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Abstract 

 

Dysfunction of mitochondrial oxidative phosphorylation (OXPHOS) underlies a 

large number of human diseases with highly variable phenotypic presentations. 

Although progress has been made in elucidating the molecular pathogenesis of 

mitochondrial disorders, there are no effective ways to cure these often devastating 

diseases. Cytochrome c oxidase (COX, complex IV) deficiency is among the most 

common and most severe forms of mitochondrial OXPHOS dysfunction. It can be 

caused by defects in either mtDNA-encoded or nuclear-encoded subunits of the 

enzyme, or the large number of nuclear-encoded factors required for its biosynthesis 

and assembly.  

 

The alternative oxidase (AOX), present in many lower eukaryotes, provides a 

bypass of complexes III and IV of the mitochondrial respiratory chain under 

conditions of respiratory stress or overload. AOX has also been found in several 

animal phyla, but is absent from vertebrates and arthropods. Activated upon over-

reduction of the quinone pool, AOX transfers electrons directly from ubiquinol to 

molecular oxygen without concomitant proton pumping. The work presented in this 

thesis was aimed at investigating the potential of AOX as a molecular bypass of 

defective COX, by transgenic expression of the AOX gene from the Ascidican 

Ciona intestinalis in Drosophila melanogaster.  

 

The use of Drosophila as a model organism provides many practical advantages, 

including the large variety of tools readily available for manipulation of its genome. 

In this study, COX deficiency was produced by GAL4-dependent RNA interference 

(RNAi) against various structural subunits of COX and the assembly factor Surf1, as 

well as via a point mutation (levy1) affecting one of the structural subunits. 

Transgenic flies expressing AOX constitutively were created and characterised, and 

the effects of both conditional and constitutive expression of AOX on the COX 

deficient phenotypes were studied. In addition, various different GAL4 drivers, 

including ubiquitous, tissue-specific and inducible drivers, were utilized to drive the 

expression of AOX and the RNAi silencing in different tissues and stages of fly 

development. Finally, the ability of AOX to compensate generalized OXPHOS 



 

deficiency, resulting from defective mitochondrial translation, was assessed by 

studying the effects of AOX expression on the phenotype of the fly mutant, 

technical knockout (tko25t). 

 

AOX from Ciona intestinalis was well tolerated and enzymatically functional in 

Drosophila, conferring significant cyanide resistance to the flies. Expression of 

AOX in flies also complemented partial deficiency of COX, providing complete or 

substantial rescue of phenotypes produced by knockdown of nuclear-encoded 

structural subunits of COX, whether required for early (Cox4, Cox5a), intermediate 

(Cox5b, Cox6c) or late steps (Cox6b, Cox7a) of COX assembly, or the 

multimerization of the complex (Cox6a). It also complemented the knockdown of 

an essential assembly factor, Surf1, representing a Drosophila model of COX-

deficient Leigh syndrome. Furthermore, AOX expression was able to overcome the 

developmental lethality of muscle-specific knockdown of COX, and provided 

partial rescue of the adult-onset neurodegenerative phenotypes resulting from 

neuronal knockdown of COX, or the levy1 (Cox6a) mutation. AOX was, however, 

unable to rescue the major phenotypic features of tko25t mutant flies with defective 

mitochondrial protein synthesis and a consequent functional deficiency of all four 

OXPHOS complexes containing mitochondrial translation products. While possible 

clinical applications remain a distant goal, these results suggest AOX to be a 

promising therapeutic strategy for the large and heterogeneous group of pathologies 

associated with isolated COX deficiency. In case of generalized impairment of 

OXPHOS, AOX expression may in turn be of limited therapeutic value. 
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1. Introduction 

Mitochondrial diseases affecting the oxidative phosphorylation (OXPHOS) system 

comprise a large group of disorders with diverse pathophysiological manifestations. 

There is considerable variation in the affected tissues, severity of symptoms and the 

age of onset of mitochondrial disease, ranging from rare and often devastating 

metabolic syndromes of infancy to late-onset neurodegenerative diseases and 

ageing. The genes required for the biosynthesis and function of the five multisubunit 

complexes of the OXPHOS system are distributed between two separate genetic 

compartments: the nuclear genome and the mitochondria’s own genome, mtDNA. 

The aetiology and underlying genetic causes are known for only a small portion of 

the mitochondrial OXPHOS diseases, and can include mutations in any of the 

hundreds of nuclear- or mtDNA-encoded genes required for the biosynthesis, 

assembly or proper function of the OXPHOS complexes. Mitochondrial disorders 

are typically progressive in nature. No curative treatment exists for mitochondrial 

OXPHOS diseases, and the therapeutic treatments currently available are mostly 

limited to treating symptoms and improving the quality of life of the patients.  

 

The work presented in this thesis was aimed at enhancing the understanding of 

the pathophysiology of disorders affecting a specific OXPHOS complex, the 

cytochrome c oxidase (COX, complex IV), as well as evaluating the potential of a 

possible therapeutic strategy. Like other OXPHOS complexes, COX is a 

multisubunit complex, consisting of a catalytic core formed by 3 mitochondrially 

encoded core subunits, and a group of well conserved nuclear-encoded subunits, 

with structural and regulatory roles. COX acts as the terminal enzyme of the 

mitochondrial respiratory chain, transferring electrons from cytochrome c (cyt c) to 

oxygen, and simultaneously translocating protons across the inner mitochondrial 

membrane, thus contributing to ATP production. 
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COX deficiencies are among the most common defects of the respiratory chain, 

and comprise a wide range of pathological manifestations (Diaz, 2010). A variety of 

tissues can be affected by COX deficiency, including the central nervous system 

(CNS), skeletal muscle, heart and liver. However, the reasons for tissue specificity 

remain incompletely understood. COX deficiency can be caused by genetic 

mutations in any of the nuclear or mitochondrial genes encoding subunits of the 

complex or, more commonly, the large number of accessory factors required for the 

biosynthesis and assembly of the complex, or the synthesis and transport of 

cofactors. 

 

Several mechanisms have been suggested to contribute to the pathophysiology of 

COX deficiency, including ATP deficiency, disturbances of redox homeostasis or 

signalling pathways, inhibition of intermediary metabolic pathways, lactic acidosis, 

overproduction of reactive oxygen species (ROS) and the resulting oxidative 

damage to cellular macromolecules, and the induction of apoptosis. However, the 

relative contribution of these different mechanisms to the overall pathology is not 

known. In order to better understand the pathophysiology of COX deficiency, as 

well as to study the potential of a possible future therapeutic strategy, this study 

exploited the fact that many lower eukaryotes have alternative, non-proton pumping 

respiratory chain enzymes, which can become activated when the complexes of the 

OXPHOS system are inhibited or overloaded. Under such conditions, these 

alternative enzymes, namely NADH dehydrogenases and the alternative oxidase, 

can function as bypasses of respiratory chain complex I, or complexes III + IV, 

respectively. 

 

The alternative oxidase (AOX) is a single gene product present in many lower 

eukaryotes, including plants and invertebrates, but absent in higher animals such as 

vertebrates and arthropods. We have transferred the AOX gene from the 

urochordate Ciona intestinalis to a higher metazoan, Drosophila melanogaster, in 

order to study whether the gene product is able to functionally replace COX under 

conditions resembling mitochondrial COX deficiency. Drosophila has many 

advantages as a model organism, including its genetic and physiological similarities 

to humans, relatively easy, fast and cost-efficient maintenance, and the extensive 

tools readily available for its genetic manipulation. Expressing the transgenic AOX 
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in Drosophila provides a strategy to assess its potential in compensating various 

phenotypes of COX deficiency, resulting from knockdown of a variety of its 

subunits, at a range of levels, time points and tissues, thus providing new insight to 

the pathological mechanisms of COX deficiency.  
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2. Review of the literature 

2.1 Mitochondria 

2.1.1 Structure and origin of mitochondria 

 

Mitochondria are cytoplasmic organelles present in the nucleated cells of almost 

all eukaryotes. A typical human cell has from several hundred to up to a thousand 

mitochondria, the exact number depending on the metabolic activity and energy 

requirements of the tissue. A mitochondrion has two membranes, both composed of 

a phospholipid bilayer with embedded proteins. The outer membrane (OM) 

surrounds the whole organelle, while the inner membrane (IM) encompasses the 

mitochondrial matrix, and is folded into structures called cristae to increase the 

membrane surface area, and the level of compartmentalisation of mitochondrial 

processes. The compartment between the outer and inner membranes is called the 

intermembrane space (IMS). The two membranes have different properties in terms 

of their structure, composition and permeability. The presence of voltage-dependent 

anion channels (VDACs) makes the outer membrane permeable to metabolites and 

small peptides up to 3000 Da. The inner membrane in turn is impermeable to most 

small ions and molecules, including protons, and specific transport mechanisms are 

required for each type of molecule to cross the inner membrane. Both the outer and 

the inner membrane contain multiprotein transporter complexes (TOM, and TIM22 

and TIM23, respectively) that are specialised in the active import of nuclear-

encoded mitochondrial protein precursors into mitochondria. Embedded in the inner 

membrane are also the enzymes involved in oxidative phosphorylation (OXPHOS), 

namely complexes I-IV of the respiratory chain, the ATP synthase (complex V) and 

the adenine nucleotide translocator (ANT). The mitochondrial matrix, enclosed by 

the IM, contains many metabolic enzymes, including those involved in the oxidative 

decarboxylation of pyruvate, tricarboxylic acid cycle (TCA cycle), the β-oxidation 
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pathway, urea cycle and amino acid oxidation, as well a variety of different 

intermediates of these metabolic pathways. Found in the matrix are also multiple 

copies of the circular mitochondrial DNA (mtDNA), the mitochondrial ribosomes, 

tRNAs, as well as the enzymes required for the maintenance, transcription and 

translation of the mitochondrial genome. Many of the components of the matrix, 

including mitochondrial ribosomes (Richman, Rackham, & Filipovska, 2014) and  

the mtDNA containing nucleoids (Brown et al., 2011) are intimately associated with 

the inner mitochondrial membrane.  

 

Mitochondria vary in morphology, size and location depending on the cell type 

and tissue function. Rather than existing as static entities, in most cell types 

mitochondria form dynamic tubular networks that adapt to the requirements of the 

cell by undergoing changes in their shape through fission and fusion events (Frazier 

2006), and the mitochondrial network is also intimately integrated with other 

cellular compartments (Rizzuto et al., 1998). Mitochondrial fusion, fission and 

autophagy have been suggested to contribute to quality control and maintenance of 

functional mitochondria by exchange of mitochondrial contents and elimination of 

damaged material (Twig, Hyde, & Shirihai, 2008). Accumulating evidence 

highlights the importance of mitochondrial fusion and fission in physiological 

processes as diverse as embryonic development, regulation of cellular stress 

responses and apoptosis, maintenance of dendritic spines, lymphocyte migration, 

Ca2+ signalling and determination of lifespan, and defects in genes essential for 

mitochondrial dynamics have been implicated in an increasing number of 

pathological states (reviewed in Dimauro & Schon 2008; Campello & Scorrano 

2010; Corrado et al. 2012). 

 

According to the endosymbiotic theory, the energy-converting organelles of 

present-day eukaryotes evolved from aerobic α-protobacteria, which were engulfed 

by primitive eukaryotic cells an estimated 2-3 billion years ago (Margulis, 1981; 

Gray, 1999), and likely provided a metabolic advantage to the host. The bacterial 

origin of mitochondria is supported by evidence such as the structure and lipid 

composition of the mitochondrial double membrane, the existence of the circular 

mitochondrial genome and the bacteria-like translation machinery (Gray, 1992). The 

initial endosymbiotic event has been followed over time by horizontal transfer of the 
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genes of the organelle to the developing nucleus of the host cell. As a consequence, 

present day mitochondria have lost most of their own genome and become heavily 

dependent on the nucleus for its gene products. Out of the estimated 1500 

polypeptides of the mitochondrial proteome (Taylor et al, 2003), only 13 are 

encoded by mtDNA in most metazoans. Despite their small number, however, the 

gene products of mitochondrial DNA have essential functions in the energy 

metabolism of eukaryotic cells. 

2.1.2 Mitochondrial DNA 

 

Mitochondria have their own genome, mtDNA, which typically exists in 103-104 

copies per cell (Lightowlers et al, 1997), depending on the cell type. The mtDNA 

copy number is thought to be largely dictated by the tissue-specific energy demands 

of the different cell types. Mitochondrial DNA is packed in protein-DNA complexes 

called nucleoids (Garrido et al., 2003). Each nucleoid has been estimated to contain 

1-10 copies of the mtDNA (Iborra, Kimura, & Cook, 2004; Kukat et al., 2011; 

Legros, Malka, Frachon, Lombès, & Rojo, 2004), as well as several proteins 

required for the maintenance and replication of the genome (Bogenhagen, Rousseau, 

& Burke, 2008; Garrido et al., 2003), including the mitochondrial transcription 

factor A (TFAM), which is also considered to function as an mtDNA packaging 

protein (Ekstrand et al., 2004). Mitochondrial DNA replication and transcription are 

thought to take place in the context of the nucleoid (Bogenhagen et al., 2008), and 

nucleoids have also been suggested to be units of mtDNA inheritance (Jacobs, 

Lehtinen, & Spelbrink, 2000).  

 

Mitochondrial DNA was the first component of the human genome to be 

completely sequenced (Anderson et. al, 1981). The human mtDNA is a 16,569 bp 

long circular double-stranded molecule, which encodes 13 of the ~85 subunits of the 

respiratory chain complexes, as well as 2 ribosomal and 22 transfer RNAs essential 

for mitochondrial protein synthesis. The human mtDNA is a small and compact 

genome with contiguous or overlapping organisation of the coding sequences, no 

introns and only one substantial non-coding region, the ~1 kb displacement loop (D-
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loop). The genes are distributed between two strands, which differ in base 

composition. The guanine-rich heavy strand encodes 12 of the 13 mtDNA-encoded 

polypeptides, 14/22 tRNAs and both rRNAs, whilst the other, cytosine-rich light 

strand encodes the remaining tRNAs and one polypeptide (ND6). The general 

structure, gene content and the highly compact organisation of the mitochondrial 

genome are well conserved among metazoans, including Drosophila. However, 

some differences in gene organisation, base composition, codon usage and the size 

of the noncoding region exist between Drosophila and mammalian mtDNAs 

(Garesse 1988; Lewis et al. 1995). 

2.1.3 mtDNA inheritance 

 

In animals, mtDNA is almost exclusively maternally inherited (Giles, Blanc, Cann, 

& Wallace, 1980), as paternal mtDNA is actively destroyed immediately after 

fertilization (Nishimura et al., 2006). Maternal inheritance is thus one of the 

characteristic features of the disease pedigrees of mitochondrial diseases resulting 

from mtDNA defects. Mutant and wild-type copies of mtDNA can co-exist within a 

mitochondrion or a cell, a condition referred to as heteroplasmy. Large shifts in the 

level of heteroplasmy can occur over just a few generations. A physical bottleneck 

in the female germline, resulting from the dramatic reduction in mtDNA copy 

number in primordial germ cells, has been proposed to impose purifying selection 

against the most severe mtDNA mutations (Fan et al., 2008; Stewart et al., 2008).  

The subsequent genetic bottleneck, occurring during folliculogenesis due to 

selective replication of a subset of mtDNA variants (Wai, Teoli, & Shoubridge, 

2008), can in turn result in highly variable proportions of mutant mtDNA being 

transmitted from a heteroplasmic mother to the offspring. Furthermore, postnatal 

segregation of mtDNA variants in a tissue- and mutation-specific manner, by so far 

incompletely understood mechanisms, can give rise to tissue-specific differences in 

the level of heteroplasmic mtDNA mutations, and may affect the onset and severity 

of the mitochondrially inherited diseases (reviewed by Jokinen & Battersby, 2013). 

Mitotic segregation can also lead to profoundly different mutation loads in different 
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cells of the same tissue, leading to a mosaic pattern of respiratory chain dysfunction 

(Barron et al., 2005). 

 

Replication of the mitochondrial genome continues throughout the lifespan of an 

organism, both in proliferating and post-mitotic cells. The machinery responsible for 

mtDNA replication comprises several nuclear-encoded proteins, including the actual 

DNA polymerase of mtDNA, DNA polymerase gamma (POLG) and its accessory 

subunit (Ropp& Copeland, 1996; Lim et al, 1999), the mitochondrial single-

stranded DNA-binding protein, mtSSB (Tiranti et al, 1993), and the mitochondrial 

DNA helicase Twinkle (Spelbrink et. al, 2001). The mechanism of mtDNA 

replication has been a subject of debate, and current data suggest that three different 

modes of animal mtDNA replication may in fact operate in different tissues and 

physiological circumstances (reviewed in McKinney & Oliveira, 2013).  

 

The human mitochondrial genome is transcribed by the mitochondrial RNA 

polymerase, POLRMT (Tiranti et al, 1997), enhanced by the transcription factor A 

of mitochondria, TFAM (Parisi & Clayton, 1991; Parisi et al. 1993) and 

transcription factor TFB2M (Falkenberg et al., 2002; Litonin et al., 2010), both of 

which are nuclear encoded proteins. mtDNA is transcribed as long polycistronic 

transcripts, which are subsequently cleaved into the individual mRNAs, tRNAs and 

rRNAs (Ojala et al, 1981). The 11 mitochondrially encoded mRNAs, 2 of which are 

dicistronic, are translated into polypeptides on mitochondrial ribosomes, using a 

mitochondrion-specific genetic code and a simplified decoding mechanism allowing 

all codons to be translated using only 22 mitochondrial tRNAs (Barrell et al., 1980).  

 

As a consequence of the endosymbiotic origin of mitochondria, mitochondrial 

translation shares many features with bacterial translation, and several accessory 

factors required for translation initiation, elongation and termination are highly 

conserved. However, the structure, size and the protein-to-RNA ratio of the 

mitoribosome have diverged from those of their bacterial ancestors during the 

course of evolution (O’Brien, 2002). The mammalian mitoribosome has two 

subunits, the small subunit, 28S and the large subunit, 39S, each of which contains 

only one ribosomal RNA, 12S and 16S, respectively. In addition, the small subunit 

contains ∼29 and the large subunit ∼48 ribosomal proteins (Christian & Spremulli, 
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2012). The mitoribosomes thus lack almost half of the rRNA content of bacterial 

ribosomes, and have instead acquired higher protein content. All the mitoribosomal 

proteins (MRPs), the factors required for translation initiation, elongation and 

termination (reviewed in Smits et al. 2010), as well as the enzymes required for 

aminoacylation of mitochondrial tRNAs are encoded by nuclear genes, whereas the 

22 tRNAs and 2 rRNAs required for mitochondrial translation are mtDNA-encoded.  

 

Although replication and transcription of mitochondrial DNA, as well as the 

synthesis of mtDNA-encoded polypeptides, take place inside mitochondria, these 

processes are completely dependent on nuclear proteins. As described above, the 

mitochondrial DNA and RNA polymerases, ribosomal proteins and all other 

proteins involved in mtDNA maintenance, RNA synthesis and translation, are 

encoded by nuclear genes, synthesised on cytoplasmic ribosomes and imported post-

translationally into mitochondria. Similarly, all of the metabolic enzymes of 

mitochondria, the majority of subunits of the OXPHOS complexes, as well as the 

machineries for protein import and turnover, are encoded by nuclear DNA. 

Mitochondrial biogenesis and function thus require a highly coordinated interaction 

between the nuclear and the mitochondrial genomes.  

2.1.4 Mitochondrial OXPHOS 

 

Mitochondria play a key role in cellular metabolism by producing the majority of 

cellular ATP and participating in a number of vital anabolic and catabolic pathways. 

Oxidative phosphorylation is the final stage of energy-yielding metabolism, in 

which all oxidative steps in the degradation of carbohydrates, fats and amino acids 

converge. The mitochondrial matrix contains all of the major pathways of substrate 

oxidation except glycolysis, which takes place in the cytosol. Specific transporters 

carry pyruvate (produced from carbohydrates by glycolysis), fatty acids (from 

triglycerides) and amino acids or their α-keto derivatives (from protein breakdown) 

into the matrix to be further converted to the two-carbon acetyl group of acetyl-CoA 

by the pyruvate dehydrogenase complex, the β-oxidation pathway, and the pathways 

of amino acid oxidation, respectively. The acetyl groups are taken up by the 
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tricarboxylic acid (TCA) cycle, which enzymatically oxidises them to CO2. The 

energy released by the oxidation is conserved in the reduced forms of electron 

carriers NADH and FADH2, which in turn can pass the high-energy electrons to the 

respiratory chain (Fernie, Carrari, & Sweetlove, 2004).  

 

The oxidative phosphorylation (OXPHOS) system comprises five multisubunit 

complexes (I-V) embedded in the lipid bilayer of the mitochondrial IM, as well as 

two mobile electron carriers, ubiquinone (Q) and cytochrome c (cyt c). Each of the 

complexes is assembled from multiple subunits which, apart from complex II, 

include subunits encoded by both mitochondrial and nuclear genomes. The 

complexes include redox active prosthetic groups capable of accepting and donating 

either one or two electrons. Together with the mobile electron carriers, they perform 

the multiple redox reactions responsible for the coordinated transfer of electrons 

through the respiratory chain (reviewed in Wallace, Fan, & Procaccio, 2010). 

 

Reducing equivalents can enter the respiratory chain (RC) at different sites. 

Electrons from NADH are first transferred to complex I (NADH: ubiquinone 

oxidoreductase) and then to the mobile electron carrier ubiquinone (Q), reducing it 

to ubiquinol (QH2), whereas those from the oxidation of succinate are passed to 

ubiquinone via complex II (succinate dehydrogenase), the only membrane-bound 

enzyme of the TCA cycle. Both glycerol 3-phosphate dehydrogenase on the outer 

face of the inner membrane and the flavin adenine dinucleotide (FAD)-containing 

enzymes of the fatty acid oxidation also bypass complex I by delivering electrons 

directly to ubiquinone. From ubiquinol (QH2), electrons are transferred to complex 

III (ubiquinol:cytochrome c oxidoreductase) in a series of reactions referred to as 

the Q-cycle. Another diffusible electron carrier, cytochrome c (cyt c), shuttles 

electrons from complex III to complex IV (cytochrome c oxidase, COX). Complex 

IV completes the process by transferring the electrons from cytochrome c to 

molecular oxygen, which is reduced to H2O.  

 

The energy released in the process of electron transfer is efficiently conserved in 

the form of an electrochemical gradient across the inner mitochondrial membrane 

(Mitchell, 1961). Simultaneously with the transfer of electrons through the RC, 

protons are translocated from the matrix to the intermembrane space by complexes 
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I, III and IV, resulting in the formation of an electrochemical gradient across the 

inner membrane. The energy from translocation of protons down this gradient back 

to the matrix is finally used to drive the synthesis of ATP from ADP and inorganic 

phosphate (Pi) by the ATP synthase (Complex V).  

 

In addition to ATP synthesis, the proton-motive force also directly drives many 

transport processes of mitochondria, including the import of substrates, ADP and Pi 

into the mitochondrial matrix, and the product, ATP, out to the cytosol to fuel the 

energy needs of many cellular processes (Palmieri, Runswick, Fiermonte, Walker, 

& Palmieri, 2000). The exchange of the ionic forms of ADP3- and ATP4- is carried 

out by the antiporter adenine nucleotide translocator (ANT), using a proportion of 

the free energy conserved by biological oxidations. The inorganic phosphate in turn 

is imported by a membrane symporter phosphate translocase in the form of H2PO4-. 

For each H2PO4-, one proton is moved into the matrix, thereby also dissipating the 

proton gradient.  

2.1.4.1 Mitochondrial production of reactive oxygen species (ROS) 

 

The electron transport chain is one of the major sources of endogenous reactive 

oxygen species (ROS) in the cell (Brown & Borutaite, 2012). Complexes I and III 

are thought to be the predominant sites of ROS production (Balaban et al, 2005), 

although the specific sites of superoxide production may vary depending on the type 

of substrate being oxidised (Quinlan, Perevoshchikova, Hey-Mogensen, Orr, & 

Brand, 2013). Due to the nature of the one-electron oxidation-reduction reactions 

within the RC, the redox active prosthetic groups are prone to side reactions with 

molecular oxygen. The escaping high-energy electrons univalently reduce O2 to 

form the superoxide anion (O2
•−), which is referred to as the proximal mitochondrial 

ROS. Superoxide is converted to hydrogen peroxide (H2O2) by the mitochondrial 

manganese superoxide dismutase (MnSOD), and the freely diffusible H2O2 is 

usually further reduced to H2O by catalase or glutathione peroxidase. However, in 

the presence of reduced transition metals, such as Fe2+, it can be converted by the 
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Fenton reaction to the highly reactive hydroxyl radical (OH•), capable of oxidising 

biological macromolecules. 

 

ROS are continuously produced at a basal level as a by-product of electron 

transfer. However, the production is significantly increased by elevation of the 

matrix NADH/NAD+ ratio due to for example inhibition of the respiratory chain by 

damage, mutation, ischemia, loss of cyt c or low ATP demand (reviewed in Murphy 

2009). Increase in the NADH/NAD+ ratio leads to the reduction of the flavin 

mononucleotide (FMN) cofactor of complex I, and increased formation of O2
•−. 

Another mechanism inducing high production of O2
•− by complex I in isolated 

mitochondria is reverse electron transport, resulting from electron supply to the 

quinone pool under conditions of high membrane potential, forcing electron flow 

from the reduced quinone pool back to complex I and the reduction of NAD+ to 

NADH. Whether this occurs in vivo is, however, not known. Complex III produces 

increased levels of O2
•− upon its inhibition, for example by antimycin, due to the 

reaction of a bound ubisemiquinone at the Q0 site with oxygen. However, under 

uninhibited conditions, the O2
•− production of complex III is relatively low, and 

inhibition of the ETC distal to complex III and the resulting reduction of the 

quinone pool do not significantly increase ROS production at complex III (Murphy, 

2009). In addition to Complexes I and III, complex II and other mitochondrial sites, 

as well as many other cellular sources also contribute to the total production of ROS 

(reviewed by Murphy 2009; Mailloux, McBride, et al. 2013).  

 

Increase in ROS production, or a defect in antioxidant mechanisms, can lead to 

an imbalance, in which defence mechanisms are no longer sufficiently capable of 

scavenging the free radicals, leading to increased cellular levels of ROS. Above 

physiological levels, ROS can have various deleterious effects in the cell, including 

lipid peroxidation, protein oxidation, nucleic acid damage and increased 

susceptibility to apoptosis. Because of the close proximity of mtDNA to the site of 

ROS production, as well as the relatively unprotected nature and high gene density 

of the mitochondrial genome, mtDNA is especially vulnerable to the deleterious 

effects of ROS. ROS, particularly the hydroxyl radical, can induce numerous types 

of lesions to the mtDNA, including base modifications, abasic sites, point mutations 

and single strand breaks (reviewed in Muftuoglu et al. 2014). The well characterised 
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repair mechanisms of mtDNA are limited to base excision repair, although in vitro 

evidence also exists of homologous recombination (Thyagarajan, Padua, & 

Campbell, 1996), non-homologous end-joining (Coffey, Lakshmipathy, & 

Campbell, 1999) and mismatch repair (Mason, Matheson, Hall, & Lightowlers, 

2003) in mammalian mitochondria. However, mitochondrial mechanisms for the 

equivalent of the nuclear nucleotide excision repair, capable of repairing larger 

lesions, have not been identified.  

 

Rather than solely detrimental molecules, mitochondrial ROS have in the recent 

years emerged as important mediators of cellular signaling pathways with both 

beneficial and detrimental effects, depending on the concentration (Hamanaka & 

Chandel 2010). Complex III can release superoxide on both sides of the inner 

mitochondrial membrane (Muller, Liu, & Van Remmen, 2004), enabling 

mitochondrial ROS to be released to the cytosol via the VDACs (Han, Antunes, 

Canali, Rettori, & Cadenas, 2003). H2O2 is considered to be the main ROS signaling 

molecule due to its long half-life and capacity to diffuse through membranes 

(Mailloux, Jin, & Willmore, 2013). ROS acts as a signal of the oxidative status of 

the mitochondria to the rest of the cell. These redox signals, mediated through 

cysteine oxidation of key proteins in redox-sensitive signaling pathways, have been 

suggested to regulate many important mitochondrial functions including nutrient 

oxidation, OXPHOS, ROS production, mitochondrial permeability transition, 

apoptosis, and mitochondrial fission and fusion events (reviewed by Mailloux et al. 

2013). Mitochondrial H2O2 has also been suggested to play a signaling role in the 

regulation of diverse cellular processes such as cell proliferation and adipocyte 

differentiation (Tormos et al., 2011), insulin release (Mailloux et al., 2012) and 

insulin signalling (Loh et al., 2009) and the adaptation to cellular stress, such as 

hypoxia (Guzy et al., 2005), and has been implicated in the maintenance of stem cell 

populations, cellular survival, and oncogenic transformation (Hamanaka & Chandel, 

2010).  
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2.1.4.2 Higher degree organisation of the respiratory chain 

 

Two alternative models for the organisation of the respiratory complexes within the 

mitochondrial inner membrane have been proposed. According to the so-called 

”solid state model”, proposed already 60 years ago, the respiratory chain acts as one 

unit in which electrons are channeled directly from one enzyme to the next (Chance 

& Williams 1955). This idea was challenged by an emerging alternative model, 

called the ”random collision model”, which proposes that all components of the 

respiratory chain are in constant and independent diffusional motion in the fluid-

state membrane, and electron transfer occurs by random collisions of the individual 

protein complexes and the smaller electron carriers ubiquinone and cyt c (Chazotte 

& Hackenbrock, 1989; Hackenbrock, Chazotte, & Gupte, 1986).  However, the solid 

state model has more recently been supported and reformulated based on the 

identification of preferential associations of specific complexes and the isolation of 

so-called supercomplexes. Using Blue-native PAGE, gel filtration and 

immunoprecipitation, supercomplex assemblies of various stoichiometries have 

been characterised in bacteria (Stroh et al., 2004), as well as in the mitochondria of 

yeast (Cruciat, Brunner, Baumann, Neupert, & Stuart, 2000), plants (Eubel, 

Heinemeyer, Sunderhaus, & Braun, 2004), and mammals (Schägger & Pfeiffer, 

2000). Supercomplexes typically contain complex I, a dimer of complex III and 0-4 

copies of complex IV. Different stoichiometric variants, including I1III2, I1III2IV1–4 

and III2IV4, have been identified in bovine heart mitochondria (Schägger & Pfeiffer, 

2000). The two major types of supercomplexes in human, the I1III2 and I1III2IV1 

(Schägger, 2001) have also been characterised by electron microscopy (Schäfer et 

al., 2006). The most recently proposed “plasticity model” of the organisation of the 

RC accommodates both the fluid and the solid state models by suggesting that 

different supercomplex associations co-exist with individual complexes (Acin-Perez 

& Enriquez, 2014). The functions of supercomplex structures have been suggested 

to include catalytic enhancement and substrate channeling (Bianchi, Genova, Parenti 

Castelli, & Lenaz, 2004), stablization of the individual complexes (Acín-Pérez et al., 

2004; Francisca Diaz, Fukui, Garcia, & Moraes, 2006; Vempati, Han, & Moraes, 

2009) and sequestration of reactive intermediates, particularly ubisemiquinone, 
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which could otherwise react with oxygen to generate excessive superoxide 

(Schägger, 2001).  

2.1.5 Other functions of mitochondria 

In addition to their central role in cellular energy metabolism, mitochondria have a 

variety of other important functions in the cell, including the biosynthesis of 

steroids, and the heme and iron-sulfur clusters essential for the function of 

hemoglobin, OXPHOS complexes and the DNA repair machinery (Lill & 

Mühlenhoff, 2008). Many intermediates of the mitochondrial TCA cycle can act as 

precursors of biosynthetic pathways, including amino acid and fatty-acid synthesis. 

Mitochondria are also central players in cellular stress responses, including 

autophagy and apoptosis. Mitochondria regulate the intrinsic pathway of apoptosis 

through mitochondrial outer membrane permeabilization (MOMP), which leads to 

the release of various pro-apoptotic IMS proteins. Released cytochrome c, SMAC 

(also known as DIABLO) and OMI (HTRA2) act by inducing the formation of the 

apoptosome, leading to recruitment and activation of caspases, whereas apoptosis 

inducing factor (AIF) and the endonuclease G, are capable of triggering chromatin 

condensation and DNA degradation in the nucleus via a caspase-independent 

pathway. Mitochondrial outer membrane integrity is tightly regulated, and the 

release of these IMS proteins is largely controlled by the balance between pro-

apoptotic and anti-apoptotic members of the B-cell lymphoma 2 (BCL-2) protein 

family (reviewed in Danial, 2004).  

 

The mitochondrial uptake of calcium has been suggested to act as a 

spatiotemporal buffering system of cytosolic Ca2+, influencing physiological 

calcium signaling in many cells (De Stefani, Raffaello, Teardo, Szabò, & Rizzuto, 

2011). Moreover, calcium uptake plays a fundamental role in regulating 

mitochondrial function, as calcium level of the matrix controls the rate of cellular 

ATP production by regulating several key metabolic enzymes, and can initiate 

permeability transition and apoptosis. Some of the functions of mitochondria are 

confined to specific cell-types or tissues. The mitochondria of liver and kidneys take 

part in the detoxification of ammonia by the urea cycle, whereas the synthesis of 
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steroid hormones mainly takes place in the adrenal glands and gonads. Mitochondria 

are also essential to several specific functions of neurons by providing the energy 

necessary for synaptic transmission, as well as playing an important role in the 

release and uptake of neurotransmitters, calcium buffering, vesicle cycling in 

presynaptic terminals, repolarization after depolarizing stimulation, and growth cone 

formation (Diaz, 2010). Considering the diverse functions of mitochondria, and their 

critical importance to the function of the cell, it is not surprising that mitochondrial 

dysfunction is associated with a large variety of pathologies, including a significant 

proportion of inherited metabolic disorders, and has recently also emerged as an 

underlying factor in an increasing number of common diseases, ranging from 

neurodegenerative and ischaemic disease to metabolic syndrome, diabetes and 

cancer (reviewed in Nunnari & Suomalainen 2012).  

