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1. Introduction 

The phosphate carrier of mitochondria has been 
purified by chromatography of a Triton X-100 lysate 
on hydroxylapatite, and the [“PI phosphate exchange 
activity reconstituted in liposomes by the freeze- 
thaw-sonication procedure [ 141. The reconstituted 
exchange activity, however, was rather low (ml ~01. 
min-‘. mg-’ at 25’C). 

Here, the effect of cardiolipin on the reconstituted 
activity of the isolated phosphate carrier is described. 
We show that cardiolipin is required for full activity 
and also for preventing an irreversible inactivation of 
the carrier occurring during its extraction from mito- 
chondria with Triton X-100 or Triton X-l 14. In the 
presence of cardiolipin the maximal rate of the [“PI- 
phosphate exchange can be enhanced to -30 ~01. 
min-‘. mg protein-’ at 25’C [5]. 

containing 2% Triton X-100,50 mM KCl, 20 mM 
Hepes (pH 7.0), 10 mM KPi, 1 mM EDTA and 1 mM 
dithioerythrol (final cont.) (table 1, flg.l), or in 1.8% 
Triton X-l 14,l mM EDTA, 20 mM KCl, 20 mM KPi 
(pH 6.5) (tables 2,3, flg.2) as in [5]. Chromatography 
on dry hydroxylapatite columns of clear supernatants 
(30 min, 100 000 X g) was performed as in [2,5]. 
Reconstitution of the phosphate transport system 
was performed with liposomes prepared from egg 
yolk lipids (table 1, flg.l), or 80% (w/w) egg yolk 
lipids and 20% (w/w) mitochondrial phospholipids 
(tables 2,3, fig.2)asin [2,5]. [ ‘*P]Phosphate exchange 
activity was measured at 25°C as in [2]. 

3. Results 

2. Materials and methods 

Triton X-100 was purchased from Merck, Triton 
X-l 14 from Sigma, Dowex AG 1 X-8 and hydroxyl- 
apatite (Bio-Gel HTP) from Bio-Rad. [32P]Phosphate 
(carrier-free) was obtained from Amersham Buchler, 
N-ethylmaleimide, Lo-dipalmitoyl phosphatidylcho- 
line, Lo-dioleyl phosphatidylcholine, Lo-dipalmitoyl 
phosphatidylethanolamine and Lrcu-dipalmitoyl phos- 
phatidylserine from Serva and egg yolk phospholipids 
(Lo-phosphatidylcholine from chicken eggs) and car- 
diolipin (from bovine heart) from Sigma. 

The stimulatory effect of mitochondrial lipids or 
cardiolipin on the reconstituted [‘*PI phosphate 
exchange activity is presented in table 1. With lipo- 
somes containing 25% mitochondrial lipids or 5% 
cardiolipin -50% higher activity is obtained than 
with control liposomes. 

Mitochondrial lipids were extracted from bovine or 
pig heart mitochondria as in [6]. Pig heart mitochon- 
dria were isolated as in [7] and stored at -80°C. Mito- 
chondria were (partly) solubilized either in a medium 

To improve the extraction of the phosphate carrier 
from mitochondria, the effect of various concentra- 
tions of Triton X-100 in the solubilization buffer on 
the reconstituted activity of [“*PI phosphate exchange 
was studied. An optimal activity was obtained with 
2.5% Triton X-100 (flg.1). Increasing Triton X-100 to 
>4% resulted in almost complete inhibition of activity, 
although even more protein was solubilized. Since a 
possible inactivation by peroxides, known to be 
present in commercial detergents [8], was excluded 
[5], an inactivating effect of the detergent in itself 
was suggested. We assumed that Triton X-100 (or 
Triton X-l 14) might specifically extract cardiolipin 
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Table 1 
Influence of the lipid composition of liposomes on the 

reconstituted [s’P]phosphate exchange activity 

Lipid composition [ szP]Phosphate exchange 
@mol. mm-‘. mg protein-‘) 

EYPL 1870 
EYPL + MPL (7525, w/w) 3100 
EYPL + DPG (95:5, w/w) 2800 

Mitochondria were solubilized in a buffer containing 2.25% 
Triton X-100. After centrifugation and chromatography on 
hydroxylapatite, reconstitution was performed with liposomes 
prepared with the indicated phospholipids 

Abbreviations: EYPL, egg yolk phospholipids; MPL, mito- 
chondrial phospholipids; DPG, cardiolipin 

from the phosphate carrier, as demonstrated for cyto- 
chrome c oxidase [9,10]. 

