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Nitric oxide (NO) has been postulated to be required, together with reactive oxygen species (ROS), for the activation of the
hypersensitive reaction, a defense response induced in the noncompatible plant-pathogen interaction. However, its involve-
ment in activating programmed cell death (PCD) in plant cells has been questioned. In this paper, the involvement of the
cellular antioxidant metabolism in the signal transduction triggered by these bioactive molecules has been investigated. NO
and ROS levels were singularly or simultaneously increased in tobacco (Nicotiana tabacum cv Bright-Yellow 2) cells by the
addition to the culture medium of NO and/or ROS generators. The individual increase in NO or ROS had different effects
on the studied parameters than the simultaneous increase in the two reactive species. NO generation did not cause an
increase in phenylalanine ammonia-lyase (PAL) activity or induction of cellular death. It only induced minor changes in
ascorbate (ASC) and glutathione (GSH) metabolisms. An increase in ROS induced oxidative stress in the cells, causing an
oxidation of the ASC and GSH redox pairs; however, it had no effect on PAL activity and did not induce cell death when
it was generated at low concentrations. In contrast, the simultaneous increase of NO and ROS activated a process of death
with the typical cytological and biochemical features of hypersensitive PCD and a remarkable rise in PAL activity. Under
the simultaneous generation of NO and ROS, the cellular antioxidant capabilities were also suppressed. The involvement of

ASC and GSH as part of the transduction pathway leading to PCD is discussed.

The mechanism of plant resistance to pathogens
starts with specific recognition between molecules
produced in the plant-pathogen interaction and plant
receptors. The interaction between elicitors and re-
ceptors triggers a complex response network aimed
at determining resistance to infection by stopping
pathogen penetration into host tissues or inducing
pathogen death (McDowell and Dangl, 2000). During
incompatible plant-pathogen interactions, recogni-
tion of a potential pathogen often results in a hyper-
sensitive reaction (HR), a localized activation of pro-
grammed cell death (PCD), that generates a physical
barrier restraining nutrient availability because of the
rapid dehydration caused by tissue death (Parker
and Coleman, 1997). It is believed that the coordi-
nated activation of PCD and other defense mecha-
nisms at the site of infection requires tight control of
the production of the reactive oxygen species (ROS),
such as superoxide and hydrogen peroxide. Besides
having a direct antimicrobial activity (Lamb and
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Dixon, 1997), ROS contribute to the construction of
barriers against phytopathogens. H,O, is used by
apoplastic peroxidases, which reinforce the cell wall
and hinder pathogen penetration by catalyzing the
cross-linking between the structural cell wall poly-
mers and the oxidative polymerization of cinnamyl
alcohol to lignin (Ros Barceld, 1997). Moreover, H,O,,
being able to cross cellular membranes, is also a
diffusible signal for the activation of defense genes
and systemic acquired resistance (Levine et al., 1994;
Alvarez et al., 1998). However, different signaling
molecules are required for the activation of plant
defense responses, because ROS do not seem to be
directly involved in the rapid induction of genes
coding for the enzymes of the phenylpropanoid path-
way, which leads to the synthesis of phytoalexins,
lignin, and salicylic acid (Dorey et al., 1999). It has
recently been reported that the simultaneous produc-
tion of H,O, and nitric oxide (NO) is required to
induce the PCD occurring during the HR (Delle-
donne et al., 1998). NO also seems to act indepen-
dently from ROS in the induction of specific genes
responsible for the synthesis of defense metabolites
(Noritake et al., 1996; Delledonne et al., 1998). In
mammals, the involvement of NO in pathological
conditions has been widely investigated. NO, being a
stable and reactive molecule at the same time, has
been considered one of the more appropriate bioac-
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tive molecules in the intra- and inter-cellular signal
transduction for the regulation of physiological and
pathological processes (Stamler, 1994). Both in ani-
mals and plants NO seems to induce the production
of the second messenger cyclic GMP; moreover, in
animal cells, it affects redox-sensitive ion channels
and transcription factors (Stamler, 1994; Durner et al.,
1998). The recent findings reporting that NO is also
synthesized in plants via both nitrate reductase and
NO synthase (Yamasaki and Sakihama, 2000; Ribeiro
et al., 1999) support the possibility of NO being in-
volved in physiological and/or pathological pro-
cesses in plants too.

