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Voltage-Dependent Calcium Channels in 
Plant Vacuoles 

Free calcium (Ca2+) in the cytoplasm of plant cells is important for the regulation 
of many cellular processes and the transduction of stimuli. Control of cytoplasmic 
Ca2+ involves the activity of pumps, carriers, and possibly ion channels. The 
patch-clamp technique was used to  study Ca2+ channels in the vacuole of sugar beet 
cells. Vacuolar currents showed inward rectification at  negative potentials, with a 
single-channel conductance of 40 picosiemens and an open probability dependent on 
potential. Channels were inhibited by verapamil and lanthanum. These channels 
could participate in the regulation of cytoplasmic Ca2+ by sequestering Ca2+ inside 
the vacuole. 

F LUCTUATIONS IN THE AMOUNT OF 

cytoplasmic calcium (Ca2+,,,) are in- 
volved in the regulation of many cel- 

lular processes in animal cells (1); thus the 
concentrations of Ca2+,, must be under 
tight control. In most animal cells, increases 
in the amount of Ca2+, occur as Ca2+ 
moves through selective channels in the 
plasma membrane and in the membrane of 
intracellular organelles (mainly the endo- 
plasmic reticulum) (1). Decreases in the 
amount of Ca2+, occur primarily through 
the activity of Ca2+ pumps and Na+/Ca2+ 
exchangers (2). 

Similarly, Ca2+,,, regulates the physiol- 
ogy of plant cells. Several cellular aspects 
are affected, including phototropism and 
geotropism (3), ion fluxes in the vacuole 
(tonoplast) and plasma membrane ( 4 ) ,  and 
photosynthesis ( 5 ) .  It has been postulated 
that increases in ~ a ~ + , , ,  in plant cells can 
be induced by inositol 1,4,5-trisphosphate 
(InsP,)-stimulated Ca2+ channels found 
in the tonoplast (6). Decreases in the 
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amount of Ca2+,,, may be controlled by 
plasma membrane-bound Ca2+ pumps (7) 
and tonoplast-bound H+/Ca2+ antiports 
(8); the latter would sequester Ca2+ inside 
the vacuole. Here, we describe voltage- 
dependent channels that allow the move- 
ment of Ba2+ (used as a Ca2+ analog) into 
the vacuole of sugar beet cells. 

Currents carried by Ba2+ (9) were re- 
corded in the whole vacuole as well as in 
isolated outside-out patches of tonoplast 
(10). Vacuolar currents showed a strong 
inward rectification, that is, the magni- 
tudes of the currents elicited by negative 
polarization of the vacuole were much larg- 
er than those elicited by positive polar- 
ization (Fig. 1A). Whole-vacuole inward 
currents reached steady state 2 to 3 s after 
the onset of the voltage pulse. When BaCI, 
was substituted by KC1 on the cytoplasmic 
side of the vacuoles and the concentration 
of Ca2+,,, was less than M (I I ) ,  
voltage pulses of between - 100 and + 100 
mV elicited only small instantaneous cur- 
rents (Fig. lA, bottom). Thus, the inward 
rectification obtained with BaCl, is the 
result of Ba2+ moving into the vacuole and 
is not due to the movement of vacuolar CI- 
in the opposite direction. With vacuoles 

exposed to symmetrical BaCl, solutions, 
inward currents were not observed, sug- 
gesting that intravacuolar Ba2+ may have 
blocked these currents (12). Positive 
potentials elicited only small outward cur- 
rents under both conditions (Fig. 1B). The 
magnitude of the inward currents, how- 
ever, increased as the tonoplast potential 
was made more negative. The similarity 
of the results from both Ba2+ concentra- 
tions in Fig. 1B indicates that the cur- 
rents may have reached saturation. The 
currents elicited in vacuoles exposed to the 
100 mM KC1 bathing solution were of 
smaller magnitude than those with Ba2+ 
and varied linearly in the range of voltage 
studied. 

Calculations from the Boltzmann plot 
(Fig. 1C) indicate that the Ba2+ currents 
are less sensitive to the electric field across 
the vacuole than the Ca2+ currents in 
animal cells where the slope z = 4 (13). 
These results also suggest that the vacuolar 
Ba2+ currents require more energy to 
change from the closed to the open state, as 
compared to K+ currents from the sarco- 
plasmic reticulum of muscle cells, where 
the Gibbs free energy AGi = 1.56 kcal 
mol-' (14). 

