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Summary. The voltage- and time-dependent K* current, Ik o
elicited by depolarization of corn protoplasts, was inhibited by the
addition of calcium channel antagonists (nitrendipine, nifedipine,
verapamil, methoxyverapamil, bepridil, but not La**) to the ex-
tracellular medium. These results suggested that the influx of
external Ca>* was necessary for K+ current activation. The 1Cs,,
concentration of inhibitor that caused 50% reduction of the cur-
rent, for nitrendipine was 1 uM at a test potential of +60 mV
following a 20-min incubation period.

In order to test whether intracellular Ca** actuated the K*
current, we altered either the Ca’* buffering capacity or the free
Ca* concentration of the intracellular medium (pipette filling
solution). By these means, [k +ou could be varied over a 10-fold
range. Increasing the free Ca’* concentration from 40 to 400 nm
also shifted the activation of the K* current toward more negative
potentials. Maintaining cytoplasmic Ca’* at 500 nM with 40 nm
EGTA resulted in a more rapid activation of the K* current. Thus
the normal rate of activation of this current may reflect changes
in cytoplasmic Ca’* on depolarization. Increasing intracellular
Ca’* to 500 nM or 1 M also led to inactivation of the K* current
within a few minutes. It is concluded that I+, is regulated by
cytosolic Ca?*, which is in turn controlled by Ca* influx through
dihydropyridine-, and phenylalkylamine-sensitive channels.

Key Words Ca’*-activated K* current - Ca’* channel - Zeq
mays - 1,4-dihydropyridine - phenylalkylamine - patch clamp

Introduction

Transient depolarization of the cell membrane po-
tential in plants is associated with sensory trans-
duction pathways initiated by both hormonal and
environmental signals. Examples of stimuli that are
known to initiate electrical change include the
auxin, indole-3-acetic acid (Felle, 1988), light irradi-
ation in both the red (Racusen & Satter, 1975) and
blue (Nishizaki, 1988; Spalding & Cosgrove, 1989)
spectral regions, gravistimulation (Behrens, Grad-
mann, & Sievers, 1985) and rapid cooling (Minor-
sky & Spanswick, 1989). Although the sequence
of steps that connect stimulus perception to alter-
ations in potential are not known, the molecular

mechanisms that mediate the depolarizing and sub-
sequent repolarizing currents are likely to involve
the coordinated activity of plasma membrane ion
channels.

Studies in diverse systems utilizing ion channel
blockers indicate that Ca’" influx contributes to the
depolarizing current (Weisenseel & Ruppert, 1977,
Minorsky & Spanswick, 1989), although concomi-
tant modulation of other transport processes, such
as inhibition of the plasma membrane ATPase (Han-
son, Rincon, & Rogers, 1986; Felle, 1988) or stimula-
tion of Cl~ efflux through anion channels (Beilby,
1984; Schroeder & Hagiwara, 1989) may also be
required. Perpetuation of the signal transduction
cascade, however, appears to be primarily depen-
dent upon the elevation of cytosolic free Ca**, which
can actuate the ensuing physiological response
through biochemical pathways involving calcium
binding proteins (Marmé, 1989), protein phosphory-
lation (Blowers & Trewavas, 1989) and/or the regu-
lation of gene expression (Guilfoyle, 1989; Braam &
Davis, 1990).

Equally important to the signaling event are the
currents that facilitate membrane repolarization, for
their function is to re-establish electrical homeosta-
sis so that cells may respond again to the same or
different stimuli. Two types of transport systems
could conceivably assume this role: the H"-ATPase,
which catalyzes the electrogenic extrusion of pro-
tons, and ion channels, which accommodate the ef-
flux of K* from the cytosol. Evidence from ion flux
studies in intact tissue support this premise where
repolarization is coincident with acidification of the
extracellular medium (Rincon & Hanson, 1986), K*
release (Tazawa, Shimmen & Mimura, 1987) or the
efflux of H* and K* (Kinraide, Newman, & Ether-
ton, 1984; Komor et al., 1989).

We have been interested in understanding the
cellular events that couple these unidirectional cur-
rents to produce transient shifts in membrane poten-



278 K.A. Ketchum and R.J. Poole: Ca?*-Activated K* Current in Corn Protoplasts

tial and the factors that allow their activity to be
modulated in a temporal fashion. One mechanism of
establishing this connection is through Ca’* regula-
tion of ion transport proteins. Our objective in this
study was to determine whether cytosolic Ca>*
could influence the whole-cell K* currents which
have been described in corn protoplasts (Ketchum,
Shrier & Poole, 1989).

