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Abstract In this work we have analysed the voltage-
dependent block of the slow activating channel from red
beet vacuoles by Tris, quaternary ammonium ions and
the natural polyamines putrescine, spermidine and
spermine. All these organic cations when applied from
the cytosolic side blocked the channel by binding ap-
parently deep (zo values in the range of 0.65—1.35) within
the pore. Tetraethylammonium ion did not pass the se-
lectivity filter, whereas the cations with a smaller cross-
section and Tris could pass across the entire pore, as
evidenced by a relief of block at high positive voltages.
Voltage dependence of the establishment of block from
cytosolic side and of its relief was anomalously strong in
the sense that the total charge moved across the pore for
all blockers tested, with a notable exception of spermine,
was in excess of their actual valence. This behaviour is
consistent with the existence of multiple binding sites
within a long pore, their simultaneous occupancy and
interaction between different ions. In contrast, binding
of blockers from the vacuolar (lumenal) side appears to
follow a single-ion handling rule, with a common
binding site for all amines located at approximately 30%
of the electrical distance from the lumenal side.

Key words Voltage-dependent block - Quaternary
ammonium - Polyamines - Tris - Slow vacuolar channel

Introduction

Except for K " -selective channels of higher plant plasma
membranes (Hedrich et al. 1995; Czempinski et al. 1997,
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Dreyer et al. 1997) which share structural motifs with
their counterparts in animal cells, little is known on the
structural design of other plant ion channels, including
those well characterised by means of electrophysiologi-
cal techniques. The so-called SV (for Slow Vacuolar)
channel is a ubiquitous component of vacuolar endo-
membranes of higher plant cells (Hedrich et al. 1988).
The SV channel conducts both mono- and divalent
cations but is not measurably permeable for small
monovalent anions (Pantoja et al. 1992; Ward and
Schroeder 1994). It is gated open by high cytosolic Ca>™"
and a cytosol-positive membrane voltage (Hedrich and
Neher 1987). Because of its Ca®" permeability and of
the activation by cytosolic Ca>", it was proposed that
the SV channel, similarly to the ryanodine receptor
channel from animal cells, mediates Ca® " -induced Ca’*
release from the vacuole (Ward and Schroeder 1994).
This function seems to be limited, however, owing to the
down regulation of the SV channel by Ca’>" from the
lumenal side, so the gate is predominantly closed by a
cytosol-directed electrochemical gradient for Ca’”"
(Pottosin et al. 1997).

Previous studies of the effects of various organic and
inorganic blockers on the SV channel revealed a peculiar
pharmacological pattern, as it was sensitive to the
blockers of the anion channels (Zn?*, DIDS, ethacrinic
acid, A-9-C) as well as to those of the cationic ones
[e.g. charibdotoxin, quinine, quinacrine, TEA " (TEA =
tetracthylammonium) tubocurarine] (Hedrich and
Kurkdjian 1988; Weiser and Bentrup 1993). Thus, the
SV channel could not be easily arranged into any known
ion channel category, and a structural basis for its se-
lective permeability remained elusive (Allen et al. 1998).
In the present work we have probed the gross architec-
ture of the channel pore by various organic blockers.

The first attempt at the evaluation of the length of the
constriction region within a pore came from analysis of
the voltage dependence of the SV channel block by lin-
ear polyamines (Dobrovinskaya et al. 1999). This eval-
uation was originally based on a similar approach
elaborated by Miller (1982) and further utilised by



others (Tinker and Williams 1995; Villarroel et al. 1988).
The principle underlying the measurement of the phys-
ical distance of the voltage drop within the channel pore
was to use bis-quaternary ammonium ions (or poly-
amines in our work) of different lengths as molecular
calipers. The first group marked a certain blocking po-
sition within a channel pore, whereas the other(s) is (are)
positioned at varying locations within the voltage drop,
depending on the blocker length, which is monitored by
a change of the voltage dependence of the block (z0).
This approach, however, could be used only for the
pores handling one ion at a time, where the zd value
unequivocally reflects the interaction of a single blocking
ion with a pore. There were indications that the SV
channel behaved as a multi-ion pore (Gambale et al.
1996), although the block by cytosolic polyamines under
the experimental conditions of our previous study
seemed to follow a simple one-to-one binding mecha-
nism. However, it was found here that the multi-ion
nature of the polyamine block, which would invalidate
our previous analysis, was masked by the presence
of Tris™ [Tris = tris(thydroxymethyl)aminomethane],
which itself turned out to block the SV channel in a
complex manner. Therefore we have modified our ap-
proach, now studying Tris " and polyamine effects sep-
arately and referring to a total charge transported across
the pore upon the blocking-unblocking reaction (z)
rather than to the voltage dependence of block (z0) only.
In addition, to unravel the asymmetric location of the
principle energy barrier (tentative selectivity filter)
within the pore, a more direct approach was addressed,
by testing blocking ions also from the vacuolar side and
by comparison of the resulting voltage dependence with
that obtained for the block from the cytosolic side.
Another goal of the present work was to estimate the
calibre of the narrowest cross-section within the SV
channel pore. To do that, we have tested the capability
of quasi-spherical quaternary ammonium ions and
Tris " to permeate across the entire pore. A preliminary
report of this work has been presented in abstract form
(Pottosin et al. 1999).

Materials and methods

Isolation of vacuoles, patch-clamp media
and recording

Fresh Beta vulgaris (whole plants) were received twice a
week from a local market and kept at +4 °C before use.
Vacuoles were isolated mechanically as described pre-
viously (Dobrovinskaya et al. 1999) and resuspended at
+25 °C in a basic solution containing (in mM): 100
KCl, 2 CaCl,, 450 sorbitol, 15 Hepes-KOH (pH 7.5).
For patch-clamp recording the bath solution was sub-
stituted by another one containing 100 uM free Ca’".
Previous analysis has shown that up to 40% of available
SV channels could be activated under these conditions
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(Dobrovinskaya et al. 1999). At 100 uM free Ca®" the
single SV channel current was blocked by 20% at the
most at high positive voltages. Higher concentrations of
Ca?" caused larger degrees of block (Pottosin et al.
1999) whereas at lower concentration a stable activity of
a SV channel could not be maintained. The patch pipette
filling solution, if not indicated, was the same as the
aforementioned basic solution but with 5 mM EGTA
instead of 2 mM CaCl, (free Ca’" about 2 nM). All
chemicals were analytical grade (Sigma, St Louis, Mo.).

