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Abstract. Slowly activating vacuolar (SV-type; Hedrich
and Neher 1987, Nature 329: 833-835) ion channels
provide the predominant membrane conductance of the
vacuolar-lysosomal compartment of Vicia faba L. guard
cells and sugar beet (Beta vulgaris L.) taproots. Applying
the patch-clamp technique to isolated vacuoles of both
tissues, the electrical and pharmacological properties of
guard-cell SV-type currents were studied and compared to
the sugar beet channel with regard to its modulation by
cytoplasmic Ca2* and pH. This outward rectifier of
V. faba guard cells showed a half-maximum activation at
55-60 mV with an apparent gating charge equivalent of
z ~ 4. Studies on the single-channel and whole-vacuole
level revealed an extremely high conductance of 280 pS for
the guard-cell channels at a mean density of 0.37 um ™2
compared to taproots (120-140 pS at about 0.16 channels
per pm?). Guard-cell SV-type channels are weakly selec-
tive for cations over anions and lack saturation at KCl
concentrations of up to 1 M. Since in the absence of
physiological K* concentrations, Ca®* is the major per-
meable ion, relative changes in the amounts of the two
ions might control the permeation process. In spite of
their different origins and physiological functions, in
guard cells and beet taproot cells, cytoplasmic Ca®* and
protons, both considered as candidates for intracellular
signalling in plants, modulate the voltage dependence of
SV-type channels. While the two effectors do not alter the
single-channel conductance, they strongly interact with
the voltage sensor. The calmodulin (CaM) antagonists
N-(6-aminohexyl)-5-chloro-1-naphthalenesulfonamide
hydrochloride (W-7), trifluoperazine (TFP) and cal-
midazolium hydrochloride (R 24571) effectively blocked
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the channel in an antagonist-specific manner. In agree-
ment with the properties of a Ca®*-permeable channel,
CaM could be involved in the modulation of the activa-
tion threshold of the SV-type channel. We therefore
conclude that guard-cell SV-type channels, which might
be responsible for the release of K*, CI~ and to a
smaller extent Ca?* during stomatal closure, could serve
as an intracellular sensor for changes in cytosolic calcium
(calcium-CaM) and pH.
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Introduction

The major tasks of the vacuolar-lysosomal compartment
are storage and mobilisation of ions (e.g. Ca®**, K™*, C17)
and metabolites (e.g. malate and sugars), processes which
are involved in regulation of cell volume and turgor
(Matile 1978). Vacuolar ion and metabolite transport are
mediated by ion channels, carriers and electrogenic pro-
ton pumps (Hedrich et al. 19864; Hedrich and Schroeder,
1989). Initial patch-clamp studies on sugar beet vacuoles
identified outward!-rectifying SV-type channels (slowly
activating vacuolar channels) and weakly voltage-depen-
dent FV-type ( = fast activating vacuolar) channels of low
selectivity for cations over anions (Pg: Pg = 6) which
have been considered as pathways for vacuolar anion and
cation transport (Hedrich and Neher 1987). The SV-type
channels are widely distributed in plants. They have been
discovered in the vacuolar-lysosomal membrane of all cell
types studied, such as those in the leaf, root, liverwort
thallus, aleurone layer and cultured cells, and are therefore

! According to the sign convention for endomembranes, the vacuo-
lar lumen is considered electrically equivalent to the extracellular
space (Bertl et al. 1992; cf. method section!)
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suggested to be ubiquitous in higher plants? (Hedrich et
al. 1988). Voltage-dependent and voltage-independent
vacuolar currents of slow and fast kinetics were further
distinguished by their Ca®* sensitivity (Hedrich and
Neher 1987; Schroeder and Hedrich 1989). Increasing the
cytosolic Ca®™ concentration to > 0.3 uM resulted in an
increase in the relative contribution of SV-type channels
to the macroscopic current. Elevated cytoplasmic Ca®™
levels are supposed to result from Ca?* influx through the
plasma membrane (Schroeder and Hagiwara 1989; Cos-
grove and Hedrich 1991; Thuleau et al. 1994) or vacuolar
channels. Gadolinium (Gd**)-sensitive Ca’* channels
(Johannes et al. 1992; Allen and Sanders 1994a) and
inositoltrisphosphate-activated Ca®” channels (Alex-
andre et al. 1990; Allen and Sanders 1994b) might catalyze
Ca?™ release from the vacuole. At rest, due to the abund-
ance and activity of H*-pumping V-type ATPases and the
vacuolar PP;ases, vacuolar membrane potentials around
— 10 to —40mV are assumed (Sze 1985; Coyaud et al.
1987; Hedrich et al. 1989). However, SV-type channels
activate at positive membrane potentials. Since the equi-
librium potential for Ca®" across the vacuolar membrane
is more positive than 200 mV, a vacuolar Ca’" release
into the cytosol could depolarize the membrane potential
to the threshold of SV-channel activation (Sanders et al.
1990). Recently a voltage-independent, Ca’™*-activated
K™ channel in the vacuolar membrane of guard cells with
features similar to the FV-type channel in sugar beet
vacuoles (Hedrich and Neher 1987) was suggested to be
linked to the activation of the SV-type channel (Ward and
Schroeder 1994). In the light of the high K™ concentration
in the vacuolar lumen and the cytosol, however, the role of
this channel in pre-depolarization remains unclear.
Volume and turgor changes during reversible cell ex-
pansion or growth require coordination of metabolite and
ion fluxes between the vacuolar and the plasma mem-
brane (Schulz-Lessdorfet al. 1994). These processes, which
are often triggered by plant hormones, involve cytoplas-
mic Ca?* and protons for signal transduction (Gehring
et al. 1990; Blatt 1992; Irving et al. 1992; Blatt and
Armstrong 1993, Lemtiri-Chlieh and MacRobbie 1994;
Ward and Schroeder 1994). Because of the lack of detailed
information about the regulation of vacuolar transport on
the one side, and common second messengers coupling
plasma membrane and vacuolar ion fluxes in response to
cell volume regulators on the other, we focussed on the
modulation of SV-type channels in guard-cell and sugar
beet vacuoles by Ca’*, calmodulin (CaM) antagonists
and protons. Both cell types are characterized by different
ion transport properties reflecting their unique physiolo-
gical tasks: (i) seasonal changes in vacuolar anion and
cation contents during sugar storage and mobilization of
beet taproots (Perry et al. 1987); (ii) rapid changes in
amplitude and direction of ion fluxes which drive stomatal
movement in guard cells within minutes in response to
different stimuli, e.g. light, phytohormones and CO,
(Raschke 1979; Irving et al. 1992). The elucidation of

2 It should be noted that yeast vacuoles contain a slowly activating
cation channel with a voltage dependence inverse to the SV-type
channel (Bert]l and Slayman 1990)
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channel density and cell/tissue-specific features of the SV-
type channel from both plant origins may help to better
understand its physiological role. Therefore, in the follow-
ing, the intrinsic properties of the guard-cell channel were
analysed with respect to voltage dependence, selectivity
and pharmacology before the modulation of the SV-type
channel by Ca?*, pH and CaM antagonists was com-
pared in guard-cell and sugar beet vacuoles.

Materials and methods

Isolation of guard-cell vacuoles. Guard cell vacuoles were isolated
from enzymatically prepared protoplasts of broad beans (Vicia faba
L. cv WeiBkernige Hangdown, Gebag, Hannover, Germany) grown
in the greenhouse or botanical garden of the Universities of G6ttin-
gen and Hannover. Epidermal peels with intact guard cells were
isolated from four to six leaflets of 10-14-d-old plants by disintegra-
tion for 3x15s in a Waring blendor with cold washes through
a 200-pm nylon net in between. Stomata were exposed overnight to
Iytic enzymes at 18°C for cell wall degradation and release of
guard-cell protoplasts. The enzyme solution was composed of 2%
Cellulase R-10 (Yakult, Tokyo, Japan), 1% Macerocyme R-10
(Yakult, Tokyo, Japan) 0.5% bovine serum albumin (BSA), 1 mM
CaCl, and 10 mM Na-ascorbate (adjusted to pH 5.5 with HCY)
adjusted to 400 mosmol-kg ™! with p-sorbitol (Raschke and Hedrich
1989). Protoplasts added to a 200-ul recording chamber sedimented
and adhered to its glass bottom while exposed to an isotonic bathing
solution. Guard-cell vacuoles were released from protoplasts by
controlled osmotic shock with a hypotonic solution introduced by
application pipettes with tip diameters of 4-6 pm (Fig. 1; cf. the
section Solutions below). To reduce capillary forces, the pipettes were
inside coated with Sigmacote (Sigma, Deisenhofen, Germany). Ap-
plication pipettes were positioned close to the chosen protoplasts.
While the recording chamber was perfused with bathing solution at
a rate of 1.9 ml-min~*, continuous pipette efflux of hypotonic solu-
tion caused protoplast swelling and, after 3-5 min, disintegration of
the plasma membrane. Freshly extruded vacuoles adhered to the
chamber bottom, were osmotically stabilized, and immediately
(< 2 min) used for the experiment. This fast method of isolating
guard-cell vacuoles from single preselected protoplasts was used to
reduce loss of cytosolic or loosely membrane-bound cofactors.

