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Abstract. The conduction properties of individual physi- (Hedrich et al., 1988). Because of its abundance, high
ologically important cations Na K*, Mg?*, and C&"  conductance for monovalent and divalent cations, and
were determined in the slowly activating (SV) channel ofactivation by cytosolic Cd increase, the SV channel
sugar beet vacuoles. Current-voltage relationships of theas, as a possible €arelease channel, in the focus of
open channel were measured on excised tonoplastumerous studies carried out in the last years (Ward and
patches in a continuous manner by applying a £140 mVSchroeder, 1994; Schulz-Lessdorf & Hedrich, 1995;
ramp-wave protocol. Applying KCI gradients of either Allen & Sanders, 1996; Pottosin et al., 1997; Pei, Ward
direction across the patch we have determined that th& Schroeder, 1999). Our quantitative study (Pottosin et
relative CI' to K* permeability was=1%. Symmetrical al., 1997) on the regulation of the SV channel by cyto-
increase of the concentration of tested cation caused asplic and vacuolar G4 and by membrane voltage
increase of the single channel conductance followed byielded very low activity (less than one open SV channel
saturation. Fitting of binding isotherms at zero voltageper vacuole) at physiologically attainable electrochemi-
to the Michaelis-Menten equation resulted in values ofcal gradients for C&, thus apparently leaving little room
maximal conductance of 300, 385, 18, and 13 pS, and ofor a postulated role of the SV channel in“énduced
apparent dissociation constants of 64, 103, 0.04, and 0.08&" release (Ward & Schroeder, 1994; for discussion
mm for Na*, K*, Mg?*, and C&", respectively. Devia- see MacRobbie, 1998; White, 2000). This possibility
tions from the single-ion occupancy mechanism arecould be reconsidered, however, in the light of the recent
documented, and alternative models of permeation areeport on the potentiation of the stimulatory Caffect
discussed. The magnitude of currents carried by divalenby cytosolic Mg (Pei et al., 1999).
cations at low concentrations can be explained by an  Another issue to be resolved, before considering a
unrealistically wide (1140 A) radius of the pore entrance. meaningful physiological function of the SV channel,
We propose instead a fixed negative charge in the poraas its selective permeability. Our previous study on the
vestibules, which concentrates the cations in their proxblock of the SV channel by permeant organic cations
imity. The conduction properties of the SV channel aredefined a large[{7 A) diameter of the pore in the nar-
compared with reported characteristics of voltage-rowest cross-section (Dobrovinskaya, Nu& Pottosin,
dependent Cd-permeable channels, and consequence$999), so there are no mechanistic barriers for the con-
for a possible reduction of postulated multiplicity ofa  duction of most of the inorganic ions. Apparently, the
pathways across the tonoplast are drawn. ions are selected not by sieving but on the basis of their
electrostatic interaction with the pore walls. Despite ear-
Key words: Calcium and magnesium conduction — Po- jier confusion (Hedrich & Kurkdjian, 1988; Schulz-
tassium and sodium — Binding and saturation — Slow|_essdorf & Hedrich, 1995) it seems to be widely ac-

vacuolar channel — Patch-clamp — Vacuole cepted now that the anion permeability of the SV channel
is low if there is any at all. However, the precision of the
Introduction results obtained so far cannot exclude some p&rme-

o ) o ability up to 10% of that for K. It is known, that the SV
The slowly activating (SV) channel is the ubiquitous channel has about 10 times lower conductance although
component of the vacuolar membrane of higher plants, somewhat higher relative permeability for divalent cat-
ions, B&* and C&*, compared to K (Pantoja, Gelli &
- Blumwald, 199®; Ward & Schroeder, 1994). The SV
Correspondence td.l. Pottosin channel weakly selects between alkali cations, particu-
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larly between K and Néf, and has a comparable con- by p.reparative needles. Few (1-5) released vacuoles were cgllected by
ductance for these ions at 200Mmconcentration @ micropipette (5-1Qul volume) and transferred to the experimental
(Amodeo Escobar & Zeiger 1994) Recently a kinetiCChamber (30Qul volume). After adhesion of vacuoles to the bottom,

study of the mechanism of &5K* Selectivity in the SV 10 volumes of fre§h §o|ut|on were.passed through _the chamber to
remove the contamination. All experiments were carried out at room

Chz_innel appeared (Allen, Sanders & Grad_m‘tinn’ 1998)(Emperature (23-25°C). The pH of all experimental solutions was ad-
This work offered a number of testable predictions on thesteq to 7.5 with HEPES titrated by NaOH or KOH in case of mono-
binding and voltage-dependent conduction ofCand  valent cation series, and by Ca(QHi case of divalent cation series.
K™, which came well beyond the range of voltages andrhe solutions for the range of concentrations df #d N& 30-500

ion concentrations documented there. We are not awar@wm contained (besides KCI or NaCl) 15MyHEPES and 2 m nitri-

of any experimenta| attempt to define the Conductancelﬂtriacetic. acid (NTA). In 10 mn solutions HEPES was reduced to 10
activity relation for C&" in the SV channel. Test of this ™M+ and in 5 m ones, HEPES and NTA were reduced to 0.6.m
relation for K resulted in contradictory conclusions on CaCl, was added to give a final free €zconcentration (activity) of 50

the existence Qf bmdmg S_lte(s) within t,he pc_)re, Satura'[eaBLERS.CCM 6ee http://www.stanford.edlktpatton/maxc.html); the
at concentrations of Kin the phyS|oIog|caI range  caiculation was corrected for the ionic strength of solutions. F&i Ca
(Schulz-Lessdorf & Hedrich, 1995; Gambale et al., series in the range of concentrations 1 to 3@, ithe solutions, besides
1996). A macroscopic SV current, carried by Mgwas  cacl, contained 0.5 m Ca(OH), + 2 mv HEPES, solutions of 0.2 and
detected (Pottosin et al., 1997), but nothing is known0.5 mv C&* were prepared by dilution of the 1nmCa™* solution with
about Mgf+ conduction at the single channel level. isotonic sorbitol solution. For Mg series in the range of concentra-
The present study was designed, therefore, to meéi_ons 1 to 30 nm the solutions, _besides Mgglcontainedﬁ.l m
sure the individual conductance-activity relations for the2(©Hk * 0.5 ms HEPES; solutions of 0.2 and 0.5utMg" ™ were

