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Abstract. lonic channels of the sugar beet tonoplast werecan be explained by a multi-ion occupancy single-file
studied using the patch-clamp technique. At micromolampermeation mechanism.

concentrations of cytosolic calcium, several (at least

fOUf) distinct single-channel current levels were rou- Key words: lon channels — Vacuole — Sugar beet —
tinely identified. On the basis of channel voltage depen-vulti-ion pore — Single-file diffusion

dence, kinetic properties and conductance of single open-

ings, the largest channel A& 2 pS insymmetric 150

mm KCI) corresponds to the slow vacuolar (SV) channellntroduction

already identified by Hedrich and Neher (1987). The

majority of the whole-vacuole current was ascribed toln plant vacuoles, the ionic current mediated by potas-
this time-dependent slow-activating channel elicited bysium channels has a main component with slow kinetics
positive vacuolar potentials. The channel of intermedi-of activation at positive transmembrane voltages and nc
ate amplitude (& = 1 pS in 150 mn KCI) did not show inactivation. The majority of the ion fluxes is mediated
any voltage dependence and delay in the activation upoRy the voltage-dependent S\B¢w Vacuolar) channel
the application of voltage steps to both positive and(Hedrich & Neher, 1987), however instantaneous FV
negative transmembrane potentials. Owing to its voltagdFast Vacuolar) channels and other channels of smallei
independence this channel was denominated FV1. Thamplitudes have also been observed (Coyaud et al
opening probability of the SV-type channel increased byl987; Hedrich & Neher, 1987; Kolb et al. 1987;
increasing the cytoplasmic calcium concentration, whileMaathuis & Prins, 1991; Schulz-Lessdorf & Hedrich,
the activity of the FV1 channel did not increase appre-1995). It has been shown that an increase of the cyto
ciably by changing the calcium concentration in theplasmic calcium concentratior=0.1 ) increases the
range from 6um to 1 mv. All the channels identified opening probability of the SV channel, while the FV
showed a linear current-voltage characteristic in thechannel is active at nanomolar concentrations of cyto.
range +100 mV and at least the three most conductivglasmic calcium (Hedrich & Neher, 1987). So far other
ones displayed potassium selectivity properties. Substinvestigators have carried out detailed studies only on the
tution of potassium with tetramethylammonium (TMA) SV-type channel since the FV channel was labile anc
on the cytosolic side demonstrated that both the SV an@ffected by a fast rundown within a few minutes from the
FV1 channels are impermeable to TMA influx into the excision of the patch (Hedrich & Neher, 1987). More
vacuole and support the potassium selectivity propertiesecently, another fast activating channel (denominatec
of these two channels. Moreover, the single channel conVK), active at micromolar concentrations of cytoplasmic
ductances of all the channels identified increased as &alcium (Ward & Schroeder, 1994), was characterized ir
function of the potassium concentration and reached guard cell vacuoles. Divalent selective channels with &

maximum conductivity at [K] (0.5 m. This behavior slow kinetics of activation (Pantoja et al., 1992) and
calcium-selective channels which exhibited fast kinetics

of activation were also identified (Johannes et al., 1992
- Johannes & Sanders, 1995) in tonoplasts from sugar be
Correspondence taF. Gambale cell-culture and tap roots, respectively.
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Under our experimental conditions (6v cytoplas-  ward currents through the tonoplast represent a cation flow out of the
mic calcium), a voltage independent channel was usuallygytosol into the vacuole.
very stable and could be routinely observed in the same The liquid ju_nction potentials (LJP) were measured following the
patch together with the SV channel and with other Chanprocedure described by Neher (1992p€¢ alsoward & Schroeder,

. . 994). In brief, an agar bridge containingu3KCl was the bath elec-
nels of smaller amp“tUdeS' We performed a detalledtj;ode, while the pipette electrode was filled with the pipette solution to

Ch?‘raCtenzatyon O_f these ch_annels comp_a_rlng their ProPse tested. In the current-clamp mode the voltage was adjusted to zer

erties under identical experimental conditions. then the pipette and bath electrodes were moved to a second chamb
containing the bath solution. In our experimental conditions the LIP
was read as the zero-current potential and we verified that it was alway

Materials and Methods less than 1 mV. We also proved that the LJP did not change by varying
the concentration of sorbitol currently used to adjust the osmotic pres