It is well known that the PCD occurring during the
HR is preceded by an oxidative burst that is mainly
attributable to the activation of several enzymatic
systems involved in ROS generation. It has recently
been suggested that reduction in the activity /expres-
sion of enzymes responsible for ROS catabolism is
also relevant for ROS increase in death-designated
cells. Both catalase and ascorbate (ASC) peroxidase
(APX), enzymes responsible for hydrogen peroxide
scavenging in plant cells, seem to be locally down-
regulated during the HR (Dorey et al., 1998; Mittler et
al., 1998, 1999). The involvement of ASC and GSH
metabolisms in the defense mechanisms activated in
plants by pathogen attacks has also been suggested
(Vanacker et al., 1998, 2000). Nevertheless, molecular
signals and mechanisms that trigger the decrease in
the enzymatic ROS-scavenging capability are not
well known, and it has not been clarified whether
PCD induced in the HR requires alteration of other
components of the antioxidant systems. Both in plant
and animal cells, ROS detoxification is carried out by
a network of reactions involving enzymes and me-
tabolites with redox properties. The ASC-glutathione
(GSH) cycle is a key part of this network (Noctor and
Foyer, 1998). In this cycle ASC is oxidized directly by
ROS or enzymatically by APX. The first product of its
oxidation, ASC free radical (AFR; also known as
monodehydroascorbate) is partly reduced back by a
NAD(P)H-dependent reductase and partly under-
goes spontaneous dismutation producing dehy-
droascorbate (DHA), the final oxidation product of
ASC. DHA can be reduced by DHA reductase, an
enzyme that, using GSH as electron donor, cooper-
ates with AFR reductase in the recycling of the oxi-
dized ASC. Finally, GSH disulfide (GSSG), produced
in DHA reduction, is reconverted to GSH by a
NADPH-dependent GSSG reductase. Interestingly,
all the components of the ASC-GSH cycle are copre-
sent in all organelles in which ROS detoxification is
needed, such as chloroplasts, mitochondria, and mi-
crobodies (De Leonardis et al., 1995, 2000; Jiménez et
al., 1998; Asada, 1999). Under abiotic stress condi-
tions, a coordinated increase in the activities of the
ASC-GSH redox enzymes has been widely reported
to enable plants to overcome oxidative stress (Noctor
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and Foyer, 1998; Di Cagno et al., 2001). On the other
hand, very little information is yet available on the
involvement of ASC and GSH pairs and redox en-
zymes in hypersensitive PCD.

In this paper, the relationship between cell death
induced by NO and/or ROS and the antioxidant
systems has been studied. The obtained results sug-
gest that changes in ASC and GSH metabolisms
caused by the interplay between NO, ROS, and plant
cells can be part of the transduction signals that
triggers PCD.

RESULTS
PCD

The NO and ROS levels were altered singularly or
together in tobacco (Nicotiana tabacum cv Bright-
Yellow 2 [BY-2]) cells by the addition to the culture
medium of sodium nitroprusside (SNP), an NO gen-
erator, and Glc plus Glc oxidase (GOG) to generate
H,0O, (Delledonne et al., 1998; see also “Materials and
Methods”).

