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Ode to muliiauthorship a multicentre, prospective random poem 

All cases complete, the study was over 

the data were entered, lost once, and recovered 

Results were greeted with considerable glee 

ρ value (two-tailed) equalling 0 Û4Q3 

The severity of illness, oh what a discovery, 

was inversely proportional to the chance of recoicry 

When the paper's first draft had only begun 

the wannabe authors lined up one by one 

To jockey for their eternal positions 

(for who would be first, second, and third) 

and whom "et alea ' in all further citations 

Lach centre had seniors, each senior ten bees, 

the bees had technicians and nurses to please 

The list it grew longer and longer each day, 

as new authors appeared to enter the fray 

Lach fought with such fury to stake his or her place 

being just a "participant would be a disgrace 

For the appendix is piled with hundreds of others 

and seen by no ones but spouses and mothers 

If to 'publish or perish is how academics arc bred 

then to miss the masthead is near to be dead 

As the number of authois continued lo grow 

they outnumbered the patients by two to one or so 

While principal im estigators faxed memos to company headquarters 

the bees and the nurses took care of the orders 

They'd signed up the patients, and followed them weekly 

heard their complaints, and kept casebooks so neatly 

There were seniors from centres that enrolled two or three 

who threatened "foul play ' if not on the marquee 

But the juniors and helpers who worked into the night 

were simply 'acknowledged or left off outright 

' Calm down " cried the seniors to the quivering diones 

there's place for you all on the RPU clones 

When the paper was finished and sent for review 

si\ authors didn t know that the study was through 

Oh the work was so hard, and the fights oh so bitter 

for the glory of publishing and grabbing the glitter 

Imagine the wars when in six months or better 

The Editor s response, please make it a letter 

Неон,! H I ' ilal Lar,. I 10QÒ MS 1/10 
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Chapter 1 

INTRODUCTION 



? Lhaptei I 

1.1. General introduction and scope of the study 

Mitochondria play a central role in cellular energy production This is achieved via a 
complicated biochemical network of which the pyruvate dehydrogenase complex (PDHc), the utric 
acid cycle the respiratory chain and the F r F 0 ATPase (complex V) are the most essential 
components (1) Several abnormalities in the mitochondrial energy generating system have been 
described Detects have been reported in the transport and subsequent oxidation of fatty acids in the 
pvruvate dehydrogenase complex the citnc acid evele in one or more of the enzyme complexes of 
the respiratory chain and in the energy conserving process (2 3) Most of these defects have been 
detected at the enzyme level At the DNA level numerous abnormalities in the mitochondrial genome 
and mutations in the nuclear encoded genes of the PDHc have been ïeported (2,3) This in contrast 
to nuclear genetic studies of respiratory chain complexes which have so far revealed only two 
mutations (4 5) 

Patients suffering from a mitochondnocytopathv show a heterogeneous clinical spectrum of 
symptoms, varying from pure myopathy to a severe multisystem disease with predominantly central 
nervous system imolvement 1 requently, morphological abnormalities have been found in skeletal 
muscle mitochondria The age of onset of first presentation ranges from birth to late-adulthood 
(2 3 6) 

Biochemical investigations in clinically and clinical chemically suspected patients are 
commonly performed in skeletal muscle tissue Preferably fresh muscle specimens have to be 
investigated thus allowing measurement ol the overall substrate oxidation rates through the various 
parts of the mitochondrial energy metabolism in intact mitochondria These measurements are based 
on radiochemical assa>s in which oxidation rates ol radiolabeled substrates like pyruvate malate, 
and succinate are determined Determination of the simultaneous ΑΓΡ production gives important 
information about the mitochondrial efficiency of the mitochondrial energy metabolism 
Alternatively oxygen consumption during oxidation of substrates may be measured If an impaired 
flux is observed activities of the pyruvate dehydrogenase complex and of various enzyme 
complexes of the respiratory chain can be measured, in order to localize the enzymatic origin of the 
impairment (7,8) 

Despite extensive biochemical investigations, we found in about a quarter of the patients with 
clearly reduced in Miro substrate oxidation rates in muscle mitochondria, no clear-cut delect in one 
or more of the enzyme complexes ol the respiratory chain in the pyruvate dehydrogenase complex, 
in mitochondrial creatine kinase or in complex V We hypothesized that, in at least part of this 
category of patients, malfunctioning of transport systems in the mitochondrial inner or outer 
membrane may be the cause of the disturbance in the energy generation rather than an enzyme 
deficiency Particularly the adenine nucleotide translocator (ANT) and the phosphate carrier (PiC), 
being directly involved in the process of oxidative phosphorylation (9), seem to be good candidates 
Also transport proteins responsible for transmembrane ion transport may induce imperfect energy 
metabolism due to osmotic disturbances of the mitochondrial matrix Hence, it seems worthwhile 
to estimate the mitochondrial content of the K+-, Na+- H -, and Ca^-transportmg membrane proteins 
(10,11) The voltage-dependent anion channel (VDAC) located in the mitochondrial outer 
membrane, plays a role in ATP/ADP exchange and in transport of other anions (12,13) and has to 
be taken into consideration too Other mitochondrial transport systems which can influence 
mitochondrial energy metabolism are responsible for the transport of various substrates, like 
pyruvate, 2-oxoglutarate citrate succinate carnitine, glutamate and aspartate (9) 
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At the start of this study, only a few patients with a deficient mitochondrial membrane 

transport system had been reported one with an AN Γ deficiency (14), one suspected to have a 

defective protein import into mitochondria (15), and one likely with a defective aspartate-malate 

shuttle (16) Defects in the ornithine carrier (17) and in the camitine-acylcamitine earner (18) had 

been described for a restricted number of patients These defects were detected by direct or indirect 

functional studies but the underlying genetic defects were not reported 

We started our study by systematically screening a selected group of patients for possible 

defects in some of the mitochondrial transmembrane carriers We mainly focussed our attention on 

the group of patients who showed decreased mitochondrial oxidation rates, but in whom no 

mitochondrial enzyme deficiency could be delected The study was started by immunochemically 

screening the amounts of VDAC ANT, and PiC in skeletal muscle tissue and fibroblasts of the 

suspected patients In addition molecular biological studies have been performed to detect mutations 

in VDAC and in ANT deficient patients Finally we cloned the human cDNA of the carnitine-

acylcarnitine carrier (CAC) and described the first mutations in two patients with biochemically 

determined CAC deficiency 

The purpose of the present study was to gather more knowledge about the role of human 

mitochondrial transmembrane carriers in mitochondnocytopathies With this knowledge genetic 

counseling is possible and the post- and prenatal diagnosis of patients with a possible defect in a 

mitochondrial transmembrane carrier will be improved 

1.2. Outline of the study 

The main topic of this thesis is the role of mitochondrial transmembrane carriers in 

mitochondnocytopathies The carriers involved in mitochondrial energy metabolism are reviewed 

both at protein and DNA level in Chapter 2 

We developed methods for immunochemical determination of contents of the mitochondrial 

transmembrane earners VDAC, ANT and PiC Most mitochondrial transmembrane carriers appear 

to have a tissue-dependent and developmental (prenatal and postnatal) expression, which should be 

taken into consideration when screening patients for a deficiency in these earners The diagnostic 

aspects are described in Chapter 3 

By screening muscle tissue of about 200 selected patients for a possible defect in VDAC, 

ANT, or PiC, we found deficiencies in VDAC and ANT In Chapter 4 deficiency in VDAC and in 

Chapter 5 deficiencies in ANT are described 

The cloning and sequencing of the human cDNA of the mitochondrial CAC is described in 

Chapter 6, as well as the human CAC tissue distribution and the first DNA mutations in CAC 

deficient patients 

Considerations about the work performed in this study and recommendations for future 

research are given in Chapter 7 
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2.1. General introduction 

Several hundreds of patients with disturbances in the mitochondrial energy metabolism have 
been recognized in the last decades (1,2) Defects have been reported in the oxidation of fatty acids 
(3) the pyruvate dehydrogenase complex, the citric acid cycle, or in one or more of the multi-subunit 
complexes of the respiratory chain (1,4) Abnormalities in the mitochondrial genome have also been 
reported (1,2) Mitochondria are present in nearly all types of cells and tissues, but nevertheless the 
symptomatology of patients with mitochondrial disorders is very heterogeneous although organs and 
tissues with a high energy demand are most often involved in the pathologic process 

Biochemical investigations in subjects, suspected to suffer from a mitochondrial disorder on 
clinical, morphological, and clinical-chemical grounds, are commonly performed on skeletal muscle 
They may encompass measurements of oxidation of substrates, oxygen consumption, and/or ATP 
production by intact mitochondria in order to obtain information about the flux through the various 
parts of the mitochondrial energy metabolism In case of impaired flux, various enzyme complexes 
of the respiratory chain and the pyruvate dehydrogenase complex are measured, possibly followed 
by immunoblotting or 2-D-electrophoresis to precisely define the defect at the enzyme and protein 
level (5) 

Despite progress in the diagnostic approach, we experienced that, in almost a quarter of the 
patients with evidently reduced substrate oxidation rates in muscle mitochondria, these abnormalities 
could not be ascribed to a known defect in one ot the mitochondrial enzymes From this observation 
we concluded that other defects must account tor the established defect in the mitochondrial energy 
generation in muscle Farlicr we focussed our attention on the possible deficiency of mitochondrial 
creatine kinase as a cause ot the disturbed energy production However, investigation of more than 
one hundred of muscle samples with such a disturbed oxidative capacity of mitochondria did not 
reveal a patient with a mitochondrial creatine kinase deficiency (6) Another so-called post-
respiratory chain enzyme which might be involved in the pathogenesis of mitochondrial myopathies 
concerns mitochondrial ATPase (complex V) At present only a few patients with an ATPase 
deficiency have been described (I) These observations prompted us to investigate other possible 
causes of a disturbed mitochondrial energy generation We speculated that malfunctioning of 
transporting systems in the inner or outer mitochondrial membrane might be the primar) cause of 
the biochemical aberrations in some of these patients (7,8) 

Particularly the adenine nucleotide translocator (ANT) and phosphate carrier (PiC), which 
are directly involved in the process of oxidative phosphorylation (9) seem to be good candidates 
Also transport systems taking care of transmembrane ion transport likely can induce imperfect 
energy metabolism due to osmotic disturbances in the mitochondrial matrix Hence, it seems 
advantageous to estimate the contents of the К , Na*, Mg1*, H*, and Ca2+ transporting proteins 
(10,11) The voltage-dependent anion channel (VDAC) probably plays a role in both ion transport 
and ATP/ADP exchange (12,13), and has to be taken into consideration, too Other mitochondrial 
transmembrane carriers which can influence mitochondrial energy metabolism are transporters 
responsible for the transport of different substrates like pyruvate, oxoglutarate, citrate, succinate, 
carnitine, glutamate, and aspartate (9) Also mitochondrial transmembrane processes like protein 
import and O, transport should be considered These carriers and channels can be malfunctioning 
due to mutations in their genes, but might also be defective as consequence of membrane 
impairment, e g by increased production of oxygen radicals 

Few subjects with a defect in a mitochondrial transport system have been reported, among 
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which a defect in ANT (14), a detect in the mitochondrial protein import machinery (15), defects in 

aspartate-malate shuttle (16 17) deficiencies of the pyruvate carrier (18), defects in the camitine-

acylcarmtine carrier (19) and defects in the ornithine carrier (20) 

In this chapter we review features of the mitochondrial carrier systems in eukaryotes and if 

known in humans We discuss the possible consequences of malfunctioning of these carriers for 

pathology We will restrict the review to transport systems involved in energy metabolism of muscle 

mitochondria Other carriers present in mitochondria, involved in urea cycle, lipogenesis, and 

gluconeogenesis, will only shortly be mentioned 

2.2. Proton translocation and energy conservation 

Protons play a very important role in physiological processes The biological activity of the 

majority of enzymes is pH-dependent Maximal activity can only be reached at the optimal pH of 

an individual enzyme Most intramitochondrial enzymes have their optimal pH between 7 2 and 7 8 

The affinity of enzymes transport proteins and channels toward substrates and cofactors is often pH 

dependent Several enzyme reactions are associated with change in the proton concentration but the 

pH ol the mitochondrial matrix must be maintained between rather narrow limits to guarantee 

adequate metabolic fluxes Λ correct pH is also required for the maintenance of integrity of cellular 

and subcellular structures like membranes Low pH values induce a reduced rate of energy 

production (21 ) Loss ol membrane integrity can easily result in proton leak Proton and/or hydroxyl-

lon transport is part of many cation translocating systems in the inner mitochondrial membrane (see 

section 2 4 ) Disturbance in one or more of these proton translocating processes could be the cause 

of severe or mild reduction in substrate oxidation rates m patients' muscle mitochondria in situ and 

m vitro It is not clear whether the matrix pi I per se can form the trigger for activation of the cation 

transporting systems 

By far the most important mitochondrial process in which proton translocation plays a role 

is the oxidative phosphorylation Lleclron flux through complex I III, and IV of the respiratory chain 

leads to extrusion of protons The energy from the redox reactions performed by the three enzyme 

complexes is used for generation of a proton gradient over the inner mitochondrial membrane The 

abundance ot protons can be transported back to the relatively alkalic matrix by complex V or Mg2 -

ATPase The F„-part of complex V forms a channel for protons, while the energy of the proton 

gradient, ι e the proton motive force, can be applied for phosphorylation of intramitochondrial ADP 

by the F|-part of the complex The mechanism of this complicated process ot oxidative 

phosphorylation is only partly known The hypothesis of the chemiosmotic model proposed by 

Mitchell and Moyle (22) is now generally accepted The flux of electrons through the respiratory 

chain only leads to an efficient rate of ADP phosphorylation if the so-called coupling state of the 

mitochondria is intact If mitochondria are well-coupled the ADP concentration in the matrix is rate 

limiting for respiration In uncoupled mitochondria no proton gradient can be built as the inner 

membrane has became freely permeable for these ions No ATP is formed, although substrate 

oxidation introduces adequate electron flux through the respiratory chain Loosely-coupled 

mitochondria generate ATP in the presence of ADP while the electron flux through their respiratory 

chain is maximal in the absence of ADP like in uncoupled mitochondria In mitochondria with less 

well-coupled state the permeability of the inner membrane is increased for protons Proton 

permeability depends on various conditions, and can be influenced for example by hormones (23) 
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Pathological intracellular concentrations of free fatty acids can readily induce uncoupling (24) and 
thus affecting the proton gradient 

The energy generated by respiring mitochondria, is not exclusively used for ATP production, 
but can also be used for uptake ot calcium ions by mitochondria or for heat generation Well-coupled 
mitochondria always produce some heat, due to the not optimal efficacy of the oxidative 
phosphorylating process In stress susceptible pigs used as malignant hyperthermia model, even the 
pathologically high temperature raise after challenge by dantrolene (25). can be ascribed to heat 
production by maximal functioning and well-coupled muscle mitochondria (26) Perhaps there is a 
mechanism which constantly weights the contribution of energy employment to ATP production 
versus heat generation A special form of mitochondrial heal production in nature is regulated by the 
uncoupling protein (UCP) One protein (UCP1 ) expressed exclusively in brown adipose tissue, takes 
care oí body temperature control, for example in hibernating animals The role of UCP in other 
animals is less obvious, although energy balance checking may be a general function UCP has partly 
the same amino acid sequence as other mitochondrial transmembrane proteins, and hence belongs 
to the so-called family of mitochondrial transmembrane carriers (27,28) Very recently, two other 
forms of UCP have been detected (29,30) UCP2 is ubiquitously distributed in human tissues, and 
may ha\e a role not only in thermoregulation but also in body weight regulation and inflammatory 
processes IJCP3 is almost exclusively expressed in skeletal muscle It is not yet known if UCP2 
and/or UCP3 are involved in (regulation of) basal heat generation in mitochondria 

Actually, the first described patient with a mitochondrial cytopathy was suffering from a 
defective coupling state Luft disease (31) The woman's mitochondria generated m vivo a massive 
amount ot heal In \itio their respiration rate was high in the absence of ADP, and normal in its 
presence Apart from a lew patients with more or less comparable features (32,33), no other patients 
with uncoupled mitochondria have been described during last decades Several subsequent 
functional, biochemical and histochemical studies have been performed on these patients The 
biochemical abnormality in the patients skeletal muscle mitochondria has not been explained at 
molecular level It has been supposed lhat in I ufi disease lack of the A TPase inhibitor PMI 
(Pullman-Monroy inhibitor) plays a crucial role in the pathogenetic mechanism (34), but this 
hypothesis seems not to be the ultimate explanation Overexpression of the recently discovered 
UCP3 protein can theoretically cause Luft disease 

We found some patients suspected to sulfer from a mitochondnocytopathy, whose muscle 
mitochondria showed m vitro a decreased ADP dependency for the pyruvate oxidation (35) Possibly 
this kinetic aspect points to a less well coupling state of the oxidative phosphorylation, either only 
in litro or also in vi\o The accumulation of lactic acid in the palienls rather reflects a hampered flux 
through the mitochondrial respiratory chain than an unrestricted respiration rate Muller-Hocker et 
al (36) concluded from enzyme-histochcmical investigations that loose-coupling is related to 
proliferation of mitochondria 

Some patients have been reported with a deficiency of the ATP synthetase activity of 
complex V A disturbed proton uptake by complex V has never been described Last years several 
patients have been found with an encephalomy opalhy of the Leigh or NARP type, in whom a point 
mutation in the coding region of subunit 6 of ATPase (position 8993) was found (2) This subunit 
is participating in the proton translocating channel of complex V It is likely lhat the mutation has 
its consequences for the clinical phenotype and lactic acidosis observed in these patients, although 

file:///itio
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in only part of the patients with this point mutation the m vitro activity of the ATPase is decreased 

Calcium uptake by mitochondria is replacing ATP synthesis under various (patho-) 

physiological conditions Increased inlramitochondnal Ca2 -concentration can lead in a concentration 

dependent way to either activation or motivation of mitochondrial energy metabolism (see section 

2 4 ) Consequently, these circumstances can form the origin of not-localized and not-well-defined 

dysfunctioning of mitochondria 

2.3. ADP, ATP, and P, transport 

Adenine nucleotide phosphorylation and transportation are a crucial part of the mitochondrial 

energy metabolism Carriers involved in this process are the adenine nucleotide translocator (ANT) 

and the phosphate carrier (PiC) in the inner mitochondrial membrane, and the voltage-dependent 

anion channel (VDAC) in the outer mitochondrial membrane Defects in one of these carriers may 

affect mitochondrial energy metabolism 

2.3.1. Adenine nucleotide translocator (ANT) 

The adenine nucleotide translocator (ANT) is an integral inner mitochondrial membrane pro

tein It catalyzes the transmembrane exchange of cxlramitochondnal ADP and intramitochondrial 

ATP (in the process of oxidative phosphorylation) (37,38) ANT has a low turnover rate, but a high 

concentration, so the capacity lor ADP and AT Ρ transport across the inner mitochondrial membrane 

can easil) cope with the energy requirement ot the different cell types (39.40) It has been shown that 

ANT contributes to the control of respiration (41 42) Two different conformations of ANT have 

been demonstrated on the basis of interactions with specific inhibitors, carboxyatractyloside (CA TR) 

and bongkrekie acid (BA) The two conformations, referred to as CATR and BA conformations, are 

interconvertible, provided that ADP or ATP are present The functional AN Γ is probably organized 

as a homodimer (43) or as a tetramer (38 44) In the presence of CATR or BA the tetramer is split 

into two dimers combined with either of the two inhibitors (38,44) 

ANT is a member of the 'mitochondrial transmembrane carrier family', a group of 

mitochondrial membrane transporters with similar structures (27,28) The amino acid sequence of 

the carriers in this family consists of three tandemly repeated homologous domains, each about 100 

amino acids in length Fach domain forms two membrane-spanning α-helical segments, linked by 

a hydrophihc loop, forming a structure with six transmembrane α-helices There is evidence that the 

central part of the second domain of ANT is involved in substrate binding (45,46) 

Three human ANT isotorms (ΑΝΤΙ, AN Γ2, and ANT3) have been identified and sequenced 

They are expressed in a tissue-specific manner which seems to be related to their function (39,40, 

47,49) ΑΝΤΙ is encoded by a gene located on chromosome 4q35 (50,51), and may permit for rapid 

exchange of ADP and А ΓΡ to accommodate to the high energy demand associated with contraction 

of striated muscle fibers (48) ΑΝΤΙ is highly expressed in heart and skeletal muscle (52) The 

ANT2 gene is located on the X chromosome (52) ANT2 is mainly associated with smooth muscle 

cells (52) and it is induced in rapidly dividing cells such as fibroblasts, human leukemic cells (39), 

and myoblasts (52) The ANT3 isoform is ubiquitous in humans, expressed in all tissues mainly in 

kidney (54) The ANT3 gene is described by Cozens et al (49), its chromosomal localization is not 
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described yet The ANT genes have different promotor and intronic regions, supporting the 
hypothesis that the expression of ANT genes is under distinct regulatory controls (52) 

In 1993, the first deficiency of ANT in muscle has been demonstrated by immunochemical 
techniques (14) This patient showed myopathy with lactic acidosis A 2-20 fold increase in activity 
of all measured mitochondrial enzymes except for cytochrome с oxidase was found in muscle tissue 
Remarkably, the decreased pyruvate oxidation was strongly increased by the uncoupler СССР, and 
only mildly stimulated by ADP Immunostaining of Western blots, using polyclonal antiserum 
against rat liver ANT, revealed a 4-fold decrease in muscle ANT content The defect was not present 
in fibroblasts and lymphocytes pointing to a muscle specific deficiency of ANT, likely of ANTI No 
mutation in the patient's ANTI cDNA has been found (55) 

2.3.2. Phosphate carrier (PiC) 

The supply of intramitochondrial inorganic phosphate (P,) required for oxidative 
phosphorylation is maintained by two systems which transport P, across the inner mitochondrial 
membrane The Ρ ,/dicarboxylate carrier mediates electroneutral P, dicarboxylate or Ρ, P, exchange, 
whereas the PiC mediates the P,/II symport (or P,/Oil antiport) (56-58) Because the supply of 
inorganic phosphate for oxidative phosphorylation depends mainly on PiC activity, PiC plays a role 
in regulation of the mitochondrial energy metabolism (59) 

PiC has been isolated and purified from different mammalian mitochondria and its activity 
reconstituted in liposomes (60-62) Lipids in particular cardiohpin, may have an important role in 
the regulation of PiC m \¡vo, as demonstrated by specific requirement of this phospholipid for the 
reconstitution of the isolated PiC activity in liposomes (63) 

The human PiC amino acid sequence has been determined (64), its molecular weight is 32 
kD, and PiC is, like ANT, a member of the mitochondrial transmembrane carrier family a tripartite 
structure with three repeated units of about 100 amino acids, and the presence of some highly 
conserved residues (27,28) A full length cDNA encoding the precursor of the human heart PiC has 
been synthesized and characterized (64) The gene encoding human PiC is located on chromosome 
12q23 and is spread over 7 9 kb of DNA containing nine exons (65) Two alternatively spliced 
mRNAs for PiC (ΠΙΑ and HIB) have been reported both being present in a human heart cDNA 
library The alternative splicing mechanism introduces a different region of 13 amino acids into the 
human carrier protein, the functional consequences of which are not yet understood (66) Expression 
studies on the bovine heart PiC gene, which is 94% identical to human PiC, showed an ubiquitous 
expression ot the HIB isoform, whereas IIIA is only expressed in heart, skeletal muscle, and pancreas 
(67) 

2.3.3. Voltage-dependent anion channel (VDAC) 

A substantial part of the metabolite traffic across the outer mitochondrial membrane is 
mediated by an abundant pore-torming protein, VDAC (or mitochondrial ponn) 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 a selective channel for cations and uncharged molecules These features make 
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VDAC likely to pia) a regulatory role in mitochondrial energy metabolism (12,13,68) The NADH 
concentration (69), and colloidal osmotic pressure (70) may also function as VDAC regulator by 
shifting the membrane potential required for opening and closure of the pores In addition to the 
outer mitochondrial membrane, VDAC may be localized in the plasmalemma of certain cells (71), 
although this extramitochondrial localization is still under discussion (72) 

With respect to human VDAC (HVDAC), five genes encoding different isoforms have been 
reported The cDNAs of HVDAC 1 (on chromosome X) and HVDAC2 (chromosome 21) are 
completely sequenced (73), as well as a HVDAC2' sequence (chromosome 21 ), which is very closely 
related to HVDAC2 (74) HVDAC3 (chromosome 12) and HVDAC4 (chromosome 1) are only 
partial sequenced (75) and may be pseudogenes Until now, only HVDAC 1 and HVDAC2 have 
been shown to be expressed at protein level, HVDAC 1 being the most abundantly expressed (72,76) 
At the start of the present study no HVDAC deficient patient was known 

2.4. Cation translocating proteins 

The maintenance of volume and ion composition of the mitochondrial matrix within narrow 
ranges is crucial for proper mitochondrial energy metabolism Permeability changes of the inner or 
outer mitochondrial membrane may influence the respiration rate (77,78) H\ K\ Na , Ca , + , and 
Mg2* ions have their specific role in mitochondrial physiology and are transported across the inner 
mitochondrial membrane by one or more specific carriers Few cation earners have been isolated 
from mammalian tissues and identified, but none have been cloned and sequenced yet (10,79,80) 
So far no studies on human cation transporters have been reported 

The mitochondrial volume is mainly controlled by the К cycle, which includes the K7H* 
antiporter (82 kD), the KATP channel (54 kD), and a K. leak induced by high membrane potential 
(79) However, also Mg2* is involved in volume maintenance, besides stimulation of numerous 
enzymes and transporters, and ligation of different metabolites Whereas the influx of Mg1* occurs 
by a non-specific diffusion in response to elevated membrane potentials the efflux of Mg24 may 
occur in exchange for H (80) The transport ot protons has been discussed in section 2 2 of this 
chapter 

Mitochondrial Ca2 plays a special role in muscle metabolism Besides its uniform role in 
activating the citric acid cycle (by activating various dehydrogenases) (81) it contributes to the 
regulation of the cytosohc Ca1 concentration in muscle, thereby influencing the contraction-
relaxation process (82) Eleclrophoretic Ca2* uptake across the inner mitochondrial membrane 
proceeds via a Ca2 ' uniporter, whereas the electroneulral Ca2* release proceeds by a Na* /Ca2* 
antiporter (110 kD) This process is balanced by aNa /H* antiporter (59 kD) (10,79,82) The role 
of matrix Ca' in mitochondrial energy metabolism has excellently been described by McCormack 
et al (83) 

The primary or secondary role of Ca1* in human myopathies may be underestimated In 
diseases such as Duchenne muscular dystrophy, myotonic dystrophy, and polymyositis, an increased 
Ca'* concentration in muscle fibers has been reported (84) In some patients with disorder m 
mitochondrial energy metabolism calcification of the basal ganglia is reported (84,85) Accumulation 
of calcium in cytoplasm and mitochondria can lead to cell death (84,86) Ca2* ions can bind to many 
macromolecules and metabolites They activate or inactivate many enzymes in a direct way, but also 
play often an indirect regulating role by induction of a phosphorylation or dephosphorylation process 
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alter being elfected by a hormone signal 

2.5. Mitochondrial substrate carriers 

Several mitochondrial carriers specific for different substrates are described They are 
directly or indirectly involved in mitochondrial energy metabolism This group includes carriers for 
mitochondrial substrates like pyruvate, oxoglutarate citrate succinate, carnitine, glutamate, and 
aspartate In this paragraph we gi\e an overview of the present knowledge of the mitochondrial 
substrate carriers (if possible in human mitochondria) Other mitochondrial transport systems (not 
directly involved in energy metabolism) involved in urea cycle gluconeogenesis or fatty acid 
oxidation, will shortly be mentioned 

2.5.1. Pyruvate carrier (PyC) 

The pyruvate carrier (PyC) or monocarbowldte carrier, mediates the exchange of pyruvate 
and OH across the inner mitochondrial membrane Pyruvate lormed in the cytosol from glucose 
must be transported into mitochondria to supply the pyruvate dehydrogenase complex and pyruvate 
carboxylase located m the matrix space with their substrate Gluconeogenesis and pyruvate oxidation 
depend on proper functioning of PyC 

1 he molecular mass for the rat PyC is 34 kD (87) In rat PyC is mainly expressed in the brain 
(87) The cliromosomal localization of the PyC gene in humans and the cDNA of this carrier are 
unknown at this moment 

So far no proven case of a deficiency of this carrier has been reported Recently, Selak et al 

(18) described four patients presenting with hypotonia, developmental delay, seizures, severe 
headaches and ophthalmological abnormalities I hey examined isolated skeletal muscle 
mitochondria from 150 children Four of these children had a high respiratory control index for all 
substrates tested except for pyruvate In three successive cycles of ADP-stimulated oxygen 
consumption there was a progressive decrease of oxygen consumption with pyruvate plus malate as 
substrates, being 17%, 28%, and 58% below control value, respectively Respiratory rales with 
glutamate, succinate α-glycerophosphate acetyl-, octanoyl-, and palmitoyl-camitine were normal 

Activity of all respiratory chain enzymes and of the pyi uvate dehydrogenase complex were also in 

the normal range From these investigations the authors concluded that the rate-limiting step in 

pyruvate oxidation in these four patients appeared to reflect a decreased entry of pyruvate into the 

matrix A defect in the pyruvate carrier may account for the decreased pyruvate oxidation in these 

patients 

We did not have indications for the presence of a deficiency in the pyruvate carrier among 

several hundreds of patients from whom a fresh muscle specimen has been investigated 

biochemically on clinical and clinical-chemical grounds This conclusion has been drawn indirectly 

lrom our observation that in all investigated patients in whom only the pyruvate oxidation rale was 

diminished but not that of malate and succinate the impairment could be ascribed to a defect in the 

pyruvate dehydrogenase complex 
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2.5.2. Dicarboxylate carrier (DIC) 

The mitochondrial dicarboxylate carrier catalyzes an electroneulral exchange across the inner 

mitochondrial membrane ot dicarboxylatcs (e g malonate, malate, succinate) lor inorganic 

phosphate and certain sulfur-containing compounds (e g sulfite, sulfate, thiosulfate) (56,88) The 

carrier plays an important role in hepatic gluconeogenesis, urea synthesis, and sulfur metabolism 

(89) The activity of the dicarboxylate carrier is found to be elevated in type 1 diabetes and can be 

normalized with insulin therapy, thereby suggesting a role for insulin in regulation of the carrier 

(90,91) 

The only nucleotide and amino acid sequence of DIC known up to now is that of yeast 

(92 94) DIC appeared to be a member ot the mitochondrial transmembrane earner family (27.28) 

No deficiencies in the dicarboxylate carrier ha\e been reported 

2.5.3. Oxoglutarate carrier (OGC) 

The oxoglutarate carrier (OGC) translocates 2-oxoglutarate across the inner mitochondrial 

membrane in exchange for malate or other dicarboxylic acids This carrier forms part of the 

aspartate-malate shuttle (see fig 1 ) (94,95) 1 here is evidence that the isolated and reconstituted 

OGC functions as a homodimer (96) The amino acid sequence of the OGC from different mammals 

has been determined b> cDNA sequencing (97-99) The OGC cDNA encodes a protein of 314 amino 

acids which belongs to the mitochondrial transmembrane carrier famil> (27,28) Like many other 

members of this family, the OGC has no processed import presequence The human OGC gene has 

six exons and five introns (98) lts chromosomal localization is unknown No OGC deficient patient 

has been detected up to now 

2.5.4. Aspartate-malate shuttle 

The inner mitochondrial membrane is impermeable for NADH NADH generated in the 

cjtosol must therefore be transported across the inner mitochondrial membrane in another form 

before it can be oxidized by the mitochondrial respirator} chain This process is mediated by 

shuttles, the aspartate-malate shuttle (102 107 108) being the most important one The a-

glycerolphosphate shuttle (102) exhibiting an analogous function as the aspartate-malate shuttle, 

is of little importance in mammalian muscle 

Two carrier proteins participate in the aspartate-malate shuttle the 2-oxoglutarate carrier 

(OGC), exchanging 2-oxoglularate and malate, and the aspartate-glutamate carrier (AGC), 

exchanging aspartate and glutamate across the inner mitochondrial membrane (see fig 1 ) (95) 

A defect in one ol these shuttles, especially in the aspartate-malate shuttle, might be 

associated with a disturbance in the mitochondrial energy generation So far, in two patients a defect 

in the aspartate-malate shuttle has been h>polhesized The first patient was described by Hayes et 

al (16) This patient, a 27 \ ear-old man. showed muscle pain and myoglobinuria during severe 

exercise There were no abnormally structured mitochondria in vivo NMR studies during exercise 

showed an over-utilization of PCr In the resting state blood lactate and pyruvate concentrations were 

normal (700 μΜ and 46 μΜ, respectively) In an exercise protocol these values increased 



16 С hapter 2 

pathologically The lactate/pyruvate ratio in the patient rose from 15 (at rest) to 60 (during exercise) 
The oxvgcn consumption bv isolated muscle mitochondria was normal with several substrates The 
oxidation rate of exogenous NADU b\ isolated mitochondria in the patient was only 20% ofthat in 
controls From these data the authors concluded that the aspartate-malate shuttle was deficient 

Verv recenllv a second patient with an aspartale-malale shuttle defect has been reported (17) 
This boy was well until 2 months of age, whtn suckling difficulties occurred Examination revealed 
failure to thrive, axial hypotonia mild hepatomegaly and metabolic acidosis (pH 7 3) Investigations 
of the redox status in plasma showed permanent hyperlactatemia (3-6 mM), and increased 
lactate pyruvate ratios (15-30) Bv MRJ a hvpersignal in the putamen nucleus was detected The 
patient died suddenly at 3 months In mitochondria isolated from skeletal muscle fibroblasts, and 
Kmphocytes a low oxidation rate was observed for pyruvate whereas succinate oxidation was 
normal Activities of respiratorv chain complexes were all normal The activity of the aspartate-
malate shuttle was tested in digitonin permeabili7ed fibroblasts using a reconstituted system the 
shuttle activitv was significantly decreased in the patient s fibroblasts (35% of control values) 

It should be emphasized that it is difficult to obtain indications for an aspartate-malate shuttle 
defect from routine screening and the defect is difficult to establish bv studies on tissues or cells 

Cvtosol Mitochondrion 

Malaie 

2 OxoüliiiJraiL 

Glutamate 

Aspartate 

Oí ( 

W l ) NADH 

IM M 

Figure 1 The aspartate-malate shuttle 

2.5.5. Carnitine-acylcarnitine earner (CAC) 

Malate 

2-Oxoglutarate 

Glutamate 

Oxaloacetic 

Aspartate-

The earnitine-acvlcarnitinc carrier (CAC) shuttles acylcarnitine esters in exchange for free 
carnitine across the inner mitochondrial membrane (103 104) 1 his transport is an essential step in 
the process of long-chain fall) acid oxidation (3 105 106) The oxidation of fattv acids in 
mitochondria plav s an important role in energv production During fasting fatty acids are used lor 
hepatic ketone bodv svnthesis Furthermore iattv acids are an important source of energy for heart 
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and also for skeletal muscle during exercise, while ketone bodies are excellent substrates for brain 
(3,105). The cloning and sequencing of the rat CAC cDNA has recently been described (107). Also 
the CAC protein is a member of the mitochondrial transmembrane carrier family (27.28) 

So far, several cases with deficient CAC activity have been reported (103,106,108-111). The 
main features in these severely affected patients with onset in the neonatal period are hypoketotic 
hypoglycemia, mild hyperammonemia, variable dicarboxylic aciduria, hepatomegaly with abnormal 
liver functions, hypertrophic cardiomyopathies with or without disrythmias, and skeletal muscle 
weakness. In all cases CAC activity in cultured skin fibroblasts is below detectable levels. 

