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This study investigates the interaction of the aminoglycoside antibiotic neomycin with the slow vacuolar (SV) chan-
nel in vacuoles from Arabidopsis thaliana mesophyll cells. Patch-clamp experiments in the excised patch configura-
tion revealed a complex pattern of neomycin effects on the channel: applied at concentrations in the submicromolar
to millimolar range neomycin (a) blocked macroscopic SV currents in a voltage- and concentration-dependent
manner, (b) slowed down activation and deactivation kinetics of the channel, and most interestingly, (c) at concen-
trations above 10 wM, neomycin shifted the SV activation threshold towards negative membrane potentials, caus-
ing a two-phasic activation at high concentrations. Single channel experiments showed that neomycin causes these
macroscopic effects by combining a decrease of the single channel conductance with a concomitant increase of the
channel’s open probability. Our results clearly demonstrate that the SV channel can be activated at physiologically
relevant tonoplast potentials in the presence of an organic effector molecule. We therefore propose the existence

of a cellular equivalent regulating the activity of the SV channel in vivo.

INTRODUCTION

The slow vacuolar (SV) channel is a nonselective voltage-
dependent cation channel in the vacuolar membrane
of all plant species investigated so far by means of
the patch-clamp technique (Allen and Sanders, 1997;
Demidchik et al., 2002; Scholz-Starke et al., 2005). It has
been demonstrated that the slow vacuolar channel is a
poorly selective cation channel permeable to both
monovalentand divalent cations, namely calcium (Pantoja
et al., 1992; Amodeo et al., 1994; Ward and Schroeder,
1994; Allen and Sanders, 1996; Gambale et al., 1996;
Pottosin et al., 2001; Scholz-Starke et al., 2004). More-
over, the pore displays relative flexibility (Gambale et al.,
1996; Scholz-Starke et al., 2004), being permeable also
to organic cations (e.g. polyamines), although only un-
der the action of large membrane potentials (Dobrovin-
skaya et al., 1999a,b). Therefore, a wide dimension of
the narrowest pore constriction, between 5 and 8 A, has
been suggested (Gambale et al., 1996; Dobrovinskaya
et al., 1999a). The SV voltage dependence exhibits a
pronounced outward rectification under most experi-
mental conditions: the channel is only active at (cyto-
sol) positive potentials, indicating that the channel is
closed at physiological tonoplast potentials, which are
assumed to be slightly negative. Thus, there is a discrep-
ancy between SV activation in patch-clamp experiments
and under normal in vivo conditions. Therefore, the
essential question is: which cellular parameters can shift
SV activation to physiological potentials? Several possi-
ble agents have been identified in cytosolic (Hedrich
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and Neher, 1987; Reifarth et al., 1994; Pottosin et al.,
1997) and vacuolar Ca?" (Pottosin et al., 1997; Pottosin
et al., 2004), cytosolic Mg?" (Carpaneto et al., 2001),
and the K* gradient across the tonoplast (Ivashikina
and Hedrich, 2005). Also cytosolic pH and redox poten-
tial have been demonstrated to modulate the activation
characteristics of SV channels (Schulz-Lessdorf and
Hedrich, 1995; Carpaneto et al., 1999).

The SV channel was shown to be blocked by quater-
nary ammonium ions and Tris in a voltage-dependent
manner (Dobrovinskaya et al., 1999a). Moreover,
blocking efficiency of naturally occurring polyamines
was dependent on their net charge, according to the
sequence putrescine®” < spermidine®) < sperm-
ine®") (Dobrovinskaya et al., 1999b). Neomycin is a
polyamine of the aminoglycoside antibiotics class. Its
chemical structure, based on several aminated sugars
joined to a dibasic cyclitol (Fig. 1), can hold up to six
positive charges at acidic pH. At pH 7.4, the net charge
of neomycin is +4.0 (Yeiser et al., 2004). The antibiotic
effects of aminoglycosides are primarily based on their
ability to bind to prokaryotic ribosomes, thereby im-
pairing protein synthesis (Moazed and Noller, 1987;
Woodcock et al., 1991). In cell biology, neomycin is
widely used in studies on inositol 1,4,5-triphosphate
(IPs)—-dependent intracellular calcium release, as it
inhibits the IPs-creating enzyme PLC (Downes and
Michell, 1981; Gabev et al., 1989). Furthermore, neo-
mycin was shown to block many types of animal ion

Abbreviations used in this paper: DTT, dithiothreitol; IP;, inositol
1,4,5-triphosphate; RyR, ryanodine receptor; SV, slow vacuolar.
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channels: Ca?*-activated potassium channels from rat
brain (Nomura et al., 1990), mechanosensitive (Winegar
et al., 1996) and L-type calcium channels (Haws et al.,
1996) from mouse skeletal muscle, P/Q-type calcium
channels of guinea pig brain (Pichler et al., 1996), nico-
tinic acetylcholine receptor channels (Rothlin etal., 2000;
Shi et al., 2002), the cardiac ryanodine receptor channel
(Mead and Williams, 2002; Mead and Williams, 2004), rat
skeletal muscle sodium channels (Yeiser et al., 2004), and
neuronal vanilloid receptor channels (Raisinghani and
Premkumar, 2005). Interestingly, aminoglycosides can
also have activating properties, e.g., on neuronal NMDA
receptors (Lu etal., 1998). From these studies it becomes
evident that neomycin and other aminoglycoside antibi-
otics interact with a range of calcium-permeable or cat-
ionic channels that are characterized by a wide pore. This
study was designed to verify if these compounds are also
able to modulate the transport properties of the slowly
activating vacuolar channel. The results revealed a com-
plex pattern of both inhibitory and activating properties
of neomycin on Arabidopsis SV channels.

