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Ultrasonic treatment of rat liver mitochondria followed by centrifugation in a
discontinuous sucrose gradient gave rise to three subfractions. The sediment contained
enzyme markers of inner membrane and of mitochondrial matrix; the subfraction
present at the interface between 1.32 M and 0.76 M sucrose layers contained the
totality of monoamine oxidase, the enzyme marker of outer membrane, and part of
the enzyme activities belonging to inner membranes. The soluble subfraction contained
almost exclusively enzymes of the matrix. The fragments belonging to the inner
membrane obtained at the interface had a high proportion of unsaturated phospho­
lipids, mainly phosphatidylethanolamine and cardiolipin together with a high activity
of ATPase and of cytochrome oxidase.

The existence of a heterogenety of the
inner mitochondrial membrane in the sen­
se of presenting areas with different mor­
phological aspect, and lipid and enzyme
composition has been suggested after
studying the submitochondrial fragments
obtained by the lytic action of inducers
of peroxidation reactions (8, 9, 11, 12) or
by ultrasonic treatment (16). According
to previous reports (8, 9) the different 
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molecular species of phospholipids would
be grouped rather selectively in areas of
the inner membrane depending on their
degree of unsaturation. The respiratory
chain components would be located pre­
ferentially in the areas more unsaturated
(9, 12).

In the work here reported it was found
that when mitochondria were subjected
to ultrasonic treatment fragments belong­
ing to the inner membrane were separated;
the phospholipids present in those frag­
ments were highly unsaturated and the
proportion of phosphatidylethanolamine
and of cardiolipin was also very high.
ATPase and cytochrome oxidase were
also enriched in those fragments.
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Materials and Methods

Male Wistar rats weighing approxima­
tely 200 g were used in all the experi­
ments. Liver were homogenized in 0.25 M
sucrose and mitochondria isolated ac­
cording to the method of Hogeboom (2).
Outer mitochondrial membranes were
prepared as described by Parsons et al.
(7). Mitochondrial subfractions were ob­
tained following the method of Sottocasa
et al. (13); mitochondria were sonicated
in a MSE sonifier at 0° C during 15
seconds, at an amplitude of 6.7 mi­
crons.

Proteins were determined by the method
of Lowry et al. (3). Phospholipids were
extracted from the samples, after precip­
itation with HClOj to give a final con­
centration of 0.3 N, as described previous­
ly (11) and separated by thin layer chro­
matography according to Neskovic et al.
(5). Lipid phosphorus was determined by
the method of Bartlett (1). Methyl es­
ters of the fatty acids of the different
phospholipids present in the lipid extract
were prepared through direct methylation
with 14 % FB3 in methanol according to
Morrison and Smith (4). Methyl esters
were then analyzed with a Beckman GC4
gas chromatograph, using a double col­
umn, with a 1/8 inch diameter and a 6 ft
length; the liquid phase was 20 % DEGS,
and the solid phase, Chromosorb W; par­
ticle size, 42/60 p. diameter; hydrogen
and air flows were respectively 50 cc/min
and 250 cc/min; column temperature,
160° C, and that of the detectors, 280° C.
Methylation of fatty acids still bound to
protein after lipid extraction was carried
out as previously described (11).

The following components and enzyme
activities were determined according to
techniques already described1 in the litera­
ture; cytochromes a, b, c: and c (17),
monoamine oxidase (15), malate dehy­
drogenase (6), cytochrome oxidase (13),
ATPase (10) and succinate cytochrome c
reductase (14).

