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SUMMARY

A review of plasma-membrane calcium channels in higher plants is presented. Data from pharmacologi-
cal and biochemical studies are used to assess the current state of our knowledge concerning the
occurrence of these structures in higher plants. Recent results demonstrate that after purification and
reconstitution a phenylalkylamine binding protein will form calcium permeable channels. This result
suggests that plants contain structures with some analogy to animal calcium channels. We also suggest
that a degree of caution should be observed in the interpretation of results gained in pharmacological
studies employing calcium channel active drugs, as it is now clear that even at low doses these

compounds have non-specific effects.

1. INTRODUCTION

In plants, there is good circumstantial evidence that
the calcium ion controls a number of biological
processes (Hepler & Wayne 1985). Thus the influence
of calcium on gene expression, enzyme activities,
protein secretion and the control of turgor are docu-
mented. However, there have been comparatively few
direct demonstrations of a stimulus-induced increase
in the concentration of calcium in the cytosol of higher
plants. Use of the ratiometric fluorescent indicators
fura-2 and indo-1 has revealed that in stomata the
application of abscisic acid results in an increase in
guard cell cytosolic free calcium concentration. The
nature of the increase was found to be variable, but
importantly, when it occurred it preceded stomatal
closure (McAinsh et al. 1990; Schroeder & Hagiwara
1990; Gilroy et al. 1991; Hetherington & Quatrano
1991). These results are important because the detec-
tion of a stimulus-induced increase in free calcium is
the central pillar upon which the calcium second
messenger hypothesis rests. Recently, additional evi-
dence to support this hypothesis has been obtained
using a novel approach. Using Nicotiana plumbaginifolia
transformed with the apoaequorin gene, Knight et al.
(1991) have been able to reconstitute aequorin in
seedlings. As this calcium-sensitive luminescent pro-
tein is localized to the cytosol it has been possible to
demonstrate that external stimuli such as touch or
fungal elicitors induce increases in the concentration
of free calcium in the cytosol of the transformed
seedlings. All these experiments are technically
demanding and illustrate the difficulties which must
be overcome by cell biologists before the central tenet
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of the calcium messenger hypothesis can be accepted
in plant cells.

The study of plant ion channels is also technically
demanding. This is highlighted by the fact that
although voltage or ligand-gated ion channels have
been shown to exist in plants, to the best of our
knowledge, there is no example of an ion channel that
has been characterized both at the molecular and
electrophysiological levels. Both potassium and chlor-
ide channels have been functionally identified and
some have been shown to be calcium modulated but
their molecular structure and the regulation of their
gene expression remain to be studied (Hedrich &
Schroeder 1989; Tester 1990; Blatt 1991). In the
specific case of calcium channels, both inositol tris-
phosphate-sensitive and insensitive channels are
known to exist at the tonoplast. These structures are
most probably involved in the mobilization of calcium
from internal stores and possibly act in concert with
other intracellular release mechanisms but are not
believed to participate directly in the entry of calcium
from the external milieu (Alexandre et al. 1990;
Johannes et al. 1992). It is the purpose of this paper to
review the progress which has been made in our
understanding of the biochemistry and physiology of
the calcium channel in the plant plasma-membrane.
Other recent reviews of plant calcium channels are
Schroeder & Thuleau (1991) & Johannes et al. (1991).
However, before discussing plant plasma-membrane
calcium channels a brief overview of these stuctures in
animals is appropriate.

2. CALCIUM CHANNELS IN ANIMALS

In animals, plasma-membrane voltage-dependent cal-
cium channels respond to changes in membrane
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potential and allow calcium to flow into the cell down
its electrochemical gradient. Animal calcium channels
have been the subject of a number of recent reviews
(Campbell et al. 1988; Tsien et al. 1988; Bean 1989;
Glossman & Striessnig 1990; Porzig 1990; Tsien &
Tsien 1990) and the reader is directed to these papers
for a full discussion of this topic.