MATERIALS AND METHODS

Plant Material

Plants of Arabidopsis thaliana, ecotype Columbia (Col-0), were
grown in soil in a growth chamber at +22°C temperature and 8 h
light/16 h dark regime.

Vacuole Isolation

For isolation of mesophyll protoplasts, rosette leaves of 3—-5 wk old
plants were used. After careful removal of the lower epidermis
using fine sand paper, leaves were incubated for 30 min at 30°C in
enzyme solution containing 0.8% cellulase Onozuka R-10
(Yakult), 0.08% pectolyase Y-23 (Seishin), 1 mM CaCl,, 300 mM
p-sorbitol, 0.5% (wt/vol) polyvinylpyrrolidone (PVP-10), 0.5%
(wt/vol) BSA, 5 mM MES, pH 5.5. Protoplasts were washed two
times and resuspended in bath solution. Vacuole release was ob-
served under the microscope after adding EDTA to aliquots of
protoplast solution. After settling of the vacuoles, solution was
carefully replaced by fresh bath solution.

Patch-clamp Recordings and Analysis
Patch-clamp experiments were performed on isolated vacuoles in
the excised cytosolic side-out patch configuration. For recordings
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of macroscopic currents, standard ionic solutions were as follows:
200 mM KCI, 2 mM MgCly, 2 mM CaCly, 10 mM MES/Tris, pH 5.5
in the pipette; 100 mM KCI, 2 mM MgCly, 1 mM CaCly, 1 mM
dithiothreitol (DTT), 10 mM HEPES/Tris, pH 7.5 in the bath.
DTT was added to the bath solution in order to prevent channel
rundown (Bertl and Slayman, 1990; Carpaneto etal., 1999; Scholz-
Starke et al., 2004). The osmolarity of both solutions was adjusted
to 350 mOsm by the addition of p-sorbitol. In single channel ex-
periments the bath solution contained 200 mM KCl, 2 mM MgCl,,
1 mM CaCly, 1 mM DTT, 10 mM HEPES adjusted to pH 7.5 with
5.2 mM KOH; the pipette solution was identical to the one for
macroscopic currents, with the exception that pH adjustment was
done with 2 mM KOH instead of Tris. Appropriate concentrations
of neomycin B and kanamycin A (both from Sigma-Aldrich) were
reached by diluting 50 mM aqueous stock solutions that were
prepared once a week, stored at 4°C, and protected from light.
The bathing medium surrounding the excised patch was ex-
changed using a “fast perfusion system,” as described previously
(Carpaneto et al., 1999, 2001). Patch pipettes were pulled from
thin-walled borosilicate glass (Clark Electrochemical Instru-
ments). Ionic currents were recorded with a List EPC7 current-
voltage amplifier. Data were digitized using a 16 bit Instrutech
A/D/A board (Instrutech) interfaced to a MacIntosh PC, which
generated the voltage stimulation protocol and archived the cur-
rent response. The sign of current and voltage follows the con-
vention proposed by Bertl et al. (1992).

Effects of neomycin were seen in all the vacuoles tested (n = 47).
Instantaneous tail currents were evaluated from the best fit with a
single exponential function. The initial current at t = 0 was
denoted as Iy. I, was obtained by dividing I, by the maximum
current derived from a Boltzmann fit of the data. In control con-
ditions and in the presence of 0.5-50 uM neomycin, data were
fitted with a single Boltzmann function (I = I,,,,/[1 + exp(—zF
(V —V,,5)/RT)]), at concentrations >200 .M by the sum of two
Boltzmann functions (I = I'../[1 + exp(—z'F(V — V',9)/
RT)] + I",/[1 + exp(—2"F(V — V" ,5) /RT) .

Deactivation time constants were evaluated by a best fit of
tail currents with a monoexponential function. Half-activation
times were evaluated from the difference between the steady-
state current and instantaneous current. Owing to the slower
kinetics in the presence of neomycin, macroscopic currents
frequently did not reach full saturation within the length of
the applied voltage pulse. Consequently, the determination of
steady-state levels was more difficult and activation times may be
slightly underestimated.

The dose-response analysis of neomycin block was done by
normalizing stationary currents recorded in the presence of
neomycin by control current values (L= Iico/Teonuo) - AS Tnom
contained a component due to the shift of the activation curve
(Table I), i.e., Tnom = (Gueo/ Geontrot(blOCK)) (Prco/Peonor) s We

Figure 1. Structures of the amino-
glycoside antibiotics used in this study.
For the sake of clarity, the Catoms of the
cyclitol 2-deoxystrepamine are num-
bered, illustrating the classification of
neomycin B as a 4,5-disubstituted and
of kanamycin A as a 4,6-disubstituted
aminoglycoside. Modified from Mingeot-
Leclercq et al. (1999).

kanamycin A



TABLE |
Shift of the SV Activation Potential by Neomycin

[neomycin] V' z' A 7 N
(uM) (mV + SEM)  (+SEM) (mV = SEM) (*SEM)
First Boltzmann Second Boltzmann

0 +45 + 1 2.5+ 0.1 - - 9
0.5 +47 £ 2 2.3+ 0.1 - - 3
2 +41+2  24%02 - - 4
10 +35+2  22%02 - - 5
50 +33+ 3 2.0+ 0.2 - - 5
200 +32+3 1.7+06 -34=x15 40+38 4
1000 +32+5 19205 —44%6 54+2926 3

Boltzmann analysis of instantaneous SV tail currents in the presence of
different neomycin concentrations. Data from N experiments were averaged
and subjected to a weighted best fit with one or, at neomycin concentrations
>200 uM, two Boltzmann functions. Columns show the neomycin concentra-
tion, the voltage of half activation V; o, and the apparent gating charge z.

evaluated the real neomycin blocking efficiency by correcting
the data by the following operation: G,/ Geonuor(block) =
Inorm<Pc0mr0]/Pneo)? Wlth (P(nmml/Pneo) = (1 + exp((_ZnCOF (V -
Vi,9"))/ (RT))) /(1 + exp((=z«"0F(V =V, peonol)) /(RT))).