Fabrication and parameters of patch-pipettes were as
described previously (Dobrovinskaya et al. 1999). The
measurements of vacuolar ion currents were done on
isolated tonoplast patches in an outside-out (cytoplasmic
side of the membrane faces the bath) configuration using
an Axopatch 200A integrating patch-clamp amplifier
(Axon Instruments, Foster City, Calif.). The convention
of current and voltage was as follows: the sign of the
voltage refers to the cytosolic side, and positive (outward)
currents represent a flux of cations into the vacuole.
Single channel currents were filtered at 2 kHz by a low-
pass Bessel filter, sampled at 10 kHz, and recorded di-
rectly on a hard disk of an IBM-compatible PC.

Voltage protocol

The command voltage protocols were applied and the
analyses were carried out using the pClamp 6.0 software
package (Axon Instruments, Foster City, Calif.). Uni-
tary current-voltage relationships of the SV channel
were analysed in a continuous manner using ramp-wave
voltage protocols as described previously (Dobrovins-
kaya et al. 1999). The ramp duration of 12.5 or 25 ms
was chosen, as it was normally short enough to conserve
the SV channel either open or closed depending on its
state at the beginning of the pulse. To obtain the single-
channel current-voltage relationship, currents were cor-
rected for the leak and capacitance simply by subtracting
the averaged responses containing no channel openings.
To increase the signal-to-noise ratio, many individual
1]V relationships were averaged.

Theory

To describe the voltage dependence of a block a con-
ventional double barrier-one well (binding site) model of
a voltage-dependent block was used (Woodhull 1973;
Hille 1992). Generally, the permeation of the blocking
cation was considered; hence the state diagram for the
cation processing across the channel pore from the cis to
the trans side was as follows:

E+ Bl == E B + B, (1

cis

where E and E*[B] are unblocked and blocked channel
states, respectively. Because the cations were added from
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the cis (cytosolic or vacuolar) side only, the reversal of
the second step, in full analogy with the well-known
Michaelis-Menten model, was not considered. Assuming
a symmetrical shape of the barriers and of the well (Hille
1992), the voltage dependence of the forward (ky),
backward (k) and “catalytic” (k) rate constants can be
expressed as follows:

kr = ke(0) x exp(z0 x VF/2RT)
kv = kv(0) x exp(—z0 x VF/2RT)
k =%k(0) x exp(z(1 — o) x VF/2RT)

where kq0), ky(0), k(0) are the values of the corre-
sponding rate constants at 0 mV, z is the effective
blocking charge, 6 is the fraction of the membrane
electrical field left behind the blocking cation on its
movement to the binding site within the channel pore
(for long multivalent ions, § reflects a mean displace-
ment of charges within the electric field), V is the
membrane voltage, and F, R and T have their usual
meanings. Using Eqs. (1) and (2), substituting k¢/k by k;
and ky/k by k,, and assuming that the blocked state
E*[B] is non-conducting, one obtains the ratio of the
current in the presence of the blocking cation to the
current in the control as a function of the membrane
voltage and of the blocker concentration, [B]:

(2)

k1(0) x [B] x exp(zd x VF/RT)] "
k2 (0) + exp(z x VF/2RT)

1(+B) /]control =1+
3)

It can be easily seen from this formula that if
ky(0) > k(0), a half-blocking concentration at 0 mV will
be equal to the dissociation constant, K4(0) = k»(0)/
k1(0). A trivial case of an impermeable blocker, i.e. with
k(0) = 0, results in a simplified expression:

[(+B)/Icomr01 = [1 + (kl (0)/k2(0)) X [B}

x exp(z0 x VF/RT)]”" (4)

Results
General observations

Examples of single channel recordings in the absence
or presence of blocking cations, in this case tetra-
ethylammomium (TEA ") and spermine, at one mem-
brane side are shown in Fig. 1. As can be seen, blockers
applied from cytosolic side have almost no effect on the
inward single channel current, whereas the outward
current is suppressed in a voltage-dependent manner, a
progressive decrease in the case of TEA ™ and a decrease
followed by an upturn of the open channel current in the
case of spermine. The effective concentrations of blockers
used in this work varied from micromolar for spermine
and spermidine through submillimolar to low millimolar

+140

control

Fig. 1 Examples of unitary current-voltage relationships of the SV
channel in the cytosolic side-out patch of the vacuolar membrane of
Beta vulgaris. Single channel currents were elicited by a ramp-wave
voltage protocol given at the top. Original records were filtered at
2 kHz and sampled at 10 kHz. Symbols o and ¢ indicate open and
closed (leak current) channel levels, respectively. For illustrative
purposes the traces with transitions between closed and open states,
normally removed during analysis, are preserved. Pipette and bath
solutions contained symmetrical 100 mM KCI, 15 mM Hepes-
KOH (pH 7.5). Pipette contained 5 mM EGTA (~2nM free
Ca®™), bath Ca®>" buffer with free Ca®>" concentration 100 pM
(control). Blockers, 1 mM tetracthylammonium chloride (TEA *) and
10 uM spermine - 4HCI (Spm*™), were applied to the cytosolic side
of the patch by bath perfusion

for putrescine up to millimolar for TEA", TMA " and
Tris ". The blocking events in the case of blockers ef-
fective at millimolar concentrations were too fast to be
resolved by our equipment, so the apparent reduction of
the single channel current was not accompanied by a
measurable increase of the open channel current noise
(Fig. 1, +1 mM TEA). In contrast, blockers effective at
micromolar concentrations caused a flickering of the
open channel current or even partly resolved (submilli-
second) interruptions (Fig. 1, +10 uM spermine). Al-
though in this case the kinetics of the block could be in
principle studied directly, we have restricted ourselves to
measurements of the mean open channel current which
was achieved by averaging many individual current-
voltage relationships as the ones presented in Fig. 1.