. . . . + o + prepared by dilution of the 1 m Mg?* solution. The patch pipette
physiologically important ions NaK®, Mg™, and cé filling solution, except in the experiment presented in Fig. 1, was the

in the SV channel. We used the advantage of slow Kiame as the bath solution, so no liquid junction potential (LJP) com-
netics of the channel to obtain the open channel curreéntsensation was required. In the case of the experiment of Fig. 1 the LIP
voltage relationships in continuous manner, as the charwas (positive at higher concentration side) 1.0 and 2.1 mV for 500/50
nel could be stochastically locked in the closed or in themm and 500/5 mi KCI gradients, respectively, as calculated according
open state during short ramp-wave changes of théo Barry and Lynch (1991). Solutions were prepared on the fresh tri-
clamped voltage. This technique, besides accumulatioHiSti”e_d and de-ion[zed watep (='8—12 M cm). All chemicals were

of large statistics in a relatively short time, also allowed?2"atical grade (Sigma, St Louis, MO).

us to expand the ranae of experimental voltages com- Patch pipettes were pulled from Kimax-51 capillaries (Kimble,
P 9 p 9 Toledo, Ohio) in three steps on a Brown/Flaming model P-97 puller

pared to previous studies of cher .aUthorS' A non“neii?utter Instruments Co, Novato, CA), fire polished (LPZ 101 micro-
shape of Curren_t'V()'tage_“?'auonsmps of the SV chann forge, List Medical, Germany), and covered by Sylgard-curing agent
was revealed with a precision that served as a good basjsow Corning, Midland, MI). The resistance of patch electrodes filled
for testing the theoretical models. A complete set of cur-with a standard 100 m KCl solution was 3-5 M2, 0.7—-1 M) when
rent-voltage relationships for divalent cations in the 0.2-illed with 500 nw KCI, and up to 0.5-1.0 Q when filled with 0.2 nm

30 mm range and for monovalent cations in the 5_500Ca2+ or Mg®* solutions. Current measurements were performed using
mM range was obtained. On the basis of its comparisoﬁ“” Axopatch 200A Integrating Patch-Clamp amplifier (Axon Instru-
with results of other authors. the relation between Volt_ments, Foster City, CA). The measurements of vacuolar ion currents

d d o ducti fth | were done under voltage-clamp conditions using outside-out (cytoplas-
age-dependent conducting currents of the vacuolar mic side of the membrane faces the bath) or inside-out patches (Hamill

membrane was rationalized. et al., 1981). To register single-channel currents carried by divalent
cations in a broad voltage range we mainly utilized inside-out (vacuolar-
side-out) patches, obtained by brief air-exposure of the patch-pipette
Materials and Methods after the achievement of initial &-seal contact with the vacuolar
membrane. To insure the correct orientation of the membrane before
detachment of the pipette, the currents in the vacuole-attached configu-
ISOLATION OF VACUOLES, PATCH-CLAMP MEDIA ration were inspected, although usually not recorded. Unitary currents
AND RECORDING in the vacuole-attached mode generally have larger amplitudes than in
excised patches, due to a higher salt concentration inside the vacuole,
FreshBeta vulgaris(whole plants) were received once a week from a but displayed the same asymmetric behavior, i.e., activation by pipette
local market and kept at +4°C before use. Prior to isolation of vacu-(cytosol) positive voltages and rapid deactivation at negative ones.
oles, slices of a taproot were incubated 0.5-1 hr at +25°C in a solutiorTo obtain the outside-out (cytosolic-side-out) configuration we usually
equivalent to the bath solution used in experiments. The osmolality ofutilized a short high-voltage pulse to break down the patch membrane.
solutions was adjusted with sorbitol to isotonic or slightly hypertonic This operation was routinely performed in the low?Canedium used
with respect to the vacuolar sap as verified by a cryoscopic osmometefior the monovalent cation series. In the presence of high concentra-
(OSMOMAT 030, Gonotec, Germany). The osmolality of the vacuolar tions of divalent cations at both membrane sides, however, high voltage
sap was subjected to seasonal changes being 550-700 mOs in wintpulses induced persistent instabilities of the patch membrane. The cur-
months, but dropping to 400-550 before and during the rain periodrent flowing through these defects interfered with low-amplitude
For isolation of vacuoles a single tissue slié8@0 mg weight) was  single-channel currents of the SV channels, handicapping their precise
transferred to a Petri dish containing 3—3.5 ml of fresh solution, and cutegistration. However, in some cases the whole-vacuole configuration

M as calculated using Winmaxc v1.78 software with the constants in
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was formed spontaneously or by application of a light suction pulse, savheren is the Hill coefficient, defining the order of binding reaction.
the SV currents carried by divalent cations were registered also in the

cytosolic-side-out configuration. Because we did not observe any sigRagylts

nificant difference between properties of currents registered in either

configuration, after application of the unified current and voltage con-
vention geebelow), these data have been included in the overall sta-

tistics. The identity of the single-channel currents under investigation—l—he conventional way for the evaluation of the cation-

with SV channels was routinely confirmed by inspecting slow activa- to-anion selectivity of a channel is to applyv a gradient of
tion kinetics of the channels in response to positive voltage steps. y pplyag