Pig heart mitochondria were extracted with Triton 
X-l 14 under optimal conditions (see [S]) in the 
absence or presence of increasing concentrations of 
cardiolipin (fig.2). The use of Triton X-l 14 instead of 
Triton X-100 results in a purer hydroxylapatite eluate, 
which is virtually free of the ATP/ADP-carrier [ 111. 

dn 
0 2 4 6 8 - 
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Fig.1. Influence of Triton X-100 concentration of solubiiiza- 
tion buffer on the reconstituted [3aP]phosphate exchange 
activity. Mitochondria were solubilized in a buffer (section 2) 
containing the indicated amounts of Triton X-100. After 
centrifugation and chromatography on hydroxylapatite, the 
eluates were used for reconstitution of the carrier with lipo- 
somes (80% egg yolk phospholipids, 20% mitochondriallipids). 
(o---o) [saP]phosphate exchange activity; (o---o) solu- 
biked protein. 
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Fig.2. Effect of cardiolipin concentration in the solubiliza 
tion buffer on the reconstituted [ s’P]phosphate exchange 
activity. Mitochondria were solubilized in a buffer (section 2) 
containing 2.5% Triton X-l 14 and the indicated amounts of 
cardiolipin. After centrifugation and chromatography on 
hydroxylapatite, the eluates were used to reconstitute the 
carrier with Iiposomes (80% egg yolk phospholipids and 20% 
mitochondrial phospholipids). [“P Iphosphate exchange activ- 
ity was measured for 4 min as in [ 2,5]. 

Inclusion of increasing concentrations of cardiolipin 
in the solubilization buffer leads to increased exchange 
activity after reconstitution. All samples were recon- 
stituted with liposomes containing sufficient cardio- 
lipin to maintain full exchange activity (20% mito- 
chondrial lipids). Therefore, we suggested that cardio- 
lipin prevents an irreversible inactivation of the phos- 
phate carrier during solubilization. This was further 
demonstrated by the experiment shown in table 2: 

Table 2 
Effect of ca&olfpin in the solubilization buffer on the 

activity of repeatedly extracted phosphate carrier 

Conditions Protein in 
hydroxyl- 
apatite 
eluate 
(mg . ml-‘) 

Total act. Spec. act. 
(Ml01 . &mol .4 
4 min-’ . min-‘. mg 
0.1 ml-‘) protein-‘) 

1. Extract - DPG 0.24 395 16.5 
2. Extract + DPG 0.14 571 40.8 
2. Extract - DPG 0.15 21 1.4 
2. Extract + DPG 0.05 300 60.0 

Mitochondria were extracted in a medium containing 2.5% 
Triton X-l 14 (section 2) and 3 mg cardiolipin/l4 mg protein 
if indicated. After centrifugation the pellet was again extracted 
with the same media and centrifuged as above. The 4 super- 
natants were chromatographed on hydroxylapatite and the 
eluates were used for reconstitution of the carrier with lipo- 
somes (80% egg yolk lipids, 20% mitochondrial lipids) 
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Table 3 
Effect of various phospholipids in the solubilization buffer on the activity of 

repeatedly extracted phosphate carrier 

Addition 

1. Extract 
+ DPG 
+ DPPC 
+ DOPC 
+PE 
+ps 

Protein in Total activity 
hydroxylapatite (nmol . min-‘. 
eluate (mg . ml-‘) 0.1 ml-‘) 

0.14 112 
0.16 437 
0.16 161 
0.15 204 
0.14 182 
0.14 185 

Spec. act. 
@mol. min-r. 
mg protein-r) 

8.0 
27.3 
10.1 
13.6 
13.0 
13.2 

2. Extract 0.16 3.8 0.2 
+ DPG 0.09 160 17.8 
+ DPPC 0.12 0 0 
+ DOPC 0.09 0 0 
+PE 0.12 0 0 
+ps 0.10 0 0 

Mitochondria were solubilized twice as in table 2 with buffers containing 2 mg 
indicated phospholipid/l3 mg protein. Further treatment was as in table 2 

Abbreviurions: DPG, cardiolipin; DPPC, dipalmitoyl phosphatidylcholine; DOPC, 
dioleylphosphatidylcholine;PE, phosphatidylethanolamme;PS, phosphatidylserine 