Block of the SV channel by quaternary
ammonium ions and Tris

The effects of small tetraalkylammonium ions, tetra-
methylammonium (TMA ™) and TEA™, on the single
channel current were first tested from the cytosolic side.
Application of 10 mM of TMA ™ or TEA " reduced the
open channel current in a strongly voltage-dependent
manner (Fig. 2a, b). The effect of TMA" and TEA "
was different as TEA " at large positive potentials re-
duced the current to the vanishing small level whereas
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Fig. 2a— Effect of quaternary ammonium ions on the open channel
current-voltage relationship. a Single SV channel current voltage-
relationship (7, number of individual curves averaged) at control
conditions (symmetrical 100 mM KCI, n = 43) and in the presence of
10 mM of TMA (O, n = 43) and TEA (@, n = 35) at the cytosolic
side of the patch. b Corresponding relative currents (in the presence of
blocker to control) as a function of voltage. The number of points was
reduced three times by substitutive average. The dashed line is the best
fit by Eq. (4) assuming the impermeability of the blocker; for TMA an
alternative fit by Eq. (3), assuming weak permeability of the blocker
and valence, z, as a variable, is presented (thick line). ¢ Block by
10 mM TMA (n = 27) or TEA (n = 49) applied to the vacuolar side.
Relative current for TMA is fitted to Eq. (3), z = 1 (solid line). The
mean relative current in the presence of TEA was 0.99 + 0.036 of
that in the control
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the relative current in the presence of TMA © appeared
to approach a plateau, as if TMA ™ had a small but
significant permeability. To test this hypothesis quanti-
tatively we have fitted the relative open channel currents
in the presence of TMA™ and TEA™ by either a per-
meable or impermeable blocker model, described by
Egs. (3) and (4), respectively (Fig. 2b). In the case of
TMA ", a permeable blocker model fits the data sub-
stantially better (F-test 1.25 x 107'%), whereas in case of
TEA " with a probability of 0.99 no preference could be
given to either of the two models. In the experiment
presented in Fig. 2a, b the voltage dependence of the
block has been analysed over a wide range of potentials,
so the relief of the block by TMA ™ could be studied in
detail. When we attempted to fit the whole dependence,
fixing the effective blocking charge, z, to the actual va-
lence of TMA ™, +1, the fit did not explain adequately
the last portion of the voltage dependence at high pos-
itive potentials (not shown). At the next step we handle z
as a free running parameter. The resulting fit described
the data points in Fig. 2b substantially better (for z = 1
versus z free, the F-test gave 0.01), yielding z = 1.48.
We have analysed the voltage dependence of the block
by TMA™ (concentrations 1, 3 and 10 mM) on four
separate patches. No significant concentration depen-
dence of the blocking parameters was observed. The
mean of zwas 1.70 £ 0.07 at 1 mM and 1.60 + 0.12 at
10 mM; the average electrical distance, o, was
0.64 £ 0.05 (z6 = 0.96 £ 0.04). The constants k;(0)
and k»(0) for 10 mM (1 mM) were 2.35 + 0.52 x 10°
(1.98 + 0.40 x 10>) M~" and 13 + 3 (12 + 2), respec-
tively, yielding an average K4(0) of 5.8 + 0.3 x 107> M.
Analysis of the voltage dependence of the block by
TEA " (concentrations 1, 3 and 10 mM, each tested on
three separate patches), using Eq. (4) for an imperme-
able blocker, yielded an average Ky at zero voltage of
1.2 £ 02x 107 and z6 = 0.94 £ 0.08. Thus, the
steepness of voltage dependence was the same as with
TMA ", but TEA™ binds with approximately five times
higher affinity compared to TMA ™.

So far as TMA ™ was considered to be a permeable
blocker when applied from the cytosolic side, whereas
TEA " permeation was undetectable, it was intriguing to
test the effects of these components from the opposite
membrane side. The results of representative experi-
ments with 10 mM TEA™ or TMA ™" at the vacuolar
side are shown in Fig. 2¢ (three separate patch pipettes
containing either control solution or one with 10 mM of
blocker were used for measuring //V relationships on the
same vacuolar sample). It can be seen that TEA" was
completely ineffective, whereas TMA ™ displayed a
transient block, the most prominent at zero voltage. Fit
of data points for TMA™ by Eq. (3) (z=1) yielded
ki(0) = 3.8 x 10' M7, ky(0) = 1.5 [K4(0) = 4.0 x
1072 M] and the electrical distance to the binding site,
o = 0.28.

For the next series of experiments we took another
amine, Tris, which has a size of approximately that of
TEA ". Block by Tris " from the cytosolic side qualita-
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tively resembles that of TMA © (Fig. 3a, c). The differ-
ence was that the upturn of current, reflecting the block
relief at high positive potentials, was expressed more
clearly compared to that in the presence of TMA™
(Fig. 2b). Fits of the data points in Fig. 3¢ by model of
the permeable blocker [Eq. (3)] with fixed z = 1 were
not consistent. Treatment of z as a free-running pa-
rameter resulted in an adequate description of the ex-
perimental voltage dependence of the block. Parameter z
showed moderate concentration dependence, decreasing
from 2.26 + 0.03 at 10 mM Tris™ to 1.72 + 0.07 at
56 mM Tris™ (n = 3 separate patches). Thus, the block
by monovalent Tris " resembles that produced by a di-
valent blocker at all concentrations tested (fit of single
experiment with 3 mM Tris™ at cytosolic side revealed
z = 2.35). The apparent electrical distance to the bind-
ing site, 0, did not change significantly with concentra-
tion, 0.37 £ 0.04 and 0.38 + 0.04 at 10 and 56 mM
Tris ", respectively (6 = 0.39 at 3 mM Tris ™). Conse-
quently, the voltage dependence of the block decreased

