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The cellular and subcellular localization of endogenous nitric oxide (NO ) in leaves from young and senescent pea (Pisum
sativum) plants was studied. Confocal laser scanning microscopy analysis of pea leaf sections with the fluorescent probe
.
4,5-diaminofluorescein diacetate revealed that endogenous NO was mainly present in vascular tissues (xylem and phloem).
Green fluorescence spots were also detected in the epidermal cells, palisade and spongy mesophyll cells, and guard cells. In
.
senescent leaves, NO generation was clearly reduced in the vascular tissues. At the subcellular level, by electron paramagnetic
.
resonance spectroscopy with the spin trap Fe(MGD)2 and fluorometric analysis with 4,5-diaminofluorescein diacetate, NO was
found to be an endogenous metabolite of peroxisomes. The characteristic three-line electron paramagnetic resonance spectrum
.
.
of NO , with g 5 2.05 and aN 5 12.8 G, was detected in peroxisomes. By fluorometry, NO was also found in these organelles,
.
and the level measured of NO was linearly dependent on the amount of peroxisomal protein. The enzymatic production of
.
NO from L-Arg (nitric oxide synthase [NOS]-like activity) was measured by ozone chemiluminiscence. The specific activity of
.
peroxisomal NOS was 4.9 nmol NO mg21 protein min21; was strictly dependent on NADPH, calmodulin, and BH4; and
required calcium. In senescent pea leaves, the NOS-like activity of peroxisomes was down-regulated by 72%. It is proposed
.
that peroxisomal NO could be involved in the process of senescence of pea leaves.
.

The gaseous free radical nitric oxide (NO ) is a widespread intracellular and intercellular messenger with
a broad spectrum of regulatory functions in many
physiological processes (Moncada et al., 1991; Ignarro,
2002; Wendehenne et al., 2001; Lamattina et al., 2003;
Neill et al., 2003; del Rı́o et al., 2004). In recent years,
.
NO was reported to be involved in many key physiological processes of plants, such as ethylene emission
(Leshem and Haramaty, 1996), response to drought
(Leshem, 1996), disease resistance (Delledonne et al.,
1998, 2001; Durner et al., 1998; Clarke et al., 2000),
growth and cell proliferation (Ribeiro et al., 1999),
maturation and senescence (Leshem et al., 1998),
1
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apoptosis/programmed cell death (Magalhaes et al.,
1999; Clarke et al., 2000; Pedroso and Durzan, 2000;
Pedroso et al., 2000a; Zhang et al., 2003), and stomatal
closure (Garcı́a-Mata and Lamattina, 2001, 2002; Neill
et al., 2002a; Garcı́a-Mata et al., 2003).
.
The application of exogenous NO to plants has been
used as a tool to study how this molecule affects some
physiological processes, such as inhibition of certain
enzyme activities (Clark et al., 2000; Navarre et al.,
2000), cell wall lignification (Ferrer and Ros Barceló,
1999), the alternative oxidase pathway (X. Huang et al.,
2002), cell death (Pedroso et al., 2000b; Beligni et al.,
2002; Saviani et al., 2002), accumulation of ferritin
(Murgia et al., 2002), wound signaling (OrozcoCárdenas and Ryan, 2002), and root organogenesis
(Pagnussat et al., 2002).
In animal systems, a considerable attention is being
dedicated to this molecule and the enzyme responsible
for its production from L-Arg, nitric oxide synthase
(NOS; EC 1.14.13.39; Hemmens and Mayer, 1998;
Alderton et al., 2001). On the contrary, in plants
comparatively much less is known on the source of
.
NO production (Neill et al., 2003; Wendehenne et al.,
2003; del Rı́o et al., 2004). There are several enzymes
.
that have been shown to produce NO in plants, such
as nitrate reductase (Yamasaki et al., 1999; Yamasaki
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and Sakihama, 2000; Rockel et al., 2002), a variant of
the P protein of the Gly decarboxylase complex (GDC;
Chandok et al., 2003), horseradish (Armoracia lapathifolia) peroxidase (Boucher et al., 1992; J. Huang et al.,
2002), a plasma membrane-bound enzyme (Stöhr et al.,
2001), and an Arabidopsis protein (AtNOS1; Guo
et al., 2003). Cueto et al. (1996) and Ninnemann and
Maier (1996) were the first to show the presence of NOS
activity in higher plants by using the Arg-citrulline
method. Since then, a significant number of reports
have shown the presence in different plant species of
NOS-like activity and immunorelated proteins with
animal NOS (Wendehenne et al., 2001; Modolo et al.,
2002; Neill et al., 2003; del Rı́o et al., 2004).
Peroxisomes are single membrane-bounded subcellular organelles with an essentially oxidative type of
metabolism and a simple morphology that does not
reflect the complexity of their enzymatic composition
(Tabak et al., 1999; Baker and Graham, 2002). The main
functions described for peroxisomes in plant cells are
the photorespiration cycle, fatty acid b-oxidation, the
glyoxylate cycle, and the metabolism of ureides
(Huang et al., 1983; Baker and Graham, 2002). These
roles indicate that peroxisomes are involved in distinct
metabolic networks, mainly by establishing interconnections between different cell compartments (Corpas
et al., 2001; Igamberdiev and Lea, 2002; Minorsky,
2002). During the last decade, different evidence was
obtained showing that peroxisomes are a source of
reactive oxygen species (ROS), which could function
as signal molecules in the communication between
peroxisomes and other cell compartments (Corpas
et al., 2001; del Rı́o et al., 2002).
.
In this work, evidence is provided that NO is present
in several cell types of pea leaves and is an endogenous

metabolite of peroxisomes. On the basis of the results
obtained with young and senescent pea plants, it is
.
proposed that peroxisomes, as a source of NO , could
participate in the senescence process of leaves.

RESULTS
.

