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Abstract A variety of plant tissues contain an uncoupling
mitochondrial protein (PUMP), recently described and char-
acterized by our group. In this study we show that the inhibition
of PUMP activity in potato tuber mitochondria significantly
increases mitochondrial H2O2 generation, while PUMP sub-
strates, such as linoleic acid, reduce mitochondrial H2O2

generation. This H2O2 generation occurred mainly by the
dismutation of superoxide radicals formed through monoelec-
tronic reduction of O2 by semiquinone forms of coenzyme Q. The
results presented suggest that protection against mitochondrial
oxidative stress may be a physiological role of PUMP.
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1. Introduction

The generation of reactive oxygen species (ROS) by the
mitochondrial respiratory chain is a physiological and contin-
uous process. Indeed, up to 2% of the oxygen consumed by
the mitochondrial respiratory chain su¡ers monoelectronic re-
duction, leading to the production of superoxide radicals [1^
3]. Under physiological conditions, ROS are readily removed
by mitochondrial antioxidant systems, but under pathological
conditions, in which these antioxidant systems are defective or
mitochondrial ROS generation is increased, oxidative damage
of the inner mitochondrial membrane may occur, with impair-
ment of mitochondrial function (for review see [4]). In this
situation, accidental or programmed cell death may follow
mitochondrial dysfunction [5].

One of the many proposed mechanisms which mitochondria
use to decrease ROS generation is the uncoupling between
mitochondrial respiration and membrane potential, resulting
in increased respiratory rates (for review see [6,7]). Protono-
phores are well known to decrease mitochondrial ROS gen-
eration [3], and mitochondrial respiratory energy dissipative
pathways, such as the plant alternative oxidase [8,9] and
mammalian uncoupling proteins [10], have been demonstrated
to present the same e¡ect. Based on these observations, Sku-
lachev [6,7] formulated the hypothesis that mild uncoupling of
mitochondria may be an e¡ective mechanism to reduce mito-
chondrial ROS generation without seriously compromising
cellular energetics.

We have recently described and characterized a plant un-
coupling mitochondrial protein (PUMP) [11^14], present in a
variety of plant tissues (P. Jezíek, A.D.T. Costa, P. Arruda
and A.E. Vercesi, unpublished results). Later, the complemen-
tary DNA from potatoes that probably encodes PUMP was
identi¢ed and expressed in yeast, resulting in mitochondrial
membrane potential decrease in these cells [15]. PUMP is a 32
kDa protein which transports anionic fatty acids across the
inner mitochondrial membrane [12], in a manner similar to
the mammalian brown adipose tissue uncoupling protein
[16,17]. Protonated fatty acids are capable of di¡using
through the inner mitochondrial membrane from the mito-
chondrial intermembrane space to the matrix [17]. PUMP re-
moves the anionic fatty acids from the mitochondrial matrix
back into the intermembrane space, resulting in fatty acid
cycling, and mitochondrial uncoupling [12]. In consequence,
the addition of anionic fatty acids, such as linoleic acid, to
plant mitochondria results in mitochondrial uncoupling, while
the presence of ATP, which inhibits PUMP, and bovine serum
albumin (BSA), which removes free fatty acids, increases the
membrane potential of these mitochondria [11^14].

In this report we demonstrate that the activity of PUMP
decreases mitochondrial reactive oxygen species formation at
the respiratory chain, in a manner dependent on the decrease
in mitochondrial membrane potential induced by PUMP ac-
tivity.

2. Materials and methods

2.1. Isolation of rat liver and potato tuber mitochondria
Mitochondria were isolated by conventional di¡erential centrifuga-

tion, as described [11,12,18].

2.2. Standard incubation procedure
The experiments were carried out at 28³C, with continuous mag-

netic stirring, in a standard reaction medium containing 125 mM
sucrose, 65 mM KCl, 10 mM HEPES bu¡er pH 7.2, 4 WM rotenone,
1 WM horseradish peroxidase, 1 WM scopoletin and 1 WM cyclosporin
A. Other additions are indicated in the ¢gure legends. The results
shown are representative of a series of at least three experiments.