Sugar beet plants were grown either in the field or in the green houseSure of the solution to that of the sugar beet. Nernst potentials anc

Vacuoles were directly extruded into the recording chamber by Cumngconductance versus activity were calculated taking into account the

a slice of fresh taproot tissue and rinsing the surface with a few dropctivity coefficient of the ionic solutions (Robinson & Stokes, 1959).

of bathing solution. The tonoplast ionic transport properties were stud-

ied using the patch-clamp technique either in the whole-vacuole or in

the excised-patch and the vacuole-attached configurations. Access Results

the vacuole interior was gained by breaking the membrane under the

patching pipette with short (1 msec) voltage pulses upiiid.

Transmembrane-voltage and ionic current were controlled and\jacroscorICWHOLE-VACUOLE CURRENTS
monitored with a List EPC7 current-voltage amplifier interfaced with

an Instrutech A/D/A board (Instrutech, Elmont, NY). An Atari . . L

4MegaST personal computer was used to generate the stimulation préD the whole-vacuole configuration the majority of the
tocol and to store the digitized current record on the computer harccurrent of the sugar beet tonoplasts was usually mediate
disk. Single-channel recordings were also stored on a videocassetlgy the slow activating 0‘2 (0500 msec) SV channel. The
recorder equipped with a PCM Sony F1, modified according to Beza-g\/ channel activated SlOle after the application of pOSi-
nilla (1985). Current records were low-pass filtered with a 4-pole filter tive potentials and did not inactivate, as demonstrated b
KemoVBF8 (Kemo, Beckenham, UK). Analysis of single channels iti | lasti | ' ds: at fi -
were performed offline both on the Atari personal computer and in apOSI_ Ive pulses lasting SeV‘?ra Seco_n _s’ at negative pc
486 MS-DOS compatible system. Single-channel openings were indif€ntials the channel deactivated within a few tens of
vidually recognized by using the commercial software TAC (Instru- Msecs and displayed a very low opening probability
tech, Elmont, NY) or by constructing current histograms that were fit (Hedrich & Neher, 1987). These properties are summa
with theoretical Gaussian distributions. Channels could be unequivorized in Fig. 1, where typical macroscopic currents, and
cally identified as belonging to one of the four families on the basis Ofthe Corresponding steady-state current-voltage characte
their current amplitude, as well as on their activation and kinetic ProP-jctic (panelB), show that currents of several nanoam-

erties. L . .
The standard bath solution was (injn KCI = 150, MgCl, —  P€res could be measured at positive potentials, whil

2, HEPES= 5, adjusted to pH 7.1 by KOH® mu), CaCl = 0.97,  almost no current was detected at negative voltages.

EGTA = 1, resulting in cytosolic-free calcium concentration of.@ In symmetric solutions, the time constant of the de-

(according to Fabiato & Fabiato, 1979). The standard pipette solutioractivating tail currents was systematically fitted by a
was (in mv): KCI = 150, CaC} = 1, MgCl, = 2, MES = 25, ad-  single exponential function. Fig.CLshows that the ki-
Justed to pH 6.1 by KOHI[(5 mw). To study the single channel con- - hatics of deactivation of tail currents (dt= —100 mV)

ductance as a function of ionic concentration, distinct experiments wer . .
performed in standard solutions where the symmetric KCI (:0ncentral"—:became slower when the amp“tUde of the step potentis

tion ranged between 50nnand 1m, while the osmotic pressure was eliciting the outward (of the cytoplasm) current was in-

adjusted to the tap root osmolarity by adding an appropriate amount off€ased; as a consequence double pulse protocols can

sorbitol. used to determine SV macroscopic and single-channe
lonic solution in the bath was changed either by a fast (a fewcharacteristics over a wide range of potentials. The

seconds) or by a slow (a few minutes) superfusion procedure. In thgsharacteristic of the instantaneous tail current, measure
first case, two pipettes (one containing the bath control solution and th n symmetric ng = 5mMm (or MgCI = 2 MM as in
other containing the solution to be tested) were alternatively positiones: 2