RESULTS

Neomycin Causes a Shift of the SV Activation Potential

In most experimental conditions, the SV channel acti-
vates at positive tonoplast potentials, giving rise to cat-
ionic outward currents. Likewise, currents recorded in
vacuoles of Arabidopsis thaliana mesophyll cells showed
the typical voltage-dependent characteristics of channel
activation (Figs. 2 and 4). In control conditions, both
macroscopic currents of a cytosolic side-out excised
patch (Fig. 2 A, left) and the corresponding deactiva-
tion tail currents (Fig. 2 B, left) showed SV activation at
voltages more positive than +20 mV. With 1 mM neo-
mycin B in the bath solution, however, SV-type currents
were recorded already at voltages more positive than
—10 mV. Currents were first inwardly directed and cor-
rectly inverting between +10 and +20 mV (Fig. 2 A,
right), as expected for a cation-selective channel
from Vyeno (K7) = +15.7 mV. The correspond-
ing tail current traces (Fig. 2 B, right) confirmed the
presence of open SV channels already at —10 mV, ab-
sent in control conditions (Fig. 2 B, left). The results
shown in Fig. 2 (A and B) suggested a shift of the SV ac-
tivation potential towards negative values in the pres-
ence of neomycin. Boltzmann plots of instantaneous
tail currents at —80 mV versus the prepulse voltage
ranging from —80 to +100 mV are reported in Fig. 2 C.
They confirmed that the presence of 1 mM neomycin
enables SV activation at far more negative potentials
compared to control. Investigating the Boltzmann pa-
rameters for a range of neomycin concentrations from
submicromolar to millimolar values (Table I), we found
that concentrations as low as 10-50 pM were sufficient
to cause a shift in the half-activation potential (V) of

about —10 mV, without significantly affecting the gating
charge of the channel. At concentrations >200 uM, there
was significant channel activation already at negative
membrane potentials. In Fig. 2 C, this appears as a “shoul-
der” in the activation curve in the voltage range from
—40 to 0 mV (see the inset with an expanded y scale).
When data were fitted with a single Boltzmann function,
the data points of this shoulder gave rise to the reduced
steepness of the graph, without being well included into
the fit. In the presence of high concentrations of neomy-
cin, we needed to fit the data with the sum of two Boltz-
mann distributions (Fig. 2 C), i.e., high concentrations
favor the appearance of a channel activation mechanism
absent or invisible at lower antibiotic concentrations. At
positive membrane potentials, the fit resulted in a gating
charge value z' that was only slightly reduced at concen-
trations >200 uM and a shiftin V'; ,, that was comparable
to the one at 10 and 50 pM, indicating saturation already
in this low concentration range (Table I). The voltage de-
pendence of SV activation at negative potentials, on the
other hand, also responded to the neomycin concentra-
tion, with V”; , being shifted to more negative values at
1 mM compared to 200 uM neomycin, while the gating
charge z" did not change significantly (Table I). In sum-
mary, neomycin caused a shift of the SV activation poten-
tial to more negative values, reaching its half maximum
already at low micromolar concentrations. Additionally,
high concentrations of neomycin gave rise to substantial
channel opening at physiological membrane potentials.

Neomycin Changes the Kinetic Properties of Macroscopic
SV Currents

The presence of neomycin in the bath solution markedly
changed the kinetic properties of macroscopic SV cur-
rents. Fig. 3 A shows the time required for half activation
(t;,9) at different membrane potentials. Neomycin pre-
sent at 10-200 pM caused a modest increase in t; o,
preferentially at smaller potentials. The effect on chan-
nel deactivation was much more pronounced (Fig. 3 B).
While the time constant of deactivation (1) derived from
tail currents in control conditions was about 15-30 ms,
its value rose dramatically with increasing neomycin con-
centrations, reaching hundredfold at 1 mM neomycin.

