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Abstract—The effect of inhibitors of the cytochrome pathway and alternative oxidase on the rate of respiration and genera-
tion of reactive oxygen species by pea mitochondria was studied. Respiration of mitochondria from pea cotyledons was inhib-
ited by 70-80% by salicylhydroxamate (SHAM). The rate of hydrogen peroxide production by pea cotyledon mitochondria
during succinate oxidation was 0.15 nmol/min per mg protein. SHAM considerably accelerated the hydrogen peroxide pro-
duction. The SHAM-dependent H,0, production was stimulated by 2 pM antimycin A and inhibited by 5 mM KCN and
1 uM myxothiazol. The study of the rate of O; generation by pea mitochondria using EPR spin traps and epinephrine oxi-
dation showed that H,0, accumulation can be accounted for by a significant increase in the rate of O; production.
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Oxidation of respiration substrates via the cytochrome
pathway requires the presence of ADP, which is involved in
oxidative phosphorylation. When the energy demands of
the cell are low, the ADP concentration decreases, and the
cytochrome pathway is inhibited. This may result in an
increase in the concentration of ubisemiquinone, which is
capable of the parasitic one-electron process of superoxide
radical (O3 ) generation. Superoxide radical is rapidly con-
verted by superoxide dismutase (SOD) to hydrogen perox-
ide (H,0,). The latter may be either detoxified by catalase
or peroxidase in mitochondria or converted to hydroxyl
radical (OH"), a very aggressive oxidant that can oxidize
almost all cell components including DNA. The protection
against this process may include a decrease in the intrami-
tochondrial oxygen concentration or a decrease in the
ubisemiquinone lifespan [1, 2].

It was shown earlier that the production of O3 is
negligible at low transmembrane potential (Ay) and

Abbreviations: ETC) electron transport chain; SHAM) salicyl-
hydroxamate; SOD) superoxide dismutase; ROS) reactive oxy-
gen species.
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exponentially increases with an increase in Ay. It was
also found that the rate of O; generation is correlated
with the degree of cytochrome bsy (b;) reduction [3].
In view of this, it is interesting to note that plants have
a complex system of uncoupled electron-transport
pathways that bypass the generators of H' electro-
chemical-potential gradient (Apg+) in the electron-
transport chain (ETC). For example, in mitochondria
of higher plants, NADH is oxidized not only by the
ETC complex I, but also by a system of uncoupled
NADH dehydrogenases located in the inner and outer
mitochondrial membranes. The cyanide-resistant oxi-
dase (alternative oxidase) is one of the best-studied
systems of uncoupled respiration in plants [2, 4]. This
enzyme, located in the inner mitochondrial mem-
brane, catalyzes four-electron oxygen reduction at the
expense of ubiquinol oxidation. During this process,
energy is not saved in the form of Auy+. Interestingly,
the uncoupled alternative oxidase functions at higher
CoQH,-to-CoQ ratios than cytochrome oxidase [5].
This ratio is usually increased upon the transition from
state 3 to state 4, when the risk of parasitic reactions of
one-electron oxygen reduction increases [3]. The
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affinity of the alternative oxidase for oxygen is much
lower than that of cytochrome oxidase [6, 7].
Apparently, alternative electron transport in plant
mitochondria is activated when the oxygen concentra-
tion becomes greater than that optimum for the ener-
gy-conserving process. V. P. Skulachev assumed that
one of the functions of uncoupled oxidation is to main-
tain the oxygen concentration at relatively low level
[2]. This is one of the protective mechanisms prevent-
ing excessive generation of reduced oxygen species. For
this reason, the data on the involvement of reactive
oxygen species (ROS) in the induction of alternative
oxidase are very important [8].

Thus, earlier it was postulated that the alternative
oxidase plays a protective role under the conditions of
oxidative stress [2, 8-10] and shown that salicylhydrox-
amate (SHAM) activates the H,0O, production by plant
mitochondria [11]. However, data on a combined
effect of the cytochrome-pathway inhibitors and alter-
native oxidase on the rate of generation of reduced
oxygen species in plant mitochondria were missing.
For this reason, the purpose of this work was to study
the effect of the inhibitors of certain ETC components
on the rate of generation of H,0, and O3 in plant mito-
chondria.

