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Abstract

We tried to determine the mechanisms by which Ca*" mediated NO-induced programmed cell death (PCD) in tobacco
protoplasts. Treatment of tobacco protoplasts with the NO donor sodium nitroprusside (SNP) resulted in a rapid [Caz+]Cyt
accumulation and decrease in mitochondrial membrane potential (A¥,,) before the appearance of PCD. NO-induced PCD
could be largely prevented not only by NO scavenger c-PTIO, but also by EGTA (Ca*" chelator), LaCl; (Ca**-channel
blocker) or CsA (a specific mitochondrial permeability transition pore inhibitor, which also inhibit Ca** cycling by
mitochondria). All results suggested that NO-induced PCD is mediated through mitochondrial pathway and regulated

by Ca*".
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Introduction

Nitric oxide (NO) is a unique molecular messenger
involved in the induction and execution of programmed
cell death (PCD) in plants (Pedroso et al. 2000, Beligni
et al. 2002, Casolo et al. 2005, Vitecek et al. 2007). There
are several NO-producing enzymatic or non-enzymatic
systems in plants. Nitrite and L-arginine are main sources
for enzymatic NO production (Lamotte et al. 2005,
Besson-Bard ef al. 2008). It is well known that the
over-production of NO in plants is potentially toxic for
lipids, proteins, DNA, efc., resulting in damage and even
the death of plants (Radi 2004, Hong et al. 2008). PCD or
apoptosis, a genetically controlled programmed process, is
an evolutionarily conserved cell death in eukaryotes
operating in development and in cellular responses to
stresses. In plants, PCD can be induced by a variety of
stimuli including developmental signals, environmental
factors and pathogen infection during the hypersensitive
response (HR) (Van Breusegem and Dat 2006). NO can
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promote PCD in some cells, whereas it inhibits PCD in
other cells (Casolo et al. 2005, Lopez-Carrion et al. 2008).
This complexity is a consequence of the rate of NO
production and the interaction with iron, thiols, proteins,
and reactive oxygen species (ViteCek et al. 2007). In the
last decade, the role of NO in the induction of PCD and the
mechanism of signal transduction in this process, have
been subjects of extensive research.

Cell death pathways can be subdivided into two
components, either involving death receptors or mito-
chondria (Robson and Vanlerberghe 2002). NO is seen as a
signaling factor in the later. NO inhibits the activity of the
last enzyme in the mitochondrial respiratory electron
transport chain, the cytochrome ¢ oxidase (COX) leading
to the generation of superoxide O, due to the dramatically
reduced ubiquinone pool (Grun et al. 2006). NO can
rapidly react with O, to produce peroxynitrite (ONOQ"),
whereas peroxynitrite can induce mitochondrial swelling,
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permeability transition pore; PBS - phosphate buffer solution; PCD - programmed cell death; PI - propidium iodide; Rh123 - rhodamine
123; SNP - sodium nitroprusside.
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uncoupling,  depolarization and  activation  of
mitochondrial permeability transition pore (MPTP)
(Brown 2007). Opening of MPTP, the life-or-death switch
of cells, triggers an increase of the permeability of
mitochondrial membrane. Then apoptogenic factors, such
as cytochrome ¢, Smac/Diablo, AIF and DNaseG, leak
into the cytoplasm from the inner mitochondrial
membrane space. In the presence of ATP (dATP),
cytochrome c¢ binds to Apaf-1 and triggers its
oligomerization, after which pro-caspase-9 is recruited
and undergoes autoactivation. The protein complex
comprising cytochrome ¢, Apaf-1, and caspase-9 called
the “apoptosome”, begin a cascade of proteolytic activity
that ultimately leads to nuclear damage (DNA
fragmentation) and cell death (Green and Reed 1998,
Saviani et al. 2002). Subsequently, cyclosporin A (CsA)
blocks the opening of MPTP and prevents cell death
(Scorrano et al. 2003). Existence of MPTP in plant
mitochondria has been suggested by several reports
(Arpagaus et al. 2002, Curtis and Wolpert 2002). MPTP in
plant mitochondria has been shown to be sensitive to CsA
(Arpagaus et al. 2002, Yu et al. 2002). Plant MPTP are
also a target of NO (Saviani et al. 2002, Zottini et al. 2002),
which open the MPTP and induce the release of
cytochrome c.