The classification of calcium channels in animal
cells is based upon the mechanism by which the
channel is regulated. Accordingly, in vertebrate cells
Tsien & Tsien (1990) and Glossman & Striessnig
(1990) recognize voltage-operated channels (vocs),
receptor-operated channels (Rocs), second messenger-
operated channels (smocs), mechanically operated
channels (Mocs) and tonically operated channels. Of
these the vocs are the most extensively studied and
can be further divided into a number of sub-types.
L-type vocs are long lasting, activated at high
voltages and blocked by calcium-channel antagonists
belonging to the dihydropyridine, phenylalkylamine
and benzothiazepine classes and have a 25 pS single-
channel conductance. T-type channels are character-
ized by rapid inactivation, low voltage activation and
are largely resistant to the dihydropyridines but are
sensitive to the phenylalkylamines and low concentra-
tions of Ni*. A typical single channel conductance
(100 mm Ba%*) would be 8-9 pS. The third sub-class
of voc (N-type) is found in most neurons and is
activated at high voltages (like the L-type) but
inactivates like the T-type. Additionally, in common
with the T-type channel it is insensitive to the
dihydropyridines. However it is sensitive to omega
conotoxins such as GVIA and it exhibits a 13 pS
single-channel conductance. In summary, the various
calcium channels can be distinguished according to
their voltage characteristics, single-channel properties,
ionic selectivity and pharmacological properties. As
pharmaceuticals have also been used in studies of
plant calcium channels they will be discussed in
greater detail.

In animals, interest in calcium-channel antagonists
stems from their use as pharmaceuticals, where,
clinically, they have importance in the treatment of
conditions such as coronary heart disease (Naylor
1988). However, these compounds have also proved
useful in the pharmacological characterization of
calcium-channel subtypes and, through the avail-
ability of radiolabelled derivatives have been used in
the purification of calcium-channel subunits. On the
basis of their structure it is possible to divide the
calcium-channel antagonists into a number of dif-
ferent classes. These include the 1,4 dihydropyridines
(for example nifedipine); the phenylalkylamines (for
example verapamil); the benzothiazepines (for exam-
ple diltiazem); the diphenylbutylpiperidines (for
example, fluspiriline) and bepridil. Each class exhibits
a discrete pharmacology with respect to animal
calcium channels which has made them useful tools in
the differentiation of subtypes within the calcium-
channel family. The use of these drugs in the charac-
terization of calcium channels from animal cell mem-
branes has been the subject of a number of recent
reviews (Bean 1989; Campbell ¢t al. 1988; Hosey &
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Lazdunski 1988; Tsien et al.
Striessnig 1990; Porzig 1990).
In animals, one of the most extensively studied
calcium channels is the L-type voc. The use of
complementary approaches including pharmacology,
electrophysiology, protein biochemistry and molecular
biology has allowed the elucidation of the basic
properties of L-type calcium channels and their pivotal
role in excitation-contraction coupling (Glossman &
Striessnig 1990). The channel structure contains five
distinct subunits that co-purify and co-immunopreci-
pitate. It is known that the a;-subunit contains both
the binding sites for calcium channel effectors and the
calcium conducting pore and that it possesses discrete
receptor domains for each class of antagonist (i.e. the
phenylalkylamines, dihydropyridines and benzothia-
zepines). The corresponding cDNAs direct expression
of functional calcium channels in Xenopus oocytes and
restore channel activity and excitation—contraction
coupling in cultured cells from mice with muscular
dysgenesis. The a;-subunit shares structural homology
with sodium and potassium channels and belongs to
the superfamily of voltage-operated channels. The
other subunits have clearly been shown to be encoded
by separate genes; co-expression of the genes for the
other subunits either enhances the amplitude of the
current or modulates the properties of the channel
such as its kinetics or sensitivity to agonists. In
addition, it has been shown that gene expression is
highly tissue specific and may result from alternative
splicing of gene transcripts. The physiology, biochem-
istry and molecular biology of the animal L-type
calcium channel have been the subject of a number of
recent reviews (Bean 1989; Campbell ¢f al. 1988; Tsien
et al. 1988; Glossman & Striessnig 1990, Porzig 1990).

1988; Glossman &

3. PLANT PLASMA-MEMBRANE CALCIUM
CHANNELS

(a) Effects of calcium channel modulators on plant
processes

There is now a considerable body of evidence which
suggests that representatives from the various classes of
calcium-channel antagonist influence a wide variety of
plant processes. In this section, we will assess the
applicability of these compounds to studies of calcium
homeostasis in plant cells. Rather than provide an
exhaustive list of such experiments we will highlight
one example from our own laboratories in which
calcium-channel antagonists and an agonist have been
used in attempts to gain information on the abscisic
acid signal transduction pathway in stomatal guard
cells (Mansfield et al. 1990; Hetherington & Quatrano
1991).

