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The immunosuppressive drug, cyclosporin A (CsA), induces the generation of a transmembrane elec-
trical potential difference (19) in deenergized plant mitochondria incubated in sucrose-based media.
Build up of19 is prevented by external monovalent cations in the order K+ > Rb+ = Li+ > Na+, or
by the protonophore carbonyl cyanidep-trifluoromethoxyphenylhydrazone, which also collapses the
19 generated by CsA. Entry of K+ into mitochondria can be monitored as swelling by incubating
the organelles in a medium containing KCl to maintain constant osmolarity. This swelling is inhibited
by ATP and stimulated by CsA or valinomycin. In addition, in mitochondria energized by succinate,
KCl causes a dissipation of19, with sigmoidal kinetics, which is favored by CsA. Therefore, plant
mitochondria appear to possess a K+ selective, voltage-dependent channel, which is opened by CsA,
regulated by the redox state, and inhibited by nucleotides. The hypothetical roles of this new K+

ATP

channel are discussed in relation to its potential involvement in mitochondrial volume regulation,
thermogenesis, apoptosis, and/or prevention of reactive oxygen species formation in plants.
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INTRODUCTION

The inner membrane of mammalian mitochondria is
an ionic permeability barrier ensuring that redox energy,
liberated by substrate oxidation, may be conserved in the
form of an electrochemical proton gradient, which is then
dissipated to synthesize ATP (via the F0F1-ATP synthase)
(Mitchell, 1966). This membrane contains anion carri-
ers responsible for shuttling metabolic substrates between
matrix and cytosol (Palmieriet al., 1996). It also contains
some monovalent and divalent cation carriers and channels
that regulate important aspects of cell and mitochondrial
physiology (Bernardi, 1999; Garlidet al., 1995). The main

1 Key to abbreviations: BSA, bovine serum albumin; CsA, cyclosporin
A; DTE, dithioerythreitol;19, transmembrane electrical potential dif-
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transmission electron microscopy.
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monovalent cation antiporters and channels hitherto iden-
tified are: a selective H+/Na+ exchanger, which appears to
be distinct from an unselective H+/K+ (Na+) exchanger; a
selective Na+ channel and both selective and nonselective
K+ channels mediating cation uniport (Bernardi, 1999).

These carriers and channels ensure K+ transport cy-
cles, driven by the vectorial proton-pumping enzymes,
which are of particular importance to regulate mitochon-
drial volume (Garlidet al., 1995; Garlid, 1988). Potas-
sium is the major osmolyte of mitochondria. Its entry into
the matrix is mediated by a selective K+ channel inhib-
ited by ATP (Pauceket al., 1992) and is accompanied by
the uptake of anions and water, which results in volume
changes. Charge compensation for K+ influx is provided
by an H+/K+ antiporter, which catalyzes electroneutral
H+/K+ exchange (Garlid, 1988).

Nevertheless, mammalian mitochondria from a va-
riety of sources can undergo a sudden permeability in-
crease to solutes with a molecular mass up to 1.5 kDa,
which is facilitated by Ca2+ accumulation into the matrix.
This phenomenon has been ascribed to the presence of an
inner membrane channel, the permeability transition pore
(PTP), which is modulated by several factors including

107
0145-479X/01/0400-0107$19.50/0C© 2001 Plenum Publishing Corporation



P1: Vendor/GDW/LMD/GFU/GCX/GIR/FNV P2: GDX

Journal of Bioenergetics and Biomembranes (JOBB) PP126-300226 April 4, 2001 10:27 Style file version Nov. 07, 2000

108 Petrussaet al.

membrane depolarization, matrix pH, and divalent cations
(for reviews, see Bernardiet al., 1994; Halestrap, 1994;
Zoratti and Szab`o, 1995). The most specific and selective
inhibitor of PTP is cyclosporin A (CsA) (Cromptonet al.,
1988), an immunosuppressive drug that binds tightly to a
20-kDa matrix protein, cyclophilin D (a peptidyl-prolyl
cis–trans isomerase), to exert its effect (Halestrap and
Davidson, 1990; Griffiths and Halestrap, 1991; Petronilli
et al., 1994b).