Treatments with the NO generator SNP, at concen-
trations between 0.05 to 5 mM, had no effect on the
viability of tobacco cv BY-2 cells. H,O, generated by
GOG had no significant effect on cell viability during
the first 7 h of treatment when Glc oxidase was used
at concentrations of 0.05 to 1 units mL™". Induction of
cell death was evident only when the amount of Glc
oxidase was raised to 2 units mL ™' (35%—40% cell
death after 7 h of treatment). The simultaneous pro-
duction of NO plus H,O, reduced tobacco cv BY-2
cell viability in a dose-dependent manner. Cell death
occurred even when NO and H,O, are generated at
concentrations that are completely ineffective when
the two chemical species are produced singularly
(Fig. 1). Because the concentrations of NO and H,O,
generators produced by 0.5 mm SNP and 0.5 mm Glc
plus 0.5 units mL~! Glc oxidase give a clear, but not
too fast, effect on cell viability and these concentra-
tions are commonly used in the literature (Delle-
donne et al., 1998; Clarke et al., 2000), most of the
results reported in this paper were obtained under
these experimental conditions. Figure 2 shows the
effects of the alteration of NO or H,0O, and NO plus
H,0O, on Phe ammonia-lyase (PAL) activity, chosen
as a marker of activation of defense responses. Nei-
ther NO nor H,O, affected PAL activity when singu-
larly produced, because the variations in PAL activ-
ity occurring during the analyzed period were
similar in control cells and in those grown in a me-
dium with increased levels of NO or ROS alone. The
behavior of PAL was quite different when NO and
H,0O, were simultaneously produced in the cell cul-
ture, because a remarkable rise in PAL activity oc-
curred under such treatment. To confirm whether
cell death induced by simultaneous production of
NO and H,0, is a programmed event and not a
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Figure 1. Effects of the altered levels of NO and T
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consequence of cell necrosis triggered by an overpro-
duction of reactive species, cytological and biochem-
ical markers of PCD, such as chromatin condensa-
tion, cytoplasm shrinkage, and the effect of
transcription inhibitors (Mittler and Lam, 1996), were
analyzed. The nuclear morphology of cells treated
with SNP plus GOG were studied using 4,6-diamino-
2-phenylindole (DAPI) staining coupled with fluo-
rescence microscopy. Control cell nuclei had a large
central nucleolus surrounding by a uniform stained
chromatin (Fig. 3, A and C); whereas, in the cells
enriched with NO plus H,0,, the chromatin had a
granular aspect and nuclei were lobated (Fig. 3, B and
D). Cytoplasmic shrinkage was also evident in the
cells treated with SNP plus GOG (Fig. 3E), whereas
single treatment with SNP or GOG at the same con-
centrations used for the double treatment (0.5 mm
SNP or 0.5 mm Glc plus 0.5 units mL ™" Glc oxidase)
did not induce any relevant structural anomaly (data
not shown). Induction of cell death by NO plus H,0O,
was blocked when treatments were performed in the
presence of actinomycin (Fig. 4A) in accordance with
data reporting that inhibitors of transcription or
translations block the PCD process (Solomon et al.,
1999; Clarke et al., 2000).

Cellular Redox State

The different effect of the treatments with NO or
H,0, versus NO plus H,O, was further substantiated
by the analysis of lipid peroxidation, because neither
the increase in NO nor H,0O, affected the level of
lipid peroxidation, at least at the concentration used
(0.5 mm SNP or 0.5 mm Gle plus 0.5 units mL™" Glc
oxidase). On the other hand, the SNP plus GOG
treatment induced a consistent increase in lipid per-
oxidation (more than 100%) that reached a steady-
state level at 5 h (Table I).

During the analyzed period, in the control cells, no
significant differences occurred in the content or re-
dox state of the ASC pool and, as a consequence, the
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ASC to DHA ratio remained unchanged (Fig. 5). NO
production induced a transient increase in ASC con-
tent with a parallel decrease in DHA, thus causing
changes in the ASC to DHA ratio that rose from a
value of 4 in the control cells to values of 9 to 10 in the
NO-enriched cells within the first 4 h of treatment,
after which it decreased again to the control value
(Fig. 5). In contrast, GOG caused an immediate de-
crease in the ASC content and an increase in DHA,
thus indicating that an oxidative stress occurred in
the GOG-treated cells. However, ASC and DHA lev-
els did not further change significantly after the first
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Figure 2. Effects of the altered levels of NO and/or H,O, on PAL
activity. The levels of NO and H,O, were altered in tobacco cv BY-2
cells by adding SNP (0.5 mm) and GOG (0.5 mm Glc plus 0.5 unit
mL~" Glc oxidase), respectively, in the culture medium. PAL activity
was analyzed over time. TC, trans-Cinnamic acid. Values represent
mean * Se of five experiments. * indicates the values that are
significantly different from controls (Student’s t test with P < 0.01).
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Figure 3. Chromatin condensation and cytoplasm shrinkage induced by NO and H,O, in tobacco cv BY-2 cells. A through
D, The cells were stained after 4 h of treatments with DAPI to visualize nuclear morphology. A and C, Control cells; B and
D, SNP plus GOG-treated cells. The arrow indicated a representative granular nucleus. E, Cell viability and cytoplasm
shrinkage of SNP plus GOG-treated cells. SNP and GOG were used at the same concentration of Figure 2. Bar = 20 um.

2 h of treatment, and the ASC to DHA ratio was
maintained at about 2 throughout the whole ana-
lyzed period (Fig. 5). The oxidative stress induced by
H,O, generation increased in a dose-dependent man-
ner, because when Glc oxidase was raised to 2 units
mL ™', the ASC to DHA ratio dropped off to 1. The
simultaneous increase in NO and H,0, in cell culture
induced a strong and progressive oxidation of ASC
with a simultaneous increase in DHA production
(Fig. 5). The decrease in the ASC pool and the shift of
ASC to DHA pair toward the oxidized form were
proportional to the amount of NO or H,O, generated
in the culture medium (Table II).