Isolation of sugar beet vacuoles. Sugar beet (Beta vulgaris L.)
vacuoles were mechanically isolated according to the method of
Coyaud et al. (1987) from five to nine month-old sugar beet taproots
grown in the greenhouse or fields surrounding Goéttingen. Thin slices
were cut off from storage tissue with a razor blade. Slice surfaces
were rinsed with bathing solution. Vacuoles extruding from cut cells
were collected into the recording chamber. Cell debris was removed
by bath perfusion.

Solutions. The hypotonic solution used for vacuole release from
guard-cell protoplasts was composed of 100 mM KCl, 2 mM EGTA,
5 mM MgCl,, and 5 mM Tris/2-(N-morpholino)ethanesulfonic acid
(Mes) pH 7.5 (1 &~ 200 mosmol-kg ~!). All patch-clamp experiments
were performed at temperatures of 293-303 K. Unless otherwise
specified in the figure legends or the text, the solutions used con-
tained 2-200mM KCl, 1 mM CaCl,, 0.5-5mM MgCl,, 5mM
Tris/Mes pH 7.5 in the bath and pipette. The Ca?* permeability of
the SV-type channel was determined with 0.1 and 1 mM CaCl,
( £ 100 mM KCl) in the bath and with 10 mM CaCl, ( £+ 100 mM
KCl) in the pipette; each solution was buffered with 5 mM Tris/Mes
to pH 7.5. p-Sorbitol was added to adjust the final osmolality to
7 =~ 400 mosmol kg ! for analysis of the guard-cell SV-type chan-
nel, and to values 100-150 mosmol-kg~' more than the osmotic
pressure of taproots for the sugar beet channel. Osmolalities were
verified by a vapour-pressure osmometer (5500; Wescor, Logan,
Utah, USA). N-(6-Aminohexyl)-5-chloro-1-naphtalenesulfonamide
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hydrochloride (W-7) and trifluoperazine (TFP) were dissolved in
water, and stock solutions of 4,4-diisothiocyano-2,2-stilbenedisul-
fonic acid (DIDS) and calmidazolium hydrochloride (R 24571) in
dimethylsulfoxide (DMSQ). Dimethylsulfoxide did not affect SV-
type channels up to 0.2% final concentration.

Wheat-germ CaM was isolated by acetone extraction, heat de-
naturation and subsequent chromatography on diethylaminoethyl
(DEAE)-cellulose and fluphenazine-Sepharose columns according
to the method of Anderson (1983). The affinity-column eluate was
desalted on a DEAE-column. Subsequently, CaM was eluted using
Tris-buffer (1 mM EGTA in 10 mM Tris/Mes pH 7.5) and dialyzed
against 10 mM Tris/Mes pH 7.5 before use. Calmodulin concentra-
tion was determined by modified Bradford assay (Biorad, Miinchen,
Germany) and the activity monitored by phosphodiesterase activa-
tion (Wallace et al. 1983), Bovine-brain and spinach CaM were
purchased from Sigma.

Patch-clamp recordings and data aquisition. Patch pipettes were
sealed against the vacuolar membrane to study ionic currents in the
whole-vacuole configuration (analogous to the whole-cell configura-
tion; Hamill et al. 1981) and in excised membrane patches. Kimax-51
glass capillaries (Kimble products, Vineland, N.Y., USA) were
coated on the inside with Sigmacote (Sigma) and pulled in two steps
to produce patch pipettes with tip-diameters of 1-3 pm (correspond-
ing to 3-8 MQ in 200 mM KCI). Sigmacote treatment of the patch-
pipette interior prevented the creeping of sealed membranes into the
pipette , a process often followed by membrane rupture. The external
glass surfaces of the pipette tips were coated with Sylgard 184 (Dow
corning, Midland, Mich., USA) and the rims were fire-polished.
Current recordings were performed in the voltage-clamp mode using
an EPC-7 or EPC-9 patch-clamp amplifier (List electronic, Dar-
mstadt, and HEKA, Lambrecht, Germany). Whole-vacuole and
single-channel currents were low-pass-filtered with an eight-pole
Bessel filter at 100-500 Hz and 2-5 kHz, respectively, digitized at
a sample rate of 0.1-1 ms (VR 10 CRC Instrutech Corp., New York,
N.Y., USA), and stored on hard disk or videotape. The membrane
potentials were corrected for liquid-junction potentials and series
resistances (1.1 MQ < Rg <33 M; |1} < 131nA; 4 pF <c < 28 pF;
Neher 1992). In solutions mainly composed of KCl, liquid-junction
potentials were nominally absent.

Sign convention. According to the sign convention for electrical
measurements on single biomembrane-covered endosomes (Bertl
et al. 1992) the vacuolar membrane potential denotes the potential
difference between the cytoplasmic and the lumen (out)side of the
membrane:

U= Ucyloso] - Ulumen; Ulumen =0.

Consequently, membrane patches exposing the cytoplasmic surface
to the bath solution reflect the inside-out configuration.

Data analysis. Single-channel events were analysed on an Atari
Mega ST4 with the program TAC of Instrutech Corp. using the
50%-threshold method for determination of single-channel open
and closed times (Colquhoun and Sigworth 1983; Sigworth 1983).
All channel events within 1 min, or at least 400 events per current
trace, were analysed for determination of the channel activities,
amplitudes and mean open times. Channel activity has been defined
as the open probability (P,) of all ( = N) channels in an excised
membrane patch. This product N-P, was determined as the sum of
individual open dwell times (t,;) in level i, multiplied by the number
of single-channel amplitudes superimposed, divided by the total time
(tira), according to Sigworth (1983, Eq. 1):

N
Z toi 0ty
N-P, = =t

tlola]

(Eq. 1),

Analysis of whole-vacuole currents was performed using the pro-
gram REVIEW (Instrutech Corp). Activation curves for SV-type
currents were fitted by a single Boltzmann distribution (Eq. 2) using
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the program SIGMAPLOT (Jandel Scientific, Erkrath, Germany).
I, & NP, 1
Ilail Emax (N.Po)max (1 + exp[(UO.S - U)ZC/kT])

(Eq. 2)

where U = membrane potential; ¢ = elementary charge; k = Boltz-
mann constant; T = absolute temperature. The midpoint potential
of current activation (U, 5) and gating charge (z) were determined
from the channel activities normalized to the maximal activity
(N-P,/{N"P_)ax), and from the conductance ratio (g/g..,) which
reflects the open probability extracted from the ratio of whole-
vacuole steady-state currents (I ;) versus corresponding tail-current
amplitudes (I,,;;) at t = 0. For the analysis of channel selectivity the
reversal potentials were determined by interpolation of the single-
channel current amplitudes and of the slope of whole-vacuole tail
currents. Nernst potentials for K*, Ca?* and Cl~ were calculated
using ionic activities derived from the ion concentrations according
to Robinson and Stokes (1959).

Results

Voltage dependence of the guard-cell SV-type channel.
Patch-clamp experiments were performed on vacuoles
released by selective osmotic shock (Fig. 1) from Vicia
faba guard-cell protoplasts. Holding the membrane poten-
tial at 0 mV, 4-s voltage pulses from 76 to — 30mV
elicited time-dependent, outward-rectifying whole-
vacuole currents of the SV-type (Fig. 2A), well known
from vacuoles of other tissues (Hedrich et al. 1986b, 1988,;
Colombo et al. 1988; Maathuis and Prins 1991a,b).
Single-channel analysis on inside-out patches excised
from the whole-vacuole configuration and exposed to
200/20mM KCl (bath/pipette), 1mM CaCl,, SmM
MgCl,, SmM Tris/Mes pH 7.5, identified a voltage-
dependent 281 4 20 pS (mean + SSD) channel as the ma-
jor vacuolar conductance (Fig. 2B; n = 15). In addition,
channels of 38 + 3 pS, 82 + 3 pS and 131 £+ 17 pS were
observed (n =4, n = 3 and n = 6, respectively; data not
shown). Clamping the membrane potential to values pos-
itive to 10 mV resulted in a voltage-dependent activation
of single 280 pS-channels (Fig. 2B), whereas almost no
single-channel fluctuations were detected at negative
membrane potentials (Fig. 2C, open circles). In order to
analyse whether or not the single 280 pS-channels con-
stituted the macroscopic SV-type current, in Fig. 2C we
superimposed (i) the single channel amplitude- and chan-
nel activity-voltage curves, (ii) the current-voltage curve of
the membrane patch derived from these single-channel
characteristics (cf. Eq. 3), and (iii) the whole-vacuole cur-
rents (cf. Fig. 2A and Eq. 3).