Ca®" has been shown to be involved in the NO signal

Materials and methods

Plants and protoplast isolation: Tobacco (Nicotiana
tabacum L., cv. BY-2) seeds were surface sterilized with
70 % ethanol for 2 min and incubated for 5 min in sodium
hypochlorite containing 0.1 % Triton X-100. Sterilized
seeds were germinated on solid Murashige and Skoog
(1962; MS) medium with 2 % sucrose and cultured at in a
phytotron at 24 °C, 16-h photoperiod, irradiance of
100 pumol(photon) m™ s”. Shoot tips were excised and
subcultured every 4 - 5 weeks. For protoplast isolation
only well-rooted plants that had undergone at least three
subcultures were used. Protoplasts were isolated according
to Ahad et al (2003). Fully expanded leaves were placed
upside down in a sterile Petri dish on 10 cm® of CNT
medium [KAO medium (Kao and Michayluk 1975) with
1 % cellulase (Onozuka-R, Yakult, Japan), 1 %
macerozyme (Serva, Heidelberg, Germany) and 0.5 M
glucose]. The midrib was removed and the leaf blade cut
into pieces of 0.5 - 1 cm” in the liquid medium. Then the
leaves were incubated overnight at 26 °C in the dark.
Subsequently, this mixture was passed through a sterile
stainless steel mesh sieve (mesh size 100 pum). This
filtered protoplast suspension was carefully overlaid with
1 cm® PNT medium (KAO medium including 0.5 M
glucose) on top of the suspension and then centrifuged for
5 min at low speed (80 g, 25 °C). Intact protoplasts were
collected from the interphase and transferred in to a new
tube. Fresh PNT medium was added and mixed gently,
followed by a second centrifugation under the same
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transduction in plant cells (Ali et al. 2007, Besson-Bard
et al. 2008). The normal Ca®" uptake and release from
internal stores (endoplasmic reticulum, mitochondrion,
mainly vacuoles in plants) or entry through the plasma
membrane is under strict biochemical and physiological
control (White and Broadley 2003). NO may stimulate the
increases in cytosolic Ca* ([Ca2+]cyt) by inducing both
Ca’" influx from the extracellular space and Ca®" release
from intracellular stores (Besson-Bard et al. 2008). Our
previous studies have shown a role for Ca®" in regulating
the mitochondrial permeability transition in plant cells
(Lin et al. 2005). These observations imply that Ca*" is a
signal that functions in the upstream of MPTP. It is
reported that the NO donor diethylamine NONOate
promoted an increase in [Ca2+]cy1, which was sensitive to
intracellular Ca®" channel inhibitors in plants (Lamotte
et al. 2004). Nevertheless, how exactly these two second
messengers are related is unknown in plants PCD.
Furthermore, no single study has investigated the
inter-relationship between Ca>" and MPTP in NO-induced
PCD.

In the present study, effects of Ca’>" on NO-induced
PCD in tobacco protoplasts were studied. We investigated
whether Ca®* regulate mitochondrial permeability
transition in NO-induced PCD in plants.

conditions. This washing step was repeated and a small
aliquot of the washed protoplasts was used for the
estimation of cell density in a haematocytometer. The
supernatant was carefully removed and the isolated
protoplasts resuspended in PNT medium to a density of
2 x 10° protoplasts cm™. Exogenous NO donor sodium
nitroprusside (SNP) solutions were prepared just before
the experiments.

Nuclear labeling: The ultrastructure of the protoplast
nucleus was assessed using DNA-binding fluorochrome
Acridine Orange (Sigma, St Louis, MO, USA) using a
fluorescence microscope.

