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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 Ca 2§ 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 ~tm-2 
compared to taproots (120-140 pS at about 0.16 channels 
per ~tm2). Guard-cell SV-type channels are weakly selec- 
tive for cations over anions and lack saturation at KC1 
concentrations of up to 1 M. Since in the absence of 
physiological K + concentrations, Ca 2 § 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 2 § 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 2 +-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 +, C1- and to a 
smaller extent Ca 2 § 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 2 +, K +, C1-) 
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. 1986a; Hedrich and Schroeder, 
1989). Initial patch-clamp studies on sugar beet vacuoles 
identified outwardl-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 (PK: Pcl "~ 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 

i 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 ub iqu i tous  in higher  p lants  2 (Hedr ich  et 
al. 1988). Vo l t age -dependen t  and  vo l t age- independen t  
vacuo la r  cur rents  of  slow and  fast kinetics were further  
d is t inguished by  their  Ca  2+ sensi t ivi ty (Hedr ich  and  
Nehe r  1987; Schroeder  and  Hedr ich  1989). Increas ing the 
cytosol ic  Ca  2 + concen t ra t ion  to > 0.3 g M  resul ted in an 
increase in the relat ive con t r i bu t ion  of  SV-type  channels  
to the macroscop ic  current .  Elevated cy top lasmic  Ca 2 § 
levels are supposed  to result  f rom Ca 2 + influx th rough  the 
p l a s m a  m e m b r a n e  (Schroeder  and  H a g i w a r a  1989; Cos-  
grove and  Hedr ich  1991; Thu leau  et al. 1994) or  vacuola r  
channels .  G a d o l i n i u m  (Gd 3+)-sensitive Ca 2 + channels  
( Johannes  et al. 1992; Allen and  Sanders  1994a) and 
inos i to l t r i sphospha te -ac t iva t ed  Ca 2 + channels  (Alex- 
and re  et al. 1990; Allen and  Sanders  1994b) might  ca ta lyze  
Ca  2 + release f rom the vacuole.  At rest, due to the abund-  
ance and  act ivi ty  of H + -pumping  V-type ATPases  and the 
vacuo la r  PPiases,  vacuo la r  m e m b r a n e  potent ia l s  a r o u n d  
- 10 to - 40 mV are  a s sumed  (Sze 1985; C o y a u d  et al. 

1987; Hedr i ch  et  al. 1989). However ,  SV-type channels  
ac t ivate  at posi t ive  m e m b r a n e  potent ia ls .  Since the equi- 
l ib r ium poten t ia l  for Ca  2 § across  the vacuo la r  m e m b r a n e  
is more  posi t ive  than  200 mV, a vacuo la r  Ca  2+ release 
in to  the cytosol  cou ld  depo la r i ze  the m e m b r a n e  potent ia l  
to the th resho ld  of SV-channel  ac t iva t ion  (Sanders  et al. 
1990). Recent ly a vo l t age - independen t ,  Ca  2+-act iva ted  
K § channel  in the vacuo la r  m e m b r a n e  of  guard  cells with 
features s imilar  to the  F V - t y p e  channel  in sugar  beet  
vacuoles  (Hedr ich  and  N e h e r  1987) was suggested to be 
l inked to  the ac t iva t ion  of  the SV-type  channel  (Ward  and 
Schroeder  1994). In  the l ight of  the high K § concen t ra t ion  
in the  vacuo la r  lumen a n d  the cytosol ,  however ,  the  role of 
this channel  in p r e -depo la r i za t i on  remains  unclear.  

Vo lume  and  tu rgor  changes  dur ing  reversible cell ex- 
pans ion  or  g rowth  require  c o o r d i n a t i o n  of me tabo l i t e  and  
ion fluxes between the vacuo la r  and  the p l a sma  mem-  
b rane  (Schu lz -Lessdor fe t  al. 1994). These processes,  which 
are  often t r iggered by p lan t  hormones ,  involve cy toplas -  
mic Ca 2 + and  p ro tons  for signal t r ansduc t ion  (Gehr ing  
et al. 1990; Blat t  1992; I rv ing  et al. 1992; Blat t  and  
A r m s t r o n g  1993, Lemt i r i -Chl ieh  and  M a c R o b b i e  1994; 
W a r d  and  Schroeder  1994). Because of  the lack of deta i led 
in fo rma t ion  a b o u t  the regu la t ion  of vacuo la r  t r anspor t  on 
the  one side, and  c o m m o n  second messengers  coupl ing  
p l a s m a  m e m b r a n e  and  vacuo la r  ion fluxes in response to 
cell vo lume  regula tors  on the other,  we focussed on the 
m o d u l a t i o n  of SV-type channels  in guard-cel l  and  sugar  
beet  vacuoles  by  Ca 2+, ca lmodu l in  (CAM) an tagonis t s  
and  p ro tons .  Both  cell types  are  charac te r ized  by different 
ion t r a n s p o r t  p rope r t i e s  reflecting their  unique phys io lo-  
gical tasks: (i) seasonal  changes  in vacuo la r  an ion  and 
ca t ion  contents  dur ing  sugar  s torage  and  mobi l i za t ion  of 
beet  t a p r o o t s  (Per ry  et al. 1987); (ii) r ap id  changes in 
a m p l i t u d e  and  d i rec t ion  of ion fluxes which dr ive s tomata l  
m o v e m e n t  in gua rd  cells within minutes  in response to 
different st imuli ,  e.g. light, p h y t o h o r m o n e s  and  CO2 
(Raschke  1979; I rv ing  et al. 1992). The  e luc ida t ion  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 (Bertl and Slayman 1990) 

