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The a-oxoglutarate carrier from pig heart mitochondria has been solubilized with Triton X-I14 and purified 
by chromatography on hydroxyapatite and celite in the presence of cardiolipln. When applied to SDS gel 
electrophoresis, the purified protein consists of only a single protein band with an apparent M, of 31.5 kDa. 
It corresponds to band 4 of the five protein bands previously identified in the hydroxyapatite pass-through of 
Triton X-II4 solubilized heart mitochondria (Bisaccia, F. and Palmieri, F. (1984) Biochim. Biophys. Acta 
766, 386-394). When reconstituted into liposomes the a-oxoglutarate transport protein catalyzes a 
phthalonate-sensitive a-oxoglutarate/a-oxoglutarate exchange. It is purified 250-fold with a recovery of 62% 
and a protein yield of 0.1% with respect to the mitochondrial extract. The properties of the reconstituted 
carrier, i.e., the requirements for a counteranion, the substrate specificity and the inhibitor sensitivity, are 
similar to those described for ct-oxoglutarate transport in mitochondria. 

Introduction 

The inner mitochondrial membrane contains a 
specific carrier system for the transport of c~- 
oxoglutarate (for a review, see Refs. 1 and 2). 
Under physiological conditions this system cata- 
lyzes a strict counterexchange of a-oxoglutarate 
and malate, which is important for several meta- 
bolic processes like gluconeogenesis from lactate, 
the malate-aspartate shuttle, the isocitrate-a-oxog- 
lutarate shuttle and nitrogen metabolism [3,4]. 

Since 1967, when the existence of a specific 
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carrier for a-oxoglutarate has been proposed [5,6], 
the properties of the a-oxoglutarate carrier have 
been extensively investigated in intact mito- 
chondria. Besides a-oxoglutarate and malate, this 
carrier accepts also other dicarboxylates, i.e. 
malonate, succinate and oxaloacetate, although 
with lower affinity [7-10]. It is inhibited by several 
SH reagents [11] and some impermeable di- 
carboxylate analogues like phenylsuccinate, 
butylmalonate and p-iodobenzylmalonate [9,12], 
which also inhibit other transport systems in 
mitochondria [5,11-16]. A specific inhibitor of the 
a-oxoglutarate carrier is phthalonate [17]. In con- 
trast to the dicarboxylate and the tricarboxylate 
carriers, which have low activity in heart [18,19], 
the a-oxoglutarate carrier is very active both in 
heart and in liver [8,9,20]. Although the existence 
of this carrier is well documented and elucidated 
in mitochondria in some detail, this protein has 
not yet been isolated. 
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In previous studies we have demonstrated that, 
upon application of high-resolution gradient SDS- 
gel electrophoresis, the hydroxyapatite pass- 
through of Triton-solubilized heart mitochondria 
contains five proteins bands of very similar molec- 
ular weight [21,22]. Out of these five distinct bands, 
band 5 corresponds to the A D P / A T P  carrier, 
band 3 was identified to be the phosphate carrier 
[21] and band 2 was shown to be porin from the 
outer mitochondrial membrane [22]. The function 
of the remaining two bands, however, and in par- 
ticular of band 4 which is more abundant than 
band 1, remained to be established. 

In this paper we describe the purification of the 
a-oxoglutarate carrier from pig heart mitochondria 
using functional reconstitution as a monitor of the 
carrier activity during isolation. The purified pro- 
tein when incorporated into liposomes closely re- 
sembles the properties of the a-oxoglutarate trans- 
port system as characterized in mitochondria. 
Upon high resolution SDS-gel electrophoresis the 
purified a-oxoglutarate transport protein appears 
to be homogeneous and has an apparent molecular 
weight of 31.5 kDa. It corresponds to band 4 of 
the five protein bands present in the hydroxy- 
apatite pass-through of Triton X-114 solubilized 
heart mitochondria. 

