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ABSTRACT

Ascorbate oxidase expression in pumpkin (Cucurbita spp.) tis-
sues was studied. Specific ascorbate oxidase activities in pumpkin
leaf and stem tissues were about 2 and 1.5 times that in the fruit
tissues, respectively. In seeds, little ascorbate oxidase activity was
detected. Northern blot analyses showed an abundant ascorbate
oxidase mRNA in leaf and stem tissues. Fruit tissues had lower
levels of ascorbate oxidase mRNA than leaf and stem tissues.
Ascorbate oxidase mRNA was not detected in seeds. Specific as-
corbate oxidase activity gradually increased during early seedling
growth of pumpkin seeds. The increase was accompanied by an
increase in ascorbate oxidase mRNA. When ascorbate oxidase
activity in developing pumpkin fruits was investigated, the activities
in immature fruits that are rapidly growing at 0, 2, 4, and 7 d after
anthesis were much higher than those in mature fruits at 14 and
30 d after anthesis. The specific activity and mRNA of ascorbate
oxidase markedly increased after inoculation of pumpkin fruit
tissues into Murashige and Skoog's culture medium in the presence
of an auxin such as 2,4-dichlorophenoxyacetic acid (2,4-D) but not
in the absence of 2,4-D. In the presence of 10 mg/L of 2,4-D,
ascorbate oxidase mRNA was the most abundant. Thus, ascorbate
oxidase is induced by 2,4-D. These results indicate that ascorbate
oxidase is involved in cell growth. In pumpkin callus, ascorbate
oxidase activity could be markedly increased by adding copper.
Furthermore, immunological blotting showed that the amount of
ascorbate oxidase protein was also increased by adding copper.
However, northern blot analyses showed that ascorbate oxidase
mRNA was not increased by adding copper. We suggest that copper
may control ascorbate oxidase expression at translation or at a site
after translation.

Ascorbate oxidase (EC 1.10.3.3) is a copper-containing blue
enzyme that has been studied in plant tissues such as pump-
kin (17, 29), cucumber (24), and orange (31). The enzyme
catalizes the oxidation of ascorbic acid to dehydroascorbic
acid. Recently, the enzyme has been used for clinical and
food analyses of L-ascorbic acid (8, 20).
The definitive biological function of ascorbate oxidase is

not clear, although it has been reported that the enzyme may
participate in a redox system involving ascorbic acids (32).
Furthermore, the subcellular localization of ascorbate oxidase
is uncertain. The enzyme may be localized in the cell wall

1 This work was supported in part by Grants-in-Aid for Scientific
Research (No. 02261214) from the Ministry of Education, Science,
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(13, 22, 25), although there have been some reports that the
enzyme is localized in the cytoplasm (33), microsomes (33),
or vacuole (31). Recently, Lin and Varner (18) studied the
expression of ascorbate oxidase in zucchini and reported that
the enzyme may be involved in reorganization of the cell
wall.
We have studied the ascorbate oxidase in cultured pumpkin

(Cucurbita spp.) cells and in a previous paper reported that
ascorbate oxidase activity rapidly increased during growth of
pumpkin callus (6). Furthermore, ascorbate oxidase was
hown to be secreted into the culture medium in the cell
suspension cultures (4), supporting the idea of cell wall
localization of ascorbate oxidase. In addition, calcium ions
markedly stimulated the secretion of ascorbate oxidase (7).
Much attention has been focused on the regulation of

protein expression by metal cofactors. It is well known that
metallothionein biosynthesis is inducible by the heavy metals
that bind to the protein (11). The synthesis of ferritin, an iron
storage protein, is also increased by iron (23). In plants,
however, there have been only a few reports that the expres-
sion of protein is controlled by its prosthetic metal. Delhaize
et al. (3) reported that the amount of diamine oxidase protein
in clover leaves is controlled by the copper concentrations of
the leaves. Jones and Carbonell (14) reported that the amount
of a-amylase in aleulone layers of barley is controlled by
calcium, the metal cofactor of the enzyme. In a previous
paper (9), we showed that ascorbate oxidase activity in pump-
kin callus could be markedly increased by adding copper, a
prosthetic metal of the enzyme.

