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Chapter I 

C l i a p t e x * X 

Oxidative phosphorylation and respiratory chain complex I deficiency: 

General introduction and aim of the study 

R.H. Triepels, L.P.W.J. van den Heuvel, J.M.F. Trijbels, J.A.M. Smeitink. 

Adapted from Am. J. Med. Genet. (2001): 106. 37-45 
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Chapter I 

Oxidative phosphorylation 

Oxidative phosphorylation is the process in which energy is produced in the form of the 

energy-yielding compound adenosine triphosphate (ATP). The oxidative phosphorylation 

(OXPHOS) system consists of five (complex I to V) multi-protein enzyme complexes, 

rearranged in the inner mitochondrial membrane (figure 1) (Hatefi 1985; Schagger and 

Pfeiffer 2000). The first four enzyme complexes are referred as the mitochondrial respiratory 

or electron transfer chain (ETC), whereas the fifth complex represents the ATP synthase. The 

OXPHOS system couples respiration and phosphorylation by a proton gradient across the 

inner mitochondrial membrane. Respiration is linked to cell metabolism in that metabolic 

degradation of food, e.g., glucose, allows formation of the substrates NADH and FADH2. 

During respiration, electrons will be transferred from NADH or FADH2 to oxygen through 

the ETC. The free energy of the electron transport will be used by complex 1, III and IV for 

the translocation of protons out of the mitochondrial matrix into the mitochondrial 

intermembrane space. Finally, the free energy generated due to the flow back of protons 

through complex V, is used to phosphorylate ADP into ATP (figure 1). ATP will be partially 

used for the mitochondrial own needs and the remaining will be distributed through the cell 

were it is used as the fuel of far the most energy dependent activities of the cell. 

Both NADH as well as FADH2 are strong reducing agents with a negative reduction potential 

indicating that electrons can be donated easily. Strong oxidizing agents such as oxygen have 

positive reduction potentials and are able to accept electrons easily. Electron transport from 

NADH or FADH2 to oxygen occurs via several electron carrying groups with increasing 

reduction potential, energetically downhill localized in the multi-protein enzyme complexes 

of the ETC. The electrons of NADH enter the respiratory chain at the flavin mononucleotide 

(FMN) prosthetic group of complex I (NADH:ubiquinone oxidoreductase). Via several 

Fe-S clusters in complex I and complex II (Succinate:ubiquinone oxidoreductase), the entry 

of electrons of FADH2, the electrons reach the co-factor ubiquinone, also called coenzyme Q. 

Subsequently, the electrons travel to a second co-factor cytochrome c, via several heme 

groups located in complex III (Ubiquinonexytochrome c oxidoreductase). Finally, via heme 

b}u b\_ and Ci and copper ions, CUA and CUB, rearranged in complex IV, the electrons reach 

oxygen and reduce this to water (figure 1). For each two electrons accepted from NADH a 

total often protons will be translocated to the intermembrane space, four by complex I and IV 

and two by complex III. Since complex II does not participate in proton translocation, 

two electrons donated by FADH2 lead to the translocation of six protons. 
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Chapter I 

Genetically, at least 71 structural proteins involved in the formation of the whole OXPHOS 

system are encoded by nuclear genes whereas 13 structural proteins are encoded by the 

mitochondrial genome. The main subject of this thesis is the study of complex I in relation to 

human pathology. 

- 4 2 4 11 13 14 

Figure 1 : The oxidative phosphorylation system. 

Except complex II, the genetic information for all multi-protein enzyme complexes is of bi-genomic origin, 

meaning that both mitochondrial- as well as nuclear-encoded proteins are involved in their organization. 

I = NADH:ubiquinone oxidoreductase (complex I); II = Succinate:ubiquinone oxidoreductase (complex II); 

U = Ubiquinone; 111 = Ubiquinonexytochrome c oxidoreductase (complex III); C = Cytochrome c; 

IV = Cytochrome c oxidase (complex IV); V = ATP synthase (complex V); ims = Intermembrane space; 

e' = electron. 



Chapter I 

Structure of human complex I 

The NADH ubiquinone oxidoreductase or complex I, with a total molecular mass of about 

900 kDa, represents the largest and first complex mediating electron transfer through the 

electron transfer chain The overall function of the complex is to pass electrons from NADH 

to ubiquinone while pumping hydrogen ions out of the mitochondrial matrix into the inter-

membrane space 

Most knowledge regarding spatial composition and function of human complex I has been 

obtained through studies of complex 1 in Escherichia coli. Neurospora crassa and flov taurus 

(Weiss et al 1991, Walker 1992, Weidner et al 1993) Human complex I consists of at least 

35 nuclear- and seven mitochondnal-encoded subunits (ND1-ND6, ND4L) 

(Anderson et al 1981) Although no electron microscopic studies of human complex I are 

available, it is assumed that human complex I comprises the same spatial structure as 

complex I of Ν crassa and Β taurus, the evolutionanly closest species to man in which 

complex I has been extensively studied (Walker 1992) Theoretically, it contains an L-shape 

configuration with a water-soluble peripheral arm protruding into the mitochondrial matrix 

and a water-insoluble hydrophobic arm embedded in the inner mitochondrial membrane 

(figure 2) Using chaotropic agents, the complex can be separated into three different fractions 

(Galante and Hatefi 1978, Galante and Hatefi 1979) Both the flavoprotein (FP) fraction as 

well as the iron-sulphur protein (IP) fraction represent the peripheral arm, whereas the 

hydrophobic protein (HP) fraction represents the water-insoluble aggregate of the 

mnermembrane arm of the complex (figure 2) The use of DNA sequences of Β taurus as 

probes for DNA databases has resulted in the rapid characterization of homologous structural 

human complex I subunits The FP fraction contains three subunits (NDUFV1-V3), all 

characterized at the level of complementary DNA (cDNA) as well as nuclear DNA (nDNA) 

The IP fraction contains seven subunits (NDUFA5, NDUFS1-S6), all charactenzed at the 

cDNA level Recently the genomic organization of the NDUFA5 (Tensing et al 1999) and 

NDUFS3 genes has been characterized (Procaccio et al 2000) Although the exact 

localization of two subunits, the nuclear-encoded 17 2 kDa subunit and the mitochondnal-

encoded subunit ND6, is still unknown in the complex (Sazanov et al 2000), all remaining 

proteins are thought to be part of the HP fraction Thus, the HP fraction contains at least 

24 nuclear-encoded subunits and six mitochondnal-encoded subunits The cDNA sequences 

of the 24 nuclear-encoded subunits have been established and the genomic organization of the 

NDUFA1 (Zhuchenko et al 1996), NDUFB9 (Lin et al 1999), and NDUFS8 

(de Sury et al 1998) genes has been characterized 
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Chapter I 

The NADH binding site and a flavin mononucleotide (FMN) prosthetic group, involved in the 

entry of electrons escaping from the oxidation of NADH, have been assigned to the NDUFV1 

subumt of the FP fraction (Chen and Guillory 1981, Deng et al 1990) The presence of 

divalent iron atoms, rearranged in bi- or tetra-nuclear iron-sulphur clusters distributed through 

the complex, creates possibilities for further electron transfer Electron paramagnetic 

resonance (EPR) spectroscopy studies performed with bovine complex I revealed that the 

majority of iron-sulphur clusters are in the extra membraneous part (FP and IP fraction) of the 

complex (Finel et al 1992) TheNDUFVl subumt contains also a tetra-nuclear iron-sulphur 

cluster (N3) (Ohmshi et al 1985), whereas the NDUFV2 subumt contains a bi-nuclear iron-

sulphur cluster (Nla) (Ohmshi et al 1985, Ohmshi 1998) 

Several functional properties have been postulated concerning subumts of the IP fraction The 

NDUFS1 subumt contains at least one bi-nuclear iron-sulphur cluster (Nib) and one (N4) and 

probably two (N5) tetra-nuclear iron-sulphur clusters, connecting this protein with electron 

transfer (Ohmshi 1998) The NDUFS2 subumt is thought to be involved in proton pumping 

and ubiquinone binding (Darrouzet et al 1998) The NDUFS4 subumt contains a biologically 

active cAMP-dependent phosphorylation site and might have a role in the regulation of the 

function and/or biogenesis of the complex (Papa et al 1996) 

Little is known about the functional properties of the HP fraction Worth mentioning arc the 

consensus tetra-nuclear iron-sulphur cluster patterns present in the NDUFS8 (Dupuis et al 

1991a) and NDUFA8 (Dupuis et al 1991b) subumts suggesting the presence of iron-sulphur 

clusters in these proteins The NDUFA9 protein shows homology with NAD(P)H 

isomerases/reductases and is thought to have a nucleotide binding site (Schulte et al 1999) 

The NDUFABl protein, containing the characteristics of an acylcamer protein, is believed to 

be involved in biosynthesis of the complex, fatty acid and polypeptide biosynthesis 

(Cortes et al 1990) The NDUFS7 subumt couples electron transfer from iron-sulphur cluster 

N2 to quinone (Schuier et al 1999), the final step in electron transfer through complex I The 

most important function of the HP fraction might be ubiquinone binding and proton 

translocation (Ohmshi et al 1985) A few studies have revealed some binding sites for 

ubiquinone or its competitor rotenone in the mitochondnal-encoded proteins ND1 and ND4 

(Earleyelal 1987, Degli Esposti et al 1994) The way by which electron transfer is coupled 

to proton translocation properties of the complex across the mitochondrial inner membrane is 

poorly understood and mostly speculative 
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Chapter I 

Substrate induced conformational changes throughout the catalytic part of the complex could 

be the device by which the energy derived from electron transfer is connected with the proton 

translocating membrane part of the complex (figure 2) (Belogrudov and Hatefi 1994). There, 

conformational changes would result in proton uptake and release on the opposite side of the 

membrane. 

NADH 

NAD+ + t t 

Matrix 

Ubiquinone 

OQ 
Im 

OO 

Ims 

Figure 2: Two-dimensional drawing and subunit composition of complex I (Sazanov et al. 2000). 

Complex I can be fragmented into three different fractions (Galante et al. 1979). The largest hydrophobic 

membrane fraction (HP) attaches the complex to the mitochondrial inner membrane. The matrix part of the 

complex can be fragmented into the flavoprotein (FP) and the Iron-Sulphur protein fraction (IP). 

Im = innermembrane; Ims = intermembrane space; Fe-S = Iron-Sulphur cluster; e" = electron; 

NDUF = NADH Dehydrogenase Ubiquinone Flavoprotein; ND = NADH Dehydrogenase; ? = unknown. 
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Chapter I 

Clinical aspects of complex I deficiency 

Isolated complex I deficiency is probably the most common enzyme defect (Loejjen et al 

2000) among the group of OXPHOS disorders (estimated incidence 1 10,000 live births 

(Bourgeron et al 1995)) Clinical presentation of complex I deficiency starts mostly at birth 

or early childhood, and includes a great variety of signs and symptoms It has also been 

implicated in late onset diseases, including Parkinson's disease (Orth and Schapira, 2001) In 

general, however, complex I failure will often result in multi-system disorders with a fatal 

outcome (Pitkanen et al 1996a, Robinson 1998, Kirby et al 1999, Loeffen et al 2000) The 

most affected tissues are usually those requiring a high energy production, like brain, heart, 

skeletal muscle, and kidney Ophthalmological signs such as external ophthalmoplegia, ptosis, 

cataract and retinopathy are frequently expressed (Pitkanen et al 1996b) The phenotypic 

expression is an important clue leading to the evaluation of complex I and other respiratory 

chain enzymes deficiencies Leigh syndrome (Leigh 1951) or Leigh-like disease arc the most 

common phenotypes associated with an isolated complex I deficiency, representing up to 50% 

of the total cases (Morris et al 1996, Robinson 1998, Loeffen et al 2000) Neuropathological 

studies, which provide the ultimate diagnosis of Leigh syndrome are not available in cases 

with a Leigh-like diagnosis (Rahman et al 1996 Loeffen et al 2000) Many such cases 

probably represent authentic Leigh syndrome, which would make Leigh syndrome the most 

frequent phenotype in complex I deficiency Other commonly observed phenotypes are 

encephalopathy and cardiomyopathy (~11%), fatal infantile lactic acidosis (~11%), 

macrocephaly with progressive leukodystrophy (-7%) and unspecified encephalopathy 

(-21%) (Loeffen et al 2000) 

On a cellular level, complex I failure will affect the NADH oxidation rate leading to an excess 

of NADH and a lack of NAD* in the cells This may lead to functional impairment of the 

pyruvate dehydrogenase complex (PDHc) and the Krebs cycle with the consequence of 

elevation of blood pyruvate and lactate Although normal lactate and pyruvate concentrations 

do not definitely rule out mitochondrial disorders (DiMauro et al 1999, Triepels et al 1999), 

these parameters remain very useful as primary laboratory screening As a result of the 

increased NADH/NAD+ ratio, the lactate dehydrogenase equilibrium will be shifted in the 

direction of lactate resulting in the increase of lactate/pyruvate ratio 

In patients suspected of having complex I deficiency, a precise diagnosis can be made by 

biochemical enzyme measurements 
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Chapter I 

Biochemical aspects of complex I deficiency 

Biochemical complex I measurement is based on estimation of the mitochondnal rotenone-

sensitive NADH ubiquinone oxidoreductase activity (Fischer et al 1986) Complex I 

deficiency can be confirmed enzymatically in a wide range of tissues like heart, liver and 

brain, skeletal muscle and cultured fibroblasts For biochemical diagnosis, including 

estimation of substrate oxidation and ATP production rates, skeletal muscle and fibroblasts 

are most convenient Biochemical examination is preferably performed in fresh muscular 

tissue, although single enzyme assays like complex I can also be performed in frozen muscle 

biopsies Freezing will destroy the mitochondrial membrane and the integrity of the 

respiratory chain will be lost In that case no substrate oxidation and ATP production rates can 

be measured In our experience, deficient substrate oxidation and ATP production rates are 

associated with normal activities of the single enzymes of the respiratory chain and the PDHc 

in 30 to 40% of cases This means that if patients with suspected mitochondrial cytopathies 

are investigated using frozen muscle biopsies only, a considerable number of patients will 

remain undiagnosed Enzymatic complex I measurements can also be performed in 

mitochondrial enriched fractions from cultured skin fibroblasts However, the observation that 

not all complex I deficiencies detected in skeletal muscle biopsies are expressed in cultured 

fibroblasts (Ruitenbeek et al 1996), makes fibroblasts less useful for primary screening 

Because muscle tissue is frequently affected in multi-system mitochondrial disorders, most 

centers favor muscle biochemistry for investigation of mitochondnal dysfunction (DiMauro et 

al 1999) 

In the majority of complex-I-deficient cases therapeutic intervention using riboflavin, 

succinate, coenzyme Q10 and others has failed (Shoffner and Wallace 1994) Molecular 

genetic studies have been started in the last few years with an aim to improve diagnostic 

strategies and to provide more insight into the genetic aspects of complex I deficiency 

Although enzymatic prenatal diagnosis in chorionic villi has been successful in specialized 

laboratories (Ruitenbeek et al 1996), it would be preferable to use mutation detection on the 

level of DNA or RNA for this purpose 
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Chapter I 

Genetic aspects of complex I deficiency 

Mitochondrial DNA 

Due to the bi-genomic origin of the complex, the genetic cause of complex I deficiency can be 

located on either the mitochondrial DNA (mtDNA) or nuclear DNA (nDNA) 

The mtDNA encodes two nbosomal RNAs (rRNA), 22 transfer RNAs (tRNA) and 

13 messenger RNAs (mRNA), including seven structural subumts of complex I 

(NDl-ND6,ND4LXCAo»jy/iérfa/ 1985, Chomyn et al 1986) 

Extensive mutational analysis of mtDNA has revealed several major or minor mtDNA 

rearrangements and point mutations that have proven to be pathogenic in OXPHOS disorders 

(Zeviam et al 1998) The major characteristic of mtDNA mutations is the maternal 

inheritance pattern (Giles et al 1980) Furthermore, mutated and wild-type mtDNA may 

coexist within a single cell, a phenomenon called heteroplasmy For many mtDNA mutations, 

a relation between the percentage of heteroplasmy and phenotype exists (MELAS, MERRF 

and NARP) (Hammans et al 1993, Rahman et al 1996 Uziel et al 1997), whereas other 

mutations lack such correlations (LHON) (Ghosh et al 1996) Several mutations in the 

mitochondnal structural complex I genes as well as in mitochondnal tRNA genes have been 

linked to isolated complex I deficiency The T3394C mutation in ND1 has been related to 

reduced NADH-CoQ reductase activity in a family with long QT syndrome 

(Matsuoka et al 1999) More frequently, the G3460A mutation in the same gene has been 

related to complex-I-deficient Leber's hereditary optic neuropathy (LHON) (Howell et al 

1991, Majanderetal 1991) Two other mutations expressing the same phenotype have been 

documented in ND4 (Gl 1778A) (Larsson et al 1991) and ND6 (T14484C) 

(Oostra et al 1995) A mutation in ND5 (Gl3513A) is linked to some cases of 

complex-I-deficient MELAS and LHON (Pulkes et al 1999) Another mutation in the ND6 

gene (Gl4459A) has been related to complex I deficiency in patients with LHON, dystonia or 

Leigh syndrome (Kirby et al 1999) A category of non-structural mitochondnal mutations are 

those located in mitochondrial tRNA genes The known tRNA mutations related to complex I 

deficiency are listened in table 1 of chapter VIII In general, mtDNA mutations cause only a 

minority of isolated complex I deficiencies In childhood only, about 5-10% of complex I 

deficiency can be related to mutations in mtDNA, indicating that the main causes are in genes 

encoded by the nuclear DNA 
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Chapter I 

Nuclear DNA 

Based on the low contribution of mtDNA mutations in complex I deficiency , mtDNA 

mutations seem not to be the main cause of complex 1 deficiency expecting a relevant 

contribution of nuclear DNA abnormalities Besides this, in our expenence a substantial 

number of isolated complex I deficiency seems to follow an autosomal recessive mode of 

inheritance (Loejfen et al 2000), suggesting a nuclear defect At the start of this study no 

nuclear-encoded mutations were known regarding isolated complex I deficiency Just a 

minority of the expected 35 human nuclear structural complex I genes (based on the 

composition of bovine complex I), were charactenzed at the cDNA or genomic DNA level 

So, mutational analyses in studying the contribution of mutations in these genes to complex I 

deficiency was hardly possible That brought us to the main objectives and aim of this study 

Aim of the study 

Isolated enzymatic complex I deficiency is the main cause of the OXPHOS system defects of 

the patients diagnosed by our center, the Nijmegen Center for Mitochondrial Disorders 

Rational therapeutic strategies for complex I deficiency are hardly available Positive 

therapeutic efforts have been reported in just a few individual patients Biochemical 

examination in chononic villi is the most achievable prenatal diagnostic test available, but not 

reliable for 100% A more specific and accurate prenatal diagnosis on the level of nuclear 

DNA is just available in those patients in whom the genetic defect has been established 

Gaining insight into the localization of the nuclear defect, e g situated in the nuclear-encoded 

subumts of complex I, will not only expand the cell biological knowledge of the 

mitochondrial energy metabolism, but will also improve the pre- and postnatal diagnostic 

possibilities on DNA level in these patients For this reason we started the described study 

with 20 patients in which an isolated complex I deficiency has been established in both 

muscle tissue as well as cultured fibroblasts The patients concern children who present their 

initial symptoms in the first years of life 

Since the FP and IP fraction contains the most redox centers and are supposed to be involved 

in electron transport, our center first focussed their mutational analyses on subumts in those 

fractions Several mutations were found in this group of proteins in our patient cohort (see 

discussion, thesis J Loeflen june 2000) In the remaining patients, proteins of the HP fraction 

were subjected to genetic analysis in finding the genetic defect 

18 



Chapter I 

To eliminate the contribution of mtDNA alterations to the observed complex I deficiency as 

far as possible, we first excluded the most common mutations in the mitochondrial 

tRNAs and in the complex I ND genes as well as major rearrangements within the 

mtDNA extracted from muscle tissue or cultured skin fibroblasts of the involved 

patients. Secondly, in order to get more insight in the contribution of mutations in the nuclear 

structural complex I genes to the observed deficiency, 1) we have elucidated the cDNA and 

amino acid sequences of all human nuclear-encoded complex I subunits and 2) using 

RNA extracted from fibroblasts of the index patients, we have investigated the presence 

of complex I deficiency related mutations in the open reading frames of the elucidated 

genes. Prior to genetic analysis, it would be important to have more easily approaches for 

studying the assembly of complex I in case of complex I deficiency. The existence of 

complex I assembly profiles could help to classify genetically undiagnosed patients based on 

their assembly profile. Therefore, 3) we introduced a monoclonal antibody set for Western 

blotting and sucrose gradient centrifugation to study the assembly of complex I in 

individual patients. 
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Abstract 

We report the cloning of the cDNA sequence of the nuclear-encoded NDUFA8 subunit of 

NADH:ubiquinone oxidoreductase, the first mitochondrial respiratory chain complex. The 

NDLIFA8 open reading frame (ORF) includes 519 base-pairs and encodes 172 amino acids 

(Mr = 20.1 kDa). The human cDNA sequence shows 86.2% identity with the bovine 

sequence, whereas the human NDUFA8 amino acid sequence is 87.8% similar to its bovine 

PGIV protein counterpart. Both human and bovine NDUFA8 contain a conserved cysteine 

motif. PCR analysis of rodent/human somatic cell hybrids maps the human NDUFA8 gene to 

chromosome 9. A multiple tissue blot has revealed the highest NDUFA8 mRNA expression in 

human heart, skeletal muscle, and fetal heart. Mutation analysis of the NDUFA8 fibroblast 

cDNA in 20 patients with an isolated enzymatic complex I deficiency in cultured skin 

fibroblasts has revealed two polymorphisms, one within the ORF and the other in the 

3' untranslated region (UTR) of the NDUFA8 cDNA sequence. The allelic frequency of both 

polymorphisms was similar in controls and complex-I-deficient patients. 

Introduction 

The mitochondrial respiratory chain creates the transmembrane electrochemical proton 

gradient essential for the generation of ATP by ATP synthase (Hatefi 1985). The respiratory 

chain consists of 4 multisubunit enzyme complexes. NADH: ubiquinone oxidoreductase 

(complex I) is the first and largest protein complex. It transfers electrons with a high redox 

potential from NADH to ubiquinone (Walker 1992). Bovine complex I consists of about 

42 proteins, 7 of which are encoded by the mitochondrial genome (ND1-ND6, ND4L) and at 

least 35 by the nuclear genome. At present, the exact number of the human nuclear-encoded 

subumts of this complex is not known. So far, some of the nuclear-encoded human subunits 

have been cloned (Chow et al. 1991, Spencer et al. 1992; Ali et al. 1993; Gu et al. 1996; 

Hyslop et al. 1996; Zhuchenko et al. 1996; de Coo et al. 1997; Kim et al. 1997; Pota et al. 

1997; Procaccio et al. 1997; Loeffen et al. 1998a; Schuelke et al. 1998; Smeitink et al. 1998; 

van den Heuvel et al. 1998; Loeffen et al. 1999). 

There are many reports of enzyme deficiencies of the respiratory chain enzyme complexes. 

Among these, complex I deficiency is frequently encountered. Despite extensive studies, only 

few mitochondrial DNA (mtDNA) mutations have been reported in complex-I-deficient 

patients. Complex I deficiency has been related to mutations in mitochondrial-encoded 

complex I subunits, ND1, ND4 and ND6 (Howell et al. 1991; Majander et al. 1991; 
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Jun et al 1994) or mitochondrial-encoded tRNAs mutations like A3243G (MELAS) and 

A8344G (MERRF) (James et al 1996) or other mitochondrial genes, as in case of the ATP 6 

gene (T8993G/C) associated with Leigh's syndrome (Morns et al 1996) 

The genetic cause of numerous complex I deficiencies has to be elucidated and is expected to 

lie in the nuclear-encoded subumts Based on a predominance of male infants in our patient 

population, we subjected the X-lmked NDUFA1 (Zhuchenko et al 1996) nuclear-encoded 

complex I subunit to mutation detection in complex-I-deficient patients (Loeffen et al 1998b) 

Furthermore, we screened the nuclear-encoded subunit NDUFAS4 (AQDQ) 

(Papa et al 1996) in which we detected the first pathological mutation (van den Heuvel et al 

1998) To extend our knowledge of the nuclear-encoded subumts of human complex I and 

their involvement in complex I deficiency, cloning and further mutation studies of these 

subumts are warranted 

The PG1V bovine counterpart of the NDUFA8 protein contains eight cysteine residues that 

are highly conserved These residues may have functional significance in providing ligands 

for Fe-S clusters (Gerbitz et al 1990, Dupuis et al 1991) It is assumed that the minimal 

functional unit of complex I contains FMN and Fe-S clusters (Albracht et al 1997) This 

makes the human NDUFA8 subunit a rational candidate subunit for mutational analysis of 

complex-I-deficient patients in which common mitochondria] DNA mutations have been 

excluded 

In the present communication we report the molecular characterization of the human 

NDUFA8 cDNA sequence, the chromosomal localization of the NDUFA8 gene and its tissue 

expression Finally, the result of a mutation detection study in 20 complex-I-deficient patients 

is presented 
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Materials and methods 

Patient group 

Mutation detection was performed on cultured skin fobroblasts from 20 patients displaying an 

isolated NADH:ubiquinone oxidoreductase deficiency in cultured skin fibroblasts. Patients 

were first selected based on reduced complex I activity in skeletal muscle as well as cultured 

skin fibroblasts. Complex 1 activity in fibroblasts of these patients was determined as 

previously described (Bentlage et al. 1996). Patient values ranged from 0.026-0.080 mU/mU 

cytochrome c oxidase (reference values of 0.10-0.26 mU/mU COX). The clinical 

characteristics of these patients were described previously by Loeffen et al. (1998b). There 

was no phenotypical relation of these patients with Leber's hereditary optic neuropathy 

(LHON). 

Southern blot hybridization with a32P-dCTP labeled complete mtDNA revealed a 

16.5 Kb fragment representing the full length linearized mtDNA. This indicated that no large 

mtDNA deletions, insertions, or duplications were present. Furthermore, the mtDNA 

mutations, A3243G (MELAS), T3271C (MELAS), A4317G (MELAS), A8344G (MERRF), 

T8993G/C (NARP/Leigh syndrome), and G14459A were not detected (Jun et al. 1994; 

Morris étal. 1995). 

On nuclear level, mutation detection of the NDUFA1, NDUFS5, NDUFB6 and NDUFS4 

cDNA was performed by direct sequencing (Loeffen et al. 1998b, Smeitinket al. 1998; van 

den Heuvel et al 1998). In one patient, a mutation was found in the NDUFS4 (van den 

Heuveletal. 1998). 

Cloning of and mutation detection in the NDUFA8 cDNA 

Wild-type human cDNA was obtained by reverse transcription of 200 ng poly A+ human heart 

mRNA (Clontech) by using Superscript II RNase H" reverse transcriptase (Life Technologies, 

The Netherlands), and oligo(dT) and random hexamer primers, according to established 

procedures (Ploos van Amstel et al. 1996). Total RNA of patients was extracted from cultured 

human skin fibroblasts (Chomczynski and Sacchi 1987), and reverse transcription was 

performed as above. For polymerase chain reaction (PCR) amplification of the human 

NDUFA8 cDNA, both the forward primer (NDUFA8-F1, table 1) and the reverse primer 

(NDUFA8-R2, table 1) were designed according to human EST (Expressed Sequence Tag) 

(Adams et al. 1991) sequences, homologues to the 5' and 3' termini of the published bovine 

PGIV cDNA sequence (Genbank accession number X59697) (Dupuis et al. 1991). 
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PCRs were performed on 1 μΐ fibroblast cDNA in 25 μΐ total sample volume containing 50 ng 

of each primer, 0.25 mM dNTP's, 1.5 mM MgCb, 0.5 units Taq polymerase, and PCR buffer 

(Life Technologies, The Netherlands). PCR products were sequenced using dyedeoxy™ 

terminators on the automated ABI 377 sequencer according to the manufacturer's instructions 

(Perkin Elmer, The Netherlands). To screen both strands of the total open reading frame 

(ORF) of the NDUFA8 cDNA, interior sequence primers (table 1) were ordered. Mutation 

detection was performed by comparing wild-type cDNA with patient NDUFA8 cDNA 

sequence by using multiple alignment computer software (Perkin Elmer, The Netherlands). 