Results and Discussion

The specific activity of mitochondrial
enzymes were determined in the different
subfractions from liver mitochondria
obtained by ultrasonic treatment and sub­
sequent centrifugation in discontinuous
gradient. Figure 1 shows the results ob­
tained. It may be seen that subfraction A,
corresponding to the sediment, contained
enzymes belonging to the inner membra­
ne. The relative specific activity of both
succinate-cytochrome c reductase and cy­
tochrome oxidase was greater than 1 as
referred to the original mitochondria
(Table I). However, ATPase had a lower
relative specific activity. Some malate
dehydrogenase activity was also present
in this subfraction. Subfraction B, which
corresponded to the interface between
0.76 M and 1.32 M sucrose, contained
nearly the totality of monoamine oxidase
activity; it had also a high relative specific
activity of ATPase and of cytochrome
oxidase. Most of the total cytochrome
content was distributed between subfrac­
tions A and B. Subfraction C, corres­
ponding to the soluble components pres­
ent in the 0.45 M sucrose layer, con­
tained predominantly malate dehydrogen­
ase activity and negligible activity of
enzymes associated with either inner or
outer membranes. It is obvious that the

Table I. Enzyme activities and cytochrome
content in mitochondria.

Cytochrome
oxidase 210 m/xmolxmin-'xmg protein-'

Succ. cyt. c
reductase 270 m/zmol x min-' x mg protein-'

ATPase 0.7 /xmol Pi min-'X mg protein-'
Malate
dehydro-
genase 1.6 /zmol x min-' X mg protein-'

Monoamine
oxidase 20 m/xmol X min-' X mg protein-'

Cytochro-
mes 0.7 m^molx mg protein-'
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Fig. 1. Distribution of mitochondrial activities in subfractions obtained by ultrasonic
treatment.

Subfraction A corresponded to the sediment; subfraction B to the interface between 1.32 M
and 0.76 sucrose; and subfraction C to the soluble components present in the 0.45 M
sucrose layer. The ordinates represent relative specific activities referred to the mitochondria
before separation of the subfractions. The abscissas indicate the percentages of the total

mitochondrial protein in each of the subfractions.

Phosphatidyl_ Phosphatidyl
choline ethanolamine

Phosphatidyl
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Fig. 2. Distribution of phospholipids in subfractions obtained by ultrasonic treatment.
See figure 1 for identifications of subfractions. The ordinates represent relative concentration
of lipid P referred to the mitochondria before separation of the subfractions. The abscissas
indicate the percentages of the total mitochondrial protein in each of the subfractions.
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fig Lipid P/
mg protein

Phospholipids -------------

• The areas are referred to the sum of all the areas
In the chromatogram of the fatty acids present In to­
tal phospholipid extract taken as 100.

Table II. Phospholipid composition of mito
chondria.

Lipid P 5.1
Phosphatidylethanolamine 1.7
Phosphatidylcholine 1.9
Phosphatidylinositol 0.6
Cardiolipin 0.6
Phosphatidylserine 0.1
Sphingomyelin 0.1

Fatty acids in total
Area*

49
phospholipid extract
Saturated
Unsaturated 51

outer membranes were present in subfrac­
tion B, since its enzyme marker mono­
amine oxidase was recovered almost ex­
clusively associated with it. Judging from
their specific enzyme markers it may be
concluded that the inner membranes were
distributed between subfractions A and B.
The mitochondrial matrix was found pre­
ferentially in the soluble subfraction C;
a small amount was also present in sub­
fraction A.

The phospholipid content in each sub­
fraction was also determined. Figure 2
shows the relative concentration with res­
pect to the original mitochondria (Table II)
for the different phospholipids in each sub­
fraction. Phospholipids were not detected
in subfraction C. In subfractions B, the
relative concentration of phosphatidyl­
ethanolamine and of cardiolipin with re­
spect to the original mitochondria had
values over 3 and slightly lower values
for phosphatidylcholine and phosphatidyl­
inositol. In subfraction A the relative con­
centration of phosphatidylcthanolamine
and of cardiolipin was below 1.

The relative concentrations with respect
to the original mitochondria (Table II)
of saturated and unsaturated fatty acids 

present in the total phospholipid extract
of each subfraction are shown in figure 3.
It may be seen that the values of both
saturated and unsaturated fatty acids are
higher in subfraction B than in subfrac­
tion A.