The behavior of the GSH pool under the three
treatments is reported in Figure 6. After 2 h of SNP
treatment, the amount of GSH was lower than that of
the control cells, and a further progressive decrease
occurred as time went by. However, no significant
variations in GSH to GSSG ratios were evident. GOG-
treated cells had GSH levels comparable with the
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control, but their GSSG was maintained at a higher
level throughout the whole treatment, as is well ev-
ident from the strong decrease in the GSH to GSSG
ratios. The effect of the simultaneous increase in NO
and H,O, on the GSH pool resembled that on ASC. A
steep decrease in the reduced form occurred after 4 h
of treatment; whereas the GSSG progressively in-
creased, and at 7 h, the GSH and GSSG were present
in the cells in the same amount. In the double treat-
ments, when the production of NO or H,O, was
increased by enhancing SNP or GOG concentrations,
the decrease in the GSH to GSSG ratio was more
rapid (data not shown).

When the PCD induced by NO plus ROS was
blocked by the presence of actinomycin, the effect of
the double treatment on ASC level and redox balance
was also reverted (Fig. 4B). Analogous results were
obtained on the GSH pool (data not shown). Treat-
ment with actinomycin alone did not affect cell via-
bility or antioxidant levels and redox status.
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Figure 4. Effect of actinomycin on cell death
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ASC and GSH Redox Enzymes

To obtain a more global view on the changes in the
ROS-scavenging capability, the activity of APX and
those of the other enzymes of ASC-GSH cycle were
tested. The APX activity did not significantly change
under treatment with 0.5 mm Glc plus 0.5 unit mL ™"
Glc oxidase treatment, even if an increase in the
enzyme activity was evident when the H,O, produc-
tion was raised. In tobacco cv BY-2 cells treated for
5 h with 0.5 mm Gle plus 1 unit mL ™" Glc oxidase, the
APX activity was about 50% higher than in control
cells. SNP-treated cells also had higher APX activity
than control cells. In contrast, the simultaneous treat-
ments with SNP and GOG induced a rapid and pro-
gressive decrease in APX activity, and after 7 h, the
APX activity was much lower than that of control
cells (Fig. 7A). These results were further confirmed
by native PAGE analysis (Fig. 7B). APX activity more
rapidly decreased when, in the simultaneous NO
plus H,O, treatment, the generation of one of the two
reactive species was enhanced (data not shown). As
previously reported (de Pinto et al., 2000), tobacco cv
BY-2 cells have 2 cytosolic APX. After 5 h of treat-
ment, the two bands of APX were well active in
control, NO- or H,0,-enriched cells, but they both
decreased in the cell undergoing NO plus H,O, treat-
ment. The effects of NO, H,0,, and NO plus H,O, on

GOG Actinomycin GOG Actinomycin

APX were also tested by western blotting analysis
using a specific monoclonal antibody cross-reacting
with the cytosolic isoenzyme of APX (Fig. 7C). De-
spite both bands of cytosolic APX being detected by
native PAGE cross-reacted with the antibody (data
not shown), when western blotting was performed
with proteins subjected to SDS-PAGE, the antibody
recognized a single protein, with a molecular mass of
about 30 kD. A remarkable decrease in the APX
cross-reacting with the antibody occurred under si-
multaneous production of NO and H,0O,, whereas no
significant differences were induced by the individ-
ual increase in NO or H,0,.

The production of NO or H,0, had no effects on
the activity of the enzymes responsible for the re-
duction of the oxidized forms of ASC and GSH,
namely AFR reductase, DHA reductase, and GSSG
reductase. On the other hand, the simultaneous pro-
duction of NO and ROS affected these enzymes
(Figs. 8 and 9). The activity of AFR reductase was
only transiently increased between 4 and 5 h of
treatments (Fig. 8B), whereas, GSSG reductase and
DHA reductase strongly increased their activities,
but only at 7 h of treatment (Figs. 8A and 9A). The
DHA reductase rise was partly attributable to the
appearance of a new protein with DHA reducing
activity (Fig. 9B).

Table 1. Effects of the NO and/or H,O, generation on lipid peroxidation

Changes over time in lipid peroxidation of tobacco cv BY-2 cells with altered levels of NO and/or
H,0, were measured as the malondialdehyde (MDA) content. The results are the means of five
experiments = se. NO and H,O, were generated by adding SNP (0.5 mm) and/or GOG (0.5 mm Glc plus

0.5 unit mL™" Glc oxidase) in the culture medium.