The production of NO in higher plants is well
established, although very little is known about where
this free radical is produced in healthy plant tissues.
.
The cellular localization of endogenous NO in pea leaf
sections by confocal laser scanning microscopy (CLSM)
with the fluorescent probe 4,5-diaminofluorescein diacetate (DAF-2 DA) is shown in Figure 1. An intense
green fluorescence was found in vascular tissues (xylem and phloem) and a lower brightness in the upper
and lower epidermal cells (Fig. 1A). However, fluorescence was not observed when the pea sections were
incubated under the same conditions but without the
.
fluorescent probe (Fig. 1B). Likewise, NO -derived
fluorescence was not detected either in pea leaf sections
preincubated with 5 mM NG-nitro-L-Arg methyl ester
(L-NAME), a well-known inhibitor of NOS activity in
animals (Fig. 1C), or in leaves from senescent plants
(Fig. 1D). Using the capability of CLSM, a digital threedimensional reconstruction of a pea leaf section is
showed in Figure 2, where, like in Figure 1A, the
brightness of green fluorescence was observed in
vascular tissues. However, green fluorescence spots
were also distributed throughout the epidermal tissue,
palisade and spongy mesophyll, and guard cells. The
orange-yellow color corresponds to the chlorophyll
autofluorescence distributed in all cells.
Figure 1. Representative images
illustrating the confocal laser immunofluorescent detection of en.
dogenous NO in pea leaves. Pea
leaf sections 60 to 100 mm thick
.
were used, and NO was detected
by its bright green fluorescence. A,
Leaf from young pea plants. B, Leaf
from young pea plants incubated
with 10 mM Tris-HCl, pH 7.4, and
without DAF-2 DA. C, Leaf from
young pea plants incubated with
5 mM L-NAME (NOS inhibitor). D,
Leaf from senescent pea plants.

Plant Physiol. Vol. 136, 2004

Downloaded on January 19, 2021. - Published by https://plantphysiol.org
Copyright (c) 2020 American Society of Plant Biologists. All rights reserved.

2723

Corpas et al.

Figure 2. Three-dimensional composition show.
ing the cellular localization of NO in pea leaves.
It was prepared from 153 pea leaf sections
analyzed by CLSM. Strong and bright green
fluorescence is observed in vascular tissues and
green fluorescence spots are observed in epidermal, palisade and spongy mesophyll, and guard
cells. The orange-yellow color corresponds to the
chlorophyll autofluorescence.

In isolated leaf peroxisomes, NOS-like activity from
was previously detected by measuring the production of L-citrulline (Barroso et al., 1999). Although
.
the presence of NO in peroxisomes appears to be
.
logical, the production of NO in these organelles has
not been demonstrated so far, and some authors have
cast doubts on the occurrence of NOS activity in
peroxisomes. Therefore, in peroxisomal fractions iso.
lated from pea leaves, the presence of NO was studied
by two complementary approaches: electron paramagnetic resonance (EPR) spectroscopy and fluorometric
analysis. EPR measurements were performed by using
.
the spin trap Fe(MGD)2 that reacts with NO forming
.
a stable NO -Fe(MGD)2 complex with a characteristic
.
three-line EPR spectrum. As positive control of NO
production, pure nNOS (Merck Biosciences, Darmstadt,
Germany) was used under the standard assay conditions. In Figure 3A, a representative EPR spectrum of
.
the NO -Fe(MGD)2 spin adduct produced by nNOS in
its enzymatic reaction is shown, with the typical triplet
signal of this spin adduct (g 5 2.05 and aN 5 12.8 G).
When crude extracts and isolated peroxisomes from
.
pea leaves were assayed for NO , similar three-line
signals with the same values for g and aN were found
(Fig. 3, B and C, respectively). The preincubation of
peroxisomal samples with a known NOS inhibitor
(1 mM L-NAME; Fig. 3D) or without NADPH (Fig. 3E)
produced spectra with lower signal intensities
than control peroxisomes (Fig. 3C).
L-Arg

2724

The second approach used to detect the presence of
.
NO in pea leaf peroxisomes was spectrofluorometric
analysis with DAF-2 DA. An increasing protein
concentration-dependent fluorescence was observed,
which indicated the existence of a linear relationship
.
between the levels of NO generated and the amount of
peroxisomal proteins (Fig. 4A). To corroborate these
results several additional assays were carried out: (1)
the peroxisomal samples were preincubated with 2 mM
aminoguanidine, a known inhibitor of NOS; (2) L-Arg,
the substrate of NOS, was not added to the reaction
mixtures; and (3) prior to the addition of DAF-2 DA, the
peroxisomal samples were denatured by heating at
95°C for 10 min. In these cases, reductions of 65% to 88%
in the relative fluorescence compared to the control
reaction were obtained (Fig. 4B). Therefore, it can be
.
concluded that at least 65% of the NO detected by
spectrofluorometric analysis has an enzymatic origin.
When the NOS-like activity was measured as production of L-[3H]citrulline from L-[3H]Arg, a linear correlation with the amount of peroxisomal protein was
observed (Fig. 4C), which is in agreement with the
fluorometric results of Figure 4A. This NOS-like activity increased during the first 30 min of incubation, and
then reached a plateau (Fig. 4D).
.
The enzymatic production of NO in isolated leaf
peroxisomes, measured by ozone chemiluminescence,
is shown in Figure 5. In this case, peroxisomes gener.
ated NO from L-Arg (NOS-like activity), and this
Plant Physiol. Vol. 136, 2004
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.
Figure 3. EPR spectra of the NO -spin adduct of the Fe(MGD)2 complex.
.
For the detection of NO , samples were added to a reaction mixture
containing the substrate and all the cofactors of the NOS reaction, plus
.
the NO -spin trap Fe(MGD)2, and were incubated for 1 h at 37°C. Then,
samples were analyzed by EPR as described in ‘‘Materials and Methods.’’
A, Pure nNOS (15 mg) from Merck Biosciences. B, Crude extracts of pea
leaves (2.5 mg protein). C, Peroxisomes purified from pea leaves (270 mg
protein). D, Purified pea leaf peroxisomes (270 mg protein) preincubated
with 1 mM L-NAME. E, Purified pea leaf peroxisomes (270 mg protein)
without NADPH in the reaction mixture. The EPR parameters of the
spectra were g 5 2.05 and aN 5 12.8 G. Representative spectra from
three to five independent measurements are shown. Spectra B to E were
obtained by the accumulation of five recordings.