The reference AgCl electrode was connected to the bath via a sopalt (e.g., KCI) in either direction across the membrane,
agar bridge filled with 100 m KCI. The convention of current and and to measure the zero-current (reversal) potential of
voltage was as follows: the sign of voltage refers to the cytosolic sidethe channel-mediated current. A specific problem with
and positive (outward) currents represent an efflux of cations into thethe SV channel is the requirement of high cytosoli@’Ca
vacuole. The records were filtered at 10 kHz by a low-pass Bessefqgr the activation. Because @J*aefficiently competes
filter and digitized using a DigiData 1200 Interface (Axon Instruments, with K* for the pore the reversal potential is affected
Foster City, CA). The single-channel currents were further filtered at . ! AT . !
2-5 kHz and recorded directly on a hard disk of an IBM-compatible and tends to deviate from the equilibrium potential of K
PC. The command voltage protocols were applied and the analyse@/Vard & Schroeder, 1994; Allen & Sanders, 1995; Pot-
were carried out using the pClamp 6.0 software package (Axon Instrutosin et al., 1997; Allen et al., 1998). Alternatively, other
ments, Foster City, CA). Ramp-wave voltage protocols (between +140researchers (Schulz-Lessdorf & Hedrich, 1995) inter-
and -140 mV; train of 10 ramps separated by 0.03-2 sec inten/als)preted this deviation as a manifestation of significant
were applied to obtain unitary-current voltage relationships. The ho'd'anion permeability. The precision of the results obtained

ing potential was selected to ensure that only few SV channels ar . o . )
open. Depending on the SV channel activity, the level of holding po—’%O date sill allowed some 10% Clelative to K per

tential varied between -40 mV and +140 mV for the monovalent cationmeab'l'ty'_ This might be of importance for the channel
series, +80 to +160 mV for the M¢series, and +140 to +200 mV for iNVolved in solute transport across the tonoplast, espe-
the C&" series, increasing with decreasing salt concentration. The ducially keeping in mind a poor characterization of alter-
ration of a single ramp was normally 30 ms, except in experiments withnative anion pathways in the vacuolar membrane. To
low divalent concentrations, when the ramp duration, because of fastefagglve this issue, we have lowered fre€Ceoncentra-
channel closu_re, was decreased to 15 ms and the filtering cut-off fretion to 50 uM, compared to millimolar used in previous
guency was increased from 2 kHz to 5 kHz. The successful ramp .

recordings were sorted for containing 0, 1 or 2 open SV channels, anfmdles’_anq analyzed the SV channel current—voltage re-
those not containing any open-channel currents were averaged a @-tlonSh'ps in 500/5 m and 500/50 m KCI transmem-
subtracted from the latter to obtain a unitary-channel current-voltagddrane gradients of either direction (Fig. 1). Recording
characteristic. Segments containing channel closures were erased. Trrent-voltage I(V) relationships in a continuous man-
increase the signal-to-noise ratio many individual ramps were averner and averaging a large number of individuay

aged. curves gave us the opportunity to determine the reversal
potential of the single-channel current with a gresat €

1 mV) precision. Reversal potentials (after correction

for LIP, seeMaterials and Methods) in 500/50Mmand

Relative permeability of Clto K* (seeFig. 1) was calculated from the 50/500 nm (CytO_SOI/VaCUOIe) gradlents Werg_ __52 and
values of zero current potentials, corrected for LIP, using conventional 92 MV, respectively, compared to the equilibrium po-
Goldmann-Hodgkin-Katz equatiorsde Hille, 1992). To define the tentials for K of =54 mV and +54 mV, calculated from
single channel chord conductance the current-voltage relationshipthe Nernst equation after correction of ionic concentra-
were fitted by 4" order polynomials and the coefficient of th& term tions for activity coefficients. According to the Gold-
was taken as the value of conductance at zero voltage. For b'”d'”%ann-Hodgkin-Katz equation this implies a value of

isotherms geeFigs. 3 & 6) theconcentrations were corrected for ac- . — .- -~
tivity coefficients calculated using a standard Debyéskéi formalism relative K" to CI” permeability, Py-/Pcr-, of 96. How

(Ammann, 1986). To describe the binding isotherm for the chord con-EVer, with 500/5 mi and 5/500 mi KCl grad|ems the
ductance or for the single-channel current first the Michaelis-Mentenl€Versal potentials, -80 mV and +86 mV, respectively,
equation was used: deviated significantly from the equilibrium potential for
K" (=110 mV and +110 mV). Formally, this implies a
decrease oP.+/P.- to 33 and 47, respectively. A pos-
sible origin of this apparent decrease of selectivity will
be discussed later. For the purpose of this study it is

whereg (or i)max is the saturated single-channel conductance (or cur-important to notice that the Clpermeability, if there
rent),ais ionic activity, andK,,, is the activity at which the conductance were any, was negligible.

(or current) is 50% of maximal. Alternatively, the conductance (or
current)-activity relations were described by the Hill equation:

CATION SELECTIVITY OF THE SV CHANNEL

DATA ANALYSIS

900 Dmax

glori) = 1+K,/a

@

MOoNOVALENT CATION CONDUCTANCE

_ 9O)max We have selected Kand Nd as the physiologically

0)= 2 ; . o .
%0 1+ (Kya)" @ most abundant cations to characterize the binding site(s),
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I/ pA single-channel conductance at zero voltage (which here
40+ is equal to the chord conductance as the ionic current in
symmetrical conditions always reversed at zero voltage)
as a function of cation concentration (activity). To do