Recently, we isolated a full-length cDNA clone for ascor-
bate oxidase from cultured pumpkin cells, determined the
nucleotide sequence of the cDNA insert, and reported that
the amino acid sequence of pumpkin ascorbate oxidase is
significantly homologous to those of the other blue multicop-
per oxidases laccase and ceruloplasmin (5).
We now report the tissue specificity of ascorbate oxidase

expression in pumpkin and show that ascorbate oxidase
mRNA rapidly increases during early seedling growth of
pumpkin and that ascorbate oxidase mRNA in pumpkin fruit
tissues is markedly induced by 2,4-D. Furthermore, we report
that the marked increase in ascorbate oxidase activity in
pumpkin callus brought about by the addition of copper is
accompanied by an increase in ascorbate oxidase protein but
not by an increase in ascorbate oxidase mRNA, suggesting
that copper regulates ascorbate oxidase abundance at the
translational or posttranslational level.
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MATERIALS AND METHODS

Materials

Pumpkin (Cucurbita spp., Ebisu Nankin) seeds were pur-
chased from Takii and Co., Ltd. Pumpkin plants were grown
at a farm from seeds. After they were harvested, the fruit,
stem, and leaf tissues were separated, frozen in liquid nitro-
gen, and stored at -850C until use.
Pumpkin seeds were germinated in the dark at 250C in

dishes containing distilled water. The cotyledons were har-
vested at an appropriate age.

Discs (12 mm in diameter, 5 mm thick) prepared from
pumpkin fruit sarcocarp tissues using a cork borer and a
surgical blade under aseptic conditions were inoculated on
Murashige and Skoog's basal medium with 3% sucrose and
0.8% agarose in the presence of 0, 0.01, 0.1, 1.0, 10, or 100
mg/L of 2,4-D. The material was incubated at 250C in the
dark and harvested at an appropriate age.
Pumpkin callus was induced from the fruit tissues as

described previously (6) and was cultured in a 100-mL Erlen-
meyer flask containing 50 mL of Murashige and Skoog's
basal medium with 0 or 10 AM CuSO4. The material was
grown for 4, 8, or 12 d at 250C in the dark.

Immunological Blotting

Antiserum against ascorbate oxidase was prepared as de-
scribed previously (9). Electrophoresis on a 12% polyacryl-
amide gel containing 0.1% SDS was carried out by the
method of Laemmli (16). The immunological blotting tech-
nique was performed as described by Towbin et al. (30).

Preparation of Total RNA and Northern Blot Analyses

Each tissue was ground into powder in liquid nitrogen
using a mortar and a pestle. A portion of the powder was
used for the assay of ascorbate oxidase activity and the
amount of protein. Total RNA was isolated from the powder
by extraction with phenol/chloroform and precipitation with
ethanol as described previously (5). Total RNA was electro-
phoresed on 1.5% (w/v) agarose gel containing 15% (v/v)
formaldehyde, 20 mm Mops (pH 7.0), 8 mM sodium acetate,
and 1 mm EDTA. The RNA was transferred to a Hybond N
(Amersham) membrane in 1ox SSC2 (3 M NaCl, 0.3 M Na
citrate), and hybridized to a cDNA clone for pumpkin ascor-
bate oxidase (pAOP 1) (5) at 420C in 50% formamide as
described by Maniatis et al. (19). A 32P-labeled probe was
prepared by random hexamer priming using [a-32P]dCTP
(3000 Ci *mmol-h, Amersham). Hybridized blots were
washed in lx SSC and 0.1% SDS at 650C for 1 h, followed
by 0.1x SSC and 0.1% SDS at 650C for 1 h, and then were
used to expose Kodak XAR-5 x-ray film.

Assays

Ascorbate oxidase activity was assayed at 250C by follow-
ing the decrease in A265 of the reaction mixture containing
0.05 M potassium phosphate buffer (pH 7.0), 0.5 mm EDTA,

2 Abbreviation: SSC, standard sodium citrate.

0.002% metaphosphoric acid, 0.15 mM L-ascorbic acid, and
enzyme solution in a final volume of 3.0 mL, according to
the method of Oberbacher and Vines (26). One unit of
enzyme activity was defined as the amount of enzyme that
oxidizes 1.0 ,mol of L-ascorbic acid per min.
The amount of protein was determined by the method of

Bradford (2), with bovine y-globulin as the standard.