The inner mitochondrial membrane of yeast has a
large-conductance channel regulated by nucleotides and
phosphate (Manonet al., 1998) that could accomplish the
same function as mammalian PTP (Bernardiet al., 1994;
Zoratti and Szab`o, 1995), although it appears to be differ-
ently regulated (Junget al., 1997).

Higher plant mitochondria are similar to mammalian
ones in several respects, yet they possess unique features:
(1) the presence of specific NAD(P)H dehydrogenases,
(2) the size and complexity of DNA, (3) the rate of O2 con-
sumption, (4) the very low rate of oxidation of fatty acids,
and (5) the presence of a cyanide-insensitive, salicylhy-
droxamic acid-sensitive, alternative oxidase (Douce and
Neuburger, 1989). As in mammalian mitochondria, the in-
ner membrane contains several anion carriers responsible
for shuttling metabolic substrates between matrix and cy-
tosol (Douce and Neuburger, 1989). Although passive and
active monovalent cation transport takes place at this level,
the knowledge of the mechanisms involved in these fluxes
(channels or carriers) is scarce (Hanson, 1985). An elec-
troneutral H+/K+ antiport (Hanson, 1985), inhibited by
dibucaine (Klein and Koeppe, 1985), has been described,
while evidence for the presence of PTP is circumstantial
(Vianello et al., 1995). Existence of a K+ATP channel has
only recently been demonstrated (Pastoreet al., 1999).

The present paper shows that CsA induces the for-
mation of a transmembrane electrical potential difference
(19) in deenergized plant mitochondria incubated in low
K+ media. This effect could depend on the closure of a
PTP or to the opening of a CsA-sensitive channel. The re-
sults described here corroborate the latter hypothesis and
confirm previous results (Pastoreet al., 1999), supplying
further evidence for the presence of a voltage-dependent,
K+ATP selective channel responsible for the CsA-induced
19 generation.

MATERIALS AND METHODS

Plant Material

Pea (Pisum sativumL., var. Alaska) seedlings were
grown in sand for 5 days, in darkness, and at 25◦C. Stems

were cut in small pieces and then used for isolation of
mitochondria.

Mitochondria Isolation

Pea stem mitochondria were isolated as previously
described (Vianelloet al., 1995). The pellet (mitochon-
drial fraction) was suspended in 1 ml of resuspending
medium composed of 0.4 M sucrose, 0.2% (w/v) bovine
serum albumin (BSA) in 20 mM HEPES-Tris (pH 7.5).
The suspension contained ca. 6 mg protein/ml and was
stored on ice.

To repeat some basic experiments and to perform a
transmission electron microscopy (TEM) analysis of mi-
tochondria, these organelles were further purified on a
discontinuous gradient formed by three layers (bottom to
top) of 45, 21, 13.5% (v/v) Percoll in 20 mM MOPS-
KOH (pH 7.2), 0.5 M sucrose, and 0.2% (w/v) BSA.
The gradient was centrifuged at 20,000× g for 40 min
in a swinging bucket rotor (Sorvall HB-4) and the mito-
chondria collected at the 21/45% interface. Mitochondria
were washed twice in 250 ml of 20 mM MOPS-KOH
(pH 7.2), 0.3 M mannitol, 1 mM EDTA, and 0.1% (w/v)
BSA to remove Percoll and centrifuged at 28,000× g for
5 min. Purified mitochondria were resuspended in 1 ml of
20 mM HEPES-Tris (pH 7.5), 0.4 M sucrose, and 0.1%
(w/v) BSA. The suspension, containing ca. 2 mg pro-
tein/ml, was stored on ice.

Membrane Potential Measurements

Safranin O was used to estimate19 changes, as
previously described (Vianelloet al., 1994). The fluo-
rescence intensity change of safranin O was recorded at
25◦C by a luminescence spectrometer, model LS 50 B
(Perkin-Elmer, UK). The excitation and emission wave-
lengths were 495 and 586 nm, respectively. A slitwidth
of 10 nm for both emission and excitation was used. The
calibration of safranin O fluorescence intensity changes,
as a function of K+ diffusion potentials, was basically per-
formed as described by Moore and Bonner (1982). In the
incubation mixture used for19 measurements, a K+ dif-
fusion potential was built up by the addition of 50 nM vali-
nomycin. Then19 was collapsed by increasing additions
of KCl (0–16 mM range). The K+ diffusion potential was
calculated according to the Nernst equation, assuming an
intramitochondrial concentration of 95 mM K+ (Braidot
et al., 1998). At this dye:protein ratio, the K+ diffusion
potential versus fluorescence intensity changes was lin-
ear in the 60–200 mV interval. The data of Figs. 5 and 6
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(see later) are presented as fluorescence intensity changes
(arbitrary units).