Neomycin Causes a Voltage-dependent Block

of SV Currents at Positive Potentials

At membrane potentials >+20 mV, macroscopic SV-
currents were strongly reduced when 1 mM neomycin
was added to the bath solution (Fig. 4 A, middle, and
Fig. 4 B). The degree of channel block was dependent
on the applied voltage, as shown in the insets; in the
presence of neomycin the current amplitude displayed
amaximum at +70 mV, possibly indicating that the posi-
tively charged neomycin molecule may be driven into
the pore at elevated (cytosol) positive potentials, leading
to pore occlusion. Upon removal of neomycin, current
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Figure 2. Neomycin shifts the voltage dependence of SV activation. (A) Traces showing SV current activation; compared to control condi-
tions (left) neomycin (1 mM; right) activates SV channels at more negative potentials, giving rise to inward cation currents. Currents were re-
corded from a large cytosolic side-out vacuolar patch in bath and pipette solutions containing 100 and 200 mM K*, respectively. (B) The
threshold of SV current activation in control (left) and neomycin (1 mM, right) was probed by monitoring the deactivation tail currents upon
application of the nonpermissive potential of —80 mV after a prepulse stimulus ranging from —10 to +20 mV in 10-mV steps. (C) Normalized
instantaneous tail currents (see MATERIALS AND METHODS) were plotted as a function of the activating potential and fitted with a single
(control; open circles) or two (1 mM neomycin; closed circles) Boltzmann functions. Data points represent the mean of seven experiments in
control and three experiments in 1 mM neomycin, error bars represent SEM. Single experiment data were fitted with a Boltzmann function,
normalized to the saturating current level, and averaged. In the inset, data points between ~50 and 0 mV are plotted with an expanded y scale,
in order to point out the “shoulder” in the normalized current data for neomycin deviating from the theoretical single Boltzmann function.
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Figure 3. Neomycin slows down both activation and deactivation
of macroscopic SV currents. (A) Time required for current half ac-
tivation is plotted against the applied membrane potential. Data
points represent mean values (+ SEM) determined in control con-
ditions (open circles; n = 9), in the presence of 10 uM (closed
squares; 7 = 5) and 50 uM neomycin (open squares; n = 4). Lines
are best fits to a monoexponential function. The increase of activa-
tion time saturated already at 10 wM neomycin; consequently, val-
ues for 200 WM are not given for clarity, but were comparable and
overimpose to 10 and 50 wM. (B) Time constants of current deacti-
vation 7 are plotted against the tail potential. Data points represent
mean values (+ SEM) of T determined in control conditions (open
circles; n=9) and in the presence of 10 uM (closed squares; n=5),
200 uM (closed triangles; n = 4), and 1 mM neomycin (closed dia-
monds; n=3). Lines are best fits to a monoexponential function.

inhibition was almost fully reversed (Fig.4 A, bottom,
and Fig. 4 B). We performed dose-response experi-
ments in the concentration range from 0.5 uM to 1 mM
neomycin. In the presence of neomycin, macroscopic
SV current amplitudes resulted from the combination
of two opposing effects: (1) the voltage-dependent
inhibition and (2) the shift of the activation threshold
favoring channel opening, as described in the previous
section. Taking this fact into account in the dose—
response analysis, in order to evaluate the real blocking
efficiency, we corrected the normalized currents obtained
at different neomycin concentrations for the current
increase due to SV activation at the respective con-
centration (for details see MATERIALS AND METHODS).
Fitting the corrected data with the modified Hill
equation G,../Geonwor = (1 — L) /(1 + ([neo] /Ky)™) + 1,
(where [neo] is the neomycin concentration, K;, and n
are the Hill constant and the Hill coefficient, respectively,
and I, is fraction of the residual current at saturating
neomycin concentrations) revealed similar Hill coeffi-
cients for the investigated range of potentials (Fig. 5 A),
indicating the same stoichiometry of the neomycin-SV

interaction. We therefore subjected the data acquired at
different potentials to a global Hill fit with the restric-
tion of an identical Hill coefficient (Fig. 5 A), which
turned out to be 0.66, indicative of a 1:1 stoichiometry.
K, values varied in a voltage-dependent manner in the
high-affinity range from 3 to 10 uM (Fig. 5 B). The volt-
age dependence of K;, can be formally described by a
monoexponential function (see line fit in Fig. 5 B):
K, (V) = K, exp(—zdFV/RT), where z is the valence of
the blocking particle, and 9 is the electrical distance the
blocking particle has to traverse to reach its binding site;
R, T, F, and V have their usual meanings. From this opera-
tion we obtained K, = 78 = 20 pM and zd = 0.84 = 0.10.
In view of previous findings that polyamines inhibit the
SV channel from both sides of the vacuolar membrane
(Dobrovinskaya et al., 1999b), we also performed pre-
liminary experiments applying neomycin to the lumenal
side of membrane patches (in the vacuolar side-out con-
figuration). In the presence of 1 mM lumenal neomy-
cin, macroscopic SV currents were reduced up to 50%
(unpublished data). The effect was fully reversible.

Neomycin Reduces the Single Channel Conductance
of the SV Channel
We investigated the basis of the observed macroscopic ef-
fects mediated by cytosolic neomycin on the single chan-
nel level under similar working conditions. To yield a
higher single channel conductance we used a higher cy-
tosolic Kt concentration (200 mM), and we eliminated
Tris* that was found to render clean single channel re-
cordings difficult. This was probably due to the interac-
tion of Tris* with the SV channel pore (Dobrovinskaya
et al,, 1999a). The Tris* concentration used for pH ad-
justment of our solutions for macroscopic current ex-
periments was in the low millimolar range, which was
shown to cause only a slight reduction of the single
channel conductance (Dobrovinskaya et al., 1999a).
We used different strategies to gain information on
the SV single channel conductance in a wide range of
membrane potentials. Fig. 6 A shows SV single channel
openings recorded at a slightly positive potential in con-
trol and in the presence of 50 uM neomycin. The trace
in neomycin shows a fast flickering and a smaller ampli-
tude of the channel’s open state, thereby demonstrating
exemplarily the two modes of neomycin action; as shown
in a quantitative manner in the histograms of Fig. 6 B,
neomycin on the one hand reduced the single channel
conductance (shifted the peak of the open state to smaller
current values, i.e., ionyol = 1.0 PA; iy, = 0.5 pA), and
on the other hand increased the channel’s open prob-
ability (increased the area related to the open state:
Apco/Aconwol = 4.6). The single channel current at nega-
tive membrane voltages was determined from SV deacti-
vation events (Fig. 6 C). Again, a reduction of the unitary
conductance and a flickering of the trace in the pres-
ence of neomycin became evident.
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Figure 4. Neomycin inhibits SV currents in a voltage-dependent
manner. (A) Macroscopic SV currents, elicited by a series of
voltage steps ranging from 0 to +120 mV, were recorded
from a cytosolic side-out patch in control (top) and in are split
into the voltage range from 0 to +70 mV (second panel) and from
+70 to +120 mV (third panel). Insets show a magnification of the
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Figure 5. Quantitative analysis of SV channel block by neomycin.
(A) Dose-response of block in the voltage range from +60 to +100
mV; normalized stationary currents for six neomycin concentra-
tions derived from three to five experiments were averaged, cor-
rected for current increase due to neomycin-induced channel
activation, as described in MATERIALS AND METHODS, and re-
sulting G0/ Geonuol (Plock) values were plotted as a function of
neomycin concentration. For all potentials under investigation, a
global curve fit was performed, which allowed the fit of all data
sets with the same Hill coefficient and a series of Hill functions.
Values of I, the fraction of the residual current at saturating neo-
mycin concentrations, were as follows: 0.21 +0.04 at +60 mV, 0.17 +
0.03 at +70 mV, 0.15 + 0.03 at +80 mV, 0.11 + 0.03 at +90 mV, 0.06 +
0.03 at +100 mV. (B) K, values derived from the Hill global fit
shown in A are plotted against the applied membrane potential.
The line represents the best fit with a monoexponential function.