201 this, we have formally described th8/ curves by low
l 50/500K order polynomials. The " order polynomial already
-1’|50 -1]OO M L_ﬂ,,,~/¢’fﬂw;5/500K fairly explained the curve shapeegult not showj
///” 100 150 Then we took the coefficient of the linearS{lorder)
500/5K V/mv term, which defines the value of the first derivative (con-

ductance) at zero potential, and plotted it as a function of
cation activity (Fig. 3). The resulting dependence fdr K
could be explained by simple Michaelis-Menten type
binding isotherm (Fig. B), with a maximal conductance
of 385 + 27 pS an&,, of 103 + 14 nm. Alternatively,

we have fitted the data by Eq. 2, yielding 334 + 25 pS,
Fig. 1. Current-voltage relationships of the open SV channel in gra-152 + 37 rm, and 1.18 + 0.09 for maximal conductance,
dients of KCI. The gradient of concentration of KCI (inmnis indi- Km! and Hill coefficient, respective|y_ A|th0ugh this ap-
cated for each curve as cytosolic/vacuolar: e.g., 500/5K implies SOOproaCh resulted in a visuaIIy better description of experi-

mm KCI at the cytosolic side and 5mKCI at the vacuolar side of the . Lo
tonoplast patch, respectively. The curves are statistical averages (mearnental points, the F-test indicated that the two ap-

+ sp) of 17 (500/5K), 38 (500/50K), 18 (50/500K), and 24 (5/500K) DfoaChQS_deSCFIbe the da_ta equally with a _probabmty of
individual single-channel current-voltag?\() relationships, obtained 0.74. Fitting the data points of the Naeries to the

by linear change of the membrane voltage from +140 to -140 mV in 30Michaelis-Menten equation (Eq. 1) yielded a maximal
msec ramps. The original records were filtered at 2 kHz and sample&¢onductance an,,, of 301 + 21 pS and 64 + 9.5m

at_5 kHz. For comparison, the extrapolations!/&f reIaFionships, OIEJ— respectively. However, based on a statistical comparison
tained in symmetrical 5, 50, and 500mKCI (data of Fig. 2), by 4" ¢ fits given by Eq. 1 and by Eq. 2 with the experiment,
order polynomials are drawn (solid lines). The voltage and current . . .
convention is as follows: the voltage is the difference of cytosol minusth_e (_jata points CO_U|d be _better described by cooperative
vacuole, and positive current reflects efflux of cations from the cyto- PINding (Eq. 2), with- maximal conductance of 263 + 12
solic side into the vacuole. pS, K., of 20 + 7.4 mu, and Hill coefficientn = 1.25 +

0.08 (Fig. &), than by Eq. 1 (F-test 0.05).

500/50

A\

which control the conduction of these ions in the SV

channel pore. Single chanri relationships have been CHARACTERIZATION OF THE UNITARY CURRENTS

analyzed in symmetrical solutions of NaCl (Figg)or ~ CARRIED BY MAGNESIUM AND CALCIUM

KCI (Fig. 2b) in the range of concentrations of 5 to 500

mmMm. To reduce the inhibition of single-channel current To insure that the currents observed in isolated patches
by C&*, the free C&" concentration was lowered to 50 are mediated by a unique type of channel, the SV chan-
uM, which was still sufficient to promote a stable SV nel, we routinely tested their activation kinetics by ap-
channel activity at all conditions. At low (5wm) con-  plication of steps from negative to positive membrane
centration of KCI or NaCl, however, we required large voltages. A typical example of such recording in sym-
(110-140 mV) positive potentials to activate the channelmetrical 0.5 nw C&* and in symmetrical 0.5 m Mg>*
This might be due to low Clconcentration, as cytosolic solutions, respectively, is presented in Fig. 4. Steps to
Cl™ is a positive regulator of the SV channel activity negative potentials (-20 to —100 mV) did not evoke any
(Pantoja, Dainty & Blumwald, 1998. The single chan- single-channel currents. In case of 0.5 Mg?*, the

nel I/V relationships deviated from linear behavior at all delayed activation of single-channel currents was ob-
conditions. It was especially evident at low Nar K*  served starting at +40 mV, and the steady state activity
concentration (Fig. &, when inward rectification of the reached its maximum at potentials >+120 mV (Fig. 4).
single-channel current was prominent. The preferentialt should be noted that magnesium by itself failed to
suppression of the outward current was gradually reactivate the SV channetiata not showh Therefore, in
lieved with the increase of cation concentration, and athis experiment and in all experiments for Kgoncen-
concentrations of Na= 100 nm or K* = 300 mv, the  trations between 0.5 and 30mnthe bath and pipette
IV curves at positive potentials displayed an ascendingsolutions were supplemented withCat a free concen-
exponential-like trend. At all concentrations the single-tration of 50 M (20 pm in the case of 0.2 m Mg**
channel current tended to saturate at high positive potersolution). In case of symmetrical 0.5MrC&™, the SV
tials, with the saturation level increasing with the in- channels required much higher potentials (>+100 mV)
crease of concentration of the permeant cation. For thand longer times (note different time scales in Fig. 4) for
purpose of the present study we needed to evaluate tHbeir activation. It is known that the activation kinetics



1.1. Pottosin et al.: Cation Conduction in the SV Channel 59

a I/ pA I/ pAl

| | | J
‘("' 50 100 150
- V/mV

100 150
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Fig. 2. Current-voltage relationships of the open SV channel in

symmetrical solutions of monovalent cationa) $odium, b)

potassium. The cation concentration (im)ris indicated at the

left-hand side of each curve. The curves are statistical averages

50 100 150 (mean +sp) of 36 (5 Na), 16 (10 Na), 27 (30 Na), 19 (50 Na), 24

- vV / mV (100 Na), 15 (300 Na), 31 (500 Na), 20 (5 K), 13 (10 K), 23 (30 K),
22 (50 K), 13 (100 K), 10 (300 K), and 16 (500 K) individual

—-20 single-channel current-voltag&\() relationships. The/V relations

L for 5 mm K* and 5 nm Na" are plotted on an expanded current scale

(c). For comparison, the extrapolationf{4rder polynomial) of the

—-40 I/V relationship for C&" current (Fig. 8) is shown (continuous line).