in front of the vacuole, while the bath control solution in the Petri dish I 19 1D) and asymmetric KCI (KGl = 150 mv, KClo,,
was continuously renewed using a peristaltic pump. In the second casé- 30 ™M, other conditions as in standard solutions)
the bath solution was changed by means of the peristaltic pump.  indicates that the SV channel is selective fof.K
All quoted potentials refer to the pipette (Bertl et al., 1998s¢( However, the difference betweév,, (+24 £ 1 mV,
the inset of Fig. 1), which means that the transmembrane potentiamean +sem, N = 8) and the Nernst potential for 'K
across the vacuole is defined as the potential difference between th(e+36_1 mV) suggests that the SV channel is not abso
cytopla_smic and the lumen (out)side (Schulz-Lessdorf & Hedrich,Iutely selective for K. Indeed, when the cytosolic
1995). e MgCl, concentration was decreased from & o 0.2
V = Vo501~ Voacuole WhereViacuoe = 0. mw, the reversal po'tent.ial shifted 053 1 mvV (mean.
+ sem, N = 8), which implies that the SV channel is
This implies that in the outside-out configuration positive or out- selective not only for K but also for Mg* ions.
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Fig. 1. Characteristic of the SV channel in sugar beet vacuoksMacroscopic whole-vacuole currents elicited by a series of voltage step
(represented in the upper inset) ranging from —100 to 0 mV in 20 mV steps, and from 0 to 110 mV in 10 mV steps. Holding and tail potentials
0 and -100 mV, respectivelyB] Current-voltage characteristic (of dataA) obtained by plotting the steady state current at each test pdpe. (
The decay timerp, measured at Vtai= —100 mV is plotted as a function of the step potential (filled symbols). Each point represents the me
value obtained from at least three records of the same experiineat: every sixth data point (empty symbols) of a typical tail current is shown
together with the best fit obtained by a single exponential function (continuous line). Data shéwiBiznd C were obtained in standard ionic
solutions. D) Current-voltage relationship measured from instantaneous tail currents in asymmetric solutions. The bath solution contaijied (in
KCI 30, MgCl, 2, HEPES 5, adjusted to pH 7.1 by KOH 18.mpCaCl, 0.97, EGTA 1; the standard pipette solution was (m)nKCl 150, CaC}

1, MgCl, 2, MES 25, adjusted to pH 6.1 by KOH 5unData are the results obtained from six different series of stimulations, mean +

OTHER CHANNELS COLOCALIZE WITH THE SV TYPE nel already described by Hedrich and Neher (1987) an
to the VK channel studied by Ward and Schroeder
Despite the fact that the tonoplast current was dominate{l994). However, contrary to these two channels, out
by the SV channel, other channel types contribute to the€hannel did not show any evident calcium dependenct
vacuolar currents as shown in Fig. 2 where different(seefollowing results and the Discussion section); there-
single-channel transitions present in the same patch afere, we will indicate it with the term FV1 channel. As
represented. Single-channel openings showing differerdhown in Fig. 3, the FV1 vacuolar channel was statisti-
kinetics and amplitudes can be clearly distin-cally observed in all the patch-clamp configurations
guished. The largest transitions, present at positive volttested (whole-vacuole, on-vacuole and excised patch ou
ages in each record of Fig. 2, correspond to the S\side-out) without showing any evident voltage depen-
channel since these openings were delayed with respedence (Fig. B). Since it was very difficult to distinguish
to the stimulus and deactivated at negative potentials. the macroscopic voltage-independent currents from th
The small transitions labeled * antt usually oc- leakage, we decided to investigate the electrical proper
curred instantaneously upon application of both positiveties of the tonoplast by analyzing single-channel records
and negative potentials, while the large transitions (alsaJnder our experimental conditions, both SV and FV1
instantaneous), gathered in current bursts at both positivehannels exhibited a long-lasting activity and occasion-
and negative potentials, look very similar to the FV chan-ally both channels could be observed in the same patc
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e 4 - —— - — — - creased from Gum to 1 mm (in 150 mv KCI); as an
example, in standard control solutionsvat= +100 mV,
we measured = 11.5 £ 0.2 pA (mean isewm), while
when calcium was increased to Ivmthe channel am-
plitude decreased fo= 8.6 + 0.3 pA; on the other hand,
atV = -100 mV, the single-channel current was 11.8 +
0.3 pA and 11.4 + 0.3 pA in standard control solutions
and when C& was 1 nu, respectively.