2.5.6. Oxygen transport 

A crucial substrate for mitochondria is oxygen Hemoglobin in circulating erythrocytes takes 
care of oxygen transport to the tissues Uptake of oxygen by cells takes place in capillaries. In some 
cell types, / e muscle fibers and cardiomyocytes, intracellular transport is facilitated by a specific 
protein, myoglobin In most other cell types the small oxygen molecules arc transported by diffusion 
and convection. The apolar oxygen molecule crosses both the cellular and mitochondrial membranes 
by diffusion. It can easily bridge the short intramembranous distance to the oxygen reduction site 
of cytochrome t oxidase in the inner mitochondnal membrane A recent study on crystalline 
cytochrome с oxidase makes plausible that several different subumts of cytochrome с oxidase with 
hydrophobic domains can form one or more oxygen channels in the embedded enzyme (112) 

Cytochrome с oxidase has a \ery high affinity toward oxygen, some orders of magnitude 
higher than myoglobin docs (113). Maximal oxygen consumption by intact rat cardiomyocytes can 
already be reached at 8 μιΜ oxygen (114) L\en under hypoxic conditions, ; e at oxygen pressures 

as low as 10% of the normal cytosolic value, red muscle can maintain maximal oxygen consumption 

(115). In other kinds of tissue, for example in brain, the oxidative phosphorylating capacity may be 

more susceptible to decreased oxygen pressure It is rather the (unfacihtated) oxygen transport 

through the cytosolic compartment which is rate limiting than the transmembrane transport. There 

is even at high respiration rate almost no gradient of oxygen over the inner mitochondrial membrane 

less than 1% of the intracellular oxygen pressure (1 Π) . 

A disturbance in the oxygen uptake by mitochondria can theoretically induce a defective 

mitochondrial energy metabolism and so a mitochondrial encephalomyopathy. So far. however, no 

indications have been gathered for such a defect. The above mentioned features of oxygen transport 

render the expression of a functional defect in it less presumably A disturbance in the oxygen 

transport from the capillaries to muscle mitochondria has been hypothesized by us to occur in a 

specific group of patients (MclCusick 212350), suffering from hypertrophic cardiomyopathy, 

cataract, and mitochondrial myopathy (116) The severe increase in blood lactate concentration even 

after minimal exercise is very suggestive for dysfunction of skeletal muscle mitochondria. However, 

the mitochondria showed an undisturbed oxidative phosphorylation in vitro (116,117). The 

hypothesis of abnormal myoglobin molecules in these patients could not be confirmed (117). 

The presence of so-called ragged-red fibers, often used as hallmark of mitochondrial 

myopathy (1.2). is possibly caused by stress of the mitochondria. Such accumulations of 

subsarcolemmally located mitochondria can be induced in rat by occlusion of the leg muscle artery 

(118) Skeletal muscle reacts to hypoxic conditions circumstances by proliferation of mitochondria. 

Their subsarcolemmal location guarantees the most efficient manner of oxygen uptake 
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2.5.7. Other mitochondrial earners 

The main single carriers and channels which can be of importance for physiological and 
pathophysiological functioning of muscle mitochondria have been discussed in the previous sections 
Here we shortly mention other mitochondrial carrier systems, not (directly) involved in 
mitochondrial energy metabolism These сагпегь function in processes such as ureogenesis, 
lipogencsis and gluconeogenesis 

In ureogenesis, urea is formed from ammonia This process takes place in the liver (119) 
One of the involved carriers is the aspartate-glutamate carrier, which translocates aspartate out of 
the mitochondria in co-transport with glutamate This glutamate can in tum be transported out of the 
matrix by the glutamate carrier (120) An essential component of the urea cycle is the ornithine 
carrier, which catalyses the entry of ornithine into the mitochondrial matrix in exchange for citrulline 
(121-123) The only nucleotide and amino acid sequence known so tar ofthe ornithine earner is that 
of yeast (124) which also belongs to the mitochondrial transmembrane carrier family 

In lipogenesis, tatty acids are synthesized from glucose in the cytosol thereby using acelyl-
CoA formed in the matrix of mitochondria The acetyl units are transferred across the inner 
mitochondrial membrane to the cytosol in the form of citrate by the citrate carrier, CIC (125) In the 
cytosol citrate is cleaved by citrate lyase into acetyl-CoA and oxaloacetate The mitochondrial CIC, 
also called tncarboxylate carrier plays an important role in fatty acid and sterol synthesis 
gluconeogenesis and the transfer of reducing equivalents across the membrane This carrier is 
present in liver, but absent or hardly expressed in heart skeletal muscle, and brain (126) The human 
CIC gene has been completely sequenced, and appeared to be a member of the mitochondrial 
transmembrane carrier family (127) Another shuttle system the malate-citrate shuttle is also 
described to plav a role in the transport of citrate (126) 

For gluconeogenesis in the cytosol, malate, aspartate citrate, glutamate, and 2-oxoglutarate 
are used as precursors These metabolites are transported out of the mitochondrial matrix by different 
carrier systems CIC DIC (section 2 5 2 ) OGC (section 2 5 3 ) , and the aspartate-malate shuttle 
(section 2 5 4 ) Furthermore, gluconeogenesis depends on proper functioning ofthe PyC (section 
2 5 1 ) (128,129) 

The discovery of the ATP-Mg/P carrier in the inner membrane of liver mitochondria 
(130 131) was prompted by the need to explain how matrix adenine nucleotide content could change 
in vivo as observed under many physiological situations In liver, changes in matrix adenine 
nucleotide concentrations that are brought about by the ATP-Mg/P, carrier can affect the activity of 
adenine nucleotide-dependent enzymes which are located in the mitochondrial compartment These 
enzymes in tum contribute to the overall regulation of bioenergetic function the flux through the 
gluconeogenesis and urea synthesis pathways, and organelle biosynthesis It is not clear if this carrier 
is also involved in adenine nucleotide distribution in other tissues than liver (130,131) 

Other translocating processes in mitochondrial membranes that should be mentioned are the 
transport of amino acids, vitamins, and cofactors The neutral amino acid carrier present in the inner 
mitochondrial membrane transports a broad range of neutral amino acids (132) Only for the neutral 
amino acid proline a separate carrier system may be present (132) Transport of other amino acids 
occurs via more specific carrier systems (for example glutamate and glutamine carriers) (100) The 
knowledge about import of vitamins and cofactors is very restricted Different mechanisms have 



Review 19 

already been proposed, including diffusion, diffusion followed by binding to certain mitochondrial 
proteins and earner mediated transport (133) Vitamins and cofactors described to be transported by 
carrier mechanisms are riboflavin (134), coenzyme A (135), thiamine (136), and folates (137) The 
knowledge of these transporter proteins and their genes in men is very restricted Up to now no 
deficiencies have been published 

2.6. Inner-outer membrane interactions 

Mitochondrial transmembrane earners do not only act as individually functioning 
transmembrane carriers, but can also be part ol complicated structures in which several types of 
transport proteins and other components are cooperating The protein import machinery and some 
megachannels belong to these structures 

2.6.1. Mitochondrial megachannel (MMC) 

The presence of VDAC, ANT, hexokinase. mitochondrial creatine kinase, glycerol kinase, 
and the benzodiazepine receptor have been described in structures like contact sites and 
megachannels (12,78,138,139) The interactions between the various components are tissue-specific 
and depend on the developmental and metabolic stages of the cells Their role in human 
mitochondrial energy metabolism is speculative at this time 

There is evidence that hexokinase and glycerol kinase interact with VDAC in a tissue-
specific fashion, and that their binding is altered in certain disease states The most prominent 
example of the involvement ot the VDAC-kinase interaction in disease concerns tumor cell 
transformation A number of tumor cells have been characterized and appear to have an increased 
proportion of hexokinase bound to VDAC on the outer mitochondrial membrane In brain, it has 
been shown that bound hexokinase activity increases under conditions of ischemia 

2.6.2. Mitochondrial protein import and biogenesis 

Last decade many studies have been performed in order to elucidate the protein import 
mechanism by mitochondria Some hundreds of nuclear encoded proteins have to be imported into 
mitochondria, and guided to reach their ultimate location in the matrix, inner or outer membrane, or 
intermembrane space It has become obvious that a large number of different components are 
involved in the machinery responsible for protein import across both mitochondrial membranes 
(140-142) 

At least 9 transmembrane proteins have been found which are involved in the protein import 
process Some of them have receptor properties, and recognize the leader sequences on the N-
terminus of proteins to be imported Perhaps mRNAs of these precursor proteins also play a role in 
targeting (143) The proteins are, after being unfolded by cytoplasmic chaperones like heat shock 
protein 70 (Hsp70), dragged into membrane channels The unfolded proteins can be translocated via 
the so-called contact sites, where the mitochondrial outer and inner membrane collaborate to form 
a channel the mitochondrial megachannel (MMC, see section 2 6 1) In the outer membrane the 
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PSC (peptide-sensitive channel), in the inner membrane the MCC (mega-conductance channel) play 
a central role The relation of these two channels to the MMC is not clear in detail In the matrix the 
leader sequences are removed by protease activity and again heat shock proteins and other 
chaperones take care of refolding of the mature proteins Likely the assemblage and insertion of the 
proteins into the inner membrane are also guided by Hsp's Some steps of the import process are 
driven by the transmembrane potential or energetic state 

Although the rough mechanism of the protein import in purified systems is unraveled, its 
consequences for mitochondrial protein import m vivo are still obscure The specificity of the 
importing systems towards various proteins must still be established Which property of the 
precursor protein determines whether the mature protein will be embedded in the inner membrane 
or in the outer membrane, or suspended in the matrix7 In this context it is interesting that the VDAC 
molecule as an outer membrane protein (see section 2 3 3 ) has no leader sequence (144) 
Remarkably, the C-terminus of the VDAC protein seems to be more important for recognition by 
mitochondria than the usual N-terminus (145) Also ANT and the yeast PiC contain an uncleavable 
targeting sequence (146) The substrate carriers ot the inner mitochondrial membrane arc typically 
synthesized as mature-sized proteins on cytosolic polysomes In only a few cases, such as the 
phosphate carrier ot mammalian mitochondria (147), the carrier proteins are synthesized with 
cleavable N-terminal extensions Studies on the role of the presequence oí the mammalian phosphate 
carrier have shown that the major import information resides in the mature part of the phosphate 
carrier, as in the case of the presequence-deficicnt members ot the mitochondrial transmembrane 
carrier family (148) Knowledge about the protein import process in men is very scarce (149) 

Only a couple of patients has been described with a disfunctioning of one of the above-
mentioned mechanisms Schapira et al (15) described a girl with generalized muscle weakness and 
exercise intolerance from birth Her blood lactate concentration raised pathologically after 
standardized exercise In isolated skeletal muscle mitochondria many parameters of the energy 
metabolism were decreased, succinate dehydrogenase being the most deficient enzyme The presence 
in the total homogenate of the iron-sulfur containing 'Rieske' protein of complex III, in combination 
with its absence in isolated mitochondria strongly suggests a disturbance in the import machinery 
of the 'Rieske' protein 

A patient with much more severe clinical symptoms appeared to suffer from a lack of Hsp60 
(150,151) Severe hypotonia, facial dysmorphism, frontal bossing, abundant body hair, 
hepatomegaly, and lactic acidosis were observed The baby died at her second day of life Previously 
another child of this consanguineous couple died at the third day of life The patient's fibroblasts 
showed deficiencies of all measured mitochondrial enzymes, while the peroxisomal, lysosomal, and 
cytosolic enzymes had normal activities An immunochemical study revealed a strongly decreased 
content of Hsp60 and a normal content of Hsp70 in the fibroblasts A second patient with a lack of 
Hsp60 has been published (152) Symptoms in this girl were hypotonia, facial dysmorphisms, 
feeding problems and failure to thrive Besides lactic acidosis many organic acids were excreted in 
urine in a pathological range The child died at age 4 5 years Also in this case all mitochondrial 
enzyme activities were reduced The Hsp60 content was decreased to about 30% of control values 
In the last category ot patients the nuclear encoded proteins could apparently not be imported or not 
be assembled after having been imported, leading to an early breakdown 
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2.7. Discussion 

2.7.1. Mitochondrial transmembrane processes 

The inner mitochondrial membrane contains several transport systems for metabolites and 

reduced equivalents which are necessary for important metabolic pathways such as oxidative 

phosphorylation, fatty acid oxidation, gluconeogenesis and the urea cycle Defects in transport 

systems which play a role in muscle tissue can cause mitochondrial myopathies Several of these 

transmembrane earners are cloned and sequenced (see table 1, which is updated until 1998) It 

appears that they have similarities in their amino acid sequences, particularly in the membrane-

spanning regions, indicating that they are encoded by a gene family, and therefore have evolved from 

a common ancestor Their common characteristics are that their molecular weights are within the 

same range (28-34 kD) and their polypeptide chains consist of three landemly repeated related 

sequences of approximately 100 amino acids each Each element is folded into two transmembrane 

α-helices linked by an extensive polar region, forming a structure with six transmembrane α-helices 

(27,28) 

In spite of the enormous progress in the research on mitochondrial transport systems in the 

last decade, many details about functioning under physiological and pathophysiological conditions 

are still lacking Knowledge of the transport systems in men is even more restricted 

2.7.2. Human mitochondrial carrier deficiencies 

It is well known that the mitochondrial ADP and P, concentration, the ATP/ADP ratio, as 

well as the membrane potential may significantly contribute to the control of mitochondrial 

respiration (41,42) As a consequence defects of earners such as AN Γ or PiC must be considered as 

cause of mitochondnopathy This also holds tor other mitochondrial carrier proteins or ion channels 

which contribute to maintaining the osmotic homeostasis of the mitochondrial matrix (10,153) 

At the start of the present study, only lew subjects with a specific defect in mitochondrial 

transmembrane transport had been reported In none of these patients the abnormality had been 

determined on the level of cDNA Since some of these carriers occur in tissue-specific isoforms it 

can be assumed that a defect in one ot these carriers may cause a disorder with a tissue-specific 

expression, a phenomenon not uncommon in mitochondnopathies (1,154) The presence of isoforms 

has also consequences for selection of tissue for diagnostic examinations 

2.7.3. Reactive oxygen species 

The number of patients in whom a mitochondrial transmembrane carrier defect has been 

established is small, for no carrier defect a mutation in the corresponding cDNA has been 

established Therefore, a secondary cause of carrier defects might be hypothesized Recently, 

increased concentrations of oxygen radicals are thought to cause disturbances in intermediary 

metabolism Particularly in membrane-bound enzymatic and transport processes, membranes contain 

very susceptible unsaturated fatty acid moieties 

During oxidative phosphorylation most oxygen is converted into water via tetravalent 
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reduction However, even under physiological conditions about 1-2% of oxygen metabolized during 

the process of oxidative phosphorylation is converted into highly reactive substances, the reactive 

oxygen species (ROS) (155) The physiological significance of ROS under conditions as regulation 

and stimulation of signal transduction are more and more understood ( 156) 

Univalent reduction of molecular oxygen results in the formation of the superoxide anion 

radical Dismutation of superoxide causes hydrogen peroxide production Furthermore superoxide 

can interact with its dismutation product, hydrogen peroxide, resulting in the generation of the 

hydroxyl radical (157) All oxygen species formed arc highly reactive, the hydroxyl radical being 

the most potent one, and react with many biological components in their direct surrounding In case 

ol mitochondria mitochondrial DNA enzymes membrane proteins, free iron, and phospholipids are 

concerned (158) 

lo counteract ROS activit), cells have been provided with enzymatic and non-enzymatic 

antioxidant defense systems like superoxide dismutases, glutathione peroxidases, the lipophilic anti

oxidant α-tocopherol, and ß-carotene (157) 
In vili о experiments have clearly shown that in the presence of inhibitors of distinct parts of 

the mitochondrial respiratory chain ROS generation can increase several fold (159) Especially sites 
of superoxide production have been proposed in complex I and III of ihc respiratory chain (160) 
Conceivably genetically determined disfunction ol the mitochondrial respiratory chain may give rise 
to in \i\o ROS overproduction thereby disturbing the balance between ROS and its defense 
mechanisms leading to a sequela of harmful cell biological events like glutathione depletion, lipid 
peroxidation, an increase in the cytosohc Ca1 concentration and oxidation of protein thiol groups 
(161) 

Pitkanen and Robinson ( 162) were the first who recently showed that mitochondrial complex 
1 deficiency in skin fibroblasts may lead to increased production of superoxide radicals and induction 
of manganese-dependent superoxide dismutasc an intramitochondrial ROS scavenging enzyme 

Besides respirator) chain complexes numerous other proteins are located in or attached to 
the inner mitochondrial membrane, among which are most of the mitochondrial channels/carriers 
Due to the relatively close proximity of the various inner mitochondrial membrane proteins it seems 
theoretically possible that a disturbance in one ol these proteins has an influence on one or more of 
the other inner mitochondrial membrane proteins Increase in the level of ROS is known to open the 
mitochondrial permeability transition pores (163) So far, no combined deficiency of one of the 
respiratory chain complexes and proteins of the mitochondrial transport system has been reported 

In an attempt to reduce possibly enhanced levels of free radicals and/or to promote membrane 
stabilization, the described ANT deficient boy (14) was treated with vitamin E This produced an 
obvious improvement of the patient's myopathic complaints The clinical improvement was 
confirmed by -"'P-NMR spectroscopy 10 weeks after starting the therapy (164) It is very unlikely 
that vitamin E has a direct effect on the functioning and/or biogenesis ol ANT An explanation for 
the beneficial vitamin E therapy might be that due to the elevated activity of almost all enzymes of 
the respiratory chain in the patient, enhanced production of superoxide radicals and hydrogen 
peroxide might occur If this is not accompanied by increased activity of enzymes involved in 
scavenging these highly reactive compounds, reactive hydroxyl radicals might accumulate, as seen 
in normal ageing (165,166) These high levels of free radicals might result in enhanced 
mitochondrial phospholipid peroxidation Vitamin E may (partly) counteract this effect by 
scavenging free radicals Since most mitochondrial inner-membrane enzymes depend on membrane 
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phospholipids for optimal activity it is possible that the improvement in the patient is caused by a 
better functioning of the partially deficient ANT (164) 

2.7.4. Concluding remarks 

Several newly discovered translocating systems in mitochondria have been reported in 
eucaryotes during the last decades, and knowledge about already known carriers and channels has 
evidently increased Application of new sensitive techniques has played an important role in this 
development Particularly electrophysiological studies have scored many results Biochemical 
properties of transport proteins have been settled in more detail as the DNA sequences and amino 
acid composition of several earner proteins have been elucidated (see also table 1, updated until 
1998) 

Routine diagnostic programs for mitochondrial disorders (1,2,4) have not primary been 
developed for detection of membrane-bound transport processes Since more knowledge about 
human membrane carriers becomes available, it seems worthwhile to investigate the most obvious 
transport systems in those patients in which no enzyme deficiency has been found to explain a 
disturbed flux from pyruvate to ATP 
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3.1.1. Abstract 

Mitochondrial transmembrane carrier deficiencies are a recently discovered group of 
disorders, belonging to the so-called mitochondnocytopathies We examined the human tissue 
distribution of carriers which are involved in the process of oxidative phosphorylation (adenine 
nucleotide translocator, phosphate carrier, and voltage-dependent anion channel) and some 
mitochondrial substrate carriers (2-oxoglutarate carrier, camitine-acylcarnitine carrier, and citrate 
carrier) The tissue distribution on mRN A level of mitochondrial transport proteins appears to be 
roughly in correlation with the dependency of these tissues on mitochondrial energy production In 
general the main mRN A expression of carriers involved in mitochondrial energy metabolism occurs 
in skeletal muscle and heart Fxpression in liver and pancreas differs between carriers Expression 
in brain, placenta, lung, and kidney is lower than in the other tissues Western and Northern blotting 
experiments show a comparable HVDAC1 protein and mRNA distribution for the tested tissues 
Cultured skin fibroblasts may not be a reliable alternative for skeletal muscle in screening for human 
mitochondrial carrier defects 

3.1.2. Introduction 

When studying mitochondrial disorders it is worthwhile to consider the mitochondrial 
transmembrane carriers because a defective functioning of such carriers may lead to a disturbed 
mitochondrial energy generation (1,2) Of particular interest are the carriers which are directly 
involved in the process of oxidative phosphorylation, such as the adenine nucleotide translocator 
(ANT) and the phosphate carrier (PiC) However, also defects in mitochondrial carriers for transport 
of specific substrates (such as pyruvate, 2-oxoglutarate, malate, carnitine, and glutamate), directly 
or indirectly involved in mitochondrial energy metabolism, have to be considered Many of these 
carriers have been isolated and some of them have been cloned and sequenced (3,4) Defects in 
transmembrane cation transporters may also induce imperfect energy metabolism probably as a 
result of osmotic disturbances within the mitochondrial matrix In this respect, the voltage-dependent 
anion channel (VDAC) and the cation carriers have to be taken into consideration, although so far 
few cation carriers have been isolated from mammalian tissues, and none has been cloned and 
sequenced (5-7) 

Up to now, defects in some mitochondrial transport systems have been established or 
suggested, among which are ANT deficiencies (8-10), a VDAC deficiency (11), a defect in the 
protein import machinery (12), disturbances in the aspartate-malate shuttle (13,14), deficiencies of 
the pyruvate carrier (15), defects in the carnitine-acylcarnitine carrier (16-18), and defects in the 
ornithine carrier (19) 

Subjects lacking ANT or VDAC were diagnosed applying immunochemical techniques with 
specific antibodies (8,10,11) Both VDAC and ANT deficiencies were detected in skeletal muscle 
mitochondria, while the deficiencies were not present in cultured skin fibroblasts of these patients, 
a finding highly suggestive for tissue-specific expression of deficiencies in these transporters 

In the present communication we report on the steady state mRNA levels of mitochondrial 
transmembrane carriers in different human tissues Also the immunochemically established 
distribution of the HVDAC1 protein in different tissues is reported, whereas antibodies against other 
human carriers are not a\ailable The consequences of the mitochondrial carrier tissue distribution 
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in the diagnostic evaluation of patients suspected to suffer from a mitochondnocytopathy will be 

discussed 

3.1.3. Materials and methods 

Northern blot studies Multiple poly(A)* RNA Northern blot (Clontech, Palo Alto, USA), loaded 

with 2 μg poly(A) RNA per tissue, was probed with cDNA probes (100 ng) The probes were labeled 

by random priming with [ct-3nP]dCTP, according to the manufacturer's protocol (Boehrmger-

Mannheim, Germany) The filters were autoradiographed at -70°C 

The human VDAC cDNAs for isoforms HVDAC1 and 1IVDAC2 were a gift from Dr Forte 

(20) The HVDAC1 and HVDAC2 probes were prepared by cloning the total cDNAs in a BlueScnpt 

plasmid vector and isolating a 679 bp HmdIIl restriction fragment from the HVDAC1 plasmid and 

a 796 bp Haelll restriction fragment from the HVDAC2 plasmid 

We cloned and sequenced the two alternatively spliced human PiC isoforms (21,22) Specific 

parts ot both cDNAs (PiC-A and PiC-B) were amplified by PCR primers for PiC-A corresponded 

to nucleotides 1719-1743 (forward) and 1785-1809 (reverse) of the human PiC gene sequence, and 

primers for PiC-B corresponded to nucleotides 2013-2037 (forward) and 2076-2100 (reverse) of the 

same gene sequence (21 ) The two products were each cloned into a pGEM-4 vector A 421 bp PvuII 

restriction fragment for PiC-A and a 418 bp PvuII restriction fragment for PiC-B were prepared from 

these plasmids and used as hybridization probes 

We previously cloned and sequenced the human cDN As tor the 2-oxoglutarale carrier (OGC) 

(23) and for the citrate carrier (CIC) (24) Parts ot these sequences were prepared as hybridization 

probes for the Northern blot experiments The OGC probe (ЗЗОЬр long) and the CIC probe (284 bp 
long) corresponded to the coding sequences of their human genes from nucleotide 1066 to 1646 for 
OGC (23), and from nucleotide 127 to nucleotide 585 for CIC (24), respectively For normalization 
of the hybridization signals on the blot, a probe encoding part of the human actin (Clontech, Palo 
Alto, USA) was employed Quantification of the hybridization signals was performed by visual 
(intra- and interblot) comparison 

Western blot studies Western blots were loaded with fibroblasts and biopsy samples of different 
human tissues (liver, kidney, heart, bram, and skeletal muscle) as previously described for fibroblasts 
and skeletal muscle tissue, respectively (11) The blots were incubated with monoclonal antiserum 
against the human VDAC1 isoform (anti-Ponn31HL, CalBiochem/Novabiochem, La Jolla, USA) 
Antigen-antibody complexes were detected using the Lnhanced Chemiluminescence (ECL) method 
(Amersham International pic, Buckinghamshire England) with biotinylated horseradish peroxidase 
as detection ligand (Dako, Glostrup, Denmark) 

3.1.4. Results and discussion 

At present, knowledge about mitochondrial transmembrane carriers in human physiology and 
pathophysiology is limited Few carrier proteins have been isolated from animal tissues and have 
functionally been tested in reconstituted systems (3) DNA of the encoding genes of only 6 human 
mitochondrial carriers has been cloned and sequenced (18,21,23-26) In order to get a rather 
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complete picture of human tissue distribution of transmembrane carriers involved in mitochondrial 
energy metabolism, we tested the mRNA distribution of OGC, CIC, PiC-A, PiC-B, HVDAC1, and 
HVDAC2 in eight human tissues (fig. 1). Their transcript levels together with those of the CAC and 
of the three ANT isoforms are summarized in Table I. 
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Figure 1. Multiple tissue Northern blots, incubated with [a-32P]dCTP labeled probes of 
mitochondrial transmembrane carriers HVDACl, HVDAC2, PiC-A, PiC-B, OGC, and CIC. 
Together with an actin control probe, mRNA expression is shown for human heart, brain, placenta, 
lung, liver, skeletal muscle, kidney, and pancreas. 

Voltage-dependent anion channel (VDAC) 
VDAC is an abundant channel forming protein present in the outer mitochondrial membrane. 