-150 -100 -50

of the SV current are a function of luminal €abeing SV channel displayed a quick rundown of activity. In
the slower the higher the &aconcentration in the vacu- the inset of Fig. 4 the steady-state activity of the SV
ole, whereas the effect of vacuolar Kgoould be com-  channel at +200 mV is presented, observed 15 minutes
pared with one produced by 100-times lowerPCeon-  after the first recording taken 2—3 minutes after patch
centration (Pottosin et al., 1997, 2000). Therefore, thasolation. The rundown was typical for all patches ex-
difference in activation kinetics between two patches,amined in concentrations of 0.2—IMmC&™"; therefore,
observed in Fig. 4, was to be expected and reflected ave needed to accumulate a large number of successful
10-fold increase of vacuolar €5 from 0.05 nu to 0.5  patches (up to 7) for each €aconcentration in order to
mM. However, a large shift of threshold potential in the obtain sufficient averages of single-chanh¥l relation-
presence of M needs to be explained. According to ships. In contrast, in the presence of ¥ghe rundown
our data (Pottosin et al., 1997, 2000), the effects of arwas much slower, and we could still register a substantial
equivalent increase of cytosolic and vacuolafQm the SV channel activity up to 1-2 hr after patch isolation.
channel voltage dependence cancelled each other, and Trhus, we restricted ourselves to 2 successful patches for
this case cytosolic/vacuolar free €aoncentration was each M@* concentration.
symmetric, 0.05/0.05 m and 0.5/0.5 mi, respectively. Current-voltage relationships of the open SV chan-
Experiments, presented in Fig. 4, were performed on thael have been analyzed in the 0.2-30 nange of diva-
same vacuolar preparation, displaying a highly reproductent cation concentrations. Select&é¥ relationships,
ible level of the voltage-dependent SV channel activity atobtained in symmetrical solutions of 10, 1.0, and 0 m
equivalent ionic conditions. Apparently, the difference Mg?* or C&" are presented in Fig.a5b. The currents
in voltage threshold could be attributed to the presence o$aturated already at Inrconcentration, so no significant
0.5 mv Mg?* at the cytosolic face of the patch, becausedifference was observed betwek¥ curves obtained at
vacuolar Mg, in contrast to vacuolar G4 at this con- 1 mv and 10 nw of divalent cation. Curves for 3 m
centration hardly affected the SV channel activity. Thisand 30 nw concentrationsnot shownfor clarity) per-
conclusion confirmed the recent finding by Pei and co-fectly fitted those obtained with 1 and 10vm At satu-
workers (1999) on guard cell vacuolar preparation, tharating concentrations, e.g., at 10ayra marked difference
millimolar cytosolic M¢?*, being incapable to activate was observed in the magnitude of currents, carried by
the SV channel by itself, strongly promoted the activa-C&* and M¢*, and in the shape of corresponditly
tion of the channel by cytosolic Ga relations (Fig. ). Whereas with Mg, an N-shaped

In the presence of Gaas unique charge carrier the curve was observed, with an exponential-like increase of
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] current at positive potentials was apparently independent
. on C&* concentration in the range of 1-30wn{Fig. 5b
and ).

The unitary current started to decrease at O m
Mg?* or C&*, and at a concentration of 0.2mmthe
decrease could be seen clearly. Regretfully, we could
not perform measurements with lower Caoncentra-
tions, as the activity of the channel almost disappeared.
Already with 0.5 nm C&*, as mentioned above, we
needed to set the activation voltage to +200 mV, and
even at these conditions the activity was seldom (Fig. 4,
T T T T T T inse). And with 0.2 v symmetrical C&" the situation

0.01 0.1 was even worse, so that in only less than half of the
ay patches we could make successful recordings. With 0.2
mm Mg?* supplemented with 2@um Ca&* we still ob-
served a stable single-channel activity at potentials
around +150 mV, but we encountered problems with
further lowering of Mg+ concentration. We intended to
keep a Mg*/C&" ratio of at least 10 to diminish inter-
ference between the two different cations, however,
lower concentration of cytosolic Eaand, possibly, also
of CI” (Pantoja et al., 1999 resulted in vanishing small
activity of the SV channels. Nevertheless, a relatively
small scattering of single-channel data allowed us to ex-
trapolate binding isotherms for the chord conductance
(Fig. 6a) and for the single-channel current at +100 mV
T TTTTIT T T T TTTTTJ T T T . . .
(Fig. 6b) to concentrations below the experimental range.
0.01 0.1 The curves could be fairly explained by simple Michaelis-
ax /M Menten (Eqg. 1) binding isotherms, with maximal con-
ductance for M§" and C&" of 18.0 + 0.4 pS and 13.0 +

Fig. 3. Conductance-activity relations of the monovalent cation current +
through the open SV channel at zero voltage. The concentrations 09'3 PS, and values fd(m 0f0.038+0.011 m and 0.080

sodium (upper plot) and potassium (lower plot) were converted to ionici_o-O:I-8 mv, respectively (Fig. 8). Similar_fitting of the_
activities, ay, anday, in mole/liter §1). The data points are the coef- Single-channel currents at +100 mV yielded maximal

ficients of the £ order term of the fits of current-voltage relations, current of 1.62 + 0.03 and 0.77 + 0.03 pA, aKg, of
presented in Fig. 2, to'%order polynomials. The solid lines are bestfits 0,093 + 0.013 and 0.165 + 0.032wfor Mg?* and C&",
to the Michaelis-Menten equation (Eq. 1) with maximal conductancerespec,[ive|y (Fig. B). The voltage-dependence of the