Table 1 : NDUFA8 cDNA primer sequences used for cDNA cloning and mutation detection. 

Primers names | Oligonucleotide Sequences | Positions on cDNA (Fig. 1)" 

Forward pnmen 

NDUFA8-F1 

NDUFA8-F2 

NDUFA8-F3 

NDUFA8-F4 

5 ' 

5 ' 

5 ' 

5 ' 

-GGGGAGTTCAAGGAGACGG-3' 

-GAAGAGAAAGATCCGAGGCG-3" 

-GTGTGTGCTGGACAAACTGG - 3 ' 

-CAGACAACGACTGATGAAAACG-3 ' 

- 6 7 

1 4 5 

3 2 9 

5 5 4 

/ 
/ 
/ 
/ 

- 4 9 

1 6 4 

3 4 6 

5 7 5 

Reverse primers 

NDUFAB-R1 

NDUFAe-R2 

NDUFAe-R3 

NDUFA8-R4 

5 ' 

5 ' 

5 ' 

5 ' 

-CAGGAAATGGTATAGAATAACTGCC-3' 

-TTGTTAATGTTTGTGATCCCGG-3' 

-CCAGCCCAGTTTGTCCAGC-3' 

-CCTTCCTCTAAACACCGCCT-3' 

6 7 9 

6 3 3 

3 5 1 

1 7 9 

/ 
/ 
/ 
/ 

6 5 5 

6 1 2 

3 3 3 

1 6 0 

aPrimer position on the NDUFA8 cDNA is depicted according to figure. 1 

Chromosomal localization of the human NDUFA8 gene 

To determine the chromosomal localization of the NDUFA8 gene, we PCR-amplified a 

125 base-pair intronless part of the 3' UTR of the NDUFA8 cDNA out of 50 ng genomic 

DNA extracted from human-rodent cell hybrids. These somatic cell lines contain the entire 

mouse genome and additional defined human chromosomes (NIGMS mapping panel 2, 

(Drwinga et al 1993; Dubois andNaylor 1993)). PCRs were performed in 25 μΐ total sample 

volume containing 50 ng of primer NDUFA8-F4 and NDUFA8-R1, 0.25 mM dNTP's, 

1.5 mM MgCl, 0.5 units Taq polymerase, and PCR buffer (Life Technologies, The 

Netherlands). Cell hybrid DNA was pooled as outlined in figure 4a and PCR products were 

visually analyzed on a 4% agarose gel. Chromosomal localization of the NDUFA8 gene could 

be determined based on the presence of a human specific PCR fragment of the expected size 

on human-rodent cell hybrid pool containing a known human chromosome. 

27 



Chapter II 

Tissue distribution of NDUFA8 mRNA 

To obtain more information concerning mRNA quantities of the human NDUFA8 subunit in a 

wide range of human tissues, we used a human poly A+ RNA Master Blot™ (Clontech, 

USA) The Master Blot was normalized to the presence of the mRNA of eight different 

housekeeping genes (nbosomal protein S9, ubiquitin, 23 kDa highly basic protein, 

hypoxanthine guanine phosphonbosyl transferase, tubulin, ß-actin, phospholipase and 

glyceraldehyde-3-phosphate dehydrogenase) Using standard hybridization solutions, we 

hybridized the RNA Master Blot™ (24 hours at 65 °C) with random a-32P-dCTP labeled 

wild-type cDNA PCR fragment containing the NDUFA8 open reading frame 

(pnmer sequences NDUFA8-F1 and NDUFA8-R2, table 1) The blot was subsequently 

analyzed by autoradiography. 

Results 

Cloning of the nuclear-encoded human NDUFA8 cDNA 

The ORF of the nuclear-encoded NDUFA8 subunit of the human NADH ubiquinone 

oxidoreductase was cloned by PCR on cDNA with flanking primers homologous to human 

ESTs We obtained a 700 base-pairs PCR fragment including the NDUFA8 open reading 

frame of 519 base-pairs with partial UTRs (figure 1) The human open reading frame shows 

86 2 % identity at the nucleotide level with the bovine sequence (Dupuis et al 1991) 

NDUFA8 protein and tissue distribution characteristics 

Both human and bovine NDUFA8 proteins consist of 172 amino acids (including the first 

methionine) and show 87 8% identity at the amino acid level Considering chemically related 

amino acids, the identity rises to 93 6% (Fig 2). The calculated molecular weight of both the 

human as well as the bovine NDUFA8 subunit is 20 1 kDa (CAOS/CAMM, Nijmegen, The 

Netherlands) The presence of an in-phase termination codon in the 5' side of the human 

NDUFA8 protein (position -34, figure 1) confirms that the methionine just before the 

amino acids PGIV represents the translation start site (figure 2) A striking feature of the 

bovine and human NDUFA8 protein is the conservation of eight cysteine residues at amino 

acids 36, 46, 56, 66, 78, 88, 100, 110 These cysteine residues are separated through 

9 or 11 amino acids gaps according to the motif Cx[9]Cx[9]Cx[9]Cx[l l]Cx[9]Cx[l l]Cx[9]C 

(figure 2) 

The NDUFA8 mRNAs are found in a wide range of human tissues The highest NDUFA8 

mRNA content was observed in tissues with a high metabolic energy demand 
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In descending order, NDUFA8 mRNA was mostly expressed in human heart, skeletal muscle 

and fetal heart (figure 3). In comparison with other tissues, the NDUFA8 mRNA content in 

testis, kidney, putamen and caudate nucleus seems to be slightly higher. 

GGGGAGT 

-60 -50 -40 -30 -20 -10 

TCAAGGAGACGGGGGCGACGCGGCTGAGGGCTTCTCGTCGGGGTCGGGGCTGCAGCCGTC 

1 10 20 30 40 50 60 

ATGCCGGGGATAGTGGAGCTGCCCACTCTAGAGGAGCTGAAAGTAGATGAGGTGAAAATT 

70 Θ0 90 100 110 120 

AGTTCTGCTGTGCTTAAAGCTGCGGCCCATCACTATGGAGCTCAATGTGATAAGCCCAAC 

* 130 140 150 160 170 1Θ0 

AAGGAATTTATGCTCTGCCGCTGGGAAGAGAAAGATCCGAGGCGGTGTTTAGAGGAAGGC 

190 200 210 220 230 240 

AAACTGGTCAACAAGTGTGCTTTGGACTTCTTTAGGCAGATAAAACGTCACTGTGCAGAG 

250 260 270 280 290 300 

CCTTTTACAGAATATTGGACTTGCATTGATTATACTGGCCAGCAGTTATTTCGTCACTGT 

310 320 330 340 350 360 

CGCAAACAGCAGGCAAAGTTTGACGAGTGTGTGCTGGACAAACTGGGCTGGGTGCGGCCT 

370 3Θ0 390 400 410 420 

GACCTGGGAGAACTGTCAAAGGTCACCAAAGTGAAAACAGATCGACCTTTACCGGAGAAT 

430 440 450 460 470 480 

CCCTATCACTCAAGACCAAGACCGGATCCCAGCCCTGAGATCGAGGGAGATCTGCAGCCT 

490 500 510 520 530 540 

GCCACACATGGCAGCCGCTTTTATTTCTGGACCAAGTAAAGATGGGTCCGTGGCCCACAC 

550 560 570 580 * 590 600 

TCGGTCATGTGCTCAGACAACGACTGATGAAAACGCCCATGCGGTTTGCATCGACTGATA 

610 620 630 640 650 660 

GTGTGTTCTTTCCGGGATCACAAACATTAACAAAAAAGTTAACTTATGTGACTTGGCAGT 

670 

TATTCTATACCATTTCCTG 

Figure 1. Human cDNA sequence of the nuclear NDUFA8 subunit of the mitochondrial complex I 

The start and stop codons of the open reading frames are shown in bold. The bold printed base 126 (asterisk) 

represents an adenine/guanine polymorphism within the human NDUFA8 coding sequence. The bold guanine 

base (asterisk) within the 3' UTR represents also an adenine/guanine polymorphism. The used forward and 

reverse primer sequences are shown in table 1. The human cDNA sequence is supplemented with partial 5' and 

3' untranslated sequences and has been submitted to Genbank (accession number AF044953). 
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human protein 

bovine protein 

human protein 

bovine protein 

human protein 

bovine protein 

10 20 30 i 40 i 50 i 60 

MPGIVELPTL EELKVDEVKI SSAVLKAAAH HYGAQCDKPN KEFMLCRWEE KDPRRCLEEG 

MPGIVELPSL EDLKVQEVKV SSSVLKAAAH HYGAQCDKPN KEFMLCRWEE KDPRRCLEEG 

i 70 ia J.90 
i 

100 
i 

110 120 
KLVNKCALDF FRQIKRHCAE PFTEYWTCID YTGQQLFRHC RKQQAKFDEC VLDKLGWVRP 

KLVNQCALEF FRQIKRHCAE PFTEYWTCID YSGLQLFRRC RKQQAQFDEC VLDKLGWVRP 

130 140 150 160 170 

DLGELSKVTK VKTDRPLPEN PYHSRPRPDP SPEIEGDLQP ATHGSRFYFW TK 

DLGDLSKVTK VKTDRPLPEN PYHSRARPEP NPEVEGDLKP ARHGSRLFFW TM 

Figure 2: Similarity between bovine and human NDUFA8 protein. 

Comparison of the bovine and human NDUFA8 amino acid sequence. Both mature proteins exist of 

172 amino acids, show 87.8% similarity; their calculated molecular masses are 20.1 kDa. Identical amino acids 

are marked with double dots, chemical related amino acids are marked with a single dot. 

Individual cysteine residues are printed bold and marked with an arrow. 

Figure 3a: Autoradiogram of the Human RNA Master Blot (Clontech, USA) hybridized with a random 

a32P-dCTP-labeledNDUFA8 cDNA probe. 

A 30-ng NDUFA8 cDNA fragment (primer sequences NDUFA8-FI and NDUFA8-R2, table 1) was radio 

actively labeled using the Random Primed Labeling Kit (Boehringer Mannheim). After hybridization, the blot 

was analyzed by autoradiography. 

:-() 



Chapter II 

whole 
brain 

occipital 
lobbe 

heart 

testis 

kidney 

appendix 

foetal 
brain 

yeast 
RNA 
100 ng 

amydala 

putamen 

aorta 

ovary 

liver 

lung 

foetal 
heart 

yeast 
tRNA 
100 ng 

caudate 
nucleus 

substantia 
nigra 

skeletal 
muscle 

pancreas 

small 
intestine 

trachea 

foetal 
kidney 

E coli 
rRNA 
100 ng 

cerebel
lum 

temporal 
obc 

colon 

pituitary 
gland 

spleen 

placenta 

foetal 
liver 

E culi 
DNA 100 

ng 

cerebel 
cortex 

Thalamus 

bladder 

adrenal 
gland 

thymus 

foetal 
spleen 

poly r(a) 
100 ng 

frontal 
lobe 

subthal. 
nucleus 

uterus 

thyroid 
gland 

peripheral 
leukocyte 

foetal 
thymus 

human 
C0tl DNA 

100 ng 

hippo
campus 

spinal 
cord 

prostate 

salivary 
gland 

lyph 
node 

foetal 
lung 

human 
DNA 
100 ng 

medulla 
obligata 

stomach 

mammary 
gland 

bone 
marrow 

human 
DNA 

500 ng 

Figure 3b Key to the type and position of poly A*RNAs and controls dotted on Ihe positive charged membrane 

Poly A1 RNAs are applied under alkaline conditions by a robot pipeting station After neutralization, RNAs were 

crosshnked to the membrane by exposure to ultraviolet light 

Chromosomal localization 

We used the PCR to screen a series of human-rodent somatic hybrid cell lines containing 

defined human chromosomes (outlined in figure 4a). We detected the expected human-

specific 125 bp NDUFA8 fragment (figure 4b) in DNA extracted from the hybrid cell line 

pool II and C, both containing the human chromosome 9. We therefore concluded that the 

human nuclear-encoded NDUFA8 NADH:ubiquinone oxidoreductase gene is located on this 

chromosome. A more precise localization by FISH was not possible due to the requirement of 

longer (> 2K.b) cDNA fragments for this technique. 
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Figure 4: Human chromosome distribution of the rodent/human somatic cell hybrid pools. 

a Outlined table of human chromosome distribution in pooled genomic DNA extracted from rodent/human 

cell hybrids. DNA pool /-/K contain the additional human chromosomes indicated in the corresponding rows. 

DNA pool Α-F contain the additional human chromosomes indicated in the corresponding columns, b Human 

NDUFAS-specific PCR analysis of somatic rodent/human cell hybrid DNA pools. PCR amplification, with 

primer sequences NDUFAH-F4 and NDUFA8-R1 (table 1), of a 125-bp fragment within the 3' UTR of the human 

NDUFA8 cDNA. Detection of PCR amplification in pool //and C establishes that theNDUHAS gene maps to 

chromosome 9. Lane I 50 ng mouse genomic DNA, lane 2 50 ng hamster genomic DNA, lane i 50 ng human 

genomic DNA, lanes I-IV rodent/human cell hybrid pooled DNA as outlined in a. Lanes Α-F rodent/human 

cell hybrid pooled DNA as outlined in a, MpUC, Hind 111 marker DNA, - represents negative control without 

genomic DNA. 
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Mutation detection of the NDUFA8 subunit in complex-I-deficient patients 

Comparison of sequenced NDUFA8 wild-type cDNA and NDUFA8 fibroblast cDNA of 

20 complex-I-deficient patients did not result in the detection of disease-causing mutations 

We observed an A126G polymorphism in the NDUFA8 open reading frame (figure 1 ) The 

total allelic frequency was 60% for adenine and 40 % for guanine (30 % of the patients 

showed an adenine homozygosity, 10% showed a guanine homozygosity and 60 % were 

heterozygous) Sequence analysis of the PCR fragment (primer sequences NDUFA8-F1 and 

NDUFA8-R4, table 1) of 20 lymphoblast control cDNAs showed an allelic frequency of 

65% adenine and 35% guanine In addition we observed an A583G polymorphism within the 

NDUFA8 3' UTR, 64 base-pairs downstream of the stop codon (figure 1) Sequence analysis 

using primers sequences NDUFA8-F3 and NDUFA8-R] (figure 1) revealed that both the 

patient allelic frequency out of 40 alleles as well as the allelic frequency out of 50 controle 

alleles were 10% adenine and 90% guanine No individual adenine homozygosity has been 

detected 

Discussion 

With the combination of the known bovine PGIV cDNA sequence and human ESTs, we have 

cloned the human NDUFA8 cDNA sequence, including an ORF of 172 codons Based on the 

observation that the bovine NDUFA8 cDNA contains one potential translation initiation 

codon (Dupun et al 1991) and the existence of an upstream in-phase termination 

(position -34, figure 1) codon in relation to the assumed human NDUFA8 ORF sequence, it is 

reasonable to assume that the bovine and human translation machinery use the same initiation 

codon Since the bovine N-terminal amino acid sequence is denved from the NDUFA8 

protein punfied from mitochondria, our studies indicate that the human NDUFA8 protein also 

belongs to a group of mitochondrial proteins with no processed N-terminal "import" 

sequence The human and bovine NDUFA8 protein are not the only proteins that lack such 

import sequence, and it is hypothesized that mitochondrial import of these proteins is 

regulated by interior primary protein structures (Walker et al 1987, Powell et al 1989, 

Runswicketal 1990) 

Both the bovine and human NDUFA8 protein contain a conserved motif of eight cysteine 

residues separated through 9 or 11 amino acid gaps (figure 2) This suggests that the 

NDUFA8 protein is a Fe-S protein (Fearnley and Walker 1992, Pilkington et al 1993) 
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The bovine NDUFA8 protein represents a subunit from the NADH ubiquinone 

oxidoreductase subcomplex Ια, the external membrane part of complex I consisting of 

globular protein subumts that lack extensive hydrophobic regions (Walker et al 1995) 

The prediction of hydropathy (Kyte and Doolittle 1982) of the human NDUFA8 protein 

showed a mostly hydrophilic protein with a hydrophobic character of about 15 amino acids in 

the N-terminal Therefore, it is likely, but not certain, that the NDUFA8 protein is 

incorporated in the innermembrane of the mitochondria at the N-terminus The prediction of 

the secondary protein structure (Chou and Fasman 1978) of both bovine and human 

NDUFA8 protein was similar 

Human-specific amplification of a part of the 3' end of the NDUFA8 cDNA on rodent/human 

cell hybrid DNA has confirmed that this gene is located on chromosome 9 Amplification of 

the 3' end of a gene minimizes the chance of amplification through an intron, and this region 

is known to be less likely identical to familiar genes and possible pseudogenes 

(Hawkins 1988) 

We observed the highest NDUFA8 mRNA contents in human adult heart, skeletal muscle, and 

fetal heart tissue The variable phenotype seen in complex-l-deficient patients may be explained 

by tissue-specific expression levels of complex I subumts (Clay and Ragan 1989) 

NDUFA8 transcripts were found in all tested human tissues, indicating a NDUFA8 

expression pattern like housekeeping genes The higher expression in human tissues with high 

metabolic energy rates is probably attributable to the larger amounts of mitochondria in these 

tissues 

In the last two decades, numerous patients with NADH ubiquinone oxidoreductase deficiency 

have been reported (Bleistein andZierz 1989, Lestienne et al 1990, Tnjbels et al 1996) 

The first nuclear mutation, a 5 base-pair duplication in the nuclear-encoded 18 kDa subunit of 

complex I, has recently been reported by our group (van den Heuvel et al 1998) Mutation 

analysis in 20 patients with an isolated complex I deficiency determined in cultured skin 

fibroblasts revealed no mutation in the open reading frame of the NDUFA8 cDNA of our 

patient population However, we found two adenine/guanine polymorphisms To investigate 

the occurrence of both DNA alterations, and since mutations in the 3' UTR could be related to 

human diseases as in the case of thrombosis (Howard et al 1997), we sequenced control 

lymphoblast cDNAs samples to find out whether these polymorphisms are patient-specific 

Based on equal allelic frequencies of both DNA alterations, we conclude that these refer to a 

normal distribution in the population 
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In conclusion, we have extended the knowledge about the nuclear-encoded subunits of human 

complex I by elucidating the partial NDUFA8 cDNA sequence, the amino acids sequence of 

the corresponding protein, the NDUFA8 tissue distribution on mRNA level, and the 

chromosomal localization of the NDUFA8 gene. No disease-causing mutations at the cDNA 

level were found in our group complex-I-deficient patients. This makes it unlikely that 

mutations in the NDUFA8 open reading frame are a frequently cause of complex I deficiency. 

In the future, we will study the involvement of the nuclear genes in complex I deficiency. We 

have started with the nuclear genes already present in the minimal form of complex I in 

E. coli (Leifet al. 1993). Secondly, we will analyze the remaining subunits of the FP and 

IP fraction for the presence of mutations. Finally, subunits of the HP fraction of complex I 

will be subjected to mutational detection studies. 
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Abstract 

We present the cDNA sequence of the human mitochondrial acyl carrier protein NDUFAB1, 

a nuclear-encoded subunit of complex I of the mitochondrial respiratory chain. We obtained 

the NDUFAB1 cDNA using the cDNA sequence of the bovine mitochondrial acyl carrier 

protein. The human cDNA contains two putative translation initiation codons. The human 

NDUFAB1 protein contains a phosphopantetheine attachment site 

(DLGLDSLDQVEIIMAM), unique for acyl carrier proteins, and an EF-hand calcium binding 

domain (DIDAEKLMCPQEI). Transcripts of this gene are found in a wide range of human 

tissues. The highest expression level was observed, in descending order, in adult heart, skeletal 

muscle and fetal heart. We subjected NDUFAB1 fibroblast cDNA of 20 patients with an 

isolated enzymatic complex I deficiency to mutational detection. No mutations in the 

NDUFAB1 open reading frame were observed. 

Introduction 

NADH:ubiquinone oxidoreductase or complex I of the mitochondrial respiratory chain, 

consists, in mammals, of probably 43 proteins (Walker 1992). Seven of these proteins are 

encoded by the mitochondrial genome (ND1-ND6, ND4L) (Gibb and Ragan 1990) and at 

least 35 by the nuclear genome. From the human nuclear-encoded subunits of complex I, the 

cDNA sequences have been determined for 17 subunits (NDUFA2 (B8), NDUFA4 (MLRQ), 

NDUFA5 (B13), NDUFA6 (B14), NDUFB3 (B12), NDUFB5 (SGDH), NDUFB6 (B17), 

NDUFB9 (B22), NDUFC1 (K.YFY), NDUFS1 (75-kDa), NDUFS2 (49-kDa), NDUFS3 

(30-kDA), NDUFS4 (AQDQ), NDUFS5 (15 kDa), NDUFS6 (13-kDA), NDUFS7 (PSST) and 

NDUFS8 (23-kDa)) (Chow et al. 1991, Gu et al. 1996; Hyslop et al. 1996; Procaccio et al. 

1997; Pata et al. 1997; Kim et al. 1997; Ton et al. 1997; van den Heuvel et al 1998; Smeitink 

et al. Ì998a; Loeffen et al. 1998a; Loeffen et al. 1998b), whereas for 4 subunits also the 

complete gene structure is known (NDUFA1 (MWFE), NDUFV1 (51-kDa), NDUFV2 

(24-kDa) and NDUFV3 ( 10-kDa)) (Hatton et al. 1995; Zhuchenko et al. 1996; de Coo et al. 

1997; Schuelke et al. 1998). For a review concerning the state of the art of human complex I 

nuclear genes see (Smeitink et al. 1998b). 

Although the overall function of complex 1, i.e. the transfer of electrons from NADH to 

ubiquinone has been known for many years, knowledge regarding the function of the 

individual subunits is limited. It has been shown that the 18-kDA (AQDQ) subunit of bovine 

heart complex I can be phosphorylated by a mitochondrial cyclic adenosine 5-monophosphate 

(cAMP)-dependent protein kinase (Papa et al. 1996). 
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Comparative binding studies of (gamma- S)-GTP to bovine complex I and its 24-kDa protein 

suggest that GTP binding in the native complex is due to the 24-kDa protein, indicating that 

this protein is a G protein (Hegde 1998). Furthermore, the human NDUFVl-mRNA may act 

as an antisense suppressor of translation of the γ-interferon inducible protein precursor (IP-30) 

(Schuelke et al. 1998). NDUFVl transcripts might interfere with the IFN-γpathway and 

suppress an immune response in tissues with high energy demands and form a link between 

inflammatory myopathy and encephalomyopathy. Additionally, the bovine nuclear-encoded 

complex I SDAP subunit is closely related to acyl carrier proteins (ACPs) 

(Runswick et al. 1991). ACP related proteins are also found in the mitochondria from 

Neurospora crassa (Sackmann et al. 1991) and Arabidopsis thaliana (Shintani and Ohlrogge 

1994). Electrospray mass spectrometry analysis of the bovine SDAP protein revealed that 

each protein molecule is covalently modified with one pantetheine-4' -phosphate and has been 

detected in several different preparations of complex I in stoichiometric amount with other 

subunits (Runswick et al 1991). The nuo9.6, a Neurospora crassa mutant in which the 

nuclear ACP gene is disrupted, showed also a pronounced disturbance in the assembly of 

complex I (Schneider et al. 1995). AU this may indicate that NDUFAB1 subunit has an 

important role in complex I, making this subunit a rational candidate for mutational studies in 

complex-I-deficient patients. 

The genetic characterization and the elucidation of the function of the individual complex I 

subunits in man is of importance for genetic counseling and future genotype-phenotype 

studies in enzymatic complex-I-deficient patients and their relatives. Complex I deficiency is 

one of the most frequently observed oxidative phosphorylation disorders. Although the age of 

onset and course of the disease may vary, most patients suffer from a progressive often fatal 

multisystem disorder (Pitkanen et al. 1996). Genetic defects responsible for the maternally 

inherited forms of complex I deficiency are due to mutations in the mitochondrial genome 

such as mutations in the ND-genes (Howell et al. 1991; Majander et al. 1991; Jun et al. 

1996), or mitochondrial-encoded tRNAs mutations like A3243G (MELAS) and A8344G 

(MERRF) (James et al. 1996). In patients with Mendelian inherited forms of complex I 

deficiencies or patients lacking common mitochondrial mutations, the genetic cause has to be 

elucidated and is expected to be in the nuclear-encoded subunits. 

Here we report, the cDNA sequence of the human NDUFAB1, the human tissue distribution 

of the NDUFAB1 mRNA and a mutational detection analysis in 20 patients with an isolated 

enzymatic NADH:ubiquinone oxidoreductase deficiency. 
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Materials and methods 

Sequencing of the NDUFAB1 cDNA 

Wild-type human cDNA was obtained by reverse transcription of 200 ng pooled human heart 

poly A+ mRNA (Clontech) using Superscript II Rnase H reverse transcriptase 

(Life Technologies, The Netherlands) (Plooi van Amstel et al 1996) For PCR amplification 

of the human NDUFAB1 cDNA both the forward pnmer (NDUFAB1-FI, table 1) as well as 

the reverse pnmer (NDUFAB1-R, table 1) were designed according to human EST 

(Expressed Sequence Tags (Adams et al 1991), GenBank accession AA476531 and 

AA983159) sequences, homologous to respectively the 5' and 3' terminal of the 

cDNA sequence of the published bovine mitochondrial SDAP subunit (GenBank accession 

number X61997) (Runswick et al 1991) PCR reactions were performed with 1 μΐ cDNA 

diluted in 25 μΐ total sample volume containing 50 ng of each pnmer, 0 25 mM dNTP's, 

1 5 mM MgCb, 0 5 units Taq polymerase and PCR buffer (Life Technologies, 

The Netherlands) PCR products were punfied from agarose gel (Qiagen, The Netherlands) 

and sequenced using dyedeoxy™ terminators on the automated ABI 377 sequencer 

(Perkin Elmer, The Netherlands) 

Tissue distribution of the NDUFABl mRNA 

To obtain more information concerning expression of the human NDUFABl subunit in a 

wide range of human tissues we used a human poly A+ RNA Master Blot™ (Clontech, USA) 

We hybndized the RNA Master Blot™ (24 hours at 65 0C) using standard hybndization 

solutions with a random a-32P-dCTP labeled wild-type cDNA PCR fragment containing the 

NDUFAB1 open reading frame The blot was analyzed by autoradiography 

Mutational detection of the NDUFABl cDNA sequence in complex-I-deficient patients 

Twenty enzymatic complex-I-deficient patients, of which the clinical characteristics were 

descnbed previously by (Loeffen et al 1998a), were included in a mutation detection study 

Patients were first selected based on reduced complex I activity in skeletal muscle as well as 

cultured skin fibroblasts Complex I activities in fibroblasts of these patients 

(Bentlage et al 1996) range from 0 026-0 080 mU/mU cytochrome c oxidase 

(reference values 0 10-0 26 mU/mU COX) Southern blot hybndization with a32P-dCTP 

labeled human mtDNA revealed no indications for large scale mtDNA deletions, insertions or 

duplications Furthermore, mtDNA mutations frequently associated with complex I 
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deficiency, A3243G (MELAS), T3271C (MELAS), A4317G (MELAS), A8344G (MERRF), 

T8993G/C (NARP/Leigh syndrome) were absent (Morris et al. 1995). 

There was no phenotypical relation of these patients with Leber's hereditary optic neuropathy 

(LHON). Mutation studies of the NDUFAl, NDUFB6, NDUFS4 and NDUFS5 cDNAs were 

performed by direct sequencing (Loeffen et al. 1998a; Smeitink et al. 1998a; van den Heuvel 

et al. 1998) . In one patient a mutation was found in the NDUFS4 (van den Heuvel et al. 

1998). Patient cDNA was generated by PCR (primers NDUFAB1-F and NDUFAB1-R) 

as described for NDUFAB1 cDNA sequencing using 5 μg patient RNA extracted from 

cultured skin fibroblasts (Chomczynski and Sacchi 1987). After DNA sequencing 

(ABI 377 sequencer, Perkin Elmer, The Netherlands) mutational detection was executed 

through multiple alignment of wild-type cDNA with patient cDNA sequences using the 

computer software Sequence Navigator (Perkin Elmer, The Netherlands). In this way we 

analyzed the entire human NDUFAB 1 ORF (see discussion). 

Table 1: Human NDUFAB 1 cDNA pnmer sequences used for cDNA sequencing and mutational detection. 

