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In a substantial group of subjects suspected to have a mitochondriopathy no defect in the 
mitochondrial energy metabolism (pyruvate dehydrogenase complex or respiratory chain 
complexes) can be demonstrated. At least in some of these subjects it seems justified to 
consider a defect in one of the proteins which mediate the transport of several ions and 
substrates across the mitochondrial membranes. Of particular interest are proteins which are 
directly involved in the process of oxidative phosphorylation, such as the adenine nucleotide 
translocator (ANT) and the phosphate carder (PiC). However, defects in transmembrane ion 
transporters also may induce impaired energy metabolism probably as a result of osmotic 
disturbances within the mitochondrial matrix. In this respect, the voltage-dependent anion 
channel (VDAC) and other ion channels have to be taken into consideration. Here we review 
the still incomplete knowledge of the occurrence of ANT, PiC, VDAC, cation channels, and 
a few substrate carriers in human tissues, as well as their possible role in pathology. 

KEY WORDS: Human; mitochondriopathy; oxidative phosphorylation; energy metabolism; membrane 
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~ T R O D U C T I O N  

The major pathway by which eukaryotic organ- 
isms produce energy is mitochondrial oxidative phos- 
phorylation. This is a precisely regulated complex 
metabolic pathway and any defect in the system may 
severely affect the organism. Several disorders in mito- 
chondrial energy metabolism (MITEM 3) of humans 
have been recognized in the last decade (DiMauro, 
1993; Shoffner and Wallace, 1994). Defects have been 
reported in the oxidation of  fatty acids (Coates and 
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Tanaka, 1992), the pyruvate dehydrogenase complex, 
or in one or more of the multisubunit complexes of 
the respiratory chain (Scholte, 1988; DiMauro, 1993). 
Abnormalities in the mitochondrial genome have also 

�9 been reported (DiMauro, 1993; Shoffner and Wallace, 
1994). Subjects with a mitochondrial disorder show a 
diverse clinical spectrum of symptoms, varying from 
pure myopathy with lactic acidosis to a severe 
multisystem disease with predominantly central ner- 
vous system involvement. Frequently, they show quali- 
tative and quantitative abnormalities of mitochondria 
in skeletal muscle. 

Biochemical investigations in subjects suspected 
to have a mitochondrial disorder on clinical, morpho- 
logical, and clinical-chemical grounds are commonly 
performed on skeletal muscle. They may involve mea- 
surement of substrate oxidation or oxygen comsump- 
tion by intact mitochondria in order to obtain 
information about the overall flux through the various 
parts of the MITEM. In case of impaired flux, various 
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enzyme complexes of the respiratory chain and the 
pyruvate dehydrogenase complex are measured 
(Fischer et aL, 1986). 

Despite this extensive diagnostic approach, in 
almost a quarter of the patients with evidently reduced 
substrate oxidation in muscle mitochondria, these 
abnormalities could not be ascribed to a known defect 
in one of the mitochondrial enzymes. It was hypothe- 
sized that in this category of patients malfunctioning 
of the transport mechanism across the mitochondrial 
membranes may cause mitochondrial disorders (Rui- 
tenbeek et  al., 1996). Consequently, subjects lacking 
ANT or VDAC were diagnosed applying immuno- 
chemical studies with specific antibodies against these 
proteins (Bakker et  al., 1993; Huizing et  al., 1994). 

Metabolite transport across the inner mitochon- 
drial membrane (IMM) is mediated by a series of 
carrier-type proteins, such as ANT, PiC, and different 
cation transporting proteins. Transport across the outer 
mitochondrial membrane (OMM) is less well studied, 
but a regulated channel-forming protein, VDAC, cer- 
tainly plays a role. 

At present there is little knowledge about the 
different mitochondrial transport systems in human 
tissues. Here we review facts of the carders involved 
in MITEM, such as ANT, PiC, VDAC, and some cation 
and substrate carriers in human tissues, both at protein 
and DNA level, as well as the possible role which they 
may play in pathology. 

ADENINE NUCLEOTIDE TRANSLOCATOR 
(ANT) 

ANT is an integral IMM protein of about 30 
kDa. It catalyzes the transmembrane 1:1 exchange of 
cytosolic ADP and matrix ATP in the process of oxida- 
tive phosphorylation (Klingenberg, 1981; Brandolin et  
al., 1993). ANT has a low tumover rate, but a high 
concentration, so the capacity for ADP and ATP trans- 
port across the IMM can easily cope with the energy 
requirement of the different cell types (Battini et  al., 
1987; Houldsworth and Attardi, 1988). It has been 
shown that ANT partly contributes to the control of 
respiration (Tager et  al., 1983; Letellier et  al., 1993). 

