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Introduction 

In 1983 when visiting the German Botanical Con- 
gress in Vienna to present out initial studies on 
the identification of the first plant K + channel 
[73], the previous speaker finished his talk with 
the conclusion that unlike animals which use 
channels like drums, plants are more sophisti- 
cated since like playing a melody on a piano they 
are able to bring various carder types and pumps 
into play. 

In the light of the rapid progress in the field of 
plant membrane transport/biology during the past 
decade both statements turned out to be incor- 
rect: 

1) both animal and plant cells take advantage of 
ion channels, carriers, and pumps and 

2) plant and animal K + channels are structurally 
closer related than was ever expected [93]. 

Because of this similarity on one hand and the 
presence of action potentials in both branches of 
the evolutionary tree on the other, one might sug- 
gest that with respect to function a common set 
of membrane elements has been evolved. The 
'green circuits', however, differ anatomically from 
their animal counterparts and with regard to their 
composition in electrogenic elements. Although 
higher plants contain nerves, they are generally 
not concerned with the transmission of action 
potentials. These transport elements mediate the 
long distance water and nutrients supply of the 
various plant tissues such as roots, shoot, leaves, 
flowers, and developing buds. 

The first models which have been constructed 
following electrophysiological recordings from 
'sensitive' plants like Mimosa pudica, Samanea 
saman, or Dionaea muscipula to describe the pe- 
culiar fast transmission of electrical signals initi- 
ated at the site of stimulation spreading out all 
over the plant were applied to other plants, in- 
cluding vegetables. These models generated ac- 
cording to that of Hodgkin and Huxley [36] on 
the ionic basis of action potentials and its propa- 
gation within nervous systems involve conductive 
elements and shields. In nerve cells the cable is 
presented by the intracellular/-axonal electrolytes. 
The plasma membrane isolating the conductive 
cytoplasm is equipped with ion channels often 
located at specialized regions such as the nodes 
of Ranvier along the axon. Activation of voltage- 
dependent ion channels allows the permeation of 
charged molecules along their electrochemical 
gradients and thus propagation of an electrical 
signal. 

In 1984 ion channels have been discovered in 
plants, too [54, 73]. Since then, however, these 
electroenzymes have neither been correlated to 
conductive macrostructures like the xylem or 
phloem nor have clusters of extremely high chan- 
nel density been described in excitable plant cells. 1 
Therefore four questions are still matter of debate: 

1. Do electrical signals travel along the xylem 
and/or phloem or are other not yet defined 
structures involved? 

2. Do isolators, functional equivalent to 
Schwann cells, such as polymeres (wax or 

1 Evidence for a high anion channel density has recently been reported for Chara, a giant green alga [96]. 
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suberines) shield entire excitable plant cells or 
tissues to form a cable-like structure? 

3. Is excitability in animals and plants founded 
by a similar set of ion channels or is there 
evidence for 'green circuits'? 

4. Besides excitability, are 'green' ion channels 
required to fulfil plant specific tasks? 
Summarizing the progress in the field of plant 

ion transport, this review will concentrate on 
'green circuits' and plant specific ion channels or 
properties which trigger them. 