RESULTS

Expression of Ascorbate Oxidase in Pumpkin Tissues

We investigated the amounts of ascorbate oxidase activity
in various tissues of pumpkin (Fig. 1). To begin with, the
specific activities of ascorbate oxidase in pumpkin seed, leaf,
stem, and fruit tissues were investigated (Fig. 1B). In seeds,
ascorbate oxidase activity was barely detectable. The specific
ascorbate oxidase activity in leaf tissues was the highest of
the four tissues and was about twice that of fruit tissues. The
specific activity in stem tissues was about 1.5 times that in
fruit tissues.

Total RNA prepared from each tissue was denatured, elec-
trophoresed on an agarose gel, transferred to a nylon mem-
brane, and hybridized to a cDNA clone (pAOP 1) for pump-
kin ascorbate oxidase. In leaf and stem tissues, an abundant
transcript of about 2000 nucleotides, which can be regarded
as ascorbate oxidase mRNA, was observed (Fig. 1A). Fruit
tissues had lower levels of ascorbate oxidase mRNA than leaf
and stem tissues. In seeds, on the other hand, ascorbate
oxidase mRNA was not detected. Thus, the tissue specificity
of ascorbate oxidase activity was nearly in accord with that
of ascorbate oxidase mRNA.

Changes in Specific Activity and mRNA of Ascorbate
Oxidase during Early Seedling Growth of Pumpkin Seeds

As described above, ascorbate oxidase was abundant in
leaf and stem tissues but not in dry seeds. This suggests that
the expression of ascorbate oxidase is activated during seed-
ling growth. We investigated the changes in specific activity
and mRNA of ascorbate oxidase during early seedling growth
of pumpkin (Fig. 2). The specific ascorbate oxidase activity in
dry seeds was extremely low and nearly constant 24 h after
inoculation of the seeds into dishes containing distilled water.
However, the specific activity gradually increased thereafter,
and the specific activity at 240 h was about 40 times that in
dry seeds (Fig. 2B).
Northern blot analyses also showed that ascorbate oxidase

mRNA was detected at 60 h after inoculation of the seeds
into dishes containing distilled water (Fig. 2A). In the coty-
ledons at 60 h, which are beginning to elongate, abundant
ascorbate oxidase mRNA was apparent, and thereafter the
mRNA decreased. Thus, the increase in specific ascorbate
oxidase activity during early seedling growth of pumpkin
may be due to the increase in ascorbate oxidase mRNA.

Ascorbate Oxidase Activity during Development of
Pumpkin Fruits

Figure 3 shows ascorbate oxidase activity in developing
pumpkin fruits. Pumpkin fruits rapidly grew after anthesis
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REGULATION OF ASCORBATE OXIDASE EXPRESSION IN PUMPKIN

Thus, ascorbate oxidase activity was high in immature pump-
kin fruits, which are rapidly growing.

4-

1 2 3 4
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Effect of 2,4-D on the Expression of Ascorbate Oxidase

In a previous paper (6), we reported that ascorbate oxidase
activity rapidly increases during callus formation from pump-
kin fruit tissues and after transfer of pumpkin callus to fresh
medium. As described above, ascorbate oxidase expression is
markedly activated at the time of the elongation of the
cotyledons (Fig. 2). In addition, ascorbate oxidase activity in
immature pumpkin fruits, which are rapidly growing, was
much higher than that in mature fruits, which no longer
increase in size (Fig. 3). Therefore, we investigated the
changes in ascorbate oxidase activity after inoculation of
pumpkin fruit tissues into Murashige and Skoog's culture
medium with 3% (w/v) sucrose and 0.8% (w/v) agarose in
the presence of 0 or 1.0 mg/L of 2,4-D. In the presence of
1.0 mg/L of 2,4-D, ascorbate oxidase activity markedly in-
creased, and ascorbate oxidase activities at 2 and 4 d after
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Figure 1. Expression of ascorbate oxidase in various tissues of
pumpkin. A, Northern blot hybridization analysis of mRNA for
ascorbate oxidase in seed (lane 1), leaf (lane 2), stem (lane 3), and
fruit (lane 4). Each tissue was ground into powder in liquid nitrogen
using a mortar and a pestle. Fifty micrograms of total RNA isolated
from the powder was electrophoresed on 1.5% (w/v) agarose gel
containing 15% (v/v) formaldehyde. The RNA transferred to a
membrane was hybridized to a cDNA clone for pumpkin ascorbate
oxidase (pAOP 1) at 42°C in 50% formamide. Arrow indicates a
transcript of about 2000 nucleotides, which is regarded as mRNA
for ascorbate oxidase. B, Specific activity of ascorbate oxidase in
seed (lane 1), leaf (lane 2), stem (lane 3), and fruit (lane 4). Each
tissue was ground into powder in liquid nitrogen using a mortar
and a pestle. A portion of the powder was used for the assays of
ascorbate oxidase activity and the amount of protein.