Materials and Methods 

Materials. Hydroxyapatite (Bio-Gel HTP) and 
Dowex AG1-X8 were purchased from Bio-Rad, 
Celite 535 from Roth, a-[1-14C]oxoglutarate, L-[U- 
14C]malate, [2-a4C]malonate, [1,5-14C]citrate, 
[32p]phosphate, [2-3H]ADP and L-[U-14C]aspar- 
tate from Radiochemical Centre (Amersham, 
U.K.), egg yolk phospholipids from Fluka, 
cardiolipin from Avanti-Polar Lipids, Triton X- 
114, Triton X-100, cholic acid, Lubrol WX, Tween 
20, Pipes and D-malic acid from Sigma, Brij 58 
from Atlas, octylglucoside from Calbiochem, 
Genapol X-80 from Hoechst, ClzE 8 from Nikko 
Chemicals and a-cyanocinnamate from R. Em- 
manuel Wembley. n-Octylpolydisperseoligooxy- 
ethylene was kindly supplied by Dr. J.P. Rosen- 
busch and glisoxepide by Bayer. Phthalonic acid 
was a gift of Drs. G. Randazzo and A. Evidente. 
Other reagents were obtained as reported [9]. 
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Isolation of the a-oxoglutarate transport protein. 
Pig heart mitochondria prepared as described in 
Ref. 23, were solubilized in 3% Triton X-114 
( w / v ) / 5 0  mM NaC1/10 mM Pipes (pH 7) at a 
final concentration of 16 mg protein/ml.  After 10 
min at 0°C the mixture was centrifuged at 138 000 
x g for 40 min to obtain a clear supernatant 
referred to as extract. 

500/t l  of the extract (3.5-4.5 mg protein) sup- 
plemented with cardiolipin (2 mg/ml)  were ap- 
plied on cold hydroxyapatite columns (pasteur 
pipettes containing 600 mg of dry material) and 
eluted with the solubilization buffer. The first 500 
/~1 of the eluate from two hydroxyapatite columns 
were pooled and applied on cold celite columns 
(pasteur pipettes containing 250 mg of dry 
material). Elution was performed with the solubili- 
zation buffer. The first ml was collected from each 
celite column. 

Incorporation of the a-oxoglutarate transport 
protein into liposomes. Liposomes (10 ml) were 
prepared by sonication of 1 g of egg yolk phos- 
pholipids in a buffer containing 20 mM NaC1/10 
mM Pipes/1 mM EDTA (pH 7), with a Branson- 
Sonifier B-15 under a stream of N 2 for 60 min at 
0°C (20 ,s sonication, 20 s intermission). Where 
indicated, a-oxoglutarate or other substrates were 
included in the sonication buffer at the concentra- 
tions specified in the legends to tables and figures. 

The a-oxoglutarate transport protein was incor- 
porated into liposomes by the freeze-thaw-sonica- 
tion procedure (24,25). 0.6 m~ lii~osomes were 
mixed with sonication buffer and 30 ~1 of 
mitochondrial extract or 50 /~1 of celite or hy- 
droxyapatite eluates in a final volume of 1 ml. 
After 5 min at 0°C the mixture was frozen in 
liquid N2, thawed in a water bath at 10°C and 
then pulse-sonicated (0.3 s sonication, 0.7 s inter- 
mission) for 6 s at 0°C. 

Assay of a-oxoglutarate exchange in proteolipo- 
somes. In order to measure a-oxoglutarate ex- 
change using externally added ot-[14C]oxog- 
lutarate, the substrate outside the proteoliposomes 
was removed by passing the proteoliposomes 
through an anion exchange column (Dowex AG1- 
X8, 50-100 mesh) in acetate form preequilibrated 
with 1.2 ml of 50 mM NaC1 and eluted with the 
same solution. The eluted proteoliposomes were 
tempered at 25°C for 4 min and used for exchange 
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measurements by the inhibitor stop method [26]. 
Transport was initiated by adding 1 mM a-[14C] 
oxoglutarate (50000-70000 cpm) and stopped, 
after the desired time interval, by the addition of 
20 mM phthalonic acid. In control samples 
phthalonic acid was added together with the 
labelled substrate at time zero. To remove the 
external radioactivity each sample was applied on 
a column of Dowex AG1-X8, 100-200 mesh, 
acetate form (0.5 × 4 cm equilibrated with 1.2 ml 
of 50 mM NaC1). The liposomes eluted with 1 ml 
of 50 mM NaCI were collected, vortexed with 4 ml 
of scintillation mixture (Maxifluor Baker, The 
Netherlands) and counted. The exchange activity 
was calculated by subtracting the control values 
from the experimental samples. In some experi- 
ments other labelled substrates were used instead 
of a-[14C]oxoglutarate. 