production was strictly dependent on L-Arg, NADPH,
BH4, and calmodulin. In the presence of EGTA, which
.
complexes calcium, the NO generation was reduced
about 80%, and when the peroxisomal fractions were
preincubated with an antibody against murine iNOS,
.
the production of NO was inhibited by 85%. These
data are in agreement with the protein-dependent
.
production of NO determined by spectrofluorometric
analysis (Fig. 4A). Additionally, when the peroxisomal
samples were preincubated either with 200 mM carboxymethoxylamine (CM) and 0.01% aminoacetonitrile (AAN), two inhibitors of the P protein of the GDC,
or 1 mM azide (an inhibitor of nitrate reductase), the
peroxisomal NOS activity was not affected.
To verify the subcellular localization of the NOS-like
protein in peroxisomes, colocalization studies with the

peroxisomal marker enzyme catalase were carried out
in pea leaves by CLSM. With the immunocytochemical
procedure used for iNOS, a green punctuate fluorescence pattern of Cy2-streptavidin was detected in the
spongy mesophyll and guard cells of pea leaf sections
(Fig. 6, A and D). On the other hand, with the immunocytochemical procedure to detect catalase, a red
fluorescence pattern of Cy3 was observed in the same
spots where iNOS was detected (Fig. 6, B and E).
Peroxisomes appeared as small peripheral fluorescent
spots within the spongy mesophyll cells. The colocalization of Cy2-streptavidin and Cy3 immunofluorescence patterns is shown in Figure 6C, where the nearly
complete overlapping of the two punctuate patterns
indicated that the protein immunorelated to mouse
iNOS was localized in peroxisomes. Additionally,
a similar pattern was detected in guard cells (Fig. 6, D
and E). These data are in agreement with the localiza.
tion of NO in pea leaves with the fluorescence probe
DAF-2 DA (Fig. 2), which showed a green fluorescence
punctuate pattern throughout different cells of the leaf.
As control for background staining, primary antibodies
to either catalase (Fig. 6, G and H) or iNOS (Fig. 6, I and
J) were omitted in the colocalization experiments. Under these conditions, immunofluorescence background
was not observed, indicating the absence of interferences and the specificity of the procedure used.
The effect of senescence of pea plants on the sub.
cellular production of NO was studied in peroxisomes
isolated from pea leaves. As shown in Figure 1D, the
.
green fluorescence due to NO was undetectable in leaf
sections from senescent plants. To evaluate the physiological significance of peroxisomes in the senescence
.
process, the enzymatic production of NO from L-Arg
(NOS-like activity) was analyzed in peroxisomes isolated from pea leaves. The activity of the peroxisomal
enzyme malate synthase was also studied. This is a key
enzyme of the glyoxylate cycle, which is induced in
peroxisomes by leaf senescence when it takes place the
metabolic conversion of leaf peroxisomes into glyoxysomes (De Bellis et al., 1990; del Rı́o et al., 1998). In
peroxisomes from pea leaves, malate synthase was upregulated by senescence and catalase activity underwent a significant reduction (Table I). Under these
.
conditions, the NO production in peroxisomes was
reduced by 72%, and this is in agreement with the data
.
of NO detection in senescent pea leaves by CLSM
(Fig. 1D).

DISCUSSION

In higher plants, results obtained in recent years have
.
shown that NO has an important role as messenger in
many important physiological processes. However,
little is known about the cellular and subcellular pro.
duction sites of NO (Neill et al., 2003). In this work,
.
a subcellular localization of NO in pea leaves has been
.
identified. It has been demonstrated that NO is an
endogenous metabolite of peroxisomes, where it is
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Figure 4. Spectrofluorometric de.
tection of NO in pea leaf peroxisomes with DAF-2 DA. Peroxisomes
freshly isolated from pea leaves were
added to the reaction mixtures and
the fluorescence measured. Values
shown are means of three independent experiments. A, Different volumes of peroxisomal fractions were
added to the reaction mixture and
the fluorescence produced was expressed as arbitrary units (A.U.). B,
.
Effect on the NO generation of: (1)
preincubating peroxisomes with
2 mM aminoguanidine (AG); (2) removing L-Arg from the reaction mixture (L-Arg); and (3) denaturing the
samples by heating (95°C/10 min).
The amount of peroxisomal proteins
in the reaction mixtures was 12 mg,
and fluorescence was expressed as
percent of the control (relative fluorescence). C, NOS activity of peroxisomal fractions determined as
protein-dependent formation of
3
3
L-[ H]citrulline from L-[ H]Arg. D,
Influence of the incubation time on
the NOS activity of peroxisomal
fractions determined by measuring
the formation of L-[3H]citrulline
from L-[3H]Arg.

produced from L-Arg by a protein immunorelated to
.
mouse iNOS, and the NO production is down regulated by leaf senescence.
.

NO Is Localized in the Vascular Tissue and Other
Different Cell Types

The plant vascular tissues have evolved to keep
a specialized role mediating the exchange of essential nutrients between different organs. Phloem
has gone through a tremendous evolutionary transformation from a simple pathway for photoassimilate
transport into a highly complex system for translocation, messaging, and plant integration (Thompson and
Schulz, 1999; Ruiz-Medrano et al., 2001). Recently, it has
been shown that phloem sap of cucumber (Cucumis
sativus) and pumpkin (Cucurbita maxima) plants include antioxidant defense enzymes, such as copper,
zinc-containing superoxide dismutase, and monodehydroascorbate reductase, and these activities were
increased by drought stress (Walz et al., 2002). The data
obtained by CLSM revealed a strong accumulation of
.
NO in vascular tissue, suggesting that it could be
involved in some aspects of long-distance communications inside the plant, perhaps as a signaling effector
or receptor. These results support the mode of action of
.
NO in cell expansion proposed by Leshem (2000). As
.
NO is highly diffusible, it can probably reach the
apoplast and get in contact with the cell wall and
2726