Here we present evidence that the K* current
evoked by membrane depolarization is also Ca’"-
dependent. This current is a plausible candidate for
repolarizing the membrane potential following sig-
naling events that involve membrane depolarization
and changes in the cytosolic free Ca’* concentra-
tion. Furthermore, we observed that organic Ca’*
channel antagonists from the dihydropyridine and
phenylalkylamine families attenuate the K+ current.
These results suggest that one pathway for Ca**
influx in corn suspension cells is through a protein
that has pharmacological similarities to an L-type
voltage-dependent Ca?* channel (Hosey & Lazdun-
ski, 1988).

Materials and Methods

CELL CULTURES AND PROTOPLAST ISOLATION

Corn suspension cells (Zea mays, Black Mexican sweet corn,
University of Illinois #78-002) derived from root tissue were
cultured as previously reported (Ketchum et al., 1989). Proto-
plasts were prepared from cells 3 or 4 days after transfer with
the following modifications of our original isolation procedure
(Ketchum et al., 1989). Plasmolyzed cells, 0.2 g wet wt, were
incubated at 28°C for 4 hr in 5 ml of digestion buffer {(Musashige
and Skoog growth medium supplemented with 1.5% Cellulase Y-
C,0.1% Pectolyase Y-23 (Seishin Pharmaceutical, Tokyo, Japan},
0.5% Macerozyme R-10 (Yakuit Biochemical, Nishinomiya. Ja-
pan), 0.5% BSA', 20 mmM citric acid, | mm DTT, and 300 mm
mannitol, pH 5.5). Undigested cells and broken protoplasts were
then separated from the digestion mixture by filtering the solution
through a 2-cm glass wool plug loosely positioned in the end of

a 10-ml syringe. The glass wool was first wetted with 2 ml of ©

rinse medium (digestion buffer minus enzymes) and following the
passage of the digestion mixture the glass wool was washed with
an additional 3 ml of the same solution. The filtration through
glass wool was repeated, and the second flowthrough was then
centrifuged at 30 x g for 10 min in a clinical centrifuge. The
supernatant was aspirated and the pellet, containing the proto-
plasts, was resuspended in 10 ml of rinse medium. Protoplasts
were centrifuged and resuspended in fresh rinse medium three
times to completely remove cell wall degrading enzymes. The

' Abbreviations: BSA, bovine serum albumin; DTT, dithio-
threitol; MES, 4-morpholineethansulfonic acid; Tris, tris-thydro-
xymethyhaminomethane; EGTA, ethylene glycol-bis(B3-ami-
noethyl ether); BTP-ATP, bis-tris-propane-adenosine 5'-triphos-
phate; HEPES, (N-2-hydroxyethylpiperazine-N'-2-ethane sul-
fonic acid; TEA™, tetraecthylammonium ion.

final pellet was resuspended in extracellular medium (see Solu-
rions below) and the protoplasts were then placed on ice in the
dark. Protoplasts were used for whole-cell recording 10 to 24 hr
after isolation.

TIGHT-SEAL WHOLE-CELL RECORDING

The whole-cell patch-clamp technique (Hamill et al., 1981) was
used to record potentials or currents from corn protoplasts at
24°C with a List EPC-7 patch-clamp amplifier (Medical Systems.
Greenvale, NY). Signals were filtered at 10 kHz, digitized at 44
kHz by a pulse code modulation unit (Medical Systems, PCM-2)
and recorded on a Beta cassette recorder (Sony, SL-HF860D).
Current amplitudes were later analyzed on either an analog (Tek-
tronix, 5103N) or digital (Hameg, HM 208) oscilloscope and traces
were plotted on an X-Y recorder (Linseis. LY 17100). Currents
were filtered at 3000 Hz with a low-pass Bessel filter (Frequency
Devices, 902LPF). Electrodes with a resistance between 6 and
10 MQ, measured in extracellular medium, were prepared from
borosilicate glass capillaries (Kimble Products, Kimax-51).