SDS-gel electrophoresis. Polyacrylamide slab gel 
electrophoresis of acetone-precipitated samples was 
performed in the presence of 0.1% SDS according 
to Laemmli [27]. The separation gel contained 
17.5% acrylamide and an acrylamide-to-bi- 
sacrylamide ratio of 150 to give a high resolution 
of polypeptides of an M r value close to 30000 
[21]. In some experiments, the electrophoretic sys- 
tems generally applied for the resolution of the 
cytochrome b-c I complex [28] and of the cyto- 
chrome c oxidase complex [29] were also used. 
Staining was performed with the silver nitrate 
method [30]. The molecular weights were 
determined with the help of Pharmacia low-molec- 
ular weight markers. 

Other methods. Protein was determined by the 
Lowry method modified for the presence of Triton 
[31]. The activity of other transport systems was 
assayed as described above for the reconstituted 
a-oxoglutarate carrier using the following stop 
inhibitors: N-ethylmaleimide (phosphate carrier), 
butylmalonate (dicarboxylate carrier), 1,2,3-be- 
nzenetricarboxylate (tricarboxylate carrier), car- 
boxyatractyloside (ADP/ATP carrier) and pyri- 
doxalphosphate (aspartate/glutamate carrier). 

Results and Discussion 

Solubilization and purification of the a-oxoglutarate 
carrier 

The conditions for solubilization of the 

a-oxoglutarate carrier in undenatured state were 
optimized by measuring the reconstituted a-oxog- 
lutarate/a-oxoglutarate exchange activity in 
mitochondrial extracts of pig heart. In Table I a 
number of detergents used for solubilization of the 
active carrier protein are compared. Among these 
detergents, Triton X-100 and Triton X-114 are 
most effective in solubilizing the active a-oxog- 
lutarate carrier. The non-ionic detergent Genapol 
X-80, the polyoxyethyleneglycol homologues of 
Triton Brij 58, Lubrol WX and Tween 20, and the 
ionic detergent cholate also solubilize the a-oxog- 
lutarate carrier in an active form, but they are 
considerably less effective. In the extracts obtained 
by using other non-ionic detergents like octylg- 
lucoside, C12Es and n-octylpolydisperseoli- 
gooxyethylene there is virtually no a-oxoglutarate 
exchange activity. 

Since hydroxyapatite has successfully been used 
to purify several transport proteins [21,32-36], the 
same method was applied to the mitochondrial 
extracts of pig heart which possess a-oxoglutarate 
exchange activity. Table I shows that a consider- 
able portion of the transport activity is recovered 
in the pass-through of hydroxyapatite columns 
only if Triton X-114 or Triton X-100 were used as 
solubilizing detergents. 

In view of the striking effect of cardiolipin on 
the elution of the phosphate carrier from hydroxy- 
apatite [21], the influence of this phospholipid on 
the isolation procedure of the a-oxoglutarate car- 
rier was investigated. The data reported in Table 
II show that the amount of carrier protein, i.e., the 
total a-oxoglutarate exchange activity measured 
after reconstitution, is only slightly increased by 
the addition of cardiolipin to the mitochondrial 
extract which was applied to hydroxyapatite. The 
specific activity, however, is substantially increased 
suggesting a retention of other proteins. This is 
also indicated by the decreased amount of protein 
eluted from the column. 

For further purification, the hydroxyapatite 
pass-through was subjected to chromatography on 
celite (cf. Table II). By this purification step the 
specific activity of the reconstituted a-oxog- 
lutarate transport is increased 1.4-fold without 
added cardiolipin and 1.9-fold in the presence of 
this phospholipid. With cardiolipin added the en- 
tire procedure increases the specific activity 247- 
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TABLE I 

EFFECT OF VARIOUS DETERGENTS ON THE SOLUBILIZATION OF THE ACTIVE a-OXOGLUTARATE CARRIER 
PROTEIN AND ITS ELUTION FROM HYDROXYAPATITE 

Pig heart mitochondria were extracted by the indicated detergents at a 3% concentration (w/v).  The extracts which possess 
reconstituted a-oxoglutarate transport activity were chromatographed on hydroxyapatite. The activity was measured in proteolipo- 
somes containing 1 mM internal a-oxoglutarate and 1 mM external ct-[14C]oxoglutarate. The values of a-oxoglutarate transport 
represent the total activity present in 1 ml of mitochondrial extract and 1 ml of the corresponding hydroxyapatite pass-through 
obtained as described in Materials and Methods. n.d., not determined, Octyl-POE, n-octylpolydisperseoligooxyethylene. 