1(U) = i(U)-N-P,(U) (Eq. 3);

where I is the normalized current of the whole membrane
patch or whole vacuole, respectively; i is the current
through a single open channel at clamp voltage
U (Fig. 2C, open triangles), P, the voltage-dependent open
probability, and N the channel number in the patch or
the whole vacuolar membrane, respectively (Aldrich and
Yellen 1983). The striking coincidence in the voltage
dependence of normalized currents derived from single-
channel events (Fig. 2c, filled squares) and whole-vacuole
recordings measured (Fig. 2¢, filled circles), identified the
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Fig. 1A-C. Isolation of guard-cell vacuoles. A Protoplast of Vicia
Jaba. B Osmotic swelling of the protoplast by application of hypo-
tonic solution (pipette on the left). C Due to the osmotic shock the
plasma membrane of the protoplast collapsed and the vacuolar
membrane became accessible for patch-clamp studies (patch pipette
right-hand side). Bar = 20 um

Fig. 2A-C. Voltage dependence of SV-type currents in the vacuolar
membrane of V. faba guard cells. A Whole-vacuole currents were
induced by application of single voltage pulses from 76 to — 30 mV
{cytoplasmic side relative to lumen side). Six individual current
traces were superimposed. B Voltage-dependent activation of single
280 pS-channels in an inside-out membrane patch. ¢, channels
closed; o,, n channels open. C Identification of the 280 pS-conduc-
tance as the SV-type channel in guard-cell vacuoles. Voltage-depen-
dent channel activities [ = the open probability of all channels in the
patch, (O), N'P,] and channel amplitudes (i, A) were determined
from the single-channel recordings shown in B. Macroscopic cur-
rents reconstructed (M) from the single-channel events according to
the equation I(U) =i(U)-N-P,(U) and whole-vacuole currents
measured in A (@) are shown as a function of the membrane
potential and normalized to their amplitudes at 70 mV. The strong
similarity if not identity of the voltage dependence of calculated and
recorded steady-state currents rendered the identification of the
280 pS-conductance as the SV-type channel of guard cells. Voltage
dependence of the open probability was fitted by a single exponen-
tial Boltzmann equation with a midpoint potential of 56 mV and
a gating charge of 4.9. Major clectrolytes in the bath/pipette
solutions were 200/20 mM KCi

B. Schulz-Lessdorf and R. Hedrich: SV channel modulation

large-conductance channel as the SV-type homologue of
guard cells. Therefore, under the experimental conditions
given here, the smaller conductances seem not to contrib-
ute significantly to the whole-vacuole currents (Fig. 2C)
and were not analysed further. When the activity-voltage
curves obtained from single-channel fluctuations and
whole-vacuole currents were described using a first-order
Boltzmann equation (Eq. 2), we calculated a midpoint
potential of activation of 57.3+46mV (n=7,
mean + SSD) and an elementary charge equivalent of
39 + 0.6 (n = 11) under standard conditions (ionic con-
centrations given in mM in bath and pipette solutions:
20-200 KCl, 1 CaCl,, 5 MgCl, 5 Tris/Mes pH 7.5).

A

1 nA

31 mVv

21 mv

1M1 mVv

AN

U/ mv
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Selectivity. From previous studies, in which physiological
K™* concentrations were replaced by unphysiological
Ca®" concentrations, SV-type channels have been as-
sumed to represent vacuolar Ca®*-induced Ca’*-release
channels or even Ca®*-uptake channels (Pantoja et al.
1992; Ward and Schroeder 1994). In order to elucidate the
charge carriers of the guard-cell SV-type current, the rela-
tive ion permeability of the channel was determined in
various media containing Ca?*, K* and Cl1”. For this,
double-voltage pulse sequences were applied to whole
guard-cell vacuoles and the resulting tail currents were
analysed to determine the reversal potential (Fig. 3).

In a first approach, 10 mM CacCl, was presented in the
pipette and 0.1 or 1 mM CaCl, in the bath. By choice
of these transmembrane Ca®™* gradients the physiological
Ca’* concentrations in the immediate neighborhood
(< 0.2 um, cf. Roberts et al. 1990) of an open vacuolar
Ca®* channel (cf. Allen and Sanders 1994a), which are
assumed to rise up to 1 mM during Ca®* transients (Hille
1992), were imitated. Indeed, under these conditions in the
absence of K* on both membrane sides, SV-type currents
reversed at 61.1+32mV (n=6; Fig. 3A) and
325 £ 0.7mV (n = 3) in agreement with the calculated
Nernst potential for Ca®* (58.9 and 30.4 mV, respective-
ly). This indicated that in the presence of Ca’* and Cl1~
the SV-type channel is Ca®*-selective.

When, however, the ionic conditions in vivo were
simulated adding a symmetrical background of 100 mM
KCl plus 0.5 mM MgCl,, SV-type currents reversed at
— 0.7+ 0.6mV (Fig.3B; n=3), indicating that per-
meation of ions other than just Ca?* determined the
reversal potential. This result is in striking contrast to the
relative permeability ratio Pg,:Px of 5.3 determined for
the guard-cell SV-type channel by Ward and Schroeder
{(1994). According to that value and constant field assump-
tions one would predict a zero-current potential of 14 mV
instead of —0.7mV for the ionic conditions used in
Fig. 3B. Similar large discrepancies between reversal po-
tentials measured and expected were determined under

Fig. 3A-D. Selectivity of the V. faba guard-cell SV-type channel
determined by tail-current analysis. Double-voltage pulse sequences
were applied to whole vacuoles from a holding potential of 0 mV.
The SV-type currents were activated by a prepulse to depolarized
potentials and declined in response to instantaneous voltage steps to
the potentials indicated. A With 0.1 mM and 10 mM CaCl, in bath
and pipette solution, respectively, the SV-type channel reversed at
61.1 + 3.2 mV (r = 6, mean + SD) as expected from a Ca®*-selec-
tive channel. B Under the same conditions as in A, but against
a background of 100 mM KCl on both membrane sides, tail currents
reversed at 1 mV (see text). C In the presence of 200/20 mM KCl
(bath/pipette) and symmetrical 1 mM Ca?* the reversal potential
U,ev = — 26 mV of SV-type currents revealed a relative permeability
ratio Py :P¢;: Pe, & 1:0.3:0.1. Tail currents were evoked after preac-
tivation of the outward rectifier at 70 mV by voltage steps to (from
top to bottom) 41 mV, 33 mV,25mV, 15mV,7mV, —3mV, — 11
mV, —20 mV, —30 mV, —39 mV and — 49 mV. D Tail-cur-
rent/voltage curves in the presence of 100/100 mM KCl (@) in bath
and pipette and after replacement by 100 K-gluconate (Q) in the
bath. The reversal potential of tail currents shifted from 0 mV to
—5+1mV (n=3) and thus revealed a Py:P¢:Pg,. =~ 1:0.3:
{ < 0.1) (see Table 1, text and Appendix}. In the presence of Gluc™
the steady-state currents (Inset) as well as tail currents were reduced
by 80-90%.
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Table 1. Comparison of SV-current reversal

potentials (U,.,) measured under multiionic [K*]* [K*']* [Ca®*]* [Ca2*]* U, (mV) Uz, (mV)

conditions and values predicted (UZ,) in the (mM) (mM) (mM) (mM) (£ SD) (Px:Pe, =0.2)

assumption of a channel permeability for

Ca?* and K" only. Chloride was appliedas 1 200 2 1 1 30+3 59

counterion for all cations (see Materials and (n=4)

methods). A relative permeability ratio

Py/Pc, = 0.2, as proposed by Ward and 2 20 0 ! : 37? _ 62

Schroeder (1994), was assumed for

prediction of the reversal potential (U7,,), 320 200 1 1 —255+09 —44

which was calculated by use of Eq. 23 with (n=13)

Pg =0 4 100 100 10 0.1 —0.7+£06 14
(n=3)

5 150 150 5 0.1 0 6

n=2

* Note that ion concentrations rather than activities were used for calculations of UY,, (cf.

Table 3)

five different transmembrane K*/Ca®" ratios (Table 1).
These results showed that SV-type currents were not car-
ried exclusively by Ca?* and K* but, in line with our
previous findings, anions have to be taken into account,
too (Hedrich and Schroeder 1989 for review).