Alteration in the calcium concentration affected the
kinetics of activation but did not affect the deactivation
of SV channels. The kinetics of current activation are
faster at higher calcium concentrations gsdecreased
(Fig. 4A) from 1 sec ([Ca]= 6 uMm) to 0.4 sec ([Cal=
1 mm), while the deactivation timery, (measured step-
ping from a main pulse of +100 mV to a tail voltage of
-100 mV) was equal t0 21.9 £ 0.6 msé¢ & 9) in 6 um
Ca®* and 22.2 + 0.6 msecN = 9) in 1 mm
C&". Therefore calcium ions participate in the regula-
tion of the mechanisms controlling the SV channel acti-

500 ms vation but they are not involved in the deactivation of

this channel.
Fig. 2. Vacuolar single-channel openings recorded in outside-out In the case of the FV1 type channel, an increase o

patches. Typical single channels recorded in symmetric KCI 680 m  cytoplasmic calcium concentration did not induce any

othe_r conditions as in standard ionic solutions. qudmg and step POconsistent change in the opening probability, measured
tentials were 0 and +50 mV, respectively. Dotted lines mark the zero

current level. potentials of —100 and —40 mV. The Table reports the
relative probabilities of the two channels at 0 and @ m
calcium with respect to our control conditions (i.e.,
(Fig. 3, panelA andB). Under optimal conditions, they [Ca 'l = 6 um). We also verified that, in the absence of
would be easily identified and compared. Evidently, thecalcium, the voltage independent channel was subjecte
voltage independent channels can be more easily reco® @ rapid and irreversible rundown, while aé con-
nized at negative transmembrane potentials or at relacentrations of cytoplasmic calcium it was stable (like the
tively low positive potentials where the probability of SV-type channel) and could be recorded also for one hr
activation of the SV channels is very low. The long Finally, comparing the single-channel amplitudes ob-
single-channel bursts, that clearly resolved at negativéained in different MgCJ concentrations, we observed
potentials (Fig. 3), are representative of the FV1 channelthat & symmetric increase of Mg (from 2 to 5 mu)

This burst-mode is a fingerprint that can be used forc@used a decrease (up to 50%) of the single-channel an

EFrFecTs oFCyTosoLic CALCIUM VOLTAGE DEPENDENCE

Figure 4A, Band the Table demonstrate that an increasaBy applying a double pulse protocol (FigAbwe veri-
of the cytoplasmic calcium concentration (fromué to  fied that the current of the two largest (SV and FV1)
1 mm) increased the macroscopic SV current (Hedrich &channels increased linearly with the applied membrane
Neher, 1987) as a consequence of an increment of thpotential. In standard symmetric solutions SV and FV1
opening probability of the channel; likewise, (par2l channels displayed conductances 08 #2 pS and 41 +
andC) in nominally zero calcium, the frequency of oc- 1 pS, respectively. In Fig.Bthe opening probabilities
currence of single SV channels decreased with respect tof the two channels are reported as a function of the
the standard ionic solutions. transmembrane potential. It can be observed that the a
With respect to standard solutions, the addition of ltivation of the FV1 channel did not depend appreciably
mm cytoplasmic calcium decreased the single-channebn the applied membrane voltage. Since the instanta
conductance of the outward currents but did not affecheous single-chann&l characteristics were linear over
the inward current of the SV channel measured fromthe entire voltage range analyzed (100 mV), the recti-
instantaneous tail currents. The amplitude of the outfying characteristic of the SV channel must be ascribec
ward single SV channel decreased by 25% when théo a strong voltage dependence of its opening probability
calcium concentration on the cytoplasmic side was in-lt should be noted that, in order to construct a rapid anc
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Fig. 3. FV1-type channels were present in all the patch-clamp configurations tested. Bursty FV1-type channels were present in whole-v:
currents (paneh), outside-out excised-patches (paBgland in vacuole-attached patches (pa@gl(A) In the presence of a large component of
the slow activating current, FV1 channels can be more easily observed at negative voltages. The inset shows, at higher current and time res
the section of the record delimited by the dotted segmeBjsB¢th SV and FV1 type channels were present in this excised patch. Notice the del:
in activation and the larger amplitude of the SV channel (indicated by the arrow) present only at positive pot€pflai® FV1 channels can be
identified in this vacuole-attached patch. Holding and step potentials were 0 and +100 mV, respectively. Standard ionic solutions.