Lipid Peroxidation

Time
Control SNP GOG SNP + GOG
h wmol MDA g~ fresh wt
2 11.2+0.8 13.1 = 1.1 11.8 = 0.9 12.3 = 0.8
4 12.1 0.9 10.8 = 0.8 124+ 1.1 18.3 = 0.9
5 127 £1.0 11.2 £ 0.9 11.7 £ 0.8 282 *+13
7 10.7 = 0.9 10.2 = 0.7 16.7 = 1.2 262 1.5

702

Plant Physiol. Vol. 130, 2002



Antioxidants in Programmed Cell Death
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Figure 5. Effects of the NO and/or H,O, generation on the ASC pool. Values represent mean * sk of five experiments. The
ASC to DHA ratios were calculated by using the mean values of ASC and DHA contents. See Figure 2 for SNP and GOG

concentrations. @—@®, ASC; [1—[], DHA.

DISCUSSION

Data reported in this paper point out that NO and
ROS have different effects depending on whether
they are singularly or simultaneously produced in
tobacco cells. The production of NO alone by treat-
ment with SNP does not affect cell viability or PAL
activity, whereas it induces an increase in the activity
of APX and a transient shift of the ASC pool toward
the reduced form, particularly evident during the
first hours of SNP treatment (Figs. 5 and 7). These
results agree with an antioxidative effect of NO (Be-
ligni and Lamattina, 1999) that could cooperate with
ASC in protection against oxidative processes. NO
has accordingly been reported to compete with ASC
in stopping lipid peroxidation by acting in synergy
with a-tocopherol (Rubbo et al., 2000). Different from
our results, an inhibitory effect of NO on APX activ-
ity has been recently reported, this effect being at-
tributed to direct NO binding to the heme group of
the enzyme (Clark et al., 2000). The discrepancy be-
tween these and our data is attributable to the fact
that Clark et al. (2000) obtained the inhibition of APX
in in vitro experiments, whereas in the experiments
here presented, NO was in vivo generated. Moreover
they used different NO generators (at 5 mm concen-
tration) that produced an amount of NO at least 10 to
15 times higher than SNP (Wink et al., 1996). Under
our experimental conditions, NO production also af-
fects the GSH pool, inducing its progressive decrease
(Fig. 6). However, such a decrease is not attributable
to oxidative processes, because the GSH to GSSG
ratio does not change in NO-enriched cells, but this is
probably the consequence of the GSH nitrosylation
process, an established event induced by NO (Durner
and Klessig, 1999). H,O, alone is also ineffective on
PAL activity and cell viability, when it is generated at
low concentration, whereas, when its production ex-
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ceeds a threshold value, it induces cell death in a
dose-dependent way, as previously reported (Houot
etal., 2001). As expected, the overproduction of H,O,
induces an oxidative stress in the cells that causes an
imbalance of both ASC and GSH pools toward the
oxidized forms (Figs. 5 and 6) that is proportional to
the amount of H,O, generated.

Completely different are the effects of the simulta-
neous increase in NO and H,O, production. A cellu-
lar death having the features of the hypersensitive
PCD (Figs. 1-4) occurs in tobacco cv BY-2 cells grown
in presence of NO and H,O, generators. Cellular
death occurs after a lag, similar to that reported for
the PCD activation under different conditions (Desi-
kan et al., 1998). Hallmarks of the PCD occurring in
the HR, such as chromatin condensations, cytoplas-
mic shrinkage (Fig. 3) and blocking of the death
process by means of transcription inhibitors (Fig. 4A)
are evident in the cells in which a simultaneous rise
in NO and H,0O, has been induced. The induction of
PCD by simultaneous alteration in NO and H,O,
levels is consistent with the evidence that both of
these two chemical species are produced in plant
cells at the site of pathogen infection (Mittler and
Lam, 1996; Clarke et al., 2000). However, the recent
evidence demonstrating that the production of NO
alone (and in the same range of concentration used in
this study) is sufficient to induce PCD in Arabidopsis
cell culture (Clarke et al., 2000), raises the question as
to whether, in cellular lines of different plant species,
the alterations in the levels of these reactive mole-
cules are diversely perceived/amplified or trigger
different transduction pathways. It has also been
pointed out that the amount, kind (O, or H,0,), and
availability of ROS for interacting with NO (localiza-
tion of their production, presence of scavenger sys-
tems) are critical points for the modulation of NO/
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Table Il. Effect of different amounts of NO and H,O, generation on ascorbate pool

Different concentrations of SNP and Glc oxidase (GO) plus 0.5 mm Glc (G) were added to the culture medium of tobacco BY-2 cells. ASC and
DHA levels were measured in the cells after 5 h of treatments. The results are the means of three experiments * SE.

