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Abstract

Mitochondrial dysfunction, with an estimated incidence of 1 in 10,000 live births, 

is among the most common genetically determined conditions. Missense mutations in 

the human NDUFV1 gene, which encodes the 51-kDa active site subunit of the NADH- 

ubiquinone oxidoreductase or complex I, can lead to severe neurological disorders. 

Owing to the complex nature of mitochondrial disorders, the mechanisms of pathogenesis 

of most mutations remain poorly understood. We have generated transgenic strains of 

Caenorhabditis elegans that express disease-causing mutations in the nuo-1 gene, the C. 

elegans homologue of the NDUFV1 gene. These strains demonstrate hallmark features of 

complex I dysfunction such as lactic acidosis and decreased NADH-dependent 

mitochondrial respiration. Surprisingly, cytochrome c oxidase activity and protein levels 

were reduced, establishing a connection between complexes I and IV.

Further examination of our nuo-1 mutants revealed variable reductions in the 

steady-state levels of complex I subunits and a significant reduction in the amount of 

COXI subunit of complex IV. Assembly intermediates are observed for both complexes I 

and IV. Riboflavin supplementation promotes the assembly of both complexes I and IV 

and results in increased catalytic activities.

To redress the condition of lactic acidosis, we hypothesized that providing an 

alternate pathway for lactate oxidation would be beneficial in the treatment of 

mitochondrial dysfunction. The yeast gene CYB2 encodes an L-lactate-cytochrome c 

oxidoreductase that oxidizes lactate to pyruvate and directly reduces cytochrome c 

without involving nicotinamide adenine dinucleotide (NAD) cofactors. We demonstrate 

that the heterologous expression of this enzyme in complex I-deficient strains of C.
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elegans results in significant improvements in animal fitness. Live animal respiration 

rates and ATP contents are also substantially increased.

Our results indicate that complex I mutations exert their pathogenic effects in 

multiple ways: by impeding NADH metabolism, elevating lactate concentrations, 

interfering with the function and assembly of other mitochondrial respiratory chain 

complexes, and creating an energy deficit. Promoting complex I assembly with 

riboflavin results in the added benefit of partially reversing the complex IV deficit. 

Furthermore, providing an alternate pathway for lactate oxidation, via a gene therapy 

strategy, can produce significant benefits in complex I-associated disease.
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Chapter 1 

General Introduction

i
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1.1 Introduction

Mitochondrial diseases are often devastating disorders with complex presentations 

and multisystemic effects, making their diagnosis and treatment difficult. Compounding 

the severity of these diseases is the fact that there are no known cures. Although the last 

fifteen years have shown a dramatic increase in our understanding of mitochondrial 

dysfunction and its pathogenic effects, this has been paralleled by significant increases in 

the number of patients and families diagnosed with mitochondrial disorders. The demand 

for quicker and better understanding of these diseases has never been higher, challenging 

the creativity and intellect of mitochondrial researchers from around the world. As a 

result, research into mitochondrial disorders has branched into areas that were, until 

recently, untapped. This includes use of the nematode, Caenorhabditis elegans, a 

relatively new model system for the study of mitochondrial dysfunction and disease 

manifestation. The contents of this thesis describe a comprehensive study in which C. 

elegans was used to model human mutations that cause mitochondrial disease in order to 

better understand the molecular mechanisms of pathogenesis. The aim of this chapter is 

to introduce the reader to mitochondria and the mitochondrial respiratory chain (MRC), 

with particular attention given to the structure, function and assembly of mitochondrial 

complex I -  the primary focus of this study. The chapter will also include succinct 

introductions into the general biology of mitochondria, human mitochondrial disorders 

and the C. elegans model system and its role in the study of MRC dysfunction.

9
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1.2 Mitochondria

1.2.1 General Characteristics

Mitochondria are essential organelles present in almost all eukaryotes. Their 

primary function is to provide energy for the cell via the generation of adenosine 

triphosphate (ATP), the energy currency of the cell (Mitchell, 1987). Mitochondria are 

also the home of other important metabolic pathways such as the Krebs cycle, the urea 

cycle, the oxidation of fatty-acids, iron-sulfur cluster formation, and the biosynthesis of 

heme and lipids (Scheffler, 2000). First identified by light microscopy in the mid­

nineteenth century as distinct cellular structures containing granules or filaments, 

mitochondria were originally believed to be autonomous living organisms that form 

bacteria-like colonies within the cytoplasm of host cells (Scheffler, 1999). Although this 

initial description was inaccurate, it carried with it some merit and fortuitous insight as it 

is now affirmed that mitochondria are direct descendants of a bacterial endosymobiont 

established inside a primitive eukaryote (Gray et al., 1999). This symbiotic relationship 

resulted in the loss or transfer of genetic material between the bacterial genome and 

nucleus of the host eukaryote during evolution, resulting in the established dual genome 

state seen in eukaryotic cells today (Gray et al., 2001).

Mitochondria are routinely represented in textbooks as a sausage-like organelle, 

resembling their typical appearance in human hepatocytes, with dimensions that average 

3-4 pm in length and ~1 pm in diameter. At first glance, they resemble bacteria in size 

and shape (Scheffler, 1999). However, mitochondria can take on alternative forms, such 

as the continuous reticular network seen in the yeast Saccharomyces cerevisiae or the 

stacks of elongated tubules observed in C. elegans (Labrousse etal., 1999). The number

3
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of mitochondria per cell varies widely from cell-type to cell-type; human hepatocytes 

routinely have 800 per cell, whereas lower eukaryotes, such as amoebas can have as 

many as 500,000 (Scheffler, 1999). For higher eukaryotes with differentiated cells, 

mitochondrial number can also vary depending on cell function or tissue-type; highly- 

energetic cells typically have greater numbers of mitochondria per cell than those with 

lower energy demands. Mitochondria have a common ultrastructure; a double membrane 

envelops the organelles: an outer membrane and an inner membrane (Figure 1.1). The 

mitochondrial inner membrane is extremely enriched in protein and is typically 

convoluted and folded into structures called cristae, which allow for a tremendous 

increase in the surface area of the membrane. In addition to the two membranes, which 

themselves constitute separate organellar environments, there is an intermembrane space 

sandwiched between the two membranes and an internal compartment called the matrix 

space. The mitochondrial outer membrane contains proteinaceous, porous structures 

called porins, which make the membrane permeable to small molecules of less than 10- 

kDa, such as ions and most metabolites (Benz, 1994; Jap and Walian, 1990). In contrast, 

the mitochondrial inner membrane is impermeable to most small molecules and ions, 

allowing only small, uncharged molecules to passively diffuse through it, making it the 

major barrier between the cytosol and the mitochondrial matrix (Ballarin et al., 1996; 

Ballarin and Sorgato, 1996; Sorgato and Moran, 1993)

1.2.2 Morphology and Distribution

Mitochondria are dynamic structures that constantly undergo fission and fusion 

(Bereiter-Hahn and Voth, 1994). Mitochondrial fission is not unexpected since 

mitochondria are not synthesized de novo, but rather are derived from pre-existing

4
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organelles. Mitochondrial division and proliferation are essential parts of cell division, as 

they ensure that daughter cells inherit the new mitochondria necessary for viability 

(Yaffe, 1999). These processes also occur in non-dividing cells in response to increased 

cell volume, to environmental changes or to energy demands. The requirement for 

mitochondrial fusion is less obvious, although the mixing and exchange of proteins 

between fusing mitochondria have been seen experimentally (Nunnari et al., 1997). 

Fusion is perhaps needed to acquire fresh membrane and protein when older organelles 

are damaged. Normal mitochondrial morphology is maintained as a result of an 

equilibrium between the processes of fission and fusion (Nunnari et al., 1997). A 

collection of proteins has been identified that facilitate the process of fission, highlighted 

by the large transiently mitochondria-associated GTPase, D rpl (Dnmlp in yeast) 

(Bleazard et al., 1999; Otsuga et al., 1998) and the mitochondrial outer membrane protein 

Fisl (Jakobs et al., 2003; Mozdy et al., 2000). In mammalian cells, mitochondrial fusion 

is controlled primarily by the outer membrane GTPases Mfnl and Mfn2 (Fzolp in yeast) 

(Griparic and van der Bliek, 2001; Ishihara et a l,  2003; Mozdy and Shaw, 2003; Santel 

and Fuller, 2001) and the dynamin-related GTPase Opal (Mgmlp in yeast) (Olichon et 

al., 2002; Satoh et al., 2003; Sesaki et al., 2003). Mutations in genes encoding any of 

these morphology factors can affect the equilibrium between fission and fusion resulting 

in either excessive mitochondrial connectivity (fission defects) or fragmentation (fusion 

defects).

In addition to their dynamic morphology, it is evident that mitochondria have a 

nonrandom distribution in cells rather than passively diffusing through the cytosol. It is 

now firmly established that mitochondrial shape and distribution are strongly influenced

5
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by their association with cytoskeletal components (Bereiter-Hahn and Voth, 1994; 

Rizzuto et al., 1996). In higher eukaryotes, mitochondria can move rapidly along 

microtubules, likely via mitochondrion-specific motor proteins that control directional 

transport (Khodjakov et a l ,  1998; Nangaku et ah, 1994; Pereira et al., 1997). 

Mitochondria are also known to associate with intermediate filaments (Summerhayes et 

al., 1983). In contrast, mitochondria from the budding yeast S. cerevisiae are tethered to 

the actin cytoskeleton (Fehrenbacher et al., 2004). Much of what is known about the 

machinery responsible for mitochondrial segregation is derived from studies of the yeast 

mdm (mitochondrial distribution and morphology) mutants, which are defective in 

mitochondrial inheritance during cell division (Berger and Yaffe, 1996; Yaffe, 1999). A 

number of Mdm proteins are components of the mitochondrial outer membrane and are 

believed responsible for the interactions of mitochondria with the cytoskeleton, whereas 

others are found in the cytoplasm. One protein, M dmlp even appears to be a novel 

component of the yeast cytoskeleton itself (McConnell and Yaffe, 1992; McConnell and 

Yaffe, 1993). The role of the cytoskeleton in regulating mitochondrial distribution during 

cell growth and differentiation and in response to metabolic demands remains poorly 

understood.

1.2.3. Biogenesis

New mitochondrial proteins must be continually synthesized, sorted and 

assembled into growing organelles. Estimates place the number of proteins that reside in 

the mitochondrion at 600 to 1,000 (Sickmann et al., 2003; Taylor et al., 2003). Although 

the mitochondrion carries its own genome and machinery for protein synthesis, only a 

few polypeptides, mostly constituents of the inner membrane, are actually synthesized in

6

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



the matrix (Koehler, 2004). The remaining ~95% of mitochondrial proteins are 

synthesized on cytosolic ribosomes and imported into the mitochondrion. Mitochondrial 

proteins possess specific targeting and sorting information that directs them to their 

correct submitochondrial locations. Elaborate proteinaceous complexes are responsible 

for the recognition, translocation, sorting and assembly of incoming proteins. The TOM 

complex consists of receptors that bind and recognize incoming mitochondrial proteins 

and a translocation pore through which polypeptides can traverse the outer membrane to 

enter the intermembrane space (Koehler, 2004; Neupert, 1997; Pfanner et al., 1997). The 

SAM complex facilitates the assembly of outer membrane proteins with complex 

topology, such as the |3-barrel proteins porin and Tom40; the latter is the main component 

of the TOM translocation pore (Gentle et al., 2004; Kozjak et al., 2003; Paschen et al., 

2003; Wiedemann et al., 2003). Proteins imported to the intermembrane space via the 

TOM complex can subsequently take one of several routes. Soluble intermembrane 

space proteins may be met by a number of chaperones that mediate their proper folding 

and assembly (Davis et al., 2000; Koehler, 2004; Sirrenberg et al., 1998). Proteins 

destined for the matrix space are normally synthesized as precursor proteins with an N- 

terminal extension that is recognized by the TIM23 complex. TIM23 facilitates their 

translocation into the matrix space, where precursors are subsequently processed into 

their mature form, folded and assembled (Neupert, 1997; Pfanner et al., 1997). 

Alternatively, some imported proteins that are destined to reside in the inner membrane 

are not synthesized with N-terminal extensions. They possess internal targeting 

information that is recognized by a second translocase, TIM22 (Curran et al., 2002; 

Koehler et al., 1998; Sirrenberg et al., 1998). For the few polypeptides encoded in the
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mitochondrial genome and synthesized in the matrix, a number of components are needed 

to mediate their export and assembly into the inner membrane (He and Fox, 1999; 

Herrmann and Neupert, 2003; Souza et a l, 2000; Stuart, 2002). These include the 

integral inner membrane export factor Oxalp (Bonnefoy et al., 1994; Hell et al., 1997), 

the peripheral assembly factor M balp (Rep and Grivell, 1996) and a group of proteins 

required specifically for the export and assembly of Cox2p (Broadley et a l, 2001; Souza 

et al., 2000).

1.2.4 Mitochondrial DNA

Mammalian mitochondrial DNA (mtDNA) is a small, compact genome of circular 

double-stranded DNA that resides in the matrix space and is typically present in 

thousands of copies per cell. The human mitochondrial genome has a length of 16.6 kb, 

while the C. elegans mtDNA is just under 14 kb (Okimoto et al., 1992). Mammalian 

mtDNA encodes two ribosomal RNAs (rRNA), 12S-rRNA and 16S-rRNA, 22 transfer 

RNAs (tRNAs) and 13 polypeptides of the mitochondrial respiratory chain (MRC): seven 

subunits of complex I (NADH-ubiquinone oxidoreductase), one subunit of complex ID 

(ubiquinol-cytochrome c oxidoreductase), three subunits of complex IV (cytochrome c 

oxidase) and two subunits of complex V (ATP synthase) (Figure 1.2) (Attardi and 

Montoya, 1983; Attardi and Schatz, 1988). The C. elegans mtDNA differs in gene 

composition by having only one gene for complex V subunits (see section 1.3). Neither 

the nematode nor the human mtDNAs have introns but both have a region devoid of 

genes, referred to as the displacement- or D-loop, which is involved in mtDNA 

replication and transcription (Shadel and Clayton, 1997). Multiple copies of mtDNA are 

anchored to the mitochondrial inner membrane by a poorly defined set of proteins,
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forming structures called nucleoids (Albring et al., 1977; Barat et al., 1985; Newman et 

al., 1996). It is believed that the nucleoids are the units of inheritance that must be 

properly distributed and segregated during mitochondrial division and proliferation 

(Jacobs et al., 2000).

The replication of mtDNA is only loosely coupled to nuclear DNA replication. 

The precise mechanisms regulating mtDNA copy number have yet to be elucidated, 

although the process of mtDNA replication is relatively well understood, especially in 

mammalian mitochondria (Scheffler, 1999; Scheffler, 2000). Mammalian mtDNA has 

two origins of DNA replication, one for each strand. Due to the asymmetric distribution 

of guanosine plus cytosine nucleotides in mammalian mtDNA, the strands are denoted as 

either “light” (L) or “heavy” (H). The origin of H-strand synthesis (0 H) is located within 

the D-loop region, while the origin of L-strand synthesis (O J is located approximately 

half-way around the circular genome from the 0 H. The strands are replicated 

independently, with the initiation and elongation of the H-strand occurring first. 

Replication is initiated at 0 H by an RNA primer transcribed by a mitochondrial RNA 

polymerase from the L-strand promoter (LSP) located within the D-loop region (Larsson 

et al., 1998; Shadel and Clayton, 1997). The primer is subsequently elongated by 

mitochondrial DNA polymerase y. Separation of the H-strand from the L-strand by 

replication forms the D-loop, which can be clearly identified by microscopic analysis. As 

elongation of the H-stand proceeds, strand displacement will pass through 0 L, allowing 

the initiation of L-strand synthesis with a second RNA primer. Replication is completed 

by removal of the RNA primers and ligation to form circular DNA molecules.
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In the mammalian system, three transcription factors are essential for mtDNA 

transcription and maintenance, mitochondrial transcription factor A (TFAM) (Larsson et 

al., 1998) and mitochondrial transcription factors B1 (TFB1M) and B2 (TFB2M) 

(Falkenberg et al., 2002; Rantanen et al., 2003). Transcription of mtDNA typically starts 

from two promoter regions, one for each strand, located close within the D-loop control 

region. Transcription from these promoter sites either generates short transcripts, which 

are used as RNA primers for DNA replication, or longer transcripts that carry long 

polycistronic messages. Termination of transcription is controlled by a mitochondrial 

transcription termination factor (Micol et al., 1996). Endonucleolytic cleavage of the 

long primary transcripts produces the 22 tRNAs, 2 rRNAs and 13 mRNAs (Attardi and 

Montoya, 1983).

The most striking difference between mitochondrial and cytosolic translation is 

the use of an alternate genetic code by the mitochondrial translational machinery. The 

standard code recognizes the UGA codon as a stop codon but in metazoan and fungal 

mitochondria, it is translated as a Trp residue. The AGA codon, which specifies an Arg 

residue in the standard code, is read as a stop codon in mammalian mitochondria and as a 

Ser residue in the mitochondria of the fruit fly Drosophila melanogaster. In all, nine 

codons are known to specify alternative information in the mitochondria of various 

organisms (Scheffler, 1999).

Most ribosomal proteins and translation factors such as initiation and elongation 

factors are encoded in the nucleus and imported from the cytosol. Although functionally 

homologous, the components of the mitochondrial translational machinery differ 

considerably from their cytosolic counterparts. While some mitochondrial ribosomal
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proteins share significant sequence identity with their cytosolic counterparts, many are 

unique to the mitochondrial machinery (Cavdar Koc et al., 2001; Graack and Wittmann- 

Liebold, 1998; O'Brien et al., 1999; Suzuki et a l, 2001). It has yet to be shown that all 

components of a mitochondrial protein translation system have been identified in any 

organism.
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1.3 Mitochondrial Respiratory Chain

1.3.1 Oxidative Phosphorylation

The primary function of mitochondria is to generate cellular energy via the 

process of oxidative phosphorylation (OXPHOS). OXPHOS requires the MRC, five 

multisubunit protein complexes embedded in the mitochondrial inner membrane. The 

MRC consists of -80 structural subunits and approximately two dozen cofactors. It 

requires a number of chaperones and assembly factors for proper function and assembly 

(Hatefi, 1985; Mitchell, 1987). The biogenesis and regulation of the MRC is complex, 

involving both the nuclear and mitochondrial genomes. The mammalian and nematode 

MRCs consist of the following enzymes: the NADH-ubiquinone oxidoreductase 

(complex I), the succinate-ubiquinone oxidoreductase (succinate dehydrogenase; 

complex II), the ubiquinol-cytochrome c oxidoreductase (cytochrome be, complex; 

complex III), the cytochrome c oxidase (complex IV), and the ATP synthase (FoFr  

ATPase; complex V) (Figure 1.3). Although usually depicted as five discrete complexes 

within the mitochondrial inner membrane, there is increasing evidence suggesting direct 

physical interactions between MRC complexes resulting in ‘supercomplexes’ (Eubel et 

al., 2004; Schagger et al., 2004; Schagger and Pfeiffer, 2000). The structures of 

supercomplexes vary between organisms, but they are all believed to enhance catalytic 

efficiency, to channel substrates and to stabilize the individual complexes.

The MRC transports electrons derived from the oxidation of nutrients such as 

glucose and fatty acids along a series of cofactors of increasing reduction potential. The 

electrons are ultimately received by molecular oxygen, which is reduced to water. 

During electron transport by complexes I, HI, and IV, protons are pumped across the
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inner membrane into the intermembrane space, storing energy as a proton gradient. The 

proton gradient is comprised of both a pH difference (ApH) and a charge difference or 

membrane potential (A\|f). Complex V can utilize the energy of the proton gradient to 

catalyze ATP synthesis from adenosine diphosphate (ADP) and inorganic phosphate (P,). 

ATP is transported from the matrix to the intermembrane space via the adenine 

nucleotide translocase (ANT) in exchange for ADP (Stubbs et al., 1978; Vignais, 1976).

1.3.2 NADH-Ubiquinone Oxidoreductase (Complex 1)

Complex I, the largest and most structurally intricate of the MRC enzymes, serves 

as the main entry point for electrons into the MRC (Friedrich et al., 1998; Walker, 1992; 

Weiss et al., 1991; Yagi et al., 1998). The bovine heart enzyme is the best characterized; 

it is composed of at least 46 subunits, seven of which are encoded by the mtDNA, a non- 

covalently bound flavin mononucleotide (FMN) cofactor and at least eight iron-sulfur 

clusters. The bovine enzyme has an estimated mass of 980-kDa if a single copy of each 

subunit is assembled into the holoenzyme (Carroll et al., 2003). In addition to bovine 

complex I, much study has been dedicated to the characterization of the enzyme from 

Neurospora crassa (Videira and Duarte, 2001; Videira and Duarte, 2002), Yarrowia 

lipolytica (Djafarzadeh et al., 2000) and several plants (Combettes and Grienenberger, 

1999; Rasmusson et al., 1998), providing valuable insight into its functional and 

structural evolution.

Complex I oxidizes reduced nicotinamide adenine dinucleotide (NADH) to 

NAD+, first transferring the two electrons to FMN and then along its series of iron-sulfur 

clusters and eventually to the lipid-soluble carrier ubiquinone (coenzyme Q). Reduced 

ubiquinone, or ubiquinol, shuttles electrons from complex I to complex HI (Chazotte and
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Hackenbrock, 1989; Zhu et al., 1982), where it is re-oxidized to ubiquinone. Transfer of 

an electron pair through complex I is coupled to the translocation of four protons across 

the mitochondrial inner membrane (Brown and Brand, 1988).

A low-resolution structure of the N. crassa complex I was determined from two- 

dimensional crystals and non-crystalline detergent-solubilized preparations by electron 

microscopy (Hofhaus et al., 1991; Leonard et al., 1987). Subsequently, three- 

dimensional structures of the N. crassa and bovine enzymes were determined by electron 

cryomicroscopy (Grigorieff, 1998; Guenebaut et al., 1997). Complex I has an L-shaped 

structure with one arm embedded in the mitochondrial inner membrane and the other 

protruding into the matrix space (Figure 1.4). The bovine structure, solved to 22 A, 

currently provides the highest resolution information and differs slightly from the N. 

crassa structure in that the matrix-protruding arm is larger and more globular and has a 

thin stalk region linking it to the membrane arm.

The arrangement of the subunits within complex I cannot be discerned from the 

currently available low resolution structures. However, studies involving the 

fractionation or solubilization of the complex, along with some genetic investigations 

have provided clues to the approximate location of groups of subunits within the 

holoenzyme. Disruption of complex I by chaotropic anions, such as perchlorate 

generates three distinct fractions referred to as the flavoprotein (FP), iron-protein (IP) and 

hydrophobic protein (HP) fractions (Galante and Hatefi, 1979). The FP and IP fractions 

are generally assigned to the matrix arm of the enzyme, while the HP fraction logically 

constitutes the membrane-embedded arm. More recent studies have resolved complex I 

into three different subcomplexes that collectively contain most of the known subunits:
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Ia  constitutes the extrinsic arm and part of the membrane arm; 1(3 constitutes a substantial 

portion of the membrane arm; IX is a derivative of the l a  subcomplex that only contains 

components of the extrinsic arm (Sazanov et al., 2000). Subcomplex l a  retains the 

capacity for NADH oxidation and electron transfer to ubiquinone, indicating that it 

contains all of the subunits involved in substrate and cofactor binding. Fourteen subunits 

are believed to be essential for full complex I activity (Walker, 1992). These are referred 

to as ‘core’ subunits and consist of all seven mtDNA-encoded subunits (ND1-ND6, 

ND4L) and seven nuclear-encoded subunits (the 75-, 51-, 49-, 30-, 24-kDa, PSST, and 

TYKY subunits). All core subunits are highly conserved through evolution (Hirst et al., 

2003).

Five of the seven nuclear-encoded core subunits contain electron-transporting 

cofactors. The 51-kDa subunit, the focus of my studies in this thesis, is of particular 

functional importance as it contains a [4Fe-4S] cluster and the FMN- and NADH-binding 

sites (Chen and Guillory, 1981; Galante and Hatefi, 1979; Yano et al., 1996). The 51- 

and 24-kDa subunits are believed to be in close proximity to one another and are both 

found in the FP subcomplex (Galante and Hatefi, 1979). The 75-kDa subunit, which 

carries three iron-sulfur centers, is likely closely associated with the 51- and 24-kDa 

subunits to facilitate efficient electron transport (Hirst et al., 2003). The 49-kDa and 

PSST subunits are thought to also closely associate with each other because of their 

sequence homology to a pair of interacting components in NiFe hydrogenases (Albracht, 

1993). The PSST subunit is believed to harbor the terminal iron-sulfur cluster that 

donates electrons to ubiquinone (Ahlers et al., 2000; Kashani-Poor et al., 2001; 

Magnitsky et al., 2002; Ohnishi, 1998; Schuler et al., 1999). Less is known about the
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relative positions of the TYKY and 30-kDa subunits. The TYKY subunit carries at least 

two iron-sulfur centers (Rasmussen et al., 2001), while little is known of the function of 

the 30-kDa subunit (Hirst et al., 2003). All the mtDNA-encoded subunits (ND1-ND6, 

ND4L) are integral membrane proteins containing transmembrane helices. The precise 

functions of the mtDNA-encoded subunits remain poorly understood but some appear to 

be involved in catalytic activity or in the assembly of complex I (Bai et al., 2004; 

Chomyn, 2001). The remaining nuclear-encoded subunits are referred to as 

“supernumerary’ subunits. Their sequences are less conserved than those of the core 

subunits and their functions remain unclear (Hirst et al., 2003).

Interestingly, little is known of the mechanisms responsible for assembly of the 

complex I holoenzyme. The most comprehensive studies have been conducted in N. 

crassa (Schulte et al., 1994). In this organism, complex I appears to be assembled in a 

step-wise fashion from a series of different modules or building blocks (Videira, 1998). 

A similar mechanism has been proposed for the human enzyme (Vogel et al., 2004). To 

date, only two chaperone proteins involved in the assembly of complex I have been 

identified in N. crassa. CIA30 and CIA84 are tightly and specifically associated with 

membrane arm intermediates during the assembly process but are not part of the fully 

assembled complex (Kiiffner et al., 1998). The CIA30 protein is moderately conserved 

through evolution, with homologues identified in organisms such as humans and C. 

elegans (Janssen et al., 2002). Mitochondrial acyl carrier proteins also appear required 

for proper assembly of the peripheral and membrane arms of complex I in N. crassa 

(Schulte, 2001) but the details of this mechanism remain elusive.
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1.3.3 Succinate-Ubiquinone Oxidoreductase (Complex II)

Complex II is structurally the simplest of all the MRC complexes. It provides a 

second site of entry for electrons into the respiratory chain, in addition to its role as a 

component of the Krebs cycle (Horsefield et a l, 2004; Lemire and Oyedotun, 2002). 

Complex II consists of four nuclear-encoded subunits, making it the only MRC complex 

to be entirely derived from one genome. The four subunits are assembled into a complex 

of -130 kDa. The human nuclear genes SDHA and SDHB encode a catalytic heterodimer 

containing a covalently-bound flavin adenine dinucleotide (FAD) cofactor and three iron- 

sulfur clusters. The catalytic subunits are anchored to the matrix face of the 

mitochondrial inner membrane by two hydrophobic, heme-containing proteins encoded 

by the SDHC  and SDHD  genes. The anchor subunits also contain two ubiquinone 

binding sites.

Electrons from the oxidation of succinate to fumarate enter complex II through 

the FAD in the SDHA subunit. The iron-sulfur clusters form an almost linear chain from 

the FAD to the first quinone-binding site, where ubiquinone is reduced to ubiquinol. The 

roles of the heme and the second quinone-binding site are still enigmatic. Complex II 

does not directly contribute to the proton motive force, as it does not translocate protons 

during electron transfer.

1.3.4 Ubiquinol-Cytochrome c Oxidoreductase (Complex III)

Complex in  couples proton pumping to the transfer of electrons from ubiquinol to 

cytochrome c (Trumpower, 1990; Trumpower and Gennis, 1994). The mammalian 

enzyme exists as a homodimer of -240-kDa, with each monomer comprising 11 subunits 

(Schultz and Chan, 2001). The cytochrome b, cytochrome c, and the Rieske iron-sulfur
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subunits, which contain all of the electron-transferring cofactors of the enzyme, constitute 

the catalytic core of the complex (Saraste, 1999). Cytochrome b, the sole mtDNA- 

encoded subunit, contains two six-coordinate low-spin £-type hemes, bL and bH (low and 

high potential hemes, respectively) and two quinone-binding sites designated Q, and Q„ 

for in and out, respectively. The Rieske iron-sulfur protein contains a high potential 

[2Fe-2S] cluster and cytochrome c, contains a six-coordinate low-spin c heme that serves 

as the electron donor to cytochrome c, a soluble, mobile protein of the intermembrane 

space. The roles of other complex HI subunits are not well understood but are required 

for assembly or stability of the enzyme (Scheffler, 1999).

Electron transfer within complex III is more complicated than the linear pathway 

in complexes n, involving the Q-cycle, a branched electron transfer pathway (Brandt and 

Trumpower, 1994). One electron is transferred from ubiquinol bound at the Q, site along 

a high-potential path to the Rieske iron-sulfur center and cytochrome ct. The second 

electron is transferred to the hemes and the Q, site, where it is used to reduce ubiquinone 

to a ubisemiquinone or in a second round, ubisemiquinone to ubiquinol. The net effect is 

that two ubiquinol molecules are oxidized in each reaction cycle, reducing two molecules 

of cytochrome c and regenerating one molecule of ubiquinol.

1.3.5 Cytochromes. Oxidase (Complex IV)

Complex IV catalyzes the transfer of electrons from cytochrome c to oxygen, 

producing water (Malatesta et a l,  1995; Michel et al., 1998; Musser et a l,  1995). 

Mammalian complex IV, with a molecular weight of ~200-kDa, is comprised of 13 

subunits, three of which, COXI-DI are encoded in the mitochondrial genome. COXI-HI 

are highly conserved and carry all the redox-active metal centers involved in electron
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transfer. Subunit I contains a copper atom, CuB and two hemes, a six-coordinate low-spin 

heme a and a five-coordinate high-spin heme a3. Heme a3 and CuB interact, forming a 

binuclear site at which oxygen binds and is reduced (Babcock and Wikstrom, 1992; 

Capaldi, 1990). Subunit II contains a binuclear copper center, referred to as CuA, which 

serves as the initial electron acceptor from cytochrome c (Capaldi, 1990). Electrons from 

CuA are subsequently transferred to heme a and the a.j-CuB redox center. The function of 

subunit HI remains unknown, possibly modulating proton pumping (Brunori et al., 1987). 

The other 10 nuclear-encoded subunits are thought to modulate the assembly or catalytic 

properties of the holoenzyme (Poyton et al., 1988). Seven of these subunits (IV, Via, 

Vic, VEa, Vllb, VIIc, and VHI) are small, integral membrane proteins; subunits Va, Vb, 

and VIb are membrane-extrinsic components (Tsukihara et al., 1996). Subunit Vb 

contains a bound zinc ion, which likely serves a structural role in the protein. Complex 

IV utilizes four protons from the matrix to form water and pumps an additional four from 

the matrix to the intermembrane space. Two hydrophilic channels connect the active site 

to the aqueous environment on the matrix side and are believed to facilitate proton 

pumping (Wikstrom, 1998). Catalysis by complex IV results in the pumping of one 

proton into the intermembrane space for every electron transferred from cytochrome c.

1.3.6 ATP Synthase (Complex V)

Complex V utilizes the proton motive force to synthesize ATP from ADP and P,. 

Structurally, it resembles a turbine; the flow of protons promotes rotation of a portion of 

the enzyme and ATP synthesis. The enzyme is comprised of two assemblies: a globular 

catalytic assembly known as F, that protrudes into the matrix and an integral membrane 

assembly, F0 (Karrasch and Walker, 1999; Orriss et a l,  1998; Rubinstein et al., 2003).
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Mammalian complex V contains at least 16 different subunits, of which two are encoded 

in the mtDNA (Collinson et al., 1994; Lutter et al., 1993). The F, assembly is a spherical 

complex containing the a  and 3 subunits in a 3:3 stoichiometric ratio, penetrated by a 

central stalk of three single-copy subunits 8, £, y. It is the rotation of the central stalk 

along its long axis within the a3  assembly that drives ATP synthesis (Gibbons et a l,

2000). The foot of the central stalk associates with the F0 assembly, which is comprised 

of a ring of 10-14 c-subunits (Panke et al., 2000; Sambongi et al., 1999; Stock et al., 

1999; Tanabe et al., 2001). The number of c-subunits in the F0 ring varies from species 

to species (Bottcher and Graber, 2000; Seelert et al., 2000). The rotation of the c-ring 

and the central stalk ensemble is driven by the passage of protons through a channel 

between the c-ring and subunit a, encoded by the ATP 6 gene found on the mtDNA 

(Fillingame and Dmitriev, 2002). A peripheral stalk comprised of eight distinct subunits: 

OSCP (oligomycin sensitive conferral protein), b, d, e, f, g, A6L and F6 links the F0 and 

F, assemblies (Collinson et al., 1994; Collinson et ah, 1996). A6L is encoded by the 

ATP8 gene, which is also found in the mtDNA. Single copies of subunits b, d, and F6 are 

confirmed in the peripheral stalk, but the stoichiometries of the other components have 

yet to be determined. The peripheral stalk functions as a stator to hold the a 333 

subcomplex and the peripheral membrane domain in place relative to the rotating c-ring 

and central stalk (Collinson et al., 1996). The final component of complex V, the IF, 

subunit, is a regulatory inhibitor of the F, assembly that docks to the 3-subunit.
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1.4 Mitochondrial Biology

1.4.1 Reactive Oxygen Species

Mitochondria are directly involved in two cellular processes closely associated 

with mitochondrial diseases: the generation of reactive oxygen species (ROS) and 

apoptosis (discussed in subsection 1.4.2). Mitochondria are the major sites of ROS 

generation and consequently are the first cellular compartment to suffer damage by them. 

An estimated 1-2% of the oxygen consumed by the MRC is not fully reduced to water but 

instead is partially reduced to reactive oxygen intermediates such as the superoxide anion 

(0 2'-) and hydrogen peroxide (HX)^. Superoxide can be converted to hydrogen peroxide 

by the manganese superoxide dismutase (MnSOD) and Cu/ZnSOD, which reside in the 

mitochondrial matrix and IMS, respectively. Hydrogen peroxide is a more stable and 

membrane-permeable species that can subsequently be converted to an even more 

reactive species, the hydroxyl radical (OH'-)- ROS are responsible for a number of 

damaging effects such as lipid peroxidation, protein oxidation, DNA damage and 

diminished electron transport capacity and ATP synthesis. Under normal conditions, 

ROS are detoxified by mitochondrial MnSOD, cytosolic SOD and glutathione peroxidase 

(Poyton and McEwen, 1996). However, under conditions of cellular stress such as MRC 

dysfunction, ROS production can overwhelm these detoxification mechanisms and 

trigger cell death.

The principal sources of ROS generation within the MRC are thought to be 

complexes I and III, particularly under conditions of high membrane potential 

(Korshunov et al., 1997). The 20-kDa PSST subunit of complex I was identified as the 

most likely site of ubisemiquinone generation and superoxide production (Schuler et al.,
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1999). The redox cycling of ubiquinone in the Q-cycle of complex IE has the potential to 

generate the most ROS (Cadenas et al., 1977). When mutated, complex II can be a site of 

significant superoxide generation through flavin- or quinone-mediated events (Guo and 

Lemire, 2003; Ishii et al., 1998; Senoo-Matsuda et al., 2001). ROS production 

contributes to pathogenesis in a number of neurodegenerative diseases (Halliwell, 1992a; 

Halliwell, 1992b). Relevant to the studies presented in this thesis is the observation that 

patients with inherited complex I disorders have significantly elevated levels of MnSOD 

(Luo et al., 1997; Pitkanen and Robinson, 1996; Robinson, 1994).

1.4.2 Apoptosis

Apoptosis or programmed cell death is a normal cellular process required for 

development, organ morphogenesis, aging and the removal of damaged cells (Joza et al., 

2001). Mitochondria are central regulators of apoptosis. The cytological features of 

apoptosis include cell shrinkage, loss of plasma membrane integrity and blebbing, 

chromatin condensation, DNA fragmentation and permeabilization of the mitochondrial 

outer membrane. The latter feature initiates most forms of apoptosis and is referred to as 

the mitochondrial pathway. Mitochondrial permeabilization can occur via two 

mechanisms. The first involves the Bcl-2 family of proteins that are recruited to the 

surface of mitochondria following an apoptotic stimulus (Finkel, 2001). By mechanisms 

that have yet to be determined, proapoptotic members of this family (Bid, Bax, Bak) 

permeabilize the mitochondrial outer membrane (Epand et al., 2002a; Epand et al., 

2002b; Kudla et al., 2000), allowing the release of cytochrome c, apoptotic inducing 

factor (AIF) and Smac/DIABLO from the intermembrane space to the cytosol. Other 

factors also appear to contribute to mitochondrial permeabilization. Bax appears to co-
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localize with the fission- and fusion-related proteins Drpl and Mfn2 on the mitochondrial 

outer membrane, inducing mitochondrial fragmentation during apoptosis (Frank et al., 

2001; Karbowski et al., 2002) and suggesting a relationship between apoptosis and the 

mitochondrial fission/fusion machinery.

The second mechanism of outer membrane permeabilization involves the 

formation of a proteinaceous complex called the mitochondrial permeability transition 

pore (mPTP), which joins the inner and outer membranes (Zamzami and Kroemer, 2001). 

The mPTP is believed to consist of the inner membrane proteins ANT and cyclophilin D 

and the outer membrane voltage-dependent anion channel (VDAC) and benzodiazepine 

receptor (Newmeyer and Ferguson-Miller, 2003). Sustained opening of the mPTP 

equilibrates ion concentrations between the matrix and the cytosol, dissipates the 

membrane potential, blocks respiratory function and protein import into the matrix and 

mediates the release of cytochrome c and other soluble proapoptotic factors of the 

intermembrane space. Ion redistribution leads to swelling of the matrix space and rupture 

of the outer membrane (Scorrano et al., 2002).