SOLUTIONS

Extracellular medium used for patch-clamp experiments included
I mM K-gluconate, 2 mm MgCl., | mm CaCl,, 10 mm MES, with
the osmolarity adjusted to 685 mOsmol with 654 mm mannitol
and the pH titrated to 6.25 with concentrated Tris. When used to
resuspend protoplasts for storage, this solution was supplemented
with 1 mM DTT. Intracellular medium (pipette filling solution)
contained 100 mm K-gluconate, 2 mm MgCl,. 4 mm EGTA-Tris,
5SmmMm BTP-ATP, 10 mm HEPES, and 450 mm mannitol. The final
osmolarity was 635 mOsmol, and the pH was brought to 7 with
concentrated Tris. For experiments where the concentration of
EGTA was elevated to increase the calcium buffering capacity
of the intracellular solution. the concentration of HEPES was
increased to a molarity equal to that of the EGTA to assure
that the pH was maintained at 7. The mannitol and/or gluconate
concentration was correspondingly decreased to compensate for
the change in osmolarity.

Quin2 (Molecular Probes, Eugene, OR} fluorescence was
used to measure the free calcium concentration of the pipette
filling solution (Tsien, Pozzan & Rink, 1982). Briefly, 20 um
quin2 was added to a sample of intracellular solution and the
fluorescence at 492 nM (excitation wavelength of 339 nm) was
recorded on a Perkin-Elmer LS-3 fluorescence spectrometer.
Minimum fluorescence (at zero free calcium), was determined by
titrating the sample to pH 9 with concentrated Tris and adding
excess EGTA to chelate all free calcium as described by Rink
and Pozzan (1985). The maximum fluorescence (taken as fluores-
cence at 100 um free Ca’*) was established by titrating the solu-
tion with either CaCl, or Ca-gluconate until the signal saturated.
The fluorescence change from 0 to 100 umM Ca’* was approxi-
mately sixfold. The level of free calcium in each solution was
then determined from the calibration curve published for this dye
(Tsien, Pozzan & Rink, 1982). Alterations of the free calcium
level and assessment of the calcium buffering capacity of the
different intracellular solutions were made by adding known
amounts of CaCl, or Ca-gluconate. The final pH was then checked
to verify that the change in free calcium concentration did not
shift the acidity of the intracellular medium.

Finally, chloride-containing salts were used in some experi-
ments, replacing the impermeant gluconate, so that the chloride
reversal potential could be shifted to more positive potentials (see
text).
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Fig. 1. Effect of nitrendipine on whole-cell currents in corn protoplasts. (A) Control: Voltage steps from a holding potential of — 80
mV to step potentials between — 140 and + 60 mV. (B) Nitrendipine: Same voltage steps repeated following a 20-min incubation period
with 1 uMm nitrendipine. (C) I/V relationship for the time-independent current: (@) control and (O) with 1 uM nitrendipine. (D) [/V
refationship for the time-dependent currents: (&) Control and (A) with | uM nitrendipine. Similar observations were made of five

different cells

Results

To investigate the Ca’*-dependence of the whole-
cell currents in corn protoplasts we applied reagents
that are known to antagonize plasma membrane
Ca** flux. These compounds were of two types,
organic Ca’* channel inhibitors (Hosey & Lazdun-
ski, 1988) and ionic Ca’* channel blockers (Hille,
1984). We hypothesized that a reduction in Ca’*
influx would decrease the cytosolic free Ca?* con-
centration and thereby indirectly affect any Ca’*-
activated currents.

OrGAaNIC Ca?* CHANNEL INHIBITORS

Nitrendipine, added to a final concentration of | um
reduced the voltage-dependent, outward K* current
(I¢+ou) €voked by membrane depolarization (Fig.
1). Compilete inhibition of this current was obtained
when the nitrendipine level was elevated to 100 uM
(Figs. 2 and 3). Currents exhibited a progressive
decrease in magnitude following the addition of the
drug to the chamber which could not be attributed
to either the solvent (Fig. 2) or to the “‘run down’ of
currents, typically 5-15%, that occurs during whole-
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Fig. 2. Complete inhibition of the time-dependent, outward K* current by 100 um nitrendipine. Left panel: Whole-cell currents
recorded with a depolarizing pulse from — 80 to +35 mV. Voltage steps conducted before nitrendipine addition (control), and 2, 4, and
6 min after the inhibitor was added to the chamber. The same response was obtained from three cells. Right panel: Whole-cell currents
recorded with an equivalent concentration of the solvent, 0.4% ethanol. Voltage steps to +60 mV from a holding potential of —80 mV
were performed before (control) and after (1, 5, and 10 min) ethanol addition
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Fig. 3. Influence of nitrendipine concentration on I +our- Whole-
cell currents were recorded at a test potential of +60 mV follow-
ing a 20-min incubation with nitrendipine. Points are the average
of five cells, except 100 uMm where three cells were used, with the
sb represented by the vertical lines

cell recording from these protoplasts. The 1Cy, for
nitrendipine was approximately | uM measured at a
test potential of +60 mV following a 20 min incuba-
tion period (Fig. 3). I+, was partially inhibited by
nitrendipine at a concentration of only 10 nm, yet
complete inhibition required an inhibitor concentra-
tion of 100 um (Fig. 3). This wide range suggests the
possibility of heterogeneity either in the nitrendipine-
sensitivity of Ca’* channels, or in the Ca®*-sensitiv-
ity of K* channels in these cells.