Resulting current values derived from recordings like
the ones shown in Fig. 6 (A and C) are summarized in
Fig. 7 A. At negative potentials, the reduction of the
single channel current caused by the presence of neo-
mycin seemed to be fairly voltage independent, while
at slightly positive potentials, the reduction increased
with the applied voltage. Finally, we applied a fast volt-
age ramp protocol to single open channels (Fig. 7 B),
in order to get access to the unitary conductance at far
positive potentials where single channel events cannot be
resolved because of the high number of open channels.
The presence of neomycin in the bath caused a strong
voltage-dependent reduction of the single channel

original traces at the end of the activating pulse (rectangle). The
bottom panel shows the recovery. Holding and tail potentials
were at =50 and -80 mV, respectively. (B) SV current-voltage rela-
tionships in control (open squares), in the presence of 1 mM neo-
mycin (filled circles), and after recovery (open diamonds),
obtained from the traces shown in A by plotting stationary cur-
rent values as a function of the applied voltage.
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Figure 6. Neomycin reduces the single channel conductance of
the SV channel. (A) Representative single channel recordings
in control (top trace) and in the presence of 50 uM neomycin
(bottom trace). The closed (C) and open (O) state levels are in-
dicated by dotted lines. Currents were recorded from a cytosolic
side-out vacuolar patch in bath and pipette solutions containing
200 mM K*. Applied potential +10 mV, sampling time 200 s,
filter 5 kHz. (B) Single channel amplitude distributions derived
from strip records (as in A) in control (top panel) and in the
presence of 50 M neomycin (bottom panel). Note the decreased
distance between the closed and open state peaks as wellas the
area increase corresponding to the open state in the presence of

current, leading to a complete channel block at elevated
positive potentials (Fig. 7 B). As shown in the same fig-
ure, superimposed data from Fig. 7 A perfectly matched
the course of the voltage ramp traces of both control
and neomycin.

In order to compare these single channel data to
the blocking efficiency of neomycin revealed on the
macroscopic current level, we applied the blocking
parameters obtained by the fit in Fig. 5 B to the control
data in Fig. 7. The currentin the presence of neomycin is
then given by:i,., = gV(1/(1 + ([neo] /K, (V))")), where
g is the single channel conductance in control condition
(g = 104 pS; from linear fitin Fig. 7 A), and [neo] is the
neomycin concentration used (50 uM). K, (V) and n are
derived from macroscopic current data shown in Fig. 5.

Notably, the graph of this function (dashed lines in
Fig. 7, A and B) is in very good agreement with the
experimental data in the whole voltage range inves-
tigated. Most interestingly, it also predicts the slight
reduction of single channel currents at negative mem-
brane potentials.

Kanamycin Blocks SV Channels Less Effectively

than Neomycin

The experiments presented thus far demonstrated two
opposing modes of neomycin action on the SV channel:
(1) an increase of the channel’s open probability favoring
channel activation at more negative membrane potentials
and (2) a voltage-dependent reduction of the single
channel conductance leading to an inhibition of macro-
scopic currents at positive membrane potentials. In re-
cordings of macroscopic SV currents, these two effects
are superimposed. It is well established that SV channel
block by polyamines is dependent on their net charge
(Dobrovinskaya et al., 1999b). Thus, it was tempting to
speculate that it may be possible to modulate the relative
contribution of the two modes of neomycin action by us-
ing a compound structurally related to neomycin, but
with a smaller net charge at pH 7.5. In contrast to neomy-
cin B, kanamycin A is an antibiotic of the 4,6-disubstituted
aminoglycoside subclass (Fig. 1), with only four amine
groups and a net charge of +1.7 at pH 7.4 (Yeiser et al.,
2004). Applied at a concentration of 1 mM to the bath
solution, kanamycin had a stimulatory effect on macro-
scopic SV currents at membrane potentials <+80 mV,
which progressively decreased and eventually turned into
an inhibitory effect with increasing voltage (Fig. 8, A
and B). In Fig. 8 B, data points obtained in the presence
of 1 mM neomycin B, which entered the dose-response

