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Mitochondrial ATPase activity decreases during the incubation of rat liver inner
mitochondrial membranes in the presence of ascorbate or cysteine, due to alteration of
membrane phospholipids through peroxidation reactions. A straight correlation between
decrease in mitochondrial ATPase activity and the alteration of the molecular species
of cardiolipins containing solely linoleic acid has been found. This correlation does not
exist with other molecular species of cardiolipin or any other phospholipids present in
the membrane. These results support a specificity of association between mitochondrial
ATPase and linoleyl cardiolipins.

It has already been established that
phospholipids present in mitochondrial
membranes are degraded through peroxi­
dation of their unsaturated fatty acid cons­
tituents, when the membranes are incu­
bated with either ascorbate or cysteine.
The altered phospholipids remain strongly
bound to the neighboring proteins and
cannot be extracted with the usual organ­
ic solvent mixtures (17). These phospho­
lipid alterations result in a decrease, or
even in the complete loss of activity of a
number of membrane bound enzymes (7).
It has been shown in a previous report
(18) that, during the incubation of rat liver
inner mitochondrial membranes in the pres­
ence of peroxidation inducing reagents, a
close correlation exists between the pro­

gressive decrease in ATPase activity and
the amount of cardiolipin being simulta­
neously degraded. No relationship was
found between the loss of activity of this
enzyme and the degradation of other phos­
pholipids. These results suggest a specific
association of the enzyme ATPase with
cardiolipin. Since cardiolipin can exist in
different molecular species, being predom­
inant the species containing solely lino­
leic acid (6, 20), it was decided to inves­
tigate further if the specificity of associa­
tion between ATPase and cardiolipin
would also involve the acyl residues of
this phospholipid. The results here report­
ed support such specificity of association
between mitochondrial ATPase and lino­
leylcardiolipins.
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Materials and Methods

Male Wistar rats weighing approximat­
ely 200 g were used in all the experiments.
Livers were homogenized in 0.25 M su­
crose and mitochondria isolated according
to the method of Hogeboom (3). Inner
mitochondrial membranes were prepared
according to the method of Parsons et al.
(13) with the modifications already des­
cribed (16). Incubation of inner mitochon­
drial membranes were carried out in a
medium containing 1 mM ascorbate or
8 X IO"4 M cysteine, 0.02 M Tris-HCl
buffer, pH 7.4 and 0.25 M sucrose, at
30° C. Controls without ascorbate or cys­
teine were incubated simultaneously. In­
ner membranes resuspended in 0.25 M
sucrose were added to the incubation me­
dium to give an approximate concentra­
tion of 0.8 mg of protein per ml. Proteins
were determined by the method of Lowry
et al. (8). Lipids were extracted from the
sediment obtained after precipitating the
proteins with enough cone. HCIO4 to give
a final concentration of 0.3 N, as previous­
ly described (15). Phospholipids were se­
parated by thin layer chromatography as 

described by Neskovic et al. (10). Lipid
phosphorus was determined as described
by Bartlett (1) after wet ashing. Methyl
esters of the fatty acids of the different
phospholipids present in the lipid extract
were prepared through direct methylation
with 14 % BE, in methanol according to
Morrison and Smith (9). Methyl esters
were then analyzed with a Beckman GC-4
gas chromatograph, using a double column,
with a 1/8 inch diameter and a 6 ft length;
the liquid phase was 20 % DEGS, and
the solid phase, Chromosorb W; particle
size, 42/60 /z diameter; hydrogen and air
flow were respectively 60 cc/min and
250 cc/min; column temperature, 160° C
and that of the detectors, 280° C. ATPase
activity was determined by the method of
Pullman et al. (14).

Results and Discussion

The precent distribution, in terms of
lipid phosphorus, for the major phos­
pholipids found in the inner mitochon­
drial membranes was: phosphatidylcholine,
40 %; phosphatidylethanolamine, 33 %;
and cardiolipin, 15 %. The distribution of

Table I. Percent distribution of fatty acids in total phospholipid extract, and in phospha­
tidylethanolamine, phosphatidylcholine and cardiolipin.

< 16, Fatty acids with less than 16 C. The number of double bonds in 17:x fatty acids has
not been determined. Number of experiments, 10.

Fatty acids Total
Phospholipids*

PC ! PE CL

< 16 0.4 ± 0.1 0.2 ± 0.1 0.4 ± 0.1 0.3 ± 0.1
16 : 0 19 ± 1 23 ± 1 26 ± 1 8 ±1.5
16 : 1 2 ± 0.5 1 ± 0.3 1.6 ± 0.4 3 ± 1
17 : 0 , 0.6 ± 0.1 0.5 ± 0.1 0.7 ± 0.2 0.4
17:x 0.2 ± 0.1 0.3 0.3 ± 0.4 0.1
18 : 0 22 ± 1 30 ± 1 21.5 ± 1.5 10 ± 1
18 : 1 10 ± 1 8.7 ± 1 9.5 ± 1 19 ±2
18 : 2 22.2 ± 1 12.5 ± 1.5 15 ± 1 45 ±2
20 : 2 + !