channel  densi ty  and  cell/ t issue-specific features of  the SV- 
type channel  from both  p lan t  origins m a y  help to  bet ter  
under s t and  its phys io logica l  role. Therefore,  in the fol low- 
ing, the intr insic proper t ies  of the guard-cel l  channel  were 
analysed  with respect  to vol tage  dependence,  selectivity 
and  p h a r m a c o l o g y  before the m o d u l a t i o n  of the SV-type 
channel  by Ca 2+, p H  and C a M  antagonis t s  was com-  
pared  in guard-cel l  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 Weigkernige 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 3 x 15s in a Waring blendor with cold washes through 
a 200-gm nylon net in between. Stomata were exposed overnight to 
lytic enzymes at 18r 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 
CaCI2 and 10raM Na-ascorbate (adjusted to pH 5.5 with HC1) 
adjusted to 400 mosmol-kg- 1 with D-sorbitol (Raschke and Hedrich 
1989). Protoplasts added to a 200-gl 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 gm (Fig. 1; cf. the 
section Solutions below). To reduce capillary forces, the pipettes were 
inside coated with Sigrnacote (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 - 1, 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 G6ttingen. Thin slices 
were cut off from storage tissue with a razor blade. Slice surfaces 
were rinsed with bathing solution. Vacuoles extruding from cut ceils 
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 t00 mM KC1, 2 mM EGTA, 
5 mM MgClz, and 5 mM Tris/2-(N-morpholino)ethanesulfonic acid 
(Mes) pH 7.5 (n ~ 200 mosmol.kg 1). 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 KC1, 1 mM CaC12, 0.5 5mM MgC12, 5mM 
Tris/Mes pH 7.5 in the bath and pipette. The Ca 2 § permeability of 
the SV-type channel was determined with 0.1 and 1 mM CaC12 
( + 100 mM KCI) in the bath and with 10 mM CaC1 z ( + 100 mM 
KC1) in the pipette; each solution was buffered with 5 mM Tris/Mes 
to pH 7.5. D-Sorbitot was added to adjust the final osmolality to 
n ~ 400 mosmol'kg i for analysis of the guard-cell SV-type chan- 
nel, and to values 100-150mosmol.kg -1 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-l-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 (DMSO). 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 lam (correspond- 
ing to 3-8 Mf~ in 200 mM KC1). 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 
coming, 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 M~ < R s < 3.3 M; III < 13 nA; 4 pF < c < 28 pF; 
Neher 1992). In solutions mainly composed of KCI, 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 : U c y t o s o  1 - -  U I . . . .  ; U I  . . . .  = O. 

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 (Po) of all ( -- N) channels in an excised 
membrane patch. This product N'Po was determined as the sum of 
individual open dwell times (toi) in level i, multiplied by the number 
of single-channel amplitudes superimposed, divided by the total time 
(ttota~), according to Sigworth (1983, Eq. 1): 

N 

~, toi'n(toi) 
N'Po - i=~ (Eq. 1), 

t lo ta l  

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 Bottzmann distribution (Eq. 2) using 

the program SIGMAPLOT (Jandel Scientific, Erkrath, Germany). 

Iss g N- Po 1 

Itail gmax (N'Po)max (1 + exp[(U0.5 -- U)'ze/kT]) 
(Eq. 2) 

where U = membrane potential; e = elementary charge; k = Boltz- 
mann constant; T = absolute temperature. The midpoint potential 
of current activation (Uo.5) and gating charge (z) were determined 
from the channel activities normalized to the maximal activity 
(N'Po/(N" Po)max), and from the conductance ratio (g/gin,x) which 
reflects the open probability extracted from the ratio of whole- 
vacuole steady-state currents (Iss) versus corresponding tail-current 
amplitudes (Itail) 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 2+ and C1- were calculated 
using ionic activities derived from the ion concentrations according 
to Robinson and Stokes (1959). 

Resul t s  

Voltage dependence of the guard-cell SV-type channel. 
P a t c h - c l a m p  exper iments  were pe r fo rmed  on vacuoles  
released by selective osmot ic  shock (Fig. 1) f rom Vicia 
faba guard-cel l  p ro top las t s .  H o l d i n g  the m e m b r a n e  po ten-  
t ial  at  0 mV, 4-s vol tage  pulses f rom 76 to - 3 0  mV 
elicited t ime-dependent ,  ou tward- rec t i fy ing  whole-  
vacuole  currents  of  the SV-type  (Fig. 2A), well k n o w n  
from vacuoles  of o ther  tissues (Hedr ich  et al. 1986b, 1988; 
C o l o m b o  et al. 1988; M a a t h u i s  and  Pr ins  1991a, b). 
S ingle-channel  analysis  on ins ide-out  pa tches  excised 
f rom the whole -vacuole  conf igura t ion  and  exposed  to 
2 0 0 / 2 0 m M  KC1 (bath/pipet te) ,  l m M  CaClz,  5 m M  
MgCIa,  5 m M  Tr i s /Mes  p H  7.5, identif ied a vo l tage-  
dependen t  281 _+ 20 pS (mean _+ SSD) channel  as the  ma-  
j o r  vacuo la r  conduc tance  (Fig. 2B; n = 15). In add i t ion ,  
channels  of  38 _ 3 pS, 82 _+ 3 pS and  131 _+ 17 pS were 
observed  (n = 4, n = 3 and  n = 6, respectively;  d a t a  not  
shown). C l a m p i n g  the m e m b r a n e  po ten t ia l  to  values  pos-  
it ive to 10 mV resul ted in a vo l t age -dependen t  ac t iva t ion  
of  single 280 pS-channels  (Fig. 2B), whereas  a lmos t  no 
s ingle-channel  f luc tuat ions  were de tec ted  at  negat ive  
m e m b r a n e  po ten t ia l s  (Fig. 2C, open circles). In  o rde r  to 
analyse  whether  or  no t  the single 280 pS-channe l s  con-  
s t i tuted the mac roscop ic  SV-type  current ,  in Fig. 2C we 
supe r imposed  (i) the single channel  ampl i tude -  and  chan-  
nel ac t iv i ty-vol tage  curves,  (ii) the cur ren t -vo l tage  curve of  
the  m e m b r a n e  pa tch  der ived  f rom these s ingle-channel  
character is t ics  (cf. Eq. 3), and  (iii) the whole -vacuole  cur-  
rents (cf. Fig. 2A and  Eq. 3). 

