e.g. inhibition by permeant extracellu-
lar (trans) ions, or selective reaction with open chan-
nels, then the gate-shifting effect might also be gener-
ated by an ‘‘in-passage’’ reaction with Ca®*.

RELATIVE VOLTAGE-DEPENDENCE OF P,

With [Ca’"]., in the physiological range (0.1-
0.3 umMm; Miller, Vogg & Sanders, 1990; Halachmi &
Eilam, 1989; Iida, Yagawa & Anraku, 1990), voltage-
dependent opening of the yeast K* channel appears
pushed surprisingly far into positive voltages (sum-
marized in Fig. 11).

At least two important considerations about the
circumstances of patch recording bear on the physi-
ological relevance of this observation.

(i) Density (number per cell) and size of K*
channels, relative to other membrane parameters.
Typical tight-seal patches from Saccharomyces
plasma membrane display 1-3 K* channels and have
a probable recording area near 5 um?. Roughly cal-
culated, then, there should be 1 channel per 2 um?
of cell surface, or about 40 channels in an intact
yeast cell of normal size (5-6 wm diameter). Fungal
plasma-membrane resistivities can exceed 100 k() -
cm? (Blatt & Slayman, 1983), or ~10"' Q for normal
yeast. Since opening of a single 40 pS K* channel
would give a cell-membrane resistance of only
2.5 - 10'° Q, P, for these channels under resting
conditions should be ~0.006 or smaller. (This only
restates in quantitative terms a general principle of
channel function: that to be physiologically useful,
channels—by their nature—must be predominantly
closed.)

(ii) Voltage displacement from Ex+. It is conve-
nient in patch-clamp experiments to use elevated
salt concentrations in both bath and pipette in order
to minimize recording series resistance and maxim-
ize single-channel currents. In the present experi-
ments we routinely used 200 mmM bath (cytoplasmic)
KCl and 50 mm pipette (outside) KCl, so that Ex+ =
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=29 mV. Under ordinary growth conditions [K* ],
can easily go below 1 mm, which would shift Ey+ to
the neighborhood of —120 mV. This raises the ques-
tion, applicable to free-living organisms in general,
of whether the important voltage-gating parameter
is absolute V,,, as plotted in Figs. 1, 4, 6, 10, and 11,
or [V,, — Ex+], the so-called disequilibrium voltage
for potassium. While most of the single-channel liter-
ature focuses on absolute voltage, it has often been
noted that whole-cell ionic conductances, particu-
larly for potassium, behave as if [V,, — Ex+], were
the important gating parameter. Thus, Ciani et al.
(1978) coined the descriptive ‘‘electrochemical-
potential-dependent gating’’ in modeling anomalous
rectification (K*) in Nordora eggs (starfish; Hagi-
wara & Takahashi, 1974), taking off from earlier
observations on striated muscle (Hodgkin & Horo-
wicz, 1959; Nakamura, Nakajima & Grundfest,
1965; Adrian, 1969). Related effects of the electro-
chemical gradient for C1~, upon gating modes of CI~
channels, have recently been described in Torpedo
electroplax (Richard & Miller, 1990).

For the yeast plasma-membrane K* channel,
preliminary experiments with varying cytoplasmic
and external K* suggest that [V, — Eg+] is indeed
the relevant gating parameter. With a 10-fold K*
gradient (500 mMm/50 mm or 200 mm/20 mm) consid-
erable channel activity exhibiting positive open-
channel currents can be seen at voltages as negative
as —40 mV (A. Bertl, unpublished experiments).
Therefore, lowering [K*],, to the physiologically
relevant range (1-10 mm) would move the curves of
Fig. 11 significantly to the left.

FuncTtions oF THE YEAST KT CHANNEL

Although the yeast K* channel does not show recti-
fication in the open-channel current-voltage charac-
teristics, it must nevertheless be classified as an out-
ward rectifying K* channel, because of its time-
averaged characteristic (Fig. 10, rising limbs of all
three curves). The time-averaged single-channel
current is comparable to whole-cell currents, and is
therefore the physiologically important character-
istic.