complete current voltage characteristic of the two chanthe SV to FV1 single-channel conductance-ratio is ap-
nels, also at voltages where the SV channel deactivatgsroximately 2.5.
(c.f. Hedrich et al., 1986), the data in Fig. 5 were derived
from double pulse voltage protocols. Therefore, pulsedsz| ectivity AND CONDUCTANCE
voltage protocols were convenient to identify the vacu-
olar channels on the basis of their kinetic properties.To obtain more information concerning channel selec-
However, taking advantage of the fact that the vacuolativity and a preliminary evaluation on the size of the
channels did not inactivate, voltage ramps or continuougores, we performed experiments where cytoplasmic po
voltage stimulations (lasting for several seconds andassium was substituted by the macro-cation tetramethy!
even minutes at the same voltage) were also appliecammonium (TMA), frequently used as an impermeant
These procedures allowed us to perform a more detailedation for potassium channels (Hille, 1975; Almers et al.,
analysis of the time and voltage-dependence of the chart984; Fukushima & Hagiwara, 1985; Colombo et al.,
nel types shown in Fig. 2. 1987). We verified that at positive potentials TMA did
In the voltage range investigated (typically +100 not permeate through both the SV and FV1 channel
mV), all the channels identified displayed linear single- (Fig. 7); instead, when the transmembrane potential wa
channel characteristics. A typical representation of thénverted, both channels were immediately permeable
current as a function of the voltage (in standard soludumenal potassiunrsgeas an example the middle records
tions) is given in Fig. 8, equivalent results were ob- in Fig. 7). Under the double pulse protocol, the presence
tained in standard solutions where symmetric KCI con-of channel openings at negative voltages confirmed tha
centrations ranged from 50nmto 1 m. The linearity of in 150 nm TMACI the channels were still active and
the current-voltage characteristics is also evident whettheir kinetics did not change. Indeed, SV channels still
low frequency (1 Hz) voltage ramps were applied (panelinactivated in a few msec whereas FV1 channels main
B). Channel events were systematically identified alsatained their bursting characteristic. However, TMA is
on the basis of their kinetic properties. Since the data imot a blocker of the vacuolar channel since we verified
Fig. 6 were collected under continuous stimulation pro-that the addition of millimolar concentrations of TMACI
tocol, the SV channel characteristic does not show exto the standard bath solution did not affect the channe
perimental points at negative transmembrane voltagespenings iot showi.
On the other hand, the voltage-independent channels Like the macroscopic currents shown in FigC,1
could be identified because they displayed long currensingle channel data (Fig. 8) (collected in asymmetric KClI
bursts and several openings (gathered together) were isolutions) representative of the three largest conduc
terrupted by relatively short closures lasting a few msectances also displayed reversal potentials20 mV) in
In accordance with the results reported in Fig. 5, fromagreement with the Nernst potential for potassium (-20.Z
data collected under continuous stimulation protocolsmV indicated by the arrow in Fig. 8).
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Fig. 4. Cytoplasmic calcium concentration regulates the SV-type chamjelhle macroscopic SV current increased (by a factor of two) increasing
the cytoplasmic calcium concentration fromuf1 to 1 mv. Each curve represents the average of seven successive re@&)r@mdle-channel
recordings (in excised outside-out patches) at th& €ancentrations indicated. In both panels, the upper inset represents the potential protoc
holding, test and tail potentials were 0, +100 and —100 mV, respectiv@lyA Geries of double pulse stimula were applied to the vacuole and the
opening probability (in Arbitrary Units) was plotted as a function of the time of the stimulus. Upward arrows indicate the perfusion with z
calcium, i.e., when the standard external solution (containipmg @alcium) was replaced by an identical solution which did not contain free calciurr
(i.e., 1 mv EGTA and no Ca); downward arrows indicate the recovery.