In 19 out of 28 cells tested, the time-independent
current (I;) was also partially reduced in the pres-
ence of nitrendipine (Fig. 1C). The degree of inhibi-
tion averaged 32% in those cells where a decrease
in I; was observed (values included cells treated with
0.001 to 100 uMm nitrendipine). We found no correla-
tion between inhibitor concentration and the reduc-
tion of /;. Furthermore, the resting membrane poten-
tial did not exhibit any change that directly
corresponded to the observed decrease in the instan-
taneous conductance.

In contrast to the two currents analyzed above,
the inward K* current (I +;,), evoked at hyperpolar-
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Fig. 4. Effect of different Ca’* channel antagonists on the time-
dependent, outward K* current. Each current trace was recorded
at a step potential of +60 mV from a holding potential of —80
mV. Time-independent currents were subtracted: the upper trace
in each case shows the time-dependent current in the absence of
inhibitor. (4) 100 um nifedipine; vertical scale, 30 pA. (B) 100 uM
verapamil; vertical scale, 40 pA. (C) 100 um methoxyverapamil
(D600); vertical scale, 20 pA. (D) | mm diltiazem; vertical scale,
20 pA. (E) 100 uMm bepridil; vertical scale, 20 PA. (F) 20 mmMm
MnSQ,; vertical scale, 20 pA. Horizontal scale in all panels is 800
msec. Each inhibitor was tested on three cells

izing potentials, was unaffected by the dihydropyri-
dine reagent (Fig. 1D).

Other organic Ca’* channel antagonists from
the [,4-dihydropyridine and phenylalkylamine fami-
lies as well as the compound bepridil caused similar
inhibition of Iy+,,, whereas diltiazem, a reagent
from the benzothiazepine group, had no effect (Fig.
4). We could not unequivocally determine the sensi-

tivity of this current to the diphenylbutylpiperidine
pimozide, since the solvent chloroform (0.8% final
concentration) caused transient inhibition of the
whole-cell currents in corn cells.

IoNic Ca?" CHANNEL BLOCKERS

The addition of ionic Ca’* channel biockers had
relatively little effect on Ix+,,. We observed only
partial inhibition of the K* current with millimolar
levels of La**, Mn?*, Cd*>", or Co®* (Figs. 4, 5 and
data not shown).

Interestingly, the primary response to La’* was
an inhibition of the time-independent current (Fig.
5). The magnitude of /; was inversely related to the
extracellular La’** concentration, and as the mem-
brane conductance was reduced a concomitant hy-
perpolarization of the resting membrane potential
occurred.

The average membrane potential of corn proto-
plasts was —96 = 34 mV when whole-cell recordings
were conducted in 1 mM external potassium salts
(Ketchum et al., 1989). The variability seen in the
resting potential appears to be partially attributable
to variation in the Cl~ conductance of the plasma
membrane. In the most extreme case, observed in a
subpopulation of protoplasts, the resting potential
corresponded to the CI~ reversal potential of — 10
mV (Poole & Ketchum, 1989). These cells exhibited
a large time-independent current, which was re-
duced by external LaCl;. Addition of LaCl; also
caused dramatic hyperpolarization of AY by —98 +
22 mV (n = 6) from an initial potential of —10.6
= 7 mV. All of these protoplasts showed a time-
dependent, outward K* current when depolarized
in the presence of La’".

Protoplasts with initial resting potentials more
negative than —50 mV (i.e., protoplasts with a K*-
selective time-independent current) also hyperpolar-
ized, although to a lesser extent, following La’*
addition. Furthermore, protoplasts patched in the
presence of 100 um LaCl; or [ mm LaCl; had average
resting potentials of —85.8 + 24 mV (n = 14) and
—110 = 34 mV (n = 19), respectively. Addition of
LaNO; caused changes in membrane potential and
whole-cell currents similar to those observed with
LaCl;.