perhaps weaken its intermicellar links. This would
result in a loosening and growth-promoting effect,
allowing cell turgor to cause cell expansion. From
a plant physiologic viewpoint, this effect could be
equivalent to the vasodilatation induced in mammals
.
by NO .
.
The localization of NO in guard cells has been
reported by several authors (Garcı́a-Mata and
Lamattina, 2002; Neill et al., 2002a), but its production has been attributed to the enzyme nitrate reductase (Desikan et al., 2002). In this work, a strong
.
accumulation of NO in different cell types of leaves
(Fig. 2) and the presence of a protein immunorelated
to mouse iNOS in guard cells was observed (Fig. 6D),
indicating that this could be an alternative source of
.
NO in this type of cell. This result is in agreement with
the data reported by Neill et al. (2002a) in pea plants
where guard cells in response to abscisic acid generate
.
NO , via a NOS-like activity, to produce the stomatal
closure. Additionally, similar results have been shown
in Arabidopsis where the AtNOS1 protein is required
.
for abscisic acid-induced NO generation and stomatal closure (Guo et al., 2003).
.

NO Is an Endogenous Metabolite of Peroxisomes
.

Considering the green fluorescent spots due to NO
detected in different cell types (parenchymal, epidermical, and guard cells) and the previous report on the
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.
Figure 5. Determination in pea leaf peroxisomes of NO production
from L-Arg (NOS activity) by ozone chemiluminiscence. Reaction
mixtures containing peroxisomal fractions were incubated in the absence and presence of L-Arg (1 mM), NADPH (1 mM), EGTA (0.5 mM),
calmodulin (10 mg/mL), BH4 (10 mM), antibody against iNOS, 200 mM
.
CM, 0.01% AAN, and 1 mM azide. Then the NO production was
assayed using a 1 mM L-Arg concentration and an incubation time of
.
30 min. The NO produced was quantified by ozone chemiluminiscence using a nitric oxide analyzer. Results are means of samples from at
least three different Suc-density gradients.

presence of NOS-like activity in peroxisomes (Barroso
et al., 1999), a study was carried out to get conclusive
.
information on the production of NO in these organelles.
EPR spectroscopy using as spin trap the complex
Fe(MGD)2 has been demonstrated to be a specific
.
method to determine the direct formation of NO in
biological systems and unequivocal evidence for its
presence (Kotake et al., 1996; Xia et al., 2000; Nagano
and Yoshimura, 2002). In our experimental conditions,
.
the biological source of NO used as control (commer.
cial nNOS) gave an identical NO -Fe(MGD)2 spectrum
to that obtained by Xia and Zweier (1997) with NOS
from animal origin. This EPR method has also been
.
used in plant systems to detect NO in homogenates of
soybean (Glycine max) embryonic axes (Caro and
Puntarulo, 1999), sorghum (Sorghum bicolor) seeds
(Simontacchi et al., 2004) and cucumber explants (Pagnussat et al., 2002), and in cell suspension cultures of
maize (Zea mays; Dordas et al., 2004) and Arabidopsis
(Huang et al., 2004). The relatively weak three-line
.
signal of the NO -spin adduct detected in isolated
peroxisomes could be due to a low enzymatic genera.
tion of the signal molecule NO , as has been reported in
animal systems for the constitutive NOSs (nNOS and
eNOS; Joshi et al., 1999). However, another possibility
for the low intensity of the EPR signal derives from the
.
well-known affinity of NO for heme proteins (Sharma
et al., 1987; Kanner et al., 1992). The heme-enzyme
catalase is very abundant in peroxisomes and can bind
.
NO and even catalyze its breakdown in the presence of
H2O2 (Brown, 1995). Catalase may, therefore, compete

with the spin trap for the NO generated in the perox.
isomal-NOS reaction, thus leading to a lower NO Fe(MGD)2 EPR signal. On the other hand, peroxisomal
.
membranes contain NAD(P)H-dependent O22-generating systems (del Rı́o et al., 1989; López-Huertas et al.,
.
1999), and the spin adduct NO -Fe(MGD)2 can react
.2
with O2 radicals yielding EPR-silent species (Nagano
and Yoshimura, 2002). This could equally lead to an
.
underestimation of the endogenous NO present in
peroxisomes.
The use of DAF-2 DA as fluorescent probe has
become a common and very sensitive technique to
.
detect NO in animal and plant systems (Nakatsubo
et al., 1998; Nagano, 1999; Nagano and Yoshimura,
2002). This probe has been used in plant cells to obtain
.
real-time bioimaging of NO with fine temporal and
spatial resolution (Foissner et al., 2000; Pedroso et al.,
2000a; Garcı́a-Mata and Lamattina, 2002; Neill et al.,
2002a). In the spectrofluorometric method used in
this work, the detection limit of DAF-2 DA is less than
2 to 5 nM and shows a linear correlation up to around
.
1,000 nM NO (Nakatsubo et al., 1998). The positive correlation found between the fluorescence intensity
and the amount of peroxisomal protein seems to indi.
cate a protein origin for this NO . Results obtained
with DAF-2 DA, both spectrofluorometrically and by
CLSM, support those obtained by EPR based on the
.
paramagnetism of the NO molecule and clearly dem.
onstrate the presence of NO in pea leaf peroxisomes.
.
The occurrence of NO in peroxisomes suggests different interactions of this molecule with other components of the ROS metabolism. Besides catalase, several
antioxidative enzyme systems have been demonstrated in plant peroxisomes, including different
superoxide dismutases, the four enzymes of the
ascorbate-glutathione cycle plus ascorbate and glutathione, and three NADP-dependent dehydrogenases
(del Rı́o et al., 2002). The NADP-dehydrogenases
found in the peroxisomal matrix (Corpas et al., 1998,
1999) could provide the necessary NADPH for the
.
NO -producing NOS reaction. But inside peroxisomes
.
.
NO could react with O22 radicals generated in the
peroxisomal matrix by xanthine oxidase (del Rı́o et al.,
1989, 2002) to form peroxynitrite (ONOO2), a powerful
oxidizing reactive nitrogen species. On the other hand,
.
NO can react with reduced glutathione, present in
peroxisomes (Jiménez et al., 1998), to generate
S-nitrosoglutathione, which is a powerful inducer of
defense genes (Durner et al., 1998) and can also function as a long-distance signal molecule, transporting
.
glutathione-bound NO (Durner and Klessig, 1999).
.
NO could also have a role in the activity regulation
of different peroxisomal heme-flavin enzymes involved in the metabolism of ROS, such as catalase
and ascorbate peroxidase (Clark et al., 2000; Brunelli
et al., 2001) or xanthine oxidase (Sakuma et al., 1997).
Recently, the presence of a calcium-dependent protein
kinase in peroxisomes of Arabidopsis has been described (Dammann et al., 2003), which could be an.
other target of NO in these organelles and participate
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Figure 6. Colocalization of NOS and catalase in pea leaves. Representative images illustrating the CLSM detection of NOS and
catalase in spongy mesophyll and guard cells of pea leaf sections (60 mm thick). A and D, Cy2-streptavidin immunofluorescence
punctuates (green) attributable to anti-iNOS. B and E, Cy3 immunofluorescence punctuates (red) attributable to anti-catalase. C,
Colocalized immunofluorescence punctuates (yellow). F, Bright-field image of the same pea leaf area. G and H, Images of the
same pea leaf section where the catalase antiserum was omitted but not the other components of the colocalization mixture;
therefore, only the anti-iNOS fluorescence (green) is observed. I and J, Images of the same pea leaf section where the iNOS
antiserum was omitted but not the other components of the colocalization mixture; therefore, only the anti-catalase fluorescence
(red) is observed. Scale bar represents 10 mm (A–F) and 20 mm (G–J).
2728
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.
Table I. NO production from L-Arg (NOS-like activity), and
catalase and malate synthase activity in leaf peroxisomes from
young and senescent pea plants
Peroxisomes were purified from leaves of young plants (15-d-old)
and senescent plants (50-d-old). Each value is the mean of at least three
different experiments 6 SEM.
Enzymes