An estimate of the selectivitv of the 
channels was obtained by the tail-currents 
method (Fig. 2). Inward currents reversed 
at 10 mV (E,,,) with 30 mM Ba2+ in the 
cytoplasmic side and 100 mM K+ in the 
vacuole. Similar values were obtained from 
five different vacuoles. With this value of 
E,,, and using a modification of the Gold- 
m a n - ~ 0 d ~ k . i ; - ~ a t z  equation (15), we cal- 
culated a permeability ratio PB,2+/P,+ of 
2.3. 

Currents inactivated within 10 min. thus 
preventing further characterization of the 
inward currents (Fig. 2C). The magnitude 
of the currents elicited by the activating 
voltage pulse to - 100 mv-decreased as the 
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experiment proceeded, reaching about 
one-half the initial value within 5 min. This 
current decrease could not be accounted 
for by a partial resealing of the pipette, 
because at the end of every experiment the 
magnitude of the vacuolar capacitance re
mained unchanged (12). 

Using outside-out patches, we resolved 
inward currents at the single-channel level 
(Fig. 3). The magnitude of the current 
moving through a single channel increased 
as the patch potential was made more 
negative. Clamping the patch of tonoplast 
to positive potentials failed to stimulate the 
opening of single channels. This result 
indicates that ion channels are the unitary 
entities for the macroscopic currents re
corded in the whole-vacuole experiments. 
The open probability of the channels was 
dependent on the tonoplast potential, as 
shown by the increase in the number of 
channels opening simultaneously and also 
by an apparent increase in the mean open 
time (Fig. 3A). In contrast to the whole-
vacuole currents, the single-channel cur
rents did not inactivate with time and in 
some cases it was possible to record these 
currents over a period of 20 min. Single-
channel currents of the tonoplast (J s c) 
were blocked by specific inhibitors of Ca2 + 

channels in animal cells (Fig. 3B). In the 
presence of verapamil, only brief openings 

were observed with no apparent reduction 
in the magnitude of the 7SC, suggesting 
that this inhibitor may reduce the mean 
opening time, rather than plugging the 
channel, as observed for the inhibition of 
Ba2+ currents in ventricular cells by nitren
dipine (16). Lanthanum (5 mM) inhibited 
the single-channel currents more strongly, 
as no openings were observed (12). 

Single-channel current-voltage (/Sc~K) 
relations showed that the inward recti
fication—also observed in the whole vacu
ole—was a result of the inability of the 
channels to allow the movement of ions in 
the outward direction (Fig. 4A). The 
Isc-V relations were approximately ohmic 
between 0 and - 70 mV at any concentra
tion of Ba2+

cy t , with a slope conductance 
of about 40 pS for 100 mM Ba2 +

c y t , and 
the PBa2+/^K+ r a t i ° w a s 5 t o 7. Between 
10 and 100 mM Ba2+

cy t , the extrapo
lated £ r e v values moved toward the equi
librium potential for Ba2+ (Fig. 4A, ar
rows), further indicating that the inward 
rectifying currents were carried by Ba2 + . 
The magnitude of 7SC showed a tendency 
to saturate with increasing concentrations 
of Ba2 +

c y t , in accord with Michaelis-
Menten kinetics (Fig. 4B). The saturation 
of the single-channel currents correlated 
well with the whole-vacuole experiments 
(see Fig. IB). 