Three human ANT isoforms (ANT1, ANT2, and 
ANT3) have been identified and sequenced. They are 
expressed in a tissue-specific manner (Battini et  aL, 
1987; Neckelmann et  al., 1987; Houldsworth and 
Attardi, 1988). In Table I these aspects as well as the 
chromosomal location of the genes are listed. The 

expression pattern of the different ANT isoforms 
seems to be related to their function. ANTI may permit 
rapid exchange of ADP and ATP to accommodate the 
high energy demand associated with contraction of 
striated muscle fibers (Neckelmann et al., 1987). The 
ANT2 isoform is mainly associated with smooth mus- 
cle cells (Stepien et aL, 1992). Furthermore, it is 
induced in rapidly dividing cells such as fibroblasts, 
human leukemic cells (Battini et  al., 1987), and 
myoblasts (Stepien et  al., 1992). The ANT3 isoform 
seems to be ubiquitous in humans, expressed in all 
tissues, mainly in kidney (Torroni et  al., 1990). 

Recently, a deficiency of ANT in muscle (most 
probably of the ANTI isoform) has been reported, 
demonstrated by immunochemical techniques (Bakker 
et  al., 1993). This patient showed severe myopathy 
with lactic acidosis. The patient's impaired substrate 
oxidation in muscle mitochondria could be readily 
explained by the defective transport protein. The fibro- 
blasts did not show the defect, pointing to a tissue- 
specific expression. 

PHOSPHATE CARRIER (PiC) 

The supply of inorganic phosphate (Pi) required 
for oxidative phosphorylation is maintained by two 
systems which transport Pi across the IMM. The P~/ 
dicarboxylate carder mediates electroneutral Pi:dicar- 
boxylate or P~:P~ exchange, whereas the PiC mediates 
the Pi/H + symport (or Pi/OH- antiport) (Stappen and 
KrOner, 1994). Because the supply of inorganic phos- 
phate for oxidative phosphorylation depends mainly 
on PiC activity, PiC can play a role in regulation of 
the MITEM (Ferreira and Pederson, 1993). 

PiC is an IMM protein of about 32 kDa (see Table 
I). A full-length cDNA encoding the precursor of the 
human heart PiC has been synthesized and character- 
ized (Dolce et  al., 1991). The gene encoding human 
PiC is located on chromosome 12 (Jabs et  al., 1994) 
and is spread over 7.9 kb of DNA, consisting of nine 
exons (Dolce et  al., 1994). Two alternatively spliced 
mRNAs for PiC (IliA and IIIB) have been reported, 
both of which were present in a human heart cDNA 
library. The altemative splicing mechanism introduces 
a different region of 13 amino acids into the human 
carrier protein, the functional consequences of which 
are not yet understood (Dolce et  al., 1994). Expression 
studies on the bovine heart PiC gene, which is 94% 
identical to human PiC, showed that the IliA form has 
a level of expression in heart and liver > brain and 
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Table I. Features of  Human Mitochondrial Membrane Carriers and Channels  

Carrier Mw Location Cloned* Isoforms Chromosome Main expression Reference 

ANT 30 kDa IMM ANTI 4 Skeletal muscle, Cozens  et aL, 1989; 
heart Li et al., 1989 

ANT2 X Fibroblasts, liver, Battini et al., 1987 
kidney, brain, 
heart 

Ubiquitous 

+ 

+ 

+ ANT3 ? 

PiC 32 kDa IMM + IlIA 12 

+ IIIB 12 

VDAC 35 kDa OM M  + HVDAC 1 X 

+ HVDAC2 21 

+ HVDAC2 '  21 
+ HVDAC3 12 

+ HVDAC4 1 

K+/H + 82 kDa b IMM +b ? ? 

Na*/Ca z+ 110 kDa h IMM - ? ? 

Na*tH + 59 kDa b IMM - ? ? 

K+,x~ 54 kDa b IMM +b ? ? 

Ca 2+ ? IMM - ? ? 
Oxoglutarate 32 kDa 1MM + ? ? 
Camit ine  32.5 kDa IMM - ? ? 
Pyruvate 34 kDa r IMM - ? ? 
Citrate 30137kDa r IMM +r  ? ? 

Heart, liver (brain, 
kidney) b 

Lung (brain, 
kidney) b 

Ubiquitous 

? 

