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Enrichment of the inner mitochondrial membrane with cholesterol induces an increase in ATPase activity
with a decrease in the K, for ATP. Cholesterol also abolishes the discontinuity normally found in the Arrhe-
nius plot of ATPase activity. Since no change is detected in the rate of proton translocation through the
ATPase membrane sector, it is concluded that cholesterol incorporation induces changes in the hydrolytic
step of ATPase via a conformational change transmitted from the membrane sector to the catalytic sector
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1. INTRODUCTION

The activity of several membrane-bound en-
zymes has an anomalous temperature dependence,
showing breaks or discontinuities in the Arrhenius
plots with strong increase of activation energy
below the discontinuity [1]. Although such a be-
haviour is not unique for membrane enzymes,
there is some consensus that phase changes in the
lipid microenvironment in many cases are respon-
sible for the nonlinear temperature dependence [2].

Mitochondrial ATPase is a lipid-dependent
membrane enzyme, composed of a water-soluble
moiety (F;) containing the site for ATP hydrolysis,
and a membrane sector (Fo) involved in H* trans-
location across the mitochondrial inner membrane
[3]. Previous studies from our laboratory have
demonstrated that the kinetics of mitochondrial
ATPase is affected by perturbation of the mem-
brane with organic solvents [4] or by incorporation
of the isolated enzyme into phospholipid vesicles
having different lipid composition [5].

Cholesterol is a major component of biological
membranes [6] and is responsible for some of their
physico-chemical features; changes in cholesterol
content are associated with alterations of mem-
brane-associated functions [7,8]. In the inner mito-

Published by Elsevier Science Publishers B.V. (Biomedical Division)

Proton translocation

Cholesterol Temperature effect Mitochondria

chondrial membrane, under normal conditions,
cholesterol is practically absent; nevertheless, a
strong increase of its content has been found in
tumor mitochondria [9,10]. It has been shown that
cholesterol enrichment of the inner mitochondrial
membrane leads to alterations of the activity of
transport systems and of membrane-bound enzymes
[10,11], and these alterations have been postulated
to be somehow involved in the malignancy state
[10].

In view of these considerations, and of the fun-
damental role of ATPase in mitochondrial energy
conservation, we have found it of interest to in-
vestigate the effect of cholesterol enrichment of
bovine heart and rat liver mitochondria in vitro on
the kinetics of ATPase. Here, we show that cho-
lesterol enrichment to levels corresponding to
those found in tumor mitochondria induces an in-
crease in ATPase activity with decrease in the K,
for ATP; moreover, cholesterol abolishes the
discontinuity normally found [5] in the Arrhenius
plot of ATPase activity.

2. MATERIALS AND METHODS

Bovine heart mitochondria were prepared ac-
cording to [12] and submitochondrial particles by
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sonication [13]. Rat liver mitochondria were pre-
pared as in [14]. The outer membrane was rup-
tured by osmotic shock of the freshly prepared
mitochondria [15].

Cholesterol was incorporated into mitochondria
or submitochondrial particles by incubation with
beads of Sephadex G-10 essentially by the method
of Coleman et al. [16]. Control mitochondria were
incubated with Sephadex beads by the same pro-
cedure except that cholesterol was omitted.
ATPase activity was measured by an ATP-re-
generating method as described [5]. Proton
translocation through the ATPase in submito-
chondrial particles was measured by following the
kinetics of oligomycin-sensitive 9-aminoacridine
extrusion [17] at the onset of anaerobiosis in the
succinate-energised membrane [18]. Controls in
the presence of uncouplers showed that
9-aminoacridine penetration was not rate-limiting.

Cholesterol was assayed according to [19], lipid
phosphorus as in [20] and proton by a biuret
method [21].

