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The peroxisomal localization and characterization of NADP-
dependent isocitrate dehydrogenase (perICDH) in young and senes-
cent pea (Pisum sativum) leaves was studied by subcellular frac-
tionation, kinetic analysis, immunoblotting, and immunoelectron
microscopy. The subunit molecular mass for perICDH determined
by immunoblotting was 46 kD. By isoelectric focusing (IEF) of the
peroxisomal matrix fraction, the NADP-ICDH activity was resolved
into four isoforms, perICDH-1 to perICDH-4, with isoelectric points
(pIs) of 6.0, 5.6, 5.4, and 5.2, respectively. The kinetic properties of
the NADP-ICDH in peroxisomes from young and senescent pea
leaves were analyzed. The maximum initial velocity was the same in
peroxisomes from young and senescent leaves, while the Michaelis
constant value in senescent leaf peroxisomes was 11-fold lower
than in young leaf peroxisomes. The protein levels of NADP-ICDH
in peroxisomes were not altered during senescence. The kinetic
behavior of this enzyme suggests a possible fine control of enzy-
matic activity by modulation of its Michaelis constant during the
natural senescence of pea leaves. After embedding, electron micros-
copy immunogold labeling of NADP-ICDH confirmed that this en-
zyme was localized in the peroxisomal matrix. Peroxisomal NADP-
ICDH represents an alternative dehydrogenase in these cell
organelles and may be the main system for the reduction of NADP
to NADPH for its re-utilization in the peroxisomal metabolism.

Peroxisomes are subcellular organelles that have an es-
sentially oxidative type of metabolism, and catalase and
H2O2-producing flavin oxidases as basic enzymatic constit-
uents (Tolbert, 1981; Huang et al., 1983). Leaf peroxisomes
are present in photosynthetic tissues and carry out the
major reactions of the oxidative cycle of photorespiration
(Huang et al., 1983). The presence of superoxide dismuta-
ses and the production of superoxide radicals (O2

z2) in
peroxisomes was first demonstrated in plant tissues (del

Rı́o et al., 1983, 1992; López-Huertas et al., 1997, 1999).
Different lines of evidence found in recent years have
shown that leaf peroxisomes can be responsible for a vari-
ety of induced oxidative stress situations (del Rı́o et al.,
1992, 1996). Very recently, the presence of the enzymes of
the ascorbate-glutathione cycle in pea (Pisum sativum) leaf
peroxisomes (Jiménez et al., 1997, 1998), as well as the two
oxidative enzymes of the pentose-phosphate pathway,
Glc-6-P dehydrogenase (G6PDH) and 6-phosphogluconate
dehydrogenase (6PGDH), have been reported (Corpas et
al., 1998). All of these data point to the existence of a
complex battery of oxidative and antioxidative enzymes in
leaf peroxisomes.

During leaf senescence, numerous metabolic changes
take place, such as protein degradation, nucleic acid and
chlorophyll breakdown, and lipid and nitrogen remobili-
zation (Buchanan-Wollaston, 1997). These changes also af-
fect the metabolism of leaf peroxisomes, as in the case of
the levels of the enzymes of the glyoxylate cycle, malate
synthase and isocitrate lyase, which increase in peroxi-
somes of senescent leaves as a result of increased gene
expression (Gut and Matile, 1988; De Bellis et al., 1990;
Vicentini and Matile, 1993; Pastori and del Rı́o, 1997).
Moreover, the implication of the activated oxygen metab-
olism of leaf peroxisomes in the oxidative mechanism of
leaf senescence has been proposed (Pastori and del Rı́o,
1997; del Rı́o et al., 1998).