Primer name Oligonucleotide Sequence 1 Position on cDNA' (figure 1) 

Forward primers 

NDUFAB1-F 

NDUFAB1-F1 

5 ' 

5 ' 

-AGTGCATCCTGGGTTGGC-3· 

-CGTCTCGTGTCLTTTCAGCC-3' 

- 2 4 / -7 

5 / 2 4 

Reverse primers 

NDUFAB1-R 5 ' -CGTCACTATCATCTGAGTCC-3' 5 2 1 / 5 0 2 

a Primer position on the NDUFAB 1 cDNA is depicted according to figure 1. 

Results 

Sequencing of the human nuclear-encoded NDUFAB1 cDNA and NDUFAB1 protein 

characteristics 

The cDNA of the nuclear-encoded NDUFAB 1 subunit of the human NADH:ubiquinone 

oxidoreductase was sequenced by RT-PCR. The primers NDUFAB1-F1 and NDUFAB1-R 

(table 1 ) were designed according to human EST, homologous respectively to the 5' and 

3' terminal of the 267 bp cDNA sequence encoding the mitochondrial bovine NDUFAB 1 

protein counterpart. We found one putative translation initiation codon 44 amino acids 

upstream of the N-terminal end of the amino acid sequence SDMPP, which represents the 

first 5 amino acids of the predicted human mitochondrial protein. During our experiments a 

Human Chromosome 16 Bacterial Artificial Chromosome (BAC) clone CIT987SK-A-735G6 

(accession AC002400) was published in NCBI GenBank including the entire NDUFAB 1 
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genomic structure. Based on this sequence we obtained a second putative translation initiation 

codon 68 amino acids upstream of the N-terminal end of the amino acid sequence SDMPP. 

-20 -10 
human cDNA AGTGCATCCTGGGTTGGCGTAGCC 

M A S R V L S A Y V S R L P A A F A P L 2 0 

human cDNA ATGGCGTCTCGTGTCCTTTCAGCCTATGTCAGCCGCCTGCCCGCGGCCTTTGCGCCGCTG 
1 10 20 30 40 50 60 
P R V R M L A V A R P L S T A L C S A G

4 0 

human cDNA CCCCGGGTCCGGATOCTGGCCGTGGCCCGGCCTCTCAGCACTGCTCTCTGCTCCGCGGGG 

70 Θ0 90 100 110 120 

T Q T R L G T L Q P A L V L A Q V P G R
6 0 

human cDNA ACCCAGACGAGGCTCGGGACTTTGCAGCCGGCCTTAGTGCTCGCGCAGGTTCCTGGTAGA 

130 140 150 160 170 180 

V T Q L C R Q Y S D M P P L T L E G I Q
80 

human cDNA GTTACACAGTTGTGCCGCCAGTATAGCGACATGCCTCCTTTGACGTTAGAGGGCATCCAG 

bovine cDNA AGCGATGCACCACCTTTGACATTGGAGGGAATCAAG 

190 200 210 220 230 240 

D R V L Y V L K L Y D K I D P E K L S V
100 

human cDNA GACCGTGTTCTTTACGTATTGAAACTCTATGACAAGATTGACCCAGAGAAGCTTTCAGTA 

bovine cDNA GACCGTGTTCTTTACGTCTTGAAACTCTATGACAAGATTGACCCAGAAAAGCTTTCAGTA 

250 260 270 2Θ0 290 300 

N S H F M K D L G L D S L D Q V E I I M
120 

human cDNA AATTCTCATTTTATGAAAGACCTGGGCTTAGACAGTTTGGACCAAGTGGAGATTATCATG 

bovine cDNA AATTCCCATTTTATGAAAGACCTGGGCTTAGACAGTTTGGACCAAGTGGAGATTATCATG 

310 320 330 340 350 360 

A M E D E F G F E I P D I D A E K L M C
140 

human cDNA GCCATGGAAGACGAATTTGGGTTTGAAATTCCTGATATAGATGCTGAAAAGTTAATGTGT 

bovine cDNA GCCATGGAGGACGAATTTGGGTTTGAAATTCCTGATATAGATGCGGAGAAGTTAATGTGT 

370 3B0 390 400 410 420 

P Q E I V D Y I A D K K D V Y E
156 

human cDNA CCACAAGAAATTGTAGATTACATTGCAGATAAGAAAGATGTATATGAATAAAGTATCAGA 

bovine cDNA CCACAAGAAATTGTAGATTACATTGCAGATAAGAAGGATGTATATGAATAA 

430 440 450 460 470 4Θ0 

human cDNA CCCTTTGGCTTTGCTGAGAGAGGACTCAGATGATAGTGACGAATGTCTGGCAGTGAGGAC 

490 500 510 520 530 540 

human cDNA ACATTTTGGCATTCTTGCTGACTCTGACAGAGTGATTCTGATGGACTTGTATTTAAATTG 

550 560 570 580 590 600 

human cDNA TATGTGTTTTACTCTTTGAAAATAAATCTATAAAACCAA poly A tail 

610 620 630 

Figure 1: Nucleotide sequence of the human NDUFABl cDNA aligned with the bovine cDNA sequence coding 

for the bovine NDUFAB1 counterpart 

The human NDUFABl cDNA sequence, indicated with amino acid sequence, shows 94% homology with the 

partial 267 bp containing cDNA sequence which codes for the bovine mitochondrial SDAP protein. 

Both in-frame N-terminal putative translation start codons and the translation stop codon are indicated bold. 

NDUFABl cDNA numbering start at the most N-terminal ATG. 
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From the amino acids SDMPP towards the C-terminus, the NDUFAB1 protein shows a 

97.7% similarity with the bovine mitochondrial SDAP NADH:ubiquinone oxidoreductase 

acyl carrier protein (figure 2). Both proteins contain a phosphopantetheine attachment site 

(DLGLDSLDQVEIIMAM), by which it is suggested that pantetheine-4'-phosphate is linked 

to the conserved serine residues in this consensus (Runswick et al. 1991). 

An EF-hand calcium binding domain (DIDAEKLMCPQEI) is also present. No hydrophobic 

regions are present in the human ACP. 

10 20 30 40 I 50 
human protein SDMPPLTLEG IQDRVLYVLK LYDKIDPEKL SVNSHFMKDL GLDSLDQVEI 

bovine protein SDAPPLTLEG IKDRVLYVLK LYDKIDPEKL SVNSHFMKDL GLDSLDQVEI 
60 70 80 

human protein IMAMEDEFGF EIPDIDAEKL MCPQEIVDYI ADKKDVYE 

bovine protein IMAMEDEFGF EIPDIDAEKL MCPQEIVDYI ADKKDVYE 

Figure 2. Similarity between the bovine mitochondrial SDAP protein of complex I and the human NDUFABl 

protein 

The mitochondrial SDAP protein of bovine complex I shows a 97 7 % similarity in an 88 amino acid overlap 

with the human NDUFABl protein Both the human NDUFABl protein and its bovine counterpart contain 

a phosphopantetheine attachment site (DLGLDSLD QVEIIMAM) and an EF-hand calcium binding domain 

(DID AEKLMCPQEI) The conserved serine-44 residue indicated with an arrow is suggested to be the 

pantetheine-4'-phosphate bindings site (Runswick et al 1991). Protein structures are found using the software 

program PROSITE (http //www embl-bi ac uk/searchei/prosUe_mput.html) 

NDUFABl tissue distribution 

To study the NDUFABl tissue distribution we used a human poly A+ RNA Master Blot™ 

(Clontech, USA). We hybridized this blot with a random a-32P-dCTP labeled 517 bp 

NDUFABl cDNA PCR fragment (primers NDUFABl-Fl and NDUFAB 1-R, table 1). 

NDUFABl transcripts are found in a wide range of human tissues (data not shown). The 

highest expression levels of the NDUFABl gene were observed in descending order in adult 

heart, skeletal muscle and fetal heart. The NDUFABl expression in kidney, liver, pituitary gland 

and adrenal gland seems to be slightly more than other tissues. No hybridization was found with 

human genomic DNA, yeast RNA and tRNA. 
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Mutational detection of the NDUFABl cDNA in complex-I-deficient patients 

For mutational detection of the NDUFABl cDNA, we aligned wild-type cDNA and fibroblast 

cDNA fragments of 20 patients having an isolated complex I deficiency in cultured skin 

fibroblasts We can only speculate theoretically which translation start codon (cDNA position 

1 or 73, figure 1) will be used by the human translation machinery Because misrouting of the 

mitochondrial proteins may result in complex I deficiency, we had to involve both 

ATG codons in mutational detection We did not find any mutations which altered the 

amino acid sequence within the NDUFABl cDNA in our patient population In addition, no 

polymorphism was observed 

Discussion 

In the last two decades numerous patients with NADH ubiquinone oxidoreductase deficiency 

of the mitochondrial respiratory chain have been reported (Bleistein and Zierz 1989, 

Lestienne et al 1990, Pttkanen et al 1996, Trijbels et al 1996) In our selected population of 

complex-I-deficient patients no common mtDNA mutations associated with complex I 

deficiency have been found Therefore, we started with sequencing of all uncharactenzed 

nuclear-encoded complex I subumts in order to search for mutations responsible for the 

observed complex I deficiency In general we have focused on those subumts which have a 

well founded theoretical important role in the activity of complex I, such as evolutionary 

conserved subumts or nuclear complex I genes containing specific features For example, 

based on a predominance of affected male infants in our patients population, suggesting an 

X-linked inheritance, we subjected the X-lmked NDUFA1 (Zhuchenko et al 1996) encoded 

complex I subunit to mutational detection in complex-I-deficient patients Recently, we 

discovered the first mutation, a 5 base-pair duplication, in the nuclear-encoded NDUFS4 ( 18 

kDa) subunit of complex 1 which contains a active phosphorylation consensus site 

(van den Heuvel et al 1998) In the present study, we sequenced the entire cDNA of the 

human nuclear-encoded NDUFABl subunit, determined its human mRNA tissue distribution 

and subjected the NDUFABl cDNA to mutational detection in complex-I-deficient patients 

The human NDUFABl cDNA sequence is highly homologous (94%) with the 267 bp cDNA 

sequence coding for the mitochondrial bovine NDUFAB1 protein counterpart 

(Runswick et al 1991) Based on this homology (figure 1) and the high homology (97 7%) 

between the predicted human C-terminal NDUFAB 1 translation product and the 

mitochondrial bovine NDUFABl protein counterpart (figure 2), it is likely that the SDMPP 

amino acid sequence represents the N-terminal end of the human mitochondrial 
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NDUFAB1 mature protein Taking into account the presence of two putative translation 

initiation codons in the human NDUFAB1 cDNA, the human NDUFAB1 translation product 

can be extended at the N-terminal end with 44 and 68 amino acids, respectively The most 

5' terminal putative start codon (position 1, figure 1 ) is more in agreement with the translation 

start consensus sequence ACCATGG (Kozak 1997) and makes the functionality of this start 

codon more convincing To predict the presence of a mitochondrial import sequence we 

analyzed both the NDUFAB 1 possible translation products ( 156 amino acids and 132 amino 

acids) using the software program MitoProt 11 This software program identifies putative 

mitochondnal-targeting sequences of mitochondnal proteins (Claros and Vincens 1996) In 

both cases the program predicted a possible mitochondnal-targeting sequence of 68 or 

44 amino acids respectively, with the cleavage site just before the senne residue of the 

SDMPP sequence This serine residue represents the first amino acid of the bovine 

mitochondrial NDUFAB 1 counterpart 

A prediction of the hydrophobicity (Kyte and Doohttle 1982) of the longest protein, using the 

most upstream start codon, revealed a hydrophilic region of 24 amino acids at the N-terminal 

end followed by a neutral segment of 44 amino acids and a total hydrophilic protein from the 

amino acids SDMPP (figure 1) Since mitochondnal import sequences are more hydrophilic 

(Schatz and Dobberstein 1996), the addition of a N-terminal hydrophilic protein segment 

makes the existence of the longest predicted translation product more plausible Like the 

bovine SDAP protein, the human NDUFAB 1 protein contains no hydrophobic segments 

behind the amino acids SDMPP and as this represents the mitochondnal mature protein it can 

be assumed that it is an extnnsic membrane component of the complex I 

The predicted human mature mitochondrial NDUFAB 1 protein contains a consensus 

phosphopantetheine binding site (DLGLDSLDQVEIIMAM) Phosphopantetheine 

(pantetheine 4' phosphate) can bind to an acyl earner protein by a phosphodiester linkage 

through the hydroxyl group of the senne residue in these consensus (Pugh and Wahl 1965) 

As in cow and Neurospora crassa (Sackmann et al 1991), now also in man this acyl earner 

protein seems to be part of complex 1 In cow only the acetylated form of the SDAP protein is 

found in different preparations of complex I (Runswick et al 1991) Phosphopantetheine 

serves as the binding site of activated fatty acids or amino acids and therefore the function of 

acyl earner proteins is related to fatty acid and polypeptide biosynthesis (Cortes et al 1990) 

The human NDUFAB 1 protein also contains an EF-hand calcium binding domain 

(DIDAEK.LMCPQEI) Calcium binding proteins have a broad range of functions and are 
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mostly involved in the modulation of the activity of a number of enzymes (Weinman 1991). 

At present, the precise function of this domain in the NDUFABl protein is unknown. 

The NDUFABl protein is, as far as known, the only acyl carrier protein of complex I. The 

nuo9.6 Neurospora crassa mutant showed a pronounced disturbance in the assemblage of 

complex I after disruption of the nuclear ACP gene (Schneider et al. 1995). This may indicate 

an important role for this protein in human complex I. For that reason we performed 

mutational detection on RNA level in complex-I-deficient patients. Mutational detection of 

the NDUFABl cDNA sequence, including both putative ATG codons, did not result in the 

detection of mutations nor polymorphisms in our patient population. 

NDUFABl transcripts were found in all human tissues suggesting that NDUFABl is a 

housekeeping gene. The higher expression in human tissues with high metabolic energy rates is 

probably due to higher amounts of mitochondria in these tissues instead of tissue specific 

isoenzymes (Clay and Ragan 1988). 

In conclusion, we have extended the knowledge of nuclear-encoded subunits of human 

complex I by elucidating the cDNA sequence and tissue distribution of NDUFABl. 

Mutations in the ORF of human NDUFABl are not involved in complex 1 deficiency in our 

patient population. 
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Abstract 

NADH ubiquinone oxidoreductase (complex I) is an complicated multiprotein complex 

located in the inner mitochondrial membrane Its main function is the transport of electrons 

from NADH to ubiquinone, which is accompanied by translocation of protons 

from the mitochondrial matrix to the intermembrane space Human complex I appears to 

consist of 41 subumts of which 34 are encoded by nDNA Here we report the cDNA 

sequences of the hitherto uncharactenzed eight nuclear-encoded subumts, all located within 

the hydrophobic protein (HP) fraction of complex I Now all currently known 41 proteins of 

human NADH ubiquinone oxidoreductase have been characterized and reported in literature, 

which enables more complete mutational analysis studies of isolated complex-I-deficient 

patients 

Introduction 

NADH ubiquinone oxidoreductase of the mitochondrial respiratory chain is one of the most 

complicated multi-protein enzyme complexes present in the human cell (Smeitink et al 

1998a) Its main function is transport of electrons by oxidation of NADH followed by 

reduction of ubiquinone This process is accompanied by the translocation of protons from the 

mitochondrial matrix to the intermembrane space, a process of which much has to be learned 

Several prosthetic groups catalyze these electron transport reactions, which are hypothesized 

to be at least one Flavin Mononucleotide (FMN) and six to eight Iron-Sulfur clusters 

(Albracht et al 1997, Ohnishi 1998) One of the most extensively studied mammals with 

regard to complex I is Bos taurus Bovine complex I consists of about 41 subumts, which 

have mainly been charactenzed by the research group of Walker (Walker 1992), and 

references therein) Seven are encoded by mitochondrial DNA (ND1-ND6, ND4L) (Chomyn 

et al 1985, Chomyn et al 1986), the remainder is nuclear-encoded and imported into 

mitochondria By using chaotropic agents, complex I can be fragmented into three different 

fractions (Galante and Hatefi 1978, Galante and Hatefi 1979) The Flavoprotein (FP) fraction 

contains three subumts all of which have been characterized in man at the level of 

complementary DNA (cDNA) as well as nuclear DNA (nDNA), namely NDUFVl (51 kDa), 

NDUFV2 (24 kDa) and NDUFV3 (10 kDa) (Spencer et al 1992, Ah et al 1993, de Coo et al 

1995, Hatton et al 1995, de Coo et al 1997, Schuelke et al 1998) The NADH binding site 

of complex I has been assigned to the NDUFVl subunit (Chen and Guillory 1981, Deng et al 

1990) In addition, the NDUFVl contains the FMN and a tetranuclear iron-sulfur cluster 
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(Pilkington et al 1991) The NDUFV2 subunit contains a binuclear Iron-Sulfur cluster 

(Pilkington and Walker 1989), while the NDUFV3 does not contain any known redox centers 

The second fraction is the socalled iron-sulfur protein (IP) fraction The IP fraction contains 

at least seven subumts all of which are fully characterized at the cDNA level, namely the 

NDUFS1 (75 (kDa), NDUFS2 (49 kDa), NDUFS3 (30 kDa), NDUFS4 (18 kDa), NDUFS5 

{\5VDa),NDUFS6(nYD<ì)anàNDUFA5(B\'})(Chowetal 1991, Fata et al 1997, 

Loeffenetal 1998, Procaccio et al 1998, van den Heuvel et al 1998, Loeffen et al 1999). 

Several functional properties have been postulated concerning the IP subumts The NDUFS1 

contains a tetranuclear and probably also a binuclear iron-sulfur cluster (Runsmck et al 

1989) Furthermore, an active cAMP consensus phosphorylation site has been encountered in 

the NDUFS4 subunit (Papa et al 1996) The final subgroup of complex I is the Hydrophobic 

Protein (HP) fraction This is a large group containing 24 nuclear-encoded subumts, of which 

in man the cDNA has been charactenzed for 16 subumts NDUFA1 (MWFE), NDUFA2 (B8), 

NDUFA4 (MLRQ), NDUFA6 (B14), NDUFA8 (PGIV), NDUFA9 (39 kDa), NDUFABl 

(SDAP), NDUFB1 (MNLL), NDUFB3 (B12), NDUFB5 (SGDH), NDUFB6 (B17), NDUFB7 

(B18), NDUFB9 (B22), NDUFS7 (PSST), NDUFS8 (TYKY), and NDUFCl (KFW) ( Wong 

et al 1990, Baens et al 1994, Gu et al 1996, Hyslop et al 1996, Zhuchenko et al 1996, Km 

et al 1997, Procaccio et al 1997, Ton et al 1997, Smeitinketal 1998b, Tnepels et al 

1998, Tnepels et al 1999) A complete list of GenBank accession number for all human 

complex I subumts is present in table 1 The complete nDN A structure of subumts present in 

the HP fraction has only been elucidated for the NDUFS8 and NDUFA1 gene (de Sury et al 

1998, Zhuchenko et al 1996) Electron Paramagnetic Resonance (EPR) spectroscopy studies 

performed with bovine complex I revealed that all known Iron-Sulfur clusters are located in 

the extra membranous part (Finel et al 1992), which accommodates the FP and IP 

subfractions Little is understood about functional properties of the individual subumts of the 

HP fraction, which also accounts for functional properties of this fraction as a unit Worth 

mentioning are the two consensus tetranuclear Iron-Sulfur cluster patterns present in 

NDUFS8 (Dupuis et al 1991a), a consensus binuclear Iron-Sulfur cluster pattern in NDUFS7 

(Anzmendi et al 1992) and NDUFA8 (Dupuis et al 1991b) and the NDUFABl subunit being 

an acyl carrying protein (Runswick et al 1991) Up to now, isolated complex I deficiency has 

been mostly connected to mutations in mtDNA, of which many have been described (Zeviani 

et al 1998). Yet, in our isolated complex-I-deficient patient group (measured in cultured skin 

fibroblasts) consisting of mainly young children, common mtDNA mutations and major 

mtDNA rearrangements cannot be found It is therefore likely, that many defects of 
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respiratory chain disorders will be at the nuclear level. As a prerequisite to mutational 

analysis studies of nuclear-encoded subunits of complex I in our patient group, we cloned all 

remaining uncharacterized complex I subunits. 

Here we report the cDNA sequences of these remaining eight uncharacterized subunits, which 

are all part of the HP fraction. Now all known mammalian complex I cDNAs have been 

cloned in man. Furthermore we examined to what extend these subunits are conserved in 

evolution and speculate about functional properties. 

Table I: Complete list of human nuclear-encoded complex I subunit cDNAs 

Man / Bos taurus GenBank 
accession # 

Man / Bos taurus GenBank 
accession # 

NDUFV1/51 kDa 
NDUFV2/24 kDa 
NDUFV3/10kDa 
NDUFA1/MWFE 
NDUFA2/B8 
NDUFA3/B9 
NDUFA4/MLRQ 
NDUFA5/B13 
NDUFA6/B14 
NDUFA7/B14.5A 
NDUFA8/PGIV 
NDUFA9/39 kDa 
NDUFA10/42kDa 
NDUFAB1/SDAP 
NDUFB1/MNLL 
NDUFB2/AGGG 
NDUFB3/B12 

AF053070 
M25484 
X99726-8 
X81900 
AF047185 
AF044955 (CP) 
U94586 
U53468 
AF047182 
AF050637 (CP) 
AF044953 
G189048 
AF087661 (CP) 
AF087660 
AF054181 
AF050639 (CP) 
AF047183 

NDUFB4/B15 
NDUFB5/SGDH 
NDUFB6/B17 
NDUFB7/B18 
NDUFB8/ASHI 
NDUFB9/B22 
NDUFB10/PDSW 
NDUFS1/75 kDa 
NDUFS2/49 kDa 
NDUFS3/30 kDa 
NDUFS4/18kDa 
NDUFS5/15kDa 
NDUFS6/13kDa 
NDUFS7/PSST 
NDUFS8/TYKY 
NDUFCI/KFYI 
NDUFC2/B14.5B 

AF044957 (CP) 
AF047181 
AF035840 
M33374 
AF044958 (CP) 
S82655 
AF044954 (CP) 
X61100 
AF050640 
AF067139 
AF020351 
AF020352 
AF044959 

U65579 
AF047184 
AF087659 (CP) 

CP stands for current paper. In the case of NDUFV3 and NDUFS7, an accession number of the cDNA sequence 

could not be retrieved We listed the exon accession number of the NDUFV3 subunil instead The NDUFB1 

cDNA sequence is not published, but has been submited to GenBank. 

Materials and methods 

Commercial purchased materials 

Oligonucleotide primers, Taq DNA polymerase, Superscript II RNAse H" reverse 

transcriptase were purchased from Life Technologies Ine (Breda, The Netherlands), the 

dRhodamine Dye Terminator Sequencing kit from Perkin-Elmer (Warrington, England), PCR 

purification systems from Qiagen (Leusden, The Netherlands), RNAzol from Biosolve BV 

(Watford, England), and a human heart poly A+ RNA pool was purchased from Clontech 

(Palo Alto, CA). 
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Software 

Homology searches in protein and nucleotide databases were performed with the Basic Local 

Alignment Search Tool (BLAST) on the Internet at the server of the National Center for 

Biotechnology Information (NCBI) (Altschul et al 1990) Hydropathy was plotted using 

methods based on the procedures described by Kyte and Doohttle (Kyte and Doolittle 1982) 

Computer software was used from the National Center for Computer Aided Chemistry and 

Bioinformatics (CAOS/CAMM, Nijmegen, The Netherlands) 

cDNA cloning. 

RNA obtained from a pool of twelve healthy male and female Caucasians, age range 20-78 

years, was reverse transenbed to cDNA by superscript II RNAse H reverse transcriptase in 

one hour at 420C (Ploos van Amstel et al 1996) Bovine cDNA sequences of the remaining 

eight nuclear-encoded subumts of complex I were BLASTed in the NCBI human Expressed 

Sequence Tags (EST) database, which revealed for each subunit several hits Oligonucleotide 

pnmers were chosen (when possible) in the 5' and 3' untranslated region (UTR) in order to 

clone the complete open reading frame (ORF) Pnmers used for cloning of the cDNAs as well 

as for direct sequencing reactions are listed in table 2 PCRs were performed in a reaction 

volume of 50 μΐ, after addition of 1 μΐ cDNA template, 5 μΐ lOx PCR buffer, 100 ng Forward 

and Reverse pnmer, 0 25 mM dNTPs, 1 5 mM MgCb, and 1 U Taq DNA polymerase PCR 

products were purified using the QIAquick PCR punfication kit 

Both strands were analyzed by direct sequencing (ABI Prism, Model 377 version 2 1 2), using 

the ABI Prism dRhodamine terminator cycle sequencing ready reaction kit 

Table 2 Oligonucleotide pnmers used in cDNA cloning and cycle sequence reactions 

Subunits Forward oligonucleotides Reverse oligonucleotides 

NDUFA3 (B9) 
NDUFA7 (B14 5A) 
NDUFA10(42kDa) 

NDUFB2 (AGCJG) 

NDUFB4(B15) 

NDUFB8 (ASHI) 

NDUFA3l· 
NDUFA7F 
NDUFA10F1 
NDUFAI0F2 
NDUFA10F3 
NDUFA10F4 
NDUFA10F5 
NDUFB2F 
NDUFB4F1 
NDUFB4F2 
NDUFB8FI 
NDUFB8F2 

NDUFBIO(PDSW) NDUFB10FI 
NDUFB10F2 

NDUFC2(14 5B) NDUFC2F1 
NDUFC2F2 

TCCCGCCGCGGAGACAAAG 
CGCGGACGGAAGATGGC 
TCCTGAGCTGACCGGGTAG 
GTGGCATTTCCTACTTGGGG 
CTGGTTGTACAGCAGTCGCC 
AGGCGGATTCAGAAGAAAGG 
CAGGATAAGTTTGAGGTGCTG 
GAAGCGAAGTAGGCAGGGGC 
CTCCCAAGATGTCGTTCCC 
CATGGGAGCTCTGTGTGGATTTG 
CGGCATGTGGAAGAAGGTG 
TAGGACCCCAGAAGAACGG 

TAGGCCCGGGACCCGGACGG 
CAGTACCGCCGCGTGCCAG 
GTCGTCGTGGTTTTCCTTGTAG 
CTACCTGTATGCTGTGAGGG 

NDUFA3R GGCCGCCTCTGTCAGTGGAG 
NDUFA7R GAGGAAATCCAAGGAGGtAAAGTAG 
NDUFA10R1 TGTCTGGATAATGAATCCCC 
NDUFA10R2 GGTTGTACATCGCCTCCAGG 
NDUFAI0R3 TTTTCACTCATCTCAGGGAG 
NDUFA10R4 CTGAACTGATGTAAGACACGG 
NDUFA10R5 TGGCCTTTCACAGCAGACC 
NDUFB2R CCTTGAAATTCTCACCTGGtTCTTG 
NDUFB4RI GGCAGGATTTTCGATGAGC 
NDUFB4R2 GGCAGGAATACATATAGTCATCATTG 
NDUFB8RI CAGGGAGCTTCGGGTAGTC 
NDUFB8R2 AAGCCAGGAAACCGAAGAGC 
NDUFB8R3 TTCTAGGAATGAGGGAGTCC 
NDUFBI0R1 GTTGATAATTTCTTGGTCGArTTTG 
NDUFB10R2 CAGTCATACAGAGCCACACAGCAG 
NDUFC2RI GGCCGTATTATATAGAAGCTGG 
NDUFC2R2 CAAATTCAGAAACAGCAGGTATCAG 
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Results and discussion 

NADH ubiquinone oxidoreductase has been fully characterized on cDNA level in several 

species like Β taurus (Walker 1992), Neurospora crassa (Weiss et al 1991) and Escherichia 

coli (Weidner et al 1993) The complexity of this multi-protein complex vanes from a 

minimal structural unit of 14 subunits present in many bactena like E coli to the currently 

known maximum of at least 41 subunits present in cow With the additional eight cDNAs 

presented in this study, all known 41 subunits of human NADH ubiquinone oxidoreductase 

have been characterized, which clears the way for more complete mutational analysis studies 

of nuclear-encoded subunits in isolated complex-I-deficient patients The HP fraction to 

which all eight presented subunits belong is a precipitate, which remains after fragmentation 

with chaotropic agents At least 31 subunits belong to this fraction including the seven, which 

are mitochondnally encoded Little is known about the retained functional integrity of this 

precipitate There is speculation that the HP fraction participates in the transfer of protons 

from the mitochondrial matrix to the intermembrane space (Belogrudov and Hatefi 1994) 