Fig. 3 Effect of cytosolic (a, ¢) and vacuolar (b, d) Tris " on the single
SV channel current-voltage relationship. Number of individual
current-voltage relations used for each curve (mean + SD) was: a
control (n = 15), Tris™: 3 mM (n = 17), 10 mM (n = 19), 28 mM
(n = 16), 56 mM (n = 38); b control (n = 33), Tris™: 10 mM
(n = 46), 28 mM (n = 49), 56 mM (n = 47). ¢, d Corresponding
relative currents as a function of voltage for 10 mM Tris" (open
circles), 28 mM Tris™ (filled circles) and 56 mM Tris™ (squares); the
number of points was reduced 5 or 12 times by substitutive average.
The data points in ¢ were fitted to Eq. (3) assuming fixed valence
z = 1 for Tris* (dashed lines) or by incorporating the valence as a
free running parameter (thick lines). In d the data were fitted by
Eq. (3) (thick lines) or by Eq. (4) (dashed lines) assuming that Tris™ is
either a permeable or impermeable blocker, respectively; the valence
(z) for all fitted curves was fixed to 1
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with the increase of concentration of blocker; zé chan-
ged from 0.92 to 0.65 by changing the Tris* concen-
tration from 3 mM to 56 mM. The energy profile of the
cytosolic part of the pore, i.e. the depth of the well and
relative heights of the energy barriers, appeared to be
quite similar for Tris* and TMA ™. For Tris* concen-
trations of 10 mM and 56 mM we obtained the values
for constants k;(0) = 5.1 + 1.5x 10> M~ and 2.9 +
0.7 x 10° M, k»(0) = 27 + 7 and 18 + 10, yielding a
K4(0) of 5.9 + 1.2x 1072 M and 5.7 + 1.2x 107> M,
respectively.

Finally, we have tested the blocking effects of Tris "
from the vacuolar side. A typical experiment is shown in
Fig. 3b, d. We have expected that Tris ", if it blocks the
channel from the opposite side of the pore, has to be re-
moved to the cytosolic side at large negative potentials.
When applied from the vacuolar side, Tris" showed a
shallower voltage dependence of the block compared to
that of the cytosolic application. To prove that Tris™
permeates we had to decrease the voltage down to the
largest attainable negative value, —220 mV; more nega-
tive potentials usually broke the patch before any mean-
ingful measurement had been started. The effective
concentration of Tris ™ from the vacuolar side was also
higher compared to that from the cytosolic one, so the fits
of the relative currents in Fig. 3d by two alternative
models expressed by Egs. (3) and (4) showed only a
marginal difference at Tris~ concentrations of 10 and
28 mM. However, at 56 mM vacuolar Tris " the trend of
the upturn of the relative current became obvious in the
examined range of potentials [the probability that the fits
given by Egs. (3) and (4) are the same dropped below 5%].
We have summarised the analytical results on three
patches with 10 mM Tris ™ at the vacuolar side, two other
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patches with 28 mM vacuolar Tris™ and three further
patches exposed to 56 mM Tris * at the vacuolar side. The
apparent K4(0) hardly changed with concentration,
1.81 £ 0.50 x 10°' M and 1.81 £ 0.48 x 107> M at 10
and 56 mM Tris ", respectively, or approximately three
times lower affinity compared to that from the cytosolic
side. This was caused mainly by the increase of k»(0)
(mean value of 127 £ 25) which was only partly com-
pensated by the increase of k(0) [k;(0) =
6.1 £ 1.4 x 10> M™!]. This implies that the binding site
for Tris ™ from the lumenal side is shallower compared to
the cytosolic one, whereas the energy barriers at the en-
trance have similar heights. The binding of Tris * from the
vacuolar side appeared to follow a simple 1:1 binding
scheme, without any evidence for multi-ion occupancy.
We tried to describe the data by Eq. (3) with variable z;
however, this did not improve the fits and yielded z values
in the range of 0.98-1.06, which did not differ significantly
from the actual valence of Tris™ (result not shown).
Therefore, the voltage dependence has been fitted by fix-
ing z to 1.0, yielding the apparent electrical distance to the
binding site, J, from the vacuolar side of 0.33 + 0.03,
0.30 £ 0.01 and 0.29 £+ 0.01 for 10, 28 and 56 mM
Tris ¥, respectively. Taking these results together with the
invariance of K4(0), we have concluded that Tris * binds
to a single site, which is located at about 30% of the
voltage difference across the pore from the vacuolar side.

Block of the SV channel by polyamines

We have showed previously that natural polyamines,
putrescine (Put®>"), spermidine (Spd**) and spermine

Fig. 4 Effects of cytosolic put-
rescine (a, ¢) and spermine (b, d) 20
on the unitary SV current-volt- L
age relation. Number of aver- L
aged individual curves in a was: L
control (n = 29), putrescine
(Put) 0.1 mM (n = 36),0.3 mM -120 -80 -40"|
(n = 24),1 mM (n = 28) and L
3 mM (n = 39); and in b was:
control (n = 43), spermine
(Spm) 1 uM (n = 54), 3 pM r
(n = 48),10 uM (n = 26),