NADP-dependent isocitrate dehydrogenase (NADP-
ICDH; EC 1.1.1.42) catalyzes the oxidative decarboxylation
of isocitrate to 2-oxoglutarate with the production of the
reduced coenzyme NADPH (Gálvez and Gadal, 1995). This
enzyme, together with the two dehydrogenases of the
pentose-phosphate pathway and malic enzyme, is the main
cellular source of NADPH, which is an essential electron
donor in numerous biosynthetic and detoxification reac-
tions. NADP-ICDH is widely distributed in living organ-
isms, and there are numerous reports describing its char-
acterization and subcellular distribution (Barroso, 1993;
Gálvez and Gadal, 1995). In higher plant cells, NADP-
ICDH activity has been detected and characterized in the
cytosol (Chen et al., 1988, 1989; Fieuw et al., 1995; Canino et
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al., 1996; Palomo et al., 1998), mitochondria (Rasmusson
and Møller, 1990; Attucci et al., 1994; Møller and Rasmus-
son, 1998), and chloroplasts (Randall and Givan, 1981;
Gálvez et al., 1994). Breidenbach and Beevers (1967) and
Donaldson (1982) reported the association of NADP-ICDH
activity with glyoxysomes, and Yamazaki and Tolbert
(1970) localized traces of this activity in leaf peroxisomes.
However, the occurrence of NADP-ICDH in plant peroxi-
somes is still questioned by some authors and its physio-
logical role in different cell compartments remains un-
known (Gálvez and Gadal, 1995).

In the present study, NADP-ICDH was localized in per-
oxisomes purified from pea leaves using biochemical and
immunocytochemical approaches, and the modulation of
its activity during the natural senescence of pea leaves was
studied. The function of NADP-ICDH as the main source of
NADPH for its re-utilization in the leaf peroxisomal me-
tabolism is proposed.

MATERIALS AND METHODS

Plant Material and Growth Conditions

Pea (Pisum sativum L. cv Lincoln) seeds, obtained from
Ramiro Arnedo SA (Calahorra, Spain), were surface-
sterilized with 3% (v/v) commercial bleaching solution for
3 min, and then washed with distilled water and germi-
nated in vermiculite for 15 d. Healthy and vigorous seed-
lings were selected and grown in the greenhouse in nutri-
ent solutions under optimum conditions (del Rı́o et al.,
1985) for 15 d (young plants) and 50 d (senescent plants).

Purification of Peroxisomes

All operations were performed at 0°C to 4°C. Peroxi-
somes were purified from pea leaves by differential and
Suc density-gradient centrifugation (35%–60%, w/w)
(López-Huertas et al., 1995). Peroxisomes were detected in
the gradient by measuring catalase activity as a marker
enzyme. To assess possible contamination by mitochon-
dria, fumarase activity was used as a marker for these
organelles. The identifed peroxisomal fractions were
pooled and diluted 5-fold with 100 mm potassium phos-
phate, pH 7.5, containing 1 mm EDTA, then incubated on
ice for 60 min with gentle magnetic stirring. The suspen-
sions were centrifuged at 120,000g for 30 min in a rotor (60
Ti, Beckman Instruments, Fullerton, CA), and supernatants
containing the peroxisomal matrix fraction were recovered
and concentrated by ultrafiltration using a PM-10 mem-
brane (Amicon, Beverly, MA) (Distefano et al., 1997).

Enzyme Assays and Kinetic Analysis

Catalase activity was determined according to the
method of Aebi (1984) and fumarase activity was measured
by the method of Walk and Hock (1977). NADP-ICDH
activity was determined spectrophotometrically by record-
ing the reduction of NADP at 340 nm (Goldberg and Ellis,
1983). The assay was performed at 25°C in a reaction
medium (1 mL) containing 50 mm HEPES, pH 7.6, 2 mm

MgCl2, 0.8 mm NADP, and the reaction was initiated by the
addition of 10 mm 2R,3S-isocitrate. One milliunit of activity
was defined as the amount of enzyme required to reduce 1
nmol NADP min21 at 25°C. For kinetic studies the range of
substrate concentrations was 0.001 to 10 mm.

Kinetic data were analyzed by a nonlinear regression
method based on the rectangular hyperbola described by
the Michaelis-Menten equation (Dows and Riggs, 1965).
This nonlinear plot was constructed with the aid of a
computer program (GraFit software, Erithacus Software,
Middlesex, UK). For illustrative and comparative analyses,
data were also presented as linear, double-reciprocal plots.
The catalytic efficiency (Vmax/Km) was defined as the ratio
between the enzyme activity and its Km for each substrate.
This parameter is an indication of the relationship between
the total enzyme activity and the degree of interaction
between the enzyme and its substrate.