I (U) = i (U) .N .Po(U)  (Eq. 3); 

where  I is the no rma l i zed  cur ren t  of the whole  m e m b r a n e  
pa tch  or  whole  vacuole,  respectively;  i is the cur ren t  
t h rough  a single open channel  at  c l a m p  vol tage  
U (Fig. 2C, open triangles),  Po the vo l t age -dependen t  open  
p robab i l i ty ,  and  N the channel  n u m b e r  in the  pa tch  or  
the whole  vacuo la r  membrane ,  respect ively (Aldr ich and  
Yellen 1983). The  s t r ik ing coincidence  in the vol tage  
dependence  of  no rma l i zed  currents  der ived  f rom single- 
channel  events (Pig. 2c, filled squares)  and  whole-vacuole  
recordings  measu red  (Fig. 2c, filled circles), ident if ied the 
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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 + 4 . 6 m V  (n = 7, 
m e a n _  SSD) and an elementary charge equivalent of 
3.9 ___ 0.6 (n = 11) under standard conditions (ionic con- 
centrations given in mM in bath and pipette solutions: 
20-200 KC1, 1 CaClz, 5 MgC12. 5 Tris/Mes pH 7.5). 

Fig. 1A-C. Isolation of guard-cell vacuoles. A Protoplast of Vicia 
faba. 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 
r ight-hand side). Bar = 20 gm 

) 

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, c, 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), NPo]  and channel amplitudes (i, A) were determined 
from the single-channel recordings shown in B. Macroscopic cur- 
rents reconstructed (11) from the single-channel events according to 
the equation I (U)= i (U) -N 'Po(U)  and whole-vacuole currents 
measured in A (0)  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  electrolytes in the bath/pipet te  
solutions were 200/20 m M  KCI 
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Selectivity. F r o m  previous  studies,  in which phys io log ica l  
K + concen t ra t ions  were rep laced  by  unphys io log ica l  
Ca  2+ concent ra t ions ,  SV-type  channels  have been as- 
sumed to represent  vacuo la r  Ca  2 +- induced  Ca 2 +-release 
channels  or  even C a 2 + - u p t a k e  channels  ( P a n t o j a  et al. 
1992; W a r d  and  Schroeder  1994). In  o rde r  to e luc ida te  the 
charge  carr iers  of  the  guard-ce l l  SV-type  current ,  the rela-  
tive ion pe rmeab i l i ty  of  the channel  was de te rmined  in 
var ious  med ia  con ta in ing  Ca 2+, K § and  C1-.  F o r  this, 
doub le -vo l t age  pulse sequences were app l i ed  to  whole  
guard-cel l  vacuoles  and  the resul t ing tai l  cur rents  were 
ana lysed  to de te rmine  the reversal  po ten t ia l  (Fig. 3). 

In  a first approach ,  10 m M  CaC12 was presented  in the 
p ipet te  and  0.1 or  1 m M  CaC12 in the bath .  By choice 
of these t r a n s m e m b r a n e  Ca  2 § grad ien ts  the phys io log ica l  
Ca  2§ concen t ra t ions  in the immed ia t e  n e i g h b o r h o o d  
( < 0.2 rtm, cf. Rober t s  et al. 1990) of  an open  vacuo la r  
Ca  2§ channel  (cf. Allen and  Sanders  1994a), which are  
assumed to rise up  to 1 m M  dur ing  Ca  2 § t rans ients  (Hille 
1992), were imita ted.  Indeed,  under  these cond i t ions  in the 
absence  of  K + on bo th  m e m b r a n e  sides, SV-type  currents  
reversed at  61.1 __+3.2mV (n = 6 ;  Fig. 3A) and  
32.5 + 0.7 mV (n = 3) in agreement  with the ca lcu la ted  
Nerns t  po ten t ia l  for Ca  2+ (58.9 and  30.4 mV, respective-  
ly). This  ind ica ted  tha t  in the presence of Ca  2 § and  C1- 
the SV-type channel  is Ca  2 +-selective. 

When,  however ,  the ionic cond i t ions  in vivo were 
s imula ted  add ing  a symmet r ica l  b a c k g r o u n d  of  100 m M  
KC1 plus 0.5 m M  MgC12, SV-type  currents  reversed at  
- 0 . 7  + 0 .6mV (Fig. 3B; n = 3), ind ica t ing  tha t  per-  

mea t ion  of ions  o ther  than  jus t  Ca  2+ de te rmined  the 
reversal  potent ia l .  This  result  is in s t r ik ing con t ras t  to the 
relat ive pe rmeab i l i ty  ra t io  Pca:PK of 5.3 de te rmined  for 
the guard-cel l  SV-type  channel  by  W a r d  and  Schroeder  
(1994). Accord ing  to  tha t  value and  cons t an t  field a s sump-  
t ions one would  predic t  a ze ro -cur ren t  po ten t ia l  of  14 mV 
ins tead  of - 0 . 7  mV for the ionic  cond i t ions  used in 
Fig.  3B. Similar  large d iscrepancies  be tween reversal  po-  
tent ia ls  measured  and  expected were de te rmined  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 CaCI2 in bath 
and pipette solution, respectively, the SV-type channel reversed at 
61.1 + 3.2 mV (n = 6, mean -t- SD) as expected from a Ca2+-selec - 
tive channel. B Under the same conditions as in A, but against 
a background of 100 mM KC1 on both membrane sides, tail currents 
reversed at 1 mV (see text). C In the presence of 200/20 mM KC1 
(bath/pipette) and symmetrical 1 mM Ca 2 + the reversal potential 
U,ev = - 26 mV of SV-type currents revealed a relative permeability 
ratio PK: Pc1: Pc, ~ 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, 25 mV, 15 mV, 7 mV, - 3 mV, - 11 
mV, - 2 0 m V ,  - 3 0 m V ,  - 3 9 m V  and - 4 9  mV.D Tail-cur- 
rent/voltage curves in the presence of 100/100 mM KC1 (0) in bath 
and pipette and after replacement by 100 K-gluconate (O) in the 
bath. The reversal potential of tail currents shifted from 0 mV to 
- 5 - t - 1  mV (n= 3) and thus revealed a PK:Pc]:Pc,uc ~ 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 (Ur~v) measured under multiionic 
conditions and values predicted (U~'ev) in the 
assumption of a channel permeability for 
Ca 2 + and K § only. Chloride was applied as 
counterion for all cations (see Materials and 
methods). A relative permeability ratio 
Pv.JPca = 0.2, as proposed by Ward and 
Schroeder (1994), was assumed for 
prediction of the reversal potential (U~'~v), 
which was calculated by use of Eq. 23 with 
Pc1 = 0 