301 £ 21 pS and 385 + 27 pS, a, of 64 + 9.5 ma and 103 £ 14 apparent dissociation constant was similar to that ob-
mm for Na" and K, respectively. Alternatively, the data for Nevere PP

fitted to Eq. 2 (dashed line), yielding maximal conductance of 263 + 12S€rved for monovalent c_ations (Fi_g. 2) where single-
pS, K, of 20 + 7.4 ma, and Hill coefficientn = 1.25 + 0.08. channel currents at negative potentials saturated at lower

concentrations of permeant cation as compared to cur-

rents at positive potentials. An alternative fit of the data
current at large positive and negative potentials, withto Eq. 2 ot show yielded Hill coefficients,n, for the
C&" as unique charge carrier, th®/ curve displayed chord conductance of 1.04 + 0.20 and 1.01 + 0.06, and
marked inward rectification, with a sharp saturation offor the current at +100 mV of 0.97 + 0.29 and 1.25 +
single-channel current at potentials >+50 mV. In one0.12, for Mg and C&", respectively. Only in the last
experiment, by combining the maximum of holding- and case, for the current at +100 mV carried by?GéEq. 2
command potentials provided by the amplifier (200 mV explained the data somewhat better than Eq. 1, albeit the
+ 200 mV = 400 mV), we were able to perform a stable difference was statistically insignificant (F-test 0.80).
recording of the SV channel currents at +400 mV with The experiments presented in Fi§sk 6 clearly indicate
C&* (1 mm) as unique charge carrier. A representativethe presence of saturable high-affinity binding site(s) for
trace is given in Fig. 8. It can be seen that the amplitude divalent cations within the SV channel pore. It should be
of the single-channel current at +400 mV was not dif-noted here, that, although most of our data formally
ferent from that obtained at +100 to +140 mV in a rou- could be explained by a simple binding mechanism, it
tine experiment (Fig. B or at +200 mV (Fig. 4jnse).  does neither imply existence of the unique binding site
The saturation level0.7 pA) of the single-channel nor single-ion occupancy of the pore. Simultaneous
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Fig. 4. Example of voltage- and time-dependent activation of single-channel currents carried by magnesium and calcium. Single-channel curre
were recorded on small vacuolar-side-out patches isolated from the vacuoles of the same preparation. The patches were bathed in symmetrice
mm Mg?* + 0.05 mu Ca* (left) or 0.5 mv Ca2* (right); seeMaterials and Methods for the detailed composition of experimental solutions. The
voltage was stepped from a holding level of =40 mV to potentials from —100 mV to +180 mV as indicated. The duration of the step was 1.76 se
and 4.4 sec, and sampling rate was 0.5 kHz and 0.2 kHz & sligd C&*, respectively (note different time scales). No leak subtraction was done,
and the seal resistance for both patches WHE) Q). Inset shows a steady-state record of single-channel currents carriedbatG200 mV
(sampled at 2 kHz and filtered at 1 kHz, calibration bar 2 pA and 0.1 sec, respectively) for the same experiment as presented below, but taker
15 min rather than 2—-3 min after the patch isolation.

binding of several ions with a similar affinity to weakly cations and low-affinity for monovalent ones. As a vir-
interacting sites may produce the same behavior. tue of this fact, the divalent cations reside longer time
within the pore and conducted more slowly compared to
the monovalent ones. However, the f@nd C&" con-
ductance is substantial and approaches maximal level, 18
and 13 pS, respectively, already at physiological concen-
trations of these ions (Fig.ap.

The competition of divalent and monovalent cations
for the conduction pathway may partly explain a diver-
This study, to our knowledge, is the first systematic re-sity of single-channel conductance values reported in the
port describing the conductance-activity relations forliterature for the SV channels (see Schulz-Lessdorf &
physiologically important cations, NaK*, C&* and  Hedrich, 1995 for a review). As an example, for the SV
Mg?*, in the SV channel. The key findings of this work channel from red beet vacuoles a 70 pS single-channel
may be summarized as follows: the channel pore coneonductance for symmetrical 100vKCl was reported
tains saturable binding sites, high-affinity for divalent previously (Schulz-Lessdorf & Hedrich, 1995; Gambale

Discussion

CONDUCTANCE AND SELECTIVITY OF THE SLOW
VACUOLAR CHANNEL
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Fig. 5. Current-voltage relationships of the open SV channel in symmetrical solutions of divalent catjanagfesium,k) calcium. The divalent
concentration (in m) is indicated at the left-hand side of each curve. The curves are statistic averages (sm¢afh 23 (0.2 Mg), 26 (1 Mg), 32

(10 Mg), 43 (0.2 Ca), 28 (1 Ca), and 58 (10 Ca) individual single-channel current-voltsyeglationships. The number of patches used for each
concentration point was 2 for Mg-series, and 4, 7, and 7 for 10, 1, and @.Zafi". For better resolution the curves for 10nvig®* or C&* are

shown in gray. These curves are re-plottefignd 4" order polynomials, fitted to the data, are shown (continuous lines). The saturation of the
single-channel current carried by €at cytosol-positive potentials is confirmed by unique recording in symmetricah Taf* solution at +400

mV. This clamping-voltage was achieved by simultaneous application of the maxima of holding (+200 mV) and of command (+200 mV) voltage
provided by the patch-clamp amplifier. A representative burst of single-channel activity from this record, filtered at 1 kHz and sampled at 2 kH:
is shown in {). The calibration of the amplitude of the record was the same as that of the current &jisarfgcilitate the comparisorg ando

indicate closed and open channel levels, respectively.

et al., 1996) compared to 179 pS for the same concerk*/C&* ratio, [1.00) almost repeats the shape of current-
tration (Fig. 3, this study). The only difference between voltage relationships observed in pure*Caolutions as
ionic conditions of this and previous studies was theif the passage of Gaion modulates the overall ion flux
inclusion of 0.05 mu C&* or 1 mm C&* plus 2-5 nm across the channel under these conditions (Fip. 2nd
Mg?*, respectively; so, obviously, the high concentrationincrease of monovalent to divalent cation ratio B0

of divalent cations caused more than a two-fold inhibi-times caused a transformation from inwardly rectifying
tion of single-channel current, mainly carried by Kn-  to an almost symmetrical current-voltage relation (Fig.
der these conditions. The competition of divalent cation2a,b).