Swelling Measurements

Swelling experiments were basically performed as
described by Pastoreet al. (1999). Absorbance changes
at 540 nm of a suspension of mitochondria in sucrose,
K-acetate, or KCl isotonic media were monitored at 25◦C
by a spectrophotometer, modelλ15 (Perkin-Elmer, UK).

Microscopy Analysis

For TEM analysis, the purified mitochondrial sus-
pension was left on ice for 20 min with 0.3µM CsA and
then centrifuged at 13,600× g for 15 min in an Eppendorf
centrifuge 5415 C. The samples were fixed for ca. 4 h in
2.5% (w/v) glutaraldehyde in 0.13 M phosphate buffer
(pH 7.2). Mitochondria were then allowed to settle at 1×
g and rinsed several times with the same solution for 4 h.
The rinsed samples were centrifuged at 12,000× g for
10 min. Following centrifugation, the pellet was gently
removed and postfixed in 2% (w/v) OsO4 for 1 h. The
samples were rinsed three times with buffer and dehy-
drated by a graded ethanol series. Finally, the mitochon-
dria were embedded in pure Spurr resin for about 15 h at
70◦C. Ultrathin sections (70–80 nm) were cut and stained
with 3% (w/v) uranyl acetate and lead citrate. Specimens
were examined with a Zeiss EM 902 transmission electron
microscope at accelerating voltage of 80 kV.

The computer-assisted densitometric analysis of mi-
tochondria images, obtained with the transmission elec-
tron microscope, was performed using NIH Image Version
1.62 on a Macintosh Performa 6200.

Protein Measurement

The mitochondrial protein was determined by the
Bradford method, using the Bio-Rad protein assay.

Chemicals

All chemicals (the highest purity commercially
available) were purchased from Sigma (St. Louis, MO,
USA). CsA was a generous gift of Novartis Pharma AG
(Switzerland).

Statistical Treatments

Experiments shown in Figs. 1–4 represent typi-
cal traces. Data of Figs. 5 and 6 are means of three

replicates± S.E., while those of Fig. 7 (two pop-
ulations of 80 mitochondria of untreated and CsA-
treated samples) were subjected to analysis of variance
(ANOVA).

RESULTS

Effect of CsA on∆Ψ in Deenergized Pea
Stem Mitochondria

Figure 1 shows that the addition of CsA induced a
time-dependent fluorescence quenching of safranin O, in-
dicating the generation of a19 (trace A). This potential
was not collapsed by antimycin A (AA), while the addition
of FCCP, when19 had reached a steady-state, caused a
rapid and complete dissipation. In addition, no oxygen
consumption was observed in mitocondria supplemented
with CsA as respiratory substrate (result not shown). Flu-
orescence quenching, comparable to that depicted in trace
A, was also observed when CsA was added 15–20 min
after mitochondria (trace B). The CsA-induced19 was
evaluated at pH 8.0 (trace A), because at this value it was
higher than that detected at pH 7.0 (trace C). This effect did
not depend on a different behavior of the probe at these two
pH values. Figure 1 also shows that19 was dissipated
by salts in the following order: KCl> MgCl2 = NaCl
(trace D), and that the addition of the selective ionophore
valinomycin further increased19 (trace E).