Young Plants

NOS-like activity
.
(nmol NO mg21 protein
21
min )
Malate synthase (nmol
mg21 protein min21)
Catalase (nmol mg21
protein min21)

Senescent Plants

4.97 6 0.38

1.40 6 0.07

4.58 6 2.05

40.00 6 9.89

460.0 6 24.4

339.0 6 66.8

in the signaling process. Considering the high diffu.
sion coefficient of NO (Denicola et al., 1996) it could
function as a signal molecule in other organelles of the
.
same cell or even in other cells. In plant cells, NO
produced in peroxisomes could act on plant mitochondria, where apparently NOS is not present
(Barroso et al., 1999), and modulate the activity of
the alternative oxidase (Huang et al., 2002). Addition.
ally, peroxisomal NO could also regulate the activity of
cytosolic aconitase (Navarre et al., 2000).

over, CM and AAN, two characteristic inhibitors of the
P protein of the mitochondrial GDC (Douce et al., 2001)
and the nitrate reductase inhibitor azide, did not have
any effect on the peroxisomal NOS activity. This in.
dicates that the enzymatic-generating system of NO in
peroxisomes is different from that reported for the
variant P protein of the GDC (Chandok et al., 2003).
Likewise, the peroxisomal NOS activity is distinct from
the NOS activity of the AtNOS1 protein of Arabidopsis,
which did not depend on BH4, FAD, and FMN as
cofactors (Guo et al., 2003).
On the other hand, by CLSM, a complementary
approach to immunogold electron microscopy, the
coincident immunofluorescence punctuate patterns
obtained in pea leaves with antibodies against iNOS
and catalase, confirmed that peroxisomes have a NOSlike protein. This peroxisomal location of NOS is not
unique for pea plants since this protein has also been
immunolocalized in peroxisomes of olive (Olea europaea) leaves and sunflower (Helianthus annuus) cotyledons (R. Valderrama, unpublished data). Recently, the
localization of iNOS in animal cell peroxisomes has
been reported for the first time, in organelles of
cultured rat hepatocytes (Stolz et al., 2002). This
finding supports the idea that the enzymatic-NOS
activity of leaf peroxisomes could be characteristic of
peroxisomes from different origins.

.

Peroxisomal NO Is Generated by a Protein
Immunorelated to Animal iNOS
.

In higher plants, the production of NO by different
enzymes has been described, mainly including nitrate
reductase (Yamasaki et al., 1999), a variant of the P
protein of the mitochondrial GDC (Chandok et al.,
2003), and the protein AtNOS1 codified by an Arabidopsis NOS gene (Guo et al., 2003), although different
evidence available indicates that there are other poten.
tial enzymatic sources of NO in plants (Corpas et al.
2004; del Rı́o et al., 2004). Taking into account that none
of these proteins are present in peroxisomes and that
the existence of NOS-like activity in these organelles
has been questioned by some authors, the measure.
ment of this activity as L-Arg-dependent NO production, reported in this work, provides additional
evidence of the presence of NOS-like activity in perox.
isomes. The NO determination by ozone chemilumi.
niscence has a minimum detection limit of 1 pg NO ,
.
and it is widely used to quantify NO production in
many biological systems. The NOS-specific activity
determined in peroxisomes in this work (about 5 nmol
.
NO mg21 protein min21) was of the same order as that
obtained previously in pea leaf peroxisomes by monitoring the conversion of L-[3H]Arg to L-[3H]citrulline
(Barroso et al., 1999). The specific activity was also very
similar to that reported for the AtNOS1 protein, which
was determined with the Greiss reagent (Guo et al.,
2003). In addition, in this work it was proved that the
.
NO production from L-Arg required NADPH, BH4,
calmodulin, and calcium, and its production was
inhibited by an antibody against mouse iNOS. More-

.

