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In previous works using cell fractionation methods we
demonstrated the presence of a Cu,Zn-containing
superoxide dismutase in peroxisomes from water-
melon cotyledons. In this work, this intracellular local-
ization was evaluated by using western blot and EM
immunocytochemical analysis with a polyclonal anti-
body against peroxisomal Cu,Zn-SOD II from water-
melon cotyledons. In crude extracts from 6-day old
cotyledons, analysis by western blot showed two
cross-reactivity bands which belonged to the isozymes
Cu,Zn-SOD I and Cu,Zn-SOD II. In peroxisomes puri-
fied by sucrose density-gradient centrifugation only
one cross-reactivity band was found in the peroxiso-
mal matrix which corresponded to the isozyme Cu,Zn-
SOD 1I. When SOD activity was assayed in purified
peroxisomes two isozymes were detected, Cu,Zn-50D
II in the matrix, and a Mn-SOD in the membrane frac-
tion which was removed by sodium carbonate wash-
ing. EM immunocytochemistry of Cu,Zn-SOD on
sections of 6-day old cotyledons, showed that gold
label was mainly localized over plastids and also in
peroxisomes and the cytosol, whereas mitochondria
did not label for Cu,Zn-SOD.
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INTRODUCTION

Superoxide dismutases (EC 1.15.1.1) are a fam-
ily of metalloenzymes that catalyze the dispro-
portionation of superoxide (O;7) radicals, and
play an important role in protecting cells
against the toxic effects of superoxide radicals
produced in different cellular compartments.!'?
These enzymes generally occur in three differ-
ent molecular forms containing either Fe, Mn, or
Cu plus Zn as prosthetic metals.l”! In higher
plants, Cu,Zn-SODs have been reported to be
present mainly in chloroplasts and also in the
cytosol and mitochondria.l'*#! Mn-SODs are
chiefly located in mitochondria, and Fe-50Ds
generally occur in chloroplasts.!'>*# However,
in recent years the presence of different types of
SOD in peroxisomes from several plant species
have been demonstrated.*?! Peroxisomes are
subcellular respiratory organelles with an
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essentially oxidative type of metabolism and
have the potential to carry out different meta-
bolic pathways depending on their source.” In
peroxisomes from pea leaves, by using
immunocytochemical and cell fractionation
methods a Mn-SOD was localized in the
organellar matrix.*”! The presence of SOD was
also demonstrated in peroxisomes from water-
melon cotyledons purified by sucrose density-
gradient centrifugation.”! In this case, two SOD
isoenzymes were detected, a Cu,Zn-SOD local-
ized in the matrix, and a Mn-SOD which was
apparently bound to the external side of the per-
oxisomal membrane.!!”! The presence of SOD
isozymes in peroxisomes has also been reported
in organelles purified from cucumber, cotton
and sunflower cotyledons,”) castor bean
endosperm,!) and carnation petals.®! In recent
years, the presence of SOD in plant peroxisomes
has been extended to human and animal cells.
Peroxisomes from human fibroblasts and
hepatoma cells were found to contain Cu,Zn-
SOD,["'12] and the ocurrence of this SOD was
also demonstrated in rat liver peroxisomes.!'>1
The generation of O, radicals, the substrate of
SOD, in matrices and membranes of plant per-
oxisomes has been reported and the generating
systems of superoxide radicals have been par-
tially characterized."®'® Very recently, a
Cu,Zn-SOD from peroxisomal origin has been
characterized biochemically and immunochem-
ically from watermelon cotyledons.!”?! The
antibody obtained against this isozyme cross-
reacted with Cu,Zn-SODs from different plant
species which is indicative of the high conserva-
tive degree of these proteins.!?’)

In spite of the increasingly growing evidence
indicating the presence of Cu,Zn-SOD in peroxi-
somes from plant, human, and animal ori-
gin, 3710151 some doubts have been cast on the
peroxisomal localization of plant SODs obtained
by cell fractionation methods.!?!! These reserva-
tions appear to stem from the lack of information
on the cDNA(s) encoding peroxisomal Cu,Zn-
SODs and the PTS at the COOH-terminus of

these enzymes. For this reason, a different exper-
imental approach to the cell fractionation meth-
ods employed so far is needed to demonstrate
unequivocally the peroxisomal locus of Cu,Zn-
SOD in plants. In this respect, monospecific anti-
bodies and immunocytochemical procedures
have been applied succesfully in recent years to
ellucidate numerous cases of conflicting cellular
localizations.