Electrophoretic Methods and Immunoblot Analysis

IEF was carried out in a slab cell (Mini-Protein II, Bio-
Rad Laboratories, Hercules, CA) using a pH gradient of 3.5
to 7.0, as described by Palma et al. (1997). Samples were
prepared in a solution containing 15% (w/v) Suc, 2.3%
(w/v) ampholytes, and 8 mm NADP1. The isoforms of
NADP-ICDH were visualized by incubating the gels in a
solution consisting of 50 mm Tris-HCl, pH 7.6, 0.8 mm
NADP1, 5 mm EDTA, 2 mm MgCl2, 0.24 mm nitroblue
tetrazolium, and 65 mm phenazine methosulfate containing
10 mm 2R,3S-isocitrate. When blue formazan bands ap-
peared, the reaction was stopped by immersing the gels in
7% (v/v) acetic acid. The NADP-ICDH activity bands of
the gels was quantified by measuring the relative absor-
bance of bands at 560 nm in a densitometer (model CS9000,
Shimadzu, Columbia, MD). The pIs of ICDH isoenzymes
were determined using pI markers (Bio-Rad Laboratories)
that were isoelectric focused in parallel with the samples.

SDS-PAGE was carried out according to the method of
Laemmeli (1970) in 12% acrylamide slab gels. Samples
were prepared in 62.5 mm Tris-HCl, pH 6.8, containing 2%
(w/v) SDS, 10% (v/v) glycerol, and 10 mm dithiothreitol,
and were heated at 95°C for 5 min. For immunoblot anal-
yses, the polypeptides were transferred onto polyvinyli-
dene difluoride membranes (Immobilon P, Millipore, Bed-
ford, MA) using a semi-dry transfer system (Bio-Rad
Laboratories) with 10 mm 3-(cyclohexylamino)propane-
sulfonic acid (CAPS) buffer, 10% (v/v) methanol, pH 11.0,
at 1.5 mA cm22 for 2 h. For immunodetection of NADP-
ICDH, a rabbit polyclonal antibody against cytosolic pea
NADP-isocitrate dehydrogenase (Chen et al., 1989), diluted
1/4,000, was used. A goat anti-rabbit IgG-alkaline phos-
phatase conjugate (Promega, Madison, WI) diluted
1/10,000 was used as the secondary antibody, and the color
was developed with the nitroblue tetrazolium/5-bromo-4-
chloro-3-indolyl phosphate reagent (Amresco, Solon, OH).

Electron Microscopy and Immunocytochemistry

Leaf segments of approximately 1 mm2 from young and
senescent pea plants were fixed, dehydrated, and embed-
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ded in LR White resin as described by Corpas et al. (1994).
Ultrathin sections were incubated for 3 h with IgG against
pea NADP-ICDH (Chen et al., 1989) diluted 1/500 in TBS
plus Tween 20 (TBST) buffer containing 2% (w/v) BSA and
1% (v/v) goat normal serum. The sections were then incu-
bated for 1 h with goat anti-rabbit IgG conjugated to 15-nm
gold particles (Bio Cell, Cardiff, UK) diluted 1/50 in TBST
plus 2% (w/v) BSA. Sections were post-stained in 2% (v/v)
uranyl acetate for 3 min and examined in a transmission
electron microscope (EM 10C, Zeiss, Jena, Germany).

Other Assays

Protein levels were determined according to the method
of Bradford (1976) using BSA as a standard. The density of
the gradient fractions was calculated from the refractive

Figure 1. Purification of peroxisomes from pea leaves. Cell or-
ganelles were purified from 50-d-old pea leaves by differential and
Suc density-gradient centrifugations, as described by López-Huertas
and co-workers (1995). Gradient fractions of 1.5 mL were eluted with
a gradient fractionator and assayed for specific marker enzymes to
localize cell organelles in the gradient: fumarase for mitochondria
and catalase for peroxisomes. Catalase and fumarase activities are
expressed in mmol min21 mL21 and NADP-ICDH activity in milli-
units mL21. Proteins were expressed as mg mL21 and density as g
cm23. Top: F, Proteins; E, density. Middle: F, Catalase; E, fumarase.
Bottom: NADP-IDH.

Figure 2. Western-blot analysis of peroxisomes from senescent pea
leaves. Samples were subjected to SDS-PAGE and then transferred to
polyvinylidene difluoride membranes and incubated with a poly-
clonal antibody against pea NADP-ICDH (1/4,000 dilution). Lane a,
Crude extract of pea leaves (50 mg of protein); lane b, matrices of pea
leaf peroxisomes (45 mg of protein). Molecular mass standards are
indicated on the left in kD.