3. RESULTS AND DISCUSSION

Preliminary investigations demonstrated that
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reproducible results could be obtained only per-
forming cholesterol incorporation on freshly
prepared non-frozen mitochondria. A likely ex-
planation for the irreproducibility of cholesterol
incorporation in frozen material is in the forma-
tion of inner membrane vesicles in the matrix space
by pinching off of the cristae [22]. Such vesicles,
hidden in the matrix, are likely to be excluded from
interaction with exogenous cholesterol.

Table 1 lists the cholesterol contents of the dif-
ferent preparations used here; the levels of incor-
poration with both bovine heart and rat liver
mitochondria are similar to those found by
Coleman et al. [16]. The effect of cholesterol in-
corporation on the double-reciprocal plots of
ATPase activity in bovine heart mitoplasts is
shown in fig.1, at two different temperatures (14
and 33°C); cholesterol induces a slight increase in
Vm and a substantial decrease in the apparent Ky,
for ATP.

Similar results were obtained in rat liver mito-
chondria and in bovine heart submitochondrial
particles. The kinetic constants are also summa-
rised in table 1.

The presence of cholesterol strongly affects the
temperature dependence of ATPase; an Arrhenius

Table 1

Cholesterol content of the inner mitochondrial membrane and kinetic constants
of ATPase activity in cholesterol-enriched mitochondria

Membrane Cholesterol content Temperature  ATPase activity
(nmol/mg protein) °C) Vo K.
(#kmol/min (mM)
per mg)
Bovine heart
mitochondria 30 (control) 14 0.14 0.25
33 0.67 0.36
150 (enriched) 14 0.15 0.12
33 0.84 0.20
Rat liver
mitochondria 12 (control) 32 0.49 0.23
207 (enriched) 0.55 0.13
Bovine heart
submitochon-
drial particles 50 (control) 14 1.08 0.20
33 6.45 0.36
150 (enriched) 14 1.17 0.13
33 5.11 0.20
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Fig.1. Double-reciprocal plots of ATPase activity in
bovine heart mitochondria. Effect of cholesterol. (A) at
14°C, (B) at 33°C.

plot of ATPase activity in bovine heart mitochon-
dria (fig.2) shows that cholesterol abolishes the
discontinuity found at 18°C in control mitochon-
dria, giving rise to a linear plot with an inter-
mediate activation energy. Similar results have
been obtained in rat liver mitochondria and bovine
heart submitochondrial particles.

A break in an Arrhenius plot may be the conse-
quence of either a change in the rate-limiting step,
or a phase change of the solvent, or finally a con-
formational change of the enzymic protein, as a
function of temperature [23]. Whatever the reason,
a change in the lipid composition of the membrane
is able to affect the properties of the catalytic site,
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Fig.2. Arrhenius plot of ATPase activity in bovine heart
mitochondria. Effect of cholesterol.
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Fig.3. Proton release from succinate-energised submito-
chondrial particles.

which is present in the hydrophilic sector of the en-
zyme. This finding suggests that cholesterol, by
altering the physical state of the membrane or by
direct interaction with the membrane sector Fo of
the enzyme, induces a conformational change in
the enzymic protein capable of modifying the
catalytic activity.

Experiments on the proton release by submito-
chondrial particles enriched with cholesterol have
failed to show any effect on the kinetics of proton
translocation, thereby excluding the possibility
that the effects on ATP hydrolytic activity are due
to mass law effects of changed H* translocating
activity on ATP hydrolysis. The results are shown
in fig.3 and table 2.
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Table 2

Proton release from bovine heart submitochondrial particles (28°C)
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Membrane First order rate constant (fast) (s™")

i ial . . . .
(Sut:?]dl:g;hondna — oligomycin + oligomycin Oligomycin-
par sensitive
Control 0.33 0.11 0.22
Cholesterol-enriched 0.33 0.11 0.22

It is therefore postulated that cholesterol incor-
poration induces a change in the hydrolytic step of
ATPase via a conformational change transmitted
from the membrane sector to F;. The transfer of a
conformational change from Fy to F, has been also
postulated in the action of energy transfer in-
hibitors, such as oligomycin and dicyclohexylcar-
bodiimide, on ATPase activity [24}. Evidence for
a temperature-dependent conformational change
of isolated mitochondrial ATPase has been ob-
tained in our laboratory [25].