In the following, each ion species of the bath and
pipetie solution was examined with respect to its ability to
permeate the channel pore. Table 2 indicates the relative
ion permeabilities of SV-type channels with respect to K ¥,
Ca*", tetraethylammonium (TEA*), C1~, and gluconate~
(Gluc) which were analysed from reversal-potential
measurements under seven different transmembrane ionic
gradients. Thereby, the permeability coeflicients Py, P¢,,
Pc., Prga and Pg, were fitted according to the constant-
field theory (cf. Appendix). The reversal potentials, U,.,,
were interpolated from single-channel current amplitudes
and whole-vacuole tail currents (for details on the ionic
conditions used see Table 2 and legends of Figs. 3 and 4A).
The analysis of the various permeable ion species revealed
a permeability sequence of K* >TEA* >Cl™ >
Ca?* ~ Gluc™ listed in Table 3, whereas Mg?™, Tris™
and Mes™ did not significantly contribute to SV-type
currents (cf. Appendix). This selectivity sequence and
Fig. 3C indicated that in physiological conditions the SV-
type conductance is based on K*, Ca?* and Cl~ fluxes
between the vacuolar lumen and the cytosol. Conse-
quently, as shown in Fig. 4A, the vacuolar outward cur-
rents, which were elicited negative to the K* and positive
to the Cl™ equilibrium potentials of 107 and — 69 mV,
clearly indicated that SV-type channels are capable of
releasing both K* and Cl™ ions from the vacuolar lumen
into the cytosol. Note, however, that the deficiency of
vacuolar monovalent cations in favour of a high vacuolar
Ca’" concentration increased the Ca®* permeability of
the SV-type channel (Fig. 3A; c¢f. Ward and Schroeder
1994).

While the orientation of the KCl gradient neither
affected the selectivity nor the slow kinetics of the outward
rectifier (cf. Table 2; Figs. 3C, 4A, Inset), the single-channel
conductance drastically changed (Fig. 4B, C). Lowering
the KCl concentration in the bath from 200 to 2 mM
reduced the current amplitude of the SV-type channel
from 280 to 81 + 9 pS (Fig. 4B; n = 3). Together with the

80 pS-conductance a 40 pS-channel (Fig. 4C) with identi-
cal ion permeability (possibly a substate of the SV-type
channel) was observed.

When on the cytosolic side 100 mM KCI was sub-
stituted by K-gluconate or TEACI, tail currents reversed
at —5+17mV (n=3, Fig.3D) and 126 + 1.5mV
(n = 3), as presented in Table 2. Simultaneously, the
steady-state currents were reduced to 10-30% (Inset of
Fig. 3D). As summarized in Tables 2 and 3, these experi-
ments indicated that even the large, so-called ‘imperme-
able’ ions TEA™ and Gluc™ do permeate the SV-type
channel. Previous results on sugar beet vacuoles showed
that even millimolar additions of charged amino acids,
but not neutral ones, reduced SV-type currents (data
not shown; R. Hedrich and S. Marx, unpublished).
Consequently, it is impossible to apply these large
ions to study SV-channel selectivity under biionic
conditions.

Single-channel conductance and channel density. To fur-
ther elucidate the lack of ion specificity indicated in Tables
2 and 3 we attempted to saturate the conductance of single
SV-type channels with increasing KCl concentration
(Fig. 5). Slope conductances calculated from the linear
current/voltage relation of single-channel amplitudes
under symmetrical ionic conditions were determined in
the range of 0.01 to 1 M KCl concentrations (in bath and
pipette). The conductance of single SV-type channels lin-
early increased in the range of physiological KCl concen-
tration (80-900 mM; Humble and Raschke 1971; Speer
and Kaiser 1991) with a slope of 1.40 nS-M ™! in guard
cells compared to 0.69 nS-M ~! in sugar beets. Guard-cell
SV-type channels had a 2- to 2.5-fold higher single-chan-
nel conductance compared t{o the beet channel and did
not saturate even at 1 M KCl. This lack of saturation
demonstrated that ion permeation through the channel
was not limited by anionic pr cationic binding sites within
the channel pore. '

In order to compare the vacuolar SV-type channel
density in both cell types, channel numbers per membrane
area were estimated from single-channel and tail-current
amplitudes. In whole vacuoles, guard-cell capacities
(c) of 4-16 pF, assuming a specific membrane capacity of
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Table 3. Ion permeability of the guard-cell SV-type channel. Rela-

;g f§’>\ & RS n ° = .T § tive permeability ratios ( + SE) were derjved from the assumptic_ms
S 08 ' 2 of the constant field theory under seven different transmembrane ion
& = gradients as outlined in the Appendix (Goldman 1943; Lewis 1979).
_:: - o In order to compare +the channel permeability for K*, Ca** and C1~
g S BANR § 88T o~ oo $om e with those for TEA™ and Gluc ,all permeablll_ty coefﬁc1ents. were
= Dr = e [ (R J calculated from concentrations rather than activites. Errors intro-
3 ~ 8 duced by this procedure are, however, small, since the determination
8 coco 6 con coo oo coo coo & of dPK,C }:C+1 ar;{d cha usingdthg talcétiviql/gggc:fﬁcicnltsdfoy K;, Cll‘
—~ ? == 4 T = = = = resulte 1 =
g|e |©°°C S Sec e9c S SS9 888 ¢ Po = 028 i(o.(())l "and Po 005 £ 032, zralucs very simifar (o
g = those determined below
z z
::'E coco o coo oo oo veo Soo| b X=K" X=TEA" X=CI" X=Glue~ X=Ca®"
§lo |SSSS S oS S65 o dyg S50 E
g — = = Py/Pgx- 100 048+0.04 0.28+0.01 0.06+0.07 0.1+029
8 (I 2 = = = - -
2 3 n=19 n=3 n=19 n=3 n=19
2 A O NI QA 0G A \O\D 0 E
21T 7%= 5 0 28] o g9 °°°) 2 1 uF-cm™?, allowed us to calculate a minimum surface
£ ! E density in the range of 0.37 + 0.08 channels pm™? in
E etem E guard cells (n = 4) compared to about 0.16 pm ™~ ? in sugar
3 RAZR = gét; oNT 0o 082 2222 beet (20 pF < ¢ <40 pF; ¢f. Coyaud et al. 1987). There-
51T [8IxT B3 I 7T T © 'T T E fore the 3.3- to 6-fold higher SV-current density of guard-
B U § cell vacuoles (7.4 + 2.1 pA-cm™2; n = 3; data not shown)
'g I might be well suited to mediate the large and rapid vacuo-
2 QRO O VYR 9k QO S99 XX 2 lar K* and ClI™ fluxes during stomatal closure.
s | [2588 g dad 957 SS 223 335)¢
I g Calcium ions modulate the voltage dependence of SV-type
_% g channels. In previous studies (Hedrich and Neher 1987,
RN i Colombo et al. 1989) it was shown that SV-type currents
s é’% 2 g of sugar beet and Acer vacuoles were under control of the
R e e e < ° ° - ol cytoplasmic Ca®* concentration. When this divalent ca-
3| . ho tion was removed from the cytoplasmic side of guard-cell
= ?g n vacuoles using EGTA buffers, the guard-cell SV-type
g Ol o o o e o - I~ channel activity decayed (Fig. 6A), indicating the require-
= o ment of Ca>* for the activation process in this type of
o [ ‘ﬁ vacuole, too. In order to specify the Ca®* dependence of
= 5S . o o o o g . 5 channel activities, the Ca2* concentration in the bath was
= |DE = = raised from nominally 0 (2 mM EGTA, no Ca** added)
3 I up to 10 mM CaCl,. Although this wide concentration
2| e o range exceeds the Ca®* resting level by five orders of
£ E é - - - - o o - 8 magnitude?, it included the Ca“ concentrations which
2| - s have to be expected in the immediate environment of
= | z the vacuolar membrane surface during Ca®* transients
§ ’5‘% _ . 'g caused by vacuolar Ca** release and which, consequently,
g == - - = S - - g might be detected by SV-type channels.
= g Beyond these conditions the single-channel properties
'E ) B were analysed with respect to the unitary conductance
& | 2E| - —- - = o - & and voltage-dependent gating. Measurements in all test
£ i solutions were alternated with measurements in 0.1 mM
5 =S ~ kS Ca’" (control) and measurements at all test potentials
5 I0E | =g s g g o 2 with measurements at 40 mV in 30- to 60-s intervals
§ - < (Fig. 6). Channel activities were corrected with respect to
T o a this internal standard. Figure 6B illustrates that the in-
3 8% o S = e « o £ creasein Ca®™* concentration from 0.1 to 1 mM shifted the
.g | e ™~ — — — ;
£ _ Sa
R T T R ] . .
g hd A 3 As in animal cells the cytosolic Ca%* bulk concentrations of plant
2} E o cells are as low as Q.l to 1 uM at rest and transiently increase in the
E ) o o o - o - §‘; bulk to IQ puM (Miller and Sanders 1987; Felle 1991; Hille 1992).
| ME § s a S s 3 S s However, in further analogy to neuronal cells, during Ca®™ transi-
PN L8 ents the free Ca®* concentration in the immediate neighbourhood of
= = open Ca?* channels might rise by several hundred micromolar up to
[ — N o < v o o~ * O 1 mM (Llinas et al. 1991, and Roberts et al. 1990; cf. Discussion)
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Fig. 4A—C. Vacuolar C1™ and K" release mediated by SV-type chan-
nels. The pipette solution contained 200 mM KCl. A Depolarizing
single voltage pulses elicited SV-type currents in a whole vacuole ex-
posed to 200 mM (control, recovery) and 2 mM KCl concentration in the
bath, respectively. In consideration of the Nernst potentials at 2 mM
cytosolic KCI concentration (Ex =107mV and Eg = —69mV;
Eq, = 0 mV), the positive SV-type net-currents were mainly carried by
simultaneous K* and Cl™ fluxes into the cytosol (bath). The relative
contributions of both components (the negative K* current and the
positive C1~ current) to the positive SV-type net currents correspond to
the driving forces of the individual ions. Inset: Corresponding tail cur-
rent/voltage relation of the vacuole shown in C. @, control; O,
2/200 mM KCI; @, recovery. Under symmetrical ionic conditions (con-
trol and recovery) tail currents reversed at 0 mV, whereas in 2/200 mM
KCl the reversal potential shifted to 35 mV. B Time-dependent reduc-
tion of the single-channel conductance from 280 to 80 pS during the
decrease in cytosolic KCl concentration from 200 to 2 mM. Single-
channel fluctuations recorded from an inside-out patch clamped at
40 mV excised from the same cell as in A. C Voltage dependence of the
SV-type channel at a reduced (2 mM) cytosolic KCI concentration. In
addition to the 80 pS-conductance of the SV-type channel a 40 pS-
channel was observed
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threshold potential of SV-type current activation by
about 20 mV, whereas 10 mM Ca?* even moved the ac-
tivation threshold by about 70 mV towards more-nega-
tive membrane potentials. The unitary conductance of the
SV-type channel, however, was not significantly affected
by Ca?* changes (Fig. 6C). Since even the whole-vacuole
currents activated by 0.1 mM cytoplasmic Ca** were very
small (data not shown), single-channel analyses at lower
Ca®* concentrations were not performed.