Quantitative assessment of programmed cell death:
Flow cytometric analysis was performed to identify
sub-G; cells/programmed death cells and to measure the
percentage of sub-G; cells after propidium iodide (PI)
staining (Lin et al. 2005). Briefly, protoplasts were
suspended in phosphate buffer solution (PBS) containin%
10 ug cm™ PI plus 0.1 % Triton-X 100 (v/v) and 60 pg cm’
RNase A for 30 min at room temperature in the dark. After
incubation, the protoplasts were washed twice with PBS,
pH 7.4. The volume was adjusted to 0.6 cm™ and analyzed
using a flow cytometer (Epics XL, U.S Coulter, Miami,
USA; excitation 488 nm, emission 525 nm).

Determination of AY,: Mitochondrial membrane
potential AY,, was quantitatively measured by flow



cytometry as described (Braidot ef al. 1998). Protoplasts
were incubated with 10 uM Rhodaminel23 (Rhi123), a
specific AW -dependent fluorescence dye (Yamamoto
et al. 2002), for 30 min at 26 °C and washed three times in
PBS to remove free Rh/23 dye from the medium,
suspended in a total volume of 0.6 cm™ PBS and analyzed
using the above flow cytometer .

Detection of [CaZJ’]cyt by laser confocal microscopy: The
time-lapse change of [Ca”]cyt was detected after various
treatments with Ca>" probe Fluo-3 AM fluorescence dye.

Results

Typical nuclei morphological changes during PCD were
shown in tobacco protoplasts after 1| mM SNP treatment.
The nucleus condensation and peripheral distribution were
observed. Normal viable protoplasts showed green round
nuclei (Fig. 14). Characteristic nuclei of PCD after SNP
treatment showed orange fluorescence and nuclear
marginalization onto the nuclear membrane with
chromatin loss resulting in the nucleolus becoming
prominent (Fig. 1B,C). These hallmarks of PCD were not
seen in the control (untreated) protoplasts.

To investigate whether NO is able to trigger [Ca*].y:
increase, tobacco protoplasts were pretreated for 0.5 h
with the Ca®"-specific fluorophore Fluo-3 AM and
subsequently incubated in the presence or absence of SNP.
Treatment with 1 mM SNP led to significant increases in
the fluorescence intensity of the protoplasts, which
reached maximum values at 5 min and was 6.4-fold higher
than that in the control (Fig. 24). Application of the Ca**
chelator EGTA or the Ca’" channel blockers LaCls
substantially reduced the increases in fluorescence
intensity induced by SNP (data not shown), suggesting
that Fluo-3-fluorescence increases are associated with
changes in [Ca2+]cy1. Fluorescence was abolished in the
presence of the NO-specific scavenger cPTIO (Fig. 24).
This indicates that the [Caz*]cyt increase was caused by NO
production.

SNP treatment inevitably induced the opening of
MPTP. Mitochondrial membrane potential (AW,,) reflects
the mitochondrial permeability transition as a result of
opening of MPTP. AY, was determined by mean
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The dye was loaded into tobacco protoplasts at a final
concentration of 10 pM at 25 °C for 30 min in the dark, as
described previously (Lin et al. 2005). After incubation,
the protoplasts were washed twice with PBS (pH 7.4) to
remove free Fluo-3 AM dye from the medium, and
analyzed using a laser confocal microscopy. Fluorescence
images were collected with the laser confocal system
mounted on an inverted microscope and equipped with an
argon-krypton laser. Fluorescence of fluo-3 AM, excited at
488 nm, was collected through a 515 nm longpass barrier
filter.

aggregate fluorescence of the fluorochrome Rh123. AY,,
decreased by 22.7, 46.3, 64.3 or 71.4 % when tobacco
protoplasts were subjected to SNP treatment for 2, 4, 6 or
8 h, respectively. Treatment with cPTIO alone did not
have any effect on A¥,,, compared with control protoplasts
(data not shown).The effect of NO induced AW, decrease
could be partially reversed by the addition of | mM cPTIO
(Fig. 2B). SNP treated protoplasts showed a gradual
increase in PCD (Fig. 2C), which was measured by flow
cytometry and the effect of NO on PCD followed a similar
pattern to that observed on AY,, (Fig. 2B).