The mechanism by which cholesterol affects
ATPase is not clear; fluorescence polarization
studies using the probe diphenylhexatriene have
shown no significant effect of the relatively low
cholesterol levels on membrane viscosity (not
shown); it seems therefore likely that cholesterol
acts by direct interaction with the protein. Similar
results were obtained by Krdmer [11] on the
adenine nucleotide carrier of the inner mitochon-
drial membrane.

ACKNOWLEDGEMENTS

The studies have been performed with grants
from the Ministero della Pubblica Istruzione,
Roma, Italy.

REFERENCES

[1] Lenaz, G. (1979) Subcell. Biochem. 6, 223-343.

[2] Lenaz, G. and Parenti Castelli, G. (1985) in:
Structure and Properties of Cell Membranes, vol. 1
(Benga, G. ed.) pp. 93-136, CRC Press, Boca
Raton, FL.

[3] Amzel, M. and Pedersen, P. (1983) Annu. Rev.
Biochem. 52, 801-824.

[4] Parenti Castelli, G., Sechi, A.M., Landi, L.,
Cabrini, L., Mascarello, S. and Lenaz, G. (1979)
Biochim. Biophys. Acta 547, 161-169.

356

[5] Solaini, G., Baracca, A., Parenti Castelli, G. and
Lenaz, G. (1984) J. Bioenerg. Biomembranes 16,
391-406.

[6] Yeagle, P.L. (1985) Biochim. Biophys. Acta 822,
267-287.

[71 De Kruijff, B. (1978) Biochim. Biophys. Acta 506,
173-182.

[8] Shinitzky, M. and Inbar, M. (1976) Biochim. Bio-
phys. Acta 433, 133-149,

[9] Pedersen, P.L. (1978) Prog. Exp. Tumor Res. 22,
190-274.

[10] Coleman, P.S. and Lavietes, B.B. (1981) Crit. Rev.
Biochem. 11, 341-393.

[11] Krdmer, K. (1983) Biochim. Biophys. Acta 735,
145-159.

[12] Smith, A.L. (1967) Methods Enzymol. 10, 81-86.

[13] Hansen, M. and Smith, A.L. (1964) Biochim. Bio-
phys. Acta 81, 214-222.

[14] Kun, E., Kirsten, E. and Piper, W.N. (1979)
Methods Enzymol. 55, 115-118.

[15] Mac Lennan, D.H., Lenaz, G. and Szarkowska, L.
(1966) J. Biol. Chem. 241, 5251-5259,.

[16] Coleman, P.S., Lavietes, B., Born, R. and Weg, A.
(1978) Biochem. Biophys. Res. Commun. 84,
202-207.

{17] Casadio, R., Baccarini-Melandri, A. and Melandri,
B.A. (1974) Eur. J. Biochem. 47, 121-128.

[18] Pansini, A., Guerrieri, A.F. and Papa, S. (1978)
Eur. J. Biochem. 92, 545-551.

[19] Webster, D. (1962) Clin. Chim. Acta 7, 277-284.

[20] Marinetti, G.V. (1962) J. Lipid Res. 2, 1-20.

[21] Gornall, A.G., Bardawill, C.J. and David, M.M.
(1949) J. Biol. Chem. 177, 752-766.

[22] Lenaz, G., Jolly, W. and Green, D.E. (1968) Arch.
Biochem. Biophys. 126, 67-74.

[23] Dixon, M. and Webb, E.C. (1964) Enzymes,
Longmans, London.

[24] Penefsky, H.S. (1985) Proc. Natl. Acad. Sci. USA
82, 1589-1593.

[25] Curatola, G., Fiorini, R.M., Solaini, G., Baracca,
A., Parenti Castelli, G. and Lenaz, G. (1983) FEBS
Lett. 155, 131-134.