The certainty of the presence of Cu,Zn-SOD in
peroxisomes is important to study the function of
this SOD in these oxidative cell organelles and
also to get deeper insights into the role of peroxi-
somes in active oxygen-mediated oxidative stress
situations induced by biotic and xenobiotic
agents. In this work, by using EM immunocyto-
chemistry and western blot analysis in water-
melon cotyledons we demonstrate and confirm
the presence of Cu,Zn-SOD in a class of plant
peroxisomes.

MATERIALS AND METHODS

Plant Material

Seeds of watermelon (Citrullus vulgaris Schrad., cv
Sugar Baby) were obtained from Fit6 (Barcelona,
Spain). Seeds were decoated and surface-sterilized
with 1% bleach solution for 30 seconds. After sev-
eral washings, seeds were germinated at 30°C
under dark conditions in large Petri dishes on fil-
ter paper soaked in distilled water. Cotyledons
(first leaves) from 6 day old seedlings were used
for the subsequent assays.

Preparation of Tissue Extracts

Excised cotyledons were blended at 0-4°C in
0.1 M Tris-HCI (pH 8.0), 0.1 mM EDTA, 2 mM
DTT, 0.2% (v/v) Triton X-100, using a Sorvall
Omnimixer (pair cotyledons to medium volume
ratio: 2/1). The homogenate was centrifuged at
34,000 g for 30 min at 4°C and the supernatant was
recovered.
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Isolation of Cell Organelles

Organelles were isolated from 6-d old cotyle-
dons by differential and sucrose density-gradi-
ent centrifugation (20-57%; w/w) as described
previously.P! Organelles were recovered from
the gradients by puncture with a syringe, and
matrix and membrane fractions of peroxisomes
were separated by osmotic shock and ultracen-
trifugation as described."”! Peroxisomal mem-
branes were purified by treatment with 0.1 M
sodium carbonate (pH 11.5) as previously
described.!"®!

Gel Electrophoresis and Western Blot Analysis

Protein extracts were analyzed by SDS-PAGE
in 12% polyacrylamide gels according to
Laemmli*? in a Bio-Rad Mini-Protean II slab cell.
For western blot analysis, proteins were elec-
troblotted onto Immobilon nitrocellulose sheets
from Millipore (Bedford, MA) and probed with
anti-peroxisomal Cu,Zn-SOD as the primary
antibody!?! (1/600 dilution) and goat anti-rabbit
IgG with horseradish peroxidase (Bio-Rad,
Richmond, CA) as the second antibody.
Reactivity was detected by a quimioluminiscence
method using luminol.”?,

Native PAGE was carried out in 10.5% poly-
acrylamide gels and SOD activity was localized
on the gels by the photochemical NBT stain of
Beauchamp and Fridovich.**!

Electron Microscopy

For electron microscopy, 6-d old cotyledons were
collected and processed as described by Corpas
et al.*®! Pieces were fixed in 0.2% (v/v) glu-
taraldehyde and 4% (w/v) paraformaldehyde in
50 mM PIPES-KOH buffer (pH 7.4), for 1 h at 4°C.
The segments were dehydrated through a graded
ethanol series (30-100%; v/v) and infiltrated in
LR White resin. The embedded segments were
copolymerized at —20°C.

Immunolabeling

Gold sections were mounted on nickel grids and
were incubated for 1 h in a blocking solution
composed by 2% (w/v) BSA and 5% (v/v) GNS
in TBST buffer. TBST buffer consisted of 10 mM
Tris-HCl buffer (pH 7.6), 0.9% (w/v) NaCl, 0.05%
(v/v) Tween 20, and 0.02% (w/v) NaN; (TBST).
The sections were then incubated overnight with
anti-peroxisomal Cu,Zn-SOD* diluted 1:500 in
TBST containing 2% (w/v) BSA and 1% (v/v)
GNS. Preimmune serum was used as a control.
Grids were washed in several drops of TBST and
incubated for 1 h in goat anti-rabbit IgG conju-
gated to 15-nm gold particles (Bio Cell) diluted
1:40 in TBST plus 2% (w/v) BSA. Finally, grids
were washed with TBST and distilled water.
Sections were poststained in 2% aqueous uranyl
acetate for 3 min and examined in a Zeis EM 10C
electron microscope.

Other Assays

Proteins were determined with Coomassie
blue,*! using BSA as standard.