Detergents Solubilized a-Oxoglutarate transport (/~mol per 6 min) 

protein Extract Hydroxyapatite 

(%) eluate 

Triton X-114 47 331 274 
Triton X-100 37 296 207 
Genapol X-80 33 158 54 
Brij 58 22 91 0 
Lubrol WX 21 104 9 
Tween 20 12 94 0 
Cholate 28 103 0 
Octylglucoside 37 5 n.d. 
Octyl-POE 29 9 n.d. 
C12E8 28 0 n.d. 

fold with respect to that of the mitochondrial 
extract. Approx. 62% of the total transport activity 
is recovered with a protein yield of 0.1%. 

Fig. 1 shows a SDS-polyacrylamide gel electro- 
phoresis of the hydroxyapatite and celite pass- 
through obtained, in the presence or in the ab- 
sence of cardiolipin, from mitochondria solubi- 
lized with Triton X-114. Without added cardioli- 
pin, the first 500 /al of the hydroxyapatite pass- 
through contain four protein bands, called bands 
2-5  (Fig. 1, lane C), since band 1 appears only in 

later fractions (see Ref. 21). Chromatography of 
the hydroxyapatite fraction on celite results in 
elution of the same four protein bands, although a 
relative iacrease in band 2 can be seen (Fig. 1, lane 
D). Clearly in the absence of cardiolipin both 
band 3 and band 4 are not absorbed by celite. 
With added cardiolipin, on the other hand, the 
hydroxyapatite fraction contains only two bands 
namely band 3 and band 4 (Fig. 1, lane G). This is 
in agreement with previous results, showing that 
band 2 is retained and band 5 is retarded by 

TABLE II 

PURIFICATION OF THE a-OXOGLUTARATE CARRIER 

Conditions as described in Materials and Methods, except that, where indicated, cardiolipin was not added to the Triton X-114 
extract. The activity of the reconstituted a-oxoglutarate exchange, measured as in Table I, is expressed as ~mo l / 6  min per g protein 
(specific activity) and /.tmol/6 min (total activity). 

Without added cardiolipin With added cardiolipin 

Protein a-oxoglutarate transport purifi- protein a-oxoglutarate transport purifi- 

(mg) specific total cation (mg) specific total cation 
activity activity (fold) activity activity (fold) 

Mitochondria 16 16 
Triton X-l14 extract 6.4 40 256 1 6.4 42 269 1 
Hydroxyapatite 0.08 2 850 228 71 0.04 5 580 223 133 
Celite 0.06 3 960 237 99 0.016 10 390 166 247 
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Fig. 1. SDS gel electrophoresis of fractions obtained during the 
purification of the a-oxoglutarate transport protein. A and E, 
marker proteins (bovine serum albumin, carbonic anhydrase 
and cytochrome c); B and F, mitochondrial extract; C and G, 
hydroxyapatite pass-through; D and H, celite pass-through. F, 
G, and H with added cardiolipin; B, C and D without added 
cardiolipin. 

hydroxyapatite in the presence of cardiolipin [21]. 
Purification of the band 4 protein can be improved 
when only the first part  of the hydroxyapatite 
pass-through - as described in the Methods sec- 
tion - is applied on a celite column in the presence 
of cardiolipin. Fig. 1, lane H shows that under 
these conditions band 4 with an apparent M r of 
31.5 kDa is eluted from celite in pure form, whereas 
band 3 is completely retained. 

Since the isolated protein catalyzes a highly 
active a-oxoglutarate exchange (Table II) and since 
the purified fraction contains only band 4 (Fig. 1), 
this protein can be identified as the a-oxoglutarate 
carrier. 

The protein purified by the procedure described 
above consists of a homogeneous band in SDS-gel 
electrophoresis not only in our gel system, but also 
in two other systems [28,29] generally applied to 
the resolution of the cytochrome b-c a complex 
(complex III)  and the cytochrome c oxidase (com- 
plex IV), respectively (not shown). 

