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mitochondria

E. Petrussa, E. Braidot, G. Nagy, A. Vianello and F. Macri

Section of Plant Physiology and Biochenistry, Institute of Plant Protection, University of Udine, via Colonificio 108, I-33100 Udine,
Haly

Received 23 April 1992; revised version received | June 1992

Linolenic, linoleie, oleic, palmitic and stearic acids (FFA) collapse the electrical polential of pea stem mitochondria in the absence or in the presence

of 0.5 mM Mg*". Higher concentrations of this cation (5 mM) lower the rale of dissipalion caused by linoleic, oleic and palmitic acids, while

abolishing that induced by stearic acid. Carboxyatractyloside and ADP do not reverse the FFA-induced collapse both in the presence or absence

of Mg, EDTA, EGTA or BHT do not influence the dissipation caused by FFA that, in addition, is not linked to lipid peroxidation evaluated

as malondialdehyde or conjugated diene formation. Only linolenic acid sustains a peroxidation which, however, appears to be caused by its own

oxidation catalysed by lipoxygenases ratier than by membrane lipoperoxidation induced by this free fatty acid. These resulls suggest that neither
the ATP/ADP exchanger nor lipid peroxidation appear to be involved in FFA-induced uncoupling in pea stem mitochondria.

Falty acid; Mitochondrion; ATP/ADP antiporter; Lipid peroxidation; Pistm sativins L.

1. INTRODUCTION

It has been known for a long time that {ree fatty acids
(FFA) uncouple oxidative phosphorylation of animal
mitochondria [1] and, albeit uncempletely known, their
mechanism of action appears to be different from that
postulated for classical protonophore uncouplers [2].

In 1988 Skulachev and coworkers suggested the fatty
acid circuit hypothesis to explain the FFA-induced un-
coupling [3]. The protonated form of the FFA pene-
trates through the internal mitochondrial membrane,
while the unprotonated one fails to cross the phospho-
lipid bilayer. The anionic species would thus utilize pro-
tein(s) that facilitate the transport of these forms
through the inner membrane. Two protieins accomplish-
ing this transfer have been hitherto identified: the ATP/
ADP antiporter in several animal tissues and thermo-
genin in brown fai [2].

The involvement of the ATP/ADP exchanger is based
on the following observations: (i) inhibition of the FFA-
induced uncoupling by CAtr or ADP [3]; (ii) restoration
of the FFA-collapsed potential by CAtr, ADP, atracty-
loside, bongkrekic acid, palmitoyl-CoA or pyridoxal
phosphate [4,5]; (iii) correlation between the content of
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the ATP/ADP antiporter in mitochondria of different
tissues and the ability of CAtr to reverse the effect of
FFA [6]. Thermogenin seems to act similarly to the
ATP/ADP exchanger because of several evidences indi-
cating strict structural and functional relationships be-
tween the two proteins [7,8].

In plants, our knowledge of the effects of FFA is still
limited, although it has been demonstrated that they
inhibit the inducible proton cotransport system for hex-
ose analogues in Chlorella vulgaris [9) and uncouple
chloreplasts {10,11]. I a recent paper [12], we have
shown that FFA stimulate oxygen consumption linked
to NADH oxidation in pea stem mitochondria, and that
this stimulation is associated to a dissipation of the
ATP-dependent proton gradient in submitochondrial
particles and to a collapse of the NADH-generated clec-
trical potential in intact mitochondria. CAtr or ADP
neither inhibit the FFA-stimulated oxygen uptake, nor
restore the FFA-collapsed electrical potential of intact
mitechondria. In analogy to that, the ATP or PP-de-
pendeni proton gradient of pea stem microsomes, that
do not possess the ATP/ADP antiporter, is also dissi-
pated by FFA.

These results led us to suggest a mechanism of action
different from that postulated for animal mitochondria.
The difference might however be due te the high Mg
concentration (5 mM) used in our experiments. In fact,
magnesium salts of ADP or CAtr fail to relieve the
FFA-induced uncoupling [4]. Another possible explana-
tion, involving the formation of non-specific pores due
to phospholipid peroxidation, may also be invoked 1o
explain our results {4,13,14}.
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In this paper we examine the effect of FFA on electri-
cal potentials in pea stem mitochondria in the presence
of low (0.5 mM) concentration of Mg™* or in its absence.
The possible involvement of lipid peroxidation in the
FFA-induced uncoupling is also shown.