Treatments ASC DHA ASC/DHA
nmol g~ fresh wt
Control 611 = 61 141 =15 4.33
SNP (0.5 mm) + GGO (0.05 unit mL™") 562 = 60 123 =10 4.57
SNP (0.5 mm) + GGO (0.5 unit mL™") 424 + 39 244 =15 1.73
SNP (0.5 mm) + GGO (1 unit mL™") 43 += 4 131 =10 0.56
GGO (0.5 unit mL™") + SNP (0.05 mm) 563 = 51 135 £ 11 417
GGO (0.5 unit mL™") + SNP (5 mm) 118 £ 8 202 =15 0.58

H,0, signaling in plant HR (Delledonne et al., 2001).
Thus, the NO experimentally produced in a cell cul-
ture could have a different effect depending on the
different endogenous presence of other reactive spe-
cies. On the other hand, despite the exogenous pro-
duction of ROS (by means of ROS generators or ROS
supply) being used for the experimental induction of
cell death, it is clear that plant cells require other
signal molecules to activate HR in physiological con-
ditions. In fact, several responses activated in the HR
are not in vitro triggered by ROS alone (Levine et al.,
1994; Dorey et al., 1999). Moreover, an overproduc-
tion of ROS is a well-known phenomenon occurring
in plant cells subjected to abiotic stresses. However,
under abiotic stress conditions, ROS overproduction
does not trigger cell death but an increase in APX and
other ASC, GSH redox enzymes, at least in resistant
plants (Noctor and Foyer, 1998). In contrast, the PCD
induced by NO and H,O, requires the suppression of
the antioxidant systems responsible for cellular redox
balance. Data here reported show that the decrease in
APX is the first alteration in the redox-regulating
systems induced by NO plus H,O, treatment, be-
cause a 50% decrease is already evident after 4 h,
when the difference in ASC and GSH pools are not

yet statistically significant (Figs. 5-7). A key role for
APX down-regulation in generating the conditions
needed for HR has already been reported in the
interaction between tobacco and tobacco mosaic vi-
rus (TMV). In the HR induced by TMV, the APX is
suppressed at the translation level, moreover, trans-
genic antisense plants with reduced APX are hyper-
responsive to TMV attacks (Mittler et al., 1998, 1999).
The results of the western blot of APX under NO and
ROS alteration are coherent with a regulation mech-
anism acting at the translation or posttranslation
level (Fig. 7C) and suggest that the transduction
pathway triggered by the simultaneous increase in
NO and H,0, is implicated in APX down-regulation.
The cellular conditions needed for PCD induction are
accompanied by an imbalance of the ASC and GSH
redox pairs toward the oxidized forms (Figs. 5 and 6).
Interestingly, when PCD is blocked by the presence
of transcription inhibitors, the alteration in the levels
and redox state of the ASC and GSH pools are also
abolished (Fig. 4B). This result indicates that alter-
ations in the level and redox state of these metabo-
lites are not unspecifically and merely caused by
reactive molecules produced under the contempo-
rary presence of NO and H,0,, but they are specifi-
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Figure 7. Effects of the altered levels of NO and/or H,O, on APX. A,
Changes in APX specific activity during time; the values are the
means of five experiments *+ st. Representative native PAGE (B) and
western blot (C) of APX from tobacco cv BY-2 cells treated for 5 h
with SNP, GOG, or SNP plus GOG. For each treatment 300 and 20
pg of total proteins were loaded in the native PAGE (B) and in the
SDS-PAGE (C) respectively. See Figure 2 for SNP and GOG
concentrations.

