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Pätsi, Jukka, Catalytic core of respiratory chain NADH-ubiquinone
oxidoreductase. Roles of the ND1, ND6 and ND4L subunits and mitochondrial
disease modelling in Escherichia coli
University of Oulu, Faculty of Medicine, Institute of Biomedicine, Department of Medical
Biochemistry and Molecular Biology,  P.O. Box 5000, FI-90014 University of Oulu, Finland
Acta Univ. Oul. D 1105, 2011
Oulu, Finland

Abstract
NADH-ubiquinone oxidoreductase (complex I) is one of the largest enzymes in mammals. Seven
(ND1-ND6 and ND4L) of its 45 subunits are encoded in mitochondrial DNA, mutations of which
are usually behind mitochondrial diseases such as Leber hereditary optic neuropathy (LHON) and
MELAS-syndrome. The rest of the genes are located in the nucleus. Bacterial homologs of
complex I (NDH-1) consist of only 13–14 subunits, comprising the catalytic core of the enzyme.
These complexes are simpler but perform a similar function.

Escherichia coli NDH-1 was employed here to generate amino acid replacements at conserved
sites in NuoH, NuoJ and NuoK, counterparts of ND1, ND6 and ND4L, to elucidate their role in
complex I. Consequences of homologous amino acid substitutions brought about by ND1-
affecting LHON/MELAS-overlap syndrome-associated m.3376G>A and m.3865A>G mutations
and the ND6-affecting m.14498T>C substitution associated with LHON were also studied to
validate their pathogenicity. Effects of the site-directed mutations were evaluated on the basis of
enzyme activity, inhibitor sensitivity and growth phenotype.

Highly conserved glutamate-residues 36 and 72 within transmembrane helices of NuoK in
positions similar to proton translocating transmembrane proteins were found essential for electron
transfer to ubiquinone and growth on medium necessitating normal proton transfer by NDH-1.
NuoH and NuoJ replacements at sites corresponding to targets of m.3376G>A and m.14498T>C
decreased ubiquinone reductase activity and altered the ubiquinone binding site, while the
counterpart of m.3865A>G was without a major effect. Other NuoH and NuoJ mutations studied
also affected the interactions of ubiquinone and inhibitors with NDH-1.

The results corroborate the pathogenicity of the m.14498T>C and m.3376G>A mutations and
demonstrate that the overlap syndrome-associated modification affects complex I in a pattern
which appears to combine the effects of separate mutations responsible for LHON and MELAS.
Change in ubiquinone binding affinity is a likely pathomechanism of all LHON-associated
mutations. Effects of the NuoH, NuoJ and NuoK subunit substitutions also indicate that ND1 and
ND6 subunits contribute to the ubiquinone-interacting site of complex I and the site is located in
the vicinity of the membrane surface, while ND4L is likely involved in proton pumping activity
of the enzyme.

Keywords: Leber hereditary optic neuropathy, MELAS syndrome, mitochondrial
diseases, mitochondrial DNA, NADH-ubiquinone oxidoreductase, oxidative
phosphorylation, site-directed mutagenesis, ubiquinone





Pätsi, Jukka, Hengitysketjun NADH-ubikinoni oksidoreduktaasin toiminnallisen
ytimen ND1, ND6 ja ND4L alayksiköiden tehtävän selvittäminen ja mitokondrio-
tautien mallintaminen Escherichia colissa. 
Oulun yliopisto, Lääketieteellinen tiedekunta, Biolääketieteen laitos, Lääketieteellinen biokemia
ja molekyylibiologia,  PL 5000, 90014 Oulun yliopisto
Acta Univ. Oul. D 1105, 2011
Oulu

Tiivistelmä
45 alayksiköstä muodostuva NADH-ubikinoni oksidoreduktaasi (kompleksi I) on nisäkkäiden
suurimpia entsyymejä. Sen mitokondriaalisessa DNA:ssa koodattujen alayksiköiden ND1-ND6
ja ND4L geeneihin liittyvät mutaatiot ovat yleisiä mitokondriosairauksien, kuten Leberin perin-
nöllisen näköhermoatrofian (LHON) ja MELAS-oireyhtymän, syitä. Bakteerien vastaava ent-
syymi (NDH-1) koostuu vain 13–14 alayksiköstä. Tästä huolimatta sen katalysoima reaktio on
samankaltainen kuin kompleksi I:n. NDH-1:n katsotaankin edustavan entsyymin katalyyttistä
ydintä.

Tässä työssä tutkittiin ND1, ND6 ja ND4L alayksiköiden tehtävää kompleksi I:ssä niiden
Escherichia coli bakteerissa olevien vastineiden (NuoH, NuoJ ja NuoK) kohdennetun mutage-
neesin avulla. Samaa lähestymistapaa käytettiin LHON/MELAS-oireyhtymässä todettujen ND1
alayksikön mutaatioiden, m.3376G>A ja m.3865A>G, ja LHON:ssa havaitun ND6:n
m.14498T>C mutaation aiheuttamien aminohappomuutosten seurauksien selvittämiseen. Tehty-
jen mutaatioiden vaikutuksia arvioitiin entsyymiaktiivisuus-mittauksin ja kasvukokein.

NuoK:n solukalvon läpäisevissä rakenteissa olevien kahden glutamaatti-aminohappotähteen
sijainti muistuttaa protoneita kalvon läpi kuljettavissa proteiineissa todettua. NuoK:n glutamaat-
tien havaittiinkin olevan tärkeitä elektronien ja protonien kuljetukselle kompleksi I:ssä.
m.3376G>A ja m.14498T>C mutaatioiden aiheuttamien aminohappomuutosten vastineet NDH-
1:ssä alensivat NDH-1:n elektroninsiirtoaktiivisuutta ja heikensivät ubikinonin sitoutumista, kun
taas m.3865A>G mutaatiolla ei ollut vaikutusta. Muut NuoH ja NuoJ alayksiköihin tehdyt ami-
nohappovaihdokset johtivat huonontuneeseen ubikinonin ja kompleksi I:n inhibiittoreiden sitou-
tumiseen.

Saadut tulokset vahvistavat m.3376G>A ja m.14498T>C mutaatioiden patogeenisyyden. Ne
myös osoittavat, että LHON/MELAS-oireyhtymään liitetyn mutaation biokemiallisissa vaiku-
tuksissa yhdistyvät sekä LHON:ssa että MELAS-oireyhtymässä todettujen mutaatioiden seura-
ukset. Esitetyt tulokset tukevat näkemystä siitä, että ubikinonin ja kompleksi I:n välisessä vuoro-
vaikutuksessa tapahtuva muutos on kaikille LHON:aan liitetyille mutaatioille yhteinen vaikutus-
mekanismi. NuoH:n, NuoJ:n ja NuoK:n kohdennetusta mutageneesista saatujen tulosten perus-
teella ND1 ja ND6 alayksiköt ovat osa ubikinonin sitoutumispaikkaa entsyymikompleksissa,
kun taas ND4L osallistuu protoninkuljetukseen.

Asiasanat: Leberin hereditaarinen optikusneuropatia, MELAS-oireyhtymä,
mitokondrio-DNA, mitokondriotaudit, NADH-ubikinoni oksidoreduktaasi,
oksidatiivinen fosforylaatio, suunnattu mutageneesi, ubikinoni
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VNA N-vanillylnonanamide 

Vmax/HAR ratio of enzyme’s Vmax to HAR-reductase activity 

  



 12

 



 13

List of original publications 

This thesis is based on the following articles, which are referred to in the text by 

their Roman numerals: 

I  Kervinen M, Pätsi J, Finel M & Hassinen IE (2004) A pair of membrane-embedded 
acidic residues in the NuoK subunit of Escherichia coli NDH-1, a counterpart of the 
ND4L subunit of the mitochondrial complex I, are required for high ubiquinone 
reductase activity. Biochemistry 43(3): 773–781. 

II  Pätsi J, Kervinen M, Finel M & Hassinen IE (2008) Leber hereditary optic neuropathy 
mutations in the ND6 subunit of mitochondrial complex I affect ubiquinone reduction 
kinetics in a bacterial model of the enzyme. Biochemical Journal 409(1): 129–137. 

III  Pätsi J, Maliniemi P, Pakanen S, Hinttala R, Uusimaa J, Majamaa K, Nyström T, 
Kervinen M & Hassinen IE (2011) LHON/MELAS overlap mutation in ND1 subunit 
of mitochondrial complex I has distinct effect on ubiquinone binding. Manuscript. 

 

  



 14

 



 15

Table of contents 

Abstract 

Tiivistelmä 

Acknowledgements 9 
Abbreviations 11 
List of original publications 13 
Table of contents 15 
1 Introduction 17 
2 Review of the literature 19 

2.1 Subunits and structure of complex I ........................................................ 19 
2.1.1 Molecular structure of complex I ................................................. 20 
2.1.2 The hydrophilic domain ............................................................... 22 
2.1.3 Subunits in the proximal part of the hydrophobic domain ........... 23 
2.1.4 Subunits in the distal part of the hydrophobic domain ................. 26 

2.2 Complex I redox-groups ......................................................................... 27 
2.2.1 Flavin (FMN) ............................................................................... 27 
2.2.2 Iron-sulfur clusters ....................................................................... 28 

2.3 Substrate-binding sites of complex I ....................................................... 30 
2.3.1 NADH .......................................................................................... 30 
2.3.2 Ubiquinone ................................................................................... 30 

2.4 Function of complex I ............................................................................. 32 
2.4.1 Electron transfer ........................................................................... 32 
2.4.2 Semiquinones ............................................................................... 33 
2.4.3 Proton pumping ............................................................................ 34 
2.4.4 Inhibitors of complex I activity .................................................... 36 

2.5 Complex I-associated diseases ................................................................ 38 
2.5.1 Leber hereditary optic neuropathy (LHON) ................................. 39 
2.5.2 Mitochondrial myopathy, encephalopathy, lactic acidosis, 

and stroke-like episodes (MELAS) .............................................. 44 
2.5.3 Overlap syndromes ....................................................................... 47 

2.6 Evaluation of the pathogenicity of mtDNA mutations ............................ 48 
3 Outlines of the present study 51 
4 Materials and methods 53 
5 Results 55 

5.1 Mutation dependence of growth phenotype ............................................ 55 



 16

5.2 Mutagenesis of the two highly conserved glutamate residues 

within the transmembrane helices of the ND4L subunit impairs 

complex I activity .................................................................................... 55 
5.3 Effects of the LHON-associated ND1 and ND6 subunit 

mutations on complex I activity in Escherichia coli ............................... 57 
5.3.1 Biochemical effects of the m.14498C>T mutation 

homolog in Escherichia coli NuoJ ............................................... 57 
5.3.2 Effects of the m.14484T>C and m.14459G>A transition 

homologs in NuoJ ......................................................................... 58 
5.3.3 Effects of the m.3460G>A transition equivalent in NuoH ........... 59 

5.4 Enzymatic effects of the LHON/MELAS overlap syndrome-

associated m.3376G>A and m.3865A>G substitution homologs 

in E. coli .................................................................................................. 60 
6 Discussion 63 

6.1 Significance of the conserved glutamate residues within the 

transmembrane helices of the ND4L subunit .......................................... 63 
6.2 Pathogenicity of the LHON-associated m.14498C>T mutation ............. 65 
6.3 Implication of the LHON mutation effects on the 

pathomechanism of the disease ............................................................... 66 
6.4 Biochemical effects and pathogenicity of the m.3376G>A 

transition associated with LHON/MELAS overlap syndrome ................ 66 
6.5 Role of the ND1 and ND6 subunits in the interaction between 

ubiquinone and complex I ....................................................................... 68 
6.6 mtDNA mutation modelling in Escherichia coli ..................................... 70 

7 Conclusions 73 
References 75 
Original publications 93 



 17

1 Introduction 

Life in every form depends on the availability of energy. In order for an organism 

to carry out its tasks and maintain an organized state, energy is needed to perform 

the work of metabolism and transport of cellular components. Power needed to 

maintain homeostasis originates from the environment. Organisms classified as 

autotrophs, like plants, are themselves capable to generate energy by means of 

photo- or chemosynthesis. Contrary to that, energy supply in heterotrophs, like 

animals, relies on the breakdown of organic molecules taken from their 

surroundings, initially produced by the autotrophs. Part of the energy released 

during the decomposition of nutrients in heterotrophs is transformed to molecules 

that can be used to synthesize other compounds. ATP is an example of such 

universal energy currency that drives cellular reactions. 

Combustion of dietary carbohydrates, proteins, and lipids yields reducing 

equivalents that are finally used for ATP synthesis in oxidative phosphorylation 

by the mitochondrial respiratory chain. Consecutive oxidation-reduction reactions 

catalyzed by the respiratory chain enzymes lead to formation of a proton and 

electric gradient (electrochemical membrane potential) across the inner 

mitochondrial membrane that is used to generate ATP (Figure 1). In addition to 

this oxygen-demanding pathway, ATP is produced anaerobically in glycolysis, but 

the yield is far less than in oxidative phosphorylation and may lead to formation 

of lactic acidosis due to accumulation of lactate. Some cells and tissues, like 

mammalian erythrocytes that are devoid of mitochondria, rely on substrate-level 

phosphorylation in their energy production even under aerobic conditions. During 

oxygen limitation (hypoxia) all cells and tissues become dependent on anaerobic 

ATP synthesis, but most are able to sustain it only briefly. 

Respiratory chain dysfunction due to a mutation in one of its constituent 

genes is a common cause of inborn heritable metabolic disorders. It is not 

surprising that tissues with high energy demand, like the nervous system, heart 

and skeletal muscle, are most vulnerable to defects in oxidative phosphorylation. 

Respiratory diseases caused by mutations in the mitochondria’s own genome, 

mtDNA, are expressed with variable symptoms. This is due not only to the 

complexity of mitochondrial genetics, but also the characteristics of the cells and 

tissues affected. Lack of knowledge of the normal structure and function of the 

enzyme affected, especially in the case of complex I, limits the evaluation of the 

effects of the mutations. 
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Fig. 1. Overview of the reactions catalyzed by the mitochondrial oxidative 

phosphorylation enzymes located in the inner mitochondrial membrane. Presentation 

of each of the enzyme complexes is based on crystallographic structures of complex I 

from Thermus thermophilus (protein data bank code 3M9S), avian complex II (1YQ3), 

bovine complex III dimer (1BGY), complex IV from Paracoccus denitrificans (1QLE) 

and bovine ATP synthase (2XND) viewed with Jmol (Jmol: an open-source Java viewer 

for chemical structures in 3D. http://www.jmol.org/). H+/e- ratios indicate the number of 

charges translocated across the membrane upon electron (e-) transfer in complexes I, 

III and IV. n denotes the number of protons needed to synthesize an ATP molecule and 

is variable depending on the number of c-subunits present in the membranous part of 

the ATP synthase in a given species. The matrix side of the membrane is marked by 

the letter m. 

This study focuses on the function of respiratory chain NADH-ubiquinone 

oxidoreductase (complex I, EC 1.6.5.3). The role of three complex I subunits in 

the membranous core of the enzyme is investigated using site-directed 

mutagenesis of their homologs in Escherichia coli. Biochemical effects of 

disease-associated mtDNA substitutions within two of the three studied subunits 

are evaluated in the bacterial model to gain more knowledge on their 

pathogenicity and on the pathogenesis of the diseases involved. The use of E. coli 

as a model organism to study the effects of mtDNA mutations is also addressed. 
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2 Review of the literature 

2.1 Subunits and structure of complex I 

Membrane embedded NADH-ubiquinone oxidoreductase (complex I, EC 1.6.5.3) 

is by far the largest and most complicated enzyme of the respiratory chain. It is 

composed of 45 different polypeptides and a set of redox-active cofactors 

resulting in a total molecular mass of about 1000 kDa in mammals (Carroll et al. 

