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1. Introduction

Higher plant mitochondria possess a special path-

way © of electron transport to molecular oxygen, which

is resistant to cytochrome chain inhibitors, frequently
referred to as the alternate oxidase [1,2] . The fraction
of total respiration accounted for the alternate oxidase
varies widely between plant species and with the
physiological condition of the tissues. For instance,
the alternate pathway accounts for less than 10% of
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the oxygen taken
potato tubers, whereas it represents more than 70%
of the respiration of skunk cabbage spadix at the
moment of heat production [2,3].

Although the role of the alternate oxidase in plants
is poorly understood, it has been found to be
associated with thermogenesis [3], and suggested to
be important in plant productivity [4], seed germina-
tion [5] and fruit ripening [6], which underlines the
need for more basic knowledge of this respiratory
activity. Identification of the primary product of
oxygen reduction is of major importance when con-
sidering the physiological role of the alternate oxidase.
It has been shown that H,O, is the observable
product, under appropiate conditions [7] . Hydrogen
peroxide can be produced by either a two-electron or
a one-clectron transfer process; in the latter case O;
being the stoichiometric precursor. In recent reviews
it has been suggested that the alternate oxidase may
produce H,O, via O3 in a superoxide dismutase-
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catalyzed reaction [2,6], although direct evidence
was not availabie.

Incubation of potato tuber slices in a moist
atmosphere (ageing) develops considerable alternate
oxidase activity [8], offering an useful system to
study the relationship between O; production and
the oxygen uptake resistant to cytochrome chain
inhibitors.

The data presented here show that the increase in
antimycin-resistant mitochondrial respiration taking
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by a simultaneous enhancement in O3 production;
this latter activity being sensitive to cyanide and
salicylhydroxamic acid (SHAM).

2. Materials and methods

2.1. Isolation of mitochondria

Recently harvested potato tubers were sliced into
discs (2 mm thick and 45 mm diameter) which were
used either immediately or incubated in a humid
chamber on filter paper moistened with 1 mM CaCl,,
for 24 h or 48 h at 28°C. Mitochondria were isolated
according to the general procedure described by
Bonner [9], after homogenization of the potato discs
in 0.3 M mannitol, 1 mM EDTA, 4 mM cysteine,
0.5% polivinylpirrolidone and 5 mM Tris—HCl,
(pH 7.3), in a blendor during 7 s at low speed. The
homogenate was immediately centrifuged at
14 000 X g for 10 min to separate mitochondria from
cytosolic components. The sediment was resuspended
in the homogenization medium and, after centrifuga-
tion at 600 X g for 10 min, mitochondria were
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isolated by centrifugation at 8000 X g for 10 min and
finally suspended in 0.3 M mannitol, 1 mM EDTA
(pH 7.3). Protein was measured using the Folin-
Ciocalteau’s reagent [10] . The amount of mitochon-
dria in the tissue was calculated from the cytochrome
oxidase activities of isolated mitochondria and
homogenate.

2.2. Measurements of respiration

Oxygen uptake was determined in a KIC-Oxygraph
(Gilson Medical Elect. Middleton, W1, USA) at 30°C.
The reaction medium contained 0.3 mannitol, 5 mM
NaH,PO,, 2 mM MgCl,, 20 mM Tris—HCI buffer
(pH 7.3), 10 mM succinate, 6 mM glutamate and
0.8—1.5 mg protein/ml. ADP, when used, was 0.1 mM.

2.3. Superoxide anion production
Production of O3 was determined as the SOD-

sensitive rate of adrenochrome formation, which was
measured at 485—575 nm (AE =297 mM~'-cm™!;
[11—-12]) in an Aminco-Chance dual wavelength
spectrophotometer (American Inst. Co., Silver
Springs, MD, USA). The reaction medium was the
same as that used for oxygen uptake measurements
but supplemented with 1 mM cpinephrine. Temper-
ature was 30°C.

2.4. Superoxide dismutase and cytochrome oxidase
activities

Superoxide dismutase (SOD) activity was deter-
mined according to the method of Forman and
Fridovich [13] using 0.25 mM xanthine and 3 ug/mi
xanthine oxidase (specific activity 0.61 Unit/mg
protein) as O3 scource and 10 uM cytochrome ¢
07 scavenger in 50 mM Tris—HCl buffer (pH 8.1).
Cytochrome ¢ reduction was monitored at 550 nm
in a Gilford 2000 spectrophotometer. SOD activity
was determined in the 14 000 X g supernatant
(cytosol) and in the mitochondrial fraction.
In the cytosol, total SOD and cyanide-insensitive (in
the presence of 0.1 mM KCN) SOD (Mn-enzyme)
were measured; the cyanide-sensitive SOD (Cu-Zn-
enzyme) was calculated by difference [14—15] .
Mitochondrial SOD was measured in the presence of
0.1 mM KCN. Cytochrome oxidase was determined
by measuring the oxidation rate of 20 uM cyto-
chrome ¢** in 50 mM phosphate buffer (pH 7.0).
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Activities were calculated as first order reaction
constants by the integral procedure [16] .