2.3. Determination of mitochondrial H2O2 generation
H2O2 production was assessed by the oxidation of scopoletin by

horseradish peroxidase in the presence of H2O2 [19]. Scopoletin £uo-
rescence was monitored at excitation and emission wavelengths of,
respectively, 365 and 450 nm, on a Hitachi F-4010 £uorimeter. Cali-
bration was performed by adding known quantities of H2O2. Cyclo-
sporin A was present in all determinations in order to prevent artifacts
due to mitochondrial swelling.

2.4. Measurements of mitochondrial transmembrane electrical potential
(v8)

Mitochondrial v8 was estimated through £uorescence changes of
safranine O (5 WM), recorded on a model F-4010 Hitachi spectro£uo-
rometer (Hitachi, Ltd., Tokyo, Japan) operating at excitation and
emission wavelengths of 495 and 586 nm, with a slit width of 5 nm.
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2.5. Determination of mitochondrial Ca2+ uptake
Mitochondrial Ca2� uptake was determined by measuring the ab-

sorbance changes of arsenazo III on a SLM Aminco DW2000 spec-
trophotometer at the wavelength pair of 675/685 nm.

2.6. Materials
Horseradish peroxidase (type IV-A), scopoletin, safranine O, H2O2,

cyclosporin A, HEPES, rotenone, antimycin A, myxothiazol, linoleic
acid, phenylvaleric acid, heptylbenzoic acid, BSA, ATP, carbonyl cy-
anide m-chlorophenylhydrazone (FCCP) and succinate were obtained
from Sigma Chemical Company (St. Louis, MO, USA). All other
reagents were commercial products of the highest purity grade avail-
able.

3. Results and discussion

We have previously shown that the addition of linoleic acid
to respiring potato mitochondria reduces their membrane po-
tential, while full coupling of these mitochondria was obtained
only in the presence of ATP and BSA [11,12]. These results
are reproduced in Fig. 1, which demonstrates that the mem-
brane potential of potato mitochondria respiring on succinate
(state 4, panel A, line b) is increased by the presence of ATP
and BSA (line a) and reduced by the presence of linoleic acid
(line c). These e¡ects were attributed to the presence of a plant
mitochondrial uncoupling protein (PUMP) similar to the
mammalian mitochondrial uncoupling protein [16,20], which
is inhibited by purine nucleotides and uses fatty acids as sub-
strates [11^14]. Rat liver mitochondria, which do not contain
uncoupling proteins [10], did not su¡er signi¢cant alterations
in membrane potential (Fig. 1B, line b) in the presence of
ATP plus BSA (line a) or linoleic acid (line c).

Fig. 2 monitors mitochondrial generation of H2O2 through
the oxidation of scopoletin in the presence of horseradish
peroxidase. We observed that the generation of H2O2 by po-
tato mitochondria incubated in the presence of rotenone (pan-
el A, line d) is largely increased by the addition of succinate
(line c). The addition of the PUMP substrate linoleic acid
signi¢cantly decreased potato mitochondrial respiration-sup-
ported H2O2 generation (line e) while phenylvaleric acid, a
fatty acid unable to £ip-£op across lipid bilayers, which
does not act as a PUMP substrate [13], did not inhibit mito-
chondrial H2O2 generation in the presence of succinate (line
b). The addition of ATP, which inhibits PUMP activity, and

BSA, which removes free fatty acids from the mitochondrial
suspension, increased mitochondrial H2O2 generation (line a),
con¢rming that PUMP activity decreases mitochondrial ROS
generation. The presence of the uncoupler FCCP completely
inhibited mitochondrial H2O2 generation both in the presence
(not shown) and in the absence (line f) of BSA and ATP,
suggesting that the increase in mitochondrial H2O2 generation
induced by PUMP inhibition is dependent on the e¡ects of
PUMP on mitochondrial membrane potential. This increase
in mitochondrial H2O2 generation may be attributed directly
to a decrease in mitochondrial membrane potential or to the
increased rates of mitochondrial respiration under lower
membrane potentials.