[K+]o * [K+]i * [-CaZ +]o * [Ca2+]i * Urev(mV) U'r'ev (mV) 
(mM) (mM) (mM) (mM) ( + SD) (PK:Pc~ = 0.2) 

1 200 2 1 1 30 _+ 3 59 
(n = 4) 

2 200 0 1 1 30 62 
(n = 1) 

3 20 200 1 1 -- 25.5 + 0.9 -- 44 
(n = 3) 

4 100 100 10 0.1 -0.7 _+ 0.6 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 U~'ov (cf- 
Table 3) 

five different t ransmembrane K + / C a  z+ ratios (Table 1). 
These results showed that SV-type currents were not car- 
ried exclusively by Ca z+ 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 
pipette 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  2 +, te t raethylammonium (TEA +), CI - ,  and gluconate- 
(Glue) which were analysed from reversal-potential 
measurements under seven different t ransmembrane ionic 
gradients. Thereby, the permeability coefficients PK, Pc1, 
Pea, PVEA and PGIu~ 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 + > T E A  + > C1- > 
Ca 2+ ~ G lue -  listed in Table 3, whereas Mg 2+, 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 z+ and C1- 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 C1- equilibrium potentials of 107 and - 69 mV, 
clearly indicated that SV-type channels are capable of 
releasing both K + and C1- ions from the vacuolar lumen 
into the cytosol. Note, however, that the deficiency of 
vacuolar monovalent  cations in favour of a high vacuolar 
Ca 2+ concentration increased the Ca z+ permeability of 
the SV-type channel (Fig. 3A; cf. Ward and Schroeder 
1994). 

While the orientation of the KC1 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 KC1 concentration in the bath from 200 to 2 mM 
reduced the current amplitude of the SV-type channel 
from 280 to 81 4- 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 KC1 was sub- 
stituted by K-gluconate or TEACI, tail currents reversed 
at - 5 +  1.7mV ( n = 3 ,  Fig. 3D) and 12.6__.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 Glue-  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 KC1 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 KC1 concentrations (in bath and 
pipette). The conductance of single SV-type channels lin- 
early increased in the range of physiological KC1 concen- 
tration (80-900 mM; Humble and Raschke 1971; Speer 
and Kaiser 1991) with a slope of 1.40 nS.M -1 in guard 
cells compared to 0.69 nS- M -  1 in sugar beets. Guard-cell 
SV-type channels had a 2- to 2.5-fold higher single-chan- 
nel conductance compared to the beet channel and did 
not saturate even at 1 M KCI. This lack of saturation 
demonstrated that ion permeation through the channel 
was not limited by anionic,or 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- 
tive permeability ratios ( _+ SE) were derived from the assumptions 
of the constant field theory under seven different transmembrane ion 
gradients as outlined in the Appendix (Goldman 1943; Lewis 1979). 
In order to compare the channel permeability for K +, Ca z § and C1- 
with those for TEA § and Gluc- ,  all permeability coefficients were 
calculated from concentrations rather than activites. Errors intro- 
duced by this procedure are, however, small, since the determination 
of PK, Pcl and Pc~ using the activity coefficients for K +, CI- 
and Ca 2§ (Robinson and Stokes 1959) resulted in PK = 1, 
Pc~ = 0.28 -+ 0.01 and Pc, = 0.05 + 0.32, values very similar to 
those determined below 

X = K  § X = T E A  § X = C 1 -  X = G l u c -  X = C a  2+ 

Px/PK + 1.00 0.48--+0.04 0.28-+0.01 0 .06+0.07 0.1-+0.29 
n =  19 n =  3 n = 19 n = 3  n =  19 

1 laF'cm -2, allowed us to calculate a minimum surface 
density in the range of 0.37 +_ 0.08 channels ~tm - z  in 
guard cells (n = 4) compared to about 0.16 lam - z in sugar 
beet (20 pF _ c _ 40 pF; cf. Coyaud et al. 1987). There- 
fore the 3.3- to 6-fold higher SV-current density of  guard- 
cell vacuoles (7.4 _+ 2.1 gA-cm-2;  n = 3; data not shown) 
might be well suited to mediate the large and rapid vacuo- 
lar K + and C1- fluxes during stomatal closure. 

Calcium ions modulate the voltage dependence of SV-type 
channels. In p r e v i o u s  s tudies  ( H e d r i c h  a n d  N e h e r  1987; 
C o l o m b o  et al. 1989) it w a s  s h o w n  that  S V - t y p e  currents  
o f  sugar  beet  a n d  Acer v a c u o l e s  were  u n d e r  contro l  o f  the  
c y t o p l a s m i c  C a  2 + c o n c e n t r a t i o n .  W h e n  this  d i v a l e n t  ca-  
t ion  was removed from the cytoplasmic side of guard-cell 
v a c u o l e s  us ing  E G T A  buffers,  the  guard-ce l l  S V - t y p e  
channel activity decayed (Fig. 6A), indicating the require- 
ment of Ca 2 + for the activation process in this type of 
vacuole, too. In order to specify the Ca 2 + dependence of 
channel activities, the Ca 2 § concentration in the bath was 
raised from nominally 0 (2 m M  EGTA, no Ca 2 + added) 
up to 10 m M  CaC12. Although this wide concentration 
range  exceeds  the  Ca  z§  rest ing level  by  five orders  o f  
magnitude 3, it included the Ca z+ concentrations which 
have to be expected in the immediate environment of 
the  v a c u o l a r  m e m b r a n e  surface d u r i n g  C a  2 § trans ients  
caused by vacuolar Ca 2 § release and which, consequently, 
m i g h t  be  de tec ted  by  S V - t y p e  channe l s .  