A. The plant action potential 

In contrast to animal cells Na ÷ does not play a 
fundamental role in excitability; for non-halo- 
phytes Na + is even toxic with respect to growth 
and development. Instead of using Na + channels 
to depolarize the plasma membrane the 'green 
circuits' take advantage of voltage-dependent 
anion channels [7]. Furthermore, the uptake of 
sugars and amino acids or even ions in cotrans- 
port with Na + in their 'red' counterparts, is 
coupled in plants to the free enthalpie of the H + 
gradient [66, 23, 46, 99, 58, 69]. In the context of 
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Fig. 1. Voltage dependent ion transporters in the plasma membrane of higher plant cells. A. Physiological direction of ion fluxes 
through K + uptake and K + release channels, anion channels and the H + -ATPase. B. Activation curves, representing the rela- 
tive conductance as a function of voltage for the ionic pathways shown in A (0 = closed channel; 1 = open channel). Voltage range 
fractionation, shift in the activation curve and its direction along the voltage axis is indicated by horizontal arrows. Upward and 
downward arrows on top of the activation curves for the individual ion channels behind the effectors indicate the direction of 
concentration change able to modify the membrane property in the given manner. Following resting levels for the various effec- 
tors were assumed: 30 mM K ÷ , pH 7.0, < 100 nM Ca 2+ , 0 mM auxin and malate. Depending on the effector concentration the 
working range of guard cell anion channel 1 (GCAC1) is overlapping with K ÷ uptake and K + release channels. Note, that the 
activation curve for the H + -ATPase overlaps with each ion channel. Simplified activation curves were constructed from single 
Boltzman distributions which correlate quantitatively to data in the given literature. 
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Fig. 2. Voltage dependent ion transporters in the plasma membrane of higher plant cells. A. Physiological direction of ion fluxes 
through K + uptake K + release channels, Ca 2 + channels,  anion channels and the H +-ATPase. B. Activation curves, change in 
the relative conductance as a function of voltage for the ionic pathways given in A (0 = closed channel; 1 = open channel). In the 
absence of gating modifiers for the anion channel (cf. Fig. 1B), a C a  2+ channel with an activation threshold in the range of the 
resting potential upon stimulation could provide the initial depolarizing conductance of the plasma membrane. The resting potential 
is assumed to be located in the range of -250 to -150 inV. 

cotransport it should be mentioned, however, that 
some archaebacteria can use the H + gradient as 
well as the Na + gradient to create energy [37]. 

The sequence of events during the plant action 
potential might include the activation of Ca 2 + -, 
voltage-, and time-dependent anion channels 
[28, 33 and references therein]. Opening of anion 
channels will depolarize the plasma membrane 
towards the activation threshold of voltage- 
dependent K + channels which in turn will repo- 
larize the membrane [78]. The shape of the action 
potential and its kinetics is determined by the 
relative contribution of the ionic conductances at 
rest - such as the inward-rectifying K + channels 
and the H + ATPase, responsible for the often 

very negative resting potentials. In the face of 
time-dependent (inactivating) anion channels 
[28] the termination of the action potential does, 
however, not consequently involve outward- 
rectifying K + channels. This is even more pro- 
nounced in the presence of hormones or signal 
metabolites [53, 29], which would separate the 
working range of anion channels from that of K + 
release channels. 2 This situation is given when 
ligands such as auxin or malate shift the activa- 
tion curve of the guard cell anion channel 1 
(GCAC1) negative, towards the resting potential 
of the cell (Fig. 1B) and/or inactivation is com- 
pleted before voltage- and time-dependent K ÷ 
release channels open [75, 43]. 

2 Note, that cell types such as guard cells or suspension cultured cells are equipped with anion channels which differ in voltage- 
dependence, unit conductance, and ligand sensitivity [108, 28, 53]. 
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Since voltage-dependent anion channels in 
plants require elevated cytoplasmic Ca 2 + levels, 
the activation of  Ca 2 + permeable channels in the 
plasma membrane and/or  the vacuolar membrane 
are proposed to represent an initial step within an 
action potential [33 ]. In line with this prediction 
several kinds of Ca 2 + permeable channels have 
been found in both membranes,  the activation of  
which is still under investigation [ 15, 102, 83, 98]. 
Equivalent to the heart muscle action potential 
voltage-dependent,  slowly inactivating Ca 2+ 
channels may dominate the depolarization phase. 
Indeed, evidence for the existence of L-type like 
Ca R+ channel in coexistence with a voltage- 
dependent  anion channel has been reported re- 
cently for carrot cells [98, 5]. 