NO Generation Is Down-Regulated during the Natural
Senescence of Leaves

Leaf senescence is a developmentally programmed
degeneration process that constitutes the final step of
leaf development and is controlled by multiple developmental and environmental signals (Lim et al., 2003).
This process is mainly characterized by a cessation of
photosynthesis, disintegration of organelle structures,
intensive losses of chlorophyll and proteins, and dramatic increases in lipid peroxidation and membrane
leakiness (Buchanan-Wollaston, 1997). These latter oxidative changes are mainly originated by the strong
enhancement in the generation of ROS and the deterioration of the antioxidative defense systems that takes
place during the senescence process (del Rı́o et al., 1998;
Thompson et al., 1999; Navabpour et al., 2003).
Senescence brings about important alterations in the
oxidative metabolism of peroxisomes. The downregulation of catalase and the photorespiration enzymes is a characteristic feature of leaf senescence
(Strother, 1988; Pastori and del Rı́o, 1997), whereas the
enzymes of the glyoxylate cycle, malate synthase and
isocitrate lyase, are up-regulated (De Bellis et al. 1990;
Pastori and del Rı́o, 1997). Moreover, the endogenous
endoprotease activity is increased up to six times in
peroxisomes from senescent plants and four additional isoenzymes are detected (Distefano et al., 1999).
Another case of senescence-induced changes in peroxisomes is NADP-isocitrate dehydrogenase, whose
specific activity does not change while its Km is
11 times decreased by senescence (Corpas et al., 1999).
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The implication of the reactive oxygen metabolism
of leaf peroxisomes in the oxidative mechanism of leaf
senescence has been demonstrated. The NADH.
dependent generation of O22 radicals by the peroxisomal membranes and the H2O2 concentration in
intact peroxisomes, as well as the rate of lipid peroxidation, increased significantly in these organelles
during senescence. Enhanced activities of xanthine
oxidase and urate oxidase in senescent peroxisomes
.
led to an increase of O22 and H2O2 in these organelles
(Pastori and del Rı́o, 1997; del Rı́o et al., 1998). On the
other hand, the peroxisomal enzymes of the ascorbateglutathione cycle were notably affected by senescence
(Jiménez et al., 1998). All these data indicate that,
during senescence, peroxisomes undergo very significant changes in its metabolism and, particularly, in
the activity of those enzymes involved in the regula.
tion of the ROS level. The down-regulation of NO
production during senescence, reported in this work,
suggests that reactive nitrogen species and ROS present in peroxisomes could function as sensor molecules
and, therefore, these organelles could participate in the
intra- and inter-cellular communication networks.
To our knowledge, there is little information on the
.
relationship between NO and natural senescence in
leaves, and most of the data available were obtained
.
from the application of exogenous NO to plants.
Leshem and Haramaty (1996) showed that application
.
of an NO donor to senescent pea leaves reduced the
generation of ethylene, which is involved in the regulation of this process. It has also been described that
.
exogenous NO can retard the flower and vegetable
senescence and fruit ripening (Leshem, 2000). Exoge.
nous NO counteracts the senescence of rice (Oryza
sativa) leaves induced by abscisic acid (Hung and
.
Kao, 2003), and it has been shown that NO can delay
programmed cell death in barley (Hordeum vulgare)
aleurone layers (Beligni et al., 2002). All these data are
in agreement with the results obtained in this work
in leaf sections with DAF-2 DA and in isolated peroxi.
somes on the down-regulation of the NO generation
from L-Arg.
An important feature of eukaryotic cells is the
compartmentation of proteins within membranous
organelles, which is essential to coordinate, regulate,
and integrate the different metabolic pathways
(Igamberdiev and Lea, 2002). Considering that a characteristic property of peroxisomes is the participation
in metabolic pathways shared with other cell compartments (Huang et al., 1983; Baker and Graham, 2002;
Igamberdiev and Lea, 2002), the presence of NOS
.
activity and NO in peroxisomes can have an impact
on the metabolic regulation of cell organelles. Peroxisomes can be considered as cellular compartments with
the capacity to generate and release into the cytosol
.
important signal molecules such as NO and probably
.2
S-nitrosoglutathione, apart from O2 and H2O2 (Corpas
et al., 2001). Moreover, in plants the cellular population
of peroxisomes can proliferate during senescence and
under different stress conditions (del Rı́o et al., 1998,
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2002; Romero-Puertas et al., 1999; López-Huertas et al.,
2000). This has prompted us to propose that plant
peroxisomes could act as subcellular indicators or
sensors of plant stress and senescence by releasing the
.
.
signaling molecules NO , O22, and H2O2 to the cytosol
and triggering a specific gene expression (Corpas et al.,
2001). These messenger molecules could be used in
different signaling pathways (Bolwell, 1999; Neill et al.,
2002b) and contribute to a more integrated communication among cell compartments particularly in response to biotic and abiotic stresses.
Further research is necessary to achieve the purification and characterization of the peroxisomal protein
responsible for the NOS activity and the cloning of the
corresponding gene.

MATERIALS AND METHODS
Plant Material and Growth Conditions
Pea (Pisum sativum L. cvs Lincoln and Phoenix) seeds were obtained from
Royal Sluis (Enkhuizen, Holland) and Südwestdeutsche Saatzucht (Rastatt,
Germany), respectively. Seeds were surface sterilized with 3% (v/v) commercial bleaching solution for 3 min, then were washed with distilled water and
germinated in vermiculite for 14 d under greenhouse conditions (28–18°C,
day–night temperature; 80% relative humidity). Healthy and vigorous seedlings were selected and grown in aerated optimum-nutrient solutions for
15 d (young plants) or 50 d (senescent plants) under the greenhouse conditions indicated above. The nutrient solutions had a pH of 5.5 and the following composition in mM: NO32, 12.1; H2PO42, 4.0; SO422, 1.5; K1, 5.0;
Ca21, 4.5; Mg21, 1.5; and in mM: Fe, 91.3; B, 46; Cu, 1.1; Zn, 2.3; Mn, 9.3.

Preparation of Leaf Extracts
All operations were carried out at 0 to 4°C. Leaves were ground in liquid
N2 with 40 mM HEPES buffer, pH 7.2 (1:4, w/v), with mortar and pestle.
Homogenates were filtered through two layers of Miracloth and centrifuged
at 27,000g for 20 min. Aliquots of supernatants were immediately used for the
assays.