Following outer membrane disruption, released cytochrome c recruits apoptotic 

peptidase activating factor 1 (Apaf-1), inducing its oligomerization and forming the 

apoptosome complex (Wang, 2001). The apoptosome recruits the proteinase caspase-9, 

which cleaves and activates caspases-3 and -7, commonly known as executioner 

caspases. Activated executioner caspases subsequently cleave a number of intracellular 

substrates leading to cell death. Interestingly, some of these intracellular targets include 

protein subunits of the MRC, specifically subunits of complexes I and II (Ricci et al., 

2003). The 75-kDa complex I subunit was recently identified as a caspase-3 substrate
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(Ricci et a l,  2004). Apoptosis and the MRC-mediated generation of ROS are intimately 

related processes because ROS can either promote or inhibit apoptosis (Kirkland and 

Franklin, 2003; Van Antwerp et a l, 1996).
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1.5 Mitochondrial Diseases

1.5.1 Respiratory Chain Disorders

Any defect that disrupts mitochondrial function or homeostasis can, in theory, 

cause a mitochondrial disorder. The vast majority of mitochondrial diseases results from 

defects in the MRC but disease-causing mutations are also found in nuclear genes 

affecting mitochondrial protein import (Koehler et al., 1999; Roesch et a l, 2002), iron 

transport (Allikmets et al., 1999; Campuzano et a l, 1996), copper transport (Jaksch et al., 

2000; Papadopoulou et al., 1999; Valnot et al., 2000a), mitochondrial maintenance 

(Delettre et al., 2002), mtDNA copy number maintenance (Marin-Garcia et a l, 2000) and 

the ANT (Jordens et al., 2002). I will focus my discussion of mitochondrial diseases on 

disorders stemming from MRC dysfunction. MRC dysfunction can affect any organ or 

tissue, at any age, and with any mode of inheritance due to the two genomes involved. 

The involvement of two genomes can make mitochondrial disorders difficult to diagnose 

and treat. Mitochondrial diseases are often multisystemic and/or tissue-specific, 

primarily affecting those tissues, such as the central and peripheral nervous systems, 

muscle, cardiac, renal, hepatic and endocrine tissues, with the greatest demand for 

OXPHOS (Munnich and Rustin, 2001). There is a tenuous link between genotype and 

phenotype; identical mutations can cause clinically distinct disorders or alternatively, 

mutations in different genes can cause the same disease.

The following is a list of some of the more common MRC disorders with brief 

descriptions to illustrate the diversity and tissue-specificity of these diseases. Further 

discussion on the specific nuclear and mitochondrial mutations that cause MRC disorders 

is presented in subsections 1.5.2 and 1.5.3.
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Leigh syndrom e: Leigh syndrome is an early-onset mitochondrial disorder that is 

frequently lethal. It is often characterized by psychomotor regression, leukodystrophy 

and brainstem dysfunction (Valanne et a l, 1998). Patients often present with ataxia, 

hypotonia, spasticity and developmental delay (Wallace et al., 1998). The primary 

hallmark of the disease is the presence of spongiform lesions attributed to demyelination 

of neuronal axons. The disease is commonly caused by nuclear mutations in complexes 

I, II or IV, or in the pyruvate dehydrogenase complex. It can also be caused by mtDNA 

mutations (Kirby et al., 2000; Makino et a l, 2000; Rahman et al., 1996; Triepels et al., 

2001b; Zhu e ta l,  1998).

Kearns-Sayre syndrome (KSS): KSS is a multisystemic disorder characterized by 

ophthalmoplegia, droopy eyelids, retinal degeneration leading to blindness and cerebellar 

ataxia with an onset before the age of 20. KSS is often a result of large-scale deletions or 

insertions in the mtDNA (Moraes et al., 1989).

Leber hereditary optic neuroretinopathy (LHON): LHON is characterized by rapid 

vision loss due to optic nerve death, usually between the ages of 20 and 24 but also 

occurring at any age between adolescence and late adulthood (Munnich and Rustin, 

2001). LHON is often associated with heart dysrythmia. It is the result of mtDNA 

mutations (DiMauro and Schon, 2001).

M itochondrial encephalomyopathy with lactic acidosis and stroke-like episodes 

(MELAS): MELAS is an early onset disorder characterized by exercise intolerance, 

recurrent neurological impairment resembling strokes, vomiting, lactic acidosis and 

myopathy with ragged red fibers. The disease is most often associated with a mutation in 

a mitochondrial tRNA gene (Goto et a l, 1990; McKenzie et a l, 2004).
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Myoclonus epilepsy with ragged red fibers (MERRF): MERRF, another early onset 

disorder usually appearing before adolescence, is associated with epileptic episodes, 

ataxia, hearing loss, muscle weakness and the presence of ragged red fibers in muscle 

biopsies. Mutations are acquired sporadically or through the maternal inheritance of a 

mutation in a mitochondrial tRNA gene (Shoffner et al., 1990; McKenzie et al., 2004). 

Neurogenic muscle weakness, ataxia, retinitis pigmentosa (NARP): In addition to the 

symptoms for which it is named, NARP is often associated with variable sensory 

neuropathy, seizures and mental retardation. The disorder is caused by a mtDNA 

mutation (Holt et al., 1990; Munnich and Rustin, 2001).

Pearson syndrome: Pearson syndrome is a complex disorder characterized by anemia 

and pancreatic dysfunction, beginning in early infancy and often fatal before the age of 

three (Rotig et al., 1995; Rotig et al., 1990). Patients who do recover from the initial 

symptoms often develop KSS. The disease is a result of large-scale deletions and 

duplications of the mtDNA.

Progressive external ophthalmoplegia (PEO): PEO is associated with progressive 

muscle weakness and ophthalmoplegia. PEO patients can also present with ataxia or 

become comatose due to keto-acidosis. The disease is often caused by single or multiple 

mtDNA deletions (Moraes et al., 1989; Zeviani et al., 1989) that result when ANT 

mutations cause abnormal nucleotide availability for mtDNA synthesis (Kaukonen et al., 

2000).

Neurodegenerative disorders: MRC dysfunction is often associated with numerous 

neurodegenerative disorders. Huntington’s disease is an autosomal dominant disorder 

associated with degeneration of striatal neurons and the cerebral cortex. The condiiton is
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caused by a CAG repeat expansion in huntingtin, a protein of unknown function. 

Huntington’s disease patients often have deficiencies in complexes II and HI in the basal 

ganglia (Browne et al., 1997; Gu et al., 1996). Amyotrophic lateral sclerosis (ALS) is a 

late-onset neurodegenerative disorder affecting the spinal cord and cortical motor 

neurons, often associated with mitochondrial abnormalities (Orth and Schapira, 2001). 

Parkinson’s disease is a late-onset disorder in which patients typically present with 

tremors and rigidity caused by loss of dopaminergic neurons in the substantia nigra of the 

brain. Individuals with Parkinson’s disease often have a complex I deficiency, increased 

ROS production and in some cases, mtDNA mutations (Kosel et al., 1999; Simon and 

Johns, 1999; Thyagarajan et a l,  2000). Finally, Alzheimer’s disease, a mostly sporadic 

disorder that causes late-onset dementia is often associated with deficiencies in complex 

II and IV (Mutisya et al., 1994; Ojaimi et al., 1999; Parker and Parks, 1995).

1.5.2 Mitochondrial DNA Mutations

The majority of pathogenic MRC mutations has been identified in the 

mitochondrial genome. Diagnosing and treating these mutations can be more complex 

than for nuclear mutations because of their mode of inheritance and of the distinct 

properties of the mitochondrial genome. mtDNA is maternally inherited and cells 

typically contain hundreds to thousands of copies, usually of one genotype, which is 

referred to as a state of homoplasmy. Mutations arising in the mitochondrial genome can 

result in the coexistence of two populations within a single cell or tissue, one mutant and 

one wild-type, a state referred to as heteroplasmy. The proportion of mutated DNA, 

referred to as the mutational load, can affect the severity of the defect, often requiring a 

threshold level to be reached before symptoms are manifested (Chinnery et al., 1999).
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The random inheritance of mtDNA during cell division can result in altered mutational 

loads between cells in a tissue. The energy requirements of a cell- or tissue-type 

contribute to the tissue-specificity of mitochondrial disorders because tissues with the 

greatest demand for ATP, such as brain, muscle and heart are more easily compromised 

(Chinnery and Turnbull, 1997; Larsson et al., 1998). Therefore, the severity of a disorder 

of origin in the mtDNA is influenced by the level of heteroplasmy and by the tissue 

distribution, making the linkage of genotype to phenotype extremely difficult.

mtDNA mutations can produce deficiencies in individual MRC complexes if they 

are located in one of the 13 MRC subunit genes or they can affect the transcription and 

translation of all 13 genes if the mutation is within a tRNA or rRNA gene. Two classes 

of pathogenic mtDNA mutations have been identified. The first, large-scale deletions, 

are causative of KSS, PEO and Pearson syndrome. Often associated with these deletions 

are mtDNA duplications, the presence of which may be linked to the mechanism of 

deletion formation (Samuels et a l,  2004). Point mutations make up the remainder of 

mtDNA lesions. Over 100 pathogenic point mutations have been identified (DiMauro 

and Andreu, 2000; Sue et a l, 2000); the majority is located within genes encoding 

tRNAs, thereby affecting the expression of all 13 mtDNA-encoded polypeptides.

The most common maternally-inherited mtDNA point mutations are in the 

tRNALys gene, producing MERRF and in the tRNALeu(UUR) gene, producing MELAS when 

present in a high mutational load (>85%) or maternally-inherited diabetes mellitus and 

deafness when present at lower levels (5-30%) (Gerbitz et a l,  1995; Schon, 2000). The 

t^NAUucuuR) mutation offers a good example of difficulties encountered in diagnosing 

mitochondrial disorders. Other tRNA gene mutations are associated with PEO,
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myopathy, cardiomyopathy, encephalomyopathy and Leigh syndrome (Schon, 2000). 

The most common rRNA mutations, those occurring in the 12S rRNA, often cause 

aminoglycoside-induced, nonsyndromic hearing loss (Fischel-Ghodsian, 1999).

Point mutations in individual MRC subunit genes have also been identified 

(Figure 1.5). Of the ten pathogenic mutations in the ND genes, six are associated with 

LHON (Chalmers and Schapira, 1999). The others produce dystonia and sporadic 

myopathy (Schon, 2000). The twelve pathogenic mutations found in the cytochrome b 

gene were all sporadic rather than inherited and caused isolated myopathies (DiMauro 

and Andreu, 2000). Sporadic mutations in the mtDNA-encoded subunits of complex IV 

are linked to a series of unrelated disorders such as myopathy, encephalomyopathy, and 

anemia (Schon, 2000). Mutations in the ATP6 gene of complex V are associated with 

striatal necrosis syndromes (Schon et al., 1997). Furthermore, depending on the 

mutational load and the tissue distribution, the same ATP6  mutation can produce 

maternally-inherited Leigh syndrome or the clinically-distinct disorder NARP.

1.5.3 Nuclear DNA Mutations

mtDNA mutations and deletions only account for 10-15% of cases of MRC 

dysfunction (Munnich and Rustin, 2001). Disorders associated with nuclear mutations 

often follow the traditional Mendelian mode of inheritance. Pathogenic nuclear 

mutations are typically of two classes: 1) mutations in genes encoding MRC structural 

subunits and 2) mutations in genes encoding MRC assembly and maintenance factors. Of 

the first class, mutations have only been identified in genes for complexes I and II despite 

extensive sequence analysis of many more MRC genes (Figure 1.5). The bulk of these 

are in the complex I genes NDUFV1, NDUFS1, NDUFS2, NDUFS4, NDUFS7 and
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NDUFS8. They cause a myriad of disorders including leukodystrophy, myoclonic 

epilepsy, cardiomyopathy, encephalomyopathy and Leigh syndrome (Benit et al., 2001; 

Loeffen et al., 2001; Schuelke et al., 1999; Triepels et al., 2001a; van den Heuvel et al., 

1998). Pathogenic mutations in the SDHA gene of complex II are associated with Leigh 

syndrome (Bourgeron et al., 1995; Parfait et a l, 2000). Mutations in the SDHA, SDHC 

and SDHD genes are associated with hereditary paraganglioma (Astuti et al., 2001).

The second class of pathogenic nuclear mutations indicates that the assembly and 

maintenance of MRC complexes is as important as the integrity of their structural 

subunits. Six complex IV assembly factors are known (Figure 1.5): SURF1, a protein 

whose specific function remains unknown (Tiranti et al., 1995; Zhu et al., 1998), 

COX10, a heme A:famesyl transferase (Valnot et al., 2000b), COX15, which functions in 

the synthesis of heme A (Antonicka et al., 2003), the leucine-rich pentatricopeptide 

repeat cassette (LRPPRC; Xu et al., 2004), which plays a role in the translation or 

stability of mtDNA-encoded COX subunits, and SCOl (Valnot et a l, 2000a) and SC02 

(Papadopoulou et al., 1999), which are required for copper insertion. Mutations in these 

assembly factors produce distinct clinical syndromes. SURF1 defects are associated with 

Leigh syndrome (Poyau et a l, 1999; Tiranti et al., 1999; Tiranti et al., 1998; Zhu et al.,

1998), COX10 lesions with encephalomyopathy (Valnot et al., 2000b), COX15 defects 

with early-onset fatal hypertrophic cardiomyopathy (Antonicka et al., 2003), mutations in 

the LRPPRC gene result in Leigh syndrome French Canadian (Xu et a l,  2004), SCOl 

mutations with neonatal liver failure and encephalomyopathy (Valnot et al., 2000a) and 

SC02  defects with infantile cardiomyopathy (Jaksch et al., 2000; Papadopoulou et al.,
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1999). A defect in the complex III assembly factor BCSL1 is associated with 

tubulopathy, encephalomyopathy and liver failure (de Lonlay et al., 2001).

1.5.4 Treatment o f Mitochondrial Diseases

Although no categorical cure for mitochondrial disorders yet exists, there are 

therapeutic approaches that are used clinically to treat patients. Palliative treatment is a 

protective therapy that does not address the cause of the disorder but rather tries to ease 

the symptoms (Schon and DiMauro, 2003). Palliative treatment can include aerobic 

exercise to prevent muscle deconditioning and maintain function, surgeries to correct 

eyelid droopiness or cataracts, hearing aids to treat neurosensory hearing loss or the 

administration of pharmaceuticals to treat heart irregularities, diabetes or renal 

dysfunction.

Pharmacological treatments are administered to circumvent MRC defects. Some 

pharmacological supplements are used to specifically remove noxious metabolites. For 

example, a block in the respiratory chain can result in the accumulation of pyruvate in the 

cytosol, resulting in a subsequent increase in its reduction product lactate. Lactate build­

up in the blood of patients can cause lactic acidosis, a common and severe symptom of 

mitochondrial disorders; elevated lactate in the central nervous system is a neurotoxin. 

Anecdotal evidence has demonstrated that supplements like dichloroacetate (DCA), 

which inhibits the phosphorylation of the pyruvate dehydrogenase complex (PDHC) and 

keeps the enzyme in the active state, can improve the clinical outcome of disorders 

involving lactic acidosis (Chinnery and Turnbull, 2001; Schon and DiMauro, 2003; 

Taylor et al., 1997). The same has been observed for thiamine, also an activator of 

PDHC, when given in combination with DCA (Stacpoole et al., 1998).

32

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Some pharmacological supplements can be used to bypass biochemically the 

block in electron transport. For instance, a combination of ascorbate (vitamin C) and 

menadiol diphosphate, a precursor of vitamin K was administered to a patient with an 

isolated complex III deficiency. The supplements were used as artificial electron 

acceptors to bypass the defect in complex III. The results of the treatment showed 

dramatic, yet unsustained improvements in the patient’s symptoms (Eleff et al., 1984). 

Other supplements have been used to enhance cofactor and metabolite concentrations in 

patients. For example, riboflavin, a precursor of the FMN cofactor of complex I, 

benefited patients with complex I deficiency and mitochondrial myopathy due to 

mutation in the tRNALcu(UUR) (Ogle et al., 1997). Finally, some supplements have been 

used to reduce the damage caused by the excess generation of ROS. These include 

treatment with free-radical scavengers such as coenzyme Q10 (CoQ,0) and idebenone, a 

quinone compound similar to CoQ10 (Abe et al., 1999; Delanty and Dichter, 2000).

The successful identification of genes responsible for mitochondrial disorders has 

promoted the development of treatments involving gene therapy strategies. Many of 

these approaches involve the replacement or addition of gene products to directly correct 

or bypass the defect. Some strategies have taken advantage of simpler respiratory 

enzymes from other species in order to bypass MRC defects in mammalian cells. This 

strategy, referred to as allogenic gene therapy, was utilized to circumvent a complex I 

deficiency in mammalian cells using the S. cerevisiae internal NADH-quinone 

oxidoreductase Ndilp (Seo et al., 1998). This single-subunit enzyme serves as the 

primary entry-point of electrons into the yeast MRC; the organism does not possess a 

mammalian-like complex I. The yeast NDI1 gene was successfully transfected into
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complex I-deficient Chinese hamster cells, resulting in the functional expression of the 

enzyme and restoration of NADH oxidation. Similar results were observed in the 

successful and efficient transfection of cultured human cell with NDI1 (Seo et al., 1999; 

Seo et a l,  2000). Recently, this strategy was extended by demonstrating the sustained in 

vivo expression of NDI1 in the skeletal muscle and brains of rodents (Seo et al., 2004). 

Ndilp has also been shown to complement a defect in human cells harbouring a mutation 

in the mtDNA-encoded ND4 gene (Bai et al., 2001). The early successes of these 

investigations clearly show that allogenic gene therapy has the potential to be a lasting 

molecular remedy for complex I deficiency and that additional ‘simple’ respiratory genes 

could be utilized to bypass defects in other MRC complexes.

Gene therapy approaches for mtDNA mutations is more complicated. Currently, 

it is technically difficult to transfect mammalian mitochondria with exogenous DNA. 

However, it is more feasible to express a mtDNA-encoded gene in the nucleus. This 

strategy is referred to as allotopic gene expression (Gray et a l,  1996) and has been 

successfully applied to cultured human cells (Manfredi et a l,  2002). Human cells 

homoplasmic for the T8993G NARP/MILS mutation in the ATP6 gene showed improved 

growth under selective conditions and increased ATP synthase activity when allotopically 

transfected with a recoded (for nuclear expression), functional ATP6 gene (Manfredi et 

al., 2002). A similar strategy was applied to cells carrying mutations within the mtDNA- 

encoded ND4 gene, which causes maternally-inherited LHON. Allotopic expression of 

human ND4 in these cells was able to complement the defect (Guy et al., 2002). Other 

studies have utilized nuclear DNA-encoded tRNAs targeted to the mitochondrion to 

correct mutations in mtDNA-encoded tRNAs. This approach has been successfully
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applied to patient-derived cell cultures bearing a tRNALys mutation responsible for 

MERRF (Kolesnikova et al., 2004). Finally, there is recent work that addresses new 

technology for the direct transfection of DNA into mitochondria. ‘Protofection’ is the 

protein transduction domain (PTD)-mediated insertion and expression of human 

mitochondrial genomes into the mitochondria of living cells, allowing for the alteration of 

mtDNA genotype or the expression of exogenous genes (Khan and Bennett, 2004). PTDs 

are small regions of protein that are able to cross membranes in a receptor-independent 

fashion. Although the technology appears promising, little has been published about it 

and the precise methodology has yet to be revealed.

1.5.5 Higher Model Systems

Therapeutic intervention to improve or cure MRC diseases is hindered by our 

poor understanding of key pathogenic events. The limited availability of human tissue 

makes it necessary to study the molecular details of pathogenesis in model organisms. 

For some pathological studies, the profound differences between humans and lower 

model organisms prevent the generation of significant and relevant information. For this 

reason, substantial work on mitochondrial disorders has been done in the mouse model. 

In many cases, mice accurately reproduce human disease pathology and the organ- 

specific patterns of MRC deficiency. Mouse models now exist for a myriad of 

mitochondrial dysfunctions, including a knock-out of the FRDA gene involved in 

Friedrich’s ataxia (Cossee et al., 2000; Puccio et al., 2001), tissue-specific knockouts of 

Tfam, which result in mtDNA depletion and MRC deficiency (Larsson et al., 1998; Li et 

al., 2000; Silva et al., 2000; Wang et al., 1999), large mtDNA deletions, resulting in 

MRC deficiency (Inoue et al., 2000), and defects in the DNA polymerase y, which allow
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for the accumulation of mtDNA mutations that promote apoptosis and may serve as a 

mammalian model for aging (Trifunovic et al., 2004; Kujoth et al., 2005). The mouse 

model does suffer some serious disadvantages for the study of mitochondrial diseases. 

Mouse studies are often time- and labour-intensive. The mice themselves are 

cumbersome and expensive to maintain and are not highly amenable to genetic 

manipulation. Finally, mice differ significantly from humans in some of their metabolic 

pathways and in their less developed brain functions.

The study of mitochondrial disorders has been greatly enhanced with the 

development of cytological hybrids, or cybrids. These can be formed by fusing an 

enucleated cell containing mitochondria carrying wild-type or mutant mtDNA to another 

cell depleted of mtDNA (p°). Single cells with common nuclear backgrounds but 

different mtDNA compositions can be created, cultured and maintained. Nuclear 

mutations can be studied in a similar fashion by fusing a p° cell containing the mutation 

to an enucleated cell that provides wild type mtDNA. Cybrids have been extensively 

used in the study of mitochondrial dysfunction in neurodegenerative disorders (Trimmer 

et al., 2000), large-scale mtDNA deletions (Inoue et al., 2000) and gene therapy for the 

treatment of clinical disorders (Zullo et a l, 2005). The major advantage of cybrids is that 

it allows for the study of both nuclear and mtDNA mutations at the biochemical and 

genetic levels. However, the bulk of cybrid investigations has been done in cell culture, 

which does not address the issues of tissue-specificity and genetic transmission and may 

not accurately represent the pathogenic metabolism that occurs in vivo.
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1.6 Caenorhabditis elegans

1.6.1 C. elegans Model System

Caenorhabditis elegans is a small, free-living soil nematode. In the mid-1960’s, 

Sydney Brenner selected it as a simple model animal system for investigations into the 

genetics and development of the nervous system (Brenner, 1974). Today, our knowledge 

of C. elegans biology is extensive and exceeds that of many other model systems 

developed before it. C. elegans is a ravenous organism that primarily feeds on bacteria in 

a laboratory environment (Lewis and Fleming, 1995). It has a relatively rapid life-cycle 

of ~3 days under optimal conditions (Riddle et al., 1997). The nematode exists in two 

sexes, hermaphrodite and male, which grow to -1 mm in length at adulthood, but differ 

in their anatomy and appearance. Hermaphrodites (Figure 1.6) produce both oocytes and 

sperm and can reproduce by self-fertilization or by cross-fertilization with a male; 

hermaphrodites cannot fertilize each other. A self-fertilizing hermaphrodite typically lays 

-300 eggs during its reproductive life span. C. elegans embryos hatch and normally 

develop through four larval stages of development (referred to as LI to L4 stages; Figure 

1.7). Larval stages are separated by molts and distinguishable from each other by 

progressive increases in size and numbers of germ line cells. Germ line cells in the 

hermaphrodite differentiate into sperm at the late L4 stage and into oocytes during early 

adulthood (Schedl, 1997). Maturation of the hermaphrodite reproductive system occurs 

primarily at the L4 stage. Under conditions of stress or food deprivation, the developing 

nematode can enter an alternative life-stage after L2, called the dauer stage. Dauer larvae 

can remain dormant for months, but when conditions become favourable again, a C. 

elegans larva can exit this stage and resume development to adulthood from the L4 stage
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(Riddle and Albert, 1997). A mature hermaphrodite is fertile for about four days and 

total life span typically varies from 10-20 days.

C. elegans is both an anatomically and genetically simple organism. An adult 

hermaphrodite has exactly 959 somatic nuclei, of which 302 are neurons; the adult male 

has 1031 somatic nuclei. The nematode contains multiple tissue types such as neurons, 

muscle, intestine and germ-line (Wood, 1988), and its transparency makes the 

morphology of the organism easily examinable under the microscope. The haploid 

genome size of the organism is -1.0 x 10s base pairs; it is the first multicellular eukaryote 

to have its entire genome sequenced (C. elegans Sequence Consortium, 1998). The C. 

elegans mitochondrial genome, at 13,794 bp in size, has also been completely sequenced 

(Okimoto et al., 1992). Nuclear genes in C. elegans can be mapped to six linkage groups 

corresponding to six haploid chromosomes, five autosomes (I -  V) and a sex 

chromosome (X). Hermaphrodites are diploid for all six chromosomes (XX), while 

males are diploid for the five autosomes and have only one sex chromosome (XO). 

Hermaphrodites dominate a typical C. elegans population, as males arise spontaneously 

within the population by X-chromosome non-disjunction at a frequency of -0.2%.

The use of C. elegans to study a diverse array of fundamental biological processes 

has proliferated to hundreds of laboratories over the last four decades. The organism has 

a number of key attributes that make it an ideal experimental system. First, C. elegans is 

easily and economically maintained in the laboratory where it can be grown on solid agar 

plates or liquid culture with the common laboratory bacterium Escherichia coli as a food 

source. Its relatively short life cycle and ability to reproduce by self-fertilization make it 

easy to cultivate. Second, the developmental fates, locations and characteristics of all
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somatic cells in the adult hermaphrodite and male are known. This includes the timing, 

locations and ancestral relationships of all cell divisions during development, making it 

possible to pinpoint the exact developmental consequences of specific mutations. 

Finally, the relatively small size of the nematode genome and the availability of the 

complete mtDNA and nuclear DNA sequences facilitate the use of both forward and 

reverse genetic approaches for investigating gene function. C. elegans is amenable to 

genomic DNA transformation via microinjection, which generates transgenic animals 

with extrachromosomal arrays (Mello and Fire, 1995), or via ballistic transformation, 

which can produce low-copy extrachromosomal arrays or integrated transgenes (Jackstadt 

et al., 1999; Praitis et al., 2001; Wilm et al., 1999). The simplicity and elegance of the 

nematode system also makes it ideal for the design and execution of genetic screens 

(Jorgensen and Mango, 2002). Finally, the now popular phenomenon of RNA 

interference (RNAi), a method that generates loss-of-function phenocopies with double­

stranded RNA, has been extensively studied and used in C. elegans (Fire et al., 1998).

Completion of the C. elegans genome sequence and the subsequent alignment of 

the physical and genetic maps have stimulated the use of the nematode in the study of 

human disorders. A survey of the C. elegans genome revealed many genes with a high 

degree of similarity to human disease genes, suggesting that the basic functions of these 

gene products are likely conserved (Aboobaker and Blaxter, 2000). New insights into 

disease have been gleaned from the C. elegans system for spinal muscular atrophy, 

polycystic kidney disease, muscular dystrophy, and a number of neurodegenerative 

disorders (Culetto and Sattelle, 2000; Driscoll and Gerstbrein, 2003). In the last decade,
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C. elegans studies of MRC dysfunction and human mitochondrial diseases have gained 

prominence.

1.6.2 Mitochondrial Dysfunction in C. eleeans

Studies detailing C. elegans mitochondrial function were pioneered in the mid- 

1970s (Murfitt et al., 1976). Measurements of respiration rates and enzyme activities 

demonstrated that the structure, function and bioenergetics of the nematode MRC are 

similar to the mammalian MRC. Subsequent studies showed that many of the pathways 

of intermediary metabolism that involve mitochondria are present in C. elegans 

(O'Riordan and Burnell, 1989; Wadsworth and Riddle, 1989). A bioinformatic survey of 

the C. elegans nuclear and mitochondrial genomes revealed that the majority of nematode 

MRC subunits shares significant sequence identity with their mammalian homologues. 

At least 36 complex I subunits, four subunits of complex II, at least eight subunits of 

complex HI, at least nine subunits of complex IV, and a minimum of 14 subunits of 

complex V have been identified in C. elegans (Tsang and Lemire, 2003b). The C. 

elegans mtDNA, encoding 12 highly-conserved mtDNA-encoded MRC subunits, is 

slightly smaller than its mammalian counterpart, missing the ATP8 gene and having a 

different gene organization (Figure 1.8) (Okimoto et al., 1992). The similarity of the 

worm MRC to the mammalian one, plus the experimental attributes of the nematode 

make it an extremely attractive model system for the study of mitochondrial dysfunction 

and disease manifestation. Although still in their infancy, mitochondrial studies in C. 

elegans have produced some significant findings, which I will summarize in the 

following paragraphs (Figure 1.9).
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nuo-1, the primary gene of interest in this thesis, encodes the 51-kDa subunit of 

complex I, which carries the substrate binding site and flavin and iron-sulfur cofactors 

involved in electron transfer. The NUO-1 protein shares -75% sequence identity with 

the human NDUFV1 protein. Nematodes carrying the nuo-l(ual) deletion were 

generated using target-selected mutagenesis (Tsang et al., 2001). The 1,190-bp deletion 

removes the first three exons and the beginning of the fourth, eliminating the 

mitochondrial targeting sequence at the N-terminus and the NADH- and FMN-binding 

sites. For these reasons, the n u o -l(u a l)  allele is believed to be null. Animals 

homozygous for the deletion arrest at the L3 stage, a lethal phenotype since reproduction 

is impossible. Gonad development is more severely affected, arresting at an L2 stage. 

Homozygous nuo-l(ual) nematodes have a number of behavioral defects including 

reduced mobility, impaired feeding, a slower defecation cycle and an increased life span. 

Furthermore, homozygous mutant animals are able to enter the dauer stage, but cannot 

exit it. The C. elegans nervous system appears to have the greatest requirement for MRC 

function because ectopic expression of nuo-1 under a nervous system-specific promoter 

in a homozygous nuo-1 (ual) background supports development to the adult stage and 

allows dauer larvae to exit this stage and proceed with development (Ndegwa and 

Lemire, 2004). Specific expression of nuo-1 in other tissues is less effective at 

supporting development beyond the L3 stage. These studies suggest that MRC function, 

particularly in the nervous system, is needed to send and/or receive signals that control 

larval development.

Target selected mutagenesis also identified a deletion in the atp-2 gene, which 

encodes the (3-subunit of the F, subcomplex of the ATP synthase (Tsang and Lemire,
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2003b; Tsang et al., 2001). The atp-2(ua2) deletion allele is a 710-bp deletion that 

removes the first exon and the beginning of exon two, thereby removing the 

mitochondrial targeting sequence; it is also believed to be a null allele. Nematodes 

homozygous for the atp-2(ua2) allele have a similar phenotype to that of the homozygous 

nuo-l(ual) animals: larval arrest at L3 stage with an L2-stage gonad, significantly 

lengthened life span, decreased motility, impaired feeding and a slower defecation cycle. 

The only significant difference between the nuo-1 and the atp-2 phenotypes is that atp- 

2(ua2) nematodes are unable to enter dauer stage (Tsang and Lemire, 2003b; Tsang et al.,

2001). Larval arrest at the L3 stage is also observed when nematodes are exposed to 

drugs that inhibit mitochondrial replication, transcription or translation, indicating that 

MRC-generated energy is essential for development and that an energy sensing 

mechanism may be present (Dillin et al., 2002; Tsang et al., 2001). Mosaic analysis 

revealed that atp-2  functions in a cell non-autonomous manner, suggesting that 

development past the L3 stage is controlled by a global mechanism. The loss of atp-2 in 

any tissue could provoke arrest at the L3 stage, although loss of atp-2 in the cell lineages 

that give rise to body muscle cells invariably caused developmental arrest, indicating that 

this tissue plays a key role in regulating development (Tsang and Lemire, 2003a).

A mutation in the mev-1 gene was originally identified in a screen for 

hypersensitivity to methyl viologen (paraquat), a known generator of ROS (Ishii et al., 

1990). mev-1 encodes the cytochrome b subunit (SDHC) of complex II. The mev-1 (knl) 

mutant contains a missense mutation resulting in a Gly71Glu substitution (Ishii et al.,

1998). mev-1 mutants are hypersensitive to oxidative stress, age prematurely, have a 

decreased life span and are hypermutable, especially under hyperoxic conditions
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(Hartman et a l,  2001). In mev-1 animals, the ability of complex II to oxidize succinate is 

unaffected, but its ability to reduce ubiquinone in a succinate-dependent manner is 

severely compromised (Ishii et al., 1998). Furthermore, mev-1 mutants show indications 

of abnormal energy metabolism (Senoo-Matsuda et al., 2001), display abnormal 

mitochondrial ultrastructure, have reduced mitochondrial membrane potential and suffer 

premature apoptosis (Senoo-Matsuda et al., 2003). This mutant phenotype is primarily 

attributed to the increased generation of superoxide (Senoo-Matsuda et al., 2001), 

implying a critical role for complex II in superoxide production. Finally, inactivation of 

three of the four subunits of complex II by RNAi results in embryonic lethality (Ichimiya 

et al., 2002), further reinforcing the importance of the MRC in nematode development.

The gas-l(fc21) mutation was originally isolated in a screen for hypersensitivity 

to volatile anesthetics (Kayser et al., 1999). The gas-1 gene (K09A9.5) encodes one of 

two homologues of the 49-kDa subunit of complex I. The f e l l  allele introduces a 

missense mutation resulting in an Arg290Leu substitution. gas-l(fc21) nematodes are 

hypersensitive to inhalation anesthetics and to ethanol, have reduced life spans, slow 

growth rates and like mev-1 mutants are hypersensitive to oxidative stress (Kayser et al.,

1999). Furthermore, the gas-l(fc21) allele is lethal at higher temperatures. Mutation in 

the gas-1 gene severely reduces oxidative phosphorylation and electron transport, 

although an increase in complex E-dependent activity is observed (Kayser et a l,  2001). 

Unlike mev-1 mutants, gas-1 mutant nematodes are not hypermutable and do not 

overproduce superoxide anions (Hartman et al., 2001). GAS-1 protein is widely 

expressed in the C. elegans neuromuscular system and has a subcellular localization 

indicative of a mitochondrial protein (Kayser et al., 2001). Mutated GAS-1 likely causes
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misassembly of complex I, but the mechanism by which it contributes to anesthetic 

sensitivity remains unknown.

The isp -l(q m l5 0 )  allele, affecting the iron-sulfur protein of complex III, 

introduces a Pro225Ser substitution, which is in close proximity to the iron-sulfur cluster 

and is believed to alter its redox properties (Feng et al., 2001). isp-l(qml50) nematodes 

have slow embryonic development, life spans double that of wild-type animals, reduced 

oxygen consumption rates and reduced motility (Feng et al., 2001; Murakami and 

Murakami, 2005). A spontaneous partial suppressor of the slow rate of embryonic 

development of isp-l(qm l50) animals was mapped to the ctb-1 gene of the mtDNA, 

which encodes the cytochrome b subunit of complex EH. The ctb-l(qml89) allele is a 

homoplasmic maternally-inherited mutation changing Ala-170 to Val (Feng et al., 2001). 

The ctb-1 mutation does not have a phenotype on its own, although it increases 

respiration rates, resistance to paraquat and partially suppress the slow behavioral and 

developmental phenotypes of isp-1 mutants without affecting the extended life span of 

these animals.

A number of other mutations have been identified in genes that affect MRC 

function but do not reside in genes for MRC subunits. The dif-1 gene, which encodes a 

mitochondrial acylcamitine carrier, was originally identified in a general screen for 

matemal-effect, embryonic lethal mutants (Ahringer, 1995; Oey et a l, 2005). The gene 

plays a role in tissue differentiation in the developing embryo but how this relates to its 

function as a mitochondrial carrier protein remains unclear. A mutation in the lrs-2 gene 

encoding the mitochondrial leucyl-tRNA synthetase significantly extends life span, 

resulting in slowly developing L4-sized, sterile adults with arrested gonad development
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(Lee et al., 2003). The LRS-2 protein is required for the translation of the 12 mtDNA- 

encoded MRC genes, lrs-2 mutants have abnormal mitochondrial morphology, reduced 

ATP contents and oxygen consumption rates and are hypersensitive to paraquat. The 

latter observation suggests that the extended life span is not due to a decrease in ROS 

production but rather to an alternative mechanism. A mutation in the gro-1 gene, 

encoding a pentenyl pyrophosphate:tRNA transferase, which modifies a subset of 

mitochondrial tRNAs, results in extended life span, severely reduced fecundity and a 

deregulation of behavioral and developmental rates (Lemieux et al., 2001). The coq- 

3(qm l88) mutation is a deletion in the gene encoding a methyltransferase for the 

biosynthesis of ubiquinone (Hihi et al., 2002). Homozygous coq-3 mutant progeny bom 

of a heterozygous hermaphrodite are able to reach adulthood but are usually sterile. 

Those that are able to reproduce have extremely low brood sizes and their progeny die as 

LI larvae, indicating a need for ubiquinone during development. Finally, there have been 

extensive studies done on the clk-1 gene, which encodes a mitochondrial protein related 

to the yeast Coq7p, another protein required for ubiquinone biosynthesis (Ewbank et al., 

1997; Wong et al., 1995). Under normal growth conditions, clk-1 mutations result in 

significant life span extension and deregulate development and metabolic timing, 

resulting in extended cell-cycle periods, reduced mobility and feeding and longer 

defecation cycles. However, when clk-1 mutant animals are grown on ubiquinone- 

deficient bacteria, they arrest as larvae (Jonassen et a l,  2001). Over-expression of the 

CLK-1 protein in a wild-type background accelerates aging, increases mitochondrial 

activity, accelerates behavioral rates during aging and shortens life span, indicating that 

clk-1 is a regulator of these processes (Felkai et al., 1999). These and other
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investigations have led to the hypothesis that the CLK-1 protein or its product ubiquinone 

have functions beyond quinone synthesis and MRC function and may be part of an 

elusive mechanism that controls the aging process (Branicky et al., 2000; Echtay et al., 

2000; Georgellis et al., 2001).
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1.7 Thesis Objective

In humans, mutations that impair MRC function contribute, by mechanisms that 

are not well understood, to the development of a diverse and complex set of disorders that 

remain largely unbeatable. The study of MRC disorders and the linkage of genotype to 

phenotype are complex. The small number of available patients often limits clinical 

studies and biopsy material is not amenable to genetic manipulation. Although 

considerable insight into mitochondrial disease has been gained with traditional genetic 

and biochemical model systems such as yeast, N. crassa, fruit flies and the mouse, each 

of these systems has its own particular advantages and limitations. Currently none of 

these model systems allow for the investigation of all aspects of mitochondrial 

dysfunction. There is still a need to establish new model systems. C. elegans is a recent 

addition to the collection of model systems used in mitochondrial investigations. There is 

a substantial and rapidly growing body of work addressing mitochondrial dysfunction 

and the role of the organelle in other processes such as apoptosis and aging. Its genetic 

and biochemical amenability, easy and rapid cultivation, combined with its 

multisystemic, yet simple anatomy make C. elegans a prized system for studying 

biological processes. The highly conserved nature of nematode metabolism and MRC 

structure, function and bioenergetics offers numerous possibilities for the study of 

mitochondrial disorders.