Outward-rectifying K* channels—variously
known as I+ channels, I+, channels, and seen in
such guises as delayed rectifiers, or slow-K* chan-
nels—are a common feature of both animal and plant
plasma membranes (Latorre & Miller, 1983; Hille,
1984; Hedrich & Schroeder, 1989; Tester, 1990).
In the excitable membranes of nerve and muscle,
activation of outward-rectifying K* channels speeds
repolarization of the membrane during action poten-
tials. I+, channels in plant cells probably also play
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that same role, but activate in response to depolar-
ization on a time scale appropriate for plant action
potentials, i.e., 1-10 sec (Kitasato, 1973; Bertl &
Gradmann, 1987; lijima & Hagiwara, 1987; Bertl et
al., 1988; Schroeder, 1989), rather than the 1-10
msec of most nerve and muscle membranes. In
fungi, too, I+, channels could function to repolar-
ize the membrane following action potentials (Fuller
& Pickard, 1972; Slayman et al., 1976, Miiller, Mal-
chow & Hartung, 1986), with consequences either
for signaling or—because of the long duration of the
action potentials—for turgor regulation (Slayman,
1992). Reliable direct voltage measurements in Sac-
charomyces are technically difficult, however, and
action potentials have not yet been reported from
this organism. At present, therefore, we can only
speculate on the involvement of outward-rectifying
K™ channels in action potentials and turgor regula-
tion in yeast, although the channel described here
activates in response to depolarization on a time-
scale comparable to that of plant I+, channels.
However, the combination of voltage modula-
tion of yeast plasma membrane K* channels and
chemical modulation (i.e., by cytoplasmic Ca*")
provides a wide range of possible physiological re-
sponses by the channels, and is likely to account for
peculiar flux and voltage effects observed in Sac-
charomyces during mediated uptake of sugars, spe-
cifically of monosaccharides vs. disaccharides.
Glucose, for example, is taken up by facilitated
diffusion without ion coupling (Cirillo, 1961; Heredia
et al., 1968; Bisson & Fraenkel, 1982; Cirillo, 1989),
and thus without a primary change in membrane
voltage. At low extracellular concentrations (=5
uM), however, glucose uptake is accompanied by
K™ efflux and apparent membrane hyperpolarization
(Van de Mortel et al., 1988). Glucose influx also
stimulates a biphasic rise in cytoplasmic [Ca®']
(Eilam, Othman & Halachmi, 1990), with a fast,
transient component probably occurring via influx
from the extraccllular solution (Eilam & Cherni-
chovsky, 1987; Eilam & Othman, 1990), and a much
slower component (lasting 60 min or more) probably
occurring by release from internal stores (Eilam &
Othman, 1990). Bertl et al. (19924) have pointed
out that calcium-, pH-, and redox-regulation of the
Saccharomyces tonoplast cation channel, which is
Ca?" permeable, all make it a likely effector for glu-
cose-induced release of vacuolar Ca®*: sudden feed-
ing of glucose evokes both cytoplasmic alkaliniza-
tion (Gillies, 1982) and a surge of reducing
equivalents (NADH; Ghosh & Chance, 1964; Po-
lakis & Bartley, 1966). Furthermore, in cells with
resting plasma membrane voltages positive to Ex+
(e.g., with micromolar external K*) rising cyto-
plasmic Ca?"* could activate plasma membrane K*
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channels and thus explain both the glucose-associ-
ated K* efflux and the apparent hyperpolarization.
On the other hand, uptake of maltose, a disaccha-
ride, has also been reported to activate passive K*
efflux from Saccharomyces (Serrano, 1977), but
maltose uptake occurs via an H*-coupled symport
system which itself is depolarizing (Serrano, 1977).
In this case, sufficient depolarization per se would
activate the plasma membrane K* channel.
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