30 uM (n = 29) and 100 pM

(n = 39). ¢, d Corresponding c
relative currents; number of

rl/pA
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(Spm* "), potently blocked the current through the SV
channel from the cytosolic side (Dobrovinskaya et al.
1999). However, these results have been obtained in the
presence of 28 mM Tris ™ as a part of pH-buffer system.
It just has been shown in the present work that Tris "
itself blocks the channel in a complex manner. Thus,
there was a need for re-evaluation of the polyamine
block in the absence of other blocking cations.
Examples of single channel current-voltage relation-
ships obtained on the same cytosolic-side-out membrane
patch in the presence of different concentrations of Put>*
and Spm*™ are shown in Fig. 4a, b, and the currents for
three selected concentrations of each blocker taken rel-
ative to the open channel current in the control are
plotted below (Fig. 4c, d). In the presence of polyamines
the current-voltage relationship becomes N-shaped. At
negative potentials it does not differ significantly from
the control, being roughly linear. At positive potentials,
first the region of negative conductance is observed,
implying a steep increase of block, whereas at high
positive potentials the current turns up, tending to ap-
proach the control level. Thus, polyamines appear to act
as permeable blockers. The voltage dependence of the
block at first glance looked quite similar for divalent
Put’" and tetravalent Spm**. We first attempted to fit
the data points obtained with Put®* by Eq. (3), fixing z
to 2.0. As can be seen from Fig. 4c, this did not result in
a reasonable description of the observed voltage de-
pendence, although the data points could be fairly well
fitted considering a variable z. For this experiment the
successful fits yielded z in the range of 3.6-4.3, or
roughly double the Put’>* valence. For Spm** the data
points could be well described by z in the range of 3.7—
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4.5 for the experiment presented in Fig. 4. We have
summarised several experiments similar to that pre-
sented in Fig. 4. Parameters of the voltage-dependent
block by Put*", Spd*" and Spm** (mean + SD) are
collected in Table 1. As can be seen, the apparent dis-
sociation constants for polyamines increased with the
increase of concentration. For a 10-fold increase of
concentration the binding affinity decreased 1.6 times for
Put’", 2.4 times for Spd®*" and 2.3 times for Spm®**.
The apparent changes of binding of various polyamines
with concentration could be fairly simulated by the in-
troduction of an additional variable added up to the
applied potential (result not shown). This shift, however,
could not be explained by a reduction of membrane
surface potential by the polyamines as, paradoxically, it
was in the opposite direction. This is particularly evident
from Fig. 4d, where the minima of the curves are shifted
to more positive potentials with the increase of Spm*™*
concentration at the cytosolic side, as if Spm*" in-
creased the membrane surface potential at the side of
application. Also vice versa, when Spm** was applied
to the vacuolar side, a negative shift of the minima with
an increase of Spm®*’ concentration was observed
(Fig. 5d).

Surprisingly, the voltage dependence of the block
decreased with an increase of polyamine charge; the
mean zd values for Put’”, Spd®* " and Spm* ™ were 1.33,

1.24 and 1.04, respectively. However, the value of z,
which is a measure of the total charge transported across
the entire pore upon establishment and relief of the
block, on the contrary shows a moderate increase from
3.79 as an average for diamine Put®*" to 4.10 for the
polyamines Spd*" and Spm**. Remarkably, only for
the tetravalent Spm** do the values of z and the nom-
inal valence fit each other, whereas for the shorter Spd* "
and, especially, for Put’>" the value of z was clearly in
excess of their actual valence, implying a movement of
additional electrical charges across the channel pore.
As all the three polyamines tested acted as permeable
blockers, there was a tantalising possibility to test their
blocking effect from the trans, i.e. vacuolar, side. Typical
single channel current-voltage relationships obtained in
the presence of different concentrations of either Put® ™"
or Spm** at the vacuolar side are presented in Fig. 5a, b
and relative currents (in the presence of blocker to
control) as a function of membrane voltage are plotted
in Fig. 5c, d. Firstly, it can be seen that the block was
relieved at high negative potentials, and secondly, the
voltage dependence of the block relief was valence de-
pendent, being much steeper in the case of tetravalent
Spm** compared to divalent Put** (Fig. 5c, d). Fitted
parameters of the voltage-dependent block by vacuolar
Put’" and Spm* ™" are collected in Table 1. The binding
affinity at zero voltage for Spm** was within a range of

Table 1 Parameters of the SV
channel voltage-dependent

Concentration Rate constants at zero voltage

Valence and electrical distance

block by cytosolic and vacuolar (107 M)
polyamines KO k) Kq(0) z o 26
(10° M™) (107° M)
Cytosolic*

Putrescine
0.1 0.07 £ 0.042 110 + 46 2046 + 446 3.87 =+ 0.26 0.36 + 0.03 1.37 £ 0.13
0.3 0.06 £ 0.034 131 + 50 2382 + 339 395 + 0.22 0.35 + 0.04 1.39 + 0.23
1.0 0.05 £ 0.008 129 + 15 2936 + 189 3.76 + 0.06 0.34 + 0.01 1.29 + 0.04
3.0 0.02 £ 0.009 82 + 22 3910 £ 511 3.62 £ 0.10 0.34 & 0.00 1.23 + 0.03
10.0 0.02 £ 0.007 123 + 43 5183 + 223 3.74 £ 0.22 0.36 &£ 0.05 1.38 + 0.26

Spermidine
0.03 046 £ 0.08 154 + 59 346 + 108 4.02 £ 0.01 0.29 £+ 0.02 + 0.09
0.10 0.53 £ 0.16 198 + 36 450 £ 72 4.18 £ 0.03 0.30 + 0.02 + 0.10
0.30 0.50 £ 0.11 348 + 106 706 £ 164 4.08 £ 0.07 0.32 + 0.02 + 0.06
1.0 0.60 £ 0.21 555 + 151 1328 + 401 4.11 £ 0.01 0.32 £+ 0.01 + 0.05

Spermine
0.003 399 + 042 120 £+ 4.5 30.6 £ 2.3 4.02 £ 030 0.24 £ 0.04 0.95 + 0.07
0.010 3.84 £ 1.32 190 £+ 56 49.5 £ 11.3 4.17 £ 0.16 0.28 £+ 0.02 1.20 £ 0.10
0.030 7.02 £ 248 431 £ 121  65.6 £ 6.6 4.06 = 0.25 0.24 + 0.03 0.97 £ 0.12
0.100 26.5 £ 5.86 2761 + 563 105.6 £ 5.3 4.15 £ 0.23 0.25 + 0.03 1.04 £+ 0.16