Effect of CsA on Mitochondrial Swelling

The results above reported demonstrate that the ad-
dition of CsA induced the formation of an outwardly di-
rected K+ diffusion potential and suggest the existence
of CsA-modulated, K+ selective mitochondrial channel.
This notion is strongly supported by the experiments of
Fig. 2. Pea mitochondria were not found to swell in su-
crose (trace A), but, if they were resuspended in a medium
containing KCl, they underwent a rapid swelling that was
further increased by the addition of valinomycin (trace
B). Swelling was also monitored in a K-acetate-based
medium and nigericin induced a further strong increase
(trace C). Considering that Cl− may enter into the ma-
trix of plant mitochondria (Hanson, 1985), the swelling,
monitored in KCl medium, implies that also K+, as pre-
viously suggested (Pastoreet al., 1999), may penetrate in
the absence of valinomycin. This swelling was inhibited
by ATP plus oligomycin (trace D) and strongly increased
by valinomycin, added at the beginning (trace E). There-
fore, these results confirm the presence of a K+

ATP selective
channel in the inner membrane of pea stem mitochondria.
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Fig. 1. CsA-induced19 formation in isolated pea stem mitochondria. The incubation medium contained 0.4 M
sucrose, 0.1% BSA, 5µM safranin O in 20 mM HEPES-Tris (pH 7.0 or 8.0), and 0.1 mg/ml mitochondrial protein
(MITO) in a final volume of 2 ml. The reaction was started by the addition of 0.3µM CsA. Other additions include
100 nM FCCP and 1µg/ml antimycin A (AA).
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Fig. 2. Effect of CsA on swelling of isolated pea stem mitochondria.
The incubation medium contained 0.4 M sucrose, 0.2 M KCl or 0.2 M
K-acetate in 2 mM Tris-HCl (pH 7.0), and 0.1 mg/ml mitochondrial
protein (MITO) in a final volume of 2 ml. Traces: (A) 0.4 M sucrose;
(B) 0.2 M KCl; (C) 0.2 M K-acetate; (D) 0.2 M KCl plus 1 mM ATP and
1µg/ml oligomycin; (E) 0.2 M KCl plus 50 nM valinomycin; (F) 0.2 M
KCl plus 0.3µM CsA. Other additions include 10 nM nigericin (NIG)
and 50 nM valinomycin (VAL).

This channel, according to the above reported results, was
opened by CsA, as indicated by the increase of swelling
induced by this drug (trace F).

Effect of CsA on∆Ψ of Energized Mitochondria

To verify if CsA could act on energized mitochon-
dria, its effect was assayed on the19 generated by the
oxidation of succinate (Fig. 3). This substrate induced
the building up of a19, which was progressively col-
lapsed by increasing additions of KCl (result not shown).
The 19 was stable for several minutes (trace A) and
was, after a lag phase, almost completely collapsed by
the addition of KCl (trace B). The sigmoidal kinetic of
this effect shows that this dissipation may be related
to the aperture of the K+ channel. CsA, favoring this
aperture, caused a reduction of the lag phase, which re-
flected in a more rapid depolarization of the inner mem-
brane (trace C). In the presence of ATP and oligomycin
(trace D), the19 was only partially and transiently col-
lapsed by KCl. Trace E shows that, when the19 was
built up by NADH oxidation, similarly to trace D, the ad-
dition of KCl caused only a partial dissipation that was
then followed by an almost complete recovery of19.
The subsequent addition of low concentrations of FCCP

caused the complete dissipation of19 with a sigmoidal
kinetic. In agreement, the19 generated by ATP was
dissipated slowly by KCl (trace F). These results con-
firm the presence of a K+ channel in the inner mem-
brane, which is inhibitable by nucleotides and opened
by CsA.

Effect of CsA on∆Ψ and Swelling
of Purified Mitochondria

Some basic results described in Figs. 1–3 were also
repeated by using purified pea stem mitochondria (Fig. 4).
As it can be seen, the addition of CsA to deenergized
mitochondria, resuspended in a sucrose-based medium,
induced the generation of a19, which was collapsed
by KCl and unaffected by NaCl (trace A). In a K+-based
medium, mitochondria underwent a swelling (trace B) that
was stimulated by CsA (trace C) and inhibited by ATP
plus oligomycin (trace D). In agreement, in succinate-
energized mitochondria, KCl induced a dissipation of19

(trace E), which was favored by CsA (trace F) and, again,
inhibited by ATP plus oligomycin (trace G). The dissipa-
tion caused by KCl was only partial and smaller than that
recovered in nonpurified mitochondria, requiring a higher
concentration of salt. This difference can be rationalized
considering that purified mitochondria were more coupled
(RCR= ca. 3.5–4.0) than the nonpurified ones (RCR=
ca. 2.5–3.0) and had thus a higher19, which contributed
to render the K+ channel more difficult to open. These
data are in strict agreement with the above described re-
sults and, hence, the effect of CsA can not be ascribed to a
hypothetical K+ channel present in membranes different
from mitochondria.