PCR amplification with subunit specific oligonucleotide primers revealed the complete Open 

Reading Frame (ORF) of all eight remaining subunits NDUFA3 (B9) 255 bp, NDUFA7 

(B14 5A) 342 bp, NDUFAIO (42 kDa) 1068 bp, NDUFB2 (AGGG) 318 bp, NDUFB4 (B15) 

390 bp, NDUFB8 (ASHI) 561 bp, NDUFBIO (PDSW) 519 bp and NDUFC2 (B14 5B) 360 bp 

(figure 1) Molecular charactenstics of these subunits are listed in table 3 Several of the eight 

subunit amino acid chains are different in length in man compared to Β taurus The first three 

amino acids of the bovine NDUFB2 (AGGG) subunit are not present in man, in case of the 

NDUFBIO (PDSW) subunit, man misses six amino acids on the N-terminal side whereas 

there are an extra two at the C-terminal side, the NDUFA10 (42 kDa) of man is twelve amino 

acids longer (situated at the N-terminal side) and finally, bovine NDUFC2 (B14 5B) starts 

with two methionine residues, whereas man contains only one The identity on amino acid 

level between man and Β taurus ranges between 73% and 89% These identity percentages 

are slightly less than seen in nuclear-encoded subunits located in the minimal structural unit 

as e g , present in E coli, where identity percentages between man and Β taurus vary from 90 

to 97% Yet, for many subunits of NADH ubiquinone oxidoreductase the interspecies 

conservation is extremely high, which underlines the functional importance of this complex 

Average hydropathy calculation using a range of 17 amino acids revealed an overall 

hydrophihc pattern for five subunits (NDUFA7, NDUFAIO, NDUFB2, NDUFB4, and 

NDUFBIO) The other three subunits contain one or more continuous hydrophobic parts of at 

least twenty amino acids 
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The presence of hydrophilic proteins in the insoluble hydrophobic fraction of complex I has 

been reported previously for Β taurus (Walker 1992) One can speculate that the hydrophilic 

proteins present in the HP fraction contribute to the outer sections of the membranal part of 

complex I which communicate with mitochondrial matrix or intermembrane space, while the 

purely hydrophobic proteins present in this fraction like the mtDNA encoded ND genes are 

actually in the lipid bilayer In cow, three of eight subunits presented in this paper appear to 

have a leader peptide. It is reasonable to assume that these Mitochondrial Targeting 

Sequences (MTS) will also be present in man Interestingly, in cow all FP fraction subunits 

and five of seven IP fraction subunits (71%) appear to have an N-terminal targeting sequence 

whereas this applies for only 9 of 24 (38%) of the HP fraction subunits EPR spectroscopy 

studies of bovine, Ν crassa and E coli complex I revealed several Iron-Sulfur redox centers 

(Ohmshi 1998). Six nuclear-encoded subunits contain conserved cysteine patterns 

corresponding with consensus iron-sulfur clusters as listed in the introduction Three of those 

cysteine-nch subunits are present in the HP fraction, namely NDUFS7, NDUFS8 and 

NDUFA8 Of all eight subunits presented in this paper, the NDUFAIO and NDUFBIO are the 

only two with more than two cysteine residues among its amino acids The NDUFAIO 

subunit contains six cysteine residues and the NDUFBIO five, all of which are conserved in 

Β taurus, with the exception of the first NDUFAIO cysteine residue Yet, the cysteine 

residues are not grouped resembling a consensus Iron-Sulfur cluster pattern When 

threedimensional structures of TV crassa (at least 35 subunits) and E coli (14 subunits) are 

compared, the main difference appears to be the size (Guenebaut et al 1998) The core of 

fourteen subunits seems to be equal, higher species appear to have more subunits molded 

around this core. The eight charactenzed cDNAs presented in this study do not appear to be 

highly conserved among species A BLAST search with the amino acid sequences of these 

subunits revealed (apart from the obvious matches with bovine subunits) only matches 

(although weak in some cases) in Caenorhabditis elegans (NDUFA7, NDUFAIO, NDUFB2, 

and NDUFBIO) and Gallus gallus (NDUFB4) Isolated complex I deficiency is a major cause 

of abnormalities in the energy generating system present in mitochondria Great efforts have 

been made in the past to link a genetic cause to this enzyme defect Several mtDNA mutations 

have been described, but these certainly cannot explain all isolated complex I deficiencies, 

especially not the most frequently observed phenotype which presents in infancy, expressing 

a highly progressive lethal course. Therapeutic possibilities regarding complex I deficiency 

are out of reach for the time being Therefore, mutational analysis offers the possibility for 

early detection and if desired for prenatal diagnosis 
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We presented the remaining eight nuclear-encoded complex I cDNAs, which completes 

human complex I on cDNA level. 

Table 3: Molecular characteristics of eight nuclear-encoded Complex I subumts 

Human Size No. Mr Leader M/B identity Homology 
subunit ORF a.a. (kPa) peptide in Β (a.a.) (%) 

NDUFA3 
NDUFA7 

NDUFA10 

NDUFB2 

NDUFB4 

NDUFB8 
NDUFB10 

NDUFC2 

255 
342 

1068 

318 

390 

561 
519 

360 

84 
113 

355 

105 

129 

186 
172 

119 

9.3 
12.6 

40.8 

12.1 

15.2 

21.8 
20.8 

14.2 

-
-

+ 

+ 

-

+ 

-

-

83.3 
88 5 

80 2 

83.8 

73.6 

84 9 
82 4 

73.9 

Bos laurus 
Bos taunts 
Caenorhabditis elegans 
Bos laurus 
CaenorhabdiWi elegans 
Bot taurus 
Caenorhabdilis elegans 
Bos laurus 
Gallus gallus 
Bos laurus 
Bos laurus 
Caenorhabditis elegans 
Boi laurus 

ORF, open reading frame, Mr , calculated molecular weight, a.a., amino acids; M, Man; B, Bos laurus. 

Homology between man and other species was investigated with use of BLAST search at the server of NCBI. 

NDUFA3 

M A A R V G A F L K N A W D K E P V L 

tcccgccgcggagacaaagatggctgcgagagtcggcgccttcctcaagaatgcctgggacaaggagccagtgct 

V V S F V V G G L A V I L P P L S P Y F K Y S V M 

ggtcgtgtccttcgtcgtcgggggcctcgctgtaattctgcccccattgagcocctacttcaagtactccgtcat 

I N K A T P Y N Y P V P V R D D G N M P D V P S H 

gatcaacaaggccacgccctacaactacccagtgcccgtccgtgatgatgggaacatgcccgacgtgcccagcca 

P Q D P Q G P S L E W L K K L * 

cccccaggaccctcagggccccagcctggagtggctgaagaaactgtgagcacctccactgacagaggcggcccc 

poly A signal 
tcccacggctcccaataaaaatgtgaaaaccaaaaaaaaaa 

NDUFA7 

M A S A T R L I Q R L R N W A S G H D L Q 

cgcggacggaagatggcgtccgccacccgtctcatccagcggctgcggaactgggcgtccgggcatgacctgcag 

G K L Q L R Y Q E I S K R T Q P P P K L P V G P S 

gggaagctgcagctacgctaccaggagatctccaagcgaactcagcctectcccaagctccctgtgggtcctage 

H K L S N N Y Y C T R D G R R E S V P P S I I M S 

cacaagctctccaacaattaetattgcactcgcgatggccgccgggaatctgtgcccccttccatcatcatgtcg 

S Q K A L V S G K P A E S S A V A A T E K K A V T 

tcgcagaaggcgctggtgtcaggcaagccagcagagagctctgctgtagctgccactgagaagaaggcggtgact 

P A P P I K R W E L S S D Q P Y L * 

ccagctcctcccataaagaggtgggagctgtcctcggaccagccttacctgtgacactgcaccctcacggccacc 

cgactactttgcctccttggatttcctccagggagaatgtgacctaatttatgacaaatacgtagagctcaggta 

poly A signal 
teaettetagttttactttaaaaaataaaaaaatagagacagaaaaaaaaaa 

Figure 1. cDNA and amino acid sequence of eight human nuclear-encoded subumts of NADH.ubiquinone 

oxidoreductase (complex I). 

All subunits belong to the hydrophobic protein (HP) subfraction. The 3' untranslated regions (UTR) were 

completed using several human expressed sequence tags (ESTs) retrieved from GenBank, USA. 
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NDUFAIO 

M A L R L L K L A A T S A S A R V V 

tcctgagctgaccgggtagccatggccttgcggctcctgaagctggcagcgacgtccgcgtccgcccgggtcgtg 

A A G A Q R V R G I H S S V Q C K L R Y G M W H F 

gcggcgggcgcccagcgcgtgagaggaattcatagcagtgtgcagtgcaagctgcgctatggaatgtggcatttc 
L L G D K A S K R L T E R S R V I T V D G N I C T 

ctacttggggataaagcaagcaaaagactgacagaacgcagcagagtgataactgtagatggcaatatatgtact 
G K G K L A K E I A E K L G F K H F P E A G I H Y 

ggaaaaggcaaacttgcaaaagaaatagcagagaaactaggcttcaagcactttcctgaagcggggatteattat 
P D S T T G D G K P L A T D Y N G N C S L E K F Y 

ccagacagtaccacaggagatgggaagcccctcgccaccgactataatggcaactgtagtttggagaaattttac 
D D P R S N D G N S Y R L Q S W L Y S S R L L Q Y 

gatgatccgagaagcaatgatggcaacagttaccgcctgcagtcctggttgtacagcagtcgcctgctgcagtac 
S D A L E H L L T T G Q G V V L E R S I F S D F V 

tcagatgccttggagcacttgctgaccacaggacaaggtgttgtgttggagcgctccatcttcagtgactttgtg 
F L E A M Y N Q G F I R K Q C V D H Y N E V K S V 

ttcctggaggcgatgtacaaccagggattcatccgaaagcagtgtgtggaccactacaacgaggtgaagagcgtc 
T I C D Y L P P H L V I Y I D V P V P E V Q R R I 

accatctgcgattacctgcccccccacctggtgatttacatcgatgtgcccgttccagaggtccagaggcggatt 
Q K K G D P H E M K I T S A Y L Q D I E N A Y K K 

cagaagaaaggagatccacatgaaatgaagatcacctctgcctatctacaggacattgagaatgcctataagaaa 
T F L P E M S E K C E V L Q Y S A R E A Q D S K K 

acctttctccctgagatgagtgaaaaatgtgaggttttacagtattctgcaagggaagctcaagattcaaaaaag 
V V E D I E Y L K F D K G P W L K Q D N R T L Y H 

gtggtagaggacattgaatacctgaagttcgataaagggccgtggctcaagcaggacaatcgcactttataccac 
L R L L V Q D K F E V L N Y T S I P I F L P E V T 

ctgcgattactggttcaggataagtttgaggtgctgaattacacaagcattectatetttctcccggaagtcacc 
I G A H Q T D R V L H Q F R E L P G R K Y S P G Y 

attggagctcatcagactgaccgtgtcttacatcagttcagagagctgccgggccgcaagtacagccctgggtac 
N T E V G D K W I W L K * 

aacaccgaggtgggagacaagtggatctggctgaagtgaacgggccgccttctgctccagctgcatcacagtgat 

ggccaagctgcatcagccgcactctcctggacgccatatagctttaagatcgggggagggtaaataatgcaaaaa 

ttgcacagtggaagaaggggtctcacaaaaagcaatccatcctgtagtataggtaatggagttgggggaagcagc 

ttccattctggatgtttggaaccctttagctttgttttggaatggcccaccattctcactggaaaacagtggtct 

gctgtgaaaggccagctctcggcagcccctgtggtttcagcgtgccgctctgtgtcattcaggttgtgcacattg 

poly A signal 
tttttette tgacttccagaaataaaagtgtttccatgggaaaaaaaaaa 

NDUFB2 

M S A L Τ R 

gaagcgaagtaggcaggggcgaggcggctggggaccgcggggcggacgggagcgagtatgtccgctctgactcgg 

L A S F A R V G G R L F R S G C A R T A G D G G V 

ctggcgtctttcgctcgcgttggaggccgccttttcagaagcggctgcgcacggactgctggagatggtggagtc 
R H A G G G V H I E P R Y R Q F P Q L T R S Q V F 

cgtcatgccggtggtggtgtgcacattgagccccggtatagacagttcccccagctgaccagatcccaggtgttc 
Q S E F F S G L M W F W I L W R F W H D S E E V L 

cagagcgagttcttcagcggactcatgtggttctggattctctggcgcttttggcatgactcagaagaggtgctg 
G H F P Y P D P S Q W T D E E L G I P P D D E D * 

ggtcactttccgtatcctgatccttcccagtggacagatgaagaattaggtatccctcctgatgatgaagactga 
aggtgtagactcagcctcactctgtacaagagccaggtgagaatttcaaggattatcgacttcatattgcacatt 

poly A signal 
aaagttacaaattaaagtggcttggtcaagaatgaaaaaaaaaa 

Figure 1 — Continued 
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NDUFB4 

M S F P K Y K P S S L R T L P E T L D P A E 

ctcccaagatgtcgttcccaaagtataagccgtcgagcctgcgcactctgcctgagaccctcgacccagccgaat 
Y N I S P E T R R A Q A E R L A I R A Q L K R E Y 

acaacatatctccggaaacccggcgggcgcaagccgagcggttggccataagagcccagctgaaacgagagtacc 
L L Q Y N D P N R R G L I E N P A L L R W A Y A R 

tgcttcagtacaacgatcccaaccgccgagggctcatcgaaaatcctgccttgcttcgttgggcctatgcaagaa 
T I N V Y P N F R P T P K N S L M G A L C G F G P 

caataaatgtctatcctaatttcagacccactcctaaaaactcactcatgggagctctgtgtggatttgggcccc 
L I F I Y Y I I K T E R D R K E K L I Q E G K L D 

teatctteatttattatattatcaaaactgagagggataggaaagaaaaacttatccaggaaggaaaattggatc 
R T F H L S Y * poly A signal 
gaacatttcacctctcatattaagtctggcaatgatgactatatgtattcctgcctaaataaatcatctattaat 

cattaaaaaaaaaa 

NDUFB8 

M A V A R A G V L G V Q W L Q R A S 

cggcatgtggaagaaggtgaagatggcggtggccagggccggggtcttgggagtccagtggctgcaaagggcatc 

R N V M P L G A R T A S H M T K D M F P G P Y P R 

ccggaacgtgatgccgctgggcgcacggacagcctcccacatgaccaaggacatgttcccggggccctatcctag 
T P E E R A A A A K K Y N M R V E D Y E P Y P D D 

gaccccagaagaacgggccgccgccgccaagaagtataatatgcgtgtggaagactacgaaccttacccggatga 
G M G Y G D Y P K L P D R S Q H E R D P W Y S W D 

tggcatggggtatggcgactacccgaagctccctgaccgctcacagcatgagagagatccatggtatagctggga 
Q P G L R L N W G E P M H W H L D M Y N R N R V D 

ccagccgggcctgaggttgaactggggtgaaccgatgcactggcacctagacatgtacaacaggaaccgtgtgga 
T S P T P V S W H V M C M Q L F G F L A F M I F M 

tacatcccccacacctgtttcttggcatgtcatgtgtatgcagctcttcggtttectggctttcatgatatteat 
C W V G D V Y P V Y Q P V G P K Q Y P Y N N L Y L 

gtgctgggtgggggacgtgtaccctgtctaccagcctgtgggaccaaagcagtatccttacaataatctgtacct 
E R G G D P S K E P E R V V H Y E I * 

ggaacgaggcggtgatccctccaaagaaccagagcgggtggttcactatgagatctgaggaggcttcgtgggctt 

poly A signal 
ttgggtcctctaactaggactccctcattcctagaaatttaaccttaatgaaatccctaataaaactcagtgctg 

tgttaaaaaaaaaa 

NDUFB10 

M 

taggcccgggacccggacggaggtagaggccagggcagcgcgtccgggagcggagtccgcgcccgccgccgccat 

P D S W D K D V Y P E P P R R T P V Q P N P I V Y 

gccggacagctgggacaaggatgtgtaccctgagcccccgcgccgcacgccggtgcagcccaatcccatcgtcta 
M M K A F D L I V D R P V T L V R E F I E R Q H A 

catgatgaaagcgttcgacctcatcgtggaccgacccgtgaccctcgtgagagaatttatagagcggcagcacgc 
K N R Y Y Y Y H R Q Y R R V P D I T E C K E E D I 

aaagaacaggtattactactaccaccggcagtaccgccgcgtgccagacatcactgagtgcaaggaggaggacat 
M C M Y E A E M Q W K R D Y K V D Q E I Ι Ν I M Q 

catgtgcatgtatgaagccgaaatgcagtggaagagggactacaaagtcgaccaagaaattatcaacattatgca 
D R L K A C Q Q R E G Q N Y Q Q N C I K E V E Q F 

ggatcggctcaaagcctgtcagcagagggaaggacagaactaccagcagaactgtatcaaggaagtggagcagtt 
T Q V A K A Y Q D R Y Q D L G A Y S S A R K C L A 

cacccaggtggccaaggcctaccaggaccgctatcaggacctgggggcctacagttctgccaggaagtgcctggc 

K Q R Q R M L Q E R K A A K E A A A A T S * 

caaacagaggcagaggatgctgcaagagagaaaagctgcaaaagaggccgccgctgccacctcctgaggcagctg 

poly A signal 
gggtgcccctgctgtgtggctctgtatgactgttgctgaaatataaagccctgcaacctgaaaaaaaaaa 

Figure 1 — Continued 
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NDUFC2 

M I A R 
g t c g t c g t g g t t t t c c t t g t a g t t c g t g g t c t g a g a c c a g g c c t c a a g t g g a a a c g g c g t c a c c a t g a t c g c a c g 

R N P E P L R F L P D E A R S L P P P K L T D P R 
gcggaacccagaacccttacggtttctgccggatgaggcccggagcctgcccccgcccaagctgaccgacccgcg 

L L Y I G F L G Y C S G L I D N L I R R R P I A T 
gctcctctacatcggcttcttgggctactgctccggcctgattgataacctgatccggcggaggccgatcgcgac 

A G L H R Q L L Y I T A F F F A G Y Y L V K R E D 
ggctggt t tgcatcgccagct tctatatat tacggcct t t t t t t t tgctggatat tatct tgtaaaacgtgaaga 

Y L Y A V R D R E M F G Y M K L H P E D F P E E D 
ctacctgtatgctgtgagggaccgtgaaatgtttggatatatgaaattacatccagaggattttcctgaagaaga 

K K T Y G E I F E K F H P I R * 
taagaaaacatatggtgaaatttttgaaaaattccatccaatacgttgaagtcttcaaaatgcttgctccagttt 
c a c t g a t a c c t g c t g t t t c t g a a t t t g a t g g a a c a t g t t t c t t a t g a c a g t t g a a g c t t a t g c t a a t c t g t a t g t 

poly A signal 
t g a c a c c t t g t a a t t a a a a t a c g t a c c a t g 

Figure 1 : — Continued. 
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Abstract 

Deficiency of NADH ubiquinone oxidoreductase, the first enzyme complex of the 

mitochondrial respiratory chain, is one of the most frequent causes of human mitochondrial 

encephalomyopathies A relative small percentage of human complex I deficiency is 

associated with mitochondrial DNA mutations cDNA characterization and mutational 

analysis of the structural complex I genes in 20 complex-I-deficient patients, m whom 

common mtDNA mutations have been excluded, revealed so far 5 patients with alterations in 

evolutionary conserved nuclear-encoded proteins In order to complete our knowledge about 

the expected 36 structural nuclear complex I genes, we characterized the NDUFB7 and the 

17 2-kDa cDNA sequences of the Hydrophobic (HP) fraction of the complex Subsequently, 

we screened all subumts of this fraction for the presence of mutations in those 15 patients of 

our initial patient cohort in whom the underlying genetic cause had not been elucidated 

Strikingly, no pathogenic mutations were found in the HP subumts explaining the complex I 

deficiency in our patients Other strategies are needed to unravel proteins involved in the 

pathogenesis of the complicated cellular network of transcription until correct assemblage of 

complex I 

Introduction 

Oxidative phosphorylation is the well characterized process in which ATP, the principal 

earner of chemical energy of individual cells, is produced due to a mitochondrial proton 

gradient formed by the transfer of electrons from NADH and FADH2 to molecular oxygen 

The oxidative phosphorylation (OXPHOS) system is located in the mitochondrial 

innermembrane and consists of five multi-subunit enzyme complexes and two small electron 

earners coenzyme Q10 and cytochrome c (Gautheron 1984, Hatefi 1985) At least 

70 structural proteins involved in the formation of the whole OXPHOS system are encoded by 

nuclear genes, whereas 13 structural proteins are encoded by the mitochondrial genome In 

human pathology OXPHOS disorders make a contnbution of 1 per 10,000 live births and are 

classified under the genene term "mitochondrial encephalomyopathies" Isolated enzymatic 

deficiency of the first OXPHOS complex is the most frequent cause of mitochondrial 

respiratory chain disorders (Smeitink and van den Heuvel 1999, Loeffen et al 2000) 

Complex I (EC 1 6 99 3 or NADH ubiquinone oxidoreductase), the largest multi-protein 

complex of the OXPHOS system (Walker 1992), transfers electrons with a high redox 

potential from NADH to ubiquinone and participates in the formation of a proton gradient 
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across the inner mitochondnal membrane The proton gradient provides part of the proton-

motive force used for ATP production 

The complex consists of about 43 proteins of which 7 are encoded by the mitochondnal 

genome (ND1-ND6, ND4L) and at least 36 by the nuclear genome It has been shown that 

bovine complex I can be resolved in three main parts, the flavoprotein (FP) fraction, the iron-

sulfiir protein (IP) fraction and the hydrophobic (HP) protein fraction (Walker 1992) The HP 

fraction contains at least 31 of 43 different proteins, including the 7 mitochondnal-encoded 

proteins, and therefore represents the most abundant fraction of the complex The 

hydrophobic proteins are mostly anchored into the inner mitochondnal membrane and interact 

via more hydrophilic parts of their sequence with globular proteins in the large extnnsic 

membrane domain of the complex (Walker et al 1992) The relevant contnbution of isolated 

complex I deficiency in OXPHOS disorders and the fact that in childhood only - 5% of 

complex I deficiency is ascnbed to mutations in mitochondnal DNA (mtDNA) were the 

reasons to start an extensive program of charactenzation and mutational analysis of all 

nuclear-encoded structural genes of complex I in complex-I-deficient patients We selected a 

group of 20 young children in whom an isolated complex I deficiency had been confirmed in 

at least two different tissues and in whom common mitochondnal DNA mutations had been 

excluded This patient group has been phenotypically as well as genotypically descnbed by 

Smeitink et al (1999) and Loeffen et al (2000) The strategy used to reduce the number of 

suspects among the 36 nuclear structural complex I genes (Smeitink et al 1999) was to focus 

first on those that have conserved homologues in the much simpler NUO operon, which 

harbors all complex I genes of Escherichia coli Subsequently, we screened those genes that 

code for proteins of the complex that have a grounded functional importance for the function 

of the whole complex I Until now we have found mutations in 5 patients in the following 

evolutionary conserved subunits the NDUFVl gene (Schuelke et al 1999), the NDUFS4 gene 

(van den Heuvel et al 1998), the NDUFS8 (Loeffen et al 1998a) and the NDUFS7 gene 

(Tnepels et al 1999a) of the FP, IP and HP fraction of complex I 

To get a complete insight into the relationship between nuclear mutations of structural 

complex I genes and occurrence of complex I deficiency, we charactenzed the cDNA 

sequences of the NDUFB7 and 17 2-kDa HP proteins and screened these two and the 

remainder 17 genes of the HP fraction for the presence of molecular aberrations in the 

remainder 15 patients of our initial patient cohort Here we report the contnbution of 

abnormalities of all nuclear genes of the HP fraction of complex I and speculate about 

perspectives for future research 
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Materials and methods 

Patient group 

Our patient group consists of 15 young children (with set of clinical symptoms in the first 

2 years of life) who suffer from an isolated decreased complex I activity as determined in 

surgically removed skeletal muscle and in cultured skin fibroblasts. The clinical phenotypes 

of this patient population has been extensively described by Loeffen et al 2000 

To exclude large mtDNA rearrangements we analyzed the entire mitochondrial genome with 

a previously developed long template PCR technique (Li et al 1995) Secondly, we screened 

the mitochondrial genome of all patients for the mtDNA mutations, T14484C (Johns et al 

1992) and G14459A (Jun et al 1996) (mutations in the mitochondrial complex I subunit 

ND6), Gl 1778A (Bolhuis et al 1990) (mutation in the mitochondrial complex I subunit 

ND4), T4160C (Howell et al 1991) and G3460A (Huoponen et al 1991) (mutations in the 

mitochondrial complex I subunit ND1), T8993G/C (Ciafalom et al 1993, de Vries et al 

1993) (mutation in the mitochondrial ATPase subunit 6), T8356C (Silvestri et al 1992), 

A8344G (Berkovic et al 1991), A4317G (Tanaka et al 1990), T3271C (Shoffner et al 1995) 

and A3243G (Chen et al 1993) (mutations in the mitochondrial tRNA genes) Mutations in 

the nuclear-encoded structural complex I genes NDUFS4 (van den Heuvel et al 1998), 

NDUFS7 (Triepels et al 1999a), NDUFS8 (Loeffen et al 1998a), NDUFV1 (Schuelke et al 

1999) NDUFB6 (Smeitmk et al 1998), NDUFAl (Loejfen et al 1998b), NDUFS5 (Loejfen et 

al 1999),NDUFA8(Triepelsetal 1998) andNDUFABl (Tnepels et al 1999b) have been 

excluded previously 

Characterization of new human complex I cDNA sequences 

Wild-type human cDNA sequences of the NDUFB7 and the 17 2 kDa complex I proteins 

were obtained by reverse transcription of 200 ng poly A+ human heart mRNA (Clontech) 

using Superscript 11 RNase H reverse transcriptase (Life Technologies, The Netherlands), 

oligo(dT) and random hexamer pnmers PCR and SSCP amplification pnmers were designed 

according to human EST (Expressed Sequence Tag) (Adams et al 1991) sequences, 

homologous to the NDUFB7 and the recently published 17 2 kDa bovine counterparts 

(Skehel et al 1998) (accession X63210 and AJ01140). 
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Single-Strand Conformation Polymorphism and DNA sequencing 

For Single-Strand Conformation Polymorphism (SSCP), primers were designed based on 

published cDNA sequences generating overlapping fragments of 250 to 300 bp (table 1) 

Pnmer sequences homologues to the 5' and 3' untranslated region were designed according 

the human EST database (http //www ncbi nlm nih gov) As far as 5' untranslated EST 

sequences were available, 5' primers were designed minimizing overlapping translated cDNA 

regions PCR reactions were until mentioned otherwise performed on 50 ng fibroblast cDNA 

in 25-μ1 total sample volume containing 50 ng of each primer, 0 25 mM dNTP's, 55 kBq 

(a32P)dCTP, 10 mM Tns-HCl (pH 8 3), 1 5 mM MgCb and 0 5 units Taq DNA polymerase 

For SSCP analysis PCR products were separated for 16 hours in 60 mM Tns, 54 mM Boric 

acid, 0 6 mM EDTA (pH 8 4) on a 5% non-denaturating Polyacrylamide gel in the absence as 

well as the presence of 10% glycerol Afterwards, the gels were dried and exposed to Kodak 

X-omat films Aberrant PCR fragments were checked by direct DNA sequencing using 

dyedeoxy™ terminators on the automated ABI 377 sequencer (Perkin Elmer, The 

Netherlands) Sequences of one of each individual wild-type SSCP fragments were checked 

via DNA sequencing to avoid PCR aspecificity 

Mutation prevalence 

To distinguish the observed missense mutations from polymorphism's, the prevalence of all 

detected missense mutations (table 2) were tested in 100 Dutch alleles representing a normal 

control population Control cDNA was obtained from 10 ml blood drawn from 50 healthy 

persons via reverse transcription using Superscript II RNase Η reverse transcriptase 

(Life Technologies, The Netherlands), oligo(dT) and random hexamer primers (Ploos van 

Amstel et al 1996) The allelic frequency of all detected missense mutations were determined 

using suitable restriction enzymes (see table 2) The 26C—»T (A9V) mutation found in 

fragment I of the NDUFA6 subumt introduces a Mae 111 restriction site This enzyme was 

used to determine the allelic frequency ofthat mutation The allelic frequency of the 

142 A—»C (K.48Q) mutation found in fragment I of the NDUFA 7 was determined using PCR-

Pnmer Introduced Restriction Analysis (PCR-PIRA) PCR using the designed PIRA-primer 

5'-CCC TGT GCG TCC TAG GGA C-3' and the reverse pnmer of the NDUFA 7 fragment I 

(table 1) introduced in the mutant allele an Ava II restriction site, which has been used to 

determine the allelic frequency of the mutation 
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The allelic frequency of the missense mutation 100A—>C (T34P) within the first fragment of 

the NDUFB5 cDN A has been determined by the combination of PCR-PIRA using the 

PIRA primer 5'-CTC GGA TTT GGG GGC TTT CTC-S' and the reverse primer of the 

NDUFB5 fragment I (table 1) and Mnl I restriction enzyme analysis. 