Vacuolar

Putrescine®
1.0 0.009 £ .000 76 =7 8324 +£ 563 1.92 £ 0.11 0.24 £ 0.02 0.46 = 0.05
3.0 0.015 £ .003 129 + 25 8534 + 209 1.93 £ 0.01 0.21 £ 0.01 0.41 + 0.03
10.0 0.012 £ .005 140 + 60 12051 £+ 35 1.86 = 0.22 0.21 + 0.00 0.39 + 0.05

Spermine®
0.010 3.95 £ 0.67 251 + 75 65.0 £ 21.1 3.28 £ 0.19 0.12 £ 0.02 0.39 £+ 0.08
0.030 19.9 £ 11.5 1751 + 837 53.0 £ 2.0 3.73 £ 0.19 0.13 £ 0.03 0.47 + 0.03
0.100 68.2 + 30.7 5540 + 2580 75.8 £ 5.0 3.76 £ 0.21 0.09 + 0.01 0.32 + 0.01

#Each parameter value (mean + SD) is a result of 3-4 separate determinations
®Each parameter value (mean = SD) is a result of 2 separate determinations



Fig. 5 Voltage-dependent
block of the open SV channel
current by vacuolar poly-
amines, putrescine, Put (a, ¢)
and spermine, Spm (b, d). a, b
Single channel current-voltage
relationships; number of aver-
ages for controls in a and b was
35 and 77, respectively; for
other curves: Put, 1 mM

(n = 27),3mM (n = 43) and
10 mM (n = 32); Spm, 10 uM
(n = 41), 30 uM (n = 38) and
100 pM (n = 51). ¢, d Corre-
sponding relative currents;
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values obtained at corresponding Spm* " concentrations
applied to the cytosolic side, whereas Put’" displayed
2.3-2.8 times lower affinity compared to that for the
cytosolic application. It appears that polyamines tra-
versed much shorter electrical distances on their way to
the binding site from the vacuolar surface compared to
that from the cytosolic one. Whilst an approximately
equal charge (z9), 0.42 and 0.39 as an average for Put®"
and Spm* ™, was moved into the pore upon blocking, the
total charge moved across the entire pore differed
roughly by a factor of two, z = 1.90 and 3.59,
approaching the actual valence of Put’" and Spm**
respectively.

Discussion

Calibre of the channel pore and comparison
with other channels

Our results (Fig. 2) clearly show that the SV channel is
permeable for TMA © but not measurably permeable for
TEA ™. Firstly, when quaternary ammonium (QA) ions
were applied from cytosolic side, the permeability for
TMA " was evidenced by an upturn of the relative
current at high positive voltages, indicating removal of
TMA " to the vacuolar side. Such a relief of block was
not observed with TEA " (Fig. 2b). Secondly, consistent
with TMA™ permeability, the channel was also tran-
siently blocked by TMA ™ applied to the vacuolar side.
On the other hand, TEA™, being a more efficient
blocker compared to TMA ™ when applied to the cyto-

0

80 120 -120 -80 40 0 40 80 120

V/mV

solic side [K4(0) ~ 12 mM], was completely inefficient
from the vacuolar one. Hence, the binding site was ac-
cessible for TEA " only from the cytosolic side.

Therefore, we can conclude that the diameter of the
channel pore at its narrowest cross-section exceeds the
diameter of TMAJr (~5.5 A) but is smaller than that of
TEA™" (~8 A). Long linear polyamines with a thickness
in the extended conformation of <4 A are all permeable,
as evidenced by a relief of block at high potentials of
either sign (Figs. 4 and 5). Molecular simulations have
shown that putrescine and spermidine are both_rigid,
with a distance between N-termini fixed at 7 A and
~9 A respectively, whereas spermine is highly flexible,
so in the bend-over conformation the terminal N-atoms
could come as close as 6 A each to other (Weiger et al.
1998). Although we could not rule out the existence of
alternative orientations of different polyamines within
the channel pore, because of the gradual change of the
voltage dependence of the block from Put’" through
Spd®" to Spm** (Table 1) it is more likely that all three
polyamines block and permeate the channel in the ex-
tended conformation aligned roughly parallel to the
pore axis.

It appears from our data that purely sterical consid-
erations could not account for the selective permeation
of the SV channel. Indeed, Tris™, which has a cross-
section area formally 3% larger than that of TEA™
(Coronado and Miller 1982), is nevertheless permeable
(Fig. 3). In the case of Tris*, terminal groups (three
hydroxyls and/or the amino group) could transiently
form the hydrogen bonds with the acceptor groups
(possibly carboxyls) of the selectivity filter, thus reducing
the effective ion size (Hille 1992). For example, in the
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axon K channel, tetrakis, a hydroxylated derivative of
TEA ", could squeeze twice as far as the smaller TEA™
along the voltage drop (French and Shoukimas 1985).
Similarly, Tris® readily permeated across the
sarcoplasmic reticulum (SR) Ca®" release channel, yet
TEA ™ and even the much smaller (in either orientation)
TMA " did not carry any significant current (Tinker and
Williams 1993). It should be noted here that, in contrast
to other authors, who defined the absolute and/or rela-
tive channel permeability for different ammonium de-
rivatives, we simply tested whether the given organic
cation could or could not pass, based on the presence or
absence of the block relief at large membrane potentials.
Relative as well as absolute permeability of at least some
blocking cations is impeded by high energy barrier(s)
rather than by simple ion sieving. A large voltage could
simply help low permeant ions, for instance Na ™ in a
K" channel, to overcome the high energy barrier im-
posed by the selectivity filter (French and Shoukimas
1985). However, in addition, the possibility that at large
field strengths the selectivity filter conformation might
show some degree of “give”, thus allowing larger ions to
permeate, should be kept in mind. Trimethylammonium
derivatives as well as the parent TMA ™ could pass the
SR Ca’" release channel only when large (>60 mV)
depolarising potentials were applied (Tinker and Wil-
liams 1995). To reveal the cytosolic TMA * permeability
across the SV channel pore, we have had to extend the
voltage range to + 180 mV (Fig. 2b), as up to + 140 mV
the deviation from impermeable blocker behaviour was
marginal. At moderate potentials (<80 mV) the perme-
ability of TMA ™ across the SV channel pore is negligi-
bly small (Gambale et al. 1996).