Characterization of the K+ Diffusion Potential
Induced by CsA

The CsA-induced fluorescence changes were inhib-
ited by increasing concentrations of KCl in the incubation
medium. This effect showed a sigmoidal kinetic that be-
came a hyperbolic kinetic, if the experiments were carried
out after 2 h from the extraction of mitochondria (Fig. 5).
However, when mitochondria were extracted and resus-
pended in 5 mM DTE, the sigmoidal kinetic was main-
tained even after 2 h (result not shown). Conversely, the
effect of valinomycin, as a function of K+ concentration,
was linear. This suggests that the CsA-induced K+ ef-
flux could be mediated by a carrier or by a channel not
completely specific for K+, regulated by the redox state
of mitochondria.
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Fig. 3. Effect of K+ and CsA on19 of energized pea stem mitochondria. The incubation medium
was as in Fig. 1. Traces (A–D), succinate-generated19: (A) control; (B) KCl-induced dissipation;
(C) effect of CsA on KCl-induced dissipation; (D) effect of ATP plus oligomycin on KCl-induced dis-
sipation. Trace (E) effect of KCl on NADH-generated19. Trace (F) effect of KCl on ATP-generated
19. Additions include MITO (0.1 mg/ml protein), 5 mM succinate, 1 mM NADH, 1 mM ATP,
40 mM KCl, 0.3µM CsA, 1µM FCCP, and 1µg/ml oligomycin.
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Fig. 4. Effect of CsA on19 and swelling of purified pea stem mitochondria. Traces (A–D) refer to deenergized mitochondria, while traces (E–G) to
succinate-energized mitochondria. Conditions and additions were as in Figs. 1–3, except that KCl added in traces (E–G) was 80 mM.

Figure 6 (Panel A) shows that the CsA-induced19
formation (monitored as fluorescence intensity changes)
was dependent on the monovalent cation, included as
a component of the osmoticum. All the inhibitory ef-
fects caused by increasing concentrations of cations as-
sumed a sigmoidal shape and K+ was the most ef-
fective. Rubidium and Li+ caused comparable effects,
while Na+ was the less effective. This result indicates
that the channel exhibited a good degree of selectiv-
ity for K+ and confirms that it was voltage depen-
dent. The same figure also shows that the presence
of different anions (Cl−, F−, and SO2−

4 ) scarcely in-
fluenced the K+ diffusion potential induced by CsA
(Panel B).

TEM Analysis of CsA-Treated Pea
Stem Mitochondria

Figure 7 shows the ultrastructure of a population of
untreated (a) and CsA-treated (b) mitochondria. By com-
paring the mean area of the mitochondria in the two mi-
crographs, it appears that CsA-treated mitochondria were
ca. 30% smaller in size. The control and CsA-treated pop-
ulations, evaluated by F test, were found to be signifi-
cantly different (p < 0.05). In addition, when the mean
volumes of mitochondria, calculated as the volume of a
rotation elipsoid (around the major axis), were compared,
this difference rose to 40%. This effect could be related to
shrinkage of mitochondria as a consequence of a reduction
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Fig. 5. Effect of K+ concentration on19 induced by CsA or vali-
nomycin in isolated pea stem mitochondria. The conditions were as in
Fig. 1.19was generated by the addition of 0.3µM CsA or 50 nM valino-
mycin.19 formation was prevented by the presence in the incubation
medium of increasing concentrations of KCl. Inhibition, expressed in
arbitrary fluorescence units, was calculated as residual FCCP-collapsed
19 with respect to the value obtained in the absence of salts.■, mito-
chondria treated by CsA just after extraction;▲, mitochondria treated
by CsA after 2 h of incubation;●, valinomycin-treated mitochondria.

in the osmotic pressure due to the K+ efflux induced by
CsA.