Voltage- and ligand-dependent anion channels 
in conjunction with K +- and Ca 2+ channels as 
well as an electrogenic H ÷ -ATPase may allow 
specialized plant cells or plant cells within their 
developmental program to respond to the vari- 
ability in the environmental conditions by changes 
in the electrical activity of  the plasma membrane 
(Fig. 2). The transduction of  signals and informa- 
tion could hence be encoded by the shape of  a 
single action potential or frequence of  firing. Be- 
sides their macroscopic organization a character- 
istic feature of  the 'green cables' is the absence of  
voltage-dependent Na + channels in favour of  
voltage- and ligand-sensitive C1 channels. 

B. Plant specific properties of  'green ion channels' 

Whereas excitability and consequently the pres- 
ence of  voltage-gated ion channels in animals is 
restricted to only a few, highly differentiated cell 
types, this class of channels was found through- 
out all plant species, cell types and developmen- 
tal stages studied so far (Tables 1-3 and [27]). 
Compared to animals, plants are omnipotent and 
can adapt more easily to limitations in their neigh- 
bourhood since programs for pattern formation 
and e.g. differentiation are redundant.  Therefore 
a plant is more robust, which is an important  
property in the light of  their inability to flee from 
unfavourable environmental conditions. During 
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their life cycle plants have to overcome periods 
where water supply is limiting (water/drought 
stress), the Na  +, C1- and pH in the soil is in- 
creasing (salinity stress) or is characterized by the 
presence of  toxic cations released from heavy 
metall containing minerals by acid rain (e.g. 
AP+-toxicity).  Omnipotence and adaption is 
therefore based on the ability of  almost all plant 
cells and/or  tissues to de-differentiate before in- 
dividual clones start their developmental pro- 
grams again. Germination,  root- or shoot forma- 
tion, and reproduction requires the differentiation 
into specialized cell types with distinct tasks such 
as 
secretion of lytic enzymes, 
slime, sugars and salt 

photosynthesis 
movement (turgor-driven) 

microbe/pathogen interaction 
uptake, release and long 
distance transport of nutrients 
and water 

aleuron cells of growing 
seeds or cells in the root 
tip or gland cells 
mesophyll cells 
guard cells and cells in 
the pulvinus, modified leaf 
cells in carnivorous plants 
root-hair cells 
cells in xylem and phloem 

We have just started to gain new insights into 
the abundance, distribution, function and molecu- 
lar structure of the various channel types in cells 
performing different tasks, we will focus on three 
voltage-dependent channel types for the following 
reasons: 

K + channels 

Anion channels 

Channels of the 
slow vacuolar 
(SV-) type 

- a family of voltage-gated, inward- 
rectifying channels of known func- 
tion and molecular structure 

- a diverse class of ion channels 
where at least the functional proper- 
ties of a voltage-gated one in guard 
cells has been investigated in detail. 

- a voltage-gated channel type found 
in all plants and cell types looked at. 

K + uptake channels seem to represent a gen- 
eral feature of plant cells (see Table 1). Voltage- 
dependent K + uptake channels slowly activate 
when the plasma membrane is hyperpolarized to- 
wards potentials more negative than -80  to 
-100 mV [27, 4]. Upon prolonged stimulation by 

voltage this K ÷ channel does not inactivate. Un- 



like its functional counterpart in animal cells and 
outward-rectifying depolarization activated po- 
tassium release channels in plants, the voltage- 
dependence of the inward rectifier is insensitive 
towards changes in extracellular K + concentra- 
tion [35,45, Bertl, pers. communication]. The 
substrate dependence of the current amplitude, 
however, is characterized by a Michaelis-Menten 
kinetics with a n  K m of 3--4 mM [80]. 