2.5. Chemicals

Bovine SOD, xanthine oxidase, xanthine, ADP and
antimycin A were purchased from Sigma Chemical
Co. and salicylhydroxamic acid from Aldrich
Chemical Co.

3. Results

Ageing of potato tubers leads to an increase in
the mitochondrial mass of the tissue. The newly
synthetized mitochondria have a loose coupling and
a decreased cytochrome oxidase activity (table 1).
After ageing for 24 h and 48 h, total mitochondrial
protein increased 3.2 and 3.0 times, the respiratory
control ratio decreased by 52% and 98%, and the
cytochrome oxidase activity decreased by 49% and
54%, respectively, in agreement with previous reports
[8,17]. Antimycin-insensitive respiration accounted
for 9%, 56% and 90% of the state 3 oxygen uptake in
the mitochondria isolated from the slices aged for
0 h, 24 h and 48 h, respectively (table 1 and fig.1).
Mitochondria from aged tissue were more sensitive
to cyanide than to antimycin, especially at KCN con-
centrations higher than 0.2 mM (fig.2). The fact that
cyanide inhibition in mitochondria from aged potato
tissue is not maximal at 0.1 mM KCN has been
already noticed by Hackett et al. [8]. Cyanide-
resistant oxygen uptake amounted to 8%, 12% and
27% of the state 3 respiration in the mitochondria
from fresh, 24 h and 48 h aged potato tissue, and was
similar irrespective of the presence or absence of
antimycin. Consequently, cyanide was able to
inhibit the antimycin-resistant respiration of the same
mitochondria by 15%, 79% and 71%, respectively
(table 1). SHAM, the known inhibitor of alternate
oxidase activity {18], depressed state 3 respiration by
27%, 49% and 31% in the mitochondria isolated from
discs incubated for Oh,24 hand48 hand on a
percentage basis was slightly more effective on the
antimycin—insensitive respiration of the same mito-
chondria inhibiting by 29%, 62% and 51%, respec-
tively. It is important to note that the antimycin-
and cyanide-insensitive respiration, i.e., the oxygen
uptake resistant to the sum of both inhibitors was
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Mitochondrial properties, oxygen consumption and superoxide anion production in
potato tuber mitochondria and mitochondrial and cytosolic superoxide dismutase
activity in potato tuber tissue

Potato tuber discs incubated

Oh 24 h 48h
Mitochondrial properties
Total mitochondrial protein (mg/g tissue) 042 1.31 1.28
Isolated mitochondrial protein (mg/g tissue) 0.17 0.36 0.38
Respiratory control 3.55 2,24 1.05
Cytochrome oxidase (min~!/mg protein) 10.9 5.51 5.05
Oxygen consumption (nmol O,/min/mg prot)
State 4 22 45 117
State 3 78 101 123
+ 0.4 uM antimycin 7 57 111
+1 mM KCN 6 12 33
+ antimycin + KCN 6 12 37
+ 2 mM SHAM 57 51 85
+ antimycin + SHAM 5 22 55
+ antimycin + SHAM + KCN 5 7 18
Production of O; (nmol/min/mg prot)
State 1 4.5 9.6 11.2
State 4 14.5 14.2 13.8
State 3 13.2 13.5 134
+ 0.2 uM antimycin 15.2 15.6 13.2
+1 mM KCN 0.9 0.7 0.9
+1 mM SHAM 0 0 0.2
Superoxide dismutase activity (Units/mg prot)
Mitochondrial Mn-enzyme 9.0 8.6 10.5
Cytosolic Mn-enzyme 17.1 14.2 10.2
Cytosolic Cu-Zn-enzyme 10.6 38.0 76.4

effectively inhibited by SHAM (42% and 52% in the
24 h and 48 h incubated tissue). Similarly, the
oxygen uptake in the presence of both antimycin and
SHAM was effectively decreased (68%) by 1 mM
cyanide in the mitochondria from aged tissue
(table 1). Apparently, three independent oxygen-
consuming activities are present in mitochondria
from aged potato tissue, and these show different
sensitivities to antimycin, cyanide and SHAM.
Superoxide anion productjon was about 1315
nmol/min/mg protein in the ‘mitochondria isolated
form either fresh or aged tissue. Generation of Q3 by
potato mitochondria was only slightly affected by
ADP or antimycin. Conversely, 1 mM KCN and 1 mM
SHAM were effective inhibitors (table 1). The deter-