?hannel. At least three other channels did not show an
apparent dependence of the opening probability on the
membrane potential. Among the voltage independen

As an example, Fig. 9 shows that at each KCl Concen_channel' types, the opeqing .probability of the Iargest one
tration the SV-type channel exhibited linday charac- (FV1) did not depend significantly on the cytosolic cal-
teristics. Similar results were also obtained plotting the®lUm concentration (in the micromolar-millimolar
current-voltage characteristics of single events corref@nge). Itran down in the total absence of external cal
sponding to the other channels identifietb{ showj. ~ Cium and displayed a single-channel conductance that i
A summary of this study is shown in Fig. 10, where the @bout half (1:2.5) the conductance of_the_SV chanses (
conductances are plotted as a function of potassium aclso Hedrich & Neher, 1987). The kinetics and the se-
tivity on a bilogarithmic scale. It can be observed thatlectivity properties, but not the calcium-dependence, of
for all channel types the conductance increased linearlpur FV1 channel are comparable to those of the VK
at low KCI concentrations showing a maximum at ac-channel identified by Ward and Schroeder (1994) in
tivities ranging from 250 to 350 m Together with se- guard cell vacuoles. Indeed, contrary to the VK channel
lectivity experiments, the increase of the conductance athe opening probability of our FV1 channel was not ap-
a function of K concentration unequivocally confirms preciably affected by the concentration of cytoplasmic
that under our working conditions the ionic current is calcium geeTable). The rundown, which we observed
mainly driven by potassium ions and that a conductancén nominally zero cytosolic calcium, looks different from
maximum is present. the calcium regulation of the VK channel because the
FV1 channel inhibition was irreversible and therefore
may have been caused by denaturation or unfolding o
the protein.

We have shown that in the sugar beet tonoplast several We have also shown that the conductance of all the
channel types can be observed together with the SV-typehannels present under our experimental conditions in

The permeability properties and the conductances o
the sugar beet tonoplast channels were studied as a fun
tion of the KCI concentration in the range 5Quril M.

Discussion
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Fig. 5. |-V characteristics and opening probability of the two largest - 4 ]
channels.4) Single-channel current-voltage characteristics of the FV1 \Y (mV)
(empty circles) and SV (filled circles) channels obtained from step +;100 : : 9 . : '1?0
pulses up to different membrane potentials. Excised patch outside-out. 0 100 200 300 400 500 t (mS)

At negative potentials, the current values of the SV type channel were

obtained from tail currents before the channel inactivated. HoldingFig. 6. Current-voltage characteristics of the four current levels iden-

potential was 0 mV.B) The opening probability of the two largest tified in sugar beet vacuolesA) I-V characteristics obtained from a

channels normalized with respect to the value measured-at %100 systematic single-channel analysis performed on continuous currer

is reported. Data were collected in the on-vacuole configuration; bathrecords. Continuous lines represent the best fit to the experimental dat:

and pipette contained the standard solutions. The same symbol&.as in (B) I-V characteristics of the SV and FV1 channels obtained changing
the membrane potential linearly from —100 to +100 mV over 500 msec.
Excised patch outside-out; standard ionic solutions.

creased together with the KCI concentration, thus sug-

gesting that the ionic current is essentially driven bythe immediate availability of the inactivating SV chan-
potassium ions (Lado et al., 1989). Moreover, selectivitynels and of the bursty FV1 channels at negative poten
experiments performed in asymmetric KCI confirmedtials indicates that TMA did not permeate through the
that at least the three most conductive channels are s@ore owing to its steric hindrance (cristal radius 2.8 Ang-
lective for potassium. Accordingly, using constant field strom, Hille, 1975) without blocking the channel perma-
approximation (Lewis, 1979, Eq. 4), we evaluated that,nently. This conclusion is also supported by experiment:
though Mg™ displays high affinity for the SV channel where millimolar concentrations (up to 5) of TMA,
(P(Mg?H/PK* = 1.5), in our experimental conditions the added to the external standard solutions, did not affec
majority of the current is driven by Kions while M@*  the single channel conductance. Therefore, the diamete
contributed to the current for a few percent and up to @of the SV and FV1 pores should be smaller than 0.6 nrr
maximum of=10% (Lewis, 1979) when KC& 50 mw. (Hille, 1975%; Hille, 1992; McCleskey & Almers, 1985)
These conclusions are also supported by experimentnd the ion permeation should be regulated by interac
where KCI was replaced with identical concentrations oftion of the permeating ions with the internal walls of the
TMACI: the disappearance (at positive potentials) of allpore.