Very negative membrane potentials and K + 
uptake are generally accompanied by a high H + - 
ATPase activity [49], proton release and subse- 
quent acidification of the extracellular/cell wall 
space [87]. In line with its supposed physiologi- 
cal function this channel is sensitive to pH 
changes. At neutral pH the K + current amplitude 
is small. Upon acidification the threshold poten- 
tial of activation shifts more positive and conse- 
quently current amplitude and kinetics increase 
[12, 31, 56]. The plant-specific properties of this 
K + channel, provided by sustained activity upon 
voltage activation, K + selectivity within the range 
for the K + concentration found in the extracel- 
lular space of plants, 3 and linkage to the chemi- 
osmotic motor via its voltage- and pH depen- 
dence, are in agreement with its physiological role: 
K + uptake and regulation of turgor and volume. 

When the first molecular structures of K + up- 
take channels from Arabidopsis thaliana (KAT1, 
AKT 1) appeared they where surprisingly homolo- 
gous to those of the Shaker family of voltage- 
dependent outward-rectifying channels rather 
than to their physiological animal equivalents [86, 
3, 35, 45]. Following functional expression in Xe- 
nopus oocytes, insect cell lines (e.g. SJg) and yeast 
the gene product indeed carried the characteris- 
tic features of plant inward rectifiers [68, 31, 32 ]. 
Since its location within the plant is unknown its 
cellular function is still an open question. Because 
of the striking similarities in the electrophysiologi- 
cal fingerprint of KAT 1 and the guard cell inward 
rectifier, KST1, its related gene in Solanum 
tuberosum, has been isolated from this cell type by 
heterologous screening [56]. Molecular localiza- 
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tion and comparison of its in vivo (guard cell pro- 
toplasts) and in vitro (functional expressed in oo- 
cytes) properties indicated that inward K + 
currents in potato guard cells seem to result from 
the activity of the KST1 gene product only, even 
though a low expression of the potato guard cell 
AKTl-homologue (SKT1) could be determined 
(MOller-ROber, pers. communication). Future 
analysis of the phenotype oftransgenic plants with 
regard to K + channel expression may allow a 
more detailed understanding of its physiological 
contribution during growth, development (spe- 
cialization), movement, and reproduction. Analy- 
sis of the subunit composition (monomers, 
homo-, heterooligomers) and stochiometry or 
presence of regulators within an individual cell 
type or tissue together with its electrophysiologi- 
cal fingerprint should give new insights towards 
the understanding of the basis of functional di- 
versity. The clarification of its plant cell-specific 
differences, such as selectivity, susceptibility to 
blockers, and threshold potential of voltage acti- 
vation (Table 1) together with the analysis of mu- 
tants and structural chimera between 'red' and 
'green' members of K + channel families, will pro- 
vide the missing link between their structure and 
function. Within this context the question about 
the molecular structure of the 'green' outward rec- 
tifier and whether or not it is related to Shaker is 
of prime interest. 

Anion channels are characterized by a great 
diversity in both branches of the phylogenetic tree 
of life (for plants see Table 2). This fact as well as 
the lack of any structural information prevents 
the identification of the individual counterparts in 
each phyla. 

Nevertheless a plant specific anion channel re- 
presents the voltage- and C a  2 ÷ -dependent guard 
cell anion channel 1 (GCAC1). Its physiological 
role, a depolarizing activity (see above), and its 
electrophysiological properties resembles those 
of voltage-dependent Na ÷ channels in animal 
nerve- or muscle cells [34, for review]. In guard 
cells and plant cells in general the opening of 

3 F o r  K + u p t a k e  a t  n M  K + c o n c e n t r a t i o n s  f r o m  the  soil  see K ÷ / H  ÷ s y m p o r t e r s ;  [69].  

[407] 
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Table 2. Comparison of the basic characteristics of plant anion channels. 