Lack of VDAC may cause a mitochondriocytopathy, since this leads to a disturbed transport of ATP 
and ADP across the outer mitochondrial membrane. Also an abnormal ion composition of the 
mitochondrial matrix can deteriorate the process of oxidative phosphorylation (11,27,28). With 
respect to human VDAC (HVDAC), five partly established cDNA sequences encoded by four genes 
have been reported (20,29,30). Until now, only HVDAC 1 (located on chromosome X) and HVDAC2 
(located on chromosome 21) have been shown to be expressed at protein level, HVDACl being the 
most abundantly expressed (31,32). We first examined the tissue distribution of HVDACl and 
11VDAC2 isoforms at the transcript level (fig. 1). The HVDACl mRNA is found to have an 
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ubiquitous distribution, with most pronounced expression m heart, liver, and skeletal muscle On the 
contrary, the HVDAC2 isolorm is only expressed in heart and skeletal muscle The tissue 
distribution of HVDAC1 was also investigated by immunodetection of SDS-lysates of different 
human tissues with a monoclonal antiserum against HVDAC1 (fig 2) The HVDAC1 protein has 
the highest expression levels in heart, skeletal muscle and liver, and lower levels in kidney and brain 
The differences in protein levels seem to be smaller than the differences in mRNA levels (fig 1 and 
fig 2) It is noteworthy that fibroblasts show a high HVDAC1 content comparable to that in skeletal 
muscle (fig 2) 

Recently we described the first patient in whom a HVDAC deficiency was established (11) 
This patient showed psychomotor retardation, macrocephaly, macrosomia, and impaired substrate 
oxidations in muscle mitochondria Western blot studies with anti-HVDACl antiserum showed a 
deficiency of HVDAC I in skeletal muscle, while fibroblasts showed an almost normal HVDAC 
content We sequenced the patient's HVDAC 1 and HVDAC2 cDNA, but found no mutations The 
HVDAC1 defect in the patient's muscle material might be caused by a secondary defect, ι e a 
disturbed acetylation of the immature HVDAC protein (11) 

35kDa 

Figure 2. Multiple tissue immunoblol, incubated with a monoclonal antiserum against HVDAC 1 
600g supematants of different human tissues, containing 100 mU of cytochrome с oxidase were 
loaded on each lane HVDAC 1 protein expression is shown for isolated human VDAC (35 kD), 
liver, kidney, heart, brain, skeletal muscle, and fibroblasts 

Phosphate carrier (PiC) 
The availability of inorganic phosphate for oxidative phosphorylation mainly depends on PiC 

activity in the inner mitochondrial membrane (33) A full length cDNA encoding the precursor of 
the human heart PiC has been synthesized and characterized (34) The gene encoding human PiC 
is located on chromosome 12q23 (35) and is spread over 7 9 kb of DNA, consisting of nine exons 
(21) Two alternatively spliced mRNAs for PiC (IIIA and HIB) have been uncovered by comparing 
the human and bovine genomic sequences with the corresponding cDNAs (22) and have been 
demonstrated in some bovine tissues (22) The alternative splicing mechanism introduces a different 
region of 13 ammo acids into the human carrier protein, the functional consequences of which are 
not yet understood (21 ) In this study the expression of lsoforms A and В of the PiC was investigated 
in eight human tissues by Northern blot analysis using two probes that are specific for human exon 
ΠΙΑ and exon HIB, respectively (fig 1) These investigations show an ubiquitous expression of the 
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PiC-B isoform, whereas PiC-A is only expressed in heart, skeletal muscle, and pancreas The mRNA 
expression level of PiC-B appears to be low in all tissues, being in heart somewhat higher The 
observed tissue distribution of the PiC isoforms may be used to modulate the rate of ΛΤΡ production 
by oxidative phosphorylation for tissue-specific energy demand The ubiquitously distributed PiC-B 
isoform might match the basic energy requirement of the tissues, and isoform PiC-A might become 
operative in case of energetic stress, / e at contraction of striated muscle fibres 

So far, we screened 150 muscle specimens from patients suspected of a mitochondrial earner 
defect (patients with decreased substrate oxidations and ATP production rates, and no detected 
mitochondrial enzyme deficiencies), but no PiC deficiencies were found 

Tabic I. mRNA expression levels of mitochondrial membrane proteins in different 

human tissues3 
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CAC ( 18) and the ANT isoforms (50) 
b - no detectable expression ++ high expression level 

+ Low expression level +++ very high expression level 

+ moderate expression level U Unknown 

2-oxoglutarate carrier (OGC) 
The 2-oxoglutarate carrier (OGC) transports 2-oxoglutarale across the inner mitochondrial 

membrane m exchange for malate or other dicarboxylic acids (36) This earner is part of the 
aspartate-malate shuttle (37) The human OGC gene has been cloned and sequenced (23) It consists 
of six exons and five introns, the chromosomal localization is unknown 

The results of Northern blots performed on total RNA derived from eight human tissues are 
shown in figure 1 The OGC transcript was expressed very strongly in heart and skeletal muscle, 
less in liver, kidney, pancreas, and brain Lower amounts ol OGC mRNA were found in placenta and 
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lung Therefore, the observed level of OGC expression seems to correlate with the required capacity 
of the earner in the various tissues No patient with a detect in OGC has been described We studied 
skeletal muscle tissue of patients with 2-oxoglutanc acidemia, not due to a 2-oxoglutarate 
dehydrogenase deficiency, for a possible deficiency of the OGC So far, we did not identify a patient 
with a deficiency of this earner using an immunochemical method But it has to be stressed that 
identification of such a deficiency may have been hampered by the low intensity ot the 
immunochemical signal observed in control muscle samples 

Citrate carrier (CIC) 
The mitochondrial citrate carrier (CIC), or tncarboxylate carrier, is responsible for the 

transport of citrate across the inner mitochondrial membrane CIC plays an important role in fatty 
acid and sterol synthesis, gluconeogenesis, and the transfer of reducing equivalents across the 
membrane (38,19) The complete human CIC gene has been sequenced (24), and has been mapped 
to chromosome 22qll (40) The CIC expression pattern is unique in that it differs from the 
distribution pattern of all other carriers (fig 1 ) 1 hus, Northern blot experiments (fig 1 ) reveal high 
steady state levels of CIC mRNA in liver, kidney and pancreas, lower expression in heart, skeletal 
muscle and placenta, and no detectable expression levels in brain and lung 

High CIC expression in liver and kidney can be associated with the processes of 
gluconeogenesis, which mainly occurs in these tissues, and the fatty acid synthesis which mainly 
occurs in liver So far, no clear explanation can be given for the relatively high CIC mRNA 
expression level in heart and pancreas On the other hand, the low CIC expression in skeletal muscle 
correlates to the very low activity of gluconeogenesis and fatty acid synthesis in this tissue Because 
CIC is low expressed in skeletal muscle tissue, there is no reason to screen muscle biopsies of 
patients with a mitochondrial myopathy for a defect in CIC So far, no patients with a defect in CIC 
have been reported 

Carnitine-acylcarnitine carrier (CAC) 
The carnitine-acylcarnitine carrier (СЛС) shuttles long-chain acylcamitine esters in exchange 

for free carnitine across the inner mitochondrial membrane (41 42) This transport is an essential step 
in the process of the mitochondrial long-chain fatty acid ß-oxidation (16,43) Very recently we 
determined the nucleotide sequence of the human CAC cDNA and the corres-ponding amino acid 
sequence as well as the distribution of CAC mRNA in human tissues (18) 

A high level of CAC mRNA transcripts was found in heart, skeletal muscle, and liver while 
much lower levels of expression were found in brain placenta, kidney, pancreas, and especially in 
lung 

Several cases of CAC deficiency have been reported (see ref 18) The main features in these 
severely affected patients with onset in the neonatal period are hypoketotic hypoglycemia, mild 
hyperammonemia, unspecific dicarboxyhc aciduria, lethargy/coma, hepatomegaly with abnormal 
liver functions, cardiomyopathy with or without dysrythmias, and skeletal muscle weakness The 
tissue distribution pattern of the CAC is in good agreement with the clinical involvement of heart, 
skeletal muscle and liver in patients with CAC deficiency (18) Recently the first mutations in the 
CAC cDNA of two patient have been established (18, 44) 
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Adenine Nucleotide Translocator (ANT) 

ANT catalyzes the transmembrane exchange ot cytosohc ADP and matrix ATP, which is 

essential lor the oxidative phosphorylation of ADP inside the mitochondria and for the 

extrdinilochondrial utilization of ATP (45,46) Three human ANT isotorms (ANTI, ANT2, and 

ANT 3) have been identified and their genes have been sequenced They arc expressed in a tissue-

specific manner which seems to be related to their function (47-49) Human ANTI may permit for 

rapid exchange of ADP and ATP to accommodate to the high energy demand associated with 

contraction of striated muscle fibers AN 11 has a high mRNA expression level in heart and skeletal 

muscle and is induced during myoblast differentiation (48) The mRNA ol the ANT2 isoform is 

induced in rapidly di\ iding cells such as fibroblasts human leukemic cells (47) and myoblasts (50), 

whereas it is either absent or weakly expressed in all oilier tissues ANT3 mRNA is expressed in 

all tissues mainly in kidney, heart and brain (50 51) 

A deficiency ol ANT m human muscle (likely ol the AN Π isotorm) has been reported (8) 

1 his patient showed severe myopathy with lactic acidosis 1 he patient's impaired substrate oxidation 

mimisele mitochondna can readily be explained b\ a deled in the transport protein The fibroblasts 

showed a normal immunochemical signal, probably caused by normal levels of ANT2 and/or ANT3 

Schullhciss el al (9) demonstrated a decreased ANT transport capacity accompanied by an 

elevation in total ANT protein content in heart tissue ot patients suffering from myocarditis and 

dilated cardiomyopathy The alteration in ANT protein amount was due to a mutual shift in ANT 

isoforms an increase in ΑΝΤΙ a decrease in ΛΝΤ2 the ANT3 content being unchanged The 

isolorm shift in these patients is not a progressive process, but occurs in the early period of illness 

and becomes permanent The underlying mechanism and palhognostic significance are still obscure 

Very recently we examined skeletal muscle specimens from patients with the Sengers 

syndrome (McKusick 212350), clinically presenting with congenital cataract, hypertrophic 

cardiomyopathy, mitochondrial myopathy, and lactic acidosis (52,53) In the muscle specimens a 

diminished amount of ANT was demonstrated on Western blots ( 10) The molecular analysis of the 

AN I defect(s) in patients with the Sengers syndrome is in progress 

Coordination in expression 

ΑΝΤΙ expression pattern is comparable with that ol HVDAC2 and PiC-A (Table I) All three 

are almost exclusively expressed in heart and skeletal muscle These proteins also have a 

ubiquitously expressed isoform AN 13, HVDAC1, and PiC-B Probably the skeletal muscle and 

heart isoforms accommodate to the high metabolic turnover rate in these tissues (due to the high 

energy demand) while the ubiquitous isoforms stand for a continuous basal transport of metabolites 

into all tissues 

The IIVDAC1 immunodecoralions of the Western blot (fig 2) were all loaded with the same 

amount of the mitochondrial reference enzyme cytochrome с oxidase The differences detected in 
HVDAC1 expression are thus due to differences in HVDAC1 expression per unit ot cytochrome с 

oxidase So, in tissues with a high metabolic turnover, the Г IVDAC 1/cytochrome с oxidase ratio is 
higher than in other tissues 
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Multi-carrier structures 
Mitochondrial energy metabolism is not only influenced by individually functioning 

transmembrane carriers but also by complicated structures in which several types of transport 
proteins and other components are present In these structures, / e contact sites and megachannels, 
VDAC, ANT mitochondrial creatine kinase (Mi-CK) hexokinase, glycerol kinase, and the 
benzodiazepine receptor arc nnoKcd (28 54 55) These structures are thought to facilitate among 
others the ADP and ATP transport acioss the inner and outer mitochondrial membranes The 
occurrence of these multi-protein structures in various tissues has not yet been established, but a high 
content of these 'megachannels' might be expected in tissues with high energy demand Therefore, 
the isoforms ANTI, IIVDAC2 and sarcomere Mi-CK (56) might be components of these 
megachannels while the ubiquitous isolorms AN 12 11VDAC1 and ubiquitous Mi-CK might 
function in mitochondria independently 

Diagnostic approach 
The Northern blots showed high expression le\els of mRNA of all investigated carriers in 

skeletal muscle and heart (except for CIC) Therefore and because skeletal muscle tissue is often 
clinically involved, skeletal muscle is the most suitable tissue to examine in patients suspected to 
suffer from a mitochondrial carrier defect In those cases in which it is impossible to obldin skeletal 
muscle material from patients, measurements in cultured skin fibroblasts may be considered We 
showed more or less similar expression le\cls for HVDAC1 mRNA and protein for the investigated 
tissues This points to a comparable mRNA tissue expression and translation for HVDAC1 From 
the fact that the HVDAC1 signal is comparable in Western blotting of fibroblast and skeletal muscle, 
we assume that HVDAC 1 mRNA is also highly expressed in fibroblasts Therefore, fibroblasts 
might be suitable for diagnosis of mitochondrial carrier deficiencies However, immunochemical 
studies in the recently described ANT deficient (8) and VDAC deficient (11) patients showed the 
deficiency in skeletal muscle, and not in fibroblasts Tor the ANT deficient patient this tissue 
dependent deficiency can be explained by different expression of the isoforms in fibroblasts and 
muscle tissue I or the VDAC deficient patient, isoforms may also play a role, but a tissue specific 
defect (in muscle tissue) in a post-translational modification step can have caused this phenomenon, 
too (11) Whatever the molecular origin normal contents of transport proteins in fibroblasts do not 
exclude a deficiency in skeletal muscle I his limitation in using fibroblasts for diagnostic aims is 
well-known lor detection of defects in mitochondrial enzymes (57) 

In this paper, the tissue distribution of mitochondrial membrane carriers under physiological 
conditions is described Expression might howe\er change under pathophysiological conditions, as 
recently described for patients w ith m; ocardilis and dilated cardiomyopathy (9) Possible occurrence 
of such pathophysiological changes should be kept in mind in interpreting diagnostic findings 

3.1.5. Concluding remarks 

In the present study we showed that human mRNA tissue distribution levels of mitochondrial 
transmembrane carriers are roughly related to the metabolic needs of the tissues 1 he presence of 
isoforms of several carriers in man requires a critical selection of the tissue(s) for diagnostic 
investigation Based on isoform distribution and on practical availability, skeletal muscle appears 
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to be the most suitable tissue Examination oí carrier deficiencies showed that use of fibroblasts is 
doubtful tor diagnostic aims 
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3.2.1. Abstract 

Many patients suffering from a mitochondnocytopathy develop their clinical symptoms in 
the neonatal period For an adequate diagnosis knowledge about developmental aspects of oxidative 
metabolism in muscle tissue after birth is required In this study we investigated the developmental 
changes of the mitochondrial membrane carriers which are directly involved in the transport of ATP, 
ADP, and P, across mitochondrial membranes the adenine nucleotide translocator (ANT), the 
voltage-dependent anion channel (VDAC) and the phosphate carrier (PiC) 

1 he content of ANT and VDAC in muscle specimens of preterm and term born infants was 
studied immunochemically A moderate increase ol ANT and VDAC during the first months of life 
was found Developmental changes in PiC were measured in vitro on mRNA level in differentiating 
myoblast cultures obtained after the myo-D machinery had been activated in human fibroblasts by 
transfection The amount of the muscle-specific mRNA of isotorm PiC-IIIA increased during the 
first days of differentiation while isoform PiC-IIIB showed a constant mRNA level during this 
period 

Here we report for the first time developmental expression patterns in human mitochondrial 
transmembrane carriers I he findings should be taken into consideration in the diagnostic process 
ol young children suspected to sutler Irom a miloehondnocvtopathy 

3.2.2. Introduction 

In numerous patients suffering from a mitochondnocvtopathy an enzyme defect in the 
mitochondrial energy metabolism or a mutation in the mitochondrial genome has been identified (1-
1) In other patients of this category incidentali} a lack of a mitochondrial transmembrane transport 
protein has been found (4-9) Many patients develop their first clinical symptoms ol a 
mitochondnocytopathy in the neonatal period Knowledge of developmental aspects of oxidative 
metabolism in muscle tissue is necessary for an adequate diagnosis Changes in activity during pre-
and postnatal development have been shown for some mitochondrial enzymes involved in skeletal 
muscle energy metabolism Mainly studies in rat have shown a postnatal increase of the oxidative 
capacity up to the weaning period (10-13) Studies in man have been focused on the process of aging 
rather than on the development m neonates Scarce studies in human skeletal muscle indicate that 
enzyme activities of the mitochondrial energy generating system may increase during the last months 
of gestation and initial postnatal period (14-17) 

Comparable data are lacking for systems laeihtating ion and metabolite transport across the 
mitochondrial membranes The transport systems most directly involved in mitochondrial energy 
metabolism are the carriers facilitating the ADP ATP and Ρ transport These are the adenine 

nucleotide translocator (ANT) the voltage-dependent anion channel (VDAC), and the phosphate 

carrier (PiC) In this study we investigated the developmental expression patterns of ANT VDAC, 

and PiC in different human systems The human isolorms ΑΝΤΙ and human VDAC 1 (IIVDAC1) 

development was studied immunochemicallv in muscle biopsies of preterm and term born infants 

PiC development is studied m \itio at mRNA level Suitable muscle material was not available for 

Northern blotting experiments We therefore transformed human fibroblasts into myoblasts by 

specifically inducing muscle gene expression (18) The expression of the muscle specific PiC-IIIA 

isoform in Myo-D-lranslecled fibroblasts was compared to the expression of the ubiquitous isotorm 
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PiC-IIIB during the lìrst 5 davs after induction ot differentiation 

3.2.3. Materials and methods 

Patients Quadriceps muscle tissue was removed irom preterm and temi bom infants dinante viiae 
or within one hour post mortem with the informed consent of the parents Gestation age varied 
between 25 and 36 weeks in the preterm bom infants The children who died between one and seven 
days of life were classilicd into three groups 1 verv preterm (gestation age 25-29 weeks), II preterm 
(30-36 weeks) III lull term neonates (37-42 weeks) None ot the infants showed clinical signs of 
a neuromuscular disorder (for details sec rel 16) 

Muscle specimens used lor the sludv ol ΛΝΤ1 and IIVDAC1 development during first 
months of life were from patients who underwent a diagnostic biopsy of quadriceps muscle and in 
whom a mitochondrial delect had been excluded b> normal substrate oxidation rates (19) 

Western blotting experiments for HVDAC I and ANTI Specific antibodies raised against human 
ANT and VDAC (HVDAC) were used in this study The AN Γ antiserum was raised against the 
human AN Π ìsoiorm (20) and the HVDAC antiserum was a monoclonal, raised against the human 
VDAC1 isoform (anti-Potin 31 III CallBiochem/Novachem, 1 a lolla USA) (mAb-6 in ref 21) 
Muscle samples were either immediately Irozen in liquid nitrogen and stored at -70°C or 
immediately homogenized and stored at -7()°C Muscle homogenatcs and 600# supernatants were 
prepared according to Γ ischer et al ( 19) Cytochrome с oxidase acti\ ity was measured according 
to Cooperstein and Lazarow (22) protein was determined by the method ol Lowry el al (23) 

lhe 600^' supernatants picpared from homogenized muscle were suspended at room 
temperature in sample bulfci (4% (vvt/vol) sodium dodecyl sulphate, 5 mM aminobenzidine, 6 M 
urea, 0 0 1 % (wt/vol) bromophenol blue in 6 25 mM Ins-HCI pH 6 8) The samples (each 
containing 100 ml J cytochrome с oxidase, or 1 îg total protein) were applied to 10-15% gradient 
Polyacrylamide Proteins in the samples were separated by SDS-PAGF and electroblotled to 0 2 μπι 
nitrocellulose membranes (Schleicher and Scimeli, Dassel Germany) Both electrophoresis and 
electroblotting were performed on a Phasl System equipment (Pharmacia-I KB, Woerden, lhe 
Netherlands) The blots were incubated with one ol the two anliscra against ANT or VDAC 
Antigen-antibodj complexes were detected using the [ nhanced Chcmilummescence (LCL) method 
(Amersham International pic Buckinghamshire, Lngland) with biotmylated horseradish peroxidase 
as detection ligand (Dako, Glostrup, Denmark) (8) 

Induction of myogenesis and quantification oj PiC niRNA Transformation of fibroblasts to 
myoblasts was performed as described before (18) using the retrovirus vector pi MDSN, which 
contained the Myo-D cDNA under the viral L1R a retroviral packaging signal and a neomycin 
resistance gene under the SV40 early promotor (18) 

Total RNA was isolated from cell pellets ol myoblasts during the first 5 days of 
dillerentiation and reverse transcription was performed as described (18) Subsequently a PCR was 
perlormed on the cDNA fractions using primers which specificali) amplify the two alternative 
spliced isoforms (isoform I11A and HIB) ot human mitochondrial PiC, as described by Dolce el a! 

(24) A reverse primer in exon 5 ol the PiC cDNA was used lor both PCR reactions (5'-
CAAAGTGTTGGCATAACC-3') I he reverse primer together with a forward primer in exon III A 
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(5'-ATCTGGCAGATTCTTTATC-3') amplified the muscle specific PiC-IIIA isoform (PCR 
fragment of 423 bp). By using a forward primer in exon HIB (5'- TCTGACACACACTGCTGT-3'), 
the PiC isoform HIB is amplified (PCR fragment of 372 bp), which is described to be ubiquitously 
expressed in human tissues (see section 3.1. of this chapter). PCR conditions for both primer pairs 
were 30 cycles of 93°C for 1 min, 58°C for 1 min, and 72°C for 4 min. 
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Figure 1. Immunoblots of 600g muscle supernatants, incubated with antibodies against ANTI and 
HVDAC1. Two samples of each gestation category are shown: lanes 1,2: very preterm (25-29 weeks 
of gestation); lanes 3,4: preterm (30-36 weeks of gestation); lanes 5,6: full term (37-42 weeks of 
gestation). The lanes in panel A contain material equivalent to 100 mU of cytochrome с oxidase; in 
panel В contain 1 μg of total protein. In lanes 0, ANT or HVDAC was loaded. 
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Figure 2. Immunoblots of 600g muscle supernatants from samples of patients varying in age 
between 13 days and 11 months, incubated with antibodies against ΑΝΤΙ and HVDAC 1. Each lane 
contains 1 μg of total protein. In lanes M pure ΑΝΤΙ (upper gel) and HVDAC (lower gel) was 
loaded. 

3.2.4. Results 

The results of the immunochemical study of the developmental expression of ANT 1 and 
HVDAC 1 during the last phase of prenatal life is shown in figure 1. Two representative samples of 
each gestation-category are shown. No clear pattern in the amount of ANT 1 or VDACl during 
gestation is seen in Panel A, where the samples are loaded on the blots based on equal amounts of 
cytochrome с oxidase activity. In Panel B, the same muscle specimens with equal amount of protein 
were applied and a slight increase of the HVDAC content during last weeks of gestation may be 
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present. 
A slight increase of the amount of ANT 1 and HVDAC1 during the first eleven months of 

life is shown in figure2. When applying samples on basis of the same amount of cytochrome с 
oxidase, no effect is visible (results not shown). 

Figure 3 shows the expression of PiC-IIIA (muscle specific) mRNA (423 bp). For the PiC-
IIIA isoform also an aspecific RT-PCR fragment is visible (around 700 bp). The content of PiC-IIIA 
seems to increase during the first days of differentiation to a steady state level on day 4, while the 
amount of PiC-IIIB isoform remains at the same level after differentiation. 

PiC-IIIA PiC-IIIB 

1 2 3 4 5 1 2 3 4 5 days 

Figure 3. Products of the PCR performed on cDNA of Myo-D-transfected myoblasts in the first 
5 days after differentiation. In the left lanes the PCR products of the PiC-IIIA primers (423 bp) are 
shown and in the right lanes those of PiC-IIIB (372 bp). Molecular weights were determined by a 
100 bp ladder on the same gel (not shown). 

3.2.5. Discussion 

At present, information about function of mitochondrial membrane carriers in human 
physiology and pathophysiology is limited. As far as we know, no systematic study has been 
performed concerning age dependent expression of human mitochondrial membrane carriers in 
skeletal muscle tissue. We studied the developmental expression of ANT and VDAC 
immunochemically in human skeletal muscle. Skeletal muscle tissue is the major tissue used for 
diagnostic purposes. 

ANT is an integral protein of the inner mitochondrial membrane. It catalyzes the 
transmembrane exchange of extramitochondrial ADP and intramitochondrial ATP in the process 
of oxidative phosphorylation (25,26). Three human ANT isoforms have been identified and their 
genes sequenced. They are expressed in a tissue-specific manner which seems to be related to their 
function (27-30). Few studies on postnatal development of human ANT have recently been 
described (30,31). These studies showed that during the late prenatal age, the three transcripts of the 
ANT isoforms (ANTI, ANT2, and ANT3) are present in comparable amounts in muscle tissue, but 
at thè end of prenatal development ANTI is predominantly expressed. It is believed that this isoform 
permits rapid ADP/ATP exchange across the inner mitochondrial membrane (30,31). It is also 
known that the ANTI protein has a low turnover (25,26). So in order to fulfill the increased ATP 
demand of the postnatal tissue, an increased amount of ANT is necessary. The results of our study 
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concerning pre- and postnatal de\elopment in skeletal muscle are in agreement with this statement 
In the preterm inidnts (fig 1 ) ANT 1 content hardh increased But in the first weeks and months alter 
birth, the AN I 1 protein showed an increase in content, which seems to reach the adult level at about 
10 months of age (fig 2) 

The carrier which is responsible for a substantial part ot the molecular traille across the outer 
mitochondrial membrane is an abundant роге-forming protein VDAC (or mitochondrial ponn) At 
low transmembrane \oltage the VDAC pore is open tor anions such as phosphate chloride, and ade
nine nucleotides At higher transmembrane voltage or in the presence ot a VDAC modulating pro
tein VDAC functions as selects e channel tor cations and various uncharged molecules These fea
tures make VDAC likely to play a regulator} role in mitochondrial energy metabolism (32-34) Tour 
genes encoding 5 human VDAC isotorms ha\e been reported (35-37) Only HVDAC1 and 
ITVDAC2 have been shown to be expressed at the protein le\el (38) No data about developmental 
expression of H VDAC have been reported before By screening a representative group of subjects 
we lound a slightly age-dependent increase in expression during last weeks of gestation, and an 
increase in the amount of 11 VDAC 1 during the first months of life The H VDAC 1 concentration 
found in adults seems to be reached at 9 months of life The increase in HVDAC1 and ANTI during 
postnatal development might be associated with the increase in ATP demand of muscle tissue 

The supply of inorganic phosphate loi oxidative phosphorylation mainly depends on PiC 
activity in the inner mitochondiial membrane (39) Two alternatively spliced mRNAs for human 
PiC (1ПА and 1MB) have been reported (24) РіС-ІПА is mainly expressed in heart and skeletal 
muscle tissue, while PiC-HIB shows an ubiquitous expression pattern (40) No antiserum was 
available against one of the PiC îsolorms Muscle material was not available for Northern blotting 
experiments We studied the PiC mRNA expression in мію in differentiating human myoblasts As 
shown in figure 3, PiC-IIIA (muscle specific) increased in the first days of differentiation to a steady 
state level on day 4 The amount of mRNA of PiC-IIIB remains at the same level during this 
differentiation period Until now no other studies have been performed on developmental 
expression of PiC 

Two principally different systems have been used in the present study lor investigating 
developmental changes in the carriers ANT, H VDAC, and PiC skeletal muscle Irom neonates with 
variable weeks of gestation, and differentiating myoblasts in culture Despite this difference, both 
systems show a moderate increase of the mitochondrial carrier proteins with maturation Some 
mitochondrial enzymes also show an increase in activity during gestation (15,16) These changes 
may be ascribed to an increase in number or volume of muscle mitochondria Besides, ANTI and 
certainly HVDAC1 seem to have an enhancing content during the first year of life 

Developmental expression of proteins associated with mitochondrial energy metabolism can 
differ between tissues, as has been described before (30,31 41), and should be noted when 
diagnosing different tissues These results indicate that age matched reference values are required 
for adequate diagnostic screening on Western blot of HVDAC and ANT deficiencies Although we 
investigated the content of the carriers, and not their aclivitv the results seem to be of physiological 
significance adaptation to energy demand is fulfilled by content changes Likely the activity of 
AN Π and HVDAC 1 is directly proportional to the protein content Data about the developmental 

changes of ANT HVDAC, and PiC content in skeletal muscle are useful both tor understanding the 

importance of the phvsiological role of these proteins in energy metabolism and for the 

interpretation of diagnostic investigations on neonates 
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4.1. Abstract 

A patient with a deficient voltage-dependent anion channel (VDAC) is reported, presenting 
clinically with psychomotor retardation and minor dysmorphic features Biochemical studies on 
muscle mitochondria showed impaired rates of pyruvate oxidation and ATP production however, 
no specific deficient activity of one of the mitochondrial enzymes was involved Western blotting 
experiments indicated an almost complete VDAC deficiency in skeletal muscle The only moderately 
decreased VDAC content in the patient's fibroblasts might indicate that VDAC is expressed in a 
tissue-specific manner The deficiency is likely caused by a mutation in the HVDAC1 gene or by 
a disturbed posttranslational modification This is the first described deficiency of a component of 
the outer mitochondrial membrane associated with the pyruvate oxidation pathway Defects in this 
membrane should be considered as possible cause of otherwise unexplained mitochondrial disorders 

4.2. Introduction 

A dramatic increase in recognition of disoiders of mitochondrial energy metabolism has been 
seen in the last decade (1,2) These disorders show di\erse clinical symptoms ranging from pure 
myopathy with lactic acidosis to severe multisystem disease with central nervous system 
involvement Frequently, biochemical defects ot the pyruvate dehydrogenase complex, or of one or 
more of the four multisubunit complexes of the respiratory chain have been demonstrated as 
underlying causes (1,3), or they arc associated with mutations in the mitochondrial genome (1,2) 

Biochemical investigations in patients suspected to have a respiratory chain defect are 
commonly performed on skeletal muscle I hey may involve measurement of substrate oxidation or 
oxygen consumption by intact mitochondria to obtain inlormation about the overall flux through the 
various parts of the mitochondiul energy metabolism In case of an impaired flux, the different 
enzyme components of the respnatory chain and ot the pyruvate dehydrogenase complex are 
measured, possibly followed by lmmunoblotting in order to precisely define the defect at the enzyme 
and protein level 

Despite progress in the diagnostic approach, we experienced that, 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 We hypothesized that, 
in at least part of this category of patients, malfunctioning of one of the transport mechanisms across 
the mitochondrial membranes ma) cause biochemical and clinical disorders 

for adequate functioning ol the mitochondrial energy pathway, metabolites which are 
directly involved in the process of oxidative phosphorylation, such as ADP, ATP, and phosphate 
have to be transported across mitochondrial membranes, as well as ions (K*, Na , H*, Ca , + ) lo 
maintain osmotic homeostasis in the mitochondrial matrix (4,5) Hence, when studying 
mitochondrial disorders it seems worthwhile to investigate the proteins which are responsible for the 
transport of the different substances across mitochondrial membranes 

The voltage-dependent anion channel (VDAC) is one of these transporters in the outer 
mitochondrial membrane This channel, also called mitochondrial porin, forms a pore which at low 
transmembrane voltage is open lor anions such as phosphate, chloride, and adenine nucleotides At 
a high transmembrane voltage or in the presence ol a specific VDAC modulating protein, VDAC 
functions as a selective channel for cations and various uncharged molecules (6,7) 



VDAC deficiency 65 

To detect disorders of the mitochondrial transport system, we screened a selected group of 
patients for abnormalities ol VDAC in skeletal muscle One subject with deficiency of VDAC 
protein was detected The prcliminar\ findings of this patient have previously been published (8) 
The clinical biochemical and muscle morphological features of the patient are described in the 
present report 

4.3. Methods 

Case report The male patient, the third child of healthy unrelated parents, was born at term after 
a normal pregnancy Delivery ol the macrosomic child (weight 5 7 kg, length 60 cm head 
circumfeicnce 43 2 cm) was delayed The patient presented with mild unspecific facial dysmorphism 
with prominent forehead deep nasal bridge mild hypertelorism and high arched palatum The 
internipple distance was increased and the hypotonic abdominal wall showed median diastasis and 
herniation of umbilical cord I here was a bilateral syndactyly of the 2nd and 3rd toe with hypoplastic 
nails Initially due to intrapartum asphyxia, resuscitating measures were required I he Apgar score 
was 7 after 10 mm Oxygen was administered during the first 10 postnatal days Brief neonatal sei
zures subsided after the start of phénobarbital treatment In the first weeks mild hypothalamic 
hypothyroidism became obvious and treatment with thyroxin was started The psychomotor 
development was abnormal the patient showed failure to thrive and had persistent muscular 
h\ potonia with persistent head lag There was a poor visual fixation and no progressive development 
or milestones 

At the age of ^ months a magnetic resonance imaging sean of the brain showed mildly 
dilated and disfigured lateral ventricles (fig la) An area of cortical dysplasia, probably 
polymierogyna was seen in the region of the right Sylvian fissure (fig 1 a and ft) The entire cortex 
showed too man) unbranehed gyn The white matter contained hardly any myelin and had a signal 
intensity thioughout indicative of a delay in myelination 

At the age of 7 months a progressive h>drocephalus was diagnosed and treated with 
ventnculo-pentonal drainage Flectro encephalography showed epileptic discharges Visual and 
auditory evoked potentials showed reduction of central conduction velocities Motor conduction 
velocities were normal Flectromyography revealed a myopathic pattern The patient was strongly 
suspected to suffer from the Palhster-Kilhan syndrome, but a tetrasomy 12p was excluded both in 
blood cells and fibroblasts The results of repeated routine laboratory tests in blood, cerebrospinal 
fluid and urine were within normal limits and comprehensive metabolic investigations gave normal 
results as well Because an ¡n vno glucose loading test (2 g/kg body weight) showed a pathologic 
increase in blood lactate concentration (from 1 1 to 2 4 mM) a mitochondrial respiratory chain 
defect was considered in the deferential diagnosis Therefore a muscle biopsy of the quadriceps was 
performed at the age ol 20 months At the age of 4 years the main clinical symptom was 
psychomotor retardation 

Morphologic studies For morphologic investigations 8 \im sections of skeletal muscle were used 
lor conventional histology and enzyme histochemistry The sections were stained for succinate 
dehydrogenase myosin-Α I Pase (pli 4 3, 4 6, and 10 3), and cytochrome oxidase according to 
standard procedures (9 10) A small muscle specimen was fixed in glutaraldehyde for electron 
microscopic studies 
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Figure 1 Proton density (a) and T2-weighted (b) transverse magnetic resonance images of the 
patient's brain, obtained at the age of 5 months. 