2006). Seven of the subunits (ND1-ND6 and ND4L) are encoded in the 

mitochondrial genome (mtDNA), while the rest are nuclear-encoded. NDH-1, the 

bacterial counterparts of the enzyme, are simpler, being comprised of only 13–14 

subunits, seven of which are homologs of the NDs. The NDH-1s are considered 

to comprise the catalytic core of complex I. (Brandt 2006, Leif et al. 1993, Yagi et 

al. 1998). A list of the core subunits is presented in Table 1. The significance of 

the additional or accessory subunits in complex I is not fully understood. Some of 

them may be involved in protection against reactive oxygen species generation 

(Friedrich & Weiss 1997) and some, like GRIM-19 and mitochondrial acyl carrier 

protein, are needed for proper assembly and stability of the enzyme (Fearnley et 

al. 2001, Huang et al. 2004, Schneider et al. 1995). 

Table 1. Core subunits of complex I in bovine mitochondria and their homologs in 

Escherichia coli. 

Complex I domain Bovine complex I E. coli NDH-1 Redox-active cofactors1 

Hydrophilic 51 kDa NuoF FMN, Fe-S cluster N3 

 24 kDa NuoE Fe-Scluster N1a 

 75 kDa NuoG Fe-S clusters N1b, N4, N5 

 49 kDa NuoD2  

 PSST NuoB Fe-S cluster N2 

 30 kDa NuoC2  

 TYKY NuoI Fe-S clusters N6a, N6b 

Hydrophobic ND1 NuoH  

 ND2 NuoN  

 ND3 NuoA  

 ND4 NuoM  

 ND5 NuoL  

 ND6 NuoJ  

 ND4L NuoK  
1Assignment of the prosthetic groups into individual subunits according to (Sazanov & Hinchliffe 2006). 
2 Genes of NuoC and NuoD are fused in E. coli into a single subunit NUOCD. 
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Electron microscopic single particle analysis of complex I from fungus 

Neurospora crassa (Guenebaut et al. 1997), yeast Yarrowia lipolytica 

(Djafarzadeh et al. 2000), mammalian Bos taurus (Grigorieff 1998), and from the 

bacteria Aquifex aeolicus (Peng et al. 2003) and Escherichia coli (Sazanov et al. 

2003) has revealed that complex I possesses an evolutionarily conserved L-

shaped structure with an arm embedded in and a hydrophilic arm protruding out 

of the hydrophobic membrane. These findings are supported by the recent results 

of X-ray crystallographic analysis of complete complex I from Y. lipolytica 

(Hunte et al. 2010) and Thermus thermophilus (Efremov et al. 2010). All the 

redox-active cofactors are located in the hydrophilic part of the enzyme (Sazanov 

& Hinchliffe 2006), which can be subdivided into electron input and ubiquinone 

(UQ) reduction modules based on the modular evolution scheme of complex I 

(Friedrich & Weiss 1997, Friedrich & Scheide 2000, Mathiesen & Hägerhäll 

2003). The transfer of electrons that are delivered to complex I by NADH to 

ubiquinone (UQ) results in proton translocation across the membrane. Vectorial 

proton transfer reactions take place in the membrane arm, which is composed of 

the seven core subunits encoded by mtDNA in mammals. For clarity, description 

of the core structure of complex I in the following sections is based on the 

division of the enzyme into a hydrophilic promontory arm and the distal and 

proximal parts of the membranous fragment, exemplifying division of the enzyme 

complex into different functional domains. 

2.1.1 Molecular structure of complex I 

More detailed but still incomplete structural data on complex I is currently 

available only for its promontory and membranous domains separately (see 

sections 2.1.2 and 2.1.4 below). X-ray crystallographic analyses of complete 

complex I have been presented recently at 6.3 Å for Y. lipolytica and at 4.5 Å 

resolution for T. thermophilus (Figure 2). It was shown that the enzyme is L-

shaped, as depicted earlier by the single particle analysis of fungal, bacterial, 

yeast and mammalian complex I, and the angle between the two arms is about 

100o. The membrane arm, slightly curved both in plane and perpendicular to 

membrane surface views, was shown to have a length of about 180 Å and a 

thickness of 40 Å. The tip of the hydrophilic protrusion resides about 130 Å over 

the lipid bilayer. Contact between these two domains is likely to be mediated by 

homologs of 49 kDa, PSST and ND1 together with one of the ND3, ND6 and 
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Fig. 2. Molecular structure of the entire complex I from T. thermophilus (protein data 

bank code 3M9S) viewed with RasMol program. Panel (A) shows a side view of the 

molecule, view in (B) is from above the hydrophilic arm. Subunits are marked 

according to bovine nomenclature apart from Nqo15, which does not have a homolog 

in bovine complex I. Fe-S clusters are denoted by yellow-filled spheres and the 

positions of clusters N2 and N3 are indicated with arrows to aid orientation within the 

structure. 
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ND4L subunits, and the pocket formed by the same subunits probably also houses 

the ubiquinone binding site. Fe-S cluster N2, which is thought to act as an 

electron donor to ubiquinone, is located in the PSST subunit approximately 20–30 

Å away from the expected surface of the lipid bilayer. (Efremov et al. 2010, 

Hunte et al. 2010). Although the resolution in both of these studies was sufficient 

for determining the overall arrangement of the -helices of the membrane domain, 

the extramembrane loops were not resolved nor could a second quinone binding 

site in the distal part of the membrane arm as suggested by Nakamura-Ogiso et al. 

(2003) and Gong et al. (2003) be verified or ruled out. 

2.1.2 The hydrophilic domain 

Half of the core subunits of complex I are constituents of its hydrophilic arm and 

contain all the redox-active components needed for NADH oxidation and electron 

transfer reactions to ubiquinone (see Table 1 and Figure 2). The atomic level 

molecular structure for this enzyme domain has been solved for T. thermophilus 

at 3.3 Å resolution. It was shown that the about 140 Å high molecule is Y-shaped 

with the lower part, consisting of homologs of PSST and 49 kDa subunits, 

forming the interface with the membrane arm (Sazanov & Hinchliffe 2006). The 

molecule can be divided into two functional modules connected to each other by a 

chain of Fe-S clusters. The NADH oxidation domain is composed of 51 kDa, 24 

kDa and 75 kDa subunits, although only the 51 kDa and 24 kDa subunits are 

sufficient for the oxidation activity (Barker et al. 2007). The other domain formed 

by the 30 kDa, 49 kDa, PSST and TYKY subunits is involved in ubiquinone 

reduction. This modular classification of complex I reflects its evolutionary origin. 

(Brandt 2006). The 49 kDa and PSST subunits interact extensively with each 

other. A cavity at the interface of the 49 kDa and PSST subunits leading to the 

proximity of Fe-S cluster N2 in PSST has been observed and proposed to be the 

ubiquinone binding site. (Sazanov & Hinchliffe 2006). A more detailed 

description of the NADH and ubiquinone binding sites in the hydrophilic domain 

will be presented in sections 2.3.1 and 2.3.2. The 30 kDa subunit in the 

hydrophilic part of the enzyme is the only one not involved in cofactor binding or 

electron transfer reactions. However, it has been shown in E. coli that the highly 

conserved acidic residues Glu-138, Glu-140 and Asp-143 of the 30 kDa subunit 

(in E. coli numbering) are essential for the structural integrity of the enzyme 

complex. This suggests it has a significant role in anchoring the hydrophilic arm 

into the membrane domain. (Castro-Guerrero et al. 2010). 
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2.1.3 Subunits in the proximal part of the hydrophobic domain 

ND1 

ND1 is a polypeptide of 318 amino acids in humans and is one of the most 

conserved subunits of the membranous core of complex I. Topological analysis of 

alkaline phosphatase fusion constructs of its homolog from Rhodobacter 

capsulatus in E. coli showed that it contains eight transmembrane helices and four 

relatively large hydrophilic domains facing the bacterial cytoplasm (Roth & 

Hägerhäll 2001). Contrary to other core subunits in the membrane arm of 

complex I, the most conserved regions of ND1 are found in the relatively large 

hydrophilic sequence motifs between the transmembrane helices facing the 

cytoplasmic (matrix) side of the membrane (Fearnley & Walker 1992, Sinha et al. 

2009). 

ND1 has been shown to be centrally located with respect to the hydrophilic 

subunits and close to the provisional ubiquinone binding site at the interface of 

the 49 kDa and PSST subunits, see Figure 2 (Efremov et al. 2010, Sazanov et al. 

2000, Schuler & Casida 2001). Site-directed mutagenesis of its homolog in E. coli 

led to a suggestion that many conserved residues within its matrix-side loops are 

essential for the attachment of the peripheral arm to the membrane domain of 

complex I (Sinha et al. 2009). Furthermore, ND1 seems to contribute to the 

ubiquinone binding site(s) of complex I, since it is labeled with photoaffinity 

derivatives of the inhibitors rotenone and acetogenins. Binding of the acetogenin 

derivatives to ND1 is suppressed by UQ analogs in a concentration-dependent 

manner or by the inhibitors rotenone and piericidin A. (Earley et al. 1987, 

Kakutani et al. 2010, Murai et al. 2007, Sekiguchi et al. 2009). Moreover, the 

m.3460G>A mutation in the MTND1 gene resulting in replacement of p.Ala-52 

by Thr has been shown to alter complex I interaction with the inhibitor rotenone 

and also with the substrate ubiquinone both in human and bacterial cells 

(Majander et al. 1996, Zickermann et al. 1998). Also the substitutions of the 

highly conserved glutamate residues 158, 212 and 247 in P. denitrificans in the 

region of transmembrane helices four to six altered complex I interaction with 

ubiquinone (Kurki et al. 2000). It has also been postulated that ND1 may be 

important even for coupling the electron and proton transfer reactions of the 

enzyme (Efremov et al. 2010). Finally, the MTND1 gene has been shown to be a 

mutational hot spot for many LHON- and MELAS-associated substitutions, 



 24

emphasizing the importance of ND1 to complex I function (Kirby et al. 2004, 

Valentino et al. 2004). 

ND4L 

With only 98 amino acids in humans, ND4L is the smallest polypeptide of the 

membranous core of complex I. Consistent with hydropathy analysis of the 

subunit, topological study of its homolog in P. denitrificans using maltose binding 

protein fusions showed that ND4L has three transmembrane helices, and its 

cytoplasmically located C-terminus is not covered by other subunits (Kao et al. 

2002).  

It has been shown that ND4L displays sequence similarity to a certain class of 

Mrp antiporters involved in monovalent cation/H+ antiporter activity in diverse 

organisms. Thus, ND4L likely has a role in proton translocation by complex I. 

(Mathiesen & Hägerhäll 2003). Of the few conserved amino acid residues in its 

sequence, glutamates 36 and 72 (E. coli numbering) are located within the 

provisional transmembrane helices two and three of ND4L (see Figure 5 in 

original publication I) and are candidates involved in proton pumping (Fearnley 

& Walker 1992, Kao et al. 2002). Site-directed mutagenesis of these two 

conserved glutamates in the E. coli homolog showed that they are essential for the 

proper insertion of the subunit into the membranes aided by the protein YidC, a 

chaperone involved in complex I assembly in E. coli (Price & Driessen 2010). 

ND4L seems to be essential for the assembly of the entire complex I as well, 

since disruption of its gene in R. capsulatus leads to a suppression of complex I 

activity and disappearance of the Fe-S clusters, although individual subunits are 

still immunodetectable in the membranes (Dupuis et al. 1998). Similarly, 

suppression of ND4L expression by RNA interference in Chlamydomonas 

reinhardtii leads to a complete complex I assembly defect (Cardol et al. 2006). 

ND6 

ND6 contains 174 amino acid residues in humans and is intermediate in size 

among the subunits of the hydrophobic core of complex I. Although it is one of 

the least conserved proteins of the enzyme, its N-terminal part shows relatively 

high homology between species (Fearnley & Walker 1992). Topology of the 

subunit has been determined for its counterpart in P. denitrificans. In accordance 

with its hydropathy profile, ND6 was shown to contain five transmembrane 
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segments with N- and C-termini facing the periplasmic and cytoplasmic sides of 

the membrane, respectively (Kao et al. 2003).  

Based on gene disruption experiments in R. capsulatus, ND6 has been shown 

to have a role in biosynthesis of complex I (Dupuis et al. 1998). Lack of ND6 

may cause defective assembly of the other mtDNA-encoded subunits of complex 

I, since a single frameshift mutation in its gene leading to expression of an 

unstable, truncated form of ND6 has been shown to reduce expression of other 

ND-subunits in mouse fibroblast cells (Bai & Attardi 1998). A more detailed 

description of the role of ND6 in complex I activity was gained by site-directed 

mutagenesis of its homolog in E. coli (Kao et al. 2005). Tyr-59, Gly-61, Met-64, 

Val-65, Phe-67 and Glu-80 (in E. coli numbering) were found to be important for 

the NADH-ubiquinone activity. Although no change in sensitivity towards 

complex I inhibitor capsaicin-40 was observed in any of these mutants (Kao et al. 

2005), ND6 seems to contribute to the ubiquinone binding site of complex I on 

the grounds of the results of inhibitor and quinone binding studies of the disease-

associated substitutions in its gene (Carelli et al. 1999, Jun et al. 1996). 

ND3 

The ND3 subunit is composed of 115 amino acids in humans and is one of the 

smallest subunits in the membranous core of complex I. Its membrane topology 

has been determined in P. denitrficans using immunochemical and cysteine 

modification techniques. The results were suggestive of three transmembrane 

segments with the N-terminus of the polypeptide facing the cytoplasmic and the 

C-terminus facing periplasmic side of the membrane (Bernardo et al. 2000). 

Although the primary sequence of ND3 is not highly conserved, hydropathy 

profiles of the homologs are similar to each other (Bernardo et al. 2000). 

Close location of ND3 with respect to a potential ubiquinone binding site at 

the interface of the 49 kDa and PSST subunits has been demonstrated with 

crosslinking experiments in P. denitrificans membranes (Di Bernardo & Yagi 

2001, Kao et al. 2004b). Based on primary sequence comparison of the ND3 

subunit and its homologs and the proposed topological model for its counterpart 

in P. denitrificans, it was suggested that the highly conserved Asp-74 and Glu-76 

residues (P. denitrificans numbering) in the middle of the second transmembrane 

helix may be structurally or functionally essential. Indeed, site-directed 

mutagenesis of the corresponding residues in the E. coli homolog demonstrated 

that these two acidic residues are important for complex I activity, but have no 
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major impact on the architecture of complex I (Kao et al. 2004a). However, ND3 

seems to be essential for the proper assembly of intact complex I, since it was 

shown by RNA interference technique in green alga C. reinhardtii that absence of 

ND3 prevents complex I assembly entirely (Cardol et al. 2006). 

2.1.4 Subunits in the distal part of the hydrophobic domain 

X-ray crystallographic analysis of the membrane domain of E. coli complex I at 

3.9 Å has demonstrated that the distal part of this domain is composed of three 

repeating modules with 14 transmembrane helices in each. Four of the helices 

form a core of each module surrounded by a ring of ten helices, two of which are 

discontinuous. The most distally located module contains an additional 

transmembrane helix, which continues as an amphipathic α-helix that extends a 

distance of about 110 Å towards the proximal part of the enzyme and ends in a 

sixteenth transmembrane helix for that subunit (Figure 2). (Efremov et al. 2010). 

Based on fragmentation and single particle analysis studies on isolated complex I 

from E. coli (Baranova et al. 2007, Holt et al. 2003) and sequence comparison 

(Efremov et al. 2010), this subunit at the tip of the membrane domain must be 

ND5, and the one residing next to it is ND4, while the most proximal one is ND2.  