MATERIALS AND METHODS

Mitochondria were isolated from 8-9-day-old etio-
lated pea (Pisum sativum L.) seedlings. The plants were
grown hydroponically in distilled water at 25°C.
Mitochondria were isolated by differential centrifugation
and centrifugation in a Percoll gradient. The plant mate-
rial (50 g) was homogenized in 100 ml of isolation medi-
um containing 20 mM HEPES-Tris buffer (pH 7.5),
1 mM EGTA, 0.4 M sucrose, ] mM MgCl,, 1| mM dithio-
threitol, and 0.2% fatty-acid-free BSA [8].

The rate of mitochondrial respiration was deter-
mined using a closed-type Clark electrode (Rank
Brothers, UK). The incubation medium contained
20 mM HEPES-Tris (pH 7.5), 0.4 M sucrose, 5 mM
KH,PO,, 150 uM ATP (to activate succinate dehydroge-
nase), | mM EGTA, and 1 mM MgCl,. After addition of
mitochondria (1-2 mg protein) to the 1-ml polarograph-
ic cell, their respiration was initiated by addition of the
substrate, 5 mM succinate. Complex I of the ETC was
inhibited by 2 uM rotenone; complex III, 1-2 uM
antimycin A and 1 uM myxothiazol; cytochrome oxidase,
5 mM potassium cyanide; alternative oxidase, 0.1-1 mM
SHAM; and ATPase, 2 uM oligomycin.

The rate of H,0, production by the mitochondrial
fraction was estimated fluorometrically using 2 uM 2,7-
dichlorodihydroxyfluorescein diacetate (H,DCF-DA) on
an MPF-4 fluorimeter (Hitachi, Japan) [11]. The incuba-
tion medium contained 20 mM HEPES-Tris (pH 7.5),
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0.4 M sucrose, 5 mM KH,PO,, | mM EGTA, | mM
MgCl,, 2 uM rotenone, and 1 uM oligomycin. Peroxidase
(3 U per 1 ml incubation medium) conjugated with the
dye was used as an auxiliary enzyme for the determination
of hydrogen peroxide, and hydrogen peroxide was used as
a substrate. The calibration curve was plotted based on the
logarithmic dependence of the fluorescence intensity of
the H,0, concentration.

The rate of O; production was determined judging
by the oxidation of epinephrine (assessed by the differ-
ence in absorbance at 480 and 579 nm) [12]. For this
purpose, 1 mM epinephrine was added to the incuba-
tion medium (whose composition was similar to that of
the medium for H,0, determination). The tables show
the SOD-sensitive component of the epinephrine oxi-
dation.

All EPR spectra were recorded using an E-109E
spectrometer (Varian, USA) under conditions of varied
gas medium at room temperature (approximately 25°C).
The mitochondria were incubated directly in the res-
onator of the spectrometer under continuous aeration of
the specimen. The oxygen content was determined by the
width of the components of the EPR spectrum of the
nitroxyl radical TEMPONE-D-"N (4-0x0-2,2,6,6-
tetramethylpiperidine-D16-1-oxyl-'>N). The spectra
were recorded under the following conditions: SHF
power, S mW (for TRION) and 0.5 mW (for TEMPONE-
D-!*N); SH frequency, 9.15 GHz; and amplitude of HF
modulation, 0.05 mT. The absolute values of the rate of
O, generation by mitochondria were determined using a
model system of xanthine oxidase—xanthine by the inten-
sity of the EPR signal from the spin trap TIRON. The
xanthine oxidase—xanthine system was calibrated by
measuring the rate of the cytochrome c¢ reduction by O
on a Beckman spectrophotometer (USA). The mitochon-
drial protein concentration was determined using the
biuret reaction.

The results were statistically processed using
Student’s 7 test. The differences between the experimen-
tal data were regarded significant at p < 0.05. The results
are expressed as the mean * standard error of the mean
(M £+ SEM).