In order to investigate whether NO-induced PCD is
related to Ca*" and mitochondrial permeability transition,
the Ca®" chelator EGTA, the Ca>" channel blockers LaCl;
and the mitochondrial permeability transition pore
inhibitor CsA were used. Although pretreatment with
EGTA, LaCl; or CsA was ineffective in protecting
protoplasts from NO-mediated delayed (8 h) PCD, these
inhibitors evidently prevented NO-induced PCD at 2 h
(Table 1). These results suggest that Ca®" and
mitochondrial permeability transition are involved in
NO-induced PCD.

To test if Ca®" regulate mitochondrial permeability
transition in NO-induced PCD, we pre-treated protoplasts
with the Ca®" chelator EGTA or the Ca®* channel blocker
LaCl; prior to NO induction. Treatment with either EGTA
or LaCl; prevented the decrease of AWV, in tobacco
protoplasts under SNP stress (Table 1).

To further determine the interrelationship between
Ca®" and mitochondrial permeability transition in plant

Fig. 1. AO stained nuclei of normal and PCD tobacco protoplasts induced by NO. NO donor SNP was added into suspended tobacco
protoplasts at 1 mM final concentration. 4 - Normal nucleus. B, C - Different phases of PCD. Nuclear dense mass and apoptotic bodies

induced by SNP. Original magnification 400x.
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PCD, the protoplasts were pretreated with the Ca®'
chelator EGTA, the Ca*" channel blockers LaCl; or the
mitochondrial permeability transition pore inhibitor CsA,
and then exposed to CaCl, treatment. The pretreatments
with these Ca®" inhibitors or mitochondrial permeability
transition pore inhibitor significantly inhibited the
increases in PCD and the activities of the open state of

Discussion

Previous papers showed that Ca** and MPTP are required
for NO signaling in plants (Ali et al. 2007, Besson-Bard
et al. 2008, Saviani et al. 2002). However, it was not clear
how Ca*" and MPTP regulate the plants PCD induced by
NO. An increase of outer mitochondrial membrane
permeability is one of the key events in apoptotic or
necrotic death, although the details of the mechanism
involved remain to be elucidated. NO can induce transient
elevations of [Caz+]Cyt in plants (Lamotte ef al. 2004), and
the information encoded in transient Ca®" signals may
regulate MPTP. Here we provide evidence that Ca®" is
involved in NO-induced up-regulation of mitochondrial
permeability transition in tobacco protoplasts.

We found two lines of evidence for an essential role of
NO in PCD through the regulation of [Ca2+]cyt. First, a
rapid increase of [Caz+]Cyt was observed at the early stage
(from 0 to 5 min) of NO-induced PCD in tobacco
protoplasts (Fig. 24). Secondly, the Ca*" chelator EGTA
or the Ca®" channel blocker LaCl; significantly retarded
the increase in [Ca%]cyt and inhibited the onset of cell
death (Table 1). NO modulates the activit;/ of plasma
membrane as well as intracellular Ca™"-permeable
channels. Strictly, almost all types of Ca*" channels appear
to be regulated by NO (Clementi 1998). NO impacts on
their activity directly through S-nitrosylation (the
reversible formation of a covalent bound between a
cysteine residue and an NO group) or indirectly involving
c¢GMP, produced by NO-induced activation of soluble
guanylate cyclase, and/or cyclic ADP-ribose (cADPR; a
Ca’"-mobilizing metabolite that is synthesized from NAD"
by ADP-ribosyl-cyclase). Accumulating evidence suggest
that cADPR mediates Ca®" release by activating the
intracellular Ca** channels ryanodine receptors (RYR) not
only in mammals but also in plants (Besson-Bard et al.
2008). NO might also influence the activity of inositol
1,4,5-triphosphate receptors (Orrenius ef al. 2003,
Courtois et al. 2008). Thus our experiments show that NO
might promote an influx of Ca*" from the extracellular
space and/or mobilization of Ca’" sequestered in
intracellular Ca®" stores.