Our understanding of the relationship between genotype and phenotype is 

incomplete. The work I present in this thesis will demonstrate that the C. elegans system 

can address this issue. Previous investigations involving nematode mitochondrial 

dysfunction utilized forward genetic approaches to identify mitochondrial genes from
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mutant phenotypes. This thesis presents studies based on a reverse genetic strategy in 

which pathogenic human mutations are modeled in C. elegans in order to determine the 

molecular mechanisms of disease. Chapter 2 describes the generation, isolation and 

systematic characterization of transgenic mutants expressing three independent missense 

mutations in the nuo-1 gene of complex I. These mutations are modeled after pathogenic 

NDUFV1 mutations causing myoclonic epilepsy, leukodystrophy, severe metabolic 

acidosis and Leigh syndrome (Benit et al., 2001; Schuelke et al., 1999). This 

investigation addresses the molecular and metabolic effects of these three mutations and 

attempts to explain the observed phenotypes. The study also explores pharmacological 

treatment of mutant nematodes, not only as a means of therapy but also as a way to detect 

alterations in metabolic pathways and to modulate them.

While Chapter 2 addresses the functional consequences of complex I deficiency, 

Chapter 3 addresses the physical integrity of the MRC complexes in the mutant 

background. Western blot analysis and blue-native gel electrophoresis are used to 

determine whether catalytic deficiencies are a consequence of complex instability and/or 

of misassembly.

Although there are no cures for mitochondrial disorders, there is a small but 

growing body of work presenting gene therapy approaches to correct MRC deficiencies. 

The majority involves the use of transformation in an attempt to functionally replace 

defective MRC enzymes. Chapter 4 describes a novel gene therapy approach involving 

the yeast gene CYB2, which encodes an L-lactate-cytochrome c oxidoreductase not found 

in C. elegans or mammals. CYB2 expression creates a new metabolic pathway in 

complex I-deficient C. elegans that bypasses the defect and corrects a metabolite
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imbalance caused by complex I dysfunction. The CYB2 gene therapy strategy not only 

demonstrates new avenues for the treatment of mitochondrial disorders but it also sheds 

additional insight into the pathogenic mechanisms of complex I mutations.

The final chapter of the thesis discusses the future of mitochondrial disease 

research in the nematode. Many questions remain to be answered. What aspects of the 

pathogenic mechanisms of complex I-associated disease remain unexplained? Is there a 

future for the C. elegans model system in studying human mitochondrial disorders or 

other diseases? What aspects of mitochondrial dysfunction deserve additional attention? 

Will new technologies need to be developed to study them? What does the future hold in 

store for the treatment of mitochondrial diseases? These questions and others will 

hopefully provoke new and exciting investigations into mitochondrial diseases.
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Figure 1.1 Schematic of mitochondrial ultrastructure.
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Figure 1 3  Mammalian mitochondrial respiratory chain (MRC). MRC complexes 
are represented by their known three-dimensional structures. Black numbers indicate the 
number of nuclear-encoded subunits for each complex. Grey numbers indicate the 
number of mtDNA-encoded subunits for each complex. Q, ubiquinone; cyt c, 
cytochrome c, IMS, intermembrane space.
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Figure 1.4 Schematic of mammalian complex I. Schematic based on the three- 
dimensional structure of complex I from bovine heart (Grigorieff, 1998). Light dashed 
line indicates separation of complex I into FP (flavoprotein), IP (iron-sulfur protein), and 
HP (hydrophobic protein) subcomplexes. Heavy dashed line indicates separation of 
complex I into la , 1(3, and IX subcomplexes. [Fe-S], iron-sulfur cluster; Q/QH+, 
oxidized/reduced ubiquinone; FMN, flavin mononucleotide, IMS, intermembrane space; 
MIM, mitochondrial inner membrane. Adapted from Hirst et al. (2003).
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Figure 1.6 Schematic showing the main anatomical features of the C. elegans adult 
hermaphrodite.
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Figure 1.7 C. elegans life cycle. Times between developmental stages are based on 
growth at 25 °C. Adapted from Wood (1988).
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Figure 1.9 Studied C. elegans genes whose products are involved in MRC function. 
Q, ubiquinone. Adapted from Tsang and Lemire (2003).

58

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



1.8 Bibliography

Abe, K., Y. Matsuo, J. Kadekawa, S. Inoue, and T. Yanagihara. 1999. Effect of
coenzyme Q10 in patients with mitochondrial myopathy, encephalopathy, lactic 
acidosis, and stroke-like episodes (MELAS): evaluation by noninvasive tissue 
oximetry. J. Neurol. Sci. 162: 65-68.

Aboobaker, A.A. and M.L. Blaxter. 2000. Medical significance of Caenorhabditis 
elegans. Ann. Med. 32: 23-30.

Ahlers, P.M., K. Zwicker, S. Kerscher, and U. Brandt. 2000. Function of conserved 
acidic residues in the PSST-homologue of complex I (NADH: ubiquinone 
oxidoreductase) from Yarrowia lipolytica. J. Biol. Chem. 275: 23577-23582.

Ahringer, J. 1995. Embryonic tissue differentiation in Caenorhabditis elegans requires 
dif-1, a gene homologous to mitochondrial solute carriers. EMBO J. 14: 2307- 
2316.

Albracht, S.P. 1993. Intimate relationships of the large and the small subunits of all
nickel hydrogenases with two nuclear-encoded subunits of mitochondrial NADH: 
ubiquinone oxidoreductase. Biochim. Biophys. Acta 1144: 221-224.

Albring, M., J. Griffith, and G. Attardi. 1977. Association of a protein structure of
probable membrane derivation with HeLa cell mitochondrial DNA near its origin 
of replication. Proc. Natl. Acad. Sci. USA 74: 1348-1352.

Allikmets, R., W.H. Raskind, A. Hutchinson, N.D. Schueck, M. Dean, and D.M. Koeller. 
1999. Mutation of a putative mitochondrial iron transporter gene (ABC7) in X- 
linked sideroblastic anemia and ataxia (XLSA/A). Hum. Mol. Genet. 8: 743-749.

Antonicka, H., A. Mattman, C.G. Carlson, D.M. Glerum, K.C. Hoffbuhr, S.C. Leary, 
N.G. Kennaway, and E.A. Shoubridge. 2003. Mutations in COX15 produce a 
defect in the mitochondrial heme biosynthetic pathway, causing early-onset fatal 
hypertrophic cardiomyopathy. Am. J. Hum. Genet. 72: 101-114.

Astuti, D., F. Latif, A. Dallol, P.L. Dahia, F. Douglas, E. George, F. Skoldberg, E.S. 
Husebye, C. Eng, and E.R. Maher. 2001. Gene mutations in the succinate 
dehydrogenase subunit SDHB cause susceptibility to familial pheochromocytoma 
and to familial paraganglioma. Am. J. Hum. Genet. 69:49-54.

Attardi, G. and J. Montoya. 1983. Analysis of human mitochondrial RNA. Methods 
Enzymol. 97:435-469.

Attardi, G. and G. Schatz. 1988. Biogenesis of mitochondria. Annu. Rev. Cell Biol. 4: 
289-333.

59

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Babcock, G.T. and M. Wikstrom. 1992. Oxygen activation and the conservation of 
energy in cell respiration. Nature 356: 301-309.

Bai, Y., P. Hajek, A. Chomyn, E. Chan, B.B. Seo, A. Matsuno-Yagi, T. Yagi, and G. 
Attardi. 2001. Lack of complex I activity in human cells carrying a mutation in 
mtDNA- encoded ND4 subunit is corrected by the Saccharomyces cerevisiae 
NADH-quinone oxidoreductase (NDI1) gene. J. Biol Chem. 276: 38808-38813.

Bai, Y., P. Hu, J.S. Park, J.H. Deng, X. Song, A. Chomyn, T. Yagi, and G. Attardi. 2004. 
Genetic and functional analysis of mitochondrial DNA-encoded complex I genes. 
Ann. N.Y. Acad. Sci. 1011: 272-283.

Ballarin, C., A. Bertoli, G. Wojcik, and M.C. Sorgato. 1996. Mitochondrial inner
membrane channels in yeast and mammals. Soc. Gen. Physiol. Ser. 51:155-171.

Ballarin, C. and M.C. Sorgato. 1996. Anion channels of the inner membrane of 
mammalian and yeast mitochondria. J. Bioenerg. Biomembr. 28: 125-130.

Barat, M., D. Rickwood, C. Dufresne, and J.C. Mounolou. 1985. Characterization of 
DNA-protein complexes from the mitochondria of Xenopus laevis oocytes. Exp. 
Cell Res. 157:207-217.

Benit, P., D. Chretien, N. Kadhom, P. de Lonlay-Debeney, V. Cormier-Daire, A. Cabral, 
S. Peudenier, P. Rustin, A. Munnich, and A. Rotig. 2001. Large-scale deletion 
and point mutations of the nuclear NDUFV1 and NDUFS1 genes in mitochondrial 
complex I deficiency. Am. J. Hum. Genet. 68: 1344-1352.

Benz, R. 1994. Permeation of hydrophilic solutes through mitochondrial outer
membranes: review on mitochondrial porins. Biochim. Biophys. Acta 1197: 167- 
196.

Bereiter-Hahn, J. and M. Voth. 1994. Dynamics of mitochondria in living cells: shape 
changes, dislocations, fusion, and fission of mitochondria. Microsc. Res. Tech.
27: 198-219.

Berger, K.H. and M.P. Yaffe. 1996. Mitochondrial distribution and inheritance. 
Experientia 52: 1111-1116.

Bleazard, W., J.M. McCaffery, E.J. King, S. Bale, A. Mozdy, Q. Tieu, J. Nunnari, and 
J.M. Shaw. 1999. The dynamin-related GTPase Dnml regulates mitochondrial 
fission in yeast. Nat. Cell Biol. 1: 298-304.

Bonnefoy, N., F. Chalvet, P. Hamel, P.P. Slonimski, and G. Dujardin. 1994. OXA1, a 
Saccharomyces cerevisiae nuclear gene whose sequence is conserved from 
prokaryotes to eukaryotes controls cytochrome oxidase biogenesis. J. Mol. Biol. 
239: 201-212.

60

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Bottcher, B. and P. Graber. 2000. The structure of the H(+)-ATP synthase from
chloroplasts and its subcomplexes as revealed by electron microscopy. Biochim. 
Biophys. Acta 1458: 404-416.

Bourgeron, T., P. Rustin, D. Chretien, M. Birch-Machin, M. Bourgeois, E. Viegas- 
Pequignot, A. Munnich, and A. Rotig. 1995. Mutation of a nuclear succinate 
dehydrogenase gene results in mitochondrial respiratory chain deficiency. Nat. 
Genet. 11: 144-149.

Branicky, R., C. Benard, and S. Hekimi. 2000. clk-1, mitochondria, and physiological 
rates. Bioessays 22:48-56.

Brenner, S. 1974. The genetics of Caenorhabditis elegans. Genetics 77: 71-94.

Broadley, S.A., C.M. Demlow, and T.D. Fox. 2001. Peripheral mitochondrial inner 
membrane protein, Mss2p, required for export of the mitochondrially coded 
Cox2p C tail in Saccharomyces cerevisiae. Mol. Cell Biol. 21:7663-7672.

Brown, G.C. and M.D. Brand. 1988. Proton/electron stoichiometry of mitochondrial
complex I estimated from the equilibrium thermodynamic force ratio. Biochem. J. 
252:473-479.

Browne, S.E., A.C. Bowling, U. MacGarvey, M J. Baik, S.C. Berger, M.M. Muqit, E.D. 
Bird, and M.F. Beal. 1997. Oxidative damage and metabolic dysfunction in 
Huntington’s disease: selective vulnerability of the basal ganglia. Ann. Neurol. 41: 
646-653.

Brunori, M., G. Antonini, F. Malatesta, P. Sarti, and M.T. Wilson. 1987. Cytochrome-c 
oxidase. Subunit structure and proton pumping. Eur. J. Biochem. 169:1-8.

Cadenas, E., A. Boveris, C.I. Ragan, and A.O. Stoppani. 1977. Production of superoxide 
radicals and hydrogen peroxide by NADH-ubiquinone reductase and ubiquinol- 
cytochrome c reductase from beef-heart mitochondria. Arch. Biochem. Biophys. 
180:248-257.

Campuzano, V., L. Montermini, M.D. Molto, L. Pianese, M. Cossee, F. Cavalcanti, E. 
Monros, F. Rodius, F. Duclos, A. Monticelli, F. Zara, J. Canizares, H.
Koutnikova, S.I. Bidichandani, C. Gellera, A. Brice, P. Trouillas, G. De Michele, 
A. Filla, R. De Frutos, F. Palau, P.I. Patel, S. Di Donato, J.L. Mandel, S. Cocozza, 
M. Koenig, andM. Pandolfo. 1996. Friedreich’s ataxia: autosomal recessive 
disease caused by an intronic GAA triplet repeat expansion. Science 271: 1423- 
1427.

Capaldi, R.A. 1990. Structure and function of cytochrome c oxidase. Annu. Rev.
Biochem. 59: 569-596.

61

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Carroll, J., I.M. Feamley, R J .  Shannon, J. Hirst, and J.E. Walker. 2003. Analysis of the 
subunit composition of complex I from bovine heart mitochondria. Mol. Cell. 
Proteomicsl: 117-126.

Cavdar Koc, E., W. Burkhart, K. Blackburn, A. Moseley, and L.L. Spremulli. 2001. The 
small subunit of the mammalian mitochondrial ribosome. Identification of the full 
complement of ribosomal proteins present. J. Biol. Chem. 276: 19363-19374.

C. elegans Sequence Consortium. 1998. Genome sequence of the nematode C. elegans: A 
platform for investigating biology. Science 282: 2012-2018.

Chalmers, R.M. and A.H. Schapira. 1999. Clinical, biochemical and molecular genetic 
features of Leber's hereditary optic neuropathy. Biochim. Biophys. Acta 1410: 
147-158.

Chazotte, B. and C.R. Hackenbrock. 1989. Lateral diffusion as a rate-limiting step in
ubiquinone-mediated mitochondrial electron transport. J. Biol. Chem. 264:4978- 
4985.

Chen, S. and R.J. Guillory. 1981. Studies on the interaction of arylazido-beta-alanyl
NAD+ with the mitochondrial NADH dehydrogenase. J. Biol. Chem. 256: 8318- 
8323.

Chinnery, P.F. and D.M. Turnbull. 1997. Clinical Features, Investigation, and
Management Of Patients With Defects Of Mitochondrial DNA. J. Neurol. 
Neurosurg. Psychiat. 63: 559-563.

Chinnery, P.F. and D.M. Turnbull. 2001. Epidemiology and treatment of mitochondrial 
disorders. Am. J. Med. Genet. 106:94-101.

Chinnery, P.F., P.J. Zwijnenburg, M. Walker, N. Howell, R.W. Taylor, R.N. Lightowlers, 
L. Bindoff, and D.M. Turnbull. 1999. Nonrandom tissue distribution of mutant 
mtDNA. Am. J. Med. Genet. 85:498-501.

Chomyn, A. 2001. Mitochondrial genetic control of assembly and function of complex I 
in mammalian cells. J. Bioenerg. Biomembr. 33: 251-257.

Collinson, I.R., M J. Runswick, S.K. Buchanan, I.M. Feamley, J.M. Skehel, M.J. van 
Raaij, D.E. Griffiths, and J.E. Walker. 1994. F0 membrane domain of ATP 
synthase from bovine heart mitochondria: purification, subunit composition, and 
reconstitution with F r ATPase. Biochemistry 33:7971-7978.

Collinson, I.R., J.M. Skehel, I.M. Feamley, M.J. Runswick, and J.E. Walker. 1996. The 
F,F0-ATPase complex from bovine heart mitochondria: the molar ratio of the

62

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



subunits in the stalk region linking the Fj and F0 domains. Biochemistry 35: 
12640-12646.

Combettes, B. and J.M. Grienenberger. 1999. Analysis of wheat mitochondrial complex I 
purified by a one-step immunoaffinity chromatography. Biochimie 81:645-653.

Cossee, M., H. Puccio, A. Gansmuller, H. Koutnikova, A. Dierich, M. LeMeur, K.
Fischbeck, P. Dolle, and M. Koenig. 2000. Inactivation of the Friedreich ataxia 
mouse gene leads to early embryonic lethality without iron accumulation. Hum. 
M ol Genet. 9: 1219-1226.

Culetto, E. and D.B. Sattelle. 2000. A role for Caenorhabditis elegans in understanding 
the function and interactions of human disease genes. Hum. Mol. Genet. 9: 869- 
877.

Curran, S.P., D. Leuenberger, E. Schmidt, and C.M. Koehler. 2002. The role of the 
Tim8p-Timl3p complex in a conserved import pathway for mitochondrial 
polytopic inner membrane proteins. J. Cell Biol. 158: 1017-1027.

Davis, A.J., N.B. Sepuri, J. Holder, A.E. Johnson, and R.E. Jensen. 2000. Two
intermembrane space TIM complexes interact with different domains of Tim23p 
during its import into mitochondria. J. Cell Biol. 150: 1271-1282.

de Lonlay, P., I. Valnot, A. Barrientos, M. Gorbatyuk, A. Tzagoloff, J.W. Taanman, E. 
Benayoun, D. Chretien, N. Kadhom, A. Lombes, H.O. de Baulny, P. Niaudet, A. 
Munnich, P. Rustin, and A. Rotig. 2001. A mutant mitochondrial respiratory 
chain assembly protein causes complex ID deficiency in patients with 
tubulopathy, encephalopathy and liver failure. Nat. Genet. 29: 57-60.

Delanty, N. and M.A. Dichter. 2000. Antioxidant therapy in neurologic disease. Arch. 
Neurol. 57: 1265-1270.

Delettre, C., G. Lenaers, L. Pelloquin, P. Belenguer, and C.P. Hamel. 2002. OPA1 (Kjer 
type) dominant optic atrophy: a novel mitochondrial disease. Mol. Genet. Metab. 
75: 97-107.

Dillin, A., A.L. Hsu, N. Arantes-Oliveira, J. Lehrer-Graiwer, H. Hsin, A.G. Fraser, R.S. 
Kamath, J. Ahringer, and C. Kenyon. 2002. Rates of behavior and aging specified 
by mitochondrial function during development. Science 298: 2398-2401.

DiMauro, S. and A.L. Andreu. 2000. Mutations in mtDNA: are we scraping the bottom of 
the barrel? Brain Pathol. 10:431-441.

DiMauro, S. and E.A. Schon. 2001. Mitochondrial DNA mutations in human disease.
Am. J. Med. Genet. 106:18-26.

63

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Djafarzadeh, R., S. Kerscher, K. Zwicker, M. Radermacher, M. Lindahl, H. Schagger, 
and U. Brandt. 2000. Biophysical and structural characterization of proton- 
translocating NADH-dehydrogenase (complex I) from the strictly aerobic yeast 
Yarrowia lipolytica. Biochim. Biophys. Acta 1459: 230-238.

Driscoll, M. and B. Gerstbrein. 2003. Dying for a cause: invertebrate genetics takes on 
human neurodegeneration. Nat. Rev. Genet. 4: 181-194.

Echtay, K.S., E. Winkler, and M. Klingenberg. 2000. Coenzyme Q is an obligatory 
cofactor for uncoupling protein function. Nature 408: 609-613.

Eleff, S., N.G. Kennaway, N.R.M. Buist, V.M. Darley-Usmar, R.A. Capaldi, W .J. Bank, 
and B. Chance. 1984.3IP NMR study of improvement in oxidative 
phosphorylation by vitamins K3 and C in a patient with a defect in electron 
transport at complex ID in skeletal muscle. Proc. Natl. Acad. Sci. USA 81: 3529- 
3533.

Epand, R.F., J.C. Martinou, M. Fomallaz-Mulhauser, D.W. Hughes, and R.M. Epand. 
2002a. The apoptotic protein tBid promotes leakage by altering membrane 
curvature. J. Biol. Chem. 277: 32632-32639.

Epand, R.F., J.C. Martinou, S. Montessuit, R.M. Epand, and C.M. Yip. 2002b. Direct 
evidence for membrane pore formation by the apoptotic protein Bax. Biochem. 
Biophys. Res. Commun. 298: 744-749.

Eubel, H., J. Heinemeyer, S. Sunderhaus, and H.P. Braun. 2004. Respiratory chain 
supercomplexes in plant mitochondria. Plant Physiol. Biochem. 42: 937-942.

Ewbank, J.J., T.M. Barnes, B. Lakowski, M. Lussier, H. Bussey, and S. Hekimi. 1997. 
Structural and functional conservation of the Caenorhabditis elegans timing gene 
clk-1. Science 275: 980-983.

Falkenberg, M., M. Gaspari, A. Rantanen, A. Trifunovic, N.G. Larsson, and C.M. 
Gustafsson. 2002. Mitochondrial transcription factors B1 and B2 activate 
transcription of human mtDNA. Nat. Genet. 31: 289-294.

Fehrenbacher, K.L., H.C. Yang, A.C. Gay, T.M. Huckaba, and L.A. Pon. 2004. Live cell 
imaging of mitochondrial movement along actin cables in budding yeast. Curr. 
Biol. 14: 1996-2004.

Felkai, S., J.J. Ewbank, J. Lemieux, J.-C. Labbe, G.G. Brown, and S. Hekimi. 1999.
CLK-1 controls respiration, behavior and aging in the nematode Caenorhabditis 
elegans. EMBO J. 18: 1783-1792.

Feng, J., F. Bussiere, and S. Hekimi. 2001. Mitochondrial electron transport is a key 
determinant of life span in Caenorhabditis elegans. Dev. Cell 1: 633-644.

64

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Fillingame, R.H. and O.Y. Dmitriev. 2002. Structural model of the transmembrane F0 
rotary sector of H+-transporting ATP synthase derived by solution NMR and 
intersubunit cross-linking in situ. Biochim. Biophys. Acta 1565: 232-245.

Finkel, E. 2001. The mitochondrion: is it central to apoptosis? Science 292: 624-626.

Fire, A., S.Q. Xu, M.K. Montgomery, S.A. Kostas, S.E. Driver, and C.C. Mello. 1998. 
Potent and specific genetic interference by double-stranded RNA in 
Caenorhabditis elegans. Nature 391: 806-811.

Fischel-Ghodsian, N. 1999. Mitochondrial deafness mutations reviewed. Hum. Mutat. 13: 
261-270.

Frank, S., B. Gaume, E.S. Bergmann-Leitner, W.W. Leitner, E.G. Robert, F. Catez, C.L. 
Smith, and R.J. Youle. 2001. The role of dynamin-related protein 1, a mediator of 
mitochondrial fission, in apoptosis. Dev. Cell 1: 515-525.

Friedrich, T., A. Abelmann, B. Brors, V. Guenebaut, L. Kintscher, K. Leonard, T. 
Rasmussen, D. Scheide, A. Schlitt, U. Schulte, and H. Weiss. 1998. Redox 
components and structure of the respiratory NADH:ubiquinone oxidoreductase 
(complex I). Biochim. Biophys. Acta 1365: 215-219.

Galante, Y.M. and Y. Hatefi. 1979. Purification and molecular and enzymic properties of 
mitochondrial NADH dehydrogenase. Arch. Biochem. Biophys. 192: 559-568.

Gentle, I., K. Gabriel, P. Beech, R. Waller, and T. Lithgow. 2004. The Omp85 family of 
proteins is essential for outer membrane biogenesis in mitochondria and bacteria. 
J. Cell Biol. 164:19-24.

Georgellis, D., O. Kwon, and E.C. Lin. 2001. Quinones as the redox signal for the arc 
two-component system of bacteria. Science 292: 2314-2316.

Gerbitz, K.D., J.M. van den Ouweland, J.A. Maassen, and M. Jaksch. 1995.
Mitochondrial diabetes mellitus: a review. Biochim. Biophys. Acta 1271: 253-260.

Gibbons, C., M.G. Montgomery, A.G. Leslie, and J.E. Walker. 2000. The structure of the 
central stalk in bovine F,-ATPase at 2.4 A resolution. Nat. Struct. Biol. 7: 1055- 
1061.

Goto, Y., I. Nonaka, and S. Horai. 1990. A mutation in the tRNALcu(UUR) gene associated 
with the MELAS subgroup of mitochondrial encephalomyopathies. Nature 348: 
651-653.

Graack, H.R. and B. Wittmann-Liebold. 1998. Mitochondrial ribosomal proteins (MRPs) 
of yeast. Biochem J. 329 ( P t 3): 433-448.

65

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Gray, M.W., G. Burger, and B.F. Lang. 1999. Mitochondrial evolution. Science 283: 
1476-1481.

Gray, M.W., G. Burger, and B.F. Lang. 2001. The origin and early evolution of 
mitochondria. Genome Biol. 2:1011-1018.

Gray, R.E., R.H. Law, R.J. Devenish, and P. Nagley. 1996. Allotopic expression of 
mitochondrial ATP synthase genes in nucleus of Saccharomyces cerevisiae. 
Methods Enzymol. 264: 369-389.

Grigorieff, N. 1998. Three-dimensional structure of bovine NADH:Ubiquinone
oxidoreductase (Complex I) at 22 angstrom in ice. J. Mol. Biol. 277: 1033-1046.

Griparic, L. and A.M. van der Bliek. 2001. The many shapes of mitochondrial 
membranes. Traffic 2: 235-244.

Gu, M., M.T. Gash, V.M. Mann, F. Javoy-Agid, J.M. Cooper, and A.H. Schapira. 1996. 
Mitochondrial defect in Huntington's disease caudate nucleus. Ann. Neurol. 39: 
385-389.

Guenebaut, V., R. Vincentelli, D. Mills, H. Weiss, and K.R. Leonard. 1997. Three- 
dimensional structure of NADH-dehydrogenase from Neurospora crassa by 
electron microscopy and conical tilt reconstruction. J. Mol. Biol. 265:409-418.

Guo, J. and B.D. Lemire. 2003. The ubiquinone-binding site of the Saccharomyces
cerevisiae succinate-ubiquinone oxidoreductase is a source of superoxide. J. Biol. 
Chem. 278:47629-47635.

Guy, J., X. Qi, F. Pallotti, E.A. Schon, G. Manfredi, V. Carelli, A. Martinuzzi, W.W. 
Hauswirth, and A.S. Lewin. 2002. Rescue of a mitochondrial deficiency causing 
Leber Hereditary Optic Neuropathy. Ann. Neurol. 52: 534-542.

Halliwell, B. 1992a. Oxygen radicals as key mediators in neurological disease: fact or 
fiction? Ann. Neurol. 32 Suppl: S10-15.

Halliwell, B. 1992b. Reactive oxygen species and the central nervous system. J. 
Neurochem. 59: 1609-1623.

Hartman, P.S., N. Ishii, E. Kayser, P.G. Morgan, and M.M. Sedensky. 2001.
Mitochondrial mutations differentially affect aging, mutability and anesthetic 
sensitivity in Caenorhabditis elegans. Mech. Ageing Dev. 122: 1187-1201.

Hatefi, Y. 1985. The mitochondrial electron transport and oxidative phosphorylation 
system. Annu. Rev. Biochem. 54: 1015-1069.

66

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



He, S. and T.D. Fox. 1999. Mutations affecting a yeast mitochondrial inner membrane 
protein, Pntlp, block export of a mitochondrially synthesized fusion protein from 
the matrix. Mol. Cell. Biol. 19: 6598-6607.

Hell, K., J. Herrmann, E. Pratje, W. Neupert, and R.A. Stuart. 1997. Oxalp mediates the 
export of the N- and C-termini of pCoxII from the mitochondrial matrix to the 
intermembrane space. FEBS Lett. 418: 367-370.

Herrmann, J.M. and W. Neupert. 2003. Protein insertion into the inner membrane of 
mitochondria. IUBMB Life 55: 219-225.

Hihi, A.K., Y. Gao, and S. Hekimi. 2002. Ubiquinone is necessary for Caenorhabditis
elegans development at mitochondrial and non-mitochondrial sites. J. Biol. Chem. 
277:2202-2206.

Hirst, J., J. Carroll, I.M. Feamley, R J. Shannon, and J.E. Walker. 2003. The nuclear 
encoded subunits of complex I from bovine heart mitochondria. Biochim.
Biophys. Acta 1604: 135-150.

Hofhaus, G., H. Weiss, and K. Leonard. 1991. Electron microscopic analysis of the
peripheral and membrane parts of mitochondrial NADH dehydrogenase (complex 
I). J. Mol. Biol. 221: 1027-1043.

Holt, I.J., A.E. Harding, R.K. Petty, and J.A. Morgan-Hughes. 1990. A new
mitochondrial disease associated with mitochondrial DNA heteroplasmy. Am. J. 
Hum. Genet. 46:428-433.

Horsefield, R., S. Iwata, and B. Byrne. 2004. Complex II from a structural perspective. 
Curr. Prot. Pept. Sci. 5:107-118.

Ichimiya, H., R.G. Huet, P. Hartman, H. Amino, K. Kita, and N. Ishii. 2002. Complex II 
inactivation is lethal in the nematode Caenorhabditis elegans. Mitochondrion 2: 
191-198.

Inoue, K., K. Nakada, A. Ogura, K. Isobe, Y. Goto, I. Nonaka, and J.I. Hayashi. 2000. 
Generation of mice with mitochondrial dysfunction by introducing mouse 
mtDNA carrying a deletion into zygotes. Nat. Genet. 26: 176-181.

Ishihara, N., A. Jofuku, Y. Eura, and K. Mihara. 2003. Regulation of mitochondrial
morphology by membrane potential, and DRPl-dependent division and FZOl- 
dependent fusion reaction in mammalian cells. Biochem. Biophys. Res. Commun. 
301: 891-898.

Ishii, N., M. Fujii, P.S. Hartman, M. Tsuda, K. Yasuda, N. Senoo-Matsuda, S. Yanase, D. 
Ayusawa, and K. Suzuki. 1998. A mutation in succinate dehydrogenase

67

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



cytochrome b causes oxidative stress and ageing in nematodes. Nature 394: 694- 
697.

Ishii, N., K. Takahashi, S. Tomita, T. Keino, S. Honda, K. Yoshino, and K. Suzuki. 1990. 
A methyl viologen-sensitive mutant of the nematode Caenorhabditis elegans. 
Mutat. Res. 237: 165-171.

Jackstadt, P., T.P. Wilm, H. Zahner, and G. Hobom. 1999. Transformation of nematodes 
via ballistic DNA transfer. Mol. Biochem. Parasitol. 103: 261-266.

Jacobs, H.T., S.K. Lehtinen, and J.N. Spelbrink. 2000. No sex please, we're
mitochondria: a hypothesis on the somatic unit of inheritance of mammalian 
mtDNA. Bioessays 22: 564-572.

Jakobs, S., N. Martini, A.C. Schauss, A. Egner, B. Westermann, and S.W. Hell. 2003.
Spatial and temporal dynamics of budding yeast mitochondria lacking the division 
component Fislp. J. Cell Sci. 116: 2005-2014.

Jaksch, M., I. Ogilvie, J. Yao, G. Kortenhaus, H.G. Bresser, K.D. Gerbitz, and E.A. 
Shoubridge. 2000. Mutations in SC02 are associated with a distinct form of 
hypertrophic cardiomyopathy and cytochrome c oxidase deficiency. Hum. Mol. 
Genet. 9: 795-801.

Janssen, R., J. Smeitink, R. Smeets, and L. van Den Heuvel. 2002. CIA30 complex I
assembly factor a candidate for human complex I deficiency? Hum. Genet. 110: 
264-270.

Jap, B.K. and P.J. Walian. 1990. Biophysics of the structure and function of porins. Q. 
Rev. Biophys. 23: 367-403.

Jonassen, T., P.L. Larsen, and C.F. Clarke. 2001. A dietary source of coenzyme Q is 
essential for growth of long-lived Caenorhabditis elegans clk-1 mutants. Proc. 
Natl. Acad. Sci. USA 98:421-426.

Jordens, E.Z., L. Palmieri, M. Huizing, L.P. van den Heuvel, R.C. Sengers, A. Domer,
W. Ruitenbeek, F.J. Trijbels, J. Valsson, G. Sigfusson, F. Palmieri, and J.A. 
Smeitink. 2002. Adenine nucleotide translocator 1 deficiency associated with 
Sengers syndrome. Ann. Neurol. 52: 95-99.

Jorgensen, E.M. and S.E. Mango. 2002. The art and design of genetic screens: 
Caenorhabditis elegans. Nat. Rev. Genet. 3:356-369.

Joza, N., S.A. Susin, E. Daugas, W.L. Stanford, S.K. Cho, C.Y. Li, T. Sasaki, A.J. Elia, 
H.Y. Cheng, L. Ravagnan, K.F. Ferri, N. Zamzami, A. Wakeham, R. Hakem, H. 
Yoshida, Y.Y. Kong, T.W. Mak, J.C. Zuniga-Pflucker, G. Kroemer, and J.M.

68

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Penninger. 2001. Essential role of the mitochondrial apoptosis-inducing factor in 
programmed cell death. Nature 410: 549-554.

Karbowski, M„ Y.J. Lee, B. Gaume, S.Y. Jeong, S. Frank, A. Nechushtan, A. Santel, M. 
Fuller, C.L. Smith, and R.J. Youle. 2002. Spatial and temporal association of Bax 
with mitochondrial fission sites, Drpl, and Mfn2 during apoptosis. J. Cell Biol. 
159: 931-938.

Karrasch, S. and J.E. Walker. 1999. Novel features in the structure of bovine ATP 
synthase. J. Mol. Biol. 290: 379-384.

Kashani-Poor, N., K. Zwicker, S. Kerscher, and U. Brandt. 2001. A central functional 
role for the 49-kDa subunit within the catalytic core of mitochondrial complex I.
J. Biol. Chem. 276: 24082-24087.

Kaukonen, J., J.K. Juselius, V. Tiranti, A. Kyttala, M. Zeviani, G.P. Comi, S. Keranen, L. 
Peltonen, and A. Suomalainen. 2000. Role of adenine nucleotide translocator 1 in 
mtDNA maintenance. Science 289: 782-785.

Kayser, E.B., P.G. Morgan, C.L. Hoppel, and M.M. Sedensky. 2001. Mitochondrial
expression and function of GAS-1 in Caenorhabditis elegans. J. Biol. Chem. 276: 
20551-20558.

Kayser, E.B., P.G. Morgan, and M.M. Sedensky. 1999. GAS-1: a mitochondrial protein 
controls sensitivity to volatile anesthetics in the nematode Caenorhabditis 
elegans. Anesthesiol. 90: 545-554.

Khan, S.M. and J.P. Bennett, Jr. 2004. Development of mitochondrial gene replacement 
therapy. J. Bioenerg. Biomembr. 36:387-393.

Khodjakov, A., E.M. Lizunova, A.A. Minin, M.P. Koonce, and F.K. Gyoeva. 1998. A
specific light chain of kinesin associates with mitochondria in cultured cells. Mol. 
Biol. Cell. 9: 333-343.

Kirby, D.M., S.G. Kahler, M.L. Freckmann, D. Reddihough, and D.R. Thorbum. 2000. 
Leigh disease caused by the mitochondrial DNA G14459A mutation in unrelated 
families. Ann. Neurol. 48: 102-104.

Kirkland, R.A. and J.L. Franklin. 2003. Bax, reactive oxygen, and cytochrome c release 
in neuronal apoptosis. Antioxid. Redox. Signal 5: 589-596.

Koehler, C.M. 2004. New developments in mitochondrial assembly. Annu. Rev. Cell Dev. 
Biol. 20: 309-335.

69

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Koehler, C.M., E. Jarosch, K. Tokatlidis, K. Schmid, R.J. Schweyen, and G. Schatz.
1998. Import of mitochondrial carriers mediated by essential proteins of the 
intermembrane space. Science 279: 369-373.

Koehler, C.M., D. Leuenberger, S. Merchant, A. Renold, T. Junne, and G. Schatz. 1999. 
Human deafness dystonia syndrome is a mitochondrial disease. Proc. Natl. Acad. 
Sci. USA 96: 2141-2146.

Kolesnikova, O.A., N.S. Entelis, C. Jacquin-Becker, F. Goltzene, Z.M. Chrzanowska- 
Lightowlers, R.N. Lightowlers, R.P. Martin, and I. Tarassov. 2004. Nuclear 
DNA-encoded tRNAs targeted into mitochondria can rescue a mitochondrial 
DNA mutation associated with the MERRF syndrome in cultured human cells. 
Hum. Mol. Genet. 13: 2519-2534.

Korshunov, S.S., V.P. Skulachev, and A.A. Starkov. 1997. High protonic potential
actuates a mechanism of production of reactive oxygen species in mitochondria. 
FEBS Lett. 416: 15-18.

Kosel, S., G. Hofhaus, A. Maassen, P. Vieregge, and M.B. Graeber. 1999. Role of 
mitochondria in Parkinson disease. Biol. Chem. 380: 865-870.

Kozjak, V., N. Wiedemann, D. Milenkovic, C. Lohaus, H.E. Meyer, B. Guiard, C. 
Meisinger, and N. Pfanner. 2003. An essential role of Sam50 in the protein 
sorting and assembly machinery of the mitochondrial outer membrane. J. Biol. 
Chem. 278:48520-48523.

Kudla, G., S. Montessuit, R. Eskes, C. Berrier, J.C. Martinou, A. Ghazi, and B.
Antonsson. 2000. The destabilization of lipid membranes induced by the C- 
terminal fragment of caspase 8-cleaved bid is inhibited by the N-terminal 
fragment. J. Biol. Chem. 275: 22713-22718.