types of transitions when potassium, but not chloride and  We also verified that an increase of the cytosolic
magnesium, were removed from the bath constitutes &alcium concentration (from @m to 1 mv) increased the
further and direct demonstration that the majority of theionic currents of sugar-beet tonoplasts by increasing th
current through the two largest channels is due to potasspening probability of the SV-type channel, while it had
sium permeation through the pores. On the other handiery little effect on the voltage-independent channel
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Table. Effects of cytoplasmic calcium on the opening probability of A B
the SV and FV1 channel

Cayy. FV1 channel SV channel l— _'—Li
Ca=1mu P(-100mV)=22+13 PRf+100 mV)=7.2+2

Ca=1mv Pg(-40 mV)= 18+0.7 Py+40 mV)= 125+93 control

Ca=0mu P-=0 Ps=0 % L U
The relative opening probability of the SV and FV1 channel, measured

in 1 mm calcium and O calcium, normalized with respect to the prob- - }___,________M TMA et
ability measured at the same potential but under control conditions (6

M calcium). Note that, as far as the SV channel is concerned, the large

values of the probability ansb measured at \= +40 mV are affected F M“W
by the low frequency of occurrence of the channel at this potential

under control conditions. In zero calcium, the opening probability was

zero for both channel types at any applied potential. However, note that
different causes are responsible for the low conductivity in the absence W
recovery

of calcium: the slow channel completely deactivated, decreasing the
calcium concentration, but it also recovered in standard solutions;

whereas, the voltage-independent channel, in the absence of calcium, ”"MWW
. ) . . : < <

was subjected to a rapid and irreversible rundown. Data were obtained S gl

in vacuole-free patches in the outside-out configuration. ~ 500 ms “500 o

Fig. 7. TMA did not permeate through both SV (pan&l and FV1
type. However, 1 m cytoplasmic calcium decreased (panelB) channels. In control and recovery the membrane patch was
(see alsasimilar results reported by Ward and Schroeder,eXPOSEd to the external standard solution; when the external 160 m
1994) by 25% the single channel conductance of thé(CI was repla(_:ed with an identical concentratio_p ofTMACI_, no singlg-
SV-type channel measured at positive potentials, while iFhannel openings could be observed at positive potentials. Holding

potential 0 mV; test pulses to +80 mV; tail pulses to —100 mV. The

did not affect the amp“tUde of the same channel (meaberfusion was performed using the fast procedure technique. Single

