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Abstract

The central vacuole is the largest Ca®* store in a
mature plant cell. Ca®>* release from this store con-
tributes to Ca®*-mediated intracellular signalling in
a variety of physiological responses. However, the
routes for vacuolar Ca®* release are not well charac-
terized. To date, at least two voltage-dependent and
two ligand-gated Ca®*-permeable channels have been
reported in plant vacuoles. However, the so-called
VVCa (vacuolar voltage-gated Ca®*) channel most
probably is not a separate channel but is identical to
another voltage-dependent channel—the so-called SV
(slow vacuolar) channel. Studies in the last few years
have added a new dimension to our knowledge of SV
channel-mediated ion transport and the mechanisms
of its regulation by multiple natural factors. Recently,
the SV channel was identified as the product of the
TPC1 gene in Arabidopsis. In contrast, the TPC1
channel from other species was thought to be local-
ized in the plasma membrane. A re-evaluation of this
work under the assumption that the TPC1 channel is
generally a vacuolar channel provides interesting
insights into the physiological function of the TPC1/
SV channel. Considerably less is known about vacuo-
lar Ca%* channels that are supposed to be activated by
inositol 1,4,5-trisphosphate or cADP ribose. The major
problems are controversial reports about functional
characteristics, and a remarkable lack of homologues of
animal ligand-gated Ca®* channels in higher plants. To
help understand Ca®**-mediated intracellular signalling
in plant cells, a critical update of existing experimental
evidence for vacuolar Ca®* channels is presented.

Key words: Calcium channel, calcium release, signal trans-
duction, SV channel, tonoplast, vacuole.

Introduction

While calcium can make up to 5% of the dry weight of
a plant (Broadley et al., 2003), its cytosolic free con-
centration is extremely low, <1 pM. A large portion of
the total Ca®* is bound to cell walls and anionic macro-
molecules inside the cell. The water-soluble Ca®* in plant
cells is compartmentalized into organelles functioning as
Ca”* stores, with the central vacuole containing most of
the water-soluble Ca?*. The huge Ca®* concentration dif-
ferences between Ca®* stores and surrounding cytosol are
the basis for the function of Ca®* as second messenger in
intracellular signal transduction. Since the vacuole is the
largest Ca®* pool in a typical plant cell, vacuolar Ca®*
channels play a critical role in Ca**-mediated signal
transduction as well as in Ca>* homeostasis (Bush, 1995;
Hetherington and Brownlee, 2004). In this article, the
evidence for different voltage-gated and ligand-gated
vacuolar Ca>* channels is reviewed, and—where informa-
tion is available—their regulation, structure, and possible
physiological functions are discussed.

Ca®* transport across the vacuolar membrane

To understand the function of vacuolar Ca”* channels, it
is instructive to have a look at the driving forces for
vacuolar Ca®* transport. The free Ca** concentration
inside vacuoles is typically ~1000-fold higher than in the
surrounding cytosol (Evans et al., 1991; Bush, 1993). The
electrical potential difference across the vacuolar mem-
brane ranges from 0 mV to —30 mV (Bethmann et al.,
1995; Walker et al., 1996). Both the Ca®" concentration
gradient and the membrane potential therefore drive Ca®*
efflux from the vacuole—via Ca®* channels—while Ca®*
uptake into the vacuole requires energy.

Cytosolic free Ca** concentrations, as measured with
ion-selective microelectrodes and fluorescent dyes, range
from 100 nM to 350 nM at rest (Felle, 1989; Bethmann
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et al., 1995; Felle and Hepler, 1997; Plieth, 2001). During
Ca**-mediated signal transduction processes, cytosolic
free Ca®* concentrations may transiently reach 1 uM and
more, but they always remain low compared with those in
the vacuole. In higher plants, vacuolar free Ca®* concen-
trations of 1.5-2.3 mM have been measured with ion-
selective microelectrodes (Felle, 1988). As in the cytosol,
there can be a large difference between the total and the
free vacuolar Ca®* concentration, due to Ca?* binding by
proteins and organic acids.

Ca”" uptake into vacuoles, i.e. active transport against
the electrochemical potential gradient, is mediated by
P-type Ca* pumps (Geisler et al., 2000; Sze et al., 2000)
and H*/Ca®* antiporters (Shigaki and Hirschi ez al., 2006).
Primary Ca®*-pumps (Arabidopsis ACA-gene family) me-
diate high-affinity (K,,=0.2-1.0 pM) low-turnover Ca®*
uptake, whereas H*/Ca®* antiporters (Arabidopsis CAX-gene
family) mediate low-affinity (K, ~10 uM) high-capacity
Ca** uptake. It was therefore speculated that the two
vacuolar Ca”* uptake systems may be suited for operation
at different levels of cytosolic Ca”* (Maeshima, 2001).