2.2 Etiology and pathophysiology of mitochondrial 
respiratory chain diseases 

2.2.1 Molecular etiology of OXPHOS diseases 

 

Genetic diseases affecting the mitochondrial respiratory chain comprise a large 

group of heterogeneous disorders with highly variable clinical manifestations, tissue 

and organ involvement and age of onset. Although each disease is individually rare, 

collectively mitochondrial diseases form one of the most common groups of 

inherited metabolic disorders, with an estimated prevalence of at least 1 in 5000 

people (Schaefer, Taylor, Turnbull, & Chinnery, 2004; Smeitink, Zeviani, Turnbull, 

& Jacobs, 2006). Mitochondrial OXPHOS defects can be caused by mutations in 

any of the mitochondrial or nuclear genes encoding subunits of the respiratory chain 

complexes or the factors involved in the biosynthesis and assembly of the large 

multisubunit complexes. Mitochondrial diseases can thus be transmitted either 

maternally or in Mendelian fashion, depending on their genetic origin, or can occur 

sporadically. In addition, the clinical presentation may be affected by other 

underlying genetic or environmental factors, further adding to the complexity of 

these diseases.  
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The most common pathological mtDNA lesions include mutations in the genes 

encoding the mitochondrial tRNAs or rRNAs, or large scale mtDNA deletions. Two 

of the most well characterised tRNA mutations are the A3243G mutation in tRNA-

Leu(UUR), causing the MELAS (Mitochondrial encephalopathy, lactic acidosis and 

stroke-like episodes) syndrome (Goto, Nonaka, & Horai, 1990), and the A8344G 

mutation in tRNA-Lys, responsible for MERRF (Myoclonic epilepsy with ragged 

red fibers) (Shoffner et al., 1990). Mitochondrial rRNA mutations, such as A1555G 

in the 12S rRNA gene (Prezant et al., 1993), are typically associated with 

sensorineural or aminoglycoside-induced deafness. An example of a classical 

mitochondrial syndrome resulting from mutations in protein coding genes of 

mtDNA is Lebers Hereditary Optic Neuropathy (LHON), which is typically caused 

by mutations in mtDNA-encoded subunits of complex I (Mackey et al., 1996). 

Single large mtDNA deletions, such as those seen in Kearns-Sayre syndrome (KSS), 

Pearson’s syndrome (PS), and Progressive external ophthalmoplegia (PEO) are most 

often sporadic (Dimauro & Davidzon, 2005). Defects in mtDNA maintenance 

proteins, such as those involved in mtDNA replication (reviewed in Wanrooij & 

Falkenberg 2010) or maintenance of dNTP pools (Rampazzo et al., 2010), in turn 

result in multiple mtDNA deletions or mtDNA depletion, and can cause a variety of 

pathologies, including autosomal dominant or recessive PEO, mtDNA depletion 

syndrome, mitochondrial neurogastrointestinal encephalopathy (MNGIE), 

mitochondrial recessive ataxia syndrome (MIRAS) or Alper’s syndrome (reviewed 

in Ylikallio & Suomalainen 2012).  

 

In addition to mtDNA lesions, multiple mutations in the nuclear genes encoding 

structural subunits of OXPHOS complexes have been reported. However, the 

majority of identified pathological mutations in nuclear genes affect the large 

number of assembly proteins required for the biosynthesis of the OXPHOS 

complexes (reviewed in Diaz et al. 2011). Defects in assembly factors have been 

associated with diverse mitochondrial pathologies. Mutations of the same assembly 

protein can lead to a variety of clinical presentations (Antonicka, Leary, et al., 2003; 

Hinson et al., 2007). On the other hand, a particular disease, such as the Leigh 

syndrome (LS), may have highly heterogeneous molecular etiology (see section 

2.4.2), including mutations in both nuclear and mtDNA-encoded subunits of 
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different OXPHOS complexes, various assembly factors, or even other genes 

affecting energy metabolism, such as the pyruvate dehydrogenase complex (PDHC) 

(Rahman et al., 1996).  

 

OXPHOS dysfunction can also result more indirectly from defects in the 

machinery required for gene expression, transcription and translation of both nuclear 

and mitochondrial genes, mitochondrial protein import, nuclear–mitochondrial 

communication, ubiquinone biosynthesis, mitochondrial dynamics and quality 

control, or induction of apoptosis (reviewed in Ylikallio & Suomalainen 2012). The 

heterogeneous genetic origin partially explains the wide variety of clinical 

manifestations of OXPHOS disease, ranging from rare, early-onset metabolic 

syndromes and devastating neuromuscular disorders to subgroups of several 

common diseases, such as inherited deafness, cardiomyopathy, epilepsy and 

diabetes. Moreover, involvement of mitochondrial OXPHOS dysfunction has been 

suggested in the pathology of several neurodegenerative diseases (reviewed in 

Dhillon & Fenech 2014), most notably Parkinson’s disease (Keeney, Xie, Capaldi, 

& Bennett, 2006).  

2.2.2 The role of ROS in OXPHOS disease and ageing 

 

As described in 2.1.4.1, mitochondrial pathology can also result from increased 

production of ROS or decrease in antioxidant defenses. Since mtDNA encodes 

components of the respiratory complexes, mtDNA damage can be assumed to lead 

to further increase in the level of produced ROS via instability of the RC complexes. 

The mitochondrial free radical theory of ageing (MFRTA) proposes that this vicious 

cycle of mtDNA damage, defective OXPHOS and increased ROS production leads 

to progressive cellular and tissue dysfunction and ageing of the organism. The role 

of ROS in ageing and age-related diseases has been extensively studied, and 

oxidative stress arising from mitochondrial dysfunction has been implicated in a 

large number of age-related pathologies, including neurodegenerative diseases (Lin 

& Beal, 2006; Trushina & McMurray, 2007), cardiovascular diseases (Uppal, 

Uppal, & Uppal, 2014; Wohlgemuth, Calvani, & Marzetti, 2014) and tumorigenesis 
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(Imanishi et al., 2011; Sharma et al., 2011; Woo et al., 2012). However, the actual 

pathological role of ROS has been debated due to the mostly correlative rather than 

causal nature of the data (Bokov et al. 2004; Di Carlo et al. 2012). The role of ROS 

in ageing itself also remains ambiguous, and evidence has emerged contradicting 

several predictions of the MFRTA. For example, the mtDNA mutator mouse model 

with proof-reading deficient POLG does not show elevated levels of ROS or 

oxidative damage, despite accumulating increasing amounts of mtDNA point 

mutations and having a striking phenotype of premature ageing (Kujoth et al., 2005; 

Trifunovic et al., 2005). Although mtDNA mutations have been shown to 

accumulate with age in many human tissues (Corral-Debrinski et al., 1992; Fayet et 

al., 2002; Yen, Su, King, & Wei, 1991), a direct causative role of ROS in this 

process has not been demonstrated. Elimination of some of the defence mechanisms 

against ROS in Drosophila does not seem to increase the frequency of somatic 

mtDNA mutations, suggesting that oxidative stress is not the major cause of 

accumulating mtDNA damage (Itsara et al., 2014). Instead, the mtDNA mutations 

have been suggested to arise primarily form clonal expansion of replication errors 

that occur during development (Itsara et al., 2014; Park & Larsson, 2011). It has 

also been shown that substantial increase of oxidative damage by impairing the 

defence mechanisms does not shorten the lifespan of mice (Y. Zhang et al., 2009) 

and conversely, decreasing the amount of ROS does not extend the lifespan of 

Drosophila (Sanz, Fernández-Ayala, Stefanatos, & Jacobs, 2010), both suggesting 

that oxidative stress may not be the major determinant of lifespan.  

2.2.3 Heterogeneity and tissue-specificity of clinical presentation 

 

Mitochondrial OXPHOS diseases typically exhibit high variability in the severity 

and the age of onset of the disease, and can have highly tissue-specific 

manifestations. In diseases caused by mtDNA defects, the phenotypic variability is 

at least partially a consequence of the high copy number of mtDNA, and the 

possibility of mutant and wild-type copies of mtDNA co-existing (heteroplasmy). 

The severity of symptoms generally correlates with the proportion of mutant 

mtDNA (the level of heteroplasmy). Above a critical threshold level, the deleterious 
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effects of an mtDNA mutation can no longer be complemented by the coexisting 

wild-type mtDNA. However, the degree of heteroplasmy that is tolerated without 

clinical presentation of the disease varies greatly depending on the tissue, the nature 

of the mutation, as well as other coexisting genetic and environmental factors.  The 

basis for tissue-specificity is incompletely understood but possible explanations 

include varying levels of mtDNA heteroplasmy in different tissues due to tissue-

specific segregation patterns (Battersby, Loredo-Osti, & Shoubridge, 2003), 

differential expression of the nuclear encoded OXPHOS genes, components of the 

mitochondrial genetic system or other accessory systems affecting OXPHOS, tissue-

specific metabolic thresholds for the different OXPHOS complexes (Rossignol, 

Letellier, Malgat, Rocher, & Mazat, 2000), or variable sensitivity of different cell or 

tissue types to OXPHOS dysfunction and decreased ATP producing capacity. The 

tissues and organs that are most commonly affected by mitochondrial OXPHOS 

disease include the central nervous system, heart, skeletal muscle and the 

sensorineural epithelia, possibly reflecting their dependence on high, or highly 

variable, ATP levels. However, mitochondrial disease symptoms can present in 

virtually any tissue at any age, and despite their progressive and often fatal outcome, 

no curative treatments are currently available. 

2.2.4 Pathophysiology of OXPHOS dysfunction 

 

The pathogenic mechanisms by which the molecular defects of the OXPHOS 

system lead to the development of clinical symptoms are only partially understood. 

Based on data from patients and genetically engineered model organisms, the 

metabolic consequences of pathological OXPHOS defects (reviewed in Smeitink et 

al. 2006) are much more diverse than ATP insufficiency, commonly assumed as the 

primary effect of mitochondrial disease mutations. OXPHOS dysfunction can cause 

a range of other disturbances at cellular and tissue level that underlie or at least 

contribute to the pathology of OXPHOS diseases. When the RC is blocked, high 

amounts of the electron carrier NADH accumulate due to the inability of complex I 

to re-oxidase it to NAD+. Inhibition of electron flow through the respiratory chain 

also results in inhibition of other key metabolic pathways, such as the TCA cycle 
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and the reactions connected to it, and leads to the accumulation of pyruvate as well 

as intermediates of the TCA cycle. The accumulation of NADH and pyruvate, under 

conditions of TCA cycle and OXPHOS inhibition, leads to the necessity of the 

cytosolic lactate dehydrogenase to oxidase NADH, while simultaneously converting 

the excess pyruvate to lactate, which is released into the blood. Overproduction of 

lactate is accompanied by the accumulation of protons, lowering the cellular and 

systemic pH. As a result, potentially catastrophic episodes of lactic acidosis are 

frequently encountered in patients with OXPHOS deficiencies (Smeitink et al. 

2006).  

 

Inhibition of the RC also leads to the over-reduction of electron carriers upstream 

of the site of inhibition, and results in an overall redox-imbalance. Both elevated 

NADH/NAD+ ratio and the reduction of the quinone pool are known to increase the 

production of reactive oxygen species (ROS) by complex I and, to a lesser extent, 

complex III (Murphy, 2009). As described in the previous sections, excessive ROS 

has the potential to damage DNA and other cellular macromolecules, disturb 

cellular signalling, induce apoptosis, and lead to cellular and tissue dysfunction. 

Furthermore, redox imbalance may directly impair specific reactions connected to 

the electron transport chain, such as pyrimidine synthesis via inability of the enzyme 

dihydroorotate dehydrogenase to deliver electrons to the over-reduced quinone pool.  

 

Impaired function of the OXPHOS system inevitably leads to decreased proton 

pumping by complexes I, III and IV, a decrease in the electrochemical proton 

gradient across the mitochondrial IM, and a consequent decrease in the production 

of ATP.  In addition to driving the synthesis of ATP, the proton gradient also 

facilitates many transport processes of mitochondria (Palmieri et al., 2000). 

Impaired proton pumping function of the OXPHOS can therefore also affect the 

import and export of many key metabolites and inorganic ions, including calcium, 

which may disturb both Ca2+-dependent mitochondrial functions as well as the 

cellular calcium homeostasis. Systemic consequences of OXPHOS dysfunction 

include metabolic acidosis, the accumulation of organic acids, particularly lactate 

and TCA cycle intermediates in blood, urine, cerebrospinal fluid (CSF) and other 

tissues, concentration of alanine, proline and β-hydroxybutyrate in the blood due to 

the increased levels of pyruvate, lactate and NADH/NAD+, respectively, global 
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disturbances in calcium and other cation homeostasis, as well as impaired glucose 

signalling and insulin secretion (Smeitink et al. 2006).  

 

 

 

 
 

Figure 2.1. Cellular consequences of OXPHOS dysfunction. 1) Inhibition of electron flow 

through the cytochrome segment of the RC (in this case due to defective Complex IV) 

results in over-reduction of the quinone pool by inhibiting the re-oxidation of ubiquinol (QH2) 

to ubiquinone (Q). 2) Over-reduction of the upstream electron carriers increases the 

production of superoxide by complexes I and III. 3) Cytosolic lactate dehydrogenase (LDH) 

oxidises NADH to NAD+, while reducing excess pyruvate to lactate. Accumulation of H+ 

leads to metabolic acidosis. 4) Due to the interconnected metabolic pathways of 

mitochondria, a RC blockade also impairs the function of many intermediary metabolic 

pathways, leading to accumulation of reaction intermediates. 5) Inhibition of electron flow 

through the RC complexes decreases proton translocation by Complexes I, III and IV, 

resulting in a decrease in the proton motive force (∆p) and ATP production. 
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2.3 Cytochrome c oxidase 

2.3.1 Structure and function of COX 

Cytochrome c oxidase (COX) is an inner mitochondrial membrane enzyme 

complex, that catalyses the terminal step of the mitochondrial electron transport 

chain. It accepts electrons from the electron carrier cytochrome c and transfers them 

sequentially via redox active metal centres to the active site where the four-electron 

reduction of molecular oxygen to water takes place. Electron transfer is coupled to 

vectorial translocation of protons across the inner mitochondrial membrane. 

Together with complexes I and III, COX thus contributes to the electrochemical 

proton gradient across the membrane. 

 

The crystal structures of both the bacterial and the mammalian mitochondrial COX 

enzyme complexes have been resolved (Iwata, Ostermeier, Ludwig, & Michel, 

1995; Tsukihara et al., 1996). The X-ray structure of bovine heart COX contains 13 

protein subunits, 4 redox-active metal sites (CuA, heme a, heme a3 and CuB) and 3 

other metal cations (Mg2+, Zn2+ and Na+) per monomer (Yoshikawa, Muramoto, 

Shinzawa-Itoh, & Mochizuki, 2012). In addition to the 13 subunits displayed in the 

X-ray structure, a novel subunit NDUFA4, formerly considered a subunit of 

Complex I, has been recently shown to be a structural component of COX (Balsa et 

al. 2012). The subunits of COX have a dual genetic origin: 3 highly conserved 

subunits (COX1-3) are encoded by the mitochondrial DNA and form the catalytic 

core of the enzyme, while the remaining 11 structural subunits are encoded by 

nuclear DNA. The mtDNA-encoded subunits perform the electron transfer and 

proton pumping functions of the enzyme. COX1 coordinates two of the catalytic 

redox centres, the heme a and the binuclear centre formed by heme a3 and an 

adjacent copper ion CuB. The third redox centre, CuA is formed by two copper ions 

and resides in COX2. The catalytic cycle begins with the transfer of electrons from 

reduced cytochrome c to the CuA active site in COX2, then to the heme a site in 

COX1, and finally one electron at a time to the active site formed by the binuclear 

heme a3-CuB centre capable of binding molecular oxygen. At the third redox centre, 

the electrons are used to reduce bound oxygen to water. The third core subunit, 

COX3 has no metal sites, but contains a possible O2 pathway required for the 
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reduction of O2 (Yoshikawa 2012). The roles of the non-redox active magnesium, 

zinc and sodium cations contained in the structure of COX are less well 

characterised (Tsukihara et al., 1996).  

 

Figure 2.2. Schematic representation of the transfer of electrons via the catalytic 

subunits COX1 and COX2. Subunit COX2 facilitates the electrostatic binding of 

cytochrome c (cyt c), which donates electrons to the CuA center in COX2. Heme a on 

subunit COX1 accepts electrons from CuA and transfers them to the binuclear heme a3-CuB 

centre. Within the binuclear centre, molecular oxygen is bound to heme a3 and sequentially 

reduced to water (modified from Barrientos et al. 2009; Belevich et al.  2006). N and P 

denote negatively and positively charged sides of the inner mitochondrial membrane, 

respectively. 
 

The free energy released in the reduction of oxygen is conserved as an 

electrochemical proton gradient across the inner mitochondrial membrane. The full 

reduction of O2 to H2O requires four electrons, as well 4 substrate protons taken up 

from the matrix side, and is coupled to the translocation of one additional proton per 

each transferred electron from the matrix to the intermembrane space (IMS), 

resulting in the net translocation of 2 electrical charges per transferred electron 

across the IM (Wikström, 2004). All four protons to be pumped, as well as two of 

the four substrate protons, are taken up from the matrix site via a so-called D-
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pathway, whereas the transfer of the other two substrate protons to the binuclear 

centre involve a separate K-pathway (reviewed in Wikström & Verkhovsky 2007). 

The exact mechanism of proton translocation has been extensively studied, and 

several different models have been suggested.  According to a model based on time-

resolved measurements of electron and charge translocation, the proton to be 

pumped is initially transferred from the matrix side of the membrane to a conserved 

glutamic acid residue E278 of the COX1 subunit. Electron transfer from heme a to 

the binuclear a3-CuB site is coupled to the transfer of said proton from E278 to a 

protonatable proton-loading site (PLS) (Kaila, Sharma, & Wikström, 2011) above 

the heme groups, and the E278 site becomes reprotonated from the matrix side by a 

substrate proton. The transfer of this proton to the binuclear site decreases the 

proton affinity of the PLS, driving the expulsion of the first proton from the PLS 

towards the intermembrane space (Belevich et al. 2006). In addition to the E278 

site, the D-pathway of proton transfer contains two additional deprotonatable 

residues, an aspartate (D124) at the entrance a tyrosine (Y35) in the middle of the 

pathway (Belevich et al., 2010). 

 

The three core subunits alone are sufficient to produce a fully functional COX 

enzyme complex in bacteria. However, in mammalian COX, the catalytic core is 

surrounded by 11 nuclear-encoded structural subunits, which are not directly 

involved in catalytic activity or the vectorial transfer of protons. However, null 

mutants of many of these subunits produce complete loss of COX activity in yeast, 

suggesting an essential role for these accessory subunits in the stability and function 

of the complex (Fontanesi, Soto, Horn, & Barrientos, 2006). Although the exact 

functions of these nuclear-coded subunits are not fully understood, they have been 

suggested to be required for the stabilization and dimerization of the active 

holoenzyme complex, protection of the core subunits from ROS, as well as 

modulation of the catalytic activity of the complex in response to environmental 

factors and varying cellular and physiological needs (Fontanesi, Soto, & Barrientos, 

2008). For example, mammalian COX is inhibited by a high intramitochondrial 

ATP to ADP ratio through allosteric binding of ATP to subunit COX4 on the matrix 

side (Follmann, Arnold, Ferguson-Miller, & Kadenbach, 1998). COX thus has a key 

role in regulating the rate of respiration and ATP synthesis, adjusting energy 

production to demand. This control can be switched on by cAMP-dependent 
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phosphorylation of structural subunits COX2 and/or COX3 and COX5B, completely 

inhibiting COX activity at high ATP/ADP, and reversed via Ca2+-activated 

dephosphorylation (Ludwig et al., 2001). Multiple other sites on different subunits 

of COX have also been shown to be reversibly phosphorylated, and COX is 

proposed to be the target of several signaling pathways, including protein kinase A 

and C, receptor tyrosine kinase, and inflammatory signaling (Hüttemann, Lee, 

Grossman, Doan, & Sanderson, 2012). Subunit COX5A has an important role in 

short-term regulation of the activity of the COX, as the binding of thyroid hormone 

T2 to COX5A can abolish the allosteric inhibition by ATP, allowing a high turnover 

even at high ATP/ADP ratios, at least partially explaining the short-term effects of 

thyroid hormones on basal metabolic rate (Arnold, Goglia, & Kadenbach, 1998).  

 

Another form of regulation of COX is the expression of tissue-specific and 

developmentally regulated isoforms, capable of conferring different kinetic 

properties to the enzyme. COX is the only one of the RC complexes with tissue-

specific isoforms, further emphasising the regulatory role of the terminal step in 

adaptation to tissue-specific energy needs. Six tissue-specific subunit isoforms have 

been identified in mammals. Subunits COX6A, COX7A and COX8 have heart (H) 

and liver (L) isoforms, of which the H form is mainly expressed in heart and skeletal 

muscle, while the L form is widely expressed in most organs, including brain, liver 

and kidney (Taanman et al., 1993). The L isoform confers higher activity to the 

enzyme, which is suggested to compensate for the lower mitochondrial content of 

neurons or other highly specialised cell types, compared to myocytes with high 

aerobic capacity and a larger number of mitochondria (Hüttemann, Helling, 

Sanderson, et al., 2012). Other tissue-specific isoforms of mammalian COX, 

identified in various species, including humans, include a testis-specific isoform of 

COX6B (Hüttemann, Jaradat, & Grossman, 2003), a lung-specific isoform of COX4 

(Hüttemann, Kadenbach, & Grossman, 2001) and a third isoform of COX8 

(Hüttemann, Schmidt, & Grossman, 2003). The rest of the subunits are encoded by a 

single ubiquitously expressed gene, although their mRNA levels may vary between 

tissues (Lenka, Vijayasarathy, Mullick, & Avadhani, 1998). The expression of the 

tissue-specific isoforms is tightly regulated in response to a variety of stimuli, 

presumably enabling the optimization of the function of COX according to the 

varying metabolic requirements present in different tissues. For example, the 
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expression of the two isoforms of COX4 is dependent on the availability of oxygen. 

In a manner similar to yeast (Burke, Raitt, Allen, Kellogg, & Poyton, 1997), a 

switch between the two isoforms occurs in mammalian cells under hypoxic 

conditions, via transcriptional changes mediated by the hypoxia-inducible factor 1 

(HIF-1), conferring higher enzymatic efficiency to COX during hypoxia (Fukuda et 

al., 2007).  In axons and dendrites of sympathetic neurons, COX levels and the 

resulting mitochondrial OXPHOS activity have also been shown to be regulated by 

post-transcriptional regulation of Cox4 mRNA by microRNAs (Aschrafi et al., 

2008). 

 

COX functions as a dimer in its active form (Tsukihara et al., 1996). Structural 

subunits COX5A, 6A and 6B have been shown to participate in the stabilization of 

the dimeric structure (Lee et al., 2001). The efficiency of the enzyme is further 

influenced by the higher level organisation of the complex with other respiratory 

chain complexes. COX has been shown to be involved in supercomplex structures 

with Complex III and complex I in different stoichiometries, the I1III2IV1 structure 

being one of the major forms detected in human mitochondria (Schäfer et al., 2006). 

Supercomplexes have also been hypothesized to form larger, linear supramolecular 

structures with each other via interactions of COX (Schägger, 2001). In S. 

cerevisiae, which does not have complex I, all COX has been shown to be bound to 

supercomplex structures with complex III in two predominant forms, III2–IV2 and 

III2–IV (Schägger & Pfeiffer, 2000). 

 

 

Drosophila COX 

 

The composition of COX is well conserved, and Drosophila homologues have 

been identified for all but one (COX7B) of the subunits of the mammalian enzyme 

complex. Isogenes with tissue-specific expression have been identified for subunits 

4, 5b, 6a and 7a of Drosophila COX, while the other nuclear-encoded subunits are 

encoded by single-copy genes.  Subunits 4, 5b, 6a and 7a are all encoded by testis-

specific isogenes in addition to a ubiquitously expressed isogene with low 

expression in testis. In addition, subunit 7a is encoded by a third isogene, expressed 

predominantly in muscle (carcass, heart and crop). 
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Table 2.1. Drosophila genes encoding COX subunits, including isogenes with tissue-specifc 

expression (www.flybase.org; www.flyatlas.org).  Standard mouse nomenclature is used for 

the subunits, while also showing the corresponding Drosophila gene names and numbers 

(modified from Table 1 of II).  
 

Subunit Name of the  

Drosophila gene(s) 

Expression pattern 

Cox1 CG34067, mt CoI Ubiquitous 

Cox2 CG34069, mt CoII Ubiquitous 

Cox3 CG34074, mt CoIII Ubiquitous 

Cox4 CG10664, CoIV 

CG10396 

Ubiquitous (low in testis) 

Testis 

Cox5a CG14724, CoVa Ubiquitous 

Cox5b CG11015, CoVb 

CG11043 

Ubiquitous (low in testis) 

Testis and salivary gland 

Cox6a CG17280, levy 

CG30093 

CG14077 

Ubiquitous (low in testis) 

Testis 

Testis 

Cox6b CG14235, CoVIb Ubiquitous 

Cox6c CG14028, cyclope Ubiquitous 

Cox7a CG9603 

CG18193 

CG34172 

Ubiquitous (low in testis) 

Testis 

Carcass, heart, crop (hindgut, head) 

Cox7b Not identified  

Cox7c CG2249, CoVIIc Ubiquitous, low in testis 

Cox8 CG7181, CoVIII Ubiquitous, low in testis 
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2.3.2 COX assembly 

 

Like the majority of mitochondrial proteins, the ‘accessory’ subunits of COX are 

encoded by nuclear DNA and synthesised on cytosolic ribosomes, and are 

subsequently imported to mitochondria as precursors, which need to be processed 

and assembled into complexes together with the mtDNA-encoded subunits in an 

intricate process requiring the coordinated action of cytosolic and mitochondrial 

translation, protein import and membrane integration machineries. The assembly of 

COX is a highly regulated process in which the different subunits and co-factors are 

added to the growing complex in an ordered manner. Evidence for the sequential 

assembly process was obtained already in the 1980s in rat liver mitochondria 

(Wielburski & Nelson, 1983). Blue-Native electrophoresis analyses of the human 

COX have allowed the identification of three discrete short-term assembly 

intermediates (S1-S3), which are thought to correspond to the rate-limiting steps in 

the assembly process (Nijtmans, Taanman, Muijsers, Speijer, & Van den Bogert, 

1998). The assembly of COX begins with the maturation of COX1, including the 

incorporation of its metal co-factors, which occurs only after COX1 has been 

inserted to the membrane (Khalimonchuk, Bestwick, Meunier, Watts, & Winge, 

2010). Mature COX1 alone is considered the first assembly intermediate, S1 

(Nijtmans et al., 1998). A heterodimer of COX4 and COX5A associates with COX1 

to form the next intermediate, S2 (Williams, Valnot, Rustin, & Taanman, 2004). 

The formation of CuA site in Cox2 is a prerequisite for its efficient association with 

the S2 subcomplex, and the proper assembly of Cox2 in turn is required for the 

subsequent association of Cox3 and most of the remaining subunits. (Stiburek, 

Hansikova, Tesarova, Cerna, & Zeman, 2006). S3 intermediate comprises the 

catalytic subunits COX2 and COX3 and the remaining structural subunits, except 

for COX6B, COX6A, and COX7A  Fornuskova et al., 2010; Nijtmans et al., 1998; 

Stiburek et al., 2006). Recent data indicates that, at least in human COX assembly, 

COX7A and COX6B are incorporated after the formation of the assembly 

intermediate S3 (Fornuskova et al., 2010). The final step of assembly is the addition 

of COX6A, to form the monomeric COX holoenzyme, which subsequently 

dimerises to give rise to the fully active complex.  
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Figure 2.3. The proposed model of the sequential assembly of COX subunits and the 

formation of the S1-S3 assembly intermediates shown in black. Some of the assembly 

factors with known functions in specific steps of the assembly process are indicated in grey 

(modified from Stiburek et al. 2005; Fornuskova et al. 2010). 

 

 

The multistep biosynthesis of COX requires a large group of auxiliary factors 

that do not participate in the final complex but have a variety of important roles in 

the assembly and the numerous processes tightly connected to it, including 

mitochondrial transcription and translation, the expression and import of the 

nuclear-encoded subunits, membrane insertion, and the synthesis and incorporation 

of the metal prosthetic groups that are essential for the catalytic activity of the 

complex (Fontanesi et al., 2006). In yeast, more than 30 assembly factors have been 

discovered to assist in the assembly of COX. The assembly process is well 

conserved between yeast and human, and many of the assembly factors identified in 

yeast have known homologues in mammals. Much of the current knowledge of 

COX assembly is based on studies of mutant yeast strains with defective assembly 

(reviewed by Barrientos et al. 2009) or human cell-lines derived from patients with 

mutations in the structural subunits or assembly factors of COX, revealing the 

accumulation of distinctive subassemblies (Williams et al., 2004). The interest in 

COX assembly stems from its clinical significance: Pathogenic mutations causing 

severe mitochondrial diseases have been identified in several nuclear genes 
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encoding proteins involved in COX assembly. These include LRPPRC, TACO1, 

FAM36A, C12orf62, and hCOA3, required for mRNA stability, translation and 

membrane insertion of mtDNA encoded subunits, COX10, COX15 and Surf1 

involved in heme biosynthesis, SCO1 and SCO2 (possibly also COA6), essential for 

copper metabolism and delivery, and C2orf64 with a suggested role in the early 

steps of assembly. Figure 2.3 indicates some of the assembly factors with known 

functions at specific stages of the sequential assembly process. The functions of 

assembly factors with implicated disease causing mutations, as well as the 

associated clinical phenotypes are described in more detail in 2.4.2.2.  

2.4 COX deficiency 

As described in the above sections, the formation of a fully functional COX enzyme 

complex requires not just the transcription and translation of 14 polypeptides in two 

different cellular compartments, but also their transport and correct assembly, 

including membrane integration and prosthetic group synthesis. Considering this 

complexity, it is not surprising that COX deficiency is a highly heterogeneous group 

of diseases, both genetically and phenotypically. 

2.4.1 Clinical phenotypes of COX deficiency 

 

Clinically heterogeneous human diseases have been attributed to COX deficiency 

since the 1970s, but before the era of molecular diagnostics, the classification was 

mostly based on clinical symptoms, as well as histochemical or biochemical data 

from muscle biopsies, not necessarily allowing the isolated deficiency of COX to be 

distinguished from defects causing general impairment of the respiratory chain 

(DiMauro, Tanji, & Schon, 2012). Without emphasizing the selectivity of the 

enzyme defect, inherited COX deficiency has been classified into several clinically 

distinct subtypes. The most common form of COX deficiency is Leigh syndrome 

(LS), a fatal, early onset necrotizing encephalomyopathy, characterized by 

progressive deterioration of the subcortical structures of the brain, resulting in 

diagnostic bilateral symmetrical lesions in the basal ganglia, thalamus, brain stem, 
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and cerebellum. As a result of defective assembly of COX, LS patients typically 

present with an 80 to 90% decrease in COX activity affecting virtually all tissues 

and organ systems (DiMauro et al., 1987; Lombes et al., 1991; Van Coster et al., 

1991). The most prominent biochemical symptom of LS is metabolic acidosis, and 

elevated lactate levels in blood and cerebrospinal fluid. Disease progression can be 

coarsely divided into 3 clinically distinct stages (Van Coster et al., 1991). The first 

stage of normal neurological development usually lasts only 8-12 months and may 

include mild somatic problems. The second, more dramatic stage, characterised by 

motor regression, breathing difficulties, loss of vision, and pyramidal, 

extrapyramidal, and cerebellar signs, occurs in late infancy or early childhood. 

During this time sudden clinical deterioration may occur due to intercurrent 

infections or metabolic stress. The third stage, characterised by diffuse extreme 

hypotonia, severe problems in breathing and feeding, and possible seizures, may 

extend from 2 to 10 years. The rate of disease progression may vary between 

patients but the prognosis of LS is invariably poor. With no curative treatment 

available, the disease leads to death typically between 6 months and 12 years of age, 

although a single long-surviving patient with slowly progressive LS has also been 

reported (Bugiani, Tiranti, Farina, Uziel, & Zeviani, 2005). Leigh syndrome can be 

caused by a variety of defects in mitochondrial energy metabolism, including 

deficiencies of COX or complex I, pyruvate dehydrogenase (PDH), and ATP 

synthase (Rahman et al., 1996). However, the most common form of the disease is 

the so-called COX-deficient Leigh syndrome, which is most often caused by a 

mutation in the gene encoding the COX assembly factor SURF1 (Tiranti, 

Galimberti, et al., 1999; Zhu et al., 1998).  