Kuffner, R., A. Rohr, A. Schmiede, C. Kriill, and U. Schulte. 1998. Involvement of two 
novel chaperones in the assembly of mitochondrial NADH:ubiquinone 
oxidoreductase (complex I). J. Mol. Biol. 283:409-417.

Kujoth, G.C., A. Hiona, T.D. Pugh, S. Someya, K. Panzer, S.E. Wohlgemuth, T. Hofer, 
A.Y. Seo, R. Sullivan, W.A. Jobling, J.D. Morrow, H. Van Remmen, J.M. Sedivy, 
T. Yamasoba, M. Tanokura, R. Weindruch, C. Leeuwenburgh, and T.A. Prolla. 
2005. Mitochondrial DNA mutations, oxidative stress, and apoptosis in 
mammalian aging. Science 309:481-484.

Labrousse, A.M., M.D. Zappaterra, D.A. Rube, and A.M. van der Bliek. 1999. C. elegans 
dynamin-related protein DRP-1 controls severing of the mitochondrial outer 
membrane. Mol. Cell 4: 815-826.

70

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Larsson, N.G., J.M. Wang, H. Wilhelmsson, A. Oldfors, P. Rustin, M. Lewandoski, G.S. 
Barsh, and D.A. Clayton. 1998. Mitochondrial transcription factor A is necessary 
for mtDNA maintenance and embryogenesis in mice. Nat. Genet. 18: 231-236.

Lee, S.S., R.Y. Lee, A.G. Fraser, R.S. Kamath, J. Ahringer, and G. Ruvkun. 2003. A 
systematic RNAi screen identifies a critical role for mitochondria in C. elegans 
longevity. Nat. Genet. 33:40-48.

Lemieux, J., B. Lakowski, A. Webb, Y. Meng, A. Ubach, F. Bussiere, T. Barnes, and S. 
Hekimi. 2001. Regulation of physiological rates in Caenorhabditis elegans by a 
tRNA-modifying enzyme in the mitochondria. Genetics 159: 147-157.

Lemire, B.D. and K.S. Oyedotun. 2002. The Saccharomyces cerevisiae mitochondrial 
succinate:ubiquinone oxidoreductase. Biochim. Biophys. Acta 1553: 102-116.

Leonard, K., H. Haiker, and H. Weiss. 1987. Three-dimensional structure of NADH:
ubiquinone reductase (complex I) from Neurospora mitochondria determined by 
electron microscopy of membrane crystals. J. Mol. Biol. 194: 277-286.

Lewis, J.A. and J.T. Fleming. 1995. Basic Culture Methods. Methods Cell Biol. 48: 3-29.

Li, H., J. Wang, H. Wilhelmsson, A. Hansson, P. Thoren, J. Duffy, P. Rustin, and N.G. 
Larsson. 2000. Genetic modification of survival in tissue-specific knockout mice 
with mitochondrial cardiomyopathy. Proc. Natl. Acad .Sci. USA 97: 3467-3472.

Loeffen, J., O. Elpeleg, J. Smeitink, R. Smeets, S. Stockler-Ipsiroglu, H. Mandel, R. 
Sengers, F. Trijbels, and L. van den Heuvel. 2001. Mutations in the complex I 
NDUFS2 gene of patients with cardiomyopathy and encephalomyopathy. Ann. 
Neurol. 49: 195-201.

Luo, X., S. Pitkanen, S. Kassovska-Bratinova, B.H. Robinson, and D.C. Lehotay. 1997. 
Excessive formation of hydroxyl radicals and aldehydic lipid peroxidation 
products in cultured skin fibroblasts from patients with complex I deficiency. J. 
Clin. Invest. 99: 2877-2882.

Lutter, R., J.P. Abrahams, M.J. van Raaij, R.J. Todd, T. Lundqvist, S.K. Buchanan, A.G. 
Leslie, and J.E. Walker. 1993. Crystallization of Fr ATPase from bovine heart 
mitochondria. J. Mol. Biol. 229: 787-790.

Magnitsky, S., L. Toulokhonova, T. Yano, V.D. Sled, C. Hagerhall, V.G. Grivennikova,
D.S. Burbaev, A.D. Vinogradov, and T. Ohnishi. 2002. EPR characterization of 
ubisemiquinones and iron-sulfur cluster N2, central components of the energy 
coupling in the NADH-ubiquinone oxidoreductase (complex I) in situ. J. 
Bioenerg. Biomembr. 34:193-208.

71

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Makino, M., S. Horai, Y. Goto, and I. Nonaka. 2000. Mitochondrial DNA mutations in 
Leigh syndrome and their phylogenetic implications. J. Hum. Genet. 45: 69-75.

Malatesta, F., G. Antonini, P. Sarti, and M. Brunori. 1995. Structure and function of a 
molecular machine: cytochrome c oxidase. Biophys. Chem. 54: 1-33.

Manfredi, G., J. Fu, J. Ojaimi, J.E. Sadlock, J.Q. Kwong, J. Guy, and E.A. Schon. 2002. 
Rescue of a deficiency in ATP synthesis by transfer of MTATP6, a mitochondrial 
DNA-encoded gene, to the nucleus. Nat. Genet. 30: 394-399.

Marin-Garcia, J., R. Ananthakrishnan, M.J. Goldenthal, and M.E. Pierpont. 2000.
Biochemical and molecular basis for mitochondrial cardiomyopathy in neonates 
and children. J. Inherit. Metab. Dis. 23: 625-633.

McConnell, S.J. and M.P. Yaffe. 1992. Nuclear and mitochondrial inheritance in yeast 
depends on novel cytoplasmic structures defined by the MDM1 protein. J. Cell 
Biol. 118: 385-395.

McConnell, S J. and M.P. Yaffe. 1993. Intermediate filament formation by a yeast protein 
essential for organelle inheritance. Science 260: 687-689.

McKenzie, M., D. Liolitsa, and M.G. Hanna. 2004. Mitochondrial disease: mutations and 
mechanisms. Neurochem. Res. 29: 589-600.

Mello, C. and A. Fire. 1995. DNA transformation. Methods Cell Biol. 48:451-482.

Michel, H., J. Behr, A. Harrenga, and A. Kannt. 1998. Cytochrome c oxidase: Structure 
and spectroscopy. Annu. Rev. Biophys. Biomol. Struct. 27: 329-356.

Micol, V., P. Femandez-Silva, and G. Attardi. 1996. Isolation and assay of mitochondrial 
transcription termination factor from human cells. Methods Enzymol. 264: 158- 
173.

Mitchell, P. 1987. Respiratory chain systems in theory and paractice. In Advances in
membrane biochemistry and bioenergetics (ed. C.H. Kim, Tedeschi, H., Diwan, 
J.J., Salerno, J.C.), pp. 25-52. Plenum, New York.

Moraes, C.T., S. DiMauro, M. Zeviani, A. Lombes, S. Shanske, A.F. Miranda, H.
Nakase, E. Bonilla, L.C. Wemeck, S. Servidei, I. Nonaka, Y. Koga, A.J. Spiro, 
K.W. Brownell, B. Schmidt, D.L. Schotland, M. Zupanc, D.C. De Vivo, E.A. 
Schon, and L.P. Rowland. 1989. Mitochondrial DNA deletions in progressive 
external ophthalmoplegia and Keams-Sayre syndrome. N. Engl. J. Med. 320: 
1293-1299.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Mozdy, A.D., J.M. McCaffery, and J.M. Shaw. 2000. Dnmlp GTPase-mediated 
mitochondrial fission is a multi-step process requiring the novel integral 
membrane component Fislp. J. Cell Biol. 151: 367-380.

Mozdy, A.D. and J.M. Shaw. 2003. A fuzzy mitochondrial fusion apparatus comes into 
focus. Nat. Rev. Mol. Cell Biol. 4:468-478.

Munnich, A. and P. Rustin. 2001. Clinical spectrum and diagnosis of mitochondrial 
disorders. Am. J. Med. Genet. 106:4-17.

Murakami, S. and H. Murakami. 2005. The effects of aging and oxidative stress on 
learning behavior in C. elegans. Neurobiol. Aging 26: 899-905.

Murfitt, R.R., K. Vogel, and D.R. Sanadi. 1976. Characterization of the mitochondria of 
the free-living nematode, Caenorhabditis elegans. Comp. Biochem. Physiol. 53B: 
423-430.

Musser, S.M., M.H. Stowell, and S.I. Chan. 1995. Cytochrome c oxidase: chemistry of a 
molecular machine. Adv. Enzymol. Relat. Areas Mol. Biol. 71: 79-208.

Mutisya, E.M., A.C. Bowling, and M.F. Beal. 1994. Cortical cytochrome oxidase activity 
is reduced in Alzheimer's disease. J. Neurochem. 63: 2179-2184.

Nangaku, M., R. Sato-Yoshitake, Y. Okada, Y. Noda, R. Takemura, H. Yamazaki, and N. 
Hirokawa. 1994. KIF1B, a novel microtubule plus end-directed monomeric motor 
protein for transport of mitochondria. Cell 79: 1209-1220.

Ndegwa, S. and B.D. Lemire. 2004. Caenorhabditis elegans development requires
mitochondrial function in the nervous system. Biochem. Biophys. Res. Commun. 
319: 1307-1313.

Neupert, W. 1997. Protein Import Into Mitochondria. Annu. Rev. Biochem. 66: 863-917.

Newman, S.M., O. Zelenaya-Troitskaya, P.S. Perlman, andR.A. Butow. 1996. Analysis 
of mitochondrial DNA nucleoids in wild-type and a mutant strain of 
Saccharomyces cerevisiae that lacks the mitochondrial HMG box protein Abf2p. 
Nucleic Acids Res. 24: 386-393.

Newmeyer, D.D. and S. Ferguson-Miller. 2003. Mitochondria: releasing power for life 
and unleashing the machineries of death. Cell 112:481-490.

Nunnari, J., W.F. Marshall, A. Straight, A. Murray, J.W. Sedat, and P. Walter. 1997. 
Mitochondrial transmission during mating in Saccharomyces cerevisiae is 
determined by mitochondrial fusion and fission and the intramitochondrial 
segregation of mitochondrial DNA. Mol. Biol. Cell 8: 1233-1242.

73

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



O'Brien, T.W., S.E. Fiesler, N.D. Denslow, B. Thiede, B. Wittmann-Liebold, E.B. 
Mougey, J.E. Sylvester, and H.R. Graack. 1999. Mammalian mitochondrial 
ribosomal proteins. Amino acid sequencing, characterization, and identification of 
corresponding gene sequences. J. Biol. Chem. 274: 36043-36051.

O'Riordan, V.B. and A.M. Burnell. 1989. Intermediary metabolism in the dauer larva of 
the nematode Caenorhabditis elegans. Glycolysis, gluconeogenesis, oxidative 
phosphorylation and the tricarboxylic acid cycle. Comp. Biochem. Physiol. 92B: 
233-238.

Oey, N.A., L. Ijlst, C.W. van Roermund, F.A. Wijburg, and R J. Wanders. 2005. dif-1 
and colt, both implicated in early embryonic development, encode carnitine 
acylcamitine translocase. Mol. Genet. Metab. 85:121-124.

Ogle, R.F., J. Christodoulou, E. Fagan, R.B. Blok, D.M. Kirby, K.L. Seller, H.H. Dahl, 
andD.R. Thorbum. 1997. Mitochondrial myopathy with tRNA(Leu(UUR)) 
mutation and complex I deficiency responsive to riboflavin. J. Pediatr. 130: 138- 
145.

Ohnishi, T. 1998. Iron-sulfur clusters /semiquinones in complex I. Biochim. Biophys.
Acta 1364: 186-206.

Ojaimi, J., C.L. Masters, C. McLean, K. Opeskin, P. McKelvie, and E. Byrne. 1999. 
Irregular distribution of cytochrome c oxidase protein subunits in aging and 
Alzheimer’s disease. Ann. Neurol. 46: 656-660.

Okimoto, R., J.L. Macfarlane, D.O. Clary, and D.R. Wolstenholme. 1992. The
mitochondrial genomes of two nematodes, Caenorhabditis elegans and Ascaris 
suum. Genetics 130:471-498.

Olichon, A., L.J. Emorine, E. Descoins, L. Pelloquin, L. Brichese, N. Gas, E. Guillou, C. 
Delettre, A. Valette, C.P. Hamel, B. Ducommun, G. Lenaers, and P. Belenguer. 
2002. The human dynamin-related protein OPA1 is anchored to the mitochondrial 
inner membrane facing the inter-membrane space. FEBS Lett. 523: 171-176.

Orriss, G.L., A.G. Leslie, K. Braig, and J.E. Walker. 1998. Bovine Fr ATPase covalently 
inhibited with 4-chloro-7-nitrobenzofurazan: the structure provides further 
support for a rotary catalytic mechanism. Structure 6: 831-837.

Orth, M. and A.H. Schapira. 2001. Mitochondria and degenerative disorders. Am. J. Med. 
Genet. 106: 27-36.

Otsuga, D., B.R. Keegan, E. Brisch, J.W. Thatcher, G.J. Hermann, W. Bleazard, and J.M. 
Shaw. 1998. The dynamin-related GTPase, Dnmlp, controls mitochondrial 
morphology in yeast. J. Cell Biol. 143: 333-349.

74

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Panke, O., K. Gumbiowski, W. Junge, and S. Engelbrecht. 2000. F-ATPase: specific
observation of the rotating c subunit oligomer of EF(o)EF(l). FEBS Lett. 472: 34- 
38.

Papadopoulou, L.C., C.M. Sue, M.M. Davidson, K. Tanji, I. Nishino, J.E. Sadlock, S.
Krishna, W. Walker, J. Selby, D.M. Glerum, R.V. Coster, G. Lyon, E. Scalais, R. 
Lebel, P. Kaplan, S. Shanske, D.C. De Vivo, E. Bonilla, M. Hirano, S. DiMauro, 
and E.A. Schon. 1999. Fatal infantile cardioencephalomyopathy with COX 
deficiency and mutations in SC02, a COX assembly gene. Nat. Genet. 23: 333- 
337.

Parfait, B., D. Chretien, A. Rotig, C. Marsac, A. Munnich, and P. Rustin. 2000.
Compound heterozygous mutations in the flavoprotein gene of the respiratory 
chain complex II in a patient with Leigh syndrome. Hum. Genet. 106: 236-243.

Parker, W.D., Jr. and J.K. Parks. 1995. Cytochrome c oxidase in Alzheimer's disease 
brain: purification and characterization. Neurology 45:482-486.

Paschen, S.A., T. Waizenegger, T. Stan, M. Preuss, M. Cyrklaff, K. Hell, D. Rapaport, 
and W. Neupert. 2003. Evolutionary conservation of biogenesis of 8-barrel 
membrane proteins. Nature 426: 862-866.

Pereira, A.J., B. Dalby, R.J. Stewart, S.J. Doxsey, and L.S. Goldstein. 1997.
Mitochondrial association of a plus end-directed microtubule motor expressed 
during mitosis in Drosophila. J. Cell Biol. 136: 1081-1090.

Pfanner, N., E.A. Craig, and A. Honlinger. 1997. Mitochondrial preprotein translocase. 
Annu Rev. Cell Dev. Biol. 13: 25-51.

Pitkanen, S. and B.H. Robinson. 1996. Mitochondrial complex I deficiency leads to 
increased production of superoxide radicals and induction of superoxide 
dismutase. J. Clin. Invest. 98: 345-351.

Poyau, A., K. Buchet, and C. Godinot. 1999. Sequence conservation from human to 
prokaryotes of Surfl, a protein involved in cytochrome c oxidase assembly, 
deficient in Leigh syndrome. FEBS Lett. 462:416-420.

Poyton, R.O. and J.E. McEwen. 1996. Crosstalk between nuclear and mitochondrial 
genomes. Annu. Rev. Biochem. 65: 563-607.

Poyton, R.O., C.E. Trueblood, R.M. Wright, and L.E. Farrell. 1988. Expression and
function of cytochrome c oxidase subunit isologues. Modulators of cellular energy 
production? Ann. N. Y. Acad. Sci. 550: 289-307.

Praitis, V., E. Casey, D. Collar, and J. Austin. 2001. Creation of low-copy integrated 
transgenic lines in Caenorhabditis elegans. Genetics 157: 1217-1226.

75

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Puccio, H., D. Simon, M. Cossee, P. Criqui-Filipe, F. Tiziano, J. Melki, C. Hindelang, R. 
Matyas, P. Rustin, and M. Koenig. 2001. Mouse models for Friedreich ataxia 
exhibit cardiomyopathy, sensory nerve defect and Fe-S enzyme deficiency 
followed by intramitochondrial iron deposits. Nat. Genet. 27: 181-186.

Rahman, S., R.B. Blok, H.H. Dahl, D.M. Danks, D.M. Kirby, C.W. Chow, J.
Christodoulou, and D.R. Thorbum. 1996. Leigh syndrome: clinical features and 
biochemical and DNA abnormalities. Ann. Neurol. 39: 343-351.

Rantanen, A., M. Gaspari, M. Falkenberg, C.M. Gustafsson, and N.G. Larsson. 2003. 
Characterization of the mouse genes for mitochondrial transcription factors B1 
and B2. Mamm. Genome 14:1-6.

Rasmussen, T., D. Scheide, B. Brors, L. Kintscher, H. Weiss, and T. Friedrich. 2001. 
Identification of two tetranuclear FeS clusters on the ferredoxin-type subunit of 
NADH:ubiquinone oxidoreductase (complex I). Biochemistry 40: 6124-6131.

Rasmusson, A.G., V.V. Heiser, E. Zabaleta, A. Brennicke, andL. Grohmann. 1998.
Physiological, biochemical and molecular aspects of mitochondrial complex I in 
plants. Biochim. Biophys. Acta 1364: 101-111.

Rep, M. and L.A. Grivell. 1996. The role of protein degradation in mitochondrial 
function and biogenesis. Curr. Genet. 30: 367-380.

Ricci, J.E., R.A. Gottlieb, and D.R. Green. 2003. Caspase-mediated loss of mitochondrial 
function and generation of reactive oxygen species during apoptosis. J. Cell Biol. 
160: 65-75.

Ricci, J.E., C. Munoz-Pinedo, P. Fitzgerald, B. Bailly-Maitre, G.A. Perkins, N. Yadava, 
I.E. Scheffler, M.H. Ellisman, and D.R. Green. 2004. Disruption of mitochondrial 
function during apoptosis is mediated by caspase cleavage of the p75 subunit of 
complex I of the electron transport chain. Cell 117: 773-786.

Riddle, D.L. and P.S. Albert. 1997. Genetic and environmental regulation of dauer larva 
development. In C. ELEGANS II (ed. J. Priess), pp. 739-768. Cold Spring Harbor 
Laboratory Press, New York.

Riddle, D.L., T. Blumenthal, B.J. Meyer, and J.R. Priess. 1997. Introduction to C. 
elegans. In C. ELEGANS II (ed. J. Priess), pp. 1-22. Cold Spring Harbor 
Laboratory Press, New York.

Rizzuto, R., M. Brini, F. De Giorgi, R. Rossi, R. Heim, R.Y. Tsien, and T. Pozzan. 1996. 
Double labeling of subcellular structures with organelle-targeted GFP mutants in 
vivo. Curr. Biol. 6: 183-188.

76

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Robinson, B.H. 1994. mtDNA and nuclear mutations affecting oxidative
phosphorylation: correlating severity of clinical defect with extent of bioenergetic 
compromise. J. Bioenerg. Biomembr. 26: 311-316.

Roesch, K., S.P. Curran, L. Tranebjaerg, and C.M. Koehler. 2002. Human deafness 
dystonia syndrome is caused by a defect in assembly of the DDPl/TIMM8a- 
TIMM13 complex. Hum. Mol. Genet. 11:477-486.

Rotig, A., T. Bourgeron, D. Chretien, P. Rustin, and A. Munnich. 1995. Spectrum of 
mitochondrial DNA rearrangements in the Pearson marrow-pancreas syndrome. 
Hum. Mol. Genet. 4: 1327-1330.

Rotig, A., V. Cormier, S. Blanche, J.P. Bonnefont, F. Ledeist, N. Romero, J. Schmitz, P. 
Rustin, A. Fischer, J.M. Saudubray, and et al. 1990. Pearson's marrow-pancreas 
syndrome. A multisystem mitochondrial disorder in infancy. J. Clin. Invest. 86: 
1601-1608.

Rubinstein, J.L., J.E. Walker, and R. Henderson. 2003. Structure of the mitochondrial 
ATP synthase by electron cryomicroscopy. EMBO J. 22: 6182-6192.

Sambongi, Y., Y. Iko, M. Tanabe, H. Omote, A. Iwamoto-Kihara, I. Ueda, T. Yanagida, 
Y. Wada, and M. Futai. 1999. Mechanical rotation of the c subunit oligomer in 
ATP synthase (FqF,): direct observation. Science 286:1722-1724.

Samuels, D.C., E.A. Schon, and P.F. Chinnery. 2004. Two direct repeats cause most 
human mtDNA deletions. Trends Genet. 20: 393-398.

Santel, A. and M.T. Fuller. 2001. Control of mitochondrial morphology by a human 
mitofusin. J. Cell Sci. 114:867-874.

Saraste, M. 1999. Oxidative Phosphorylation at the fin  de siecle. Science 283: 1488-1493.

Satoh, M., T. Hamamoto, N. Seo, Y. Kagawa, and H. Endo. 2003. Differential
sublocalization of the dynamin-related protein OPA1 isoforms in mitochondria. 
Biochem. Biophys. Res. Commun. 300: 482-493.

Sazanov, L.A., S.Y. Peak-Chew, I.M. Feamley, and J.E. Walker. 2000. Resolution of the 
membrane domain of bovine complex I into subcomplexes: implications for the 
structural organization of the enzyme. Biochemistry 39: 7229-7235.

Schagger, H., R. De Coo, M.F. Bauer, S. Hofmann, C. Godinot, and U. Brandt. 2004.
Significance of respirasomes for the assembly/stability of human respiratory chain 
complex I. J. Biol. Chem. 279: 36349-36353.

Schagger, H. and K. Pfeiffer. 2000. Supercomplexes in the respiratory chains of yeast and 
mammalian mitochondria. EMBO J. 19: 1777-1783.

77

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Schedl, T. 1997. Developmental genetics of the germ line. In C. ELEGANS II (ed. J. 
Priess), pp. 241-269. Cold Spring Harbor Laboratory Press, New York.

Scheffler, I.E. 1999. Mitochondria. Wiley-Liss, Inc., Toronto.

Scheffler, I.E. 2000. A century of mitochondrial research: achievements and perspectives. 
Mitochondrion 1: 3-31.

Schon, E.A. 2000. Mitochondrial genetics and disease. Trends Biochem. Sci. 25: 555- 
560.

Schon, E.A., E. Bonilla, and S. Dimauro. 1997. Mitochondrial DNA mutations and 
pathogenesis./. Bioenerg. Biomembr. 29: 131-149.

Schon, E.A. and S. DiMauro. 2003. Medicinal and genetic approaches to the treatment of 
mitochondrial disease. Curr. Med. Chem. 10: 2523-2533.

Schuelke, M., J. Smeitink, E. Mariman, J. Loeffen, B. Plecko, F. Trijbels, S. Stockler- 
Ipsiroglu, and L. van den Heuvel. 1999. Mutant NDUFV1 subunit of 
mitochondrial complex I causes leukodystrophy and myoclonic epilepsy. Nat. 
Genet. 21: 260-261.

Schuler, F., T. Yano, S. Di Bernardo, T. Yagi, V. Yankovskaya, T.P. Singer, and J.E. 
Casida. 1999. NADH-quinone oxidoreductase: PSST subunit couples electron 
transfer from iron-sulfur cluster N2 to quinone. Proc. Natl. Acad. Sci. USA 96: 
4149-4153.

Schulte, U. 2001. Biogenesis of respiratory complex I. / .  Bioenerg. Biomembr. 33: 205- 
212 .

Schulte, U., W. Fecke, C. Krull, U. Nehls, A. Schmiede, R. Schneider, T. Ohnishi, and H. 
Weiss. 1994. In vivo dissection of the mitochondrial respiratory NADH: 
ubiquinone oxidoreductase (complex I). Biochim. Biophys. Acta 1187: 121-124.

Schultz, B.E. and S.I. Chan. 2001. Structures and proton-pumping strategies of
mitochondrial respiratory enzymes. Annu. Rev. Biophys. Biomol. Struct. 30: 23- 
65.

Scorrano, L., M. Ashiya, K. Buttle, S. Weiler, S.A. Oakes, C.A. Mannella, and S.J. 
Korsmeyer. 2002. A distinct pathway remodels mitochondrial cristae and 
mobilizes cytochrome c during apoptosis. Dev. Cell 2: 55-67.

Seelert, H., A. Poetsch, M. Rohlfs, and N.A. Dencher. 2000. Dye-ligand chromatographic 
purification of intact multisubunit membrane protein complexes: application to 
the chloroplast H+-FJFr ATP synthase. Biochem. J. 346 Pt 1:41-44.

78

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Senoo-Matsuda, N., P.S. Hartman, A. Akatsuka, S. Yoshimura, and N. Ishii. 2003. A 
complex II defect affects mitochondrial structure, leading to ced-3- and ced-4- 
dependent apoptosis and aging. J. Biol. Chem. 278: 22031-22036.

Senoo-Matsuda, N., K. Yasuda, M. Tsuda, T. Ohkubo, S. Yoshimura, H. Nakazawa, P.S. 
Hartman, and N. Ishii. 2001. A defect in the cytochrome b large subunit in 
complex II causes both superoxide anion overproduction and abnormal energy 
metabolism in Caenorhabditis elegans. J. Biol. Chem. 276:41553-41558.

Seo, B.B., T. Kitajima-Ihara, E.K.L. Chan, I.E. Scheffler, A. Matsuno-Yagi, and T. Yagi. 
1998. Molecular remedy of complex I defects: rotenone-insensitive internal 
NADH-quinone oxidoreductase of Saccharomyces cerevisiae mitochondria 
restores the NADH oxidase activity of complex I-deficient mammalian cells. 
Proc. Natl. Acad. Sci. USA 95: 9167-9171.

Seo, B.B., A. Matsuno-Yagi, and T. Yagi. 1999. Modulation of oxidative
phosphorylation of human kidney 293 cells by transfection with the internal 
rotenone-insensitive NADH-quinone oxidoreductase (NDH) gene of 
Saccharomyces cerevisiae. Biochim. Biophys. Acta 1412: 56-65.

Seo, B.B., E. Nakamaru-Ogiso, P. Cruz, T.R. Flotte, T. Yagi, and A. Matsuno-Yagi. 
2004. Functional expression of the single subunit NADH dehydrogenase in 
mitochondria in vivo: a potential therapy for complex I deficiencies. Hum. Gene 
Ther. 15: 887-895.

Seo, B.B., J. Wang, T.R. Flotte, T. Yagi, and A. Matsuno-Yagi. 2000. Use of the NADH- 
Quinone oxidoreductase (NDI1) gene of Saccharomyces cerevisiae as a possible 
cure for complex I defects in human cells. J. Biol. Chem. 275: 37774-37778.

Sesaki, H., S.M. Southard, M.P. Yaffe, and R.E. Jensen. 2003. Mgmlp, a dynamin-
related GTPase, is essential for fusion of the mitochondrial outer membrane. Mol. 
Biol. Cell 14: 2342-2356.

Shadel, G.S. and D.A. Clayton. 1997. Mitochondrial DNA maintenance in vertebrates. 
Annu. Rev. Biochem. 66:409-435.

Shoffner, J.M., M.T. Lott, A.M.S. Lezza, P. Seibel, S.W. Ballinger, and D.C. Wallace. 
1990. Myoclonic epilepsy and ragged-red fiber disease (MERRF) is associated 
with a mitochondrial DNA tRNALys mutation. Cell 61: 931-937.

Sickmann, A., J. Reinders, Y. Wagner, C. Joppich, R. Zahedi, H.E. Meyer, B.
Schonfisch, I. Perschil, A. Chacinska, B. Guiard, P. Rehling, N. Pfanner, and C. 
Meisinger. 2003. The proteome of Saccharomyces cerevisiae mitochondria. Proc. 
Natl. Acad. Sci. USA 100: 13207-13212.

79

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Silva, J.P., M. Kohler, C. Graff, A. Oldfors, M.A. Magnuson, P.O. Berggren, and N.G. 
Larsson. 2000. Impaired insulin secretion and B-cell loss in tissue-specific 
knockout mice with mitochondrial diabetes. Nat. Genet. 26: 336-340.

Simon, D.K. and D.R. Johns. 1999. Mitochondrial disorders: clinical and genetic 
features. Annu. Rev. Med. 50: 111-127.

Sirrenberg, C., M. Endres, H. Folsch, R.A. Stuart, W. Neupert, and M. Brunner. 1998.
Carrier protein import into mitochondria mediated by the intermembrane proteins 
TimlO/Mrsll andTiml2/Mrs5. Nature 391: 912-915.

Sorgato, M.C. and O. Moran. 1993. Channels in mitochondrial membranes: knowns, 
unknowns, and prospects for the future. Crit. Rev. Biochem. Mol. Biol. 28: 127- 
171.

Souza, R.L., N.S. Green-Willms, T.D. Fox, A. Tzagoloff, and F.G. Nobrega. 2000.
Cloning and characterization of COX18, a Saccharomyces cerevisiae PET gene 
required for the assembly of cytochrome oxidase. J. Biol. Chem. 275: 14898- 
14902.

Stacpoole, P.W., G.N. Henderson, Z. Yan, R. Cornett, and M.O. James. 1998.
Pharmacokinetics, metabolism and toxicology of dichloroacetate. Drug Metab. 
Rev. 30:499-539.

Stock, D., A.G. Leslie, and J.E. Walker. 1999. Molecular architecture of the rotary motor 
in ATP synthase. Science 286: 1700-1705.

Stuart, R. 2002. Insertion of proteins into the inner membrane of mitochondria: the role of 
the Oxal complex. Biochim. Biophys. Acta 1592:79-87.

Stubbs, M., P.V. Vignais, and H.A. Krebs. 1978. Is the adenine nucleotide translocator 
rate-limiting for oxidative phosphorylation? Biochem. J. 172: 333-342.

Sue, C.M., C. Karadimas, N. Checcarelli, K. Tanji, L.C. Papadopoulou, F. Pallotti, F.L. 
Guo, S. Shanske, M. Hirano, D.C. De Vivo, R. Van Coster, P. Kaplan, E. Bonilla, 
and S. DiMauro. 2000. Differential features of patients with mutations in two 
COX assembly genes, SURF-1 and SC02. Ann. Neurol. 47: 589-595.

Summerhayes, I.C., D. Wong, and L.B. Chen. 1983. Effect of microtubules and
intermediate filaments on mitochondrial distribution. J. Cell Sci. 61: 87-105.

Suzuki, T., M. Terasaki, C. Takemoto-Hori, T. Hanada, T. Ueda, A. Wada, and K.
Watanabe. 2001. Proteomic analysis of the mammalian mitochondrial ribosome. 
Identification of protein components in the 28 S small subunit. J. Biol. Chem.
276: 33181-33195.

80

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Tanabe, M., K. Nishio, Y. Iko, Y. Sambongi, A. Iwamoto-Kihara, Y. Wada, and M.
Futai. 2001. Rotation of a complex of the gamma subunit and c ring of 
Escherichia coli ATP synthase. The rotor and stator are interchangeable. J. Biol. 
Chem. 276: 15269-15274.

Taylor, R.W., P.F. Chinnery, K.M. Clark, R.N. Lightowlers, and D.M. Turnbull. 1997. 
Treatment of mitochondrial disease. J. Bioenerg. Biomembr. 29: 195-205.

Taylor, S.W., E. Fahy, B. Zhang, G.M. Glenn, D.E. Wamock, S. Wiley, A.N. Murphy, 
S.P. Gaucher, R.A. Capaldi, B.W. Gibson, and S.S. Ghosh. 2003.
Characterization of the human heart mitochondrial proteome. Nat. Biotechnol. 21: 
281-286.

Thyagarajan, D., S. Bressman, C. Bruno, S. Przedborski, S. Shanske, T. Lynch, S. Fahn, 
and S. DiMauro. 2000. A novel mitochondrial 12SrRNA point mutation in 
parkinsonism, deafness, and neuropathy. Ann. Neurol. 48: 730-736.

Tiranti, V., C. Galimberti, L. Nijtmans, S. Bovolenta, M.P. Perini, and M. Zeviani. 1999. 
Characterization of SURF-1 expression and Surf-lp function in normal and 
disease conditions. Hum. Mol. Genet. 8: 2533-2540.

Tiranti, V., K. Hoeitnagel, R. Carrozzo, C. Galimberti, M. Munaro, M. Granatiero, L. 
Zelante, P. Gasparini, R. Marzella, M. Rocchi, M.P. Bayona-Bafaluy, J.A. 
Enriquez, G. Uziel, E. Bertini, C. Dionisi-Vici, B. Franco, T. Meitinger, and M. 
Zeviani. 1998. Mutations of SURF-1 in Leigh disease associated with cytochrome 
c oxidase deficiency. Am. 3. Hum. Genet. 63: 1609-1621.

Tiranti, V., M. Munaro, D. Sandona, E. Lamantea, M. Rimoldi, S. DiDonato, R. Bisson, 
and M. Zeviani. 1995. Nuclear DNA origin of cytochrome c oxidase deficiency in 
Leigh's syndrome: genetic evidence based on patient's-derived rho degrees 
transformants. Hum. Mol. Genet. 4: 2017-2023.

Triepels, R.H., B.J. Hanson, L.P. van Den Heuvel, L. Sundell, M.F. Marusich, J.A.
Smeitink, and R.A. Capaldi. 2001a. Human complex I defects can be resolved by 
monoclonal antibody analysis into distinct subunit assembly patterns. J. Biol. 
Chem. 276: 8892-8897.

Triepels, R.H., L.P. Van Den Heuvel, J.M. Trijbels, and J.A. Smeitink. 2001b. 
Respiratory chain complex I deficiency. Am. J. Med. Genet. 106: 37-45.

Trifunovic, A., A. Wredenberg, M. Falkenberg, J.N. Spelbrink, C.E. Bruder, M.
Bohlooly-Y, S. Gidlof, A. Oldfors, R. Wibom, J. Tomell, H.T. Jacobs, and N.G. 
Larsson. 2004. Premature aging in mice expressing defective mitochondrial DNA 
polymerase. Nature 429:417-423.

81

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Trimmer, P.A., R.H. Swerdlow, J.K. Parks, P. Keeney, J.P. Bennett, Jr., S.W. Miller,
R.E. Davis, and W.D. Parker, Jr. 2000. Abnormal mitochondrial morphology in 
sporadic Parkinson's and Alzheimer's disease cybrid cell lines. Exp. Neurol. 162: 
37-50.

Trumpower, B.L. 1990. Cytochrome be, complexes of microorganisms. Microbiol. Rev. 
54: 101-129.

Trumpower, B.L. and R.B. Gennis. 1994. Energy transduction by cytochrome complexes 
in mitochondrial and bacterial respiration: the enzymology of coupling electron 
transfer reactions to transmembrane proton translocation. Annu. Rev. Biochem.
63: 675-716.

Tsang, W.Y. and B.D. Lemire. 2003a. Mitochondrial ATP synthase controls larval
development cell nonautonomously in Caenorhabditis elegans. Dev. Dyn. 226: 
719-726.

Tsang, W.Y. and B.D. Lemire. 2003b. The role of mitochondria in the life of the 
nematode, Caenorhabditis elegans. Biochim. Biophys. Acta 1638: 91-105.

Tsang, W.Y., L.C. Sayles, L.I. Grad, D.B. Pilgrim, and B.D. Lemire. 2001.
Mitochondrial respiratory chain deficiency in Caenorhabditis elegans results in 
developmental arrest and increased lifespan. J. Biol. Chem. 276: 32240-32246.

Tsukihara, T., H. Aoyama, E. Yamashita, T. Tomizaki, H. Yamaguchi, K. Shinzawa-Itoh, 
R. Nakashima, R. Yaono, and S. Yoshikawa. 1996. The whole structure of the 13- 
subunit oxidized cytochrome c oxidase at 2.8 A. Science 272: 1136-1144.

Valanne, L., L. Ketonen, A. Majander, A. Suomalainen, and H. Pihko. 1998.
Neuroradiologic findings in children with mitochondrial disorders. AJNR Am. J. 
Neuroradiol. 19: 369-377.

Valnot, I., S. Osmond, N. Gigarel, B. Mehaye, J. Amiel, V. Cormier-Daire, A. Munnich, 
J.P. Bonnefont, P. Rustin, and A. Rotig. 2000a. Mutations of the SCOl gene in 
mitochondrial cytochrome c oxidase deficiency with neonatal-onset hepatic 
failure and encephalopathy. Am. J. Hum. Genet. 67: 1104-1109.

Valnot, I., J.C. von Kleist-Retzow, A. Barrientos, M. Gorbatyuk, J.W. Taanman, B.
Mehaye, P. Rustin, A. Tzagoloff, A. Munnich, and A. Rotig. 2000b. A mutation 
in the human heme arfamesyltransferase gene (COXIO) causes cytochrome c 
oxidase deficiency. Hum. Mol. Genet. 9:1245-1249.

Van Antwerp, D.J., S.J. Martin, T. Kafri, D.R. Green, and I.M. Verma. 1996.
Suppression of TNF-alpha-induced apoptosis by NF-kappaB. Science 274: 787- 
789.

82

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



van den Heuvel, L., W. Ruitenbeek, R. Smeets, Z. Gelman-Kohan, O. Elpeleg, J.
Loeffen, F. Trijbels, E. Mariman, D. de Bruijn, and J. Smeitink. 1998. 
Demonstration of a new pathogenic mutation in human complex I deficiency: a 5- 
bp duplication in the nuclear gene encoding the 18-kD (AQDQ) subunit. Am. J. 
Hum. Genet. 62: 262-268.

Videira, A. 1998. Complex I from the fungus Neurospora crassa. Biochim. Biophys. Acta 
1364: 89-100.