ND2, ND4 and ND5 show sequence similarity to each other and are also 

homologous to Mrp family antiporters, suggesting that these subunits may be 

operating in the vectorial proton translocation by complex I (Fearnley & Walker 

1992, Hamamoto et al. 1994, Mathiesen & Hägerhäll 2003). In addition to their 

provisional role in proton pumping activity, the ND2, ND4 and ND5 subunits 

have been proposed to be involved in quinone binding, too (Gong et al. 2003, 

Nakamaru-Ogiso et al. 2003, Nakamaru-Ogiso et al. 2010a).  

Sequence comparison of ND2, ND4 and ND5 proteins has demonstrated the 

presence of conserved glutamate and lysine residues (Glu-144 and Lys-234 of E. 

coli NuoM (homolog of the ND4 subunit)) in corresponding positions of the 

transmembrane helices of these three complex I subunits, and the glutamate is 

conserved even in the Mrp antiporters (Euro et al. 2008a, Torres-Bacete et al. 

2007, Torres-Bacete et al. 2009). Based on their location in the transmembrane 

helices, these residues were proposed to have an essential role in proton pumping 

(Efremov et al. 2010). The Glu-144 and Lys-229 residues of the ND5 subunit 

homolog in E. coli have been subjected to site-directed mutagenesis and were 

found to be essential for the catalytic activity (Nakamaru-Ogiso et al. 2010b). 

Similarly, Glu-144 and Lys-234 in ND4 and Glu-133 and Lys-217 in ND2 have 
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been shown to be essential for quinone reductase activity in E. coli (Amarneh & 

Vik 2003, Euro et al. 2008a, Torres-Bacete et al. 2007). Unfortunately, no 

detailed analysis of the proton pumping efficiency of complex I was performed in 

any of these studies for the mutagenized residues. However, for ND5 it was found 

that replacement of Asp-178, Asp-303 and Asp-400 residues by non-carboxylic 

amino acids impairs the H+/e- efficiency to about 50% of the control, suggestive 

of involvement of this subunit in indirect proton translocation (Nakamaru-Ogiso 

et al. 2010b). Clearly, further studies are needed to clarify the role of these 

subunits in complex I function. 

2.2 Complex I redox-groups 

Complex I contains a total of eight iron-sulfur clusters and one FMN that take 

part in the electron transfer activity of complex I (Ohnishi 1998). Some bacteria, 

like E. coli and T. thermophilus, possess one additional iron-sulfur cluster that has 

shown to be essential for the stability of the enzyme (Friedrich 1998, Pohl et al. 

2007, Yano et al. 1997). All the redox-groups of complex I are localized in the 

core subunits of the hydrophilic part of the enzyme with less than the 14 Å 

distance apart that is a prerequisite for physiological electron transfer (Page et al. 

2003, Sazanov & Hinchliffe 2006). Energy released in the consecutive 

oxidoreduction reactions along the way of this intramolecular electron transport 

chain to ubiquinone is used to drive the proton pumping activity of complex I. 

2.2.1 Flavin (FMN) 

Flavin mononucleotide (FMN), a derivative of B2 vitamin riboflavin, is the 

immediate electron acceptor from NADH in complex I. Based on the molecular 

structure of the hydrophilic domain of complex I from T. thermophilus at 3.3 Å, it 

is located at the end of a solvent-accessible cavity in the 51 kDa subunit at the top 

of the hydrophilic domain at a distance of about 90 Å from the membrane plane. 

Edge-to-edge distances from FMN to nearby iron-sulfur clusters N3 and N1a are 

7.6 and 12.3 Å, respectively. (Sazanov & Hinchliffe 2006). FMN is non-

covalently bound to complex I and is held in place through hydrogen bonds 

(Sazanov & Hinchliffe 2006). Dissociation of FMN from the enzyme seems to be 

dependent also on the redox state of complex I, since reduction of dilute samples 

with NADH under alkaline conditions results in reversible dissociation of FMN 

from the enzyme complex in bovine heart submitochondrial particles 
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(Gostimskaya et al. 2007), but this probably has no major significance under 

physiological conditions. 

FMN can occur in three different redox states; oxidized, fully reduced or in 

semireduced radical form. Potentiometric analysis of the thermodynamic 

properties of FMN in isolated bovine heart complex I has shown that the midpoint 

redox potentials at pH 7.5 for the one-electron reduction of oxidized and 

semireduced FMN are -415mV and -336mV, respectively. The midpoint potential 

of the two-electron reduction of enzyme-bound FMN was also determined in the 

same study, and found to be -340mV at pH 7.0. (Sled et al. 1994). 

Being capable of accepting/donating one or two electrons at a time forming a 

reduced or semireduced state implies that FMN can serve complex I as an 

electron flow splitter from two- to one-electron carriers NADH and iron-sulfur 

clusters, respectively. Occasionally, electrons may escape from reduced FMN 

forming oxygen radicals, and both semiflavin and fully reduced FMN have been 

suggested to be a source of complex I-derived superoxide anions (Galkin & 

Brandt 2005, Kussmaul & Hirst 2006, Ohnishi et al. 2010b). FMN can react with 

other substrates as well. The inhibitor-insensitive ubiquinone reduction by 

complex I has been localized to its NADH binding site and shown to be catalyzed 

by FMN (King et al. 2009). Complex I also oxidises NADH with some artificial 

electron acceptors like hexaammineruthenium (III) and ferricyanide in a 

diaphorase-type reaction (Sled & Vinogradov 1993). It is generally accepted that 

in this reaction the reductant is the flavin in an enzyme-NAD+-FMNred 

intermediate (Vinogradov 2008). This implies that the reaction occurs at or near 

the NADH-binding site, as evidenced by the high Km for NADH in the diaphorase 

reaction as compared with the physiological reaction with ubiquinone (for a 

review, see Vinogradov (2008)). This also means that this reaction is not 

dependent on the function of more distal redox centers or subunits and that this 

shortcut reaction can be used to estimate the amount of complex I in a membrane 

preparation under investigation. 

2.2.2 Iron-sulfur clusters 

There are three different types of Fe-S clusters in the respiratory chain, two of 

which, the binuclear [2Fe-2S] and tetranuclear [4Fe-4S] clusters, are found in 

complex I. The binuclear clusters are composed of two iron atoms that function as 

one electron redox couple bridged to each other by two sulphur atoms, and each 

iron is coordinated by an additional two cysteinyl sulphurs from the protein 
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polypeptide chain (Ohnishi 1998). In the [4Fe-4S] Fe-S clusters, four iron atoms 

and four sulphur atoms are in cubical arrangement with each iron ligated to the 

apoprotein by a cysteine-residue sulphur. These tetranuclear clusters of complex I 

are of the ferredoxin-type being capable of transferring one electron at a time. 

(Ohnishi 1998).  

Complex I contains two [2Fe-2S] clusters, namely N1a and N1b, while the 

rest, N2, N3, N4, N5, N6a and N6b as well as N7, which is present only in some 

bacteria, are tetranuclear. The location of each of these clusters within the enzyme 

(see Table 1) has been finally determined by resolution of the crystal structure of 

the hydrophilic domain of complex I in T. thermophilus. The edge-to-edge 

distance between the Fe-S clusters varies from about 8 to about 20 Å, although 

the distance between the clusters in the order the electrons are believed to flow 

are within a maximum of 14 Å (Hunte et al. 2010, Sazanov & Hinchliffe 2006). It 

has been widely accepted that cluster N1a has the lowest midpoint potential of 

about -400mV (Ohnishi 1998, Zu et al. 2002), which is even lower than for the 

two-electron reduction of FMN (see above). The rest of the Fe-S clusters, apart 

from high-potential N2 with an Em of about –100mV on average (Garofano et al. 

2003, Ohnishi 1998, Zwicker et al. 2006), have their midpoint potentials in the 

range from -240mV to -270mV and are classified as isopotential clusters (Ohnishi 

1998). However, these redox-potentials of Fe-S clusters have been questioned by 

the results of EPR spectroscopy-based redox titration of isolated E.coli complex I. 

It was shown that the Em of cluster N1a is -235mV, while the Em of -315mV was 

assigned to N3 or N7 and -330 mV to a cluster N4 or N5. Tetranuclear cluster Nx 

with a yet unknown identity showed Em of about -365mV. Redox potentials of the 

rest of the EPR-detectable clusters (N1b -245/-320mV, N2 -200/-300mV, N6b -

235/-315mV) was presented as a sum of at least two components due to intrinsic 

electrostatic interactions. (Euro et al. 2008b). 

The NADH oxidation site of complex I is located about 100 Å away from 

cluster N2, which is thought to be the final electron donor to ubiquinone 

(Efremov et al. 2010, Hunte et al. 2010, Sazanov & Hinchliffe 2006). The wire 

formed by the Fe-S clusters serves the enzyme as an electron transferring pathway 

from NADH to ubiquinone. Cluster N1a may exhibit an antioxidative role by 

diminishing the oxygen radical production by reduced flavin (Sazanov & 

Hinchliffe 2006). 
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2.3 Substrate-binding sites of complex I 

Complex I has two natural substrates, NADH and ubiquinone, which bind at 

distinct domains of the enzyme. Details of these substrate-binding sites will be 

presented below. 

2.3.1 NADH 

Photoaffinity labeling experiments of isolated complex I of bovine and bacterial 

origin with derivatives of NAD+ have shown that NADH is presumably bound to 

the 51 kDa subunit (Chen & Guillory 1981, Deng et al. 1990, Yagi & Dinh 1990). 

When the atomic level molecular structure of the hydrophilic part of complex I 

with nucleotides bound was resolved for T. thermophilus, it appeared that NADH 

is lined up with its nicotinamide ring adjacent to the isoalloxane ring of FMN 

coordinated by the 51 kDa subunit (Sazanov & Hinchliffe 2006). Homologous 

position of this NADH binding cavity in E. coli has been subjected to site-

directed mutagenesis. It was found that replacement of the 51 kDa subunit’s 

invariant Tyr-97 residue (T. thermophilus numbering), predicted to interact with 

the nicotinamide group of NADH, with glutamine decreased complex I affinity to 

NADH but increased the affinity to NAD+. Furthermore, it was proposed that the 

negative charge of this amino acid residue is essential for propulsion of the 

oxidized NADH from the active site. (Euro et al. 2009). 

2.3.2 Ubiquinone 

It is generally accepted that the Fe-S cluster N2 of complex I is the immediate 

electron donor to ubiquinone that serves the respiratory chain as a mobile electron 

carrier. This is supported by the findings of the direct spin-spin interaction of the 

cluster N2 and fast relaxing semiquinone observed in the presence of membrane 

potential in bovine complex I (Magnitsky et al. 2002). When the molecular 

structure of the hydrophilic domain of complex I from T. thermophilus was 

resolved, Fe-S cluster N2 was assigned to the PSST subunit next to a cavity 

formed at the interface of the 49 kDa and PSST subunits (Sazanov & Hinchliffe 

2006). This is in line with earlier findings of a photoaffinity labeling of the PSST 

subunit with a derivative of complex I inhibitor pyridaben (Schuler et al. 1999), 

and of inhibitor resistance induced by the amino acid substitutions of the 49 kDa 

subunit (Darrouzet et al. 1998, Prieur et al. 2001). Later on, it was shown by site-
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directed mutagenesis of the 49 kDa and PSST subunits in Y. lipolytica that many 

residues lining the cavity between them in the proximity of cluster N2 are 

essential for complex I activity and inhibitor binding. The data suggest that the 

hydroxyl-group of the Tyr-144 residue (Y. lipolytica numbering) in the 49 kDa 

subunit is involved in binding of the head group of the ubiquinone molecule. 

(Fendel et al. 2008, Tocilescu et al. 2007, Tocilescu et al. 2010). However, apart 

from Tyr-144 in the 49 kDa subunit, most mutations with appreciable changes in 

inhibitor affinity had little effect on ubiquinone binding affinity. It was suggested 

that this could mean that the interaction of complex I with ubiquinone is partly 

under diffusional control, since the site-directed mutations with inhibitor 

resistance had lowered ubiquinone reductase activities and mutations with 

lowered activities tend to have a lowered apparent Km for ubiquinone (Fendel et al. 

2008).  

The cavity formed by the 49 kDa and PSST subunits close to the Fe-S cluster 

N2 seems to be involved in inhibitor and ubiquinone binding. Based on the 

molecular structure of the entire complex I from T. thermophilus at 4.5 Å 

resolution, subunit ND1 together with one of the ND3, ND6 and ND4L subunits 

contribute to this ubiquinone binding site (Efremov et al. 2010). Of these 

polypeptides in the membranous core of the enzyme, the most extensive evidence 

in favour of its involvement in ubiquinone binding has been presented for the 

ND1 subunit (see section 2.1.3 above).  

Whether a second ubiquinone binding site in addition to the one described 

above exists is unclear. Based on the different mode of action of molecules 

belonging to different classes of complex I inhibitors, like piericidin A and 

rotenone, it was suggested that two or more distinct inhibitor (and ubiquinone) 

binding sites exist (Friedrich et al. 1994). However, this has been disproved by 

competition binding assays of different types of inhibitors (Okun et al. 1999) and 

by site-directed mutagenesis studies in Y. lipolytica (Fendel et al. 2008) 

demonstrating a single, partially overlapping inhibitor binding site for all 

inhibitors acting at the electron transfer step to ubiquinone. On the other hand, 

identification of two different semiquinone species has been used as an indication 

of two separate quinone binding sites (Magnitsky et al. 2002), but this has also 

been questioned (Brandt 2006, Zickermann et al. 2009). As long as the detailed 

molecular structure of the entire complex I with substrates bound is unsolved, the 

number and location of the ubiquinone binding sites is only provisional. 
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2.4 Function of complex I 

The main purpose of complex I is to oxidize NADH, recycling it for use as a 

cosubstrate in cellular metabolism, mainly in the citric acid cycle (Krebs cycle) 

and β-oxidation of fatty acids in the mitochondrial matrix, and to transfer the 

electrons (e-) to ubiquinone. Energy released in this process is used to drive 

proton pumping across the inner mitochondrial membrane to generate the proton 

(H+) gradient needed for ATP synthesis by the mitochondrial ATP synthase. The 

H+/e- ratio for complex I is close to 2 (Galkin et al. 1999, Wikström 1984), 

meaning the transfer of four protons across the membrane per each molecule of 

NADH oxidized. The overall reaction catalyzed by complex I is summarized by 

the following equation: 

 NADH +H+ + UQ + 4H+
in → NAD+ + QH2 + 4H+

out  

where in denotes the matrix and out the cytosolic side of the mitochondrial 

membrane. 

2.4.1 Electron transfer 

NADH oxidation by complex I is initiated by its binding to the active site of the 

51 kDa subunit. Electron transfer from NADH to FMN is considered to proceed 

by hydride transfer rather than by transfer of two electrons and a proton 

separately to avoid formation of an unstable radical form of NAD+ (Hirst 2009). 

From FMN, electrons are passed on to the ubiquinone reduction site one by one 

through the Fe-S clusters in the order of N3-N1b-N4-N5-N6a-N6b-N2 based on 

the structural data for the hydrophilic domain of T. thermophilus (Sazanov & 

Hinchliffe 2006). Cluster N1a, located outside the chain formed by the other Fe-S 

clusters, has no role in energy transduction, but is considered to be important in 

preventing the formation of oxygen radicals by the flavosemiquinone (Hirst 2009, 

Sazanov & Hinchliffe 2006, Verkhovskaya et al. 2008). A model of a specific 

electron wiring pathway has been suggested, which consists of cysteine residues 

liganding with the Fe-S clusters and other conserved amino acid residues together 

with internal water molecules between protein subunits, mediating the electron 

transfer reactions between neighbouring Fe-S clusters (Hayashi & Stuchebrukhov 

2010). The advantage of such an arrangement could be enhancement of the 

electron transfer rates of complex I (Hayashi & Stuchebrukhov 2010).  
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Based on an ultrafast freeze-quench approach for purified E. coli complex I, 

it has been demonstrated that electron transfer from FMN to Fe-S cluster N2 is 

fast and occurs within a time scale of less than 100 µs, which is close to that of 

the reduction of cluster N1a that occurs within the same time constant as well, 

and is unlikely to be coupled to proton translocation or conformational changes of 

complex I (Verkhovskaya et al. 2008). Moreover, it seems very likely that 

intramolecular electron transfer is not rate limiting in complex I catalysis (Hirst 

2009, Verkhovskaya et al. 2008). 