In other experiments (not shown) it was found 
that Triton X-114 cannot be substituted by Triton 
X-100 for the isolation of band 4. This is mainly 
due to the fact that band 5, i.e. the A D P / A T P  
carrier, is present in large amount in the hydroxy- 
apati te 'pass-through obtained by the use of Triton 
X-100 even in the presence of cardiolipin. Under  

these circumstances the celite column does not 
retain the A D P / A T P  carrier completely. In agree- 
ment with these observations, the specific activity 
of the reconstituted a-oxoglutarate exchange is 
considerably lower in both hydroxyapatite and 
celite pass-through, if the protein was solubilized 
by Triton X-100 instead of Triton X-114. 

Properties of the reconstituted a-oxoglutarate car- 
rier 

In all experiments described in the following 
the reconstituted system consists of purified band 
4 incorporated into liposomes. 

Accurate measurements of a-oxoglutarate up- 
take in proteoliposomes requires an effective stop 
inhibitor. Preliminary experiments have shown that 
phthalonate, a specific and potent inhibitor of the 
a-oxoglutarate carrier in mitochondria [17], is a 
suitable stopping reagent for measuring a-oxog- 
lutarate transport in the reconstituted system, since 

? 
0 

x 

' T  

o 
I"1 

x 
M 
0 
E - j  

t . .  
0 
Q .  

e j  

o 
0 

16 

12 

,1o 0 0 
0 

1 I I I 

5 10 15 20 

Time (rain) 

Fig. 2. Time-course of a-oxoglutarate uptake in reconstituted 
liposomes. 1 mM a-[14C]oxoglutarate was added at time zero 
to reconstituted liposomes with 20 mM a-oxoglutarate as inter- 
nal substrate (e o), or to reconstituted liposomes without 
internal substrate (O O). 



it  b locks  the a -oxog lu ta ra t e  up take  comple te ly  in 

less than  4 s. 
Fig. 2 i l lus t ra tes  the t ime-course  of  a -oxog-  

lu ta ra te  up take  by  p ro teo l iposomes  which have 
been  loaded  before  with the same substrate .  The 
ini t ia l  t r anspor t  ra te  is abou t  2 3 0 0 / t m o l / m i n  per  
g p ro te in  at  25°C. The  up take  of  label led a -oxog-  
lu tara te ,  on  the o ther  hand,  is very small  and  
t ime - independen t  after  3 min  when the pro teo l ipo-  
somes were not  l oaded  with a -oxoglu ta ra te .  N o  
up t ake  at all occurs  wi thout  inco rpora t ion  of  the 
car r ie r  p ro te in  in to  the l iposomes  (not  shown). In 
in tac t  m i tochondr i a  the c~-oxoglutarate carr ier  is 
k n o w n  to ca ta lyze  an ob l iga to ry  counterexchange  
of  anions  [1,2,37]. The  dependence  on  in ternal  
a -oxog lu t a r a t e  of the t r anspor t  ca ta lyzed  by  the 
recons t i tu ted  p ro te in  and  the inh ib i t ion  by  the 
specific inh ib i to r  ph tha lona te ,  proves  that  in fact 
the i sola ted  a -oxog lu ta ra t e  carr ier  has been  recon- 
s t i tuted.  

The  dependence  of  the a -oxog lu ta ra t e  carr ier  
act ivi ty  on in t r a l iposomal  coun te ran ions  has been  
fur ther  inves t iga ted  in p ro teo l iposomes  loaded  with 
a var ie ty  of  substrates .  The  in t r a l iposomal  con- 

TABLE III 

DEPENDENCE OF THE a-OXOGLUTARATE TRANS- 
PORT IN RECONSTITUTED LIPOSOMES ON INTER- 
NAL SUBSTRATE. 

The proteoliposomes were loaded with the indicated substrates. 
Transport was initiated by the addition of 1 mM a-[14C]oxog- 
lutarate. 