Beet cell tonoplast has channels that 
allow the movement of Ba2 + into the 
vacuole in a voltage-dependent manner, 
showing a strong inward rectification at 
negative vacuolar potentials. The Ba2 + cur
rents obtained in this work are through 
Ca2+-selective channels. These tonoplast 
Ca2 + channels showed several properties 
comparable to those observed for L-type 
Ca2 + channels in animal cells (15): (i) the 
magnitude of 7SC saturates with increas
ing Ba2 +

c y t , with the dissociation con
stant Kd and the maximum current 7max 

close to those for animal cells (28 mM and 
1.6 pA, respectively); (ii) there is a 
single-channel conductance with 100 mM 
Ba2 +

c y t of 40 pS as compared to that 
of 25 pS in ventricular myocytes; (iii) 
verapamil and La3 + inhibit the Ca2 + chan
nel; (iv) there is a nonapparent inactiva-
tion of the single-channel currents; and 
(v) Sr2 + can substitute for Ba2 + as the 

Fig. 2. Reversal potential and inactivation of the 
Ba2+ currents. (A) Inward currents were activated 
by -100-mV pulses for 5 s and deactivated from 
a steady level by stepping down the voltage to 
-80 mV. This protocol was repeated 15 times 
with the deactivation pulse increased by 10 mV 
for each following pulse. (B) The inward currents 
reversed direction at 10 mV. For clarity, only the 
responses to deactivating pulses between -60 and 
30 mV are shown. (C) Inactivation of the Ba2+ 

currents during the recording of the reversal of 
the inward currents. The magnitude of the cur
rents elicited by the activating voltage pulses 
decreased continuously from the first pulse (bot
tom trace) to the last one (upper trace). The 
duration of the experiment was 3.75 min. Bathing 
solution in both (B) and (C) contained 30 mM 
BaCl2, and the pipette solution was as in Fig. 1. 
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Fig. 1. Voltage-depen
dent Ba2+ currents in 
the whole-vacuole con
figuration. (A) (Top) 
Currents from intact 
vacuoles were elicited by 
the application of volt
age pulses ranging from 
+100 to-100 mV from 
a holding potential of 0 
mV. (Center) With vac
uoles exposed to a bath
ing solution containing 
30 mM BaCl2, pulses up 
to +100 mV elicited 
only small instantane
ous outward currents, 
whereas polarization of 
the vacuole to potentials 
more negative than -40 
mV evoked large and 
time-dependent inward 
currents. (Bottom) Re
placing BaCl2 with 100 
mM KC1 in the bath so
lution eliminated the 
large time-dependent in
ward currents. (B) Current-voltage relations from whole-vacuole experiments. Inward currents 
recorded with 30 mM (•) or 50 mM (O) BaCl2 in the bath were of similar magnitude at all negative 
potentials. With 100 mM KC1 in the bath (A), the instantaneous currents showed a linear relation 
between +100 and -100 mV. (C) Boltzmann plot of the currents recorded with 30 mM BaCl2 in the 
bath. The relative conductance (0) is defined as the G/Gmax ratio. The line is a least squares fit of slope 
(z) 1.6 and y-intercept of AG{ = 2.05 kcal mol-1. Pipette solution (inside the vacuole) contained 100 
mM KC1,1 mM CaCl2, 2 mM MgCl2, 5 mM tris/MES, pH 5.5, adjusted to 450 mosmol with sorbitol. 
All bathing solutions contained 2 mM MgCl2, 5 mM tris/MES, pH 7.5, and BaCl2 or KC1 at the 
concentrations indicated. Points are the mean ± SE of at least four measurements. Where the SE is not 
shown, it was smaller than the symbols. 
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Fig. 3. Single-channel re- 
cordings of BaZt currents. 
Outside-out patches of 
tonoplast were continuously 
polarized to the voltages 
shown on the left. (A) Step- 
like events were recorded 
only when the patches of 
tonoplast were held at 
potentials of between 0 and 
-70 mV, indicating the 
opening (0) and closing (c) 
of single channels. The pres- 
ence of more than one chan- 
nel in the patches was indi- 
cated by the occurrence of 

Patch of plant cells are much slower (sec- . . 
onds) than in animal cells (milliseconds) 

oO.o (15); (ii) the sensitivity of the currents to 
-2.0 the electric field across the tonoplast is 

simultaneous openings (o,, I: ---- O3 
o,, . . ., 0,). ( 6 )  Addition of 
250 pM verapamil to the 
bath iuhibited the channel 
activity as indicated by the - - -  01 --. 