2.4.2 Semiquinones 

Semiquinone is a product of one electron reduction of ubiquinone and can exist in 

neutral or anionic form. Due to the presence of an unpaired electron, 

semiquinones can be studied with EPR spectroscopy. Formation of semiquinones 

during catalysis has been demonstrated for many respiratory enzymes, e.g. 

succinate dehydrogenase (complex II) and ubiquinone-cytochrome c 

oxidoreductase (complex III) of the mitochondrial respiratory chain (Ingledew & 

Ohnishi 1977, Ohnishi & Trumpower 1980). For complex I, two separate 

semiquinone species, namely SQNf and SQNs, have been identified on the basis of 

their EPR properties (Ohnishi et al. 2005, Ohnishi & Salerno 2005, Yano et al. 

2005). SQNf has been detected only in the presence of an electrochemical proton 

gradient across the membrane and is sensitive to the complex I inhibitors rotenone 

and piericidin A, while the latter, SQNs, is insensitive to membrane potential. 

Based on its spin-spin interaction with Fe-S cluster N2, SQNf has been suggested 

to be located close to it, and the estimated distance between N2 and SQNf is about 

12 Å. Contrary to that, SQNs is more distally located with at least 30 Å separating 

it from N2. (Magnitsky et al. 2002, Ohnishi 1998, Ohnishi et al. 2008, Yano et al. 

2005).  

The occurrence of two semiquinones has been suggested to be indicative of 

two separate quinone binding sites in complex I. The SQNf site serves the enzyme 

as a tightly bound cofactor site that mediates one electron transfer to the other site 

presenting a binding pocket for the SQNs in equilibrium with the ubiquinone pool 

of the membrane. SQNf may also be involved in proton pumping. (Dutton et al. 

1998, Ohnishi et al. 2010a, Ohnishi 1998, Ohnishi & Salerno 2005). The 

existence of a tightly bound ubiquinone as a cofactor in complex I is supported by 

the findings from isolated complex I from bovine heart mitochondria and E. coli 

membranes, which were shown to contain one ubiquinone molecule per each 
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holo-enzyme (Shinzawa-Itoh et al. 2010, Verkhovskaya et al. 2008). This does 

not rule out the possibility of two separate quinone binding sites nor verify the 

number of semiquinones formed during catalysis. On the other hand, it has been 

argued that the observed SQNf and SQNs signals arise from the same semiquinone 

species located at different sites and/or present in different states of the catalysis 

along the quinone binding pocket of complex I (Brandt 2006, Zickermann et al. 

2009). Whether two separate positions for ubiquinone binding really exist 

remains to be solved. 

2.4.3 Proton pumping 

Contrary to recent progress on the intramolecular electron transfer reactions, there 

is less solid understanding of the mechanism of proton pumping in complex I. 

Several hypotheses regarding the mechanism of proton translocation driven by the 

redox chemistry of complex I have been presented (for reviews, see Brandt (1997) 

and Hirst (2009)). Only the outlines of the current views will be presented here. 

A consensus H+/e- ratio of 2 for complex I has been reached based on 

experiments with bovine and yeast mitochondria, tightly coupled 

submitochondrial particles, and proteoliposomes containing reconstituted isolated 

complex I from yeast (Galkin et al. 2006, Galkin et al. 1999, Honkakoski & 

Hassinen 1986, Wikström 1984). For bacterial complex I, anaerobically grown E. 

coli cells were shown to have a stoichiometry of at least 1.5 (Bogachev et al. 

1996), but more extensive evidence on the H+/e- ratio in prokaryotes is still 

lacking.  

A number of subunits in the membranous core of complex I have been 

postulated to be involved in proton pumping. Based on analysis of other enzymes 

involved in proton and ion transfer across cell membranes, like ATP synthase and 

Na+/H+ antiporters, the presence of highly conserved protonable residues in the 

middle of a transmembrane helix has been shown to be essential for the activity 

(Inoue et al. 1995, Kajiyama et al. 2009, Miller et al. 1990, Padan 2008). For 

complex I, such extraordinarily positioned, functionally important glutamate, 

aspartate and lysine residues in highly hydrophobic surroundings within 

transmembrane helices have been demonstrated for subunits ND4L, ND2, ND3, 

ND4 and ND5 by site-directed mutagenesis of their bacterial homologs (Amarneh 

& Vik 2003, Euro et al. 2008a, Kao et al. 2004a, Kao et al. 2005, Nakamaru-

Ogiso et al. 2010b, Torres-Bacete et al. 2007), and suggested to be present even 

in subunit ND1 (Euro et al. 2008a). The H+/e- efficiency has been estimated only 
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for ND4 and ND5 subunit mutations and was found to be affected solely in the 

latter case (Euro et al. 2008a, Nakamaru-Ogiso et al. 2010b). However, due to 

their intrinsic sequence similarity and homology to Mrp-like Na+/H+ antiporters, 

ND2, ND4 and ND5 have been proposed to be the strongest candidates for the 

proton translocation machinery of complex I (Hamamoto et al. 1994, Mathiesen 

& Hägerhäll 2002, Mathiesen & Hägerhäll 2003). 

Mechanism of proton pumping 

At present, two different coupling mechanisms of electron and proton transfer 

activity in complex I have been put forward to explicate the observed H+/e- ratio. 

In the direct coupling originally presented by Ohnishi and Salerno (Ohnishi & 

Salerno 2005), proton pumping is driven by the redox-chemistry of two separate 

ubiquinone species allocated to two separate binding sites and involves 

semiquinones without participation of any other coupling site or long-range 

conformational changes of the enzyme. Of the semiquinones involved, SQNf 

located at a site next to Fe-S cluster N2, accepts two protons from the matrix side 

of the membrane upon reduction by an electron from N2, and this leads to 

conversion of the ubiquinol into a state in which the protons are released to the 

cytoplasmic side with simultaneous transfer of an electron to the ubiquinone in 

equilibrium the membrane pool (SQNs -site). The remaining semiquinone at the 

SQNf –site accepts the other NADH-derived electron from N2, and the cycle is re-

rotated resulting in a vectorial transfer of 4H+ per each electron pair. The most 

compelling evidence for this hypothesis comes from the findings of two complex 

I-associated semiquinone species. (Ohnishi & Salerno 2005). 

The other indirect conformational change-driven proton pumping hypothesis 

for complex I is based on the distal location of the ND4 and ND5 subunits with 

respect to the ubiquinone reduction site. They are homologs of the Na+/H+ 

antiporters and are believed to be important for proton translocation across the 

membrane. Based on that and the redox-dependent changes in the crosslinking 

pattern of different complex I subunits (Belogrudov & Hatefi 1994, Mamedova et 

al. 2004) and even over the entire complex I structure (Mamedova et al. 2004), 

long-range structural rearrangements have been suggested to occur during 

catalysis (Brandt et al. 2003, Friedrich 2001, Zickermann et al. 2009), but these 

observations have been questioned later by other studies (Morgan & Sazanov 

2008, Pohl et al. 2010). In fact, the current view of possible conformational 

changes during catalysis is that redox energy liberated upon ubiquinone reduction 
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at the interface of the hydrophilic and hydrophobic domains of complex I is 

transferred to proton pumping subunits in the distal part of the membranous core 

through a 60–100 Å long α-helix observed parallel to the long axis of the 

membrane arm (Efremov et al. 2010, Hunte et al. 2010). 

In addition to these two different approaches, a hypothesis combining the 

direct and indirect coupling mechanisms has been presented recently by Ohnishi 

and co-workers (Ohnishi et al. 2010a). According to their suggestions, for each 

pair of electrons two protons are translocated through the direct proton pump, 

while the other two are pumped across the membrane in the distal part of the 

membranous core through redox-driven conformational changes brought about by 

the redox chemistry by the ubiquinones. The recent findings of Yagi’s group on 

proton pumping efficiency in E. coli with mutations in the distally located 

complex I subunit homologous to ND5 (Nakamaru-Ogiso et al. 2010b) would fit 

this model well. Finally, a model involving changes in properties of key amino 

acid residues within the membrane upon electron transfer to ubiquinone has been 

presented by Wikström’s group. It was proposed that reduction of ubiquinone in 

the proximal part of the membrane domain drives proton pumping by a series of 

electrostatic interactions of key lysine residues in the ND1, ND2, ND4 and ND5 

subunits (Euro et al. 2008a). 

2.4.4 Inhibitors of complex I activity 

A variety of complex I inhibitors, both naturally occurring, like rotenone (from 

Derris scandens), piericidin A (from Streptomyces mobaraensis), acetogenins 

(from various Annonaceae species) and their derivatives, and synthetically 

manufactured like pyridaben and various piperazin derivatives (Ichimaru et al. 

2008) have been used to probe the catalytic activity of complex I especially in 

order to clarify its ubiquinone binding site. Most of these compounds act at the 

electron transfer step from the Fe-S clusters to ubiquinone (Friedrich et al. 1994). 

The prevailing classification of complex I inhibitors is based on their types of 

action. Type A inhibitors, like piericidin A, 2-decyl-4-quinazolinyl amine (DQA), 

annonin VI and rolliniastatin-1 and -2, are considered to be antagonists of the 

ubiquinone substrate. For piericidin A, it has been shown that it inhibits 

NADH:Q2 activity in a partially competitive manner. Contrary to type A, type B 

inhibitors, like the commonly used rotenone, have hydrogen-bonding acceptors 

only in the cyclic head of the molecule and are non-competitive towards UQ, but 

are believed to displace the semiquinone intermediate during the catalysis. Finally, 
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inhibitors classified as type C, like myxothiazol, stigmatellin, N-

vanillylnonanamide (VNA) and capsaicin, form a third group of hydrophobic 

complex I inhibitors and are believed to act as antagonists of reduced ubiquinone. 

(Degli Esposti 1998, Friedrich et al. 1994). Some inhibitors affect outside the 

ubiquinone reduction site and do not fit the preceding classification. Examples of 

such compounds are ADP-ribose, which competes for substrate binding at the 

NADH binding site (Zharova & Vinogradov 1997), and diphenyleneiodonium 

(DPI) that covalently attacks reduced FMN in the hydrophilic part of the enzyme 

(Majander et al. 1994) blocking the electron transfer to the Fe-S clusters.  

Based on fluorescence quench titration experiments of bovine complex I with 

DQA, it has been shown that inhibition involves one inhibitor molecule per one 

complex I. Competition experiments with representatives of all three different 

types of inhibitors revealed that type A and B and type B and C, but not type A 

and C, compete with each other for binding. This led to a suggestion that all 

complex I inhibitors acting at the ubiquinone binding pocket share a common 

binding domain with partially overlapping sites. (Okun et al. 1999). Several site-

directed mutagenesis studies and labeling experiments with a variety of 

photoreactive derivatives of complex I inhibitors have been conducted to locate 

the inhibitor binding pocket of complex I. For example, missense mutations in the 

49 kDa subunit of R. capsulatus were shown to render complex I resistant to 

piericidin A, rotenone and pyridaben (Darrouzet et al. 1998, Prieur et al. 2001), 

and binding of a photoaffinity derivative of pyridaben to PSST has been 

demonstrated (Schuler et al. 1999). Photoreactive azidoquinazoline, another 

complex I inhibitor, crosslinks with the 49 kDa subunit (Murai et al. 2009). 

Stimulated by these findings and homology of the 49 kDa and PSST subunits to 

the [NiFe] hydrogenases, the most extensive study of the complex I inhibitor 

binding site has been carried out in Y. lipolytica. Using this model organism, it has 

been shown that several amino acid residues at the interface of the 49 kDa and 

PSST subunits are essential for the sensitivity of complex I activity to all three 

different types of inhibitors acting at the potential ubiquinone binding pocket with 

partially overlapping sites (Fendel et al. 2008). 

The 49 kDa and PSST subunits, proposed to contribute to the inhibitor 

binding domain of complex I, are constituents of the hydrophilic part of the 

enzyme. Whether an inhibitor (and ubiquinone) binding site is present also in the 

membranous core is ambiguous. Based on inhibitor experiments with 

photoaffinity derivatives of rotenone (Earley et al. 1987), azidoquinazoline 

(Murai et al. 2009) and acetogenin (Murai et al. 2007, Sekiguchi et al. 2009), and 
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with radioactively labeled N,N´-dicyclohexylcarbodiimide (DCCD) (Yagi & 

Hatefi 1988), and due to rotenone resistance of mitochondria from LHON patients 

with an ND1 subunit-affecting m.3460G>A substitution in mtDNA (Ghelli et al. 

1997), it appears that the ND1 subunit contributes to the inhibitor binding site of 

complex I as well. DCCD binding to the ASHI subunit of complex I has also been 

demonstrated (Hassinen & Vuokila 1993). Photoaffinity labeling of ND2 and 

ND5 subunits with complex I inhibitors (Nakamaru-Ogiso et al. 2003, Nakamaru-

Ogiso et al. 2010a) and changes in inhibitor sensitivity in mitochondria from 

LHON patients with m.11778G>A and m.14484T>C substitutions in the ND4 and 

ND6 subunits (for a review, see (Lenaz et al. 2004)), suggest that these proteins 

also contribute to the inhibitor binding site(s) of complex I. Nonetheless, it is 

noteworthy that labeling of a single subunit does not necessarily indicate the 

actual inhibitor binding site, since the label could also be incorporated a distance 

away depending on the location and orientation of the photoactive group in the 

molecule. In any case, it is obvious that many of the core subunits contribute to 

the inhibitor binding site. 

2.5 Complex I-associated diseases 

Oxidative phosphorylation catalyzed by the mitochondrial respiratory chain is the 

terminal metabolic pathway to capture the combustion energy of dietary lipids, 

carbohydrates and proteins into ATP that is used as a driving force in many 

cellular reactions. Aerobic energy production via these consecutive redox 

reaction-catalyzing enzymes is energetically much more efficient than anaerobic 

metabolism, since e.g. 38 moles of ATP are produced per one mole of glucose in 

aerobic respiration (according to the common textbook views, although differing 

stoichiometries can be reached, depending on the values adopted for the H+/e- and 

ATP/H+ ratios), while anaerobic fermentation of glucose yields only 2 moles of 

ATP. Therefore, it is not surprising that many diseases affecting the mitochondrial 

respiratory chain enzymes affect mostly tissues with high energy demand, like the 

nervous system, eye, heart, kidney and skeletal muscle. 

Respiratory dysfunction has a prevalence of at least 1:10000 (Skladal et al. 

2003) and complex I deficiency is one of the most commonly encountered 

diseases of the respiratory chain (Loeffen et al. 2000). Genetically heterogeneous 

complex I disorders present themselves with variable clinical manifestations 

ranging from tissue-selective damage in Leber hereditary optic neuropathy 

(LHON) to multi-organ syndromes like mitochondrial encephalomyopathy, lactic 
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acidosis and stroke-like episodes syndrome (MELAS) in adults and severe 

disorders like Leigh’s disease in childhood. Even the more common 

neurodegenerative diseases like Parkinson’s disease have been linked to complex 

I deficiency (Schapira et al. 1989). 