Because of the huge cytosol-directed electrochemical
gradient for Ca®*, the opening of any Ca”*-permeable
channel will result in Ca”* release from the vacuole that
has to be very tightly regulated. At least four different
vacuolar Ca®* channels have been described, two voltage-
dependent Ca”* channels (VVCa and SV) and two ligand-
gated channels (White, 2000; Sanders et al., 2002).

The VVCa channel

In contrast to the SV channel which is activated at
positive tonoplast potentials, the VVCa (vacuolar voltage-
gated g@*) channel is gated open at negative tonoplast
potentials. One might argue that the opening of a vacuolar
Ca”*-permeable channel at physiological conditions (neg-
ative membrane potentials, millimolar luminal Ca®*) is
hard to reconcile with the cytosolic Ca®* homeostasis.The
VVCa Ca”* channel was characterized by single-channel
recordings on isolated patches from vacuoles of Beta
vulgaris tap roots (Johannes et al., 1992; Johannes and
Sanders, 1995) and of Vicia faba guard cells (Allen and
Sanders, 1994b). Amazingly, when comparing the proper-

ties of the SV channel (see below) and the VVCa channel,
these show striking similarities, especially when data from
the same species are taken. Table 1 and Fig. 1 summarize
published data obtained with vacuoles of B. vulgaris tap
roots. Obviously, the single-channel conductance for
50 mM K* or for 10 mM Ca®*, or Mg**, or Ba®** is
identical for the SV channel and the VVCa channel within
error limits, and both channels show a high affinity
(submillimolar K, value) for Ca®* and a low affinity for
K* (Table 1). The SV channel is activated by Ca®*
(Hedrich and Neher, 1987) and inhibited by H* (pK ~6.8)
from the cytosolic side (Schulz-Lessdorf and Hedrich,
1995), while the so-called VVCa channel is activated by
Ca®* (Johannes e al., 1992) and inhibited by H* (pK
~6.5) from the vacuolar side (Allen and Sanders, 1994b).
In other words, the VVCa channel has the properties of an
SV channel that is inserted in the vacuolar membrane the
‘other way round’—or was measured in an isolated mem-
brane patch that was oriented the ‘other way round’. The
so-called VVCa channel has a high density—like the SV
channel—and isolated patches always contained multiple
channels, but whole-vacuole recordings from the VVCa chan-
nel do not seem to exist. To test further the possibility that
the VVCa channel might be identical to the SV channel,
channel activation by Ca®* was compared. As shown in
Fig. 1, increasing Ca* concentrations had the same effect
on the voltage-dependent open probability of the SV
channel and the VVCa channel. It seems unlikely that
there exist two Ca®* channels with identical functional
properties but opposite orientation in the vacuolar mem-
brane, while there are no recordings documenting both
channels at the same time—even though both have a rather
high density. It is therefore postulated that the so-called
VVCa channel is not a separate Ca®* channel of the
vacuolar membrane but is identical to the SV channel—
recorded the ‘other way round’. In the discussion of the SV
channel following below, data from the so-called VVCa
channel are included.

The SV channel

The SV (slow-activating vacuolar) channel is by far the
best described vacuolar ion channel. Earlier reports of

Table 1. Comparison of single-channel properties of the SV channel and the so-called VVCa channel from Beta vulgaris taproots

Unitary conductance (pS)

K., values (mM)

50 mM K* 10 mM Ca®* 10 mM Mg** 10 mM Ba®* K* Ca®*
SV 167¢ 12.3¢ 18.4¢ 16.7° 103+14¢ 0.165+0.032¢
VVCa 188¢ 11.7%1.2¢ 17.4+1.2¢ 17.0£1.5¢ 143 (11.8)¢ 0.244 (0.044)"

“ Data from Pottosin et al. (2001)
b Data from Pantoja et al. (1992)
¢ Data from Johannes and Sanders (1995)

Data from Gradmann et al. (1997) were calculated assuming either a rigid pore model or a flexible pore model (data in parentheses).
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Fig. 1. Effect of Ca** on open probability. The voltage dependence of
the SV channel at 0.03 mM (filled squares), 0.1 mM (filled circles), and
2mM (filled triangles) cytosolic Ca®* is compared with the vol-
tage dependence of the VVCa channel at 0.03 mM (open squares), 0.1 mM
(open circles), 0.5 mM (open triangles), 1 mM (open diamonds), and 5 mM
(open inverted triangles) Ca®*. For the SV channel (filled symbols), whole
vacuole currents were recorded in symmetrical 100 mM KCl, pH 7.5, with
nominal 0 Ca*" inside the vacuole as described in Pottosin et al. (2004).
Whole vacuole currents were divided by corresponding single-channel
currents and normalized to maximum activity to calculate Po/Po(max).
Data points for the VVCa channel were taken from Figure 6A of Johannes
and Sanders (1995) and are based on amplitude histograms of single-
channel recordings. After inverting the membrane voltage, VVCa channel
data points (open symbols) were superimposed to SV channel data. It is
obvious that the voltage dependence at 0.03 mM and 0.1 mM Ca®* shows
no significant difference between the SV channel and the VVCa channel,
and the voltage dependence of the SV channel at 2 mM Ca®* is just
in between the voltage dependence at 1 mM and 5 mM of the VVCa
channel.