Preliminary evidence supporting the involvement of
calcium ions in ABA-mediated stomatal closure was
provided by De Silva ef al. (1985) who reported that
both verapamil and nifedipine interfered with this
process. This work was recently extended by McAinsh
et al. (1991) in an attempt to determine whether ABA-
stimulated calcium influx from the apoplast or
brought about calcium release from internal stores.
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Figure 1. The effects of Ga’*-channel blockers on ABA-
induced stomatal closure: ABA alone (filled -circles);
ABA +19 pum diltiazem (open circles); ABA + 10 pm nifedi-
pine (triangles); and ABA+10pum (+/—) verapamil
(squares). Values are expressed as the means of measure-
ments made on 90 randomly selected stomata. The least
significant difference, Lsp (p<0.05) is indicated. From
McAinsh et al. (1991); used with permission.

0 10°°

Although none of the compounds used had any effect
on stomatal aperture alone, they all interfered with
the ability of ABA to induce closure (figure 1). In
terms of effectiveness verapamil was greater than
nifedipine while diltiazem had only a minimal effect.
When the stereoisomers of verapamil were tested it
was found that R (+) verapamil was a slightly more
potent antagonist of ABA than S (—) verapamil.
Interestingly, wash-out experiments demonstrated
that inhibition of ABA induced stomatal closure by
verapamil was reversible. Alone, the dihydropyridine
calcium channel agonist BAY K 8644 had no effect on
the turgor relations of the guard cell across a range of
concentrations, whereas some slight effects were
observed in the presence of 500 um free calcium.
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However, compared with the limited data available
from binding studies in isolated carrot microsomal
membranes where the determined Kys for the pheny-
lalkylamines are of the order of 80 nm (table 1)
(Graziana et al. 1988), the concentration of verapamil
at which the reduction in stomatal aperture elicited by
100 nm ABA was inhibited by 509, was approximately
10 pm (figure 1). This in turn agrees with the half
maximal inhibition (Kps) for the phenylalkylamine
inhibition of #Ca flux in carrot protoplasts (table 1)
(Graziana et al. 1988). In animals, similar discrepan-
cies exist between data obtained from binding studies
(performed on isolated membrane fragments), and the
results from #n vivo investigations. The explanation for
this inconsistency may lie in the fact that two
somewhat dissimilar systems are being compared. In
one, binding is studied in membrane fragments with
collapsed membrane potentials in which calcium
channels are (presumably) all in the inactivated state,
while in the other, intact membranes (with a normal
resting potential) are used in which only a proportion
of the channels are in the inactive configuration. Data
supporting the suggestion that experimentally these
systems are not comparable comes from experiments
on animal cells in which the blocking effects of the
1,4 dihydropyridines were studied in membranes held
at potentials less negative than the normal resting
potential. Under these conditions it was found that
blockade was dramatically enhanced at the less nega-
tive potentials. Bean (1984) used these data to calcu-
late that the apparent binding affinity of resting and
inactivated channels for nitrendipine differed by a
factor of more than 1000. Additional factors contri-
buting to the discrepancy between in vivo and in vitro
data may be associated with factors such as pH and
ionic composition which, although optimized for
binding studies may not reflect in vivo conditions.
One of the most striking results from the guard cell
experiments was the observation that none of the
compounds was able to block completely the ABA-
induced reduction in guard cell turgor. A possible
explanation for this result is that in addition to influx

Table 1. Ko5 values (in nm) ¢y" Ca®* -channel inhibitors for half-inhibition of specific ( — ) [3H 888 to carrot microsomes (and
to T-tubule membranes) in comparison with Kos values for half-inhibition of **Ca®* influx into carrot protoplast

(From Graziana et al. (1988); used with permission.)

B2+

binding to carrot binding to carrot flux into binding to
Ca?*-channel inhibitor microsomes microsomes protoplasts T-tubules
(—)D88s8 90 500 3000 2
(+)D888 80 2000 15000 3
(—)-verapamil 40 200 3000 40
(+)-verapamil 300 4000 15000 10
(—)D6000 66 9000 8000 20
(+)D600 165 3000 15000 40
(—)-bedpridil 60 3000 2000 20
(+ )-bedpridil 130 900 5000 15
p-cis-diltiazem 400 d d 60
1-cis-diltiazem 400 d d 900
fluspirilene 900 900 3000 0.4
R 66204 100 100 500