Heart, liver, brain 
Ubiquitous 
Brain" 
Liver, brain r 

Houldsworth and 
Attardi, 1988 

Dolce et aL, 1994; 
Jabs et aL, 1994 

Dolce et aL, 1994; 
Jabs et al., 1994 

Blachly-Dyson et al., 
1993 

Blachly-Dyson et aL, 
1993 

Ha et al., 1993 
Blaehly-Dyson et  aL, 

1994 
Blachly-Dyson et al., 

1994 
Brierley et al., 1994; 

Garlid, 1994 
Li et al., 1992; Cox and 

Matlib, 1993 
Brierley et  aL, 1994; 

Garlid, 1994 
Beavis et al., 1993; 

Garlid, 1994 
Garlid, 1994 
Palmieri et al., 1993 
Indiveri et aL, 1992 
Nalecz et  aL, 1992 
Azzi et al., I993 

b = reported for bovine; r = reported for rat; * = cDNA known; ? = unknown; + = yes; - = no. 

kidney > lung. The opposite was found for the IIIB 
form (Dolce et  aL, 1994). 

Although no PiC deficiency has been described 
so far, such a defect has to be considered when studying 
mitochondriopathies. 

VOLTAGE-DEPENDENT ANION CHANNEL 
(VDAC) 

A substantial part of the molecular traffic across 
the OMM is mediated by an abundant pore-forming 
protein, VDAC (or mitochondrial porin). At low trans- 
membrane voltage the VDAC pore is open for anions 
such as phosphate, chloride, and adenine nucleotides. 
At higher transmembrane voltage or in the presence 

of a VDAC modulating protein, VDAC functions as 
selective channel for cations and uncharged molecules. 
These features make VDAC likely to play a regulatory 
role in MITEM (Mannella, 1992; Benz, 1994; Lui et  
al., 1994). The NADH concentration (Zizi et  al., 1994) 
and colloidal osmotic pressure (Zimmerberg and 
Parsegian, 1986) may also function as VDAC regulator 
by shifting the membrane potential required for open- 
ing and closure of the pores. In addition to the OMM, 
VDAC may be localized in the plasmalemma of certain 
cells (Thinnes, 1992), although this extramitochondrial 
localization is still under discussion (Yu et  al., 1995). 

With respect to human VDAC (HVDAC), four 
genes encoding different HVDAC isoforms have been 
reported, which are listed in Table I together with their 
chromosomal locations. Until now, only HVDAC 1 and 
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HVDAC2 have been shown to be expressed at the 
protein level, HVDACI being the most abundantly 
expressed (Winkelbach et  al., 1994; Yu et  al., 1995). 

Recently, we could demonstrate VDAC defi- 
ciency in a patient with impaired substrate oxidation 
in muscle mitochondria (Huizing e t  al., 1994). The 
patient showed psychomotor retardation, macrosomia, 
and macrocephaly. The presence of an almost normal 
VDAC amount in the patient's fibroblasts suggests that 
VDAC is expressed in a tissue-specific manner. 

CATION TRANSLOCATING PROTEINS 

The maintenance of volume and ion composition 
of the mitochondrial matrix within narrow ranges is 
crucial for proper MITEM. Permeability changes of 
the IMM or OMM may influence the respiration rate 
(Halestrap et  al., 1992; Brdiczka and Walliman, 1994). 
H +, K § Na § Ca 2§ and Mg 2+ ions have their specific 
role in mitochondrial physiology and are transported 
across the IMM by one or more specific carriers. So 
far no studies on human cation transporters have been 
reported. A few cation carriers have been isolated and 
identified from mammalian tissues (see Table I), none 
of which have been cloned and sequenced yet (Li et  
al., 1992; Garlid, 1994; Jung and Brierley, 1994). 

The mitochondrial volume is controlled by the 
K § cycle, which includes the K§ § antiporter (82 
kDa), the KAav channel (54 kDa), and a K § leak induced 
by high membrane potential (Garlid, 1994). However, 
Mg 2+ also is involved in volume maintenance, besides 
stimulation of numerous enzymes and transporters, and 
ligation of different metabolites. Whereas the uptake 
of Mg z+ occurs by a nonspecific diffusion in response 
to elevated membrane potentials, the effiux of Mg 2+ 
may occur in exchange for H § (Jung and Brierley, 
1994). 