Like all other respiratory complexes apart from succinate dehydrogenase, 

complex I is under the control of both the nuclear and mitochondrial genomes, 

meaning that inherited complex I-associated diseases follow either autosomal 

dominant or recessive, X-linked or mitochondrial inheritance, depending on the 

location of the underlying genetic cause. Diagnosis of complex I associated 

diseases is based on various tests. Failure to oxidize NADH leads to a change in 

cellular redox state which will ultimately cause elevation of blood lactate and 

ketone body levels, and the lactate/pyruvate ratio is a frequently used laboratory 

tests for screening especially when a syndromic respiratory disorder is suspected 

(Munnich et al. 1992). More precise analysis is based on enzymatic, genetic and 

histopathological examination of patient samples. No curative treatment is 

available.  

In the following sections, two complex I-associated non-syndromic and 

syndromic diseases, LHON and MELAS, will be described in more detail and 

examples of overlap syndromes with features of two or more distinct diseases are 

included. 

2.5.1 Leber hereditary optic neuropathy (LHON) 

In 1871, German ophthalmologist Theodor Leber reported on a hereditary optic 

atrophy affecting young men. Since then, the disease has been known as LHON. 

It was as late as 1988, when this maternally inherited disease was shown to be due 

to a mitochondrial DNA mutation m.11778G>A affecting the MTND4 subunit of 

complex I (Wallace et al. 1988), and indeed, this was the first study to link 

mtDNA substitution with a human disease. Later on, numerous other complex I-

affecting mtDNA substitutions have been shown to be associated with LHON (see 

Table 2), although many of them are sporadic or found only in single families. 

LHON is one of the most common mitochondrial disorders. Estimates of its 

prevalence vary between 2/100000 in Finland (Puomila et al. 2007) to about 

3.22/100000 in the North East of England (Man et al. 2003). Interestingly, not all 

individuals with pathogenic mutations become affected, since the prevalence of 

LHON mutations was shown to be as high as about 1 in 10000 for the three most 

common LHON mutations (Man et al. 2003, Puomila et al. 2007). Indeed, only 
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about 50% of men and 10% of women carrying an LHON mutation develop the 

disease (Yen et al. 2006). This incomplete penetrance and gender bias has led to a 

suggestion of involvement of additional factors in the pathogenesis of LHON. 

Linkage analysis of the nuclear genes has identified two different loci on the X-

chromosome as candidates for nuclear genetic factors that could explain the sex 

bias (Hudson et al. 2005, Shankar et al. 2008). Involvement of other genetic 

factors in LHON is also presented by mtDNA haplogroup analysis that shows 

increased penetrance of m.11778G>A and m.14484T>C mutations in haplogroup 

J and m.3460G>A in haplogroup K (Hudson et al. 2007). In addition to these 

genetic factors, exposure to certain environmental factors, like tobacco smoking, 

affects the clinical manifestation of LHON (Kirkman et al. 2009). 

Table 2. LHON-associated mtDNA mutations and the resulting amino acid changes 

affecting complex I (modified from Yu-Wai-Man et al. (2009)). 

Complex I subunit mtDNA mutation Amino acid change 

ND1 m.3460G>A1 p.Ala52Thr 

 m.3697G>A p.Gly131 Ser 

 m.3733G>A p.Glu143 Lys 

 m.4160T>C p.Leu285 Pro 

 m.4171C>A p.Leu289 Met 

   

ND4 m.11253T>C p.Ile165 Thr 

 m.11696G>A p.Val312 Ile 

 m.11778G>A1 p.Arg340 His 

   

ND4L m.10663T>C p.Val65 Ala 

   

ND5 m.12848C>T p.Ala171 Val 

 m.13730G>A p.Gly465 Glu 

   

ND6 m.14596A>T p.Ile26 Met 

 m.14568C>T p.Gly36 Ser 

 m.14498C>T p.Tyr59 Cys 

 m.14495A>G p.Leu60 Ser 

 m.14484T>C1 p.Met64 Val 

 m.14482C>G p.Met64 Ile 

 m.14459G>A p.Ala72 Val 

 m.14279G>A p.Ser132 Leu 
1 Most common mutations. 
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Clinical course of LHON 

The onset of symptoms of LHON is typically between the ages of 15 and 35 years, 

with 95% of patients having become ill by the age of 50 years (Harding et al. 

1995). Most of the patients are men. The clinical course of LHON includes 

painless, subacute loss of central vision and impairment of color perception in one 

eye usually followed by the other eye with an average time interval of about two 

months (Yen et al. 2006). Initial signs show circumpapillary teleangiectatic 

microangiopathy and papillary pseudoedema (Nikoskelainen et al. 1983, Smith et 

al. 1973). Thickening of the retinal nerve fiber layer (RNFL) has been observed 

during the acute phase using optical coherence tomography (Barboni et al. 2005). 

As the disease progresses, RNFL degenerates with a preferential loss of the small-

caliber fibers of retinal ganglion cells forming the papillomacular bundle, and 

optic atrophy develops (for a review, see (Fraser et al. 2010)). On visual field 

testing, a typical dense central scotoma is found. Pupillary reflexes are spared. 

Final visual acuity varies, but is mostly severely reduced and permanent. (Carelli 

et al. 2009, Yu-Wai-Man et al. 2009). Prognostic factors for better recovery 

include a mutation type (e.g. m.14484T>C carriers having 37–58% and 

m.11778G>A carriers 4–25% recovery rates), onset of the symptoms before the 

age of 20, and thicker RNFL and larger optic disk diameter as analyzed with 

optical coherence tomography (for a review, see Fraser et al. (2010) and Yu-Wai-

Man et al. (2009)). 

Pathophysiology of LHON 

Selective loss of the retinal ganglion cells in LHON occurs by apoptosis 

(Danielson et al. 2002, Ghelli et al. 2003). Hypotheses on the primary cause of 

this phenomenon include deficient energy metabolism and involvement of 

reactive oxygen species, since all known mutations associated with LHON affect 

the respiratory chain that is the main source of oxygen radicals in cells. 

Studies of the biochemical deficit in LHON have demonstrated a variable 

degree of complex I activity decline. In lymphoblasts and cybrids the most 

pronounced reduction of activity is found in m.3460G>A mutation carriers, where 

the NADH-ubiquinone activity is only about 20% of control. On the contrary, the 

other two common LHON mutations show less severe loss of complex I activity 

with only about 20% decline for the m.11778G>A mutation, while in 

m.14484T>C it was comparable to controls. (Brown et al. 2000). Other studies 
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have shown significant reduction of complex I activity only for the m.3460G>A 

mutation (Carelli et al. 1997, Carelli et al. 1999, Majander et al. 1991). Despite 

the fact that a definitive complex I activity deficiency has been observed only for 

one of the common LHON mutations, they all seem to affect complex I 

interaction with ubiquinone. Mitochondria with m.3460G>A or m.11778G>A 

mutations have been shown to render complex I resistant to its inhibitor rotenone 

(Carelli et al. 1997, Ghelli et al. 1997), while in m.14484T>C cybrids an 

increased sensivity to myxothiazol, another complex I inhibitor, has been 

observed (Carelli et al. 1999). More explicit evidence of a change in quinone 

binding in LHON is provided by an increase in the apparent Km for ubiquinone in 

mitochondria with the m.11778G>A mutation (Ghelli et al. 1997). Although the 

electron transfer activity decline in m.11778G>A and m.14484T>C mutants with 

exogenous ubiquinone is at most only moderate, they have been shown to 

significantly impair complex I-driven respiration and ATP production with 

endogenous ubiquinone (Baracca et al. 2005, Brown et al. 2000, Zanna et al. 

2003). 

It has become evident that reactive oxygen species (ROS) have a crucial role 

in the pathogenesis of LHON in addition to imbalanced cellular energy state 

brought about by the complex I defect. Cybrid cells harbouring m.11778G>A 

have been shown to be sensitized to oxidative stress (Wong & Cortopassi 1997). 

Measurements of cellular antioxidative defense system activities have given 

indirect evidence of increased oxygen radical production in cybrids with any of 

the three common LHON-mutations (Floreani et al. 2005), as well as increased 

levels of 8-hydroxy-2’-deoxyguanosine in leukocyte DNA from patients with the 

m.11778G>A substitution (Yen et al. 2004). Finally, increased levels of 

superoxide production have been documented for the m.3460G>A, m.11778G>A 

and m.14484T>C mutations (Beretta et al. 2004, Wong et al. 2002). Moreover, 

inactivation of the mitochondrial superoxide dismutase enzyme in an animal 

model brought histopathological findings similar to those observed in LHON (Qi 

et al. 2003). 
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Fig. 3. Schematic presentation of the cells involved in the phototransduction and 

signal trasmission of an eye. Light stimulus induces changes in visual pigments of 

the rods and cones and causes hyperpolarization of their cell membranes. Upon 

hyperpolarization, reduced synaptic neurotransmitter release from the photoreceptors 

activates bipolar cells, which in turn leads to generation of an action potential in 

ganglion cells. The ganglion cell action potential is transmitted through the ganglion 

cell axons into the thalamus and from there to the visual cortex of the brain. The 

ganglion cells are affected in LHON. Amacrine and horizontal cells involved in 

modulation of phototransduction in retina are omitted from the drawing. 

Gradual degeneration of retinal ganglion cells with sparing of pigment epithelium 

and photoreceptors and the fact that almost all LHON mutations are nearly 

homoplasmic have raised the question of why the defect is so selective. Cell 

bodies of the retinal ganglion cells reside in the inner retina and their long axons 

enter the retinal nerve fiber layer to travel into the optic nerve head, where they 

traverse the lamina cribrosa and form the optic nerve transferring the visual 

stimulus into the brain (see Figure 3). Contrary to the optic nerve, where action 

potential conduction is saltatory (i.e. hopping from one node of Ranvier to the 

next for higher velocity) in the myelin-isolated axons, transmission of visual 

Brain

Light

Rods
and 

cones

Bipolar
cells

Ganglion
cells

Pigment
epithelium

Optic
nerve

Lamina
cribrosa



 44

stimuli in the intraocular part of the axons is more energy-dependent, since the 

axons are unmyelinated and the volume to surface ratio of the small axons in the 

papillo-macular bundle is more unfavourable (Carelli et al. 2002). This skewed 

energy demand is demonstrated by uneven distribution of mitochondria in the 

retinal ganglion cell axons which are more abundant in mitochondria in the 

unmyelinated intraocular part (Bristow et al. 2002, Hollander et al. 1995). 

However, impaired energy production alone does not explain the selective loss of 

retinal ganglion cells, since photoreceptors have even higher oxidative activity 

(Lowry et al. 1956). Optical coherence tomography findings of axonal swelling in 

the retina of LHON-patients point to impaired axonal transport that is essential 

also for bi-directional transport of mitochondria in the axon (Barboni et al. 2005, 

Barboni et al. 2010, Hollenbeck & Saxton 2005). In addition, the common 

m.3460G>A, m.11778G>A and m.14484T>C LHON-mutations have been shown 

to impair removal of extracellular glutamate in osteosarcoma cybrid cells, 

suggesting that in LHON the retinal ganglion cells would be more vulnerable to 

excitotoxic injury caused by the neurotransmitter glutamate. This glutamate 

transport deficiency was shown to correlate with mitochondrial ROS production 

but not with cellular ATP levels. (Beretta et al. 2004). To conclude, selective 

retinal ganglion cell deterioration in LHON is clearly a multifactorial process, 

wherein disturbed energy metabolism and ROS generation together with unique 

features of the cell type involved have a significant role. 

2.5.2 Mitochondrial myopathy, encephalopathy, lactic acidosis, and 
stroke-like episodes (MELAS) 

Patients with normal early development but later presenting with lactic acidemia, 

short stature, seizures, ragged red fibers in skeletal muscle and hemiparesis, 

hemianopia or cortical blindness suggestive of a mitochondrial myopathy were 

first reported more than two decades ago (Pavlakis et al. 1984). This maternally 

inherited disease with myopathy, encephalopathy, lactic acidosis and recurrent 

stroke-like episodes became known as MELAS syndrome. On the grounds of 

active research on the subject, the clinical spectrum of the symptoms associated 

with MELAS has expanded substantially over the decades, demonstrating the 

complexity of the underlying pathophysiology.  
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Genetics and clinical phenotype of MELAS 

Maternal inheritance of the disease together with other findings was suggestive of 

mitochondrial abnormality caused by an mtDNA mutation. In 1990, Goto and co-

workers were able to show that in about 80% of MELAS-patients the disease is 

associated with a m.3243A>G transition in the mtDNA tRNALeu(UUR) gene (Goto et 

al. 1990). Later on, nearly half of the remaining patients were shown to harbour 

an m.3271T>C transition (Goto et al. 1991), while less common MELAS 

mutations are found for example in ND1 (Kirby et al. 2004), ND5 (Liolitsa et al. 

2003) and ND6 (Ravn et al. 2001) as well as in several mitochondrial tRNA genes.  

MELAS is probably the most frequent hereditary respiratory chain disorder. 

A population-based study in Finland gave an estimate of 16.3/100000 for the 

prevalence of the common MELAS-mutation m.3243A>G (Majamaa et al. 1998). 

A more recent report from Australia on a Caucasian-based population reported a 

much higher prevalence of 236/100000 (Manwaring et al. 2007), emphasizing 

that the prevalence of MELAS-associated mutations is much higher than 

previously considered. 

The age of onset of the MELAS symptoms is highly variable, but initial signs 

of the disease present in nearly 70% of the patients between the ages of 2 and 20 

years (Pavlakis et al. 1984). Original criteria for the diagnosis include stroke-like 

episodes before the age of 40 years, encephalopathy (seizures or dementia or 

both), and ragged-red fibers on muscle biopsy or lactic acidosis (measured either 

from serum or cerebrospinal fluid) or both (Hirano et al. 1992, Sproule & 

Kaufmann 2008). Later on, several other symptoms and findings have been linked 

to MELAS (see Table 3). 

Recurrent, fluctuating, asymmetric and predominantly cortical and 

subcortical ischemia-like lesions in the occipital and parietal lobes that do not 

follow the vascular distribution are seen on magnetic resonance imaging (MRI) of 

the brain during the stroke-like episodes (Sproule & Kaufmann 2008). 

Calcification of basal ganglia, and cerebral and cerebellar atrophy have also been 

documented (Sue et al. 1998). Immunohistochemistry of biopsy samples 

frequently shows blood vessels staining strongly for succinate dehydrogenase 

activity, indicative of mitochondrial proliferation (Sproule & Kaufmann 2008). 

Mitochondrial angiopathy seen in cerebral blood vessels of autopsied MELAS-

patients (Ohama et al. 1987) has been considered to be suggestive of 

dysfunctional blood-brain barrier (BBB). Indeed, increased permeability of BBB 

in MELAS has been observed (Tanji et al. 2001). 
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Table 3. Common clinical symptoms and findings in MELAS patients according to 

Sproule & Kaufmann (2008). 