(Fig. 3A). The fruits at 7 d after anthesis were already large,
although immature. Thereafter, the fruits gradually grew
until about 30 d. Ascorbate oxidase activity in pumpkin fruits
was the highest at the time of anthesis (Fig. 3B). A slow
decrease in the activity was observed until 7 d after anthesis.
Thereafter, the activity rapidly declined. The activity in fruits
at 14 d after anthesis was one-fifteenth that at 7 d. The
activity in fruits at 30 d was a little lower than that at 14 d.
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Figure 2. Changes in the activity and mRNA of ascorbate oxidase
during early seedling growth of pumpkin. A, Northern blot hybrid-
ization analysis of mRNA for ascorbate oxidase in cotyledons. The
seeds were germinated in the dark at 25'C in dishes containing
distilled water for 6, 12, 24, 60, 100, or 240 h. The cotyledons were
ground into powder in liquid nitrogen using a mortar and a pestle.
Fifty micrograms of total RNA isolated from the powder was elec-
trophoresed on 1.5% (w/v) agarose gel containing 15% (v/v) form-
aldehyde. The RNA transferred to a membrane was hybridized to
a cDNA clone for pumpkin ascorbate oxidase (pAOP 1) at 42'C in
50% formamide. B, Specific activity of ascorbate oxidase in coty-
ledons. The seeds were germinated in the dark at 25°C in dishes
containing distilled water for 6, 12, 24, 60, 100, or 240 h. The
cotyledons were ground into powder in liquid nitrogen using a
mortar and a pestle. A portion of the powder was used for the
assays of ascorbate oxidase activity and the amount of protein.
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in the presence of 10 mg/L of 2,4-D, when ascorbate oxidase
activity was also the highest. Thus, ascorbate oxidase in
pumpkin fruits was shown to be induced by 2,4-D.

Effect of Copper on Ascorbate Oxidase Expression
As reported previously (9), ascorbate oxidase activity in

30 (days) pumpkin callus is markedly increased by the addition of
copper. In this study, we investigated whether or not ascor-
bate oxidase mRNA increased when copper was added.

Ascorbate oxidase activities at 4, 8, and 12 d after transfer
to fresh medium containing 10 AM CuSO4 were about 2, 9,
and 8 times those in a culture grown in the absence of added
CuSO4, respectively (Fig. 7C). Furthermore, immunological
blotting showed that the amount of ascorbate oxidase protein
was also increased by adding copper (Fig. 7B). However,
northern blot analysis showed that ascorbate oxidase mRNA
did not increase when copper was added (Fig. 7A). Thus, the
marked increases in ascorbate oxidase activity and protein
were not accompanied by an increase in the mRNA.

| ~~~~~~~~~DISCUSSION

.j4

Regulation of Ascorbate Oxidase Expression by Auxin

Ascorbate oxidase has been reported to be abundant
mainly in fruit tissues of the family Cucurbitaceae. However,
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Figure 4. Effect of 2,4-D on ascorbate expression in pumpkin fruits.
A, Northern blot hybridization analysis of mRNA for ascorbate
oxidase in pumpkin fruits. Discs prepared from pumpkin fruit
sarcocarp tissues were inoculated on Murashige and Skoog's agar

medium in the presence of 0 (lanes 1, 2, and 3) or 1.0 mg/L of 2,4-
D (lanes 4 and 5) and incubated for 0 (lane 1), 2 (lanes 2 and 4), or