Videira, A. and M. Duarte. 2001. On complex I and other NADH:ubiquinone reductases 
of Neurospora crassa mitochondria. J. Bioenerg. Biomembr. 33: 197-203.

Videira, A. and M. Duarte. 2002. From NADH to ubiquinone in Neurospora 
mitochondria. Biochim. Biophys. Acta 1555:187-191.

Vignais, P.V. 1976. The mitochondrial adenine nucleotide translocator. J. Bioenerg. 8: 9- 
17.

Vogel, R., L. Nijtmans, C. Ugalde, L. Van Den Heuvel, and J. Smeitink. 2004. Complex I 
assembly: a puzzling problem. Curr. Opin. Neurol. 17: 179-186.

Wadsworth, W.G. and D.L. Riddle. 1989. Developmental regulation of energy 
metabolism in Caenorhabditis elegans. Dev. Biol. 132:167-173.

Walker, J.E. 1992. The NADH:ubiquinone oxidoreductase (complex I) of respiratory 
chains. Q. Rev. Biophys. 25: 253-324.

Wallace, D.C., M.D. Brown, S. Melov, B. Graham, and M. Lott. 1998. Mitochondrial 
biology, degenerative diseases and aging. Biofactors 7: 187-190.

Wang, J., H. Wilhelmsson, C. Graff, H. Li, A. Oldfors, P. Rustin, J.C. Bruning, C.R. 
Kahn, D.A. Clayton, G.S. Barsh, P. Thoren, and N.G. Larsson. 1999. Dilated 
cardiomyopathy and atrioventricular conduction blocks induced by heart-specific 
inactivation of mitochondrial DNA gene expression. Nat. Genet. 21: 133-137.

Wang, X. 2001. The expanding role of mitochondria in apoptosis. Genes Dev. 15: 2922- 
2933.

Weiss, H., T. Friedrich, G. Hofhaus, andD. Preis. 1991. The respiratory-chain NADH 
dehydrogenase (complex I) of mitochondria. Eur. J. Biochem. 197: 563-576.

Wiedemann, N., V. Kozjak, A. Chacinska, B. Schonfisch, S. Rospert, M.T. Ryan, N. 
Pfanner, and C. Meisinger. 2003. Machinery for protein sorting and assembly in 
the mitochondrial outer membrane. Nature 424: 565-571.

83

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Wikstrom, M. 1998. Proton translocation by the respiratory haem-copper oxidases. 
Biochim. Biophys. Acta 1365: 185-192.

Wilm, T., P. Demel, H.U. Koop, H. Schnabel, and R. Schnabel. 1999. Ballistic 
transformation of Caenorhabditis elegans. Gene 229: 31-35.

Wong, A., P. Boutis, and S. Hekimi. 1995. Mutations in the clk-1 gene of Caenorhabditis 
elegans affect developmental and behavioral timing. Genetics 139: 1247-1259.

Wood, W.B. 1988. Introduction to C. elegans biology. In The Nematode Caenorhabditis 
elegans (ed. W.B. Wood), pp. 1-16. Cold Spring Harbor Laboratory, New York.

Yaffe, M.P. 1999. The machinery of mitochondrial inheritance and behavior. Science 
283: 1493-1497.

Yagi, T., T. Yano, S. DiBemardo, and A. Matsuno Yagi. 1998. Procaryotic complex I 
(NDH-1), an overview. Biochim. Biophys. Acta 1364: 125-133.

Yano, T., V.D. Sled, T. Ohnishi, and T. Yagi. 1996. Expression and characterization of 
the flavoprotein subcomplex composed of 50-kDa (NQOl) and 25-kDa (NQ02) 
subunits of the proton-translocating NADH-quinone oxidoreductase of 
Paracoccus denitrificans. J. Biol. Chem. 271: 5907-5913.

Xu, F., C. Morin, G. Mitchell, C. Ackerley, and B.H. Robinson. 2004. The role of the 
LRPPRC (leucine-rich pentatricopeptide repeat cassette) gene in cytochrome 
oxidase assembly: mutation causes lowered levels of COX (cytochrome c 
oxidase) I and COX HI mRNA. Biochem. J. 382: 331-336.

Zamzami, N. and G. Kroemer. 2001. The mitochondrion in apoptosis: how Pandora's box 
opens. Nat. Rev. Mol. Cell Biol. 2: 67-71.

Zeviani, M., S. Servidei, C. Gellera, E. Bertini, S. DiMauro, and S. DiDonato. 1989. An 
autosomal dominant disorder with multiple deletions of mitochondrial DNA 
starting at the D-loop region. Nature 339: 309-311.

Zhu, Q.S., J.A. Berden, S. De Vries, K. Folkers, T. Porter, and E.C. Slater. 1982. 
Identification of two different Q-binding sites in QH2-cytochrome c 
oxidoreductase, using the Q analogue n-heptadecylmercapto-6-hydroxy-5,8- 
quinolinequinone. Biochim. Biophys. Acta 682: 160-167.

Zhu, Z., J. Yao, T. Johns, K. Fu, I. De Bie, C. Macmillan, A.P. Cuthbert, R.F. Newbold, 
J. Wang, M. Chevrette, G.K. Brown, R.M. Brown, and E.A. Shoubridge. 1998. 
SURF1, encoding a factor involved in the biogenesis of cytochrome c oxidase, is 
mutated in Leigh syndrome. Nat. Genet. 20: 337-343.

84

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Zullo, S.J., W.T. Parks, M. Chloupkova, B. Wei, H. Weiner, W.A. Fenton, J.M.
Eisenstadt, and C.R. Merril. 2005. Stable transformation of CHO Cells and human 
NARP cybrids confers oligomycin resistance (oli(r)) following transfer of a 
mitochondrial DNA-encoded oli(r) ATPase6 gene to the nuclear genome: a model 
system for mtDNA gene therapy. Rejuvenation Res. 8: 18-28.

85

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Chapter 2

Modeling Pathogenic Human Complex I Mutations in

C. elegans

A version of this chapter has been published. Grad, L.I. and Lemire, B.D. (2004) Hum. 

Mol. Genet. 13: 303-314.
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2.1 Introduction

The primary function of mitochondria, mediated by the mitochondrial respiratory 

chain (MRC), is to provide energy via oxidative phosphorylation. This energy is 

essential to most eukaryotic cells as it drives the majority of cellular processes. The 

MRC is composed of four membrane-bound electron-transporting protein complexes (I- 

IV) that generate a proton gradient across the mitochondrial inner membrane and the 

ATP synthase (complex V) that uses the proton gradient for ATP synthesis. Defects in 

one or more of these complexes can result in a large variety of diseases often with 

multisystemic presentations. Mitochondrial dysfunction occurs with an estimated 

incidence of 1 in 10,000 live births and is often caused by a deficiency in complex I, the 

NADH-ubiquinone oxidoreductase (Robinson, 1998; Triepels et al., 2001). Mammalian 

complex I is the largest MRC complex, containing at least 46 nuclear- and mitochondrial- 

DNA encoded subunits, a flavin mononucleotide (FMN) cofactor, and up to eight iron- 

sulfur clusters (Walker, 1992; Yagi and Matsuno-Yagi, 2003; Yano, 2002). The enzyme 

couples electron transfer from NADH to ubiquinone with proton pumping across the 

mitochondrial inner membrane into the intermembrane space. Complex I dysfunction is 

linked to myopathies, encephalomyopathies, and neurodegenerative disorders such as 

Parkinson’s disease and Leigh syndrome (Robinson, 1998; Shoubridge, 2001b; Smeitink 

et al., 1998; Triepels et a l, 2001).

The human nuclear DNA-encoded gene NDUFV1 encodes the 51-kDa subunit of 

complex I, which carries the NADH-binding site as well as FMN and iron-sulfur cluster 

cofactors. Several mutations in NDUFV1 have recently been identified (Benit et a l,  

2001; Schuelke et a l, 2002; Schuelke et al., 1999). Two patients reported as compound
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heterozygotes for the missense T423M and the nonsense R59X mutations presented with 

muscular hypotonia, myoclonic epilepsy, brain atrophy, and elevated lactate and pyruvate 

concentrations in the blood and cerebrospinal fluid. Both died before the age of 18 

months (Schuelke et al., 1999). A patient homozygous for the A341V mutation 

presented with similar symptoms, as well as macrocystic leukodystrophy (Schuelke et al., 

1999). At the time of the report, this patient, age ten was severely spastic and blind 

(Schuelke et al., 1999). A more recent investigation identified six additional mutations 

including a deletion, an inversion, and the four single amino-acid substitutions: Y204C, 

C206G, E214K, and A432P (Benit et al., 2001). Patients presented with hypotonia, 

ataxia, psychomotor retardation, or Leigh syndrome and most died before the age of three 

years as a result of acute metabolic acidosis (Benit et al., 2001). Each of the six missense 

mutations in NDUFV1 affect highly conserved amino acids, suggesting these may be 

functionally important. It seems unlikely that low cellular energy can be entirely 

responsible for the diversity and severity of the ND U FV1-related disease and of 

mitochondrial disorders in general, implying other molecular mechanisms are involved in 

pathogenesis. Unfortunately, due to the rarity of most mitochondrial disorders, these 

mechanisms remain poorly understood.

In this study, we have used the free-living soil nematode, Caenorhabditis elegans, 

to investigate the pathogenesis of complex I disorders. C. elegans offers numerous 

advantages for studying mitochondrial dysfunction (Lewis and Fleming, 1995; Wood, 

1988). The organism has a life cycle of 3-4 days at 20 °C and features a simple anatomy 

with distinct tissue systems. Mitochondrial dysfunction can often present in a tissue- 

specific fashion, affecting those tissues with the greatest demand for MRC-generated
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ATP. C. elegans is transparent; living animals can be readily examined by light 

microscopy for morphological or physiological abnormalities. The sequences of the 

nuclear and mitochondrial genomes have been determined (C. elegans Sequence 

Consortium, 1998; Okimoto et al., 1992). Finally, the structure and bioenergetics of the 

nematode MRC are very similar to that of the mammalian MRC (Murfitt et al., 1976). 

The C. elegans model system has garnered increasing popularity for understanding the 

mechanisms of human disease such as muscular dystrophy and Alzheimer disease 

(Aboobaker and Blaxter, 2000; Culetto and Sattelle, 2000), as well as other types of 

mitochondrial dysfunction (Denver et al., 2000; Hihi et a l, 2002; Ishii et al., 1998; 

Jonassen et al., 2001).

Here, we investigate the mechanisms of pathogenesis of three NDUFV1 missense 

mutations. We have previously isolated and characterized a mutation in the C. elegans 

nuo-1 gene, the homologue of the NDUFV1 gene (Tsang et al., 2001). The nuo-l(ual) 

allele is a large deletion that is homozygous lethal, resulting in developmental arrest at 

the third larval stage (Tsang et al., 2001). We generated transgenic strains lacking 

endogenously expressed nuo-1, but expressing nuo-1 carrying A352V, T434M, and 

A443F mutations, which correspond to the residues A341, T423, and A432 of the 

NDUFV1 gene, for which disease causing mutations have been reported (Benit et al., 

2001; Schuelke et a l,  1999). All three transgenes rescue the lethality of the nuo-1 

knockout background. The transgenic strains exhibit a number of morphological defects, 

including premature tissue degeneration and abnormal development of the reproductive 

system. The complex I mutations result in reduced brood sizes, decreased respiration, 

lactic acidosis, and hypersensitivity to oxidative stress. The lactic acidosis was
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responsive to the vitamins riboflavin and thiamine, and to sodium dichloroacetate, an 

activator of the pyruvate dehydrogenase complex. Surprisingly, mutants also displayed 

significant decreases in complex IV activity and in steady-state levels of COX I, a 

mitochondrial DNA-encoded subunit. Taken together, our data suggest that complex I 

mutations are pathogenic not only because they impair the oxidation of NADH, but also 

because they increase the production of reactive oxygen species and interfere with the 

function or assembly of other MRC complexes.
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2.2 Materials and Methods

2.2.1 Strains

Worms were cultured as described (Lewis and Fleming, 1995). We used the following C. 

elegans strains: wild-type N2 Bristol; LB77, nuo-1 (ual)/mlnl [dpy-10(el28) mIsl4JH, 

unc-119 (ed3)HI.

2.2.2 Plasmid Constructs

The nuo-l(ual) mutation has been described previously (Tsang et al., 2001). The 

A352V, T434M, and A443F mutations were constructed by oligonucleotide-directed 

mutagenesis using a megaprimer mutagenesis method by introducing the following codon 

conversions: GCC to GTC, ACT to ATG, and GCA to TTC, respectively (Sarkar and 

Sommer, 1990). All mutations were confirmed by sequencing. The nuo-1 gene cassette 

consisted of a 5.4-kb Xhol genomic fragment from cosmid C09H10. The mutated nuo-1 

genes, including the promoter, were cloned at the unique Xbal site into pDP#MM016b, 

which carries an unc-119(+) gene (Maduro and Pilgrim, 1995; Praitis et al., 2001).

2.2.3 Generation o f Transgenic C. elegans

LB77 was transformed by microparticle bombardment using a BioRad Biolistic PDS- 

1000/HE (BioRad Laboratories, Hercules, CA) as described (Praitis et al., 2001). 

Following bombardments, worms were allowed to recover at 20 °C. unc-119 mutants, 

which are paralyzed, cannot form dauer larvae and die in the absence of food. After 7-14 

days, plates were examined for dauer animals with wild-type motility. We confirmed 

transformation with unc-119(+) and the nuo-1 transgenes by PCR analysis. Three 

independent transgenic lines were selected for each mutation.
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2.2.4 Phenotypic Analyses

For lifespan measurements, gravid adults were allowed to lay eggs on unseeded plates for 

6 h at 20 °C. Once hatched, LI animals were transferred to separate plates and incubated 

at 20 °C. Animals were monitored daily and scored as dead when they no longer 

responded to gentle prodding on the head. Animals were transferred daily during egg 

laying to keep them separate from their progeny.

To determine brood sizes, individual L4 animals were transferred to separate 

plates, monitored daily during egg laying, and transferred to fresh plates to keep them 

separate from their progeny. Plates with eggs were incubated an additional 24 h to allow 

hatching and unhatched eggs and larvae counted. This continued until adult animals no 

longer laid eggs.

Newly hatched LI animals were transferred to separate plates and incubated at 20 

°C. Animals were monitored every 12 h and were scored as L4 larvae when the crescent­

shaped immature vulval structure was observed. For morphological analysis, animals 

were mounted on 2% agarose pads and observed under a Zeiss Axioskop-2 research 

microscope with a SPOT-2 digital camera (Carl Zeiss Canada, Ltd., Calgary, Canada).

2.2.5 Isolation o f Mitochondria

All procedures were performed at 0-4 °C. Worms were harvested from liquid culture and 

washed repeatedly in S Basal Complete medium to remove bacteria (Sulston and 

Hodgkin, 1988). Washed worms were suspended in MSEP buffer (0.2 M mannitol, 70 

mM sucrose, 0.1 M EDTA, pH 7.4, ImM phenylmethylsulfonyl fluoride) and disrupted 

with 0.1 mm acid-washed glass beads in a Bead-Beater homogenizer (Biospec Products, 

Bartlesville, OK) for three 30 sec pulses separated by 1 min cooling intervals.
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Immediately following disruption by the Bead-Beater, the slurry was homogenized by ten 

strokes of a glass-glass homogenizer. The homogenate was twice centrifuged (1000 x g, 

10 min) to remove cuticle and large debris. The supernatant was centrifuged (19,200 x g, 

10 min) to pellet mitochondria. The mitochondrial pellet was resuspended in fresh MSE 

(0.2 M mannitol, 70 mM sucrose, 0.1 M EDTA, pH 7.4) and re-centrifuged. The final 

pellet of mitochondria was resuspended in 0.5 ml MSE. Protein content was determined 

by the BioRad Protein Assay (BioRad Laboratories, Hercules, CA) using BSA as a 

standard.

2.2.6 Polarographic Analyses

Oxygen consumption rates were measured using a Strathkelvin 1302 oxygen electrode 

with an MT200 Mitocell respiration chamber (Strathkelvin Instruments Ltd., Glasgow, 

Scotland). Synchronized worms at the late L4 to early adult stages were washed free of 

bacteria using M9 buffer (Sulston and Hodgkin, 1988). Washed worms were 

resuspended in 1 ml M9 buffer and triplicate aliquots placed on glass coverslips for 

counting. Worms were diluted to 500 worms per 50 jxl volume. 500 worms were 

introduced into the Mitocell chamber, which was maintained at 22 °C, and oxygen 

consumption was measured for a minimum of 10 min. The slopes of the linear portions 

of the plots were used to calculate oxygen consumption rates. A minimum of three trials 

was performed for each strain.

Isolated mitochondria were diluted 10-fold in 0.1 M HEPES, pH 7.4 and 

disrupted by sonication for 2-3 min in a Branson 1200 bath sonicator (Branson 

Ultrasonics Corp., Danbury, CT) in an ice-water bath. Sonicated mitochondria were 

centrifuged (18,500 x g, 30 min, 4 °C) and resuspended in fresh 0.1 M HEPES, pH 7.4.

93

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



20 jig mitochondrial protein were diluted to a volume of 60 pi and introduced into the 

Mitocell chamber. Basal levels of oxygen consumption were recorded for 2-4 min, 

followed by the addition of NADH to a final concentration of 600 pM. Rotenone was 

added to a final concentration of 100 nM and oxygen consumption recorded for 5-10 min. 

Complex I-specific NADH-dependent respiration was calculated as the rate of oxygen 

consumption in the presence of NADH minus the rate in the presence of NADH and 

rotenone. A minimum of five experiments was performed for each sample.

2.2.7 Electron Transport Chain Assays

Enzymatic activities of individual or pairs of MRC complexes were performed on an 

Ultrospec 2000 spectrophotometer (Pharmacia Biotech, Cambridge, England) essentially 

as described (Birch-Machin and Turnbull, 2001) using 25-50 pg of disrupted 

mitochondrial protein. Rotenone-sensitive NADH-decylubiquinone oxidoreductase 

activities were measured at 340 nm using 65 pM 2,3-dimethoxy-5-methyl-6-n-decyl-1,4- 

benzoquinone as electron acceptor, 2 pg/ml antimycin A, and 0.13 mM NADH. 

Rotenone was added to 2 pg/ml. Malonate-sensitive succinate-dichlorophenolindophenol 

reductase activity was measured at 600 nm after preincubating mitochondria in assay 

medium (2.5 mM KH,P04, 0.05 mM EDTA, 10 mM succinate, 1.6 mM KCN, 1 mg/ml 

BSA, pH 7.4) in the presence of 2 pg/ml rotenone and 5 pg/ml antimycin A for 10 min at 

30 °C. Reactions were started by the addition of 50 pM decylubiquinone and 75 pM 

dichlorophenolindophenol. Malonate was added to 25 mM. Antimycin A-sensitive 

decylubiquinol-cytochrome c reductase activity was measured at 550 nm after 

preincubating mitochondria in assay medium (25 mM KHJP04, 5 mM MgCU, 2.5 mg/ml 

BSA, 2 mM KCN, pH 7.4) in the presence of 50 pM cytochrome c (HI), and 2 pg/ml
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rotenone for 10 min at 30 °C. Assays were started by adding 80 pM decylubiquinol. 

Antimycin A was added to 5 pg/ml. Succinate-cytochrome c reductase activity was 

measured at 550 nm after preincubating mitochondria in assay medium (0.1 M Tris-S04, 

pH 7.4, 2 mM KCN, 1 mg/ml BSA) in the presence of 10 mM succinate and 2 pg/ml 

rotenone for 10 min at 30°C. Assays were started by the addition of 50 pM cytochrome c 

(III). Antimycin A was added to 5 pg/ml. Glycerol-phosphate-cytochrome c reductase 

was measured as for succinate-cytochrome c reductase activity, except 20 mM glycerol- 

1-phosphate was added instead of 10 mM succinate. Cytochrome c oxidase activity was 

measured at 550 nm using 15 pM cytochrome c (II) as electron donor in the presence of 

0.45 mM lauryl maltoside. Potassium cyanide was added to 1 mM.

2.2.8 Supplementation Assays

Individual L4-staged transgenic animals were transferred to plates supplemented with 5 

pg/ml sodium dichloroacetate, 0.1 mM ascorbate, 1 pg/ml thiamine, 1 pg/ml riboflavin, 1 

mg/ml oxaloacetate, or without supplement and incubated for 7 days at 20 °C in the dark. 

These concentrations of supplements were chosen as optimal after a series of smaller 

scale trial experiments. Animals were monitored daily during egg laying and transferred 

to fresh plates to keep them separate from their progeny. Only hatched progeny were 

scored. A minimum of 24 broods was counted for each strain and condition.

2.2.9 Measurements o f Lactate and Pyruvate Concentrations

Worms cultured in liquid medium with or without supplementation were harvested and 

aliquots counted to determine approximate worm concentrations of cultures. -1.0 x 107 

animals were washed repeatedly to remove bacteria and resuspended in a final volume of 

30 ml of 5% trichloroacetic acid. Worms were sonicated on ice with four 30-sec pulses
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interspersed with 30-sec cooling periods using a Branson Sonifier 450 (Branson 

Ultrasonics Corp,, Danbury, CT) set to a power level of 450 W. The lysate was 

centrifuged (10,000 x g, 10 min, 4 °C) to pellet precipitate and debris. The supernatant 

was neutralized with 5 N KOH and clarified with a second centrifugation (10,000 x g, 10 

min, 4 °C). Lactate and pyruvate concentrations were measured using Sigma diagnostics 

kits (Sigma Diagnostics, St. Louis, MO).

2.2.10 Cytochromes. Oxidase Histochemistry and TUNEL Labeling

Cuticles were permeabilized for histochemical staining as described (Xie et al., 1995). 

The cytochrome c oxidase staining protocol was adapted for C. elegans from (Sciacco 

and Bonilla, 1996). Briefly, synchronized animals with permeabilized cuticles were 

incubated in 1 ml phosphate buffer (5 mM potassium phosphate, pH 7.4) containing 0.1% 

3,3’-diaminobenzidine, 0.1% cytochrome c, and 0.02% catalase, for 75 min at 37 °C in 

the dark with constant rotation. Control reactions were incubated in the presence of 10 

mM KCN to inhibit complex IV activity. Stained worms were centrifuged for 10 sec 

(360 x g) and the supernatant was removed. The worm pellet was washed three times for 

5 min in phosphate buffer. Stained animals were mounted and photographed.

For detection of apoptotic nuclei based on TUNEL, synchronized young adult 

hermaphrodites with permeabilized cuticles were labeled using the In Situ Cell Death 

Detection Kit, Fluorescein (Roche Diagnostics, Indianapolis, IN) according to product 

instructions. Stained animals were mounted and photographed using fluorescence optics.

2.2.11 Electrophoresis and Western Blot Analyses

Known numbers of worms were washed, lysed by boiling in loading buffer, and 

subjected to sodium dodecyl sulfate polyacrylamide gel electrophoresis (10%
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acrylamide) (Tsang et al., 2001). Proteins were transferred electrophoretically to nylon 

membranes. Blots were treated with mouse monoclonal antiserum against the human 

COXI protein (Molecular Probes, Eugene, OR). Detection was with a peroxidase-labeled 

goat anti-mouse secondary antibody and the Enhanced Chemiluminescence Western 

Blotting System (Amersham Biosciences, Buckinghamshire, UK). Blots were stripped 

and re-probed with rabbit polyclonal antiserum raised against Saccharomyces cerevisiae 

Atp2p (Tsang et al., 2001). The relative amounts of protein were quantified from films 

using the BioRad Gel Doc 1000 image analysis system and Molecular Analyst software 

(BioRad Laboratories, Hercules, CA).
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23 Results

2.3.1 Generation o f Transgenic C. elegans Strains Expressing nuo-1 Mutations

The C. elegans NUO-1 protein shares 15% amino acid sequence identity with the 

NDUFV1 protein (Figure 2.1). Mutated versions of the nuo-1 gene carrying the A352V, 

T434M, or A443F mutations were generated (Figure 2.2). These three amino acids are 

conserved in the NDUFV1 protein and correspond to A341, T423, and A432, 

respectively. The A352V and T434M mutations exactly mimic the disease-causing 

NDUFV1 A341V and T423M mutations. The nuo-1 A443F mutation, previously created 

in our lab, is similar to the NDUFV1 A432P mutation. Each mutated nuo-1 gene was 

transformed with an unc-119(+) co-transformation marker into LB77 (nuo-l(ual)/+) via 

microparticle bombardment (Praitis e ta l,  2001). LB77 is also homozygous for the unc- 

119(ed3) mutation, which renders the animals partially paralyzed and unable to form 

dauer larvae, an alternate life stage that allows C. elegans to survive for months without 

feeding. Successful transformants regain mobility and the ability to enter the dauer state. 

Transformation by microparticle bombardment produces extrachromosomal arrays of 

variable mitotic and meiotic stability (Mello and Fire, 1995) or, at a lower frequency, the 

DNA can be integrated into the genome (Praitis et al., 2001). Three independent 

transformants were selected by complementation of the unc-119 defects for each 

mutation. Homozygous nuo-l(ual) progeny carrying the nuo-1 transgenes were 

subsequently isolated. The genotypes of all transgenic lines were confirmed by PCR 

analysis. For all three mutations, each independent line gave similar results and one was 

chosen for more detailed examination. The nuo-1 A443F and A352V transgenes were 

present as extrachromosomal arrays with transmission rates of 67 ± 27% and 60 ± 19%,
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respectively. The T434M transgene was integrated and maintained in the homozygous 

state.

2.3.2 Characterization o f Transgenic Strains

Each of the nuo-1 transgenes complemented the lethality of the nuo-1 (ual) 

background and supported full development to reproductive adults. We conclude that the 

mutant NUO-1 proteins are expressed and functionally assembled into complex I, which 

was sufficiently active to support the energy generation needed for development. 

Progeny of the A443F and A352V transgenic lines that had lost the extrachromosomal 

arrays arrested as embryos, a phenotype similar to that seen with nuo-1 RNA interference 

(Tsang et a l,  2001).

Growth, reproduction, and aging are biological processes that depend on the 

integrity and function of the MRC (Tsang etal., 2001; Vanfleteren andDe Vreese, 1996). 

We observed that the three transgenic mutants had variably decreased reproductive 

capabilities as measured by their brood sizes; the A443F mutation has the most severe 

effect (Figure 2.3A). All three mutant strains have significant decreases in lifespan; 

again, the A443F mutation has the most deleterious effect (Figure 2.3B). Because C. 

elegans development relies heavily on MRC function, we examined the rates of larval 

development for the nuo-1 transgenic strains. We measured the time needed for animals 

to develop from newly hatched LI larvae to the L4 larval stage, which is easily 

recognized by the presence of the crescent-shaped immature vulva. In wild type animals, 

approximately 46 h are needed. A significant developmental lag of approximately 12 h 

was observed with A352V mutant animals (Figure 2.3C). Thus, the mutated nuo-1 genes
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are hypomorphic alleles, which are sufficiently functional to rescue the lethality of the 

null nuo-1 (ual) allele but do not confer wild type fertility, lifespan, or development.

2.3.3 Gonadal Abnormalities and Premature Aging in Transgenic Mutants

We observed the first signs of impaired gonadal development when the 

reproductive system is rapidly maturing during the L4 and early adult stages. Normally, 

by the late L4 stage, the arms of the gonad are fully extended anteriorly and posteriorly 

along the ventral surface and reflexed along the dorsal surface, forming a U-shaped 

structure (Schedl, 1997). The distal portion of each gonad arm contains syncytial 

germline nuclei incompletely surrounded by membranes (Figure 2.4A). As C. elegans 

matures into a reproductive adult, membranes surround individual nuclei as they migrate 

towards the proximal ends of the gonad, forming oocytes that are fertilized while passing 

through the spermatheca. Fertilized oocytes are then expelled from the uterus through the 

vulva. Somatic gonad development was severely affected in transgenic animals 

expressing the A443F and A352V mutations and moderately affected in the T434M 

mutant. In early adult animals, gonad arms were usually shorter than normal, suggesting 

difficulties with distal tip cell migration, and appeared shriveled, leaving space between 

the gonad and the body wall (Figure 2.4B-D). Furthermore, the syncytial germline nuclei 

were difficult to identify and more disorganized than in wild-type gonads. As the 

transgenic animals matured into gravid adults, oocyte formation proceeded but more 

slowly than normal, suggesting that meiotic germline division or oogenesis are 

compromised by mitochondrial dysfunction (Figure 2.4F-H). Vulval development was 

slower in more severely affected mutant animals but otherwise appeared complete. The
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decreases in brood sizes are not due to an egg-laying defect but rather are the result of 

impaired germline development.

MRC function is closely connected to lifespan determination and aging (Tsang 

and Lemire, 2003). Both germline and somatic tissue deterioration increases 

significantly with age (Garigan et al., 2002). The overall health of nuo-1 transgenic 

animals declined rapidly once they had reached reproductive maturity. The transgenic 

mutants accumulated a dark pigment, a biomarker of aging, within two days of becoming 

gravid adults; pigment accumulation occurs in wild-type C. elegans towards the end of 

their reproductive period, which is approximately 4 days into adulthood (Garigan et al., 

2002). Microscopic analysis revealed prominent vacuolar structures that appeared 

throughout the body, usually beneath the cuticle, suggesting the degeneration of body 

wall muscle tissue (Garigan et al., 2002; Hemdon et al., 2002). The vacuolar structures 

in the transgenic mutants became apparent on the first day of adulthood (Figure 2.5B-D) 

about 4 days earlier than in wild-type animals (Figure 2.5A, E) and accumulated as the 

animals aged (Figure 2.5F-H). The A352V and A443F mutants are the most severely 

affected, while the T434M mutant displayed a milder phenotype.

Apoptosis and mitochondrial dysfunction are intimately related (Chan, 2005; 

Kirkland and Franklin, 2003). We further examined the severe mutants A352V and 

A443F for the presence of premature apoptosis in young adults. Both transgenic mutants 

showed the accumulation of punctate TUNEL-specific staining throughout the body 

(Figure 2.6C, D), suggesting the presence of apoptotic-induced nuclear DNA 

fragmentation. TUNEL-positive cells were not identified in identically treated young 

adult N2 nematodes (Figure 2.6A), but only observed when treated with DNase I, which
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induces DNA strand breaks, serving as a positive control for TUNEL labeling (Figure 

2.6B).

2.3.4 Impaired Respiration and Lactic Acidosis in Transgenic Mutants

We investigated the effects of the three complex I mutations on respiration by 

monitoring oxygen consumption of live animals. Respiration values were normalized to 

rates per 1,000 animals or to protein content. The percentages of respiratory activity in 

the transgenic lines as compared to the wild type are very similar for both methods of 

calculation because the sizes of transgenic and wild type animals are not significantly 

different (not shown). The A352V and A443F mutants consumed oxygen at rates 

approximately half the wild-type rate, while the T434M mutant had a rate -65% of the 

wild-type rate (Table 2.1). These rates correlate well with the severity of the mutations 

as measured by brood sizes or lifespan. We also determined the rotenone-sensitive 

NADH-oxidase activities of isolated mitochondria. The mitochondria were disrupted and 

a membrane fraction isolated to allow access of NADH to the matrix-facing NADH- 

binding site of complex I. Rotenone is a specific inhibitor for complex I and rotenone- 

sensitive respiration is attributable to complex I activity. In agreement with the live 

animal respiration rates, the A443F and A352V mutations had the most severely affected 

rotenone-sensitive respiration rates (23% and 37% of wild-type, respectively; Table 2.2). 

Complex I-mediated respiration in the T434M transgenic strain was reduced to 52% of 

wild-type. The relative oxygen consumption rates of live animals (Table 2.1) are higher 

than the complex 1-specific rates (Table 2.2), possibly indicating the preferential use of 

other respiratory substrates over NADH in live animals.
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Impaired complex I-dependent respiration will lead to excess cellular NADH, 

favoring the reduction of pyruvate to lactate. We found that pyruvate concentrations 

were decreased and lactate concentrations were increased in the mutants compared to the 

wild-type, resulting in greatly elevated lactate/pyruvate ratios (Table 2.3). Again, the 

A443F mutant demonstrated the largest change with a ratio 6.3-fold higher than the wild- 

type. These data suggest that the nuo-1 mutations may indirectly impede the citric acid 

cycle and oxidative phosphorylation by depleting the cellular pools of pyruvate. In 

addition, the pyruvate dehydrogenase complex is inhibited by phosphorylation as a result 

of the activation of the pyruvate dehydrogenase kinase by NADH (Chen et al., 1999). 

Thus, the increased levels of NADH shifts equilibrium towards the reduction of pyruvate 

to lactate by lactate dehydrogenase and result in lactic acidosis.

2.3.5 Pharmacological Treatment o f Transgenic Mutants

A variety of pharmacological agents, including vitamins, have been used to treat 

mitochondrial diseases (Chinnery and Turnbull, 2001; Tamopolsky and Beal, 2001; 

Taylor et al., 1997). We picked L4-staged transgenic animals to individual plates 

supplemented with sodium dichloroacetate, thiamine, and riboflavin, activators of the 

pyruvate dehydrogenase complex that are used clinically to treat lactic acidosis (Chinnery 

and Turnbull, 2001; Tamopolsky and Beal, 2001; Taylor et al., 1997) and allowed them 

to lay their broods. Riboflavin, as a precursor of FMN, is also essential for complex I 

function. We also investigated the effects of ascorbate, a free-radical scavenger, and 

oxaloacetate, an intermediate of the citric acid cycle. All three mutant strains, but not the 

wild-type, showed significant increases in brood size when supplemented with 1 pg/ml 

riboflavin (Figure 2.7). Significant increases in brood size were also observed for the
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A352V and A443F mutants when supplemented with 5 pg/ml sodium dichloroacetate or 

0.1 mM ascorbate. Thiamine supplementation (1 pg/ml) significantly increased the 

brood size of the A352V mutant. None of the mutants benefited significantly from 1 

mg/ml oxaloacetate. The reproductive fitness of all three nuo-1 mutant strains can be 

improved by pharmacological intervention. Each mutant strain benefits from a specific 

set of supplements, suggesting that the metabolic consequences of each mutation may not 

be identical in each of the three transgenic strains.

To investigate further the mechanisms by which the supplements exert their 

effects, we examined the lactate/pyruvate ratios of sodium dichloroacetate or riboflavin- 

treated A352V and A443F mutants. These two supplements were chosen because they 

consistently showed the greatest benefit. Lactate concentrations were significantly 

decreased and pyruvate concentrations significantly increased by sodium dichloroacetate, 

resulting in markedly lower lactate/pyruvate ratios for both mutants (Table 2.4). 

Supplementation with riboflavin showed similar results for the A443F mutant, but had no 

significant effect on the A352V mutant strain (Table 2.4). These results suggest that 

lactic acidosis is responsible for at least some of the pathogenic consequences of all three 

nuo-1 mutations. Treatments that ameliorate the acidosis can markedly decrease the 

severity of the phenotype. Interestingly, the beneficial effects of riboflavin on the brood 

sizes of the A352V mutant (Figure 2.7) do not appear to be associated with a reduction in 

lactate/pyruvate ratios (Table 2.4). We suggest that riboflavin improves A352V mutant 

metabolism in a manner that is mechanistically different than sodium dichloroacetate.
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2.3.6 Complex TV Deficiency in Mutant nuo-1 Transgenic Strains

Impaired metabolism caused by a defect in one MRC complex is often associated 

with altered levels of the other MRC complexes (Heddi et al., 1999; Kayser et al., 2001; 

Murdock et al., 1999; Wiesner et al., 1999). We investigated the levels of cytochrome c 

oxidase activity in mutant and wild-type animals by histochemical staining; the complex 

IV-dependent oxidation of diaminobenzidine produces a brown pigment. Cytochrome c 

oxidase activity was diminished in the body wall and pharyngeal muscles of L3 larvae 

from all three transgenic mutants (Figure 2.8A). The A352V and A443F mutants were 

more severely affected than the T434M mutant. As the mutants matured, cytochrome c 

oxidase activity increased, but failed to reach wild-type levels (Figure 2.8B).

To determine whether the observed decreases in cytochrome c oxidase activity are 

due to diminished levels of assembled complex IV, we performed Western blot analyses 

with an antiserum directed against human COXI, a mitochondrial DNA-encoded subunit 

of the complex IV catalytic core. COXI levels were consistently lower in the nuo-1 

mutant strains than in the wild-type (Figure 2.8C). When normalized to ATP-2 levels, a 

subunit of the ATP synthase, the A443F, A352V, and T434M mutants had COXI levels 

of 43±12%, 51±17%, and 90±3% of the wild-type, respectively.

To further assess the effects of the complex I mutations on the MRC, we 

measured the enzymatic activities of the individual or pairs of MRC complexes in wild 

type and transgenic mitochondrial membranes (Table 2.5). As expected, the rotenone- 

sensitive NADH-decylubiquinone reductase activities in all three mutants were 

significantly reduced. The cyanide-sensitive cytochrome c oxidase activities were also 

severely affected. The complex II and complex III activities were either modestly
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affected or unchanged with respect to the wild type. Several lines of evidence 

(histochemical staining (Figure 2.8A, B), respiration measurements (Table 2.2), Western 

blots (Figure 2.8C), and activity measurements (Table 2.5)) indicate that the complex I 

mutations impair the assembly of functional complex IV.

2.3.7 nuo-1 Mutants are Hypersensitive to Oxidative Stress

Reactive oxygen species are generated as a normal by-product of mitochondrial 

respiration and can damage cellular proteins, lipids, and DNA (Raha and Robinson, 

2001). Mitochondrial dysfunction can result in accelerated rates of reactive oxygen 

species generation (Senoo-Matsuda et al., 2001). We subjected the nuo-1 mutants to two 

forms of oxidative stress, hyperoxia and the herbicide, paraquat. Paraquat is believed to 

increase the production of superoxide, although its site of action is not known. All three 

mutants are hypersensitive to hyperoxia, with the A352V mutant being particularly so 

(Figure 2.9A). Similarly, mutant animals were significantly more sensitive to 0.2 mM 

paraquat than the wild-type (Figure 2.9B). The sensitivity of the A352V mutant but not 

the T434M or the A443F mutants to hyperoxia could be significantly reduced by 

supplementation with either sodium dichloroacetate or riboflavin (Figure 2.9C). Sodium 

dichloroacetate increased the survival of all three mutants challenged with paraquat 

(Figure 2.9D), while riboflavin improved survival of the A352V and the A443F mutants.
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2.4 Discussion

For most mitochondrial diseases, the molecular mechanisms of pathogenesis are 

only poorly understood, in part because of the rarity of these diseases, which limits the 

availability of materials for detailed investigations. In this study, we mimicked 

pathogenic human mutations of the NDUFVJ gene by using the C. elegans homologue, 

nuo-1. The nuo-1 A352V, T434M, and A443F mutations complement the lethality of the 

nuo-1 deletion background, resulting in viable strains that could be analyzed in detail. 