 

A milder version of Leigh syndrome, the so-called French-Canadian Leigh 

syndrome (FCLS) has been identified in patients from a distinct region of 

northeastern Quebec, the Saguenay-Lac-Saint-Jean (Merante et al., 1993; Morin et 

al., 1993). The patients present with lactic acidosis and encephalopathy typical of 

LS, but with less severe neurological symptoms and slower progression than is seen 

in other LS patients (Morin et al., 1993). The activity of COX appears to be affected 

most severely in liver and brain and at an intermediate level in skeletal muscle, 

while kidney and heart seem to be virtually unaffected (Merante et al., 1993). The 

typical clinical phenotype includes moderate developmental delay, mild 
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psychomotor retardation, hypotonia and ataxia, leading to death of the patients 

typically between 3-10 years of age, often as a result of an episode of fulminant 

metabolic acidosis (Morin et al., 1993). In addition to the two most common types, a 

variety of other forms of Leigh syndrome have been reported with additional 

symptoms involving specific organ systems. Although the COX deficiency in LS is 

essentially generalised, the defect typically manifests in the nervous system. 

However, some patients also present with selective involvement of other, nonneural 

tissues, such as cardiomyopathy or nephropathy (Van Coster et al., 1991).  

 

The most severe clinical form of COX deficiency is characterized by fatal 

infantile mitochondrial myopathy, lactic acidosis and renal failure, leading to early 

death of the affected newborns. The tissues most severely affected in the infantile 

form are the kidney and muscle, with near absence of COX activity and appearance 

of aggregates of morphologically abnormal mitochondria, whereas the brain and the 

liver appear to be unaffected (DiMauro et al. 1980; Minchom et al. 1983.; Zeviani et 

al. 1985). Subtypes of this form also exist without kidney involvement (Bresolin et 

al., 1985), or with renal tubulopathy combined with leukodystrophy (Valnot, von 

Kleist-Retzow, et al., 2000). Yet another distinctive form of COX deficiency is 

limited to skeletal and cardiac muscle, in which the COX activity is dramatically 

reduced, leading to myopathy and cardiomyopathy (Zeviani et al., 1986).  

 

While virtually all of the disease phenotypes caused by COX deficiency have a 

progressive nature and a fatal outcome, an exceptional benign form with reversible 

COX deficiency and muscle involvement has also been reported (DiMauro et al., 

1983), and attributed to a mutation in the mitochondrial tRNAGlu gene (Horvath et 

al., 2009). The neonatal COX deficiency, lactic acidosis and weakness of the 

reported patients were all spontaneously reversed and gradually cured over a 2-year 

period. However, the initial syndrome was severe enough to cause death without 

extensive support measures, and in many of the cured patients, a mild residual 

myopathy and weakness remained (Horvath et al., 2009). Mutations in the same 

mtDNA-encoded tRNA have more recently been shown to have a more generalized 

effect on the respiratory chain enzymes (Mimaki et al., 2010; Uusimaa et al., 2011), 

and to cause LS-like brain lesions in addition to the previously reported reversible 

muscle defect (Mimaki et al., 2010). On the other hand, other underlying causes of 
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reversible infantile respiratory chain deficiency have been identified, including 

mutations in the nuclear TRMU gene encoding mtRNA 2-thiouridylase (Uusimaa et 

al., 2011). 

2.4.2 Genetics of COX deficiency 

 

Primary COX deficiency can result from mutations in any of the 3 mitochondrial- or 

11 nuclear-encoded subunits of COX, or any of the factors required for the 

biosynthesis and assembly of the complex. In addition, large-scale rearrangements 

of mtDNA or defects of mitochondrial protein synthesis can cause combined RC 

dysfunction, affecting the function of COX among the other OXPHOS complexes 

that include mitochondrial-encoded subunits. However, although COX deficiency 

may often be the dominant biochemical feature in such diseases, they are not 

considered primary COX deficiencies, strictly defined as selective and severe 

deficiency of COX without affecting the other RC enzymes (DiMauro et al., 2012). 

Additionally, some COX deficiencies can be secondary to other metabolic defects 

(some examples will be discussed in 2.4.2.3). In the last 30 years, the understanding 

of the molecular basis of COX deficiency has greatly increased, allowing the 

distinction between primary COX deficiencies and combined defects of the entire 

RC, and isolated COX deficiencies have been estimated to account for 

approximately 20-25 % of all human respiratory chain defects (Thorburn et al., 

2004). Nevertheless, many patients suffering from COX deficiency still remain 

without diagnosis of the underlying molecular defect.  

2.4.2.1 Mutations in mtDNA-encoded subunits of COX 

 

Mutations in all three of the mitochondrially encoded core subunits of COX have 

been identified (Shoubridge, 2001). There are more than 40 mutations with 

implicated disease phenotypes reported in the genes encoding COX1, COX2 and 

COX3 (MITOMAP: A Human Mitochondrial Genome Database, 

www.mitomap.org, 2013).  These defects can cause a wide range of disorders, 
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ranging from pathologies of a restricted tissue type, such as myopathy (Horváth et 

al., 2002; Kollberg, Moslemi, Lindberg, Holme, & Oldfors, 2005; Rahman et al., 

1999; Valente et al., 2009), optic neuropathy (Johns & Neufeld, 1993), motor 

neuron disease (Comi et al., 1998), or sideroblastic anemia (Gattermann et al., 1997) 

to encephalomyopathies and broad multisystem disorders (Bruno et al., 1999; 

Campos et al., 2001) and even phenocopies of known syndromes, such as MELAS-

like  (Lamperti et al., 2012; Tam et al., 2008), Alpers’-like (Uusimaa et al., 2003) 

and Leigh syndrome-like (Mkaouar-Rebai et al., 2011) diseases. Furthermore, 

mutations of COX1 have been implicated in the etiology of cancer (Petros et al., 

2005; Polyak et al., 1998), and variants of COX2 and COX3 have been suggested as 

possible risk factors for Parkinson’s disease (Khusnutdinova et al., 2008), 

hypertrophic cardiomyopathy (Wei et al., 2009) and Alzheimer’s disease (Hamblet, 

Ragland, Ali, Conyers, & Castora, 2006). 

 

Overall, the clinical syndromes caused by mtDNA mutations in COX genes are 

milder and have a later onset than those caused by nuclear DNA mutations 

(DiMauro et al., 2012), possibly reflecting the heteroplasmic state of the mutations. 

The severity of the disease phenotypes can nevertheless range from a mild mental 

retardation and exercise intolerance (Herrero-Martín et al., 2008) to fatal infantile 

lactic acidosis (Wong et al., 2001) or a devastating early-onset failure of multiple 

organ systems (Uusimaa et al., 2003). The reasons underlying the differences in 

severity and tissue involvement are poorly understood, but may in part be explained 

by the variable levels of heteroplasmy and tissue-specific thresholds for clinical 

presentation, typical of mtDNA mutations. It is also worth noting that the most 

severe mutations may not even allow the completion of embryonic and fetal 

development.  

2.4.2.2 Mutations in nuclear genes encoding COX subunits 

 

Despite intensive investigation, there have been hardly any cases in which a 

pathological mutation in a nuclear-encoded subunit of COX has been identified, 

suggesting these defects might be largely incompatible with life. Another possible 
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explanation could be genetic redundancy, especially in the case of mutations in 

tissue-specific subunit isogenes. The first human patient mutation in a nuclear-coded 

COX subunit was reported in siblings suffering from severe infantile 

encephalopathy, myopathy and growth retardation (Massa et al., 2008).  COX 

activity in the muscle of these patients was drastically reduced as a result of a 

homozygous missense mutation in the COX6B1 gene. Another case with a novel 

missense mutation in the same gene was recently reported in a patient suffering 

from encephalomyopathy, hydrocephalus and hypertropic cardiomyopathy, with 

virtual absence of COX activity in muscle and fibroblasts, as well as severely 

decreased levels in lymphocytes (Abdulhag et al., 2014). 

2.4.2.3 Mutations affecting COX assembly 

 

The majority of autosomal recessive COX deficiencies originate from mutations in 

nuclear genes encoding proteins required for the maturation and assembly of the 

complex. Pathogenic mutations have been identified so far in at least 10 nuclear-

coded assembly factors (Leary et al. 2013), with the list still expanding. The COX 

deficiencies caused by these mutations generally have a very early onset and 

survival beyond childhood is rare (Darin et al., 2003). 

 

Surf1 mutations and the genetics of Leigh syndrome 

 

The first identified nuclear defect in a COX assembly factor was a mutation in 

SURF1 in patients suffering from COX-deficient Leigh Syndrome, one of the most 

common disorders of the mitochondrial respiratory chain (Tiranti et al., 1998; Zhu 

et al., 1998). Since then, an increasing number of SURF1 mutations have been 

identified (reviewed in Péquignot et al. 2001; Pecina et al. 2004), altogether 

comprising the most common underlying cause of LS. SURF1 (the homologue of 

yeast Shy1) is a 30 kDa inner mitochondrial membrane protein, which displays a 

high degree of conservation across species, suggesting it has a critical role in 

respiration and/or other vital metabolic functions of mitochondria (Tiranti, 

Galimberti, et al., 1999). However, absence of SURF1 in humans or mouse does not 
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completely abolish COX activity and oxidative phosphorylation (Agostino et al., 

2003b; Tiranti, Jaksch, et al., 1999). SURF1 has been suggested to facilitate the 

insertion of heme a3 into the active site of COX (Khalimonchuk et al., 2010; Smith, 

Gray, Mitchell, Antholine, & Hosler, 2005), and recent findings in yeast suggest that 

Shy1 cooperates with Cox15 for heme transfer and insertion in the early assembly 

intermediates (Bareth et al., 2013). The maturation and stability of the binuclear 

heme a3-CuB center limits the association of COX2 with COX1, and thus the 

formation of assembly intermediate S3. Consistent with this, an accumulation of the 

early (S1 and S2) assembly intermediates in Blue Native PAGE has been observed 

in patients with SURF1 mutations (Tiranti, Galimberti, et al., 1999), as well as in the 

Surf1 knockout mouse model (Agostino et al., 2003b). Despite the knowledge from 

human patients and several animal models, the understanding of the exact function 

of Surf1 in COX assembly remains incomplete. An additional role for Surf1 in 

copper homeostasis regulation has also been suggested, based on analysis of Surf1-

deficient patient tissues (Lukas Stiburek, Vesela, Hansikova, Hulkova, & Zeman, 

2009). 

 

Although Surf1 mutations have been recognised as the primary cause of COX-

deficient Leigh syndrome (Péquignot et al., 2001), mutations in mtDNA (Sweeney 

et al., 1994; Tulinius et al., 2003), assembly factors COX10 (Antonicka, Leary, et 

al., 2003) and COX15 (Bugiani et al., 2005; Oquendo, 2004) and a translational 

activator of COX1, TACO1 (Weraarpachai et al., 2009) have also been identified in 

a limited number of cases.  Furthermore, a founder mutation in the gene PET100 

(C19orf79), encoding a proposed COX assembly factor, was recently discovered in 

6 Lebanese families presenting with a distinct form of Leigh syndrome with 

prominent seizures (Lim et al., 2014). 

 

Defects of heme biosynthesis (COX10 and COX15) 

 

COX10 and COX15 are involved in the mitochondrial synthesis of heme A prior 

to its insertion into COX1. Mutations in these genes impair heme A biosynthesis, 

and the reduced availability of heme A in turn stalls the assembly of COX, resulting 

in COX deficiency. Data from patient fibroblasts suggests that the incorporation of 

the heme a prosthetic group is not essential for the stabilization of assembly 
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intermediate S2, but is required for the addition of COX2 (Valnot, von Kleist-

Retzow, et al., 2000). COX10 encodes the heme A:farnesyltransferase, which 

catalyzes the first step of the heme A biosynthetic pathway: the conversion of 

protoheme (heme B) to heme O, the precursor of heme A (Antonicka, Leary, et al., 

2003). Mutations in the gene encoding COX10 are associated with a variety of 

early-onset clinical phenotypes, including severe muscle weakness, hypotonia, 

neuronal involvement (ataxia, ptosis, pyramidal syndrome and status epilepticus), 

and signs of proximal renal tubulopathy (Valnot, von Kleist-Retzow, et al., 2000), 

anemia, LS-like syndrome, sensorineural deafness and fatal infantile hypertrophic 

cardiomyopathy (Antonicka, Leary, et al., 2003), as well as an adult form of isolated 

COX deficiency associated with a multi-system disease with relatively mild and 

stable phenotype (Pitceathly et al., 2013). COX15 functions downstream of COX10 

in the same biosynthetic pathway, catalysing the conversion of heme O to heme A. 

Recent data from yeast suggests that Cox15 may also have another role in COX 

assembly, as it was found to associate with assembly intermediates during Cox1 

maturation both independently as well as complexed with Shy1 (Bareth et al., 2013). 

A pathogenic mutation in COX15 has been reported in a patient with isolated COX 

deficiency and an early onset, fatal hypertrophic cardiomyopathy (Antonicka, 

Mattman, et al., 2003). In addition, COX15 mutations have been identified as the 

underlying cause of both rapidly fatal and slowly progressive forms of COX-

deficient LS (Bugiani et al., 2005; Oquendo, 2004). 

 

Defects of copper metabolism and delivery  

 

Human SCO1 and SCO2 (for Synthesis of cytochrome c oxidase), homologues of 

yeast Sco1 (and Sco2), encode closely related copper chaperones that have 

cooperative functions in the delivery of copper to subunits in the catalytic core of 

COX (Leary et al., 2004), as well as in regulating cellular copper homeostasis 

(Leary, 2007). It has been proposed that a third assembly factor, COX17, delivers 

copper to SCO2, which then transfers it to the CuA site in COX2 in a reaction that is 

facilitated by SCO1 (Leary et al., 2004).  Mutations in SCO1 and SCO2 result in the 

accumulation of subassemblies containing COX1 and COX4. Although both SCO1 

and SCO2 are expressed ubiquitously, the mutations present with distinct and highly 

tissue-specific clinical phenotypes. Mutations of SCO1 have been reported in 
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association with severe early onset hypertrophic cardiomyopathy, encephalopathy, 

hypotonia, and hepatopathy (Stiburek et al., 2009), neonatal hepatic failure, 

ketoacidotic coma and encephalopathy (Valnot, Osmond, et al., 2000) or fatal 

infantile encephalopathy without liver or heart involvement (Leary et al., 2013). 

Mutations in SCO2 have been shown to manifest as severe, rapidly progressive 

hypertrophic cardiomyopathy and encephalopathy, often associated with respiratory 

difficulties, metabolic acidosis, and hypotonia, leading to death typically within the 

first weeks of life (Calvo et al., 2012; Jaksch et al., 2000; Knuf et al., 2007; 

Papadopoulou et al., 1999; Vesela, Hulkova, Hansikova, Zeman, & Elleder, 2008) 

or even in utero (Tay, Shanske, Kaplan, & DiMauro, 2004).  

 

A mutation in the gene encoding the conserved mitochondrial protein COA6, 

with a previously unknown function, was revealed in a patient presenting with RC 

deficiency and neonatal hypertrophic cardiomyopathy (Calvo et al., 2012). More 

recently, the COA6 protein was shown to be essential for COX assembly in yeast, 

zebrafish and human cells (Ghosh et al., 2014). The exact molecular function of 

COA6 remains unknown. However, the finding that the respiratory defect of a yeast 

knockout model was completely rescued by exogenous copper supplementation 

(Ghosh et al., 2014) points towards a likely role in mitochondrial copper 

metabolism. 

 

An example of a known generalised defect of copper metabolism, causing 

deficiency of COX among other enzymes, is Menkes disease, which is caused by 

mutations in the copper-transporting ATPase, ATP7A. The dual function of ATP7A 

is to incorporate copper into copper-dependent enzymes, and to maintain 

intracellular copper levels by removing excess copper from the cytosol (Bertini & 

Rosato, 2008). Mutations affecting these functions thus result in intracellular copper 

maldistribution and defective copper incorporation into several essential enzymes, 

including COX. 
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Mutations affecting translation, stability and membrane insertion of mtDNA 

encoded subunits of COX 

 

A mutation of the translational activator of COX1, TACO1, has been reported in 

association with late-onset Leigh syndrome and COX deficiency (Weraarpachai et 

al., 2009). Mutations in the Leucine-rich pentatricopeptide repeat cassette 

(LRPPRC) gene have been identified as responsible for the milder version of Leigh 

syndrome, the so-called French-Canadian Leigh syndrome (FCLS) (Mootha et al., 

2003) with less severe neurological symptoms and slower progression compared to 

typical LS (Merante et al., 1993). LRPPRC functions post-transcriptionally, 

controlling mRNA stability, mRNA polyadenylation and coordinating the 

translation of mitochondrial mRNAs, including those encoding subunits of COX 

(Chujo et al., 2012; Ruzzenente et al., 2012).Mutations of LRPPRC lead to 

decreased levels of COX1 and COX3 mRNAs and lowered COX activity (Xu et al. 

2004). Although LRPPRC defects mostly manifest as COX deficiency, a recent 

study on mice with cardiac knockout of LRPPRC suggested that the loss of 

LRPPRC can result in heart pathology via ATP synthase assembly defect, 

hyperpolarisation and increased production of mitochondrial ROS (Mourier et al. 

2014). 

 

The mitochondrially encoded COX subunits are highly hydrophobic and the 

translation of these polypeptides needs to be tightly coupled to membrane insertion 

to avoid undesired aggregation of the hydrophobic proteins in the matrix. The 

mitochondrial oxidase assembly protein1 (OXA1) facilitates the co-translational 

membrane insertion of the mtDNA-encoded subunits (Bonnefoy, Fiumera, Dujardin, 

& Fox, 2009). C12orf62, the human ortholog of yeast COX14 (Szklarczyk et al., 

2012), encodes a factor specifically involved in coupling of the synthesis of COX1 

with early steps of COX assembly. Consistent with the critical role of COX1 as the 

initial “seed” of the assembling COX, a homozygous missense mutation in 

C12orf62 was shown to impair COX assembly initiation and cause an unusually 

severe multi-organ phenotype with neonatal lactic acidosis, leading to death of the 

patient only 24 hours after birth (Weraarpachai et al., 2012). Another protein 

suggested to be involved in co-translational stabilization and assembly of COX1 is 

the human homologue of the yeast assembly factor Coa3, hCOA3 (Clemente et al., 
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2013). The homologous Drosophila protein, CCDC56, was shown to be required for 

COX function and viability of flies (Peralta et al., 2012). The role of hCOA3 in 

COX1 stabilization and assembly was confirmed in human cells, identifying hCOA3 

as a novel candidate gene when screening for mutations responsible for isolated 

COX deficiency (Clemente et al., 2013). 

 

A homozygous mutation in the nuclear gene FAM36A has been recently reported 

in two separate families of patients with hypotonia and ataxia associated with COX 

deficiency (Szklarczyk 2013, Doss 2013). In yeast, COX20 is specifically involved 

in COX2 biogenesis by acting as a chaperone of the newly synthesised COX2, 

promoting its leader peptide processing, C-tail export, and stability (Elliott, Saracco, 

& Fox, 2012). FAM36A, the human orthologue of yeast COX20 has also been 

proposed to cooperate with SCO1 and SCO2 in stabilising COX2, and thus enable 

its efficient maturation and incorporation into assembling COX (Bourens 2014). 

 

Other assembly factors 

 

C2orf64 is an ortholog of yeast PET191, previously associated with COX assembly 

(Khalimonchuk et al., 2008). The exact role of PET191 remains unknown. 

However, it shares motifs with several metallochaperones involved in COX 

asembly, e.g. COX17, suggesting a possible role in the same pathway. A 

homozygous mutation in C2orf64 was described in two siblings, causing fatal 

neonatal cardiomyopathy (Huigsloot et al., 2011). 2D-BN PAGE analysis of 

assembly intermediates in patient fibroblasts revealed the accumulation of the S1 

intermediate, suggesting C2orf64 to be involved in the early steps of COX 

assembly. In addition to assembly factors with identified disease causing mutations, 

human orthologs exist for several other yeast assembly factors, including Cox11p, 

Cox16p, Cox17p and Cox19p, providing potential candidate genes to be screened 

for the presence of mutations in complex IV-deficient patients (Huigsloot et al., 

2011).  
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2.4.2.4 Other genetic defects affecting the function of COX 

 

COX deficiency and mitochondrial encephalomyopathy have also been reported in a 

pair of siblings with a mutation in the gene encoding fas activated serine-threonine 

kinase domain 2a (FASTKD2), a mitochondrially localised protein with a possible 

role in apoptosis (Ghezzi et al., 2008). However, the mutation was shown not to 

have a direct effect on COX assembly. A genetically completely distinct type of 

COX deficiency has been identified in patients with ethylmalonic encephalopathy, 

resulting from a mutation in the gene encoding ETHE1, a mitochondrial sulfur 

dioxygenase involved in catabolism of sulfide (Tiranti et al., 2009). The patients 

accumulate toxic levels of sulfides, which are potent inhibitors of COX and short-

chain fatty acid oxidation. The sulfide toxicity results in COX deficiency in muscle 

and brain and a fatal phenotype characterized by early-onset encephalopathy, 

microangiopathy and chronic diarrhea.  

2.4.3 Animal models of COX deficiency 

 

In order to better understand the pathological mechanisms of COX deficiency 

and to study potential therapeutic approaches, various animal models of isolated 

COX deficiency have been created by deletion or knockdown of different subunits 

or assembly factors of COX. 

2.4.3.1 Mouse models 

 

Several knockout mouse models have been created to study the roles of the tissue-

specific isoforms of the structural subunits of COX.  The heart-specific isoform of 

Cox6a, Cox6a-H, is known to gradually replace the predominant fetal isoform 

Cox6a-L in both cardiac and skeletal muscles of the mouse by the age of 28 days 

(Parsons et al., 1996). A mouse model with a knockout of Cox6a-H was created in 

order to study the role of this isoform in the regulation of OXPHOS function and 

cardiac performance. The knockout resulted in decreased amount of fully assembled 



 57 

COX in heart and a 23 % COX deficiency, and manifested as impaired myocardial 

diastolic performance under conditions of maximal cardiac load (Radford et al., 

2002), suggesting an essential role for Cox6a-H in the assembly and stability of 

COX in heart. The role of the lung-specific isoform of Cox4 was studied using 

Cox4-2-knockout mice. The absence of the lung isoform significantly decreased 

lung COX activity and ATP production, compromised the airway function and 

maximal airway responsiveness of the lungs, and lead to age-related lung pathology, 

suggesting that the high activity lung-specific COX is crucial for lung performance 

and the long-term maintenance of healthy lung function (Hüttemann, Lee, Gao, et 

al., 2012). Deletion of the heart- and skeletal muscle-specific Cox7a isoform in mice 

in turn resulted in a mild form of mitochondrial myopathy with exercise intolerance, 

resulting from reduction in skeletal muscle capillarity and decrease in COX activity 

and ATP production (Lee, Hüttemann, Liu, Grossman, & Malek, 2012). The effects 

on cardiac muscle included decreased COX activity and development of dilated 

cardiomyopathy by the age of 6 weeks, after which surprising stabilization of the 

phenotype occurred via compensatory increase of the ubiquitous Cox7a isoform 

(Hüttemann, Klewer, Lee, et al., 2012). 

 

Several mouse models of defective COX assembly have been generated by 

disruption of factors with previously identified functions in the assembly of COX.  

Constitutive knockout of Surf1 in mouse, implemented by replacing exons 5-7 with  

a neomycin-resistance cassette, resulted in significant COX deficiency in the 

skeletal muscle and liver of the Surf1-KO mice, whereas the heart and brain were 

less severely affected. The defect was also associated with an increase in plasma 

lactate levels, indicating a block in the aerobic utilization of pyruvate (Agostino et 

al., 2003). In concordance with the biochemical findings, the Surf1-KO mice 

displayed morphological abnormalities of skeletal muscle and (to a lesser extent) 

liver, and exhibited profound muscle weakness and decreased motor performance, 

while no abnormalities in the morphology of the brain or heart, nor any neurological 

symptoms were observed. The absence of brain involvement clearly distinguished 

the phenotype of these mice from LS patients with Surf1 mutations, exhibiting 

progressive deterioration of the subcortical brain structures as the major 

characteristic feature of the disease. However, in line with the observations from 

human patients with LS, 2D-BN-PAGE analysis of fibroblasts from the Surf1-KO-
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mice revealed a substantial decrease in the amount of fully assembled COX enzyme 

and the accumulation of early assembly intermediates, confirming the role of Surf1 

in COX assembly in mice (Agostino et al., 2003b).  

 

Because the first Surf1-KO model failed to display any of the neuropathological or 

clinical features of human LS, another mouse model was created by disrupting exon 

7 of Surf-1 with a loxP sequence, producing a prematurely truncated unstable 

protein (Dell’agnello et al. 2007). The ablation of Surf1 produced defective 

assembly and lowered activity of COX but again, no signs of spontaneous neuronal 

degeneration were observed in the KO-mice, and they even displayed complete 

protection from Ca2+-dependent neurotoxicity induced by kainic acid, a 

glutamatergic epileptogenic agonist, resulting from significantly decreased rise in 

the intracellular and mitochondrial calcium levels in the Surf1 deficient neurons 

(Dell’agnello et al., 2007). Surprisingly, the lifespan of the mice was also markedly 

prolonged, which was later attributed to improved insulin sensitivity, a suggested 

mediator of lifespan extension in several mouse and Drosophila models (Deepa et 

al., 2013). The decreased respiration of the Surf1-KO mice was also found to be 

associated with increased brain glucose metabolism, cerebral blood flow and 

enhanced memory, suggesting that the metabolic alterations induced by deficiency 

of Surf1 may actually have positive effects on brain function (Lin et al., 2013). 

Studies of the same mouse model have also revealed significantly altered baseline 

breathing frequencies, as well as reactions to hypercapnic and hypoxic challenges, 

suggesting respiratory vulnerability, consistent with the observations in patients 

with SURF1 mutations, among whom breathing abnormalities and hyperventilation 

are common (Stettner, Viscomi, Zeviani, Wilichowski, & Dutschmann, 2011). 

 

Conditional knockout of the assembly factor COX10 by the Cre-loxP system has 

allowed the generation of tissue-specific mouse models with COX deficiency in 

either muscle, liver or the brain. Mice with muscle-specific ablation of Cox10 were 

healthy and their muscle function was only mildly affected until the age of 

approximately 3 months, despite the dramatic (>95 %) COX deficiency in skeletal 

muscle at 2.5 months. However, after 3 months the mice suffered from severe 

progressive myopathy and shortened lifespan, with the females more dramatically 

affected than the males (Diaz, Thomas, Garcia, Hernandez, & Moraes, 2005). The 
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onset of myopathy was delayed and the lifespan of the Cox10 KO mice was 

extended by stimulation of mitochondrial biogenesis via induction of PGC-1α 

(peroxisome proliferator activated receptor γ (PPARγ) co-activator-1α) level, either 

by transgenic expression of PGC-1α in skeletal muscle, treatment with the PPAR 

pan-agonist bezafibrate (Wenz, Diaz, Spiegelman, & Moraes, 2008) or by 

endurance exercise (Wenz, Diaz, Hernandez, & Moraes, 2009). Conditional 

knockout of Cox10 in liver produced a mouse model of mitochondrial hepatopathy, 

characterised by severe COX deficiency, liver dysfunction, marked mitochondrial 

proliferation and lipid accumulation (Diaz et al., 2008). However, the COX deficient 

hepatocytes were observed to survive up to 78 days relying on glycolysis and 

glycogenolysis for bioenergy, until eventually undergoing apoptosis from day 78 

onwards. The phenotypes of the hepatopathy mice were ultimately reversed by the 

proliferation of the hepatocytes, which had escaped the Cox10 deletion, and 

regeneration of the liver (Diaz et al., 2008). Finally, a model of mitochondrial 

encephalopathy was created by neuronal knockout of Cox10, targeted mainly to the 

hippocampus and cerebral cortex (Fukui, Diaz, Garcia, & Moraes, 2007). Although 

COX activity was decreased already from the age of 1 month in the brain of the 

Cox10 knockout mice, the mice were viable, fertile, and phenotypically 

indistinguishable from wild-type littermates until about 4 months of age, after which 

they started to show behavioral abnormalities and neuronal degeneration, leading to 

dramatic cortical atrophy and premature death at approximately 8 months of age 

(Fukui et al., 2007). Bezafibrate treatment was again shown improve the 

mitochondrial function and the phenotype of the mice by stimulation of 

mitochondrial biogenesis via the PPAR-PGC-1α pathway (Noe et al., 2013). The 

conditional neuron-specific knockout of Cox10 has also been combined with a 

transgenic mouse model of Alzheimer’s disease (AD), expressing mutant APP and 

PSEN1, in order to study the contribution of COX deficiency to the pathogenesis of 

AD and oxidative damage to neurons. Surprisingly, and contrary to some previous 

hypotheses (Markesbery, 1997; Parker, Filley, & Parks, 1990),  COX deficiency 

decreased both oxidative stress and amyloid plaque formation in the mouse model 

of AD, suggesting that COX deficiency might be a consequence rather than a cause 

of the accumulation of Aβ seen in AD patients (Fukui et al., 2007).  
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Cox17p is a yeast protein essential for copper delivery into mitochondria and the 

assembly of a functional COX complex (Glerum, Shtanko, & Tzagoloff, 1996). 

Inactivation of the homologous protein in mouse by targeted mutagenesis resulted in 

severe COX deficiency and embryonic lethality, highlighting its importance in the 

assembly of COX also in mammals (Takahashi et al., 2002). No mutations in the 

human homologue of Cox17 have been identified in patients with COX deficiency, 

suggesting they might also be incompatible with life.  

2.4.3.2 Drosophila models 

Homozygous mutations in the nuclear encoded gene cyclope, encoding Drosophila 

subunit Cox6c, have been shown to be embryonic lethal (Szuplewski & Terracol, 

2001). The Drosophila mutant levy, with a mutation in the gene encoding subunit 

Cox6a in turn represents the first non-lethal mutation identified in a nuclear-encoded 

structural subunit of COX. The levy1 mutation is a G to A transition at the 3´ splice 

junction of the single intron of the levy gene, causing missplicing that deletes the 

first G of the second exon, resulting in a frame shift and the introduction of a 

premature stop codon downstream of the deletion (Liu et al., 2007). The mutation 

was initially identified on the basis of temperature-induced paralysis. In addition, 

the flies have been reported to suffer from an age-dependent decrease in COX 

activity, as well as many features resembling mitochondrial encephalomyopathies, 

including motor dysfunction (characterised by age-dependent bang-sensitivity), 

spongiform-type neurodegeneration and a significantly reduced lifespan, and have 

thus been suggested to provide a potential model to study the molecular mechanisms 

of COX-mediated mitochondrial encephalomyopathies (Liu et al., 2007). To create a 

Drosophila model with a defect in a mitochondrially encoded COX subunit gene, an 

endonuclease has been targeted to mitochondria in the germ line, resulting in 

homoplasmic mutations of the mtDNA-encoded subunit Cox1 (mt CoI) (Xu, 

DeLuca, & O’Farrell, 2008). One of the resulting alleles showed a severe phenotype 

with a wide range of defects, including prolonged larval development, progressive 

neurodegeneration, muscular atrophy, male sterility, and reduced life span. 
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Transposon mobilization mutagenesis was used to generate a large set of 

imprecise excision alleles of the Drosophila gene scox, an ortholog of the human 

COX assembly factor SCO1 (Porcelli et al., 2010). Null mutations of scox were 

shown to be larval lethal. Many of the larvae survived for 15 days, but their size and 

morphological features corresponded to second instar larvae. They also appeared 

severely dehydrated and their mobility was significantly decreased. Mutations in the 

5´ untranslated region of scox in turn produced motor dysfunction and a female-

sterile phenotype. Post-transcriptional silencing of the Drosophila homologue of 

Surf1 by GAL4-dependent RNAi also produced complete lethality when driven 

ubiquitously with the Actin5C–GAL4 transcriptional activator (Zordan et al., 2006).  

Like the scox mutants, most of the Surf1 knockdown flies also died as larvae, which 

were described as ‘sluggish’ and showed impaired development. 7-day old larvae 

were again abnormally small, showed morphological features of L2 larvae, and were 

unable to progress further in development. Similar prolonged survival and eventual 

lethality of underdeveloped larvae, accompanied by significant COX deficiency, has 

also been described in association with the knockdown of yet another putative 

assembly factor of COX, the coiled coil domain-containing protein 56, CCDC56 

(Peralta et al., 2012). The under-developed Surf1-KD larvae also displayed 

significantly decreased spontaneous and light-induced locomotion.  The locomotor 

defect, as well as the abnormal larval development and lethality, were suggested to 

be caused by the insufficient energy supply due to Surf1 silencing. When the same 

knockdown was driven by a nervous-system specific driver, elav-GAL4, the flies 

developed to adulthood with no signs of impairment, despite the lowered activity of 

COX in the brain (Zordan et al., 2006). Furthermore, they showed a striking 

increase in lifespan, a result similar to the one obtained with Surf1-KO mice 

(Dell’agnello et al., 2007). However, the optomotor response and electroretinogram 

measurements of the adult flies showed clear impairment, suggesting defects of the 

eye and the CNS (Zordan et al., 2006). 
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2.4.3.3 Other animal models 

Zebrafish models of COX deficiency have been created by knocking down either 

structural subunit Cox5a or the assembly factor Surf1 in Danio rerio by disrupting 

the translation of the respective mRNAs using antisense morpholino 

oligonucleotides (Baden, Murray, Capaldi, & Guillemin, 2007). The resulting 50 % 

COX deficiency in the fish led to increased activation of apoptosis, defective 

secondary motor neuron and endodermal organ development, cardiovascular 

dysfunction and early lethality due to cardiac failure. Structural subunits Cox5a and 

Cox4 have also been knocked down in the nematode Caenorhabditis elegans using 

RNA interference, resulting in delayed development, as well as reduced lifespan and 

fecundity (Suthammarak, Yang, Morgan, & Sedensky, 2009). Knockdown of these 

subunits of COX resulted not only in the reduction of COX activity, but also of the 

amount of supercomplex structures containing COX and the activity of complex I, 

suggesting that the loss of COX subunits affects complex I activity via defective 

supercomplex (I:III:IV) formation and decreased efficiency of electron flow, even 

though the amount of Complex I was unaffected.   