Biochemical studies For biochemical investigations 10% (wt/vol) muscle homogenate was 
prepared in SETH medium (250 mM sucrose, 2 mM EDTA, 10 mM Tris-HCl, pH 7.4, 50 U/ml 
heparin). The 600g supernatant was used for biochemical determinations (11). Energy metabolism 
of intact muscle mitochondria was tested by measuring the rates of oxidation of labeled substrates 
and of ATP plus creatine phosphate (CrP) production as described earlier (11). [l-'4C]Pyruvate, [U-
14C]malate, and [1,4- l4C]succinate (1 mM) were used in combination with different co-substrates and 
specific inhibitors. In parallel experiments mitochondrial ATP and creatine phosphate production 
from pyruvate as well as from succinate was measured. All incubations were performed in the 
presence of 2 mM ADP and 20 mM creatine. In one experiment pyruvate oxidation was determined 
in the presence of the uncoupling agent СССР (2 μΜ). Activities of the various enzyme complexes 
of the respiratory chain were determined in the 600g supernatant as previously described (11). Sam
ples were frozen and stored at -70°C after homogenization of fresh muscle. Activity of the pyruvate 
dehydrogenase complex and content of carnitine were determined in total muscle homogenate 
(12,13). 

Skin fibroblasts were cultured in Medium 199 with Earle's salts (ICN Biomedicals, 
Zoetermeer, The Netherlands) to confluency. The lactate/pyruvate ratio in fibroblasts was 
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determined essentially as described b) Wijburg el ul (14) 
For all other studies on fibroblasts, mitochondrial enriched fractions prepared from cultured 

fibroblasts by homogenization and subsequent differential centrifugation were used. 

Table 1 Biochemical activities of fresh quadriceps muscle from patient and controls in 
nmoles.hr ' mU ' citrate synthase (n = number of controls) 

Activity Patient Control range n 

Oxidation rates foi 

[1-"C Jpyruvate i mahlte 

[l-"C]pyruvate + carnitine 

[ 1 - *C Jp> ι uvate + malate •'-СССР 
[U-"C]malatc + pyiuvate ι malonate 

fU-'4C]malate ι acet\ Icarnitine + malonatc 

[U-"C]malate t- acetxlcarnitme - arsenite 

[l,4-NC]biiccinate ι acetykarnitinc 

ΛΤΡ ι crealine phosphate piodutlion tales tiom 

Psruvate + malate (arsenite sensitive) 

Succinate-• acct\ laminine lotenone 

(nntmiycine A sensitive) 

AUivitv ol 

NADU Q, oxidorcductasc 

Succinate cMochiome с oxidorcductasc 
Cytochrome с oxidase 
NADH CK oxidoreductase 

Pyruvate dehydrogenase complex 

Citrate synthase' 

" In mU min ' mg ' protein 

Immunochemical studies Muscle 600# supcrnatants (11) and isolated mitochondria ( 14.000 χ g 
pellet of the 600# fraction) from 70 suspected patients, as well as mitochondrial enriched fractions 
of skin fibroblasts, were used for immunochemical studies The samples were suspended at room 
temperature in sample buffer [4% (wt/vol) SDS, 5 mM aminobenzidine, 6 M urea, 0.01% (wt/vol) 
bromophenol blue in 6 25 mM Tris-У ICI. pH 6 8]. Samples containing 100 mU of the mitochondrial 
reference enzyme cytochrome с oxidase (unless otherwise indicated), determined according to the 
method of Cooperstein and Lazarow ( 15), were applied to 10-15% Polyacrylamide gels. The proteins 
in the samples were separated by SDS-PAGF and electroblottcd to 0.2 μηι nitrocellulose membranes 
(Schleicher & Schucll. Dassel. Germany). Both electrophoresis and clectroblotting were performed 
on Phast System equipment (Pharmacia-LKB. Woerden. The Netherlands) The blots were incubated 
with various antisera against ANT and VDAC. Antigen-antibody complexes were detected using 
enhanced chcmiluminescence (LCL; Aincrsham International pic. Buckinghamshire, England) with 
biotinylatcd horseradish peroxidase as detection ligand (Dako, Glostrup, Denmark). 
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Antibodies Two polyclonal antisera against ANT were applied to Western blots. One was raisec 
against ANT isolated from bovine heart (16) and one against the synthetic peptide corresponding tc 
the C-terminal part (amino acids 288-297) of the protein (17). Three different antibodies agains 
VDAC were applied: one polyclonal antiserum against VDAC isolated from bovine heart (18) anc 
two MAb raised against VDAC isolated from human В lymphocytes and cultured in two difieren 
cell lines (MAb-4 and MAb-6) (19). 

Figure 2 Electron micrograph of patient's quadriceps muscle showing clearly the intac 
mitochondrial outer membrane. Bar 0.1 μτη. 

4.4. Results 

Morphology Examination of the muscle by light microscopy revealed a normal checkerboarc 
pattern of fiber types with 45% type I and 55% type II fibres. The fibre diameter was smaller (8-Η 
μηι) compared with age-matched controls (10-30 μπι). Other stainings (i.e. succinate dehydrogenase 
cytochrome oxidase, NADH-dehydrogenase, ATPase) gave normal patterns. Ultrastructura 
investigations showed normal mitochondria with clearly visible mitochondrial outer membranes (fig 
2). 

Biochemistry In muscle all measured substrate oxidation rates were decreased (Table 1) 
Uncoupling by СССР did not stimulate pyruvate oxidation. The generation of high energetii 
compounds was decreased to the same extent as the oxidation rates. The activities of the respirator 
chain enzymes were related to the mitochondrial reference enzyme citrate synthase because thi 
m i t n r ' V i r v n r l r i Q l r rmtÉ»nt n f h i i m í i n cL-M^tn l m i i c r 1 ! ^ n n n я п і ir\ α гт\псігІЕ»г<аКІ£» p v t p t i t *»см*і,-.ігі1Кг î i 
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pathologie tissue. One should distinguish between lowered mitochondrial content and a specific 
enzyme deficiency. No specific deficiency of a respiratory chain enzyme was detected. The activities 
of the respiratory chain enzymes were all normal (Table 1). The carnitine content in muscle was 
slightly decreased: 2.1 μιτιοΐ/g of muscle [control (n): 2.7-4.7]. 

In patient's fibroblasts the lactate/pyruvate ratio after glucose conversion appeared to be 
normal: 12 (n < 25), which means there is no indication for a disturbance in oxidative 
phosphorylation in fibroblasts. 

mAb-

39 8 

29.0 

20. » 

V 1 2 3 1 2 3 4 1 2 3 4 A 

Figure 3 Immunoblots of patient and control muscle incubated with antibodies against VDAC and 
ANT. 600g muscle supernatants, containing 100 mU of cytochrome с oxidase, were loaded in each 
lane. Lanes 3, patient's muscle; lanes 1, 2, and 4, three different control muscles; lane V, isolated 
VDAC (35 kD); lane A, isolated ANT (30 kD). Outer lanes, biotinylated molecular mass marker 
(39.8, 29.0, and 20.1 kD). The immunostaining was performed with three different antibodies: 
monoclonal anti-VDAC (mAb-6), polyclonal anti- VDAC (pVDAC), and polyclonal anti C-terminal 
ANT (C-ANT). 

Immunochemistry A clearly decreased amount of the VDAC protein (35 kD) in the patient's 
muscle, using both Mab against human VDAC as well as the polyclonal anti-bovine heart VDAC 
antiserum, is seen in figure 3. The ANT content (30 kD) appears to be only slightly reduced. The 
polyclonal anti-VDAC antiserum also reacts with other muscle proteins. In this polyclonal anti-
VDAC panel the amount of all proteins in the patient appeared to be comparable with those in 
controls except for the VDAC protein. The polyclonal antiserum against total ANT gave similar re
sults (not shown) as the antiserum directed against the C-terminus of ANT. The two Mab against 
VDAC isolated from human В lymphocytes (MAb-4 and MAb-6) reacted comparably in all 
applications. In the figures 3, 4, and 5, only MAb-6 results are shown. 

Figure 4 shows the results of the immunochemical examination of skin fibroblasts. Compared 
with muscle tissue the patient's fibroblasts show a less decreased VDAC content. The amount of 
ANT in fibroblasts is normal compared with controls. 

The relative VDAC content in the patient's muscle tissue and fibroblasts is presented in figure 
5. The specific amount of VDAC is about 10-fold decreased in the patient's muscle, whereas in 
fibroblasts the VDAC amount appears to be only slightly decreased. 
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Figure 4 Immunoblot of mitochondrial enriched fractions of cultured skin fibroblasts from patient 
(lanes 3) and three different controls (lanes 1, 2, and 4), all containing 100 mU of cytochrome с 
oxidase. Immunostaining was performed with antibodies against VDAC (mAb-6,pVDAC) and ANT 
(C-ANT). For additional details, see legend to figure 3. 
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Figure 5 Investigation of the amount of VDAC in the patient's muscle (left) and fibroblasts (righi) 
by using varying activities of the mitochondrial reference enzyme cytochrome с oxidase (10, 30, 
100, and 150 mU). The activity of cytochrome с oxidase in milliunits and source of the samples 
(con, control;pai, patient) are indicated at the top. The blots were incubated with MAb-6 antiserum. 

4.1.5. Discussion 

At present, knowledge about the function of mitochondrial membrane carriers in human 
physiology and pathophysiology is limited. Only a few subjects with a defective carrier have been 
described: one with ANT deficiency (20), one suspected to have a defective protein import into 
mitochondria (21), and one likely with a defective malate-aspartate shuttle (22). Lack of the carnitine 
carrier has been found more frequently (23). To our knowledge no systematic study has been 
performed to identify deficiencies of other mitochondrial membrane carriers. 

By screening a selected group of subjects, we found one with deficient VDAC protein in 



VDAC deficiency 71 

skeletal muscle In this subject investigation of the muscle mitochondria showed impaired substrate 
oxidation and reduced production of high energetic compounds (Table 1) These data point at a 
functional defect in one of the many components involved in the mitochondrial energy metabolism, 
; e respiratory chain enzymes or post-respiratory chain energy-converting steps, such as ATPase, 
mitochondrial creatine kinase, or ANT An abnormal mitochondrial matrix composition, due to 
altered ion homeostasis or diminished NAD* or coenzyme A concentration, could also have resulted 
in a reduced oxidative phosphorylation capacity 

A delect in the respirator) chain could be excluded by demonstrating normal enzyme 
activities A defect in post-respiratory chain energy-converting processes was less presumable 
because stimulation of pyruvate oxidation by use of the uncoupler СССР, which is expected in such 
a case (20,24), failed to appear 

In contrast, abnormal ion composition and/or altered osmolanty within the mitochondrial 
matrix could be a logic explanation for an impaired mitochondrial energy metabolism in our patient 
In this respect it is well known that a lower pH in the mitochondrial matrix resulting from any 
disturbance ol proton transport across mitochondrial membranes inhibits mitochondrial ATPase and 
thus А ГР production (25), as well as various components of the respiratory chain and mitochondrial 
transport systems (26) Likewise, maintenance of the volume of the mitochondrial matrix within a 
narrow range is crucial tor proper energy metabolism Any change of the permeability of the inner 
or outer mitochondrial membrane may influence the respiratory rate (4,5,7) 

One of the proteins involved in anion and cation transport across the outer mitochondrial 
membrane is VDAC VDAC is an abundant channel-forming protein, the pore size is regulated by 
the membrane potential (6,7,27,28) The shortage of VDAC in our patient's muscle tissue might have 
caused an abnormal ion composition of the mitochondrial matrix, thereby deteriorating the process 
of oxidative phosphorylation Because VDAC is also responsible for the transport of ATP and ADP 
across the outer mitochondrial membrane (6,27) one would expect in our patient a reduced transport 
of ADP and inorganic phosphate inwards, as well as А ГР out of the mitochondria, thereby 
hampering the energy metabolism From the fact that the uncoupler СССР did not stimulate 
substrate oxidation in muscle tissue, it could be hypothesized that biochemical abnormalities in 
VDAC-deficient mitochondria have been the consequence of malfunctioning of ion transport rather 
than the consequence of a blockade of ADP and ATP transport 

The important role of VDAC in energetic and metabolic function of mitochondria is 
illustrated with VDAC-deficient mutants, which have been generated in yeast mitochondria These 
mutants showed a disturbed respiration, whereas the respiration in the uncoupled state was normal 
The mutants showed an increased requirement lor ADP and Mg2 ions (29-31) To comply with the 
requirements, the size ol VDAC pores may be regulated, either by a specific modulator protein 
(7,32) or by NADH concentration or by the colloidal osmotic pressure, shifting the membrane 
potential required for opening and closure of the pores (5 33-35) Also the fact that VDAC interacts 
with kinases, ANT and benzodiazepine receptors in important mitochondrial structures such as 
special contact sites and megachannels, might underline its regulatory role in mitochondrial energy 
metabolism (5 27,35,36) 

In our patient VDAC deficiency was expressed in a tissue-specific manner VDAC protein 
was severely decreased in skeletal muscle, but only moderately decreased in cultured fibroblasts 
With respect to human VDAC, five partly established cDNA sequences, encoded by four genes, have 
been reported (37-39) The occurrence of isoforms might be an explanation for the tissue-specific 
VDAC disturbances in our patient Howe\er the monoclonal anti-VDAC antibody which was used 
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in our experiments was shown to recognize only the HVDAC1 isoform and more specifically the 
dcetjlated N-lerminal region (40) So the most likely explanation is that the HVDAC1 protein in 
muscle tissue of our patient is almost completely absent, mutated, or non-acetylated The gene of 
HVDAC1 is located on chromosome X in the interval Xql3-q21 (38) High resolution analysis of 
the patient's X-chromosome did not demonstrate abnormalities Studies are in progress to detect the 
defect at molecular level 

In our patient, a damage of the mitochondrial outer membrane in which VDAC is 
incorporated could also have induced a lack of the VDAC protein However, ultrastructural 
investigations clearly showed the presence of a normal mitochondrial outer membrane 
Unfortunately, not enough muscle was available to estimate the presence of other components of the 
mitochondrial outer membrane In our opinion the VDAC deficiency is not caused by the absence 
of (large parts of) the outer membrane, because oxidative phosphorylation remains usually 
unimpaired in mitochondria devoid of the outer membrane (5,6,31 ) Removal of the mitochondrial 
outer membrane in VDAC deficient mutants even induces normalization of energy metabolism (31) 

VDAC has also been reported to be a constituent of the plasma membrane of mammalian 
brain cells (41,42) human Τ and В lymphocytes (19,43,44), muscle cells (19), and an epithelial 
carcinoma cell line (45) It seems to occur also in the sarcoplasmatic reticulum (46) It remains 
obscure whether the multi-topological localization of VDAC and its deficiency is ol importance for 
the clinical findings in our patient It is unknown whether VDAC is also deficient in cerebral tissues 
and whether the abnormalities in magnetic resonance imaging findings and psychomotor 
development are related to such a defect 

In conclusion, this report on a patient with a deficient VDAC protein together with a recently 
reported ANT defect (20) suggests that an immmunochemical approach provides a useful extension 
of the diagnostic program for detecting mitochondrial disorders 
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THE HUMAN MITOCHONDRIAL ADENINE NUCLEOTIDE TRANSLOCATOR 

5 1 Sengers syndrome associated with adenine nucleotide translocator deficiency 
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5 2 Electron microscopic tomography a new approach to study mitochondnocytopathies 





5.1. SENGERS SYNDROME ASSOCIATED WITH ADENINE NUCLEOTIDE 
TRANSLOCATOR DEFICIENCY 

Huizing M'. Ruitenbeek W', Sengers RCA', Domer A~, Van den Heuvel LP', Trijbels JMF', 

Cruybberg RJM3, Valsson J4 Tulinius M\ Oldtors A\ Schultheiss HP2, Holme E\ Steinmann 

В6, SmeitinkJAM' 

' University Hospital Dept oj Pediatrics Nijmegen The Netherlands 
- Benjamin Franklin Hospital Free University Berlin Germany 
1 University Hospital, Dept of Ophthamology, Nijmegen, The Netherlands 

J Reykjavik University Hospital Dept oí Internal Medicine Reykjavik Iceland 

' University Hospital Dept of Pediatrics, Pathology and Clinical Chemistry Goteborg Sweden 
' University of Zurich Dept of Pediatrics Zurich Switzerland 

Adapted from 

Lancet submitted 



80 С hapt и 5 

5.1.1. Summary 

Scngers syndrome is characterized by congenital cataract, hypertrophic cardiomyopathy, 
mitochondrial myopathy and exercise induced lactic acidosis (McKusick 212350) Besides the 
initially described relatively benign form of the syndrome, se\eral patients with a fatal neonatal and 
infantile phenotype have been reported All patients show abnormal ultrastructure and increased 
number of mitochondria in heart and skeletal muscle The syndrome, therefore, belongs to the group 
of mitochondnocytopathies In the past, more common causes of mitochondnocytopathies like 
pyruvate dehydrogenase complex deficiencies, respiratory chain enzyme defects and mitochondrial 
DNA mutations and also more rarer causes like myoglobinopathies were excluded as the underlying 
cause for this syndrome We report here, based on the results of Western blotting experiments, that 
the Sengers syndrome is associated with an adenine nucleotide translocalor isoform 1 deficiency 

5.1.2. Introduction 

Mitochondria play a pivotal role in cellular energy production This is achieved via a 
complicated biochemical network ot which the pyruvate dehydrogenase complex (PDHc), the citric 
acid cycle, the respiratory chain, and the F,-F, ATPase (complex V) are the most essential 
components In contrast to the PDHc and the citric acid cycle enzymes various subunits of the 
mitochondrial respiratory chain complexes I III, IV, and V are encoded by the mitochondrial DNA 
(mtDNA) (1 ) Disturbances in mitochondrial energy metabolism are associated with various clinical 
phenotypes, ranging in seventy from mild exercise intolerance to, often fatal, multi-system disorders 
In general mitochondnocytopathies are characterized by structurally and/or functionally abnormal 
mitochondria which may occur in any organ The age of onset of symptoms ranges from birth to late-
adulthood (2-4Ì 

Inheritance of mitochondnocytopathies mav be Mendehan or in case of mtDNA involvement 
maternal Numerous pathogenic mtDNA deletions and point mutations have been identified 
Mutations of the nuclear encoded genes of the PDHc are also numerous (2,3), but only two 
mutations of the nuclear encoded respiratory chain proteins have so far been identified (5,6) 

übv mus progress has been made in the recognition of suspected patients since the first 
description of such a patient by Lutt and coworkers in 1962 (7) Nevertheless despite this and the 
e\ ident progress in the histochemical biochemical and molecular approaches, the underlying cause 
in a substantial number of patients with a mitochondnocytopathy cannot be ascribed to the known 
defects in mitochondrial enzymes or mitochondrial DNA (8) 

An intriguing example of such a hitherto unresolved mitochondnocytopathy is the Sengers 
syndrome which is characterized by congenital cataract, hypertrophic cardiomyopathy, 
mitochondrial myopathy and exercise induced lactic acidosis (McKusick 212350) (9,10) Up to 
now this autosomal recessive inherited syndrome has been described in approximately 20 patients 
(10-17) Different phenotypes of this syndrome can be distinguished a fatal neonatal and infantile 
form in which death occurs in the first weeks or months of life (15 16). and a milder form, often 
referred to as the adult form of the syndrome (16) Patients sulfenng from the adult form may reach 
adulthood but most die in the second or third decade from cardiomyopathy In the fatal neonatal 
form hypertrophic obstructive cardiomvopathy is recognized within days after birth, whereas in the 
adult form hypertrophic cardiomyopathy may present al am time between birth and childhood, but 
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there seems lo be a tendency towards ages past the toddler period (16) Patients with the adult form 
are mentally normal All forms of the syndrome show histopathological abnormalities including 
abnormal arrangement and loss of mitochondrial enstae, crystalline inclusions, deposits of lipid and 
glycogen, and an increase in volume density of subsarcolemmal localized mitochondria (10,11 16) 
The ocular abnormalities found in this syndrome have been extensively described by Cruysberg et 
ai (18) All patients had bilateral and total cataract in the first weeks of life, underwent cataract 
surgery, and developed nystagmus and strabismus ( 18) 

Despite the observed structural mitochondrial abnormalities and lactic acidemia, the latter 
pointing to a disturbed pyruvate oxidation in \ivo normal pyruvate oxidation rates were 
demonstrated in skeletal muscle homogenates of the investigated patients The activities of the 
pyruvate dehydrogenase complex and the enzymes of the respiratory chain appeared to be normal 
Furthermore, a myoglobinopathy was excluded as a possible cause for the syndrome (13) 

Recently, we extended our diagnostic program on mitochondrial disorders with investigations 
of the so-called post-respiratory-chain defects (8 19) Mitochondrial systems that belong to this 
category and can cause mitochondrial phosphorylation disorders if deficient (20) are mitochondrial 
ATPase ( 1,21), the adenine nucleotide translocator (ANT) (22,23), the phosphate carrier (PiC) (24). 
mitochondrial creatine kinase (25) and the voltage-dependent anion channel (VDAC) (26,27) In 
this paper we report on a deficiency of the adenine nucleotide translocator isoform 1 (ANTI) 
associated with Sengers syndrome 

5.1.3. Patients, material, and methods 

Patients The patients, three boys (patients 1,3,5) and two girls (patient 2,4) fulfilled the criteria 
initially described by Sengers in 1975 (congenital cataract, hypertrophic cardiomyopathy, 
mitochondrial myopathy, and lactic acidemia) (10) They came from north-eastern parts of Europe 
(Iceland, Γ inland. The Netherlands, and Switzerland) There was a relation 5 and 6 generations back 
between the parents of patient 4(14) 1 he other patients were the product of non-consanguineous 
couples Family history for Sengers syndrome was positive for patients 1, 3 and 4 Patients 1 and 2 
had the neonatal form of the syndrome, patient 3 exhibited an infantile form, he died at 11 months 
of age Patients 4 and 5 belong to the relatively benign ('adult') type of the syndrome 

Detailed information on the clinical presentation and course of the disease as well as the 
results of extensive morphological and biochemical studies of patients 1 and 2 have been reported 
(15) Patient 3 was admitted 3 weeks after birth because of bilateral cataracts and hypotonia 
Initially, physical examination and laboratory studies revealed no further abnormalities However, 
at the age of 6 months this child developed a rapidly progressing hypertrophic cardiomyopathy and 
lactic acidemia and he died at 11 months Muscle ultrastructure was typical for Sengers syndrome 
This patient can be classified as an intermediate or infantile form of the syndrome His elder sister 
also showed bilateral cataracts and died unexpectedly at the age of 7 months, diagnosed as sudden 
infant death syndrome Patient 4 has been briefly reported (patient 3 in ref 14) She was operated 
for congenital cataract at 3 months of age She had hypertrophic cardiomyopathy and decreased 
vision but had otherwise done well until 12 years of age when she suddenly developed signs of 
cardiac failure with increasing fatigue and exertional dyspnea Treatment was started with digitalis 
and furosemide She continued to have severe fatigue and dyspnea and was therefore evaluated for 
cardiac tranplantation The transplantation was performed when she was 12 years and 4 months old 
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Muscle biopsies were taken at the pre-operative evaluation and 5 months after the transplantation 
Patient 5 had a hypertrophic cardiomyopathy at birth Cataracts were diagnosed at the age of 2 
months and lactic acidemia at 3 years of age He is currently 14 years of age, his condition has been 
stable and he has not developed cardiac failure At 6 years of age a muscle biopsy was taken for 
biochemical and morphological investigations 

Some tissues of the deceased patients (1,2, and 3) were collected within the first hour after 
death and partly used immediately for extensive diagnostic studies The remaining tissues were 
immediately deep frozen in liquid nitrogen and stored at -70°C until recently Samples from patients 
4 and 5 were collected durante vitam and used or stored according to established protocols (28) 

Morphological investigations Enzyme histochemical and ultrastructural analyses were performed 
on skeletal and cardiac muscle as previously described (29) 

Polarographic and enzymatic investigation Polarographic measurements were done on 
mitochondria isolated from fresh muscle tissues as previously described (28) The isolated 
mitochondrial preperations were kept at -70°C before they were used for further enzymatic studies 
as described (28) 

Immunochemical studies 600g supematants, prepared from skeletal muscle (and kidney, heart, 
and liver when available) homogenate (30), as well as mitochondrial enriched fractions of cultured 
skin fibroblasts (31), were used for immunochemical studies Western blots were loaded with 
fibroblasts and biopsy material of the different tissues as previously described (32) The blots were 
incubated with antisera against ANT VDAC signals were used as control The ANT antiserum was 
raised against the human ANTI isoform (33) and the monoclonal VDAC antiserum raised against 
the human VDAC1 isoform (anti-Porin 31HL, CalBiochem/Novabiochem) Antigen-antibody 
complexes were detected using the Enhanced Chemiluminescencc (ECL) method (Amersham 
International pic, Buckinghamshire. England) with biotinylated horseradish peroxidase as detection 
hgand (Dako, Glostrup, Denmark) 

5.1.4. Results 

Detailed biochemical studies of the mitochondrial energy production system, revealing 
normal results, have been reported for patients 1 and 2 (15) The histopathological and enzymc-
histological examinations of these patients were essentially normal, but the electronmicroscopy 
revealed pronounced abnormalities of the ullraslructure and distribution of heart and skeletal muscle 
mitochondria (15) In both patient 4 and 5 typical findings of a mitochondrial myopathy were found 
both by histological and enzyme-hislochemical examination which revealed abnormal accumulation 
of mitochondria and lipids in skeletal muscle (fig 1), and by ultrastructural examination which 
showed accumulation of abnormal mitochondria with various inclusions 

The explanted heart of patient 4 showed hypertrophy and was also dilated The weight was 
470g Light microscopic investigation showed marked interstitial fibrosis and hypertrophic myocytes 
(fig 2a) Ultrastructural investigation showed proliferation of mitochondria with abnormal structure 
(fig 2b) 
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Figure 1 Muscle biopsy from patient 5 showing accumulation of mitochondria and lipids in many 
muscle fibres, a. Succinate dehydrogenase, b. Sudan black. 

Figure 2 Cardiac muscle from patient 4. a. Myocyte hypertrophy and interstitial fibrosis (Van 
Gieson-Hematoxylin), b. Electron micrograph showing two enlarged mitochondria with abnormal 
cristae. 
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The results of the investigations of the respiratory chain in muscle mitochondria from 
patients 4 and 5 are shown in Table 1 Both patients showed a reduced respiration in the presence 
of all substrates except ascorbate and TMPD (tetramethyl-p-phenylenediamine) Addition of 
uncoupler DNP (dinitrophenol) did not increase the respiration rate in the presence of succinate but 
the already high respiratory rate in the presence of ascorbate and TMPD increased further (patient 
4) However, investigations of respiratory chain enzymes were normal (Table 1) 

Table 1. Polarographie measurements in skeletal muscle mitochondria of patients 4 and 5 

Patient 4 Patient 5 Controls 
Polarography" 
Pyruvate + malate 67 
Glutamate+malate 69 
Succinate + rotenone 59 
Succinate+rotenone +DNP 54 
Ascorbate+TMPD 304 
Ascorbate + TMPD + DNP 502 

Spectrophotometry 
NADH ferncyanide reductase0 5 5 
Succinate cytochrome с reductaseb 0 40 
Cytochrome с oxidase1· 9 3 

a expressed in nmol О mm ' mg protein ' 

expressed in μηιοί min ' mg protein ' 
c expressed in mol mm mg protein ' 

Immunochemical analysis of skeletal muscle specimen of patients 1-5 (600g supernatants 
of patients 1-4, isolated mitochondria of patient 5) revealed a decrease or absence of the ΑΝΤΙ 
protein (fig 3) compared to age-matched 600g supernatants of controls (CI and C2) Antibodies 
against VDAC and PiC, used as controls, showed normal amounts of VDAC (fig 3) and PiC (results 
not shown), except for patient 2 who showed a reduction of VDAC Because some patient samples 
were stored for more than 10 years (at -70°C), control samples stored for the same period were also 
investigated which revealed normal intensity for ΑΝΤΙ, VDAC, and PiC on Western blot 

Patient 1 showed a complete deficiency of ANT 1 in skeletal muscle and heart (fig 3 and 4) 
His skin fibroblasts showed no signal for ΑΝΤΙ, like in control fibroblasts (ΑΝΤΙ is very low 
expressed in fibroblasts) (fig 4. PI) From patients 2 and 3 skeletal muscle, heart, kidney, and liver 
tissue were tested very faint (at least 5 to 10-fold decreased) ΑΝΤΙ signals were visible in skeletal 
muscle and heart (fig 4, P2 and P3), while liver and kidney material from patients and controls 
showed no detectable signal with the ΑΝΤΙ antiserum, as in control matanal (ΑΝΤΙ is very low 
expressed in liver and kidney) 
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5.1.5. Discussion 

In the past two decades progress has been made in the understanding of the various clinical, 
morphological, biochemical, and molecular biological aspects of mitochondriocytopathies. However, 
in various clinical syndromes belonging to the group of mitochondriocytopathies, the underlying 
cause has remained obscure. We decided to study the relation between mitochondriocytopathies and 
mitochondrial transmembrane processes (19,20). With this approach, we recently detected the first 
patient with a VDAC deficiency (32,34) and elucidated the first molecular defects in two patients 
with carnitine-acylcarnitine carrier deficiency (35,36). Here we report that in one of the other so far 
unresolved mitochondriocytopathic syndromes, Sengers syndrome (first described more than 20 
years ago (10)), the highly probable underlying cause lies also in one of the transmembrane proteins, 
namely a deficiency of the mitochondrial adenine nucleotide translocator (ANT). 