The ability to tolerate mutations that would otherwise be lethal in more complex 

organisms may be an additional advantage of the nematode model system.

Reproduction and development in C. elegans are energy-intensive and rely 

heavily on MRC function (Tsang and Lemire, 2002; Tsang and Lemire, 2003; Tsang et 

al., 2001; Vanfleteren and De Vreese, 1996). All three mutants suffered decreased brood 

sizes, with the A443F mutation having the most severe effects and the T434M mutation 

having the mildest. The A352V mutant exhibited a significant developmental lag during 

larval development. Morphological examination of the mutants revealed somatic gonad 

arms that had failed to fully extend and disorganization of the germline nuclei. 

Oogenesis requires the synthesis of large numbers of copies of mitochondrial DNA as 

well as the storage of maternally-derived products needed to support embryonic and early 

larval development (Piano et al., 2000; Tsang and Lemire, 2002; Tsang et al., 2001). It is 

not surprising that a normally functioning MRC is needed for reproductive fitness.

A defect in complex I may create three problems: 1) the MRC will be unable to 

oxidize NADH and the redox balance of the cell will be perturbed; 2) complex I-
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mediated proton pumping may be impaired leading to a decreased ability to synthesize 

ATP; 3) oxygen free radical production may be accelerated (Seo et al., 1998).

Our data strongly support a role for oxidative damage in the pathogenesis of the 

nuo-1 mutations. Complex I is a major site of oxygen radical production in the MRC 

(Raha and Robinson, 2000; Raha and Robinson, 2001). The oxidation of reduced flavin 

by molecular oxygen can produce superoxide or peroxide products (Imlay, 2003). The 

NUO-1 subunit harbors an FMN cofactor and the mutations we introduced may increase 

access of oxygen to the reduced flavin. All three mutants are hypersensitive to the 

oxidative stresses, hyperoxia and paraquat, with the A352V mutant being the most 

affected. We believe the mutations increase the endogenous production of oxygen free 

radicals making the cell’s defense mechanisms less able to deal with the additional 

stresses. The beneficial effects of supplementation with ascorbate, an antioxidant, on the 

reproductive capabilities of the A352V and A443F mutants also suggest that oxidative 

stress contributes to the pathogenesis of these mutations. All three transgenic mutants 

suffered shortened lifespans and exhibited signs of premature aging; vacuolar structures 

that appear to be associated with the degeneration of the body wall muscle became 

apparent in one day-old mutant adults. These structures are only found in wild-type 

adults near the end of their egg laying period, roughly four days into adulthood. Along 

with the early accumulation of dark pigment in the mutants, the vacuolar structures and 

presence of TUNEL-positive cells serve as biomarkers of premature senescence and are 

particularly prominent in the A352V and A443F mutants. Premature aging and oxidative 

damage are closely linked in C. elegans (Ishii et al., 1998; Ishii et al., 2002; Melov et al., 

2000; Senoo-Matsuda et al., 2001) and other organisms (Melov, 2002). It is unclear if
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the oxidative damage, premature apoptosis, and vacuolar structures observed in 

transgenic mutants are part of the same pathogenic pathway, or occur independently in 

parallel. Determining the exact site of oxygen radical production in the MRC and the 

direct trigger of apoptosis in the mutants will further increase our understanding of the 

molecular mechanisms of pathogenesis.

Inefficient oxidation of cellular NADH also contributes to pathogenesis. Lactic 

acidosis resulting from impaired utilization of pyruvate by the citric acid cycle, increased 

glycogen utilization, and increased glycolytic activity, is a hallmark of complex I 

dysfunction (Loeffen et al., 2000) and of mitochondrial disease in general (DiMauro et 

al., 1985). The three-dimensional structure of the NUO-1 protein is not known, but the 

probable locations of the NADH, FMN, and iron-sulfur cluster binding sites in this 

protein have been suggested (Walker, 1992). None of the three mutations we studied are 

located within these sites (Figure 2.2), making it difficult to assign them a probable 

mechanism of action. The mutations may destabilize the 51-kDa subunit, impede its 

ability to assemble into the complex, or they may affect catalysis by impairing substrate 

binding or electron flow. The lack of antibodies against subunits of complex I has 

hampered our investigation of complex I assembly. Whatever the mechanism of action 

of the mutations, the oxygen consumption data indicate that the complex I mutations 

significantly reduce the rates of NADH-dependent respiration via the MRC. 

Consequently, the nuo-1 mutants have significantly higher lactate concentrations and 

lactate/pyruvate ratios (3 to 6-fold; Table 2.3). Significant improvements in reproduction 

of all three transgenic mutants are seen in the presence of sodium dichloroacetate, 

riboflavin, or thiamine. These three supplements are activators of the pyruvate
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dehydrogenase complex, which converts pyruvate to acetyl-coenzyme A for further 

metabolism in the citric acid cycle. In the presence of high levels of NADH, the pyruvate 

dehydrogenase complex is inactivated by the NADH-stimulated phosphorylation of the 

pyruvate dehydrogenase complex by the pyruvate dehydrogenase kinase (Chen et a l , 

1999; Tamopolsky and Beal, 2001). Sodium dichloroacetate inhibits the kinase. 

Riboflavin and thiamine are vitamin precursors for pyruvate dehydrogenase complex 

cofactors. Each of the supplements may stimulate the complex and lead to an increase in 

substrate for the citric acid cycle and a decrease in pyruvate available for reduction to 

lactate. Riboflavin, as a precursor to FMN, may also benefit the three mutants by directly 

improving complex I function. That riboflavin supplementation benefits the A352V 

mutant (Figure 2.7) without significantly reducing its lactate/pyruvate ratio (Table 2.4) 

may be indicative of such a mechanism, but a more direct investigation of complex I 

catalytic properties will be needed to confirm this.

The inefficient oxidation of cellular NADH may also contribute to the 

hypersensitivity of the mutants to hyperoxia and paraquat. The more reducing cellular 

environment of the mutants is likely to facilitate the inappropriate reduction of oxygen by 

reduced electron carriers. The beneficial effects of sodium dichloroacetate and riboflavin 

on mutant survival under oxidative stress may result from the ability of these 

supplements to stimulate NADH oxidation and produce a less reducing cellular 

environment (Figure 2.9C, D).

Surprisingly, the nuo-1 mutations result in a complex IV deficiency as judged by 

decreased cytochrome c oxidase activities (Table 2.5) and by lower steady-state levels of 

COXI subunit (Figure 2.8C). How can missense mutations in complex I affect complex
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IV activity? In yeast mutants that affect the assembly of complex IV, lower levels of the 

mitochondrial DNA-encoded COX subunits COXI, II, and III, are often observed 

(Glerum et al., 1995; Shoubridge, 2001a). In mammalian mitochondria, the majority of 

complex I is physically associated with complex III and a minority is present in a 

supercomplex of complexes I, III, and IV (Schagger and Pfeiffer, 2000). 

Supercomplexes have been postulated to enhance substrate channeling, catalysis, and the 

sequestration of reactive intermediates that may lead to the production of oxygen free 

radicals (Schagger and Pfeiffer, 2000). Complex HI levels in the mutants are not severely 

affected. This argues against a role for supercomplex formation in the complex IV 

decreases we observed. Although we do not understand how, we believe that this is the 

first demonstration of defined complex I mutations causing a complex IV assembly 

defect in a model organism.

In conclusion, we have shown that human disease-causing mutations in the 51- 

kDa subunit of complex I can be successfully modeled in C. elegans. The nematode 

mutants displayed features that parallel those elicited by NDUFV1 mutations such as 

increased lactate/pyruvate ratios and decreased NADH-dependent mitochondrial 

respiration. In addition, the C. elegans mutants revealed aberrant tissue degeneration and 

allowed us to explore the molecular mechanisms of pathogenesis of these complex I 

mutations through supplementation experiments. Finally, we report a previously 

unrecognized connection between complex I integrity and complex IV assembly.
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Table 2.1 Transgenic mutants have decreased rates of oxygen consumption.

Strain
Oxygen consumption rate 

nmol 0 2/min/1000 animals“

Oxygen consumption rate 

nmol OVmin/mg protein3

N2 1.3 ±0.12 (100%) 8.6 ±1.1 (100%)

A352V 0.66 ±0.11 (51%)* 4.6 ±0.9 (54%)*

T434M 0.86 ±0.01 (66%)* 5.4 ±0.4 (64%)*

A443F 0.62 ±0.02 (48%)* 4.3 ±0.4 (51%)*

“Values are the means ± SD of a minimum of five trials. * P<0.05 compared to the N2 
wild-type strain using two-sample r-test.
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Table 2.2 Transgenic mutants have decreased rotenone-sensitive NADH-dependent 
oxygen consumption rates.

Strain Oxygen consumption rate“

N2 187 ±45 (100%)

A352V 70 ± 20 (37%)*

T434M 97 ± 21 (52%)*

A443F 43 ± 24 (23%)*

“Values are expressed as nmol 0 2 min'1 mg protein'1 and represent the means ± SD of a 
minimum of five trials. *P<0.02 compared to the N2 wild-type strain using a two-sample 
r-test.
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Table 2.3 Transgenic mutants suffer from lactic acidosis.

Strain [Lactate3] [Pyruvate3] Lactate/Pyruvate

N2 1.3 ±0.31 0.103 ±0.005 12 ±3.1

A352V 3.6 ±0.77 0.090 ± 0.008 40 ± 9.3**

T434M 2.5 ±0.76 0.061 ± 0.008 40 ± 14*

A443F 4.4 ±1.7 0.057 ±0.011 77 ± 34**

“Values are expressed in mM and represent the means ± SD of a minimum of four trials. 
*P<0.05, **P<0.01 compared to the wild-type strain using a two-sample /-test.
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Table 2.4 Supplementation can decrease lactate/pyruvate ratios.

Strain Supplement [Lactate2] [Pyruvate3] Lactate/Pyruvate

A352V none 3.6 ± 0.77 0.090 ±0.008 40 ± 9.3

A352V NaDCAb 3.01 ± 0.05 0.138 ±0.004 21.8 ±0.7**

A352V riboflavin 3.16 ±0.03 0.089 ±0.009 36 ± 3.6

A443F none 4.4 ±1.7 0.057 ±0.011 77 ±34

A443F NaDCA 1.92 ± 0.04 0.091 ± 0.005 21 ± 1.9**

A443F riboflavin 2.86 ± 0.08 0.123 ±0.018 23 ± 3.5**

“Values are expressed in mM and represent the means ± SD of a minimum of four trials. 
bNaDCA, sodium dichloroacetate. **P<0.01 compared to the unsupplemented sample 
using a two-sample r-test.
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Table 2.5 Electron transport chain assays.

Assaya N2 A352V T434M A443F

Ib 81 ± 5 24 ± 4 ** (30%)c 36 ±3** (44%) 26 ± 4** (32%)

nd 132 ± 9 97 ±7*  (73%) 119 ± 5  (90%) 101 ±9* (77%)

nr 58 ± 4 46 ± 2 (79%) 71 ± 5*  (122%) 44 ±4*  (76%)

n+mf 54 ± 4 43 ± 3 (80%) 76 ± 3*  (141%) 35 ±4*  (65%)

Gip+m8 24 ±1 19 ± 1 (79%) 25 ± 2  (104%) 11 ±2** (46%)

IVh 58 ± 4 27 ±3** (47%) 44 ± 3*  (76%) 33 ±3** (57%)

aEnzyme activities (nmol substrate min'1 mg'1 protein) are means ± SD. A minimum of 
five trials were performed for each assay and strain. bComplex I function was measured 
as the rotenone-sensitive NADH-decylubiquinone reductase activity. “Numbers in 
parentheses represent percent activity with respect to the wild-type (N2) value. dComplex
II function was measured as the malonate-sensitive succinate-dichlorophenolindophenol 
reductase activity. 'Complex HI function was measured as the antimycin A-sensitive 
decylubiquinol-cytochrome c reductase activity. ‘The combined function of complexes II 
and HI were measured as the antimycin A-sensitive succinate-cytochrome c reductase 
activity. T’he combined function of the glycerol-phosphate dehydrogenase and complex
III was measured as the antimycin A-sensitive glycerol-l-phosphate-cytochrome c 
reductase activity. hComplex IV function was measured as the cyanide-sensitive 
cytochrome c oxidase activity. *P<0.01, **P<0.001 compared to N2 wild-type activity 
using two-sample r-test.
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Figure 2 3  Phenotypic characterization of transgenic m utant strains. (A) Brood size 
measurements. Transgenic animals were allowed to lay their eggs at 20 °C and hatched 
and unhatched progeny were counted. Values are the average of 24 broods counted. (B) 
Life-span measurements. Animals were monitored daily and scored as dead when they 
no longer responded to gentle prodding on the head. Measurements were conducted at 20 
°C. Values are the averages of 24 animals. (C) Developmental time to the L4 stage. 
Animals were monitored every 12 h and were scored as L4 larvae when the crescent­
shaped immature vulval structure was observed. All P-values are derived from a two- 
sample f-test. *, P<0.05, **, P<0.01 compared to wild-type N2 strain.
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Figure 2.4 Nomarski photographs of posterior gonad arm s of wild-type and 
transgenic m utant animals cultured a t 20 °C. (A) N2, late L4; (B) A352V, late L4; 
(C) T434M, late L4; (D) A443F, late L4; (E) N2, 1 d-old adult; (F) A352V, 1 d-old 
adult; (G) T434M, 1 d-old adult; (H) A443F, 1 d-old adult. Bars = 14 pim. Syncytial 
germline nuclei in the gonad arms and embryos are indicated with solid and open arrows, 
respectively.
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Figure 2.5 Nomarski photographs of the head regions of wild-type and m utant 
animals. (A) N 2 ,1 d-old adult; (B) A352V, 1 d-old adult; (C) T434M, 1 d-old adult; (D) 
A443F, 1 d-old adult; (E) N 2,4 d-old adult; (F) A352V, 4 d-old adult; (G) T434M, 4 d- 
old adult; (H) A443F, 4 d-old adult. Bars = 15 /tm. The metacorpus of the pharynx and 
examples of vacuolar structures are indicated with solid and open arrows, respectively.
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Figure 2.6 Transgenic mutants show the presence of TUNEL-positive cells.
Photographs on the left are Nomarski images of the posterior gonad region of 1-d old 
adult hermaphrodites treated with fluorescein label using the TUNEL reaction, with the 
corresponding fluorescence images on the right. (A) N2; (B) N2 pre-treated with DNase 
I; (C) A352V; (D) A443F.
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Figure 2.7 Brood size analyses of wild-type and transgenic mutant animals in the 
presence or absence of supplements. Only hatched progeny were scored. A minimum 
of 12 replicates was conducted for each strain and supplementation condition. (A) N2; 
(B) A352V; (C) T434M; (D) A443F. **, P<0.01, ***, P<0.001 compared to 
corresponding unsupplemented sample. All P-values are derived from a two-sample t- 
test.
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Figure 2.8 Analysis of cytochrome c oxidase activity and assembly in mutants and 
wild-type. Cytochrome c oxidase activity appears as a dark stain and is seen 
predominantly in the pharyngeal muscles and intestine, with some staining in the body 
wall muscles. Anterior and central regions of nematodes are shown. As a control, N2 
animals were also treated with 10 mM KCN (N2 + inh) to inhibit COX activity. (A) 
Staining of L3-staged animals. Bars = 12 fxm. (B) Staining of L4-staged animals. Bars 
= 15 /xm. (C) Western blot analysis of whole-animal lysates showing relative amounts of 
COXI protein. Each lane represents the proteins from approximately 5,000 animals. The 
blot was stripped and re-probed with antiserum against ATP-2. COXI levels were 
quantified by densitometry and normalized to ATP-2 levels. The relative abundances of 
COXI are indicated.
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Figure 2.9 The effects of oxidative stress on wild-type and transgenic m utant strains.
Survival was scored after 5 days and was defined as the percentage of LI larvae that 
developed into adults. A minimum of 50 animals was scored. Each value is the mean of 
five trials. (A) LI larvae were placed onto seeded NGM plates and incubated at 22 °C in 
either atmospheric (gray bars) or 100% oxygen (black bars). (B) LI larvae were placed 
onto seeded NGM plates with no (gray bars) or 0.2 mM paraquat (black bars) and 
incubated at 20 °C. (C) LI larvae were placed onto seeded NGM plates and incubated at 
22 °C in 100% oxygen without added supplement (black bars), with 5 /ig/ml sodium 
dichloroacetate (light gray bars), or with 1 /ig/ml riboflavin (dark gray bars). (D) LI 
larvae were placed onto seeded NGM plates with 0.2 mM paraquat without added 
supplement (black bars), with 5 /ig/ml sodium dichloroacetate (light gray bars), or with 1 
/ig/ml riboflavin (dark gray bars). P-values were derived using two-sample r-test. *, 
P<0.05, **, P<0.01, ***, P<0.001 compared to wild-type in (A) or (B) or to the non­
supplemented control in (C) or (D).
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Chapter 3

Riboflavin Enhances the Assembly of Mitochondrial 

Complex IV in C. elegans Complex I Mutants
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3.1 Introduction

The best-known function of mitochondria is to provide cellular energy via the 

process of oxidative phosphorylation (OXPHOS). OXPHOS is mediated by the 

mitochondrial respiratory chain (MRC), which is composed of four membrane-bound 

electron-transporting protein complexes (I-IV) that generate a proton gradient across the 

mitochondrial inner membrane, and the ATP synthase (complex V) that utilizes the 

proton gradient for ATP generation. Defects in one or more MRC complex impairs 

OXPHOS and can result in mild to severe disease or even lethality. Deficiency in 

complex I, the NADH-ubiquinone oxidoreductase, is the most prevalent form of MRC 

dysfuntion (Robinson, 1998; Loeffen et al., 2000; Shoubridge, 2001b; Scaglia et al., 

2004). Mammalian complex I is the largest respiratory chain complex, composed of at 

least 46 subunits, seven of which are encoded in the mitochondrial DNA (mtDNA; 

Attardi and Schatz, 1988; Carroll et al., 2003). The complex contains a flavin 

mononucleotide (FMN) co-factor that serves as the entry point for electrons from NADH 

oxidation and up to eight iron-sulfur clusters that facilitate electron transfer through the 

enzyme (Walker, 1992; Ohnishi, 1998; Yano, 2002; Yagi and Matsuno-Yagi, 2003). 

Electron transfer from NADH to ubiquinone is coupled to vectorial proton movement 

across the inner membrane (Schultz and Chan, 2001). Complex I dysfunction is linked to 

cardiomyopathies, encephalomyopathies, and neurodegenerative disorders such as 

Parkinson’s disease and Leigh syndrome (Robinson, 1998; Smeitink and van den Heuvel, 

1999; Shoubridge, 2001b).

The exact pathophysiological mechanisms involved in most mitochondrial diseases 

remain poorly understood. To better describe the bioenergetic and biochemical
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consequences of MRC dysfunction, we developed a Caenorhabditis elegans model of 

complex I deficiency (Tsang et al., 2001; Grad and Lemire, 2004). C. elegans complex I 

is composed of at least 40 subunits, many of which share very high sequence identity to 

their human homologues (Tsang and Lemire, 2003; Gabaldon et al., 2005). Our 

nematode strains express missense mutations in the nuclear-encoded nuo-1 gene, the 

nematode orthologue of the human NDUFV1 gene (Grad and Lemire, 2004). The nuo-1 

and the NDUFV1 genes encode the 51-kDa subunit of complex I, which carry the 

NADH-binding site, an FMN cofactor, and an iron-sulfur cluster. Patients with 

mutations in the NDUFV1 gene present with a myriad of symptoms, including hypotonia, 

myoclonic epilepsy, brain atrophy, macrocystic leukodystrophy, acute metabolic acidosis, 

and Leigh syndrome (Schuelke et al., 1999; Benit et al., 2001; Schuelke et al., 2002). 

We created nematode strains expressing the single amino-acid substitutions in the NUO-1 

protein: A352V, T434M, or A443F. These mutants demonstrate hallmark features of 

complex I dysfunction such as lactic acidosis and decreased NADH-dependent 

respiration. In addition, we noted specific catalytic deficiencies in complexes I and IV, 

particularly in the more severe A352V and A443F mutants (Grad and Lemire, 2004).

A variety of pharmacological agents have been used to treat MRC dysfunction, 

although there is little solid evidence supporting their use (Taylor et al., 1997; Chinnery 

and Turnbull, 2001). Riboflavin produced significant beneficial effects, as measured by 

increased fertility, in all three nuo-1 mutants (Grad and Lemire, 2004). Interestingly, 

riboflavin (vitamin B2) has previously been associated with the successful treatment of 

complex I deficiency (Arts et a l,  1983; Roodhooft et al., 1986; Bemsen et al., 1991; 

Penn et al., 1992). Riboflavin is a precursor to the flavin cofactors FMN and FAD
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(flavin adenine dinucleotide), which serve as coenzymes for numerous reactions 

involving one and two-electron oxidation-reduction reactions. Complex I utilizes FMN 

as the initial electron acceptor during the oxidation of NADH. Another important, 

riboflavin-dependent, metabolic reaction is catalyzed by the pyruvate dehydrogenase 

complex (PDHC), an FAD-containing enzyme that oxidizes pyruvate to acetyl-coenzyme 

A. This reaction is the major source of substrate for the Krebs cycle. If PDHC activity is 

low, pyruvate generated by glycolysis can accumulate and be converted to lactate, 

resulting in lactic acidosis. Riboflavin supplementation of complex I-deficient worms 

may also stimulate PDHC activity and the Krebs cycle; this is consistent with the marked 

attenuation of lactic acidosis by riboflavin we noted in the A443F mutant (Grad and 

Lemire, 2004).

Mutations leading to complex I deficiency may be localized to either nuclear or 

mtDNA-encoded complex I genes, or in genes encoding chaperone-like proteins that 

mediate the assembly of subunits and cofactors into the holoenzyme (Antonicka et al., 

2003; Hofhaus and Attardi, 1993; Petruzzella et a l ,  2001; Triepels et al., 2001b). In 

contrast, clinical deficiency of cytochrome c oxidase is almost never a result of mutation 

in one of its structural subunits, but rather is a result of an assembly factor defect (Pecina 

et al., 2004; Shoubridge, 2001a).

To better understand the molecular bases of pathogenic complex I mutations, we 

have investigated the assembly and catalytic function of complexes I and IV in C. 

elegans nuo-1 mutants. Here, we report assembly defects for both complexes and that 

these assembly defects are responsive to riboflavin, leading to enhanced catalytic 

performance. Thus, key mechanisms of pathogenesis for nuo-1 mutations are the
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destabilization of complex I and the impaired assembly of complex IV. We suggest that 

the complex IV assembly defects are indirectly corrected by riboflavin supplementation, 

since complex IV is not a flavoprotein.
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3.2 Materials and Methods

3.2.1 Strains

Worms were cultured as described (Lewis and Fleming, 1995). We used the following C. 

elegans strains: N2 (Bristol) wild type; LB25, nuo-l(ua-l)  II, unc-119(ed3) III, 

wa£x25[p016bA352V]; LB26, nuo-l(ua-l) II, unc-119(ed3) HI, «a/s26[p016bT434M]; 

LB27, nuo-l(ua-l) II, unc-119(ed3) HI, uaExl7[p016bA443F] (Grad and Lemire, 2004). 

Worms cultured in liquid medium were supplemented with 1 pg/ml riboflavin with 

additional riboflavin added every second day until harvested.

3.2.2 Electrophoresis and Western Blot Analyses

Mitochondria were isolated as previously described (Grad and Lemire, 2004). Fifty jig of 

mitochondrial protein were solubilized in gel-loading buffer and resolved by 

electrophoresis on sodium dodecyl sulfate (SDS) polyacrylamide gels (10% or 12% 

acrylamide) (Tsang et al., 2001). Proteins were transferred electrophoretically to 

nitrocellulose or polyvinylidene fluoride membranes. Blots were treated with rabbit 

polyclonal antisera against the bovine 51-kDa subunit (a gift from Dr. M. Yamaguchi, 

USA), the N. crassa TYKY subunit (a gift from Dr. F. Nargang, Canada), or the S. 

cerevisiae Atp-2p (Dibrov et al., 1998). Mouse monoclonal antisera against the human 

NDUFS3 protein (30-kDa complex I subunit) or COXI (MitoSciences, Eugene, Oregon) 

were also used. For development, blots were treated with peroxidase-labeled goat anti­

rabbit or goat anti-mouse secondary antibodies. The Enhanced Chemiluminescence 

Western Blotting System (Amersham Biosciences, Buckingham, UK) or the Super Signal 

West Femto Maximum Sensitivity Substrate (Pierce Biotechnology, Inc., Rockford, IL) 

were used for detection. Signal quantification was performed with the BioRad Gel Doc
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1000 Image Analysis System and Molecular Analysts software (BioRad Laboratories, 

Hercules, CA).

3.2.3 Native Gel Electrophoresis and Histochemical Staining

Blue native gradient gels (4-13% for complex I analysis; 5-15% for complex IV analysis) 

were loaded with 300 pg mitochondrial protein as described (Schagger and von Jagow,

1991). Following electrophoresis, NADH dehydrogenase activity was detected by 

incubating gels in 20 ml 50 mM Tris-HCl, pH 7.4 containing 0.5 mM tetranitroblue 

tetrazolium and 5 mM NADH at 37 °C for 80 min in the dark with gentle rocking. For 

the detection of cytochrome c oxidase activity, gels were incubated in 20 ml 50 mM Tris- 

HCl, pH 7.4 containing 0.1% 3,3’-diaminobenzidine, 0.1% cytochrome c, 0.02% catalase 

at 37 °C for 90 min in the dark with gentle rocking. Gels used for Western blot analysis 

were incubated in 20 mM Tris-base, 150 mM glycine, 20% (v/v) methanol, 0.08% (w/v) 

SDS for 10 min before electrophoretic transfer to Immobilon-P membranes (Millipore 

Corp., Billerica, MA; Dekker et al., 1997). Following transfer, excess stain was removed 

as described (Nijtmans et al., 2002).

3.2.4 MRC Assays

Enzymatic activities were measured on an Ultrospec 2000 spectrophotometer (Pharmacia 

Biotech, Cambridge, UK) as described (Birch-Machin and Turnbull, 2001). Rotenone- 

sensitive, NADH-decylubiquinone oxidoreductase activity was measured at 340 nm using 

65 pM  2,3-dimethoxy-5-methyl-6-n-decyl-1,4-benzoquinone as electron acceptor, 2 

pg/ml antimycin A, 0.13 mM NADH. Rotenone was added to 2 pg/ml. Cytochrome c 

oxidase activity was measured at 550 nm using 15 pM cytochrome c as electron acceptor 

in the presence of 0.45 mM lauryl maltoside. Potassium cyanide was added to 1 mM.

138

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



3.3 Results

3.3.1 Steady-state Levels o f Complexes I and IV  are Reduced in nuo-1 Mutants

We investigated the steady-state levels of complexes I and IV in mitochondria 

isolated from wild-type C. elegans and from three complex I-deficient strains: LB25, 

LB26, and LB27. LB25 and LB27 carry extrachromosomal transgenic arrays expressing 

the A352V and A443F nuo-1 alleles, respectively. LB26 carries an integrated transgene 

encoding the T434M nuo-1 mutation. The relative abundance of three complex I 

subunits was determined by Western blot analysis. We observed severe reductions in the 

amounts of NUO-1 protein (51-kDa subunit), moderate reductions in the amounts of 30- 

kDa subunit, but no reduction in the amounts of TYKY (23-kDa) subunit in the mutants 

(Figure 3.1, Table 3.1). The steady-state level of the mtDNA-encoded COXI subunit of 

complex IV also showed a moderate reduction. No differences were observed in the 

steady-state levels of the complex V subunit, ATP-2. The nuo-1 mutations differentially 

affect the steady-state levels of individual complex I subunits and affect the levels of at 

least one subunit in complex IV.

We investigated the effects of riboflavin supplementation on the steady-state levels 

of the complex I and complex IV subunits in the strains carrying the two most severe 

alleles, LB25 and LB27. Mitochondria from the riboflavin-supplemented strains showed 

significant increases in the relative abundance of NUO-1 protein, increasing to 74% and 

72% of wild type, respectively (Figure 3.1, Table 3.2). Surprisingly, COXI levels were 

also elevated by supplementation with riboflavin, increasing to 85% and 83% of wild 

type, respectively (Figure 3.1, Table 3.2). The steady-state levels of the 30-kDa and 23- 

kDa complex I subunits and of the ATP-2 subunit were not affected by riboflavin. These
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data indicate that riboflavin differentially affects the steady state-levels of individual 

complex I subunits. In addition, riboflavin modulates the levels of COXI, a subunit of 

complex IV, which does not contain a flavin cofactor.

3.3.2 nuo-1 Mutations Impair MRC Complex Assembly

To determine how the reduced steady-state levels of MRC subunits affect the 

amounts of fully assembled complexes, we resolved mitochondrial proteins by blue 

native gel electrophoresis (BN-PAGE). The gels were stained for NADH dehydrogenase 

activity, an activity that is present in complex I holoenzyme and in some sub-complexes 

(Ugalde et al., 2004a). A species with high levels of NADH dehydrogenase activity that 

migrates with an apparent molecular weight of ~950-kDa was detected in wild type 

mitochondria; it most likely corresponds to complex I holoenzyme (Figure 3.2A). Much 

lower levels of NADH dehydrogenase activity are associated with the 950-kDa species in 

mitochondria from LB25, LB26, or LB27. In addition, LB25 and LB26 mitochondria 

contain complexes with significant NADH dehydrogenase activity migrating at -640- 

kDa and ~600-kDa, respectively. These smaller species are absent from wild-type 

mitochondria. LB27 mitochondria do not contain detectable NADH-dehydrogenase 

activity in the 600-640-kDa range. In mitochondria from riboflavin-supplemented LB25 

and LB27, there is a significant increase in the amount of NADH dehydrogenase activity 

at -640 kDa (Figure 3.2A). However, riboflavin supplementation does not increase the 

activity associated with the -950-kDa species.

To confirm that the high molecular weight NADH dehydrogenase-active species are 

in fact related to complex I, we used Western blot analysis with an antiserum directed 

against the bovine 51-kDa subunit, which cross-reacts with C. elegans NUO-1. In wild-
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type mitochondria, we detected a strong but diffuse signal centered at ~l-MDa, which 

corresponds closely to the position of the -950-kDa NADH dehydrogenase-active species 

(Figure 3.2B). This confirms that the C. elegans complex I is -950 kDa in size, similar 

to mammalian complex I. Immunologically-detectable, high molecular weight species 

containing NUO-1 are considerably less abundant in LB26 and almost absent in LB25 

and LB27. This is in agreement with the steady-state levels of NUO-1 determined by 

Western blot analysis after denaturing gel electrophoresis (Figure 3.1). The diffuse 

NUO-1-specific signal in LB26 mitochondria is shifted towards smaller molecular 

weights, being centered at -800-kDa. This suggests the -800-kDa signal either 

represents a complex I sub-complex or that the holoenzyme is unstable during 

electrophoresis. Mitochondria from riboflavin-supplemented LB25 and LB27 

demonstrate significant increases in NUO-1-specific signal. The NUO-1-specific signal 

in these samples is even more diffuse and is found as far down as -550-kDa (Figure 

3.2B). The signal by Western blot overlaps with the position of the -640-kDa species 

seen by NADH dehydrogenase activity staining, strongly suggesting that this species is a 

NUO-1-containing assembly intermediate of complex I.

We also investigated the assembly of complex IV in the nuo-1  mutants. 

Mitochondrial proteins were separated by blue native gel electrophoresis and the gels 

stained for cytochrome c oxidase activity. Wild-type mitochondria contain five distinct 

cytochrome c oxidase-active species (Figure 3.3). A major species with an apparent 

molecular weight of 210-kDa, likely representing monomeric complex IV, appears first 

during the staining reaction. Minor species of 130-, 165-, 270-, and 420-kDa, the latter 

likely representing dimeric complex IV, appear later during the in-gel staining reaction.
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Mitochondria from the LB25, LB26, and LB27 mutants all produce different staining 

patterns. The 130-, 210-, and 270-kDa species are present in all three mutants, although 

their staining intensities are variably reduced compared to wild type. Complex IV dimer 

(420-kDa species) is only weakly detected in LB25 and LB27 mitochondria and appears 

absent in LB26. The 165-kDa species is absent in all three mutants; instead, an alternate 

species with an apparent molecular weight of ~160-kDa is present. Finally, a smaller 

additional species at ~120-kDa is present in the mutants but not in wild-type.

We further examined the effects of riboflavin on the assembly of complex IV 

because the mutant strains showed riboflavin-responsive increases in the steady-state 

level of COXI (Figure 3.1). The most obvious riboflavin-dependent effect is the 

disappearance of the 120-kDa species from the mutants, making the cytochrome c 

oxidase staining patterns more closely resemble that of wild-type. However, the 160-kDa 

species remains intact, as opposed to the 165-kDa species seen in the wild-type. The 

overall cytochrome c oxidase staining intensities of the mutant mitochondria are 

consistently increased by riboflavin, suggesting complex IV assembly and/or stability is 

enhanced by the vitamin. Our analysis has revealed the presence of aberrant cytochrome 

c oxidase complexes in nuo-1 mutants and the abundance of some of these is responsive 

to riboflavin supplementation.

3.3.3 Riboflavin Increases the Activities o f Complexes I  and TV

The in-gel activity staining suggests that riboflavin increases the amounts of 

assembled, active complexes I and IV. However, the in-gel assays are only semi- 

quantitative. We measured the rotenone-sensitive, NADH-decylubiquinone reductase 

activities in LB25 and LB27 mitochondria; as reported previously, these are
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approximately 30% of the wild-type (Figure 3.4A; Grad and Lemire, 2004). 

Mitochondria isolated from riboflavin-supplemented cultures contain more than twice the 

amount of complex I activity (Figure 3.4A). Likewise, the cyanide-sensitive cytochrome 

c oxidase activities of LB25 and LB27 mitochondria are ~50% of wild type levels (Figure 

3.4B). The activities also increase substantially when the strains are cultured in the 

presence of riboflavin.
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3.4 Discussion

We have modeled pathogenic human complex I mutations in C. elegans in an effort 

to elucidate the biochemical and bioenergetic mechanisms by which MRC dysfunction 

leads to disease. Our previous study suggested that mutations in complex I cause 

pathology in at least three ways: 1) A reduced ability to oxidize NADH perturbs the 

redox balance of the cell and impairs other metabolic pathways. 2) There is an 

acceleration of the rate of oxygen free-radical generation that leads to oxidative stress. 3) 

Impaired OXPHOS results in an energy deficit. In this work, we have extended our 

understanding of these complex I mutations by investigating their effects on the assembly 

and activity of complexes I and IV. In addition, we have revealed an unexpected effect 

of riboflavin on the assembly of the cytochrome c oxidase complex.

A key result of our investigation is the clear demonstration of reduced levels of 

complex I holoenzyme in nuo-1 mutants. Similar observations have been reported for 

human complex I mutations affecting a variety of nuclear or mtDNA-encoded subunits 

(Hofhaus and Attardi, 1993; Triepels et al., 2001a; Antonicka et al., 2003; Scacco et al., 

2003; Ugalde et al., 2003; Ugalde et al., 2004a). Of the complex I subunits we 

investigated, the NUO-1 protein itself showed the greatest reduction in steady-state 

levels. The A352V, T434M, and A443F mutations we introduced into the nuo-1 gene 

affect conserved residues. We believe these residues are important for protein folding 

and that newly-synthesized mutant NUO-1 protein is more often degraded than 

assembled into the holoenzyme. The A352, T434, and A443 residues are not located in 

the cofactor-binding motifs identified by sequence analysis, but we do not have sufficient
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high resolution structural information to eliminate a role for them in cofactor binding 

(Walker, 1992).

Unlike bovine or human complex I, there is no information on the localization of 

specific subunits in the C. elegans complex I holoenzyme. There is, however, mounting 

evidence that mammalian complex I is assembled from a series of modules or sub­

complexes (Friedrich and Bottcher, 2004). Both the 30-kDa and the 23-kDa subunits are 

located within the peripheral arm of complex I and more specifically with the IX fraction, 

the same sub-complex that contains the 51-kDa subunit (Carroll et al., 2003; Ugalde et 

al., 2004b). The mutations in C. elegans nuo-1 affect the steady-state level of the 30-kDa 

subunit, but not of the 23-kDa subunit. This suggests that the stability or assembly of 

certain sub-complexes is compromised in the mutants, leading to the loss of specific 

subunits. Very little is known about the 30-kDa subunit, as it contains no redox 

cofactors, while the 23-kDa subunit is believed to house two iron-sulfur clusters (Walker,

1992). Models for the assembly of mammalian complex I have been proposed, but the 

models are incomplete or insufficiently detailed to allow us to suggest why the levels of 

30-kDa and 23-kDa subunits are differentially affected by the nuo-1  mutations 

(Antonicka et al., 2003; Ugalde et al., 2004b; Vogel et al., 2004). Due to the small 

number of available antibodies against C. elegans complex I subunits, more detailed 

investigations into the assembly and localization of NUO-1 are severely restricted.

We recognized that the NADH dehydrogenase activity stain and corresponding a- 

NUO-1-specific signal (Figure 3.2A, B) do not always coincide in intensity or location 

for some nuo-1 mutants. It should be noted that each assay visualizes complex I 

assembly at a different temporal stage and that variability in complex I stability in nuo-1
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mutants over time may account for random differences in activity staining and/or a- 

NUO-1-specific signal intensity and location. This could also explain similar 

inconsistencies between the intensity of NADH dehydrogenase activity staining and the 

levels of rotenone-sensitive NADH-decylubiquinone oxidoreductase activity (Figure 

3.4A) in different nuo-1 mutant mitochondria. It should also be noted that the two assays 

measure NADH oxidation in fundamentally different manners, thus their results might 

not always coincide.