Purification of Peroxisomes
All operations were performed at 0°C to 4°C. Peroxisomes were purified
from pea leaves by differential and Suc density-gradient centrifugation (35%–
60%, w/w), as described by López-Huertas et al. (1995).

EPR Spectroscopy
.

NO was detected by EPR spectroscopy using the spin trap Fe(MGD)2 by
the method of Kotake et al. (1996), as modified by Caro and Puntarulo (1999).
The spin trap was prepared by mixing N-methyl-D-glucamine dithiocarbamate and FeSO4 stock solutions to give a final concentration in the reaction
.
mixture of 10 mM and 1 mM, respectively. For the NO detection, samples
(freshly isolated peroxisomes, crude extracts, or pure nNOS) were added to
reaction media containing the substrate L-Arg and all the cofactors of the NOS
.
reaction, plus the NO -spin trap Fe(MGD)2. The composition of the reaction
mixtures (1 mL) was: 40 mM HEPES buffer, pH 7.2, containing 1 mM L-Arg,
1 mM b-NADPH, 1.25 mM CaCl2, 10 mM FAD, 10 mM FMN, 10 mM BH4,
10 mg/mL calmodulin, 10 mM N-methyl-D-glucamine dithiocarbamate, and
1 mM FeSO4. Reaction mixtures were incubated for 1 h at 37°C and then were
placed in a 2-mm-thick quartz flat cell and introduced in the EPR resonator
cavity. The EPR spectra were recorded at room temperature using a Bruker
ESP 300 E EPR spectrometer (X-band 5 9.5–10.0 GHz; Bruker Instruments,
Billerica, MA). EPR conditions were as follows: microwave frequency,
9.77 GHz; microwave power, 100 mW; field modulation frequency, 50 kHz;
modulation amplitude, 5.2 G; center field, 3,410 G; sweep range, 3,350 to
3,470 G; and time constant, 81.92 ms.
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Spectrofluorometric Assays
To freshly isolated peroxisomes L-Arg and DAF-2 DA (Merck Biosciences)
were added at 1 mM and 10 mM final concentrations, respectively. Then,
reaction mixtures were incubated at 37°C in the dark for 2 h, and the
fluorescence was measured in a spectrofluorophotometer Shimadzu RF-540
(Shimadzu, Columbia, MD) at excitation and emission wavelengths of 485 and
515 nm, respectively (Nakatsubo et al., 1998). Three control reaction mixtures
of peroxisomes were prepared: (1) without L-Arg; (2) preincubated with 2 mM
aminoguanidine; and (3) preheated at 95°C for 10 min.

.

Quantification of NO Production from L-Arg
(NOS Activity)
NOS activity was determined by monitoring the conversion of L-[3H]Arg to
H]citrulline, as previously described by Barroso et al. (1999). The NOS
.
activity was also estimated by measuring the production of NO by ozone
.
chemiluminescence using an NO analyzer (NOA 280i; Sievers Instruments,
Boulder, CO). NOS activity was performed in duplicate for each sample in
a reaction medium containing 40 mM HEPES buffer, pH 7.2, 0.2 mM CHAPS,
10 mM/mL calmodulin, 1.25 mM CaCl2, 1 mM b-NADPH, 10 mM FAD, 10 mM
FMN, 10 mM BH4, and 1 mM L-Arg. The reaction mixture was incubated at 37°C
.
for 30 min. In this method the NO produced is quickly converted to its stable
end products, nitrite and nitrate. At 0 time and at 30 min, 200 mL of the
reaction medium were deproteinated by the addition of 100 mL 0.8 N NaOH
and 100 mL 16% ZnSO4, and the mixture was shaken vigorously for 30 s and
centrifuged for 10 min at 13,000 rpm. A 40-mL aliquot of supernatant was
injected into a reaction chamber online with the analyzer, where nitrite-nitrate
.
content was reduced back to NO with a vanadium reducing mixture at 90°C.
.
NO was carried on a constant stream of nitrogen gas to a reaction chamber,
.
and the light emitted from the chemiluminescence reaction between NO and
ozone was detected by a photomultiplier tube. Calibration of the magnitude of
.
NO production was determined from the integral of the signal over time
compared with that from nitrite concentration standards. The production of
.
NO in samples was calculated by subtracting the blank value (zero time),
.
which represented the nonenzymatic NO production, and the activity was
.
expressed as nmole of NO mg21 protein min21. In some experiments, the
reaction mixtures containing peroxisomal fractions were preincubated in the
absence of L-Arg, NADPH, CaCl2, calmodulin, BH4, and in the presence of
200 mM CM and 0.01% AAN (inhibitors of the P protein of the GDC), 1 mM
azide (inhibitor of nitrate reductase), EGTA, and an antibody against murine
iNOS (Barroso et al., 1999).
L-[

3

.

NO Detection by CLSM
Pea leaf segments of approximately 25 mm2 were incubated for 1 h at 25°C,
in darkness, with 10 mM DAF-2 DA (Calbiochem-Novabiochem) prepared in
.
10 mM Tris-HCl, pH 7.4, this probe being highly specific for NO (Kojima et al.,
1998; Nakatsubo et al., 1998). Then, they were washed twice in the same buffer
for 15 min each. After washing, leaf sections were embedded in a mixture of
15% acrylamide-bisacrylamide stock solution as described elsewhere (Peinado et al., 2000), and 100 mm-thick sections, as indicated by the vibratome scale,
were cut under 10 mM phosphate-buffered saline (PBS). Sections were then
soaked in glycerol:PBS (containing azide; 1:1 v/v) and mounted in the same
medium for examination with a confocal laser scanning microscope system
(Leica TCS SL; Leica Microsystems, Wetzlar, Germany), using standard filters
and collection modalities for DAF-2 green fluorescence (excitation 495 nm;
emission 515 nm) and chlorophyll autofluorescence (chlorophyll a and b,
excitation 429 and 450 nm, respectively; emission 650 nm and 670 nm,
respectively) as orange. Background staining, routinely negligible, was
controlled with leaf sections unstained or preincubated with 5 mM L-NAME
(1 h, 25°C), a competitive NOS inhibitor.