2. MATERIALS AND METHQODS

Mitachondria from etiolated pea (Pistm sativeon L., cv. Alaska)
slems were prepared as previously described {12], except that BSA in
the grinding medium was 0.3%, The protein concentration was deter-
mined by the biuret rmethod [15], using BSA as a standard,

Electrical potential difference waus measured by the safranin method
(16}, following changes of dye fluorescence [17] by a Perkin-Elmer
Auoresecence spectrometer, model LS-3, at 25°C. The excilation and
emission wavelengths were 495 and 586 nm. with a slitwidih of 5 nm.
The incubation medium contained 20 mM HEPES-Tris (pH 7.5), 0.4
M suctose, 0, 0.5 or 5 mM MgCl,, 5 mM Na/K phosphate, 5 M
safranin 0, 5 yg/ml oligomyein and 100 gl of mitochondria (ca, 0.7 mg
protein) in & final volume of 2 ml. Succinate (4 mM) or NADH (0.5
mM) were used as substrates.

Oxygen uptake was determined by a Clark-type electrode in the
same incubation medium, without satranin Q, used for electrical po-
tential determinations, at 25°C,

When mitochondria were used to cvaluate lipoperoxidation, they

were washed in 20 mM HEPES-Tris (pH 7.5}, 0.125 M KCl and
resuspended in the latter buffer which was also used as incubation
medium. Lipid peroxidation was estimated, at 25°C, either as forma-
tion of MDA by the TBA method [18]. or as absorbunce changes at
232 nm, duc 1o conjugaled diene formaltion, by a Perkin-Elmer spec-
trophotometer, model A1S,
Na-palmitate and Nasstearate were dissolved in absoluie ethanol; Na-
oleate, Nu-linoleate and linolenie acid (free acid) were dissolved in 5
mM MES-Tris (pH 8.9). 0.1 mM EDTA, 0.1 mM DTT, 9.6% (v/v)
ethanol to give in all cases 3 mM stock solutions.
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3. RESULTS AND DISCUSSION

To better compare our data with previous results
obtained by others with animal mitochondria [3,6], we
assayed the effect of CAtr and ADP on the dissipated
electrical potential or the stimulated oxygen uptake by
a low concentration (10 #M) of palmitic acid in pea
stem mitochondria resuspended in a medium without or
with 0.5 mM MgCl,. As can be seen in Fig. 1, neither
CAtr nor ADP reversed the palmitate-dissipated electri-
cal potential generated by NADH (traces A and B) or
succinate (results not shown). In agreement, the palmi-
tate-induced stimulation of NADH-dependent oxygen
uptake was not inhibited by CAtr or ADF (iraces C and
D).

According to our preceding [12] and above results,
several FFA dissipated the electrical potential of pea
stem mitochondria generated by the oxidation of
NADH, in the presence of a low concentration of Mg™*
(0.5 mM) or in its absence (Fig. 2). Oleic, stearic and
linolenic acids were the most effective, while CAtr and
ADP again did not reverse the FFA-collapsed potential.
The dissipation induced by linolenic acid, after a lag
period, was spontaneously and partially relieved and a
new gradient, collapsed by FCCP, was built up. Again,
CAtr or ADP did not affect this restoration. Con-
versely, BHT, propyl gallate or iodoacetate completely
prevented the recovery of the gradient. The same behav-
iour was observed by using succinate as a substrate,
However, in the presence of 5 mM Mg** (dashed lines)
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Fig. 1. Effect of CAtr und ADP on the palmilate-dissipaled NADH- dependent electrical potential (traces A and B) or the palmitale-stimulated
NADH-dependent oxygen uptake (traces C and D) in pea stem mitochondria. Additions were: 10 M palmitic acid; 10 gM CAtr; 0.5 mM ADP.
Figures next to traces C and D are expressed as nmol Oy/mg prolein x min,
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Fig. 2. Effect of FFA on the NADM-dependent electrical polential in pea stem mitochondria. Additions were: 50 uM linoleic, oleic. linolenic or
stearic acids; 10 uM CAtr; 0.5 mM ADP; 5 uM FCCP; 0.5 mM NADH. Other additions (dashed line} were: 1| mM BHT; 10 mM propyl gallate;
0.1 mM iodoucetate,