MoDULATION OF THE TIME-DEPENDENT Kt
CURRENT BY INTRACELLULAR Ca’*

The inhibition of the time-dependent K* current
might be interpreted in two ways: (i) I+, is Ca2*-
dependent; the decrease in this current is caused by
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Fig.5. La’* inhibition of the time-independent current. One cell was assayed with increasing concentrations of LaCl; in the extracellular
medium. The holding potential was —80 mV. Currents recorded at voltage steps ranging from —120 to +80 mV are shown. The
membrane potential of the protoplast in 100 um La®** was —57 mV. When the La’* concentration was elevated the resting potential
hyperpolarized to —66 mV at 1 mM and —97 mV at 10 mm LaCl;. All six cells tested showed the same response

the reduced Ca’" flux across the plasma membrane
in the presence of the organic Ca** channel inhibi-
tors, or (i) the K* channels responsible for Iy oy
are directly inhibited by the dihydropyridine, pheny-
lalkylamine and bepridil reagents. In other experi-
mental systems high concentrations of organic Ca*"
channel] blockers have been shown to inhibit voltage-
dependent Na® and K* currents (Hagiwara & By-
erly, 1981; Hume, 1985) and Ca®*-dependent K~
currents (Gola & Ducreux, 1985). To distinguish be-
tween these possibilities we performed experiments
to test whether arise in intracellular Ca®* was neces-
sary for the activation of fx+gy,.

First, we increased the Ca’" buffering capacity
of the intracellular solution by elevating the concen-
tration of EGTA while maintaining free Ca’>* at 40
nM. If the influx of Ca’* causes a change in the
internal Ca®* concentration, which in turn activates
the K* conductance, then the development of the
time-dependent current would be less likely as the
protoplasts are loaded to higher EGTA levels. As
seen in Fig. 6 this was indeed the case, where the
conductance/surface area due to the time-dependent
Kt current, measured at +60 mV, decreased from
0.36 = 0.1 S/m? in 4 mM EGTA t0 0.11 = 0.05 S/m?
in 40 mM EGTA. Further reduction of I+, was
obtained in protoplasts loaded with 100 mm EGTA
(Fig. 6).

Second, we maintained the Ca®™ buffering ca-
pacity at a constant level and elevated the free

2+

Ca’" concentration. If Ix-., is dependent upon
intracellular Ca?*, currents should be enhanced in
the higher free Ca?® buffers. Using intracellular
media with comparable Ca’" buffering capacities
(4 mm EGTA) but containing different free Ca>*
concentrations (40 and 400 nM), it was observed
that the conductance/surface area increased ap-
proximately twofold with the higher Ca’*solution
(Fig. 7, inset). In addition, the activation range of
the K* current shifted towards more negative
potentials when recordings were made with the
elevated Ca?" buffer (Fig. 7). Thus half maximal
current activation was attained at +5 mV with a
free Ca’* concentration of 40 nM in contrast to
—~15 mV with a free Ca’* concentration of 400
nM. The activation kinetics for Iy, with 400
and 40 nMm free Ca?* exhibited a similar voltage
dependency (Fig. 84). A slight acceleration in the
rate of current development could be observed
with the 400 nM solution between —40 and 0 mV
step potentials. This difference became negligi-
ble with depolarizations more positive than 0
mV.

We attempted to assess the effect of a higher
concentration of intracellular free Ca®>* (1 uM) on
this K™ current. Unexpectedly, we found that
Ix+ou rapidly decayed following the establishment
of the whole-cell configuration (Fig. 9). Typically,
recordings can be made, using standard intracellu-
lar solutions (Materials and Methods), for more
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than 90 min without a dramatic change in current
magnitude. Each of the protoplasts monitored with
the 1 um buffer lost greater than 50% of the original
time-dependent current by 6 min after break
through. Hence [k, has a restricted range of
cytosolic Ca’* for maximal activation.

Finally, we examined the sensitivity of the K*
currents recorded with elevated intracellular free
Ca’* (i.e., 400 nM) to the organic Ca’* channel
blockers. When the buffering capacity of the intra-
cellular solution was set with 4 mm EGTA, Ix o
was inhibited by the Ca’* antagonists in a similar
manner to that previously noted with the 40 nm
free Ca’* buffer (data not shown). We suspected
that the reactions that reduce cytosolic free Ca’*
[e.g. export of Ca>" via the plasmalemma Ca’*-
ATPase (Robinson, Larsson & Buckhout, 1988) or
sequestration of Ca’* into the vacuole by the H*/
Ca’* antiport (Schumaker & Sze, 1985; Blumwald
& Poole, 1986)] might be sufficient to overcome
the buffering ability of the 4 mm EGTA buffers,
so that additional influx of Ca’* through the nitren-
dipine-sensitive channels would still be required to
activate fg+,,. We therefore reassessed the effect
of nitrendipine on Iy, in protoplasts loaded with
a 40 mM EGTA, 500 nMm free Ca’>" pipette solution.