brief openings and the ab- 
---- O2 sence of simultaneous 

events. (A) and (B) are rec- 100 rns 

ords from the same patch 
exposed to 50 mM BaCI,; similar results were obtained with two 
different patches. (C) Analysis of amplitude histograms from the 
single-channel records (20) showed that Po of the channels increased n 
between 0 and -50 mV, reaching a maximum at -60 to -70 mV. 0.04 e 
Data from five different patches (mean ? SE). Experimental conditions n 

C 
were as in Fig. 2. 
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-80 -40 0 
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smaller (13); and (iii) the selectivi6 of the 1 -3.0 tonoplast channels between divalent and 
monovalent cations is much smaller than 

3 0  1 B A for the plasma membrane of animal cells 

3.0 
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Fig. 4. (A) Current-voltage relations (Isc-V) 
from single-channel recordings of tonoplast. With 
100 mM KC1 in the recording pipette and 10 mM 
(M), 30 mM (O), 50 mM (e), or 100 mM (0) 
BaCI, in the bath, the magnitude of the single- 
channel currents varied linearly with the patch 

- 

-. 
charge carrier (12). However, several dif- 

.. ferences were observed: (i) the activation 
20 60 100 and inactivation kinetics in the vacuole 

(15). 
Activation of the tonoplast inward recafylng 

Ca2+ channels may function as an alternative 
mechanism for the regulation of Ca2+,, in 
plant cells through a negative feedback mecha- 
nism. Under conditions that may induce the 
production of intracellular h P ,  (that is, hor- 
mones or light) activation of outward Ca2+ 
channels in the tonoplast (6)  would increase 
Ca2+,, levels with a concomitant polarization 
of the tonoplast to about - 100 mV, close to 
the equilibrium potential for Ca2+ (ECa2+) 
(17). Moreover, Ca2+,, would be further in- 
creased by the hP,-induced Ca2+ release 

potentid. Least squares andysis gave E,, oi' -3, from the .endoplasmic reticulum (18). As a 
2 6 2 9 ,  and 33 mV (arrows) for 10, 30, 50, and a higher cytoplasmic ele-- 
100 mM Ba2+, respectively. ( 6 )  Dependence of 
Is, amplitude on the activity (a) of Ba2+,,*. The chemical potential for Ca2+ would be estab- 
I,, vdues at -60 mV were plotted against a lished, activadng the vacuolar inward Ca2+ 
BaZtV The magnitude of I,, showed an appar- channels for the removal of Ca2+,. Regula- 
ent saturation at 100 mM ~ a ' + ~  The curve was tion of the remaining ca2+, would be 
fitted eye. (Inset) of the achieved by the plasma membrane ca2+ 
points with an Eadie-Hofstee plot gave an appar- 
ent K, = 16.2 mM and a I,, ,, = -3.44 p ~ .  O S ~ I I ~  triphosphatase (7) and the vacuolar Ht/ 
Data are the mean 2 SE of at least four patches. Ca2+ andport (8). 
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Structure, Expression, and Antisense Inhibition of the 
Systemin Precursor Gene 

A gene that encodes systemin, a mobile 18-amino acid polypeptide inducer of 
proteinase inhibitor synthesis in tomato and potato leaves, has been isolated hom 
tomato, Lycopersicon esculentum. Induction of proteinase inhibitors in plants is a 
response to insect or pathogen attacks. The gene has 10 introns and 11 exons, ten of 
which are organized as five homologous pairs with an unrelated sequence in the 
eleventh, encoding systemin. Systemin is proteolytically processed from a 200-amino 
acid precursor protein, prosystemin. Prosystemin messenger RNA was found in all 
organs of the plant except the roots and was systemically wound-inducible in leaves. 
Tomato plants transformed with an antisense prosystemin complementary DNA 
exhibited greatly suppressed systemic wound induction of proteinase Inhibitor I and I1 
synthesis in leaves. 