Three human ANT isoforms (ANTI, ANT2, and ANT3) have been identified and sequenced. 
The ANT genes have different promotor and intronic regions, supporting the hypothesis that the 
expression of ANT genes is under distinct regulatory controls (37). They are expressed in a tissue 
specific manner (38-41), which seems to be related to the function and developmental stage of the 
cell. The human isoform ANTI is mainly expressed in heart and skeletal muscle (37), is encoded by 
a gene located on chromosome 4q35 (42), and may permit rapid exchange of ADP and ATP to 
accommodate to the high energy demand associated with contraction of striated muscle fibers (39). 
The human ANT2 gene is located on the X chromosome (43), and is mainly associated with smooth 
muscle cells (37). The human ANT3 isoform seems to be ubiquitous, expressed in all tissues, 
especially in kidney (44). 
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Figure 3. Immunoblots of skeletal muscle of patients and controls incubated with antibodies 
against ANT and VDAC. 600g supernatants of skeletal muscle homogenate, containing 100 mU of 
cytochrome с oxidase, were loaded for patients 1-4 (P1-P4), for patient 5 (P5) isolated mitochondria 
(1 μg protein, comparable with protein amount of C2) were loaded. Lane 1 : purified ANT (bovine 
heart) or purified VDAC (human lymphocytes); CI, control neonatal muscle (biopsy at 10 days of 
life, stored for 10 years at -70°C); P3-P5, patients 1-5 muscle; C2, control adult muscle (biopsy at 
15 years, stored for 11 years at -70°C). 



86 Chapter 5 

Figure 4. Immunoblots loaded with 600g supernatants (containing 100 mU cytochrome с oxidase) 
of different tissues of patients 1, 2 and 3 (panels PI, P2, P3). The blots were incubated with antisera 
against ANTI and VDAC, in lane 1 of each blot purified ANT (bovine heart) or purified VDAC 
(human lymphocytes) was applied. In other lanes: M= skeletal muscle, Я=ЬеаП, F=skin fibroblasts, 
Z,=liver, A=kidney. Controls: C-control fibroblasts, Cl= control neonate muscle (biopsy at 10 days 
of life, stored for 10 years at -70°C), C2=control adult muscle (biopsy at 15 years, stored for 11 years 
at -70°C). 

The ANT antibodies used in our immunological experiments (Figures 3 and 4) specifically 
recognize the human ANTI isoform (33). Antibody signal was absent in liver, kidney, and 
fibroblasts from both patients and controls (kidney control not shown: maximum 8 samples can be 
applied on a Phast-System gel). This further underlines the specificity of the antiserum for ANTI. 
The antibody specificity points to a deficiency of ANTI in our patients, who showed predominantly 
affected heart and skeletal muscle and absence of mental problems. Although patient 1 shows a total 
ANTI deficiency on Western blot compared to the partial lack of ANTI in patients 2-5, no clear 
correlation between level of deficiency and clinical features could be established. Cataract is one of 
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the most specific symptoms ot the Sengers syndrome Information concerning the expression of 

ΛΝΤ1 in the human lens is presently not available In embryogenesis, the density of organelles 

(including mitochondria) decreases during differentiation to lens cells Organelles are almost absent 

at birth (45) In a Western blot experiment on adult human lens material, we were not able to detect 

an ANTI or VDAC signal (results not shown) Since lens contain mitochondria for a limited time 

during fetal development, the AN Π deficiency might be associated with the occurrence of the 

congenital cataract in this syndrome 

When this work was in progress the findings in a created null mutation of the ΑΝΤΙ gene 

in mice were reported by Wallace and coworkers (46) This represents the first animal model for 

mitochondrial myopathy and cardiomyopathy The mice showed striking similarities to the patients 

with Sengers syndrome The mice like the patients, showed normal growth and development, 

exercise intolerance hypertrophic cardiomyopathy, and lactic acidemia It was not reported whether 

or not the mice had cataract Whether the cataract in Sengers s> ndrome is directly related to ANT 1 

deficiency or it is a secondary phenomenon is not known In the patients with the relatively benign 

form of Sengers syndrome, which were investigated at 6 and 12 vears of age, the morphological and 

enzyme-histochemical investigations were in accordance with the findings in the mice In the infants 

mitochondrial abnormalities were only obvious at the electron microscopic level ultrastructural 

observations in the infants and in the knock-out mice seem to be identical showing proliferation of 

mitochondria especially in the subsarcolemmal region, and abnormal mitochondrial architecture 

The failure to detect any abnormalities of the respiratory chain of patients 1 and 2 in fresh 

muscle tissue ( 15) might be for maturity reasons ; e ΑΝΤΙ deficiency might not be rate limiting for 

the respiratory chain in the immature skeletal muscle In patients 4 and 5 which were investigated 

at 6 and 12 years of age the morphological abnormalities correspond to a clear dysfunction of the 

respiratory chain which was in accordance with the findings in the 4-6 months old mice It should 

also be noted that the respiratory chain dysfunction was only found in intact mitochondria ι e in a 

situation when the measurements are dependent on the mitochondrial membrane transporting 

systems which further support ΑΝΤΙ as the primary cause of the Sengers syndrome 

One patient with an ANT deficiency has previously been reported (47) This boj had a severe 

myopathy and lactic acidosis, but no cataract and cardiom) opathy 1 he phenotype of this patient thus 

differs from our patients and the knock-out mouse model with ΑΝΤΙ deficiency The specificity of 

the ANT antibody (raised against ANT isolated from rat liver) used for detecting this patient is not 

known (47) However, it cannot be excluded that the primary defect in this patient is due to a defect 

in a skeletal muscle specific regulation of ANT expression 

In conclusion, ΑΝΤΙ is deficient in Sengers syndrome The similarities of the phenotypic 

expression at the biochemical, histochemical, and clinical level between these patients and the ΑΝΤΙ 

knock-out mice strongly support that ΑΝΤΙ deficiency is the primary cause of Sengers syndrome 

Acknowledgments We gratefully thank Antoon Janssen for stimulating discussions, and dr Bob 

Trueworthy for critically reading and correcting the manuscript This study is financially supported 

by the Prinses Beatrix Tonds (grant-no's 93-018 and 95-0501, to MH), the Swiss National Science 

foundation (NF 32-42198 94, to BS), and the Swedish Research Council (project no 10823) 



88 Chapter 5 

5.1.6. References 

1 Veerkamp JH (1981) The function of muscle mitochondria In Mitochondna and Muscular 
Diseases (Busch HFM, Jennckens FGI. Schölte HR eds) Mefar BV, Beetsterzwaag, Neth, 
pp 29-50 

2 DiMauro S ( 1993) Mitochondrial encephalomyopathies In The Molecular and Genetic Basa, 
of Neurological Disease (Rosenburg RN, Prusiner SB, DiMauro S, Barchi LR, Kunkel LM, 
eds) Butterworth-Heinemann, Boston, pp 665-694 

3 Shoffner IM, Wallace DC (1994) Oxidative phosphorylation diseases and mitochondrial 
DNA mutations diagnosis and treatment Annu Rev Nutr 14, 535-568 

4 Ruitenbeek W, Wendel U, Tnjbels I-, Sengers R (1996) Mitochondrial energy metabolism 
In Physician s Guide to the Laboratory Diagnosis of Metabolic Diseases (Blau Ν, Duran M. 
Bldskovics ME, eds) Chapman and Hall, London, pp 391-406 

5 Bourgeron Τ, Rustin P. Chretien D. Birch-Machin M, Bourgois M, Viegas-Peguinot E, 
Munnich Λ Rotig A (1995) Mutation of a nuclear succinate dehydrogenase gene results in 
mitochondrial respiratory chain deficiency Nature Genet 11, 144-149 

6 Van den Heuvel LP, Ruitenbeek W, Smeels R, Gelman-Kohan Z, Elpeleg O, Loeffen J, 
InjbelsF, Manman F. DeBruijnD, Smeitink J (1998) Demonstration of the first pathogenic 
mutation in human complex I deficiency a 5 base pair duplication in the nuclear gene 
encoding the 18 kDa (AQDQ) subunit Am J Hum Genet, m pi ess 

7 Luit R, Ikkos D Palmieri G, Ernster L, Afzelius В (1962) A case of severe hypermetabolism 
of nonthyroid origin with a delect in the maintainance of mitochondrial respiratory control 
A correlated clinical, biochemical and morphological study J Clin ¡mest 41, 1776-1804 

8 Tri|bels JMF. Ruitenbeek W, Huizing M Wendel U, Smeitink J, Sengers R ( 1997) Defects 
in the mitochondrial energy metabolism outside the respiratory chain and the pyruvate 
dehydrogenase complex Mol Cell Biochem 174, 243-247 

9 McKusick VA (1994) Mendehan inheritance in man Catalogs of human genes and genetic 
disorders, 11th edn John Hopkins University Press, Baltimore 

10 Sengers RCA, Tnjbels JMF, Willems JL, Daniels O, Stadhouders AM ( 1975) Congenital 
cataract and mitochondrial myopathy of skeletal and heart muscle associated with lactic 
acidosis after exercise ./ Pediatr 86, 873-880 

11 Sengers RCA, Stadhouders AM, van Lakwijk-Vondrovicova E, Kubat K, Ruitenbeek W 
(1985) Hypertrophic cardiomyopathy associated with mitochondrial myopathy of voluntary 
muscles and congenital cataract Bi Heart J 54, 543-547 

12 Lahve d'Epinay S, Rampini S, Arbenz U, Steinmann B, Gitzelmann R (1986) Infantile 
ICdtaract, hypertrophe Kardiomyopathie und Lactatazidoze nach geringer Muskelarbeit - eine 
noch wenig bekannte metabolische Krankheit Kim Monatshl Augenheilkunde 189,482-485 

13 Van Ekeren GJ, Stadhouders AM, Egbennk GJ, Sengers RCA, Daniels O, Kubat К ( 1987) 
Hereditary mitochondrial hypertrophic cardiomyopathy with mitochondrial myopathy of 
skeletal muscle, congenital cataract and lactic acidosis Virchows Arch A 412, 47-52 

14 Valsson J, Laxdal T, Jonsson A, Knstjansson K, Helgason H (1989) Congenital cardiomyo
pathy and cataracts with lactic acidosis Am J Cardiol 61, 193-194 

15 Smeitink JAM, Sengers RCA, Tnjbels JMF, Ruitenbeek W, Daniels O, Stadhouders AM, 
Коек-Jansen MJH (1989) Fatal neonatal cardiomyopathy associated with cataract and 
mitochondrial myopathy Ew J Pediatr 148, 656-659 



Sengers syndrome associated with ANT deficiency 89 

16 Van Ekeren GJ, Stadhouders AM, Smeitink JAM, Sengers RCA (1993) A retrospective study 
of patients with the hereditary syndrome of congenital cataract, mitochondrial myopathy of 
heart and skeletal muscle and lactic acidosis Eur J Pediatr 152, 255-259 

17 Robbins RC, Bernstein D, Berry GJ, VanMeurs KP, Frankel LR, Reitz В A ( 1995) Cardiac 
transplantation for hypertrophic cardiomyopathy associated with Sengers' syndrome Ann 
Thoiac Surg 60, 1425-1427 

18 Cruysberg JRM, Sengers RCA. Pinckers A Kubat K, Van Haelst UGM (1986) Features of 
a syndrome with congenital cataract and hypertrophic cardiomyopathy Am J Opthalmol 102, 
740-749 

19 Ruitenbeek W, Huizing M, DePinto V, Thinnes FP, Trubels JMF, Wendel U. Sengers RCA 
( 1995) Defects of mitochondrial membrane-bound transport proteins in human mitochondrial 
myopathies a biochemical approach In Progress m С ell Research Vol V (Palmieri F, ed) 
Elsevier Science Publishers BV, Amsterdam, pp 225-229 

20 Huizing M, DePinto V, Ruitenbeek W, Trubels JMF, Van den Heuvel Ι Ρ, Wendel U ( 1996) 

Importance of mitochondrial transmembrane processes in human mitochondnopathies J 

Bioenerg Biomembr 28, 109-114 

21 Kagawa Y, Hamamoto T, Endo H, Ichida M, Shibui H, Hayakawa M (1997) Genes oí human 
ΑΓΡ synthase their roles in physiology and aging Вючсі Rep 17, 115-146 

22 Klingenberg M ( 1981 ) Membrane protein ohgomeric structure and transport function Nature 
290, 449-454 

23 Brandolin G, Le Sau\ A, Trezeguel V, Lauquin GJM, Vignais PV (1993) Chemical, 
immunological, enzymatic, and genetic approaches to studying the arrangement of the 
peptide chain of the ADP/A ГР carrier in the mitochondrial membrane J Bioenerg Biomembr 
25, 459-472 

24 Ferreira GC, Pederson PL (1993) Phosphate transport in mitochondria past accomplish
ments, present problems and future challenges J Bioenerg Biomembr 25. 483-492 

25 Wyss M, Smeitink J, Wevers RA, Wallimann Τ (1992) Mitochondrial creatine kinase a key 

enzyme of aerobic energy metabolism Biochim Biophys Ada 1102, 119-166 

26 Marinella CA (1992) The 'ins' and 'outs' of mitochondrial membrane channels Tiends m 

BiochemSci 17, 315-320 

27 Benz R (1994) Permeation of hydrophilic solutes through mitochondrial outer membranes 

review on mitochondrial ponns Biochim Biophys Acta 1197, 315-20 

28 Tulmius M, Holme E, Kristiansson B, Larsson NG, Oldfors A (1991) Mitochondrial 

encephalomyopathies in childhood 1 Biochemical and morphologic investigations J Pediatr 

119,242-250 

29 Oldfors A, Sommcrland H, Holme E, Tulinius M, Kristiansson В (1989) Cytochrome с 
oxidase deficiency in infancy Acta Neuropathol 11, 267-275 

30 Fischer JC, Ruitenbeek W, Gabreeb FJM, Janssen AJM, Renier WO, Sengers RCA, 
Stadhouders AM Ter Laak HJ. Trijbels JMF, Veerkamp JH (1986) A mitochondrial 
encephalomyopathy the first case with an established defect at the level of coenzyme Q 
Ew J Pediatr 144. 441-444 

31 Bentlage HACM, Wendel U, Schagger H, Ter Laak HJ, Janssen AJM, Trijbels JMF (1996) 
Lethal infantile mitochondrial disease with isolated complex I deficiency in fibroblasts, but 
with combined complex I and IV deficiencies in muscle Neurology 47, 243-248 

32 Huizing M, Ruitenbeek W, Thinnes FP, DePinto V, Wendel U, Trubels JMF, Smit L, Ter 



90 Chapter 5 

Laak HJ, Van den Heuvel LP (1996) Deficiency of the voltage-dependent anion channel a 
novel cause of mitochondnopathy Pediatr Res 39, 760-765 

33 Dorner A, Schulze К, Rauch U, Schultheis HP (1997) Adenine nucleotide translocator in 
dilated cardiomyopathy Pathophysiological alterations in expression and function Mol Cell 

Biochem 174,261-269 

34 Huizing M, Ruitenbeek W Thinnes FP, DePinto V (1994) Lack of voltage-dependent anion 
channel in human mitochondrial myopathies Lancet 344, 762 

35 Huizing M, Iacobazzi V, IJlst L, Savelkoul P, Ruitenbeek W, Van den Heuvel LP, Indiven 
C, Smeitink JAM, Tnjbels FJM, Wanders RJA, Palmieri F (1997) Cloning of the camitine-
acylcamitine earner cDNA, and identification of the molecular defect in a patient Am J Hum 

Genet 61, 1239-1245 

36 Huizing M, Wendel U, Ruitenbeek W, Iacobazzi V, IJlst L, Veenhuizen Ρ, Savelkoul Ρ, Van 

den Heuvel LP, Smeitink JAM, Wanders RJA, Tnjbels JMF, Palmieri F (1998) Camitine-

acylcarnitine earner deficiency identification of the molecular defect in a patient J Inker 

Melab Dis, in press 

37 Stepien G, Torroni A, Chung AB, Hodge JA, Wallace DC (1992) Differential expression of 

adenine nucleotide translocator isoforms in mammalian tissues and during muscle cell 

differentiation J Biol Chem 267, 14592-14597 

38 Battini R, Ferrari S, Kaczmarek L, Calabretta B, Chen S, Baserga R (1987) Molecular 

cloning of a cDNA for a human ADP/ATP carrier which is growth-regulated J Biol Chem 

9, 4355-4359 

3 9 Neckelmann Ν, Li К, Wade RP, Shuster R Wallace DC ( 1987) cDN A sequence of a human 
skeletal muscle ADP/ATP translocator Lack of a leader peptide, divergence from a fibroblast 
translocator cDNA, and cocvolution with mitochondrial DNA genes Proc Natl Acad Sci 

USA 84, 7580-7584 
40 Houldsworth J, Attardi G (1988) Two distinct genes for ADP/ATP translocase are expressed 

at the mRNA level in adult human liver Proc Natl Acad Sa USA 85, 377-381 

41 Dorner A, Pauschinger Am Badorff A, Noutsias M, Giessen S, Schultze K, Bilger J, Rauch 
U, Schultheis HP (1997) Tissue-specific transcription pattern of the adenine nucleotide 
translocase isoform in humans FEBS Lett 414, 258-262 

42 Wijmenga C, Winokur ST, Padberg GW, Skraastad MI, Alther MR, Wasmuth JJ, Murray 
JC, Hoiker MH, Frants RR (1993) The human skeletal muscle adenine nucleotide 
translocator gene maps to chromosome 4q35 in the region of the facioscapulohumeral 
muscular dystrophy locus Hum Genet 92, 198-203 

43 K.U DH, Kagan J, Chen ST, Chang CD, Baserga R, Wurzel J (1990) The human fibroblast 
adenine nucleotide translocator gene J Biol Chem 265, 16060-16063 

44 Torroni A, Stepien G, Hodge JA, Wallace DC ( 1990) Neoplastic transformation is associated 
with coordinate induction of nuclear and cytoplasmic oxidative phosphorylation genes J Biol 

Chem 265, 20589-20593 
45 Hejtmancik JF, Kaiser MI, Piatgorsky J ( 1995)Molecular biology and inherited disorders of 

the eye lens In The Metabolic and Molecular Bases of Inherited Disease, 7th ed (Scriver 
CR, Beaudet AL, Sly WS, Valle D. eds) McGraw-Hill ine , New York, pp 4325-4349 

46 Graham BH, Waymire KG, Cottrell B, Trounce IA, MacGrcgor GR, Wallace DC (1997) A 
mouse model for mitochondrial myopathy and cardiomyopathy resulting from a deficiency 
in the heart/muscle isoform of the adenine nucleotide translocator Nature Genet 16,226-234 



Scngers syndrome associated with ANT deficiency 91 

47 Bakker HD, Schölte HR, Van den Bogert, Ruitenbeek W, Jeneson JAL, Wanders RJA, 
Abeling NGGM, Dorland B, Sengers RCA, Van Gennip AH (1993) Deficiency of the 
adenine nucleotide translocator in muscle of a patient with myopathy and lactic acidosis: A 
new mitochondrial defect. Pediatr Res 33, 412-417. 





5.2. ELECTRON MICROSCOPIC TOMOGRAPHY: A NEW APPROACH TO STUDY 
MITOCHONDRIOCYTOPATHIES 



94 Chapter 5 

5.2.1. Introduction 

Electron microscopic tomography (EMT) is an effective tool for three-dimensional (3-D) 
structure-function determination in cellular and molecular biology. With this technique 3-D 
reconstructions are created from a large number of two-dimensional projections recorded over a wide 
range of tilt angles (reviewed in refs. 1-3). EMT overcomes limitations (as slice thickness, and 
interpreting complicated structures) associated with 2-D electron microscopy of thin sections, and 
is presently the imaging technique that provides the highest 3-D resolution (up to 5-10 nm) of the 
internal structure of several cellular organelles, including mitochondria (4,5). 

EMT opens a new dimension of mitochondrial research: it is possible to visualize in 3-D the 
organization of the mitochondrial membranes, the infoldings of the cristae in the mitochondrial 
matrix, and the contact sites between inner and outer mitochondrial membranes (5,6). EMT can also 
be used for a 3-D visualization of possible membrane alterations in patients suffering from a 
mitochondrial disorder. So far, no tomographic images of human mitochondria have been produced. 
In this communication we report the preliminary 3-D images of mitochondria from patients with a 
mitochondrial myopathy caused by a deficiency in an inner membrane transport protein: the adenine 
nucleotide translocator (ANT). 

5.2.2. Materials and methods 

Patients Both patients included in this study (patients 1 and 2) showed an ANT deficiency in their 
muscle mitochondria Patient 1 suffered from the Sengers syndrome (McKusick 212350) (7,8), 
presenting with congenital cataract, hypertrophic cardiomyopathy, mitochondrial myopathy, and 
lactic acidemia Detailed information on the clinical presentation and course of the disease as well 
as the results of extensive morphological and biochemical studies of this patient have been reported 
(8). Muscle morphological investigations showed abnormal mitochondria (rounded, uniformly large, 
one or two cristae, matrix vesicles, and mitochondrial crystalline inclusions). We recently 
demonstrated an absence or substantial decrease of ANT isoform 1 (ANTI) in Sengers syndrome 
(9, and section 5.1). In patient 1 the total absence of the ANTI protein was immunochemically 
established (9) Patient 2 showed the clinical signs of a myopathy and lactic acidosis, and has been 
described before (10) A 2-20 fold increase in the activity of all measured mitochondrial enzymes 
except for cytochrome с oxidase was found in his skeletal muscle tissue. Remarkably, the decreased 
pyruvate oxidation rate was strongly incieased by the uncoupler СССР, and only mildly stimulated 
by ADP. Immunostaining of Western blots, using polyclonal antiserum against ΑΝΊ, revealed a 4-

fold decrease in ANT muscle content (10). Morphological studies on this patient showed abnormal 

mitochondria containing crystalline structures. 

EMT method Quadriceps muscle specimen of both patients were prepared by rapid freezing and 

embedding in epon (11) Rat liver tissue was prepared in the same way. EMT studies were 

performed essentially as described (4,12). First a set of 2-D electron microscopic views was 

collected, by tilting the specimen in a fixed electron beam. The number of views required for 

tomographic reconstruction (usually between 50 and 150) is determined by the desired resolution. 

Gold particles served as fixed points that could be viewed through the tilt series and were used for 
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allignment of the data-set. Contour-based 3-D images and reconstructions were produced by means 
of the computer programm Sterecon (from STEreoscopic RECONstruction) (13). Tracing of the 
mitochondrial membranes in the 2-D views was performed by visual tracing with a stereo cursor 
using a digitizing tablet. All tracings were converted to a 3-D image using the computer programms 
Spider (System for Processing of Image Data from Electron microscopy and Related fields) and Web 
(an environment in which Spider can thrive) (14). All computer tracings and calculations were 
performed on a Silicon Graphics workstation. The colours in the figures reflect different membrane 
structures, and are arbitrary chosen. 

Figure 1 EMT analysis of a muscle mitochondrion of patient 1. Three different stages are shown: 
A. Electron microscopic image (2-D) of one slice of the patient's muscle mitochondrion, B. Electron 
microscopic image (2-D) after visual tracing of the membranes, and C. Electron tomographic image 
(3-D) after conversion of all traced 2-D images (diameter mitochondrion - 1.8 μπι). The outer 
mitochondrial membrane is shown in red, the inner mitochondrial membrane in blue, the cristae in 
yellow, and a vacuole-like structure in green. 

5.2.3. Results 

Figure 1 shows different stages of the EMT electron analysis of a muscle mitochondrion of 
patient 1. In the first stage 2-D electron microscopic images were collected (fig. \A), then the visual 
tracing of the membranes was performed for all slices in the second stage (example for one slice in 
fig. \B). In the third stage the tracings were converted into a 3-D image (fig. 1С). 3-D images of 
human control muscle mitochondria are currently prepared, and are therefore not included in the 
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present report. We used the 3-D structure of rat liver mitochondria (prepared before for 
standardization of the EMT method) for comparison, as shown in figure 2. This mitochondrion 
shows an outer and inner mitochondrial membrane with cristae protuding into the mitochondrial 
matrix. Compared to this mitochondrion, patient 1 shows abnormal cristae. The cristae seem to form 
round, vesicle-like structures (shown in yellow in fig. 1С) which are only scarcely connected to the 
inner membrane. Also a large vesicle or vacuole-like structure (shown in green in fig. 1С) is visible 
in this mitochondrion. 

Figure 2 Electron microscopic tomographic image of a rat liver mitochondrion. The outer 
mitochondrial membrane is shown in red; the inner mitochondrial membrane in yellow; and the 
cristae in green. Diameter of the mitochondrion -1.5 цт. 

Figure 3 EMT on muscle mitochondria of patient 2. For additional details, see legend of figure 
1. The outer mitochondrial membrane is shown in red, the inner mitochondrial membrane in green, 
the cristae in pink, the crystalline inclusions in blue, and the membrane-like structures surrounding 
the inclusions in yellow. The length of the shown mitochondrion is - 2 цт, width ~ 1.5 цт. 
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The quadriceps muscle mitochondrion from patient 2 contained crystalline inclusions, a 
feature sometimes observed in patients with mitochondrial myopathies In figure 3 the three stages 
of the EMT process are shown for a muscle mitochondrion of this patient The crystalline inclusions 
(fig 3Γ, in blue) seem to be located in the mitochondrial matrix, and are surrounded by membrane
like structures The inclusions occupy a substantial part of the mitochondrial volume, and seem to 
'press' the cnstae (in pink) in a highly folded state between the mitochondrial inner membrane and 
the membranes surrounding the vesicles 

5.2.4. Discussion 

EMT is a powerful tool for elucidating 3-D structures at the cellular level In this preliminary 
communication, we used this technique to visualize 3-D structures of muscle mitochondria from two 
patients suffering from ANT deficiency ANT is a transport protein located in the inner 
mitochondrial membrane, responsible for the exchange of extramitochondnal ADP and 
intramitochondrial ATP (in the process of oxidative phosphorylation) (15,16) Three human ANT 
isoforms (ANTI, ANT2, and ANTI) have been identified and sequenced They are expressed in a 
tissue specific manner, which seems to be related to their function (17-20) ANTI is highly 
expressed in skeletal muscle and heart In patient 1 heart and skeletal muscle tissue was 
predominantly affected, and we detected immunochemically (with specific antibodies) an ANTI 
deficiency (9) In patient 2 (who showed myopathy, but no cardiac problems), it is less clear which 
isoform is deficient The deficiency has been established with polyclonal antiserum (raised against 
rat liver ANT) in skeletal muscle tissue (10) 

The EMT images of patient 1 show an unusual mitochondrial organization (fig 1 ), the cnstae 
form vesicle-like structures and the connections of cnstae with the mitochondrial inner membrane 
arc very scarce These features have also been described in morphological electron and light 
microscopic studies (2-D) in this patient (patient 1 in ref 8) and in other patients with Sengers 
syndrome (7,8) The cause of this vesicle formation in patients is unknown ANT is described to be 
part of the mitochondrial megachannel and/or contact sites, structures in which several types of 
membrane proteins (ANI, VDAC, hexokinase, glycerol kinase, mitochondrial creatine kinase, and 
the benzodiazepine receptor) are present (21-23) Possibly the megachannels are barely formed or 
labile in the AN Π deficient patients 

The crystalline inclusions, found in patient 2, are occasionally detected in a part of the 
mitochondria of patients suffering from a mitochondrial myopathy (24-26) Mitochondria containing 
these inclusions are usually localized in the subsarcolemmal area of the patient's muscle (24) The 
crystalline inclusions have shown to be enriched with mitochondrial creatine kinase (26,27) 
Although various descriptions of these crystalloids in diseased human muscle have been given, the 
true threedimensional structure of the crystalloids has not yet been solved EMT might be a helpful 
tool for further investigations on these structures It is not clear where the the crystalline structures 
are localized, within the mitochondrial matrix, between two foldings of the inner membrane, or in 
the space between the inner and outer membrane (24,27) The number of crystalloid units per 
mitochondrion may vary considerably, but there seems to be a distinct preference for an even number 
of crystalloid units per mitochondrial profile The reason for this is unclear (24) In patient 2 the 
crystalline structures are localized in the mitochondrial matnx space Two clusters (each surrounded 
by membrane-like structures), each containing four crystalline structures, could be determined in this 
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patient (fig 3 Q 
We used rat liver mitochondria as control EMT images of human control muscle 

mitochondria are currently in preparation The number or the folding partem of the cnstae may differ 
between rat liver and human muscle, but for the time being, the rat liver images are the only 
acceptable alternative 

This report presents the data of a pilot experiment applying EMT on two patients with an 
ANT deficiency The technique can be optimalized further (3) and controls have to be included 
before firm conclusions can be drawn First of all human muscle mitochondria originating from age-
matched controls have to be studied as reference material Furthermore, larger numbers of 
mitochondria (located in different parts of the muscle) should be analyzed in patients and controls 
Finally differences in muscle fibre type have to be established In case all these criteria are fulfilled, 
this new experimental approach can be applied to study human mitochondnocytopathies We 
propose to use EMT for more systematical analyses of mitochondria originating from patients with 
different mitochondrial disorders (like deficiency in respiratory chain enzymes or pyruvate 
dehydrogenase complex or deficiency in membrane transport proteins) 3-D images of human 
muscle mitochondria may provide new insight into a wide range of questions about mitochondrial 
structure and organization in future studies 
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6.1.1. Summary 

The camitine-acylcamitine carrier (CAC) catalyzes the translocation of long-chain fatty acids 
across the inner mitochondrial membrane. We cloned and sequenced the human CAC cDNA, which 
has an open reading frame of 903 nucleotides Northern blot studies revealed different expression 
levels of CAC in various human tissues Furthermore, mutation analysis was performed for a CAC 
deficient infant. Direct sequencing of the patient's cDNA revealed a homozygous cytosine 
nucleotide insertion This insertion provokes a frame shift and an extension of the open reading 
frame with 23 novel codons. This is the first report documenting a mutation in the CAC cDNA, 
responsible for mitochondrial ß-oxidation impairment 

6.1.2. Introduction 

Τ he carnitine-acylcarnitine carrier (CAC) shuttles acylcarnitine esters, in exchange for free 
carnitine, across the inner mitochondrial membrane (1,2) This transport is an essential step in the 
process oflong-chain fatty-acid oxidation (3-5) The oxidation of fatly acids in mitochondria plays 
an important role in energy production. During fasting, fatty acids are used for hepatic ketone-body 
synthesis. Furthermore, fatty acids are an important source of energy for heart and also for skeletal 
muscle, during exercise, whereas ketone bodies are excellent substrates for the brain (3,4). The 
overall fatty-acid oxidation in mitochondria requires the concerted action of at least 17 different 
proteins, including 16 enzymes and the transporter CAC. Genetic defects have been identified in 
most of these proteins (3,5). These defects generally present in early infancy, with acute, potentially 
life-threatening episodes of hypoketotic hypoglycemic coma induced by fasting. The clinical 
phenolypes are very similar and can be attributed to one of three major types of presentation with 
predominantly hepatic, cardiac, or skeletal muscle involvement (6-8) So far. six cases of CAC 
deficiency have been reported (5,9-13). The main features in these severely affected patients with 
onset in the neonatal period are hypoketotic hypoglycemia, mild hyperammonemia, variable 
dicarboxyhc aciduria, hepatomegaly with abnormal liver functions, various cardiac symptoms, and 
skeletal muscle weakness In all cases, CAC activity in cultured skin fibroblasts is below detectable 
levels However, so far, the CAC deficiency has not been characterized at the molecular level, in any 
patient. 