Results 

Newly characterized human complex I cDNA's 

PCR amplification on wild-type cDNA using NDUFB7 and 17.2 -kDa specific primers 

revealed both the complete cDNA sequence of the human NDUFB7 as well as the cDNA 

sequence of the human 17.2-kDa protein of complex I (figure 1). The NDUFB7 and the 

17-kDa open reading frame counts for 411 and 435 base-pairs (exclusive the stop codon), 

respectively. The NDUFB7 and the 17.2-kDa proteins consist of 137 and 145 amino acids, 

respectively. Both the NDUFB7 and 17.2-kDa open reading frames represent a high 

homology (89 % and 92% respectively) with their bovine counterparts. The NDUFB7 and the 

17.2-kDa proteins represent a homology of 87% and 89% with their bovine counterparts. 

Based on the published bovine counterparts (Walker et al. 1992; Skehel et al. 1998) both the 

NDUFB7 as well as the 17.2-kDa mature proteins evidently lack a cleavable presequence for 

mitochondrial import. The NDUFB7 ORF contains four cysteine residues arranged in a 

Cx[9]Cx[10]Cx[9]C motif. 

Mutational detection 

We screened 19 cDNA sequences of the HP fraction of the complex for the presence of 

molecular aberrations. Due to aberrant SSCP products, several different silence mutations 

- a 216C->T in the NDUFA3 cDNA, a 105A->C as well as a 771G->A in the NDUFA10 

cDNA, a 9G->C in the NDUFB7 cDNA and a 138G->A mutation in the NDUFC2 cDNA -

have been found randomly distributed in the patients (table 2). We also detected 3 different 

missense mutations. A heterozygous 26C—»T mutation in the NDUFA6 cDNA, resulting in an 

alanine 9 to valine substitution, has been observed in the 15 patients with an allelic frequency 

of 0.46. Also a heterozygous 142 A—»C mutation, resulting in the amino acid substitution of 

lysine 48 into a glutamine, in the NDUFA7 cDNA has been observed in one Spanish male sib. 

Finally, a heterozygous 100A—»C missense mutation leading to the substitution of threonine 

34 to a proline in the NDUFB5 cDNA has been observed in one Israelis male sib. In the 

aforementioned two patients, both strands of the total open reading frame of the involved 

cDNA were sequenced to exclude the presence of compound heterozygous mutations. 
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No aberrant SSCP products were found in the remaining cDNA fragments (table 1) belonging 

to the subunits NDUFA2, NDUFA4, NDUFA9, NDUFB1, NDUFB2, NDUFB3, NDUFB4, 

NDUFB8, NDUFB9, NDUFB10, NDUFCl and the 17.2 kDa protein of the complex. 

A 
AGGGATCTGCAGGACTGCAGCC 

M G A H L V R R Y L G D A S V E P D P L · 2 0 

ATGGGGGCGCACCTGGTCCGGCGCTACCTGGGCGATGCCTCGGTGGAGCCCGACCCCCTGEO 

Q M P T F P P D Y G F P E R K E R E M V 0 

CAGATGCCAACCTTCCCGCCAGACTACGGCTTCCCCGAACGCAAGGAGCGCGAGATGGTG 1 2 0 

A T Q Q E M M D A Q L R L Q L R D Y C A 6 0 

GCCACACAGCAGGAGATGATGGACGCGCAGCTGAGGCTCCAGCTGCGGGACTACTGCGCC^O 

H H L I R L L K C K R D S F P N F L A C 8 0 

CACCACCTCATCCGGCTGCTCAAGTGCAAGCGTGACAGCTTCCCCAACTTCCTGGCCTGC 2 4 0 

K Q E R H D W D Y C E H R D Y V M R M K 1 0 0 

AAGCAGGAGCGGCACGACTGGGACTACTGCGAGCACCGCGACTATGTGATGCGCATGAAGIOO 

E F E R E R R L L Q R K K R R E K K A A 1 2 0 

GAGTTTGAGCGGGAGCGGAGGCTGCTCCAGCGGAAGAAGCGGCGGGAGAAGAAGGCGGCA36O 

E L A K G Q G P G E V D P K V A L 1 3 7 

GAGTTGGCCAAAGGCCAGGGACCCGGGGAAGTGGACCCCAAGGTGGCCCTGTAGGGGGTG,2 0 

CACCCCCCACCCTATGGACCAGTC,,, 

Β 
CAGCGAGGCAAG 

M E L V Q V L K R G L Q Q I T G H G G L 2 0 

ATGGAGTTAGTGCAGGTCCTGAAACGCGGGCTGCAGCAGATCACCGGCCACGGCGGTCTC60 

R G Y L R V F F R T N D A K V G T L V G " 
CGAGGCTATCTACGGGTTTTTTTCAGGACAAATGATGCGAAGGTTGGTACATTAGTGGGG120 

E D K Y G N K Y Y E D N K Q F F G R H R 6 0 

GAAGACAAATATGGAAACAAATACTATGAAGACAACAAGCAATTTTTTGGCCGTCACCGAi e „ 
W V V Y T T E M N G K N T F W D V D G S 8 0 

TGGGTTGTATATACTACTGAAATGAATGGCAAAAACACATTCTGGGATGTGGATGGAAGC2,o 
M V P P E W H R W L H S M T D D P P T T 1 0 0 

ATGGTGCCTCCTGAATGGCATCGTTGGCTTCACAGTATGACTGATGATCCTCCAACAACAjoc 
K P L T A R K F I W T N H K F N V T G T 1 2 0 

AAACCACTTACTGCTCGTAAATTCATTTGGACGAACCATAAATTCAACGTGACTGGCACCjso 
P E Q Y V P Y S T T R K K I Q E W I P P 1 4 0 

CCAGAACAATATGTACCTTATTCTACCACTAGAAAGAAGATTCAGGAGTGGATCCCACCT, 2 ο 
S Τ Ρ Υ Κ145 

TCAACACCTTACAAGTAAAGACAATGAAGAACAGTTGAAACATGCAAAATATGGAGCTTT4eo 

TC 

Figure 1: Representation of cDNA and amino acid sequence of the NDUFB7 (A) and the 17.2-kDa (B) subunits 

of human complex I. 

The start and stop codons of the open reading frames are shown in bold. The NDUFB7 protein (A) shows 

87 % (89% on cDNA level) similarity with its bovine counterpart (accession X63210). The predicted human 

17.2-kDa (B) protein shows 90 % (92% on cDNA level) similarity with its bovine counterpart 

(accession AJ011400) (Skehel et al 1998). 
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Table l.Pnmer distribution used for SSCP mutation screening of 19 cDNAs encoding proteins of the 

hydrophobic fraction of human mitochondnal complex I 

Gene / chrom 

loc. 

NDUFA2 
Sq31 

NDUFA3 
o 

NDUFA4 
? 

NDUFA6 
22ql3 2-

ql3 31 

NDUFA7 
20pl3 

NDUFA9 
12pl3 3 

NDUFAl0 
12p 

NDUFBl 
14q31 3 

NDUFB2 
7q34-q3S 

NDUFB3 
·? 

NOUFB4 
3 

NDUFB5 
•? 
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-3 
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-1 
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-1 
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50 
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12 
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5 
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#+49 

-1 
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-3 
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# + 51 
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11 
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18 
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bp 
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Fragment 
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Fragment 
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1 

2 

1 

1 

2 

1 

2 

1 

2 

1 

2 

3 

4 

5 
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2 

3 

4 

5 

1 

1 

2 

1 

1 

2 

1 

2 

3 
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i 
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200 
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186 
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Annealing 
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"C 

58 

58 

58 

58 

58 

58 

58 

60 

59 

59 

58 

58 

59 

59 

58 

58 

56 

56 

56 

56 

64 

59 

59 

56 

58 

58 

58 

58 

CenBank 
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number 

AF047ie5 

AF044955 

U945e6 

AF047ie2 

AF050637 

0189048 

ΑΡ0β7661 

AF050638 

AF050639 

AF047183 

AF044957 

AF047181 
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Gene / chrom 

loc. 

NDUFB7'' 
19pl3 12-

13 11 

NDUFBB 
10q23 2-

g23 33 

NDUFB9 
8q24-21 

NDUFBl 0 
I6pl3.3 

NDUFC1 
4q28.2-q28.3 

NDUFC2 
11 

17 2 kDa 
5 
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Forward 
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1 

1 

1 

1 

2 

2 

3 

3 
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2 
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1 

1 

2 

2 

3 

3 

1 

1 

1 

1 

2 

2 

1 

1 

2 

2 

bp 
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tt + 3 4 

-54 
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» + 24 

-60 
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# + 18 

-4 

# + 41 
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# + 29 
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/ 
/ 
/ 
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/ 
/ 
/ 
/ 
/ 
/ 

/ 
/ 
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/ 
/ 
/ 
/ 
/ 
/ 
/ 
/ 
/ 
/ 
/ 

# + 23 / 

-3 

' # + 30 

-4 

238 

144 

415 

352 

# + 53 

-36 

253 

140 

# + 43 

-42 

187 

121 

370 

345 

# + 41 

13 

#+63 

-43 

199 

171 

# + 53 

6 

302 

243 

#+44 

P C R fragment length 

bp 

Fragment 

Fragment 

Fragment 

Fragment 

Fragment 

Fragment 

Fragment 

Fragment 

Fragment 

Fragment 

Fragment 

Fragment 

Fragment 

Fragment 

466 

1 

2 

3 

1 

2 

1 

2 

3 

1 

1 

2 

1 

2 

260 

289 

282 

307 

273 

247"
< 

267 

237 

29Θ 

263 

261 

314 

293 

Annealing 

temperature 

primers 

°C 

SB 

58 

56 

58 

56 

56 

59 

59 

59 

56 

5Θ 

59 

5Θ 

56 

GenBank 

Accession 

number 

AF217091 

AF044958 

S82655 

AF044954 

AF047184 

AF087659 

AF217092 

AF11220e 

# represents the last base-pair of the stop codon of the corresponding open reading frame 

"' PCR was executed in the presence of 1.0 mM MgCl2 

•2 PCR was executed in 10 mM Tns-HCl (pH 8.9), 50 mM KCl and 1.0 mM MgClj (PCR Optimization Kit, 

Boehnnger Mannheim). 

' 3 Due to insufficient PCR result during SSCP optimization, mutational analysis of the NDUFB7 was performed 

by direct sequencing 

"4 PCR was executed in 10 mM Tns-HCl (pH 8.9), 50 mM KCl and 1.5 mM MgCl2 (PCR Optimization Kit, 

Boehnnger Mannheim). 

Table 1: — continued 

Allelic frequency of the observed mutations 

The allelic frequency of the observed silent mutations (table 2) has not been tested in control 

alleles because it is plausible to believe that these mutations are not related to the complex I 

deficiency. All found silent mutations are randomly distributed about all found BLAST hits of 

the human EST database. The allelic frequency of the observed 26C—>T mutation in the 

NDUFA6 cDNA in 100 Dutch control alleles is 0.44 (table 2). 

Neither the heterozygous missense mutations 142A—»C in the NDUFA7 cDNA nor the 

heterozygous 100A—»C missense mutation in the NDUFB5 cDNA has been detected 
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in 100 Dutch control alleles and all found blast hits of the human EST database (table 2). 

Blood samples of the individual parents of both above-mentioned patient were not available 

for mutational analysis. 

Table 2 Polymorphisms revealed through SSCP and DNA sequencing analysis of the corresponding open 

reading frame of human mitochondrial complex I. 

Gene Mutation Used restriction Allelic frequency within 
enzyme 100 Dutch control alleles 

NDUFA3 

NDUFA6 

NDUFA7 

NDUFA10 

NDUFB5 

NDUFB7 

NDUFC2 

2 1 6 C - > T ( D 7 2 D ) 

26C->T 

142A->C 

105A-K3 

771G->A 

10 0A->C 

9G->C 

13 8G->A 

(A9V) 

(K48Q) 

(K35K) 

(Q257Q) 

( T 3 4 P ) 

(A3A) 

( L 4 6 L ) 

Mae III 

Ava II 

Mnl I 

Ν Τ 

0 . 4 4 

z e r o 

Ν Τ 

Ν Τ 

Z e r o 

Ν Τ 

Ν Τ 

Ν Τ · Not tested, only the prevalence of mutations leading to amino acid missense substitutions have been tested 

in the control alleles. 

Discussion and future perspective 

The minimal active form of complex I in E. coli (Leifet al. 1993) consists of 14 proteins. 

Evolutionary, counterparts of all these genes are present in the 43-protein-containing 

complex I of cow and man. Nine, including the 7 ND genes, of the 31 genes of the 

HP fraction of complex I represent counterparts of the NADH:ubiquinone oxidase 

{Nuó) operon of .E. coli. The NDUFS7 as well as the NDUFS8 represent the conserved 

nuclear-encoded subunits of the HP fraction. Both proteins as well the NDUFA8 protein 

contain cysteine residues providing ligands for iron-sulfur clusters. The presence of 

Fe-S clusters involved in electron transfer and the presence of the binding site for ubiquinone 

in the HP fraction provide an important functional role of this fraction instead of anchoring 

the complex into the mitochondrial innermembrane only. 

Besides this, the total HP fraction framework provides, together with the NDUFS2 (49 kDa) 

protein, characteristics for participating in the proton translocation machinery (Walker 1992; 

Brandt 1997). It has never been completely studied whether there is any contribution of 

mutations in the non-conserved subunits of the HP fraction in complex I deficiency. 
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Because of the large number of these non-conserved nuclear genes of the HP fraction and the 

high costs of DNA sequencing we performed mutational screening using SSCP analysis. The 

conditions under which we performed our SSCP analysis have been chosen in that way that 

we can speculate about a mutation detection rate of about 80-90% (Markoffet al. 1997). 

Separation of single stranded DNA in the range of 200-300 bp and the presence of 10% 

glycerol are the most preferred characteristics for successful differential separation. This 

statement is supported by the fact that all expected polymorphisms, which we detected via a 

preceding screening of all hits in the human EST database of the individually cDNAs, were 

detected by our SSCP method (see table 2). The combination of SSCP and DNA sequencing 

of aberrant PCR products revealed no disease-causing mutations in 19 non-conserved 

subunits belonging to the HP fraction of complex I in our patient population, suggesting that 

mutations in those subunits represent most probably a minimal contribution to complex I 

deficiency in childhood. Inheritance patterns of 5 patient families with early described 

pathogenic mutations in structural complex I genes showed that heterozygous individuals, 

such as parents and other sibs, were phenotypically not affected. Based on this we conclude 

that the found heterozygous missense mutations in the NDUFA7 and NDUFB5 are most 

probably not desease-causing in the mentioned patients. 

Based on comparison of the structure oi E. coli and N. crassa complex I, using a 

three dimensional wire model, it has been concluded that the more additional protein complex 

of N. crassa forms a kind of mold surrounding the solid E. coli complex (Guenebaut et al. 

1998). It can be speculated that the additional non-conserved subunits of complex I in 

mammals also form a envelope keeping the redox groups in the correct position and prevent 

electrons from escaping into the mitochondrial environment (Friedrich and Weiss 1997). 

Leakage of electrons may lead to a pronounced production of reactive oxygen species. 

Mutation-dependent conformational changes of non-conserved proteins of the complex could 

lead to a increased oxidative stress during life time, which in human normally leads to 

symptoms of encephalomyopathies at a higher age. Therefore, it would be interesting to test 

for mutations in non-conserved HP genes in older complex-I-deficient patients. Based on the 

result of our mutational detection program, we know that in our patient population about 25 % 

of complex I can be related to nuclear mutations of complex I subunits (Smeitink et al. 1999). 

These results, and experience with mutational detection studies of mtDNA-encoded subunits, 

suggest that complex I failure in man cannot be solved by reference to abnormalities in 

structural complex I proteins. Future molecular studies concerning aberrant complex I 

function should be focussed on other genes involved in the regulation, mitochondrial import 
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or assemblage of this large multi-protein enzyme complex. Complementation of complex I 

activity in unsolved patient groups with micro-cell-mediated chromosome transfer in 

combination with linkage analysis using polymorphic microsatellite markers could reveal 

interesting chromosome regions containing important candidate genes. This technique has 

been proved successful in defining a new class of gene defects in cytochrome c oxidase 

(Stewart et al. 1997) deficiency like the SURF-1 gene (Tiranti et al. 1998; Zhu et al. 1998). 

The study of nuclear complex-I-deficient Ν. crassa strains could lead to the identification of 

genes involved in the assembly of the complex. Human counterpart of interesting genes of 

lower species could be cloned by human genomic library screening or extended homologue 

studies in the available human DNA databases (Papadopoulou et al. 1999). In future, the 

combination of more advanced techniques and use of model organisms is needed to complete 

the knowledge of the genetic bases of human complex I deficiency. 
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Abstract 

Leigh syndrome is the phenotypical expression of a genetically heterogeneous cluster of 

disorders, with pyruvate dehydrogenase complex deficiency and respiratory chain disorders as 

the main biochemical causes. We report the first missense mutation within the nuclear-

encoded complex I subunit, NDUFS7, in two siblings with neuropathologically proven 

complex-I-deficient Leigh syndrome. 

Introduction 

NADH:ubiquinone oxidoreductase (complex I), the largest of the four respiratory chain 

complexes, transfers electrons with a high redox potential from NADH to ubiquinone 

(Walker 1995). Complex I deficiency is frequently encountered. Although the age at onset 

and course of this disease may vary, many complex-I-deficient patients suffer from a 

progressive often early fatal multi-system disorder (Pitkanen et al. 1996), frequently Leigh 

syndrome (Rahman et al. 1996). The genetic causes of complex I deficiency in patients, in 

which mitochondrial DNA (mtDNA) mutations have been excluded, may be the result of 

mutations in the nuclear-encoded complex I subunits. 

To obtain more insight in the contribution of nuclear complex I genes to dysfunction of the 

complex, we started a mutational detection program of nuclear complex I genes in 

complex-I-deficient patients. Nuclear genes already present in the minimal form of complex I 

of .E. coli and genes coding for proteins displaying a theoretical important role in de function 

of the complex (Smeitink et al 1998) were the first to be analyzed. 

The mutational detection study of the human nuclear-encoded complex I subunit NDUFS7 

(Hyslop et al. 1996), the /VMOB subunit counterpart off. coli (Weidner et al. 1993), revealed a 

valine to methionine amino acid substitution that cosegregated in a neuropathologically 

proven Leigh syndrome family with complex I deficiency. 
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Case report 

A study of a patient with complex-I-deficient neuropathologically proven Leigh syndrome 

patient without lactic acidosis was published (Wijburg et al 1991) The non-consanguineous 

parents were of Dutch origin 

The second boy in this family developed from the age of 11 months, periodic buth otherwise 

unexplained vomiting From the age of about 3 years, a progressive deterioration was noted 

He developed left side hemiplegia, dysarthna and an abnormal breathing pattern with 

regularly deep breaths, and severe feeding difficulties requiring tube feeding There was 

generalized hypotonia at rest and increased tendon reflexes As in the case of his brother, 

measurements of lactate and pyruvate concentrations in unne, blood, and CSF were 

repeatedly normal An oral glucose loading test (2 g kg ' body weight) showed no 

pathological increment of lactate, pointing to a normal cytosolic redox status A long chain 

triglyceride loading test (1 5 ml kg ' body weight) revealed normal ketone body ratios, 

indicating a normal mitochondrial redox status 

Electroencephalogram and visual evoked potentials were normal Brain acoustical evoked 

response showed a low 5th potential after right acoustic stimulation Brain magnetic 

resonance imaging showed bilateral putaminal, caudate, and dentate lesions, lesions of the left 

cerebral peduncle, and right paramedian area of the medulla oblongata with enhanced 

T2-signal The patient died at 5 years of age 

Materials and methods 

Patients investigations 

Our patient study group consists of 20 children with isolated decreased biochemical complex 

1 activity in skeletal muscle tissue and cultured skin fibroblasts (Fischer et al 1986, Bentlage 

et al 1996, Loeffen et al 2000) 

To exclude large mtDNA rearrangements we analyzed the entire mitochondrial genome with 

a previously developed long template PCR technique (Li et al 1995) We screened the 

mitochondrial genome of the patients for the mtDNA mutations T14484C, G14459 A, 

Gl 1778A, T4160C, G3460A, T8993G/C, T8356C, A8344G, A4317G, T3271C, and A3243G 

On the nuclear level, mutational detection of patient fibroblast cDNA of other possible 

candidate genes (NDUFA1, NDUFB6, NDUFS4, NDUFS5 and NDUFSS) was performed by 

direct DNA sequencing 
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Mutational detection in the NDUFS7 cDNA 

Mutational detection was performed as described previously (van den Heuvel et al. 1998). For 

PCR amplification of the human NDUFS7 cDNA (Hyslop et al. 1996) both the forward 

primer as well as the reverse primer (table 1 ), homologues to the 5' and 3' untranslated 

regions, were designed according to human EST (Expressed Sequence Tags) (Adams et al. 

1991), and interior primers (table 1) were ordered according to the published NDUFS7 cDNA 

sequence. 

Table 1: Human NDUFS7 cDNA pnmer sequences used for cDNA sequencing and mutational detection. 

Primers names 1 Oligonucleotide Sequences | Positions on cDNA 
Forward primers 

NDUFS7-F 
N D U F S 7 - F 1 
NDUFS7-F2 

5 ' 
5 ' 
5 ' 

-CTG 
-GTT 
-CTA 

AAG GCC GAG GCC AAG-B' 
CTC TGT GGC CCA TGA C C - 3 ' 
TTC CTA CTC GGT GGT G - 3 1 

- 1 
230 
483 

/ 
/ 
/ 

-1Θ 
2 4 9 
5 0 1 

Reverse primers 

NDUFS7-R 
NDUFS7-R1 
NDUFS7-R2 

5 ' 
5 ' 
5 ' 

-CCT 
-CCG 
-GTT 

CAC GGG ACA CAA GCA G - 3 1 

AGT AGG AAT AGT GGT A G - 3 ' 
GAC GAG GTC ATC CAG C-3 ' 

757 
496 
216 

/ 
/ 
/ 

7 3 9 
4 7 7 
1 9 7 

The NDUFS7 open reading frame contains 640 base-pairs until the first base of the TAG stop codon 

(Hyslop el al 1996) 

Tissue distribution ofNDUFS7 mRNA 

To obtain more information concerning mRNA quantities of the human NDUFS7 in a wide 

range of human tissues, we used a human poly A+ RNA Master Blot™ (Clontech, USA). 

Hybridization was performed according to established procedures using a-32P-dCTP labeled 

wild-type cDNA PCR fragment containing the NDUFS7 open reading frame (ORF). 

Afterwards the blot was analyzed by autoradiography. 
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Results 

Genetic analysis of patient group 

Amplification of the entire mitochondrial genome of all patients showed no large mtDNA 

deletions or insertions. None of the investigated mtDNA abnormalities were detected. Two 

mutations in nuclear-encoded complex I subunits were found, a 5-bp duplication in the 

NDUFS4 subunit in a non-Leigh syndrome complex-I-deficient patient (van den Heuvel et al. 

1998) and a compound heterozygous mutation in the NDUFS8 gene within another 

neuropathologically proven Leigh syndrome family (Loejfen et al. 1998). 

Biochemical analysis of index patients 

Biochemical studies (table 2) revealed a complex I deficiency in muscle tissue of both 

affected siblings. Individual NADH:QI oxidoreductase (complex I) activities as well as 

complex I/citrate synthase and complex I/cytochrome c oxidase ratios were decreased 

compared with representative reference values. In cultured fibroblasts, a decreased complex I 

activity and complex I/cytochrome c oxidase ratio were detected in sibling 2. 

Table 2 Enzyme aclmlies in skeletal muscle and fibroblasts. 

Parameter analyzed 

NADH:Q1 oxidoreductase (CI) 

Cytochrome c oxidase (COX) 

Citrate synthase (CS) 

CI/CS 

CI / COX 

Sibl 1 

0.7" 

1500" 

36a 

19.4" 

13 0' 

Enzyme 

Skeletal muscle tiiiue 

Sibl 2 

2.8a 

1488b 

1 7 2 a 

16.3" 

10.9C 

Control 

3.6-25' (n=20) 

810-3120 b (n=21) 

37-162 a (n=43) 

70-190 b (n=20) 

38-164 c (n=20) 

activities 

Sibl I 

NA 

NA 

NM 

NM 

NA 

Cultured fibroblasts 

Sibl 2 

13.6' 

2 0 1 a 

NM 

NM 

όβ1· 

control 

18 9-44 2 a (n=14) 

143-252 a(n=14) 

NM 

NM 

110-260'(n= 14) 

•"Values are expressed as milliumts per milligram of protein 

V a l u e s are expressed as milliumts per units of CS 

'Values are expressed as milliumts per units of COX 

NA= not available; NM= not measurable 
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Mutational detection of the NDUFS7 cDNA 

For mutational detection of the NDUFS7, we analyzed patient cDNA produced by first strand 

synthesis of cultured fibroblast RNA. Using the oligonucleotide primers 

NDUFS7-F and R (table 1), we amplified a 775-bp cDNA PCR fragment containing the 

complete NDUFS7 ORF. Direct sequencing of the obtained fragment revealed a homozygous 

G364A transition in one patient (sibling 2), which results in a V122M amino acid substitution. 

The G364A transition creates a Bel I restriction site. 

Analysis of cDNA produced by first strand synthesis of RNA of both parents and a younger 

affected brother (sibling 1), revealed that this mutations is consistent with an autosomal 

recessive mode of inheritance (figure 1). The G364A mutation was not present in 100 Dutch 

control alleles and another 19 complex-I-deficient patients, including 5 patients displaying the 

clinical phenotype of Leigh syndrome. 

In addition, a T68C transition, introducing a Msp I restriction site on DNA level and a L23P 

amino acid substitution on protein level, was observed. Msp I restriction analysis revealed an 

allelic frequency of this transition of 37.5% in 20 isolated complex-1-deficient patients and 

35% in 100 control alleles. 

Marker Parents Siblings Control 
1 2 1 2 

Figure 1: Segegration of the NDUFS7 V122M mutation within the family. 

Genetic analysis was performed by Bel I restriction analysis (see results). The presence of the G364A transition 

results in the digestion of the 514 base-pair PCR fragment into a 377 and 137-bp fragment. On cDNA level, both 

parents appeared to be heterozygous for the G364A transition, whereas both affected siblings are homozygous. 
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Tissue distribution ofNDUFS? transcripts 

In descending order, the ubiquitously expressed NDUFS7 mRNA was extensively detected in 

human heart, skeletal muscle and liver (data not shown) In companson with other tissues the 

NDUFS7 mRNA content in pancreas, adrenal gland, salivary gland, and stomach seems to be 

slightly more 

Discussion 

Complex I deficiency is a frequent mitochondrial respiratory chain defect with Leigh 

syndrome as a common clinical phenotype (Robinson 1998, Loeffen et al 2000) In the past 

decade, several mitochondrial mutations were associated with complex I deficiency 

(reviewed by Zeviani et al (1998)) The transfer of electrons through complex I is possible 

through the presence of a FMN center and at least six iron-sulphur clusters (Albracht et al 

1997, Ohmshi 1998) Complex I deficiency might be caused by defects of subumts involved 

in the formation of these clusters The human nuclear-encoded NDUFS7 protein seems to be a 

strong candidate to be involved in the formation of the N2 (4Fe-4S) iron-sulfur cluster 

(Ohmshi et al 1985) 

Mutational detection of the NDUFS7 cDNA in the described complex-I-deficient Leigh 

syndrome family, revealed a valine to methionine (V122M) amino acid substitution consistent 

with an autosomal recessive mode of inheritance (figure 1) The substituted valine is located 

within the NDUFS7 cysteine motif-CxxE~(x)6o~C—(x)3o-CP-, which is probably involved in 

the formation of the N2 (4Fe-4S) iron-sulfur cluster of complex I (Ohmshi 1998) The 

V122M amino acid substitution could affect the NDUFS7 protein conformation in complex I 

or its incorporation in the whole complex, thus impairing for the proper formation of the 

iron-sulphur cluster Protein sequence conservation among various organisms like Bo% taurus, 

Caenorhabditis elegans. Neurospora crassa, Escherichia coli and Rhodobacter capsulatus 

shows a high conservation rate of the substituted valine residue, suggesting an important role 

in complex I The NDUFS7 cDNA analysis revealed also a leucine to proline substitution 

(L23P) with a comparable distribution in complex-I-deficient patients and a control 

population 

NDUFS7 transcripts were found in all human tissues indicating a NDUFS7 expression pattern 

like housekeeping genes The higher expression in human tissues with high metabolic energy 

rates is probably due to higher amounts of mitochondria in these tissues 

The appearance of a mutation within the nuclear-encoded subumt NDUFS7 of complex I in 

two sibling displaying Leigh syndrome links this disease in this family to a nuclear defect 
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Although frequently present, it is important to stress that normal concentrations of lactate, 

pyruvate and ketone body ratio's in body fluids as well as normal MRS results does not 

definitely rule out mitochondrial disorders. 