Phil. Trans. R. Soc. Lond. B (1992)
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from the apoplast ABA also induced calcium release
from internal stores. However, it is also possible that
such a result reflects a diversity of calcium channels at
the guard cell plasmalemma some of which are
insensitive to the antagonists. Within the animal
literature there are ample precedents for such a
suggestion. For example, in a number of cardiac cell
types both T- and L-type channels are found (Bean
1989), while in hypocampal pyramidal neurons all
three (T, L and N) calcium-channel types are found
(Tsien et al. 1988). Superimposed upon these observa-
tions are problems associated with either secondary or
non-specific effects. It is possible that at high concen-
trations these drugs could produce non-specific effects
on other channel types. Some of the data reported by
Tester & MacRobbie (1990) are consistent with a
direct effect of the calcium-channel modulators on the
Chara potassium channel. It would seem likely that
the incidence of such non-specific effects would in-
crease with increasing concentrations of the drug.
Further, unpublished results from patch clamp inves-
tigations by B. R. Terry, S. D. Tyerman and G. P.
Findlay indicate that at concentrations as low as 1 um
verapamil, bepridil and nifedipine all inhibit the
Amaranthus plasma membrane cation outward recti-
fier. As it is most likely that this is not a calcium-
dependent potassium channel (Dr. B. Terry, personal
communication), it is clear that the calcium-channel
antagonists are bringing about their effect through
non-specific interactions. These data highlight some of
the problems which can be encountered when com-
pounds of a comparatively undefined (in plants)
pharmacology are used in physiological studies. Only
when single-channel records from plant calcium chan-
nels prove to be routine will it be possible to assess the
degree of specificity of each of the calcium-channel
modulators. Until a full characterization has been
achieved some degree of caution must be observed in
the interpretation of data gained from physiological
experiments based on the use of calcium-channel
antagonists, especially when these compounds are
employed at concentrations greater than 25 pm. How-
ever, at least in the case of the phenylalkylamines
there are now data which suggest that these com-
pounds do inhibit plant calcium-channel activity
(Thuleau et al. 1992).

(b) Approaches to the purification of calcium
channels from plant plasma-membrane

A popular purification strategy has been based on
the capacity of plant membranes to bind specifically
calcium channel effectors (Hetherington & Trewavas
1984; Andrejauskas et al. 1985; Graziana et al. 1988).
However, the results differ between lower and higher
plants. Tritiated dihydropyridine derivatives (and
diltiazem) bind with high specificity to plasma-mem-
brane and endomembranes, derived from algae (Dolle
1988; Dolle & Nultsch 19885). Initial studies sug-
gested that binding sites for dihydropyridines may
exist in higher plants (Hetherington & Trewavas
1984); however, when compared to animals the
amount of specific binding is low. More data are
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available concerning binding sites for verapamil deri-
vatives in lower and higher plants (Dolle & Nultsch
1988a; Graziana e al. 1988).