Respiratory chain activity generates a H § gradient 
across the IMM which is used for ATP production. 
In this respect it is known that a lower pH in the 
mitochondrial matrix resulting from any disturbance 
of H § transport across mitochondrial membranes leads 
to decreased mitochondrial ATPase activity and thus 
decreased ATP production (Senior, 1988). Also, vari- 
ous components of the respiratory chain and mitochon- 
drial (cation) transport systems can be inhibited (Hak 
et  al., 1993; Brierley et  al., 1994). 

Mitochondrial Ca z+ plays a special role in muscle 
metabolism. Besides its common role in activating the 
citric acid cycle (by activating various dehydroge- 

nases; Gunter, 1994), it is important for the regulation 
of cytosolic Ca 2+ concentration in muscle, thereby 
influencing the contraction-relaxation process (Cara- 
foli et  al. ,  1982). Electrophoretic Ca 2§ uptake across 
the IMM proceeds via a Ca 2+ uniporter, whereas the 
electroneutral Ca 2§ release proceeds by a Na+/Ca z+ 
antiporter (110 kDa). This process is balanced by a 
Na§ + antiporter (59 kDa) (Carafoli et  al., 1982; Li 
et  al., 1992; Garlid, 1994). 

The primary or secondary role of Ca 2§ in human 
myopathies is likely underestimated. In diseases such 
as Duchenne muscular dystrophy, myotonic dystrophy, 
and polymyositis, muscle fibers contain an elevated 
Ca z+ concentration (Stadhouders, 1981). In some 
patients with a MITEM disorder calcification of the 
basal ganglia is reported (Samsom e t  al., 1994). Accu- 
mulation of calcium in cytoplasma and mitochondria 
can lead to cell death (Engel, 1979; Stadhouders, 
1981). 

OTHER CARRIERS 

Several mitochondrial carriers specific for differ- 
ent substrates are described, which are directly or indi- 
rectly involved in MITEM. This group includes 
carriers for pyruvate, oxoglutarate, citrate, succinate, 
camitine, glutamate, and the aspartate/malate shuttle 
(Tyler and Sutton, 1984). Out of this group, only 
defects in the human carnitine carrier (Pande and Mur- 
thy, 1994) and the aspartate/malate shuttle (Hayes et  
al., 1987) have been reported. Almost no studies of 
the other carriers have been reported for human; the 
characteristics mentioned in Table I have been obtained 
from animal studies. 

DISCUSSION 

It is well known that the ATP/ADP ratio, the 
mitochondrial Pi concentration, as well as the trans- 
membrane proton gradient may significantly contrib- 
ute to the control of mitochondrial respiration (Tager 
et  al., 1983; Letellier et  aL, 1993). As a consequence, 
defects of carriers such as ANT or PiC might be consid- 
ered to cause mitochondriopathy. This holds also for 
other mitochondrial carrier protein or ion channels 
which contribute to strictly maintaining the osmotic 
homeostasis in the mitochondrial matrix (Li et  al., 
1992; Cox and Matlib, 1993). 
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Possibly M I T E M  is not only influenced by indi- 
vidually functioning transmembrane carriers, but also 
by complicated structures in which several types o f  
transport proteins and other components  are present. In 
these structures, i.e., contact sites and megachannels,  
VDAC,  ANT, hexokinase, glycerol kinase, and the 
benzodiazepine receptor are involved (McEnery et al., 

1993; Benz, 1994; Brdiczka and Walliman, 1994; Gel- 
lerich et al., 1994). These interactions are tissue-spe- 
cific and dependent on the developmental  and 
metabolic stages o f  the cells. Their roles in human 
M I T E M  are speculative at this time. 

At least some carders show similarities in the 
amino acid sequence, particularly in the membrane-  
spanning regions, indicating that they are encoded by 
a small gene family (Palmieri, 1994). Since most  o f  
the carriers occur in tissue-specific isoforms it can be 
imagined that a defect in one o f  these carders may 
cause a disorder with a tissue-specific nature, a phe- 
nomenon not uncommon in mitochondriopathies (Trij- 
bels et al., 1988; DiMauro,  1993). 

So far, only few subjects with a specific defect in 
mitochondrial  membrane transport have been reported, 
among  which are ANT  and V D A C  deficiencies (Bak- 
ker et al., 1993; Huizing et al., 1994), a defect in the 
protein import machinery (Schapira et  aL, 1990), and a 
disturbed malate-aspartate shuttle (Hayes e t a L ,  1987). 
More systematic studies on the different transport pro- 
teins may reveal additional disturbances causing 
mitochondriopathies.  
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