Fundamental properties of eukaryotic CAC have been investigated extensively in intact 
mitochondria (1,2,14-16) and after purification and reconstitution into liposomes (17-22). The carrier 
is embedded in the inner mitochondrial membrane and has an apparent molecular mass of 32.5 kD 
in rat liver (17) It governs a one-to-one exchange between long-chain acylcarnitine esters and 
nonesterified carnitine, across the inner mitochondrial membrane and also the unidirectional 
transport of carnitine across this membrane, although less efficiently (14,18). Incorporated into 
liposomes, the purified carrier protein has substrate specificity and inhibitor sensitivities similar to 
those in intact mitochondria (17-19). CAC operates according to a ping-pong mechanism (21). 

Very recently we described the cDNA and amino acid sequence of the rat CAC (23). These 
studies have shown that CAC belongs to a protein family that, so far, has been found to comprise 
10 biochemically well-characterized mitochondrial carriers and also several other members of 
unknown function that are beginning to emerge with advance of genomic DNA sequencing (24-27). 
These proteins have evolved from a common ancestor, by tandem gene duplication, and have related 
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structures and mechanisms (24.25) 
We report on the nucleotide sequence of the human CAC cDNA and the corresponding 

amino acid sequence, as well as the distribution of CAC mRNA in human tissues For the first time, 
a mutation has been found in the CAC cDNA of a unique, now 9-year-old, CAC-deficient patient 

6.1.3. Patient and methods 

Case report This 9-year-old girl with a normal family history survived a severe neonatal condition 
consisting of hypoglycaemia, cardiac arrest, hepatomegaly and hepatic dysfunction These features 
are often observed in patients with a fatty-acid oxidation disorder Thereafter episodes of lethargy 
and hepatomegaly occurred only during mild viral infections Acylglycines were nondiagnostic, and 
acylcamitines showed increased medium- to long-chain hydroxy and unsaturated derivatives A liver 
biopsy showed fatty infiltration During the last few years, she has had a rather normal physical and 
neurophysiological development she has done well with prolonged exercise, and in between the 
attacks she is an alert, cooperative, and pleasant young girl Her symptoms are much milder than 
those in the other CAC-deficient patients who have been described Cultured skin fibroblasts were 
sent to one of us (RW) to investigate a possible delect in mitochondrial fatty-acid oxidation 

Fibroblast study Overall ß-o\idation in fibroblasts was measured as described previously by 
Olpin et al (28) The CAC activity in fibroblasts was measured essentially according to the study 
by Pande et al (9) 

Cloning and sequencing of the human CAC Oligonucleotides were designed on basis of the 
cDNA sequence of the rat liver CAC (23) at the following nucleotide positions 125-150 (sense IF, 
5'-C CTGGTGTTI GTGGGGCACCCCT1G-3'), 455-480 (antisense 1R, 5'-CTGAA TCTGCAGTA-
AGCA1TTGATC-T), 405-430 (sense 2F, 5'-GGGAfGTTATCTGGTGTGTTCACCA-3'), and 
937-962 (antisense 2R, 5'-ACAAGTTGGGGGCAATCCAATTGAG-3') These primers (Pharmacia 
Biotech) were used in PCRs to amplify cDNA fragments encoding the human liver CAC The 
template was first-strand cDNA reverse transcribed with ohgo(dT), by AMV reverse transcriptase 
(Boehnnger Mannheim) for 1 h at 55°C, from human liver mRNA (Clontech) PCR reactions were 
carried out for 30 cycles (94°C tor 30 s, 60°C for 1 mm, and 72CC for 2 mm) At the end, a single 
incubation at 72°C for 7 min was added The extension to the 3' end was performed by priming from 
poly(A), with two nested forward primers (AGAAGAAGGAGTCACCTCCTTGTA and CAAAG-
GGTTCAATGCAGTCATGA, corresponding to nucleotides 831-854 and 855-877, respectively, of 
the rat cDNA sequence) To extend the sequence to the 5' end, a touchdown PCR (29) was performed 
on an adaptor-hgated double-stranded human liver cDNA (Clontech) In this case we employed two 
nested forward adaptor primers and two reverse-specific primers (1TGTGTCTGCAGTCGGACCT-
TGAC and CCAGAGGGTGACCGACGAACACCAGGC, corresponding to nucleotides 257-278 
and 121-146, respectively, of the rat cDNA sequence) DNA-sequence analysis was performed 
according to established procedures (23) 

Northern blot analysis The sequence corresponding to nucleotides 421 -967 of the human CAC 
cDNA was used as a probe in Northern blots performed on mRNA derived from various human 
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tissues (Clontech). Northern blot analysis was performed according to standard protocols, with high 

stringency. The filters were autoradiographed at -80°C. For normalization of the hybridization 

signals a probe encoding part of the human actin (Clontech) was employed 

Mutation detection Total RNA was extracted (30) from cultured skin fibroblasts and stored as an 

ethanol precipitate at -80°C. A 5 μg sample of RNA was reverse transcribed to cDNA, in 1 h at 

42°C, with 200 U of Superscript II reverse transcriptase (Life Technologies), by use of oligo(dT) and 

random hexamer primers Five microliters of this first-strand cDNA was subjected to PCR 

amplification. By PCR, we generated three overlapping fragments that covered the entire coding 

region, using the following synthetic oligonucleotide primers (Perkin Elmer)· for fragment 1, 5'-

GCAGGrCGAGAACTGACAGAC-3' (sense Fl) and 5'-TTTCTCCTGAAGAAGCCTGAA-3' 

(antisense Rl), at positions 21-41 and 481-501, respectively, of the human CAC cDNA sequence 

(fig. 1); for fragment 2, 5'-CCTGGAGAACGGATCAAGTG-3' (sense F2) and 5'-CAATTAAG-

GAACTTCATGGCAA-3' (antisense R2), at positions 450-469 and 928-949, respectively; and for 

fragment 3, 5'-GCAGTGATGATCCGAGCCTTC-3' (sense F3) and 5'-ACAGGTAGTATCTGG-

TCTGGAA-3' (antisense R3), at positions 873-893 and 1224-1245, respectively. For each fragment, 

35 cycles of PCR were performed (92°C for 60 s, 60°C for 60 s, and 72°C for 90 s). The cycles were 

preceded by an initial denaturation step at 95°C for 3 min and were followed by a final extension at 

72°C for 10 min Ten microliters of each PCR reaction was analyzed on 1 0% agarose gels with 0.5 

μg ethidium bromide/ml in lx Tris borate-EDTA The nucleotide sequences of the PCR products 

were analyzed by direct sequencing using the Тещ Dye DeoxyIM Terminator Cycle Sequencing Kit 
(Applied Biosystems), according to the manufacturer's recommendations. 

6.1.4. Results 

Cloning and sequencing of human CAC cDNA The recently reported rat cDNA of CAC (23) was 
used for cloning and sequencing the human CAC homologue. Four overlapping sequences were 
amplified, by PCR using human liver cDNA as a template, with synthetic oligonucleotide primers 
based on the rat cDNA sequence and, to extend the sequence to the 5' end, with two nested forward 
primers complementary to adaptors that were added to the 5' extremities of the human liver cDNA 
The obtained cDNA sequence was 1,243 bp in length and had an open reading frame of 903 bp (fig. 
1) Assignment of position 63 as first nucleotide of the initiation codon was deduced from 
comparison with the CAC cDNA of rat liver (23), since no stop codon was found in the 5' 
untranslated region. The sequence extending in the 3' noncoding region did not contain the 
polyadenylation signal. The protein encoded by the human CAC cDNA contains 301 amino acids, 
and its calculated molecular weight is 32 9 kD 

Expression of CAC mRNA in human tissues A hybridization probe consisting of nucleotides 
421 -967 of the human liver CAC cDNA was employed in Northern blot experiments. Figure 2 shows 
the presence of one band for CAC mRNA, ~ 1 8 kb in length, in various human tissue types. The 
CAC mRNA was highly expressed in heart, skeletal muscle, and liver tissues. A much lower level 
of expression was found in brain, placental, pancreatic, kidney tissues, and especially in lung tissue. 
These differences in the level of expression of the CAC transcript in the various tissues tested were 
not due to variations in the amounts of RNA loaded on the gel, since this was checked in a control 
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experiment with an actin probe. 

1 GGGCTCGAGC GGCCGCCCGG GCAGGTCGAG AACTGACAGA CGGAGTGACA GACGGACTGA CC ATG GCC GAC CAG CCA AAA CCC АТС AGC CCG CTC AAG AAC 
1 M A D _ f ) P K P l S P L K N 

102 CTG CTG GCC GGC GGC TTT GGC GGC GTG TGC CTG GTG TTC GTC GGT CAC CCT CTG GAC ACG GTC AAG GTC CGA CTG CAG АСА CAG CCA CCG AGT TTG CCT 
1 4 L L A G G F G G V C L V F V G H P L D T V K V R L Q T Q P P S L Ρ 

201 GGA CAA CCT CCC ATG TAC TCT GGG ACC TTT GAC TGT TTC CGG AAG ACT CTT TTT AGA GAG GGC АТС ACG GGG СТА TAT CGG GGA ATG GCT GCC CCT АТС 
47 G Q P Ρ M Y S G T F D C F R K T L F R E G I Τ G L Y R G M Α Α Ρ I 

300 АТС GGG GTC ACT CCC ATG TTT GCC GTG TGC TTC TTT GGG TTT GGT TTG GGG AAG AAA СТА CAA CAG AAA CAC CCA GAA GAT GTG CTC AGC TAT CCC CAG 
80 I G V T P M F A V C F F G F G L G К Ä I Q Q К // Ρ E D Г L .V Y P Q 

399 CTT TTT GCA GCT GGG ATG TTA TCT GGC GTA TTC ACC АСА GGA АТС ATG ACT CCT GGA GAA CGG АТС AAG TGC TTA TTA CAG ATT CAG GCT TCT TCA GGA 
I 1 3 L F . 4 A G M L S G V F T T G I M T P G E R I K C L L Q I Q A S S G 

498 GAA AGC AAG TAC ACT GGT ACC TTG GAC TGT GCA AAG AAG CTG TAC CAG GAG TTT GGG АТС CGA GGC АТС TAC AAA GGG ACT GTG CTT ACC CTT ATGCGA 
146 Я Λ Κ Υ Г G Τ L D С A K K L Y Q E F G I R G / . Y K G T J ; L T L M R 

597 GAT GTC CCA GCT AGT GGA ATG TAT TTC ATG АСА TAT GAA TGG CTG AAA AAT АТС TTC ACT CCG GAG GGA AAG AGG GTC AGT GAG CTC AGT GCC CCTCGG 
179 D V Ρ A S G M Y F M T Y E W L K N / F T P E G К R V S E L S A ? R 

696 АТС TTG GTG GCT GGG GGC ATT GCA GGG АТС TTC AAC TGG GCT GTG GCA АТС CCC CCA GAT GTG CTC AAG TCT CGA TTC CAG ACT GCA CCT CCT GGG AAA 
212 ¿ L V A G G /. A G I F N W ¡4 V A I P P D V L К S R F Q T A P P G К 

795 TAT CCT AAT GGT TTC AGA GAT GTG CTG AGG GAG CTG АТС CGG GAT GAA GGA GTC АСА ТСС TTG TAC AAA GGG TTC AAT GCA GTG ATG АТС CGA GCC TTC 
245 Y Ρ N G F R D V L R E L I Ä / ) E G V T S L Y K G F N A V M I R A F 

894 CCA GCC AAT GCG GCC TGT TTC CTT GGC TTT GAA GTT GCC ATG AAG TTC CTT AAT TGG GCC ACC CCC AAC TTG TGA GGCTGAAGGC TGCTCAAGTT 
279 Ρ A N A A C F L G F E F . 4 M K _ F L N W A _ 7 ; P N L 

994 CACTTCTGGA TGCTGGAAGC TGTCGTTGAG GAGAAGGAGT AGTAAGCAGA ACTAAGCAGT CTTGGAGGGC AAGGGGAGGG GAATGGTGAG ATCCGAGCCC 
1004 TGTGCATGGA CTTGGTGAGA CTGTTGCCTT AATGACATC CTGCACCGTG TATAACTTAG TGTGTCATTT TGAAACTTGA ATTCATTCTT ATCAATTTAA 
] 104 GGGATCTTA AAAGGATTTG AATGGAACAA GTAGCTTCCA GACCAGATAC TACCTGT 

Figure 1 Nucleotide sequence of human CAC cDNA. The deduced amino acid sequence of the 
open reading frame of 903 bp (301 codons) is shown below the nucleotide sequence. Human CAC 
amino acids that differ from those of rat CAC (23) are shown in underlined, italicized print. The 
cDNA and deduced protein sequence are in GenBank (accession no. Y10319; 
http://www.ncbi.nhm.nih.gov/Web/Genbank/index.htm). 

H B Ρ Lu L SM К Pa 

2.40 

Figure 2 Expression of CAC mRNA in human tissues. 
Northern blots (2 μg poly(A) RNA per tissue) hybridized with a human CAC probe (A) and an actin 
probe (B) are shown. The molecular weight is indicated in the figure: human CAC mRNA is -1.8 
kb. Results for the following tissues are shown: heart (H), brain (B), placenta (P), lung (Lu), liver 
(L), skeletal muscle (SM), kidney (K), and pancreas (Pa). 

http://www.ncbi.nhm.nih.gov/Web/Genbank/index.htm
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Biochemical studies in the index patient Biochemical measurements of intact cultured skin 
fibroblasts showed a diminished oxidation rate of 3H-labeled mynslic and palmitic acid (66 % and 
27 %, respectively, of the control mean), as shown in table 1 The oxidation rate of '4C-labeled 
octanoate and butyrate was found to be normal (not shown) The activities of the various 
mitochondrial fatty acyl-CoA dehydrogenases, the enoyl-CoA hydratases, the 3-hydroxyacyl-CoA 
dehydrogenases, and the 3-ketoacyl-CoA thiolases, as well as of carnitine palmitoyltransferases I 
and II, were all normal (not shown) As shown in table 1, the activity of CAC was not detectable 

Table 1 Overall ß-oxidation rates and CAC activities in cultured skin fibroblasts of the 
patient and of controls 

Overall ß-oxidation (nmol/h mg) 
[9,10-3H]Myristicacid 
[9,10-Ή] Palmitic acid 

CAC activity (pmol/min mg) 

Produced MC0 2 

Patient 

4 1 

24 

NDb 

Controls (n)" 

60 ±2 3 (61) 

8 8 ± 4 1 (33) 

47 ± 16 (5) 
a Data are the mean ± SD, η = no of controls 
ь ND = not detectable 

1 
Control Ala Thr Pro Asn Leu Stop-- Patient' Ala Thr Pro G]n ¿*u VjJ An 

Figure 3 Sequences of CAC cDNA segments, with their accompanying amino acid codes, for a 
control (wild type) and the patient For the patient, а С insertion, resulting in a frameshift and an 
extension of the C-terminus of the CAC protein (underlined) is shown (arrow) 
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A. 
246 Î0I 

С-terminus wild type: ... W A T P N L 

322 

C-terminus patient: W A T P Q L V R L K A A Q V H F W M L E A V V E E K E 

B. 
wild type: 

patient: 

Figure 4 A, Primary C-terminal amino acid sequence of wild-type (top) and patient's (bottom) 
С AC protein. B, Predicted secondary structure, according to the Chou-Fasman algorithm, of wild-
type (top) and patient's elongated (bottom) CAC. 

Mutation analysis The CAC mRNA from cultured skin fibroblasts of the patient was reverse 
transcribed, and the cDN A was PCR amplified in three overlapping fragments. Sequencing of these 
fragments revealed an insertion of a cytosine in the cytosine-rich region from bp 955-959, as shown 
in figure 3. This insertion changes the sequence of the CAC protein from amino acid 300 (asparagine 
to glutamine) to the carboxy terminus, and expands the length of the protein by 21 amino acids, to 
322 (fig. 4A). 

Hydrophilicity calculations were performed according to the Kyte-Doolittle method, for the 
peptide sequence of the wild-type and the patient's CAC. The values obtained were used for Chou-
Fasman predictions of the secundary structure of the protein. The Chou-Fasman two-dimensional 
plot (fig. 4B) showed a dramatic conformational change, at the C-terminal region, between the wild-
type and patient's CAC protein. 
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6.1.5. Discussion 

Primary structure of human CAC The protein encoded by the human СЛС gene is 301 amino 
acids long and its calculated molecular weight is 32 9 kD The amino acid sequences of human and 
rat CAC arc highly conserved, there is -90% identity between these species (fig 1 and ref 23) 
Human CAC differs from its rat counterpart in 29 amino acids, 15 of which are nonconserved The 
identity between the human and rat CAC is less than that found for some other mitochondrial 
carriers In fact, 97% identity was found between the human and rat 2-oxoglutarate carriers (31,32), 
and 95% was found between the human and rat citrate carriers (33,34) and phosphate carriers 
(35,36) Three repeated homologous domains, each about -100 amino acids in length, can be 
distinguished in the human CAC. a characteristic previously recognized in other mitochondrial 
transport proteins (24,25) These domains are related to those found in the mitochondrial camer-
protein family (24,25) 

I he cDNA and deduced protein sequences are in GenBank (accession no Y10319, 
http //www nebí nhm mh gov/Web/Gcnbank/index htm) A Blast search for homologous sequences 
revealed 7 different expressed-sequence-tag (ES 1 ) clones (AA305590, Rl 1780, F08483, Z28872, 
AA378439, N77642, N87428) that originated from different human tissues These EST clones have 
sequences that are homologous with different parts of the CAC protein and are presumed to encode 
a carrier protein of unknown function 

Tissue distribution of CAC mRNA The CAC defect was detected in the patient's fibroblasts It 
is likely that CAC deficiency occurs in all tissues, since no evidence for the existence ol various 
tissue-specific lsoforms has been found As shown in figure 2, high levels of CAC mRNA transcripts 
were found in heart, skeletal muscle and liver tissues, which is in fair agreement with the clinical 
involvement of these tissues in the patient Much lower levels of expression were found in brain, 
placenta, kidney, and pancreatic tissues and especially in lung tissue 

CAC deficient patient We have identified CAC deficiency in cultured skin fibroblasts from a child 
who survived a stormy neonatal period due to her fatty-acid oxidation disorder, which invariably has 
been fatal in other patients (5,9-13) Direct sequencing of the entire cDNA of the patient revealed 
the presence of a homozygous insertion of a c\ tosine nucleotide in the only cytosme-containing 
region, bp 955-959, resulting in a framcshift We repealed sequencing of the cDNA oí this patient 
and of three controls, in three independent experiments, all of which revealed the homozygous 
insertion in the patient's cDNA This excludes the possibility of a mistake made by the 'luq DNA 
polymerase in the PCR reaction The region containing the insertion consists of five cylosine 
nucleotides, which makes confirmation of the insertion by restriction-enzyme analysis impossible 
Unfortunately, no material from the other famih members was available for further investigations 

The CAC protein of the patient has an obviously changed C-terminus amino acids 300 and 
301 are changed from asparagine and leucine, respectively, to glutamine and leucine, respectively, 
and the protein has been elongated by 21 amino acids A Chou-F asman prediction shows a 
dramatically changed secundary structure The C-terminus is changed from a turn (in wild-type 
CAC) to a helix structure, in the patient The molecular basis of the transport process mediated by 
the CAC is still unrevealed A proper folding and orientation of the CAC protein in the 
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mitochondrial membrane is crucial for adequate functioning The novel extension in the patient 
contains a hydrophobic domain, which may be embedded in the mitochondrial inner membrane 
instead of protuding into the intermembrane space A diminished entrapping or binding capacity of 
the positive charge of the quaternary nitrogen of carnitine to the negative carboxylate of the CAC 
C-terminus can be hypothesized for the patient The alterations of the patient's CAC also may lead 
to instability of the protein An impairment of the patient's CAC in substrate binding or translocation 
can also be considered The functional consequences of the molecular defect apparently are 
restricted, in view of the mild clinical phenotype of the patient Surprisingly, no CAC activity was 
detectable in fibroblasts 

In the present study, we determined the sequence of the human cDNA of the mitochondrial 
CAC, showed differences in human tissue distribution, and defined the first molecular defect in a 
CAC-deficient patient This study provides the techniques necessary to resolve the molecular basis 
of CAC deficiency This may be ot great importance tor the reliable diagnosis of patients at risk and 
also may guide the way toward prenatal diagnosis ot this severe type of inbom error in metabolism 
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6.2.1. Introduction 

The carnitine-acylcarnitine tamer (СЛС) shuttles acylcarmtine esters in exchange for free 
carnitine across the inner mitochondrial membrane This transport is an essential step in the process 
of long-chain fatty acid oxidation (1 ) So far, 6 cases ofCAC deficiency have been reported (1,2) 
The main features in these severely affected subjects with onset in the neonatal period are 
hvpokclotic hypoglycaemia. mild hyperammonemia, variable dicarboxylic aciduria, hepatomegaly 
with abnormal liver functions, various cardiac symptoms and skeletal muscle weakness In cultured 
skin fibroblasts of all subjects CAC activity is below detectable levels 
Very recently we described the cDNA and amino acid sequence of the human CAC (2) The first 
delected molecular defect in a CAC deficient patient appeared to be an insertion of a nucleotide in 
the cDNA. leading to extension of the C-tcrminus of the CAC protein (2) Here we describe a second 
patient with CAC deficiency, in whom two extensive deletions in heterozygous form were found in 
the CAC cDNA 

6.2.2. Case report 

A bov was born at term, as third child ol healthy consanguineous Turkish parents Birth 
weight was 3000g Αι the third da\ of life he became somnolent, had bradycardia, and developed 
generalized skeletal muscle weakness Blood glucose was 1 2 mmol/1 (normal 2 8-60) He had 
moderate metabolic acidosis increased plasma ammonia concentrations (170 - 240 μιτιοΐ/ΐ, normal 
< 60) and dicarboxvlic aciduua During an attack of cardiac arrhythmias and arrest he was 
resuscitated and artificial ventilation was started which lasted until death He received supportive 
treatment with intravenous fluids containing sodium benzoate and temporarily L-carmtine as well 
as nasogastric feedings with a low-protein, high-carbohydrate formula containing ample amounts 
ol vegetable oil On treatment he developed hypertrophic cardiomyopathy and marked 
hepatomegaly Plasma ammonia levels were persistenti) elevated (70 - 200 μπιοΐ/ΐ) Liver function 
was abnormal with moderately elevated transaminase activities (50 - 150 U/l, normal 12 - 40) 
Serum creatine kinase was increased (500 - 5000 U/l normal 10 - 70) At 6 weeks of age he had 
markedly increased urinary excretion of dicarboxylic acids The concentration of scrum total 
carnitine and acylcarmtmes was 42 μπιοΐ/ΐ (normal 22 - 55) and 36 μιηοΐ/ΐ (normal 7 - 26), 
respectively Free carnitine was very low (6 μιτιοΙ/L, normal 12 - 45) On treatment with carnitine 
the concentration of acylcarmtmes increased up to 176 μιποΐ/ΐ The concentration of urinary 
acylcarmtmes was also greatly enhanced A needle muscle biopsy specimen showed excessive lipid 
storage and a great number of necrotic muscle fibers At the age of 8 weeks he died due to 
cardiorespiratory distress with circulatory failure The post mortem liver showed a severe lipid 
infiltration of the hepatocytes 

The first child of ihe parents was a girl with trisomy 21 and congenital heart disease She died 
suddenly at the third day of life from unknown reason The second child, a girl, was well until the 
6"' day of life when she developed a course of disease strikingly similar to that of her younger 
brother, with somnolence, lachy-arrhythmias and cardiorespiratory distress requiring resuscitation 
Later she showed mild hyperammonemia, hepatomegaly with abnormal liver functions, seizures, and 
she died with multi-organ failure at the age of 5 weeks In this patient the underlying metabolic 
disorder was not resolved 
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6.2.3. Materials and methods 

Overall ß-oxidation measurements were done in fibroblasts essentially as described by Olpin 
et al. (3). The CAC activity in fibroblasts was measured according to a newly devised method based 
on the formation of [l4C]C02 from [l4C]acetyl-L-carnitine in digitonin-permeabilized fibroblasts 
(manuscript in preparation). 

For mutation detection, total RNA was extracted (4) from cultured skin fibroblasts and 
reverse transcribed to cDNA with 200 U of Superscript II reverse transcriptase (Life Technologies), 
using oligo(dT) and random hexamer primers. The cDNA was amplified by PCR in three 
overlapping fragments which covered the entire coding region (2). The nucleotide sequences of the 
PCR products were analysed by direct sequencing using the Taq Dye Deoxy™ Terminator Cycle 
Sequencing Kit (Applied Biosystems). 

a. 
cDNA 1245 bp 

-» Fl 480 bp - • F3 372 bp 

RI« - R 3 « -

- » F2 499 bp 

R 2 « -
b. 

Fragment I Fragment 2 Fragment 3 

Figure 1 Analysis of CAC cDNA in patient (P) and control (C). 
Section a schematically shows part of the CAC cDNA, encompassing the entire open reading frame, 
fragment 1 (primer pair F1 -R1 ), fragment 2 (primer pair F2-R2) and fragment 3 (primer pair F3-R3). 
In section b the ethidium bromide-stained agarose gel of the PCR amplified products is shown, 
together with the molecular weight marker λ-PstI (M). The smaller bands in the patient's cDNA (352 
bp and 389 bp for fragment 1 and 2, respectively) reflect deletions in the patient, indicated as grey 
segments in section a. 
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6.2.4. Results 

Biochemical measurements on intact cultured skin fibroblasts showed a severely diminished 
oxidation rate of ^-labeled palmitic acid (0 25 nmol/h mg. normal 8 2 + 38) and mynstic acid (0 13 
nmol/h mg, normal 5 8 ± 2 3) The oxidation of NC-labeled octanoate and butyrate was found to be 
normal The activities of the different mitochondrial fatty acyl-CoA dehydrogenases, the enoyl-CoA 
hydratases the 3-hydroxyacyl-CoA dehydrogenases and 3-ketoacyl-CoA thiolases as well as of 
carnitine palmitoyltransferases I and II were all normal The activity of CAC was below the 
detection limit 

Agarose electrophoresis of the PCR fragments revealed two heterozygous deletions in the 
cDNA of the patient (see fig 1) Sequencing of the two PCR fragments 1 and 2 showed one deletion 
of 128 bp (bp 261-388) and another one of 110 bp (bp 671 to 780 bp numbering is according to the 
published cDNA sequence (2) in the first and the second fragment of the patient, respectively In 
addition premature STOP codons arc introduced due to frameshift (at bp 608 TAG for deletion 1, 
at bp 900 TA A lor deletion 2) By combining the forward primer of fragment 1 (Fl) and the reversed 
primer of fragment 2 (R2) (see fig 1) in a PCR reaction with the patient's cDNA, no product 
carrying both deletions was obtained suggesting that both alleles of the patient were affected (data 
not shown) As a consequence of these abnormalities, the length of the patient's CAC protein is 
drastically shortened The number of 301 amino acids in wild type CAC is reduced to 139 and 211 
in case of deletion 1 and 2, respectively 

6.2.5. Discussion 

Wc have identified a CAC deficiency in a child who presented with the characteristic clinical 
phenotypc of a long-chain fatty acid oxidation disorder with signs ofheart liver and skeletal muscle 
involvement, who died at the age ol 8 weeks A previous child of the consanguineous parents 
suffered from an identical disorder However in this infant the underlying metabolic defect was not 
resolved Unfortunately, no material from the other family members was available for further 
in\estigations Direct sequencing of the entire cDNA of the patient revealed the presence of two 
heterozygous extensive deletions, probably one in each allele Both deletions introduce a premature 
STOP codon due to a frameshift As a result the number of amino acids of the patient's CAC is 
drastically reduced and the original С-terminus is lacking 

The deletions are most probably caused b) imperfect mRNA splicing Such kind of mutations 
has been reported before (5-7) The primary cause is often found to be located in the vicinity of 
mRNA splice sites (8) The efficiency of splicing is critically dependent upon the accuracy of 
cleavage and re|oining which appears to be determined by the virtual invariant GT and AG 
nucleotides present at the 5' and 3' splice sites respectively Remarkably, both deletions in our 
patient are preceded by AG nucleotides which may constitute the 3' end of an exon, suggesting that 
splice site mutations have caused the deletions In a few cases 5 end of an exon is reported to be a 
С nucleotide (8), as we found after both deletions in our patient A crucial point mutation may cause 
imperfect mRNA splicing (5-7) However no point mutations were found in the coding sequence 
of our patient Studies are in progress to sequence the introns of the human CAC gene in order to 
elucidate the primary mutation in this patient 

CAC belongs to the so-called mitochondrial carrier family (9) These proteins consist of three 
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tandemly repeated related domains and each domain contains two hydrophobic stretches, which are 

thought to span the membrane as α-helices ( 10) There is little knowledge about which segments of 

the primary structure of the members of the mitochondrial carrier family are involved in substrate 

binding and metabolite translocation (11) Only for the ADP/ATP carrier there is evidence that the 

central part of the second domain is involved in substrate binding (12,13) The С AC of the patient 
lacks the second and third (as consequence of deletion 1 bp 261-388) or the third domain (as 
consequence of deletion 2 bp 671-780) Although the function of these regions of the CAC is not 
known, it is not surprising that no CAC activity could be detected in our patient's fibroblasts The 
large extent of the missing regions presumably causes a severe impairment in both substrate binding 
and translocation Crabeel et al (14) recently found that the mitochondrial carrier Argil of 
Saccharomyces cerevisiae is inactive when lacking the 6th transmembrane α-helix Instability of the 

truncated torms and/or inability to be inserted into the membrane may also play a role in the CAC 

deficiency of our patient 

In the present study we determined the molecular defect in a second CAC deficient patient 