 

2.5 The alternative oxidase (AOX) 

 

The mitochondrial respiratory chains of many lower eukaryotes possess alternative 

enzymes, capable of by-passing parts of the OXPHOS system under stress or 

overload conditions. These enzymes include the rotenone-insensitive NADH 

dehydrogenases of the Ndi and Nde family, capable of replacing the function of 

complex I, as well as the cyanide-insensitive alternative oxidases (AOX), which 

transfer electrons directly from ubiquinol to molecular oxygen, thereby by-passing 

complexes III and IV. In contrast to complexes I, III and IV of the respiratory chain, 

electron flow via these alternative enzymes is not coupled to proton translocation, 

and thus does not contribute to the electrochemical gradient and ATP production. 
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2.5.1 The evolution and taxonomic distribution of AOX 

 

After being first discovered in plant thermogenic tissues (Lance 1972; Meeuse 

1975), the presence of a cyanide-insensitive alternative quinol oxidase was long 

thought to be limited to plants (Henry & Nyns, 1975), as well as some fungi (Veiga, 

Arrabaça, & Loureiro-Dias, 2003) and protists (Van Hellemond et al. 1998; Suzuki 

et al. 2004), and the absence of cyanide-resistant respiration in the animal kingdom 

was considered to distinguish animals from plants and micro-organisms. However, 

this idea was challenged when the gene encoding AOX was first discovered in a 

subset of animal phyla (McDonald & Vanlerberghe, 2004). Based on current 

knowledge, AOX is widely distributed in the animal kingdom: AOX sequences have 

been identified in altogether 28 animal species, representative of nine different 

phyla (McDonald, Vanlerberghe, & Staples, 2009). However, there is no evidence 

for its presence in the genomes of vertebrates or arthropods (McDonald et al., 2009). 

Based on the presence of functional AOX also in a proteobacterium (Stenmark & 

Nordlund, 2003), it has been assumed that eukaryotic AOX originates from the 

same endosymbiotic event that gave rise to mitochondria, and has spread across 

animal species through vertical inheritance (McDonald & Vanlerberghe, 2006).  The 

presence of AOX in Ciona species indicates that it has been maintained in evolution 

at least until the separation of Urochordates from other chordata. The AOX gene has 

presumably been lost in subsequent gene deletion events, and is thus not present in 

higher animals, such as vertebrates (McDonald et al., 2009). 

 

Ciona intestinalis AOX 

 

Ciona intestinalis is an Ascidian (sea squirt), belonging to the subphylum 

Urochordata or Tunicata, which is the earliest branch of the chordate phylum, and a 

sister group of the vertebrates.  It has two distinct developmental stages: A motile, 1 

mm long larva resembling a tadpole, and a sessile, filter-feeding adult. AOX is 

expressed in several different cell types and developmental stages of Ciona 

intestinalis (McDonald & Vanlerberghe, 2004). The function of AOX in C. 

intestinalis is incompletely understood, but has been hypothesised to relate to the 

need of marine intertidal species to adapt to large fluctuations in environmental 
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parameters, such as oxygen and sulfide concentration, temperature and nutrient 

availability (Abele, Philip, Gonzalez, & Puntarulo, 2007; McDonald & 

Vanlerberghe, 2004). 

 

2.5.2 Structure and function of AOX 

 

Based on extensive modelling studies (Andersson & Nordlund, 1999; Berthold, 

Andersson, & Nordlund, 2000; Siedow, Umbach, & Moore, 1995), as well as the 

recently resolved crystal structure of trypanosomal AOX (Shiba et al., 2013), AOX 

is a 32 kDa integral protein of the mitochondrial inner membrane, facing the matrix 

side of the membrane. It functions as a homodimer, each monomer containing a 

nonheme, di-iron carboxylate active site buried within a four-helix bundle. The 

active site is formed by six universally conserved residues (four glutamates and two 

histidines), coordinating the two iron atoms. In addition, another, more distantly 

located highly conserved tyrosine residue (Tyr220) has been identified as essential 

for the catalytic activity of AOX (Shiba et al., 2013). Based on protein sequence 

comparisons, all of the key iron-binding residues are completely conserved from 

plants to animals (McDonald & Vanlerberghe, 2004). However, protein sequence 

alignments have revealed unique features of animal AOX sequences, distinguishing 

them from AOX sequences of all other kingdoms, namely the lack of the N-terminal 

conserved regulatory cysteine, as well as the presence of a unique C-terminal motif 

(McDonald et al., 2009).  

 

AOX accepts electrons from ubiquinol (QH2), and reduces oxygen to water in a 

single four-electron transfer step (Moore & Siedow, 1991). The transfer of electrons 

from ubiquinol to O2 by AOX is, however, not coupled to the translocation of 

protons across the IMM, and AOX thus represents a non-energy conserving branch 

of the RC, bypassing two of the three proton pumping complexes (III and IV), and 

releasing the chemical energy as heat. The function of AOX is resistant to cyanide, 

an inhibitor of COX, but is in turn inhibited by n–propyl gallate (Stegink & Siedow, 
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1986) and substituted hydroxamic acids such as salicylhydroxamic acid (SHAM) 

(Schonbaum, Bonner, Storey, & Bahr, 1971). 

 

2.5.3 Physiological roles of AOX 

 

The first recognized physiological function of AOX was heat production in 

specialized thermogenic tissues of arum lilies (Meeuse, 1975). In thermogenic 

plants, the heat produced by AOX-driven respiration volatilizes aromatic 

compounds that attract pollinating insects, thereby promoting reproduction. AOX 

has also been discovered to have other important roles in balancing the energy 

metabolism of plants. One of the best characterised functions of AOX in plants is to 

facilitate respiratory flow and substrate oxidation in the presence of high levels of 

ATP produced by photosynthesis during daylight, thereby providing flexibility to 

the coupling between carbon metabolism and ATP turnover (Rustin & Queiroz-

Claret, 1985). In the absence of the alternative respiratory enzymes, the 

accumulation of ATP by photosynthesis, and the concomitant deficit in the ADP 

pool, would inhibit the ATP synthase, thereby preventing the dissipation of the 

proton gradient. The build-up of the proton gradient in turn exerts a negative 

feedback control on the RC, leading to inhibition of electron flow and substrate 

oxidation. Due to the tightly interconnected metabolic pathways of mitochondria, 

this would also result in inhibition of the TCA cycle and the secondary reactions 

connected to it. In addition, over-reduction of the RC would increase the probability 

of single electron leak to oxygen, producing superoxides. In plants this blockade of 

intramitochondrial metabolism and overproduction of ROS are, however, prevented 

by the activation of the alternative, non-proton pumping electron carriers, NADH 

dehydrogenase and AOX (Rustin & Queiroz-Claret, 1985), which enable the 

transfer of electrons to oxygen without contributing to the proton gradient, thereby 

allowing mitochondrial metabolism to proceed in parallel with photosynthesis 

during the day. 
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 In addition to high membrane potential, the respiratory chain may be inhibited 

for a variety of other reasons, such as the effects of toxins or impaired function of 

the RC complexes, and AOX can be assumed to play an important role in 

maintaining respiration under such conditions. Accordingly, the expression of AOX 

has been shown to be significantly induced in various organisms by respiratory 

chain inhibition, either by genetic or chemical means (Dufour, Boulay, Rincheval, & 

Sainsard-Chanet, 2000; Funes, Nargang, Neupert, & Herrmann, 2004;  

Vanlerberghe & McIntosh, 1994). One of the suggested functions of AOX in plants 

is to dampen the generation of ROS by preventing the over-reduction of the RC and 

the leak of electrons to oxygen. It has been shown that the lack of AOX in plant 

cells results in higher levels of ROS and an increase in the expression of ROS 

scavenging enzymes, whereas overexpression of AOX seems to lower both the level 

of ROS as well as the induction of anti-oxidant defences (Amirsadeghi, Robson, 

McDonald, & Vanlerberghe, 2006; Cvetkovska & Vanlerberghe, 2012; Maxwell, 

Wang, & McIntosh, 1999), suggesting that AOX may function to maintain low 

levels of mitochondrial ROS. Induction of AOX in response to loss of function of 

the cytochrome pathway has also been shown to prevent free radical production in 

fungi, and has been implicated in the control of longevity (Dufour et al., 2000; 

Gredilla, Grief, & Osiewacz, 2006). 

 

The expression of AOX has also been shown to be induced in plants in response 

to various types of biotic and abiotic stress, including low temperatures, drought, 

nutrient limitation, toxins, hypoxia or infections, indicating that AOX involvement 

in respiration and its role in the maintenance of metabolic and ROS homeostasis, is 

significant for the survival of the plants under various stress conditions (reviewed in 

Vanlerberghe 2013). A similar role for AOX in adaptation to stress in animals has 

also been hypothesized, and suggested functions of AOX in animals include 

acclimation to low pH, extreme temperatures or high sulfide concentrations, 

resistance of pathogens to host defences (NO or CN) and oxyconfirmity of marine 

invertebrates living in highly fluctuating oxygen concentrations (McDonald et al., 

2009; McDonald & Vanlerberghe, 2004). 
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2.5.4 Regulation of AOX activity 

 

The regulation of AOX activity has been most extensively studied in plants. 

Presumably due to the very low affinity of AOX for ubiquinol, AOX does not 

compete with Complex III for its substrate under steady state physiological 

conditions (Bahr & Bonner, 1973a, 1973b). AOX thus remains essentially inactive, 

unless the cytochrome segment of the respiratory chain becomes inhibited. The 

activity of AOX in plants is regulated both at transcriptional and biochemical level 

(Vanlerberghe & McIntosh, 1997). The transcriptional control of AOX involves 

both cellular signals related to metabolism, growth and stress, as well as the 

retrograde signals from mitochondria, relaying the functional status of mitochondria 

to the nucleus and regulating the expression of nuclear genes encoding 

mitochondrial proteins (reviewed by Rhoads & Subbaiah 2007; Vanlerberghe 2013). 

Diverse mitochondrial perturbations have been shown to induce AOX both at 

transcript and protein level in plants, but the molecular components of these 

retrograde signaling pathways are largely unknown. Suggested key signals leading 

to activation of AOX expression include the TCA cycle intermediate citrate as well 

as the accumulation of reactive oxygen species (Vanlerberghe & McIntosh 1996). In 

fungi, induction of AOX transcription has been observed in response to inhibition of 

the cytochrome pathway, or other factors such as the presence of reactive oxygen 

species (rewieved in Siedow & Umbach, 2000). 

 

Biochemical control of AOX activity in plants involves both covalent and 

allosteric regulation. The covalent regulation takes place via changing the redox 

status of an intersubunit disulfide bond of the AOX homodimer. Reduction of the 

disulfide bond results in a more active non-covalently linked dimer, whereas the 

oxidized form is inactive and covalently linked (Umbach & Siedow, 1993). The 

conversion to the reduced and active state is facilitated by the oxidation of TCA 

cycle substrates, most notably isocitrate and malate, and the reducing power has 

been hypothesized to be provided by NAD(P)H (Vanlerberghe, Day, Wiskich, 

Vanlerberghe, & McIntosh, 1995). Once in the reduced form, AOX is also sensitive 

to allosteric activation by specific α-ketoacids, particularly pyruvate (Millar, 

Wiskich, Whelan, & Day, 1993), which is thought to stabilize the active 
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conformation and hence increase the Vmax of AOX (Carré, Affourtit, & Moore, 

2011). The activity of AOX, and the relative portion of electron flow directed to it, 

is thus thought to be regulated in a feedforward manner by redox status and the 

availability of upstream carbon sources (Vanlerberghe & McIntosh, 1997). Both the 

intermolecular bond formation and α-keto acid activation of plant AOX have been 

proposed to require the presence of a key regulatory N-terminal cysteine (Rhoads et 

al., 1998), which is absent in protein sequences of all identified animal AOXs 

(McDonald et al., 2009). Additional structural features have, however, been 

suggested to influence the sensitivity of AOX proteins to regulation by pyruvate 

(Crichton, Affourtit, Albury, Carré, & Moore, 2005). In contrast to the plant 

enzyme, the fungal and protozoan alternative oxidases generally exist as monomers, 

therefore lacking the covalent regulation via reduction of the intersubunit disulfide 

bond. Alternative oxidases of these organism are also not subject to regulation by 

organic acids, but can instead be stimulated by purine nucleotides, particularly ADP, 

AMP and GMP (Siedow & Umbach, 2000).  

2.6 AOX as a potential therapeutic tool 

 

Although remarkable progress has been made in elucidating the variety of molecular 

defects underlying mitochondrial OXPHOS diseases, the pathophysiological 

mechanisms by which the diverse clinical manifestations arise are still incompletely 

understood (reviewed in Brière et al. 2004). Furthermore, there are no effective 

ways to cure these conditions (reviewed in DiMauro & Rustin 2009). Expressing a 

molecular bypass of defective parts of the respiratory chain could have therapeutic 

potential for a variety of reasons: Firstly, as described above, AOX can be expected 

to become activated only under conditions where the cytochrome pathway is 

disabled and the quinone pool becomes highly reduced (Bahr & Bonner, 1973a, 

1973b). The fact that AOX does not readily compete with the cytochrome segment 

for the electron flow under uninhibited conditions, but instead becomes activated 

only when needed, would be essential in therapeutic use to avoid deleterious effects 

resulting from the energy-dissipating nature of AOX. On the other hand, the 

expression of AOX has been shown to be induced considerably by genetic 
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disruption or chemical inhibition of the cytochrome pathway (Dufour et al., 2000; 

Funes et al., 2004; Vanlerberghe & McIntosh, 1994). Plant AOX is activated by the 

reduction of its intersubunit disulphide bond (possibly by NAD(P)H), and its 

activity is further induced by the accumulation of pyruvate (Millar et al., 1993; 

Umbach & Siedow, 1993; Vanlerberghe et al., 1995). As described in 2.2.4, reduced 

redox status of the respiratory chain and the accumulation of NADH and pyruvate, 

are also conditions frequently observed in patients with mitochondrial OXPHOS 

disease affecting the cytochrome segment of the RC, implying that the activation of 

AOX would be favoured in the biochemical context of such diseases.  

 

Based on the functions of naturally occurring AOX enzymes, it can be hypothesised 

that the expression of AOX could possibly alleviate the deleterious consequences of 

a blockade of the cytochrome segment of the RC, and could provide many benefits 

to patients with OXPHOS dysfunction, particularly those with defects in complexes 

III or IV. By resuming electron flow from the reduced quinone pool to oxygen, 

AOX can be expected to correct the redox imbalance and allow substrate oxidation 

and the normal function of intermediary metabolic pathways. By preventing the 

overreduction of the RC electron carriers, AOX can also be assumed to prevent the 

overproduction of the deleterious ROS. Because AOX by-passes two of the three 

proton translocating complexes of the respiratory chain, and is itself a non-proton 

pumping enzyme, it cannot fully restore the proton gradient and ATP production. 

However, by allowing electron flow to oxygen, and thereby proton pumping by 

complex I, it can be assumed to support at least some ATP production, as opposed 

to the complete blockade of the RC. Restoring the function of complex I would also 

allow the re-oxidation of NADH without the need to mobilise the lactate 

dehydrogenase, thus preventing the consequent accumulation of lactate.  It would 

also prevent the accumulation of protons resulting from high dependence on 

glycolytic energy production, thereby alleviating the metabolic acidosis. 

 
 

 

 

 

 

 



 70 

 

 
Figure 2.4. Potential benefits of AOX expression in the context of respiratory chain 

deficiency resulting from inhibition of complex IV (see Figure 2.1 for a summary of the 

metabolic consequences of COX deficiency). AOX can be expected to 1) correct the redox 

imbalance by restoring the flow of electrons to oxygen and re-oxidising ubiquinol (QH2), 2) 

prevent the overproduction of ROS resulting from over-reduction of the upstream electron 

carriers, 3) Restore the function of complex I, and prevent the accumulation of lactate 

resulting from the use of LDH to re-oxidase NADH, as well as the metabolic acidosis 

resulting from accumulation of H+, 4) Allow the normal function of the intermediary 

metabolic pathways, and 5) Allow proton pumping by complex I, contributing to the proton 

motive force (Δp) and ATP production, albeit at a lower level compared to the uninhibited 

RC due to by-passing two of the proton pumping sites (complexes III and IV).  
 

The idea that a single gene product could potentially replace the functions of two 

elaborate multisubunit complexes at a central point of metabolism, and thereby 

provide possible benefits to patients with a wide range of human metabolic and 

degenerative diseases, seems of course attractive. While the use of AOX as a 

clinical therapeutic tool obviously remains a distant goal with many challenges and 

limitations (see Discussion), AOX may nevertheless be useful in delineating the 

functional consequences of OXPHOS dysfunction. The pathological OXPHOS 

defects that could be potentially complemented by AOX are likely those that 

interfere with redox or metabolite homeostasis, induce ROS damage or metabolic 

acidosis, but in which ATP deficiency is not the primary mechanism (Rustin & 

Jacobs, 2009). Studying the effects of transgenic AOX expression on the phenotypes 

of different models of OXPHOS dysfunction can thus provide a tool to dissect the 

pathological mechanisms underlying mitochondrial diseases. 
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2.7 Transgenic expression of AOX in model systems 

 

Taking advantage of the alternative respiratory enzymes naturally present in many 

lower eukaryotes to by-pass parts of a defective respiratory chain in mammals, has 

been a long-standing goal. Significant progress has been made in the last 10 years in 

expressing the AOX in a variety of biological model systems. The following 

subsections summarise the knowledge that has been gathered about the effects of 

transgenic AOX expression and its potential benefits in OXPHOS disease, using 

different model systems, excluding the work presented later in this thesis. 

2.7.1.1 Allotopic expression of AOX in cultured human cells 

 

After previous attempts to express the plant AOX in mammalian cells having a 

lethal outcome, the discovery of AOX in several animal phyla, even as closely 

related to vertebrates as the urochordates (McDonald & Vanlerberghe, 2004), 

prompted the idea to express the animal AOX in human cells. The AOX of the 

Ascidian Ciona intestinalis was first succesfully expressed in cultured human 

embryonic kidney (HEK293T) -derived cells in 2006, using a tetracycline-inducible 

promoter as a pre-caution for potentially deleterious effects to cell growth 

(Hakkaart, Dassa, Jacobs, & Rustin, 2006). However, the cells expressing the Ciona 

AOX grew normally with no apparent deleterious effects on growth rate, 

morphology or respiration, and no change in the activity of the endogenous 

respiratory chain complexes. Importantly, AOX was found to remain essentially 

inactive as long as the cytochrome pathway was not inhibited. Moreover, AOX 

expression conferred resistance to antimycin A and cyanide, inhibitors of complex 

III and IV, respectively, allowing a significant amount (60-80 %) of respiration to 

proceed at concentrations of inhibitors which blocked respiration completely in 

control cells. The cyanide-insensitive respiration was inhibited by n-propyl gallate 

(n-PG), a known inhibitor of AOX (Stegink & Siedow, 1986), confirming that the 

residual respiration was indeed attributable to AOX activity. Conversely, oxygen 

consumption in the absence of antimycin or cyanide was insensitive to n-PG, 

indicating that the contribution of AOX to electron flow is insignificant under 
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uninhibited conditions. AOX was also shown to alleviate the superoxide 

overproduction caused by inhibition of the cytochrome pathway, as measured by the 

level of induction of superoxide dismutase. Furthermore, expression of AOX 

decreased the acidification of culture medium upon COX inhibition. The study also 

strongly suggested that, despite the absence of the regulatory N-terminal cystein 

residue in animal AOX (McDonald et al., 2009), the activity of Ciona AOX and its 

involvement in substrate oxidation in human cells is regulated both by the reduced 

redox status of the ETC, as well as the presence of pyruvate (Hakkaart et al., 2006).  

 

Ciona intestinalis AOX has also been engineered for expression in mammalian 

cells from a lentiviral vector (Dassa, Dufour, Gonçalves, et al., 2009a). The Ciona 

AOX was shown to be enzymatically functional in the mitochondria of lentivector-

transduced HEK293T cells, and was activated upon inhibition of the cytochrome 

segment of the RC. However, in intact cells the AOX-driven antimycin-resistant 

respiration was shown to be suppressed by growth on glucose. This suppression was 

proposed to occur via downregulation of Complex I, revealing a previously 

unknown regulatory mechanism controlling the activity of complex I, and thus 

limiting electron flow to the RC, in response to downstream inhibition of the chain 

(Cannino et al., 2012). Overexpression of the Ciona AOX in HEK293T cells has 

also been used as one of the means to study the role of mitochondrial ROS in the 

stabilization of the transcription factor HIF-1α (hypoxia-induced factor 1α) via 

inactivation of prolyl hydroxylases in hypoxia. AOX was used as a tool to decrease 

superoxide production upon Complex III inhibition and to demonstrate that, 

contrary to previous hypotheses, HIF-1α protein stabilization in response to hypoxia 

occurs independently of mitochondrial ROS production (Chua et al., 2010). In 

plants, AOX involvement in mitochondrial respiration is known to vary depending 

on the substrate being oxidised, translating to variable cyanide-resistance in 

presence of different substrates (Rustin & Jacobs, 2009). This was also found to be 

the case for the cyanide-resistance of substrate oxidation in permeabilised human 

foreskin immortalized fibroblast cells expressing the Ciona AOX via lentiviral 

transduction (Dassa, Dufour, Goncalves, Jacobs, & Rustin, 2009b).  

 

Recent studies have shown that plant AOX can also be successfully expressed in 

human cells, as the AOX from the Arum concinnatum was expressed in HeLa cells 
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to study the relative expression, catalytic activity and regulatory behaviors of its two 

isoforms (Kakizaki & Ito, 2013; Kakizaki, Seymour, & Ito, 2010), and the skunk 

cabbage AOX was shown to be functional and decrease antimycin-A induced ROS 

production in HeLa cells (Matsukawa, Kamata, & Ito, 2009).   

2.7.1.2 AOX in COX-deficient human cells 

 

The resistance of cells expressing the Ciona intestinalis AOX to the lethal effects 

of cyanide (Hakkaart et al., 2006) suggested that AOX expression could be 

beneficial in combating the deleterious effects of COX deficiency in human cells. 

This hypothesis was tested by expressing the Ciona AOX in human cells depleted of 

COX15 or COX10 (Dassa et al. 2009a), both of which are involved in heme A 

biogenesis, and are thus essential for prosthetic group synthesis and the assembly of 

a functional COX (Antonicka, Leary, et al., 2003; Antonicka, Mattman, et al., 

2003). COX15-deficient skin fibroblasts were derived from a patient carrying a 

deleterious COX15 mutation causative of an early-onset fatal hypertrophic 

cardiomyopathy (Antonicka, Mattman, et al., 2003), and AOX was expressed in 

these cells via lentiviral transduction. Knockdown of COX10 was in turn produced 

by RNAi in HEK-293-derived cells harbouring tetracycline-inducible AOX. 

Expression of the Ciona AOX transgene was well tolerated by the COX15- or 

COX10-deficient cells, and partially rescued the ~30 % decrease in respiration 

resulting from COX deficiency. AOX expression also rendered the respiration of the 

COX15- cells largely resistant to cyanide (Dassa et al. 2009a). The growth of COX-

deficient cells is highly dependent on the presence of additional glucose, pyruvate 

and uridine (Morais, Gregoire, Jeannotte, & Gravel, 1980). In addition, OXPHOS 

deficient cells have been shown to be particularly sensitive to oxidative stress 

(Dassa, Dufour, Gonçalves, et al., 2009a; Wong & Cortopassi, 1997). AOX 

expression alleviated the glucose and pyruvate-dependence, and fully eliminated the 

growth defect of the COX15 mutant fibroblasts and COX10-knockdown cells in 

restricted (low glucose) conditions (Dassa, Dufour, Gonçalves, et al. 2009a; Dassa, 

Dufour, Goncalves, et al. 2009b). It also improved the viability of the COX15 

deficient cells, when exposed to antimycin or H2O2, sources of endogenous and 
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exogenous oxidative insults, respectively, suggesting an ability of AOX to 

overcome oxidative stress -induced cell death (Dassa et al. 2009a).  

 

2.7.1.3 Expression of AOX in Drosophila 

 

Transgenic expression of the Ciona intestinalis AOX has also proved to be benign at 

the whole organism level in the fruit fly Drosophila melanogaster (I, see Results). 

In addition to the studies assessing the ability of AOX to complement isolated COX 

deficiency or more generalized OXPHOS dysfunction, presented in this thesis (I, II, 

III), AOX expression in flies has been used as a tool to test the long-standing 

hypothesis of the connection between mitochondrial ROS production and longevity, 

the so-called free radical theory of ageing (Harman 1956; 1972). According to the 

FRTA, ROS production is a causative factor in ageing through accumulating 

oxidative damage. A decrease in ROS production can therefore be predicted to 

increase the life-span of an organism. AOX expression, shown to decrease ROS 

production in plants and fungi, was used as a means to test this idea in Drosophila. 

While expression of AOX was found to decrease the production of free radicals also 

in Drosophila (I, Sanz, Fernández-Ayala, Stefanatos, & Jacobs, 2010), the lifespan 

of the flies was not extended, contradicting the prediction made by FRTA and 

suggesting that, at least in Drosophila, mitochondrial ROS production does not 

directly regulate lifespan (Sanz, Fernández-Ayala, Stefanatos, & Jacobs, 2010).   

 

Subsequent to much of the work reported in this thesis, transgenic flies 

expressing the Ciona intestinalis AOX have also been utilised in studying the 

suggested role of OXPHOS dysfunction in neurodegenerative disorders, in 

particular Parkinson’s disease (PD) (Winklhofer & Haass, 2010). The progressive 

locomotor decline in a Drosophila model of PD, carrying a mutation in dj-1β, a 

homolog of the human Parkinson’s disease gene DJ1, was found to be substantially 

alleviated by ubiquitous or nervous system-specific expression of AOX, and the 

rescue of the phenotype was shown to correlate with a decrease in the elevated level 

of mitochondrial ROS in the dj-1β mutants (I, data from Suvi Vartiainen). AOX was 
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also shown to prevent dopaminergic neurodegeneration induced by mitochondrial 

dysfunction in Drosophila (Humphrey et al., 2012). These results suggest 

mitochondrial dysfunction and overproduction of ROS as a pathogenic mechanism 

of dopaminergic neurodegeneration and motor deficits in Parkinson’s disease, 

proposing a potential therapeutic role for AOX.  

2.7.1.4 AOX-expressing mouse model 

The Ciona intestinalis AOX has recently been successfully expressed in the mouse 

(El-Khoury et al., 2013). The ciona AOX gene was recoded and cloned under the 

control of a ubiquitously active promoter to maximize its expression in the mouse. 

The MitAOX mouse model was created via germ-line lentiviral transduction of the 

construct into early mouse embryos.  The presence and expression of AOX, as well 

as its correct targeting in mitochondria, were confirmed. No obvious detrimental 

effects on major physiological parameters were detected, implying that AOX can be 

safely expressed in mice with no deleterious consequences. AOX expression did not 

alter the activities of other respiratory chain complexes or interfere with oxidative 

phosphorylation in isolated mitochondria, providing further confirmation that the 

competition of AOX with the cytochrome pathway is negligible under uninhibited 

conditions. However, when respiratory chain blockade was induced by cyanide, 

AOX was found to be functional, conferring considerable (~30 %) cyanide-

resistance to substrate oxidation in isolated mitochondria. AOX also conferred 30-

50 % cyanide-resistance to the respiration of intact organs, and substantially 

prolonged the survival of the whole animals in the presence of otherwise lethal 

doses of inhaled, gaseous cyanide. The amount of antimycin-induced production of 

superoxide was also found to be significantly decreased due to AOX expression in 

the MitAOX mice. These data suggest that, in addition to cultured cells or lower 

model organisms, AOX expression is also well tolerated in mammals. Furthermore, 

it provides a tool to relieve a blockade of the cytochrome pathway and to reduce 

oxidative damage caused by excessive production of superoxides upon over-

reduction of the quinone pool (El-Khoury et al., 2013). 
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2.8 Drosophila as a model organism 

 

The exploitation of animal models is important for the understanding of the 

pathophysiological mechanisms of diseases, as well as for the development of new 

therapeutic approaches. Using simple invertebrate model organisms such as 

Drosophila melanogaster can provide many practical advantages over more 

complex vertebrate models (reviewed in Kasai & Cagan 2010). Not only are the 

flies small, inexpensive and easy to maintain in the laboratory without specialized 

instrumentation or infrastructure, but they also have a short life-cycle and high 

reproductive rate, allowing large-scale multi-generation genetic experiments to be 

rapidly conducted. The power of Drosophila genetics can be used to conduct 

genome-wide screening for disease modifying factors, and the ease of administering 

drugs to the fly food allows the potential therapeutic effects of libraries of 

pharmaceutical compounds to be screened in large populations. The relatively short 

lifespan of Drosophila (3-4 months), compared to many other animal models, makes 

it a practical model to study progressive diseases, as well as factors influencing the 

longevity of an organism.  Genetic research in Drosophila has a long tradition, the 

methods are well established, and many of the existing fly models have been 

extensively characterised. The Drosophila genome is fully sequenced and well 

annotated, and a large variety of genetic tools are readily available for manipulation 

of the fly genome (reviewed in Venken & Bellen 2005; Venken & Bellen 2007; 

Venken & Bellen 2012).  

 

2.8.1 Drosophila life cycle 

 

Drosophila melanogaster is a holometabolous insect, and its life cycle consists of 

an embryonic stage, three larval stages (L1-L3) and a pupal stage leading up to 

eclosion of the adult fly. The developmental time of Drosophila is dependent on the 

temperature. At the optimal temperature of 25 ºC, which is usually used in the 

laboratory to culture flies, the full development of wild-type flies from fertilised egg 

to an eclosed adult fly takes approximately 10 days. Drosophila eggs are fertilised 



 77 

in the oviducts of the female directly before being laid on the surface of the culture 

medium, and the female can lay up to 100 eggs per day. Embryogenesis takes 

approximately 24 hours, during which the formation of body axes, gastrulation and 

segmentation of the embryo take place, as directed by maternal-effect genes, 

segmentation genes, and homeotic genes. When embryogenesis is complete, the 

larvae hatch. The four day larval development includes 3 stages (instars), L1, L2 

and L3, and the larvae undergo molts of the larval cuticle between these stages. The 

major growth period in Drosophila development occurs during the larval stages, 

when the existing cells grow in size, and cell division is restricted to a limited set of 

tissues as well as the imaginal disks. The larval imaginal discs originate from 

invaginations of embryonic epithelium, and consist of cells whose developmental 

fate has been determined already during embryogenesis, but which retain their 

ability to grow and divide through the larval stages. The L1 larvae feed on the 

surface of the culture medium, whereas L2-L3 larvae burrow into the medium and 

consume large amounts of food. At the end of L3 stage, the larvae reach the 

wandering stage, leave the food and start climbing the walls of the vial until 

pupariation. During the 4 day pupal stage, complete metamorphosis from larvae to 

an adult fly takes place inside a hard immobile puparium. Most of the larval tissues 

are degraded, and the imaginal discs undergo eversion to form epidermal structures, 

such as the wings, legs and the eyes of the adult fly, while the abdominal epidermis 

and the internal organs of the adult are derived from larval histoblasts.  

2.8.2 Tools for genetic manipulation of Drosophila 

2.8.2.1 Transgenic expression systems 

 

The methodology for creating transgenic fly lines using P-element mediated 

transgenesis (Rubin & Spradling, 1982) is well established, and P-element based 

vectors are widely used for diverse applications, including gene disruption, 

chromosome engineering, gene tagging, and inducible gene expression or repression 

(Bachmann & Knust 2008). More recently developed transgenic techniques, 

utilising different recombinases and integrases, allow site-specific integration of 
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transgenes at specific genomic docking sites (reviewed by Venken & Bellen 2007). 

Transgenic expression of genes allows the modeling of the effects of human 

pathological mutations by overexpression of alleles of the homologous Drosophila 

genes with dominant negative mutations. Some disease-causing genes in humans 

have no identified homologue in Drosophila. However, the possibility of 

introducing human proteins into Drosophila via transgenic expression enables the 

symptoms and progression of several human diseases to be recapitulated in flies 

(Feany & Bender, 2000; Jackson et al., 1998; Warrick et al., 1998; Wittmann et al., 

2001).  