RESULTS AND DISCUSSION

In previous works carried out in our laboratory
we demonstrated the presence of four different
SOD isozymes in extracts of watermelon cotyle-
dons, which were characterized as 2 Mn-50Ds
(I and II) and 2 Cu,Zn-SODs (I and II).®! The
isozyme Cu,Zn-SOD I has recently been purified
and characterized”! and has very similar molec-
ular properties to peroxisomal Cu,Zn-SOD. The
time-course of SOD activity in this tissue showed
the appearance of isozyme Cu,Zn-SOD II three
days after the beginning of germination whereas
the other isozymes were already present in 24 h
seeds.®! The isolation of cell organelles from
watermelon cotyledons by sucrose density-gra-
dient centrifugation revealed that Cu,Zn-50D I
was mainly cytosolic and Cu,Zn-SOD II was pre-
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sent in the peroxisomal matrix, whereas a Mn-
SOD isozyme was located in the external side of
the peroxisomal membrane.!" On the basis of
these results we selected cotyledons from 6-d old
seedlings to carry out immunological studies to
probe the peroxisomal location of the isozyme
Cu,Zn-SOD 11.

Prior to the immunocytochemical work, the
presence of Cu,Zn-SOD in crude extracts and
peroxisomal fractions from watermelon cotyle-
dons was studied by specific SOD activity stain-
ing and western blotting, using an antibody
prepared against the isozyme Cu,Zn-SOD II
from watermelon cotyledons.™ Figure 1 shows
the western blot analysis of cotyledon extracts
from 6-d old seedlings with the antibody
against Cu,Zn-SOD II. In these conditions,
two close immunoreactive bands of 16.3 and
16.5 kDa were detected which belonged to the
Cu,Zn-SODs 1 and II, respectively, to judge by
the controls with the purified enzymes.
However, in the peroxisomal matrix only one
band corresponding to the isozyme Cu,Zn-SOD
IT was detected.

When proteins from peroxisomal fractions
(matrices and membranes) were subjected to
non-denaturing PAGE and stained for SOD
activity, two isozymes were detected, the Cu,Zn-
SOD 1II in the matrix and the Mn-SOD in the
membrane fraction (Fig. 2). This latter isozyme
was removed by sodium carbonate washing
which is indicative that the peroxisomal Mn-SOD
in watermelon cotyledons is not an integral
membrane protein but a peripheral membrane
protein. Similar results have been reported in
peroxisomes from castor bean endosperm where
there is a Mn-SOD associated to the peroxisomal
membrane which is also removed by washing
with sodium carbonate.!*!

On immunolabeled sections of cotyledons,
gold label was mainly localized over plastids
with 18.28 +1.28 gold particles per organelle and,
to a lesser extent, in peroxisomes where the mean
labeling was 3.5 * 0.43 gold particles per
organelle (Fig. 3). Some gold particles were also
detected in the cytosol (Fig. 3). On the contrary,
no label was observed in mitochondria. In sec-
tions probed with preimmune serum no label

FIGURE1 Western blot analysis of Cu,Zn-SODs, cell-free extracts, and peroxisomes from watermelon cotyledons with the peroxi-
somal Cu,Zn-SOD antibody. After SDS-PAGE on 12% polyacrylamide gels, proteins were transfered onto nitrocellulose sheets.
Proteins were detected by incubation with a 1/600 dilution of the peroxisomal Cu,Zn-SOD antibody, followed by the second antibody,
and staining with luminol. a, purified Cu,Zn-SOD I from watermelon cotyledonsi”! (1 ug); b, cell-free extracts from 6-d old water-
melon cotyledons (26 ug); ¢, purified Cu,Zn-SOD 1" (0.7 ug); d, peroxisomal matrix from watermelon cotyledons (5 ug).
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Cu,Zn-S0D=

FIGURE 2 Superoxide dismutase activity in peroxisomal fractions. Peroxisomes were puritied by sucrose density-gradient centrifu-
gation and proteins were separated by non-denaturing PAGE in a 10% polyacrylamide gel. SOD activity was detected by NBT stain-
ing. a, peroxisomal matrices (10 ug); b, peroxisomal membranes (5 ug); ¢, peroxisomal membranes (5 ug) after washing with 0.1 M

sodium carbonate.

was found except in protein and lipid bodies. The
labeling detected in the cytosol could be due to
the cytosolic Cu,Zn-SOD I isoenzyme but the
possibility that part of the labeling could arise
from the peroxisomal and plastid forms being
imported into these organelles cannot be
excluded. These results are the first direct evi-
dence of the localization of Cu,Zn-SOD in perox-
isomes from plant tissue, and confirm our
previous biochemical studies which demon-
strated this cellular locus for Cu,Zn-SOD II.
Considering the biochemical and immunological
data available, we can finally rule out the possi-
bility of an erroneous localization of Cu,Zn-SOD
in peroxisomes due to cross-contaminations or
nonspecific adsorption by SODs from other cell
compartments.