20 : 3 ' 2.2 ± 1 2 ± 1 3 ± 1 6 ±4
20 : 4 ; 21 ±2 23 ± 1 j 23 ± 1 9 ± 1

* Abbreviations: PC, phosphatidylcholine; PE, phosphatidylethanolamlne; CL, cardiolipin; data represent
mean ± S.D.
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the different fatty acids in each phospho­
lipid is given in Table I. All these values
are in agreement with data previously
reported in the literature (2, 4, 11, 12, 19).

The changes in ATPase activity which
took place during the incubation of inner 

mitochondrial membranes in the presence
of either ascorbate or cysteine expressed
as percent inactivation, have been plotted
in Figures 1, 2, 3 and 4 against the percent
disappearance of the fatty acids present
in the total lipid extract as well as in the

TOTAL PHOSPHOLIPID

Fig. 1. Correlation between percent decrease in ATPase activity and percent disappear­
ance of fatty acids In the total lipid extract, along the incubation of inner mitochondrial

membranes in the presence of either ascorbate (A) or cysteine (B).
Each point represent the average of 5 indepent experiments.

CARDIOLIPIN

•/. DISAPPEARANCE OF FATTY ACIDS

Fig. 2. Correlation between percent decrease in ATPase activity and percent disappear­
ance of fatty acids In the cardiolipin, along the incubation of inner mitochondrial mem­

branes In the presence of either ascorbate (A) or cysteine (B).
Each point represent the average of 5 indepent experiments.
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individual phospholipids, cardiolipin, phos­
phatidylethanolamine and phosphatidyl­
choline. No correlation whatsoever can be
found between decrease of ATPase activ­
ity and losses of each fatty acid in the
total lipid extract. Correlation was also
lacking with any of the fatty acid losses 

in the isolated phosphatidylethanolamine
and phosphatidylcholine. However, when
the decrease in ATPase activity is plotted
against the percent degradation of the in­
dividual fatty acids present in cardiolipin,
at different intervals during the incubation
of the membranes with cysteine or ascor-

PHOSPHATIDYLETHANOLAMINE

•/. DISAPPEARANCE OF FATTY ACIDS

Fig. 3. Correlation between percent decrease in ATPase activity and percent disappear­
ance of fatty acids in the phosphatidylethanolamine, along the incubation of inner mito­

chondrial membranes in the presence of either ascorbate (A) or cysteine (B).
Each point represent the average of 5 indepent experiments.

PHOSPHATIDYLCHOLINE

1. DISAPPEARANCE OF FATTY ACIDS

Fig. 4. Correlation between percent decrease in ATPase activity and percent disappear­
ance of fatty acids in the phosphatidylcholine, along the incubation of inner mitochon­

drial membranes in the presence of either ascorbate (A) or cysteine (B).
Each point represent the average of 5 indepent experiments.
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bate, the existence of a clear correlation
between the decrease in ATPase activity
and degradation of linoleic acid is obvious.
This correlation is absent with respect to
other fatty acids of the cardiolipins.

These results can be interpreted as an
evidence that mitochondrial ATPase is
associated only with molecular species of
cardiolipin containing exclusively linoleic
acid. The results presented here are con­
sistent with the observations made by
Kagawa and Racker (5) that linoleic
acid reactivated beef heart mitochondrial
ATPase preparations low in phospholip­
ids. Kagawa and Racker have also
shown that linoleic acid alon? could not
restore the oligomycin sensitivity; only
individual phospholipids or lipid mixtures
could restore the olygomycin sensitivity
of the ATPase preparation. In view of the
data presented herein it is very posible
that the molecular species of cardiolipin
containing solely linoleic acid would be
specific at the same time to reactivate both
the enzymic activity and the oligomycin
sensitivity of the delipidated ATPase prep­
arations.
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Resumen

Durante la incubation de membranas mito-
condriales en presencia de ascorbato o cisteina
se produce un marcado descenso de la activi-
dad de la ATPasa mitocondrial, debido a alte-
raciones de los fosfolipidos causados por reac-
ciones de peroxidation. Se ha encontrado una
correlation estrecha entre el descenso de la
actividad mitocondrial y la alteration de las
cspecies moleculares de las cardiolipinas que
contienen exclusivamente 6cido linoleico. Esta 

correlation no existc con otras cspecies mo-
lecularcs de cardiolipina o con cualquiera de
los otros fosfolipidos presentes en la membra-
na. Estos rcsultados apoyan la existencia de
una especificidad de asociacion entre la ATPasa
mitocondrial y linoleilcardiolipinas.
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