vacuolar Ca®* channels mediating Ca®* uptake into the
vacuole (Pantoja et al., 1992; Ping et al., 1992a, b) can
probably be explained as recordings from SV channels at
a time when the Ca** permeability of the SV channel was
not yet understood (Ward and Schroeder, 1994). The SV
channel is the most abundant tonoplast channel. Based
on patch-clamp recordings, channel densities of ~1 SV
channel per pm? and higher have been calculated (Schulz-
Lessdorf and Hedrich, 1995; Pottosin et al., 1997).
Proteomic characterization of the vacuolar membrane
proteins of Arabidopsis (Carter et al., 2004; Szponarski
et al., 2005) revealed the SV channel (TPC1), but no other
vacuolar ion channels. The SV channel seems to be
ubiquitous among terrestrial plants (Embryophytes) in-
cluding ferns and liverworts (Hedrich et al., 1988).

Molecular identity

Patch-clamp recordings on isolated vacuoles of Arabidop-
sis knock-out mutants lacking KCO1 (kcol) showed
decreased slow-activating currents. This was interpreted
as an involvement of KCO1 in the formation of SV
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channels (Schonknecht et al., 2001), while it might have
been a pleiotropic effect. When KCO1 was expressed in
yeast, it formed a voltage-independent, Ca®*-activated, K*-
selective ion channel (Bihler et al., 2005). An Arabidopsis
knock-out mutant lacking TPC1 (¢tpc/-2) does not show
any SV channel activity, and TPCI-overexpressing lines
have increased SV channel activity, demonstrating that
the TPCI gene of Arabidopsis encodes the SV channel
(Peiter et al., 2005). TPC stands for two-pore channel,
a family of voltage-gated cation channels consisting of
two homologous domains with six transmembrane helices
and one pore domain each (Fig. 2). Originally discovered
in rat kidney, TPC channels can be understood as an
evolutionary intermediate between single-domain, Shaker-
type K channels and the family of voltage-dependent
Ca** and/or Na™ channels from animals consisting of four
homologous domains (Ishibashi et al., 2000). In higher
plants, the TPC channel is highly conserved; especially
the pore loops (White et al., 2002), and the membrane-
spanning parts largely consist of identical or conserved
amino acids (Fig. 2). In Arabidopsis, AtTPCI1
(At4g03560) is the only member of the TPC family
(Furuichi et al., 2001), indicating that the SV channel
might be formed by a TPC1 homodimer. Only a single
gene or mRNA homologous to AtTPC1 has been detected
in rice (Kurusu et al., 2004), while in tobacco (Nicotiana
tabacum) BY-2 cells two highly homologous (97.1%
amino acid identity) NtTPCs were identified (Kadota
et al., 2004). In this context, it is interesting that it had
been observed that the single-channel conductance of SV
channels in guard cells exceeds the single-channel
conductance in other cell types (Schulz-Lessdorf et al.,
1995). It now should be possible to determine whether
the different unit conductance goes back to different
gene products or is caused by post-translational or post-
transcriptional modifications.

Intracellular localization

While SV channel activity in patch-clamp recordings only
has been registered from vacuolar membranes, most of the
published work about TPCT in plants has been interpreted
assuming that TPC1 is a plasma membrane channel. For
AtTPCI1, localization in the vacuolar membrane has been
demonstrated by green fluorescent protein (GFP) constructs,
antibody binding, a correlation between TPC/ expression
level and SV channel activity (Peiter et al., 2005), and by
proteomic analysis of vacuolar membranes (Carter et al.,
2004; Szponarski et al., 2005). Even though, when first
described, AtTPC1 was suggested to be a plasma mem-
brane channel (Furuichi et al., 2001), its tonoplast local-
ization now seems to be established (Peiter et al., 2005).
The reported targeting of AtTPC1-GFP fusion proteins to
the plasma membrane of BY-2 cells (Kawano et al., 2004)
might be indicative of mistargeting, as has been observed
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Fig. 2. Model of OsTPC1. The NCBI Conserved Domain Search (Marchler-Bauer ef al., 2005) was used to identify functional domains of plant TPC
channels. S1-S12 indicate the 12 putative transmembrane o-helices, P1 and P2 indicate the two pore loops each consisting of the pore helix and the
selectivity filter, EF1 and EF2 indicate the Ca2+-binding EF-hand motifs, and the grey band indicates the lipid bilayer of the vacuolar membrane. The
amino acid sequence of OsTPC1 (Hashimoto et al., 2004; Kurusu et al., 2004) was aligned with the amino sequences of HvTPC (GI:39545849;
Hordeum vulgare), TaTPC1 (Wang et al., 2005), AtTPC1 (Furuichi et al., 2001), and NtTPC1A and NtTPCIB (Kadota et al., 2004) in AlignX
(Invitrogen Corp.). Identical amino acids are indicated in cyan, conserved substitutions in blue, blocks of similar amino acids in magenta, weakly