 

The most widely used method to induce transgenic expression of genes in 

Drosophila is the two-component UAS-GAL4 transcription system, taking 

advantage of the yeast transcription activator GAL4, capable of binding specific 

upstream activation sequence elements (UAS) (Brand & Perrimon, 1993). The gene 

of interest is cloned under the control of a promoter region containing UAS-

elements, in order for its expression to be controlled by the presence of the GAL4 

driver. A variety of fly lines are available carrying the transgenic GAL4 under the 

control of different ubiquitous or tissue- or developmental stage -specific promoters, 

providing the tools for spatiotemporal control of transgene expression (Elliott & 

Brand, 2008). These GAL4-carrying driver lines can be crossed with the flies 

carrying a UAS-transgene, such that both components of the bipartite system are 

present in the progeny, and the expression of the GAL4 from its own promoter 

drives the expression of the transgene of interest according to the expression pattern 

of that promoter.  

 

A modified version of the GAL4 transcription activator has been created by fusing 

the human progesterone receptor ligand binding domain to the GAL4 DNA binding 

domain (Burcin, Schiedner, Kochanek, Tsai, & O’Malley, 1999). The activation of 

this chimeric protein, named GeneSwitch (GS), depends on the presence of a 

progesterone analogue, RU486, and thus provides a ligand-inducible system for 

expression of downstream target genes. In the absence of the activator, the 

GeneSwitch protein is expressed but remains, in principle, transcriptionally inactive. 

Systemic application of RU486 activates the GeneSwitch, which then drives the 

expression of the target gene either ubiquitously or in restricted tissues, depending 



 79 

on the promoter (Osterwalder, Yoon, White, & Keshishian, 2001; Roman, Endo, 

Zong, & Davis, 2001). The obvious advantages of the GeneSwitch system, 

compared to the conventional GAL4-drivers, are the unconstrained temporal control 

of expression and the dose-dependent regulation of expression levels. Target gene 

expression can be switched on or off at any time in development or adult life by 

adding or removing the activating ligand in the fly food. In addition, a range of 

different expression levels can be produced, corresponding to the variable amount of 

RU486 in the fly food (III).  

2.8.2.2 RNA interference 

 

RNA interference (RNAi), produced by double-stranded RNA, is a powerful tool for 

producing loss-of-function phenotypes in Drosophila. It can be used to silence 

genes of interest at the mRNA level, providing an elegant strategy for functional 

analysis of genes (Matsushima, Adán, Garesse, & Kaguni, 2007). Extensive libraries 

of transgenic Drosophila strains carrying inducible UAS-RNAi constructs against 

individual protein-coding genes, covering almost 90 % of the Drosophila genome 

(Dietzl et al., 2007), are available at the Vienna Drosophila Resource Center 

(VDRC) and the Drosophila RNAi Screening Center. By using the variety of 

different GAL4-drivers and the GeneSwitch in combination with UAS-RNAi 

constructs, genes can be silenced specifically in almost any tissue, developmental 

stage, and at a range of different levels.  

2.8.2.3 Drosophila mutants 

Mutant variants of endogenous Drosophila genes provide valuable tools for 

studying pathogenic mechanisms and genetic interactions implicated in various 

diseases. Due to the long tradition in genetic research using Drosophila, a large 

collection of well characterised mutants, chromosomal deficiencies and P-element 

insertions are available (www.flybase.org). In addition, large numbers of random 

mutations can be created by either mutagenic agents or transposable elements. In the 

so-called forward-genetic approach, random mutagenesis is followed by screening 



 80 

of the desired disease-like phenotypes, and the identification of the underlying 

genetic defect. Genome-wide genetic screening for enhancers or suppressors of the 

phenotypes of existing disease models are aimed at revealing novel factors and 

pathways involved in the pathogenesis (St Johnston, 2002). In the opposite “reverse 

genetics” approach, focus is set on known disease-causing genes, and the effects of 

silencing, overexpressing or mutating the Drosophila homologues of these genes are 

studied. Disruption of a specific gene of interest can be accomplished by imprecise 

excision and mobilization of transposable elements, or by targeted mutagenesis 

techniques (reviewed in Venken & Bellen 2005; Venken & Bellen 2012). Balancer 

chromosomes, containing multiple inversions that prevent homologous 

recombination, allow the maintenance of recessive lethal or deleterious mutations in 

heterozygotes without further selection, and usually contain selectable markers 

facilitating the tracking of mutations or transgenes present on homologous 

chromosomes in genetic crosses. 

2.8.3 Clinical relevance of Drosophila research 

 

While undeniably convenient to work with, the use of simple model organisms 

evokes the obvious question about their relevance as models of human disease. 

Choosing a genetic model organism is, however, always a trade-off between genetic 

power and biomedical relevance, for which the use of Drosophila represents a good 

compromise (Dow & Davies, 2003). More than a century of research on Drosophila 

has highlighted the abundance of conserved genes, pathways and developmental and 

physiological processes between Drosophila and vertebrates, supporting the role of 

flies as a valid model for studying human diseases. Since the pioneering work of 

Thomas Hunt Morgan and his students, who started laboratory work on Drosophila 

in the early 20th century and first identified chromosomes as the carrier of genetic 

material (Sturtevant, 1913), research carried out on Drosophila has aided many 

fundamental discoveries in genetics, physiology, developmental biology and 

medicine, and has significantly improved our understanding of the molecular 

pathways underlying many human diseases (reviewed in Stephenson & Metcalfe 

2013). 
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The first annotated genome sequence of Drosophila was published in 2000 (Adams 

et al., 2000), and has been updated regularly (FlyBase). Fruit flies only have three 

autosomes (II, III and IV), plus a standard XY sex chromosome system. 

Chromosomes X, II and III carry most of the gene content. The size of the fly 

genome is about 1/30 of the human genome, containing an estimated 15,000 genes, 

many of which have human orthologs (Rubin et al., 2000). The conservation of 

biological processes from Drosophila to mammals is also striking, and flies and 

humans share all major cell types, tissues and developmental processes, such as 

patterning of the primary body axes, organogenesis, wiring of a complex nervous 

system and control of cell proliferation, as with orther, more advanced animals 

(Debattisti & Scorrano 2013). Many of these systems are simplified compared to 

those of mammals, but perform essentially the same or analogous cellular and 

physiological functions. As many as 75 % of known human disease genes have 

orthologs in Drosophila (Reiter, Potocki, Chien, Gribskov, & Bier, 2001), further 

supporting the role of flies as a feasible model to study human diseases.  

 

Discoveries made using Drosophila have significantly contributed to the 

development of vertebrate neuroscience (reviewed in Bellen et al. 2010), and 

Drosophila continues to be one of the most valuable model organisms for studying 

human neurodegeneration (Marsh & Thompson 2006; Myllykangas & Heino 2006). 

The fly nervous system consists of a bilobate brain and a segmented, axial nerve 

trunk, and is organised in a way essentially analogous to the CNS of vertebrates. 

The fundamental cellular processes related to neurobiology, such as neuronal 

communication, synapse formation, membrane trafficking and cell death are similar 

in Drosophila and humans (Hirth, 2010), and Drosophila share many types of 

neurotransmitter systems with humans (Myllykangas & Heino, 2006). The flies are 

capable of complex behaviour, including learning and memory (McGuire, Deshazer, 

& Davis, 2005). In addition, the sensorineural organs of the peripheral nervous 

system respond to various types of stimuli in ways analogous to those of vertebrates, 

and the neurobiological bases of sensory perception, integration and motor output 

are similar in flies and humans (Hirth, 2010). These similarities, combined with the 

methodological advantages described in the above sections, make Drosophila a 

widely used model organism for the study of human neurodegeneration. Studies 
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using Drosophila have provided insight into the aetiology and pathogensis of a  

number of neurodegenerative disorders, including Parkinson’s disease, Alzheimer’s 

disease, motorneuron diseases and trinucleotide repeat diseases (reviewed in Park et 

al. 2009; Prüßing et al. 2013; Hirth 2010), as well as facilitated the testing of new 

therapeutic compounds (reviewed in Lu & Vogel 2009). In addition to 

neurodegenerative diseases, Drosophila is also emerging as a valuable model of an 

increasing number of other common diseases from cancer (reviewed in Rudrapatna 

et al. 2012) to metabolic syndrome and obesity (Owusu-Ansah & Perrimon, 2014), 

as well as the mechanisms of ageing (Helfand & Rogina, 2003).  

2.8.4 Drosophila as a model of mitochondrial disease 

 

The clinical and genetic diversity of mitochondrial diseases, their progressive 

nature, tissue-specific pathogenesis, and heteroplasmy of mitochondrial mutations 

make mitochondrial disorders challenging to study, and developing amenable 

animal models is crucial for understanding the pathophysiology of these diseases. 

The short life cycle, powerful genetics and the availability of extensive tools to alter 

gene structure and function, make Drosophila a tractable alternative also for 

modelling mitochondrial pathologies. Many aspects of mitochondrial biology and 

function are well conserved from insects to humans. The general structure, gene 

content and the highly compact organisation of the mitochondrial genome are well 

conserved among metazoans, although some differences in gene organisation, base 

composition, codon usage and the size of the noncoding region exist between 

Drosophila and mammalian mtDNAs (Garesse 1988; Lewis et al. 1995). All of the 

nuclear-encoded components of the apparatus of mtDNA replication, maintenance 

and transcription are also largely conserved (Garesse & Kaguni, 2005). In addition, 

the assembly and composition of OXPHOS complexes, structure of the 

mitoribosomes, mitochondrial biogenesis and transport processes and the energetic 

physiology of the main organ systems are highly similar from insects to humans, 

and mitochondria play vital roles in the intermediary metabolism and the induction 

of apoptosis across species (reviewed in Jacobs et al. 2004).  

 



 83 

Several fly models of mitochondrial dysfunction have been developed, 

recapitulating phenotypes associated with many human mitochondrial diseases, 

including mtDNA depletion syndrome, encephalomyopathy, Friedrich’s ataxia, 

Leigh syndrome and mitochondrial deafness (reviewed in Sánchez-Martínez et al. 

2006). The model of mitochondrial COX deficient Leigh syndrome produced by 

Surf1 silencing (Zordan et al., 2006) and the levy1 mutant, a proposed model of age-

dependent mitochondrial encephalomyopathy, were described in 2.4.3.2. Mutations 

affecting the gene encoding mtATP6, an essential component of the ATP synthase, 

result in severe human encephalomyopathies, including NARP (neuropathy, ataxia, 

and retinitis pigmentosa), MILS (maternally inherited Leigh's syndrome), and FBSN 

(familial bilateral striatal necrosis), and a fly model with endogenous mitochondrial 

mtATP61 mutation recapitulates many key features of these disorders (Celotto et al., 

2006). Several Drosophila models have been developed altering the expression or 

function of nuclear-encoded mitochondrial proteins with an indirect effect on 

OXPHOS, such as the many factors involved in mtDNA maintenance and 

transactions (reviewed in Sánchez-Martínez et al. 2006; Oliveira et al. 2010). A 

group of human mitochondrial disorders originate from primary nuclear gene 

defects that cause secondary mtDNA loss or deletion formation (reviewed in 

Suomalainen & Kaukonen 2001). The mitochondrial DNA depletion syndrome has 

been modelled in flies by overexpressing the catalytic subunit of the mitochondrial 

DNA polymerase, polγ-α, which interferes with mtDNA replication, causing 

significant mtDNA depletion that leads to pupal lethality when expressed 

ubiquitously or specifically in muscle (Lefai et al., 2000; Martínez-Azorín et al., 

2013). Interestingly, the induction of mtDNA depletion by overexpression of polγ-α 

in the nervous system causes only a moderate decrease in eclosion, but instead leads 

to increased susceptibility to oxidative stress and reduced lifespan of the flies 

(Martínez-Azorín et al., 2008). Furthermore, disruption of the Drosophila genes 

encoding two other essential components of the mtDNA replication machinery, via 

a mutation of the mitochondrial single-stranded DNA binding protein (mtSSB) 

(Maier et al., 2001), or overexpression of mutant forms of the mitochondrial 

helicase Twinkle with human adPEO-associated mutations (Sanchez-Martinez et al., 

2012), have been shown to lead to developmental lethality due to severe depletion 

of mtDNA. Some mitochondrial mutants with heterogenious molecular defects 

affecting mitochondrial metabolism, including the stress-sensitive B (sesB) with a 
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mutation in the adenine nucleotide translocase (ANT) (Zhang et al., 1999), the 

technical knockout (tko) with a point mutation in a mitoribosomal protein (Royden, 

Pirrotta, & Jan, 1987), and knockdown (kdn) with defective citrate synthase 

(Fergestad, Bostwick, & Ganetzky, 2006) share common phenotypic features, 

including developmental delay and increased susceptibility to paralytic and epileptic 

seizures upon mechanical stress, the so-called bang-sensitive phenotype.   

2.8.4.1 technical knockout 

 

The Drosophila gene technical knockout (tko) encodes mitoribosomal protein 

S12 (mRpS12), an essential part of the evolutionarily conserved ribosomal decoding 

centre involved in balancing the rate and fidelity of mitochondrial translation 

(Alksne et al, 1993). Mutations of bacterial S12 have been shown to cause 

hyperaccurate translation with a decreased rate of elongation (Bilgin et al., 1992). A 

recessive point mutation, tko25t, in the Drosophila tko gene converts a 

phylogenetically conserved leucine residue at position 85 of the polypeptide 

sequence to histidine (Shah, O’Dell, Miller, An, & Jacobs, 1997). The mutation 

results in low levels of the 12S rRNA and a decreased 12S/16S subunit ratio, 

reflecting a lowered steady state level of the mitoribosomal small subunit. This leads 

to a quantitative deficiency of mitochondrial translation, and a corresponding 

decrease in the activities of respiratory chain complexes containing mtDNA 

encoded subunits (I, III and IV), and in ATP synthesis capacity at the L3 larval stage 

(Toivonen et al., 2001).  

 

The tko25t mutant flies exhibit increased susceptibility to paralytic seizures in 

response to mechanical stress (bang-sensitivity) and developmental delay of 2-3 

days, which is mainly attributed to growth impairment at the larval stage. Additional 

features of the tko25t phenotype include hearing impairment and sensitivity to 

mitochondrial translation inhibiting antibiotics (Toivonen et al., 2001). 

Mitochondrial protein synthesis defects, resulting for example from point mutations 

in the mtDNA-encoded tRNA or rRNA genes, large deletions of mtDNA or 

mutations in nuclear encoded components of the mitochondrial translational 
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machinery, have been associated with a range of pathological states in humans 

(Pearce, Nezich, & Spinazzola, 2013). The phenotype of the tko25t mutant flies 

resemble some of the characteristic features of human mitochondrial diseases, and 

the tko25t mutant flies are thus considered to provide an animal model of human 

mitochondrial diseases, in particular those with generalised respiratory chain 

dysfunction resulting from defective mitochondrial protein synthesis (Jacobs et al., 

2004). 
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3. Aims of the study 

The aim of this thesis work was to test whether transgenic expression of the AOX 

from the urochordate Ciona intestinalis in a higher metazoan model, Drosophila 

melanogaster, is able to complement partial COX deficiency. Answering this 

question provides insight into the pathological mechanisms of OXPHOS 

dysfunction, and allows evaluation of the therapeutic potential of AOX. The more 

specific aims of this work were: 

 

 

1) To characterize the phenotypes generated by knockdown of different 

structural subunits and an assembly factor of COX in the whole fly, and the 

ability of AOX to rescue these phenotypes  

2) To establish constitutively expressing AOX fly strains, confirming the 

expression and functionality of AOX, and studying its potential in rescue of 

COX deficient phenotypes  

3) To determine the specific tissues and developmental stages in which the loss 

of COX function is critical for producing the above mentioned phenotypes 

and their rescue by AOX 

4) To delineate the quantitative parameters of AOX complementation, utilising 

an inducible system for knockdown of COX, combined with constitutive 

AOX expression 

5) To define the residual organismal phenotypes resulting from replacing the 

function of COX with AOX, using standard Drosophila behavioural assays 
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4. Materials and methods 

4.1 Fly strains and their maintenance 

 

w1118 flies, fly lines with balancer chromosomes carrying dominant phenotypic 

markers (CyO/2, Tm3Sb/3, and FM7), UAS-GFP lines (Stinger with an insertion on 

chromosome 2 and mCD8 on chromosome 3) and the  following GAL4 driver lines: 

da-GAL4 (Bloomington strain 8641), BG57 (32556), elav-GAL4 (8760, with an 

insertion on chromosome 3; 458 on the X-chromosome), nrv2-GAL4 (6800), C161 

(27893), Ddc (7010), and OK371 (26160), were obtained from stock centres. The 

G14-GAL4 (Shishido, Takeichi, & Nose, 1998) was a kind gift from Professor John 

C. Sparrow (University of York) and the tubulin-GeneSwitch (tub-GS) driver, with 

an insertion on the third chromosome (Sykiotis & Bohmann, 2008) from Dr Scott 

Pletcher (University of Michigan). The UAS-AOX transgenic lines AOXF6 (with 

transgene inserted in the second chromosome) and AOXF24 (insertion in the third 

chromosome) were described in (I), and the UAS-Ndi1 transgenic lines A46 and 

B20 in (Sanz, Soikkeli, et al., 2010). RNAi stocks targeted against different 

structural subunits of COX, listed with the respective gene names in Table 4.1, were 

from Vienna Drosophila Resource Centre (VDRC). The Surf1 knockdown lines 

Surf1-KD79.1 and Surf1-KD23.4 (Zordan et al., 2006), and the levy1 mutant strain (Liu 

et al., 2007) have been described previously. Unless stated otherwise, all flies were 

raised on a standard medium described in the supplementary data of (I), maintained 

at 25 °C on a 12 hour dark/light cycle, and were handled using brief CO2 anesthesia. 

For induction of GeneSwitch-driven transgene expression, various doses of RU486 

(Mifepristone, Sigma, St Louis, MO, USA) were added to the culture medium.  
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Table 4.1. RNAi lines against different subunits of COX and their stock numbers. 

Drosophila Gene name Subunit, expression pattern  

if not single-copy 

VDRC stock 

CG14028, cyclope Cox6c 13403 

CG10664, CoIV Cox4, ubiquitous 109338 

CG14724, CoVa Cox5a 44490 

CG11015, CoVb Cox5b 30892 

CG17280, levy Cox6a 101523 

CG14235, CoVIb Cox6b 26848 

CG9603 Cox7a, ubiquitous 106661 

 

4.2 Generation of transgenic flies 

4.2.1 Creation of transgenic constructs 

 

The promoter region and coding sequence needed for the transgenic construct were 

individually amplified from their respective templates using primers with 

complementary 14 bp overhangs, and consequently joined together by chimeric 

PCR. The chimeric product was cloned using Zero Blunt TOPO PCR Cloning Kit 

(Invitrogen) under manufacturer’s recommended conditions, then excised by 

digestion with NotI and NsiI (Fermentas), and recloned into the pUAS-AOX-H-

Pelican vector (I), which had been digested with NotI and PstI (Fermentas). The 

construct was ligated by T4 ligase (New England Biolabs). All restriction digestions 

and ligations were carried out under manufacturer’s recommended conditions. The 

construct was restriction mapped and sequenced to verify the construction and the 

absence of mutations. 
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4.2.2 Establishing transgenic lines 

 

The transgenic construct was microinjected into w1118
 embryos (VANEDIS 

Drosophila Injection Service, Oslo, Norway) in order for the transgene to be 

inserted into the germ line via P-element mediated transgenesis (Spradling and 

Rubin, 1982). Independent transgenic lines were set up in the w1118 background, and 

screened for suitable insertions by genetic crosses and inverse PCR. 

4.2.3 Insertion-site analysis 

 

Insertion sites were determined by inverse PCR essentially as described previously 

(Toivonen et al., 2003). Fly genomic DNA was extracted and purified as described 

in the supplementary data of (I). Various 4-hitter restriction enzymes (New England 

Biolabs, Fermentas), all known to cut once within the transgenic construct near its 3′ 

P element-derived sequence and at a high frequency in the fly genome, were used to 

digest the DNA extracted from individual transgenic lines. The digestion products 

were then self-ligated using T4 DNA ligase (Fermentas), producing a variety of 

ligation products, including circularized DNA containing both the region of the 

transgenic construct upstream of the restriction enzyme digestion site, as well as 

some of the adjacent genomic DNA from the insertion site. In order to identify this 

unknown fragment of genomic DNA, PCR was carried out using outbound primers 

foot-A and 34S, annealing to the foot-sequence between the 3′ P-element and the 

restriction site. All digestion and ligation steps were performed under 

manufacturer’s recommended conditions. The PCR primer sequences and 

amplification conditions are listed in supplementary data of (I). The amplified PCR 

products were then gel-extracted and sequenced, and the sequences were compared 

to the Drosophila genome by BLAST searching to determine the insertion site as 

well as infer the transcriptional orientation of the transgene with respect to the 

surrounding genomic region (see I, Supplementary Figure 1A-D).  Lines with single 

intergenic insertions of the transgene were retained for further study, maintained as 

homozygotes, and used to generate lines with multiple insertions where needed for 

specific experiments.  
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4.3 Quantification of mRNA levels by qRT-PCR 

4.3.1 Isolation of RNA 

 

Total RNA from L3 larvae or adult flies of various ages was isolated using the 

Trizol method (Invitrogen), described in detail in supplementary data of (I). 

Isolations were performed in triplicate, each sample consisting of a batch of 30 

larvae or 30 female or 40 male adult flies. The RNA samples were treated with 

DNase I (Amersham Biosciences), and RNA was recovered by phenol/chloroform 

extraction and ethanol precipitation, as described in supplementary data of (I). 

 

4.3.2 cDNA synthesis 

 

cDNA was synthesised using two alternative methods as described in 

supplementary data of (I). For analysis of the GAL4-driven expression levels of 

AOX,  cDNA synthesis  was performed using Murine Leukemia Virus (MuLV) 

reverse transcriptase (Fermentas), primed with random hexamers, using the 

manufacturer’s recommended reagents and conditions. For quantification of 

transcript levels after RNAi knockdown, as well as for analysis of the tub-AOX 

expression levels, cDNA synthesis was performed using High Capacity cDNA 

Reverse Transcription kit (Life Technologies, Carlsbad, CA, USA), under 

manufacturer’s recommended conditions. All cDNA synthesis reactions were 

performed either in duplicate or triplicate, and the technical replicates from the same 

biological sample were subsequently pooled to minimize the effect of small 

variations in RNA template loading or cDNA synthesis efficiency. 
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4.3.3 qRT-PCR 

 

To assay GAL4-driven expression of AOX, quantitative RT-PCR was performed 

using custom-designed hybridization probes (Tib-MolBiol, Berlin, Germany), 

analysed on a LightCycler 1.5 (Roche Diagnostics). For other qRT-PCR 

experiments, including quantification of RNAi knockdown or analysis of tub-AOX 

expression, qRT-PCR was performed using a StepOnePlus instrument (Life 

Technologies) and the manufacturer’s SYBR Green PCR reagents. The reaction 

components, amplification conditions and primer sequences are described in detail 

in the supplementary data of (I and II). Each pooled cDNA sample was analyzed in 

triplicate, producing a total of nine data points for each sample representing flies of 

a given genotype, age or sex. Expression of the gene of interest was measured 

relative to that of RpL32 (rp49), in order to normalize for sample and run to run 

variations (parallel reactions using GAPDH as a normalization standard gave 

indistinguishable results). 

 

4.3.4 Analysis of expression data 

 

When using the hybridization probes, a series of 5-fold dilutions of an external 

standard was used in each run to produce a standard curve, against which the 

fluorescence data of the analytical reactions were quantified. Data were extracted 

and analyzed using LightCycler data collection software version 3.5 (Roche) and 

manufacturer’s instructions (LightCycler Software 3.5.3 Operators Manual, Roche). 

Fluorescence data derived from the StepOnePlus instrument using the SYBR Green 

reagents was extracted and analyzed using StepOne Software version 2.0 (Life 

Technologies). Differences in expression levels between samples were calculated 

using the comparative ΔΔCt method. The cycle threshold of each sample was first 

normalized to that of the internal control (RpL32), and subsequently to the 

equivalent target/reference ratio of a chosen calibrator sample, enabling 

determination of fold changes.  
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4.4 Isolation of mitochondria 

 

Mitochondria were isolated from batches of 80-100 L3 larvae, pupae or adult flies, 

as described in (Miwa, St-Pierre, Partridge, & Brand, 2003) with minor 

modifications. Flies were homogenised in 1 ml of isolation medium, containing 250 

mM sucrose, 2 mM EGTA, 0.1 % BSA and 5 mM Tris-HCl (pH 7.4). In case of L3 

larvae, 0.01 M freshly neutralised cystein hydrochloride was added to the isolation 

medium to prevent the browning of the samples and enzyme inhibition by 

endogenous phenols (Verma & Shukla, 1975). The homogenates were filtered and 

centrifuged at 200 gmax for 3 minutes, after which the supernatant was collected and 

centrifuged at 9000 gmax for 10 minutes. The mitochondrial pellets were finally 

resuspended in 50 µl of isolation medium without BSA. All steps of the isolation 

protocol were carried out at 4 °C. The protein concentrations of the resulting 

mitochondrial preparations were measured using the Bradford assay (Bradford, 

1976), and the samples were stored at -80 °C. 

4.5 Protein analysis by Western blotting 

 

Mitochondrial proteins were isolated from batches of 40 female or 50 male flies, 

and the final resuspension was done in 40 µl of isolation medium without BSA. 

Protein concentrations were determined using the Bradford assay. Prior to SDS-

PAGE, 50 µg aliquots of each sample were mixed with 2 × SDS loading buffer (50 

mM Tris-HCl, 0.001% Bromophenol Blue, 4% SDS, 12% glycerol, 0.1M DTT [pH 

6.8]), and denatured at 100 °C for 3 minutes. SDS-PAGE and Western blotting were 

performed using the reagents and protocols described in the supplementary data of 

(I). The custom-manufactured anti-AOX antibody, the antibody against ATP 

synthase subunit α (used as the loading control), and the goat anti-rabbit HRP-

conjugated secondary antibody were as described previously in supplementary data 

of (I) and supporting information of (Sanz, Soikkeli, et al., 2010). 
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4.6 COX activity assay 

 

COX activity was determined in mitochondrial preparations using the 

CYTOCOX1 kit (Sigma), according to manufacturer’s recommended conditions. 

For isolation of mitochondria from L3 larvae, 0.01 M freshly neutralised cystein 

hydrochloride was added to the isolation medium. Enzymatic activity of COX was 

calculated from the rate of oxidation of reduced ferrocytochrome c substrate, 

detected spectrophotometrically as change in absorbance per unit time. 

4.7 Blue Native Electrophoresis and in-gel activity 
assays 

 

Blue native polyacrylamide gel electrophoresis (BNE) was used to separate 

respiratory complexes in their active native conformation. In-gel activity staining of 

respiratory complexes was performed to detect possible changes in the amount of 

fully assembled complexes, subassembly intermediates or supramolecular 

interactions. The BNE was performed using the NativePAGE Novex Bis-Tris Gel 

System (Invitrogen Life Technologies). Aliquots of 200 µg of mitochondrial protein 

were dissolved in 50 µl of cold 1 x NativePAGE Sample Buffer containing 1 % 

digitonin and protease inhibitors. Samples were incubated for 15 min on ice, and 

centrifuged for 20 min at 12 000 gmax at 4 °C. Supernatants were collected into a 

fresh tube and each sample was prepared for electrophoresis as follows: 20 µl 

(equivalent to 80 µg of protein) of each sample was mixed with 4 x NativePAGE 

Sample Buffer, 5 % G-250 sample additive (in 1:4 G-250 to detergent ratio) and 

dH2O in a total volume of 40 µl. 15 µl (equivalent to 30 µg of protein) of each 

sample was subsequently loaded onto two parallel NativePAGE Novex Bis-Tris 

Gels, and electrophoresis was performed at 70 V for 1 h 30 min at 4 °C, after which 

the blue cathode buffer (0.02% Serva Blue G, 15 mM BisTris, 50 mM Tricine, pH 

6.8) was replaced by cathode buffer without Serva Blue G, and the electrophoresis 

was continued for 12 h at 30 V. The in-gel activity staining for complexes IV and I 

was performed as described in Supporting information of (Sanz, Soikkeli, et al., 
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2010) with minor modifications. One of the two parallel gels was incubated in 

complex I activity buffer (0.1 mg⁄ml NADH, 2.5 mg⁄ml Nitroblue tetrazolium 

chloride, 2 mM Tris-HCl, pH 7.4) for 20 min, and then fixed in destain solution 

(50% methanol, 10% acetic acid) for 20 minutes. The other gel was incubated in 

complex IV activity buffer (5 mg 3.3′-diamidobenzidine tetrahydrochloride (DAB) 

dissolved in 9 ml phosphate buffer [50 mM, pH 7.4], 1 nM catalase (20 µg⁄ml), 10 

mg cytochrome c, and 750 mg sucrose) for 1 h, after which the first image was 

taken. The gel was then further incubated in the same activity buffer for the total of 

8 h, after which the staining was fixed in destain solution, and the final image was 

taken. 

4.8 Polarography 

 

The rate of substrate oxidation of mitochondria isolated from the tub-AOX flies was 

measured by polarography using a Clark type oxygen electrode (Hansatech 

Instruments; Norfolk, UK). 0.5 mg/ml of mitochondria were incubated in a total 

volume of 500 µl, containing assay buffer described in (I), supplemented with 5 mM 

pyruvate and 5 mM proline substrate mix. The rate of state 3 oxygen consumption 

was measured after addition of 1 mM ADP, and after subsequent addition of 100 

µM KCN. 10 µM SHAM (Sigma) was finally added to confirm that the residual 

cyanide-resistant substrate oxidation was specifically attributable to AOX activity. 

4.9 Fly crosses and phenotypic assays 

4.9.1 Effect of RNAi knockdown on viability 

When testing the possible lethality of RNAi knockdown, crosses were generally 

conducted using virgin females homozygous for the UAS-RNAi transgene, and 

males homozygous for the GAL4 driver (da-GAL4 or tub-GS). To test the effects of 

concomitant transgene expression, crosses were first conducted to produce flies 

homozygous for both the UAS-RNAi and one of the transgenes (UAS-AOX, tub-
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AOX, UAS-Ndi1 or UAS-GFP). Where specifically indicated in Results, multiple 

copies of the tub-AOX transgene on different chromosomes were incorporated. Flies 

homozygous for RNAi plus a given transgene were then crossed with driver males 

in parallel with the UAS-RNAi lines without transgene. Because all progeny from 

these crosses were of the same genotype, the lethality of the RNAi knockdown at 

different developmental stages could be directly observed. Initial tests were 

performed in triplicate vials using 10 virgin females and 5 males. Relevant 

experiments were repeated in larger scale in bottles using 40 virgin females and 20 

males. All crosses were conducted in triplicate, and tipped to new bottles twice after 

the initial cross for a total of 9 (3 parallel and 3 consecutive) bottles per genotype. In 

case of pupal lethality, the eclosion percentages were calculated by counting the 

total number of pupae and the number of eclosing adult flies in each bottle. To test 

the effects of tissue-specific knockdown on viability of flies, virgin females 

homozygous for UAS-RNAi (with or without an additional transgene) were crossed 

with males hemizygous for the given GAL4 driver, over a balancer chromosome 

carrying a phenotypic marker (either CyO or Tm3Sb), which served as an internal 

control. To assess the lethality of the tissue-specific RNAi knockdown and its 

possible rescue, the number of eclosing progeny lacking the balancer marker was 

compared to the number bearing it. In case of the X-chromosomal elav458-GAL4 

driver, females homozygous for the RNAi transgene were crossed with hemizygous 

driver males (elav-GAL4/Y), and the female progeny were compared with males in 

all assays. 

4.9.2 Fertility 

To test the fertility of AOX expressing flies or the AOX-rescued COX deficient 

flies, 10-15 males and virgin females of the genotype of interest were individually 

crossed with 3 wild-type flies of the opposite sex. Crosses were tipped twice to fresh 

vials, and the development of the eggs in each vial was followed. 
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4.9.3 Developmental time 

 

When studying the developmental time of flies, all parental crosses were 

conducted in triplicate, using 10 virgin females and 5 males, which were mated for 

24 hours at 25 °C in the first vial, and tipped twice to fresh vials, allowing flies to 

lay eggs for exactly 24 hours in each of the 3 consecutive vials. Upon eclosion, the 

number of eclosed female and male progeny was counted once every day at a fixed 

time, until all flies had eclosed. After determining the developmental time from egg 

to eclosion for each fly in the three consecutive vials, the average developmental 

time was calculated for each of the parallel crosses. Finally, the mean 

developmental time of the parallel crosses of the same genotype was calculated.  

4.9.4 Survival and lifespan 

 

Flies were collected on the day of eclosion using brief CO2 anaesthesia. 10 adults 

were placed in each vial containing standard culture medium, and maintained at 29 

°C. For each genotype, the lifespan of at least 100 males and 100 virgin females was 

studied. Shorter-term survival assays were carried out using 3-8 parallel vials of 10 

flies per genotype and sex, and the flies were maintained at 25 °C. Dead flies were 

counted three times per week, and all surviving flies were concomitantly transferred 

into fresh medium-containing vials without anaesthesia. Short-term survival 

experiments were stopped after 2 or 3 weeks, at which point the final % of flies 

alive was calculated. The lifespan experiments were continued until all flies had 

died, and the % of flies alive on each day of the experiment was calculated in order 

to produce the lifespan curves. 

4.9.5 Resistance to cyanide 

The resistance of flies to cyanide was tested as described in (I). 80-100 1 day-old 

flies of each genotype and sex were tested in batches of 10 flies per vial. Flies were 

placed inside plugged vials containing 1 % agarose impregnated with 10 mM 
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potassium cyanide (KCN). The time by which all 10 flies had become incapacitated 

due to the treatment was recorded for each vial. 