Figure 3. Effect of 2R,3S-isocitrate concentration on the NADP-
ICDH activity of leaf peroxisomes from young (F) and senescent (E)
pea leaves. The bottom panel shows the Lineweaver-Burk plot of the
kinetic data. mU, Milliunits.
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index of the fractions, which was measured at room tem-
perature using a refractometer (Atago, Japan).

RESULTS

The purification of peroxisomes from 50-d-old pea leaves
by Suc density-gradient centrifugation is shown in Figure
1. Peroxisomes (fractions 21–26) were identified by the
peak of catalase activity, which was used as the peroxiso-
mal marker enzyme. The peroxisomal fraction banded at
an average equilibrium density of 1.24 g cm23, character-
istic for these intact organelles in Suc solutions (Huang et
al., 1983; López-Huertas et al., 1995). The absence of fuma-
rase activity in these fractions indicated that peroxisomes
were essentially free of contamination by mitochondria.
Likewise, no Cyt c reductase, acid phosphatase, or Fru-1,6-
bisphosphatase activity was detected in the peroxisomal
fraction, indicating that these organelles were not contam-
inated by endoplasmic reticulum, vacuoles, or chloroplasts,
respectively (results not shown). A similar profile of or-
ganelle enzyme markers was obtained in 15-d-old plants.
The NADP-ICDH activity was also measured throughout

the gradient fractions. The activity was mainly found on
the top of the Suc-density gradients (fractions 1–3), which
corresponds to the broken organelles zone, but was also
found in the peroxisomal fractions (tubes 21–25).

The analysis of cross-reactivity by western blot with a
polyclonal antibody against cytosolic pea NADP-ICDH re-
vealed an immunoreactive polypeptide of 46 kD in crude
extracts and peroxisomal matrices of pea leaves (Fig. 2).

To establish the role of NADP-ICDH, the enzyme kinetic
parameters in peroxisomes purified from young and senes-
cent pea leaves were studied by measuring the formation
of NADPH at 340 nm. The saturation curves and double-

Figure 4. Western-blot analysis of NADP-ICDH protein in peroxi-
somes from young and senescent pea leaves. The western-blot con-
ditions were identical to those described in Figure 2. The upper panel
shows the quantification of NADP-ICDH levels by scanning densi-
tometry at 560 nm expressed as arbitrary absorbance units. The lower
panel shows an immunoblot indicating the NADP-ICDH protein
levels.

Figure 5. Densitograms of NADP-ICDH isoforms in peroxisomes
from young (Y) and senescent (S) pea leaves. Samples of peroxisomal
matrices (200 mg of protein) were subjected to IEF in a pH gradient
of 3.5 to 7.0. NADP-ICDH isoforms were identified by activity
staining, and gels were scanned at 560 nm. 1, ICDH-1; 2, ICDH-2; 3,
ICDH-3; 4, ICDH-4.

Table I. Kinetic parameters of the NADP-ICDH in peroxisomes purified from young (15 d) and se-
nescent (50 d) pea leaves

Kinetic parameters were determined by using a non-linear-regression analysis program. Data are
means 6 SE of five different experiments. Differences from young leaf values were significant at P , 0.05
(*). NS, Not significant.

Kinetic Parameter Young Leaves Senescent Leaves

Specific activity (milliunits mg21 protein) 124 6 6 143 6 7 NS
Vmax (microunits) 4,150 6 208 4,771 6 239 NS
Km

2R,3S-isocitrate (mM) 202 6 8 19 6 1*
Catalytic efficiency (Vmax/Km) (106 microunits M21) 20 6 1 239 6 11*
nH 1.1 1.1
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reciprocal plots are depicted in Figure 3. The initial rates of
NADPH formation were measured as a function of 2R,3S-
isocitrate (from 0.005–10 mm) in the presence of NADP (0.8
mm). In peroxisomes from young and senescent pea leaves,
typical hyperbolic saturation curves were obtained for the
activity of this NADPH-forming enzyme, without evidence
of cooperativity. Double-reciprocal plots of the variations
in initial enzyme rate as a function of substrate concentra-
tion showed a close linear relationship (Fig. 3), which also
excluded the possibility of any significant cooperative ef-
fects. Hill coefficient (nH) values close to one were ob-
tained, and this corroborated the absence of cooperativity
in this enzyme activity in peroxisomes from young and
senescent pea leaves. The kinetic parameters of the perox-
isomal NADP-ICDH in senescent and young leaves are
shown in Table I. No significant changes were observed in
the specific activity or Vmax values of NADP-ICDH in the
two experimental situations. However, in peroxisomes
from senescent leaves, the Km of NADP-ICDH decreased
almost 11-fold. This kinetic behavior resulted in a catalytic
efficiency approximately 12 times higher for peroxisomal
NADP-ICDH from senescent leaves.