Internal substrate a-oxoglutarate transport 
(20 mM) (/tmol/g protein per 10 rain) 

- (C1- present) 510 
a-Oxoglutarate 14 660 
L-Malate 10 615 
Malonate 6 080 
Succinate 3 380 
Oxaloacetate 3 570 
Maleate 3 420 
Fumarate 250 
o-Malate 330 
Oxomalonate 490 
Citrate 345 
Phosphate 500 
Sulphate 445 
Aspartate 695 
ADP 230 
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cen t ra t ion  of the anions  used was 20 m M  and  the 
exchange  t ime was 10 min. The  da ta  repor ted  in 
Tab le  I I I  show that  label led  a -oxog lu ta ra t e  
exchanges not  only  against  a -oxog lu ta ra t e  bu t  also 
agains t  in ternal  L-malate,  malonate ,  succinate,  
oxa loace ta te  and  malea te  which are known to be 
subs t r a t e s  of  the  a - o x o g l u t a r a t e  car r ie r  in 
mi tochondr i a  [9-10].  In  contrast ,  label led a -oxog-  
lu ta ra te  does  not  s ignif icant ly exchange against  
fumarate ,  D-malate,  oxoma lona t e  and subst ra tes  
of  o ther  mi tochondr i a l  carriers,  like citrate,  phos-  

TABLE IV 

SENSITIVITY OF THE a-OXOGLUTARATE EXCHANGE 
IN RECONSTITUTED LIPOSOMES TO INHIBITORS AND 
EXTERNALLY ADDED SUBSTRATES 

Proteoliposomes were loaded with 20 mM a-oxoglutarate and 
the exchange was started with 1 mM external a-[14C]oxog - 
lutarate. The SH reagents were added 2 min before the labelled 
substrate at 1 mM concentration. The other inhibitors and 
external anions were added together with a-[lnC]oxoglutarate 
at a concentration of 10 mM, except carboxyatractyloside (0.1 
mM), a-cyanocynnamate (1 mM) and glisoxepide (5 mM). The 
control values of a-oxoglutarate exchange were 13.14 and 17.93 
mmol/10 min per g protein in experiments 1 and 2. 

Additions % Inhibition 

Experiment 1 
Phthalonate 100 
Phenylsuccinate 50 
Butylmalonate 48 
p-I-benzylmalonate 85 
Phthalate 46 
p-Hydroxymercuribenzoate 83 
Mersalyl 76 
N-Ethylmaleimide 13 
1,2,3-Benzenetricarboxylate 6 
Carboxyatractyloside 8 
a-Cyanocynnamate 0 
Glisoxepide 5 

Experiment 2 
D-malate 12 
L-malate 85 
Oxalate 0 
Oxomalonate 9 
Malonate 77 
Oxaloacetate 53 
Succinate 51 
a-Oxoglutarate 88 
Glutarate 14 
Glutamate 4 
Fumarate 0 
Maleate 55 



368 

phate, sulphate, aspartate and ADP. The low ac- 
tivity in the presence of these anions is approxi- 
mately the same as the obviously unspecific activ- 
ity observed in the presence of C1 . 

The sensitivity of the a-oxoglutarate/a-oxog-  
lutarate exchange in reconstituted liposomes to 
inhibitors of various anion-transporting systems 
was also tested. Table IV, experiment 1, shows 
that the a-oxoglutarate exchange is inhibited com- 
pletely by 10 mM phthalonate, p-lodobenzyl- 
malonate is less effective than phthalonate, but 
more than the other dicarboxylate analogues in 
agreement with their affinities to the carrier pro- 
tein as determined in mitochondria [9,17]. The 
exchange is also inhibited by the SH-blocking 
reagents p-hydroxymercuribenzoate and mersalyl 
but not by N-ethylmaleimide, as found in 
mitochondria [11]. In contrast, 1,2,3-benzenetri- 
carboxylate, carboxyatractyloside, a - c y a n o c y n -  
namate and glisoxepide, which inhibit other 
mitochondrial transport systems [2], have no ef- 
fect. In addition, the c~-oxoglutarate exchange in 
reconstituted liposomes is inhibited by 10 mM 
externally added L-malate, malonate, succinate, 
oxaloacetate and maleate, whereas it is not signifi- 
cantly affected by D-malate, oxalate, oxomalonate, 
glutarate, glutamate and fumarate (Table IV, ex- 
periment 2). Also citrate, phosphate, sulphate, 
ADP and pyruvate have no effect (not shown). 
The same inhibition pattern was observed in 
mitochondria [9]. 