cally required in the PCD process. The imbalance of
these redox pairs could be not only simply directed
toward creating the cellular conditions for the oxida-
tive burst occurring during HR, but it could also be
involved in the alteration of gene expression required
by PCD. It is known that both ASC and GSH pairs
modulate gene expression through affecting redox-
sensitive transcription factors (Noctor et al., 1998;
Catani et al., 2001). As a matter of fact, some tran-
scription factors involved in animal apoptosis are
regulated by changes in redox balance (Moran et al.,
2001).
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As far as the enzymes of the ASC and GSH recycle
are concerned, their increase induced by simulta-
neous NO and H,0O, production seems to be a ho-
meostatic attempt, without success, to maintain the
DHA and GSSG content at low levels (Figs. 8 and 9).
AFR reductase has been reported as a key enzyme in
ASC recycling, particularly under stress conditions,
its expression and activity increasing in plant tissues
under a number of abiotic stresses. The spontaneous
disproportionation of AFR, the first product of ASC
oxidation, generates DHA, which has a negative ef-
fect on cell metabolism. Great importance has been
attributed to AFR reductase for maintaining DHA at
a low level in cells, by decreasing the amount of AFR
available to disproportionate (De Gara and Tommasi,
1999). This is confirmed by several results showing
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Figure 8. Effects of the NO and/or H,O, generation on GSSG reduc-
tase and AFR reductase. Specific activity of GSSG reductase (GR; A)
and AFR reductase (AFRR; B) over time. The values represent mean =
se of five experiments. * indicates the values that are significantly
different from controls (Student’s t test with P < 0.01). See Figure 2
for SNP and GOG concentrations.
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Figure 9. Effects of the NO and/or H,O, generation on DHA reduc-
tase. A, Changes in DHA reductase (DHAR) activity over time. The
values represent mean = st of five experiments. * indicates the values
that are significantly different from controls (Student’s t test with P <
0.01). B, Representative native PAGE of DHA reductase from tobacco
cv BY-2 cells treated for 7 h with SNP, GOG, or SNP plus GOG. For
each treatment, 300 ug of total proteins was loaded. See Figure 2 for
SNP and GOG concentrations.

that in vegetative tissues, changes in the activity of
AFR reductase usually mirror changes in ASC oxida-
tion (De Gara and Tommasi, 1999; de Pinto et al.,
2000). The transient increase in AFR reductase activ-
ity, occurring after NO plus H,O, production, could
be a response to an increase in AFR production,
because of an overoxidation of ASC. However, such
a response seems to be suppressed as the treatment
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goes on. This probably further contributes to shift the
cellular redox balance toward the oxidative state.
Even the increases in DHA reductase and GSSG re-
ductase, occurring as late events in this process, are
not able to stem the DHA and GSSG production
despite the appearance of a new protein able to re-
duce DHA. On this point, it is interesting to note that
several proteins sharing the presence of two Cys
residues in a four-amino acid consensus sequence are
able to reduce DHA in vitro, including proteins with
well-known regulatory properties (May et al., 1997;
Powis et al., 1995). Moreover, it is known that PCD
requires activation of caspases, Cys rich proteases.
The new proteins occurring in the late phase of PCD
induction could have a physiological role different
from DHA reduction.

Further investigation is required to support this hy-
pothesis and to understand whether the increases in
GSSG and DHA are directly implicated in the activa-
tion/expression of key proteins involved in PCD.

In conclusion, data here reported indicate a direct
involvement of antioxidant metabolism in PCD acti-
vation and underline the complexity of the signaling
pathways triggered by plants to cope with changes in
environmental conditions. This complexity is also
attributable to the versatility of the signaling mole-
cules involved (as NO and ROS), the effects of which
can vary according to the different situations in
which their production is activated.

MATERIALS AND METHODS
Cell Culture and Microscopy

The tobacco (Nicotiana tabacum L. cv BY-2) cell suspension was routinely
propagated and cultured according to Nagata et al. (1992). For the experi-
ments, a stationary culture was diluted 4:100 (v/v). At the 3rd d of culture,
NO and H,O, were generated by adding from 0.05 mm to 5 mm SNP (ICN
Biomedicals, Aurora, OH) and 0.5 mMm GOG from 0.05 to 2 units mL ™!
(Calbiochem, La Jolla, CA) to the culture medium. The production of NO
and H,O, during the experimental conditions used was checked according
to Privat et al. (1997) and Bellincampi et al. (2000), respectively. Where
indicated, actinomycin (1 ug mL~") was added to the culture medium, at the
same time as the addition of SNP and GOG. At time intervals, aliquots of
cells were collected for analysis.