Symptoms and findings Frequency/ incidence (%) 

Cognitive impairment 70–90 

Sensorineural hearing loss 74 

Migraine or other headache 77–91 

Peripheral neuropathy 22–95 

Stocking-glove like loss of proprioseption and 

vibration 

Abnormal reflexes and sensory examination 

Short stature 35–50 

Cardiac abnormalities 15–30 

Cardiomyopathy 

Congestive heart failure 

Conduction defects 

WPW-syndrome 

Myopathy 50–89 

Exercise intolerance 

Limb weakness 

Gastrointestinal disturbances 64 

Diabetes 50 

Pathophysiology of MELAS 

Although inclusive pathophysiology of MELAS is largely obscure, relatively 

much is known about the molecular level changes. Biochemical analyses of 

MELAS cybrid cells has pointed to a complex I activity deficiency and impaired 

mitochondrial protein synthesis (Dunbar et al. 1996). The number of studies on 

the biochemical consequences of MELAS mutations is highest for the common 

m.3243A>G mutation. It has been shown to result in a taurine modification defect 

at the wobble position of tRNALeu(UUR) (Yasukawa et al. 2000), which specifically 

impairs the translation of the UUG codon (Kirino et al. 2004). The UUG codon is 

clearly most often used in translation of the ND6 gene of complex I and its 

decoding defect explains the complex I deficiency observed in the cybrid cells 

(Dunbar et al. 1996). Both in patients and bacterial models, decrease in the 

amount or stability of active complex I has been reported for the less common 

MELAS-associated ND1-subunit mutations as well (Kervinen et al. 2006, Kirby 

et al. 2004, Malfatti et al. 2007). Respiratory chain deficiency in MELAS is 

demonstrated also by the impaired mitochondrial ATP synthesis (DiFrancesco et 
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al. 2008, Rusanen et al. 2000). Induction of antioxidative defense systems 

suggestive of increased oxidative stress has also been observed in MELAS 

myoblasts (Rusanen et al. 2000). How these molecular level changes lead to the 

presentation of the disease is unclear. One possibility is neuronal excitotoxic 

injury caused by the neurotransmitter glutamate, since the m.3243A>G mutation 

has been shown to impair glutamate uptake in cybrid cells, which is energy-

dependent (DiFrancesco et al. 2008). On the other hand, dysfunctional blood-

brain barrier due to mitochondrial angiopathy could lead to neuronal 

hyperexcitability in the brain (Iizuka et al. 2007, Sproule & Kaufmann 2008). 

2.5.3 Overlap syndromes 

Overlap syndromes are a rare form of complex I-associated respiratory chain 

disorders that are characterized by features of two or more distinct diseases. The 

underlying genetic cause can be a single mutation that produces a phenotype that 

presents with symptoms of various different diseases, or much more rarely, co-

occurrence of two or more common primary disease-associated substitutions. 

A recent work by Nakamura and co-workers reported on a family with 

members presenting symptoms of MERRF or MERFF and MELAS. Analysis of 

the mitochondrial genome in this family revealed the presence of both 

m.3243G>A and m.8356T>C transitions that have been causative for MELAS 

and MERRF, respectively. (Nakamura et al. 2010). Interestingly, a similar 

overlapping phenotype has also been seen in some patients with either of the 

substitutions alone (Mongini et al. 2002, Sano et al. 1996). Other single mtDNA 

substitutions that have been associated with an overlap syndrome include 

m.3376G>A in MTND1 in a patient with symptoms of LHON and MELAS 

(Blakely et al. 2005), an m.13084A>T missense mutation in MTND5 in a proband 

with Leigh-MELAS overlap syndrome (Crimi et al. 2003) and an m.13513G>A 

transition in MTND5 in patients with clinical findings of LHON and MELAS 

(Pulkes et al. 1999). Common to all these overlap syndromes is that they are 

sporadic or found only in small pedigrees. Whether they truly present an overlap 

phenotype or just a modification of one of the diseases involved is unclear, since 

symptoms of a respiratory chain disorder can be versatile as discussed above. 

Evaluation of these rare forms of oxidative phosphorylation linked defiences is 

also restricted by the lack of detailed analyses of the biochemical effects of the 

underlying genetic changes. 
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2.6 Evaluation of the pathogenicity of mtDNA mutations 

Mitochondrial DNA has many special features that differ from nuclear genes, 

making mitochondrial genetics a challenging task. Firstly, mtDNA is maternally 

inherited (Hutchison et al. 1974). Although sperm mitochondria enter the egg 

during fertilization, their mtDNA is degraded and the mitochondria are eliminated 

(Nishimura et al. 2006, Sutovsky et al. 2000). Secondly, accumulation of 

mutations in the mtDNA is at least ten times faster than for nuclear DNA (Brown 

et al. 1979). Since each human cell contains hundreds or even thousands of 

mtDNA copies (Satoh & Kuroiwa 1991) and mutations of mtDNA occur 

independently in each of the mtDNA molecules, a mixture of mutant and 

unmutated mtDNA is present in a cell. This is known as a heteroplasmy. However, 

mtDNA mutation does not manifest as a clinical disease before reaching a certain 

degree of heteroplasmy, a phenomenon that is known as the threshold effect (for a 

review, see e.g. (Rossignol et al. 2003)). Fourthly, mtDNA molecules are 

randomly distributed to daughter cells at cell division resulting in a change of 

mutant mtDNA content between cells and even at a tissue or organ level, a 

property known as mitotic segregation (DiMauro & Schon 2003). Moreover, it is 

not unusual that an individual carrying an mtDNA substitution is not affected 

(Montoya et al. 2009). This incomplete penetrance highlights the significance of 

other genetic or environmental factors affecting the expression of the mtDNA 

mutation. 

Because of the unique properties of mitochondrial genetics, mtDNA variants 

are abundant and not easy to distinguish as a polymorphism or truly pathogenic 

mutation. Therefore, several classification schemes and scoring systems have 

been presented to evaluate the pathogenic role of a novel mtDNA mutation. The 

earlier criteria of DiMauro and Schon (2001) were much dependent on the 

heteroplasmy of the mutation, but the increasing number of homoplasmic 

pathogenic mutation discoveries led to a revision of the criteria and presentation 

of a scoring system to determine the likelihood of the pathogenicity of the 

mutation (Mitchell et al. 2006). Outlines of the classification are presented in 

Table 4. Based on the scoring system, the pathogenicity of many of the mutations 

affecting MTND genes has been questioned, mainly because of a lack of 

functional studies (Mitchell et al. 2006, Wong 2007). Compared to earlier criteria, 

much more emphasis is now put on studying the functional consequences of a 

putatively pathogenic mtDNA mutation. However, detailed analyses of the 

biochemical effects are often limited due to the scarcity of patient-derived 
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material and difficulties in modelling of the mtDNA mutations in mammalian 

cells. Although very useful, various criteria for pathogenicity should still be used 

with cautiousness (Montoya et al. 2009). 

Table 4. Summary of the scoring system presented by Mitchell and co-workers to 

assess the pathogenicity of an mtDNA substitution (Mitchell et al. 2006). 

Criteria Maximum score1 

Demonstration of a biochemical deficit in affected or 

multiple tissues 

10 

Functional studies with single fiber PCR and/or 

cybrid cells 

7 

Degree of heteroplasmy 5 

Evolutionary conservation of the affected amino 

acid 

10 

Segregation of the mutation with the disease within 

a family 

3 

Reports on the mutation from two or more 

independent laboratories 

5 

1Candidate mutations scoring 30 or more of the maximum score total of 40 are classified as pathogenic, 

those with a score between 21 and 29 as probably pathogenic and mutations with total score from 10 to 

20 as possibly pathogenic.  
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3 Outlines of the present study 

PSST and 49 kDa subunits in the hydrophilic part of complex I are involved in 

ubiquinone and inhibitor binding by complex I. ND1, ND3, ND4L and ND6 

subunits in the proximal part of the membranous core of the enzyme are in close 

contact with or in the immediate vicinity of these functionally important proteins, 

and therefore some of them may be involved in the interaction of complex I with 

ubiquinone, a lipophilic electron carrier in the membrane, or are otherwise 

essential for the activity. The functional importance of the ND1 and ND6 subunits 

is also emphasized by the clustering of disease-associated substitutions within 

their genes in mtDNA. However, the biochemical effects of many of the disease-

associated mtDNA alterations are unknown, hampering also the evaluation of 

their pathogenicity. 

The purpose of this thesis study was to focus on the role of the ND1, ND4L 

and ND6 subunits in complex I activity by analysing the biochemical effects of 

disease-associated and other selected substitutions within their primary sequence 

in an Escherichia coli model. The specific aims were: 

1. to elucidate the role of the two highly conserved glutamate residues within 

transmembrane helices two and three of ND4L subunit homolog NuoK in 

complex I function, 

2. to analyze the biochemical effects of LHON-associated m.14498C>T, 

m.14484T>C, m.14459G>A and m.3460G>A transitions in mtDNA in order 

to validate the pathogenicity of the m.14498C>T transition and to get more 

insight into the pathomechanism of LHON, 

3. to evaluate the effects of LHON/MELAS overlap syndrome-associated 

m.3376G>A and m.3865A>G substitutions to discriminate between their 

pathogenicity, and finally, 

4. to clarify the role of ND1 and ND6 subunits in the interaction between 

ubiquinone and complex I.  
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4 Materials and methods 

A summary of the methods used in this thesis is shown in Table 5. Description of 

the experimental procedures with references and list of materials used are 

presented in detail in the original publications (I-III). 

Table 5. Summary of methods used in the original publications. 

Method Used in 

Protein homology analysis  

Amino acid sequence alignment I, II, III 

Conservation score calculus III 

DNA cloning I, III 

Site directed mutagenesis of a gene of interest I, II, III 

DNA sequencing I, II, III 

Knockout of a gene of interest by homologous recombination I, III 

Expression of a mutant allele of a gene of interest  

Complementation of a knockout strain by protein expression from 

a plasmid 

I, II, III 

Genomic complementation III 

Bacterial cell membrane isolation  

Lysozyme treatment with osmotic shock I 

French Press treatment I, II, III 

Protein concentration determination I, II, III 

Western blotting I 

Bacterial cell growth phenotype analyses I, II, III 

Spectrophotometric enzyme activity assays I, II, III 

Analysis of ubiquinone reduction kinetics II, III 

Inhibitor sensitivity test I 

Enzyme kinetic analysis of inhibition types II, III 

Statistical analyses  

Student’s t test II, III 

One-way ANOVA followed by Dunnett’s test II, III 
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5 Results 

5.1 Mutation dependence of growth phenotype 

Growth medium with malate as the main carbon source was initially selected for 

culturing the E. coli cell lines for sample preparation as in the earlier work with P. 

denitrificans NDH-1 mutants (Kurki et al. 2000, Zickermann et al. 1998, 

Zickermann et al. 2000). Later on, the growth ability of the E. coli cells 

harbouring amino acid substitutions in the NuoK subunit of NDH-1 on malate 

turned out to be a useful way to initially screen the mutants, and was also used 

thereafter to characterize the NuoJ (II) and NuoH (III) subunit substitutions.  

The initial finding of the growth phenotype analysis of the constructed 

mutants was the inability of the nuoJK knockout derivative of the E. coli strain 

GV102, namely GVnuoJK in (I), to grow on malate. When the nuoJK knockout 

was introduced into another strain, GO103, the cells were able to grow to higher 

densities (Figure 4 in I). The growth defect in GVnuoJK was also resolved by 

growing the cells in a medium with pyruvate or glycerol but not with succinate as 

the carbon source, or by transforming the GVnuoJK strain with an expression 

plasmid expressing wild-type NuoJ and NuoK (GVcJK) (Figure 3 in I). 

Overexpression of the alternative non-proton pumping NADH-UQ 

oxidoreductase (NDH-2) in the GVnuoJK strain did not improve the growth 

ability on malate (Figure 3 in I) indicating that NADH oxidation capacity in the 

nuoJK knockout was not a limiting factor. Taken together, these results are 

suggestive of impaired NDH-1 proton translocation activity in cell lines that fail 

to grow on malate (discussed in more detail in section 6.1). 

5.2 Mutagenesis of the two highly conserved glutamate residues 
within the transmembrane helices of the ND4L subunit impairs 
complex I activity 

The ND4L subunit displays two highly conserved glutamate residues (Glu-36 and 

Glu-72 in E. coli numbering) within consecutive transmembrane helices (see 

Figure 5 in I). Such a location of protonable residues in a hydrophobic 

surrounding is common in many proteins involved in proton translocation across 

a membrane like e.g. in the c subunit of ATP synthase (Miller et al. 1990). To 

investigate the role of the ND4L subunit glutamates in complex I function, site-
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directed mutagenesis of them and some nearby amino acid residues was 

performed using E. coli as a model organism.  

One by one removal of the Glu-36 and Glu-72 residues from the ND4L 

subunit homolog NuoK in E. coli by substituting them with a glutamine residue 

(NuoK-E36Q and NuoK-E72Q mutations in I) led to expression of membrane-

bound NDH-1 that showed reduced inhibitor-sensitive NADH:UQ activity with 

Q2 as a substrate. Activity decline in E36Q was more pronounced than with the 

E72Q mutation with 8% and 76% residual activities, respectively (Table 4 in I). 

Moreover, E36Q or E72Q mutation-carrying cells were unable to grow to higher 

densities in a medium with malate as the main carbon source. When the 

glutamates were replaced by aspartate instead of glutamine, the effect on NDH-1 

activity was mild and the growth ability in malate medium was not compromized 

(Table 4 in I).  

When the acidic residues were placed on the same helix about one helix turn 

apart, i.e. E36Q/A69D and E72Q/I39D mutations in (I), NDH-1 activity was 

almost normal (Table 4 in I). However, placing either of the acidic residues about 

one helix turn towards the periplasmic side of the membrane within the same 

transmembrane helix led to about 20% residual NDH-1 activity and growth 

failure in malate in the case of E36Q/I39D, while with the E72Q/A69D mutation 

NDH-1 activity was spared at higher levels (76% of control) and the cells were 

able to grow on malate (Table 4 in I).  

Replacement of both of the glutamates by glutamine (E36Q/E72Q in (I)) led 

to almost complete loss of NDH-1 activity (Table 4 in I). When the acidic 

residues were shifted about one helix-turn (three amino acids) towards the 

periplasmic side of the membrane, i.e. the quadruple mutant 

E36Q/I39D/A69D/E72Q (QDDQ) in (I), NDH-1 activity was not affected. 

However, the cells were not able to grow on malate or succinate as the main 

carbon source, although they grew considerably well in medium supplemented 

with pyruvate (Figure 3 in I).  

To test if the poor growth capacity on malate or a decrease in NDH-1 activity 

in the mutants analysed was due to a reduced amount of NDH-1 in the 

membranes, their hexaammineruthenium(III)chloride(HAR)-reductase activities 

were determined. It turned out that some mutants, like QDDQ and E36Q, that 

failed to grow on malate with or without normal NDH-1 activity exhibited HAR-

reductase activities comparable to or even higher than those with normal NDH-1 

activity and growth phenotype in malate, like the E72D and E36Q/A69D 

substitutions (Table 5 in I).  
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5.3 Effects of the LHON-associated ND1 and ND6 subunit 
mutations on complex I activity in Escherichia coli 

Of the LHON-associated MTND6 and MTND1 substitutions (see Table 2), 

biochemical effects have been studied in more detail only for the common 

m.14484T>C and m.3460G>A, and the rare m.14459G>A transitions, while a 

partial analysis of the enzymatic defect has been performed only for the 

m.3697G>A, m.3733G>A and m.14596A>T mutations. In order to evaluate in 

more detail the biochemical effects of the m.14498C>T transition, the role of the 

ND1 and ND6 subunits in complex I activity, and the biochemical consequences 

of LHON-associated mtDNA substitutions affecting the complex I, a series of 

amino acid substitutions in NuoJ and NuoH, E. coli homologs of the ND6 and 

ND1 subunits, were constructed and analysed (II, III). 

5.3.1 Biochemical effects of the m.14498C>T mutation homolog in 
Escherichia coli NuoJ 

The m.14498C>T transition in MTND6 leads to a replacement of the highly 

conserved Tyr-59 by a cysteine residue. An E. coli equivalent of this substitution, 

namely NuoJ-Y59C, produced only a moderate NDH-1 activity deficiency. HAR-

reductase-normalised Vmax of NADH:UQ activity with DB in NuoJ-Y59C was 73% 

of control, while with the endogenous ubiquinone it was less severely affected, 

presenting 93% residual activity as estimated by the d-NADH-oxidation rate. 

Kinetic analysis of DB binding in NuoJ-Y59C did not reveal any change in its 

apparent Km. However, marked substrate inhibition by DB at concentrations 

above 100µM DB was observed (Figure 4). 