March 1982 

Mitochondria were extracted in the presence or 
absence of cardiolipin with 1.8% Triton X-l 14, and 
after centrifugation the pellet was again extracted 
with the same buffers. After reconstitution in lipo- 
somes, containing again 20% mitochondrial lipids, the 
hydroxylapatite eluate of the fast extract showed 
-50% more total exchange activity if cardiolipin was 
included in the extraction buffer although less pro- 
tein was eluted. The hydroxylapatite eluate of the 
second mitochondrial extract showed almost no 
exchange activity, if cardiolipin was omitted in the 
solubilization buffer. In the presence of cardiolipin, 
however, 50% of the exchange activity of the fust 
extract was obtained. Again, if cardiolipin was included 
in the extraction buffer, less protein was eluted from 
hydroxylapatite resulting in a very high specific 
exchange activity, even higher than that obtained after 
the first extraction in the presence of cardiolipin. 
Since sufficient cardiolipin was present in the lipo- 
somes during reconstitution, this result indicates an 
irreversible inactivation of the phosphate carrier during 
solubihzation by Triton X-l 14 in the absence of cardio- 
liphl. 

To demonstrate that the protecting effect is specific 
for cardiolipm, the effect of other phospholipids was 
studied. As demonstrated in table 3, addition of any 

phospholipid to the solubilization buffer resulted in 
an increased absolute as well as specific exchange activ- 
ity after the first extraction. But with cardiolipin the 
exchange activity was >2-fold of that obtained with 
any other phospholipid. After the second extraction, 
however, only in the presence of cardiolipin an 
exchange activity was obtained. None of the other 
phospholipids could prevent the inactivation of the 
phosphate carrier during the second solubilization step. 

4. Discussion 

The phosphate carrier of mitochondrial represents 
an integral membrane protein. This follows from its 
function to transport the hydrophilic phosphate anion 
across the inner mitochondrial membrane, and from 
its very hydrophobic protein nature [ 121. For some 
integral membrane proteins of mitochondria (NADH- 
dehydrogenase complex [ 131, cytochrome bc 1 com- 
plex [ 131 and cytochrome c oxidase [9,10]) a specific 
requirement for cardiolipin was demonstrated. Here, 
a specific dependence on cardiolipin is also shown for 
the mitochondrial phosphate carrier. 

Beside the stimulating effect of cardiolipin on the 
reconstituted activity, an additional effect was found. 
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Extraction of the phosphate carrier with Triton X-100 
or Triton X-l 14 leads to a complete and irreversible 
inactivation of the carrier (table 3), which could be 
prevented by the presence of cardiolipin. No other 
phospholipid, including acidic (e.g., phosphatidylser- 
ine) and unsaturated ones, could prevent the irrevers- 
ible inactivation of the phosphate carrier. 

The irreversible inactivation of the phosphate 
carrier by removal of cardiolipm explains the low 
specific exchange activity of the isolated and reconsti- 
tuted carrier of -1 mol. min-‘. mg protein-’ found 
in [l-4]. Addition of cardiolipin to liposomes pre- 
pared from egg yolk phospholipids can only partly 
restore the activity of the isolated carrier (table 1). 
Addition of cardiolipin to the solubilization buffer, 
however, stimulates the reconstituted activity under 
optimal conditions [5] to 30 ~01 . mm-‘. mg pro- 
tein-’ (table 3). This specific activity is higher than 
that found for the isolated and reconstituted ATP/ 
ADFcarrier of 0.4 ~01 . mm-‘. mg protein-’ [ 141. 
A higher turnover number of the reconstituted phos- 
phate carrier should be expected, since for the phos- 
phate carrier from rat liver a molecular activity of 
3500 min-’ at 0°C was calculated [15], whereas for 
the ATP/ADP-carrier from bovine heart a molecular 
activity of only 500 min-’ at 18°C was found [16]. 

The specific requirement of the phosphate carrier 
for cardiolipin contrasts the lipid dependence of the 
ATP/ADP-carrier of mitochondria. The activity of the 
isolated and reconstituted ATP/ADP-carrier is also 
influenced by the lipid composition of the liposomes, 
but no specific lipid requirement was found [ 171. 
Thus a stimulating effect of cardiolipm could be 
replaced by phosphatidylethanolamine or phosphatidyl- 
serine. 

We conclude that the mitochondrial phosphate 
carrier is specifically stabilized by cardiolipin. Removal 
of this phospholipid by Triton X-l 00 or Triton X-l 14 
leads to a conformational change of the carrier which 
cannot be reversed by subsequent addition of cardio- 
lipm or any other phospholipid. 
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