The functional relevance of mutations in nuclear-encoded subunits in complex I deficiency 

should be tested in future. This could give some insight in the pathogenic mechanism 

involved. This information might be useful, because treatment of these disorders is difficult. 
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Abstract 

Complex I defects are one of the most frequent causes of mitochondrial respiratory chain 

disorders Therefore, it is important to find new approaches for detecting and characterizing 

complex I deficiencies In this paper, we introduce a new set of monoclonal antibodies which 

react with 39, 30, 20, 18, 15, and 8 kDa subunits of Complex I These antibodies are shown to 

aid in diagnosis of complex I deficiencies and add understanding to the genotype-phenotype 

relationships of different mutations A total of 11 different patients were examined Four 

patients had undefined complex I defects, while the other patients had defects in NDUFV1, 

NDUFS2 (2 patients), NDUFS4 (2 patients), NDUFS7 and NDUFS8 We show here that 

Western blotting with these antibodies, particularly when used in conjunction with sucrose 

gradient studies and enzymatic activity measurements, helps to distinguish catalytic versus 

assembly defects and further distinguishes between mutations in different subunits 

Furthermore, different mutations in the same gene are shown to give very similar subumt 

profiles, and we show that one of the patients is a good candidate for having a defect in a 

complex I assembly factor 

Introduction 

Disorders of mitochondrial energy metabolism occur in humans with a frequency of 

around 1 in 10,000 live births (Bourgeron et al 1995) Most are caused by the dysfunction of 

one or more of the enzyme complexes of the oxidative phosphorylation (OXPHOS) system 

Isolated enzymatic deficiency of the first OXPHOS complex, NADH ubiquinone 

oxidoreductase (EC 1 6 99 3) or complex I, is one of the most frequent causes of 

mitochondrial respiratory chain disorders (Loeffen et al 2000) Complex I is the first multi-

protein complex of the OXPHOS system (Walker 1992) and participates in the formation of a 

proton gradient across the inner mitochondnal membrane coupled to transfer of electrons 

from NADH to ubiquinone This proton gradient provides part of the proton-motive force 

used for ATP production Complex I is the largest of the respiratory chain complexes, made 

up of 7 different subunits encoded on mtDNA (ND1-6, ND4L) and 35, or more, different 

subunits encoded by nuclear genes (Gngonejf 1999, Shekel et al 1998) Together, these 

subunits form a complex with an estimated molecular mass of 900,000 Daltons (Kadenbach et 

al 1995) Mutations in both the mitochondrial and nuclear-encoded genes are known to cause 

complex I deficiencies (Smeitink and van den Heuvel 1999) 
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However, in addition to the structural genes, there may be additional genes encoding proteins 

required for the assembly of a functional complex I. So-called "assembly factors" involved in 

assembly of complex IV and the ATP synthase have already been reported (Ackerman and 

Tzagoloffl990; Tiranti et al. 1998; Papadopoulou et al. 1999). Mutations in SURFl, an 

assembly factor required for full assembly of complex IV, has been shown to cause 

cytochrome c oxidase deficiency in many of the reported cases of Leigh's disease (Tiranti et 

al. 1998; Teraoka et al. 1999; Poyau et al. 2000). The genes for all of the components of 

complex I have now been identified (Walker et al 1995; Skehel et al. 1998), opening the 

possibility of genetic approaches for diagnosis. However, such an analysis would not identify 

complex I deficiencies caused by mutations in assembly factors until these factors are 

identified, and even then would not yield sufficient information to understand the genotype-

phenotype relationships of the various mutations that can occur. Therefore, in addition to 

genetic analysis, it is important to have protein-based approaches to detecting and 

characterizing complex I deficiencies. Here, we introduce a monoclonal antibody set that will 

be useful in this regard. We show that Western blotting with these antibodies, particularly 

when used in conjunction with sucrose gradient studies and enzymatic activity measurements, 

distinguishes catalytic versus assembly defects. In the latter class, patient samples can be 

classified by their assembly profiles, which appear to be representative of which subunit is 

mutated. 

Experimental procedures 

Purification of Bovine Heart complex I 

Biochemically purified bovine heart complex I as well as the flavoprotein (FP), iron-sulfur 

protein (IP), and hydrophobic protein (HP) subfractions of complex I isolated as described 

previously (Galante and Hatefì 1978; Hatefi 1978; Galante and Hatefi 1979) were kindly 

supplied by Dr. Youssef Hatefi, The Scripps Institute, La Jolla, California, USA. 

Immunopurified bovine heart complex I was generated by solubilizing bovine heart 

mitochondria in 1% n-Dodecyl-ß-D-Maltoside (LM) (Calbiochem, La Jolla, California, 

USA), centnfuging twice (10,000 χ g, 12 minutes) to remove insoluble material, passing the 

supernatant over an immunoaffinity column generated as described previously (Harlow and 

Lane 1988) using the 15 kDa complex I antibody created in this laboratory, washing with 

PBS containing 0.5% LM, and eluting with 100 mM glycine, pH 2.5. 
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Cell lines 

MRC5 fibroblasts were obtained from the American Type Culture Collection (Rockville, 

Maryland, USA) and MRC5-RhoO fibroblasts were derived from the MRC5 fibroblasts by 

culturmg the cells in permissive medium supplemented with 50 ng/ml ethidium bromide as 

described previously (Marusich et al 1997) 

Patient fibroblasts were obtained from skin biopsies of young children in whom an isolated 

complex I deficiency has been confirmed in muscle tissue as well as in cultured fibroblasts, 

using the slightly modified method of Fischer et al (Fischer et al 1986) The phenotypes and 

genotypes of the patients included in this study have been extensively described by Loeffen et 

al, 2000 Control fibroblasts were obtained from post-circumcision tissue from a child in the 

same age range in whom biochemical enzyme analyses revealed normal results 

Genetic characterization of patient cell lines 

All patients included in this study were screened for the presence of DNA alterations in each 

of the known nuclear-encoded structural genes of complex I as descnbed previously (Smeitmk 

et al 1998, Tnepels et al 2000) Mutations were found in 7 of the 11 patients as listed in 

table 2 MtDNA was also screened for deletions and point mutations that have previously 

been shown to cause complex I deficiency These are T14484C, G14459A (mutations in the 

mitochondrial complex I subunit ND6), Gl 1778A (mutation in the mitochondrial complex I 

subunit ND4), T4160C and G3460A (mutations in the mitochondnal complex I subunit NDl), 

T8993G/C (mutation in the mitochondnal ATPase subunit 6) and T8356C, A8344G , 

A4317G, T3271C and A3243G (mutations in the mitochondrial tRNA genes) 

Large mtDNA rearrangements were ruled out by a previously developed long template PCR 

technique (Li et al 1995) None of the above mtDNA alterations were found 

Monoclonal antibodies 

The monoclonal antibodies used in this study were developed at the University of Oregon, 

USA They were generated by immunizing mice with punfied bovine complex I as descnbed 

previously (Marusich 1988) The newly generated mAbs were sequentially screened for 1) 

binding to punfied bovine complex I adsorbed to polystyrene, 2) binding specifically to a 

single subunit in denatunng Western blots of bovine complex I, 3) binding to a single subunit 

in denaturing Western blots of the FP, IP, or HP subfractions of bovine complex I, 
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4) binding to a single subunit in denaturing Western blots of immunopurified bovine complex 

I; 5) binding to a single subunit in denaturing Western blots of human mitochondria; 

and 6) reactivity and mitochondrial localization in immunohistochemistry of human 

mitochondria. Immunohistochemistry was carried out as described previously (Marusich et al. 

1997). The monoclonal antibody concentrations used were: anti-complex 1-39 kDa, 

anti-complex 1-30 kDa, anti-complex 1-15 kDa, anti-complex 1-8 kDa, anti-COX Va, and 

anti-complex V-α at 2.0 \iglm\, anti-complex 11-70 kDa at 0.15 μg/ml (Marusich et al. 1997), 

anti-complex Ill-core 1 at 0.3 μg/ml, anti-COX II at 3.0 μg/ml, anti-COX IV at 0.5 μg/ml 

(Capaldi et al. 1995) and anti-complex 1-20 kDa and anti-complex 1-18 kDa as twice diluted 

hybridoma cell culture supematants. The commercially obtained anti-ponn antibody 

(Calbiochem) was diluted 1:120,000. 

Overexpression of complex I subunits in E. Coli 

Based on estimated molecular weights and with which complex I subfraction (FP, IP, or HP) 

each antibody reacted, a list of possible complex I antigens was compiled for each antibody. The 

cDNA of two selected complex I subunits (NDUFA9 and NDUFS3) was then amplified by PCR 

from a human heart cDNA library (Clontech, Palo Alto, California, USA) using the forward and 

reverse primers (Life Technologies, Rockville, Maryland, USA) 5' TAT ATC ATG AGC CAT 

CAT CAT CAT CAT CAC ATG GCG GCT GCC GCA CAA TCC 3', 5' CAG CCG GAT CCT 

CGA GCA TAT GGC TCT AAA TGT TGA CGG TCT TGG CC 3' and 5' TAT ATA CCA 

TGG GCC ATC ATC ATC ATC ATC ATG AGA GCG CCG GGG CCG ACA CGC 3', 5' GCG 

CGC GCC ATA TGC TAC TTG GCA TCA GGC TTC TTG TCT 3' respectively. The resultant 

PCR products were subcloned into the pET15b vector (Novagen, Madison, Wisconsin, USA) 

using BspHl/Ndel and Ncol/Ndel (New England Biolabs, Beverly, Massachusetts, USA) 

restriction sites respectively. BL21-DE3 cells (Novagen) were transformed with the plasmids, 

and when the cells reached an O.D. of 0.6, they were induced for three hours with 1 mM IPTG. 

Cells before and after induction were analyzed by Western blot. Antigens with which antibodies 

reacted with following induction but not before induction are listed in table 1. 

Fibroblast culture and mitochondrial protein isolation 

Human control and patient fibroblasts were grown in M199 (Life Technologies), 

5 mg/1 Tween medium with 10% fetal calf serum (FCS) and 100 lU/ml penicillin and 100 

lU/ml streptomycin. About 30 χ 106 cells were harvested at 95% confluence after mild 

trypsinization (3-5 min) with 2-3 ml 0.25% trypsin solution each 175 cm2 (5 χ IO6 cells) cell 
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culture Cells were resuspended in 50 ml 10% fetal calf serum-phosphate buffered saline 

(FCS-PBS) 

Cells were rinsed three times with 1 % FCS-PBS as well as with PBS and finally frozen 

at -80oC For mitochondrial pellets, cells were solubilized in 5 ml homogemzation buffer 

(1 mM EDTA, 0 25 M Sucrose, 10 mM Tns pH 7 4) containing protease inhibitors 

(0 5 μg/ml leupeptin, 0 5 μg/ml pepstatin and 1 mM PMSF) Cells were repeatedly (three 

times) homogenized with a motonzed pestle ( 15-20 strokes) and the post-nuclear supematants 

were pooled after centnfugation (10 mm, 1500 χ g) Mitochondrial pellets were obtained by 

centrifiigation of the collected post-nuclear supematants (15 mm, 10,000 χ g) The 

mitochondrial pellets were washed twice (15 mm, 10,000 χ g) with 2 ml washing buffer 

(1 mM EDTA, 0 25 M sucrose, 10 mM Tns/HCl pH 7 5) including protease inhibitors 

(0 5 μg/ml leupeptin, 0 5 μg/ml pepstatin and 1 mM PMSF) Finally, pellets were saved in 

200 μΐ protease inhibitors/washing buffer and stored frozen at -80° C Protein amounts were 

estimated by OD^280 determination 

Western blot analysis of mitochondrial proteins 

About 5 μg/lane mitochondrial protein, dissolved in SDS-PAGE Tncine sample buffer 

(BioRad, Hercules, California, USA) containing 2% beta-mercaptoethanol (30 mm, 370C), 

were separated on 10-20% gradient Polyacrylamide gels in a Mini-Protein II Apparatus 

(BioRad) After electrophoresis (100 V stacking gel, 150 V running gel) proteins were 

transferred electrophoretically (2 hours, 0 10 A) to 0 45 μπι polyvinylidine difluoride (PVDF) 

membranes in CAPS transfer buffer (10 % methanol in 10 mM 3-[cyclohexylamino]-l-

propanesulfonic acid, pH 11) on ice The PVDF membranes were blocked overnight with 5 % 

non-fat dned milk powder in Dulbecco's phosphate buffered saline (CMF-PBS) Afterwards 

the blots were treated with primary antibodies diluted in 5% milk CMF-PBS for two hours 

After rinsing the blot three times with CMF-PBS 0 05% Tween, the blots were incubated for 

two hours with horse radish peroxidase conjugated goat anti-mouse IgG + M (H + L) at 

0 2 μg/ml (Jackson Immuno Research, West Grove, Pennsylvania, USA) in CMF-PBS 

Specific detection of the secondary antibody was obtained with the chemiluminescent 

Western blotting detection reagent ECL Plus™ (Amersham, Buckinghamshire, UK.) after 

rinsing the blots with CMF-PBS three times Fluorescence was quantified using the 

chemifluorescence imager Storm 860 and the accompanying Molecular Dynamics 

Imagequant software (Sunnyvale, California, USA) Ratios of individual proteins were 

calculated in relation to the ponn signal The ratios of the control fibroblast cell line were set 
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to 100%, and the ratios of other cell lines were reported in companson to this The obtained 

results represent average values of 2-5 independent expenments for each subunit 

Sucrose gradient centrifugation 

Mitochondna (1 mg) from control MRC5 fibroblasts and three patient cell lines 

(patients 1,7, and 11) were pelleted (10,000 χ g, 10 min , 4 °C) and resuspended at a protein 

concentration of 5 mg/ml in 100 mM Tns/HCl, 1 mM EDTA, pH 7 5, 1 μg/ml pepstatin, 

1 μg/ml leupeptin, 1 mM PMSF, 1% LM The mitochondna were incubated in this solution 

for 20 min on ice with stimng, before any insoluble membranes were pelleted again by 

centnfiigation (10,000 χ g, 10 min , 4 CC) The supernatant was layered on top of a 

discontinuous sucrose gradient composed of 250 μΐ of 35% sucrose, 500 μΐ of 30% sucrose, 

750 μΐ of 27 5% sucrose, 1ml of 25% sucrose, 1 ml of 20% sucrose, and 1 ml of 15% sucrose 

All sucrose solutions contained 100 mM Tns/HCl pH 8 0, 0 05% LM, 1 μg/ml pepstatin, 

1 μg/ml leupeptin, 1 mM PMSF The gradient was then centnfuged overnight at 4 0C 

(150,000 χ g, 16 5 h, SW 50 1) The sucrose gradient was fractionated from the bottom of the 

tube into 500 μΐ fractions, which were frozen at - 80 °C For Western blotting, 20 μΐ of each 

fraction was loaded per lane 

Results 

Antibody Characterization 

The antigen used to generate monoclonal antibodies was beef heart complex I punfied 

according to Hatefi (Hatefi 1978) Screening involved an assay for binding to native complex 

I, Western blotting, and/or immunohistochemistry Biochemically punfied and 

immunopunfied bovine heart complex I, IP, FP, and HP subfractions of bovine complex I, 

and human fibroblast cell lines from controls and patients were used in the screening 

Unequivocal identifications of two of the antibodies were also made by Western blots after 

overexpressing the candidate human subunit antigens in E coli To date, 7 monoclonal 

antibodies meet our standards for long-term cultunng, ι e , they react with biochemically 

punfied bovine complex I, immunopunfied bovine complex I, solubilized human 

mitochondna, and whole cell extracts to generate a single band in Western blot Where two or 

more antibodies were obtained to a particular subunit, that which worked best in 

immunohistochemistry and/or effectively immunoprecipitated complex I was chosen 

Table 1 summanzes the information on the antibodies used in this study 
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Table Γ Monoclonal antibodies used in this study. 

20C11B11B11 

17D950C9 

20E9DH10 

22B8BE8 

I7G3D9E12 

17C8E4E11 

39 

30 

20 

18 

15 

8 

NDUFA9 

NDUFS3 

ND 

ND 

ND 

ND 

mAb# Mol. Wt." Gene Name Method of identification 

OE.WB 

OE,WB 

WB 

WB 

WB 

WB 

1 = Molecular Weights based on SDS-PAGE; OE = overexpression of the human form of the protein in E Coli; 

WB = Western blot with biochemically and immunopunfied bovine complex 1 and human mitochondria, 

ND = not determined 

Patient Characterization 

Fibroblasts were cultured from 11 patients in whom an isolated enzymatic complex I 

deficiency had been confirmed in muscle tissue as well as cultured fibroblasts. In 7 of the 

patients, the pathogenic mutation has been identified genetically and for 4 patients the genetic 

defect has not been identified. The residual complex I activities of the 11 patient fibroblast 

cell lines ranged from 35 to 85%. Specifics of each patient are provided in table 2. 

Confirmation of isolated complex I deficiency by Western blotting 

Mitochondria were isolated from each of the patient fibroblast cell lines, a control skin 

fibroblast cell line, and normal and rho0 MRC5 fibroblasts (a lung fibroblast cell line). 

Samples of each were examined by Western blotting with cocktails of antibodies, including 

ones specific to the 39 kDa subunit of complex I, the 70 kDa subunit of succinate 

dehydrogenase (complex II), core 2 protein of complex III, subunit II of cytochrome c oxidase 

(complex IV), subunit IV of complex IV, the α subunit of FIFQ ( complex V), and porin 

(as a control for equal loading of lanes). Figure 1 summarizes the data with a bar graph in 

which the levels of each complex are quantitated by determining the amount of the 

component subunit in each patient cell line in relation to that found in control skin fibroblasts. 

From the bar graph, it can be seen that the levels of the 39 kDa subunit of complex I, but not 

that of any of the other OXPHOS subunits probed, are diminished in most of the patient cell 
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lines. This is different from the MRC5 rho0 mitochondria where loss of mtDNA leads to an 

absence of subunit II of complex IV and lower levels of the core proteins of complex III. 

Table 2 Genetic and biochemical characteristics of the investigated fibroblast cell lines 

Patient Number Mutation Gene Residual CI Act. (%)" Reference 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

364CA(V122M) 

236CT (P79L)b 

305GA(R102H)b 

ins471AAGTC 

del G290 (stop) 

1237TC(S413P) 

683GA (R228Q) 

1268CT (T423M) 

none 

none 

none 

none 

NDUFS7 

NDUFS8 

NDUFS4 

NDUFS4 

NDUFS2 

NDUFS2 

NDUFVl 

— 

-
-

-

68 

69 

75 

62 

41 

55 

73 

35 

67 

85 

35 

(Tnepelsetal 1999) 

(Loeffenetal 1998) 

(Budde el al 2000) 

(Budde et al 2000) 

-

--
(Schuelke et al 1999) 

— 

-
-

-
1 = complex I activity (mU)/complex IV activity (mU) in patients expressed as a percentage of the lowest activity 
ratio measured in control cells (n=14), b = Both mutations were compound heterozygous; CI Act = complex I 
Activity 

Variations in complex I assembly identified by Western blotting 

The mitochondrial samples of the 11 patient fibroblasts were examined for levels of six 

different subunits of complex I (referred to by their apparent molecular weights as listed in 

table 1 ). For the most part, m Abs to the 30 kDa, the 20 kDa, 15 kDa and 8 kDa subunits were 

used as an antibody cocktail along with porin, and the amounts of the 39 kDa and the 

18 kDa subunits were quantitated relative to porin separately. A representative Western blot 

and a bar graph of the levels of the six components of complex I in the different samples are 

shown in figure 2. A significant reduction in the levels of one or more components of the 

complex was seen in all but one of the patient samples; that is, patient 7 with a mutation in 

NDUFVl. The patterns of subunit loss were similar in patients 3 and 4, each of which has a 

different mutation in NDUFS4. 
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Similarly, the pattem of subunit loss was the same in patients 5 and 6, each with a different 

mutation in the same subunit, NDUFS2. Patients 9 and 10, both of which have unidentified 

mutations, show remarkable similarity in the pattem of subunit loss. This pattem most closely 

resembles that of patients 3 and 4. In Rho0 cells, where there is an absence of the 

mitochondrially-encoded subunits of complex I, a different pattem from any of the patient 

samples is observed. In this case, the levels of the 20 and 18 kDa subunits are as low or lower 

than those of the 15 kDa and 8 kDa subunits. Subunit amounts were lowest in patient 11, 

identifying this as a likely candidate for a mutation in an assembly factor (see later). 

Figure 1: Isolated complex 1 deficiency in patient cell lines as revealed by Western blots. 

160 τ , 

iÉiilliii 
MRC RhoO C 1 2 3 4 5 6 7 8 9 10 11 

Cell Line 

• CI-39 •CII-70 aCIIl-Core2 DCIV-II HCIV-IV DCV-alpha 

Western blot signals were quantitated, and the levels of the indicated polypeptides in normal and rho" MRC5 

fibroblasts, and the 11 patient cell lines in relation to the control skin fibroblasts was plotted. All subunits were 

set to 100% for the control fibroblasts. All lanes were standardized using porin as the control for equal loading. 

The relationship between the loss of each subunit as detected by Western blot analysis and the 

residual complex I activity is shown in figure 3. In each panel, the dashed line represents what 

would be expected if there was a perfect correlation between loss of subunit and loss of 

activity. As shown in figure 3, the levels of the 39 kDa and 30 kDa subunits most closely 

track the loss of activity. However, in most cases the levels of the 20 kDa and 18 kDa 

subunits are higher than predicted from the activity effects while the levels of the 15 kDa and 

8 kDa subunits are lower than the residual levels of enzymatic activity. 
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Porin 

CI-30 

CI-20 

CI 15 

CI-8 

MRC5 RhoO 10 11 

Β. 

MRC5 RhoO 

DC1-39 IC1-30 ια-20 ia-i8 ICI-15 3C1-8 

Figure 2: Variations in complex I assembly identified by Western blot. 

(A) A representative Western blot showing the levels of each indicated polypeptide in normal and rho0 MRC5 

fibroblasts, control skin fibroblasts, and the 11 patient cell lines. (B) Western blot signals were quantitated, and 

the levels of the indicated complex I subunits in normal and rho0 MRC5 fibroblasts and the 11 patient cell lines 

in relation to the control skin fibroblasts was plotted. All subunits were set to 100% for the control fibroblasts. 

All lanes were standardized using porin as the control for equal loading. 
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Figure 3: The relationship between loss of complex I subunits and residual complex I activity. 

For each patient and the control fibroblasts, the level of each of the indicated subunits as detected by Western 

blot was plotted in relation to the residual complex I activity. In each panel, the dashed line represents what 

would be expected if there was a perfect correlation between loss ofsubunit and loss of activity. 
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Sucrose gradient analysis of patient cell lines 

Mitochondria from three cells lines, i.e., from patient 7 with a mutation in NDUFV1, patient 1 

with a mutation in NDUFS7, and patient 11, with an unknown mutation, were each dissolved 

in 1% LM and subjected to sucrose gradient centrifugation using a discontinuous gradient, as 

described before. In this gradient, the five complexes of OXPHOS are separated by size and 

each can be identified by Western blotting of the fractions with monoclonal antibodies. 

Densitometrie scans of the Western blots can then be made and, for convenience, the relative 

expression levels of each subunit in the various fractions can be expressed as a percentage of 

the highest intensity band in the gradient. Figure 4 shows the distribution in the gradient of 

the Va subunit of cytochrome c oxidase as well as the 39 kDa and 20 kDa subunits of 

complex I for the three patient cell lines and a control of MRC5 fibroblasts, complex I, with a 

molecular weight of close to 900,000, elutes before the other respiratory chain complexes 

after gradient separation. The 39 kDa and 20 kDa subunits of patients 1 and 7 elute at a 

similar position to that of control complex I, indicative of complete or near complete 

assembly. However, in patient 11, the 39 kDa and 20 kDa subunits migrate in subcomplexes 

of around 200 kDa and 500 kDa respectively and there is also free subunit (eluting in fraction 

9). Thus, in patient 11, assembly of complex I is poor. 

Complex IV-5a Complex 1-39 kD 

3 4 5 6 7 8 

Fraction Number Fraction Number 

Complex 1-20 kD 

3 4 5 6 

Fraction Number 

Figure 4- Western blot analysis of three different patient cell lines and a control MRC5 cell line after sucrose 

gradient centrifugation. Shown are gradients of Patient 1 (Δ), Patient 7 (D), Patient 11 (x), and Control MRC5 

fibroblasts (+). In each case the darkest intensity band for each antibody and each sample is set to 100% Shown 

are the distnbutions of (A) the Va subunit of complex IV, (B) the 39 kDa subunit of complex I, and (C) a 20 kDa 

subunit of complex I. 
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Discussion 

Monoclonal antibodies are finding widespread use in detecting and analyzing mitochondrial 

disorders ( Mamsich et al 1997, Garcia et al 2000) In the case of cytochrome c oxidase, a 

panel of antibodies has been developed which reveals different patterns of assembly of the 

enzyme complex (von Kleist-Retzow et al 1999), and this is providing a good indicator of 

which gene has been mutated, including not only structural components but assembly factors 

as well Here, we show the utility of mAbs in the study of complex I disorders Six different 

mAbs were used to examine 11 different patients in which OXPHOS enzyme activity 

measurements had identified an isolated complex 1 deficiency In 7 of these, the mutations 

had been specified by extensive gene sequencing In the other 4, a mutation has not yet been 

identified Screening with an antibody mixture containing a mAb against at least one subunit 

of each of the 5 OXPHOS complexes supports the conclusion from enzymatic data that all are 

deficient in complex I alone It is important to note that the antibody screen to localize the 

defect by complex, or complexes involved is relatively rapid, easily performed and requires 

much less sample than enzymatic assays 

The reaction of the six mAbs against complex I used here was variable, and several different 

patterns of steady-state levels of subunits could be distinguished For two subunits, NDUFS4 

and NDUFS2, two patient cell lines were available with different mutations in the same gene 

In both cases, the subunit profiles resulting from the two different mutations were essentially 

the same 

In general, the subunits behaved as three classes The levels of the 39 kDa and 30 kDa 

subunits varied in the same way, as did the 20 kDa and 18 kDa subunits while the 15 kDa and 

8 kDa subunits are a third class In most patients, the levels of the 20 kDa and 18 kDa 

subunits were higher than the levels of functional complex as measured by enzymatic activity 

while the levels of the 15 kDa and 8 kDa subunits were lower Interestingly, the rho0 cells 

seem to behave differently as the 15 and 8 kDa subunits are present in higher amounts relative 

to the 20 kDa and 18 kDa subunits 

The implication of the data in figure 3 is that the steady-state levels of fully assembled 

complex I depend on expression levels of all of the subunits being examined here When any 

one subunit is mutated, the levels of assembled complex I is reduced The lower levels of the 

15 kDa and 8 kDa subunits in relation to activity could indicate more lability of these subunits 

after assembly of the complex One of the patient cell lines, patient 11, had very low levels of 

all of the subunits examined, and values significantly lower than expected based on activity 

measurements 
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It could be that enzymatic activity was over estimated or that the complex is more labile to 

detergent solubilization with a resulting proteolysis of polypeptides because of the mutation. 