the rate of the dissipation of the electrical potential inhibited the spontaneous restoration of the potential
induced by oleic, linoleic and palmitic acids, was low- (Fig. 3).
ered, while that caused by stearic acid was completely To clarify such a discrepancy in the mode of action
prevented, Conversely, the effect of linolenic acids was of free fatty acids, it has been demonstrated that the
unaffected by this concentration of Mg** that instead effect of palmitic acid on the electrical potential differ-
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Fig. 3. ElTect of FFA on the succinule-dependent electrical potential in pea siem mitochondria. Additions were: 50 4M linoleic, oleic. pulmitic.
steuric ot linolenic acids: 10 #M CAtr; 0.5 mM ADP; 5 uM FCCP; 4 mM suceinate. Other additions were: | mM EDTA: | mM EGTA: dushed
line refers o experiments made in the presence of 5 mM MgCl,,
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ence depends on the medium in which the mitochondria
are incubated, although the reason for that remains
obscure [19], In medium A [20] the electrical potential
of FFA-treated rnitochondria decreases much more
than in medium B [21], while the rate of respiration is
equally stimulated in both media. The main difference
between the two incubation media is the presence of 5
mM MgCl, in medium B. Therefore, the observed lack
of effect of palmitic acid on the electrical potential can
be attributed to the ability of Mg** in lowering or pre-
venting the collapsing effect induced, in particular, by
saturated fatty acids (palmitic and stearic acids).

We found that ADP or CAtr do not reverse the FFA-
dissipated electrical potential in mitochondria incu-
bated with 5 mM Mg** [12]. From the above results, it
appears that the lack of this effect cannot be due to the
formation of Mg-ADP or Mg-CAtr complexes that, as
known, do not interact with the ADP/ATP translocator
[4]. On the other hand, a specific system for the removal
of Mg** ions in the vicinity of the plant mitochondrial
carrier has been suggested, since it is probable that ATP
or ADP molecules, in the cytosol and in this organelle,
chelate this divalent cation (22].

Another possible mechanism of the FFA-mediated
uncoupling may be related to non-specific pore forma-
tion induced by several coordinated events, including
lipid peroxidation and requiring Ca®" {4,13,14]. How-
ever, EGTA, EDTA or BHT did not affect the FFA-
induced dissipation of the electrical potential generated
by succinate (Fig. 3) and, therefore, lipid peroxidation
does not appear to be linked to such a dissipation. Be-
sides linolenic acid, none of the tested FFA triggered
lipid peroxidation evaluated either as MDA or conju-
gated diene formation (results not shown). The lipoper-
oxidation caused by linolenic acid and monitored by
both methods, may be attributed to the oxidation of the
latter rather than to a membrane lipid peroxzidation
elicited by the free fatty acid. In particular, the conju-
gated diene formation induced by linolenic acid was not
inhibited by EDTA, suggesiing the involvement of
lipoxygenases that utilize such free fatty acid us a typical
substrate [23]. In the light of the last result it is also
possible to explain the spontaneous recovery of the elec-
trica! potential occurring after linolenic acid-induced
dissipation (Figs. 2 and 3). The activity of lipoxyge-
nases, with the free fatty acid as a substrate, permitted
the regeneration of the electrical potential. BHT, an
antioxidant and propyl gallate or iodoacetate, two
lipoxygenase inhibitors, abolished the restoration by in-
hibiting the activity of the latter enzyme. Similarly,
Mg®" inhibited the recovery of the potential because
divalent cations are known to inhibit lipoxygenase ac-
tivity [23].

The present results are not compatible with the mech-
anism of uncoupling induced by FFA, invelving the
ADP/ATP antiporter and, in addition, cannot be ex-
plained by events including lipid peroxidation and re-
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quiring Ca®". As recently suggested, there are other pos-
sible effects of fatty acid which can result in uncoupling:
(i) a proton gradient dissipation caused by diffusion of
the protonated fatty acids via-phospholipid bilayers; (ii)
an increase chunge in the inner dielectri:: constant of the
membrane due to the transported anion; (iii) a transport
of the fatty acids anion by proteins different from the
ATP/ADP antiporter or thermogenin [2]. Each possibil-
ity is more or less compatible with our results, but,
considering that protonated FFA can freely cross the
membranes, we suggest that in plant mitochondria the
unprotonated form of FFA is outwardly translecated
by systems different from the ADP/ATP antiporter or
thermogenin. In particular, this system should also be
present in microsomal membranes and in the plas-
malemma, to account for the effects of FFA found with
this type of membrane [12,24].
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