Recently, the peroxisomal Cu,Zn-SOD from
watermelon cotyledons has been purified and
characterized."?") This enzyme shares some
similarities with Cu,Zn-SODs from other plants,
like a 90% amino acid sequence homology with
the chloroplastic Cu,Zn-SODs and a 70% homol-
ogy with the cytosolic Cu,Zn-SODs.*’l However,

the peroxisomal Cu,Zn-SOD has some amino
acid replacements that differentiate it from most
plant SODs, and has a high thermal stability and
resistance to inactivation by hydrogen perox-
ide.”"! This latter characteristic has been consid-
ered as a protective adaptation mechanism of the
enzyme to the peroxisomal environment rich in
H,0,.1 Bueno et al.?"! have proposed that
chloroplast and peroxisomal Cu,Zn-SODs could
be encoded by the same or closely related genes.
The product of an unique gene could be targeted
bidirectionally to chloroplasts and peroxisomes,
like in the case reported for serine:pyruvate
aminotransferase of rat liver which is encoded
by a single gene and is expressed in peroxisomes
and mitochondria.l®!

In peroxisomes a remarkable progress has been
made in recent years in the discovery of several
peroxisomal targeting signals responsible for the
protein import into peroxisomes.[”?!l However,
unlike chloroplasts, mitochondria, and ER, the
available PTSs do not explain the protein targeting
of all peroxisomal proteins. Although many per-
oxisomal proteins have PTSs located at the
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FIGURE 3 Immunocytochemical localization of Cu,Zn-SOD Il in cotyledons from 6-d old watermelon seedlings. Cu,Zn-SOD label
is present in plastids, peroxisomes and cytosol. a, ¢, d, and e: sections incubated with Cu,Zn-SOD II antibody (1/500 dilution); b f: pre-
immune serum contro). Cw = cell wall; Lb = lipid body; P = peroxisome; PI = plastid. Arrow in (d) indicates a small peroxisomal area
showing Cu,Zn-SOD Il label. Bars = 0.5-um.
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COOH-terminus and some at the amino-termi-
nus,129?%%! there are also cases of characteristic
peroxisomal enzymes, like some catalases among
others, which lack it,'?*'®! and of many non-per-
oxisomal proteins that contain the consensus PTS
within their sequence.®? As indicated by Baker,*
the general principles of peroxisomal protein tar-
geting are only gradually emerging and it is likely
that actual ideas on peroxisomal protein targeting
are naive. Therefore, at present, as far as peroxi-
somes is concerned, EM immunocytochemical
methods appear to be more direct and reliable to
prove unequivocally the peroxisomal location of
S50Ds than molecular biology methods based on
the isolation of SOD cDNAs containing the neces-
sary targeting sequences, contrary to what has
been postulated by other authors.[?!353

The presence of SOD activity in peroxisomes
makes sense considering the specialization of this
kind of organelles with an essentially oxidative
type of metabolism. In the last years we have
demonstrated the production of O;™ radicals in
matrices and membranes from plant peroxi-
somes.!"" In the matrix, the main superoxide pro-
ducer is xanthine oxidase while in the membrane
a small NADH-dependent electron transport
chain is involved."®! More recently, the O;-pro-
duction in peroxisomal membranes from castor
bean endosperm has also been demonstrated, as
well as the presence of a Mn-50D in these mem-
branes.!®! In this way, the main role of Cu,Zn-
SOD in peroxisomes could be the protection of
these cell organelles against O;~ radicals gener-
ated therein. For example, catalase, which is
abundant in peroxisomes, is inhibited by O; rad-
icals®”! and Cu,Zn-SOD is inhibited by H,0,.
Accordingly, Cu,Zn-SOD and catalase could col-
laborate to protect each other and also to protect
peroxisomes by removing O;™ radicals and H,O,,
respectively, and so avoiding the possible forma-
tion of the vastly more reactive hydroxyl radicals
(-OH)."! This strong oxidizing species damages
biological membranes and reacts with most of
the compounds present in biological systems,
including DNA.!"
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