Based on the antibody data, patient 11 is the most likely to involve a mutation in an assembly 

factor for complex I. The levels of subunits is low and these subunits are not in a fully 

assembled complex based on the sucrose gradient data. The comparison of subunit profiles as 

shown here allows patients to be sorted as in genetic complementation studies so that with 

wider screening of patients, a group of possible complex I assembly factor mutants can be 

collected for chromosomal analysis and gene identification as was done for the SURF1 

mutations of cytochrome c oxidase (Tiranti et al. 1998). 

Besides a role in diagnosis, the antibody studies here add to the understanding of genotype-

phenotype relationships of mutations already specified genetically. Patient 7 was shown to 

carry a mutation T423M in NDUFVl, the flavin-containing subunit of complex I. The subunit 

profile and, more definitively, the sucrose gradient experiments show that the approximate 

25% loss of activity is due to altered catalytic function and not a failure to assemble the 

complex. This is different from other patients studied here such as patients 5, 6, and 8 where 

the levels of all the subunits probed is significantly decreased suggesting a more profound 

defect. 

In summary, we provide evidence of the utility of monoclonal antibody analysis in the 

characterization of complex I deficiencies. It appears that different assembly profiles occur 

when different subunits are mutated. Antibodies to additional subunits of complex I will be 

required to extend the work reported here, and this project is ongoing. Complex-I-deficient 

patients have been reported from many centers for the study of mitochondrial disorders. A 

more comprehensive analysis of the range of assembly patterns and correlation with site of 

the mutation will require collaboration and the sharing of the antibodies and cell lines, which 

should be possible. 
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G l i A p t e x - V i l i 

Genetic and biochemical aspects of human complex I deficiency: 

Summary, general discussion and future perspectives 
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Summary 

The NADH ubiquinone oxidoreductase or complex I represents the largest and the first out of 

four enzyme complexes of the mitochondnal electron transfer chain (ETC) Complex I passes 

electrons from NADH to ubiquinone while pumping hydrogen ions out of the mitochondrial 

matrix into the inter-membrane space (see introduction) The composition of complex 1 has 

been studied in prokaryotes as well as in eukaryotes Although the characteristic L-shaped 

structure of the complex seems to be maintained during evolution, the number of contributing 

subumts is increased The minimal L-shaped complex I of £ coli exists of 14 subumts 

(Leifet al 1993, Braun et al 1998), whereas complex I of Ν crassa consists of 35 subumts 

(Weiss et al 1991) Alignment of both structures of the E coli and Ν crassa complex I in a 

three-dimensional computer model revealed that the additional proteins are folded around a 

conserved core (Friedrich et al 1998) There is no straightforward explanation for the 

presence of the additional subumts rather than evolutionary adaptation However, it has been 

shown that the additional subunit NDUFA1 is essential for activity of complex I in 

mammalian mitochondria (Au et al 1999) The additional proteins in higher species may 

function in stabilizing the complex and/or protecting the redox groups from oxygen, which 

prevent these groups from premature oxidation by oxygen (Friedrich et al 1998) 

Electrospray mass spectrometry and two-dimensional gel electrophoresis experiments 

revealed that complex I of Β taurus consists of 43 subumts, with the remark that a possible 

43rd subunit has not been characterized at the protein level (Skehel et al 1998) 

Using SDS-PAGE and Western blotting, it has been shown that in mammals almost all 

complex I is associated with complex III, whereas complex IV seems to be retained in the 

form of complex I-III-IV supercomplexes (Schagger and Pfeiffer 2000) Substrate channeling, 

catalytic enhancement, and sequestration of reactive intermediates could create advantages of 

supercomplex formation over individual activities (Schagger et al 2000) 

Due to the bi-genomic origin of complex I (introduction), the genetic cause of complex I 

deficiency can be located in both the mitochondnal as well as the nuclear genome Although a 

few mutations in the mitochondrial genome are related to complex I deficiency (table 1), the 

total contribution of mtDNA alterations to complex I deficiency is less than 10% of the total 

cases (Shojfner 1996) Besides this, in our experience a substantial part of isolated complex I 

deficiencies seems to follow an autosomal recessive mode of inhentance (Loeffen et al 2000), 

suggesting a nuclear defect Further charactenzation and investigation of the role of sequence 

variations in the nuclear-encoded structural complex I genes in complex-I-deficient patients, 

in which the common mtDNA mutations were excluded, is warranted Therefore, this study 
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has been started with the characterization of human nuclear structural complex I genes. 

Subsequently, a collection of 20 human fibroblasts cell lines originated from 20 

complex-I-deficient patients have been used for a mutation detection program of all nuclear 

complex I genes. Prior to mutation detection, a biochemical isolated complex I deficiency has 

been established in muscle tissue as well as in fibroblasts of the patients, and common 

complex I-deficiency related mtDNA mutations have been excluded. A part of this study has 

been described in this thesis. 

In chapter II, the cDNA and amino acid sequence as well as the chromosomal localization of 

the nuclear-encoded NDUFAH gene of human complex I has been described. The PG1V 

bovine counterpart of the NDUFA8 protein contains eight cysteine residues that are highly 

conserved. These residues may have functional significance in providing ligands for 

Fe-S clusters (Gerbitz et al. 1990), which are involved in the electron transfer through the 

complex (Dupuis et al. 1991). This made the human NDUFA8 subunit a rational candidate 

subunit for mutational analysis in complex-I-deficient cell lines. No disease-causing 

mutations have been found in the NDUFAH open reading frame. Two adenine/guanine 

polymorphisms referring to a normal distribution in the population have been described. 

In chapter III, the cDNA and amino acid sequence of the nuclear-encoded acyl carrier 

protein (ACP), NDUFAB1, of human complex I has been described. The nuo9.6, 

a Neurospora crassa mutant in which the nuclear ACP gene is disrupted, showed pronounced 

disturbance in the assembly of complex I (Schneider et al. 1995). AU this may indicate that 

NDUFAB1 subunit has an important role in complex I, which made this subunit a rational 

candidate for mutational studies in complex-I-deficient patients. However, mutational 

analysis of the NDUFAB 1 cDNA sequence did not result in the detection of mutations nor 

polymorphisms in the patient population investigated. 

In chapter IV, the cDNA and protein characterization of eight nuclear-encoded structural 

complex I genes, all located within the hydrophobic protein (HP) fraction of complex I, have 

been reported. cDNA sequences of the NDUFA3, NDUFA7, NDUFAIO, NDUFB2, NDUFB4, 

NDUFB8, NDUFB10 and NDUFC2 have been described. Furthermore, details about 

evolutionary conservation and speculations about functional importance are included. 

In chapter V, the genetically characterization of all remaining nuclear-encoded genes of 

human complex I has been completed with the establishment of the cDN A and protein 

sequence of the NDUFB7 and the 17.2-kDa protein. Besides this, the mutational analysis of 

all nuclear-encoded structural complex I genes has been completed through subjection of the 

final 19 complex I HP genes to mutational analysis. No pathogenic mutations were found in 
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these subunits explaining the complex I deficiency in our patients, suggesting a minimal 

contribution of these genes to complex I deficiency 

In chapter VI, the first missense mutation of a highly evolutionary conserved valine residue 

within the nuclear-encoded complex I subumt, NDUFS7, in two siblings with 

neuropathologically proven complex-I-deficient Leigh syndrome has been described Leigh 

syndrome is the phenotypical expression of a genetically heterogeneous cluster of disorders, 

with pyruvate dehydrogenase complex deficiency and respiratory chain disorders, in this case 

complex I, as the main biochemical causes 

In chapter VII, complex I biogenesis has been studied in case of complex I deficiency using 

Western blotting and sucrose gradient protein separation In order to add understanding to the 

genotype-phenotype relationships of different mutations, a total of 11 different patients were 

examined Four patients had undefined complex I defects, while the other patients had defects 

in NDUFVl, NDUFS2 (2 patients), NDUFS4 (2 patients), NDUFS7 and NDUFSS It has been 

shown that Western blotting, particularly when used in conjunction with sucrose gradient 

studies and enzymatic activity measurements, helps to distinguish assembly versus non-

assembly defects and further distinguishes between mutations in different subunits 

Furthermore, it could be concluded that different mutations in the same gene are shown to 

give very similar subumt profiles, and that one patient is a good candidate for having a defect 

in a Complex I assembly factor 

Regarding characterization of human complex I genes, cDNA and encoding amino acid 

sequences of 12 nuclear-encoded structural complex I genes have been described in this 

thesis All these subunits belong in cow to the hydrophobic membrane part of the complex 

(Walker J992), which is assumed to be the case in human as well The content of this thesis 

covers the mutation detection analysis of 22 out 25 nuclear-encoded structural complex I 

cDNAs, encoding subunits of the HP fraction of complex I in the fibroblasts of the mentioned 

patients 
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General discussion 

Nuclear genetic background of complex I deficiency 

Better understanding of human nuclear structural complex I genes has actually been started 

with the establishment and maintaining of biomedical databases. In 1988 the National Center 

for Biotechnology (NCBI) started as a new division with the exchange of important molecular 

information via computer technology. An optimal use of the contemporarily databases has 

also been proven to be important in the progression of establishment of the cDNA sequences 

encoding the nuclear-encoded structural subunits of human complex I. 

Using DNA sequences of complex I cDNAs of B. taurus as probes for human sequences, 

within 9 years starting in 1991 and a rapid progression in the last 4 years, all 42 cDNA and 

amino acid sequences found in complex I in cow are characterized in human complex I. So, it 

can be assumed that human complex I consists of at least 35 nuclear- and seven 

mitochondrial-encoded subunits (ND1-ND6, ND4L) (Anderson et al. 1981). It has to be 

noticed that using this strategy, possible additional subunits of human complex I of which no 

homologue sequences are present in cow will not be detected. Although two-dimensional gel 

electrophoresis of purified human complex I never indicated the presence of additional 

subunits, the exact number of human complex I remains uncertain and maybe additional 

subunits have to be added to human complex I in future. 

As discussed in the introduction, functional aspects can be attributed to several human 

complex 1 subunits based on sequence homologues of cow. All known biochemical functions 

attributed to specific subunits are ordered in table 1. At present, the chromosomal localization 

of 30 out 35 nuclear-encoded complex I genes is known, showing a random distribution 

across the chromosomes. 

The V122M amino acid substitution in the NDUFS7 HP gene, described in this thesis is not 

the only missense mutation in a nuclear structural complex I gene of the HP fraction related to 

human complex I deficiency. Beyond reach of this thesis, two compound heterozygous 

mutations (P79L and R102H) in another nuclear-encoded structural subunit of the HP 

fraction, the NDUFS8, have been found in one pedigree of the patient group investigated. 

Both mutations have been related to the same phenotype, complex-I-deficient Leigh 

syndrome (Loeffen et al. 1998). Although the majority of the subunits of the HP fraction has 

been screened for the presence of mutations using a more insensitive SSCP analysis, with an 

expected mutation detection rate above 80%, it may be concluded that mutations in subunits 

of the HP fraction represent a minimal contribution to the complex I deficiency of the index 
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patients As mentioned in the introduction the HP fraction is supposed to be involved in 

proton translocation rather than electron transport Three-dimensional changes due to 

mutations in this fraction can result in a decreased contribution of the proton-motive force of 

complex I Theoretically, this can occur without any changes in electron transport through the 

complex Our assay for complex I activity measurements is based on determination of the 

rotenone sensitive NADH oxidation rates specific for complex 1 The used assay actually 

reflects a disturbance in the electron transport from NADH to ubiquinone The possibility 

exists that not all patients with a malfunctioning complex I, due to conformational changes in 

the HP fraction of the complex, will be detected with the assay using ubiquinone as electron 

acceptor The use of alternative electron acceptors could be a of great importance in detecting 

conformational changes in the HP fraction 

Mutation detection of all nuclear complex I genes of the FP or IP fraction of the initially used 

20 fibroblast cell lines has also elucidated other nuclear complex I genes mutated Mostly 

substitutions of functional important amino acids, but also frame shift mutations and 

premature stop mutations have been found (table I) A homozygous five base-pair duplication 

(K158fs) has been found in the NDUFS4 gene of the IP fraction in one Leigh-like patient 

This mutation results in the destruction of an important active phosphorylation site in the 

NDUFS4 protein (Papa et al 1996) Moreover, a homozygous mutation (A341V) has been 

found in another pedigree in the NDUFV1 gene, encoding the NADH-binding protein of the 

FP fraction, presenting the phenotype complex-I-deficient leukodystrophy (Schuelke et al 

1999) Recently, three homozygous mutations (R228Q, P229Q, and S314P) were found in 

three out 20 complex-I-deficient pedigrees in the NDUFS2 protein of the IP fraction 

(Loeffen et al 2001) 

Summarizing, we found 7 different nuclear-encoded structural complex I gene mutations in 

7 out of 20 pedigrees initially used Although the number of patient is low we can speculate 

about a mutant percentage of about 35% 

Representative statistical data are still lacking to appoint the NDUFV1, NDUFS2, S4, 57, and 

S8 as potential hotspots for causing isolated complex I deficiency Except the mutation in the 

NDUFS4, all mutations concerned subumts present in the minimal active form of complex I 

as encountered in prokaryotes Evolutionary conserved complex I genes and the NDUFS4 

gene should be preferentially screened in genetically undiagnosed complex-I-deficient 

patients in future Towards this statement, we found other mutations, two compound 

heterozygous mutations (R59X and T423M), in the NDUFV1 gene in one additional pedigree, 

representing the phenotype complex-I-deficient leukodystrophy and myoclonic epilepsy 
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(Schuelke et al 1999) Furthermore, we also found a homozygous C to Τ transition and a 

homozygous G deletion, both leading to a premature stop (W97X and R106X) in two 

additional pedigrees in the NDUFS4 gene (Budde et al 2000) Except destruction of the 

phosphorylation of the NDUFS4 protein (Papa et al 1996), these mutations displayed besides 

a complex 1 deficiency also a mild complex III deficiency, which classifies those mutations as 

the cause for combined OXPHOS disorders Recently, the group of Sergio Papa found a G to 

A transition at nucleotide 44 of the coding sequence of NDUFS4, converting a tryptophan 

TGG codon into a TAG stop codon (Petmzzella et al 2001), making preferentially screening 

of this gene more important in case of complex I and complex III deficiency 

Evidence of pathogenicity of all nuclear mutations found (table 1) can be based on the co-

segregation of the mutation with the complex I deficiency within the family and their absence 

in a representative control population in all cases A reliable manner for proving the 

contribution of the mutations to the complex I deficiency, would be the use of expression of 

the wild-type cDNA in fibroblasts of the index patient Rescue of the complex I activity 

would prove the contribution of the mutation to the deficiency Using expression experiments 

of the wild-type cDNA, Au et al restored complex I activity in two Chinese hamster cell lines, 

both containing a mutated NDUFA1 cDNA (deletion and point mutation) (Au et al 1999) 

More mutation-specific evidence brought the work of the group of Brandt et al, who 

reconstructed the mutations found by our group in the NDUFS7 (this thesis) and NDUFS8 in 

the obligate aerobic yeast Yarrowia hpolytica (Ahlen et al 2000) Mitochondrial membranes 

from Y hpolytica strains carrying any of the NDUFS7 or NDUFS8 mutations exhibited severe 

complex I defects, with V(max) being reduced by about 50% All this may be arguments to 

assume a pathogenicity of the mutations described 

Mitochondrial genetic background of complex I deficiency 

The mitochondrial genome encodes 13 proteins of the OXPHOS system Mutational analyses 

of OXPHOS disorders were first concentrated on the mtDNA due to the easy accessibility and 

complete knowledge of the total mtDNA sequence Regarding isolated complex I deficiency a 

few mtDNA mutations are pointed to be the cause of the deficiency (listened in table I) 

Despite extensive screening of mtDNA alterations in complex-I-deficient cell lines, the defect 

could be related to mtDNA alterations in a percentage lower than 5% Different kinds of 

mtDNA alterations can be distinguished, rearrangements as well as point mutations. 

In case of complex I deficiency, mtDNA alterations have been localized in the mitochondnal-
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encoded structural complex I genes as well as in the mitochondrial tRNA genes Mutations in 

the mitochondrial tRNA genes will result in no, or disturbed , amino acid incorporation 

Based on differences in codon usage between mitochondrial structural genes of complex I, III, 

IV and V, the proteins which are most dependent on the mutated tRNA for protein elongation 

will be more affected Another reason why some tRNA mutations affect one respiratory chain 

enzyme activity preferentially is that they are often located adjacent to a subumt gene ofthat 

enzyme complex, and the mutation may affect processing of the polycistromc transcript 

(Bindoffet al 1993) The evidence of pathogenicity of mtDN A mutations is hardly to proof 

The mitochondrial DNA replication machinery exhibits no DNA repair system As a 

consequence, the mtDNA nucleotide sequences evolves 6 to 17 times faster than comparable 

nuclear DNA gene sequences (Brown et al 1979, Brown et al 1982) 

This has resulted in multiple nucleotide variants throughout the human populations During 

evolution several mtDNA continent-specific haplogroups can be distinguished In that way 

mtDNA sequence variation is mostly attributed to population-specific polymorphisms, rather 

than disease-causing mutations The evaluation of putatively pathogenic mutations in the 

mtDNA should include the analysis of a sufficient number of haplotype-matched controls 

(Lehtonen et al 1999), which can be hardly available Furthermore, mutated and wild-type 

mtDNA may coexist within a single cell, a phenomenon called heteroplasmy For some 

mtDNA mutations, a relation between the percentage of heteroplasmy and phenotype exists 

(MELAS, MERRF and NARP) (Chmnery et al 1997, Hammans et al 1993 Uziel et al 

1997),), whereas other mtDNA mutations lack such correlation (Ghosh et al 1996) 

Heteroplasmy may vary between individual patients as well as between different tissues of the 

same patient, making the prediction of chance on disease presentation more complicated 

(Chmnery et al 1997) Extensive statistical correlation studies are needed to speculate about 

the disease-causing effect of a new mtDNA mutation 

Cultured human fibroblasts lacking mitochondrial DNA (rho0 cells) could be used for proving 

a pathogenic mtDNA effect In case of pathologic mtDNA mutation, cell fusion of the patient 

cell line with a rho0 cell line will not lead to rescue of the complex I deficiency (Raha et al 

1999) Rescue of the defect after cell fusion will happen in case of a nuclear defect in the 

patient cell line The rho0 cell fusion technique comprehends the pathological effect of the 

total mtDNA Non-detected co-existing mtDNA mutations can interfere with the result of this 

technique 
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Based on the mutational analysis of the ND genes of complex I it has been confirmed that at 

least in childhood pathogenic mutations in those genes seem to be rare Generally, in the 

majonty of OXPHOS system affected children (>90%) mtDNA mutations will not be 

encountered (Shojfner 1996) 

To complete the mutation detection program of all structural complex I genes, the total coding 

regions of the mitochondrial ND genes of 13 out of the 20 patient cell lines initially used, in 

which the genetic cause of the complex I deficiency could not be related to mutations in the 

nuclear structural genes or the most common complex-I-deficient related mtDNA mutations, 

have been sequenced As expected, a large group of mtDNA nucleotide variants were found 

All mtDNA missense alterations found were present in the mtDNA databases of the National 

Center for Biotechnology Information or MITOMAP, assuming that these alterations 

represent sequence polymorphisms In 1 out 13 cases (totally 1 out of 20), we found an amino 

acid substitution in the ND6 protein which is not present in the available mtDNA databases 

The process to prove the pathogenicity of this alteration in relation to the complex I 

deficiency is still in progress 

Summarizing, as a result of an extensive mutation detection program of all nuclear- and 

mitochondnal-encoded structural complex I genes it became clear that in case of isolated 

complex I deficiency, pathogenic mutations are found in approximately 40% (35% nuclear 

and <5% mitochondnal) In the majonty (~60%) of the cases, complex I deficiency can not be 

related to mutations in the structural genes of the complex We anticipate that mutations in 

genes involved in regulation of transcription, translation, nucleo-mitochondnal targeting, 

mitochondnal import and biogenesis or assembly, may lead to the complex I deficiency in 

those remaining patients The identification and characterization of the non-structural genes 

involved in the pathogenesis of complex I deficiency and mutation detection of them in the 

remainder "unsolved" patient group will be an important objective for further research 
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Table 1 Biochemical function and pathogenic relation of nuclear and mitochondrial structural genes and 

mitochondrial tRNA genes in complex I deficiency. 

Complex I gene / 
Fraction 

Biochemical 
aspects 

Reported mutation Phenotypic 
presentation 

Reference 

nDNA-encoded 

Structural genes 

NDUFA9(UP) 

NDUFAB1 (HP) 
NDUFS2 (IP) 

NDUFS4 (IP) 

NDUFS7(W?) 

NDUFS8 (HP) 

NDUFV1 (FP) 

NDUFV2 (FP) 

NAD(P)H 
reductase/isomerase 
acyl carrier protein 

cAMP dependent 
phosphorylation 

4Fe^S cluster (N2) 

possibly 2 χ 4Fe^S 
clusters 

NADH binding 
FMN binding 

4Fe-4S cluster (N3) 
2Fe-2S cluster (Nla) 
4Fe-4S cluster (N4) 

G-protein 

--

-
S314P 
A228Q 
P229Q 

Sbpdupl K158fs 
W97X 
R106X 
W15X 

V122M 

P79L/R102H 

A341V 
R59X/T423M 

--

-
cardiomyopathy 

and 
encephalomyopathy 

Leigh-like 

Leigh syndrome 

Leigh syndrome 

leukodystrophy and 
myoclonic epilepsy 

Schulte et al. 1999 

Runswicketal. 1991 
Loeffen et al. 2001 

Budde et al 2000 
Papaetal 1996 

Petruzzella et al 2001 
van den Heuvel et al 1998 

Ohnishi 1998 
Triepelsetal. 1999 

Procaccio et al. 1997 
Loeffen et al 1998 

Ohnishi 1998 
Schuelkeetal 1999 

Hattonetal. 1995 
Hegde 1998 

Ohnishi 1998 

mtDNA encoded 

Structural genes 

ND1 (HP) 

ND4 (HP) 

ND5 (HP) 
ND6 (?) 

tRNAs 

t R N A l e u ( U U R , 

t R N A , c u , U U R , 

t R N A , C u , U U R , 

t R N A . e u , U U R , 

t R N A l e U ( U U R , 

tRNAlys 

tRNAlys 

rotenone and 
ubiquinone binding 

rotenone and 
ubiquinone binding 

--
--

amino acid transfer 
amino acid transfer 
amino acid transfer 

amino acid transfer 
amino acid transfer 
amino acid transfer 
amino acid transfer 

A52T (G3460A) 
Y30H (T3394C) 

R340H(G11778A) 

D293N(G13513A) 
A72V1 (G14459A) 
M64V(T14484C) 

A3243G 
T3250C 
T3251G 

T3271C 
T3303T 
A8344G 
T8363A 

LHON 
Long QT syndrome 

LHON 

MELAS, LHON 
Leigh syndrome 

LHON 

MELAS 
isolated myopathy 

myopathy and lactic 
acidosis 
MELAS 

isolated myopathy 
MERRF 
MERRF 

Earleyetal 1987 
Huoponenetal 1991 
Matsuokaetal 1999 

Degli Esposti et al. 1994 
Bolhuis et al. 1990 
Pulkes et al. 1999 

Junetal. 1994 
Oostraetal. 1995 

Goto 1993 
Ogle et al 1997 

Houshmand et al. 1996 

Kirbyetal. 1999 
Kirbyetal. 1999 

Shoffneretal 1990 
Arenas et al 1999 

No biochemical function or pathogenic mutations are found in the structural complex I genes not mentioned. 

For complete composition of complex I see introduction. 

? = unclassified complex I subunit; LHON = Leber's Hereditary Optic Neuropathy; MELAS = Mitochondrial 

Encephalomyopathy, Lactic Acidosis and Stroke-like episodes; MERRF = Myoclonic Epilepsy with Ragged Red 

Fibres 
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Complex 1 assembly and complex I deficiency. 

Western- and immunoblotting approaches, have already revealed different assembly patterns 

of cytochrome c oxidase (Coenen et al 1999, von Kleist-Retzow et al 1999) In case of 

complex I deficiency, Procaccio et al defined two different subunit profiles in two complex-

I-deficient patients, whose cell lines expressed different amounts of the NDUFV1 and 

NDUFV2 proteins (Procaccio et al 1999) We showed that Western blotting in combination 

with sucrose gradient studies of native complex I and enzymatic activity measurements in 

fibroblasts, may help to distinguish assembly and non-assembly defects In case of established 

structural complex I gene alterations, we could distinguish between mutations in different 

complex I subumts based on specific complex assembly patterns In the group of patients with 

an expected non-structural gene defect, responsible for the complex I deficiency, we showed 

that at least in one cell line complex I biogenesis is hampered, indicating that this cell line 

represents a good candidate for having a defect in a complex I biogenesis factor This and the 

fact that different mutations in the same structural complex I gene are shown to give similar 

subunit profiles represent a good standard for characterization of complex I assembly profiles 

prior to genetic analysis in newly diagnosed complex-I-deficient patients Two different 

homozygous mutations in the NDUFS4, a premature stop shortening the mature protein from 

175 amino acids to 79 amino acids and a frameshift mutation elongating the mature protein 

with 14 amino acids, showed specific disturbed complex I subunit profiles with the used 

antibodies (chapter VII). Lack of knowledge of the exact antibody recognition sites limits the 

insight concerning the incorporation of the altered NDUFS4 protein in the complex So, it 

remains unclear whether the incorporation of the individually altered NDUFS4 subunit or just 

the complete lack of NDUFS4 incorporation in the complex makes the profiles equal Two 

different homozygous amino acid substitutions in the NDUFS2 gene (S413P and R228Q) 

showed also identical complex I subunit profiles NDUFS2 specific antibodies are needed 

also to investigate incorporation of the mutated NDUFS2 subunit in affected cell lines. 

Production of human complex I subunit specific antibodies is still in progress and will offer 

possibilities for further research 
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Future perspectives 

Despite extensive gene characterization and mutational studies it seems that the complexity of 

mitochondrial OXPHOS disorders, particularly complex I defects, is just beginning to be 

understood at the molecular level. In complex I deficiency the molecular basis of disease in 

most patients (~ 60%) is still not known, and further research will be needed to clarify these 

genetic defects. 

It seems that the cellular processes of gene expression, targeting, and mitochondrial import of 

nuclear-encoded proteins, as well as the correct assembly of subunits into (super)complexes 

may be responsible for the complex I deficiency. 

Non-structural complex I genes coding for proteins involved in regulation of the complex, or 

incorrect three-dimensional synthesis of FMN and iron-sulphur clusters, may be important in 

relation to complex I deficiency. Even proteins involved in nuclear-mitochondrial 

communication and expression of the mitochondrial genome have to be added to possible 

candidate genes. Finding genes encoding non-structural proteins involved in the complete 

assembly of functional complex I will be the main goal of future research, opening the 

possibilities of understanding genotype-phenotype relations, which are poorly understood, 

and new genetic approaches for diagnosis. Many strategies have to be followed in finding 

those genes responsible for complex I deficiency. 

Patient characterization 

An obvious question is whether there is only one major gene or many genes involved in the 

complex I deficiency in the patients with an expected non-structural complex I gene mutation. 