There were a number of distinct properties ob-
served of Ix+,, recorded under these conditions.
First, as noted with the 1 um Ca’* cells (Fig. 9), out-
ward currents decayed noticeably with time after es-
tablishment of the whole-cell configuration (Fig. 10).
Second, although the voltage dependency of the cur-
rents (Fig. 10) was not greatly changed from that seen
with 4 mM EGTA-400 nm Ca’" (Fig. 7), the time
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course of activation was dramatically altered. The de-
velopment of /-, is usually preceded by a pro-
nounced lag (Figs. 1, 2 and 4), which gives the time
course of activation a sigmoidal shape. With the 40
mM EGTA, 500 nm Ca’" buffer the time-dependent
current increased in a simple exponential fashion
(Fig. 11) and the half-activation time for these cur-
rents was markedly reduced (Fig. 8B). Most import-
antly, Ix +,, recorded under these conditions was rel-
atively insensitive to nitrendipine (Fig. 12), the decay
of current being largely attributable to Ca’™ inactiva-
tion (c¢f. Fig. 10), while in low Ca’* cells nitrendipine
caused total current inhibition (Fig. 12). These data
suggest that nitrendipine inhibits the K* current
through the reduction of Ca?* influx.

Discussion

Ca’*-AcTIVATED K™ CURRENT

The response of plant cells to a variety of physiologi-
cal and environmental stimuli is accompanied by an
efflux of potassium ions from the cytosol (Bange,
1979; Novacky, 1980; Atkinson, Baker & Collmer,
1986; Hanson, Rincon & Rogers, 1986; Schroeder,
Raschke & Neher, 1987; Tazawa et al., 1987; Moran
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Fig. 9. Decay of Ik +,y after establishment of the whole-cell con-
figuration. Three different cells (@, B, A) recorded with a pipette
filling solution of | uM free calcium and 10 mm EGTA. Zero time
is the first step to +60 mV, from a holding potential of —&0
mV, approximately 1.5 min after transition from the cell-attached
configuration to the whole-cell recording mode. The time-depen-
dent current at this point was taken as 100%, and the current at
all subsequent steps was expressed as a percent of this value

et al., 1988). Most notable is the pronounced loss of
K* in cells that undergo turgor-mediated changes in
cell volume. Potassium ion channels, that have been
described in guard cells and motor cells of the pulvi-
nus provide the molecular pathway for these K™
movements (Schroeder, Raschke & Neher, 1987;
Moran et al., 1988). In other cell types the role of
transient K* efflux and the cellular mechanisms
which modulate K™ loss are less well understood.

One function that K™ currents commonly serve
is to maintain electrical homeostasis at the plasma
membrane. Thus their role in signal transduction is
to provide delayed negative feedback as a means to
terminate the electrical transients and ionic fluxes
that mediate between stimulus perception and the
biochemical reactions of the cytosol. The situations
in which K* fluxes in animal cells are utilized in this
way are varied, and in accordance with this there
are a wide range of K* channels tailored to respond
to each physiological condition (Latorre & Miller,
1983; Hille, 1984; Latorre et al., 1989). A similar
function might be expected of the different K* cur-
rents found in plant tissues.

In this paper we have provided strong evidence
for Ca’* activation of K* channels at the plasma
membrane of higher plant cells. The characteristics
of this current (activation upon membrane depolar-
ization, increase in the rate of activation with an
increase in cytosolic Ca’™, and a shift in activation
range with elevated Ca’") indicate that its likely
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A 13 min.

mV -80

Fig. 10. //V relationship for the time-dependent, ovtward current
recorded with S00 nM free calcium and 40 mm EGTA in the
pipette. C1™ reversal potential was set to +45 mV. Voltage steps
conducted 2, 9 and 13 min after establishment of the whole-cell
configuration

role is to repolarize the membrane potential during
signaling events that combine the elevation of intra-
cellular free calcium with a decrease in the electrical
potential of the cell. Moreover, the levels of cyto-
solic free Ca®" that actuated current development
(Ca’* concentration greater than 30 nm and less
than 1 uM) are similar to the concentration of Ca**
monitored in corn root cells following IAA addition
and observed in guard cells after ABA application
(Felle, 1988; McAinsh, Brownlee & Hetherington,
1990). We suspect that this class of ion channels
provides the pathway for the passive K *efflux that
has been observed in the response of higher plant
cells to stress induced by shifts in temperature
(Bange, 1979), wounding (Hanson et al., 1986) or
exposure to pathogens (Novacky, 1980; Atkinson et
al., 1986).