Parenchymal rat liver cells do not contain uncoupling pro-
teins, such as the uncoupling protein-2, distributed in many
mammalian tissues [10]. Fig. 2 shows that the H2O2 genera-
tion of mitochondria isolated from rat liver incubated in the
presence of rotenone (panel B, line d), was also largely in-
creased by the addition of succinate (line c). The presence of
linoleic acid did not decrease this production (line e), which
was only reduced in the presence of FCCP (line f). The addi-
tion of BSA and ATP to rat liver mitochondria partially in-
hibited mitochondrial H2O2 generation (line a), probably due
to the decrease in the free Ca2� concentration of the reaction
medium promoted by ATP and BSA, which complex Ca2�.
Ca2� is well known to increase mitochondrial ROS generation
(for review see [4]). BSA may also quench mitochondrial-gen-
erated ROS.

In Fig. 3, mitochondrial H2O2 generation was stimulated by
the addition of Ca2� to a mitochondrial suspension respiring
on succinate. Potato mitochondria, which are much less active
in Ca2� accumulation than liver mitochondria (results not
shown), required the addition of high Ca2� concentrations
(500 WM) in order to produce a burst in mitochondrial ROS
generation (panel A, line b) similar to that obtained by the
addition of 50 WM Ca2� to rat liver mitochondria (panel B,
line b). Like respiration-induced mitochondrial H2O2 genera-
tion in potato mitochondria, the Ca2�-induced burst in H2O2

production was decreased by the presence of linoleic acid
(panel A, line d), but not by phenylvaleric acid (line c), and
was increased by the presence of ATP plus BSA (line a). Rat
liver mitochondrial H2O2 production stimulated by Ca2�

(panel B, line b) was not a¡ected by the presence of linoleic
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Fig. 1. E¡ect of PUMP substrates and inhibitors on mitochondrial
membrane potential. Potato mitochondria (PM, 1 mg/ml, A) or rat
liver mitochondria (RLM, 1 mg/ml, B) were incubated in standard
reaction medium in the absence of scopoletin and horseradish per-
oxidase and in the presence of 5 WM safranine O, 2 mM succinate,
100 WM EGTA, 1 WM oligomycin and: (lines a) 0.1% BSA plus 2.5
mM ATP, (lines b) no further additions or (lines c) 40 WM linoleic
acid. 5 WM FCCP was added to all experiments where indicated.

Fig. 2. E¡ect of PUMP substrates and inhibitors on mitochondrial
respiration-stimulated H2O2 generation. Potato mitochondria (0.5
mg/ml, A) or rat liver mitochondria (0.5 mg/ml, B) were incubated
in standard reaction medium containing 2 mM succinate and: (lines
a) 0.1% BSA plus 2.5 mM ATP, (lines b) 40 WM phenylvaleric acid,
(lines c) no further additions, (lines e) 40 WM linoleic acid or (lines
f) 1 WM FCCP. Lines d represent experiments conducted in the ab-
sence of succinate.
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(line d) or phenylvaleric acids (line c), and was partially in-
hibited by ATP plus BSA (line a). Indeed, the addition of 50
WM Ca2� to the reaction medium in the presence of ATP
results in a free Ca2� concentration lower than 10 WM, which
would certainly explain the reduction of the Ca2�-stimulated
burst in mitochondrial H2O2 generation. The presence of
FCCP decreased mitochondrial H2O2 generation stimulated
by Ca2� in both rat liver and potato mitochondria (lines e).
This decrease was most evident in rat liver mitochondria,
which in the presence of FCCP were unable to take up 50
WM Ca2� down their membrane potential. In potato mito-
chondria, the addition of 500 WM Ca2� resulted in Ca2� in£ux
even in the presence of FCCP, driven by a chemical Ca2�

gradient [18].
Mitochondrial ROS generation at the respiratory chain oc-

curs mainly due to the transfer of electrons from the semi-
quinone form of coenzyme Q to oxygen, leading to the for-
mation of the superoxide radical, which is readily dismutated
by mitochondrial superoxide dismutase to H2O2 [1,3,18,21].
In order to verify if this was the main process occurring in
our experimental conditions, we tested the e¡ect of di¡erent
mitochondrial respiratory chain inhibitors on mitochondrial
Ca2�-stimulated H2O2 generation (Fig. 4). FCCP was present
in all determinations in order to prevent the occurrence of
di¡erent membrane potentials, and mitochondrial H2O2 gen-
eration was stimulated by the addition of Ca2�. We observed
that H2O2 generation in both potato (panel A) and rat liver
(panel B) mitochondria incubated in the presence of rotenone
and treated with Ca2� (lines c) was stimulated by succinate-
supported respiration (lines b) and by the presence of antimy-
cin A, which promotes the accumulation of semiquinone
forms of coenzyme Q (lines a). Myxothiazol, which prevents
the formation of the semiquinone anion [3], inhibited mito-
chondrial Ca2�-stimulated H2O2 generation (lines d), con¢rm-
ing that this generation occurs mainly due to dismutation of
superoxide radicals formed through the transfer of electrons
from the semiquinone form of coenzyme Q to molecular oxy-
gen.

The results presented in this paper demonstrate that the
decrease in mitochondrial membrane potential induced by
PUMP activity inhibits mitochondrial generation of ROS at
the level of the semiquinone forms of coenzyme Q, as ob-
served previously with the plant alternative oxidase [8,9] and
mammalian uncoupling proteins [10]. The mechanism by

which mitochondrial uncoupling decreases mitochondrial
ROS generation is not yet clear, but it may be attributed to
the increase in mitochondrial respiration rates, decreasing the
life time of the semiquinone forms of coenzyme Q and reduc-
ing the probability of superoxide anion formation through
electron transfer from semiquinone forms of coenzyme Q to
molecular oxygen [7]. Alternatively, as suggested by Liu [2],
the presence of low mitochondrial membrane potentials could
decrease the reaction between superoxide anions and protons
at the cytoplasmic side of the inner mitochondrial membrane,
resulting in the formation of the perhydroxyl radical. This
would reduce the dismutation of superoxide anions by intra-
mitochondrial superoxide dismutase, decreasing the detection
of mitochondrial-generated H2O2, because di¡usion of the
superoxide anions through the inner mitochondrial membrane
occurs mainly in the perhydroxyl form [2].

Independently of the mechanism by which mitochondrial
uncoupling reduces the generation of ROS at the mitochon-
drial respiratory chain, the regulation of mitochondrial ROS
production should be regarded as a function of respiratory
energy dissipative pathways, such as PUMP, the alternative
oxidase and mammalian uncoupling proteins. Activation of
these pathways promoting a mild uncoupling [7] of mitochon-
dria e¤ciently reduces mitochondrial ROS generation, and
may prevent oxidative mitochondrial damage.
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Fig. 4. E¡ect of respiratory chain inhibitors on Ca2�-stimulated mi-
tochondrial H2O2 generation. Potato mitochondria (0.5 mg/ml, A)
or rat liver mitochondria (0.5 mg/ml, B) were incubated in standard
reaction medium containing 1 WM FCCP and: (lines a) 1 WM anti-
mycin A and 2 mM succinate, (lines b) 2 mM succinate, (lines c) no
further additions or (lines d) 1 Wg/ml myxothiazol and 2 mM succi-
nate. 500 WM Ca2� was added where indicated by the arrows.

Fig. 3. E¡ect of PUMP substrates and inhibitors on Ca2�-stimu-
lated mitochondrial H2O2 generation. Potato mitochondria (0.5 mg/
ml, A) or rat liver mitochondria (0.5 mg/ml, B) were incubated in
standard reaction medium containing 2 mM succinate and: (lines a)
0.1% BSA plus 2.5 mM ATP, (lines b) no further additions, (lines
c) 40 WM phenylvaleric acid, (lines d) 40 WM linoleic acid or (lines
e) 1 WM FCCP. 500 WM Ca2� (A) or 50 WM Ca2� (B) was added
where indicated by the arrows.
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