mination of O3 generation is illustrated in fig.3.
Adrenochrome formation, in absence of respiratory
substrate amounted to 12 nmol/min/mg of protein.
The addition of succinate and glutamate increased
this rate by about 100%, whereas antimycin showed
a small (9%) enhancing effect. Addition of SOD at
a saturating concentration, gives specificity to the
assay regarding O; involvement and allows the cal-
culation of O3 production rates. Figure 4 shows
titrations of the rate of adrenochrome formation
by SOD, KCN and SHAM. Comparison of the effect
of the three inhibitors shows that potato mitochon-
dria have an adrenochrome-forming capacity that
does not involve O3 production and therefore is
insensitive to SOD, but it is sensitive to cyanide and
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Fig.1. Effect of antimycin on state 3 respiration of potato
mitochondria isolated from discs incubated 0 h (o), 24 h (e)
and 48 h (a). Exptl. conditions as described in section 2.

SHAM. This activity is probably due to the phenol
oxidase (o-diphenol:0, oxidoreductase, EC 1.10.3.1)
of potato tissue [19].

Concerning SOD activity, neither the mitochon-
drial nor the cytosolic Mn-enzyme (probably leaked
from broken mitochondria) showed variation upon
ageing (table 1). Conversely, the activity of the
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Fig.2. Effect of cyanide on state 3 respiration of potato
mitochondria isolated from discs incubated O h (©), 24 h (o)
and 48 h (a). Exptl. conditions as described in section 2.
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Fig.3. Production of O; by fresh potato tuber mitochondria.
Experimental conditions as described in section 2. 0.073 mg
protein/ml,

cytosolic Cu-Zn-containing SOD increased 3.6 and
7.2 times after aerobic incubation of the potato discs
for 24 h and 48.

-
(2,]

-
(=4

w

nmol.min=1.mg prot-1

ADRENOCHROME FORMATION

1 Y ~‘-.." ------ !é
0 20 40 60 80 100

SO0 (ug/mh
1 . 1 1 L —J
0 20 40 60 80 100
SHAM (uM)
L 1 1 1 .|
0 0.25 0.50 0.7% 1
KCN(mM)

Fig.4. Effect of superoxide dismutase (4) SHAM (o) and
cyanide (o) on the rate of adrenochrome formation by fresh
potato mitochondria.
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4. Discussion

The antimycin-resistant and the cyanide-resistant
repiration of potato tuber mitochondria are markedly
increased upon ageing, but no enhancement of O5
generation was measured under such conditions, and
therefore the theoretical possibility that O3 is the
primary product of the alternate oxidase [2,6] is not
experimentally substantiated.

Moreover, the O3 production in the mitochondria
isolated from the aged tissue represents only a small
fraction of total oxygen uptake. To calculate the
ratio O; production/O, uptake it is necessary to take
into account that in potato mitochondria the
following reactions take place:

. SOD
0;+0;+2H —— H,0, -0, )
Catalase
H,0, +H,0, 2H,0+0, )
P id
H,0, + AH, ——% ) H,0+ A 3)

A pathway catalyzed by SOD and catalase will
result in the production of 4 O3 per O, taken up,
whereas a SOD and peroxidase catalyzed pathway
will show 2 O3 per O, consumed. Consequently,
even considering that reaction (3) absolutely prevails
over reaction (2), production of O3 would only
account for 7—12% of the antimycin-resistant respira-
tion and less than that if some of the produced
H,0, is decomposed by catalase. Therefore, O3
production is not enough to account for the
activity of the alternate oxidase.

Our results then show that there is more than one
alternative O, consuming system in addition to the
classical cytochrome oxidase. One of them produces
03, although is resistant to antimycin and sensitive to
cyanide and SHAM. Another one is that usuvally
referred to as the alternate oxidase, resistant to
antimycin and cyanide but sensitive to SHAM; this
system apparently produces H,0, [7], but without
the participation of O3 as an intermediate product.
There is still evidence in table 1, for another O,
consuming system, inhibited by cyanide and resistant
to antimycin and SHAM.

Ageing brings about a considerable increase in
mitochondrial mass and in SOD activity, which
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implies an enhanced O3 [14] and H,0, generation

in aged tissue. According to our measurements,
production of O3 represents a small fraction of the
total oxygen uptake of potato mitochondria, however
its potential physiological importance is not to be
disregarded since O3 is an extremely reactive species
[14] . The interaction of O; with H,0, may produce
HO" and '0, [20], capable of starting chain reactions
with a high amplifying effect.

One might speculate about the physiological
impact of increased O; and H,0, production in the
aged tissue. Among the possible effects, a faster rate of
lipid peroxidation [20,21] could be considered.
Increased lipid and organic peroxide formation may
lower the NADPH/NADP ratio, which is of far
reaching consequences and may help to explain the
observed increase in activity of the pentose phosphate
shunt [22] in the aged potato tuber tissue.
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