similar amino acids in red, and non-similar amino acids in orange.

with C-terminal GFP fusions of other integral membrane
proteins (Tian et al., 2004). GFP fusion proteins of
OsTPC1 from rice (Oryza sativa, GFP—OsTPC1) and
TaTPC1 from wheat (Triticum aestivum, TaTPCI1-GFP)
were reported to localize in the plasma membrane of onion
epidermal cells (Kurusu et al., 2005; Wang et al., 2005).
Keeping in mind that it might be hard to distinguish
between plasma membrane localization and vacuolar
membrane localization of GFP in intact onion epidermal
cells, and including the possibility of mistargeting of GFP
fusion proteins (Tian et al., 2004), it is believed it might be
worth reconsidering some of the experimental results
obtained with NtTPC1 (Kadota et al., 2004), OsTPCl1
(Hashimoto et al., 2004; Kurusu et al., 2004, 2005), and
TaTPC1 (Wang et al., 2005) under the assumption that
these might be SV channels of the vacuolar membrane (see
below).

Not knowing the tertiary structure of the SV channel,
useful information about its pore dimensions can be
obtained by applying blocking cations of different size and
length (Dobrovinskaya et al., 1999a). The outcome of such
an approach is summarized in Fig. 3. It appears that
substances with a diameter of <7 A (the size of a fully
hydrated Mg?* ion) can permeate the pore. In line with
such a pore diameter, the SV channel has a high
permeability for alkali cations (Amodeo et al., 1994,
Paganetto et al., 2001) as well as alkali earth cations
(Pantoja et al., 1992; Ward and Schroeder, 1994; Pottosin
et al., 2001). Considering only physiologically abundant
cations, the SV channel can mediate passive exchange of
K*, Na*, NH}, Ca**, and Mg®* between the vacuole and
cytosol. Early studies suggested a significant anion perme-
ability of the SV channel (Hedrich et al., 1986; Hedrich

and Kurkdjian, 1988; Schulz-Lessdorf et al., 1995). More
recent analyses have shown, however, that anion (CI")
permeability of the SV channel is immeasurably low (Ward
et al., 1994; Pottosin et al., 2001). Negative surface charges
at the SV channel pore entrances probably contribute to the
charge-selecting mechanism, attracting cations and reject-
ing anions (Pottosin et al., 1999, 2001, 2005).

Theoretical calculations based on physiologically rele-
vant electrochemical ionic gradients across the tonoplast
show that SV channel-mediated currents are dominated
by K*, while Ca** currents are rather small. At zero vol-
tage, 1 mM luminal and 1 uM cytosolic Ca*, the single-
channel Ca®* current is ~100 fA and 400 fA for SV
channels from Beta taproots and Vicia guard cells,
respectively (Gradmann et al., 1997; Allen et al., 1998).
Nevertheless, with only a few open SV channels per
vacuole, Ca®* release approaches the pA range, which is
comparable with estimated maximum rates of Ca>* uptake
into the vacuole. The main route of vacuolar Ca** uptake
is via proton motive force-driven Ca®*/H* exchange. The
proton motive force is built up by tonoplast H® pumps that
generate whole-vacuole currents of 10-20 pA (~30 pA
cmfz) (Hedrich and Kurkdjian, 1988; Hedrich et al.,
1989). Obviously Ca®* uptake into the vacuole cannot
exceed H pump currents over an extended time period.
This implies that active Ca** uptake into the vacuole can
only compensate for passive Ca** release by a very small
fraction of the thousands of SV channels per vacuole.
Assuming just a 1 pA net Ca®* release into a typical
cytoplasmic volume of 1 pl, cytosolic free Ca®* would
reach 1 uM in ~1 min, even with only 1 out of 10 000
cytoplasmic Ca®* ions being in a free form. Most vacuoles
examined contain several thousand SV channel copies
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