DISCUSSION

The results presented in this paper show that CsA
induced opening of an ion channel in isolated plant mi-
tochondria. In the presence of an outwardly directed
K+ gradient (deenergized mitochondria resuspended in
a sucrose-based medium), channel opening caused an ef-
flux of K+, resulting in the establishment of a K+ diffusion
potential.

Valinomycin, a relatively selective K+ ionophore that
allows electrophoretic transport of K+ with a net charge
of 1, led to the establishment of a K+ diffusion potential in
deenergized mitochondria, which displayed the expected
linear dependence on the logarithm of external [K+]. In
contrast to valinomycin, the cation flux through the CsA-
dependent channel leveled off at high values of19, sug-
gesting that the channel is voltage-dependent and tends
to close as the19 increases (Fig. 5). Based on the ex-
periments shown in Figure 6, the channel displayed a
selectivity for monovalent cations in the following or-
der: K+ > Rb+ = Li+ > Na+. Indeed, the measured
19 decreased in this order as the concentration of ex-
ternal cations was increased at constant osmolarity. On
the other hand, no differences in measured19 were ob-
served after incubation with potassium salts of different

Fig. 6. Effect of different cations (panel A) and anions (panel B) on
CsA-induced19 in isolated pea stem mitochondria. In panel A the
CsA-induced19 was evaluated in the medium of Fig. 1, except that
sucrose and increasing concentrations of KCl (●), NaCl (■), LiCl (×)
or RbCl (▲) were used to maintain constant osmolarity. Experiments of
panel B were also performed in the medium described in Fig. 1. Increas-
ing concentrations of KF (▲), K2SO4 (■) or KCl (●) were supplied to
the medium. Inhibition was calculated as described in Fig. 4.

anions. Because of the inside-negative19, only matrix
anions could contribute to charge compensation under
these conditions and, therefore, we cannot make firm pre-
dictions about anion conductance through the channel at
the present time.

The activity of this channel could also be followed
as K+ entry into mitochondria (swelling) that was in-
hibited by ATP plus oligomycin and stimulated by CsA
and valinomycin (Figs. 2 and 4). In addition the channel
functioned in energized mitochondria and its opening was
again favored by CsA and inhibited by nucleotides (Figs. 3
and 4).

Taken together, these results indicate that a K+ flux in
plant mitochondria may occur in both directions through a
voltage-dependent K+ATP channel. This channel possesses
a remarkable ability to discriminate between K+ and Rb+,
and appears to be modulated by the oxidoreductive state
of mitochondria, possibly through thiol groups, since
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Fig. 7. Ultrastructure of purified pea stem mitochondria. (a) Control
and (b) CsA-treated mitochondria. Magnification= 12,000 x; Bar=
0.6µm. CsA was 0.3µM. The mean area of mitochondria, calculated
on two populations of 80 organelles, was 0.546µm2 in the control and
0.416µm2 in the CsA-treated sample, respectively.

different kinetics were obtained in the presence or absence
of DTE. This mode of regulation is similar to that de-
scribed for PTP (Petronilliet al., 1994a), for the neuronal
N-methyl-D-aspartate receptor channel (Moriyoshiet al.,
1991), theα/β Kv channels (Rettiget al., 1994) and, as
recently shown, for K+ATP channels purified from the inner
mitochondrial membrane and reconstituted into lipid bi-
layer membranes (Grigorievet al., 1999). The sensitivity
to CsA suggests that the open conformation of the channel
depends on an interaction with cyclophilin (the ligand of
CsA), which has also been identified in plant mitochon-
dria (Breimanet al., 1992). A similar mechanism operates
in the case of the guard cells ofVicia faba(Kinoshita and
Shimazaki, 1999) where a cyclophilin–CsA complex,

by interacting with a protein phosphatase, blocks
Ca2+-induced inactivation of K+ channels (Luanet al.,
1993).