In contrast to Ca%”, cytoplasmic Ba®** was not ca-
pable of activating Ca®*-dependent SV-type currents in
guard-cell vacuoles. Replacement of 1 mM Ca?” by up to
30 mM Ba®* reduced SV-type currents within 3 min al-
most completely (by 80-100%; Fig. 7; »n = 3). Similar to
the side-specific Ba®* sensitivity of the sugar beet channel
(Hedrich and Kurkdjian 1988), this finding is in contrast
to the properties expected from Ca® *-induced Ca** chan-
nels (Pantoja et al. 1992a; Ward and Schroeder 1994).

Channel modulation by protons. Besides Ca®", pH chan-
ges also alter the activity of different plasma-membrane
channels, e.g. the guard-cell K* channels of Vicia faba
(Blatt 1992; Ilan et al. 1994). In order to determine
whether cytoplasmic protons are involved in the modula-
tion of vacuolar ion fluxes, single-channel recordings were
performed on inside-out patches at different pH values in
analogy to the Ca?* experiments (shown above). When
the pH of the bathing solution was changed in the range
between 8.3 and 5.3 the unitary conductance of the SV-
type channel remained unaffected, whereas unspecific
“run down” effects prevented the study and analysis of the
channel activity at pH 8.3 and 5.3 (Fig. 8B). However,
decreasing the cytoplasmic pH from 7.3 to 6.3 shifted the
activation threshold by about 20 mV towards more-de-
polarized potentials (Fig. 8A). The sugar beet channel
showed a more-complete recovery of activity with respect
to pH alterations than the guard-cell homologue. In the
former, we were able to vary the cytoplasmic pH between
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Fig. 5. Single-channel conductances of the V. faba guard-cell and
sugar beet SV-type channels as a function of KCl concentration.
Slope conductances of the single SV-type channels were 1.4 nS-M ™!
and 0.69 nS-M ™ for guard cells (O) and sugar beet (®). Conductan-
ces were determined under symmetrical ionic conditions in the
presence of 1 mM CaCl,. Note, that in both vacuole types the
SV-type conductance did not saturate in the physiological range of
cytoplasmic KCl concentration
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Fig. 6A—C. Calcium dependence of the guard-cell channel. A Single-channel currents recorded from an inside-out patch at a holding
potential of 50 mV. Initially the patch was exposed to symmetrical ionic conditions in bath and pipette (200 mM KCl, 0.1 mM CaCl,, 5 mM
MgCl,, buffered to pH 7.5). When the cytosolic free Ca2* concentration was reduced upon perfusion with an EGTA-buffered (2 mM),
Ca?* -free bath solution (1), the channel activity decreased. Finally, in the absence of cytoplasmic Ca?*, no channel openings were observed.
B Calcium and voltage dependence of the channel activity. Increasing the extravacuolar Ca?* concentration from 0.1 (Q), to 1 (@) and
10 mM CaCl, ([J) shifted the threshold potential of channel opening towards negative membrane potentials while 2 mM EGTA ()
suppressed channel opening. All data were obtained from single-channel recordings of the same inside-out patch. C Unitary conductances of
the SV-type channel at Ca2* concentrations indicated in B. Note that Ca®* changes did not affect significantly the unit conductance. Data
points represent the mean + SSD of one (in 0.1 and 1 mM CaCl,) and two experiments (10 mM CacCl,)

I/nA 115 an apparent pK, of 6.8 and a Hill coefficient of nih,, = 0.76
(with a correlation coefficient of r = 0.9999), indicating no
positive cooperativity in proton binding on the channel
Iy protein (Fig. 9A).

' In the following we elucidated whether the channel is
. / recovery modulated by protons and Ca®™ in a side-specific manner.
/ /' Within the range of physiological Ca** concentration

113 controle

found in vacuoles (0.1-10 mM; Macklon 1984; Hepler and
Wayne 1985) modulation of neither guard-cell nor sugar
beet SV-type channels was observed (data not shown). In
B a similar series of experiments the effect of vacuolar pro-
U{ mv T ‘/' tons on the single-channel properties was studied on out-
__6%‘&“"""3‘(’]""0""';(’)""‘°—°"6%—"'3—;‘00 side-out patches of sugar beet vacuoles (Fig. 9B, C). At
a holding potential of 60 mV*, the vacuolar proton con-
gig- 7& Laﬁ=kS 3ftSV-tYP€ Cliantl’lefl acti(V.a)ti%ﬂ by C(th)o)Plaiimi?tBa(z;)- centration was stepped from pH 7.8 to 3.8, alternating
uarda-ce - C currents beiore, , durin and alter 1 1 1 1
exposure to 30 n)llf\)/l Ba?*. Application of even §O-fold higher Ba?* glth step (S:ht 0 thf as'su'rtl.led phySlOIOgKl:fﬂ (I;H (I)lf >-8 H:
concentration than those used for Ca2™ activation of SV-type chan- etween. al}ne activities were norma lze. with respec
nels, could not replace the Ca2* to pH 5.8. Neither vacuolar nor cytoplasmic protons al-
tered the unitary conductance of the channel (Fig. 9C).
The pH changes in the vacuole, however, caused reduc-
tions in channel activity by 7%, 12% and up to 66%,
3.8 and 8.8 with repetitive measurements at pH 7.8 (con-  when the vacuolar pH was decreased from 7.8 to 6.8,
trol pH) in between. As in guard cells, the increase in  from pH 6.8 to 5.8, and from pH 5.8 to 4.8 (Fig. 9B,
cytoplasmic proton concentration decreased the channel
activity rather than the unitary conductance (Figs. 8 and __
9, open circles). The proton inhibition curve of the SV- ¢ The channel properties analyzed at 60 mV resembled those at
type channel could be described by the Hill equation with more-depolarized potentials, at least qualitatively

13
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Fig. 8A, B. pH dependence of the voltage-gated SV-type channels in
guard cells. A Decreasing the cytoplasmic pH from 7.3 (@) to 6.3
(Q) shifted the voltage threshold of channel activation by 20 mV
towards more positive membrane potentials. Data points represent
the mean channel activities recorded from two different inside-out
patches. B Unitary conductances of the SV-type channel in guard
cells (GCV, A) and sugar beet vacuoles (SBV, A) in response to
changes in the cytoplasmic pH. Note that the unit conductances of
both cell types remained unaffected. Pipette solutions were buffered
to pH 7.3 in the guard-cell experiments and to pH 5.8 for measure-
ments on sugar beet vacuoles. The unitary conductance of the sugar
beet channel was determined with 200 mM KCl, 1 mM CaCl,,
5 mM MgCl,, 10 mM citrate/KOH in bath and pipette solution

filled circles). Similar titration curve analysis yielded an
apparent dissociation constant pK, of ~ 5 compared to
6.8 for modulation by cytoplasmic protons (Fig. 9B, open
circles). Thus an asymmetry in the channel structure
might explain the 100-fold decreased channel sensitivity to
vacuolar protons. These results suggest at least two inde-
pendent proton-binding sites or access pathways on the
cytoplasmic and vacuolar membrane face of the SV-type
channel.