sured before deactivation) at negative potentials. Préchannel currents systematically disappeared and reappeared during t
liminary observations suggest that Kﬁgalso decreased first test pulse (5-sec interval) following the application of TKMand
the single-channel conductance since ins gCl, the K*, respectively. Excised outside-out patches. The pipette containe
SV and FV1 single-channel conductance is half the conthe standard interal solution.
ductance in an identical KCI concentration but in 21m
MgCl,. Moreover, if the cytosolic solution was changed
from 100 mv KCI to 50 mmv CaCl, in the presence of al., 1989). The channels may be permeable both*to K
millimolar concentrations of KCl in the bath, the mac- and to divalent ions, but the latter have greater affinity as
roscopic ionic current mediated by the SV channel waswell as a slower permeation (with respect t6) khrough
completely abolished. Also, the voltage-independenthe SV pore. A competition by rejection mechanism was
current decreased significantly, although this declinealso assumed by Johannes and Sanders (1995) to exple
could not be quantified in detail because in the whole-the transport properties of calcium permeable channels i
vacuole configuration this component cannot be easilysugar beet vacuole. In our case, the validity of such &
distinguished from the leakagddta not showj mechanism is supported by the good agreement betwee
We suggest that, similar to some classes of'Ca the Nernst potential for Kand the experimental reversal
(Almers & McCleskey, 1984; Hess & Tsien, 1984) and potential of channels shown in Fig. 8. Indeed, the data ir
K* animal channels (Perez-Cornejo & Begenisich, 1994Fig. 8 were obtained at a cytosolic’Kig®* concentra-
Korn & Ikeda, 1995), also vacuolar channels control iontion ratio 8 times larger with respect to the conditions of
selectivity owing to a competition by rejection mecha- Fig. 1C; this fact suggests that the SV selectivity may
nism. Therefore, Cd and M¢"* enter into the pore depend on the composition of the ionic solutions as dem
(Ward & Schroeder, 1994) of the two major channels ofonstrated by numerical results of flux equations through
the sugar beet tonoplast, where, according to a multi-iomulti-ion pores in the presence of monovalent (Hille &
single file permeation mechanism, they decrease the KSchwarz, 1978) and divalent (Campbell et al., 1988) ion
current by electrostatic repulsion. The entry of ¥g mixtures.
into the pore is clearly supported by the shift of the Moreover, it has been demonstrated that, for multi-
reversal potential observed changing the externaf'Mg ion-binding single-file diffusion pores, the concentration
concentration; this fact also demonstrates that the deviadependence of the single-channel conductance exhibits
tion of the reversal potential from the Nernst potential formaximum (Hille & Schwarz, 1978). For a symmetrical
K* is due to Mg* and not to CT ions (see alsd_ado et two-site channel bathed in equal concentrations of the
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permeant ion (in our case'l the conductance rises with
a slope of one as the *Kactivity increases, then the A [K ) (mM)
conductance peaks and decreases again with a slope of
-1 (Hille & Schwarz, 1978). This trend is clearly rep- Fig. 10. Single-channel conductances (of the four current levels iden-
resented in Fig. 10 where continuous lines with slopes Zified) plotted as a function of Kactivity on a bilogarithmic scale.
and -1 were superimposed on experimental data point&ontinuous lines represent straight lines with slope 1 and -1.
A maximum in the conductance and a consequent current
decrease at larger*Kactivity is particularly evident for can be usually observed at high concentrations of the
the three smallest channels, while it is less evident in thggermeating ions because it derives from a complete oc
case of the SV channel type. Unfortunately, owing tocupancy of the pore by the permeating ions (Hille &
membrane instability, it was not possible to study vacu-Schwarz, 1978). Accordingly, our vacuolar channels
olar channels at KCI concentrations larger tham.1We  displayed a maximum in the conductance at KCI activity
observe that our data are consistent with the results ob-anging from 250 to 300 m. On the other hand, the
tained by Schulz-Lessdorf and Hedrich (1995), who sim-selectivity properties of a multi-ion pore can change at
ply suggested a linear increase of the SV-single channdbw ionic concentrations (when only one site of the pore
conductance up to 300mKCl, since they did not study is occupied) in correspondence with the anomalous mole
in detail the conductance of the SV channel {iitia  fraction effects observed when the ionic current is plot-
fabaand sugar beet vacuoles) at largedoncentrations. tedvs.the mole-fraction (Hille & Schwarz, 1978) of two
A maximum in the conductance of multi-ion pores permeating ions. Therefore, changes of the selectivity
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properties and a maximum in the conductance are twaalcium. We are currently investigating whether some of

distinct aspects of a multi-ion-binding single-file diffu- the different conductance levels may be due to distinc

sion pore, but the first effect can be observed at ionicconformations of the same protein or to immature (but

concentrations much lower than the second one (Hladkyunctional) proteins for which the expression is regulated

& Haydon, 1972; Hagiwara & Takahashi, 1974; Hagi- by plant maturation. The fact that all four current levels

wara et al., 1977; Hess & Tsien, 1984; Korn & Ikeda, characterized in this paper have a similar dependence ¢

1995). the conductance as a function of the potassium concer

Since it has already been demonstrated that a multitration supports this possibility.

ion single-file diffusion mechanism occurs also for other

channels of the sugar beet vacuole (Johannes & Sandefge collaboration by M. Pisciotta and A. Ciavatta in the analysis of

1995), it can be hypothesized that, during evolution,some experiments was greatly appreciated. We thank H. Bush and F

sugar beets (and possibly other plants) adopted this apedrich for their comments to the manuscript. We acknowledge the

parently rough selectivity mechanism to efficiently ac- yaluqblg techn_ical assistance of G. Gaggero and D. Magliozzi and th

cumulate and deliver different ions from the vacuole bylmgwsnc revision by T. Agneessens. Research supported by the Na
. limited b h fi it Iti ibl tional Research Council of Italy, Special Project RAISA, subproject N.

using a fimited number o permea.|on SI es.. . IS possi ,e2.1 paper N. 2793. F. Stragapede is on a fellowship from Eridania Z.N.

that the same channel changes its selectivity propertiegenoa, italy.

under different physiological conditions; for example

when the ionic solutions inside or outside the vacuole
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