Cell viability was measured as previously described using Trypan Blue
staining (de Pinto et al., 1999). For the analysis of nuclear morphology,
tobacco cv BY-2 cells were prepared as described by Callard et al. (1996).
Cell were fixed with 100 mm PIPES, pH 6.8, 10 mm EGTA, and 10 mm
MgSO, (PEM buffer) containing 4% (w/v) formaldehyde in a cell suspen-
sion buffer ratio of 1:1 (v/v). After 30 min, cells were washed three times in
PEM buffer and resuspended in PEM containing 0.2% (w/v) Triton X-100
and 1 ug mL~! DAPI (Sigma-Aldrich, St. Louis). Cells were visualized using
a fluorescence microscope (DMLS, Leica, Wetzlar, Germany) with an exci-
tation filter of 340 to 380 nm and a barrier filter of 400 nm.

ASC and GSH Assays

Cells were collected by filtration on 3MM (Whatman, Clifton, NJ). Cells
(0.5-1 g) were homogenized with 2 volumes of cold 5% (w/v) meta-
phosphoric acid at 4°C in a porcelain mortar. The homogenate was centri-
fuged at 20,000¢ for 15 min at 4°C, and the supernatant was collected for
analysis of ASC and GSH. The ASC and GSH pools were measured accord-
ing to Zhang and Kirkham (1996).
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Lipid Peroxidation

The level of lipid peroxidation in the cells was measured in terms of
malondialdehyde content determined by the thiobarbituric acid reaction as
described by Zhang and Kirkham (1996). The cells (0.4 g) were homogenized
in 4 mL of 0.1% (w/v) trichloroacetic acid. The homogenate was centrifuged
at 10,000g for 10 min. One milliliter of the supernatant was diluted 1:5 (v/v)
with 20% (w/v) trichloroacetic acid containing 0.5% (w/v) thiobarbituric
acid. The mixture was heated at 95°C for 30 min and cooled in an ice bath,
after which it was centrifuged at 10,000¢ for 10 min, and the absorbance of
the supernatant was read at 532 nm. The value for the nonspecific absorp-
tion at 600 nm was subtracted from the 532 nm reading. The concentration
of malondialdehyde was calculated using the extinction coefficient of 155

mm cm L.

Enzyme Assays

Cells were ground in liquid nitrogen and homogenized at 4°C in extrac-
tion buffer (50 mm Tris-HCI, pH 7.8, 0.05% [w/v] Cys, and 0.1% [w/v]
bovine serum albumin). Homogenate was centrifuged at 20,000 for 15 min.
The supernatant was used for both spectrophotometric and electrophoretic
analyses. The activity of APX (L-ASC:hydrogen peroxide oxidoreductase,
EC 1.11.1.11), AFR reductase (NADH:AFR oxidoreductase, EC 1.6.5.4) DHA
reductase (GSH:DHA oxidoreductase, EC 1.8.5.1), and GSSG reductase
(NADPH:GSSG oxidoreductase, EC 1.6.4.2) were tested according to de
Pinto et al. (2000). PAL (EC 4.3.1.5) was determined spectrophotometrically
at 290 nm from the amount of trans-cinnamic acid produced upon incuba-
tion for 15 min at 40°C in a reaction mixture containing 0.1 m borate buffer,
pH 8.8, 10 mm L-Phe, and an aliquot of proteins (Sarma and Sharma, 1999).
Attention was paid for determining specific activity of each enzyme always
with the same amount of proteins. All of the specific activities were mea-
sured by using a spectrophotometer (DU 7000, Beckman Coulter, Fullerton,
CA). Protein determination was performed using a protein assay kit (Bio-
Rad, Hercules, CA), using bovine serum albumin as a standard.

Native-PAGE and Western-Blot Analysis

Native PAGE was performed according to de Pinto et al. (2000). SDS-PAGE
was carried out using a separating gel of 12.5% (w/v) acrylamide. Protein
from SDS-PAGE was transferred to a nitrocellulose membrane using the
semidry electropforetic transfer cell (Hoefer Pharmacia Biotech Inc, San Fran-
cisco) in a running buffer containing 25 mm Tris, 190 mm Gly, and 20% (v/v)
methanol, at 100 V for 60 min. The membrane was then blocked with a
solution containing 1% (w/v) bovine serum albumin, 0.15 m NaCl, 20 mm
Tris-HCl, pH 7.5, and 0.05% (v/v) Tween 20 for 30 min and incubated with
anti-APX monoclonal antibody (AP6 from Saji et al., 1990) and with goat
anti-mouse IgG conjugated with alkaline phosphatase (Promega, Madison,
WI). Antigenic polypeptides were visualized using the nitroblue tetrazolium/
5-bromo-4-chloro-3indolyl-phosphate kit (Promega).

Statistics

Statistical differences between mean values of control and treated cells
were determined with the Student’s ¢ test.
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