Calmodulin antagonists and inhibitors. As in animal cells,
many Ca’*-induced processes in plants are amplified
by Ca?*-binding proteins like cytoplasmic or membrane-
associated CaMs (Evans et al. 1991). Calmodulin and
structurally different CaM antagonists were thus applied
to the cytoplasmic face of the guard-cell SV-type channel
to elucidate the role of CaM in the Ca®*- and voltage-
dependent activation process. In the presence of the Ca®*-
binding protein, however, vacuolar currents could not be
enhanced by cytoplasmic application of 1 pM exogenous
CaM from wheat germ (n = 4), bovine hearts (n = 2) or
spinach (n = 4). On the other hand, the naphthalenesul-
fonamide derivative W-7, known to inhibit the plant
plasma-membrane Ca®*-ATPase (Gilroy et al. 1987), eli-
cited a flickering block. This response might indicate an
interaction of the inhibitor with the open mouth of the
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Fig. 9A-C. Reciprocal modulation of SV-type currents by cytoplas-
mic protons and Ca?* in sugar beet vacuoles. A Increasing the
cytoplasmic proton concentration from pH 8.8 to 3.8 caused a com-
plete inhibition of channel activity (O) at 40 mV, whereas a rise in
cytoplasmic calcium concentration from 1.48-1078 to 10™* M in-
creased the activity (A; Hedrich and Neher 1987). B Modulation of
the single-channel activity by the vacuolar (@) and cytoplasmic pH
(Q) recorded from outside-out and inside-out patches of sugar beet
vacuoles clamped at 60 mV and 40 mV, respectively. Corresponding
to the physiological proton concentration, channel activities were
normalized to pH 5.8 (vacuole) and 7.8 (cytosol). Bath and pipette
solutions contained 100mM KCl, 1 mM CaCl,, 5mM MgCl,,
10 mM citrate / KOH. Pipette solutions were buffered to pH 7.8
(outside-out) and pH 5.8 (inside-out). C The unitary conductance
was neither affected by vacuolar (@) nor cytoplasmic (O) pH
changes

SV-type channel (Fig. 10). In the concentration range of
1-100 uM, W-7 evoked a reversible and dose-dependent
inhibition of channel activity with an apparent 50%-
inhibition constant, K; ~ 4 uM (n = 3, Fig. 10B). With
increasing cytoplasmic inhibitor concentration the mean
open time strongly decreased whereas the single-channel
conductance remained unaffected (Fig. 10C). Because of
the lipophilic character of W-7, we could not exclude the
possibility that the inhibitor entered vacuolar sites by
diffusion across the bilayer. Thus the side specificity of
W-7 was determined by application of the CaM antago-
nist directly to the vacuolar membrane side using the
outside-out configuration (vacuolar side of the mem-
brane exposed to the bath). With 10 pM W-7 in the bath,
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Fig. 10A—-C. Inhibition of the SV-type channel in guard cells by the CaM antagonist W-7. A SV-type channels in an inside-out membrane
patch held at 40 mV. The increase in the cytosolic W-7 concentration evoked a flickering channel block. Current traces were filtered at 5 kHz
and analysed with a sampling frequency of 25 kHz. B Dependence of the single-channel inhibition as a function of blocker concentration.
Inhibition of the channel activity was determined 3 min after incubation with W-7. The dose-response curve was fitted by eye. Linear
regression analysis of the semi-logarithmic plot (Inset) revealed a half-maximal inhibition at 4 pM. C W-7 evoked a dose-dependent decrease
in the mean open time (B) without changing significantly the single-channel conductance ((1). Data points in B and C were obtained from
three different cells. Each experiment was based on at least three exposures to different W-7 concentrations with control measurements at
30mV or 40 mV in between

o [TFRI/uM flickering channel block was delayed by about 2 min
20 20 0 5 (n = 3, data not shown) compared to cytoplasmic applica-
P N A N tion, pointing to a more cytoplasm-orientated perception
site. In contrast to W-7 and to their known function as
anti-CaMs, R 24571 and TFP both evoked an irreversible
channel block when applied to the cytoplasmic membrane
side of whole vacuoles. Dose dependencies of channel
block by W-7, TFP and R 24571 were determined after
3 min incubation time in the inhibitor solution. The cur-
rent inhibition by R 24571 and TFP was determined by
single-voltage-pulse experiments stepping the membrane
potential from 0 to 100 mV. As shown in Fig. 11, both
inhibitors evoked a dose-dependent channel inhibition

rO
-
o

75 -

% current inhibition

Fig. 11 Dose dependence of SV-current inhibition in guard-cell
vacuoles by the anti-calmodulins R 24571 and TFP. Irreversible
block of whole-vacuolar SV-type currents was determined by single
0~ 2.5-s voltage pulses from a holding of 0 mV to 100 mV 3 min after
60 55 50 A5 40 inhibitor application on the cytosolic side of the vacuoles. Dose-
log {fanticaimochiin} /M) reponse curves of R 24571 (@) and TFP () were fitted by eye. Each

data point represents the mean + SSD of three independent experi-
ments. Inset: Linear regression of the semilogarithmic data plot
revealed the inhibition constants of 4 and 8 uM for R 24571 and

* [R24571]/pM TFP, respectively
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Fig. 12. Reversible Zn2* block of single oF y
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with apparent Kig 24571, and K;qppy of 4 pM and 8 uM,
respectively. In contrast to W-7, these two CaM antagon-
ists did not elicit a flickering channel block in single-
channel experiments (data not shown). Thus their sites of
interaction might be different from those for W-7.

In order to compare common features of the two
SV-channel types, in addition to voltage-, Ca®*- and pH-
modulation their susceptibility to anion-transport inhibi-
tors was investigated. In previous studies characterizing
the pharmacology of the SV-type channel in sugar beet
vacuoles (Hedrich and Kurkdjian 1988), DIDS and Zn*™*
were potent cytosolic inhibitors. In contrast to the sugar
beet channel, DIDS did not block guard-cell SV-type
channels even at 100 uM concentration to the cytosolic
side (n = 5), in line with observations on the SV-channel
equivalent of suspension-cultured sugar beet cells
(Pantoja et al. 1989). Thus, DIDS-inhibition of SV-type
channels may be tissue specific or may be restricted to a
particular developmental state. In agreement with the
findings on sugar beet and radish taproots (Hedrich and
Kurkdjian 1988; Alexandre et al. 1990), 100 uM Zn**
applied from the cytoplasmic membrane side almost com-
pletely ( > 95%) reduced the channel activity within
10-30s whereas the unitary conductance remained con-
stant (Fig. 12, n = 4).