neomycin. Record length 50 s, bin size 0.05 pA. (C) Recordings
showing single SV deactivation events in control (left traces) and
in the presence of 50 pM neomycin (right traces) at selected po-
tentials. The closed (C) and different open (O, Oy, Os, etc.) state
levels are indicated by dotted lines. Holding potentials were at
+40 mV in control and +30 mV in neomycin.
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Figure 7. SV channels are completely blocked by neomycin at
high positive membrane potentials. (A) Single channel current-
voltage relationship in control conditions (open circles) and in the
presence of 50 uM neomycin (filled circles) derived from continu-
ous traces for positive potentials (e.g., Fig. 6 A) and from deactiva-
tion tails for negative potentials (e.g., Fig. 6 C) of two to four
experiments (error bars represent SD). Data points of control were
fitted with a linear function (black line) yielding a unitary conduc-
tance of 104 = 1 pS. (B) Individual single channel current-voltage
relationships in control (light gray trace) and 50 uM neomycin
(dark gray trace) obtained from a cytosolic side-out excised patch.
Traces were superimposed with data points for neomycin (filled
circles) and the linear fit for control (both from A). Dashed lines
in A and B are the graphical representation of the function pre-
dicting single channel currents in the presence of 50 uM neomy-
cin on the basis of fit parameters derived from dose-response
analyses of macroscopic currents (Fig. 5). See text for details.

analysis of neomycin block (see Fig. 5), demonstrate that
kanamycin A was indeed far less effective in blocking SV
channels than neomycin B. Boltzmann analysis of instan-
taneous tail currents, shown in Fig. 8 C, revealed a shift of
the SV activation threshold of 13 mV towards negative
potentials in the presence of kanamycin, which is pre-
sumably responsible for the stimulation of macroscopic
currents at small membrane potentials (Fig. 8, A and B).

DISCUSSION

This work on the interaction between the aminoglyco-
side neomycin B and the slow vacuolar channel from
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Figure 8. Kanamycin blocks SV channels less effectively than

neomycin. (A) Representative macroscopic SV currents in con-
trol conditions (black traces) and in the presence of 1 mM kana-
mycin (gray traces), elicited by voltage steps to +60 mV (left),
+80 mV (middle), and +100 mV (right) from a holding poten-
tial of 0 mV. (B) Currents (from the same experiment shown in
A) recorded in the presence of 1 mM kanamycin (filled squares)
were normalized to the respective control current value and
plotted against the applied membrane potential. Mean values
(£ SEM) obtained in the presence of 1 mM neomycin (open
squares), which entered into the dose-response analysis for neo-
mycin (see Fig. 5), are reported for comparison. (C) Boltzmann
analysis of instantaneous tail currents recorded in control (open
circles) and in the presence of 1 mM kanamycin (closed circles).
Current values were plotted as a function of the activating poten-
tial, fitted with a Boltzmann function, and normalized to the sat-
urating current level. Fit parameters were for control: V,,, =
+60mV,z=1.49, 1, = +3.3 nA; for kanamycin: V, , = +47 mV,
z=1.99, 1, = t4.3 nA.
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Arabidopsis mesophyll cells provided two major findings:
neomycin (1) blocked the channel in a voltage- depen-
dent manner and (2) shifted the threshold of channel
activation to more negative values.

Voltage-dependent Block of SV Currents

Inhibition of SV macroscopic currents depended on
the concentration of neomycin and the applied mem-
brane potential. Dose-response analyses of these data
suggested a voltage-dependent Hill constant K, and a
1:1 stoichiometry of the interaction between neomy-
cin and the channel protein, which is not surprising in
consideration of the relative large size of the neomy-
cin molecule (MW = 615) and was also reported in
the interaction of neomycin with animal sodium chan-
nels (Yeiser et al., 2004) and L-type calcium channels
(Haws et al., 1996). At the single channel level, neo-
mycin at a concentration of 50 wM caused a voltage-
independent reduction of the channel conductance at
negative membrane potentials. The reduced cytosol-
directed flux seems to be incompatible with a decrease
of the local concentration of permeating ions at the
cytoplasmic pore entrance owing to the repulsive ac-
tion of neomycin. Possibly, neomycin partially ob-
structs the permeation pathway also at negative
membrane potentials. The reduction of single chan-
nel conductance increased dramatically at progres-
sively more positive potentials (Fig. 7 B); this provides
evidence for a pore block due to binding of positively
charged amino groups of the neomycin molecule at
a site located within the electrical field of the ion-
conducting pathway, as described for neomycin block
of other cation channels (Nomura et al., 1990; Haws
et al., 1996; Winegar et al., 1996; Mead and Williams,
2002; Yeiser et al., 2004). Indeed, the much slower
channel deactivation at negative membrane potentials
in the presence of neomycin (Fig. 3 B) may indicate a
voltage-driven unblocking of the pore, explainable
with a foot-in-the-door mechanism (Yeh and Armstrong,
1978; Yellen, 1998). Furthermore, this mechanism of
neomycin block is in perfect agreement with a previ-
ous report showing that polyamines are able to enter
into the SV pore and even to permeate at large posi-
tive potentials (Dobrovinskaya et al., 1999a). Most in-
triguingly, the reduction of single channel conductance
in the whole range of investigated potentials, both
negative and positive, could be very well predicted by
the blocking parameters K, (V) and n, obtained from
macroscopic current experiments (Fig. 5). This pre-
diction allowed us to deduce the following: (a) the re-
duced conductance at negative potentials is essentially
due to the fact that the applied neomycin concentra-
tion (50 wM) is comparable to the K, value at V = 0,
i.e., 78 uM, and (b) the value of zd (0.84) determined
the strong voltage-dependent reduction conductance
at positive potentials.