4 d (lanes 3 and 5) at 250C in the dark. The discs were ground into
powder in liquid nitrogen using a mortar and a pestle. Fifty micro-
grams of total RNA isolated from the powder was electrophoresed,
transferred to a membrane, and hybridized to a cDNA clone for
pumpkin ascorbate oxidase (pAOP 1) at 420C. B, Changes in
ascorbate oxidase activity in pumpkin fruits. Discs prepared from
pumpkin fruit sarcocarp tissues were inoculated on Murashige and
Skoog's agar medium in the presence of 0 (0) or 1.0 mg/L of 2,4-D
(0) and incubated for 0, 2, or 4 d at 250C in the dark. The discs
were ground into powder in liquid nitrogen using a mortar and a

pestle. A portion of the powder was used for the assay of ascorbate
oxidase activity. fr. wt., Fresh weight.

lime after Ainthesis idavs'
Figure 3. Change in ascorbate oxidase activity during development
of pumpkin fruits. A, Photographs of pumpkin fruits at 0, 2, 4, 7,
14, or 30 d after anthesis. B, Ascorbate oxidase activity in pumpkin
fruits at 0, 2, 4, 7, 14, or 30 d after anthesis. The fruits were

harvested and ground into powder in liquid nitrogen using a mortar
and a pestle. A portion of the powder was used for the assay of
ascorbate oxidase activity. fr. wt., Fresh weight.

inoculation were about 5 and 12 times greater that in fresh
fruit tissues, respectively (Fig. 4B). On the other hand, ascor-

bate oxidase activity changed little in the absence of 2,4-D
(Fig. 4B). When chitinase activity in the same preparation
was assayed as a control, there was no effect of 2,4-D.
Northern blot analyses showed that ascorbate oxidase

mRNA also increased after transfer of pumpkin fruits into
the culture medium in the presence of 2,4-D (Fig. 4A). The
highest steady-state level of mRNA appeared at 2 d and,
thereafter, decreased (Fig. 4A). In the absence of 2,4-D,
ascorbate oxidase mRNA was barely detected at 2 and 4 d
after inoculation (Fig. 4A). When a more detailed time-course
experiment was conducted in the presence of 1.0 mg/L of
2,4-D, ascorbate oxidase activity linearly increased after a lag
phase of 1 d, and the activity at 4 d after inoculation was

about 6 times that in fresh pumpkin fruits (Fig. 5B). Although
ascorbate oxidase mRNA was not detected at 1 d after inoc-
ulation, it was abundant at 2 d, reached a maximum at 3 d,
and subsequently decreased (Fig. 5A). Figure 6 shows the
expression of ascorbate oxidase at 3 d after inoculation of
pumpkin fruit tissues into the culture medium in the presence

of 0, 0.01, 0.1, 1.0, 10, and 100 mg/L of 2,4-D. In the presence
of 0 and 0.01 mg/L of 2,4-D, ascorbate oxidase mRNA was

hardly detected. The most abundant transcript was observed
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Figure 5. Changes in the activity and mRNA of ascorbate oxidase
during incubation of pumpkin fruits in the presence of 1.0 mg/L of
2,4-D. A, Northern blot hybridization analysis of mRNA for ascor-
bate oxidase in pumpkin fruits. Discs prepared from pumpkin fruit
sarcocarp tissues were inoculated on Murashige and Skoog's agar
medium in the presence of 1.0 mg/L of 2,4-D and incubated for 0,
1, 2, 3, or 4 d at 25°C in the dark. The discs were ground into
powder in liquid nitrogen using a mortar and a pestle. Fifty micro-
grams of total RNA isolated from the powder was electrophoresed,
transferred to a membrane, and hybridized to a cDNA clone for
pumpkin ascorbate oxidase (pAOP 1) at 42'C. B, Changes in
ascorbate oxidase activity in pumpkin fruits. Discs prepared from
pumpkin fruit sarcocarp tissues were inoculated on Murashige and
Skoog's agar medium in the presence of 1.0 mg/L of 2,4-D and
incubated for 0, 1, 2, 3, or 4 d at 25°C in the dark. The discs were
ground into powder in liquid nitrogen using a mortar and a pestle.
A portion of the powder was used for the assay of ascorbate oxidase
activity. fr. wt, Fresh weight.