P LANTS HAVE INDUCIBLE DEFENSES 

in response to pathogen or herbivore 
attacks (1-4), including systemic 

synthesis and accumulation of serine pro- 
teinase inhibitors that inhibit the digestive 
proteinases of insects and microorganisms 
(5-8). The wound-induced synthesis of 
such inhibitors results from transcriptional 
activation of the inhibitor genes (9) and 
has been described in a variety of species 
including tomato (10, 11), potato (12), 
alfalfa (13, 14), cucurbits (15), and poplar 
trees (16). Wounding results in the rapid 
accumulation of inhibitors not only in 
wounded leaves but also in distal, un- 
wounded leaves, indicating that a signal, or 
signals, released from the wound site trav- 
els throughout the plant. Proposed signals 
include pectic fragments derived from the 
plant cell wall (17), the lipid-derived mol- 
ecule jasmonic acid (18), the plant hor- 
mone abscisic acid (19), electrical poten- 
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tials (20, 21), and an 18-amino acid 
polypeptide called systemin (22). Systemin 
was isolated from the leaves of tomato 
plants where it induces the synthesis of two 
proteinase inhibitors. Radioactively la- 
beled systemin, when applied to a wound 
site, was rapidly translocated to distal tis- 
sues. We now report the cloning and char- 
acterization of the cDNA and gene encod- 
ing systemin. 
' We isolated a systemin cDNA by screen- 
ing a primary cDNA library synthesized 
from tomato leaf mRNA with an oligonu- 
cleotide corresponding to amino acids 12 
through 18 of systemin (23). Approximately 
50 positive clones were identified and re- 
screkned with a second oligonucleotide cor- 
responding to amino acids 1 to 6 of sys- 
temin. Of the initial positive clones, only 
one hybridized to the skcond probe; it was a 

cDNA encoding the systemin poly- 
peptide within a larger protein, prosys- 
temin. 

This partial cDNA consisted of 839 bp, 
although Northern (RNA) blot analysis 
indicated that the systemin mRNA was 1 
kb. We determined the complete prosys- 

temin mRNA sequence by sequencing the 
prosystemin gene (24) and mapping the 
transcriptional start site (25). The open 
reading frame was 600 bp encoding a 
200-amino acid prosystemin protein (Fig. 
1) .  Identification of the initiating methio- 
nine codon was made on the basis of two 
criteria: multiple stop codons immediately 
5' to the methionine codon and an adjacent 
sequence similar to the plant consensus 
sequence for translational initiation (26). 

Of the 200-amino acid prosystemin, 
amino acids 179 through 196 encode sys- 
temin. Prosystemin contains a high per- 
centage of charged amino acids (aspartic 
acid, 10%; glutamic acid, 17%; lysine, 
15%) but very few hydrophobic amino 
acids and is therefore quite hydrophilic. 
We did not find a hydrophobic region at 
the NH,-terminus that resembled a leader 
peptide, and the posttranslational process- 
ing pathway and site of subcellular com- 
partmentalization of prosystemin are unde- 
termined. Neither the cDNA nor the 
deduced protein precursor sequences had 
homologs in either GenBank or the Euro- 
pean Molecular Biology Laboratory data 
bank. 

The putative processing sites bordering 
systemin did not conform to the consensus 
sequence for endoproteolytic processing 
sites flanking bioactive peptides in animal 
prohormone precursors (27). The animal 
consensus sequence was, however, found 
once in prosystemin at amino acid residues 
183 through 188, which are part of the 
mature systemin polypeptide. The half-life 
of systemin may be regulated by hrther 
processing at this site. In animal systems 
prohormones are often processed to yield 
multiple bioactive peptides (28, 29), al- 
though we have no evidence to suggest 
that other bioactive polypeptides are de- 
rived from prosystemin. 

Prosystemin is encoded by a single gene 
that consists of 11 exons and 10 introns 
(Fig. 2, A and B). The transcriptional start 

1 MGTPSYDIKNKGDDMQEEPKVKLHH 

26 EKGGDEKEKIIEKETPSQDINNKDT 

51 ISSYVLRDDTQEIPKMEHEEGGYVK 

76 EKIVEKETISQYIIKIEGDDDAQEK 

101 LKVEYEEEEYEKEKIVEKETPSODI 

176 EDLAVQSKPPSKRDPPKMQTDNNKL 

Fig. 1. Amino acid sequence of prosystemin (38). 
The systemin sequence is underscored with a dou- 
ble line. A polypeptide sequence element repeated 
five times is underscored with a single line. Gen- 
Bank accession numbers for prosystemin cDNA 
and gene are M84800 and M84801, respectively. 
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