The protein levels of NADP-ICDH in peroxisomes from
young and senescent leaves were estimated by western blot

of total peroxisomal matrix proteins. The densitometric
scan of specific bands did not reveal significant differences
(Fig. 4).

The activity of NADP-ICDH in peroxisomal matrices
was also studied by IEF. Figure 5 shows the densitometric
scan of NADP-ICDH activity-stained IEF gels. In the range
of pH values used (pH 3.5–7.0), four NADP-ICDH isoforms
were detected in peroxisomal matrices from young and
senescent plants with pIs of 6.0, 5.6, 5.4, and 5.2, which
were designated as ICDH-1 to ICDH-4, respectively. The
ICDH-2 was the most prominent isoform and the total
activity of peroxisomes was apparently higher in senescent
than in young plants. However, this activity increment in
the IEF gels could be due to the effect of small local changes
of pH on the activity of NADP-ICDH isoforms. As indi-
cated in Table I, the specific activity of NADP-ICDH was
not significantly different in peroxisomes from young and
senescent pea leaves.

The cellular localization of NADP-ICDH in young and
senescent pea leaves was also studied by EM immunocy-
tochemistry (Fig. 6). Using a polyclonal antibody against
cytosolic pea NADP-ICDH, immunogold particles ap-
peared in cytosol, chloroplasts, mitochondria, and peroxi-
somes. The cell wall was used as a control for unspecific

Figure 6. EM immunocytochemical localization of NADP-ICDH in pea leaves. The electron micrographs are representative
of thin sections of pea leaves. Cell sections were probed with preimmune serum (dilution 1:500) (A). Immunogold labeling
with anti-pea NADP-ICDH (dilution 1:500) was carried out in young (B) and senescent (C and D) pea leaves. Arrows indicate
15-nm gold particles. CH, Chloroplast; CW, cell wall; M, mitochondrion; P, peroxisome; CY, cytosol. Bars 5 0.5 mm.
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immunolabeling. Table II shows the average number of
gold particles per square micrometer counted in the differ-
ent cellular compartments of young and senescent pea
leaves. In both pea plants, peroxisomes and mitochondria
showed a density of immunogold particles higher than
chloroplasts and cytoplasm. Although statistical analysis of
immunogold particles per square micrometer showed sig-
nificant increases in the labeling of peroxisomes and other
cell compartments of senescent leaves (Table II), this result
could be artifactual. In senescent pea leaves a reduction of
20% to 70% of the area of the different cell compartments
and an enlargement of the vacuole size took place as a
result of the senescence process. This reduction in size of
the cellular compartments produces an apparent increase
in the immunocytochemical labeling when expressed as the
number of gold particles per square micrometer. Therefore,
the apparent augmentation of peroxisome labeling in se-
nescent leaves is not in contradiction with the specific
activity and western-blot data of perICDH given in Table I
and Figure 4, respectively.

DISCUSSION

The association of traces of NADP-ICDH activity with
leaf peroxisomes was reported for the first time by Tol-
bert’s group in 1970 (Yamazaki and Tolbert, 1970). Since
that time, no more information was known on this NADP
dehydrogenase in leaf peroxisomes, and the occurrence
of this enzyme in these organelles is still questioned. Us-
ing biochemical and immunological approaches, we re-
examined the presence of NADP-ICDH in leaf peroxisomes.

The procedure used to isolate leaf peroxisomes supplied
highly purified peroxisomal fractions free of contamination
by mitochondria, endoplasmic reticulum, vacuoles, or
chloroplasts (López-Huertas et al., 1995; Distefano et al.,
1997; Corpas et al., 1998).The data shown in Figure 1 dem-
onstrate that peroxisomes were well separated from mito-
chondria, and the NADP-ICDH activity was detected in
fractions corresponding to peroxisomes.