fruit tissues had lower levels of ascorbate oxidase mRNA
than leaf and stem tissues when the expression of ascorbate
oxidase in various tissues of pumpkin was investigated (Fig.
1). In seeds, ascorbate oxidase mRNA was not detected. In
cucumber, on the other hand, it has been reported that
ascorbate oxidase is abundantly expressed in fruit tissues and
slightly expressed in leaf, stem, and root tissues (27). At
present, it is not known why the tissue specificity of ascorbate
oxidase expression in pumpkin differs from that in cucumber.

In the present study, the early seedling growth of pumpkin
was shown to be accompanied by the marked expression of
ascorbate oxidase, which is probably caused mainly by acti-
vation at the transcriptional level (Fig. 2). It is not clear
whether or not ascorbate oxidase plays an important role in
early seedling growth. If it does, there is a possibility that
ascorbate oxidase is involved in the elongation of cotyledons.
Furthermore, ascorbate oxidase activity in immature pumpkin
fruits was shown to be much higher than that in mature

fruits, suggesting that ascorbate oxidase may be involved in
fruit development (Fig. 3).

Finally, we showed that ascorbate oxidase in pumpkin
fruits was induced by 2,4-D (Figs. 4, 5, and 6). This induction
is probably controlled at the transcriptional level. Auxin is
well known to stimulate stem elongation, fruit development,
formation of flower buds, cell division, and cell growth and,
furthermore, to induce callus formation. In particular, it is
interesting that, at the cellular level, auxin has been shown
to induce loosening of the cell wall, in which ascorbate
oxidase may be localized (13, 22, 25). Recently, Lin and
Vamer (18) proposed from the study of the expression of
ascorbate oxidase in zucchini that the enzyme may be in-
volved in reorganization of the cell wall to allow for cell
expansion. Our results also support the idea that ascorbate
oxidase is involved in cell growth or cell division. However,
it has been reported that some plants lack ascorbate oxidase
activity (1). If ascorbate oxidase plays a role in cell growth
and cell division, then all plants must express ascorbate
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Figure 6. Effect of 2,4-D concentration on ascorbate oxidase
expression after incubation of pumpkin fruits for 3 d. A, Northern
blot hybridization analysis of mRNA for ascorbate oxidase in pump-
kin fruits. Discs prepared from pumpkin fruit sarcocarp tissues were
inoculated on Murashige and Skoog's agar medium in the presence
of 0 (lane 1), 0.01 (lane 2), 0.1 (lane 3), 1.0 (lane 4), 10 (lane 5), or
100 mg/L of 2,4-D (lane 6) and incubated for 3 d at 25°C in the
dark. The discs were ground into powder in liquid nitrogen using a
mortar and a pestle. Fifty micrograms of total RNA isolated from
the powder was electrophoresed, transferred to a membrane, and
hybridized to a cDNA clone for pumpkin ascorbate oxidase (pAOP
1) at 42'C. B, Ascorbate oxidase activity in pumpkin fruits. Discs
prepared from pumpkin fruit sarcocarp tissues were inoculated on
Murashige and Skoog's agar medium in the presence of 0 (lane 1),
0.01 (lane 2), 0.1 (lane 3), 1.0 (lane 4), 10 (lane 5), or 100 mg/L of
2,4-D (lane 6) and incubated for 3 d at 25°C in the dark. The discs
were ground into powder in liquid nitrogen using a mortar and a
pestle. A portion of the powder was used for the assay of ascorbate
oxidase activity. fr. wt, Fresh weight.
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Figure 7. Effect of copper on ascorbate oxidase expression in
pumpkin callus. A, Northern blot hybridization analysis of mRNA
for ascorbate oxidase in pumpkin callus. Pumpkin callus induced
from pumpkin fruit tissues was cultured in a 100-mL Erlenmeyer
flask containing 50 mL of Murashige and Skoog's agar medium in
the presence of 0 (lanes 2, 4, and 6) or 10 AM CuSO4 (lanes 1, 3,
and 5). The callus was grown for 4 (lanes 1 and 2), 8 (lanes 3 and
4), or 12 d (lanes 5 and 6) at 25°C in the dark. The callus was