With respect to complex I subunits, the beneficial effects of riboflavin are limited to 

the NUO-1 protein. This is perhaps not surprising since it is the NUO-1 subunit that 

carries the FMN cofactor and it is well known that ligands can promote protein folding or 

stabilize folded proteins. Supplementation with riboflavin likely results in increased 

availability of FMN leading to enhanced rates of NUO-1 folding to a more stable 

cofactor-bound form and of assembly into stable sub-complexes. The appearance of 

lower molecular weight assembly intermediates and the continued low abundance of 30- 

kDa subunit in riboflavin-supplemented mutant mitochondria indicate that stabilizing and 

assembling NUO-1 into sub-complexes is not sufficient to entirely correct the assembly 

defects. It does emphasize the importance of further studying the assembly pathways of 

MRC enzymes for diagnosing and treating mitochondrial disease.

Although we have identified aberrant assembly of complex IV as contributing to the 

nuo-1 mutant phenotypes, we have not determined the mechanism by which this occurs. 

Patients with mutations in the NDUFS2 and NDUFS4 subunits of complex I presented 

with a decreased level of complex IH dimer (Ugalde et a l, 2004a). These observations 

suggest that a physical interaction between complexes I and HI may exist. This is
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supported by genetic evidence where a mutation in cytochrome b of complex III produces 

a combined deficiency in complexes I and IE (Lamantea et al., 2002). A supercomplex 

comprising complexes I and HI and up to four copies of complex IV has been detected in 

mammalian mitochondria (Schagger and Pfeiffer, 2000). In fact, almost all the complex I 

was found associated with complex IE. Our previous investigations did not identify a 

consistent effect of the nuo-1 mutations on complex III activity (Grad and Lemire, 2004). 

Under certain detergent conditions, a direct interaction between complexes I and IV 

without complex III was detected (Schagger and Pfeiffer, 2000). A combined deficiency 

in complexes I and IV has been reported but the precise molecular lesion is unknown 

(Roodhooft et al., 1986). Complex I deficiency may destabilize complex IV by 

preventing or diminishing the formation of supercomplexes. Alternatively, complex I 

dysfunction may indirectly affect assembly of complex IV through altered expression of 

complex IV subunits, including isoforms, or of complex IV assembly factors. These 

altered expression patterns may account for the relatively small size differences seen in 

complex IV species by BN-PAGE. Finally, complex I deficiency may result in a lower 

membrane potential across the mitochondrial inner membrane, which is necessary for 

complex IV assembly (Herrmann et al., 1995). Riboflavin likely exerts its beneficial 

effects on complex IV indirectly, by enhancing complex I assembly or stability.

In conclusion, we have shown that the catalytic deficiencies of complexes I and IV 

observed in C. elegans nuo-1 mutants are due to their impaired assembly or stability. 

NUO-1 mutants have reduced levels of fully assembled complex I, and lower molecular 

weight assembly intermediates. Riboflavin supplementation stabilizes the steady-state 

levels of NUO-1, thereby increasing the abundance of fully assembled complex I and of
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specific assembly intermediates. NUO-1 mutants also demonstrate aberrant complex IV 

assembly patterns, which are partially corrected by riboflavin. We suggest that the 

effects of riboflavin are profound because this vitamin improves the activities of both 

complex I and IV, which in turn leads to reduced oxidative stress and lactic acidosis and 

increased metabolic function.
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Table 3.1 Relative steady-state levels of MRC proteins.

Protein N2 LB25 LB26 LB27

NUO-1 1.00 0.29 ±0.05* 0.75 ± 0.07* 0.45 ±0.04*

23-kDa 1.00 0.97 ±0.03 0.99 ±0.02 0.97 ±0.02

30-kDa 1.00 0.71 ±0.02* 0.84 ±0.02* 0.72 ±0.05*

COXI 1.00 0.58 ±0.03* 0.86 ±0.04* 0.66 ±0.03*

ATP-2 1.00 1.00 ±0.02 1.01 ±0.02 1.00 ±0.03

Reported values are normalized to levels in the wild-type N2. Values are means ± SD of 
a minimum of three experiments. *, P<0.05 using two-sample r-test, compared to N2 
wild-type value.
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Table 3.2 Effects of riboflavin on protein steady-state levels.

Protein LB 25 LB25+Rb LB27 LB27+Rb

NUO-1 0.29 ±0.05 0.74 ± 0.04* 0.45 ±0.04 0.72 ± 0.03*

23-kDa 0.97 ±0.03 0.98 ±0.02 0.97 ±0.02 0.99 ±0.01

30-kDa 0.71 ±0.02 0.73 ±0.01 0.72 ±0.05 0.76 ± 0.04

COXI 0.58 ±0.03 0.85 ±0.04* 0.66 ±0.03 0.83 ± 0.04*

ATP-2 1.00 ±0.02 1.02 ±0.05 1.00 ±0.03 0.99 ±0.01

Reported values are normalized to levels in the wild-type N2. Values are means ± SD of 
a minimum of three experiments. *, P<0.05 using two-sample r-test, compared to the 
corresponding unsupplemented strain.
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Figure 3.1 Steady-state levels of MRC proteins a re  dim inished in m utant 
m itochondria. 50 jig of isolated mitochondria from the wild-type (N2) or the nuo-1 
mutants LB25-LB27 were loaded into each lane and specific subunits of complexes I, IV, 
and V were detected by Western blot analysis. Rb, mitochondria were isolated from 
strains cultured in the presence of 1 pg/ml riboflavin.
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Figure 3.2 Complex I assembly is impaired in nuo-1 m utant mitochondria. (A )
Mitochondrial proteins (300 pig) were resolved by BN-PAGE and the gel stained for 
NADH dehydrogenase activity. (B) Mitochondrial proteins were resolved by BN-PAGE 
and the gel was transferred for Western blot analysis with polyclonal antiserum against 
the bovine 51-kDa subunit of complex I. Rb, mitochondria were isolated from strains 
cultured in the presence of 1 ptg/ml riboflavin; C I, fully assembled complex I 
holoenzyme; *, mutant-specific assembly intermediates.
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Figure 3.3 Complex IV assembly is impaired in nuo-1 mutant mitochondria.
Mitochondrial proteins (300 (ig) were resolved by BN-PAGE and the gel stained for 
cytochrome c oxidase activity. Rb, mitochondria were isolated from strains cultured in 
the presence of 1 p.g/ml riboflavin; C IV(m), monomeric complex IV; C IV(d), dimeric 
complex IV; *, mutant-specific assembly intermediates.
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Figure 3.4 Riboflavin increases the enzyme activities of complexes I and IV in nuo-1 
mutants. (A) Complex I activity was measured as the rotenone-sensitive NADH- 
decylubiquinone oxidoreductase activity. (B) Complex IV was measured as the cyanide- 
sensitive oxidation of reduced cytochrome c. Reported values are means of four 
independent trials. Black bars represent activities in mitochondria of strains grown in the 
absence of riboflavin; white bars represent activities of strains cultured in the presence of 
1 jJ.g/ml riboflavin. *, P<0.05 compared to corresponding unsupplemented sample using 
a two-sample r-test.
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Chapter 4

A New Pathway for Lactate Oxidation in the Treatment 

of Lactic Acidosis and Mitochondrial Dysfunction in 

Complex I-deficient Mutants of C. elegans

A version of this chapter has been submitted for publication. Grad, L.I., Sayles, L.C., and 

Lemire, B.D. (2005) Proc. Natl. Acad. Sci. USA.
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4.1 Introduction

Mitochondrial dysfunction occurs with an estimated incidence of 1 in 10,000 live 

births and is often caused by a deficiency in complex I, the NADH-ubiquinone 

oxidoreductase (Meulemans et a l, 2004; Robinson, 1998; Scaglia et a l, 2004; Triepels et 

al., 2001). Mammalian complex I, embedded in the mitochondrial inner membrane, is 

the largest respiratory chain complex, composed of at least 46 subunits, seven of which 

are encoded in the mitochondrial DNA (mtDNA; Carroll et al., 2003; Gabaldon et al., 

2005). The complex contains a flavin mononucleotide (FMN) cofactor, which serves as 

the first electron acceptor upon NADH oxidation. It also contains up to eight iron-sulfur 

clusters that mediate electron transfer through the enzyme to ubiquinone, the final 

electron acceptor (Walker, 1992; Yagi and Matsuno-Yagi, 2003; Yano, 2002). Electron 

transfer from NADH to ubiquinone is coupled to proton pumping across the 

mitochondrial inner membrane and the formation of a proton gradient that is utilized by 

the ATP synthase (complex V) to generate ATP. Complex I dysfunction is associated 

with myopathies, encephalomyopathies, and neurodegenerative disorders such as 

Parkinson’s disease and Leigh syndrome (Robinson, 1998; Shoubridge, 2001; Smeitink et 

a l, 1998; Triepels et al., 2001). Currently, there are no cures for diseases resulting from 

mitochondrial respiratory chain dysfunction (DiMauro et al., 2004; Smith et al., 2004).

To better understand the molecular mechanisms of pathogenesis of mitochondrial 

dysfunction, we developed a Caenorhabditis elegans model of complex I deficiency 

(Grad and Lemire, 2004). The nuo-1 gene is the nematode ortholog of the human 

NDUFV1 gene; they encode the 51-kDa subunit of complex I, which forms the active site 

for NADH oxidation and contains FMN and iron-sulfur cluster cofactors (Tsang et al.,
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2001). Modified nuo-1 genes containing the missense mutations A352V, T434M, or 

A443F were introduced into a nematode strain with a nuo-1 deletion background (Grad 

and Lemire, 2004). The resulting transgenic strains demonstrate hallmark features of 

complex I dysfunction such as lactic acidosis and decreased NADH-dependent 

mitochondrial respiration. The lactic acidosis can be significantly alleviated with the 

pharmacological agents, riboflavin or sodium dichloroacetate. Sodium dichloroacetate is 

an activator of the pyruvate dehydrogenase complex and stimulates the entry of pyruvate 

into the Krebs cycle. Riboflavin, or vitamin B2 is a precursor for the flavin cofactors 

FMN and FAD and may stimulate complex I and the pyruvate dehydrogenase complex, 

which are both flavoproteins. Riboflavin and sodium dichloroacetate produce significant 

improvements in mutant fitness, suggesting that the redox imbalance and subsequent 

lactic acidosis are key pathogenic mechanisms responsible of complex I-deficiency.

Complex I is the primary route for the oxidation of NADH generated by glycolysis 

and the Krebs cycle in aerobic cells. NADH accumulates when complex I activity is 

impaired (Munnich and Rustin, 2001). Excess NADH inhibits glycolysis and the Krebs 

cycle as well as the pyruvate dehydrogenase complex, resulting in defective energy 

metabolism and the build-up of pyruvate in the cell. Cytosolic lactate dehydrogenases 

use NADH to reduce pyruvate to lactate resulting in hyperlactataemia and lactic acidosis, 

which can directly cause malaise, muscle weakness, exercise intolerance, and vomiting 

(Benit et al., 2001; Chinnery and Turnbull, 2001; Schuelke et a l, 1999; Wallace, 1994). 

Therefore, the reaction catalyzed by lactate dehydrogenase directly relates the ratio of 

lactate to pyruvate to the ratio of NADH to NAD+ (Robinson et a l, 1990). Chronic redox 

imbalance likely modulates gene expression and may account for the often progressive
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nature of mitochondrial diseases (Guarente, 2000; Lane, 2003; Starai et al., 2002; 

Wallace, 1994). Addressing the redox imbalance and the lactic acidosis in mitochondrial 

disease states is likely to elicit both short- and long-term benefits.

Strategies to directly correct complex I deficiencies using gene therapy are 

impractical for at least three reasons. First, mammalian complex I requires the 

expression of 46 subunit-encoding genes, and a variety of mutations have been identified 

in many of these subunits (Carroll et a l, 2003; DiMauro and Hirano, 2005). Gene 

therapy with wild-type versions of subunit-encoding genes would require the 

development of numerous expression constructs, each specific for a small number of 

mutations. Second, seven subunits of complex I are encoded in the mtDNA, which is 

currently not easily accessible for transformation or for direct manipulation. Allotopic 

expression of mtDNA-encoded subunits presents its own technical challenges (Schon and 

DiMauro, 2003). Finally, many patients with complex I deficiencies do not have 

mutations in subunit-encoding genes, implying that assembly factors specific for complex 

I biogenesis may be affected in these cases (Shoubridge, 2001).

Gene therapy strategies for complex I deficiency have focused on replacing the 

functionality of complex I rather than on correcting the enzyme itself. The 

Saccharomyces cerevisiae NDI1 gene encodes a single-subunit NADH dehydrogenase 

bound to the matrix side of the mitochondrial inner membrane that oxidizes NADH and 

reduces ubiquinone (de Vries and Marres, 1987). Ndilp does not, however, couple 

NADH oxidation to proton pumping and thus, can not fully replace complex I (de Vries 

and Grivell, 1988). When expressed in respiration-deficient Chinese hamster or human 

cell lines, Ndilp could fully restore NADH-dependent respiration and the ability to grow
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on galactose (Bai et al., 2001; Seo et al., 1998; Seo et al., 1999). NDI1 has been 

efficiently and functionally expressed in non-dividing human cells (Seo et al., 2000) and 

in dopaminergic neuronal cells using a recombinant adeno-associated virus vector (Seo et 

al., 2002). Recently, NDI1 was successfully expressed in vivo in the skeletal muscle and 

brains of rodents, with sustained expression observed for at least seven months (Seo et 

al., 2004). These data suggest that gene therapy approaches may be useful tools for the 

treatment of encephalomyopathies and neurodegenerative diseases caused by complex I 

deficiency.

In this study, we have developed an alternative gene therapy strategy using the S. 

cerevisiae CYB2 gene. CYB2 encodes a homotetrameric heme and FMN-containing L- 

lactate-cytochrome c oxidoreductase, known as cytochrome b l  (Mowat and Chapman,

2000). Cyb2p is normally located in the yeast mitochondrial intermembrane space where 

it oxidizes lactate to pyruvate and directly reduces cytochrome c (de Vries and Marres, 

1987). Cyb2p-like enzymes are not found in C. elegans or in mammals. We 

hypothesized that Cyb2p would oxidize the lactate that accumulates in many cases of 

mitochondrial dysfunction and contribute to the proton motive force by providing 

reduced cytochrome c for complex IV. When coupled with an endogenous NADH- 

linked cytosolic lactate dehydrogenase, Cyb2p activity will provide a new pathway for 

NADH oxidation by the mitochondrial respiratory chain (MRC). Thus, CYB2 expression 

should counteract the redox imbalance and lactic acidosis resulting from mitochondrial 

dysfunction.

Complex I-deficient strains of C. elegans expressing CYB2 demonstrate significantly 

increased reproductive capabilities, respiration rates, ATP levels, and longer lifespans.
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Most importantly, lactate concentrations and the molar ratio of lactate to pyruvate are 

also significantly improved by Cyb2p. Our results provide the first example of a stable 

gene therapy strategy with significant benefits in a complex I-deficient animal model 

system. Our data emphasize the importance of redox imbalance and lactic acidosis in 

determining the severity of mitochondrial dysfunction.
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4.2 Materials and Methods

4.2.1 Strains

Worms were cultured as described (Lewis and Fleming, 1995). We used the following C. 

elegans strains: N2 (Bristol) wild-type; LB25, nuo-l(ua-l)  II, unc-119(ed3) HI, 

wa£c25[p016bA352V]; LB27, nuo-l(ua-l) II, unc-119(ed3) D3, «aEx27[p016bA443F]. 

uaEx25 and u a E x 2 7  are extrachromosomal arrays generated by microparticle 

bombardment that encode unc-119(+) for selection and the nuo-l(A352V) or the nuo- 

1(A443F) point mutations, respectively (Grad and Lemire, 2004).

4.2.2 Plasmid Constructs

For construction of the Plet-858::CYB2 expression plasmid, a 1.8-kb fragment of DNA 

encoding the CYB2 open reading frame was amplified by PCR from S. cerevisiae 

genomic DNA. The oligonucleotides encoded restriction enzyme sites (underlined; 

forward, SstI; reverse, Sail) to facilitate cloning into the C. elegans expression vector 

pEXPlet-858 (Ndegwa and Lemire, 2004): forward, 5 * -CTGATGTCGACGTCGCT- 

AATACAGTTCCC-3’; reverse, 5’-TAGCTGAGCTCGGCTATAATCATGCATCCTC- 

3’. pEXPlet-858 is a Gateway Cloning Technology-compatible (Invitrogen Canada, 

Burlington, ON) vector that contains a 3.5-kb fragment encoding the let-858 promoter. 

Construction of the Pnuo-l::CYB2  expression vector was by Gateway-mediated 

recombination, placing the CYB2 gene downstream of a 0.6-kb fragment encoding the 

nuo-1 promoter region. All sequences amplified by PCR were confirmed by DNA 

sequencing.
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4.2.3 Generation o f Transgenic C. eleeans

CYB2 expression constructs (17 ng/p.1) were co-injected into the syncytial gonads of 

young adult N2, LB25, and LB27 hermaphrodites with pDP#SU006 (170 ng/pl), a 

reporter plasmid that carries the gene for the green fluorescent protein (GFP) under the 

control of the F25B3.3 promoter (Mello and Fire, 1995). F25B3.3 encodes the C. 

elegans orthologue of the Ca2+-regulated ras nucleotide exchange factor CalDAG- 

GEFII/RasGRP, which is ubiquitously expressed in the nervous system (Altun-Gultekin 

et al., 2001). The presence of the transgene was monitored by neuronal-specific GFP 

expression. Stably-transmitting lines were isolated and the presence of the CYB2 

transgene confirmed by PCR analysis. A minimum of three independent transgenic lines 

were generated for each strain and CYB2 construct.

4.2.4 Phenotypic Analyses

Lifespan measurement and brood size determination were performed as described (Grad 

and Lemire, 2004). For the analysis of animal morphology, adult animals were mounted 

on 2% agarose pads and observed under a Zeiss Axioskop-2 research microscope 

equipped with Nomarski and fluorescence optics and a SPOT-2 digital camera (Carl 

Zeiss Canada, Ltd., Calgary, Canada).

4.2.5 Electrophoresis and Western Blot Analysis

To detect Cyb2p expression, trichloroacetic acid (TCA)-precipitated nematode protein 

was solubilized in gel loading buffer, resolved by sodium dodecyl sulfate polyacrylamide 

electrophoresis (SDS-PAGE), and transferred electrophoretically to nitrocellulose 

membrane. A rabbit polyclonal antiserum raised against S. cerevisiae Cyb2p (Dibrov et 

al., 1998) followed by peroxidase-labeled goat anti-rabbit secondary antibody allowed
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detection by Enhanced Chemiluminescence (Amersham Biosciences, Buckingham, UK). 

Blots were stripped and re-probed with a rabbit polyclonal antiserum raised against the S. 

cerevisiae Atp2p (Dibrov et al., 1998; Tsang et al., 2001).

4.2.6 Polarographic Analyses

Oxygen consumption rates were measured using a Strathkelvin 1302 oxygen electrode 

with an MT200 Mitocell respiration chamber (Strathkelvin Instruments Ltd., Glasgow, 

UK). For whole-animal respiration rates, synchronized late L4 to early adult worms were 

washed extensively with M9 buffer to remove bacteria and resuspended to an 

approximate concentration of 10,000 animals/ml. 60 jxl aliquots of resuspended worms 

were introduced into the Mitocell chamber, which was maintained at 22 °C, and oxygen 

consumption was measured for at least 10 minutes. Mitochondria-dependent oxygen 

consumption was terminated by the addition of 1 jxl 1 M KCN. The slopes of the linear 

portions of the plots were used to calculate rates. Samples were carefully recovered from 

the chamber and the worms lysed with 1.85 M NaOH, 7.4% P-mercaptoethanol. Total 

protein was recovered by TCA precipitation and solubilized in 50 p.1 of 5% SDS, 62.5 

mM Tris HC1, pH 6.8 for quantification by the BioRad Dc Protein Assay (BioRad 

Laboratories, Hercules, CA). A minimum of four replicates were performed for each 

strain.

Mitochondria were isolated from C. elegans as described (Grad and Lemire, 2004). 

L-lactate dependent respiration was measured in isolated mitochondria that had been 

diluted 10-fold in 0.1 M 4-(2-hydroxyethyl)-l-piperazineethanesulfonic acid (HEPES), 

pH 7.4, and disrupted by sonication in an ice-water bath for 2-3 min in a Branson 1200 

bath sonicator (Branson Ultrasonics Corp., Danbury, CT). To 20 p.g mitochondrial
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protein, rotenone, antimycin A, and L-lactate were added to 100 nM, 75 nM, and 10 mM, 

respectively and the volume adjusted to 60 pi with 0.1 M HEPES, pH 7.4. Respiration 

rates were recorded for 2-4 min before terminating the experiment with the addition of 1 

pi 1 M KCN. Respiration rates obtained in the absence of L-lactate were measured and 

subtracted to obtain the L-lactate stimulated rates. Five replicates for each strain and 

construct were performed to calculate average rates.

4.2.7 Enzyme Assays

Enzyme assays were performed on an Ultrospec 2000 spectrophotometer (Pharmacia 

Biotech, Cambridge UK). Rotenone-sensitive NADH-decylubiquinone oxidoreductase 

activity (complex I) and KCN-sensitive cytochrome c oxidase activities were determined 

as described (Grad and Lemire, 2004). L-lactate-cytochrome c oxidoreductase assays 

were performed at 30 °C using 50 pg disrupted mitochondria as for the succinate- 

cytochrome c oxidoreductase assays, except 10 mM lactate was used as substrate, the 

inhibitor malonate was omitted, and activity in the absence of lactate was subtracted 

(Grad and Lemire, 2004). Reported activities represent the mean of at least five 

determinations.

4.2.8 L-lactate Dehydrogenase Histochemistry

Permeabilization and fixation of worms were performed as described (Xie et al., 

1995). An L-lactate dehydrogenase staining protocol was adapted for C. elegans (Owen 

et al., 1982). Briefly, synchronized, fixed, and permeabilized early adult animals were 

incubated in 1 ml of 5 mM potassium phosphate, pH 7.4, 0.4 mM phenazine 

methosulfate, 0.5 mM tetranitroblue tetrazolium, and 0.05 M sodium L-lactate for 2 h at 

37 °C in the dark with constant rotation. Control samples were incubated in the absence
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of lactate. Stained worms were centrifuged for 5 min at 360 x g and washed three times 

for 5 min in phosphate buffer before mounting for photography.

4.2.9 Measurement o f Metabolite Concentrations

For the determination of lactate and pyruvate concentrations, worms were cultured in 

liquid medium, harvested, extensively washed, and resuspended in 27 ml water at a 

concentration of approximately 20 mg protein/ml. Protein-free extracts were obtained by 

TCA precipitation (Grad and Lemire, 2004). To determine total ATP content, 

synchronized late L4 to early adult animals were washed repeatedly in S Basal buffer (0.1 

M NaCl, 0.05 M potassium phosphate buffer, pH 6.0), resuspended in a final volume of 

100 pi, and frozen at -80 °C. The frozen worms were immediately immersed in a boiling 

water bath for 15 minutes, cooled, and centrifuged to pellet lysed nematodes. The 

supernatant was removed to a fresh tube and serially diluted. ATP content was 

determined using the ATP Bioluminescence Assay Kit CLS II (Roche Molecular 

Biochemicals, Mannheim, Germany) with a Berthold Lumat LB 9501 luminometer 

(Berthold Technologies (USA), Oakridge, TN). The values reported are means of at least 

three independent determinations.

4.2.10 Oxidative Stress Assays

A  minimum 50 LI larvae were placed onto seeded NGM plates and incubated at 22 

°C in an atmosphere of 100% oxygen or on plates containing 0.2 mM paraquat (Grad and 

Lemire, 2004). Survival, measured as the fraction of LI larvae that developed into 

adults, was scored after 5 days. A minimum of ten trials were performed for each strain 

and construct.
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4.3 Results

4.3.1 Generation o f Transgenic C. elegans Strains Expressing CYB2

The S. cerevisiae gene CYB2 was cloned into C .elegans expression vectors under 

the control of the gene let-858 or the nuo-1 promoters. The let-858 gene is a member of 

the lethal gene class and encodes nucampholin, a ubiquitously expressed protein required 

for early embryogenesis and tissue differentiation (Kelly et al., 1997). The nuo-1 gene 

encodes a known mitochondrial protein, the 51-kDa subunit of complex I (Tsang et al.,

2001). Both promoters should result in the ubiquitous expression of CYB2. Plet- 

858::CYB2 and Pnuo-l::CYB2 were co-injected with a reporter plasmid that expresses 

GFP in the nervous system into the wild-type strain N2 and into the complex I-deficient 

strains LB25 and LB27 (Grad and Lemire, 2004). LB25 carries on the uaE x25  

extrachromosomal array, a mutated version of nuo-1 encoding an A352V substitution. 

Similarly, LB27 expresses a version of nuo-1 with an A443F substitution. LB25 and 

LB27 are both homozygous for the nuo-1 (ual) allele, a lethal deletion believed to be a 

null mutation (Tsang et al., 2001). LB25 and LB27 were chosen because their overall 

fitness is markedly impaired and their phenotypes include features typical of 

mitochondrial diseases such as riboflavin- and dichloroacetate-responsive lactic acidosis. 

In the strains we chose to investigate in detail, the Plet-858::CYB2 and Pnuo-l::CYB2 

transgenes were transmitted to progeny at rates of 70 ± 8% and 64 ± 9%, respectively, for 

the N2 strains, 51 ± 7% and 62 ± 8%, respectively, for the LB25 strains, and 62 ± 12% 

and 51 ± 9%, respectively, for the LB27 strains.
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4.3.2 Characterization o f CYB2 Transgenic Strains

CYB2 expression is strongly beneficial to overall animal health and fertility. We 

noted significant increases in the average brood size of 44-54% in LB25 and 92-123% in 

LB27 strains expressing CYB2 compared to their parental mutant strains (Figure 4.1 A, 

B). Similarly, the average lifespans of LB25 and LB27 are increased 25-28% and 24- 

31%, respectively, with CYB2 expression. The CYB2 constructs had no significant 

effects on N2 strains.

LB25 and LB27 nematodes display gross abnormalities in gonad morphology and 

muscle tissue integrity (Grad and Lemire, 2004). Mutant adults often have shortened or 

malformed gonad arms with disorganized syncytia that appear shriveled, leaving space 

between somatic gonad tissue and the body wall. LB25 and LB27 strains carrying CYB2 

transgenes displayed significantly lower frequencies of abnormal gonad morphology and 

fewer signs of tissue degeneration in 1-day-old adult hermaphrodites. Many young adult 

mutants have large vacuole-like structures throughout the body, beneath the cuticle, 

suggesting premature degeneration of body wall muscle tissue (Figure 4.2). 

Approximately 60% and 67% of one-day old adult LB25 and LB27 hermaphrodites, 

respectively, display prominent signs of tissue degeneration in the head region. Only 38- 

40% and 39-41% of similarly aged animals do so when carrying the CYB2 transgene. 

Abnormal gonad morphology is present in about 69% and 78% of 1-day-old adult LB25 

and LB27 hermaphrodites, respectively and decreases to 32-34% and 36-44%, 

respectively, with CYB2 expression (Figure 4.3). The CYB2 constructs had no significant 

effects on the gonad morphology of N2 strains.
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4.3.3 Cyb2p is Expressed and Functionally Active

Cyb2p expression in the transgenic C. elegans strains was confirmed by Western blot 

analysis using a polyclonal antiserum against the S. cerevisiae Cyb2p (Dibrov et al., 

1998). Cyb2p is synthesized as a protein precursor of 591 amino acids (65.5 kDa) that 

includes an 80 residue bipartite N-terminal mitochondrial presequence (Neupert, 1997). 

The Cyb2p presequence is removed by proteolysis upon successful import to the 

mitochondrial matrix and subsequent sorting to the intermembrane space, resulting in the 

production of mature Cyb2p consisting of 511 residues (56.6 kDa). A Cyb2p-specific 

signal with an apparent molecular weight of just under 58-kDa, similar in size to native 

Cyb2p in yeast mitochondria, was detected only in C. elegans samples from Cyb2p- 

expressing strains (Figure 4.4). We believe this species corresponds to the mature form 

of Cyb2p, indicating its successful import, sorting, and processing into nematode 

mitochondria. We did not detect higher molecular weight forms that might correspond to 

the precursor. As a loading control, we monitored the steady-state protein levels of ATP- 

2, the {3-subunit of the ATP synthase, which do not vary in the complex I-deficient 

mutants (Grad and Lemire, 2004).

Our data strongly suggest that Cyb2p is functional in nematode mitochondria and 

contributes bioenergetically. We measured the L-lactate-dependent cytochrome c 

reductase activity in isolated worm mitochondria. Significant activity was only 

detectable in mitochondria from Cyb2p-expressing strains (Table 4.1). Cyb2p expression 

did not affect the activities of complexes I or IV, which are compromised in LB25 and 

LB27 (Grad and Lemire, 2004). Polarographic analysis of oxygen consumption rates 

revealed significantly higher L-lactate-dependent respiration in isolated mitochondria of
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Cyb2p-expressing strains (Figure 4.5) L-lactate dehydrogenase activity, detected as the 

black precipitate formed upon the phenazine methosulfate-mediated reduction of 

tetranitroblue tetrazolium, was also assessed histochemically in transgenic strains (Figure 

4.6). L-lactate dehydrogenase activity appears most abundant in the anterior body wall 

muscles surrounding the pharyngeal bulbs of young adult hermaphrodites. The nuo-1 

promoter appeared to result in lower activity in the anterior regions, but more activity in 

muscle tissue throughout the body (data not shown). Finally, we measured whole-animal 

respiration by monitoring oxygen consumption in live nematodes. LB25 and LB27 are 

characterized by significantly decreased respiration rates that are approximately half of 

wild-type (Grad and Lemire, 2004). Oxygen consumption rates increased 32-41% and 

54-58% in LB25 and LB27, respectively, when Cyb2p was expressed (Figure 4.7A). 

Respiration in Cyb2p-expressing N2 animals was not affected.

4.3.4 Cyb2p Contributes to Energy Generation

CYB2 expression improves animal health and increases respiration rates and thus 

likely contributes to energy production in transgenic strains. We determined ATP levels 

from extracts of synchronized, late L4-young adult hermaphrodites. LB25 and LB27 

have severely depressed total ATP concentrations that are 20-30% of wild-type (Figure 

4.7B). All mutant strains expressing CYB2 demonstrated significant elevations in ATP 

concentrations of approximately 2-3-fold. These levels, however, remain below wild- 

type levels, suggesting that Cyb2p-mediated respiration cannot fully compensate for the 

diminished complex I function. Taken together, our data demonstrate that CYB2 

expression leads to increased respiration rates that contribute to the increased production 

of ATP through oxidative phosphorylation.
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4.3.5 CYB2-Expression Moderates Lactic Acidosis

A key indicator of mitochondrial dysfunction is metabolic acidosis resulting from a 

diminished ability to oxidize NADH (Chinnery and Turnbull, 2001; DiMauro et al., 

2004; Munnich et al., 1996; Scaglia et a l, 2004). LB25 and LB27 have significantly 

increased molar ratios of lactate to pyruvate, reflecting the metabolic imbalance in the 

metabolism of NADH (Grad and Lemire, 2004). Protein-free extracts of CYB2- 

expressing strains contain significantly lower concentrations of lactate (23-35% in LB25 

and 28-44% in LB27), and correspondingly lower lactate to pyruvate ratios (Table 4.2). 

The lactate concentrations in the transgenic LB25 and LB27 strains approach those seen 

in wild-type animals, although the molar ratios of lactate to pyruvate do not fully return 

to wild-type levels. Pyruvate concentrations are relatively unchanged in all LB25 strains 

but are increased in LB27 strains, suggesting the A352V and A443F mutations may differ 

in the metabolic details of pathogenesis. No significant changes in lactate or pyruvate 

levels were observed in transgenic N2 animals. Our data strongly suggest that CYB2 

expression can provide an alternate pathway for oxidizing lactate and NADH and thus 

partially correct the redox imbalance seen in the complex I-deficient mutants.

4.3.6 CYB2-Expressing C. elegans have Increased Hypersensitivity to Oxidative Stress

Mitochondrial dysfunction can result in accelerated, pathogenic rates of reactive

oxygen species generation that lead to protein and nucleic acid damage and 

hypersensitivity to conditions of oxidative stress (Senoo-Matsuda et al., 2001). LB25 

and LB27 are hypersensitive to oxidative stress caused by hyperoxia or exposure to 

paraquat, a known generator of superoxide radicals (Grad and Lemire, 2004). The 

hypersensitivity could be partially alleviated pharmacologically. Surprisingly, transgenic
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strains expressing CYB2 showed increased sensitivity to oxidative stress (Figure 4.8A, 

B). Transgenic N2 strains developed significant hypersensitivity to paraquat (Figure 

4.8B). These data suggest that CYB2 expression may exacerbate reactive oxygen species 

generation in C. elegans mitochondria under conditions of oxidative stress.
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4.4 Discussion

Elucidating the relationships between genotype and phenotype is a major challenge 

in the field of mitochondrial medicine. MRC dysfunction can result in at least four 

mechanisms of pathology: 1) abnormal cellular redox states, 2) the impairment of 

numerous metabolic pathways that require MRC function, 3) the generation of reactive 

oxygen species, and 4) decreased ATP formation (Munnich and Rustin, 2001). The 

complex I-deficient strains of C. elegans we have generated provide evidence that all four 

of these mechanisms contribute to the mutant phenotypes. Diagnosis and treatment of 

mitochondrial disease will require a more thorough understanding of these mechanisms 

of pathology and how they combine to produce the observed clinical presentation

The pathogenic effects of MRC deficiency are complex and cannot be simply 

explained by just a lack of cellular energy. Our results indicate that an abnormal redox 

state is also a major determinant of the phenotype of complex I-deficient nematodes. The 

nuo-1 mutations we studied affect the 51-kDa active site subunit of complex I and impair 

NADH-dependent mitochondrial respiration, leading to elevated NADH/NAD+ ratios and 

the NADH-dependent reduction of pyruvate to lactate. Mutant fitness was most 

responsive to pharmacological agents that stimulate complex I activity and reduce the 

levels of NADH, or stimulate pyruvate dehydrogenase activity, which should reduce the 

levels of pyruvate (Grad and Lemire, 2004). The severity of the mutant phenotypes is 

correlated to the level of lactic acidosis. These observations underlie the rationale for 

developing a gene therapy strategy that provides an alternative pathway for the 

metabolism of lactate.
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In this study, we demonstrate that expression of the yeast Cyb2p, which encodes a 

lactate-cytochrome c oxidoreductase localized to the mitochondrial intermembrane space, 

introduces a new pathway for lactate and NADH oxidation. This new metabolic ability 

results in significant improvements in animal fitness as measured by fertility and lifespan. 

CYB2-expression often restored the highly organized developmental processes needed to 

produce the adult germline and somatic gonad. It also resulted in significantly fewer 

signs of premature body wall muscle tissue degeneration, suggesting that addressing 

metabolic imbalances in disease can result in a broad range of beneficial effects.

Import, processing, and targeting of the proteins to mitochondria are highly 

conserved amongst widely-divergent eukaryotes (Glerum and Tzagoloff, 1994; 

Hashimoto etal., 1999; Wang et al., 2001; Rodriguez-Aguilera et al., 2003). Several 

lines of evidence suggest that the heterologous expression of the yeast CYB2 produced 

functional Cyb2p in nematode mitochondria. We immunologically detected Cyb2p, 

which co-migrated with mature Cyb2p from yeast mitochondria, indicating it was 

properly processed. L-lactate dependent cytochrome c reductase activity was only 

present in mitochondria of CF52-expressing strains. Cyb2p activity was also detected in 

situ via histochemical staining. Finally, we demonstrated that CYB2 expression resulted 

in lactate-dependent respiration in isolated mitochondria and in increased total respiration 

in live animals.

CYB2 expression was driven by the let-858 and the nuo-1 promoters, both believed 

to drive ubiquitous expression. The Cyb2p expression patterns, as judged 

histochemically, were largely similar between the two promoter constructs. In addition,
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CYB2 expression with both promoters produced similar beneficial effects in the complex 

I-deficient nematodes.

Cyb2p expression may mediate its beneficial effects in at least two ways. First, 

lactate oxidation is coupled to the reduction of cytochrome c and complex IV activity. 

Complex IV pumps protons and contributes to the electrochemical proton gradient that 

drives ATP synthesis. We showed that Cyb2p expression results in the elevation of ATP 

levels in transgenic strains. This is not surprising given that mitochondria are the major 

site of ATP synthesis. Second, Cyb2p functions as an L-lactate dehydrogenase, which 

when coupled with an endogenous NADH-linked cytosolic lactate dehydrogenase, 

reduces the cellular levels of lactate and NADH, thus correcting the redox imbalance 

(Figure 4.9). We demonstrated significantly decreased lactate concentrations and 

decreased molar ratios of lactate to pyruvate in CKB2-expressing mutants. Correcting the 

redox imbalance may also influence the activities of other pathways such as glycolysis, 

the pentose phosphate pathway, the citric acid cycle, and fatty acid oxidation; pathways 

that require NAD+ or NADP+ for their operation. Lactic acidosis reduces the intracellular 

pH and restoring the pH may also correct metabolism more globally. The increased live 

animal respiration rates we observed in CTB2-expressing strains support our contention 

that overall metabolism is stimulated by the correction in redox imbalance.

CYB2 expression does not correct the MRC defects: the activities of complexes I 

and IV are not increased in the transgenic strains (Table 4.1). An unexplained 

consequence of the complex I mutations is the impaired activity and assembly of 

complex IV (Grad and Lemire, 2004). The assembly of the mtDNA-encoded subunits of 

complex IV is dependent on the membrane potential across the mitochondrial inner
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membrane (Hell et al., 2001). If complex IV assembly is impaired by a diminished 

membrane potential in the nuo-1 mutants, we would have predicted that Cyb2p 

expression would at least partially restore its assembly since Cyb2p stimulates both 

respiration and ATP generation.