Also the dynamic fingerprinting of the SV channel
changed significantly on the addition of neomycin,
displaying a rapid intrachannel flickering at positive
potentials as well as at negative tail potentials (follow-
ing a positive stimulation pulse). This flickering fur-
ther supports the hypothesis of a tight interaction of
neomycin with the pore, which could be responsible
for the strong decrease of the unitary current at
positive potentials. The presence of too many chan-
nels in excised patches restricted our analysis of single
channel events to the range of slightly positive mem-
brane potentials. Contrary to what has been observed
in neomycin interaction with other channels (Winegar
et al., 1996; Mead and Williams, 2002), a preliminary
single channel analysis did not provide any evidence
for a systematically occurring subconductance state in-
duced by neomycin nor for direct consequences of the
flickering on the reduced channel amplitude; instead,
both single channel recognition and noise analysis
(unpublished data) confirmed that the flickering rep-
resents a fast, temporary block of the pore occurring
during longer SV channel openings and giving rise to
prolonged channel bursts. Similarly to what has been
suggested for the block induced by verapamil on the
large-conductance Ca?*-activated K™ channel (Harper
et al., 2001), these prolonged channel bursts observ-
able at positive and negative tail potentials in the pres-
ence of neomycin strongly support the possibility that
when the blocker is bound to the (open) pore, the
channel becomes kinetically frozen in a flickery open-
blocked state and cannot make transitions towards
other (closed) states. Unfortunately, the presence of
too many channels in excised patches did not allow the
investigation of the effects of flickering at very positive
membrane potentials.

So far, we cannot exclude contributions of surface
charge screening to the decrease of the conductance at
positive potentials and the possibility that the channel
flickering may be ascribed to an allosteric mechanism
modifying the channel’s structure and kinetic prop-
erties. A more detailed single channel analysis needs to
be performed to clarify these points.

The blocking strength of kanamycin A was clearly
smaller than the one of neomycin; this is in agreement
with the correlation between the net charge of naturally
occurring polyamines and their capability to block SV
channels (Dobrovinskaya et al., 1999b). An analogous
relationship between the number of amine groups of
aminoglycosides and their blocking potency was postu-
lated for animal Ca’*-activated potassium channels
(Nomura et al., 1990) and L-type calcium channels
(Haws et al., 1996). However, no such correlation was
found for sodium channels (Yeiser et al., 2004), favor-
ing alternative hypotheses on the binding of aminogly-
cosides based on the size of the molecule or on the
location of the amine groups.
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Neomycin determined a voltage-dependent block of
the cardiac ryanodine receptor (RyR) acting both at the
cytosolic and lumenal mouth of the pore (Mead and
Williams, 2002; Mead and Williams, 2004). In the con-
text of this study, it is interesting to note that neomycin
has been proposed to be a fitting plug in the RyR pore
and also that, under appropriate conditions, it is capa-
ble to pass through the RyR pore (Mead and Williams,
2002). It has been furthermore demonstrated that neo-
mycin, and other aminoglycoside antibiotics, reduce
the unitary current of a mechanosensitive channel from
mouse muscle fibre, causing a fast flickering of the
channel, a subconductance level, and an incomplete
obstruction of the pore (Winegar et al., 1996). These
similarities strongly support the assumption that equiva-
lent tight interactions also occur within the SV pore.

SV Channel Activation

SV channels show pronounced outward rectifying prop-
erties, activating at potentials more positive than the
presumed physiological tonoplast potential. Major cel-
lular factors that were reported to shift the activation
threshold of the channel are the divalent cations Ca?*
and Mg?*. As cytosolic calcium is an indispensable acti-
vator of the SV channel, a concentration increase in the
cytosol greatly favors channel opening (Hedrich and
Neher, 1987), while it has the opposite effect, i.e., it shifts
the activation threshold to more positive potentials,
when present on the vacuolar side of the membrane
(Pottosin et al., 2004). The lower affinity of Mg?* to the
SV channel renders this cation less efficient than Ca?*
in modulating the channel (Pei et al., 1999; Carpaneto
et al., 2001; Pottosin et al., 2004). Due to its high effec-
tiveness, vacuolar calcium was proposed to have a prom-
inent role in controlling SV activity (Pottosin et al.,
2004). Interestingly, channel activation at negative
potentials was only observed when working without or
with low (micromolar) concentrations of vacuolar cal-
cium (Pottosin et al., 1997; Pei et al., 1999; Ivashikina
and Hedrich, 2005). In contrast, the results shown here
were obtained in the presence of 2 mM vacuolar calcium.
Clearly, neomycin is able to activate the SV channel at
negative membrane potentials, even under these unfavor-
able conditions for channel opening.

What could be the mechanism by which neomycin
produces a shift of the activation characteristics? Neo-
mycin may compete with Ca?* for its cytosolic binding
site on the channel, displace it, and shift the activation
curve towards more negative voltages (Pottosin et al.,
1997; Carpaneto et al., 2001). This would indicate that
the affinity of neomycin to this site is extraordinarily
high, given that shift saturation is reached at 10 uM
neomycin in the presence of 100-fold excess of calcium.
However, while an increase of cytosolic calcium typically
accelerates channel activation and deactivation (Carpaneto
et al., 2001), neomycin had the opposite effect on

338 SV Channel Activation

kinetic parameters (Fig. 3), which argues against a com-
mon binding site.