4.9.6 Bang-sensitivity 

The sensitivity of flies to mechanical stress (bang-sensitivity) was assayed using 50-

100 flies of each genotype, sex and age-point. To study the age-dependency of the 

bang-sensitive phenotype, flies were aged at 25 °C (or 29 °C for levy1 and levy-KD), 

essentially as described for the lifespan experiments. Where specifically indicated, 

flies were maintained in the presence of RU486 to induce tub-GS driven expression. 

Freshly collected or aged flies were separated to individual vials using CO2, after 

which they were left at 25 °C or 29 °C for ~1 hour to recover from anaesthesia. The 

bang-sensitivity assay was carried out by vortexing the flies individually in an 

empty vial for ten seconds and consequently measuring the time taken for their 

recovery from the paralysis. When subjected to mechanical stress such as vortexing, 

wild-type flies recover virtually immediately, whereas bang-sensitive flies enter a 

temporary paralytic state, which may include uncoordinated seizure-like movement 

during recovery. The recovery of the flies was followed for up to 10 minutes, and 

flies were considered fully recovered once they were back on their feet and able to 

move. All bang-sensitivity data was recorded as the square root of recovery time (in 

seconds).  

4.9.7 Climbing ability 

Climbing ability was assayed as described in (II). 50 flies of each genotype, sex 

and time-point were tested in batches of 5 flies per vial.  Flies were tapped to the 

bottom of the vial, and the number of flies that were able to climb a distance of 6 cm 

(as indicated by a line drawn on the test vial) in 10 seconds was recorded. The test 

was repeated 3 times for each group of 5 flies, giving an average score between 0-5 

(the climbing index). To test the age-dependency of the phenotype, flies were aged 

at 25 °C for times indicated in figure legends. 
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5. Results 

5.1 Conditional expression of Ciona intestinalis AOX in 
Drosophila 

To study the effects of AOX expression at the whole organism level, the Ciona 

intestinalis AOX gene was cloned for conditional expression in Drosophila, under 

the control of a GAL4-dependent promoter containing multiple upstream activating 

sequences (UAS), and protected by insulator elements to minimize disturbing 

effects from/to the expression of the surrounding genes at the insertion site (I, 

Figure 1A, construct designed by D. Fernandez-Ayala). A set of transgenic fly lines 

was generated by P-element mediated transgenesis and microinjection into embryos, 

and the insertion sites of the construct were screened using genetic crosses and 

inverse PCR. Lines with suitable intergenic insertions of the transgene in 

chromosomes 2 and 3 (UAS-AOXF6 and UAS-AOXF24, respectively) were selected 

for further maintenance as homozygous stocks, and for use in experimental crosses.  

 

To express the UAS-AOX transgene, the transgenic flies need to be crossed with 

flies expressing a GAL4 transcription activator (a GAL4-driver). When crossed with 

drivers of high-level ubiquitous expression, daughterless-GAL4 (da-GAL4) or 

Actin5C-GAL4 (Act5C-GAL4), the AOX expressing progeny were found to be 

viable. AOX expression at mRNA level was confirmed by in situ hybridization (I, 

Figure 2A, data from D. Fernandez-Alaya) and quantified by qRT-PCR (Figure 5.1 

A). GAL4-driven expression of AOX was shown to be 300-1000 fold higher, 

compared to the ‘unexpressed’ level (AOX-transgene without a GAL4-driver), and 

was comparable to the expression level of the highly expressed ribosomal protein 

gene, RpL32, which was used as the reference in relative quantification. Expression 

of AOX was generally higher in males than in females, which was confirmed by 

using two different ubiquitously expressed reference genes, RpL32 and the 

glycolytic enzyme GAPDH2.  At 18 °C, the expression of AOX with da-GAL4 was 



 99 

slightly lower than at 25 °C, probably reflecting decreased activity of the driver at 

lower temperatures. 

 

AOX-expression was next studied using an inducible GAL4-driver, tubulin-

GeneSwitch, which allows the expression of the target gene to be driven at a range 

of different levels by varying the concentration of the inducing drug, RU486. The 

GeneSwitch system also allows the temporal control of transgene expression, as the 

activity of the driver can be turned on or off at any stage of fly development by 

adding or removing the drug. The temporal control of AOX expression by tubulin-

GeneSwitch was studied by monitoring the expression level after RU486 

administration. Homozygous UAS-AOX females and tub-GS males were crossed 

with each other, and the eclosing progeny divided into two separate groups, one of 

which was kept on standard fly food and the other one fed with food containing 200 

µM RU486. The flies were maintained under these conditions for ten days, changing 

them into fresh vials every second day, and samples were collected at days 1, 2, 3, 5 

and 10. In addition, at day 5, half of the flies in the second group were transferred 

back onto normal food, after which further samples were collected on days 6, 7, 8 

and 10. Expression of AOX, relative to RpL32, was quantified in all fly groups by 

qRT-PCR.  

 

A timeline of AOX expression is presented in Figure 5.1 B-C. Even when not 

activated by the drug, the tub-GS driver alone produced a moderate expression level 

(blue symbols) that was about 10-fold higher than the level previously measured in 

the AOX flies with no driver at all (yellow). When induced by 200 µM RU486 

(red), the expression level increased rapidly, and the maximal level was achieved 

within the first 24 hours. This level was about 50-fold higher than the noninduced 

level. However, the induced tub-GS driven expression was still ~3-fold (males) to 

~8-fold (females) lower than the level obtained using the ubiquitous da-GAL4 

driver (orange). The induced expression could be maintained at a relatively constant 

level at least over the period of 10 days, by changing the flies into fresh, drug-

containing food vials every second day. If the flies were placed back on normal food 

after being induced (green), the expression level dropped rapidly, again during the 

first day, to a new plateau level, with no further decrease over the following days. 

Curiously, this plateau level was somewhat higher (2-10 fold) than the level in the 
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group that was never induced, implying some kind of a molecular memory, perhaps 

at the chromatin level, of the gene having been actively transcribed. 

 

The dose-dependence of AOX expression by the GeneSwitch system was studied 

by administering various doses of RU486 to adult flies. The flies were grown in 

normal food throughout development, and the eclosed adult flies were transferred to 

food containing 10, 25, 50, 100, or 500 µM of RU486 at the age of 1 day. Because 

the induction was shown to be relatively rapid, data were collected after only 24 h of 

induction (Figure 5.1 D). The expression of AOX was clearly dependent on the dose 

of RU486, and ranged from approximately 10-fold to 100-fold that of the uninduced 

(no drug) level. As with other GAL4-drivers, expression levels were consistently 

higher in males than in females. The maximal level of drug-induced expression was 

reached by 100 µM RU486, after which further increases in the amount of the drug 

did not significantly increase expression. This level was, however, still somewhat 

lower than the da-GAL4 driven level of expression. The noninduced (no drug) 

expression level again corresponded to about 3-7 times that of the flies with no tub-

GS at all.  

 

AOX expression was also quantified in adult flies that had been induced during their 

larval development with various concentrations of RU486. Due to the high 

consumption of food in the larval stages, the concentrations of the drug needed for 

larval induction were much lower than those used for adult induction. Nevertheless, 

the expression levels seen in the adults after eclosion were comparable to the levels 

obtained with the highest doses of adult induction. However, there was no clear 

difference between the expression levels corresponding to different concentrations 

(Figure 5.1 E, white and black bars). The 3rd instar larvae start wandering up the 

wall of the vial around day 5 of their development such that, by the time the flies 

eclose, they have already been without food for 4-5 days. Taking into consideration 

that the expression level was previously shown to drop within the first day after the 

removal of the drug, the expression level seen in the eclosed flies may not reflect the 

actual level of expression in the larvae, but may instead represent the plateau level 

that remains after it has decreased. The experiment was therefore repeated with the 

same concentration range, this time extracting RNA from the 3rd instar larvae. As 

expected, the expression level in L3 was indeed found to be considerably higher  
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Figure 5.1. Expression analysis of UAS-AOX using different GAL4-drivers.  
qRT-PCR of AOX mRNA relative to RpL32 mRNA, from flies hemizygous for the UAS-

AOXF6 transgene and the indicated GAL4 driver. AOX, da-GAL4, Act5C-GAL4 and tub-GS 

indicate the presence of the respective transgenes, and the numbers 2 and 3 denote the 

corresponding wild-type chromosomes. A) Relative AOX expression of L3 larvae, and adult 

males and females of different ages, driven by ubiquitously expressed drivers da-GAL4 (at 

18 °C and 25 °C) and Act5C-GAL4 (at 25 °C).  B-C) Relative AOX expression in adult flies 

driven by tubulin-GeneSwitch. Expression was induced by 200 µM RU486 for different 

periods of time as shown. D) Relative AOX expression of 2 day-old UAS-AOX flies bearing 

the tub-GS driver, exposed to different concentrations of RU486 for 24 h prior to the assay. 

E) Relative AOX expression of 1 day-old UAS-AOX flies or L3 larvae bearing the tub-GS 

driver, exposed to different concentrations of RU486 throughout development. Means + SD 

of 3 biological replicates. (AOX mRNA was undetectable by qRT-PCR in wild-type lines not 

carrying the transgene). Modified from Figure 2 (I) and Figure 1 (III). 
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than that in the eclosed adult flies from the corresponding dose (Figure 5.1 E grey 

bars). In addition, a clear increase was seen in the expression level corresponding to 

increasing doses of the drug. This experiment also demonstrated that, in order to 

produce low levels of expression in larvae, only minimal doses of the drug are 

needed.  

 

AOX expression was also confirmed at the protein level by Western blotting (I, 

Figure 2D) and whole-mount immunocytochemistry of larvae (I, Supplementary 

Figure 1C, data from S. Vartiainen), and the protein was shown to be highly 

enriched in mitochondria (I, Figure 2D, data from D. Fernandez-Alaya). 

 

 

 

5.2 AOX expression is well tolerated in Drosophila 

Flies expressing AOX ubiquitously were viable, and eclosed in the expected 

numbers from a balanced cross with the da-GAL4 driver (crossing scheme in I, 

Figure 1B).  AOX expressing flies eclosed with only a slight (< 0.5 days) 

developmental delay (I, Figure 3A), and were fertile when mated with wild-type 

flies of the opposite sex. They also produced healthy offspring in normal numbers. 

The only adverse effect observed in the AOX-expressing flies, in addition to the 

slight developmental delay, was a slightly exaggerated weight loss of young adult 

flies compared with non-expressors or flies expressing an inert transgene, GFP (I, 

Figure 3B), suggesting that, overall, the expression of the Ciona intestinalis AOX is 

well tolerated by Drosophila (data from D. Fernandez-Alaya). 
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5.3 AOX expressing flies are partially resistant to 
cyanide and antimycin 

To investigate whether AOX can also be activated in vivo under OXPHOS stress 

conditions and function as a bypass of complexes III and IV, flies were tested for 

resistance to cyanide and antimycin, inhibitors of complexes IV and III, respectively 

(data from D. Fernandez-Alaya & S. Vartiainen). When treated with 10 mM KCN, 

wild-type or AOX-nonexpressing flies became paralysed within 5 minutes, whereas 

AOX-expressing flies remained active for 20-30 minutes before paralysis (I, Figure 

5A). When left to recover overnight in empty vials, all of the AOX-expressing flies 

recovered from the paralysis, as opposed to only one out of the 50 non-expressing 

flies that were tested. Resistance to antimycin was tested by adding various 

concentrations of the drug to the fly food. Wild-type eggs laid on 30 µg/ml 

antimycin food did not develop, and those laid on 10 µg/ml antimycin developed 

only to L1 larval stage (I, Figure 5B). In contrast, eggs expressing AOX developed 

to adults on both concentrations of the drug, although with a developmental delay of 

3-5 days (at 25 ºC). Unlike the control flies, adult flies expressing AOX also 

survived on food containing 30 or even 100 µg/ml antimycin (I, Figure 5C). 

5.4 AOX expression rescues the lethal phenotypes 
produced by partial knockdown of cyclope (Cox6c) 
or the COX assembly factor Surf1 

 

One of the main aims of this study was to test the ability of AOX to rescue the 

mutant phenotypes of various Drosophila models of mitochondrial dysfunction, 

mainly focusing on deficiency of the cytochrome c oxidase (COX). In Drosophila, 

complete functional loss of COX via ubiquitous knockdown of the COX assembly 

factor Surf1 (Zordan et al. 2006), or a homozygous null mutation of cyclope 

(encoding Cox6c), is lethal and cannot be complemented by AOX. However, our 

aim was to study whether AOX is able to rescue the lethal phenotypes caused by 

partial knockdown of COX, effected by GAL4-dependent RNAi against either Surf1 

or cyclope.  
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The lethal phenotype of Surf1 knockdown, produced by the inducible tub-GS driver 

combined with different doses of RU486, was clearly alleviated by co-expression of 

AOX with the same driver (Figure 5.2 A). At the highest doses of the drug, AOX 

was unable to rescue lethality. However, at intermediate doses, at which Surf1 

knockdown alone was still lethal or semilethal, co-expression of AOX either 

produced progeny (at 0.1 µM) or enabled the flies to reach significantly further in 

development than the flies not expressing AOX. In addition, the AOX-rescued 

Surf1-KD flies were of normal size, whereas the few flies eclosing in the absence of 

AOX were significantly smaller (Figure 5.2 B). Similar results were obtained using 

two different RNAi lines against Surf1  (Surf1-KD79.1 and Surf1-KD23.4 , Zordan et 

al., 2006).   

In order to determine the discriminating concentration of RU486, at which no 

progeny are produced in the absence of AOX but at least some of the flies are viable 

due to AOX expression, a finer concentration series (0.1 - 0.5 µM) was tested. An 

inert GAL4-dependent transgene, UAS-GFP, was included as a control to exclude 

the contribution of possible promoter dilution. The eclosion percentages (shown in 

Figure 5.2 C) suggested a critical point at 0.2 µM RU486, with 0 % vs. 25 % 

survival in the absence and presence of AOX, respectively. Again, similar data was 

obtained using both of the two Surf1 RNAi lines. The eclosion percentage of the 

GFP-control was not different from that of the flies without any transgene. At the 

discriminating RU486 concentration of 0.2 µM, the extent of Surf1 mRNA 

knockdown was also similar in AOX-expressing and non-expressing flies (Figure 

5.2 D), arguing against the possibility of a promoter dilution effect as the underlying 

cause of AOX rescue. 

 

AOX expression was also able to rescue the semilethality of cyclope (Cox6c) 

knockdown, using the ubiquitous da-GAL4 driver. At 25 °C, ubiquitous cyclope 

knockdown resulted in a large decrease in the number of eclosing progeny, which 

was restored close to the wild-type levels by co-expression of AOX. Mitochondrial 

COX activity from AOX-expressing flies knocked down for cyclope was shown to 

be less than 50% of that of the AOX-expressing control flies (I, Figure 6A-B, data 

from D. Fernandez-Ayala). 
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Figure 5.2. AOX rescue of semilethality due to knockdown of Surf1. A) Images of vials 

in which female flies homozygous for Surf1-KD on the 3rd chromosome, with or without 

homozygous UAS-AOXF6 on the second chromosome, have been crossed with male flies 

homozygous for tub-GS on 3rd chromosome, cultured at different doses of RU486. AOX 

expressing Surf1-KD flies (vials on the bottom row) consistently reach further in 

development than the corresponding flies without AOX (top row), at any given dose of 

RU486. Numbers on the vials denote the percentage of pupae eclosing. B) Size of the 

rescued Surf1-KD flies. AOX-rescued Surf1-KD flies were of normal size, whereas the few 

flies eclosing when no transgene was present, or when GFP was substituted for AOX, were 

significantly smaller. C) Percentages of pupae of indicated genotypes eclosing at different 

concentrations of RU486. AOX, GFP, Surf1-KD and tub-GS indicate the presence of 

respective transgenes, and 2 and 3 denote the corresponding wild-type chromosomes. Data 

from three experiments superimposed. D) qRT-PCR of Surf1 mRNA, relative to that of 

RpL32, in L3 larvae. Surf1 knockdown was produced by Surf1-KD79.1 and tub-GS driver at 

the indicated concentrations of RU486, with or without the additional hemizygous AOXF6 

transgene. The dotted line indicates the amount of knockdown produced previously by 

Surf1-KD79.1 and the Act5C-GAL4 driver (Zordan et al., 2006). Modified from Figure 6 (I) 

and Supplementary Figure 3 (I).  
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5.5 AOX expression does not rescue the major 
phenotypic features of tko25t mutant flies 

 

 

 

The Drosophila mutant tko25t, carrying a mutation in the gene encoding the 

conserved mitoribosomal protein S12 (mRpS12), has many phenotypic features 

similar to patients with translational defects affecting mitochondrial respiratory 

chain, including deficiencies of complexes I, III and IV, and provides a useful 

model for studying the pathological mechanisms of such diseases (Toivonen et al. 

2001). In order to improve our knowledge of the molecular mechanisms underlying 

the tko25t phenotype, we set out to test whether two of its major features, 

developmental delay and bang-sensitivity, can be rescued by expressing AOX in the 

mutant flies. In order to set aside possible lethality during development, the 

expression of AOX was first induced only in adult flies by the tub-GS driver. Based 

on previous expression analyses, in which expression was shown to plateau at a 

drug concentration 100 µM (Figure 5.1 D), 200 µM RU486 was used for adult 

induction in order to be sure of fully activating expression. Larvae were grown in 

standard fly food and 1-day old adult flies were transferred to food containing 200 

µM RU486 to activate expression of AOX, and the induction was maintained for 24 

h, which was previously shown to be sufficient to produce the maximal level of 

expression (Figure 5.1 B-C). After induction, the sensitivity of the flies to 

mechanical stress (bang-sensitivity) was tested as described in 4.9.6. All wild-type 

flies, regardless of whether they carried the AOX, the tub-GS, or both transgenes, 

showed virtually no paralysis in response to mechanical stress, whereas tko25t 

mutant flies took anything from a few seconds to five minutes to recover, resulting 

in large variation between individuals. However, no difference was found in the 

mean or distribution of the recovery time of the mutant flies due to AOX being 

expressed (Figure 5.3 A). 

 

  



 107 

 

Since one of the main phenotypic features of tko25t, developmental delay, has been 

attributed mainly to growth inhibition at the larval stage (Shah et al., 1997, 

Toivonen et al., 2001), the effects of AOX expression during larval development 

were also studied. For larval induction, crosses were set up in vials containing food 

with 10 µM RU486, and the developmental time of the flies from cross to eclosion 

was measured. In addition, the effect of larval expression of AOX on the bang-

sensitivity of the eclosed adult flies was tested. The expression of AOX caused a 

delay of approximately one day in wild-type flies, compared to the nonexpressing 

AOX flies, but no further delay was observed in the developmentally delayed tko25t 

flies due to AOX expression. More importantly, AOX expression was not able to 

rescue the developmental delay of 4-5 days, exhibited by all the tko25t mutants 

(Figure 5.3 B), nor was there any change in the bang-sensitivity of the adult flies 

due to the larval expression of AOX (Figure 5.3 C). 

 

Finally, we tested whether the bang-sensitivity of tko25t flies becomes 

progressively more severe with age, and whether AOX expression has any effect on 

the age-related progression of the phenotype. It was previously observed that 

sustained expression with tub-GS requires continuous exposure of the flies to the 

inducing drug (Figure 5.1 B-C). The tko25t mutants and the relevant control flies 

were thus maintained under constant induction of AOX expression with 100 µM 

RU486 for 30 days, and bang-sensitivity was measured at several time points. The 

results clearly showed that the bang-sensitivity of the tko25t mutants does not 

become more severe as the flies age (at least not during the first 30 days), 

suggesting that the phenotype is more likely to be developmentally derived than a 

result of an age-related degenerative process. Long-term expression of AOX was 

well tolerated by the mutant flies. However, it had no significant effect on their 

bang-sensitivity at any of the tested time-points (Figure 5.3 D). 
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Figure 5.3. Bang-sensitivity and developmental delay of tko25t flies are unaffected by 

expression of AOX. A) Bang-sensitivity (square-root of recovery time from 10 s vortexing) 

of 2 day-old flies of the sex and genotype indicated, with or without 24 h of prior treatment 

with 200 µM RU486. Means + SD for groups of 50 individually analyzed flies. (B) Eclosion 

day and (C) bang-senstivity of 1 day-old flies of the sex and genotype indicated, cultured 

throughout development on medium with or without 10 µM RU486. Means + SD based on 

eclosion data from 3 replicate experiments and bang-sensitivity of groups of 50 individually 

analyzed flies. D) Bang-sensitivity of flies of the sex and genotype indicated, cultured after 

eclosion on food containing 200 µM RU486, for the indicated length of time. Means + SD for 

groups of 30 individually analyzed flies. Modified from Figures 2-4 (III). 
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5.6 Constitutive expression of AOX from the Drosophila 
α1-tubulin-promoter 

 

In order to completely rule out the contribution of promoter competition to the AOX 

rescue seen when UAS-AOX and RNAi against COX were co-expressed using the 

same GAL4-driver, we created transgenic flies expressing AOX constitutively 

(independently of a GAL4 driver). This also provided a strategy to vary the level of 

RNAi knockdown, while maintaining a constant level of AOX expression, thereby 

enabling the estimation of the limits of COX deficiency that can be complemented 

by AOX. 

 

The transgenic construct containing Ciona intestinalis AOX under the control of 

the Drosophila promoter for the α-tubulin (αTub84B) gene was created by replacing 

the AOX coding sequence, the 5xUAS elements and the Hsp70 basal promoter of 

the pUAS-AOX-H-Pelican vector (I, Figure 1 A) by a tubulin-AOX chimeric PCR 

product, while retaining the w+ eye colour marker and the insulator elements of the 

original construct. The Drosophila αTub84B promoter and the coding sequence of 

the Ciona intestinalis AOX gene were amplified from fly genomic DNA and the 

pUAS-AOX-H-Pelican construct, respectively, using primers with complementary 

overhangs, which allowed the two products to be joined together by a second round 

of PCR with the terminal primers. The chimeric tubulin-AOX product was finally 

recloned into the pUAS-AOX-H-Pelican vector, from which the AOX coding 

sequence, UAS-elements and Hsp70 promoter had been removed.  

 

After verifying the construction and the absence of mutations, the p{tubulin-

AOX} construct was microinjected into w1118
 embryos for insertion into the germ 

line via P-element mediated transgenesis. The injected flies were individually mated 

with w1118
 flies of the opposite sex, and transgenic progeny were distinguished by the 

yellow or orange eye colour produced by the w+ marker against the white-eyed w1118 

background. 90 independent transgenic lines were established and screened for 
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suitable insertions. Independent single insertions of the transgene were found in 

intergenic regions of both the second (tub-AOX50 and tub-AOX112) and the third 

(tub-AOX7) chromosomes, as well as within an intron of the X-chromosome (tub-

AOX35). The genomic insertion sites and transcriptional orientations of the tub-

AOX lines are shown in Supplementary Figure 1 (II). 

 

All of the constitutively expressing AOX flies were viable and fertile, when mated 

with wild-type flies of the opposite sex. The transgenic lines with insertions in each 

of the major chromosomes were maintained as separate homozygous stocks for 

further use, as well as combined with one another via genetic crosses to create lines 

with multiple (4-6) copies of the transgene. Expression analysis of the constitutively 

expressing lines was carried out using flies homozygous for the tub-AOX transgene 

on one chromosome. The level of AOX expression in the tub-AOX lines was 

quantified at four different time points (third instar larvae and 1-, 7-, and 14-day-old 

adults) using qRT-PCR, and was found to be significantly lower (approximately 20-

fold less in males and 50-fold less in females) than the daGAL4-driven expression 

of UAS-AOX, yet significantly higher than the level of expression of UAS-AOX 

without any driver. As previously, AOX expression was consistently higher in males 

than in females (Figure 5.4 A). AOX protein was detected by Western blotting of 

the mitochondrial extracts from the tub-AOX flies. Compared to the da-GAL4-

driven expression, the constitutive expression of AOX was also significantly lower 

at protein level, even when combining 6 copies of the tub-AOX transgene into the 

same fly strain (Figure 5.4 B). 

  

Despite the lower expression at mRNA and protein level, the constitutively 

expressing AOX flies showed resistance to cyanide, both when measured in isolated 

mitochondria by polarography (I, Supplementary Figure 1 E), and in vivo in the 

whole flies. Even the flies carrying only 2 copies of transgenic tub-AOX showed 

resistance to potassium cyanide comparable to that of the flies expressing UAS-

AOX by da-GAL4 (Figure 5.4 C, see I, Figure 5 A for comparison). 
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Figure 5.4. Expression and functionality of constitutively expressed tub-AOX.  

A) qRT-PCR analysis of AOX mRNA expression (relative to that of RpL32) in transgenic 

tub-AOX larvae and adults at different age-points, as indicated by the legend. Flies were 

homozygous for each of tub-AOX7, tub-AOX35 and tub-AOX50 transgenes (in case of tub-

AOX35, males are hemizygous). The relative expression levels of UAS-AOXF6 flies with and 

without the ubiquitous da-GAL4 driver, at the equivalent age-points, are included in the 

figure. Means ± SD of three technical replicates of each of three biological replicates. 

Expression was lower than UAS-AOX expression driven by da-GAL4 (P < 0.01), and higher 

than UAS-AOX expression in the absence of driver (P < 0.01) for each sex/age analysed, 

except where indicated (#), where P < 0.05 (Student's t test, two-tailed, unequal variances). 

B) Western blot of AOX and ATP synthase subunit α (loading control) in 1-day-old adults of 

the transgenic lines indicated. Replicate batches of protein extracts of each genotype are 

shown in adjacent lanes. C) Survival time on cyanide-impregnated agar of the homozygous 

tub-AOX lines indicated, as well as the wild-type control line, w1118. Means ± SD of 80–100 

flies of each group, in batches of 10 flies per vial. P < 0.01 in each case, in comparison with 

control flies of same sex (Student's t test, two-tailed, unequal variances). Modified from 

Figure 1 (II). 
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5.7 Constitutive expression of AOX complements the 
lethal phenotypes of cyclope and Surf1 knockdown  

 

 

The rescue of cyclope (Cox6c) and Surf1 knockdown by AOX expression was re-

tested using constitutive expression of AOX. To knock down Surf1, GAL4-

dependent RNAi was combined with the inducible tub-GS and a concentration 

series of RU486 from 0.1 to 0.5 µM. Surf1 knockdown alone produced a range of 

phenotypes from pupal semilethality to early larval lethality. Expression of tub-

AOX rescued larval lethality at all tested concentrations, enabling the larvae to 

develop to the pupal stage (Figure 5.5 A). Eclosing adult flies were obtained at 0.1 

µM RU486 and very few at 0.2 µM RU486 (Figure 5.5 B). Despite not being able to 

eclose at the higher concentrations, AOX-expressing flies clearly reached further in 

development than the knockdown flies without AOX.  

   

The complementation of cyclope knockdown by tub-AOX was also similar to the 

rescue seen previously with the da-GAL4-induced AOX expression (I, Figure 6 A). 

The number of eclosing progeny decreased dramatically, to about 25 %, as the result 

of the RNAi knockdown of cyclope using tub-GS and 10 µM RU486 (Figure 5.5 C), 

and the knockdown also caused a 3 day developmental delay in those flies that were 

able to eclose. Both of these phenotypes were, however, rescued by tubAOX 

expression. The number of eclosing flies was restored almost to the level of the 

wild-type controls by only 1 copy of tub-AOX (Figure 5.5 C), and the 

developmental time of the AOX rescued flies was also significantly improved 

compared to the eclosing cyclope knockdown flies without AOX (Figure 5.5 D). 80 

% cyclope knockdown was measured at the mRNA level by qRT-PCR, at the 

conditions (10 µM RU486), which were lethal to 75 % of the progeny without 

AOX, but were fully rescued by tub-AOX (Figure 5.5 E). 
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Figure 5.5. Rescue of Surf1 and Cox6c (cyclope) knockdown by tub-AOX.  
A-B) tub-AOX rescue of developmental lethality from partial knockdown of Surf1, produced 

by Surf1-KD79.1 and the tub-GS driver. The number of pupae (A) or eclosing flies (B) in the 

presence and absence of tub-AOX, at the indicated concentrations of RU486. Means ± SD 

from 3 or more biological replicates. C) tub-AOX rescue of developmental lethality and D) 

partial rescue of developmental delay, produced by knockdown of Cox6c (cyclope) using 

tub-GS driver. Proportion of eclosing progeny (C) or eclosion day (D) for different genotypes 

and concentrations of RU486 as shown. Sb denotes the presence of a balancer 

chromosome in place of the tub-AOX transgene. Means ± SD from 4 or more biological 

replicates. P < 0.01 (*) or < 0.05 (#), Student's t test, two-tailed, unequal variances, 

comparing flies with and without tub-AOX. E) qRT-PCR verification of the Cox6c knockdown 

at mRNA level in L3 larvae in presence of tub-GS driver and 10 µM RU486. Means + SD 

from relative expression levels (Cox6c/RpL32) of 3 biological replicates, normalized to that 

of the control larvae (tub-GS driver plus drug only). Modified from Figure 2 (II) and 

Supplementary Figure 2 (II). 
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5.8 Constitutive expression of AOX also complements 
the knockdown of structural subunits Cox5a, Cox5b 
and Cox6b  

 

 

When driven by tub-GS, RNAi against nuclear-encoded structural subunits Cox5a, 

Cox5b and Cox6b also produced effective and dose-dependent knockdown, 

resulting in a decrease in the number of eclosing progeny with increasing [RU486], 

and complete lethality at 0.5 µM RU486 (Figure 5.6 A-C). In the 0.1 µM – 0.5 µM 

range, a single copy of tub-AOX produced a significant increase in the number of 

eclosing progeny. The rescue was also clearly dependent on the dose of AOX 

expression, as further increase in the number of eclosing progeny was seen at all 

concentrations with 2 copies of tub-AOX. 

  

The complete pupal lethality of Cox5a or Cox5b knockdown at 0.5 µM RU486 was 

fully rescued by 2 copies of tub-AOX. The knockdown of Cox5a and Cox5b at the 

mRNA level was measured to be ~50%  in larvae (Figure 5.6 D) which, based on an 

enzymatic COX activity assay, also corresponded to a ~50% decrease in the activity 

of the complex (Figure 5.6 E). Despite the ~50 % drop in their COX activity during 

development, the AOX rescued flies eclosed with only a slight, statistically 

nonsignificant developmental delay (II, Supplementary Figure 2 D), suggesting 

AOX was, to a large degree, able to functionally replace COX. The eclosing 

progeny appeared normal, and both the males and the females were fertile when 

mated with wild-type flies. Adult induction (200 µM RU486) of RNAi knockdown 

after eclosion of the rescued flies didn’t produce any evident phenotype during the 

first 20 days, and there was no difference in the 20-day survival of the flies, 

compared to controls. When tested after 20 days, the flies did not show a bang-

sensitive phenotype either.  
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Figure 5.6. Rescue of developmental lethality from partial knockdown of Cox5a, 

Cox5b and Cox6b by constitutive expression of AOX. A-C) Number of eclosing progeny 

from the knockdown of Cox5a (A), Cox5b (B) or Cox6b (C), using tub-GS driver, at different 

concentrations of RU486, combined with the indicated number of tub-AOX transgenes. 

Means ± SD from 3 or more biological replicates. D) qRT-PCR quantification of knockdown 

of Cox5a and Cox5b at the mRNA level, in the presence of the tub-GS driver and 0.5 µM 

RU486. Means + SD of relative expression of 3 biological replicates from L3 larvae, 

normalized to that of the control larvae (driver plus drug only). E) COX activity of 

mitochondrial extracts from L3 larvae knocked down for Cox5b by the tub-GS driver at 0.5 

µM RU486, and rescued by 2 copies of tub-AOX, compared to the value for control larvae 

(no RNAi). Means + SD from > 3 biological replicates, p < 0.05 (*) (Student’s t-test, two-

tailed, unequal variances). F) Images of bottles in which female flies homozygous for the 

Cox5b-KD have been crossed with homozygous tub-GS males in presence of 3 µM RU486, 

with or without 4 copies of tub-AOX transgene. Knockdown in the absence of tub-AOX 

produces complete early larval lethality (left), while the same knockdown combined with 4 x 

tub-AOX allows development at least to pupal stage and even results in eclosion of 12 % of 

the pupae. Modified from Figure 2 (II) and Supplementary Figure 2 (II).  
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In order to find out the upper limits of COX deficiency that can be at least partially 

complemented by AOX, the concentration series of RU486 was extended, leading to 

higher induction of COX knockdown and more severe lethal phenotypes. A 6-fold 

increase (to 3µM RU486) in induction of Cox5b knockdown produced complete 

early larval lethality (Figure 5.6 F).  In an attempt to complement this severe 

phenotype, a maximum number of copies of tub-AOX was used. Flies with 4 copies 

of tub-AOX were not only able to overcome the larval lethality and develop 

normally to pupae, but 12% of them even eclosed as adult flies. These rescued flies 

were tested for bang-sensitivity both 1 day after eclosion as well as after 2 weeks of 

adult induction with 200 µM RU486, but no bang-sensitivity was observed (II, 

Supplementary Figure 2 E). The few flies rescued from the high (3 µM RU486) 

larval induction did, however, show slightly decreased climbing ability, when 

compared to controls (II, Supplementary Figure 2 F), but because the number of 

rescued flies obtained in this experiment was both low and variable, the exact effect 

on locomotor activity could not be reliably determined. 
 