with K* hardly affected the maximal conductance fdr, K The competition between divalent and monovalent
observed at saturating concentrations of this ion, butations for the entrance into the pore also affected rever-
shifted the conductance-activity relation to highef K sal potential measurements under asymmetrical ionic
concentrations. The appareiit, for K* changed from conditions. In this study we have revealed that when
(100 mm at low C&" (this study) to[250 mu at milli- monovalent cation to G4 ratio was 1000 or 10000 at
molar concentrations of divalent cations (Gambale et al.poth membrane sides (500/50mMnKClI gradients), the
1996). The competition between divalent and monova-observed reversal potential almost ideally fitted the
lent cations for the pore appears to be dependent not onlMernst potential for K ion, formally implying 1% CI/

on absolute concentrations, but also on the concentratiol™ relative permeability at the most. However, when the
ratio. Particularly, the shape of current-voltage relation-concentration of K at one membrane side was lowered
ships at low N& or K concentration (and low Na from 50 to 5 nu (K*/C&" ratio [1L00), the reversal po-
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tential deviated by 25-30 mV from the equilibrium po- a

tential for K (Fig. 1). Obviously, the evaluation of Tl 7
to K™ relative permeability on the basis of reversal po-

tential measurements in the first case comes closer to the
reality. Use of higher (millimolar) C& concentrations 10—
and, consequently, less favorabl&&a* ratios resulted ]
in a further overestimation of Clto K* relative perme- < .
ability, from 5-10% (Ward & Schroeder, 1994; Allen & 5, :
Sanders, 1995) up to 30% (Schulz-Lessdorf & Hedrich, ]
1995), depending on particular ion conditions and calcu- ]
lation approaches. It is for the first time experimentally i
shown in the present study, that the trué/RTf perme- T T T T T —
ability ratio is below 1%, thus leaving virtually no room

for anion flux through the SV channel. 0.0001 0.001 0.01

|
|
|
I
|
|
|
|
i
|
|

g, Ca /M

ORGANIZATION OF THE SV CHANNEL
CONDUCTION PATHWAY

A novel finding of this work was a high unitary conduc-
tance of the SV channel for Mgion. Magnesiumhasa <
very special position among physiologically abundant E‘
cations due to its strong degree of hydration. Unlike, for 8
instance, C&', which exchanges water molecules in its _* R
inner hydration shell in the nanosecond time scale?Mg
requires 10° sec for water replacement (Hille, 1992).
Simple calculation shows that if Mg needs to lose a
single water molecule to pass the selectivity filter of the
channel, this step becomes already rate-limited in the 0.0001 0.001 0.01
overall conduction, and resulting current will not exceed aMg, Ca I'M
40 fA. Consequently, voltage-dependentCahannels
do not display any measurable l?/fgconduction (Hille, Fig. 6. Conductance- and current-activity relations for the divalent
1992). If MgZ+, as in this work (Figs. 4, 5), carries a cations in the open SV channeb.)(Singl+e-chann_el_conductance atzero
current in the pA-range, this unequivocally implies that Y0/t2ge s a function of Mg (CJ) or C&" (M) activity. The data points
this cation preserves the inner shell of waters all the Wa¥are t_he coefficients of the t10r(_1er term of the fits of curr_ent-volta_ge

. : “Yelations, as those presented in Fig. 2, tbotder polynomials. Addi-
through the channel pore. This could be possible only ifijonal data points for symmetrical 0.5um3 mv and 30 rm of Mg?*
the minimal diameter of the channel pores§ A. This  or c#* with a comparable number of averages were included. Con-
agrees with our previous estimate of the pore calibetinuous lines are best fits to the Michaelis-Menten equation with a
using a Variety of Organic blockers of different size maximal conductance of 18.0 + 0.4 and 13.0 + 0.3 pS,gpadf 0.038
(Dobrovinskaya et al., 1999). The large cut-off value is* 0:011 and 0.080 + 0.018 mfor Mg*" and C&", respectively.

at the upper limit still allowing selective permeability for ) Single-channel currents carried by Mg(]) or C&* (M) at +100
. L . mV as a function of divalent cation activity. Tre® for mean current
inorganic ions (Hille, 1992).

values were <0.1 pA. Solid lines are best fits to the Michaelis-Menten
The unitary current carried by divalent cations, equation with maximal current of 1.62 + 0.03 and 0.77 + 0.03 pA, and

Mg?* and C&*, at concentration as low as 0.2vmat K, of 0.093 + 0.013 and 0.165 + 0.032vrfor Mg2* and C&", re-

negative potentials did not show saturation until =2.5 pAspectiver. Dashed lines connected to corresponding curves indicate the

level (Fig. 5). The diffusion-limited current,(,) could  approximate values of dissociation constaits)(

be evaluated using the approach described by Hille

(1992):

|

T TTTTT] T T TTTTI T T TTTIT] T

SV channel pore entrance to produce 2.5 X*#@ cur-
lim = 2m-a-D-c-z-F (3)  rentyields a value of 1.4 x TBcm or 140 Al For a more