In addition to the enzyme activity, the presence of
NADP-ICDH in the peroxisomal matrix fractions was cor-
roborated using an immunological approach with a spe-

cific antibody against cytosolic NADP-ICDH from pea
leaves. An immunoreactive polypeptide with a molecular
mass of 46 kD was found on western-blot analysis, which
was in the molecular mass range reported for subunits of
other NADP-ICDHs (Chen et al., 1988; Fatania et al., 1993;
Gálvez and Gadal, 1995; Yamamoto et al., 1995; Canino et
al., 1996; Henke et al., 1998). The results obtained by EM
immunocytochemistry clearly showed that NADP-ICDH
has multiple subcellular localizations, including peroxi-
somes, and confirmed previous cell fractionation data re-
ported by Yamazaki and Tolbert (1970) and Donaldson
(1982). The amino acid sequence of different plant NADP-
ICDHs was recently determined and it was found that at
least two putative cytosolic NADP-ICDHs contain a
C-terminal tripeptide (Ala-Lys-Ala) that is a type I perox-
isomal targeting signal (PTS1) (Nekrutenko et al., 1998).

Previous experiments in pea plants showed that the ac-
tivated oxygen metabolism of peroxisomes was involved in
the mechanism of senescence (Pastori and del Rı́o, 1997; del
Rı́o et al., 1998). NADPH is known to be essential for
defense against oxidative stress, as it is the cofactor re-
quired for the reduction of oxidized glutathione by gluta-
thione reductase, a component of the ascorbate-glutathione
cycle that is present in leaf peroxisomes (Jiménez et al.,
1997). In this sense, NADP-ICDH has been suggested to
play a role in the provision of NADPH required to protect
against oxidative damage in mitochondria (Møller and
Rasmusson, 1998), and to provide the cytosol with reduc-
ing power, especially in biosynthetic processes and those
metabolic situations in which the pentose-phosphate path-
way is limited (Chen et al., 1988). Therefore, we decided to
study the regulatory mechanisms of peroxisomal NADP-
ICDH (perICDH) during natural plant senescence.

The main effects of senescence on the perICDH activity
were found at sub-saturating substrate concentrations. The
values obtained for the activity ratios in both physiological
situations (young and senescent plants) could indicate the
existence of a fine control of the enzymatic activity of
perICDH during senescence. In leaf peroxisomes from 50-
d-old pea plants, almost 40% of the maximum activity was
reached at the sub-saturating isocitrate concentration,
whereas in leaf peroxisomes from young pea plants, only
6% of the Vmax was found at the same substrate concen-
tration. The significant increase in the enzyme activity at
the cellular isocitrate concentration was caused by a drastic
decline of the Km value of NADP-ICDH in leaf peroxisomes
of senescent plants. This indicated a significant increase
(more than 20-fold) in the affinity for isocitrate without any
change in Vmax, and accounts for the similar increase in the
enzymatic catalytic efficiency in leaf peroxisomes from se-
nescent plants. However, the Km value determined for
NADP-ICDH in leaf peroxisomes of senescent pea plants
was similar to those reported for the cytosolic NADP-
ICDH from pea leaves and cucumber cotyledons (Chen et
al., 1988; Canino et al., 1996).

The changes found in the kinetic behavior of perICDH
could be due to alterations in the activity of the preexistent
enzyme (Lupiáñez et al., 1981; Garcı́a-Salguero and Lupi-
áñez, 1989; Hortelano et al., 1991) without changes in its
cellular concentration. This fact was corroborated by im-

Table II. Immunocytochemical labeling intensity of NADP-ICDH
in young (15 d) and senescent (50 d) pea leaf cells

NADP-ICDH labeling density is given as the number of gold
particles per square micrometer. Two separately embedded blocks
were used to cut sections of each class of leaves, which were
photographed from random fields. An average of 17 photographs
were used for quantitative analysis for each type of leaves, and results
are given as the means 6 SE. Differences from young leaf values were
significant at: P # 0.01 (A); P # 0.001 (B). NS, Not significant.