The specificity of the reconstituted c~-oxog- 
lutarate carrier was further characterized by varia- 
tion of labelled external substrates. In some ex- 
periments malate was chosen as internal counter- 
anion, since it is known to be a substrate not only 
for the c~-oxoglutarate carrier, but also for the 
dicarboxylate and the tricarboxylate carriers [1,2], 
and it would thus reveal contamination by these 
transport proteins. The results of Table V show 
that, besides a-oxoglutarate, also labelled malate 
and malonate can exchange against internal malate 
in a phthalonate-sensitive reaction. In contrast, 
citrate (a typical substrate of the tricarboxylate 
carrier) and phosphate (a substrate of the di- 
carboxylate carrier) do not significantly exchange 
against internal malate. This holds true both when 
the activity is measured with the stop inhibitor 
phthalonate, to assay the a-oxoglutarate carrier, 

TABLE V 

UPTAKE OF LABELLED SUBSTRATES BY RECON- 
STITUTED LIPOSOMES LOADED WITH MALATE OR 
a-OXOGLUTARATE 

Proteoliposomes were loaded with 20 mM malate or 20 mM 
c~-oxoglutarate. 20 mM phthalonate was used as stop inhibitor. 
Where indicated, 1,2,3-benzenetricarboxylate (1,2,3-BTA) or 
butylmalonate at a concentration of 20 mM were used instead 
of phthalonate. 

External Substrate uptake 
substrate (~t mol/g protein 
(1 mM) per 10 min) 

Internal substrate: 20 mM malate 
c~-[ TM C]Oxoglutarate 1 1900 
[ 14 C]Malate 4 870 
[ 14 C]Malonate 4140 
[ 14 C]Citrate (inhibitor phthalonate) 100 
[14 C]Citrate (inhibitor 1,2,3-BTA) 340 
[ 32 P]Phosphate (inhibitor phtalonate) 760 
[ 32 P]Phosphate (inhibitor butylmalonate) 190 

Internal substrate: 20 mM a-oxoglutarate 
a-[ TM C]Oxoglutarate 16 270 
[14 C]Malate 7 790 
[14 C]Malonate 6 530 
[14 C]Citrate 290 
[ 32 P]Phosphate 530 

No internal substrate, though CI present 
a-[14 C]Oxoglutarate 400 

and when it is measured with the stop inhibitor 
used for the tricarboxylate carrier, i.e., 1,2,3-be- 
nzenetricarboxylate, and that used for the di- 
carboxylate carrier, i.e., butylmalonate. Similar re- 
sults were obtained with a-oxoglutarate-loaded 
proteoliposomes (Table V). Further experiments 
(not shown) demonstrated that liposomes recon- 
stituted with the band 4 protein do not catalyze 
the exchange reactions ci trate/ci trate (tricarboxy- 
late carrier), A D P / A D P  (adenine nucleotide car- 
rier), a spa r ta te /aspar ta te  (aspartate-glutamate 
carrier) and phosphate /phosphate  (phosphate car- 
rier and dicarboxylate carrier) when measured with 
the appropriate stop inhibitors reported in Materi- 
als and Methods. Thus, in agreement with the 
purity shown by the SDS-gel electrophoresis, the 
isolated protein is not contaminated by other 
transport systems including those which are not 
adsorbed by hydroxyapatite like the A D P / A T P  
carrier and the phosphate carrier. 



Conclusion 

The results presented demonstrate that the pro- 
tein isolated by the procedure described in this 
paper is the a-oxoglutarate carrier of the inner 
mitochondrial membrane. A strong argument in 
favour of this conclusion is the fact that the iso- 
lated protein reconstituted in liposomes catalyzes 
transport of a-oxoglutarate by a strict counterex- 
change. As in mitochondria, besides a-oxog- 
lutarate, also malate, malonate, succinate, 
oxaloacetate and maleate can be used as counter- 
anions. The reconstituted a-oxoglutarate carrier 
exhibits the same high specificity of the transport 
system in mitochondria, as indicated by the 
observation that externally added D-malate, fu- 
marate, oxomalonate, oxalate, glutarate and 
glutamate do not inhibit the exchange of a- 
[14C]oxoglutarate. Furthermore, the inhibitor 
sensitivity of the reconstituted protein is identical 
to that of the mitochondrial a-oxoglutarate car- 
rier. 

The isolation of the a-oxoglutarate carrier as a 
homogeneous protein without contamination by 
other transport proteins proves that it is a separate 
molecular entity although it shares some proper- 
ties with the dicarboxylate and the tricarboxylate 
carrier, e.g., the common substrate malate. 
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