Colocalization of Catalase and NOS-Like Protein
by CLSM
Pea leaves were cut into 4 to 5 mm pieces and fixed in 4% (w/v)
p-formaldehyde in 0.1 M phosphate buffer (PB), pH 7.4, for 3 h at room
temperature. Then they were cryoprotected by immersion in 30% (w/v) Suc in
PB overnight at 4°C. Serial sections, 60 mm thick, were obtained by means of
a cryostat (2800 Frigocut E; Reichert-Jung, Vienna). Colocalization studies
were carried out by confocal analysis of double immunofluorescence-stained

sections as described by Esteban et al. (2001). Free floating sections were
incubated overnight at room temperature with an antibody to murine iNOS
(Uttenthal et al., 1998) diluted 1:2,500 in 5 mM Tris buffer, pH 7.2, 0.9% (w/v)
NaCl, containing 0.05% (w/v) sodium azide, 0.1% (w/v) bovine serum
albumin, and 0.1% (v/v) Triton X-100 (TBSA-BSAT). After several washes
with TBSA-BSAT, sections were incubated with biotinylated goat anti-rabbit
IgG (Pierce Chemical, Rockford, IL), diluted 1:1,000 in TBSA-BSAT for 1 h at
room temperature. Then, sections were washed again and incubated with
Cy2-streptavidin (Amersham, Buckinghamshire, UK), diluted 1:1,000 in
TBSA-BSAT for 1.5 h at room temperature, this and the following steps being
carried out in the dark. After three additional washes, the sections were
soaked in goat anti-rabbit IgG (Vector Laboratories, Burlingame, CA) diluted
1:200, for 30 min at room temperature. The sections were then washed 20
times, 15 min each, and after an additional overnight wash, they were
incubated with an antibody against pumpkin (Cucurbita maxima) catalase
(Yamaguchi and Nishimura, 1984) diluted 1:500 in TBSA-BSAT, for 3 d at 4°C.
After several washes, sections were incubated with Cy3-labeled anti-rabbit
IgG (Amersham) diluted 1:1,000 in TBS-BSAT, for 1 h at room temperature,
and then mounted in PBS:glycerol 1:1. Controls for background staining,
which was usually negligible, were performed by replacing the corresponding
primary antiserum by preimmune serum. Leaf sections were examined with
a confocal laser scanning microscope (Leica TCS SL; Leica).

Other Assays
Catalase activity was determined according to Aebi (1984) and malate
syntase was determined by measuring the formation of the complex CoADTNB at 412 nm (Hock and Beevers, 1966). Proteins were assayed according
to Bradford (1976) using bovine serum albumin as standard.
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López-Huertas E, Sandalio LM, del Rı́o LA (1995) Integral membrane
polypeptides of pea leaf peroxisomes: characterization and response to
plant stress. Plant Physiol Biochem 33: 295–302
Magalhaes JR, Pedroso MC, Durzan D (1999) Nitric oxide, apoptosis and
plant stresses. Physiol Mol Biol Plants 5: 115–125
Minorsky PV (2002) Peroxisomes: organelles of diverse function. Plant
Physiol 130: 517–518
Modolo LV, Cunha FQ, Braga MR, Salgado I (2002) Nitric oxide synthasemediated phytoalexin accumulation in soybean cotyledons in response
to the Diaporthe phaseolorum f. sp. meridionalis elicitor. Plant Physiol 130:
1288–1297
Moncada S, Palmer RMJ, Higgs EA (1991) Nitric oxide: physiology,
pathophysiology and phamarcology. Pharmacol Rev 43: 109–142
Murgia I, Delledonne M, Soave C (2002) Nitric oxide mediates ironinduced ferritin accumulation in Arabidopsis. Plant J 30: 521–528
Nagano T (1999) Practical methods for detection of nitric oxide. Luminescence 14: 283–290
Nagano T, Yoshimura T (2002) Bioimaging of nitric oxide. Chem Rev 102:
1235–1269
Nakatsubo N, Kojima H, Kikuchi K, Nagoshi H, Hirata Y, Maeda D, Imai
Y, Irimura T, Nagano T (1998) Direct evidence of nitric oxide production
from bovine aortic endothelial cells using new fluorescence indicators:
diaminofluoresceins. FEBS Lett 427: 263–266
Navabpour S, Morris K, Allen R, Harrison E, A-H-Mackerness S,
Buchanan-Wollaston V (2003) Expression of senescence-enhanced
genes in response to oxidative stress. J Exp Bot 54: 2285–2292
Navarre DA, Wendehenne D, Durner J, Noad R, Klessig DF (2000) Nitric
oxide modulates the activity of tobacco aconitase. Plant Physiol 122:
573–582
Neill SJ, Desikan R, Clarke A, Hancock JT (2002a) Nitric oxide is a novel
component of abscisic acid signaling in stomatal guard cells. Plant
Physiol 128: 13–16
Neill SJ, Desikan R, Clarke A, Hancock JT (2003) Nitric oxide signaling in
plants. New Phytol 159: 11–35
Neill SJ, Desikan R, Clarke A, Hurst RD, Hancock JT (2002b) Hydrogen
peroxide and nitric oxide as signaling molecules in plants. J Exp Bot 53:
1237–1247
Ninnemann H, Maier J (1996) Indications for the occurrence of nitric oxide
synthases in fungi and plants and the involvement in photoconidiation
of Neurospora crassa. Photochem Photobiol 64: 393–398
Orozco-Cárdenas ML, Ryan CA (2002) Nitric oxide negatively modulates
wound signaling in tomato plants. Plant Physiol 130: 487–493
Pagnussat GC, Simontacchi M, Puntarulo S, Lamattina L (2002) Nitric
oxide is required for root organogenesis. Plant Physiol 129: 954–956
Pastori GM, del Rı́o LA (1997) Natural senescence of pea leaves: an
activated oxygen-mediated function for peroxisomes. Plant Physiol 113:
411–418
Pedroso MC, Durzan DJ (2000) Effect of different gravity environments of
DNA fragmentation and cell death in Kalanchoë leaves. Ann Bot (Lond)
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