Replacement of the invariant Tyr-59 by phenylalanine instead of a cysteine 

residue had more drastic effects on NDH-1 activity. The Vmax/HAR-reductase 

ratio of NADH:UQ activity with DB showed about 60% activity decline, and the 

d-NADH oxidation activity with endogenous ubiquinone encompassing the entire 

length of the respiratory chain was reduced to 45% of control. As in NuoJ-Y59C, 

the Km for DB did not differ from control in NuoJ-Y59F, but some changes in 

UQ-binding properties of NDH-1 did occur as a slight tendency for substrate 

inhibition by DB was observed. Neither NuoJ-Y59F nor NuoJ-Y59C affected 

NDH-1 sensitivity to VNA, which has been classified as a C-type inhibitor of 

complex I (Degli Esposti 1998). 
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Fig. 4. Substrate inhibition of NADH:UQ activity in E. coli NuoJ-Y59C mutation. The 

activity was normalized to HAR-reductase activity to account for variation in 

expression levels. The filled circles represent mutant cells and the open circles wild-

type controls. 

5.3.2 Effects of the m.14484T>C and m.14459G>A transition 
homologs in NuoJ 

Amino acid residues Met-64 and Ala-72 of the ND6 subunit affected by the 

m.14484T>C and m.14459G>A transitions reside in the same transmembrane 

helix as the one affected by the m.14498C>T substitution. Therefore, mutagenesis 

of the homologous positions in E. coli NuoJ was included to investigate their 

effects in the model utilized to analyze mtDNA substitutions. 

Enzymatic effects of the substitutions at NuoJ-Met64 were moderate. The 

Vmax/HAR-reductase ratio of NADH:UQ activity with DB was reduced to 83% of 

control in M64V, while M64C had a residual activity of 56%. Contrary to Tyr-59 

position substitutions, both M64V and M64C showed a change in NDH-1 affinity 

to DB with the apparent Km being increased to about 1.4- fold in M64V and 1.6-

fold in M64C compared to control. Sensitivity of NDH-1 activity to VNA in 

M64V and M64C substitutions was comparable to that of control. 
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The position homologous to Ala-72 of ND6 is occupied by a more bulky 

methionine in E. coli. Replacement of this Met-72 in NuoJ by valine (M72V), 

alanine (M72A) or cysteine (M72C) residues reduced the HAR-reductase activity 

normalised Vmax of NADH:UQ activity with DB to 53%, 79% and 68% of control, 

respectively. Analysis of ubiquinone reduction kinetics in these NDH-1 mutants 

showed a clear increase in the apparent Km for DB up to two-fold compared to 

control. Moreover, all Met-72 mutants were less sensitive to substrate inhibition 

by DB than any other mutation generated and analysed. As it showed the largest 

decrease in DB affinity, the NuoJ-M72V substitution was subjected to more 

detailed analysis of inhibitor sensitivity, and resistance to annonin and VNA, 

representatives of A- and C-type inhibitors, was observed.  

5.3.3 Effects of the m.3460G>A transition equivalent in NuoH 

The E. coli homolog of the ND1 subunit Ala-52 residue affected by the 

m.3460G>A substitution is Met-64 in NuoH. Replacement of this methionine by a 

threonine residue had only a minor effect on E. coli NDH-1 activity. Although the 

NADH:UQ activity with DB was comparable to that of control, ubiquinone 

reductase activity utilizing endogenous ubiquinone (demonstrated by the d-

NADH oxidation activity utilizing the entire span of the respiratory chain) was 

reduced to 70% of control. NuoH-M64T did not show any change in ubiquinone 

binding properties of NDH-1, since the apparent Km for DB was similar to that of 

a control, nor was substrate inhibition observed. 

Replacement of the adjacent more conserved aspartate-63 residue by 

glutamate had more drastic effects on NDH-1 activity. This D63E mutant 

displayed reduced HAR reductase activity indicative of a decrease in the amount 

of NDH-1 in the membranes. Additionally, the Vmax/HAR reductase ratio of 

NADH-UQ activity with DB as a substrate showed about a 34% decline, and was 

similar with endogenous ubiquinone as a substrate. D63E also seemed to interfere 

with the NDH-1 interaction with ubiquinone, since the apparent Km for DB was 

about half of that of control. 
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5.4 Enzymatic effects of the LHON/MELAS overlap syndrome-
associated m.3376G>A and m.3865A>G substitution homologs 

in E. coli 

Overlap syndromes presenting features of two or more different phenotypes are a 

rare form of respiratory chain disorder. The m.3376G>A and m.3865A>G 

transitions in MTND1 are associated with an LHON/MELAS overlap syndrome 

and lead to replacement of Glu-24 by lysine and Ile-187 by valine in the ND1 

subunit of complex I. The corresponding residues in E. coli NuoH are Glu-36 and 

Ile-201, which were subjected to site-directed mutagenesis to clarify the 

biochemical effects and pathogenity of the disease-associated mtDNA transitions. 

The E. coli version of the LHON/MELAS overlap syndrome-associated 

p.E24K substitution in ND1, namely NuoH-E36K, showed a marked decrease in 

HAR-reductase activity, indicating a reduced amount of NDH-1 in the 

membranes, and also severely hampered specific NDH-1 activity. HAR-reductase 

normalized NADH:UQ activity with 100µM DB in NuoH-E36K was 12% of 

control and could not be enhanced with higher DB concentrations, preventing 

further analysis of the NDH-1 interaction with ubiquinone. Activity with 

endogenous ubiquinone was even more affected, showing only about 3% residual 

activity, and results with other ubiquinone analogs, Q1 and Q2, were similar to that 

with DB as a substrate. The effect of a NuoH-E36Q replacement on NDH-1 

activity was milder than that of the NuoH-E36K replacement. The Vmax/HAR-

reductase ratio of NADH:UQ activity in NuoH-E36Q was 60% of control with 

DB and 74% of control with Q1 as a substrate, and the apparent Km for DB and Q1 

was increased more than four-fold compared to control. Accordingly, NuoH-

E36Q rendered resistance to the complex I inhibitors annonin, piericidin A and 

stigmatellin with their I50 values being increased 2.7-, 1.5- and 3.3-fold, 

respectively, whereas sensitivity to VNA was unaltered. These changes in quinone 

binding brought about by the NuoH-E36Q substitution in the in trans 

complemented deletion strain were verified by genomic complementation of the 

mutant allele. The apparent Km for DB was 135µM and 33µM in E36Q and the 

control strain, respectively, and the I50 for piericidin A was 16µM in the E36Q 

mutant and 13µM in the control. The role of the Glu-36 residue in NDH-1 activity 

was examined with one additional replacement by substituting it with an aspartate 

residue. Apart from a slight decrease in its d-NADH oxidation activity (Figure 2 

in III), the NuoH-E36D mutant did not differ from the control. 
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Introduction of a mutation homologous to p.I187V in ND1 into the E. coli 

NuoH subunit, namely I201V, had only a minor effect on NDH-1. HAR-reductase 

activity in NuoH-I201V was slightly decreased, although the difference to control 

was not statistically significant, suggestive of a slight reduction in the amount of 

NDH-1 in the membranes, but the NDH-1 activity and the apparent Km for DB in 

I201V were similar to that of control (Figure 2 and Table 2 in III). 
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6 Discussion 

6.1 Significance of the conserved glutamate residues within the 

transmembrane helices of the ND4L subunit 

A sequence motif containing only a highly conserved acidic amino acid in the 

middle of a transmembrane α-helix may be associated with proton translocation 

across biological membranes. The ND4L/NuoK subunit was selected for a study 

on the functional significance of dicarboxylic amino acids on the basis of a 

sequence motif search amongst the complex I subunits (I). 

Replacement of the two highly conserved glutamate residues 36 and 72 of the 

NuoK subunit of E. coli complex I by a corresponding amide (glutamine), either 

one at a time or simultaneously, was harmful for the enzyme function. These 

results have been reproduced later by another research group utilizing a different 

approach (Kao et al. 2005), supporting the view that Glu-36 and Glu-72 of NuoK 

are important for the catalytic activity of the enzyme. Some freedom regarding 

the exact location of the residues became apparent. Placement of the two acidic 

residues about one helix turn apart within either of the helices, but not the 

simultaneous shifting towards the periplasmic side of the membrane within the 

original helices (the QDDQ mutant in I), was tolerated well. Similar flexibility in 

the position of a functionally important acidic residue within a transmembrane 

segment of a protein has been demonstrated for example for the proton 

conducting c subunit of the E. coli F1Fo ATP synthase, wherein relocation of Asp-

61 to a corresponding site in an adjacent helix partially retained the enzyme 

function (Miller et al. 1990). Compared to the c subunit of the F1Fo ATP synthase, 

the exact position of the carboxyl groups of the NuoK residues 36 and 72 is not 

equally critical, since their replacement by aspartate retained the complex I 

activity, while substitution of glutamate for the Asp-61 in the c subunit of F1Fo 

ATP synthase led to severe loss of activity. This discrepancy between these two 

proteins may be due to a difference in the number of acidic residues present. The 

glutamates in NuoK might function as a pair in the vicinity of each other and 

therefore tolerate more drastic changes than the c subunit of F1Fo ATP synthase, in 

which the exact orientation of the only carboxyl group in the transmembrane 

segment is more essential.  

The Glu-36 and Glu-72 residues of NuoK are located within two consecutive 

transmembrane helices of the subunit at approximately equal depth from the 
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surface of the membrane. Based on the results of the present work, they are 

proposed to be involved in the proton pumping activity of the enzyme. This is 

analogous to other proton transferring respiratory complexes, such as the F1Fo 

ATP synthase as well as cytochrome c oxidase and cytochrome bo3 quinol oxidase, 

which have acidic residues involved in proton translocation deeply buried within 

transmembrane helices (Hoppe et al. 1982, Verkhovskaya et al. 1997, Ädelroth et 

al. 1997). Such an arrangement is not typical only for the respiratory complexes. 

E. coli lactose permease, a representative of large major facilitator superfamily 

membrane transporter proteins and involved in galactoside/H+ symport activity, 

displays a conserved glutamate within a transmembrane segment and the residue 

is directly involved in H+ translocation (for a review, see Kaback (2005)).  

NuoK’s Glu-36 and Glu-72 involvement in proton translocation is supported 

by the results of the growth phenotype experiments performed, although the 

growth defect on malate in complex I mutants from R. capsulatus, for example, 

has not been linked to faulty proton translocation function (Lunardi et al. 1998). 

When the nuoJK knockout was introduced into E. coli strain GO103 instead of 

GV102, the growth defect in a medium with malate as the main carbon source 

was partially resolved (Figure 4 in I). The main difference between these two 

bacterial strains is the type of terminal oxidase in their respiratory chains. GO103 

carries a bo3-type terminal ubiquinol oxidase whose H+/e- stoichiometry is 2, 

while in GV102 that expresses bd-type terminal oxidase it is 1 (Puustinen et al. 

1991). Strains with deficient energy conservation efficiency of complex I together 

with a terminal oxidase with lower H+/e- ratio would lead to a lower proton 

gradient across the membrane on equal electron transfer, which may impair ATP 

synthesis. Deprivation of cellular ATP has been shown to repress dicarboxylate 

transporter expression and this in turn leads to insufficient transport capacity of 

malate and succinate into the cells (Boogerd et al. 1998). On the other hand, it has 

been shown that uptake of succinate and malate into cells is coupled to proton 

translocation (Gutowski & Rosenberg 1975), and a defective proton gradient due 

to deficient respiratory energy conservation could cause their improper transport 

for energy metabolism. Both of these possibilities are dependent on proton motive 

force generated by the respiratory complexes and could explain the growth 

defects that were observed in the NuoK subunit substitutions on succinate and 

malate medium (I).  

NuoK could be the fourth subunit involved in the conformation-driven proton 

translocation mechanism suggested on the grounds of the findings of the 

molecular structure of complex I (Efremov et al. 2010). The results of the present 
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work are also congruent with the suggestions of Ohnishi et al. (2010a), 

combining the direct and conformation-driven proton translocation mechanisms. 

NuoK locates close to the interface of the hydrophilic and hydrophilic arm of 

complex I, where the quinone-gated direct proton pump of the combined 

mechanism is assumed to operate, and NuoK glutamates 36 and 72 could be part 

of the proton well involved in SQNf-mediated proton translocation. Whether the 

comformation-driven or combined mechanism accounts for the proton 

translocation by complex I, our hypothesis about the involvement of NuoK in 

proton pumping presented in (I) is reasonable. 

6.2 Pathogenicity of the LHON-associated m.14498C>T mutation 

The m.14498C>T transition in MTND6 has been proposed to account for LHON 

in a multigeneration family with four affected members and leads to a non-

conservative replacement of the highly conserved Tyr-59 by a cysteine residue in 

the ND6 subunit of complex I (Wissinger et al. 1997). The affected family 

members suffer from a severe type of LHON with poor visual acuity, although the 

eldest patient shows only about 50% mutation load (Leo-Kottler et al. 1996, 

Wissinger et al. 1997). The mutation has not been reported in other families yet, 

nor have any studies of its biochemical consequences been performed; therefore, 

it is classified as possibly pathogenic (Mitchell et al. 2006).  

Pathogenicity of the m.14498C>T transition is supported by the results of the 

present work. The E. coli equivalent of the amino acid substitution brought about 

by the mtDNA mutation led to a moderate loss of NDH-1 activity, and removal of 

the hydroxyl-side chain only of the benzene-ring in Tyr-59 (Y59F mutation in I) 

was even more deleterious. Similar results have been obtained with a different 

approach (Kao et al. 2005). Moreover, this domain of the NuoJ subunit where 

Tyr-59 is located seems to contribute to ubiquinone binding by NDH-1. Substrate 

inhibition by the short-chained ubiquinone analog observed in the NuoJ-Y59C 

mutation has earlier been reported for the LHON-associated m.14459G>A 

transition affecting the same domain of the ND6 subunit as the m.14498T>C 

transition (Jun et al. 1996) and also for the primary LHON mutation m.3460G>A 

in MTND1 (Majander et al. 1996). Furthermore, other LHON-associated 

substitutions within the same domain of the ND6 subunit also affect UQ and/ or 

inhibitor binding (II, Carelli et al. 1999). 
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6.3 Implication of the LHON mutation effects on the 
pathomechanism of the disease 

An increasing amount of evidence provided by several reports on the biochemical 

effects of the LHON-associated mtDNA substitutions points to a common 

pathomechanism in LHON. It seems obvious that a change in ubiquinone 

interaction with complex I is involved in the pathogenesis of the disease. But how 

could this enzymatic deficiency lead to the development of the disease? If 

complex I operates at a ubiquinone concentration range close to its apparent Km 

for UQ, as it seems at least in the case of beef heart mitochondria (Fato et al. 

1997), then a small change in Km would result in a relatively large change in 

activity, which could finally lead to altered ATP production. Conversely, higher 

apparent Km for UQ means lower occupancy of the actual ubiquinone reduction 

site if the ubiquinone concentration remains unchanged, and this results in a 

situation where other redox-active groups of complex I are in a more reduced 

state, which could promote reactive oxygen species (ROS) generation. Both ATP 

depletion and increased ROS generation have been demonstrated for LHON, and 

the specific sensitivity of the retinal ganglion cells to these changes could be 

caused by other properties of this cell type (see section 2.5.1). Increased 

generation of complex I-derived reactive oxygen species can lead to increased 

risk of the retinal ganglion cells to excitotoxic injury caused by defective removal 

of the neurotransmitter glutamate by the retinal Müller cells (Beretta et al. 2004). 

Vulnerability of the retinal ganglion cells to glutamate can be explained by their 

greater sensitivity to excitotoxicity compared with other retinal cell types (Luo et 

al. 2001), which promotes retinal ganglion cell selectivity. 