The SV channel of higher plant vacuoles is a cation
channel poorly selecting among mono- and divalent ions
(Pantoja et al. 1992; Amodeo et al. 1994; Ward and
Schroeder 1994). It has a peculiar pharmacological pat-
tern, sensitivity to unspecific cation transport blockers,
but also to charibdotoxin and tubocurarine, thought to
be specific blockers of Ca’™-activated maxi-K =~ and
acetylcholine receptor (AchR) channels, respectively
(Weiser and Bentrup 1993), and to a variety of anion
transport blockers (Hedrich and Kurkdjian 1988).
Therefore, the relation of the SV channel to the existing
ion channel families could not be drawn easily. For
comparative purposes we have considered known Ca”" -
permeable channels. The dimensions of the narrowest
constriction in these channels was estimated using low
permeable organic cations. Resulting minimal cross-
sections of the selectivity filter ranged from 5.5 A for a
dihydropyridine-sensitive Ca** channel and a wild-type
NMDA receptor through 5.8-6.5 A for different cGMP-
gated channels up to 7.0-7.6 A for AchR and large
conductance SR Ca”" channels (Hille 1992; Goulding
et al. 1993; Tinker and Williams 1993; Nutter and
Adams 1995; Wollmuth et al. 1996), compared to our
estimate of between 5.5 and 8 A for the SV channel. The
minimal diameter of about 7 A is at the upper limit, al-
lowing selective permeability for small inorganic cations,

as it approaches the diameter of cation covered by the
first hydration shell. The dehydration per se in selected
cases may exert severe limits on the ion conductance.
Particularly, M g* " (diameter with the first hydrated shell
of 7 A) holds water molecules > 1000 times longer than
Ca®*, so if the conductance is limited by dehydration, an
equivalent electric current for Mg?* of only 40 fA will
result. Consequently, voltage-dependent Ca®" channels
and NMDA receptors are not measurably permeable for
Mg?" (Nowak et al. 1984; Hille 1992), whereas AchR
and SR Ca’" release channels conduct Mg?" (Adams
and Nutter 1992; Tinker et al. 1992). Previously we have
reported a high conductance of the SV channel for Mg? "
(Pottosin et al. 1997); hence, a diameter of the selectivity
filter of about 7 A, lying in the range indicated by QA
1ons, should be considered.

Interpretation of the voltage-dependent block
of the SV channel by internal and external cations

The block of the SV channel by organic cations applied
to the cytosolic side of the membrane strongly depends
on the voltage. At the same time, the apparent electrical
distance (J) for all cations tested never exceeded unity,
albeit approaching it in the case of quaternary ammo-
nium ions. The block by permeable cations, with
a notable exception of spermine, was nevertheless
anomalously strong, as the voltage dependence of block
relief at high membrane potentials indicated movement
of additional charges in excess of the nominal valence
for a given cation. Generally, extra charge, moving in
the blocking reaction, may be provided by a second
blocking cation, concerted movement of bulk ions or
movable channel protein groups. However, to explain
the strong voltage dependence of block relief, only the
first two possibilities could be considered, as the extra
charge has to leave the pore. Strong evidence for a
concerted movement of blocking and bulk (K ) cations
was recently obtained on cloned inward-rectifier K
channels (Oliver et al. 1998; Pearson and Nichols 1998;
Spassova and Lu 1998). Thus, the major portion of the
voltage dependence might arise from the displacement of
bulk ions rather than from that of the blocking ion,
which helps to understand why sometimes the block by
cations of different size had the same (strong) voltage
dependence (Spassova and Lu 1998). Interestingly, in
the present work on the SV channel, zo values for per-
meable TMA™ and impermeable TEA™ were the same
within experimental error, 0.96 and 0.94, respectively,
indicating a common mechanism of block for larger and
smaller QA ions. In principle, the concept of coupled
movement of blocking and bulk ions might be expanded
for the explanation of the strong voltage dependence of
block relief in the case of a weakly permeable blocker.
The block relief at large voltages implies that the
blocking ion is accelerated by a strong electric field to
such a rate that its removal becomes not limiting, hence
the single channel current tends to approach the level of



the control. The residence times of blocking and bulk
ions within the pore are therefore comparable in this
voltage region, which means that movements of block-
ing and bulk cations are intrinsically coupled. This
mechanism might serve as a plausible explanation for
the anomalously high z values obtained in the case of
block by cytosolic TMA™ and Tris™. Each of these
blocking cations displaced approximately one charge
across the whole voltage drop (or two charges by 50%)
to plug the pore, and one more during block relief, in
total roughly one extra charge (K ion?).

The complex nature of block by cytosolic polyamines
was overlooked in our previous study (Dobrovinskaya
et al. 1999) owing to the presence of an additional
blocking cation, Tris™, in the experimental solutions.
The blocking effect of Tris™ had not been suspected
previously and it has been widely utilised as a part of a
pH-buffer system in experiments on the SV channel
(Weiser and Bentrup 1993; Ward and Schroeder 1994;
Schulz-Lessdorf and Hedrich 1995; Pottosin et al. 1997).
The contribution of Tris™ could be summarised as
follows:

1. Tris™ masked the variation of the parameters of
the polyamine block voltage dependence with concen-
tration (see Table 1).