The Ca’*-activated K* current in corn has
marked similarities to the K* currents described in
guard cells from Vicia faba (Schauf & Wilson, 1987;
Schroeder et al., 1987; Hosoi, lino & Shimazaki,
1988; Blatt, 1990), motor cells from the pulvini of
Samanea saman (Moran et al., 1988) and mesophyll
cells from trap-lobes of Dionaea muscipula {Venus’s
flytrap, lijima & Hagiwara, 1987). All of these cur-
rents are outward rectifying with similar voltage de-
pendency and activation kinetics. Moreover, each
current shows sensitivity to the K* channel inhibitor
TEA™ (Iijima & Hagiwara, 1987; Schauf & Wilson,
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Fig. 11. Rapid activation of the time-dependent, outward cur-
rents recorded with a pipette filling solution that contained 500
oM free calcium and 40 mMm EGTA. Whole-cell currents were
evoked at step potentials between — 180 and +60 mV. The hold-
ing potential was ~80 mV. The chloride reversal potential was
set to +45 mV

1987; Moran et al., 1988; Ketchum et al., 1989). It
is not known whether the K™ channels identified in
these other cell types are also regulated by intracel-
lular Ca®”.

Ca®*-activated K* channels appear to be pres-
ent at the plasma membrane of other plant species.
Tester (1988) has suggested that the K* current in
C. corallina may be Ca®* regulated, based upon
pharmacological comparisons with the high conduc-
tance Ca**-dependent K* channel described in ani-
mal cells. In the alga Eremosphaera viridis a Ca’* -
dependent K* current participates in the transient
potentials that follow light-dark environmental tran-
sitions (Thaler et al., 1987). In addition, a TEA -
sensitive, Ca’*-activated channel has been identi-
fied in the alga Mougeotia (Lew et al., 1990).

The plasma membrane of endosperm cells from
Haemanthus and Clivia (plants of the Amaryllis fam-
ily) contains Ca’*-activated, nonselective cation
channels (Stoeckel & Takeda, 1989). The channels
we have described in corn have a distinct pharmacol-
ogy: sensitivity to TEA™ (Ketchum et al., 1989) and
Ba’* (Ketchum & Poole, 1990), not shared with the
channels found in either species. These differences
suggest that the K* channels described here are not
closely related to the cation channels identified in
endosperm.

It is of particular interest that cytosolic Ca’*
was also a means to inactivate the K* current (Figs.
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Fig. 12. Iy is insensitive to nitrendipine when protoplasts are
loaded with a 500 nm Ca*, 40 mm EGTA buffer. At zero time
nitrendipine (100 uM) was added to the chamber. Filled symbols
(@, W, A) represent cells in which the pipette filling solution
contained 40 nMm free calcium and 4 mm EGTA. Open symbols
(O, 0) indicate cells with a pipette filling solution of 500 nm
free calcium and 40 mM EGTA. Currents were expressed as
the percent of the time-dependent current recorded on the first
voltage step prior to inhibitor addition. In all experiments the
holding potential was —80 mV and the test potential was +60
mV

9 and 10). There is precedence for this type of dual
regulation of Ca’*-dependent K* channels in some
animal cells (Alkon et al., 1984; Findlay, Dunne &
Petersen, 1985; Hidalgo, 1985) and the challenge
here will be to define the regulatory factors that
mediate activation and inactivation. Physiologically
this inhibition of the outwardly directed K *current
may be crucial in preventing a large-scale loss of
potassium under conditions when cytosolic Ca’*
reaches a high level.

Other Ca?*-modulated ion channels have been
observed at both the tonoplast and plasma mem-
brane in plant cells. At the vacuolar membrane, ele-
vation of cytosolic Ca’* activates Cl -selective
channels in Chara (Kikuyama, 1988) and a nonselec-
tive channel in sugar beet (Hedrich & Neher, 1987).
There is also evidence that Ca®* causes the inactiva-
tion of a second, nonselective ion channel at the
tonoplast (Hedrich & Neher, 1987). The situation at
the plasma membrane is equally complex, where
high cytoplasmic Ca®" inhibits inward-rectifying K
channels in guard cells (Schroeder & Hagiwara,
1989) and also activates a Cl~ conductance in Chara
(Shiina & Tazawa, 19874) and in guard cells

(Schroeder & Hagiwara, 1989) in addition to the
cation channels described above.