Discussion

Consequences of the lack of ion specificity. Reversal poten-
tials of the SV-type channels could be successfully pre-
dicted by the relative ion permabilities Px = 1, P &~ 0.28
and P, = 0.1 determined by assuming independent ion
movement (Tables 2, 3; Figs. 3B-D, 4A). In contrast to
Ward and Schroeder (1994; cf. Table 1), in our study the
relative permeability coefficients were determined under
physiologically relevant transmembrane K*, Cl~ and

Ca®* gradients®. In the presence of Ca®* as the exclusive
permeable cation in the lumen (10 mM versus 0.1 mM in
the cytoplasm; Fig. 3A), using Eq. 23 (see Appendix) and
the permeability ratios outlined above, one would expect
a reversal potential of — 18 mV instead of 60 mV. In
analogy, under the experimental conditions used by Ward
and Schroeder (1994)° one would anticipate that SV-type
currents will reverse at — 27 mV rather than at 14 mV.
Obviously, under these conditions the predicted Ca’*
permeability strongly differs from the experimental re-
sults. When, however, K* concentrations as low as
20 mM were added to the vacuolar side, representing
a fraction of the in-vivo concentration only, the permeab-
ility of the channel was dominated by K* and C1~, and
did not change significantly upon an increase to 212 mM
(cf. Table 2). These results indicate that permeable mono-
valent cations such as K™ at the vacuolar membrane side
may prevent alteration of the selectivity filter. For
example, Ca’* binding to the conductive pore might
reduce the permeation of K™ and C1™ in favour of Ca®™
ions. Since the direction and amplitudes of ion fluxes
through the pore(s) are determined by the electrochemical
potential for each ion species permeating the channel,
SV-type currents might present the net current amplitudes
constituted by K*, ClI- and small Ca?* currents (cf.
Fig. 4). The fact that the single-channel conductance of
SV-type channels lacks saturation up to 1 M KCl (Fig. 5)

3K™* concentrations of 100-900 mM in the vacuole and around
80-100 mM in the cytosol were described for guard cells (Humble
and Raschke 1971; Penny and Bowling 1974; MacRobbie 1988). C1™
concentrations were expected to range between 1-280 mM (vacuole)
and 5-100 mM (cytosol; Speer and Kaiser 1991). With respect to
physiological Ca%* concentrations, please, cf. footnote 3

Sie. 50 mM CaCl, and 5mM Mes/Tris pH 5.5 in the vacuolar
lumen and 100 mM KCl, 5mM CaCl,, 10 mM Tris/Mes on the
cytosolic side of the membrane
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further supports the K* and Cl~ permeability of the
pore(s). Characterization of the channel selectivity in the
presence of large cations or anions (TEA™, Gluc™) might
indicate that under these conditions cation and anion
movements are not independent (Fig. 3D). When they
permeated the channel, Gluc™ and TEA™ reduced the
current amplitude, a result which suggests that both ions
impeded the permeation of K*, Cl1~ and Ca2?*. These
observations are in line with previous findings of Pantoja
et al. (1992b), who came to a different conclusion’: When
varying amounts K-gluconate were added to keep the
cytosolic K™ concentration constant on both sides of the
membrane, but to decrease the Cl™ concentration in fa-
vour of Gluc™ in the bath, SV-type currents decreased.

Calcium and protons affect gating. The identification of
gating modification by cytosolic Ca?* and protons shown
here might help to understand channel function in vivo.
Cytosolic Ca®” ions affected the voltage-dependent chan-
nel activity without changing the unitary conductance in
guard cells (Fig. 6), in line with previous results on SV-
type currents in sugar beet (Hedrich and Neher 1987) or
barley aleurone (Bethke and Jones 1994). However, in
guard-cell vacuoles, activation by the bivalent cation re-
quired concentrations of at least 100 uM (Fig. 6), a Ca?*-
sensitivity similar to that of mammalian “maxi”-K(Ca)
channels coded by the gene mSlo (Butler et al. 1993). Upon
Ca’* entry into the cytosol through voltage-dependent
Ca?* channels, the local free calcium concentration on the
cytoplasmic surface of animal plasma membranes in-
creased to several hundred micromolar (Roberts et al.
1990; Llinas et al. 1991) with respect to an averaged bulk
concentration of 5 uM. In analogy, the observed Ca®™-
sensitivity of guard-cell SV-type channels could point to
the local free calcium concentration at the cytoplasmic
surface of the vacuolar membrane during Ca2* release
through vacuolar Ca*?* channels (Johannes et al. 1992;
Allen and Sanders 1994a). Since all experiments were
performed against a background of high ionic strength
and bivalent cation concentration (200 mM KCI and
5 mM MgCl,) and considering that Ba®*, even applied at
30-fold higher concentrations, could not substitute for
Ca’* to activate SV-type channels (Fig. 7), we suggest
a Ca**- and pH-specific channel gating rather than a sur-
face charge effect. Therefore, we propose a regulatory
Ca’* binding site on the cytoplasmic face of the channel
capable of modifying the voltage sensor.

In addition, we could show that cytoplasmic protons
elicit the down-regulation of channel activity in storage-
cell and guard-cell vacuoles, shifting the working range of
the SV-type channel towards depolarizing membrane po-
tentials (Figs. 8, 9A, B). Small variations of cytosolic pH
which correspond to the physiological bandwidth of
H™ activity (6.8 < pH,, < 7.7; Felle 1988a; Tarczynski
and Outlaw 1990; Blatt and Armstrong 1993) evoked
large changes in channel activity (Fig. 9). Similar to the

7 Since the Gluc™ permeation through the SV-type channel was not
taken into account, a regulatory effect of cytoplasmic C1~ respon-
sible for decreasing current amplitudes at decreasing Cl~ concentra-
tion in the bath was postulated
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mutant I1369H of the animal voltage-dependent K channel
Kv2.1 (DeBiasi et al. 1993), the cytosolic proton blockade
of the SV-type channel (pK, ~ 6.8) was consistent with the
pK, of histidine in aqueous solution. Likewise, SV-type
currents in both plant tissues showed a pronounced re-
versible Zn>* block (Fig. 12; ¢f. Hedrich and Kurkdjian
1988). Since both protons and Zn** are known to interact
with imidazole side-chains, these results might point to
a histidine residue exposed to the cytosolic mouth of the
SV-type channel pore. Whether or not cytosolic protons,
Zn** and Ca®" ions compete for a common binding side
requires further elucidation. The Ca®*-and H*-depen-
dent modulation of voltage-dependent SV-type channels,
steepest around the resting level of both ions (Fig. 9), will,
upon changes in the concentration of one ion relative to
the other, strongly affect the open probability of the
channel.

Furthermore, small changes in the physiological pH
range of vacuoles (3.8 < pH,,. < 6; Felle 1988b; Yin et al.
1990; Siebke et al. 1992) altered the channel activity as
well (Fig. 9B). Since low vacuolar pH values accompany
an increase in vacuolar anion content, proton inhibition
of SV-type channels might allow plant cells to down-
regulate ion influx into the cytosol in the presence of
a steep gradient (negative feedback). A similar flux control
has very recently been observed for GCAC1, a guard cell
plasma membrane anion channel (Hedrich and Marten
1993; Hedrich et al. 1994). Such a control mechanism
might play a vital role in plants exhibiting crassulacean
acid metabolism or in guard cells, both of which are
characterized by diurnal oscillations and transients in
vacuolar ion content.

Is CaM a modulator of SV-type channels? Although par-
ticipation of CaM in channel activation has previously
been shown in different animal organisms, its involvement
in plant vacuolar channel physiology has just emerged
(Weiser et al. 1991; Bethke and Jones 1994). In this study
a dose-dependent inhibition of SV-type channels was
caused by three different CaM antagonists, W-7, TFP and
R24571 (Fig. 10B, 11). Only the block of W-7 was revers-
ible and characterized by flickering transitions between
the open and a non-conducting state of the channel
(Fig. 10A, C). Thus different inhibitor-binding sites on the
channel protein or channel-associated CaM might exist.
Our findings, like those of Weiser et al. (1991), however, do
not exclude the possibility that the inhibitors act in
a CaM-independent manner, such as by direct binding on
CaM-like domains of the protein itself (Harper et al. 1991).
On the other hand, if CaM is involved in channel activa-
tion, it should be tightly bound to the channel protein,
since SV-type currents could be measured without addi-
tion of exogenous CaM after vacuole isolation in EGTA-
buffered, Ca®*-free solution (Figs. 1-12). Whether bound
CaM represents the Ca®* sensor on SV-type channels or
a distinct cytosolic Ca®*-binding site requires further
clarification.

Physiological function of the guard-cell channel. The uni-
tary conductance of the guard-cell channel of 281 + 20 pS
by far exceeds that of SV-type channels known from other
tissues (Table 4). In the vacuolar membrane of guard-cells,
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SV-type channels are expressed which have twice the