It was proposed that an increase of outer mitochondrial
membrane permeability is central to apoptosis (Scorrano
et al. 2003). The relationship between Ca’* and MPTP in
plants exposed to NO has been investigated. On the one
hand, in the present study, time-course analysis of Ca**
and AY,, showed that the increase of [Ca2+]m preceded
loss of A¥,, (Fig. 2), and pretreatments with the Ca*"
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MPTP induced by CaCl, treatment (Table 1). These results
suggest that Ca’* and mitochondrial permeability
transition is required for CaCl,-induced PCD. Moreover,
pretreatment with these Ca®" inhibitors also substantially
blocked the opening of MPTP induced by CaCl, treatment,
indicating that Ca * is also involved in CaCly-induced
up-regulation of the PCD and the open of MPTP in plants.

chelator EGTA, the Ca®" channel blocker LaCl; blocked
NO-induced loss of AY, (Table 1). Furthermore,
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Fig. 2. The protoplasts loaded with fluorochrome were treated
with 1 mM SNP or SNP + 1 mM cPTIO. 4 - Changes in Fluo-3
AM fluorescence measured by laser scanning confocal
microscopy (means + SE obtained by scanning over
60 protoplasts from 5 different experiments. B - Changes in
Rh123 fluorescence measured by flow cytometry. C - Protoplasts
viability in NO-stressed tobacco protoplasts measured by
propidium iodide staining and flow cytometry (n = 6).
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Table 1. Effects of pretreatments (0.5 h) with Ca®" inhibitors and MPTP blockers (2 mM EGTA, 2 mM LaCls, 100 uM CsA) on PCD
(sub-G protoplasts) and mitochondrial membrane potential (Rh123 fluorescence) in tobacco exposed to NO donor 1 mM SNP for 2 or

8 h or 6 mM CaCl, for 6 h. Means + SE, n = 6.

Parameter Time [h] Control SNP/CaCl, +EGTA +LaCl; +CsA
Sub-G; protoplasts [%] SNP 2 2.1+13 9.4 +1.1 3.6+1.8 45+0.7 27+1.6
SNP 8 3.1+£1.7 452125 24.7+2.7 35122 15.6£2.5
Rh123 fluorescence [%)] SNP 2 99.8 +4.1 61.5+34 88.3+2.1 75.6+2.9 96.7+3.5
SNP 8 98.6+4.5 28.6+2.7 51.7+28 38.1+4.38 583123
Sub-G; protoplasts [%] CaCl, 6 99.6 + 1.7 38.4+3.0 67.3+3.6 555143 74.1+3.1
Rh123 fluorescence [%)] CaCl, 6 23+1.2 422425 21.6+2.8 327+2.1 13.3+£1.5

pre-treatment with CsA also effectively retarded the
increase in [Ca2+]cyt and the onset of PCD induced by salt
stress (Lin ef al. 2005) and NO (Table 1). CsA can not only
specifically inhibit the MPTP opening but also prevent the
endogenous Ca** cycling by mitochondria (Richter 1998).
These results clearly suggest that Ca®" acts upstream of
MPTP in NO signaling. On the other hand, when
challenged with high [Ca2+]cyt, the mitochondria can
contribute to Ca’’ homeostasis by providing an
intracellular sink for Ca>". Moreover, the uptake of Ca** by
mitochondria has a powerful impact on cellular Ca*'
signaling, affecting the generation and propagation of Ins
(1,4,5) P;-triggered Ca * waves and the modulation of
store-operated Ca”" currents (Coelho ef al. 2002). Taken
together, it is implied that there exists cross-talk between
Ca®" and MPTP in plant cells in response to stresses or
stimuli.
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