5.9 Ubiquitous expression of AOX rescues lethality 
produced by knockdown of different COX subunits 
to variable extent 

 

Since promoter dilution effects had been excluded as contributing to apparent AOX 

rescue, we were able to switch back from the use of constitutively expressing AOX 

to expressing the UAS-AOX transgene conditionally. Ubiquitous knockdown of 

different structural subunits of COX was produced by combining GAL4-dependent 

RNAi with da-GAL4. To study the potential rescue, UAS-AOX was co-expressed 

with the same driver. Two other GAL4-dependent transgenes, UAS-Ndi1 and UAS-

GFP, were included as controls in these rescue experiments. The following 

subsections describe in more detail the variable phenotypes obtained from the 

knockdown of different subunits and their rescue by AOX. 
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5.9.1 Cox4 

As expected from the essential role of Cox4 in the early stages of COX assembly 

(Williams et al., 2004), the knockdown of the somatic isogene (CG10664) of Cox4 

produced a severe phenotype of complete early larval lethality (Figure 5.7 A-B). 

The morphologically abnormal looking larvae survived for over 2 weeks but were 

never able to develop past the early larval (L1-L2) stages. However, da-GAL4-

driven co-expression of UAS-AOX was able to partially rescue the phenotype: 

AOX-expressing knockdown flies reached considerably further in development, to 

late larval stages or pupae, but only very few of them eclosed as adult flies (Figure 

5.7 A-B). Expressing UAS-Ndi1 in place of UAS-AOX did not produce similar 

improvement (knockdown was early larval lethal just like in the absence of any 

transgene). 

   

Blue Native Electrophoresis (BNE) was performed using mitochondrial extracts 

from larvae rescued from the lethal phenotype by co-expression of AOX. In order to 

estimate the extent of COX knockdown that AOX can compensate, in-gel activity 

assays for COX and complex I were carried out. A ≥ 50 % decrease in COX activity 

was observed in the mitochondria of the knockdown larvae, compared to the AOX 

expressing larvae without RNAi (Figure 5.8 B, lanes 1-2 of each panel). The 

functional knockdown was confirmed by polarography of the equivalent 

mitochondrial samples. A >50% drop was seen also in the oxygen consumption, 

using a COX-specific substrate mix, ascorbate + TMPD (II, Figure 3F, data from A. 

Sriram).  

5.9.2 Cox5b 

Ubiquitous knockdown of Cox5b resulted in a phenotype very similar to that of 

Cox4 knockdown. Early larval lethality was produced by Cox5b knockdown with 

da-GAL4, both in the absence of any transgene, as well as when UAS-GFP or UAS-

Ndi1 were co-expressed (Figure 5.7 C-D). However, co-expression of AOX 

produced a clear improvement of the phenotype, with flies reaching considerably 

further in development and a small proportion eclosing as adults (Figure 5.7 C).  
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Figure 5.7. AOX rescue of lethality from da-GAL4-driven knockdown of (A) Cox4 or (B) 

Cox5b. Proportion of eclosing progeny for different genotypes as shown, means + SD from 

3 biological replicates. Sb denotes flies from the same cross, which carry the Sb balancer 

instead of da-GAL4 driver, and thus have no knockdown. Despite only few adult flies 

eclosing, UAS-AOX enabled progeny to progress systematically further in development. In 

the absence of AOX, progeny arrested as abnormal L1/L2 larvae, whereas co-expression of 

UAS-AOX enabled development to proceed to late pupal stage. UAS-Ndi1 failed to produce 

any rescue. Accompanying micrographs show typical phenotypes resulting from knockdown 

of Cox4 or Cox5b in the absence of AOX, as well as Cox4-KD with co-expression of both 

UAS-AOX and UAS-Ndi1. Modified from Figure 3 (II) and Supplementary Figure 3 (II). 
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5.9.3 Cox7a 

 

COX subunit 7a in Drosophila is encoded by 3 differentially expressed isogenes: 

a testis-specific isogene (CG18193), a ubiquitous isogene (CG9603) and a third 

isogene partially redundant with CG9603, but with prominent expression in muscle 

(CG34172). Knocking down the major somatic isogene of Cox7 (CG9603) resulted 

in late larval/early pupal lethality with no eclosing flies in the absence of AOX 

(Figure 5.8 A). The pupal lethal phenotype was completely rescued by co-

expression of UAS-AOX, whereas co-expression of UAS-Ndi1 didn’t have any 

effect (Figure 5.8 A). Consistent with the milder knockdown phenotype, the BNE 

in-gel activity assay showed a partial loss of COX activity (3rd lane of each panel in 

Figure 5.8 B). This was confirmed by polarography of mitochondria from 

knockdown flies and larvae, which showed a modest (27-37 %), yet significant, 

decrease in oxygen consumption (II, Figure 3D, data from A. Sriram).  Finally, BNE 

in-gel histochemistry also revealed a clear accumulation of an enzymatically active 

subcomplex, corresponding to the size of the S3 assembly intermediate (marked 

with an asterisk in Figure 5.8 B), consistent with the incorporation of Cox7a to the 

enzyme complex at the last stage of assembly and the fact that it is not required for 

the enzymatic activity of S3.  

 

A few basic phenotypic assays were carried out in order to study the residual 

phenotype of the AOX-rescued Cox7a knockdown flies. Both the rescued males and 

females were found to be fertile, when mated with wild-type flies of the opposite 

sex. The flies also survived normally over the first two weeks of life. However, the 

rescued flies showed an age-dependent locomotor defect, measured as decreased 

climbing ability compared to controls, as well as increased sensitivity to mechanical 

stress. Both of these defects were evident already at the age of 1 day but became 

increasingly severe by the age of 7 days (BS) or 14 days (climbing) (Figure 5.8 C-

D). 
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Figure 5.8. AOX-rescue of phenotypes produced by da-GAL4-driven knockdown of 

Cox7a. A) Proportion of eclosing progeny for different genotypes as shown, means + SD 

from 3 biological replicates. Flies carrying the Sb balancer do not carry da-GAL4 driver and 

thus have no knockdown. Co-expression of UAS-AOX (but not UAS-Ndi1) fully rescues the 

developmental lethality produced by da-GAL4-driven knockdown of the major Cox7a-

encoding isogene CG9603. Accompanying micrograph illustrates the typical pupal-lethal 

phenotype in the absence of AOX. B) BNE gels of mitochondrial extracts from L3 larvae of 

the genotypes shown, stained histochemically for cI or cIV activity (cIV activity staining 

performed for the indicated times). Asterisk indicates assembly sub-complex S3. C-D) 

Partial rescue of neuronal phenotypes resulting from da-GAL4-driven knockdown of Cox7a. 

Climbing index (C) and bang sensitivity at 29°C (D) of flies of the indicated genotypes, ages 

and sex. Where indicated by *, P < 0.001 (Student's t test, two-tailed, unequal variances), 

comparing flies of a given sex expressing AOX, with or without concomitant knockdown of 

Cox7a. Modified from Figures 3 and 5 (II). 
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5.10 Muscle-specific knockdown of Cox5b and Cox6b 
produces pupal lethality which is fully rescued by 
co-expression of AOX 

 

 

In order to determine the critical tissues limiting the completion of development 

in the COX knockdown flies, two enzymatically essential subunits, Cox5b and 

Cox6b, were knocked down in different tissues using a set of tissue-specific GAL4-

drivers. No lethality was produced when these subunits were initially knocked down 

pan-neuronally or in different parts of the nervous system using 5 different neuronal 

GAL4-drivers, expressed either specifically in sensory (C161-GAL4), dopaminergic 

and serotonergic (Ddc-GAL4), glutamatergic (OK371-GAL4) or in all types of 

neurons (elav8760-GAL4 or nrv2-GAL4) (Figure 5.9 A; see also II, Supplementary 

Figure 4A). However, knockdown of Cox5b/6b using a muscle-specific GAL4-

driver, G14-GAL4, produced complete lethality, with flies dying at late pupal stages 

or during attempted eclosion (Figure 5.9 C). In contrast, Cox5b/6b knockdown with 

another muscle-specific driver, BG57-GAL4, produced no lethality.  

 

The pupal lethality produced by G14-GAL4 driven knockdown of COX was 

partially rescued by constitutive AOX expression from 2 copies of tub-AOX (II, 

Supplementary Figure 4C), and fully rescued by co-expressing UAS-AOX with 

G14-GAL4 (Figure 5.9 B). The AOX expressing flies with muscle-specific 

knockdown of Cox5b nevertheless exhibited a residual muscle phenotype. The 

rescued flies were weak and showed a severe impairment in their locomotor ability 

already at the age of 1 day, measured by the climbing assay (Figure 5.9 D). Due to 

being exceptionally immobile, all of the rescued flies also died within 2 weeks as a 

result of becoming stuck in the food in their vials. 

 
  



 122 

 

Figure 5.9. AOX rescue of muscle-specific knockdown of COX. A) Knockdown of Cox5b 

using the drivers indicated. Proportion of eclosing progeny of the genotypes indicated, 

means ± SD for 3 or more biological replicates. CyO denotes progeny from the same cross 

carrying the CyO balancer marker instead of the driver, and thus no knockdown. Besides 

ubiquitous knockdown by da-GAL4, the only driver producing lethality was the muscle-

specific G14-GAL4. See equivalent data for the knockdown of subunit Cox6b in 

Supplementary Figure 4 (II). B) Rescue of developmental lethality from G14-GAL4-driven 

knockdown of Cox5b by co-expression of UAS-AOX. See equivalent data for rescue by 

constitutive AOX expression in Supplementary Figure 4 (II). C) Micrograph illustrating the 

phenotype of G14-GAL4-driven knockdown of Cox5b. Knockdown flies die in late pupal 

stages or while attemping to eclose. D) Climbing index of 1-day-old UAS-AOX transgenic 

flies bearing the G14-GAL4 driver, with and without Cox5b-KD. Means ± SD of 10 batches 

of 5 flies, for each sex and genotype. AOX-rescued Cox5b-knockdown flies exhibited a 

severe locomotor impairment, and the males were unable to climb at all. Modified from 

Figures 4 and 5 (II). 
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5.11 Nervous system-specific knockdown of COX 

 

Surprisingly, no lethality was observed due to the knockdown of subunits Cox5b 

and Cox6b in the nervous system, using five different neuronal drivers, C161-

GAL4, Ddc-GAL4, OK371-GAL4, nrv2-GAL4 or elav8760-GAL4, affecting 

sensory, dopaminergic and serotonergic, glutamatergic or all types of neurons, 

respectively (Figure 5.9 A; II, Supplementary Figure 4A).  In order to detect signs of 

other neurological phenotypes, these flies were also assayed for their sensitivity to 

mechanical stress. No bang-sensitivity was detected in 1 day old Cox5b-KD flies 

using any of the nervous system-specific drivers listed above (II, Supplementary 

Figure 4B). 

 

Because the failure of the nervous system-specific knockdown of COX to produce 

lethality was surprising, it was further investigated by another, X-chromosomally 

expressed elav-GAL4 driver line. This driver, elav-GAL4458, clearly produced a 

stronger phenotype than the previously tested, autosomally expressed elav-GAL48760 

(II, Supplementary Figure 4 D-E, data by J. Rinne). Cox4 knockdown with elav-

GAL4458 produced a more severe, pupal semilethal phenotype than knockdown of 

Cox5b, and co-expression of UAS-AOX, but not UAS-Ndi1, was able to improve 

both phenotypes (II, Supplementary Figure 4 E). However, the AOX-rescued flies 

with elav-GAL4458-driven Cox4 knockdown were weak and died soon after eclosion 

as the result of becoming trapped in the food (II, Supplementary Figure 4 F). The 

eclosed Cox5b knockdown flies appeared normal upon eclosion but manifested a 

locomotor defect after several days, and the lifespan of especially the males was 

dramatically shortened (mean lifespan only 8 days). However, their survival was 

improved to the level of the controls (≥ 2 weeks) by AOX expression (II, Figure 4 

D), whereas the co-expression of Ndi1 compromised their survival even further. 

Knockdown of Cox4 or Cox5b by the nrv2-GAL4 or the autosomal elav-GAL48760 

produced a much milder effect also on the survival of the eclosed flies, Cox4 

knockdown again resulting in a stronger phenotype than Cox5b and the males being 

more strongly affected than the females. Co-expression of AOX fully rescued the 

early lethality produced by elav-GAL48760-driven knockdown of Cox4, while Ndi1 

expression slightly exacerbated the phenotype (II, Figure 4 E). Consistent with the 
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differences in the phenotypes they produced, fluorescence microscopy of UAS-GFP 

expression confirmed the nrv2-GAL4 driven expression to be much weaker than the 

expression driven by elav-GAL4 drivers. In addition to prominent expression in the 

CNS throughout development and in adult flies, elav-GAL4 was also revealed to 

drive weak expression in thoracic muscle of the pupae (II, Supplementary Figures 5-

6, data from J. Rinne). 

 

5.11.1 Neuronal knockdown of Cox7a  

 

As described in 5.10.3, Cox7a is encoded by 3 differentially expressed isogenes, 

of which isogene CG34172 accounts for most of the expression in muscle. Targeting 

the knockdown of Cox7a specifically to neurons is therefore possible by combining 

the elav-GAL4 driver with RNAi against the major somatic isogene CG9603, 

thereby minimizing the knockdown effects on muscle. Neuronal knockdown of 

Cox7a was not lethal. However, the eclosing adult flies suffered from age-dependent 

locomotor defect and bang-sensitivity, a phenotype similar to the residual phenotype 

of the AOX rescued flies from the ubiquitous knockdown of the same subunit (see 

Figure 5.8 C-D). Both of these phenotypes were also partially alleviated by co-

expression of AOX (Figure 5.10 A-B).  
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Figure 5.10. Partial rescue of phenotypes resulting from neuronal knockdown of 

Cox7a. Climbing index (A) and bang sensitivity at 29 °C (B) of flies of the indicated 

genotypes, ages and sex. Where indicated, P < 0.001 (Student's t test, two-tailed, unequal 

variances), comparing flies knocked down for Cox7a (isogene CG9603) with and without 

co-expression of AOX. Note that similar phenotypes were not produced by muscle-specific 

knockdown of the same subunit by G14-GAL4. Modified from Figure 5 (II). 

5.12 AOX expression partially rescues the phenotypes 
produced by levy1 mutation or Cox6a knockdown 

levy1 mutant flies carry a point mutation in the gene encoding subunit Cox6a, 

causing a splicing error and a frameshift leading to a premature stop codon early in 

the polypeptide sequence. levy1 has previously been reported to be a null mutation, 

producing severe COX deficiency and a phenotype characterised by progressive 

neurodegeneration, age-dependent motor dysfunction, and premature death (Liu et 

al., 2007). Expression of AOX, either constitutively or by ubiquitous expression 

with da-GAL4, alleviated the age-dependent bang-sensitivity of the levy1 

homozygous mutants at 29 °C, albeit not rescuing the phenotype completely (Figure 

5.11 A-B). However, no significant effect on the lifespan of the mutants was 

observed, due to either constitutive or da-GAL4-driven expression of AOX (II, 

Supplementary Figure 8 A-C). 
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I also studied the phenotype produced by RNAi knockdown of Cox6a. 

Surprisingly, the ubiquitous knockdown of Cox6a using da-GAL4 resulted in a 

more severe organismal phenotype than the levy1 mutation. Cox6a RNAi 

knockdown produced semilethality at the pupal stage in females, which was 

partially rescued by AOX (Figure 5.11 C). Eclosing flies without AOX were very 

weak and failed to inflate their wings after eclosion. They were also short-lived and, 

as a result of not being able to move or fly, became easily trapped in the food. The 

origin of the ”uninflated wing” phenotype was further investigated using two tissue-

specific drivers. When combined with the muscle-specific G14-GAL4, the Cox6a 

knockdown did not produce the wing phenotype, whereas driving the knockdown 

with elav-GAL4458 resulted in most of the females (223/237) unable to inflate their 

wings (Figure 5.11 D), suggesting it to be a neuronal phenotype. Again, co-

expression of AOX with elav-GAL4458 almost fully rescued the phenotype (9/138 

flies with uninflated wings), whereas Ndi1 co-expression did not significantly alter 

the proportion of the females with the wing phenotype (126/152). 

 

BNE in-gel histochemistry of mitochondrial extracts of the AOX-rescued Cox6a 

knockdown flies revealed an increase in the mobility of the monomeric COX, as 

well as a decrease in the abundance of higher molecular weight complexes 

containing COX (Figure 5.11 E), likely including multimeric COX as well as 

supercomplexes. Cox6a knockdown resulted in almost complete disappearance of 

one of these higher molecular weight bands with COX activity, which seemed to co-

migrate on gels with a major complex exhibiting complex I activity. In addition, the 

activity of cI was diminished in Cox6a knockdown flies, compared to the controls. 
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Figure 5.11. Partial rescue of phenotypes produced by Cox6a knockdown and the 

levy1 mutation. (A and B) Rescue of bang-sensitivity of 7-day-old levy1 flies maintained at 

29°C. Means + SD of square root of recovery time from mechanical shock, for batches of 

50–100 individual flies of the sex and genotypes indicated.  P < 0.001 (Student's t test, two-

tailed, unequal variances), comparing levy1 mutant flies of the given sex, with an without 

concomitant expression of AOX. (C) Partial rescue of semi-lethality of Cox6a knockdown in 

female flies. Means +SD from 3 or more biological replicates. (D) Micrograph showing the 

uninflated wings phenotype produced by elav-GAL4458-driven knockdown of Cox6a, and its 

rescue by co-expression of UAS-AOX. E) BNE gels of mitochondrial extracts from 1-day-old 

adults of the genotype and sex shown, stained histochemically for cI or cIV activity (cIV 

activity staining performed for the indicated times). The arrow indicates a band showing 

decreased COX activity in Cox6a-KD and levy1 samples, compared to controls. Modified 

from Figure 6 (II) and Supplementary Figure 8 (II). 
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6. Discussion 

The aim of the work presented in this thesis was to test whether the expression of 

Ciona intestinalis AOX in Drosophila can alleviate the consequences of COX 

deficiency, produced by genetic disruption of different components of COX. COX 

deficiency was produced by GAL4-dependent RNAi against various structural 

subunits of COX and the assembly factor Surf1, as well as via a point mutation, 

levy1, affecting one of the subunits. The effects of both conditional and constitutive 

expression of AOX on the COX-deficient phenotypes were studied. In addition, 

various different ubiquitous and tissue-specific GAL4 drivers, as well as the 

inducible tubulin-GeneSwitch, were utilized to drive the expression of AOX, the 

RNAi silencing, or both. These genetic tools, summarized in Figure 6.1, were used 

in a variety of combinations to study the ability of AOX to complement COX 

deficiency, resulting from knockdown of different components of COX. In addition, 

they provided the means to determine the critical tissues and developmental stages, 

in which COX activity is crucial for normal development of flies, as well as helped 

in delineating the limits of COX rescue by AOX. Finally, the ability of AOX to 

compensate generalized OXPHOS deficiency resulting from defective 

mitochondrial translation was assessed by studying the effects of AOX expression 

on the phenotype of tko25t mutant flies. 
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Figure 6.1. Summary of the genetic tools used for studying the AOX rescue of COX 
deficiency in Drosophila.  

 

6.1 Expression analysis 

 

Expression analyses revealed the UAS-AOX to be expressed at a low level even 

in the absence of any GAL4 driver, but to be induced up to 1000-fold by the 

presence of the ubiquitous da-GAL4 driver (Figure 5.1). The tub-GS was found not 

to be completely inactive in the absence of the activating drug, RU486, but to drive 

expression at a low basal level, which was about 5-10-fold higher than the level of 

UAS-AOX expression in the absence of any GAL4 driver. The tub-GS driven level 

of AOX expression was found to be responsive to the amount of the inducing drug, 

RU486, in the fly food over a wide range of concentrations, enabling the expression 

level of AOX to be regulated at different stages of development. The analysis of 

tub-GS-driven AOX expression provided valuable information about the dose-
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dependence, temporal control and long-term maintenance of constant transgene 

expression using the GeneSwitch system, which was also applicable to the control 

of GAL4-dependent RNA silencing.  

 

6.2 Both GAL4-driven and constitutive expression of 
AOX complement partial knockdown of COX  

 

Knockdown of Surf1, using either da-GAL4 or tub-GS in combination with high 

doses of RU486, resulted in early lethality, which was consistent with previous 

findings in mouse (Agostino et al., 2003b), Drosophila (Zordan et al., 2006) and 

Zebrafish (Baden 2007). However, partial knockdown of Surf1 or the structural 

subunit Cox6c (cyclope) produced lethal or semilethal phenotypes, which were 

rescued by co-expression of AOX (Figure 5.2, see also I, Figure 6). Since two 

different transgenes were driven simultaneously with the same induction system, the 

possibility was raised, that the observed phenotypic rescue by AOX could at least in 

part reflect a limitation on the availability of GAL4 or GS to simultaneously drive 

the expression of AOX and the RNAi-encoding transgene. The possibility of such a 

promoter competition was ruled out by creating transgenic fly lines expressing AOX 

constitutively from the Drosophila α1-tubulin promoter without the need for a 

GAL4 driver. Rescue of the lethal phenotypes of both Surf1 and cyclope knockdown 

by tub-GS were reproduced by constitutive expression of tub-AOX (Figure 5.5), 

confirming that the rescue was indeed attributable to AOX rather than promoter 

dilution effects. This was further confirmed in several experiments by parallel 

expression of an inert GAL4-dependent transgene, UAS-GFP, under identical 

conditions, which failed to produce rescue of any of the phenotypes. These results 

validated the use of GAL4-dependent UAS-AOX in combination with GAL4-driven 

RNAi against COX for the remaining part of the work. 
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6.3 Ubiquitous knockdown of structural subunits of 
COX produces a range of phenotypes in flies 

 

The knockdown of different structural subunits of COX with da-GAL4 produced a 

range of phenotypes that varied in severity from complete early larval lethality to 

pupal lethality, likely reflecting the roles of these subunits in the structure and 

function of the complex. Cox4 is involved in an essential early step of assembly (see 

2.3.2 for a more detailed description of the assembly process), and is thus absolutely 

required for the proper assembly, stability and enzymatic function of the enzyme 

complex (Li, Park, Deng, & Bai, 2006). Consequently, ubiquitous knockdown of the 

somatic isogene (CG10664) of this subunit was completely lethal at an early larval 

stage (Figure 5.7). Ubiquitous knockdown of another integral subunit, Cox5b, 

produced essentially the same phenotype. In contrast, Cox7a is a peripheral subunit 

not needed for the formation or enzymatic activity of the assembly intermediate S3. 

It associates with the complex at one of the last steps of assembly together with 

Cox6b, followed by Cox6a, to form the complete, fully functional holoenzyme 

(Nijtmans et al., 1998). As could be expected from the less essential role of Cox7a 

in the stability and enzymatic function of COX, the phenotype (pupal lethality) 

produced by knockdown of its major isogene (CG9603) (Figure 5.8), was also less 

severe than the phenotypes produced by knockdown of Cox4 or Cox5b.  

 

The difference in the severity of the phenotypes was also reflected by corresponding 

findings in biochemical assays. Both BNE combined with in-gel histochemistry, as 

well as polarography measurements of oxygen consumption using a COX-specific 

substrate mix, revealed maximal activity to be decreased by ≥50 % in the 

mitochondrial preparations of Cox4 knockdown larvae (Figure 5.8 B, see also II, 

Figure 3). Larval mitochondrial samples of Cox7a knockdown flies in turn showed a 

more moderate decrease of COX activity by BNE, and a corresponding 27-37 % 

drop in oxygen consumption. In addition to the decrease in the amount of the fully 

assembled complex, the knockdown of individual subunits can be expected to lead 

to a concomitant increase in the abundance of assembly intermediates. In-gel 

histochemistry of mitochondrial extracts from Cox7a knockdown larvae showed a 

clear accumulation of an enzymatically active COX subcomplex, migrating as 
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expected for the S3 assembly intermediate (Nijtmans et al., 1998). This confirms 

that, as the human homologue COX7A (Fornuskova et al., 2010), Cox7a in 

Drosophila is incorporated to the assembling COX only after the formation of S3, in 

one of the final steps before dimerization of the holoenzyme. 

 

Based on studies in yeast, subunit Cox6a is not required for the assembly of COX, 

but is needed for optimal activity of the enzyme (Taanman & Capaldi, 1993). Cox6a 

has been suggested to play a role in the association of COX monomers to form the 

dimeric structure of the enzyme (Nijtmans et al., 1998). Consistent with this 

proposed role in multimerization, BNE combined with in-gel histochemistry of 

mitochondrial extracts from Cox6a knockdown larvae revealed an overall decrease 

in the abundance of enzymatically active COX multimeric structures, in addition to 

an increase in the mobility of the monomeric form, reflecting the absence of Cox6a. 

It has been previously shown that disrupting the dimerization of COX by 

knockdown of COX6A1 in human cells also results in marked reduction in the 

levels of supercomplexes normally containing the dimeric form of COX 

holoenzyme (Fornuskova et al., 2010). In this study, a clear decrease was also 

detected in the amount of higher order structures manifesting both NADH 

dehydrogenase and cytochrome oxidase activity, suggesting the importance of 

Cox6a for the formation of supercomplex structures containing both cIV and cI. 

 

The RNAi knockdown of Cox6a produced a surprisingly severe organismal 

phenotype, especially in comparison to the phenotype of levy1, a proposed null 

mutant of the same subunit, which is not lethal but instead gives rise to age-

dependent neurodegeneration (Liu et al., 2007). In the absence of AOX, ubiquitous 

Cox6a knockdown produced pupal semilethality in females, and the eclosing flies 

were weak and unable to inflate their wings after eclosion (Figure 5.11). When 

further examined, the ”uninflated wings” phenotype appeared to be neuronal, as the 

phenotype was produced also using the nervous system-specific elav-GAL4458 (elav-

GAL4C155) driver, but not by the muscle-specific driver G14-GAL4. However, these 

results need to be re-evaluated in light of a recently published report, showing that 

some of the transgenic RNAi-inducing lines of the VDRC libraries, namely those of 

the ‘KK’ collection created by a two-step transformation procedure, display 

phenotypes not reconcilable with knockdown of the genes being targeted (Green, 
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Fedele, Giorgini, & Kyriacou, 2014). These recurrent phenotypes include pupal 

lethality, when the RNAi knockdown is driven by the ubiquitous Actin-GAL4 

driver, and inability of the flies to properly inflate their wings, when the RNAi is 

driven by the neuron-specific elav-GAL4C155 driver. Green et al. (2014) reported 

that the genomes of the lines displaying these unexpected phenotypes were found to 

contain two insertions of the RNAi-encoding transgene, one of which is located 

within the 5ʹ untranslated region of the gene tiptop (tio), encoding a zinc-finger 

transcription factor. The reported phenotypes were thus suggested to result from 

GAL4-mediated toxicity through misexpression of tio (Green et al., 2014). In light 

of this report, the pupal semilethality of the da-GAL4-driven knockdown of Cox6a, 

as well as the uninflated wing phenotype of the ubiquitous and elav-GAL4 driven 

knockdown strongly suggest that the RNAi line that was used to knock down Cox6a 

(VDRC stock 101523) most likely contains two insertions of the RNAi construct, 

which was indeed confirmed by PCR (Çağrı Yalgın, personal communication). The 

phenotypes of Cox6a knockdown obtained in this study may therefore be partially 

caused by insertional effects, rather than knockdown of Cox6a alone. This also 

provides a plausible explanation for the previously unexplained inconsistency 

between the phenotypes of Cox6a knockdown and the levy1 mutation. However, as 

discussed below, this raises additional questions regarding the mechanisms of 

phenotypic rescue by AOX. 

 

The RNAi line used to knock down the somatic isogene of Cox4 (VDRC stock 

109338) was also found to carry two insertions of the RNAi-inducing transgene 

(Çağrı Yalgın, personal communication). However, when the additional copy of the 

RNAi-inducing transgene was eliminated from this stock by recombination, the 

lethal phenotype produced by the elav-GAL4458 driver was retained. Thus, it is 

unlikely that the severe early larval lethality produced by da-GAL4 driven 

knockdown of Cox4 is influenced by insertional effects. Essentially identical early 

larval lethal phenotypes were produced by ubiquitous knockdown of Cox5b or Surf1 

using RNAi lines completely unrelated to the VDRC ‘KK’ collection. This, together 

with the fact that AOX expression alleviates all of these phenotypes to a similar 

extent (see next section), indicates that the early larval lethality is a genuine 

outcome of ubiquitous knockdown of catalytically essential subunits of COX during 
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early development, rather than an artifact produced by insertional effects of a 

specific RNAi line. 

6.4 All phenotypes produced by ubiquitous knockdown 
of structural subunits of COX are substantially 
alleviated by AOX 

 

In this study, GAL4-dependent RNA interference was used to knock down most of 

the nuclear-encoded subunits of COX, including Cox4, Cox5a, Cox5b, Cox6a, 

Cox6b, Cox6c and Cox7a. In summary, co-expression of AOX provided at least 

partial rescue of all phenotypes arising from the knockdown of these different 

subunits, whereas no rescue was produced by co-expression of an inert UAS-

transgene (GFP) or UAS-Ndi1. da-GAL4-driven co-expression of AOX rescued the 

early larval lethality resulting from knockdown of the catalytically essential 

subunits, Cox4 and Cox5b (Figure 5.7). Although only very few adult flies eclosed 

under these conditions, a significant improvement of the phenotype was 

nevertheless observed. In the absence of AOX, the knockdown of Cox4 or Cox5b 

resulted in drastically impaired larval development.  The knockdown larvae were 

poorly developed and smaller in size, corresponding to the appearance of L1-L2 

stage (Figure 5.7). Although they were able to survive for approximately two weeks, 

there was no further progress in their development, and all of them died without any 

sign of attempted metamorphosis. The same phenotype was observed in the Surf1 

knockdown flies, when driven by tub-GS and the highest doses of RU486 (Figure 

5.2). Prolonged survival of incompletely developed larvae and eventual lethality 

before metamorphosis also appears to be a typical phenotype of COX assembly 

defects, including ubiquitous knockdown of Surf1 (Zordan et al., 2006), null 

mutations of the Drosophila ortholog of SCO1, scox (Porcelli et al., 2010), and the 

knockout of another putative COX assembly factor CCDC56 (Peralta et al., 2012). 

The phenotype is also shared by Drosophila mutants defective in mtDNA 

maintenance (Sánchez-Martínez et al. 2006), consistent with the idea that 

completion of larval development is dependent on key components of the OXPHOS 

machinery. The long survival of these larvae could be explained by maternal 
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contribution of OXPHOS capacity to the developing embryo, which is, however, 

insufficient to allow further growth and progression of development. AOX 

expression was able to rescue the early larval lethality of the knockdown of Cox4, 

Cox5b or Surf1, and enabled the flies to develop as far as to pupal stage (Figures 5.2 

and 5.7). AOX may be able to improve the ATP generating potential sufficiently 

(via restored function of complex I, see Figure 2.4) to overcome the developmental 

block at the early larval stages, despite not being able to restore the full proton 

pumping capacity of the inhibited cytochrome segment. Alternatively, the beneficial 

effects of AOX expression may be produced via restoration of redox homeostasis or 

metabolic throughput, or by decreased production of ROS. Rescue by AOX 

expression was, however, insufficient to allow completion of the larval-to-adult 

metamorphosis and eclosion, possibly due to simultaneous dilution of the maternal 

contribution. Knockdown of the catalytically essential subunits, Cox4 and Cox5b, as 

well as Surf1 (at high doses of RU486), thus resulted in pupal lethality even in the 

presence of AOX (Figures 5.2 and 5.7).   

 

In addition to the partial rescue of the most severe larval lethal phenotypes, AOX 

was able to fully rescue the pupal lethality resulting from ubiquitous knockdown of 

the peripheral subunit, Cox7a (CG9603) (Figure 5.8). However, the rescued flies 

manifested a mild age-dependent impairment both in locomotor ability as well as in 

their ability to recover from mechanical stress, a phenotype previously related to 

neuronal degeneration in flies (Liu et al., 2007). In addition, constitutive expression 

of AOX was able to rescue the RU486 dose-dependent decrease in the number of 

eclosing progeny arising from tub-GS driven knockdown of subunits Cox5a, Cox5b 

and Cox6b, involved in the early, intermediate, or late steps of COX assembly 

(Figure 5.6).   

 

Curiously, AOX expression was also able to partially rescue both the semilethality 

and the uninflated wing phenotype of Cox6a knockdown (Figure 5.11), despite the 

likely involvement of insertional effects in these phenotypes. The mechanism by 

which the additional insertion of the RNAi-encoding gene leads to the reported 

phenotypes in the ‘KK’ collection lines remains unclear, but interference with the 

expression of the transcription factor tiptop (tio) was suggested based on the 

location of the insertion in the regulatory region of the gene (Green et al. 2014). tio 



 137 

and its close paralogue, another zinc finger transcription factor teashirt (tsh) (Fasano 

et al., 1991), have been implicated in a variety of biological processes, including 

embryonic patterning (Laugier, Yang, Fasano, Kerridge, & Vola, 2005), eye 

development (Datta, Lurye, & Kumar, 2009), and differentiation of stellate cells in 

Drosophila Malpighian tubules (Denholm et al., 2013). In addition to embryonic 

expression (Laugier et al., 2005), this pair of genes is expressed in the larval eye, leg 

and wing imaginal discs (Fasano et al., 1991; Bessa et al. 2009), and have a role in 

the specification and patterning of these adult appendages (Denholm et al., 2013). 