RESULTS AND DISCUSSION

When studying the effect of the electron transport
inhibitors on the rate of respiration and generation of
ROS in pea cotyledon mitochondria, we found that res-
piration of mitochondria proceeds predominantly via
the alternative oxidase. When 5 mM succinate was used
as a substrate, ] mM KCN decreased the respiration rate
in pea mitochondria by only 20%. An inhibitor of the
alternative oxidase, SHAM, completely suppressed
residual oxygen consumption. The study of the extent of
pea mitochondria coupling showed that their respiration

BIOCHEMISTRY (Moscow) Vol. 68 No.7 2003



GENERATION OF ROS DURING SUCCINATE OXIDATION BY MITOCHONDRIA

was activated by ADP or uncouplers. However, the
uncoupling agent SFg,; at the concentration of 69 nM
accelerated the rate of oxygen consumption only 2.5-
fold. This finding may be accounted for by a high con-
tent of endogenous fatty acids, which are effective
uncouplers, and a high proportion of uncoupled elec-
tron transport.

The study of the effect of the ETC inhibitors on the
rate of hydrogen peroxide production by pea mitochon-
dria showed that, in the case of utilization of endogenous
respiration substrates, the rate of H,0, production during
respiration of pea mitochondria is 0.02 nmol/min per mg
protein (Table 1). Addition of an exogenous substrate
(5 mM succinate) to the incubation medium increased
the initial rate of H,0, production by mitochondria.
Addition of 2 uM antimycin A increased the rate of H,0,
production 1.5-fold, and 2 puM rotenone only slightly
changed the rate of this process.

Inhibition of the alternative oxidase with SHAM
increased H,O, production. In the presence of 5 mM suc-
cinate and 0.5 mM SHAM, it reached 2.8 nmol/min
per mg protein, i.e., increased more than 15-fold com-
pared to H,0, production during succinate oxidation.
Under these conditions, 2 uM antimycin A accelerated
H,0, production, whereas 1 mM cyanide blocked it
(Table 1).

The production of H,0, by pea mitochondria after
partial heat-induced denaturation (70°C, 10 min) served
as a control. This denaturation regimen was used to pre-
vent alteration of the lipid composition of the mem-
branes. The heat-treated mitochondria generated H,O, at
a low rate (0.05 nmol/min per mg protein). In this case,
addition of rotenone, antimycin A, or SHAM only slight-
ly changed the rate of H,0, generation. Therefore, H,0,
was produced by mitochondria by the functioning of the
enzyme systems that underwent denaturation as a result
of heat treatment.

The study of the rate of O; generation by pea mito-
chondria using adrenochrome showed that addition of
SHAM and antimycin A induced the production of O3,
whereas myxothiazol inhibited it. We also found that the
transition of mitochondria to state 3 after addition of
150 uM ADP also significantly decreased the rate of O3
generation (Table 2).

The analysis of O; generation by pea mitochondria
using epinephrine was hampered by the high rate of back-
ground SOD-insensitive epinephrine oxidation. For this
reason, O; was also detected using the spin-trap method.
The rate of basal generation of O; during succinate oxi-
dation was 0.24 nmol/min per mg protein. As shown in
the figure, after addition of antimycin A the rate of O3
generation increased to 0.8 nmol/min per mg protein,
and the subsequent addition of the alternative oxidase
inhibitor, SHAM, resulted in an almost fourfold increase
in the rate of O; production (3.3 nmol/min per mg pro-
tein).
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Table 1. Effect of electron transfer inhibitors on the rate
of hydrogen peroxide production (nmol/min per mg pro-
tein) by pea mitochondria with 5 mM succinate as exoge-
nous substrate

Inhibitor Control +2uM +5mM

antimycin A KCN

Without substrate

and inhibitors 0.04+0 0.03+0 0+0

Without inhibitors | 0.18 £ 0.03 | 0.25 £ 0.04 00

5 uM rotenone 0.15£0.04 | 0.23£0.06 0x0

5 uM rotenone,

0.1 mM SHAM 0.55+0.07 | 0.65£0.08 | 0.10£0

5 uM rotenone,

0.5 mM SHAM 2.80 £0.40 | 4.30 £0.54 | 0.50+0.09

Table 2. Effect of inhibitors of electron transfer and tran-
sition from state 3 to state 4 on SOD-sensitive epineph-
rine oxidation by pea mitochondria with 5 mM succinate
as exogenous substrate