This patient shows a cDNA defect different from the first described mutation (2) DNA sequencing 

of more CAC deficient patients is required to obtain insight in the heterogeneity of molecular CAC 

defects 
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7.1. Mitochondrial transmembrane carriers in mitochondriocytopathies 

In this thesis biochemical and molecular aspects of human mitochondrial transmembrane 
carriers, together with their involvement in mitochondriocytopathies, are described The study was 
initiated as a consequence of the observation that in a quarter of the patients with a mitochondno-
cytopathy no specific enzyme deficiency could be detected, despite an observed disturbance in their 
in vit) о mitochondrial substrate oxidation rates We hypothesized that defects in mitochondrial 
transmembrane carriers might be the underlying cause in (some) patients with biochemically 
unspecified mitochondriocytopathies 

We started the study by systematically screening 200 preselected patients (with decreased 
substrate oxidation and ATP production rates, and no detected mitochondrial enzyme deficiencies) 
for a possible defect in the mitochondrial transmembrane carriers VDAC, ANT, and PiC 
Consequently, subjects lacking HVDAC or ANT (refs 1-4, chapters 4, 5, 7 2) were diagnosed 
applying immunochemical techniques with specific antibodies raised against these proteins Carrier 
defects might be primary caused by a mutation in the encoding gene, disturbance in their 
transcription process, or a defect in post-translational modification Carrier defects might secondary 
be caused in vivo through e g accumulation of free oxygen radicals, free fatty acids, acyl-CoA esters, 
Ca2 , and nitric oxide Further studies to unravel the primary defect in the HVDAC and ANT 
deficient patients are in progress and reported in section 7 2 No patient with PiC deficiency was 
detected In addition, we also examined 12 patients with a 2-oxoglutanc aciduria and/or acidemia, 
not due to a 2-oxoglularate deh> drogenasc deficiency, on a possible deficiency of the 2-oxoglutarate 
carrier So far wc did not identify a patient with a deficiency of this carrier using the 
immunochemical method but it has to be stressed that real identification of such a deficiency is 
hampered b> the wide range of immunochemical signals observed in control muscle samples 
Additional studies are necessary in order to draw a definite conclusion concerning a possible 
deficiency of the 2-oxoglutarate carrier Expanding the immunochemical screening of patients on 
deficiency of other mitochondrial transmembrane carriers (as cation carriers, dicarboxylate carrier, 
pyruvate carrier) was hampered by the lack of available antisera, cross-reacting with human proteins 

The reliability of the immunochemical screening for diagnosing patients with a defect in a 
mitochondrial transmembrane carrier has been improved by investigating the developmental 
expression (section 3 2). and tissue distribution of different transmembrane carrier lsoforms (section 
3 1) Л slight age-dependent increase in expression of ANTI and HVDAC1 has been demonstrated 
in skeletal muscle, which should be considered when investigating patients younger than one year 
Investigations of the expression pattern of different mitochondrial transmembrane carriers did not 
show the same absolute and mutual amounts in mitochondria of different human tissues Most 
carriers were expressed according to the metabolic function of the tissue The main expression of 
carriers involved in mitochondrial energy metabolism appeared to be in skeletal muscle and heart 
The carriers VDAC, ANT, and PiC have a heart and skeletal muscle specific isoform HVDAC 1, 
ANTI, and PiC-A Based on clinical involvement, on high expression rate, and on practical 
availability, skeletal muscle appears to be the most suitable tissue for diagnostic investigation In 
those cases in which it is impossible to obtain skeletal muscle material from patients, measurements 
in cultured skin fibroblasts may be considered Screening fibroblasts for defects in HVDAC or ANT, 
however, is doubtful, as described in section 3 1 Normal contents of transmembrane carriers in 
fibroblasts do not exclude a deficiency in skeletal muscle, as has been demonstrated in the VDAC 
and ANT deficient patients (refs 2-4, chapters 4,7 2) This limitation using fibroblasts for diagnostic 
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aims is well-known for detection of defects in mitochondrial respiratory chain enzyme-complexes 
(5,6) 

We cloned and sequenced the human camitine-acylcamitine earner (CAC) cDNA Northern 
blot studies showed high levels of CAC mRNA transcripts in heart, skeletal muscle, and liver tissue, 
which is in agreement with the clinical involvement of these tissues in patients with a deficient CAC 
activity Screening the cDNA of CAC deficient patients resulted in the first delected genetic defects 
(refs 7,8, and chapter 6) These are also the first molecular defects ever descibed for a human 
mitochondrial transmembrane earner 

More and more evidence becomes available about mitochondrial transmembrane carrier 
detects causing mitochondnocytopathies It is hard to speculate about the occurrence of these 
defects Up to now, the number of detected deficiencies is restricted However, one should take into 
mind that only part of the mitochondrial transmembrane carriers has been studied in this project 
Besides, the immunochemical screening method may not detect all affected patients (e g functional 
inactive carrier with normal molecular mass) And the exact selection criteria tor screening still has 
to be established 

7.2. State of the art in HVDAC, ANT, and CAC research 

HVDAC In the present thesis, we describe the first patient with a HVDAC deficiency (refs 1,2, 
and chapter 4) The defect was detected immunochemically Based on the specificity of the used 
antibodies, a mutation in the HVDAC 1 gene or a disturbed post-translational modification can be 
hypothesized as the underlying cause of the deficiency We sequenced the cDNA of the HVDAC 1 
and HVDAC2 isoforms of this patient but did not find abnormalities The cDNA screening was 
restricted to IIVDAC1 and HVDAC2, because only these HVDAC isoforms have been described 
to be expressed at protein level (9,10) Besides, the cDNAs of HVDAC3 and HVDAC4 are only 
partly published (11) 

Alter the first described HVDAC deficient patient (1,2, and chapter 4) we detected three 
other HVDAC deficiencies (further referred to as patient A, B, and C) Apart from these 4 HVDAC 
deficient patients detected in our lab, the group of DePinto (University of Catania, Italy) also 
detected a 11VDAC deficient patient ( 12, and personal communication), which presented with the 
clinical symptoms of the Pearson syndrome, a deletion in mitochondrial DNA was established 
Patient A presented with multiple congenital abnormalities, mental retardation, hypotonia, 
respiratory insufficiency, and convulsions Biochemical measurements on fresh muscle mitochondria 
showed decreased substrate oxidation rates Complex III of the respiratory chain was partially 
deficient (63% of the lowest control value) Western blotting experiments showed a decreased 
HVDAC 1 amount in the patient's muscle, while his fibroblasts showed normal amounts Sequencing 
ot the HVDAC 1 and HVDAC2 cDNAs in this patient has not yet been performed 

Patient В has been described to suffer from a partial complex IV deficiency, detected in 
skeletal muscle, liver, and fibroblasts (13) He was admitted at the first day of life with tachypnoea 
because of a severe lactic acidosis In the following months a progressive generalized brain atrophy, 
infantile spasms, and retardation became obvious Apart from the complex IV deficiency, Western 
blotting experiments showed a HVDAC 1 deficiency in skeletal muscle tissue of the patient, and 
normal IIVDAC1 amounts in his fibroblasts cDNA screening of the HVDAC1 and HVDAC2 
cDNAs revealed no mutations The occurrence of isoforms might be an explanation for the tissue-
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specific VDAC disturbance The monoclonal antiserum used in the immunochemical experiments 
recognized only the HVDAC1 isoform and more specifically the acetylated N-terminal region (2,9) 
So, most probably the HVDAC1 protein in muscle tissue of patient В is almost completely absent, 
mutated, or non-acetylated A sibling of patient В appeared to have also a complex IV deficiency 
(detected in skeletal muscle, liver, and brain) However, no HVDAC1 deficiency could be 
established in skeletal muscle, liver, or fibroblasts of this sibling This patient suffered from 
respiratory insufficiency and died in the second week of life 

Combinations of different mitochondrial enzyme defects in one patient have been reported 
before (5,14,15) No studies are known on the combination of a mitochondrial enzyme deficiency 
together with a mitochondrial transmembrane carrier deficiency We therefore performed a pilot 
study, for the amounts of H VDAC, ANT, and PiC in skeletal muscle of two groups of patients with 
the most frequently occurring mitochondrial enzyme deficiencies a group of 10 patients with 
complex I, and a group of 12 patients with complex IV deficiency This study resulted in one patient 
(patient C), in whose muscle a mainly complex IV deficiency had been found, but also the HVDAC1 
signal was lound to be diminished The patient was a girl from consanguineous parents, who suffered 
from progressive, central respiratory insufficiency, severe hypotonia, cerebral atrophy with enlarged 
ventricles and myoclonic movements Lactic acid concentration was increased in cerebrospinal fluid 
She died at the age of 7 days No molecular studies have yet been done on patient С 

Patients Л, B, and С are the first patients in whom a combined deficiency of one of the 
respiratory chain complexes and a mitochondrial transmembrane earner has been detected Ггот this 
pilot study we conclude that also studies on mitochondrial transmembrane carrier deficiencies should 
be performed in those patients in whom an cnz>me delect has already been established 

It appears that the ITVDAC1 deficienc\ detected in our first patient (1,2) is an isolated 
HVDAC deficiency, while the defects in patients A, B, and С are HVDAC deficiencies combined 
with a mitochondrial enzyme defect The clinical presentation of all VDAC deficient patients is 
different Heterogeneity of clinical symptoms is commonly seen in patients with mitochondrial 
disorders (6) When the entire HVDAC 1 gene structure as well as the promotor sequences are 
known, the genomic DNA of all HVDAC deficient patients should be analyzed for the presence of 
mutations Mutation detection studies on RNA level in HVDAC2 revealed a polymorphism in its 
published cDNA sequence (16) the thymine at bp 887 was mutation by a cytosine This substitution 
does not lead to an alteration in an amino acid and is therefore a silent mutation As we found this 
mutation in all sequenced patients and controls (2 patients and 5 controls), we propose this may be 
a mistake in the published cDNA sequence 

Very recently a mouse model having a null mutation in the VDAC1 gene and a model 
lacking the VDAC3 isoform have been developed (17) Clinical and physiological features of these 
mice are under investigation Mitochondrial enz>me activities of these mice are established in our 
laboratory These knock-out mice models offer opportunities to study the consequences of VDAC 
deficiency m vivo and in vitro 

In conclusion, the HVDAC deficient patients all showed decreased mitochondrial oxidation 
rates No mutations in the HVDAC 1 or HVDAC2 cDNA could be detected It would be worthwhile 
to develop methods for functional analysis ot HVDAC channel activity Electrophysiological 
experiments, like patch clamp studies might be further developed and applied to measure the 
HVDAC pore properties 
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ANT The first patient with ANT deficiency has been described by Bakker et al (4) It is unknown 
in this myopathic patient which ANT isoform was deficient (used antiserum was polyclonal, raised 
against rat liver) Molecular studies revealed no mutations in the ANT genes (18) 

We examined muscle from 4 patients with the Sengers syndrome (McKusick 212350) 
(19,20), clinically presenting with congenital cataract, hypertrophic cardiomyopathy, mitochondrial 
myopathy, and lactic acidosis In all investigated muscle specimens a decreased amount of ANT 1 
was demonstrated on Western blot in skeletal muscle tissue (3, and section 5 1) Other patients with 
the same syndrome are studied in order to establish whether AN Γ deficiency occurs in all patients 
Besides, we are presently performing mutation detection studies in these ANT deficient patients 
In addition to the immunochemical measurements, determination of ANT activity would be 
worthwhile in our patients Very recently it appeared that mice with a null mutation of the heart and 
skeletal muscle ANT gene (ΑΝΤΙ) show cardiomyopathy, prolifération of muscle mitochondria, 
ragged-red fibres, lactic acidosis, and exercise intolerance (21) remarkably enough these features 
were also found in patients with Sengers syndrome 

Most patients with Sengers syndrome do not have decreased mitochondrial substrate 
oxidation rates, like VDAC deficient patients Therefore, one might wonder wether we should 
reconsider our criteria for including patients in the diagnostic programm focussed on defects in 
mitochondrial transport proteins 

CAC The molecular defects in the CAC gene, described in this thesis (Chapter 6), are the first 
genetic detects described in CAC deficient patients The first CAC cDNA mutation in a deficient 
patient was a point mutation, causing a frame shift (6, and section 7 1) This allows expression 
studies in order to elucidate the functional consequences of the CAC deficiency in the patient Yeast 
[Sacchuiomyces ceiexisiae) has proven to be a good expression s\stem for mitochondrial proteins 
(22) At present the entire genomic sequence of yeast is known The CAC gene also is present in 
yeast (the homology with CAC is considerably) and the enzymatic activity can be determined in this 
organism The functional significance of the point mutation observed in our first CAC deficient 
patient is currently evaluated in a ν east expression system (Wanders, University of Amsterdam, The 
Netherlands) 

The second described CAC deficient patient (8, and section 7 2) showed deletions in his 
cDNA, most probably caused by missplicing of the mRNA In order to elucidate the underlying 
cause of the missplicing process, the intron/exon boundaries of the CAC gene in this patient are 
studied in our laboratory The complete mtron sequences of the CAC gene are presently sequenced 
(in cooperation with Palmieri, Ban, Italy) 

Very recenti) the CAC gene has been described to be located on chromosome 3p21 31 (23), 
and the number of reported patients with biochemically established deficient CAC activity has been 
expanded to 11 (7,8, 24-27, and section 2 5 5) 

The knowledge about the DNA together with the availability of CAC antibodies which are 
currently prepared (Palmieri, Ban, Ital>) can expand the pre- and postnatal diagnostics in families 
at risk 
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7.3. Mitochondrial multi-carrier structures 

Mitochondrial energy metabolism is not only enabled by individually functioning 
transmembrane carriers, but also influenced by complicated structures in which several types of 
transport proteins and other components are present These structures are known as contact sites, 
mega-channels, multiple conductance channels, and/or permeability transition pores (28-31) 
Components which are likely involved in these structures are VDAC, ANT, mitochondrial creatine 
kinase (Mi-CK), hexokinase, glycerol kinase, and the benzodiazepine receptor (28-33) 

It is unknown, whether the absence of one of these components induces the (partial) loss of 
one or more of the other constituents In deficiencies of the multisubunit complex I (34) and complex 
IV (35) of the respiratory chain, a decreased content of several or even all subunits of the affected 
complex is observed A coordinated expression of the related subunits can be hypothesized, but it 
is more likely that the assembly process of the enzyme complex is disturbed if one subunit is absent 
or has an abnormal structure The excess of non-affected subunits should then be degraded by 
intramitochondrial proteolytic activity (36) Several models are available to study this aspect of the 
multi-carrier structures Knock-out mice have been raised, in which the gene for VDAC (17), for 
ANT (21 ) or for Mi-CK (37) has been switched off Also the skeletal muscle tissue of patients with 
an established VDAC or ANT deficiency may be very suitable The influence of both complete and 
partial lack of one constituent can be analyzed this way We performed a pilot experiment in which 
immunochemical determinations were done on muscle of the Mi-CK and VDAC knock-out mice, 
AN I deficient patients (3, and Chapter 5), and a VDAC deficient patient (2, and Chapter 4) Apart 
trom the deficient protein, normal amounts of the other tested membrane proteins (ANT, VDAC, 
and PiC) were detected These results are in agreement with those found in ANI and VDAC 
deficient yeast mitochondria (38,39) Apparently the expression of the components of these multi-
carrier structures is not coordinated and their embedding in the membrane is independent lrom each 
other 

Except immunochemical methods, other techniques to study membrane systems could be 
applied lo get more insight in the multi-carrier structures Ligand binding studies to estimate the 
benzodiazepine receptor are in progress Functional studies, for example the patch-clamp technique 
(32.39,40), which enables investigations on membrane permeability, pore opening/closure, pore 
diameter and membrane voltage, but also morphological studies by means ot the electron 
microscopic tomography technique (section 5 2) may be useful tools for studying these complicated 
membrane structures 

Studies on a possible relationship between defects in the regulation of the mitochondrial 
membrane permeability and mitochondnocytopathies have not yet endeavored The insight in the 
permeability and its potential importance for several mitochondrial interactions is drastically 
increasing (41) Mitochondrial permeability is involved in the process of programmed cell death, 
apoptosis (42,43) A large number of systems and compounds have been described to be involved 
in apoptosis decreased membrane potential, increased membrane permeability, oxidative stress by 
oxygen radicals, nitric oxide, ATP lack, Ca2* accumulation, benzodiazepine receptor (44-47) In 
necrosis the so-called mitochondrial permeability transition pore in the inner membrane plays a role 
This channel is influenced by Ca1* and proton concentrations, by oxidative stress, and by the 
mitochondrial membrane potential (47-49) Cyclosporin A and the oncoprotein bcl-2, both being 
able to interact with membranes, have a protective effect in cell death and in apoptosis, respectively 
The role of mitochondrial membrane channels in apoptosis, in necrosis, in the likely related process 
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of aging, and in mitochondrial disorders will undoubtedly form a new field for research in the near 
future 

7.4. Future studies on mitochondrial transmembrane carriers 

In the last decades, the potential of diagnostic programs for mitochondrial diseases has been 
expanded I he number ot detected patients has increased, and certainly also our knowledge on the 
heterogeneity and complexity of the observed biochemical and pathological findings But the 
diagnostic possibilities in the field of mitochondrial transporter defects are still in a preliminary 
stage One reason is the lact that the availability of appropriate material of patients is often too 
restricted to study transport processes The functional capacity of transport systems can only be 
estimated in intact mitochondria, originating from fresh tissues The coupling state and aspartate-
malate shuttle are good illustrations Activity measurements of transport systems would add more 
information to the results of an immunochemical screening, and could biochemically confirm a 
possible defect 

Investigation of the functioning of many channel or carrier systems is complicated, and can 
only be done in specialized laboratories Drawing conclusions about the consequences for in vivo 
metabolism is even harder The impact of substrate carrier deficiencies is better predictable than the 
impact of a defective ion channel Defects in ion translocating systems probably can induce less 
specific and hardly recognizable abnormalities in the mitochondrial energy metabolism, because the 
involved ions like Ca2 , protons, and others, can influence many metabolic steps, and the osmotic 
value ot a compartment, too 

The Human Genome Project will provide the genetic information for all mitochondrial 
transmembrane carriers With the help of this knowledge molecular genetic analyses can be 
performed in patients and functional analyses can be earned out in eucaryotic and procaryotic 
expression systems This will proudc further insight into the physiological significance of these 
carriers 

The finding of a defect in ΛΝΤ in a group of patients which showed normal substrate 
oxidation rates, together with ПЛС deficiencies in patients with an established mitochondrial 
defect (complex III deficiency, complex IV deficiency, Pearson's mtDNA deletion) learns that we 
should extend our criteria for including patients in the diagnostic programm for screening on defects 
in transmembrane carriers 

Tools for future studies might be the electron microscopic tomography method (see section 
5 2), and the myo-D induction method (see section 3 3) An advantage of both methods is that only 
a small amount of the patient's tissue is needed Both promising methods, however, still need further 
evaluation, before reliable conclusions about patients can be drawn 3-D images of muscle from 
patients, suffering from different mitochondrial disorders, like deficiencies in the respiratory chain 
or pyruvate dehydrogenase complex, but also the HVDAC and ANT deficient patients described in 
this thesis, can provide more insight in membrane alterations due to these defects The myo-D 
induction method might in future be applied to fibroblasts of patients with a muscle-specific defect, 
in order to elucidate for example the tissue-specificity of mitochondrial defects 

It is hard to speculate about therapy of patients with a mitochondrial transmembrane carrier 
defect As already described in section 2 7 3, the described ANT deficient boy (4) was treated with 
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vitamin E (50), in an attempt to reduce possibly enhanced levels of free radicals and/or to promote 
membrane stabilization This produced an obvious improvement of the patient's myopathic 
complaints However, a rational specific therapy for deficiencies of the described transporter systems 
does not exist Genetic counselling and prenatal diagnosis are seriously restricted by the fact that 
most carrier defects are not expressed in fibroblasts of the probandus, and the molecular origin is 
unknown 

In conclusion, the present thesis underlines the importance of investigating defects in 
mitochondrial transmembrane earners as part of the diagnostic examination of patients suspected 
to suffer from a milochondnocytopathy 

7.5. References 

1 Huizing M, Ruitenbeek W, Thinnes FP, DePinto V (1994) Lack of voltage-dependent anion 
channel in human mitochondrial myopathies Lancet 334, 762 

2 Huizing M, Ruitenbeek W, Thinnes FP, DePinto V, Wendel U, Tnjbels JMF, Smit L, 1 er 
Laak HJ, Van den Heuvel LP (1996) Deficiency of the voltage-dependent anion channel 
(VDAC) a novel cause of mitochondnopathy Pedtatr Res 39, 760-765 

3 Huizing M, Ruitenbeek W, Sengers RCA, Domer A, Van den Heuvel LP, Tnjbels JMF, 
Cruysberg RJM, Valsson, J, Tulinius M, Oldfors A, Schultheis HP, Holme E, Steinmann 
B, Smeitink JAM Sengers syndrome associated with adenine nucleotide translocator 
deficiency Lancet submitted 

4 Bakker HD, Schölte HR, Van den Bogen С. Ruitenbeek W, Jeneson JAL, Wanders RJA, 
Abeling NGGM, Dorland B, Sengers RCA, Van Gennip AH (1993) Deficiency of the 
adenine nucleotide translocator in muscle of a patient with myopathy and lactic acidosis A 
new mitochondrial defect Pedtatr Res 33, 412-417 

5 Tnjbels JMF, Scholle HR, Ruitenbeek W, Sengers RCA, Janssen AJM, Busch HFM (1993) 
Problems with the biochemical diagnosis in mitochondrial (encephalo-) myopathies Eur J 
Pedtatr 152, 178-184 

6 Ruitenbeek W, Wendel U, Tnjbels F, Sengers R (1996) Mitochondrial energy metabolism 
In Physician s Guide to the Laboratory Diagnosti of Metabolic Diseases (Blau Ν, Duran M, 
Blaskovics ME, eds) Chapman and Hall. London, pp 391-406 

7 Huizing M, Iacobazzi V, IJlst L, Savelkoul P, Ruitenbeek W, Van den Heuvel LP, 
Indiveri С, Smeitink JAM, Tnjbels FJM, Wanders RJA, Palmieri F (1997) Cloning of the 
human camitine-acylcamitine earner cDNA, and identification of the molecular defect in a 
patient Am J Hum Genet 61, 1239-1245 

8 Huizing M, Wendel U, Ruitenbeek W, Iacobazzi V, IJlst L, Veenhuizen PTM, Savelkoul 
Ρ, Van den Heuvel LP, Smeitink JAM, Wanders RJA, Tnjbels JMF, Palmieri F (1998) 
Camitine-acylcamitine earner deficiency identification of the molecular defect in a patient 
J Inher Me lab Dis, m press 

9 Winkelbach H. Walter G, Могу s-Wortmann С, Paetzold G, Hesse D, Zimmermann B, Florke 
H, Reymann S, Stadtmuller U, Thinnes FP, Hilschmann N (1994) Studies on human porin 
XII Btoch MedMetab Biol 52, 120-127 

10 Yu WH, Wolfgang W, Forte M (1995) Subcellular localization of human voltage-dependent 
anion channel isoforms J Biol Chem 270, 13998-14006 



Concluding remarks and future perspectives 129 

11. Blachly-Dyson E, Baldini Λ, Litt M, McCabe ERB, Forte M (1994) Human genes encoding 

the voltage-dependent anion channel (VDAC) of the outer mitochondrial membrane. 

Mapping and identification of two new isoforms. Genomics 20, 62-67. 

12. DePinto V, Huizing M, Ruitenbeek W, Simonetti S, Carnevale F (1995) Towards the 

elucidation of physiological role(s) of mitochondrial porin(s): new insight from porin-

dcficient human patients. IUBMB Singapore, abstract. 

13. Bakker HD, Van den Bogert С Drewes JG. Barth PG, Schölte HR, Wanders RJA, 
Ruitenbeek W (1996) Progressive generalized brain atrophy and infantile spasms associated 
with cytochrome с oxidase deficiency. J Inner Mctah Di s 19, 153-156. 

14. Speri W, Ruitenbeek W, Sengers RCA, Trijbels JMF, Bentlage H, Wraith JE, Heilmann С 
Stockler S, Binder S, Korenke GC, Hanefeld F (1992) Combined deficiencies of the pyruvate 
dehydrogenase complex and enzymes of the respiratory chain in mitochondrial myopathics 
Eur J Pediatr 151, 192-195 

15 Ruitenbeek W, Trijbels Л ІГ. Fischer JC, Sengers RCA, Janssen AJM, Kerkhof CMC (1989) 
Mitochondrial myopathies: multiple enzyme defects in the respiratory chain. J Inner Metab 
Dis 12 (Suppl 2), 352-354 

16. Blachly-Dyson E, Zambronicz F.B, Yu WH, Adams V, McCabe ERB, Adelman J, Colombini 
M, Forte M (1993) Cloning and functional expression in yeast of two human isoforms of the 
outer mitochondrial membrane channel, the voltage-dependent anion channel.,/ Biol Chem 
268, 1835-1841 

17. Sampson MJ, Lovell RS, Craigen WJ (1996) Isolation, characterization, and mapping of two 
mouse mitochondrial voltage-dependent anion channel isoforms. Genomics 33, 283-288. 

18 Bakker HD, personal communication. 
19 Sengers RCA. Frijbels JMF, Willems JL, Daniels O, Stadhouders AM (1975) Congenital 

cataract and mitochondrial myopathy of skeletal and heart muscle associated with lactic 
acidosis after exercise J Pediatr 86, 873-880. 

20. Smeitink JAM, Sengers RCA, Trijbels JMF, Ruitenbeek W, Daniels O, Stadhouders AM, 
Коек-Jansen MJH (1989) Fatal neonatal cardiomyopathy associated with cataract and 
mitochondrial myopathy. Eur J Pediatr 148, 656-659 

21. Giaham BH, Waymire KG. Cottrell B, Trounce IA, MacGregor GR, Wallace DC (1997) A 
mouse model for mitochondrial myopathy and cardiomyopathy resulting from a deficiency 
in the heart/muscle isoform of the adenine nucleotide translocator. Nature Genet 16,226-234. 

22. IJlst L, Ruiter JP, Hoovers JM, Jakobs ME, Wanders RJA (1996) Common missense 
mutation G1528C in long-chain 3-hydroxyacyl-CoA dehydrogenase deficiency. Characteri
zation and expression of the mutant protein, mutation analysis on genomic DNA and 
chromosomal localization of the mitochondrial trifunctional protein alpha subunit gene J 
Clin Invest 98, 1028-33. 

23. Viggiano L, Iacobazzi V, Marzella R, Cassano С, Rocchi M, Palmieri F (1998) Assignment 
of the camitine/acylcarnitine translocase (ACAT) gene to chromosomal band 3p21.31 by in 
situ hybridization Cytogenet Cell Genet, m press. 

24. Chalmers RA, Stanley CA, English N, Wigglesworth JS ( 1997) Mitochondrial carnitine-acyl-
camitme translocase deficiency presenting sudden neonatal death. J Pediatr 131, 220-225. 

25 Garavagha B, Invernizzi F, Rimoldi M, Lamantea E, Dionisi C, Smith M, Taroni F (1997) 
Prenatal diagnosis of carnitine/acylcarnitine translocase deficiency: positive experience in 
two families. Congress of Inborn Errors in Metabolism, Vienna, abstract P206 



130 Chapter 7 

26. Wanders RJA, Ruiter JPN, IJlst L. Röschinger W, Muntau A (1997) Mitochondrial 
carnitine/acylcarnitine carrier deficiency J Inker Metab Dis 20 (suppl 1), P4.5. 

27. Olpm SE, Bonham JR, Downing M, Manning NJ, Polliti RI, Sharrard MJ, Tanner MS (1997) 
Camitine-acylcarnitine translocase deficiency - a mild phenotype. JInher Metab Dis 20, 714-
715. 

28. McEnery MW, Dawson TM, Verma A, üurley D, Colombini M, Snyder SH (1993) 
Mitochondrial voltage-dependent anion channel Immunochemical and immunohistochemical 
characterization in rat brain. J Biol Chem 268, 23289-23296 

29 Brdiczka D. Wallimann Τ (1994) The importance of the outer mitochondrial compartment 
in regulation of energy metabolism Mol Cell Biochem 133/134, 69-83. 

30 Bernardi Ρ, Broekemeier KM, Pfeiffer DR (1994) Recent progress on regulation of the 
permeability transition pore, a cyclosporin Α-sensitive pore in the mitochondrial inner 
membrane ./ Bioenerg Biomembr 26, 509-517. 

31 Kinnally KW, Lohret TA, Campo ML, Mannclla CA (1996) Perspectives on the mitochon
drial multiple conductance channel. J Bioenerg Biomembr 28, 115-123. 

32 Benz R (1994) Permeation of hydrophylic solutes through mitochondrial outer membranes, 
review on mitochondrial porins. Biochim Biophys Acta 1197, 167-196. 

33. Gellerich FN, Kapischke M, Kunz W, Neumann W, Kuznetsov A, Brdiczka D, Nicolay К 
(1994) The influence of the cytosohc oncotic pressure on the permeability of the mitochon
drial outer membrane for ADP. implications for the kinetic properties of mitochondrial 
creatine kinase and for ADP channelling into the intermembrane space. Mol Cell Biochem 
133/134,85-104. 

34 Bentlage H, De Coo R. Ter Laak II, Sengers R, Trijbels F, Ruitenbeek W, Schlote W, 
Pfeiffer К, Cencic S. Von Jagow G, Schágger H (1995) Human diseases with defects in 
oxidative phosphorylation. 1 Decreased amounts of assembled oxidative phosphorylation 
complexes in mitochondrial encephalomyopathies. Eur J Biochem 227, 909-915. 

35. Ruitenbeek W, Kerkhof CMC, personal communication. 
36. Nijtmans LGJ, Spelbnnk JN, Van Galen MJM, Zwaan M, Klement Ρ, Van den Bogert С 

(1995) Expression and fate of the nuclearly encoded subumts of cytochrome с oxidase in 
cultured human cells depleted of mitochondrial gene products. Biochim Biophys Acta 1265, 
117-126. 

37 Steeghs K, Heerschap Α. De Haan A, Ruitenbeek W, Oerlemans F, Van Deursen J, Perryman 
B, Pette D, Bruckwilder M, Koudijs J, Jap P, Wieringa В (1997) Use of gene targeting for 
compromising energy homeostasis in neuro-muscular tissues: The role of sarcomeric 
mitochondrial creatine kinase. J Neurosa Methods 71, 29-41. 