Chronic redox imbalance may lead to deleterious effects on gene expression, which 

may contribute to the progressive nature of mitochondrial diseases. For example, the 

Sir2p family of proteins are NAD+-dependent histone deacetylases that affect gene 

silencing (Guarente, 2000). The mammalian homologue of Sir2p, SIRT1, deacetylates 

not only histones, but also key transcription factors (Bordone and Guarente, 2005). 

Furthermore, SIRT3, another homologue of Sir2p, can activate mitochondrial function 

and is localized to the mitochondrial inner membrane (Shi et al., 2005). Addressing 

redox imbalance may provide both short- and long-term benefits in the treatment of 

mitochondrial disease.

Surprisingly, CYB2 expression increased the hypersensitivity of complex I 

mutants to oxidative stress. That complex I mutations elicit sensitivity to oxidative stress 

is not surprising because complex I is a major site of reactive oxygen species production 

in the MRC (Raha and Robinson, 2000; Raha and Robinson, 2001). The 

pharmacological agents that addressed lactic acidosis also provided protection from 

oxidative stress, suggesting a mechanistic connection between oxidative stress and redox 

imbalance (Grad and Lemire, 2004). Although Cyb2p clearly ameliorates the redox 

imbalance, it also increases sensitivity. This phenomenon is independent of complex I 

dysfunction since wild-type nematodes expressing CYB2 were also rendered 

hypersensitive to paraquat. The Cyb2p-dependent production of reactive oxygen species

180

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



must be mechanistically different during exposure to paraquat or to hyperoxia, since only 

the former affects the survival of wild-type worms. One possible explanation is that 

Cyb2p is itself a site of reactive oxygen species production, possibly through its flavin or 

heme cofactors. Alternatively, the increased flow of electrons in the Cyb2p-containing 

mitochondria or the increased membrane potential as a result of the increased electron 

flow may stimulate the production of reactive oxygen species at other sites in the MRC, 

such as complex HI. Further study will be needed to elucidate the exact mechanisms by 

which Cyb2p leads to sensitivity to oxidative stress.

In conclusion, we have demonstrated the successful use of a novel gene therapy 

strategy, one that introduces an alternate metabolic pathway to mitigate the effects of 

mitochondrial dysfunction. The yeast CYB2 gene targets the redox imbalance and lactic 

acidosis caused by complex I dysfunction, resulting in significant improvements in 

animal fitness. Our data strongly suggest that the disruption of cellular metabolism 

associated with redox imbalance and ATP generation are central mechanisms to the 

pathology of mitochondrial diseases.
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Table 4.1 Mitochondrial respiratory enzyme assays.

Strain Complex r Complex IVb Cyb2pc

N2 65.8 ± 3.5d 28.4 ±1.5 N.D.e

N2 + Pnuo-l::CYB2 64.0 ± 3.8 28.6 ±1.6 3.9 ±1.4

N2 + Plet-858::CYB2 61.7 ±2.1 27.4 ±1.9 3.8 ±1.1

LB25 26.4 ±2.9 15.5 ± 1.9 N.D.

LB25 + Pnuo-l::CYB2 25.8 ± 2.9 14.8 ±0.6 4.2 ±1.6

LB25 + Plet-858::CYB2 28.8 ±2.3 16.0 ± 1.0 6.8 ± 2.7

LB27 26.1 ±2.9 14.9 ± 1.2 N.D.

LB27 + Pnuo-h:CYB2 29.4 ±2.3 13.9 ± 1.4 7.3 ± 2.2

LB 27 + Plet-858::CYB2 26.7 ± 5.6 14.6 ± 1.4 8.4 ±3.0

“Complex I activity was measured as the rotenone-sensitive NADH-decylubiquinone 
reductase activity. The values reported are nmol NADH min'1 mg protein'1. ‘Complex 
IV activity was measured as the initial rate of cyanide-sensitive cytochrome c oxidase 
activity. The values reported are nmol cytochrome c min"1 mg protein'1. cCyb2p activity 
was measured as L-lactate-dependent cytochrome c reductase activity. The values 
reported are nmol cytochrome c min’1 mg protein'1. dThe values reported are means ± 
standard deviation of a minimum of four measurements. 'N.D., not detected.
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Table 4.2 Lactate and pyruvate concentrations of transgenic animals.

Strain Lactate (mM) Pyruvate (mM) L:P

N2 2.43 ±0.51“ 0.148 ±0.026 16.4 ±4.5

N2 + Pnuo-l::CYB2 1.95 ±0.18 0.117 ±0.010 16.7 ±2.1

N2 + Plet-858::CYB2 1.92 ±0.12 0.114 ±0.011 16.8 ±1.9

LB25 3.06 ±0.32 0.063 ±0.007 48.6 ±7.4

LB25 + Pnuo-l::CYB2 2.36 ±0.12* 0.068 ± 0.003 34.7 ± 2.5*

LB25 + Plet-858::CYB2 2.00 ±0.17* 0.062 ±0.004 32.3 ±3.4*

LB27 4.23 ±0.75 0.052 ±0.004 81.3 ± 15.6

LB27 + Pnuo-l::CYB2 3.03 ±0.13 0.076 ±0.007* 39.9 ±4.0*

LB27 + Plet-858::CYB2 2.37 ± 0.53* 0.063 ± 0.007 37.6 ± 9.3*

“The values reported are the means ± standard deviation of a minimum of four 
determinations. *P< 0.05, compared to corresponding parental strain using a two-sample 
r-test.
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Figure 4.1 Effects of CYB2 expression on brood sizes and life spans. (A) Transgenic 
animals were allowed to lay eggs at 20 °C and all progeny were counted. The values 
reported are averages of at least 18 broods counted. (B) Transgenic animals cultured at 
20 °C were monitored daily and scored as dead when they no longer responded to gentle 
prodding on the head. The values reported are averages of a minimum of 24 animals. 
Black bars represent no CYB2 transgene; white bars represent presence of Pnuo-l::CYB2 
transgene; gray bars represent presence of Plet-858::CYB2 transgene. All P-values (*, 
P<0.05; **, P<0.01) are derived from a two-sample r-test when comparing with the 
corresponding strain without CYB2.
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Figure 4.2 Nomarski photographs of head regions of 1 day-old adults. (A) N2; (B)
N2 with Pnuo-h:CYB2; (C) N2 with Plet-858::CYB2; D) LB25; E) LB25 with Pnuo- 
1::CYB2; (F) LB25 with Plet-858::CYB2; (G) LB27; (H) LB27 with Pnuo-l::CYB2; (I) 
LB27 with Plet-858::CYB2. The arrows indicate examples of vacuole-like structures. 
For strains carrying the CYB2 transgene, the corresponding UV fluorescence image is 
shown indicating the presence of the GFP marker associated with the transgenic array.
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Figure 4 3  Nomarski photographs of posterior gonad arm s of 1 day-old adults. (A)
N2; (B) N2 with Pnuo-l::CYB2; (C) N2 with Plet-858::CYB2; (D) LB25; (E) LB25 with 
Pnuo-l::CYB2; (F) LB25 with Plet-858::CYB2; (G) LB27; (H) LB27 with Pnuo- 
1::CYB2; (I) LB27 with Plet-858::CYB2. The arrows indicate the syncytial germline 
nuclei. For strains carrying the CYB2 transgene, the corresponding UV fluorescence 
image is shown indicating the presence of the GFP marker associated with the transgenic 
array.
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Figure 4.4 Detection of Cyb2p in whole-nematode lysates by Western blot analysis.
100 pg nematode protein lysate were loaded per lane. The blot was stripped and re- 
probed with antiserum against ATP-2. C, yeast mitochondrial protein control (0.5 pg).
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Figure 4.5 L-lactate-dependent respiration in isolated mitochondria. The values 
reported are the means of at least five measurements. Black bars represent no CYB2 
transgene; white bars represent presence of Pnuo-l::CYB2 transgene; gray bars represent 
presence of Plet-858::CYB2 transgene. All P-values (* P<0.05; ** PcO.Ol) are derived 
from a two-sample r-test when comparing with the corresponding strain without CYB2.
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Figure 4.6 Histochemical detection of L-lactate dehydrogenase activity. Nomarski 
photographs of head regions from 1 day-old adult hermaphrodites stained in the presence 
of 0.05 M sodium L-lactate, except when stated. (A) N2; (B) N2 with Pnuo-l::CYB2; 
(C) N2 with Plet-858::CYB2; (D) N2 with Plet-858::CYB2 in the absence of L-lactate; 
(E) LB25; (F) LB25 with Pnuo-l::CYB2; (G) LB25 with Plet-858::CYB2; (H) LB25 with 
Plet-858::CYB2 in the absence of L-lactate; (I) LB27; (J) LB27 with Pnuo-lv.CYB2\ (K) 
LB27 with Plet-858::CYB2; (L) LB27 with Plet-858::CYB2 in the absence of L-lactate.
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Figure 4.7 Cyb2p improves the overall metabolism of transgenic strains. ( A )
Oxygen consumption rates of live nematodes. The values reported are the means of five 
measurements. (B) Total ATP contents of transgenic animals. The values reported are 
the averages of three independent determinations. Black bars represent no CYB2 
transgene; white bars represent presence of Pnuo-l::CYB2 transgene; gray bars represent 
presence of Plet-858::CYB2 transgene. All P-values (* P<0.05; ** P<0.01) are derived 
from a two-sample r-test when comparing with the corresponding strain without CYB2.
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Figure 4.8 The effects of oxidative stress on transgenic strains expressing CYB2.
Each value is the mean of ten measurements. LI larvae were placed onto seeded NGM 
plates and incubated at 22 °C (A) in a 100% oxygen atmosphere; (B) NGM plates 
containing 0.2 mM paraquat. Black bars represent no CYB2 transgene; white bars 
represent presence of Pnuo-l::CYB2 transgene; gray bars represent presence of Plet- 
858::CYB2 transgene. All P-values (* P<0.05; ** P<0.01) are derived from a two- 
sample r-test when comparing with the corresponding strain without CYB2.
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Figure 4.9 Cyb2p-mediated oxidation of lactate and NADH. Complexes I, m , and IV
are integral membrane proteins found in the mitochondrial inner membrane (IM). They 
translocate protons from the matrix to the intermembrane space. The mitochondrial outer 
membrane (not shown) is not a permeability barrier, small molecules such as lactate, 
pyruvate, NAD+, and NADH can move between the cytosol and the intermembrane 
space. LDH, an endogenous, cytosolic lactate dehydrogenase; Q, ubiquinone; cyt c, 
cytochrome c.
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Chapter 5 

General Discussion and Conclusion
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5.1 Conclusion

The aim of this thesis work was to gain insight into the molecular mechanisms of 

pathogenesis caused by MRC mutations. Although not considered one of the traditional 

genetic systems for the study of mitochondrial function or even of human disease, we 

have demonstrated in this collection of studies the success and future potential of the 

nematode system. Not only do these investigations open the door to further exploration 

of additional pathogenic MRC mutations but they also serve as a guide for investigating a 

range of rare or sporadic disorders that are poorly understood. Furthermore, disease 

models in C. elegans provide an excellent testing ground for the systematic development 

of new therapies and treatments that will expand the range of mitochondrial medicine. In 

this final section, I will discuss some future directions to pursue relating to the 

investigations reported in this thesis. I will briefly recount the limitations of the 

nematode in this field of research. I will also discuss a relatively new diagnostic tool 

used in the study of mitochondrial disorders, called metabolic profiling. Metabolic 

profiling is a derivative of a new field of study in the post-genomic era referred to as 

‘metabolomics’. This discussion will in part be based on my own preliminary nuclear 

magnetic resonance (NMR) experiments using the nematode. Finally, I will discuss other 

gene therapy strategies that can be conducted in C. elegans to redress the effects of MRC 

pathogenesis.
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5.2 Discussion and Future Directions

5.2.1 Continuing Investigations o fnuo-1 Mutants in C. elegans

The complexities of MRC dysfunction, and the rare and sporadic nature of many 

mitochondrial disorders, demand the use of a convenient and pliable model system for 

their study. We have developed the nematode C. elegans as such an experimental 

system. As summarized in subsection 1.6.2, the majority of mitochondrial research in C. 

elegans has utilized a forward genetics approach; a mutant phenotype was identified prior 

to the identification of the gene responsible for it. These studies have provided valuable 

insight into MRC dysfunction and its effects on a multicellular, multisystemic organism. 

This insight could never be achieved by using unicellular eukaryotic model systems such 

as S. cerevisiae. However, many C. elegans investigations have dealt with situations that 

are unlikely to occur in humans. These include complete loss-of-function mutations, 

which would surely be lethal. The studies in this thesis present the first example of an 

applied investigation that uses a reverse genetic approach to study mitochondrial 

disorders in the nematode.

The principal focus of this thesis is the modeling of specific missense mutations 

first identified in the human NDUFV1 gene using the C. elegans orthologue, nuo-1. 

Although three mutations were characterized in the thesis, an additional five independent 

NDUFV1 mutations have been reported; three are missense mutations resulting in single 

amino-acid substitutions: Y204C, C206G and E214K (Benit et al., 2001). Interestingly, 

these three mutations are all located within the predicted FMN-binding domain of the 

protein (Feamley and Walker, 1992). The obvious next step would be to model these 

missense mutations. This trio of new mutations is already known to directly affect a co-
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factor binding site. It would be interesting to determine if all three mutations are equally 

severe and if they are responsive to riboflavin through comparative examination of all six 

known NDUFV1 amino-acid substitutions. This would undoubtedly further clarify the 

pathogenic mechanisms associated with complex I dysfunction and the functional 

importance of each these residues within the protein.

Has creating a C. elegans mitochondrial disease model system taught us anything 

new regarding the mechanisms of mitochondrial disease? In the broadest of terms, the 

molecular mechanisms of pathogenesis as observed in our C. elegans complex I mutants 

involve processes that have long been associated with MRC dysfunction and 

mitochondrial disorders: oxidative stress, premature apoptosis, metabolic imbalance and 

the misassembly of MRC complexes. However, observing these mechanisms does 

reinforce the high relevance of the nematode for this kind of research. Our studies have 

revealed a hierarchy to the pathogenic mechanisms, both in terms of their temporal order 

and their relative impact on the organism. For example, the studies in Chapter 4 suggest 

that redox imbalance caused by the inability of complex I to oxidize NADH to NAD+ is a 

major cause of the deleterious effects observed in the nuo-1 mutants. Redox imbalance is 

a direct result of the catalytic deficiency in complex I and can affect a large number of 

downstream targets with a consequently large impact on the health of the organism. The 

effects of the redox imbalance can contribute to the aberrant regulation of metabolic 

pathways or of gene expression. In addition, metabolic acidosis itself is often the cause 

of death in patients with complex I mutations (Benit et al., 2001). These observations 

suggest that therapies or treatments addressing acidosis and redox imbalance may have a 

great impact clinically.
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The effects of the redox imbalance should be investigated in greater detail. As 

alluded to in Chapter 4, the NADH/NAD+ ratio is linked to gene expression, most notably 

through the activity of highly conserved Sir2 family members, which act as NAD+- 

dependent deacetylases and control gene silencing (Guarente, 2000). An examination of 

Sir2 family member expression and/or deacetylase activity in the nuo-1 mutants may 

reveal the importance of gene regulation in the severity and progression of mitochondrial 

diseases. One approach would involve the creation of a NAD+-sensitive reporter 

construct that measures the activity of the C. elegans sir-2.1 gene in a complex I-deficient 

background. Alternatively, it has been shown that overexpression of the mammalian 

Sir2p orthologue SIRT1 down-regulates damage-response target genes, including genes 

that control apoptosis (Langley et a l, 2002; Vaziri et al., 2001). Overexpression of sir- 

2.1 in C. elegans may curtail cell damage brought on by MRC dysfunction. Sir2 family 

members are also linked to aging and life-span determination in nematodes; life-span 

increases with higher doses of sir2.1 (Tissenbaum and Guarente, 2002). The NAD+ 

requirement for Sir2p activity links metabolism aging; a better understanding of how 

these are linked may provide insight into the pathology of MRC deficiency.

In addition to redox imbalance, other pathogenic mechanisms of equal or greater 

importance may contribute to disease severity. Unfortunately, the roles of these other 

mechanisms have only been superficially addressed in this thesis. For example, we did 

not fully explore the importance of ROS in the pathology of the nuo-1 mutants. The 

direct detection and quantification of free-radical generation and the measurement of the 

levels of free-radical scavenging proteins, such as superoxide dismutase (SOD) are 

appealing follow-up experiments. If ROS generation in MRC-deficient animals is found
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to overwhelm the endogenous defense mechanisms, then gene therapy approaches that 

lead to enhanced ROS scavenging should be considered. These may include the over­

expression of the SOD genes sod-1 and/or sod-3, which encode the cytosolic Cu/ZnSOD 

and mitochondrial MnSOD enzymes, respectively (Giglio et al., 1994a; Giglio et al., 

1994b)

Similarly, the importance of apoptosis in pathogenesis deserves greater attention. 

TUNEL results reported in Chapter 2 suggest an increase in apoptotic cell death in nuo-1 

mutant animals that may be responsible for the vacuolar structures observed in the muscle 

tissue. The apoptotic pathway in C. elegans has been extensively studied and many pro- 

and anti-apoptotic factors are known (Putcha and Johnson, 2004). Experiments 

monitoring the effects of suppressing pro-apoptotic genes such as ced-3 or ced-4 by 

RNAi, or alternatively, by overexpressing anti-apoptotic genes such as egl-1 or ced-9 

may be informative. It should be possible to determine if the tissue degeneration 

observed in nuo-1 mutants is an apoptotic or a necrotic event.

Our studies with the modeled human complex I mutations have yielded other 

novel insights into the pathogenic mechanisms of MRC dysfunction. For example, the 

data in Chapter 2 suggest a direct correlation between oxidative stress and redox 

imbalance; pharmacological supplements that alleviate lactic acidosis also decrease 

sensitivity to hyperoxia and to paraquat. We have speculated that riboflavin has two 

modes of action; it activates the PDHC, diverting pyruvate away from lactate synthesis 

and stabilizes complex I, thus reducing ROS production. In contrast, the dual effects of 

sodium dichloroacetate are more difficult to explain. Its only known role is as a PDHC 

activator via inhibition of the PDH kinase.
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One of the most interesting insights into complex I dysfunction is the connection 

discovered between complexes I and IV. As described in Chapters 2 and 3, nuo-1 

mutations not only affect the catalytic activity and assembly of complex I but also that of 

complex IV. The assembly and catalytic activities of both complexes are responsive to 

riboflavin supplementation and independent of the redox imbalance. However, the simple 

question remains: Why do mutations in complex I have an effect on complex IV?

It was suggested previously in the thesis that complex I deficiency may somehow 

affect the expression of mtDNA-encoded MRC subunits, three of which belong to 

complex IV. Testing this hypothesis would be difficult since the expression of mtDNA- 

encoded subunits can be affected at transcriptional, translational and post-translational 

steps of synthesis. The import machinery and the MRC are also connected by a 

requirement for a membrane potential for protein translocation across the mitochondrial 

inner membrane; AY is derived directly from the proton-pumping action of the MRC. 

The majority of the mitochondrial transcription and translation machinery is nuclear- 

encoded and synthesized in the cytosol and relies on the mitochondrial preprotein 

translocases for its import and sorting to the matrix space. The preprotein import and 

export machineries also rely on themselves for their proper translocation and assembly 

into their respective mitochondrial membranes. It would be interesting to further explore 

the connection between MRC dysfunction and mitochondrial biogenesis. C. elegans has 

recently been used as a model system for studying mitochondrial protein translocation 

(Curran et al., 2004). It has an evolutionary conserved mitochondrial import machinery 

that includes an orthologue to the human DPPl/TIMM8a protein, which when mutated 

results in Mohr-Tranebjaerg syndrome or deafness/dystonia syndrome (Roesch et al.,

204

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



2002). Furthermore, this protein facilitates the import of mitochondrial inner membrane 

carriers responsible for shuttling reducing equivalents from the cytosol to the 

mitochondrion, such as the malate/aspartate shuttle, (Roesch et al., 2004). This link 

between the mitochondrial import machinery and the redox balance of the cell makes a 

further examination of this relationship even more intriguing. It would be interesting to 

establish whether mitochondrial protein translocation is indeed affected by MRC 

dysfunction.

A global impairment of mitochondrial transcription and translation would have 

consequences for all MRC complexes containing mtDNA-encoded subunits, a situation 

that is not supported by our data. Our data suggest a complex I-mediated mechanism 

specific for complex IV dysfunction. This may include altered expression of nuclear- 

encoded genes. Complex IV catalytic activity and assembly are dependent on a number 

of nuclear-encoded assembly factors required for the proper insertion of its co-factors. 

Defects in any one of these factors have pathogenic consequences in humans. 

Alternatively, copper-carrying complex IV assembly factors may be more susceptible to 

ROS-mediated damage due to the highly-reducing environment of the matrix space 

exacerbated by complex I dysfunction; copper centres carried by these proteins provide 

potential sites for ROS generation. It would be intriguing to explore whether a complex I 

deficiency affects the expression or function of these assembly factors.

Continued analysis of the complex I-IV relationship in C. elegans may also 

include examination of supercomplex formation. Respiratory chain supercomplexes have 

been detected in a variety of organisms including mammals, yeast, plants and bacteria, 

suggesting similar structures may exist in C. elegans (Dudkina et al., 2005; Eubel et al.,
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2004; Schagger, 2002). Although there is little evidence supporting a significant physical 

interaction between complexes I and IV, it would be interesting to elucidate the physical 

organization of the nematode MRC, since there is potential for other MRC complex 

interactions. If a similar physical organization of the human MRC is present in worms, 

then the nematode model system could be used to study the effects of MRC dysfunction 

due to pathogenic mutations on supercomplex formation.

The studies in this thesis are a testament to the potential of the nematode model 

system for the study of mitochondrial disorders. However, as in any model system, there 

are shortcomings that should be noted for future investigations. Continued examination 

of MRC complex assembly has been hampered by the lack of reliable polyclonal and 

monoclonal antibodies that cross-react with C. elegans MRC proteins. The generation of 

a NUO-1-specific polyclonal antibody was attempted during the course of this thesis 

study but the antiserum was not of high enough quality for dependable identification of 

the protein. Furthermore, no other antibodies directed against C. elegans MRC proteins 

are available. As a result, all of the antibodies used in these investigations are directed 

against proteins from other species. The majority of commercially available MRC- 

specific antibodies are monoclonal and directed against bovine or human subunits. These 

antibodies are of high quality but few specifically cross-react with their C. elegans 

homologs. Interspecies antisera often require thorough testing for specificity, a time- 

consuming endeavor. Fortunately, some biotechnology companies are beginning to 

recognize C. elegans as a popular model system for mitochondrial study and have taken 

the step to include information on the cross-reactivity of their antisera against nematode 

proteins. The few commercially available monoclonal antibodies that do cross-react with
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C. elegans MRC proteins work well but are limited in their application. For example, 

these antibodies are not favoured when performing blue-native gel electrophoresis, an 

essential method for examination of MRC complex assembly. A protein folded in its 

native form is less likely to expose the single epitope required for a monoclonal antibody 

to bind than compared to a denatured protein.

Many commercially available vital stains that detect a variety of processes related 

to MRC function such as apoptosis, free radicals or mitochondrial membrane potential 

are sometimes difficult to use in C. elegans. The best results are usually seen in 

unicellular systems that can be observed flat for optimal microscopic imaging. 

Furthermore, favourable specimens are relatively permeable making them amenable to 

post-stain washing to reduces background. In contrast, C. elegans is a three-dimensional, 

multicellular organism with a highly impermeable cuticle, making it difficult to observe 

in two dimensions and susceptible to high background staining. High background and 

non-specific staining are frequently due to contamination of the nematode with its 

bacterial food. This usually occurs internally by bacteria in the digestive system taking 

up many of the commercially available stains. Over time, the development of higher 

quality stains, combined with refined staining protocols specific to C. elegans will 

undoubtedly improve the efficiency and specificity of staining in the nematode.

5.2.2 Metabolic Profiling in the Study o f Mitochondrial Diseases

Great progress has been made in our understanding of the molecular basis of 

mitochondrial disorders but their complex and multisystemic nature still makes clinical 

diagnosis and treatment difficult. Genetic screening can ascribe the type and location of a 

mutation resulting in a MRC defect but screening often suffers from the poor correlation
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between genotype and phenotype. Furthermore, a complete diagnosis is often 

challenging and requires a battery of clinical and biochemical data to supplement the 

genetic information. There is a need for more advanced diagnostic methods to further 

understand the mechanisms of mitochondrial disorders and enhance their clinical 

evaluation. One of these advances is the use of phosphorous (3IP) and proton (‘H) 

nuclear magnetic resonance (NMR) as a diagnostic tool for mitochondrial disease patients 

(Kuwabara et al., 1994; Taylor and Radda, 1994; Rubio-Gozalbo et al., 1999; Bianchi et 

al., 2003). NMR is a quick, accurate and non-invasive method of examining the relative 

and absolute concentrations of metabolites and other small molecules in tissue or 

biofluid, creating a metabolic profile. MRC dysfunction often causes anomalous 

metabolism, which is the basis for many of the symptoms observed in patients with 

mitochondrial disorders. Changes to the metabolic profile of a patient are easily detected 

through NMR analysis but may go undetected by standard diagnostic methods. 

Acquiring metabolic profiles from patients could help identify those pathways with the 

greatest promise for intervention. Furthermore, NMR-based analysis could be used to 

gauge changes in the metabolic profiles of patients undergoing specific treatment 

strategies, allowing for their effectiveness or potential dangers to be assessed.

The literature contains numerous examples of the use of 31P- and ‘H-NMR to 

provide additional information beyond that gained by conventional diagnostic methods 

for the treatment of patients with various mitochondrial and metabolic disorders. 

However, in some of these studies no significant correlation was found between the 

metabolic anomalies detected and the clinical phenotype observed. This is in part 

attributable to the rare and sporadic nature of these disorders; there is simply not a large
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enough collection of metabolic profiles from patients amassed to generate a useful 

database for detailed diagnosis and precise treatment. Metabolic profiling of model 

organisms could initiate the development of rudimentary metabolomic databases used to 

assist in the treatment of human metabolic disorders. In response to the increasing 

interest in metabolic profiling and ‘metabolomics’ -  the study of a complete set of 

metabolites and intermediates within in an organism, a growing, joint clinical and 

laboratory framework is providing convenient access to NMR facilities (Griffin, 2004).

In this thesis we examined treatment possibilities with pharmacological 

supplementation and gene therapy designed to correct, bypass or compensate for specific 

metabolic pathways in our nuo-1 mutants. Within these investigations, we examined the 

concentrations and molar ratios of a number of metabolites, such lactate, pyruvate and 

ATP to assess the effectiveness of our therapeutic strategies. Unfortunately, these 

metabolites provide only a limited evaluation of treatment effectiveness. For example, 

other metabolic processes might remain uncorrected or a treatment strategy, although 

appearing beneficial, may cause deleterious side-effects that are undetectable by 

conventional diagnostic assays. For these reasons, metabolic profiling of disease models 

would be the ideal tool to enhance these studies. Furthermore, C. elegans with its 

mammalian-like MRC and metabolism would be an excellent model system for metabolic 

profile experimentation.

The use of C. elegans in 31P-NMR analyses goes back several years. These early 

experiments examined in vivo pH shifting and the relative concentrations of ATP, ADP, 

AMP, P„ sugar phosphates and other phosphate-containing metabolites during nematode 

development (Wadsworth and Riddle, 1988; Wadsworth and Riddle, 1989). These
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investigations demonstrated the ease and versatility of the nematode for NMR-based 

studies. NMR analysis can be performed using either protein-free extract from whole- 

animal lysate or live intact nematodes. For this reason, the nuo-1 mutants would be an 

excellent system in which to investigate the effects of pathogenic mutations and their 

treatment on the nematode metabolome. Fortunately, collaborations with other 

laboratories that specialize in NMR spectroscopy were put into practice. I was able to 

conduct preliminary trials of 31P- and 'H-NMR analysis using wild-type C. elegans and 

the three nuo-1  mutants. These initial results confirmed what our conventional 

biochemical analyses revealed; all three nuo-1 mutants had significantly elevated lactate 

concentrations, moderately reduced pyruvate concentrations and significant reductions in 

ATP content compared to wild-type C. elegans. In addition, the analyses revealed 

significant changes to metabolites that are either difficult to detect or undetectable by 

standard biochemical approaches. These included significant increases in glucose 

concentrations and an unknown phosphorous species, elevations in specific amino-acids 

such as alanine, serine and glycine and severe reductions in sugar phosphates in the nuo-1 

mutants in comparison to wild-type. Unfortunately, due to the inconsistent accessibility 

of the NMR facilities, these experiments were not repeated. As a result, further 

examination of mutant nematodes undergoing genetic or pharmacological therapies could 

not be performed during the course of my studies.

Despite the small data sets and incomplete analysis, useful insight can be garnered 

from these preliminary studies. As expected, major differences between the metabolic 

profiles of mutant and wild-type nematodes were observed and these differences 

extended beyond the small number of metabolites examined in the thesis work.
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Furthermore, the NMR results accurately reflect the aberrant metabolism occurring in the 

nuo-1 mutants since metabolic profiles determined by conventional biochemical analyses 

are in agreement with the NMR spectral data thus validating their use in such 

experiments. The data also indicate that many more metabolic defects contribute to the 

pathogenic phenotypes of the nuo-1 mutants, reflecting the true complexity of 

pathogenesis due to MRC deficiency. Given the ease in which nematodes can be 

cultivated, the ever-increasing sensitivity and efficiency of NMR spectroscopy and the 

growing availability of powerful software to analyze, process and identify hundreds of 

known metabolites within a single spectral reading, continuation of this investigation 

would have easily generated accurate and comprehensive metabolic profiles of wild-type 

and complex I-deficient C. elegans. Generation and analysis of these profiles would 

undoubtedly contribute to greater understanding of the downstream pathogenic 

mechanisms caused by the nuo-1 mutations.

The potential applications for these kinds of studies are endless. Any number of 

human MRC mutations that cause disease could be modeled in C. elegans and analyzed 

by NMR spectroscopy, quickly generating metabolic profiles that can be compared with 

other profiles. Common pathogenic mechanisms could easily be identified or subtle 

differences accurately detected, eventually leading to therapeutic approaches specific to 

each metabolic defect. This work would naturally progress to rational therapy 

development in human patients.

5.2.3 Molecular Therapy o f Mitochondrial Diseases

C. elegans can not only be utilized for the development of diagnostic tools for 

mitochondrial disorders but can also play a significant role in the development of new
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molecular medicines for their treatment. Chapter 4 successfully demonstrates the 

potential of the nematode in the development and characterization of genetic approaches 

to treat MRC-associated mitochondrial disease. As a reminder, the S. cerevisiae 

cytochrome b2 enzyme was used to help reduce the over-abundance of NADH and lactate 

in the nematode system while donating electrons to the MRC. The beneficial results from 

this study strongly support further testing of respiratory chain enzymes not normally 

found in the mammalian or C. elegans mitochondrion that can maintain the proton motive 

force and/or correct redox imbalance caused by MRC dysfunction.

The successful application of yeast respiratory enzymes to correct complex I 

dysfunction has also been demonstrated in various mammalian models with the rotenone- 

insensitive NADH dehydrogenase Ndilp (Bai et al., 2001; Seo el al., 1998; Seo et a l, 

2004). This enzyme serves as the single-subunit alternative to mammalian-like complex 

I. Further examination of the S. cerevisiae MRC reveals the presence of two more single­

subunit mitochondrial inner membrane-bound NADH dehydrogenases Ndelp and Nde2p 

collectively referred to as external NADH dehydrogenases; they do not pump protons but 

do transfer electrons to ubiquinone (B akker et al., 2001). External NADH 

dehydrogenases are not found in mammalian or C. elegans mitochondria, but are present 

in many plants and fungi (Rasmusson et a l,  2004). While Ndilp, an internal NADH 

dehydrogenase oxidizes NADH generated within the mitochondrial matrix, external 

NADH dehydrogenases are responsible for oxidation of cytosolic NADH. Although we 

suspect that the elevated NADH/NAD+ ratio present in complex I-deficient C. elegans 

primarily affects the mitochondrial pool of these metabolites, the redox imbalance may 

extend to the cytosolic pools as well. Thus, introduction of external NADH
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dehydrogenases into C. elegans, perhaps in conjunction with cytochrome b2 or Ndilp 

expression, may further enhance NADH oxidation in a nuo-1 mutant background while 

also contributing to electron flow through the MRC. A combination of internal and 

external NADH dehydrogenase expression in C. elegans, with eventual testing in 

mammalian cells, may prove to be an efficient and effective strategy to directly address 

the redox imbalance caused by complex I dysfunction.

Another oxidative enzyme common to higher plant and fungal mitochondria but 

not present in C. elegans or mammals is alternative oxidase. Alternative oxidase is a 

nuclear-encoded, cyanide-insensitive terminal oxidase that branches from the main MRC 

and directly transfers electrons from ubiquinone to molecular oxygen; it does not 

contribute to the proton motive force (Juszczuk and Rychter, 2003). The enzyme exists 

as a simple homodimeric integral inner membrane protein containing a non-heme di-iron 

redox center. It is usually induced in response to environmental stress factors or as a 

result of inhibition of the MRC in vivo or in vitro (Vanlerberghe and McIntosh, 1997). A 

gene therapy strategy involving expression of alternative oxidase in MRC-deficient C. 

elegans could be attempted to examine its potential as gene therapy. The role of the 

enzyme as a terminal oxidase would make it an ideal candidate to address complex IV 

deficiencies. It could also be utilized to bypass complex II and HI dysfunction since 

alternative oxidase oxidizes ubiquinone directly, thus maintaining electron flow through 

the MRC. The major caveat to this strategy would be that the proton pumping functions 

of complexes III or IV could not be replaced by alternative oxidase. However, the 

enzyme may also provide protection against ROS over-production in the face of MRC 

dysfunction. Over-expression of alternative oxidase can decrease ROS formation in
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mitochondria, possibly by reducing the levels of ubiquinol and minimizing the life-time 

of semi ubiquinone radicals, which contribute to ROS generation (Maxwell e ta i,  1999). 

Use of this enzyme as a molecular therapeutic for the treatment of MRC dysfunction 

could minimize pathogenesis by ROS, in addition to correcting defective electron 

transport. The intriguing properties of alternative oxidase make the enzyme an excellent 

candidate for a molecular therapeutic and the C. elegans disease model as the ideal 

system in which to test it.

In addition to using interspecies respiratory enzymes to correct MRC dysfunction, 

one can create and test molecular therapeutic strategies by altering the expression levels 

of proteins native to C. elegans. For example, whereas pharmacological supplementation 

with sodium dichloroacetate benefits our nuo-1 mutant nematodes by temporarily 

stimulating PDHC activity through inhibition of the PDH kinase, a genetic approach to 

stimulate the PDHC may prove more effective and longer lasting. This could be done in 

two ways: either by knocking down expression of the PDH kinase gene by RNAi or by 

transgenic overexpression of the PDHC through C. elegans transformation. The latter 

may prove more complicated since the PDHC in C. elegans is not yet characterized. 

Another strategy might include addressing redox imbalance by over-expression of one or 

more components of the glycerol-phosphate shuttle. The mitochondrial element of this 

mechanism is represented by the FAD-dependent glycerol-3-phosphate (G-3-P) 

dehydrogenase, which catalyzes the oxidation of G-3-P to dihydroxyacetone-phosphate 

(DHAP) while transferring electrons to ubiquinone. The enzyme is located on the IMS 

face of the mitochondrial inner membrane. The action of the mitochondrial G-3-P 

dehydrogenase is coupled to the activity of the cytosolic NAD+-dependent G-3-P
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dehydrogenase, which catalyzes the conversion of DHAP back to G-3-P while oxidizing 

cytosolic NADH to NAD+. Over-expression of one or both of these glycerol phosphate 

shuttle constituents may reduce the amount of cellular NADH in a complex I-deficient 

background. Testing of this therapeutic mechanism would be easy enough in the C. 

elegans system with the caveat that these enzymes have yet to be characterized in the 

nematode.

Continued work with genetic approaches to address MRC dysfunction in C. 

elegans may eventually branch into the exploration of treating mitochondrial disorders 

due to mtDNA mutation. Pathogenesis of these kinds of disorders is heavily influenced 

by the mutational load and heteroplasmy of mtDNA defects. Gene therapy strategies for 

their treatment would therefore focus on either reducing the mutational load of mtDNA or 

possibly correcting the mutation itself within the mitochondrion; these mechanisms are 

more complex than the relatively simple correction of nuclear defects. The genetic 

amenability of C. elegans may provide the means to perfect the methods needed for 

stable and heritable transfection of mammalian-like mitochondria with DNA, a feat 

already accomplished in yeast (Butow et al., 1996) but yet to be consistently 

demonstrated in mammalian mitochondria. As more of the C. elegans proteome is 

characterized, especially those proteins involved in mitochondrial functions, the potential 

of the nematode awaits those needing a transitional model system to test new therapeutic 

strategies before advancing to mammalian tissue systems and to clinical application.
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5.3 Concluding Remarks

The study of mitochondrial diseases can be complicated and enigmatic at times. 

The nature of these disorders requires an experimental system that has the potential to 

address the molecular complexities of their pathogenesis while being simple enough to 

provide information quickly and efficiently. I feel the work in this thesis has 

demonstrated the true potential of C. elegans as a model system to investigate not only 

the molecular details of MRC dysfunction in a whole multicellular organism but also its 

diagnosis and treatment. The relevance of this research to future medical application is 

undeniable. We have demonstrated that pathogenic human mutations can be successfully 

modeled in C. elegans and that their effects appear to accurately reflect the molecular 

mechanisms of human disease. Furthermore, we observed aspects of pathogenesis that 

have not been and most likely could not have been identified in human patients due to 

clinical limitations. Finally, we have demonstrated that C. elegans can be used as a 

valuable and effective system for the development of novel molecular therapies that may 

hold promise for safe and effective treatment of mitochondrial disorders in the future.
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