6.4 Biochemical effects and pathogenicity of the m.3376G>A 
transition associated with LHON/MELAS overlap syndrome 

A single patient with clinical features of both LHON and MELAS has been 

reported to carry an m.3376G>A transition in MTND1 (Blakely et al. 2005). The 

mutation leads to a replacement of an evolutionarily conserved glutamate-24 by 

lysine in the first matrix-side loop of the ND1 subunit and results in obvious 

complex I deficiency with 36% residual activity. No more detailed data about its 

biochemical consequences are available. Although m.3376G>A was originally 

regarded as pathogenic, its role in the development of the disease has been lately 



 67

questioned mainly because of its sporadic nature, high tolerance of complex I for 

ND1 subunit mutations, and paucity of functional studies (Wong 2007). 

Introduction into the E. coli NuoH subunit of an E36K mutation homologous 

to the one brought about by the m.3376G>A transition led to expression of NDH-

1 that was practically devoid of NADH:UQ activity. Substitution by alanine 

instead of lysine has similar effects (Sinha et al. 2009), although the activity 

decline with the NuoH-E36K mutation is more distinct. The results of the present 

work suggest that the Glu-36 residue of the NuoH subunit is also essential for the 

assembly of the enzyme and ubiquinone and inhibitor binding. The E. coli 

equivalent of the m.3865A>G transition occurring concomitantly in the patient 

with the m.3376G>A transition had less severe effects than the substitution 

homologous to m.3376G>A. Additionally, the consequences of the m.3866T>C 

mutation affecting the same amino acid as m.3865A>G, but resulting in less 

conservative substitution of p.I187 by threonine, are mild (Hinttala et al. 2010). 

These findings strongly argue for the pathogenicity of the m.3376G>A transition 

and emphasize its implication to the disease development when compared to the 

m.3865A>G transition. 

Mitochondrial overlap syndromes associated with distinct mtDNA mutations 

are rare. There have not been any detailed studies about their biochemical 

consequences so far, but relatively much is known on the effects of isolated 

phenotypes. For example in LHON, complex I activity decline is usually mild, 

but many mutations, including the m.3460G>A substitution in the first matrix side 

loop of ND1, affect the interaction between ubiquinone and complex I (Ghelli et 

al. 1997, Lenaz et al. 2004, Pätsi et al. 2008, Zickermann et al. 1998). Contrary to 

that, MELAS mutations usually show more drastic effects on the enzyme activity 

and a decrease in the amount or stability of the active complex I is not uncommon 

(Kervinen et al. 2006, Kirby et al. 2004, Malfatti et al. 2007). An E. coli mutation 

equivalent to the m.3376G>A substitution associated with LHON/MELAS 

overlap syndrome produced a biochemical defect similar to that commonly 

observed in MELAS. Interestingly, the affected amino acid was also found to 

contribute to ubiquinone binding by complex I. Overall, the E.coli equivalent of 

the LHON/MELAS overlap syndrome-associated mtDNA mutation affects 

complex I activity and its co-substrate and inhibitor affinity in a pattern which 

appears to combine the effects of the separate mutations responsible for LHON 

and MELAS.  
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6.5  Role of the ND1 and ND6 subunits in the interaction between 
ubiquinone and complex I 

Reports on the number and location of ubiquinone binding sites in complex I are 

inconsistent. Various inhibitors have been used to probe for this domain of the 

enzyme, and competition experiments with representatives of all three types of 

inhibitors show that they share a common binding site with partially overlapping 

positions (Okun et al. 1999). Results of the extensive site-directed mutagenesis of 

the 49 kDa and PSST subunits in Y. lipolytica demonstrate that many residues 

lining the cavity between them in the proximity of cluster N2 are essential for 

inhibitor, and possibly also for quinone, binding with partially overlapping sites 

(Fendel et al. 2008, Tocilescu et al. 2007, Tocilescu et al. 2010). It is still 

unknown which of the subunits in the membranous core of the enzyme, if any, 

contribute to UQ binding. 

Mutations within the first matrix side loop of NuoH, homolog of ND1, and 

on the matrix side of the third transmembrane helix of the NuoJ subunit, 

counterpart of ND6, were found to affect ubiquinone binding and inhibitor 

sensitivity of NDH-1. Substitutions in NuoH were found more deleterious than 

those in NuoJ. The molecular structure of complex I shows that ND1 is the most 

proximally located subunit of the enzyme’s membrane arm and interacts with the 

PSST and 49 kDa subunits that constitute the UQ reduction site around the Fe-S 

cluster N2 (Figures 2 and 5), while assignment of individual subunits in the 

domain containing the ND3, ND6 and ND4L proteins next to ND1 could not be 

performed (Efremov et al. 2010). However, the following observations of 

components of the ND3, ND6 and ND4L subunit bundle give a tentative location 

for each of them. Namely, the C-terminus of the ND4L subunit is accessible from 

the cytoplasmic side of the membrane in P. denitrificans (Kao et al. 2002) and 

therefore cannot be located underneath the hydrophilic arm of the enzyme, but 

rather it occupies a distal location within the three subunit unit. On the other hand, 

the ND3 subunit has been crosslinked with the PSST and 49 kDa subunits (Di 

Bernardo & Yagi 2001, Kao et al. 2004a), but unlike for the ND6 subunit, there 

are no reports about its contribution to ubiquinone and/or inhibitor binding. Hence, 

ND6 must be located closer to the quinone reduction site than ND3 and also be in 

the vicinity of the PSST and 49 kDa subunits. 

The results of the present work and earlier photoaffinity labeling studies and 

site-directed mutageneses suggest that the ND1 subunit houses two distinct 

regions that contribute to the ubiquinone binding site of complex I. One is located 
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in the first matrix side loop of the subunit and involves at least the residues Glu-

24, Qln-47, Asp-51, Ala-52 and Lys-54 (III, Zickermann et al. 1998), while the 

other one is in the matrix side region of transmembrane helices four, five and six 

of the subunit (Kakutani et al. 2010, Kurki et al. 2000, Sekiguchi et al. 2009). 

Although located rather apart from each other in the primary structure of the 

subunit, these two domains could be brought together in the UQ-binding site of 

complex I by the quaternary structure of the enzyme-oligomer.  

The effects of the mutations analyzed in the present work provide important 

evidence on the UQ binding domain of complex I enzymes. Mutations in the Tyr-

144 locus of the 49 kDa subunit of Y. lipolytica and the Glu-36 residue of the 

NuoH subunit in E. coli decrease the apparent affinity of the enzyme to 

ubiquinone and to partially competitive type A inhibitors DQA or piericidin A, 

and also modify resistance to inhibitors of a different, less competitive class such 

as rotenone or stigmatellin. Similarly, substitution of valine for the Met-72 

residue in NuoJ of E. coli NDH-1 affected UQ binding and sensitivity to 

inhibitors that belong to the same class as piericidin A and stigmatellin. Contrary 

to Y. lipolytica 49 kDa Tyr-144 mutations, the E. coli NuoH-E36Q mutation 

affected the kinetics of all ubiquinone analogs tested and quinone and inhibitor 

binding to a similar extent. So the UQ-binding site around Glu-36 of the NuoH 

subunit appears to be in better equilibrium with the substrate UQ pool within the 

membrane, but the UQ molecule is not recognized in a strict manner in this site, 

as the NuoH-E36D mutant was highly active and there was no loss of binding 

affinity. Noteworthy, the changes in affinity to the tested inhibitors were relatively 

small but reproducible. These factors point to a rather loose or even transitory 

binding to this site. 

To conclude, analogous kinetic effects on the enzyme suggest that the above-

mentioned amino acid residues in the 49 kDa, ND1 and ND6 subunits are located 

in the same functional domain of complex I. Furthermore, the UQ-binding site 

comprised of the 49 kDa, PSST, ND1 and ND6 subunits (Figure 5) resides in the 

immediate proximity of the membrane surface. Whether two separate ubiquinone 

molecules function cooperatively during catalysis, as suggested by the discovery 

of two complex I-associated semiquinone species, cannot be judged from the 

results presented here. 



 70

Fig. 5. Interface of the hydrophilic and hydrophobic arms in the molecular structure of 

T.thermophilus complex I (protein data bank code 3M9S) viewed with RasMol program. 

Extramembrane loops of the helices in the ND-subunits are not shown since they were 

not unravelled in the structure solved by Efremov et al. (2010). Proposed domain for 

the ubiquinone (UQ) interaction is marked with an orange ellipse. The location of the 

ND6 subunit in the ND3/ND4L/ND6 bundle of the structure is tentative. 

6.6 mtDNA mutation modelling in Escherichia coli 

Accumulation of mitochondrial DNA mutations is relatively fast. Therefore, 

classification of a novel mtDNA substitution as a neutral polymorphism or 

pathogenic mutation is often troublesome and even the application of criteria for 

the assessment of pathogenicity is not always straightforward. 

Detailed studies about the biochemical effects of an mtDNA mutation are 

often limited due to scarcity of patient-derived material, since the majority of the 

cases are sporadic or the syndromes occur in small pedigrees. Furthermore, it is 

not always possible to get a sample from the affected tissue for analysis. One way 

to solve this problem could be experimental modelling of mitochondrial disorders 

in mammalian cells. Several experimental approaches have been applied to 

introduce exogenous DNA into mitochondria of a mammalian cell, but none of 
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these has led to a major breakthrough in generating a mitochondrial network with 

a modified genome (Yoon et al. 2010). mtDNA-mutator mice that have defective 

proofreading activity of the mitochondrial DNA polymerase accumulate mtDNA 

point mutations at a high rate but in a random mode (Trifunovic et al. 2004) and 

cannot be used to generate site-specific substitutions into the mtDNA-encoded 

respiratory chain subunits. Similarly, application of selective growth conditions 

results in randomly distributed mtDNA substitutions as demonstrated e.g. by Bai 

& Attardi (1998) and Acin-Perez et al. (2004). Allotopic gene expression 

(expression from the nucleus of a gene that normally resides in mtDNA) studied 

as a potential gene therapy for mtDNA mutation-associated diseases could be 

used to express mutated respiratory chain components, but has proven to be 

impractical thus far because of lack of integration into mitochondria of a 

translation product equipped with a mitochondrial import signal sequence 

(Figueroa-Martinez et al. 2011, Perales-Clemente et al. 2011). Clearly, 

experimental manipulation of mtDNA is possible but technically very difficult 

and not applicable to site-directed mutagenesis at the moment. 

The accepted modular evolution scheme of complex I enzymes suggests that 

they all have a common ancestor. Phylogenetic analysis of the core subunits show 

that the mitochondrial complexes are closely related to the bacterial ones. 

(Friedrich & Weiss 1997, Friedrich & Scheide 2000). Moreover, all the bacterial 

subunits have homologs in mitochondria and the structure and function of the 

enzymes are similar (for a review, see e.g. Hirst (2009)). Therefore, the bacterial 

counterparts of the enzyme are considered as a minimal form of complex I and 

are a useful tool to analyze it. Application of bacteria to model complex I function 

has several advantages. Sufficient amount of material for analysis is gathered 

relatively fast and generation of a vast number of mutations with molecular 

biology techniques in the absence of confounding substitutions in the genome is 

easy. Moreover, many bacteria, like E. coli, have a branched metabolic network 

that enables utilization of various metabolic substrates and viable cell lines with 

otherwise lethal point mutations in complex I. 

When the effects of an mtDNA mutation are studied in a model organism, one 

of the main concerns is the relevance of the results in a clinical setting. A 

summary of the biochemical effects of the diseases-associated mtDNA mutations 

modeled in the present work on complex I function in mitochondria and bacteria 

is presented in Table 6. This comparison demonstrates that the observed changes 

in bacteria are fairly congruent with the results of the analysis in patients. Similar 
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Table 6.  Comparison of the biochemical effects of the amino acid replacements in 

complex I between mitochondria with a disease-associated mtDNA substitution and 

E.coli model.  

Mitochondrion  Escherichia coli References 

Mutation Amino acid 

change 

Effect on 

complex I

Mutation 

introduced 

Effect on NDH-1 

m.3376G>A p.E24K 36% residual 

activity

 NuoH-E36K 3% residual activity, 

residue affected 

contributes to UQ and 

inhibitor binding 

III, (Blakely et 

al. 2005) 

m.3460G>A p.A52T 30% residual 

activity, inhibitor 

resistance

 NuoH-M64T 87% residual activity, 

Km for DB normal 

III, (Brown et al. 

2000, Lenaz et 

al. 2004) 

m.14498C>T p.Y59C No data available  NuoJ-Y59C 73% residual activity, 

substrate inhibition by 

DB 

II 

m.14484T>C p.M64V 90% residual 

activity, inhibitor 

resistance

 NuoJ-M64V 83% residual activity, 

Km for DB increased 

II, (Brown et al. 

2000, Carelli et 

al. 1999) 

m.14459G>A p.A72V 40% residual 

activity, substrate 

inhibition by UQ

 NuoJ-M72V 53% residual activity, 

inhibitor resistance, Km 

for DB increased  

II, (Jun et al. 

1996) 

results have been obtained for MELAS-associated MTND1 transitions using the 

same approach (Kervinen et al. 2006). Nonetheless, the discrepancy of the effects 

of the m.3460G>A transition in patient samples and the E. coli model show that 

use of bacteria also has some limitations. The amino acid residue affected by the 

mtDNA substitution may not always be fully conserved. Secondly, sequence 

alignment with different algorithms may give different results. Moreover, 

although the bacterial and mitochondrial enzymes are very similar, some 

differences between them still exist (Kurki et al. 2000, Zickermann et al. 2000). 

Furthermore, the potential modulatory effect of the additional subunits present in 

the mitochondrial enzyme is absent in bacteria. When these limitations are 

considered, bacteria provide a feasible tool to study the biochemical effects of an 

mtDNA mutation. 
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7 Conclusions 

The following conclusions can be drawn from the findings of the present work 

regarding the role of ND1, ND6 and ND4L subunits in complex I function, 

biochemical effects of the disease-associated substitutions within their genes, and 

pathogenicity of the rare disease-associated MTND1 and MTND6 substitutions. 

1. The results of site-directed mutagenesis of the highly conserved glutamate 

residues 36 and 72 located within two consecutive transmembrane helices in 

the Escherichia coli homolog of ND4L subunit demonstrate their importance 

for the catalytic activity of complex I. It seems likely that they are involved in 

the proton translocation activity of the enzyme, but further experiments are 

needed to clarify it. 

2. Exploration of the biochemical effects of the LHON-associated m.14498T>C 

transition equivalent in E. coli showed reduced complex I activity and 

substrate inhibition by the ubiquinone analog DB. The observed defects 

support the pathogenicity of this mutation. Introduction of other equivalents 

of LHON-associated mtDNA substitutions within the same domain of the 

NuoJ subunit (ND6 homolog) had similar effects. All this suggests that the 

primary fault underlying the biochemical deficit in LHON implies a change 

in complex I interaction with ubiquinone. 

3. Of the complex I ND1 subunit-affecting LHON/MELAS overlap syndrome-

associated substitutions m.3376G>A and m.3865A>G, only the former had 

significant effects on the enzyme. This indicates that m.3376G>A is the 

pathogenic mutation. The results also demonstrate that the overlap syndrome-

associated mtDNA mutation affects complex I activity in a pattern which 

appears to combine the effects of the separate mutations responsible for 

LHON and MELAS. 

4. Mutations within the third transmembrane helix of the NuoJ subunit and in 

the first matrix side loop of NuoH (homolog of the ND1 subunit) affected the 

interaction of NDH-1 with ubiquinone and its sensitivity to complex I 

inhibitors. The similarity of these effects to those of the 49 kDa and PSST 

subunit changes in Yarrowia lipolytica suggests their close proximity to the 

ubiquinone binding site of complex I located in the vicinity of the membrane 

surface. 

Furthermore, the enzymatic effects of the mtDNA mutations in the E. coli model 

were found to be in accord with those of mitochondria from patients. This 
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strengthens the view that the E. coli system used here is a powerful tool to model 

the effects of other mtDNA replacements as well. 
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