Respiration Superoxide radical
Inhibitor rate, nmol production,
0,/min per mg nmol/min
protein per mg protein
Without inhibitors 41+ 4 1.10 £ 0.18
5 uM rotenone 43t 4 1.02 £0.13
5 uM rotenone,
150 uM ADP 107 + 14 0.36 £ 0.04
5 uM rotenone, 2 uM
antimycin A 28+2 2.40 £ 0.31
5 uM rotenone,
0.5 mM SHAM 13+ 13 3.35+£0.23
5 uM rotenone, 1 uM
myxothiazol 325 0.46 £ 0.07
DISCUSSION

It was shown earlier that the production of reduced
oxygen species by plant mitochondria is dramatically
intensified when the alternative oxidase is inhibited [11].
However, the authors of [11] performed only qualitative
determination of H,0, and did not demonstrate that the
H,0, accumulation observed was directly associated with
the O; generation. The experimental data presented in
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EPR spectrometry analysis of the rate of the superoxide radical
production by pea mitochondria oxidizing 5 mM succinate,
after addition of (a) 5 uM rotenone, (b) 5 UM rotenone and
2 uM antimycin A, and (c) 5 uM rotenone and 0.5 mM SHAM

the work cited only quantitatively characterize the Oj
generation and its dismutation to H,O,.

The use of various methods of detection of H,0, and
O; showed that these measurements are hampered by
many factors. First, we observed marked SOD-insensitive
epinephrine oxidation by plant mitochondria, which led
to a decrease in the signal-to-noise ratio at low rates of O5
production. Under these conditions, it is more preferable
to detect the EPR signal intensity using the TIRON spin
trap. Upon an increase in the O; concentration, the data
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obtained using different methods were consistent.
Second, the linear mode of dependence of the signal
intensity during calibration of the systems H,O,—peroxi-
dase—fluorescein diacetate and xanthine—xanthine oxi-
dase—epinephrine was disrupted when measuring O; and
H,0, in isolated mitochondria. For example, after addi-
tion of SHAM to the incubation medium, the rate of
H,0, production increased 23-fold, whereas the rate of
O; production increased only 12.8-fold (judging by the
EPR data) and 3.6-fold (judging by the rate of epineph-
rine oxidation). We think that this fact may be due to the
competition for O; between the probes used and SOD.
An increase in the concentration of O; may result in the
saturation of SOD, thereby increasing the probability of
interaction between the radicals and the probe. In addi-
tion, a high activity of the systems of H,0O, detoxication,
such as ascorbate peroxidase, catalase, and peroxidases
are characteristic of plant mitochondria [13]. A consider-
able increase in the rate of O; production may results in
exhaustion of endogenous antioxidant systems, thus lead-
ing to a nonlinear acceleration of H,0, accumulation.

The presence of a complex system of detoxication of
ROS may account for the observed deviation of the data
from the ideal superoxide radical-to-hydrogen peroxide
ratio of 2 : 1. Note that at low rates of O; generation, this
value is greater than the predicted one. This means that
either not all O; is transformed to H,0, (e.g., due to its
interaction with ascorbate) or H,0, is rapidly detoxified
by the functioning enzyme systems or interaction with
antioxidants, which decreases the probability of interac-
tion between O and the detection system. After reaching
the maximum rates of O; production, this ratio is close to
1.2-1.3, which is suggestive of accumulation of a consid-
erable amount of H,0, and increase in its accessibility for
the peroxidase—fluorescein diacetate system.