Beyond these conditions the single-channel properties 
were analysed with respect to the unitary conductance 
and voltage-dependent gating. Measurements in all test 
solutions were alternated with measurements in 0.1 m M  
Ca 2+ (control) and measurements at all test potentials 
with measurements at 4 0 m V  in 30- to 60-s intervals 
(Fig. 6). Channel activities were corrected with respect to 
this internal standard. Figure 6B illustrates that the in- 
crease in Ca 2+ concentration from 0.1 to 1 m M  shifted the 

3 As in animal cells the cytosolic C a  2 + bulk concentrations of plant 
ceils are as low as 0.1 to 1 laM at rest and transiently increase in the 
bulk to 10 gM (Miller and Sanders 1987; Felle 1991; Hille 1992). 
However, in further analogy to neuronal cells, during Ca 2 § transi- 
ents the free Ca 2 + concentration in the immediate neighbourhood of 
open Ca 2 + channels might rise by several hundred micromolar up to 
1 mM (Llinhs et al. 1991, and Roberts et al. 1990; cf. Discussion) 
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Fig. 4A-C. Vacuolar CI- and K + release mediated by SV-type chan- 
nels. The pipette solution contained 200 mM KCI. A Depolarizing 
single voltage pulses elicited SV-type currents in a whole vacuole ex- 
posed to 200 mM (control, recovery) and 2 mM KCI concentration in the 
bath, respectively. In consideration of the Nernst potentials at 2 mM 
cytosolic KCI concentration (E~= 107mV and E o = - 6 9 m V ;  
Ec, = 0 mV), the positive SV-type net-currents were mainly carried by 
simultaneous K + and C1- 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. O, 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 
KCI 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 KCI concentration from 200 to 2 raM. 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 raM) cytosolic KC1 concentration. In 
addition to the 80 pS-conductance of the SV-type channel a 40 pS- 
channel was observed 

threshold  poten t ia l  of SV-type current  ac t iva t ion  by 
a b o u t  20 mV, whereas  10 m M  Ca z+ even moved  the ac- 
t iva t ion  threshold  by  abou t  70 mV towards  more -nega-  
tive m e m b r a n e  potent ia ls .  The un i ta ry  conduc tance  of  the 
SV-type channel ,  however,  was not  significantly affected 
by Ca / + changes (Fig. 6C). Since even the whole-vacuole  
currents  ac t iva ted  by 0.1 m M  cy top lasmic  C a  2 + were very 
small  (data  not  shown), s ingle-channel  analyses  at  lower  
Ca z+ concen t ra t ions  were not  performed.  

In  con t ras t  to Ca z+, cy top lasmic  Ba 2+ was not  ca- 
pable  of ac t iva t ing  Ca z +-dependent  SV-type currents  in 
guard-cel l  vacuoles.  Replacement  of 1 m M  Ca 2 + by up  to 
30 m M  Ba 2 + reduced SV-type currents  within 3 min al- 
mos t  comple te ly  (by 80-100%;  Fig. 7; n = 3). S imilar  to 
the side-specific Ba z + sensit ivity of the sugar  beet  channel  
(Hedr ich  and  K u r k d j i a n  1988), this f inding is in con t ras t  
to the proper t ies  expected f rom Ca 2 +- induced Ca z + chan-  
nels (Pan to j a  et al. 1992a; W a r d  and  Schroeder  1994). 

Channel modulation by protons. Besides Ca z+, p H  chan-  
ges also al ter  the act ivi ty of different p l a s m a - m e m b r a n e  
channels ,  e.g. the guard-cel l  K + channels  of  Vicia faba 
(Blatt  1992; I lan et al. 1994). In  o rde r  to de te rmine  
whether  cy top lasmic  p ro tons  are involved in the modu la -  
t ion of  vacuo la r  ion fluxes, s ingle-channel  recordings  were 
per formed  on ins ide-out  pa tches  at  different p H  values in 
ana logy  to the Ca z + exper iments  (shown above).  When  
the p H  of the ba th ing  so lu t ion  was changed  in the range 
between 8.3 and  5.3 the un i ta ry  conduc tance  of the SV- 
type channel  remained  unaffected, whereas  unspecific 
" run  down"  effects prevented  the s tudy and analysis  of the 
channel  act ivi ty at  p H  8.3 and 5.3 (Fig. 8B). However ,  
decreas ing the cy top lasmic  p H  from 7.3 to 6.3 shifted the 
ac t iva t ion  threshold  by a b o u t  20 mV towards  more-de-  
po la r ized  potent ia l s  (Fig. 8A). The sugar  beet  channel  
showed a more -comple te  recovery of  act ivi ty with respect  
to p H  a l te ra t ions  than  the guard-cel l  homologue .  In the 
former,  we were able to vary the cy top lasmic  p H  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 KC] concentration. 
Slope conductances of the single SV-type channels were 1.4 nS- M - 1 
and 0.69 nS. M-  1 for guard cells (O) and sugar beet (S). Conductan- 
ces were determined under symmetrical ionic conditions in the 
presence of 1 mM CaCIE. Note, that in both vacuole types the 
SV-type conductance did not saturate in the physiological range of 
cytoplasmic KC1 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 KC1, 0.1 mM CaC12, 5 mM 
MgC12, buffered to pH 7.5). When the cytosolic free Ca 2 + concentration was reduced upon perfusion with an EGTA-buffered (2 mM), 
Ca 2 +-free bath solution (T), the channel activity decreased. Finally, in the absence of cytoplasmic Ca 2 +, no channel openings were observed. 
B Calcium and voltage dependence of the channel activity. Increasing the extravacuolar Ca 2 + concentration from 0.1 (O), to 1 (O) and 
10 mM CaC12 (D) shifted the threshold potential of channel opening towards negative membrane potentials while 2 mM EGTA (n) 
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 Ca 2 § concentrations indicated in B. Note that Ca 2 § changes did not affect significantly the unit conductance. Data 
points represent the mean +__ SSD of one (in 0.1 and 1 mM CaC12) and two experiments (10 mM CaC12) 
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Fig. 7. Lack of SV-type channel activation by cytoplasmic B a  2 +. 
Guard-cell SV-type currents before, (O), during (O) and after (V) 
exposure to 30 mM Ba 2§ Application of even 30-fold higher Ba 2§ 
concentration than those used for Ca 2 § activation of SV-type chan- 
nels, could not replace the Ca 2 + 

3.8 and  8.8 with repet i t ive measu remen t s  at  p H  7.8 (con- 
t rol  pH)  in between.  As in guard  cells, the increase in 
cy top lasmic  p r o t o n  concen t ra t ion  decreased  the channel  
ac t iv i ty  ra the r  than  the un i t a ry  conduc t ance  (Figs. 8 and  
9, open  circles). The  p r o t o n  inh ib i t ion  curve of  the SV- 
type  channel  could  be descr ibed  by the Hill  equa t ion  with 

an a p p a r e n t  pKa  of  6.8 and  a Hil l  coefficient of n~pp = 0.76 
(with a cor re la t ion  coefficient of  r = 0.9999), ind ica t ing  no  
posi t ive coopera t iv i ty  in p r o t o n  b ind ing  on the channel  
p ro te in  (Fig. 9A). 