2. Tris" and polyamines competed, leading to an
apparently lower affinity of the polyamine block in the
presence of Tris™. At +50 mV in the presence of
28 mM Tris™ the Ky for polyamines of 1680 pM
(Put®>*), 190 uM (Spd®**) and 30 uM (Spm**) were
reported (Dobrovinskaya et al. 1999) compared to
234 uM, 54 uM and 9.7 pM in the absence of Tris™,
respectively (calculated from Table 1, this study). At
+50 mV, 28 mM Tris~ blocked 2/3 of the SV channel
current (apparent Kqcrisy = 14.0 mM, Fig. 3a, c). As-
suming that the SV channel could handle either one
Tris " or one polyamine ion at a time (simple competi-
tive bmdmg) the apparent bmdmg constant for poly-
amine in the presence of Tris™, Kd(PA) Kapay X
(1 + [Tris™ 1/Kactrisy).- This  yields Ky of 702 uM,
162 uM and 29 uM for Put’", Spd®* and Spm*™, re-
spectively. Only the Ky* value for the block by Spm*™*
accurately fits the prediction of a simple competitive
scheme.

3. The voltage dependence of the polyamine block in
the presence of Tris* was underestimated. For Spm**
Spd*" and Put’", z6 values between 0.8 and 0.9 were
reported previously (Dobrovinskaya et al. 1999) com-
pared to average values of 1.04, 1.24 and 1.33, respec-
tively (Table 1, this study). Previously we have estimated
the length of the voltage drop within the channel pore
under the assumption that the block is caused by a single
polyamine ion with leading end fixed at a common po-
sition. The reverse dependence of zd on the polyamine
charge invalidates this assumption.

4. The most striking feature of the block by cytosolic
polyamines revealed upon removal of Tris™ from ex-
perimental solutions was its multi-ion nature in the case
of shorter polyamines, which is manifested by a valence
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of block (z) higher than the actual valence of the
blocking cation.

The extra charge moved across the entire pore de-
creased from ~2 for Put*" to ~1 for Spd®* and van-
ished in the case of Spm*™* (Table 1). Thus, first Spm**
appears to saturate the binding sites of the cytosolic
domain of the pore; hence a simple one-to-one block,
with no extra charge movement, resulted, which is also
consistent with the simple mechanism of competition
with Tris*. However, rate constants for Spm** binding
at zero voltage strongly depended on the concentration
(Table 1), resulting in a gradual shift of the voltage de-
pendence of the block along the potential axis. This shift
could be attributed to the short-range electrostatic re-
pulsion between Spm** ions, occupying the pore, rather
than to the change of membrane surface potential due to
an increase of bulk polyamine moiety, as the direction of
the shift was opposite to that expected in the latter case.
Additional Spm** ion(s), however, must reside close to
the vacuolar surface and outside the voltage drop across
the pore, because no appreciable change of slope pa-
rameters (z and J) was observed with the increase of
concentration (Table 1). Hence, it could be concluded
that the cytosolic voltage-sensing domain of the pore
could handle one Spm** at the same time. The physical
distance of the cytosolic fraction of the voltage drop
across the pore could be approximated by the length of
the relaxed conformation of a single Spm*™, 13.8 A as
an upper limit (Weiger et al. 1998). It remains to esti-
mate the extent of the vacuolar fraction of the voltage
drop.

The voltage dependence of the SV channel block by
organic cations tested was asymmetric, with the zJ value
being larger by a factor of 2.3-3.3 for cytosolic com-
pared to vacuolar application. Binding of Tris™ and
TMA ™ took place at an electrical distance of about 30%
from the vacuolar surface, arguing for a common
binding site. In the case of Put®" and Spm®*™", the av-
erage electrical distance was about 20% and 10%, re-
spectively (Table 1). The latter reflects the mean distance
traversed by charged groups of a long polycation within
the voltage drop, hence providing information on the
approximate length of this region. Our data evidenced
that the vacuolar part of the pore is likely shorter than
the cytosolic one, both in terms of electrical and physical
distances. According to the z values obtained for Put®*
and Spm* ™" upon application to the vacuolar side, which
approached their actual valence, the pore could handle
one polyamine ion at a time. Based on approximately
equal zd values for Spm* " and Put®*", 0.39 and 0.42 as
an average, the third and fourth amino groups of Spm*”*
did not contribute significantly to the block voltage de-
pendence, hence are outside the voltage drop. Given that
either one or both amino groups of Put®** could traverse
the voltage drop from the vacuolar side, the electrical
distance traversed by the leading amino group may not
exceed zd (0.42) but it is larger or equal to J (0.22). The
30% binding site revealed by TMA " and Tris " is in the
middle between the upper and lower estimates for the
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electrical distance to the polyamine-binding site. There-
fore, it is reasonable to propose that all organic amines
share the same binding site, accessible from the vacuolar
side of the pore. Providing the vacuolar voltage-sensing
region of the pore may accommodate up to two amino
groups of either Put>” or Spm*™, its physical distance
would be roughly the length of a single Put®>* or half of
a Spm*”* ion (~7 A). Added to the length of the cyto-
solic region, the total voltage drop across the pore would
occur within a distance <21 A. This is a reasonable
estimate, keeping in mind that a longer pore will have a
higher resistance. Approximating the pore in the SV
channel by a 20 A-long and 8 A-wide (diameter of
TEA™) cylinder, filled by 0.1 M KCI, resulted in a
limiting conductance of 206 pS (resistance of 4.85 GQ).
The experimentally defined value of 208 + 8 pS
(n = 32) already approached the theoretical ceiling im-
posed by diffusion limitations. It should be mentioned
that the previously reported lower unitary conductance
values for SV channels (for review, see Schulz-Lessdorf
and Hedrich 1995) seem to be an underestimate. All
these values have been obtained in the presence of high
concentrations of Ca®*, Mg?" and/or Tris ", which re-
duced the single channel current (Gambale et al. 1996;
this paper).

Our data on the voltage-dependent block of plant
vacuolar large conductance SV channels are consistent
with the view that its selectivity filter is located asym-
metrically, closer to the vacuolar than to the cytosolic
end of the pore. The cytosolic part of the pore could
adopt several ions at a time; the relative contributions
of the blocking and permeant ions to the observed
voltage dependence of the block remains to be eluci-
dated.
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