The components of subfraction B be­
longed both to outer and inner mem­
branes. Methods, such as that of Parsons
et al. (7), are available for the isolation
of a purified outer membrane fraction,
permitting the determination of the spe­
cific activity of the enzyme marker mono­
amine oxidase as well as its phospholipid
content (Table III); these data may be
used in establishing the quantitative par­
ticipation of outer membranes and of all
their components in subfraction B. Fig­
ure 4 shows the relative concentration of
each phospholipid with respect to the
original mitochondria, differentiating in
subfraction B whether they belong to the
inner (B.) or to the outer membrane (B„).

• The areas are referred to the sum of all the areas
in the chromatogram of the fatty acids present In to­
tal phospholipid extract taken as 100.

Table III. Phospholipid composition and spe­
cific activity of monoamine oxidase in outer

membranes.
fig Lipid P/
mg protein

Phospholipids
Lipid P
Phosphatidyletha-

20.0

nolamine 8.0
Phosphatidylcholine 6.3
Phosphatidylinositol 3.4
Cardiolipin
Phosphatidylserine

2.0

+ Sphingomyelin 0.3
Area*

Fatty acids In total
phospholipid extract
Saturated 58
Unsaturated 42

Activity

Monoamine oxidase 100 m/imolxmin-'xmg
protein-'
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Fig. 3. Distribution of saturated and unsa­
turated fatty acids present in total phospho­
lipids extract in subfractions obtained by ul­

trasonic treatment.
See figure 1 for identification of subfractions.
The ordinates represent relative concentration
of fatty acids saturated or unsaturated referred
to the mitochondria before separation of the
subfractions. The abscisas indicate the percent­
ages of the total mitochondrial protein in each

of the subfractions.

It may be observed that the component
of the inner membrane present in sub­
fraction B (Bt) had a very high relative
concentration of cardiolipin and of phos-
phatidylthanolamine; on the other hand
the value corresponding to phosphatidyl­
choline was rather low. In figure 5 it has
been represented the relative concentra­
tions of saturated and of unsaturated fat­
ty acids present in the total phospholipids
assigning them within subfraction B to
either the inner membrane component
(Bj) or to the outer membranes (Bo). It
may be seen that the inner membrane
component was enriched in unsaturated
phospholipids with respect to the outer
membranes.

In subfraction A components belonging
to inner membranes and to the mitochon­
drial matrix were present. All the phos­
pholipids in this subfraction corresponded
exclusively to inner membranes since the­
se compounds are absent in the matrix.

Comparing subfraction A with the in-

PER CENT OF TOTAL MITOCHONDRIAL PROTEIN
|_______ i I I_______ | 1_______ III I I------------L-l—1------------ 1 I------------ Ll_l------------ 1

A BiBo C A BiBo C A B,Bo C A BB0 C

PhosphatidyX Phosphatidyl Phosphatidyl
choline ~ ethanolamine Cardiolipin inositol

6, 6n 6-. 6-.

Fig. 4. Distribution of phospholipids In subfractions obtained by ultrasonic treatment
differentiating In subtractions B the fraction belonging to inner membranes (Bi) or to

outer membranes (B„).
See text for other details. The ordinates represent relative concentration of lipid P referred
to the mitochondria before separation of the subfractions. The abscisas indicate the percent­

ages of the total mitochondrial protein in each of the subfractions.
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FATTY ACIDS IN TOTAL PHOSPHOLIPIDS
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Fig. 5. Distribution of saturated and unsa­
turated fatty acids present in total phospho­
lipids extract in subtractions obtained by ul­
trasonic treatment differentiating in subfrac­
tion B the fraction belonging to inner mem­

branes (BO or to outer membranes (Bo).
See text for other details. The ordinates re­
present relative concentration of fatty acids
saturated or unsaturated referred to the mito­
chondria before separation of the subfractions.
The abscissas indicate the percentages of the
total mitochondrial protein in each of the

subfractions.

ner membrane component present in sub­
fraction B (BJ in figures 4 and 5 it may
be observed that the inner membrane
fragments of subfraction B were richer in
phosphatidylethanolamine and cardiolipin
than those of subfraction A, and besides,
that all its phospholipids were also more
unsaturated. The inner membrane frag­
ments present in subfraction B were also
enriched in ATPase and in cytochrome
oxidase.