Previously, it has been shown that FCCP, at low
concentrations, dissipates the19 of plant mitochondria
and that this dissipation is delayed by CsA (Vianello
et al., 1995). This led to the suggestion that the effect
could be related to the presence of a CsA-sensitive pore
similar to the mammalian PTP (Bernardiet al., 1994;
Halestrap, 1994; Zoratti and Szab`o, 1995). In principle,
the CsA-dependent establishment of a K+ diffusion po-
tential could depend on the CsA-dependent closure of
such a channel, acting in the substate at low conductance
(Ichas and Mazat, 1998), which is able to mediate, at least
in mammalian mitochondria, an electrogenic K+ influx
(Balakirev and Zimmer, 1998). This conclusion, however,
appears to be unlikely. First, several PTP inducers (di-
amide, menadione, cumene hydroperoxide,tert-butyl hy-
droperoxide) did not modify the K+ currents or cause
high-amplitude swelling (results not shown); the second
and most compelling evidence that the effect of CsA can-
not be due to the closure of a high conductance channel
is that prolonged incubation of mitochondria in K+-free
media did not hinder the generation of a19 by CsA
(Fig. 1).

The presence of voltage-dependent, K+ selective
channels responsible for volume regulation, has been
demonstrated in the plasmalemma and tonoplast of higher
plant cells (Hedrich and Dietrich, 1996; Maathuiset al.,
1997). Despite their enormous importance, the infor-
mation concerning plant mitochondrial cation channels
and exchangers is still scarce and only a H+/K+ ex-
changer has been identified (Hanson, 1985). Very re-
cently, the existence of a K+ATP channel on the in-
ner membrane of plant mitochondria has been reported
(Pastoreet al., 1999). This channel resembles in sev-
eral aspects that identified in the present work. There-
fore, the results presented in this paper confirm and
extend our knowledge on the presence of a voltage-
dependent, K+ selective channel in higher plant mi-
tochondria. In addition, the K+ channel described in
this paper is similar to those identified in mammalian
cells, where CsA induces hyperpolarization of the plas-
malemma of different types of lymphocytes (Gergely
and Aszalos, 1990; Verebet al., 1990; Weaveret al.,
1991; Aszalos, 1991; Tanneret al., 1993). The ef-
fect is also dependent on a K+ efflux, as indicated
by the absence of hyperpolarization in the presence
of KCl.

At present, the potential physiological role(s) of
the CsA-sensitive K+ channel can only be a matter of
speculation. Plant cells contain high levels of K+ that
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accumulates into the vacuole (200 mM) and its concentra-
tion is maintained homeostatically around 80–100 mM in
the cytosol (Leigh and Wyn Jones, 1984), while isolated
plant mitochondria contain 120–140 mM K+ (Hanson,
1985). The K+ATP channel described here may thus be
a physiological mechanism regulating matrix K+ con-
centration and, therefore, mitochondrial volume (Fig. 7).
Since plant mitochondria also contain an electroneutral
H+/K+ exchanger (Hanson, 1985), it is also possible
that energy dissipation in K+ cycling could lead to heat
generation and, hence, to thermogenesis in plants. In
addition, the depolarization of the inner membrane caused
by opening of the K+ channel may also constitute a
means to prevent or minimize reactive oxygen species
formation, as it has been suggested in different sys-
tems (Skulachev, 1998). In plants, mitochondria are a
major site of generation of reactive oxygen species,
which can be controlled by the engagement of non-
coupled respiration (alternative oxidase), or by artifi-
cial uncouplers (Braidotet al., 1999). Cation cycling
thus provides a second line of defense against oxy-
gen toxicity. Finally, increasing evidence suggests that
mitochondria play an essential function, as an exe-
cution central, in the life and death of animal cells
(Pedersen, 1999). In particular, they are involved in
the regulation of programmed cell death (apoptosis),
which occurs through cytochromec and apoptosis-
inducing factor release, as a consequence, in numer-
ous cases, of PTP opening and mitochondrial swelling
(Susin et al., 1998; Bernardiet al., 1999). Apoptosis
is a well-recognized phenomenon also in plant cells,
where a mitochondrial step seems to be crucial (Danon
et al., 2000; Jones, 2000). Since plant mitochondria do
not appear to possess a PTP acting at high conduc-
tance (Vianelloet al., 1995), it is suggested that the
K+ATP channel may substitute for PTP in inducing mito-
chondrial swelling and cytochromec release in apoptotic
plant cells.
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