Cellular Compartment Young Leaves Senescent Leaves

no. of gold particles mm22

Chloroplast 4.5 6 0.3 12.6 6 0.6 (B)
Mitochondrion 10.0 6 0.5 24.0 6 1.8 (B)
Peroxisome 11.0 6 0.7 22.2 6 3.0 (A)
Cytoplasm 1.1 6 0.1 2.0 6 0.2 (A)
Cell wall 0.8 6 0.2 0.9 6 0.2 (NS)
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munoblot analysis (Fig. 4) showing that the protein levels
of perICDH did not change with senescence. In contrast, in
pea plants grown with 50 mm cadmium chloride, a signif-
icant increase in the activity and protein level of perICDH
was observed (Romero-Puertas et al., 1999). This indicates
a different mechanism of regulation of leaf perICDH of pea
plants during natural senescence and in response to abiotic
stress.

The analysis of the perICDH activity by IEF revealed the
presence of at least four isoforms. It is well known that
NADP-ICDH has isoenzyme polymorphism (Gálvez and
Gadal, 1995) and this characteristic was sometimes used for
cultivar identification (Kiang and Gorman, 1985). Cucum-
ber cotyledon crude extracts showed the presence of four
isoforms by IEF in the range 4.55 to 5.85, and some of the
isoforms disappeared when the cotyledons were exposed
to light (Canino et al., 1996). However, the presence of four
isoforms in the same cell organelle could appear somewhat
unusual, but there are several enzymes that show similar
characteristics. For example, glutathione reductase purified
from chloroplasts and mitochondria was resolved into five
and three isoforms, respectively (Edwards et al., 1990).
Another closer example is the peroxisomal Glc-6-P dehy-
drogenase from pea leaves, which has three isoforms (Cor-
pas et al., 1998). However, the physiological reason for the
polymorphism of perICDH is still not clear.

The additional NADPH supplied by the activity of
NADP-ICDH during senescence is required for its utiliza-
tion in peroxisomal metabolism, probably in the ascorbate-
glutathione cycle (Jiménez et al., 1997, 1998). This enzy-
matic cycle is an important antioxidative system, together
with catalase, against the H2O2 generated in peroxisomes
during the oxidative metabolism of these organelles (Jimé-
nez et al., 1997, 1998; del Rı́o et al., 1998). The physiological
significance of the observed changes in the Km of peroxi-
somal NADP-ICDH during senescence is probably double:
first to compete with isocitrate lyase, an enzyme of the
glyoxylate cycle present in peroxisomes from senescent
leaves (Gut and Matile, 1988; Pastori and del Rı́o, 1997), for
the intracellular pool of isocitrate; and second to provide a
higher, constant supply of NADPH to eliminate the excess
of H2O2 produced during senescence when catalase activ-
ity decreases dramatically (Pastori and del Rı́o, 1997). An
additional potential function for NADPH in peroxisomes
could be related to the mechanism of protein import into
these organelles. It was recently shown that the NADPH to
NADP ratio is important in peroxisomal protein import
(Pool et al., 1998). This ratio could also be involved in the
senescence-induced transition of glyoxysomes into leaf-
type peroxisomes.

In previous reports, we have shown the presence in pea
leaf peroxisomes of the dehydrogenases of the pentose-
phosphate pathway, G6PDH and 6PGDH, which could
mediate the reduction of NADP in these cell organelles
(Corpas et al., 1998). However, the production of NADPH
by perICDH is 13-fold and 5-fold higher than that due to
peroxisomal G6PDH and 6PGDH, respectively. This fact,
together with the observed fine control of NADP-ICDH,
strongly indicates the importance of this enzyme in the
enzymatic systems of NADPH recycling, which are re-

quired for the operativity of the ascorbate-glutathione cycle
in peroxisomes.

In conclusion, the presence of NADP-ICDH in pea leaf
peroxisomes has been clearly demonstrated, and this en-
zyme exhibits a significant increase in its affinity for iso-
citrate during the senescence of leaves. The presence of
NADP-ICDH in leaf peroxisomes, along with the NADP-
dependent dehydrogenases G6PDH and 6PGDH, repre-
sents a very efficient system to recycle NADPH for its
re-utilization in the peroxisomal metabolism and also to be
used as a defense against oxidative stress in peroxisomes.

ACKNOWLEDGMENTS

The authors are grateful to Dr. Pierre Gadal, Université de
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