When studying the effect of the ETC inhibitors on
respiration of pea cotyledon mitochondria, we detected
high content of alternative oxidase and confirmed the
data that inhibition of this enzyme leads to a considerable
increase in the rate of both H,O, and O; production.
Taking into account the aforementioned methodological
problems, the analysis of these data led us to conclude
that that main pathway of H,0, production in plant mito-
chondria is the superoxide radical dismutation. Pea
cotyledons exhibit a high rate of respiration processes,
related to the involvement of mitochondria in the
processes of gluconeogenesis from reserve fats.
Gluconeogenesis requires high ATP/ADP and
NADH/NAD" ratios, i.e., in vivo such mitochondria are
apparently in state 4. This process can be accompanied by
intensive generation of ROS for the following reasons.
First, the rate of oxygen consumption by mitochondria
under the conditions of inhibited cytochrome pathway
decreases; as a result, the intramitochondrial concentra-
tion of Oj increases. Second, flavins, ubiquinone,
cytochromes b, and non-heme ferroproteins, which are
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the main donors for one-electron reduction of oxygen,
are in the reduced state [3]. Thus, the level of oxygen and
reduced electron carriers increases, leading to accelerat-
ed production of the product of one-electron oxygen
reduction, superoxide radical [14], which, as was shown
earlier, can result in induction of the alternative oxidase.
Wagner showed that H,O, can induce the expression of
the genes encoding alternative oxidase in petunia cells
[8]. Later, a similar regulatory path was shown in tobacco
cells [15]. The induction of the expression of the genes
encoding alternative oxidase was also revealed when
growing plant cells and yeast in the presence of antimycin
A [16] (i.e., under the conditions when Oj is actively pro-
duced).

A significant difference in the ROS generation in
mitochondria from pea cotyledons and mitochondria iso-
lated from animal tissues was observed when studying the
inhibition of the ETC complex I with rotenone. In
porcine heart mitochondria oxidizing succinate,
rotenone inhibited the rate of ROS production [17]; how-
ever, in our experiments we observed no marked effect of
this inhibitor. This may be accounted for by the fact that
a considerable portion of NADH is oxidized in pea
cotyledon mitochondria by the rotenone-insensitive
NADH dehydrogenases [18], and the complex I content
in them is much lower than in mitochondria from animal
tissues.

The effect of the cytochrome pathway inhibitors on
the ROS production by mitochondria from pea cotyle-
dons and mitochondria isolated from animal tissues was
similar. Antimycin A blocked the Q cycle functioning at
the stage of electron transfer from cytochrome b, to
cytochrome b, and, correspondingly, induced CoQ™
accumulation. For this reason, in both animal and plant
tissues antimycin A accelerated the ROS production.
Interestingly, in pea mitochondria this effect was most
pronounced in the case of the alternative oxidase inhibi-
tion, when both potential pathways of the electron trans-
fer to oxygen by the ETC components are blocked.
Turrens and Boveris [14] showed that the H,0, produc-
tion by porcine heart mitochondria is negligible in state 3
or in the presence of uncouplers but increases in state 4.
In the case of pea cotyledon mitochondria, the transition
from state 4 to state 3 significantly suppressed the H,O,
accumulation. Thus, it was shown that the rate of the
reduced oxygen species generation depends not only on
the overall level of reduction of the ETC carriers, but also
on the CoQ~ lifespan. The inhibitory effect of cyanide is
apparently due to its ability to completely inhibit
cytochrome oxidase, thus leading to overreduction of the
FeSy; cluster of complex I11. In this case, ubisemiquinone
is not produced, and ubiquinol is a less effective one-elec-
tron oxygen reducer.
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Based on these data, we conclude that, under the
conditions of simultaneous functioning of the cytochrome
pathway and alternative oxidase in plant mitochondria in
state 4, ubiquinol (CoQH,) is preferentially oxidized by
the alternative oxidase. This process prevents the
ubisemiquinone accumulation and, therefore, prevents
intensive ROS generation in plant mitochondria.

Thus, we showed that the ETC inhibitors markedly
affect the rate of ROS production in plant mitochondria.
The inhibition of alternative oxidase and block of the Q
cycle function between cytochromes b, and b, results in
significant activation of ROS production. Conversely,
myxothiazol and cyanide decrease the intensity of this
process.
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