In  the fol lowing we e luc ida ted  whe ther  the channel  is 
m o d u l a t e d  by  p r o t o n s  and  Ca z + in a side-specific manner .  
Wi th in  the range  of  phys io log ica l  Ca  z+ concen t r a t i on  
found  in vacuoles  (0.1-10 m M ;  M a c k l o n  1984; Hep le r  and  
W a y n e  1985) m o d u l a t i o n  of  ne i ther  guard-ce l l  nor  sugar  
beet  SV-type channels  was observed  (da ta  no t  shown). In  
a s imilar  series of  exper iments  the effect of  vacuo la r  p ro -  
tons  on the s ingle-channel  p roper t i e s  was s tud ied  on out -  
s ide-out  pa tches  of  sugar  beet  vacuoles  (Fig. 9B, C). At  
a ho ld ing  poten t ia l  of 60 mV 4, the vacuo la r  p r o t o n  con-  
cen t ra t ion  was s tepped  f rom p H  7.8 to 3.8, a l t e rna t ing  
with steps to the a s sumed  phys io log ica l  p H  of  5.8 in 
between.  Channe l  act ivi t ies were no rma l i zed  with  respect  
to p H  5.8. Ne i the r  vacuo la r  no r  cy top lasmic  p ro tons  al-  
te red  the un i ta ry  conduc tance  of the channel  (Fig. 9C). 
The  p H  changes  in the vacuole ,  however ,  caused reduc-  
t ions in channel  ac t iv i ty  by  7%,  12% and  up  to 66%,  
when the vacuo la r  p H  was decreased f rom 7.8 to  6.8, 
f rom p H  6.8 to 5.8, and  f rom p H  5.8 to 4.8 (Fig. 9B, 

4 The channel properties analyzed at 60 mV resembled those at 
more-depolarized potentials, at least qualitatively 
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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 ( t )  to 6.3 
(O) 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 KCI, 1 mM CaCI2, 
5 mM MgCI2, 10 mM citrate/KOH in bath and pipette solution 

filled circles). Similar t i tration curve analysis yielded an 
apparen t  dissociation constant  pKs of  ~ 5 compared  to 
6.8 for modula t ion  by cytoplasmic protons  (Fig. 9B, open 
circles). Thus  an asymmet ry  in the channel structure 
might  explain the 100-fold decreased channel  sensitivity to 
vacuolar  protons.  These results suggest at least two inde- 
pendent  pro ton-b inding  sites or access pathways on the 
cytoplasmic and vacuolar  membrane  face of the SV-type 
channel. 

Calmodulin antagonists and inhibitors. As in animal cells, 
m a n y  Ca2+-induced processes in plants are amplified 
by Ca 2 +-binding proteins like cytoplasmic or  membrane-  
associated C a M s  (Evans et al. 1991). Calmodul in  and 
structurally different C a M  antagonists  were thus applied 
to the cytoplasmic face of the guard-cell SV-type channel 
to elucidate the role of  C a M  in the Ca 2+- and voltage- 
dependent  act ivat ion process. In the presence of  the Ca 2 +- 
binding protein, however,  vacuolar  currents could not  be 
enhanced by cytoplasmic applicat ion of 1 laM exogenous 
C a M  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 
p lasma-membrane  Ca 2 +-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 2+ 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 (�9 at 40 mV, whereas a rise in 
cytoplasmic calcium concentration from 1.48" 10- 8 to l 0- 4 M in- 
creased the activity (A; Hedrich and Neher 1987). B Modulation of 
the single-channel activity by the vacuolar (O) and cytoplasmic pH 
(�9 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 KC1, 1 mM CaCI> 5 mM MgClz, 
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 (O) nor cytoplasmic (0) pH 
changes 

SV-type channel (Fig. 10). In the concentra t ion range of 
1-100 gM, W-7 evoked a reversible and dose-dependent  
inhibition of channel activity with an apparent  50%- 
inhibition constant,  Ki ~ 4 gM (n = 3, Fig. 10B). With 
increasing cytoplasmic inhibitor concentra t ion 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 C a M  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 gM 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 rain 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 laM. C W-7 evoked a dose-dependent decrease 
in the mean open time (11) without changing significantly the single-channel conductance ([]). 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 
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flickering channel block was delayed by about 2 min 
(n = 3, data not shown) compared to cytoplasmic applica- 
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 

( 

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 
2.5-s voltage pulses from a holding of 0 mV to 100 mV 3 min after 
inhibitor application on the cytosolic side of the vacuoles. Dose- 
reponse curves of R 24571 (0) and T F P  (O) 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 gM for R 24571 and 
TFP, respectively 



666 

Fig. 12. Reversible Zn z+ block of single 
guard-cell SV-type channels. 
Representative single-channel 
fluctuations before, during and after 
application of 100 ~tM ZnClz recorded 
from an inside-out patch at 50 mV. 
Arrows indicate the initiation and 
termination of chamber perfusion with 
ZnCI 2 
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with apparent  Ki(R24571) and Ki(TFP) of 4 ~tM and 8 ~tM, 
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 z +- and pH- 
modulat ion 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 2 + 
were potent cytosolic inhibitors. In contrast to the sugar 
beet channel, DIDS  did not block guard-cell SV-type 
channels even at 100 ~tM 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-inhibit ion 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 
Kurkdj ian 1988; Alexandre et al. 1990), 100 ~tM Zn 2+ 
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). 