Plant Membrane Conductance Selectivity Activation Reference(s) 

Suspension cels PM 100 pS C1- > K  ÷ hyperpolarization [71] 
Asclepias tuberosa 

Suspension cells PM 200 pS NO3- >C1-  > K  + > A s p  hyperpolarization [95] 
Amaranthus tricolor 

Suspension cells PM 15 pS depolarization [ 108] 
Nicotiana tabacum ATP 

Roots PM 4 pS NO3- >__CI- > I -  ~ PO43 -,C104- [88] 
Triticum aestivum 
Triticum turgidum 

Mesophyll cells TM 65-150 pS N O £  >C1 depolarization [72] 
Peperomia metallica 

Cotyledons PM 5-40 pS voltage-independent [47] 
Arabidopsis thaliana 

Stem cells PM 86; 146 pS C1- > K  + stretch [21] 
Nicotiana tabacum 

Epidermal cells PM 300 NO 3 > C1 - = Br -  > I > F -  > Mal 2- hyperpolarization [ 17] 
Pisum sativum 

Guard cells PM 34 pS; 59 pS A -  > K  + stretch [74] 
Comrnelina communis 

Guard cells PM 24-39 pS NO3- > I -  > Br -  > C1- > Mal 2 depolarization [40, 28, 48, 
Viciafaba Ca 2 +, ATP 29, 16] 
Xanthium strumarium 

Guard cells PM 1;33 pS depolarization [81, 82] 
Vicia faba Ca 2 + 

Guard cells PM 27 pS; 13 pS C1- > K  + stretch [15] 
Vicia faba depolarization 

anion channels results in anion release from the 
cytoplasm into the extracellular space. Anion ef- 
flux is driven by the negative membrane potential 
and outward-directed anion gradient. The cyto- 
plasmic concentration of e.g. C1- is in the order 
of 50 mM. In contrast to animal cells, where the 
C1- extracellular concentration exceeds that of 
the cytoplasm, plant cells are exposed to pond 
water-like media of low ionic strength (2-6 mM 
CI - ; [ 91 ]). Therefore energy-coupled anion up- 
take systems, taking advantage of the plasma 
membrane proton gradient were postulated [94, 
for recent progress in the conformation of the 
cotransport hypothesis see 23, 64, 65]. Under 
conditions of extreme salt stress where the chlo- 
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ride concentration reaches sea water levels in 
conjunction with membrane potentials far more 
positive than -100 mV, anion influx mediated by 
anion channels is thermodynamically possible, 
only [ 100]. 

So far, a detailed analysis of cell-type specific 
functional properties of plant anion channels has 
only been provided for guard cells [for review 
see 33]. In this paragraph we will thus concen- 
trate on GCAC1 located in the plasma membrane 
of guard cells. Pairs of this cell type, the stomata, 
form hydrodynamic, turgor-driven valves which 
are concerned in the control of water loss during 
photosynthetic CO2 uptake [62]. Electrically and 
metabolically isolated from other cells, guard cells 



receive signals from the environment and within 
the plant (e.g. hormones and metabolites/ions, 
reflecting the growth rate, water status/salinity or 
metabolic status). Given the number and nature 
of stimuli affecting stomatal movement, guard 
cells have to perceive and integrate them, possibly 
through a change in electrical activity (movement 
of charges, excitability, or single transient/pro- 
longed potential changes). Thereby coordinated 
changes in volume (mass flow of K + and anions) 
are used to adjust stomatal aperture to improve 
water use efficiency [for review see 62]. 

Within this circuit GCAC1 is supposed to 
present an essential element in membrane polar- 
ization as well as mediation of large and rapid 
a n i o n  fluxes. 4 This voltage-gated anion channel is 
modulated by extracellular hormones (auxin), the 
photosynthate malate [28] salinity changes (C1- 
concentration) [53, 29, 30] as well as cytoplasmic 
Ca 2 + and nucleotides [28]. These ligands are ca- 
pable to control the activation status (number of 
active channels and/or probability of opening), 
transport capacity (such as apoplastic CI- con- 
centration affects its unit conductance), position 
of the voltage sensor, and consequently the volt- 
age threshold of activation (auxin and malate; see 
Fig. 1). 