In all cases, the density of receptor is as high as in
animal membranes and compares favourably with
skeletal muscle which is considered to be the richest
source (Hosey & Lazdunski 1988). However, the
relative affinity is very low in plants (compared to
animals) and hence raises questions about the speci-
ficity of the ligands. For example, although there are
data which suggest that the verapamil class of cal-
cium-channel antagonist binds specifically to isolated
plant membranes, there are no obvious binding sites
for dihydropyridines in zucchini, corn and carrot
membranes (Andrejauskas e/ al. 1985; Graziana et al.
1988), whereas both sites are allosterically coupled in
skeletal and cardiac muscles (Glossman & Striessnig
1990). Moreover, it is apparent that antibodies raised
against animal channels fail to cross-react with plant
membrane preparations (Graziana ef al. 1988). Con-
vincing evidence for the presence of calcium channels
comes from studies performed on tonoplast-free Char-
acean cells. Measurements of inward current under
voltage-clamp have shown that the current was
carried by calcium and was specifically blocked by
calcium channels antagonists (Okazaki & Tazawa
1990). Similarly, dihydropyridine derivatives inhibit
calcium influx into Chara corallina (MacRobbie &
Banfield 1988) but interestingly not into carrot proto-
plasts (Graziana et al. 1988). By the whole-cell tight-
seal voltage-clamp technique it was possible to
demonstrate that both verapamil and dihydropyridine
derivatives inhibit a calcium transport system that
may resemble the L-type calcium channel in corn
protoplasts. Interestingly, the sensitivity to dihydro-
pyridines disappears when the cells become older
(Ketchum & Poole 1991q, b). However, it should be
noted that these data were obtained using an indirect
approach (whole-cell K* currents) and further direct
studies are required in order to confirm these findings.
Nevertheless this might explain why binding sites for
dihydropyridine derivatives are difficult to character-
ize in higher plants (Hetherington & Trewavas 1984;
Graziana et al. 1988). Data from our laboratory
indicate that verapamil derivatives inhibit calcium
uptake and modulate cytoplasmic calcium as a func-
tion of their affinity for membranes derived from
carrot cell-suspension cultures (Graziana ef al. 1988;
Ranjeva et al. 1992). In all cases, the channel
inhibitors are effective on depolarized protoplasts
(Ranjeva et al. 1992). Biochemical studies on putative
L-type calcium channels in plants are still rare.
Detergent-solubilized proteins from corn plasma
membrane retain the ability to bind calcium-channel
inhibitors of the verapamil series (Harvey e/ al. 1989).
After purification the sample was found to be enriched
in four main polypeptides of M, ranging from 30 to
169 kDa. When inserted into lipid planar bilayers, the
preparation was able to conduct ion currents and
exhibited a good specificity for calcium over anions
and other cations (Tester & Harvey 1989). This
suggests that functional calcium channels have been
isolated.
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A complementary approach has been developed
with carrot cell suspension cultures where the pheny-
lalkylamine photoactivitable calcium channel blocker
(LU 49888) has been used to generate covalent
linkage with its potential receptors (Thuleau et al.
1990). In these studies, most of the specific binding
component was located at the plasma membrane and
to a lesser extent at the tonoplast. The label was borne
by a 75 kDa glycopeptide which has been partially
purified. When inserted into giant liposomes, single
channel recordings by patch-clamp exhibit a calcium
conductance that is inhibited by channel antagonists
(Thuleau et al. 1991). All these experimental results
provide strong support for the existence of calcium
conducting structures at the plasma membrane of
plants.

However, there remain some rather enigmatic
observations for which at present there is no imme-
diate explanation. For example, although the number
of potential calcium-channel antagonist binding sites
at the plasma-membrane can be regarded as high
there has yet only been a single direct measurement of
(stretch activated) calcium-channel activity using the
patch-clamp technique (Cosgrove & Hedrich 1991).
As patch-clamp investigations (in higher plants) have
been restricted to protoplasts it is conceivable that
during protoplast production calcium channels are
highly labile. Additionally, it is now apparent that
some of the antagonists are not absolutely specific for
calcium channels and calcium influx may occur
through non specific channels or even through potas-
sium channels (Schroeder & Hagiwara 1990); S. Ass-
mann, personal communication.

(c) Conclusions and future prospects

In this review we have focused upon the results
gained from adopting biochemical and pharmacologi-
cal approaches towards the characterization of the
plant plasma-membrane calcium channel. Currently,
on the basis of results obtained from the use of these
strategies it would be premature to make definitive
statements about the occurrence of plasma-membrane
calcium channels in plants. In addition to the prob-
lems associated with the specificity of the various
calcium channel ligands which we have discussed it is
also apparent from animal work that only 5 to 109, of
the total ligand binding sites represent bona fide
calcium channels (Hosey & Lazdunski 1988). This of
course makes it essential that proteins purified on the
basis of ligand binding are assesed for channel activity
following reconstitution using electrophysiological
procedures.

Nevertheless, with the recent demonstration of a
stretch-activated calcium channel using the patch-
clamp technique (Cosgrove & Hedrich 1992) and our
results which demonstrate that solubilized phenylalky-
lamine binding proteins from plants will exhibit
calcium channel activity when reconstituted (Thuleau
et al. 1992) there is now strong evidence for the
existence of such structures. However, it seems likely
that in order to provide rigorous data on the occur-
rence of plasma-membrane calcium channels in
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plants, their mechanisms of regulation and their
relationship to animal calcium channels that it will be
necessary to adopt a multidisplinary approach using
electrophysiological, biochemical and molecular bio-
logical methods. Towards this end our understanding
of plant plasma-membrane calcium channels will be
greatly facilitated by the cloning and sequencing of
the corresponding channel gene. Once this is achieved
it will be possible to study both the regulation of gene
activity and through expression in model cell systems
accurately describe the properties of the channel at
the molecular level.

We are grateful to the Gatsby Charitable Foundation,
AFRC of the U.K., the French CNRS, Ministére de
PEducation Nationale and the EC for providing research
support during the period of writing this review.
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