Another possibility could be that the presence of the
positively charged neomycin molecule leads to a shift of
the activation voltage by simply screening negative sur-
face charges on the vacuolar membrane. In this case
one should expect that the addition of neomycin deter-
mines faster activation and slower deactivation of the
channel. On the contrary, experimental data (Fig. 3)
showed that neomycin slows down both kinetic para-
meters. Alternatively, the slower activation in the presence
of neomycin could be explained by a binding to the
channel protein, which affects the movement of the
voltage sensor, owing either to steric hindrance or to
electrostatic interaction.

Recordings on the single channel level showing a re-
duced unitary conductance and an increase in the open
probability in the presence of neomycin provided a
consistent explanation for the observed macroscopic
current changes. Interestingly, these two features were
at first sight reminiscent of the effects of neomycin on
mammalian NMDA-gated ionotropic glutamate recep-
tors (Lu et al.,, 1998), the only channel class previously
known to be activated by aminoglycosides. The activat-
ing property of neomycin has been explained by the
finding that many structurally diverse polyamines can
mimic the physiological actions of endogenous polya-
mines, like spermine, on NMDA receptors, which in-
volve an increase of the frequency of channel opening
and an increase of the channel’s affinity for its activator
glycine (Pullan etal., 1992; Rock and Macdonald, 1995).
In the case of the SV channel, however, this explanation
cannot hold true, as endogenously occurring polya-
mines were found to inhibit SV currents, but not to have
activating effects (Dobrovinskaya et al., 1999b). In this
context it is remarkable that a recent study reported
that Arabidopsis glutamate receptors, the plant homo-
logues of NMDA receptors, may indeed be targeted by
polyamines and aminoglycosides like kanamycin, indi-
cating a high degree of conservation between animals
and plants (Dubos et al., 2005). In view of the facts that
the SV channel protein, recently identified as TPCl
(Peiter et al., 2005), belongs to the family of voltage-
gated two-pore channels and not to the ligand-gated glu-
tamate receptor family, and moreover does not contain
the amino acid signature implicated in polyamine and
aminoglycoside binding to NMDA receptors (Masuko
et al., 1999; Huggins and Grant, 2005), one may expect
a different mechanism of neomycin action on the SV
channel. Our results demonstrated that the activating
effect of neomycin is composed of two phenomena.
Boltzmann analyses revealed, firstly, a shift of the volt-
age dependence to more negative potentials saturating
at a neomycin concentration of 10-50 wM, which could
be explained by an increase of the open probability
of the channel, and secondly, the manifestation of an



additional gating process at higher concentrations giv-
ing rise to significant channel opening at negative mem-
brane potentials.

Physiological and Biophysical Implications

Our results provide the first evidence of SV channel
activation at physiological tonoplast potentials elicited
by an organic effector molecule. They further support
the existence of a cellular helper factor that is able to
shift the activation potential of the SV channel in vivo,
as already proposed by other authors (Pei et al., 1999;
Carpaneto et al., 2001). Based on their structural simi-
larity, endogenous polyamines like spermine, spermi-
dine, and putrescine are the most obvious candidates.
But, as already outlined above, these compounds had
no effect on the open probability of the SV channel
(Dobrovinskaya et al., 1999b). If not by themselves, they
may possibly act together with yet another cellular fac-
tor or protein, as has been suggested for the regulation
of plasma membrane inward K* channels in guard cells
(Liu et al., 2000).

The finding that neomycin is capable of activating the
Ca?*-permeable SV channel receives further signifi-
cance from the channel’s implication in the release of
vacuolar calcium during cellular signaling in plants
(Ward and Schroeder, 1994), as it could interfere with
experiments employing aminoglycosides to study other
(calcium) signaling pathways. Most importantly, neomy-
cin is a widely used antagonist of IP;-dependent intra-
cellular calcium release, based on its inhibition of
phosphoinositide-specific PLC. This enzyme catalyzes
the formation of the second messengers diacylglycerol
and inositol IPs. The latter was shown to have high-affinity
binding sites at the tonoplast (Brosnan and Sanders,
1993) and to activate a calcium channel (Alexandre
etal., 1990) promoting Ca?* release from isolated vacuoles.
IPs;-dependent increases in cytosolic Ca?" have been
implicated, e.g., in ABA-induced stomatal closure (Hunt
etal.,, 2003) and cellular responses to blue light (Harada
et al,, 2003). In light of our results, it may be advisable
not to rely solely on neomycin in inhibitor studies on
IPs;-dependent calcium release, but to employ other
structurally unrelated inhibitors.

Furthermore, kanamycin was recently found to res-
cue the phenotype of dark-grown Arabidopsis de-etiolated3
(det3) mutant plants (Dubos et al., 2005). The results
of several experimental approaches suggested a model
in which the activation of glutamate receptor chan-
nels by the aminoglycoside suppresses the ex-
cessive expression of the transcription factor AtMYB61
in the det3 mutant (Dubos et al., 2005). Although
the authors did not further discuss the mechanistic
link between glutamate receptor activation and AtMYB61
down-regulation, this may consist in an increase in
cytosolic calcium. Both glutamate receptors and SV
channels are nonselective cation channels (Davenport,

2002; Demidchik et al., 2002), potentially capable of
triggering this signal. Thus, it cannot be excluded that
aminor part of the signal leading to the observed pheno-
typical changes is attributable to SV activation by
kanamycin.

Finally, the results of this study emphasize the useful-
ness of aminoglycosides, or similar electrically charged
molecules, as probes to investigate the functional and
structural properties of the SV channel pore region. In
this sense, neomycin might prove to be as valuable as it
is the alkaloid ryanodine for the study of animal ryano-
dine receptor channels. The intriguing effects of this
molecule class may also serve to confirm the identity of
the SV channel protein recently reported as TPCl
(Peiter et al., 2005).
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