Discuss ion 

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 PK = 1, Pcl ~ 0.28 
and PCa ~ 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 t ransmembrane K +, C1- and 

Ca z + gradients 5. In the presence of C a  2 + as the exclusive 
permeable cation in the lumen (10 mM versus 0.1 m M  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) 6 one would anticipate that SV-type 
currents will reverse at - 27 mV rather than at 14 mV. 
Obviously, under these conditions the predicted Ca 2+ 
permeability strongly differs from the experimental re- 
sults. When, however, K + concentrations as low as 
2 0 m M  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 CI- ,  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 2+ 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 § C1- and small Ca 2+ currents (cf. 
Fig. 4). The fact that the single-channel conductance of 
SV-type channels lacks saturation up to 1 M KC1 (Fig. 5) 

5 K + 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). CI- 
concentrations were expected to range between 1-280 mM (vacuole) 
and 5 100 mM (cytosol; Speer and Kaiser 1991). With respect to 
physiological Ca z § concentrations, please, cf. footnote 3 
6 i.e. 50 mM CaC12 and 5 mM Mes/Tris pH 5.5 in the vacuolar 
lumen and 100 mM KCI, 5 mM CaClz, 10mM Tris/Mes on the 
cytosolic side of the membrane 
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further supports the K + and C1- permeability of the 
pore(s). Characterization of the channel selectivity in the 
presence of large cations or anions (TEA + , Glue-)  might 
indicate that under these conditions cation and anion 
movements are not independent (Fig. 3D). When they 
permeated the channel, Glue-  and TEA + reduced the 
current amplitude, a result which suggests that both ions 
impeded the permeation of K +, C1- and Ca 2+. These 
observations are in line with previous findings of Pantoja 
et al. (1992b), who came to a different conclusionT: When 
varying amounts K-gluconate were added to keep the 
cytosolic K + concentration constant on both sides of the 
membrane, but to decrease the C1- concentration in fa- 
vour of Glue-  in the bath, SV-type currents decreased. 

Calcium and protons affect gating. The identification of 
gating modification by cytosolic Ca 2 + and protons shown 
here might help to understand channel function in vivo. 
Cytosolic Ca 2 + 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 gM (Fig. 6), a Ca 2 +- 
sensitivity similar to that of mammalian "maxi"-K(Ca) 
channels coded by the gene mSlo (Butler et al. 1993). Upon 
Ca z+ entry into the cytosol through voltage-dependent 
C a  2 + channels, the local free calcium concentration on the 
cytoplasmic surface of animal plasma membranes in- 
creased to several hundred micromolar (Roberts et al. 
1990; Llin~ts et al. 1991) with respect to an averaged bulk 
concentration of 5 gM. In analogy, the observed Ca 2+- 
sensitivity of guard-cell SV-type channels could point to 
the local free calcium concentration at the cytoplasmic 
surface of the vacuolar membrane during Ca 2 + release 
through vacuolar Ca 2+ 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 KC1 and 
5 mM MgCI2) and considering that Ba 2 +, even applied at 
30-fold higher concentrations, could not substitute for 
Ca 2+ to activate SV-type channels (Fig. 7), we suggest 
a Ca 2 +- and pH-specific channel gating rather than a sur- 
face charge effect. Therefore, we propose a regulatory 
Ca 2 + 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 < pHeyt _< 7.7; Felle 1988a; Tarczynski 
and Outlaw 1990; Blatt and Armstrong 1993) evoked 
large changes in channel activity (Fig. 9). Similar to the 

mutant I369H of the animal voltage-dependent K channel 
Kv2.1 (DeBiasi et al. 1993), the cytosolic proton blockade 
of the SV-type channel (pKa ~ 6.8) was consistent with the 
pKa of histidine in aqueous solution. Likewise, SV-type 
currents in both plant tissues showed a pronounced re- 
versible Zn 2+ block (Fig. 12; cf. Hedrich and Kurkdjian 
1988). Since both protons and Zn z + 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 2 + and Ca 2 + ions compete for a common binding side 
requires further elucidation. The Ca 2+- 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 < pHvac < 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, T F P  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 2 +-free solution (Figs. 1-12). Whether bound 
CaM represents the Ca 2 + sensor on SV-type channels or 
a distinct cytosolic Ca2+-binding site requires further 
clarification. 

v Since the Glue- 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 C1- concentra- 
tion in the bath was postulated 

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 
unitary conductance and channel density of those in sugar 
beet taproots. In comparison to the sugar beet channel 
(Pv, JPcl ,~ 6; Hedrich and Neher 1987) the guard-cell 
channel is characterized by an even lower selectivity 
(PK/Pct ~ 3.5; Table 3). Considering the high K + and CI- 
permeability, together with the physiological ion concen- 
trations and their gradients, one might suggest that during 
stomatal closure guard-cell SV-type channels could 
mediate fast release of both anions and cations into the 
cytosol. 

The large single-channel conductance (Fig. 2; Table 4), 
low selectivity (Tables 3, 4) as well as the lack of saturation 
(Fig. 5) implicate the requirement for a strong cellular 
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 z + 
and pH. Cytosolic alkalinization in combination with the 
transient increase in cytoplasmic Ca 2+ concentration 
have recently been observed after binding of abscisic acid 
to the plasma membrane of root-, hypocotyl- and guard 
cells (Gehring et al. 1990; Irving et al. 1992). Our experi- 
ments provide evidence that Ca z§ activation (Hedrich 
and Neher 1987; Colombo et al. 1989; Weiser and Bentrup 
1990; Bethke and Jones 1994) and proton inhibition are 
common, tissue-independent features of SV-type channels 
in higher plants. Consequently, SV-type channels may 
function as a vacuolar receptor site for Ca 2 + and protons 
in the control of stomatal movement. Thus, an abscisic- 
acid-induced increase in cytosolic Ca z+ and alkaliniz- 
ation of pH should be transduced into a vacuolar 
response, i.e. the activation of SV-type channels which in 
turn mediate anion and K + efflux into the cytosol (cf. 
MacRobbie 1988, 1990). Since SV-type channels activate 
at positive membrane potentials (Fig. 2C), "helper chan- 
nels", e.g. inositoltrisphosphate-activated or Gd 3 +-sensi- 
tive Ca2+-release channels, have to be postulated to 
depolarize the negative vacuolar resting potential towards 
the Ca 2+- and proton-modulated threshold of SV-type 
channel activation (Alexandre et al. 1990; Sanders et al. 
1990; Allen and Sanders, 1994a). Resulting K + and CI- 
efflux (cf. Fig. 4) would be accompanied by a Ca z + release 
into the cytosol (cf. Table 3) which in turn could act as 
a secondary Ca z + signal and provide for a self-propagat- 
ing feed-forward activation of vacuolar SV-type channels. 
Via such a mechanism the vacuolar ion release could be 
maintained for tens of minutes and enable solute release in 
the time scale required for stomatal closing. Thereafter, 
cations (K +) and anions may use separate pathways: 
Anion efflux from the cytosol into the extracellular space 
through voltage-dependent, Ca 2 + and nucleotide- 
modulated anion channels (Keller et al. 1989; Hedrich 
et al. 1990) and K + ions through outward-rectifying 
K+ut channels (Schroeder et al. 1987). 