The latter, modifiers of gating, enable guard 
cells to shift the working range of anion channel 
activity along the voltage axis. In this resting po- 
sition the activity of GCAC1 overlaps with the 
voltage range of activity of K + release channels 
(Fig. 1B, dotted lines on the right hand side), al- 
lowing salt release and down regulation of turgor 
and volume, a pre-requisite for stomatal closure. 
Whereas the simultaneous voltage activation of 
both channels requires a pre-depolarization, such 
as opening of Ca 2 + channels (Fig. 2), the pres- 
ence of extracellular gating modifiers will shift the 
activation curve of GCAC1 towards the resting 
potential of the cell to activate this particular 
anion channel (Fig. 1). Separation of the activa- 
tion curves for GCAC1 and the K + release chan- 

1645 

nel will excite the plasma membrane, a property 
essential for rapid transduction of changes in the 
environmental conditions. Range fractionation, 
with respect to the membrane potential has also 
been found for K + uptake and K ÷ release chan- 
nels (Fig. 1). Triggers like changes in the cyto- 
plasmic Ca 2 + concentration, H +-ATPase activ- 
ity (ApH), and in the extracellular K + 
concentration shift the activation threshold of the 
individual channels along the voltage axis 
(Fig. 1B; [9, 76, 13, 33], Bertl pers. communica- 
tion). 

Activation and modulation of anion channels 
through modifiers of gating hence allow to repeti- 
tively or sustained interconvert the electrical 
properties and the resting potential of the plasma 
membrane from a hyperpolarized state (domi- 
nated by the K + uptake channel and the H +- 
pump) into a depolarized state (dominated by 
GCAC1 and the K + release channel). The 
maxima and minima of the two extremes [97] 
might therefore depend on K ÷ supply (nutrition), 
H+-ATPase  activity (energy charge [59]), and 
Ca 2+ conductances [49]. 

Thus GCAC1 might be classified as a 'green' 
channel, since in contrast to animal ion channels 
it is gated by voltage as well as ligands the com- 
bination of which provides for its plant/guard cell 
specific properties. 

SV-type channels are located in the membrane 
of vacuoles, the major intracellular store of plants 
for K + , Na + , Ca 2+ salts, metabolites and lytic 
enzymes. This organelle with its transport sys- 
tems embedded in the vacuolar membrane is in- 
volved in turgor-formation, the driving force for 
cell expansion, growth and development. In the 
vacuole as well as in the lysosomal compartments 
of 'red' cells V-type H ÷ -ATPases of highly con- 
served molecular structure have been detected 
[61, 57]. This finding, besides others, has led to 
the assumption that these endosomal organelles 
share functional properties. Because of the dif- 
ference in size, up to 90~o of the total cell volume 

4 For  interconvers ion between rapid (R-type) and  slow (S-type) gating modes  o f  G C A C 1  or different anion channels  in favour 
o f  charge flow on one h a n d  and  m a s s  flow on the other, see [48, 81, 16]. 

[409] 
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Table 3. Slow vacuolar SV-type channels* in the vacuolar membrane  of  various plant cells. 

Plant Tissue Conductance  Solution/ Selectivity Modulat ion Reference(s) 
m M  

Hordeum vulgare Neurone 26 pS [100 KCI] K ÷ >C1 Ca 2÷- and CaM-activated;  [11] 
blocked by W-7 and T F P  

Beta vulgaris  suspension 51-68 pS [100 KC1] K ÷ >C1 Ca 2 +-activated [60] 
culture 

Nicotiana tabacum mesophyll  60-80 pS [100 KC1] [26] 

Beta vulgaris  hypocotyl 65 pS [ 100 KC1] K + > C1 Ca 2 ÷-activated [2] 
conditiva root 

Plantago media root 60-70 pS [100 KC1] K + = Na  + >C1 Ca2+-activated [51] 
Plantago maritima 

Chenopodium suspension 70 pS [100 KC1] K + > C I -  Ca2+-activated; [8, 105, 106, 
rubrum culture blocked by CTX, 107, 63] 