These results strongly support the idea
that in the inner membrane there are
areas with different degrees of unsatura­
tion as it has been previously suggested
(8). The phospholipids present in the
more unsaturated areas would be predo­
minantly phosphatidylethanolamine and
cardiolipin. The unsaturated areas would
also be richer in ATPase and in cytochro­
me oxidase.
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Resumen

El tratamiento de las mitocondrias de higado
de rata con ultrasonidos y posterior centrifu-
gacidn en gradiente discontinue de sacarosa
dio origen a tres subfracciones mitocondriales.
El sedimento obtenido contenia enzimas mar-
cadores de membrana interna y de matriz mi-
tocondrial; la subfracci6n presente en la inter-
fase de las capas de sacarosa 1,32 M y 0,76 M
contenia la totalidad de la actividad del enzi-
ma marcador de membrana externa, monoami-
na oxidasa y parte de las actividades enzima-
ticas pertenecientes a la membrana interna; la
fraccion soluble contenia casi exclusivamente
enzimas de matriz mitocondrial. Los fragmen­
ts de la membrana interna obtenidos en la
interfase tenian una alta proporcidn de fosfo-
lipidos insaturados, principalmente fosfatidile-
tanolamina y cardiolipina, junto con una alta
actividad ATPasa y citocromo oxidasa.

References

1. Bartlett, G. R.: J. Biol. Chetn., 234,
466, 1959.

2. Hogeboom, G. H.: In «Methods in Enzy-
mology» (S. I. Colowick and N. O. Ka­
plan, eds.). Vol. I. Academic Press. New
York, 1955, p. 16.

3. Lowry, O. H., Rosenbrough, H. J., Farr,
A. L. and Randall, R. J.: J. Biol. Chem.,
193, 265, 1951.

4. Morrison, W. R. and Smith, L. M.:
J. Lipid Res., 6, 600, 1964.

5. Neskovic, N. M. and Kostic, D. M.:
J. Chromatog., 35, 297, 1968.

6. Ochoa, S.: In «Methods in Enzymology»
(S. P. Colowick and N. O. Kaplan, eds.).
Vol. I. Academic Press. New York, 1955,
p. 735.

7. Parsons, D. F., Williams, G. R. and
Chance, B.: Ann. New York. Acad. Sci.,
137, 643, 1965.

8. Perez, P., Lopez-Moratalla, N. and San­
tiago, E.: Rev. esp. Fisiol., 29, 239, 1973.

9. Perez, P., Eugui, J., Lopez-Moratalla,
N., Segovia, J. and Santiago, E.: Rev.
esp. Fisiol., 80, 37, 1974.



INNER MITOCHONDRIAL MEMBRANES 197

10. Pullman, M. E., Penefsky, H. S., Datta,
A. and Racker, E.: J. Biol. Chem., 235,
3322, 1960.

11. Santiago, E., Vazquez, J. J., Eugui, J.,
Macarulla, J. M. and Guerra, F.: FEBS
Symposium, 20, 17, 1970.

12. Segovia, J. L., L6pez-Moratalla, N. and
Santiago, E.: Rev. esp. Fisiol., 30, 43,
1974.

13. Sottocasa, G. L., Kuylenstierna, B.,
Ernster, L. and Berfstarnd. A.: In ((Me­
thods in Enzymo!ogy» (S. P. CoIowick.

and N. O. Kaplan, eds.). Vol. X. Acade­
mic Press. New York, 1964, p. 448.

14. Tisdale, H. D.: In «Methods in Enzy-
mology» (S. P. Colowick and N. O. Ka­
plan, eds.). Vol. X. Academic Press. New
York, 1967, p. 213.

15. Weissbach, H., Smith, T. E., Bernhard,
J. W. and Udenfriend, W.: J. Biol.
Chem., 235, 1160, 1960.

16. Werner, S. and Neupert, W.: Ear. J.
Biochem., 25, 379, 1972.

17. Williams, J. N.: Arch. Biochem. Bio-
phys., 107, 537, 1964.