38. Lohret ТА, Murphy RC, Drgon T, Kinnally KW (1996) Activity of the mitochondrial 
multiple conductance channel is independent of the adenine nucleotide translocator. J Biol 
Chem 271, 4846-4849 

39. Lohret ТА, Kinnally KW (1995) Multiple conductance channel activity of wilde-type and 
voltage-dependent anion-selective channel (VDAC)-less yeast mitochondria. Biophys ./ 68, 
2299-2309 

40. Benz R, Brdiczka D (1992) The cation-selective substate of the mitochondrial outer 
membrane pore single-channel conductance and influence on intermembrane peripheral 
kinases. J Bioenerg Biomembr 24, 33-39 

41. Zoratti M, Szabo I ( 1995) The mitochondrial permeability transition. Biochim Biophys Acta 



Concluding ι emarks and future perspectives 131 

1241, 139-176 

42 Marchetti Ρ, Castedo M, Susin SA, Zamzami Ν, Hirsch Τ, Macho A, Haeffner A, Hirsch F, 

Geuskens M, Kroemer G (1996) Mitochondrial permeability transition is a central coordina

ting event of apoptosis J Exp Med 184, 1155-1160 

43 Kroemer G, Zamzami N, Susin SA (1997) Mitochondrial control of apoptosis Immunology 

Today 18,44-51 

44 Okada S. I akehara Y, Yabuki M, Yoshioka T, Yasuda T, Inoue M, Utsumi К ( 1996) Nitric 
oxide, a physiological modulator of mitochondrial function Physiol С hem Phys & Med NMR 

28, 69-82 

45 7orov DR (1996) Mitochondrial damage as a source of diseases and aging a strategy of how 
to fight these Rwthim Biophys Acta 1275, 10-15 

46 Richter С, Schweizer M, Cossarizza A, Franceschi С (1996) Control of apoptosis by the 
cellular ATP level FFRSIett 378, 107-110 

47 Bernardi Ρ, Vassanelli S, Veronese Ρ, Colonna R, Szabo I, 7oratti M (1992) Modulation of 

the mitochondrial permeability transition pore Effect of protons and divalent cations J Biol 

С hem 267 2934-2939 

48 Bernardi Ρ (1996) I he permeability transition pore Control points of a cyclosporin A-

sensitive mitochondrial channel involved in cell death Biochim Biophys Acta 1275, 5-9 

49 Chernyak BV. Bernardi Ρ (1996) The mitochondrial permeability transition pore is 

modulated by oxidative agents through both pyridine nucleotides and glutathione at two 

separate sites Lui J Biochem 238, 623-630 

50 Bakker HD, Scholle HR, Van den Bogert С, Jeneson JAL, Ruitenbeek W, Wanders RJA, 
Abeling NGGM, Van Gennip AH ( 1993) Adenine nuleotide translocase deficiency in muscle 
Potential therapeutic value ol Vitamin E JInher Metab Dis 16, 548-552 





Summary 133 

SUMMARY 

Numerous patients have been described with a disturbed energy metabolism of the 
mitochondria due to an enzyme deficiency in the respiratory chain or other part of the pyruvate 
oxidation pathway However, the decreased oxidative capacity of muscle mitochondria can not be 
ascribed to an enzyme deficiency in all cases It can be expected that not only an adequate substrate 
supply and conversion, but also maintainance of a low product concentration and proper osmotic 
conditions are required tor optimal functioning In this respect, the carrier proteins involved in the 
facilitated transport of substrates, products, cations, and anions across mitochondrial membranes 
should be considered The aim of the present study was to gather more knowledge about the role of 
these mitochondrial transmembrane carriers in mitochondnocytopathies 

Properties of mitochondrial transmembrane carriers involved in energy metabolism are 
reviewed in chapter 2 Particularly the transmembrane carriers adenine nucleotide translocator 
(ANT), phosphate carrier (PiC), and voltage-dependent anion channel (VDAC), which are directly 
involved in transport of AÜP, AIΡ and P„ might be crucial for a proper functioning of the 
mitochondrial energy metabolism Direct measurement of the functioning of transport systems in 
human muscle mitochondria is difficult We therefore started the study by determining the contents 
of transmembrane carriers VDAC, ANT, and PiC by means of immunochemical methods using 
specific antibodies By immunochemically screening 200 selected patients (patients with decreased 
substrate oxidation and ATP production rates, and no detected mitochondrial enzyme deficiency), 
we found deficiencies in VDAC (chapter 4, section 7 2) and ANI (chapter 5) No PiC deficiencies 
were found 

When examining patients for a defect in a mitochondrial transmembrane carrier, information 
about the specific expression pattern of the carrier in the investigated tissue and the age-dependent 
expression of the carrier is required for interpretation of the results The mRNA expression of 
carriers involved in mitochondrial energy metabolism is reported in section 3 1 These carriers are 
mainly expressed in skeletal muscle and heart, while expression in liver and pancreas differs between 
carriers Expression in brain, placenta, lung, and kidney is low This carrier distribution seems to be 
roughly related to the metabolic needs of the tissue Based on carrier expression rate and on practical 
availability, skeletal muscle appears to be the most suitable tissue for diagnostic investigation 

Many patients develop the clinical symptoms of a mitochondnocytopafhy in the neonatal 
period A slight developmental increase of the human ΑΝΤΙ and VDAC1 isoforms is reported based 
on immunochemical investigations of muscle biopsies of preterm and term born infants (section 3 2) 
An increase in PiC niRN A is lound for differentiating human myoblasts m vitro (section 3 2) These 
developmental increases in carrier content may be involved in fullfilling the augmenting demand for 
energy in the developing skeletal muscle Age-matched reference values are required for an adequate 
diagnostic approach of young children suspected to suffer from a mitochondnocytopathy 

The voltage-dependent anion channel (VDAC) is a channel forming protein in the outer 
mitochondrial membrane, responsible for the transport ot various ions, like phosphate, chloride, 
ADP and ATP In chapter 4, the first patient with a deficiency of human VDAC (HVDAC) is 
presented The bo> showed various dysmorphic features and psychomotor retardation In vitro 

studies on muscle mitochondria showed diminished substrate oxidation rates, no mitochondrial 
enzyme defect causing this impairment could be detected Western blotting experiments indicated 
an almost complete IIVDAC deficiency in skeletal muscle, while the HVDAC content in fibroblasts 
of the patient was only moderately decreased In this patient, HVDAC deficiency might have caused 
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altered ion composition of the mitochondrial matrix, inducing malfunctioning of the mitochondrial 

energy metabolism The molecular origin of the deficiency has not yet been established Based on 

the specificity of the antibodies used, a mutation in the HVDAC1 gene or a disturbed post-

translational modification is probably the primary cause 

The adenine nucleotide translocator (ANT) facilitates the exchange of ATP produced in the 

mitochondrial matrix against ADP entering mitochondria In chapter 5 (section 5 1) we describe 

deficiency of ANT in patients suffering from the Sengers syndrome These patients present with 

congenital cataract, hypertrophic cardiomyopathy, mitochondrial myopathy, and lactic acidosis after 

minimal exercise The specificity of the used antibodies suggest deficiency in isoform ANTI (the 

human heart and skeletal muscle isoform), which could explain the major symptoms in the patients 

Molecular analysis of the patients is in progress 

In section 5 2 the electron microscopic tomography technique (EMT) is applied on two 

patients with ANT deficiency These are the first EMT images prepared from human mitochondria 

This technique mav provide new insight into a number ot questions about mitochondrial structure 

and organization in future studies 

The mitochondrial camitine-ac> lcamitine carrier (CAC) cataly zes the translocation of long-

chain tdtl> acid moieties across the mitochondrial inner membrane, which is an essential step in the 

process of long-chain fatt) acid oxidation Most disturbances in the fatty acid oxidation result in 

severe hepatic, cardiac muscular, and neurological symptoms In chapter 6, we report the human 

CAC cDNA sequence Northern blot studies revealed high levels of CAC mRNA transcripts in heart 

skeletal muscle, and liver tissue, which is in fair agreement with the clinical involvement of these 

tissues in CAC deficient patients Furthermore we detected the first mutations in two patients with 

a deficient CAC activity One patient (section 6 1) revealed a homozygous cytosinc nucleotide 

insertion, provoking a frame shift and an extension of the open reading frame The second patient 

(section 6 2) showed extensive deletions probably due to missphcing of the mRNA 

Considerations about this study and recommendations for future research are given in chapter 

7 This study has resulted in a better understanding of mitochondrial transmembrane processes For 

diagnostic purposes the screening methods for mitochondrial disorders have been extended with 

immunochemical and molecular biological techniques A few novel transmembrane deficiencies 

have been detected at protein level, and the first defects in cDN A encoding a transmembrane carrier 

were found These results indicate that defects in mitochondrial transport systems has to be 

considered as a possible underlying cause of a mitochondnocytopathy Furthermore, the role of 

mitochondrial permeability in programmed cell death has become obvious, multi-transmembrane 

carrier structures might play a central role in this process, and might also be important for future 

research 

Tor extending the role of mitochondrial transmembrane carriers in physiology and 

pathophysiology, various future studies can be recommended, e g screening for defects in other 

carriers, developing functional studies elucidating more human genetic information, and developing 

the EMT and myo-D-transfection methods In addition, the selection criteria for the screening of 

patients should be reconsidered, and more attention should be paid to prenatal diagnosis, genetic 

counselling and therapeutic trials 
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SAMENVATTING 

In een substantieel deel van de patiënten waarbij een spierbiopt werd verricht vanwege 
verdenking op een mitochondnele ziekte, worden verlaagde substraatoxydaties gemeten, maar geen 
enzymdefecten vastgesteld die deze verlaagde substraatoxidaties kunnen verklaren Het is zeer wel 
mogelijk dat bij deze groep patiënten een of meer eiwit-systemen, die substraten, producten, amonen 
of kationen over de mitochondnele membranen vervoeren, defect zijn Het doel van deze studie was 
het verkrijgen van meer inzicht in mogelijke defecten in deze mitochondnele transmembraan 
systemen als oorzaak van mitochondriocytopathieen 

In hoofdstuk 2 wordt een uitgebreid overzicht gegeven van de huidige kennis omtrent de 
(biochemische en moleculair biologische) eigenschappen van de mitochondnele transmembraan
systemen die betrokken zijn bij het mitochondnele energie metabolisme Met name de eiwitten 
adenine nucleotide translocalor (ANT), fosfaat carrier (PiC) en voltage-dependent anion channel 
(VDAC) verdienen aandacht, omdat deze betrokken zijn bij het transport van ADP, ATP en P, in het 
proces van oxydatieve fosforylenng Directe bepaling van de functionele activiteit van deze 
transporteiwitten is zeer gecompliceerd Om die reden is onze studie gestart met de bepaling van de 
hoeveelheid ANT, PiC en VDAC m weefsels met behulp van ïmmunochemische methoden waarbi] 
specifieke antilichamen werden gebruikt ïmmunochemische screening van 200 geselecteerde patiën
ten (met verlaagde substraat oxydaties en ATP produktie en geen vastgestelde mitochondnele enzym 
deficiëntie), heeft defecten opgeleverd in VDAC (hoofdstuk 4 en sectie 7 2) en ANT (sectie 5 1) 
Defecten in PiC zijn niet gevonden 

Voor een correcte interpretatie van de resultaten van de screening bij (vaak zeer jonge) 
patiënten op defecten in mitochondnele transmembraan-camers zijn referentiewaarden vereist, die 
geschikt 7i]n voor de leeftijd en het type weefsel Daarom is een studie verricht naar de specifieke 
expressie van transmembraan-camers in verschillende weefsels (sectie 3 1) en naar de leeftijds-
afhankehjke expressie (niping) van deze carriers (sectie 3 2) In sectie 3 1 is aangetoond dat het 
coderende mRNA van de meeste carriers betrokken bij het mitochondnele energiemetabohsme in 
hoge mate aanwezig is in skeletspier en hart, in wisselende mate in lever en pancreas, en in zeer 
geringe mate in hersenen, placenta, long en nier De gevonden verdeling van de carriers over de 
weefsels lijkt globaal in overeenstemming met de mitochondnele capaciteit van het weefsel 
Gebaseerd op de mate van expressie en op praktische beschikbaarheid, lijkt skeletspier het meest 
geschikte weefsel voor diagnostisch onderzoek naar stoornissen in mitochondnele transmembraan-
camers In sectie 3 2 wordt een geringe toename in hoeveelheid van de humane isovormen ANTI 
en VDAC1 beschreven gedurende de laatste weken van de zwangerschap en in de eerste levens
maanden, gebaseerd op ïmmunochemische bepalingen in spierbiopten van prematuur en à terme 
geborenen Een toename van PiC mRNA is gevonden voor differentiërende humane myoblasten in 
vitro (sectie 3 2) De rijping van transmembraan-camers lijkt geassocieerd te zijn met de toenemende 
energiebehoefte in de zich ontwikkelende skeletspier 

VDAC is een kanaal-vormend eiwit gelokaliseerd in de mitochondnele buitenmembraan, en 
is verantwoordelijk voor het transport van verschillende ionen, zoals fosfaat, chlonde, ADP en ATP 
In hoofdstuk 4 wordt de eerste patient met een deficiëntie in humaan VDAC (HVDAC) gepresen
teerd Deze jongen vertoonde verschillende dysmorfieen en psychomotore retardatie als belangrijkste 
klinische symptomen In het spierbiopt waren de mitochondnele substraat-oxydatiesnelheden en 
ATP-produktiesnelheden verlaagd, maar werd geen mitochondneel enzymdefect gevonden als 
oorzaak van deze afwijkingen Western blot experimenten toonden een vrijwel complete HVDAC 
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deficiëntie in skeletspier, terwijl de hoeveelheid HVDAC in fibroblasten van de patient vrijwel 
normaal was De HVDAC deficiëntie heeft waarschijnlijk een verandering in ion-compositie van de 
mitochondnele matrix veroorzaakt, hetgeen kan leiden tot dysfunctioneren van het mitochondnele 
energie-metabolisme De primaire oorzaak van de HVDAC deficiëntie is nog niet vastgesteld 
Gebaseerd op de specificiteit van de gebruikte antihchamen, lijkt een mutatie in het HVDAC 1 gen 
of een verstoorde post-translationele modificatie waarschijnlijk 

ANT is gelokaliseerd in de mitochondnele binnen membraan en verzorgt de uitwisseling van 
ATP, geproduceerd in de mitochondnele matrix tegen cyloplasmatisch ADP In sectie 5 1 wordt een 
ANT deficiëntie beschreven in patiënten die lijden aan het Sengers syndroom Deze patiënten 
vertonen een aangeboren cataract, hypertrofischc cardiomyopathie, mitochondnele myopathie en een 
lactaat acidóse na minimale inspanning De specificiteit van de gebruikte antihchamen suggereert 
een defect in ANTI (de hart- en skeletspier isovorm), waarmee ook de belangnjkste symptomen van 
de patiënten te verklaren zijn Nader onderzoek wordt momenteel uitgevoerd naar de moleculaire 
oorzaak van de gevonden ANT deficiëntie 

In sectie 5 2 wordt de elektronenmicroscopische tomografie (EMT) beschreven en de 
toepassing ervan op mitochondnen van twee patiënten met een ANT deficiëntie De verkregen EMT 
afbeeldingen zijn de eerste in hun soort geprepareerd van humane mitochondnen De EMT techniek 
kan in de toekomst nieuwe inzichten in de mitochondnele structuur en organisatie verschaffen 

De mitochondnele camitine-acylcamitine carrier (CAC) katalyseert het transport van (lang-
keten) vetzuur derivaten over de mitochondnele binnenmembraan. een essentiële stap in het proces 
van de mitochondnele vetzuuroxydatie De meeste vetzuuroxydatie-stoomissen veroorzaken ernstige 
aandoeningen aan hersenen, hart, lever en skeletspier In sectie 6 1 wordt de cDNA sequentie van 
humane CAC gepresenteerd Northern blot studies tonen grote hoeveelheden CAC mRNA aan in 
hart, skeletspier en lever, wal in overeenstemming is met klinische symptomen bij CAC deficiënties 
Onze studie heeft de eerste mutaties m twee CAC deficiente patiënten opgeleverd Een patient (sectie 
6 1) vertoonde een homozygote insertie van een cytosine nucleotide, welke een frame-shift 
veroorzaakt en daarmee een verlenging van de coderende sequentie van het cDNA De tweede 
patient (sectie 6 2) vertoonde deleties in het CAC cDNA, waarschijnlijk veroorzaakt door een foutief 
RNA-splicings proces 

In hoofdstuk 7 wordt een actualisering van en beschouwing over de uitgevoerde studies 
gegeven en worden aanbevelingen gedaan voor verder onderzoek Dit onderzoek heeft geleid tot een 
beter inzicht in verschillende mitochondnele transmembraan-processen Het diagnostisch onderzoek 
naar mitochondnele defecten is uitgebreid met ïmmunochemische en moleculair biologische 
technieken gericht op stoornissen in de mitochondnele transportsystemen Enkele nieuwe 
deficiënties in transmembraan-carriers zijn gedetecteerd op eiwit-niveau, en de eerste defecten in 
cDNA coderend voor een transmembraan-carner zijn gevonden Deze resultaten geven aan dat 
defecten in mitochondnele transportsystemen in ogenschouw genomen moeten worden als mogelijke 
oorzaak van mitochondnocytopathieen Recentelijk is aangetoond dat mitochondnele 
transmembraan-processen een centrale rol spelen in geprogrammeerde celdood (apoptose), wat 
belangrijk kan zijn voor toekomstig onderzoek naar eigenschappen van mitochondnele 
transmembraan-camers 

Voor verdere uitbreiding van de inzichten in stoornissen in mitochondnele transmembraan-
camers kunnen verschillende adviezen voor toekomstig onderzoek gegeven worden, zoals screenen 
op defecten in nog niet onderzochte transmembraan-camers, opzetten van functionele studies aan 
earners, verkrijgen van meer genetische informatie, en verder ontwikkelen van de EMT en myo-D-
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transfectie methoden Daarnaast zouden ook de selectiecriteria voor het screenen van patiënten op 
een transporter-defect heroverwogen moeten worden Tenslotte dienen de mogelijkheden tot 
prenatale diagnostiek, gen-therapie en andere therapeutische mogelijkheden nader onderzocht te 
worden 



138 Na\i oord 

NAWOORD 

Dit proefschrift is niet het werk. geweest van mij alleen Velen hebben bijgedragen aan de 
totstandkoming van dit werk en hen wil ik graag in dit nawoord bedanken 

Als eerste ben ik mijn promotor Prof J M F Trijbels, en copromotor Dr W Ruitenbeek 
dankbaar voor het initiëren van het project en hel overtuigen van het Prinses Beatrix Fonds dat 
"mitochondnele transporters" een rol kunnen spelen in onderliggende oorzaken van mitochondno-
cytopathieen Dit proefschrift bewijst dat jullie idee en initiatief van wetenschappelijk belang is 
geweest Prof Trijbels tevens bedankt voor het altijd klaar staan voor een mening of advies en voor 
de snelle correcties van mijn manuscripten Wim, bedankt voor het in mij gestelde vertrouwen en 
voor de vrijheid die ik heb gekregen in de uitwerking van het onderzoek Dit proefschrift getuigt dat 
jouw talloze briefjes met namen van 'verdachte patiënten' op mijn labtafel hun nut hebben bewezen 
Ik hoop dat de naam die we hebben opgebouwd als 'humane mitochondnele transporters groep en 
de internationale contacten die we hebben gelegd in de toekomst in stand worden gehouden 

Toen de moleculaire biologie een belangrijk deel van mijn werkzaamheden ging innemen, 
is mijn andere copromotor, Dr L Ρ van den Heuvel intensief bi| mijn promotieonderzoek betrokken 
geraakt Bert. bedankt voor jouw kordate optreden, duidelijke aanwijzingen en altijd aanwezige 
interesse Het DN A-gedeelte van mijn onderzoek is door jouw inbreng in een stroomversnelling 
geraakt met voor zichzelf sprekende resultaten In een later stadium is ook Dr J A M Smeitink bij 
mi|n onderzoek betrokken geraakt Jan, jouw enthousiasme in het laatste jaar is zeer stimulerend 
geweest om de vaart erin te houden het is jammer dat |e uiteindelijk niet als copromotor kon 
optreden Prof U Wendel u wil ik bedanken voor uw betrokkenheid bij (met name de start van) 
mijn onderzoek, perfecte correcties van (het Fngels in) mijn manuscripten, en interesse in mijn 
persoonlijke ontwikkeling en bezigheden (sporten en reizen) Ik vond het jammer dat u halverwege 
mijn promotieonderzoek in Dusseldorf bent gaan werken Door uw voorzitterschap van de 
manuscriptcommissie bent u gelukkig ook betrokken bij de afronding van mijn promotie 

Natuurlijk ben ik ook veel dank verschuldigd aan alle andere collega's van het laboratorium 
voor Kindergeneeskunde en Neurologie Ik heb de vriendschappelijke, informele werksfeer op het 
lab bijzonder gewaardeerd Zonder de biochemische bepalingen van de 'spiergroep' (Antoon, Ans, 
Marloes Christine, Diana, Liesbeth en Theo) had ik geen 'verdachte patiënten' gekregen Ans 
bedankt voor de talloze blotjes die |e met name het laatste jaar voor mij hebt gemaakt Antoon, naast 
veel kleine praktische problemen waarmee je me hebt geholpen, met name ook bedankt voor jouw 
inspanningen de mitochondnele benzodiazepine receptor aan te tonen Jammer dat de resultaten nog 
niet geschikt waren om op te nemen in mijn proefschrift Ook de collega's van het 'DNA-lab' (m η 
Garin, Sandra, Leo, Nathalie. Roel, Peter en Enk) wil ik bedanken voor jullie geduld en 
inschikkelijkheid als ik weer eens te veel gebruik maakte van de (toen nog) schaarse apparatuur of 
met een nieuwe student aankwam die veel DNA-werk ging uitvoeren 

Verschillende studenten hebben een bijdrage geleverd aan mijn promotieonderzoek Ilonka, 
Bernd, Jenny, Antonio, Peter, Anouk en Paul bedankt voor jullie werk en prettige samenwerking 

Tijdens het onderzoek zijn verschillende internationale contacten gelegd en zijn enkele 
werkbezoeken uitgevoerd Dr F Thinnes, Ulrike Stadtmuller, Susanne Reymann and other 
participants of the Max Planck Institute for Experimental Medicine, Gottingen, Germany Thank you 
all for your interest and kindness during my visit Without your anti-ponn antiserum this thesis 
would have been completely different Prof V DePinto, dear Vito, thank you very much for your 
interest in my research during the whole project and your hospitality during my stay in Ban I 
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enjoyed your company during international symposia, and 1 am glad you are a member of the thesis-
committee. I wish you a nice future at the University of Catania. I would like to thank Prof. F. 
Palmieri and coworkers (C. Indiven, V. lacobazzi, V Dolce) of the Department of Farmaco-Biology, 
University of Bari, for pleasant cooperation, stimulating discussions, and for providing many 
antisera Some nice results came out and are published in cooperation. 

Dr. С Mannella and coworkers (especially Karolyn and Micheal), I appreciated your 
hospitality during my visit to Albany, USA. The tomography results have given an extra dimension 
(literally and figuratively) to my thesis. One of the results of our cooperation is presented on the 
cover of this thesis. 

Verder bedank ik Dr. J. Den Dunnen en Dr Pauline Roest (Afdeling Antropogenetica, 
Universiteit van Leiden) voor hun samenwerking betreffende de myogenese experimenten en Prof. 
R. Wanders, Lodewijk IJlst en Jos Ruiter (Laboratorium voor Genetische Metabole Ziekten, 
Afdeling Klinische Chemie en Kindergeneeskunde, Universiteit van Amsterdam) voor hun 
samenwerking op het gebied van de carnitine-acylcamitine carrier. 

Voor het gemotiveerd blijven verrichten van mijn promotieonderzoek was het noodzakelijk 
om me af en toe bezig te houden met andere zaken dan wetenschap. Gelukkig hebben velen me af 
en toe "met de neus van de labtafel" gehaald. Huisgenoten, STW-ers, Jonge Honden, Tartléten, 
andere mede reis-, fiets-, zwem-, loop- en kroegmaten; in het bijzonder Hinke, Heleen, Inge, Токе, 
Ronald, Pierre, Hendrik-Jan, Frans, Frank en Mark, zonder jullie waren de afgelopen jaren lang zo 
leuk met geweest. 

Pap en Mam bedankt voor de mogelijkheden die jullie me hebben gegeven mijn eigen weg 
te kiezen. Ik draag dit werk aan jullie op omdat jullie betrokkenheid en onvoorwaardelijk vertrouwen 
in mij onmisbaar zijn geweest om de persoon te worden die ik nu ben. 

Tenslotte wil ik alle mensen bedanken die niet met naam zijn genoemd, maar er mede voor 
gezorgd hebben dat ik deze "proeve van bekwaamheid" heb kunnen doorlopen. Ik hoop dat dit werk 
voor verder onderzoek van waarde zal zijn. 

Marjan Huizing 
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CURRICULUM VITAE 

Op 16 maart 1968 ben ik geboren te Zwinderen (Oosterhesselen), waar ik mijn jeugd 
doorbracht op de boerderij en waar ik de basisschool doorliep. Vervolgens heb ik het VWO-diploma 
behaald aan de Rijksscholengemeenschap in de voor mij toen grote stad Coevorden. 

In 1986 verliet ik de provincie Drenthe om in Wageningen aan de Landbouwuniversiteit 
Molekulaire Wetenschappen te gaan studeren. In de doctoraalfase van deze studie heb ik de 
hoofdvakken Toxicologie (Prof. J.H. Koeman) en Biochemie (Prof. C. Veeger) afgerond. Om wat 
meer van de wereld te zien heb ik mijn stage uitgevoerd op Monash University, Department of 
Molecular Biology and Biochemistry (Prof. S. Marzuki, Prof. A.W Linnane) in Melbourne, 
Australie Aansluitend heb ik meegewerkt aan de inrichting van het laboratorium van het in 1992 
opgerichte 'Eykman Institute' (Prof S Marzuki). onderdeel van de University of Jakarta, Indonesie. 
Injuni 1992 heb ik het predoctorale gedeelte van de lerarenopleiding behaald en in augustus 1992 
ben ik afgestudeerd aan de Landbouwuniversiteit. 

Van september 1992 tot mei 1993 ben ik in Den Haag werkzaam geweest als projectsecretaris 
van het project 'Integrale Ketenzorg' bij het Ministerie van Landbouw, Natuurbeheer en Visserij 

In september 1993 ben ik als promovenda begonnen aan de Katholieke Universiteit Nijmegen 
bij de afdeling Kindergeneeskunde Hier heb ik onder leiding van Prof J.M.F Trijbels, Dr. W 
Ruitenbeek, Dr L.P van den Heuvel en Dr. J.A.M. Smeitink mijn promotieonderzoek uitgevoerd, 
waarvan de resultaten in dit proefschrift staan beschreven. 

In april 1998 ga ik Nederland verlaten om 2 jaren als post-doc te gaan werken bij het 
'National Institute of Health' (NIH), section Human Biochemical Genetics (Dr. W.A Gahl), te 
Bethesda (MD), USA. 

Naast mijn opleidingen en werk heb ik veel tijd besteed aan mijn grote passie: duursporten. 
Naast de roei- en schaatssport heb ik met name de triathlonsport zeer actief en met resultaat 
beoefend 
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CURRICULUM VITAE 

I was bom on March 16'\ 1968 in Zwinderen (Oosterhesselen), where I spent my youth on 
a farm and where I followed primary education 1 tollowed secondary education on the 
Rijksscholengemeenschap in Coevorden, from which I graduated in 1986 In the same year I left 
the province Drenthe to start the study of Molecular Sciences at Wageningen Agricultural 
University In the final years of the study I performed research projects in Toxicology (Prof J H 
Koeman) and in Biochemistry (Prof С Veeger) In order to see some more of the world, I performed 
a research project at Monash University, Department of Molecular Biology and Biochemistry (Prof 
S Marzuki, Prof A W Linnane) in Melbourne, Australia Additionally I was involved in the 
preparations for the in 1992 founded laboratory of the 'Eykman Institute' (Prof S Marzuki), part 
of the University of Jakarta. Indonesia In June 1992 I graduated for the predoctoral teachers-degree 
and in August 1992 I graduated from the Agricultural University Wageningen 

From September 1992 until May 1993 I worked at the Ministry of Agriculture in The Hague 
on a project about development of quality control systems in Dutch agriculture 

In September 1993 I started my PhD study at the Department of Pediatrics of the University 
Hospital Nijmegen This study was supervised by Prof J M F Tnjbels, Dr W Ruitenbeek, Dr L Ρ 
van den Heuvel, and Dr J A M Smeitink, and the results of the study are described in this thesis 

In April 1998 I will leave The Netherlands to work for 2 years as a post-doc on the 'National 
Institute of Health' (NIH), section Human Biochemical Genetics (Dr W A Gahl), in Bethesda 
(MD), USA 

Apart from education and work, I spent a lot of time on my great passion endurance-sports 
Apart from race-rowing and speed-skating, I mainly practised the triathlon-sport with great 
enthousiasm on the national level 
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STELLINGEN 

behorend bij het proefschrift 

'Mitochondrial transmembrane carriers in mitochondriocytopathies" 

Nijmegen, 16 maart 1998 

Marjan Huizing 



1. Een defect in een mitochondriële transmembraan carrier moet worden 

overwogen als onderliggende oorzaak van een mitochondriocytopathie. 

(dit proefschrift) 

2. Het "Sengers syndroom" is geassocieerd met een deficiëntie in de 

mitochondriële adenine nucleotide translocator. 

(dit proefschrift) 

3. Organen met een hoge energiebehoefte (hart, skeletspier) bevatten niet 

alleen een groter aantal mitochondriën dan organen met een lagere 

energiebehoefte, maar per mitochondrion bevatten deze bovendien een 

groter aantal (direct bij het energiemetabolisme betrokken) transmembraan 

carriers. 

(dit proefschrift) 

4. Het mitochondriële energiemetabolisme wordt onder meer gereguleerd door 

individueel functionerende transmembraan carriers. Daarnaast spelen 

gecompliceerde structuren waarin verschillende carriers en andere 

componenten aanwezig zijn hierbij een wezenlijke rol. 

(dit proefschrift) 

5. Electronen microscopische tomografie voegt een nieuwe dimensie toe aan 

het mitochondriële onderzoek. 

6. Bij een pasgeborene met kenmerken van het Smit-Lemli-Opitz syndroom 

zonder aanwijsbare stoornis in de cholesterol biosynthese dient nader 

onderzoek verricht te worden naar mogelijke defecten in of de afwezigheid 

van het Sonic hedgehog gen. 

(Dr. J.A M. Smeitink) 



Indien een pasgeborene verdacht wordt te lijden aan cystinose dient de 

bepaling van cystine in fibroblasten te worden verricht. 

(Dr. H.J. Blom) 

De wijze waarop de boer van vandaag de stroom aan nieuwe regelingen, 

heffingen en automatiseringen weet te volgen, bewijst dat hij niet van 

gisteren is. 

In een hardloopwedstrijd zullen vrouwen sneller zijn dan mannen als de te 

lopen afstand boven een bepaald omslagpunt komt. Dit punt ligt rond de 

2000 kilometer. 

(Volbkrant, 7 april 1997) 

Het bezoek aan vreemde landen was vroeger uitzonderlijk. Nu moetje er 

geweest zijn. 

De luu die 't hardste warkt, woont vaak in de kleinste hoessies. 

(Drentse wijsheid) 

In Nederland heb je meer kans tegen een bord "pas op voor herten" aan te 

rijden dan tegen een hert. 

De klapschaats heeft een nieuwe ijstijd ingeluid. 