( + )tubocurarine, W-7, W-5 

Vigna unguiculata stem 102 _+ 4 pS [100 KCI] K + ~ Na  + > C1 blocked by a vacuolar factor [52] 

Ricciafluitans thallus 120-140 pS [200 KC1] [26] 

Beta vulgaris taproot  120-160 pS [200 KC1] K + = Na  + > A c -  CaZ+-activated, blocked by [24, 25, 83] 
> NO3- > Mal 2 - cytosolic and vacuolar H + ; 
> C1 blocked by DIDS,  Zn  z + 

Allium cepa guard cells 210 + 17 pS [200 KC1] Na  + > K + > Rb + [ 1 ] 
> C s  ÷ > C I  

Viola faba guard cells 281 + 20 pS [200 KC1] K + > TEA + > C1 - Ca 2 + -activated, blocked by [ 83, 85 ] 
C a  2 + ~ Gluc - cytosolic H + ; 

blocked by Zn 2 +, W-7, 
TFP,  calmidazolium 

* All SV-type channels are voltage-gated outward rectifiers. 

in plants compared to 10-20~o in some chroma- 
ffine cells but generally less than 10~o in animal 
cells, patch clamp studies on the ion channel 
composition and the properties of individual 
channel types have been restricted to 'green' 
vacuoles. Consequently, we are unable to decide 
whether the features of the vacuolar ion channels 
correspond to the basic task of the lysosomal 
compartment or exhibit plant specific characters. 
In Table 3 we hence present cell specific differ- 
ences of a channel common to plant vacuoles 
[26]. 

The slow vacuolar (SV-type) channel, named 
after its slow voltage-dependent kinetics [24], is 
activated by depolarized potentials (for use of the 
new convention see 10) in the presence of elevated 
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cytoplasmic Ca 2+ only (see [27] for summary). 
Depending on the cell type and experimental con- 
ditions this channel is permeable to cations such 
as K +, Na +, C a  2+ and even anions [24, 102, 
83]. Even though patch-clamp studies on vacu- 
oles released from their natural habitats became 
feasable [32], taking into account the activity and 
current direction of the H + -pumping V-type AT- 
Pase and PPiase, we still lack conclusive infor- 
mation about its short- and long-term electrical 
behaviour and the gradients for the various charge 
carriers in vivo. Therefore the alignment of chan- 
nel properties to their physiological roles is still a 
problem. Depending on the plant, tissue or cell 
type, vacuolar ion fluxes may change direction 
and amplitude within minutes (guard cells, motor 



cells), hours to days and even month (storage 
cells in roots or fruits). We thus predicted that e.g. 
the guard cell plasma membrane and/or vacuolar 
membrane is equipped with ion transporters of 
high abundance or transport capacity [6, 83]. In- 
deed, when comparing the single channel ampli- 
tude (turn over) of the SV-type channels (Table 3) 
the guard cell representative is by far the most 
conductive. Permeable to ions stored in the vacu- 
ole, outward-rectifying SV-type channels might 
represent release channels for K + salts during 
stomatal closure. The serial arrangement of two 
membranes and the coordinated regulation of ion 
channels in the plasma membrane (K + release 
and anion channels) and in the vacuolar mem- 
brane (SV-channels) mediates transcellular 
(vacuolar to extracellular) ion efflux [84] and 
might display part of a green circuit as well. 

Conclusion 

To introduce the reader into the molecular biolo- 
gy and biophysics of plant ion channels we have 
selected three examples for primarily voltage- 
gated ion channels. Their 'green' features were 
discus sed with respect to our current understand- 
ing of structure and function, physiology and 
plant/cell specificity. Unlike the voltage-gated ion 
channels in animal cells, plant channels are able 
to respond to changes within the cell, plant and 
the environment. Following the analysis of the 
electrical properties, channel structure and the 
identification of potential regulators, future stud- 
ies will be directed towards the understanding of 
cell specific elements, the expression and assem- 
bly of different channel types or subunits to gain 
heterooligomerous channels with new properties. 
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