realistic value of 10 A one needs a 14-fold increase of the
wherea is the radius of the pore entrance (in c)is a  local concentration of the divalent cation, which could be
diffusion coefficient, 0.75 x 10 cné/sec for C&" or  achieved only by fixed negative charge in the proximity
Mg?*, the ionic concentration is = 2 x 107" mole/cn?, of the vacuolar pore entrance. The same is true for the
the valencez = 2, andF is Faraday’s constant, 9.65 x cytosolic pore mouth, based on the magnitude of currents
10* C/mole. The evaluation of an unknown radius of theat positive potentials. We came to a similar assumption
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based on the absolute rates of ruthenium red collisionncluding the SV channel, are specifically sensitive to
with the cytosolic mouth of the SV channel as a functionruthenium red (Ma, 1993; Pamos & Tester, 1997; Pot-
of the bulk concentration of the substance (Pottosintosin et al., 1999). All three channels mentioned above
Dobrovinskaya & Mduie, 1999). Existence of fixed have a moderate selectivity for divalent over monovalent
negative charges in the vestibules of the channel poreations, which does not exceed a factor of 7 for the SV
seems to be a general feature of cation channels of anand RyR channel (Pantoja et al., 189X inker et al.,
mal and plant cells (Hille, 1992; White, 2000). This 1992; Ward & Schroeder, 1994) and is slightly higher,
structural feature serves to concentrate the cations and ®. ../P, - ranging from 17 to 41, in theca channel (Pin
promote their fluxes at low concentration. On the othereros & Tester, 1997). These characteristics clearly dis-
hand, it builds an additional barrier on the way of anionS,Cern these three éépermeab|e channels from V0|tage_
Contributing to the h|gh cation over anion SelectiVity of dependent C’?é Channe's Of anima| Ce” p|asma mem-
the channel. . . brane. The latter are characterized by higHhL.f)
Recently the rate theory was applied to descriie K givalent over monovalent cation selectivity, large values
and C&" conduction in the SV channel by single-site ¢ K., (5-28 mw) for the divalent cation conductance,
binding models (Allen et al., 1998). Although such mod- 54 do not conduct Mg (Kostyuk, Mironov & Shuba,
els apparently ignored the multi-ion nature of the SV1983; Hess, Lansman, & Tsien, 1986; Hille, 1992).
channel (Allen & Sanders, 1996; Gambale et al., 1996;  Ayaijlability of detailed characteristics of the SV
Dobrovinskaya et al., 1999), they might serve as initialchannel current for a broad range of voltage and cation
clue, offering a number of testable predictions. Particu-oncentrations provided us with a diagnostic tool to chal-
larly, conduction of C&' in the SV channel provided a |enge the variety of C& pathways reported for the vacu-
peculiar pattern, with a sharp saturation of single-channel |5 membrane of higher plants. To our surprise, the

current at positive voltages which could be traced up to;onductance properties of the SV channel reported here
+400 mV (Fig. ,d), and which was independent of the \yere quantitatively identical to the characteristics of the

concentration of Cd in the range of 1 to 30 m (Fig.  go-called voltage-dependent vacuolar?Czhannel

6b). On theoretical grounds, a conventional two-barrier-(\v/ca) from the same preparation (Johannes & Sanders,
one-well (2B-1W) model, with fixed positions of binding 1995; Allen & Sanders, 1997). This included equal con-
site (well) and barriers could not explain such a behaviorg,ctance for Mg*, C&*, B2*, and for K' (Pantoja et al.,

As an alternative, a “dynamic-pore” version of 2B-1W 1992, johannes & Sanders, 1995; this work) &g
model (Allen et al., 1998), assuming a carrier-like fluc- \qyes for C3" and K, directly measured in this work
tuation of the potential profile within the pore, might be 5 the SV channel and theoretically approximated for
applied. To describe the saturation of single-channefne \vca (Allen et al., 1998). However, the SV channel
current carried by Cd (Fig. 5b) one needs to postulate jg activated by cytosol positive membrane voltage and by
that this conformational transition is voltage-independent.yiosolic C&* (Hedrich et al., 1988), while the VVCa
and becomes rate-limiting at high positive potentials.,yas reported to be gated open by negative voltage and by
The “dynamic-pore” is, therefore, the only possible al-jncrease of vacuolar 4 (Johannes & Sanders, 1995).
ternative among single-site models, which could in prin-gegjdes the opposite “sidedness” of the effects, however,
ciple explain our data. However, it is more likely in the he yoltage and G4 sensitivity of both channels was
context of previous findings, that multi-well (and multi- ¢5iry similar as if the characteristics of the VVCa chan-
ion) models are better suited to describe the conductiopg| formed a mirror image of those of the SV channel (cf
within the SV channel pore. Johannes & Sanders, 1995 and Pottosin et al., 1997,
2000). The simplest explanation of this peculiarity is
that reported characteristics of the VVCa channel are a
manifestation of the same SV channel, but measured on
inverted patches. A convincing argument against this
$ypothesis may be the recording of whole vacuole cur-

COMPARISON WITH OTHER C&*-PERMEABLE CHANNELS

We are aware of just one previous report, analyzing th
unitary currents of a Ca-permeable channel at micro- yonis with all characteristics (kinetics, and voltage-

LTents < ~
molar C&" activity, the work of Piieros and Tester dependence, rectification of instantaneous current under
(1997) on theca channel from wheat root plasma mem- ;i ionic conditions) pertinent to those reported for single

brane incorporated into planar lipid bilayer. Thea  \n/ca channels. Due to the lack of such coherent evi-
channel displayed a Cabinding affinity very similar o jance identification of the additional voltage-dependent
that of the SV channel, 99 and 80w, respectively.  c2+ yermeable channel in the vacuolar membrane, the

Another channel, which has a similar (predictéd)for /¢4 channel, might require further experimental proof.
Ca&" and M¢* of 116 and 86um, respectively, is the

ryanodine receptor (RyR) channel of cardiac muscle sar-

coplasmic reticulum (Tinker, Lindsay & Williams, The authors wish to thank Mrs. Ondina Popescu for her qualified
1992). Interestingly, all three aforementioned channelstechnical assistance in some experiments. This work was supported by
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