This can be addressed by determining the number of patient complementation groups. Fusion 

of "unsolved" or future patient cell lines with mtDNA depleted rho" cells can be used to rule 

out mtDNA mutations. This approach should lead to rescue of complex I deficiency in case of 

a nuclear cause, while in case of a mtDNA defect no recovery will take place. After fusion of 

fibroblasts from individual patients in which mtDNA defects have been ruled out, rescue of 

the complex I activity will not occur in cases where both cell lines harbor mutations in the 

same gene, while rescue (or complementation) will take place when different genes are 

involved. Protein-based approaches like Western blotting in combination with monoclonal 

antibodies against different complex I subunits distinguish between mutations in different 

subunits. This technique allows "unsolved" patients to be sorted as in genetic 

complementation studies. With further screening of patients, a group of possible complex I 

assembly factor mutants can be collected. 
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Cell-mediated chromosome transfer 

Patient groups harboring a defect in the same nuclear gene could be optimally used for more 

accurate cell-mediated chromosome transfer Determination of the chromosomal localization 

of the gene defect in "unsolved" patients may be possible by rescue the phenotype by 

functional complementation with the wild-type human chromosome by microcell-mediated 

chromosome transfer in the patients fibroblasts A panel of stable monochromosomal 

human rodent hybrid cell lines containing human chromosomes with a dual selection marker 

can be used as the source of the donor chromosome by cell fusion with patient fibroblasts 

Functional complementation may be judged by enzymatic complex I measurements and/or 

complex I biogenesis rescue determined by Western blotting with complex I specific 

monoclonal antibodies To refine the map position of the defective gene on a specific 

chromosome, deleted versions of this chromosome can be introduced Polymorphic 

microsatelhte markers could be used to compare the inheritance of DNA markers of the 

complementing chromosomal part with the inheritance of a potential disease-causing gene 

within a family Co-inheritance of the disease-causing gene and the markers suggests that they 

are physically close on the chromosome This linked DNA can be used as the starting point to 

refine the DNA closer to the gene Information of human databases can be used to screen the 

region for the presence of candidate genes, and direct DNA sequencing could lead to the gene 

in question Probable candidate genes will be amplified by PCR and tested for mutations 

regarding the observed complex I deficiency 

This technique has proved to be successful in defining a new class of gene defects in 

cytochrome c oxidase (complex IV) deficiency, such as the SURF-\ gene 

(Tiranti et al 1998, Zhu et al 1998) 

Cyber cloning 

Interesting human gene counterparts of Complex 1 Intermediate Associated (CIA) assembly 

proteins, such as CIA30 and CIA84 (Kußher et al 1998) can be established by cyber cloning 

DNA sequences of assembly proteins of lower eukaryotic species like Ν crassa, could be 

used as probes for computerized library screening of human DNA databases Probable 

candidate genes can be amplified by PCR and tested for mutations This technique proved to 

be successful for defining mutations in the SCOI and SC02 complex IV assembly genes 

(Papadopoulou et al 1999, Vainot et el 2000) 
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Micro- array technique 

Investigation of the steady state levels of structural complex I transcripts by Northern blot 

analyses would give specific information about aberrant expression levels RT-PCR and 

mutational analyses will not detect altered levels of transcripts 

A potential and comprehensive solution could be brought by the DNA micro-array technology 

(Chee et al 1996) for simultaneous studies of gene expression Large groups of mitochondnal 

mRNA sequences can be tested simultaneously by hybridizing patient and relevant control 

samples Micro- array techniques provide advantages through screening of individual gene 

expression of groups of patients Expression differences of individual genes or gene groups 

could give more insight in complex I deficiency related gene expression patterns 

Animal models 

Better understanding of the pathogenesis of complex I deficiency and devising therapies may 

be gained by studying specific animal models Both mtDNA and nDNA knockout mice could 

create great possibilities for obtaining affected tissues like heart, brain, and liver, which are 

often affected in patients but difficult to obtain The access of diverse tissues can be of 

additional importance in studying the pathological aspects of complex I deficiency 

Cell-biological studies 

Since inhibition of complex I has been linked to apoptosis (Higuchi et al 1998), the role of 

complex I deficiency in the apoptotic pathway could be studied in tissues affected in patients 

Fluorescent labeled antibodies against cellular activated caspases could be used in gaining 

insight in the way the mitochondrial apoptotic pathway is involved in case of complex I 

deficiency (Tatton and Chalmers-Redman 1998) 

Disturbance of the cytosolic and mitochondrial calcium handling could be studied using 

confocal microscopy and specific cellular Ca2+ probes The uptake of calcium, needed for 

activation of the mitochondnal metabolism, is strongly dependent on mitochondrial 

membrane potential, which can be reduced in complex I deficiency (Rizzuto et al 1998). The 

role of calcium in complex I deficiency will probably be an important future topic 

Extensive studies have already provided a big step towards understanding the molecular and 

cellular pathology related to complex I deficiency and OXPHOS disorders in general 

(Smeitmk et al 2001), but a long unpredictable way is still in front of us 
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In humane cellen wordt energie aangemaakt in de vorm van adenosine trifosfaat (ATP). Het 

merendeel van de ATP-hoeveelheid wordt aangemaakt via het proces van de oxidatieve 

fosforylering. Oxidatieve fosforylering vindt plaats in de mitochondriën, een 

dubbelmembraanstructuur in het cytosol van de cel. Het oxidatieve fosforyleringssyteem 

bestaat uit vijf enzymcomplexen (complex I t/m V), gesitueerd in de binnenmembraan van het 

mitochondrion (figuur 1 in hoofdstuk I). Complex I t/m IV, tezamen ook wel de 

ademhalingsketen of elektronentransportketen genaamd, voorzien in het transport van 

elektronen van NADH en FADH2 naar zuurstof. De energie die hierbij vrijkomt wordt 

gebruikt voor de aanleg van een protonengradiënt over de mitochondriële binnenmembraan. 

Complex V gebruikt deze gradiënt voor de omzetting van ADP + P, naar ATP. Het 

voorkomen van stoornissen in de mitochondriële energieproductie bij de mens bedraagt naar 

schatting 1:10.000. Frequent worden dergelijke stoornissen, leidend tot een verlaagde 

cellulaire ATP-aanmaak, veroorzaakt door een deficiënte activiteit van het eerste 

enzymcomplex van de mitochondriële ademhalingsketen, complex I of NADH 

dehydrogenase. Patiënten met een deficiëntie van complex I overlijden vaak op jonge leeftijd. 

De klinische symptomen van de patiënten zijn over het algemeen zeer divers en meestal zijn 

de spieren en hersenen aangedaan (mitochondriële encephalomyopathie). Tot dusver zijn er 

nauwelijks therapeutische mogelijkheden en de enzymatische prenatale diagnostiek is niet 

100% betrouwbaar. Voor adequate prenatale diagnostiek en genetische counseling is inzicht 

in de genetische oorzaak noodzakelijk. Bij de start van dit onderzoek was bij het merendeel 

van de patiënten met een complex I deficiëntie de genetische oorzaak onbekend. 

NADH dehydrogenase, bestaat uit 42 afzonderlijke eiwitten (subunits) die uiteindelijk tot één 

complex in de mitochondriële binnenmembraan worden geassembleerd. Zeven subunits 

worden door het mitochondriële DNA (mtDNA) gecodeerd en in het mitochondrion 

gesynthetiseerd. De overige 35 subunits worden door het kem- of nucleair-DNA (nDNA) 

gecodeerd, in het cytoplasma gesynthetiseerd en geïmporteerd in het mitochondrion. 

Driedimensionaal gezien vormt het geheel een L-vormige structuur met een 

intramembraandeel in de mitochondriële binnenmembraan en een extramembraandeel in de 

mitochondriële matrix. Het complex koppelt de oxidatie van NADH met de reductie van 

ubiquinone, de eerste stap in de oxidatieve fosforylering. Hierdoor worden elektronen via een 

flavin mononucleotide (FMN) prosthetische groep en 2- en 3-waardig ijzer, aanwezig in het 

complex in de vorm van ijzer-zwavel clusters, van NADH naar ubiquinone getransporteerd. 
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De energie die hierdoor vrijkomt wordt door het enzymcomplex gebruikt om bij te dragen in 

de aanleg van een protonengradiënt over de mitochondriële binnenmembraan. 

Door de bi-genomische oorsprong van het complex kan de genetische oorzaak van een 

complex I deficiëntie zowel in het mitochondriële DNA (mtDNA) alsook in het nucleaire 

DNA (nDNA) gelegen zijn. Bij de aanvang van dit onderzoek waren reeds enkele mtDNA 

mutaties geassocieerd met complex I deficiëntie. Echter een groot deel van de complex I 

defecten is door veranderingen in het mtDNA niet te verklaren. Het Nijmegen Centrum voor 

Mitochondriële Ziekten is daarom met een onderzoek van start gegaan, gericht op de detectie 

van mogelijke mutaties in de nucleaire structurele genen van complex 1. Door de link te 

leggen naar bekende nucleaire complex I genen van andere species (zoals het rund) en DNA 

databanken is een groot aantal (22 in totaal) tot dan toe onbekende humane nucleaire complex 

I gen- en/of cDNA-sequenties in Nijmegen gekarakteriseerd. Door gebruik te maken van 

geavanceerde technieken zoals "DNA sequencing" en "Single Strand Conformation 

Polymorphism" analyse kunnen humane nucleaire complex I cDNA-sequenties van een 

populatie complex-I-deficiënte patiënten vergeleken worden met wildtype-sequenties om 

genmutaties aan te tonen. Genen die coderen voor eiwitten die een belangrijke rol vertolken 

met betrekking tot de functie van het totale complex, zoals de 14 evolutionair geconserveerde 

bouwsteeneiwitten van complex I van Escherichia coli, eiwitten met een NADH 

bindingsplaats en FMN groep of ijzer-zwavel clusters, zijn als eerste onderworpen aan 

mutatiedetectie. 

De in dit onderzoek bestudeerde patiëntenpopulatie bestaat uit 20 complex-I-deficiënte 

patiënten, waarbij de eerste klinische symptomen zich voor het 2de levensjaar openbaarde. 

Biochemisch is bij alle patiënten een geïsoleerde complex I deficiëntie vastgesteld in 

gekweekte fibroblasten en bij het merendeel van de patiënten ook in skeletspierweefsel. 

Een eventuele genetische bijdrage van het mtDNA aan de geïsoleerde complex I deficiëntie is 

in eerste instantie onwaarschijnlijk gemaakt door de aan complex I dysfunctie gerelateerde 

mutaties en grote deleties of inserties in het mtDNA uit te sluiten. Bovendien is het 

overervingspatroon van het ziektebeeld in de patiëntenfamilies in grote mate autosomaal-

recessief, hetgeen een nucleair gendefect voorspelt. Voor mutatiedetectie is gebruik gemaakt 

van het RNA geïsoleerd uit fibroblasten van de patiënten. 

Het in dit proefschrift beschreven onderzoek vormt een onderdeel van een grootschalig 

onderzoek in ons centrum, gencht op de karakterisatie van alle nucleair gecodeerde 

structurele eiwitten van complex I en mutatiedetectie van deze genen bij complex I 
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deficiëntie. In dit proefschrift ligt de nadruk op de hydrofobe eiwitten van het membraandeel, 

waarmee complex I in de mitochondriële binnenmembraan is verankerd. 

In hoofdstuk II is de karakterisatie met betrekking tot de cDNA- en eiwitsequentie, 

chromosomale lokalisatie en weefselexpressie alsmede de mutatiedetectie beschreven van het 

nucleair gecodeerde complex I gen, NDUFA8. 

Het NDUFA8 gen codeert voor een hydrofoob complex I eiwit dat door aanwezigheid van een 

Fe-S cluster mogelijk betrokken is bij het transport van elektronen door het complex. Dit 

maakt het NDUFA8 gen een rationele kandidaat voor mutatiedetectie in de beschreven 

patiëntenpopulatie. Er zijn geen mutaties in dit gen gevonden die de deficiënte activiteit van 

complex I in de patiënten kunnen verklaren. Wel is een, tot dan toe onbekend, normaal 

voorkomend polymorfisme in dit gen beschreven. 

In hoofdstuk III is de volledige karakterisatie en mutatiedetectie beschreven van een ander 

gen, het NDUFABl gen, coderend voor een hydrofoob complex I eiwit. De recombinante 

giststam Neurospora crassa, waarbij de tegenhanger van het humane NDUFABl gen (nuo9.6) 

is uitgeschakeld, laat een duidelijk verlaagde complex I assemblage zien. Dit en het feit dat 

het NDUFABl gen codeert voor een "acyl carrier protein" en mogelijk betrokken is bij de 

binding van vetzuren en polypeptide biosynthese, maken dit gen eveneens een rationele 

kandidaat om verantwoordelijk te zijn voor de gedetecteerde complex I deficiëntie. Er zijn 

echter geen mutaties en polymorfismen aangetroffen in dit gen in de bestudeerde 

patiëntenpopulatie. 

Voorafgaande aan verdere mutatiedetectie zijn in hoofdstuk IV de cDNA sequenties- en 

eiwitsequenties beschreven van een 8-tal humane nucleaire structurele complex I genen. De 

beschreven genen, NDUFA3, NDUFA7, NDUFA10, NDUFB2, NDUFB4, NDUFB8, 

NDUFB10 en NDUFC2, coderen allen voor hydrofobe complex I bouwstenen. Verder is de 

evolutionaire conservering beschreven en is gespeculeerd over de functionele aspecten van de 

betreffende eiwitten. 

In hoofdstuk V is de karakterisatie van alle structurele nucleaire genen van humaan complex 

I afgerond met de beschrijving van het NDUFB7 gen en het gen coderend voor het 17.2-kDa 

eiwit. Bovendien is de mutatiedetectie van 19 genen, coderend voor eiwitten van het 

hydrofobe intermembraandeel van complex I, beschreven. Er zijn geen complex I deficiëntie 

gerelateerde mutaties in deze genen waargenomen. 

In hoofdstuk VI is de mutatiedetectie van een reeds eerder beschreven kemgecodeerd 

structureel complex I gen beschreven, het NDUFS7 gen. Het NDUFS7 gen codeert eveneens 

voor een hydrofoob complex I eiwit dat met de aanwezigheid van een Fe-S cluster (N2) reeds 
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een bewezen bijdrage levert aan het transport van elektronen door het complex. In dit gen is 

een mutatie beschreven, homozygoot aanwezig in twee broertjes van één familie uit de 

bestudeerde patiëntenpopulatie. Het betreft een aminozuursubstitutie van een evolutionair 

geconserveerd valine residu in het NDUFS7 eiwit. 

In hoofdstuk VII is de bestudering van de assemblage van complex I in gekweekte 

fibroblasten van de onderzochte patiënten met behulp van Western blots met complex I 

specifieke antilichamen en sucrosegradiënt-studies beschreven. Aangetoond is dat op één na 

alle onderzochte complex-I-deficiënte patiëntencellijnen een duidelijk verstoorde assemblage 

van complex I vertonen. In totaal zijn 11 patiëntcellijnen onderzocht, 4 met een 

ongedefinieerd genetisch defect en 7 met gedefinieerde genmutaties in de structurele 

kemgecodeerde complex I genen {NDUFVl(\ patiënt), NDUFS2 (2 patiënten), NDUFS4 (2 

patiënten), NDUFS7( 1 patiënt) and NDUFS8( 1 patiënt)). Met behulp van Western blots met 

antilichamen kon onderscheid gemaakt worden tussen katalytische en assemblage defecten 

van complex I. Bovendien konden mutatiespecifieke assemblagepatronen onderscheiden 

worden, hetgeen classificatie van complex I defecte cellijnen mogelijk maakt. Door middel 

van sucrosegradiënt-centrifugatie en mutatie analyse is aangetoond dat tenminste 1 cellijn een 

potentiële kandidaat is voor een assemblagedefect dat mogelijk veroorzaakt wordt door een 

mutatie in een gen dat niet codeert voor één van de structurele bouwstenen van complex I. 

Uitgebreide karakterisatie van alle nucleaire structurele genen van complex I heeft een 

potentiële bijdrage geleverd aan de kennis en inzicht in de compositie van dit 

indrukwekkende enzymcomplex. Mutatiedetectie van deze genen in een 20-tal complex-I-

deficiënte patiënten heeft ertoe bijgedragen dat het genetisch defect kon worden gelokaliseerd 

in ongeveer 40% (35% in de nucleaire genen en ongeveer 5% in mitochondriële genen). In de 

grootste groep patiënten, ongeveer 60%, kan de biochemische geïsoleerde complex I 

deficiëntie niet gerelateerd worden aan veranderingen in de structurele bouwstenen van het 

complex zelf. Voor de opheldering van het genetisch defect in deze patiënten zal toekomstig 

onderzoek nodig zijn. Celfusie-experimenten van twee verschillende patiëntcellijnen stelt ons 

in staat te achterhalen of de oorzaak van de complex I deficiëntie ten grondslag ligt aan 

mutaties van één en hetzelfde gen of verschillende genen. Herstel van de complex I activiteit 

zal plaatsvinden wanneer twee verschillende genen in de patiënten verantwoordelijk zijn voor 

de complex I deficiëntie. Met behulp van deze techniek is het mogelijk de patiënten in te 

delen in genetische complementatiegroepen. De "microcell-mediated chromosome transfer" 

techniek stelt ons in staat om wildtype-chromosomen één voor één in te brengen in een 
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patientencellijn Herstel van de complex I activiteit betekent dat het "verantwoordelijke" gen 

op het wildtype-chromosoom ligt dat in de cel is gebracht Door op gelijke wijze delen van 

het desbetreffende chromosoom in te brengen kan een meer precieze lokalisatie van het gen 

op het chromosoom verkregen worden Met behulp van "positional cloning", kan het gen 

uiteindelijk worden gekaraktenseerd Studies ter verkrijging van een beter inzicht in de 

pathoiysiologische consequenties van gevonden mutaties, met betrekking tot verandenngen in 

de mitochondnele membraanpotentiaal, de cellulaire calciumhuishouding en het optreden van 

apoptose, kunnen van groot belang zijn voor de ontwikkeling van rationele therapieën 

Toekomstig onderzoek zal meer inzicht verschaffen in de genetische en biochemische 

aspecten van complex I deficiëntie 
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Abbreviations 
ACP Acyl Carrier Protein 
ADP adenosine diphosphate 
ATP adenosine triphosphate 
BLAST Basic Local Alignment Search Tool 
bp base pair 
CAOS/CAMM See CMBI 
cDNA complementary DNA 
CMBI Centre for Molecular and Biomolecular Informatics (before 2000 CAOS/CAMM) 
COX Cytochrome c oxidase 
CSF cerebrospinal fluid 
CT computed tomography 
dCTP deoxycytidine triphosphate 
EPR Electron Paramagnetic Resonance imaging 
EST Expressed Sequenced Tag 
ETC Electron Transfer Chain 
FAD Flavin Adenine Dinucleotide 
FADHj Flavin Adenine Dinucleotide (reduced form) 
Fe-S Iron-Sulphur 
FILA Fatal Infantile Lactic Acidosis 
FMN Flavin mononucleotide 
FP Flavo Protein 
HP Hydrophobic Protein 
IP Iron-sulphur protein 
kb kilobase 
kDa kiloDalton 
L/P Lactate Pyruvate ratio 
LHON Leber's hereditary optic neuropathy 
LLS Leigh-like syndrome 
LS Leigh syndrome 
MELAS Mitochondrial encephalomyopathy, lactic acidose and stroke-like episodes 
MERRF Myoclonic Epilepsy with Ragged Red Fibres 
mM millimolar 
mmol/1 millimol per litre 
Mr calculated molecular weight 
MRI Magnetic Resonance Imaging 
MRS Magnetic Resonance Spectroscopy 
mRNA messenger RNA 
mtDNA mitochondrial DNA 
mU milli Units 
NAD Nicotinamide Adenine Dinucleotide 
NARP Neurogenic muscle weakness, Ataxia and Retinitis Pigmentosa 
NCBI National Centre for Biotechnology Information 
ND NADH Dehydrogenase 
NDUF NADH Dehydrogenase Ubiquinone Flavoprotein 
nDNA nuclear DNA 
NIGMS National Institute of General Medical Science 
Nuo NADH:ubiquinone oxidoreductase 
OD Optic Density 
OMIM Online Mendelian Inheritance in Man 
ORF Open Reading Frame 
OXPHOS Oxidative Phosphorylation 
PCR Poly Chain Reaction 
PDHc Pyruvate Dehydrogenase complex 
PMSF Phenylmethylsulfonyl fluoride 
poly a polyadenylation 
RT reverse Transcriptase 
SSCP Single Strand Conformation Polymorphism 
STS Sequence Tagged Site 
tRNA Transfer RNA 
UTR Untranslated regions 
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Copromotor dr. Bert van den Heuvel 

Beste Bert, mede jouw idee om complex I te gaan bestuderen is een gouden keus gebleken 

Als biochemicus / moleculair bioloog en drijfveer was je onmisbaar voor dit onderzoek Het 

is uitzonderlijk te noemen hoe we soms met "vallen en snel weer opstaan" dit werk voor 

elkaar hebben gekregen Jouw veelbesproken drukte heb ik nooit begrepen, voor mij had je 

altijd tijd, zelfs voor leerzame therapeutische gesprekken Bedankt voor alles 
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Dankwoord 

Prof. dr. R. Capaldi: 

Dear prof Capaldi, it was a great honor for me to get the opportunity to work at your 

department of the University of Oregon. In this way I could go through "scientific America" 

for a while and this has extended my experience and has improved my knowledge a lot. 

Thanks for the more than nice collaboration and the work done. 

Dr. Mike Marusich: 

Dear Mike, the words I addressed to prof. Capaldi can also be used for you. Your knowledge 

about antibodies and your Western Blot facility was essential for me to do the work. The way 

in which you and your family showed me the life of Oregon was impressive, that I will never 

forget. Thank you very much. 

Bonnie Hanson: 

Dear Bonnie, thanks for you willingness to combine your work with mine, which completed 

the work towards a nice publication. I am sure that it was more work than you had expected in 

the first place. Thank you for the work you did to improve our paper in the way it still exists. 

Dr. (ja ja) Jan Loeffen: 

Beste Jan, zoals jij al eerder schreef hebben wij, als "concurrenten", onze goede 

samenwerking, op verwaarloosbare meningsverschilletjes na, weten om te zetten in een fraai 

stukje werk. Ik kan me daar alleen maar bij aansluiten. Ik heb veel aan jouw aanwezigheid 

gehad, bedankt en succes met je verdere carrière. 

Roel Smeets: 

Beste Roel, zowel jouw enthousiasme als jouw betrokkenheid met dit onderzoek hebben mij 

veel geholpen. Jij als "computerfreak" hebt de informatie uit de toegankelijke DNA 

databanken goed weten te combineren met het onderzoek, hetgeen een gouden stap gebleken 

is. Bovendien fungeerjij uitstekend als vraagbaak op DNA-gebied en bieren (werkwoord). 

Het was meer dan prettig om bijna vier jaar naast jou te zitten, zeker omdat we "landgenoten" 

zijn! Ik ben ervan overtuigd dat jij een graag geziene analist zult blijven. Vanzelfsprekend ben 

je één van mijn paranimfen, eveneens bedankt hiervoor. 

Sandra Heil: 

Beste Sandra, ondanks het feit datje werkzaam bent in een andere researchgroep, was je altijd 

een nauw betrokken, meelevende en vooral aangename collega op het DNA-lab. Sinterklaas 

concludeerde eens dat onze humor in de verste verte geen raakvlakken kent, maar in ander 

opzicht komen onze meningen meer overeen. Jouw werkijver is benijdenswaardig en zeker 

een succesgarantie voor je verdere carrière. Bij deze, succes en bedankt datje mijn paranimfe 

wilde zijn. 
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Dankwoord 

Collegae onderzoekers lab Kindergeneeskunde: 

Allereerst wens ik mijn directe collegae van de spiergroep (Anniek, Cann B, Enk, Francois, 

Henk-Jan, Jan, Maneke, Markus, Roel, Rolf en Sandy) te bedanken voor de prettige 

samenwerking Iwan, Leo, Nathalie en Sandra H verdienen als naaste collegae van het DNA-

lab eveneens een speciaal woord van dank Alle ovenge onderzoekers van het laboratorium 

Kindergeneeskunde (Belinda, Brenda, Connie, Enk S, Jacqueline, Kann A, Kann L, Lydia, 

Maarten, Manje, Marjan, Marouska, Petra en Sander) hebben zeker een bijdrage geleverd aan 

mijn tijd op het lab Kindergeneeskunde Als groep hebben we laten zien dat we goed met 

elkaar kunnen discussieren, goed kunnen samenwerken, gezellig kunnen stappen, goede 

verjaardagspartijen met elkaar kunnen vieren (met alle toeters en bellen erop en eraan) en 

daarbij ook nog succesvol zijn Allen bedankt en succes met jullie verdere camere 

Studenten: 

Alle studenten (Bianca, Cecilia, Gracia en Manje (alweer')) wil ik bedanken voor hun inzet 

die zij hebben getoond om mijn onderzoek een extra dimensie te geven Jullie hebben mij 

laten zien dat het geven van goede begeleiding een behoorlijke klus is 

Spiergroep enzymdiagnostiek: 

Anneke, Antoon, Berendien, Chnstine, Diana en Liesbeth, jullie hadden misschien wel als 

eerste genoemd moeten worden in dit dankwoord Zonder jullie expertise en werk had ik dit 

dankwoord zeker nooit kunnen schrijven Bedankt 

Weefselkweek: 

Beste Frans, Gera, Irma, Janette en Mananne, mijn komst was voor jullie alweer een extra 

belasting Toch was er steeds tijd voor de hulp die ik nodig had Bedankt 

Frans Ζ en Maja 

Zonder jullie was het leven op het lab gewoon een zooitje 

Collegae lab K+N: 

Het moge duidelijk zijn dat éénieder die met met naam genoemd wordt wel degelijk deel uit 

maakt van dit hoofdstuk Ik wil iedereen bedanken voor de bijdrage, op welke wijze dan ook 

geleverd, aan mijn promotietijd Het getoonde enthousiasme en meeleven van velen van jullie 

bij het verkrijgen van mijn huidige baan heeft diepe indruk op mij gemaakt 

Ouders 

Pa en Ma, jullie gewilligheid mij door dik en dun te steunen tijdens mijn studie is voor mij de 

absolute basis gebleken voor dit proefschnft Dit draag ik mijn verdere leven met me mee, 

Bedankt 
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Dankwoord 

Mijn grote zusje en broertje 

Door blijk te geven van het feit dat wij elkaar het beste wensen maakt meer indruk op mij dan 

jullie waarschijnlijk beseffen Bedankt nog voor de inrichting van mijn studentenkamer 

Bijna schoonouders 

Jullie hebben zeker ook een bijdrage geleverd door ons te steunen en zeker niet te 

belemmeren in onze beslissingen Sorry, dat jullie enige dochter mede door mijn bestaan 

Limburg verliet 

Sandra 

De manier waarop JIJ alle touwtjes aan elkaar knoopt is grandioos te noemen Het feit dat JIJ 

op iedere locatie in Nederland aan je camere kunt werken zegt mij dat anderen daar ook zo 

over denken Hoe het voelt een kanjer als jou naast mij te hebben staan is met op papier uit te 

drukken, ik ga er niet eens aan beginnen Wanneer vraagje me nu eens eindelijk ten 

huwelijk9 

en bedankt he 

Ralf 

140 



Curriculum vitae 

Curriculum vitae 

De schrijver van dit proefschrift werd geboren op 1 maart 1969 te Schaesberg (Landgraaf). 

Van 1981 tot 1985 was hij leerling aan de Rooms katholieke MAVO St. Petrus en Paulus te 

Schaesberg. Geobsedeerd door laboratoriumproefjes verkoos hij van 1985 tot 1990 het 

Middelbaar Laboratorium Onderwijs te Sittard als vervolgstudie, met klinische chemie en 

hematologie als specialisatie (stage: Klinisch Chemisch en Hematologisch Laboratorium, 

Atrium Medisch Centrum Heerlen). Geïnteresseerd in research besloot hij zijn studie van 

1990 tot 1994 te vervolgen aan het Hoger Laboratorium Onderwijs van de Hogeschool 

Heerlen, met biochemie als specialisatie (stage: Laboratorium Medische Microbiologie, 

Academisch Ziekenhuis Maastricht). Zijn interesse in moleculaire biologie en klinische 

chemie deed hem doen besluiten zijn studie van 1994 tot 1997 te vervolgen aan de faculteit 

biologie van de Katholieke Universiteit Nijmegen, met als hoofdvak moleculaire biologie 

(stage: Vakgroep Moleculaire Biologie, Katholieke Universiteit Nijmegen (prof. dr. R.N.H. 

Konings)) en bijvak klinische chemie (stage: Centraal Klinisch Chemisch Laboratorium, 

Universitair Medisch Centrum St. Radboud (prof. dr. J.L. Willems)). Van 1997 tot 2001 

werkte hij op het laboratorium Kindergeneeskunde van het Universitair Medisch Centrum 

St. Radboud aan het in dit proefschrift beschreven onderzoek (Researchgroep metabole 

ziekten (prof. dr. J.A.M. Smeitink, prof. dr. ir. J.M.F. Trijbels en dr. L.P.W.J. van den 

Heuvel)). Vanaf juni 2001 is hij begonnen aan de opleiding tot klinisch chemicus in Medisch 

Spectrum Twente te Enschede (Opleider: dr. F.A.J.T.M. van den Bergh). Hij leeft, vooralsnog 

ongehuwd en kinderloos, samen met zijn vriendin Sandra Loobeek. 
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