It is notable that a wide range of cytosolic Ca’*
concentrations have been used in the literature, and
it seems likely that the Ca’*-activation ranges of the
different ion channels, even on the same membrane,
may be quite distinct. At the plasma membrane of
guard cells, for example, Schroeder and Hagiwara
(1989) promoted Cl~ currents with cytoplasmic Ca’*
at 1.5 uM, which in the corn cell system would cause
reduction of the Ca’*-activated K* current. Evi-
dently both short-term and long-term effects of vari-
ous levels of cytosolic Ca®* allow considerable ver-
satility in the stimulus-response coupling of plant
cells.

EFFECT OF ORGANIC Ca’* ANTAGONISTS AT THE
PLAasmMA MEMBRANE

Inhibition of K* efflux by the organic Ca>* channel
inhibitors (1,4-dihydropyridines, phenylalkylamines
and bepridil) gives insight into the mechanism of
Ca’" transport at the plasma membrane. These re-
agents all typify the L-type voltage-dependent Ca>*
channel that is found in animal cells (Hosey & Laz-
dunski, 1988). Their effectiveness in corn suggests
that a protein with similar pharmacological sensitiv-
ity mediates Ca’* influx in higher plant cells and it is
plausible that this transport system is also a voltage-
dependent ion channel.

Dihydropyridine-sensitive transport systems
appear to be widespread in plant tissues. Direct re-
cordings of ion currents in the giant algal cells of
Nitellopsis obtusa have demonstrated the presence
of a dihydropyridine-sensitive, voltage-dependent
Ca’* current at the plasma membrane (Shiina &
Tazawa, 1987b). Dihydropyridines have also been
used to inhibit Ca**-dependent processes such as
mitosis (Wolniak & Bart, 1985), osmoregulation
(Okazaki & Tazawa, 1986), cytokinin-induced bud
formation (Conrad & Hepler, 1988), as well as “Ca**
transport (MacRobbie & Banfield, 1988). Similar ob-
servations have been obtained utilizing compounds
from the phenylalkylamine group (Hepler, 1985;
Graziana et al., 1988; Brummell & Maclachlan,
1989). However, the receptors for these two classes
of antagonists do not coincide in all plant tissues
(Graziana et al., 1988) and direct characterization
of these Ca’* transport proteins will be needed to
distinguish their physiological roles.

La’*-SENSITIVITY OF THE
WHOLE-CELL CURRENTS

The observation that the instantaneous current was
reduced by La** (Fig. 5) presents the possibility
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that a second, voltage-insensitive Ca** conductance
contributes to the resting membrane potential. The
transport of Ca** in this manner, perhaps combined
with activation of chloride channels, could account
for the positive shift in potential from £y . (Ketchum
et al., 1989) and the large time-independent currents
observed in certain cells (Poole & Ketchum, 1989).
Alternatively, La** inhibition of Z; could result from
direct blockage of K* channels as has been proposed
in Chara influta (Tyerman, Findlay & Paterson,
1986). In support of this latter hypothesis is the ob-
servation that the effect of external La** on [, is
similar to that observed with TEA* (Ketchum et al.,
1989).

CONCLUSION

The K* channel which facilitates the efflux of K*
during the depolarization of corn protoplasts was
activated by cytosolic Ca**. This current, originally
identified as Ik -, was inhibited by organic calcium
channel antagonists from the dihydropyridine and
phenylalkylamine families. Furthermore, K*cur-
rents were enhanced by loading protoplasts with
buffers containing moderately elevated concentra-
tions of free Ca’* or, conversely, they were inhibited
by increasing the Ca’*-buffering capacity of the cy-
tosol to maintain low levels of free Ca®*. High cyto-
solic Ca?* also led to inactivation of the K* channel.
We suggest that this current be called Iy ¢, to reflect
the mechanism of channel regulation.

Second, a Ca’* transport system present at the
plasma membrane of corn cells was found to have
pharmacological similarities to an L-type voltage-
dependent Ca’* channel. This channel is sensitive to
dihydropyridines, phenylalkylamines and bepridil.

The characteristics of these two transport sys-
tems suggest that they may work in concert to facili-
tate signal transduction at the plasma membrane of
higher plant cells.
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