Appendix 

Relative permeability ratios of the SV-type channel were 
derived from the reversal potential and constant field 
assumptions. According to the general current equation 
for ions (Hodgkin and Katz 1949) current contributions of 
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K +, Ca 2+, CI-,  TEA +, Gluc- ,  Mg 2+, Tris + and Mes-  
fluxes to the total current (Itot) are given by the sum of the 
individual components (Eq. 4): 

Itot = IK + lca + IcI + ITEA + IGluc + IMg + ITris + IMe~ 
(Eq. 4) 

Currents carried by each ion species are given by the 
following equations: 

F2pK U ([K+]o - [ K + ] i  eFU/RT) 

IK = R ~ "  1 - e FU/RT (Eq. 5) 

F 2 P o U  ( [C1- ]i - [C1 - Joe FU/RT) 
Io  = -  (Eq. 6) RT 1 - e FU/RT 

4F 2 PcaU ([Ca 2 + ]o -- [ Ca2 + lie 2FU/RT) 
Ica = RT 1 --  e 2FU/RT (Eq. 7) 

F 2 PTEAU ([TEA + ]o - [TEA + ]ie FU/RT) 

ITEA -- RT " 1 - -  e FU/RT (Eq. 8) 

Iolur F 2 PGI~r ( [Gluc-  ]i - [Gluc- ]oe  FU/aT) 
= RT " 1 -- e FU/RT (Eq. 9) 

4F 2 PMgU ([Mg 2 + ]o - [Mg 2 + ]ie 2FU/RT) 

IMg = RT 1 - -  e 2FU/RT (Eq. 10) 

ITris = F2pzri~U'([Tris+]~ - [Tris+]ieFU/RT) (Eq. 11) 
RT 1 - -  e FU/RT 

FepM~Y ( [ M e s - ] i -  I -Mes - ]o  eFU/gT) 
IMes -- R ~  1 --  e FU/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]o and [X]i its concentra- 
tions outside (lumen) and inside (cytosol) of the vacuolar 
membrane. Since at the reversal potential Itota I is set equal 
to zero, Eq. 4 is solved with U = Ur~v using the equations 
(Eq. 5) to (Eq. 12) and simplified to: 

0 = Pip'at + Pm'13 + P e a ' 7  + PTEA'8 

+ PGluc'~; + PMg'~ + PTris'X + PMes "T] (Eq. 13); 

In principle this linear equation system (Eq. 13) had to be 
used for fitting the free parameters PK, Po ,  Pca, PTEA, 
PGluc, PMg, PTris and PMe, in at least eight different trans- 
membrane ion gradients, where the known variables a, 13, 
y, 8, ~b, x and q substitute the following terms: 

0t = [K+]o - [-K+]i  eFU~~ (Eq. 14) 

13 = [ C I - ] i -  [C1-]oe FU'"/RT (Eq. 15) 

4 ( [  Ca2+  ]o --  I-Ca2 +] ie  2vU'~ 

q' = I - e vUr~ (Eq. 16) 

8 = [TEA + ]o - [TEA +lie vU'o'/RT (Eq. 17) 

e = [ G l u c -  ]i - [Gluc-]oe  FU~~ (Eq. 18) 

4( [Mg 2 + ]o - [Mg 2 + ]ie 2FU,,/RT) 
qb -  (Eq. 19) 1 + e FU~'~/RT 

• = [Tris+]o - [Tris+]ie FU'̀ '/RT (Eq. 20) 

r I = [ - M e s - ] i -  [ M e s - ] o e  FU~~ (Eq. 21) 

In order to minimize the number of free parameters to the 
relevant ones, however, the fitting procedure was started 
taking initially only at, [3 and 7 into account for five 
different experimental conditions (cf. Table 2). In the fol- 
lowing steps all combinations with the remaining free 
parameters (S-q) 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 2 § permeate 
the channel (conditions 1-5) in Table 2. In this way a sig- 
nificant contribution of Mg 2§ 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 = PK'CX + Pcl'[~ + Pca'? + PTEA "8 + PGluc'~ (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 Urev measured under the 
various experimental conditions. Thereby the G H K  
equation was modified according to Lewis (1979) with 
regard to bivalent cations (C 2§ as well as monovalent 
cations (C § and anions (A-) on both sides of the 
membrane: 

~4P* rt'~2 +a R ' T  ~ Pc;[C+]~ + ~PA -- [Ak]' + ~ c? +t"-" j~ 
Urev = "In ~ k l 

F )'~ p c ; [ C + ] i  + ~ pA;[-A~-]o + ~ 4 p * ~ §  FU,,,/RT 
j k 1 

(Eq. 23); 

with Pc+ and P A -  as permeability coefficients for C + and 
A-  and I-X]o and [X]i as the external and internal concen- 
trations of the ion X. P c -  is related to the permeability 
coefficient for the bivalent cation (Po+) as described by 
Eq. 24 

* P c  2+ 
pcz+  - 1 + e FU'e'/RT (Eq. 24) 
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