ground into powder in liquid nitrogen using a mortar and a pestle.
Fifty micrograms of total RNA isolated from the powder was elec-
trophoresed on 1.5% (w/v) agarose gel containing 15% (v/v) form-
aldehyde. The RNA transferred to a membrane was hybridized to
a cDNA clone for pumpkin ascorbate oxidase (pAOP 1) at 42'C in
50% formamide. B, Immunological blot analysis of ascorbate oxi-
dase protein in pumpkin callus with antiserum against ascorbate
oxidase. Pumpkin callus induced from pumpkin fruit tissues was

cultured in a 100-mL Erlenmeyer flask containing 50 mL of Mura-
shige and Skoog's agar medium in the presence of 0 (lanes 2, 4,
and 6) or 10 AM CuSO4 (lanes 1, 3, and 5). The callus was grown for
4 (lanes 1 and 2), 8 (lanes 3 and 4), or 12 d (lanes 5 and 6) at 25°C
in the dark. The callus was ground into powder in liquid nitrogen
using a mortar and a pestle. A portion of the powder and purified
ascorbate oxidase (lane 0) were used for the immunological blot
analysis with antiserum against ascorbate oxidase. C, Ascorbate
oxidase activity in pumpkin callus. Pumpkin callus induced from
pumpkin fruit tissues was cultured in a 100-mL Erlenmeyer flask
containing 50 mL of Murashige and Skoog's agar medium in the
presence of 0 (lanes 2, 4, and 6) or 10 MM CUSO4 (lanes 1, 3, and
5). The callus was grown for 4 (lanes 1 and 2), 8 (lanes 3 and 4), or

12 d (lanes 5 and 6) at 25'C in the dark. The callus was ground into
powder in liquid nitrogen using a mortar and a pestle. A portion of
the powder was used for the assay of ascorbate oxidase activity. fr.
wt., Fresh weight.

oxidase. Clearly, further study is required to show whether
or not ascorbate oxidase is expressed in all plants and to
clarify the precise biological function of ascorbate oxidase.

Regulation of Ascorbate Oxidase Expression by Copper

We showed in a previous report (9) that ascorbate oxidase
activity in pumpkin callus is markedly increased by adding
copper. It is interesting whether or not ascorbate oxidase is
induced by copper. There are some reports that the expression
of copper-containing proteins are controlled by the metal.
Shatzman and Kosman (28) reported that galactose oxidase
activity in the fungus Dactylium dendroides depends on copper
concentration, and Keyhani and Keyhani (15) also reported
that Cyt c oxidase activity in cells of the yeast Candida utilis
increases in response to an increased copper concentration in
the medium. However, the amounts of apoproteins of these
enzymes were not controlled by the copper concentration. It
was suggested that copper may control the holoenzyme as-
sembly. On the other hand, Delhalze et al. (3) reported that
the synthesis of apoprotein of diamine oxidase in clover
leaves is regulated by the copper of the leaves so that no
apoprotein is synthesized in copper-deficient leaves. Metal-
lothionein, a metal-binding protein, is well known to be
induced by a heavy metal such as copper. In this case, copper
activates metallothionein gene transcription by a specific
DNA-binding protein (10). Furthermore, copper-dependent
gene expression of Cyt c552 synthesis in Chlamydomonas rein-
hardtii was directly affected by copper concentration (21).

In the present study, we showed that the amount of mRNA
coding for ascorbate oxidase was not affected by copper,
although the amount of ascorbate oxidase protein was in-
creased (Fig. 7). We suggest that copper controls ascorbate
oxidase expression at the translational or posttranslational
level. One possibility is that the translation of ascorbate
oxidase mRNA is specifically stimulated by copper. For ex-
ample, the expression of ferritin protein is increased by iron.
This regulation is achieved primarily by increased translation
of existing mRNA coding for ferritin (12). Another possibility
is that copper helps to stabilize ascorbate oxidase proteins
and protects them from the proteolytic breakdown. At pres-
ent, we have no experimental results supporting either hy-
pothesis. Further study will be required to clarify the mech-
anism of control of ascorbate oxidase expression by copper.
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