5 unitary conductance and channel density of those in sugar
5 beet taproots. In comparison to the sugar beet channel
;‘ o (Px/Pc ~ 6; Hedrich and Neher 1987) the guard-cell
s 2 channel is characterized by an even lower selectivity
5 5 (Px/Pc, = 3.5; Table 3). Considering the high K* and Cl~
= S . 8eT permeability, together with the physiological ion concen-
=N oY o . ! . : .
o 2 2 RZRT trations and their gradients, one might suggest that during
28 o g § B 5E 88 stomatal closure guard-cell SV-type channels could
£3 2L = &S E) - 3 B mediate fast release of both anions and cations into the
S =7 So w2838 5 cytosol
”= ®g g ERwYITT A y . . '
25 w2 o8 s 558548 The large single-channel conductance (Fig. 2; Table 4),
= .4 =1 .z 2 3 g g .
£ o 2 52 TS EEERS8TE low selectivity (Tables 3, 4) as well as the lack of saturation
£|22 5% g& T552533 Fig. 5) implicate the requirement for a strong cellular
g p
5|88 28 L5 S8859gE .
< | mA IS <@ SIEITA<AS control of SV-type channel opening. As shown here,
SV-type channels behave like voltage-gated channels,
modulated by second messengers such as cytosolic Ca?*
. Y S CSSCNELTS  CYOSONIC
o and pH. Cytosolic alkalinization in combination with the
A transient increase in cytoplasmic Ca®>* concentration
L ‘g have recently been observed after binding of abscisic acid
T 0 to the plasma membrane of root-, hypocotyl- and guard
g o past . {
N cells (Gehring et al. 1990; Irving et al. 1992). Qur experi-
Lo f‘\w Y ments provide evidence that Ca’?" activation (Hedrich
% oL and Neher 1987; Colombo et al. 1989; Weiser and Bentrup
A A l/\ 1990; Bethke and Jones 1994) and proton inhibition are
L L'y B0 commeon, tissue-independent features of SV-type channels
%\) a f f A in higher plants. Consequently, SV-type channels may
g L e e s = function as a vacuolar receptor site for Ca?* and protons
8 tE’ ol® S oo £ 2 MA in the control of stomatal movement. Thus, an abscisic-
Z |5 AA mAA 2 +A A acid-induced increase in cytosolic Ca®** and alkaliniz-
§ ;3 L Lok L L Sy ation of pH should be transduced into a vacuolar
g response, i.e. the activation of SV-type channels which in
S p ) . .
e turn mediate anion and K* efflux into the cytosol (cf.
g MacRobbie 1988, 1990). Since SV-type channels activate
gl o o . ’
£ | g won LL at positive membrane potentials (Fig. 2C), “helper chan-
B | 8 ©n na ab s g nels”, e.g. inositoltrisphosphate-activated or Gd**-sensi-
o a, XL — . 4
213l oo we 1T 1Y tive Ca®*-release channels, have to be postulated to
£ | &% ®5  aq &b . . . .
E Sl L 4d v 888 =S depolarize the negative vacuolar resting potential towards
= IRAEE the Ca2*- and proton-modulated threshold of SV-type
5 channel activation (Alexandre et al. 1990; Sanders et al.
“é 1990; Allen and Sanders, 1994a). Resulting K™ and ClI~
=z 0 TT TG O E g g g efflux (cf. Fig. 4) would be accompanied by a Ca®™ release
A | e ; ; ; ; ; ; ; Ss s= into the cytosol (cf. Table 3) which in turn could act as
S|E|1EE EE EE EEE E%E a secondary Ca?" signal and provide for a self-propagat-
2|2 2L 22 888 88 ing feed-forward activation of vacuolar SV-type channels.
= c | 88 88 88 88 X £ 2 . °
(¢~ -— —-— -« e Via such a mechanism the vacuolar ion release could be
< . . . .
el = maintained for tens of minutes and enable solute release in
3 g the time scale required for stomatal closing. Thereafter,
s g2 =3 22 cations (K*} and anions may use separate pathways:
= ST SL >oD . -
a . £ § —E'g 82, 2% E E Anion efflux from the cytosol into the extracellular space
Hi 2| 58333 88283 & 55 o through voltage-dependent, Ca®*- and nucleotide-
2 | E|<32852 ZEEELS 33 s modulated anion channels (Keller et al. 1989; Hedrich
§ E et al. 1990) and K™ ions through outward-rectifying
5 2 K4 ch Is (Schroeder et al. 1987)
5 g out Channels (Schroeder et al. .
=3
o N )
=1 RS g =
Q = hat
51 g =S D
2 S 838 8 o Appendix
5 2 §S588 I 3 pp
o) 28 g § ~S§ 3§ 53 = Relative permeability ratios of the SV-type channel were
< 53 §5§9% £ 3%F S |8 derived from the reversal potential and constant field
2 | § TS R 5§ 588 2 2 8 assumptions. According to the general current equation
E R lmd ZEEQ]T K28 =8 s for ions (Hodgkin and Katz 1949) current contributions of
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K*, Ca®*, CI7, TEA", Gluc™, Mg?™, Tris* and Mes™~

fluxes to the total current (I} are given by the sum of the

individual components (Eq. 4):

Lot = Ix + Iy + Iy + Itea + Igiue + Img + Tiris + Intes
(Eq. 4)

Currents carried by each ion species are given by the

following equations:

_F?PeU (K], — [K*]ie™™)

. RT 1 _ oFURT (Eq. 5)
2p_. U (IC1~ 7. — [C1~ 7. eFURT

ICl = F__C!___ ([ ]1 [C ]oe ) (Eq 6)
RT 1 — cFURT

4F?P.,U ([Ca2*], — [Ca?*],e2FURT)

lon = TRT 1 _ g2FURT (Eq. 7)
F?PgaU ([TEA*], — [TEA*];eFURT)

brea = T RT 1 _ ofURT (Eq. 8)
F2 PsU ([Gluc™ ]; — [Gluc”]oeFU/RT)

fome = T RT 1 _ oFURT (Eq. 9)

Lo = 4F?PyU ([Mg>* ], — [Mg?*];e2FURT) e 10

MeTRT 1 — g2FURT (Eq. 10)
FZPTrisU ([Tris+]° — [Tris+]ieFU/RT)

ITris = T. 1 — eFU/RT (Eq‘ 11)
F2 PMesU ([MCS_ ]i —_ [Mes_]oeFU/RT)

IMeS = _RT__ . 1 — eFU/RT (Eq 12)

where U is the membrane potential and R, T, F have their
usual physical meanings; Px denotes the permeability
coefficient for the ion X, and [X], and [X]; its concentra-
tions outside (lumen) and inside (cytosol) of the vacuolar
membrane. Since at the reversal potential I, is set equal
to zero, Eq. 4 is solved with U = U,,, using the equations
(Eq. 5) to (Eq. 12) and simplified to:

0=Pxa+Pc'B+Pcay + Pread

+ PGiuc € + Pug ¢ + Prris % + Pyesm (Eq. 13);

In principle this linear equation system (Eq. 13) had to be
used for fitting the free parameters Py, P, Pca, Prea,
PGiucs Pumgs Pras and Py, in at Jeast eight different trans-
membrane ion gradients, where the known variables a, j,
¥, 8, &, » and 7 substitute the following terms:

a=[K*], — [K*]eFVRT (Eg. 14)

B=[Cl™ ] — [Cl J,e"U=RT (Eq. 15)
4( [CaZ + ]o _ [Cal +]ie ZFU,"/RT)

Y= U (Eq. 16)

8 =[TEA*], — [TEA*];eFU~RT (Eg. 17)

¢ = [Gluc™]; — [Gluc™],eFU~RT (Eq. 18)

_4(IMg?* ], — [Mg** ;e UeR)
¢ - 1 + eFUm/RT

% = [Tris* ], — [Tris*];eFU=/RT (Eq. 20)
q
n = [Mes™]; — [Mes e V~RT (Eq. 21)

(Eq. 19)
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In order to minimize the number of free parameters to the
relevant ones, however, the fitting procedure was started
taking initially only o, B and vy into account for five
different experimental conditions (cf. Table 2). In the fol-
lowing steps all combinations with the remaining free
parameters (8—n) were successively added to the fitting
operation. In the absence of TEA* and Gluc™ the best fits
were obtained assuming that K*, C1~ and Ca®* permeate
the channel (conditions 1-5) in Table 2. In this way a sig-
nificant contribution of Mg?*, Tris* or Mes™ could be
ruled out. However as outlined in the text, the location of
the reversal potential was affected by TEA* and Gluc™ in
the bathing solution. Taking this into account Eq. 13
simplifies to the following expression (Eq. 22):
0=Pxa+PoP+Pcy+ Pread + Pouee  (Eq. 22)
By fitting the permeability coefficients of Eq. 22 under all
conditions listed in Table 2 we gained the values given in
Table 3.

Fit quality of the permeability coefficients was exam-
ined by comparison of the reversal potentials predicted
according to the Goldmann-Hodgkin-Katz voltage
equation (Eq. 23) to the U,, measured under the
various experimental conditions. Thereby the GHK
equation was modified according to Lewis (1979) with
regard to bivalent cations (C>*) as well as monovalent
cations (C*) and anions (A”) on both sides of the
membrane:

ko ZPalCT ot TPs~ AL+ T4PEICTT,
B i k 1
F " S PGICT] + L PalA, + L 4PE[CT ] 7R
’ ‘ ' (Eq. 23);

Urev =

with P.. and P, - as permeability coefficients for C* and
A~ and [X], and [X]; as the external and internal concen-
trations of the ion X. Pg:+ is related to the permeability
coefficient for the bivalent cation (Pc:+) as described by
Eq. 24

PCz +

*
Pe = 1 + oFU/RT

(Eq. 24)
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