The functions of tsh and tio appear to be largely redundant, and their regulation is 

mutually repressive (Bessa et al., 2009; Laugier et al., 2005). Overexpression of tio 

has been shown to cause a dramatic down-regulation of tsh in the eye, wing and leg 

imaginal discs (Bessa et al., 2009), and overexpression of either gene by tsh-GAL4 

has been shown to be lethal (Bessa et al., 2009), indicating that tight control of their 

expression levels is critical for normal development. It is therefore plausible that the 

GAL4-mediated overexpression of tio, due to a UAS-transgene inserted in its 5´ 

UTR, may interfere with this balance or with the functions of tsh by downregulating 

its expression. To properly distinguish the effects of Cox6a knockdown from 

insertional effects in the RNAi line, the two insertions of the RNAi encoding gene 

would need to be separated by recombination. This would also allow the effects of 

AOX on each of the phenotypes to be independently evaluated. While the effects of 

AOX expression on the phenotype of COX knockdown are easily rationalized, 

further studies are required to elucidate the mechanism by which AOX expression 

could possibly rescue effects resulting from misexpression of tio.  

6.5 Limits of AOX rescue of COX deficiency 

 

Based on this study, AOX cannot rescue complete elimination of COX activity in 

Drosophila. For example the null mutation of the Drosophila Cox6c (Szuplewski & 

Terracol, 2001) or ubiquitous high level knockdown of Surf1 (Zordan et al., 2006) 

result in developmental lethality that cannot be rescued by AOX. However, it was 

shown that AOX is able to complement the partial loss of both of these gene 

products. 80 % knockdown of (Cox6c) at mRNA level, using tub-GS (at 10 µM 
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RU486) produced 75% lethality, which was fully rescued by just one copy of tub-

AOX (Figure 5.5). Similarly, co-expression of AOX could rescue the lethality of 

tub-GS -driven Surf1 knockdown (at 0.2 µM RU486), corresponding to ~50 % 

knockdown at mRNA level (Figure 5.2).  

 

To delineate the limits of COX deficiency that can be complemented by AOX, 

constitutive AOX expression was combined with tub-GS-driven knockdown of 

COX subunits at a range of different levels. Knockdown of Cox5a or 5b (at 0.5 µM 

RU486) produced a ~50 % decrease in the respective mRNAs, as well as in COX 

activity, and resulted in late pupal lethality (Figure 5.6). This was fully rescued by 2 

copies of tub-AOX. Despite the measured ~50 % drop in COX activity during larval 

development, the AOX rescued flies eclosed with only a slight developmental delay, 

appeared normal, and were fertile, suggesting that AOX expression can fully 

overcome the lethality and counteract any major deleterious consequences produced 

by 50% COX deficiency during early fly development, providing a crude estimation 

of the degree of COX deficiency that could potentially be compensated 

therapeutically. In line with this estimation, the ≥50 % deficiency of COX in larvae, 

produced by da-GAL4-driven knockdown of Cox4 (Figure 5.8, also see II, Figure 

3), was at the upper limit of AOX rescue of developmental lethality. Although AOX 

expression allowed the flies to reach further in development, only very few of them 

eclosed even in the presence of AOX. In contrast, a more moderate decrease in 

COX activity, and the corresponding 27-37 % decrease in oxygen consumption, 

resulting from the knockdown of Cox7a, produced pupal lethality, which was fully 

rescued by co-expression of AOX (Figure 5.8, also see II, Figure 3). 

 

In light of previous reports of COX-deficient animal models or human 

patients, the developmental lethality resulting from ~50 % COX deficiency in the 

absence of AOX is somewhat surprising. For example, no lethality or clinical 

disease phenotype was observed in Surf1 knockout mice, despite a 50-70 % 

decrease in COX activity detected in all major tissue types (Dell’agnello et al., 

2007). The levy1 mutant flies were also viable despite a ~60% reduction in COX 

activity measured at the age of 1 day (Liu et al., 2007).  On the other hand, 50 % 

decrease in COX activity, produced by knockdown of Cox5a or Surf1, was shown to 

lead to a series of developmental defects and early developmental lethality in 
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Zebrafish (Baden et al., 2007). The threshold level of COX deficiency that can be 

tolerated without impairment of respiration thus seems to vary between organisms, 

and the reserve capacity of COX can also vary between tissues (Rossignol, Malgat, 

Mazat, & Letellier, 1999). COX deficiencies in the range of ~50-90 % have been 

measured in tissue samples from human patients with severe pathologies (reviewed 

in Robinson 2000; Diaz 2010). However, the values obtained from patient-derived 

cell lines or tissue samples are not necessarily representative of the level of COX 

activity required for tissue development, organ function or the survival of an 

organism during development. On the other hand, mitochondrial extracts from 

homogenates of whole flies or larvae, such as those used in this study, cannot reveal 

tissue-specific differences in COX activity, and can potentially mask more severe 

COX deficiency in specific tissues, which may nevertheless be critical to the 

manifestation of the phenotype.  

 

Besides asking how much COX deficiency AOX can compensate, we can 

also reverse the question to: “how much AOX expression is needed to rescue COX 

deficiency?” Based on the results of this study, only a modest level of AOX 

expression is sufficient to compensate for the major deleterious effects of COX 

deficiency. This is exemplified by the rescue of several of the knockdown 

phenotypes by constitutive expression of AOX, which was measured by qRT-PCR 

to be ~20-50 -fold less than the level of expression produced by daGAL4-driven 

expression of UAS-AOX (Figure 5.4). Despite the clear difference in expression, 

detected also at protein level, tub-AOX expression conferred cyanide resistance to 

the flies comparable to that obtained with GAL4-driven expression (Figure 5.4). 

Only one copy of tub-AOX was able to rescue the knockdown of both cyclope and 

Surf1 to approximately the same extent as the da-GAL4-driven expression of UAS-

AOX (Figure 5.5), and constitutive and da-GAL4-driven expression of AOX also 

produced a similar degree of rescue of the levy1 bang-sensitivity (Figure 5.11). 

Furthermore, one copy of tub-AOX was sufficient to improve the lethal phenotypes 

produced by tub-GS-driven knockdown of structural subunits Cox5a, Cox5b and 

Cox6b over a range of concentrations of RU486 (Figure 5.6), although in this case 

the rescue was further enhanced by an additional copy of tub-AOX. Although the 

level of AOX expression, whether driven by a GAL4 driver or expressed 

constitutively, was consistently lower in females than in males (Figures 5.1 and 5.4), 
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there were no substantial differences in the degree of rescue between the two sexes. 

Together these results indicate that even low levels of AOX expression are 

sufficient to ameliorate the deleterious consequences of COX deficiency. In 

contrast, even high-level expression comparable to the expression of an abundant 

ribosomal protein gene did not produce any adverse effects in Drosophila, 

suggesting a wide ‘therapeutic window’ for the use of AOX in potential clinical 

applications. 

6.6 Tissue-specificity of COX deficiency and AOX 
rescue 

The aims of this study also included investigating the phenotypes of tissue-specific 

knockdown of COX, and their rescue by AOX, in order to determine the critical 

tissues, in which COX activity is essential at different stages of the fly life cycle. 

These studies focused on the major differentiated cell-types, the nervous system and 

muscle, which are also among the tissues most commonly affected by human 

mitochondrial disease. 

6.6.1 COX has a crucial role in muscle development and 
function  

 

Of the tissue-specific GAL4 drivers that were initially tested, the only one that 

produced developmental lethality in combination with RNAi against Cox5b or 

Cox6b was the muscle-specific driver G14-GAL4 (Figure 5.9; see also II, 

Supplementary Figure 4). However, a second muscle-specific driver, BG57, did not 

produce lethality. The difference in their effects is likely explained by the different 

expression patterns of the two drivers. Based on fluorescence microscopy images of 

GFP expression (II, Supplementary Figure 5, data from T. Tuomela), G14-GAL4 

targets expression mainly to thoracic muscles, whereas BG57-GAL4 is 

predominantly expressed in larval muscles as well as the ventral abdominal muscles 

of pupae and adult flies. This suggests the thoracic muscle to be the critical target of 

COX deficiency.  
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AOX expression provided full rescue of the lethality produced by muscle-specific 

Cox5b knockdown (Figure 5.9B), whereas it was able to do so only partially for the 

ubiquitous knockdown of the same subunit (Figure 5.7C), suggesting that while 

COX activity in muscle is crucial during the pupal stage and eclosion, it is not the 

only thing limiting the completion of development. The results also indicate that 

although AOX was able to complement COX function sufficiently to overcome the 

pupal lethality and enable eclosion of adult flies, it was not able to completely 

rescue the normal function of the muscle, as the rescued flies exhibited a residual 

muscle phenotype with impaired locomotor ability (Figure 5.9D). Skeletal muscle 

demands high amounts of ATP for its normal function, including the muscle 

contraction cycle, pumping of Ca2+ from the sarcoplasma to the sarcoplasmic 

reticulum after muscle contraction, as well as for pumping Na+ and K+ ions through 

the sarcolemma to maintain ionic gradients. Anaerobic glycolysis can sustain 

muscle function only for a limited time and at a high cost. The long-term supply of 

ATP in muscle is thus highly dependent on oxidative phosphorylation. Furthermore, 

mitochondrial respiration in muscle may be especially dependent on the function of 

COX, due to the suggested low reserve capacity of COX in muscle (Rossignol et al., 

1999). The importance of a functional COX for muscle function is also mirrored by 

frequent muscle involvement among patients with COX deficiency (DiMauro et al., 

2012). The residual phenotype of the AOX-rescued flies with muscle-specific 

knockdown of COX suggests that terminal electron transport via AOX is not able to 

supply sufficient levels of ATP to sustain full activity and function of muscle, and at 

least some proton pumping by the complexes of the cytochrome segment is needed.  

 

6.6.2 COX deficiency in neurons produces an adult-onset 
phenotype which is partially complemented by AOX 

 

Knockdown of catalytically essential subunits, Cox5b and Cox6b, with a variety of 

nervous system-specific drivers failed to produce developmental lethality or bang-

sensitivity in 1-day-old flies (Figure 5.9; see also II, Supplementary Figure 4). 

Knockdown of Cox4 or Cox5b with pan-neuronal drivers produced variable 
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phenotypes, depending on the driver, the subunit that was targeted, as well as the 

sex of the flies. The X-chromosomal elav-GAL4458 produced a stronger phenotype 

than the autosomal elav-GAL48760, while Nrv2-GAL4-driven knockdown had 

virtually no effect. These differences can be attributed to the different strengths or 

cellular targets of transgene expression by these drivers, which was verified by 

reporter gene (UAS-GFP) expression (II, Supplementary Figure 5). The most recent 

data from our laboratory in fact suggests Nrv2-GAL4 driven expression to be 

predominantly or exclusively in glial cells rather than neurons (Çağrı Yalgın, 

personal communication). When using the elav-GAL4 driver, males were more 

severely affected than females, likely as a consequence of dosage-compensation 

effects on the X-chromosomally derived promoter. In contrast to mammals, in 

which doseage compensation is accomplished by inactivation of one of the two X-

chromosomes in females, in Drosophila the expression of X-linked genes is 

equalized via coordinately upregulating the expression of all the genes on the single 

X chromosome in males (Gorman & Baker, 1994). 

 

Nervous system-specific knockdown of Cox4 also produced consistently more 

severe phenotypes than Cox5b knockdown with the same driver (II, Figure 4 and 

Supplementary Figure 4). The most severe phenotype of neuronal knockdown of 

COX was the almost complete lethality of elav-GAL4458 driven knockdown of 

Cox4. However, as discussed in Section 6.3, the RNAi line against Cox4 contains 

two insertions of the RNAi-encoding transgene. To rule out the possibility that the 

lethal phenotype is caused by insertional effects, the two insertions of the RNAi-

encoding transgene were recently separated by recombination. Preliminary results 

indicate that the removal of the insertion, reported to possibly interfere with the 

expression of tio (Green et al., 2014), does not rescue the lethality (Çağrı Yalgın, 

personal communication), suggesting that the phenotype is caused by neuronal-

specific knockdown of Cox4 rather than by insertional effects.  

 

Apart from the pupal (semi)lethality of Cox4 and Cox5b knockdown by elav-

GAL4458, nervous system-specific knockdown of COX did not result in 

developmental lethality. This was consistent with previous studies reporting viable 

phenotypes in flies (Zordan et al., 2006) and mice (Dell’agnello et al., 2007) with 

significantly decreased COX activity in the brain due to nervous-system specific 
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knockdown of Surf1, suggesting that neurons can develop and survive long periods 

without full COX activity. Instead of developmental lethality, neuronal knockdown 

of COX produced an adult-onset progressive phenotype, characterized by inactivity, 

locomotor impairment and decreased survival. This phenotype was shared by both 

elav-GAL4458 driven knockdown of Cox5b and the knockdown of Cox4 by the 

autosomal elav-GAL48760, suggesting that it represents a typical phenotype of 

neuronal knockdown of COX. No gross anatomical defects were seen in cross 

sections of the brains of the flies with elav-GAL4 driven knockdown of Cox4 (II, 

Supplementary Figure 6G). Interestingly, it has been shown in case of complex I 

knockdown, that while nervous system-specific knockdown of cI by elav-GAL4 

produces a clear phenotype, characterized by motor disability and shortened 

lifespan, it does not lead to observable neuropathological changes. Instead, 

knockdown in glia was shown to be critical for the development of neuropathology 

but not the behavioural phenotypes (Hegde, Vogel, & Feany, 2014).  

 

In addition to targeting expression to the nervous system, the elav-GAL4 drivers 

were found to drive weak expression in pupal thoracic muscle (II, Supplementary 

Figure 5). In order to separate the effects of the nervous system-specific knockdown 

from those potentially resulting from muscle-specific knockdown, we exploited the 

fact that subunit Cox7a in Drosophila is encoded by three isogenes, one of which 

(CG34172) is largely responsible for expression in muscle. The effects of Cox7a 

knockdown in the nervous system could thus be distinguished from those produced 

by muscle-specific expression, by combining the elav-GAL4 driver with RNAi 

against the major somatic isogene (CG9603) of Cox7a. Although ubiquitous 

knockdown of Cox7a was lethal (Figure 5.8), nervous system-specific knockdown 

did not result in developmental lethality, indicating that the pupal lethality of the 

ubiquitous Cox7a knockdown is due to effects in other tissues. On the other hand, 

the residual phenotype of the AOX-rescued flies from the ubiquitous knockdown of 

Cox7a, namely age-dependent locomotor impairment and bang-sensitivity (Figure 

5.8), was also produced by neuronal knockdown of the same subunit, whereas 

muscle-specific knockdown with G14-GAL4 failed to produce these phenotypes 

(Figure 5.10). These results confirmed that the age-dependent locomotor impairment 

and bang-sensitivity are characteristic neuronal phenotypes of adult COX deficiency 

in flies, and also suggested that the adult-onset phenotypes resulting form elav-
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GAL4 driven knockdown of Cox4 and Cox5b are at least predominantly neural. To 

completely exclude possible side effects from muscle-specific expression, when 

using the elav-GAL4, our laboratory has repeated these experiments using 

concomitant expression in muscle of a repressor of GAL4 activity, Gal80, under the 

control of a muscle-specific promoter (Mhc-Gal80). Preliminary data suggests that 

this had no effect on the phenotype of elav-GAL4458-driven knockdown of Cox4 

(Çağrı Yalgın, personal communication), further confirming that the phenotype was 

due to neuronal knockdown of Cox4. 

 

Although varying in severity, all of the phenotypes of nervous system-specific 

knockdown of COX were at least partially rescued by co-expression of AOX. AOX 

expression prevented the early death of Cox4 and Cox5b knockdown males (II, 

Figure 4). However, the age-dependent locomotor impairment and bang-sensitivity 

of the nervous system-specific knockdown of Cox7a were only partially alleviated 

by co-expression of AOX, and the AOX-rescued flies from the ubiquitous 

knockdown of Cox7a developed a residual adult-onset neuronal phenotype despite 

AOX being expressed (Figures 5.10 and 5.8). 

 

 

6.7 Alternative enzymes as tools to elucidate the 
pathophysiological mechanisms of COX deficiency 

 

Expression of the alternative enzymes in models of OXPHOS deficiency can 

contribute to our understanding of the pathological mechanisms underlying the 

disease phenotypes. Because AOX is itself non-proton pumping, it cannot fully 

compensate for the ATP deficit resulting from impaired function of the cytochrome 

segment. However, it can facilitate some ATP production by allowing electron flow 

and the concomitant proton pumping by complex I (See Figure 2.4). By allowing the 

re-oxidation of the overly reduced electron carriers, AOX can be expected to restore 

redox homeostasis and the function of intermediary metabolic pathways, as well as 

to prevent the overproduction of ROS by complex III.  Unlike AOX, the yeast 
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alternative NADH dehydrogenase Ndi1 appears to be constitutively active when 

expressed in flies (Sanz, Soikkeli, et al., 2010), and therefore diverts part of the 

electron flow away from complex I whenever present. Since Ndi1 is also non-proton 

pumping, the activity of this bypass decreases the net proton pumping coupled to 

electron flow. In case of defective cytochrome segment, this would further decrease 

the already insufficient rate of ATP production, and is thus expected to worsen the 

phenotypes of cIII or cIV deficiency that result from bioenergy insufficiency. 

Furthermore, Ndi1 activity does not affect the redox status of the quinone pool, and 

is therefore not expected to affect the overproduction of ROS at complex III, but 

may alleviate ROS production at complex I (Sanz, Soikkeli, et al., 2010). These 

distinctive characteristics of the alternative enzymes can help in determining which 

of the pathological mechanisms underlie the phenotypes produced by COX 

deficiency in flies. 

 

The phenotypes of the nervous system-specific knockdown of COX were only 

partially alleviated by co-expression of AOX, and the rescued flies with ubiquitous 

knockdown of COX produced a residual phenotype with progressive locomotor 

impairment and bang-sensitivity (Figures 5.8 and 5.10). Moreover, expression of 

AOX in the levy1 mutant flies was able to alleviate, but not completely abolish the 

age-dependent bang-sensitivity of the flies (Figure 5.11 A-B), and AOX expression 

also failed to rescue the major phenotypic features of the tko25t mutants (Figure 5.3).  

The incomplete rescue by AOX implies that these phenotypes may be caused, at 

least partly, by a bioenergy deficit, which AOX can only partially alleviate. This 

hypothesis is further supported by the fact that Ndi1 expression exacerbated these 

phenotypes. Co-expression of Ndi1 in flies with the elav-GAL4 driven knockdown 

of Cox4 of Cox5b dramatically shortened the survival of the flies (II, Figure 4), and 

the bang-sensitivity of the levy1 mutants was also exacerbated rather than alleviated 

by expression of Ndi1 (II, Supplementary Figure 8 D). Moreover, expression of 

Ndi1 was synthetically semi-lethal with tko25 (III, Table 1). These results thus 

strongly suggest that the primary mechanism underlying neuronal dysfunction in 

COX deficient flies is bioenergy deficit rather than metabolic or redox disturbance 

or excessive ROS.  
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In contrast to the bang-sensitivity, the shortened lifespan of the levy1 mutants was 

not extended at all by expression of AOX (II, Supplementary Figure 8), implying 

that the decreased survival might be caused by a mechanism other than COX 

deficiency as such. Since Cox6a has a role in the multimerization of COX (Nijtmans 

et al., 1998) and, as suggested by Fornuskova et al. (2010) as well as our own BNE 

histochemistry data (Figure 5.11 E), also in its incorporation into supercomplexes, 

one possible explanation could be that the loss of Cox6a impairs supercomplex 

formation, and thereby also the function of complex I.  Supercomplex architecture 

has been shown to enhance respiratory function (Lapuente-Brun et al., 2013), and 

the structural and functional interdependence between the complexes within the 

respirasome (cI, cIII, cIV) has been clearly demonstrated (Acín-Pérez et al., 2004; 

Budde et al., 2000; D’Aurelio, Gajewski, Lenaz, & Manfredi, 2006; Schägger et al., 

2004).  Functional COX has been shown to be essential for the assembly, stability or 

activity of cI in mouse cell lines with COX10 knockout (Diaz, Fukui, Garcia, 

Moraes, 2006) or suppressed expression of Cox4 (Li et al., 2007). In C. elegans, a 

decrease in the amount of supercomplexes containing complex IV, due to 

knockdown of integral subunits of COX, resulted in decreased activity of complex I 

and an organismal phenotype with shortened lifespan (Suthammarak et al., 2009). 

The BNE and in-gel histochemistry of both Cox6a knockdown and levy1 mutant 

samples revealed a decrease in higher molecular weight structures with cIV and cI 

activity, although the effect on cI appeared more prominent in the case of the Cox6a 

knockdown. Complex I has been proposed to act as a key regulator of the ageing 

process through several mechanisms (reviewed in Stefanatos & Sanz, 2011), and 

GAL4-dependent knockdown of a core subunit of cI in Drosophila has been shown 

to lead to progressive neurodegeneration and shortened lifespan (Vijay et al. 2014). 

These data support the hypothesis that the shortened lifespan of the levy1 mutant 

flies could reflect the effects of lack of Cox6a on the function of cI via impaired 

supercomplex formation, rather than COX deficiency per se. This also provides a 

possible, albeit purely speculative, explanation for the inability of AOX to rescue 

this aspect of the levy1 phenotype. It would be interesting, in this regard, to test the 

effect of transgenic expression of Ndi1 on the lifespan of the levy1 mutants. 

 

Based on the work presented in (III), AOX expression cannot complement the 

major phenotypic features, developmental delay and bang-sensitivity, of the tko25t 
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mutant flies. tko25t mutation causes a defect in mitochondrial protein synthesis and a 

consequent functional deficiency of all four OXPHOS complexes containing 

mitochondrial translation products (Toivonen et al., 2001). If the phenotype of the 

tko25t flies was a consequence of limited electron flow through the cytochrome 

segment, excessive production of ROS resulting from over-reduction of the quinone 

pool, or a block in intermediary metabolism, AOX would be expected to ameliorate 

it. In contrast, AOX has only limited ability to correct the bioenergy insufficiency 

resulting from generalised OXPHOS deficiency. In ATP deficiency caused by 

isolated COX defect, AOX was able to provide partial rescue despite its non-proton 

pumping nature, presumably by resuming the normal function of complex I, as 

illustrated in Figure 2.4. Conversely, electron flow diverted through AOX is 

unlikely to be able to support sufficient ATP production in the tko25t flies with a 

concomitant deficiency of complex I. The failure of AOX to rescue the phenotype 

thus implies that the residual activity of cIII/cIV is not limiting for electron transport 

in tko25t, and that the mutant phenotype is due either to cI dysfunction, or a 

deficiency in ATP production. Dissecting the contributions of these two possibile 

mechanisms towards the phenotype was aided by the expression of the yeast Ndi1 in 

tko25t mutants. Any insufficiency of electron transfer, disrupted redox homeostasis 

or excessive ROS production at the level of complex I would be expected to be 

alleviated by Ndi1. However, the ubiquitous expression of Ndi1 was highly 

deleterious to tko25t during development, resulting in synthetic semi-lethality.  The 

fact that Ndi1 expression was deleterious rather than beneficial to tko25t flies 

excludes isolated complex I deficiency as the primary mechanism, as well as 

supporting the hypothesis that ATP deficit underlies the tko25t phenotype. By-

passing complex I by a constitutively active non-proton pumping enzyme is 

expected to further diminish the already insufficient ATP production caused by the 

generalized respiratory chain dysfunction, thereby exacerbating the phenotype. 

When measured in adult females, the additional decrease in ATP levels in tko25t 

mutants due to Ndi1 expression was modest and not statistically significant (III, 

Figure 6A, data from E. Kemppainen). However, this may not reflect the ATP levels 

during larval development. It is nevertheless possible that a more complex 

metabolic defect involving an interplay of several factors underlies the phenotype of 

the tko25t mutants. 
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6.8 Therapeutic potential of AOX and its limitations 

 

The Ciona intestinalis AOX was previously shown to be well tolerated and 

functional in cultured mammalian cells (Hakkaart et al., 2006). In the present study, 

ubiquitous expression of the Ciona AOX in the fly at the level of an abundant 

mRNA (RpL32) was shown to be physiologically benign. While the non-energy 

conserving nature of AOX might be useful in some natural circumstances, for 

example during high ATP production by photosynthesis in plants (Rustin & 

Queiroz-Claret, 1985), permanent function of AOX in any organism would 

dramatically decrease the amount of ATP production associated with substrate 

oxidation, inevitably resulting in deleterious effects. Importantly, the contribution of 

AOX to electron flow under non-inhibited conditions was shown to be negligible in 

isolated mitochondria of the transgenic flies (see I, Supplementary Figure 2H). 

Based on this study and consistent data obtained from other transgenic models, 

including human cells (Dassa, Dufour, Goncalves, Jacobs, & Rustin, 2009a; 

Hakkaart et al., 2006) and the MitoAOX mouse (El-Khoury et al., 2013), it can be 

concluded that the AOX from Ciona intestinalis becomes activated only when 

needed, i.e. when a constraint is exerted on the cytochrome pathway. It remains 

essentially inert under non-inhibited conditions and produces no deleterious effects 

on the growth of human cells or the development and physiology of wild-type 

animals, supporting its suitability for therapeutic applications.  

 

In this study, AOX was shown to be functional as a bypass of a defective or 

deficient COX in the flies, supporting cyanide-resistant substrate oxidation of 

isolated mitochondria, as well as conferring resistance to OXPHOS inhibitors 

cyanide and antimycin in vivo, extending previous findings in human cells 

(Hakkaart et al., 2006) to the level of a whole organism. Significant cyanide 

resistance has also been recently demonstrated at levels of mitochondrial substrate 

oxidation, as well as tissue and whole animal respiration in the the MitoAOX mouse 

(El-Khoury et al., 2013). It has been previously shown that AOX can compensate 

for genetic disruption of COX in patient-derived cells with an inherited COX defect, 

or in human cells rendered COX-deficient by RNAi silencing (Dassa, Dufour, 

Gonçalves, et al. 2009a; Dassa, Dufour, Goncalves, et al. 2009b). This study further 
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highlighted the remarkable ability of AOX to complement isolated COX deficiency, 

resulting from a number of different molecular defects. AOX expression was able to 

significantly alleviate the phenotypes associated with knockdown of most nuclear-

encoded subunits of COX, whether required for early, intermediate or late steps of 

assembly, or the multimerization of the complex. It also complemented the 

knockdown of an essential assembly factor, Surf1, representing a Drosophila model 

of COX deficient Leigh syndrome (Zordan et al., 2006), as well as having a 

beneficial effect on the phenotype of the levy1 model of progressive, 

mitochondrially determined neurodegeneration (Liu et al., 2007). AOX expression 

was able to overcome early developmental lethality, failure of pupal eclosion, as 

well as tissue-specific effects of COX deficiency, including impaired muscle 

function during development, and the functional deterioration of the nervous system 

during adult life. AOX can thus be considered to have potential as a therapeutic 

strategy for a large and heterogeneous group of defects affecting COX. 

 

As discussed in 2.6, the potential benefits of AOX expression in the context of 

isolated COX deficiency include restored electron flow, redox homeostasis, function 

of intermediary metabolic pathways, as well as decreased production of ROS. The 

results of this study also elucidate that, although AOX itself is non-proton pumping, 

it has the ability to support a level of ATP production that is compatible with life 

even when the function of the cytochrome segment is partially inhibited. In severe 

COX deficiency, the effects of AOX were limited to preventing early lethality, but 

were not sufficient to enable the completion of development, as demonstrated by the 

pupal lethality produced by ubiquitous knockdown of catalytically essential subunits 

even in the presence of AOX. AOX-driven respiration may also not be sufficient to 

support the proper function of some specialized tissues, as evidenced by the residual 

muscle phenotypes of AOX rescued flies, and the limited ability of AOX to 

complement the adult onset neuronal phenotypes. It also seems evident that in the 

context of generalized OXPHOS deficiency affecting multiple complexes, diverting 

electron flow through AOX cannot provide enough proton pumping capacity to 

maintain sufficient ATP production, as illustrated by the inability of AOX to rescue 

the tko25t phenotype. Similar results can be expected with regard to other 

mitochondrial translation defects, resulting for example from mtDNA mutations 

affecting the mitochondrial rRNAs or tRNAs, or large mtDNA rearrangements: the 
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benefits of AOX expression in such defects are likely to be limited.  Finally, the lack 

of rescue of levy1 lifespan suggested a limited ability of AOX to rescue phenotypes 

resulting from secondary effects of COX deficiency on the assembly and stability of 

other OXPHOS complexes, or the formation of supercomplex structures.  

 

 

AOX is widely used in nature to cope with respiratory chain blockade, although 

its exact physiological function(s) in Ciona and other metazoans remain(s) to be 

determined. If developed as a gene therapy tool, it would provide a potential 

therapeutic strategy for a diverse group of currently untreatable OXPHOS diseases. 

However, despite the clear benefits of AOX in model organisms with COX 

deficiency, its use in clinical applications remains a distant goal. In addition to the 

challenges related to safety and effectiveness of any potential gene therapy 

treatment, the possible antigenicity of a foreign, heterologously expressed gene 

product needs to be carefully evaluated. In addition, Ciona intestinalis AOX may 

not be optimally suited for expression in humans, due to the environmental 

parameters of its natural living environment differing considerably from those 

prevailing in human tissues. Ciona intestinalis is a marine intertidal species, living 

in relatively cold and highly oxygenated waters. The properties of the AOX enzyme 

might thus need to be genetically engineered to optimize its activity in the 

physiological environment of human organs. Alternatively, AOX enzymes from 

organisms naturally living in environments more closely resembling human tissues 

in terms of temperature and oxygen concentration might be better suited. 

 

Finally, an important question remains to be answered, concerning the reasons 

that have led to the evolutionary loss of AOX in higher animals. If the activity of 

AOX is beneficial to organisms by providing metabolic flexibility under certain 

conditions, why do we not have it? In other words, does the presence of AOX 

impose some detrimental effects, which have led to the loss of AOX in higher 

animals, and would thus possibly be counter-indicative of its introduction back into 

the mitochondria of mammals? The animal phyla that have retained AOX typically 

consist of sessile organisms that are fixed in one place in habitats that require great 

flexibility due to changing environmental conditions. AOX has been proposed to 

promote metabolic and ROS homeostasis in environmental stress conditions, such as 
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high sulfide concentrations or large local fluctuations of temperature, pH, oxygen 

levels and availability of nutrients in the marine environment (McDonald & 

Vanlerberghe, 2004), or different biotic and abiotic stressors (reviewed in 

Vanlerberghe 2013) and metabolic challenges imposed by daylight (Rustin & 

Queiroz-Claret, 1985), encountered by plants. It is feasible that such higher 

adaptability to stressful conditions would provide an advantage to organisms that are 

not capable of escaping from environmental stressors. On the other hand, since 

evidence for the presence of AOX has so far been restricted to such sessile or slowly 

moving organisms (McDonald, 2009), it has been suggested that the expression of 

AOX may have slightly compromised the energetic efficiency in faster moving 

animals that depend on efficient ATP production to facilitate maximal muscle 

function (El-Khoury et al., 2013; Pierre Rustin & Jacobs, 2009). This is also 

consistent with the observations in this study, in which COX function in muscle was 

replaced by AOX (Figure 5.9D), although in this case AOX was largely replacing 

COX rather than existing alongside it. A minimal drop in ATP production efficiency 

in critical situations, e.g. when catching prey or escaping from predators, may have 

been sufficient to favour the loss of AOX in faster moving organisms, during the 

course of evolution. In support of this view, the AOX expressing flies in this study 

experienced a modest weight loss as young adults (I, Figure 3B), which could be 

interpreted as a slight decline in energetic efficiency.  Recent studies of others in our 

laboratory also indicate that AOX expression is developmentally deleterious under 

dietary restriction (Sina Saari and Marcos Oliveira, personal communication). 

Nevertheless, the reasons for the evolutionary loss of AOX in higher animals remain 

mostly speculative, and further studies in mammalian models are needed in order to 

fully understand the advantages and possible disadvantages of AOX expression in 

mammals. 
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7. Conclusions and future 
perspectives 

Defects in mitochondrial OXPHOS are associated with a diverse group of 

devastating diseases with invariably poor prognosis. The underlying pathological 

mechanisms of these diseases are poorly understood, and effective therapeutic 

approaches remain limited, partially due to a lack of tractable model systems. In this 

thesis work, I set out to use the fruit fly Drosophila as a model to study the effects 

of transgenic expression of a molecular bypass of defective cytochrome c oxidase. 

This approach was aimed at enhancing our understanding of the pathological 

mechanisms of COX deficiency, as well as evaluating the potential of a novel 

therapeutic strategy. The present study, together with parallel work in human cells 

(Hakkaart et al. 2006; Dassa, Dufour, Gonçalves, et al. 2009a; Dassa, Dufour, 

Goncalves, et al. 2009b) and mice (El-Khoury et al., 2013) strongly suggest that 

AOX expression is not only well tolerated by organisms that lack the endogenous 

AOX, but is also able to complement a variety of genetic or toxic insults affecting 

the cytochrome pathway of the mitochondrial respiratory chain, while remaining 

innocuous under normal physiological conditions.  

 

COX deficiency is among the most common and most severe forms of 

mitochondrial OXPHOS dysfunction. It is associated with a wide spectrum of 

clinical manifestations, and can be caused by genetic alteration of a large number of 

gene products, including both mtDNA-encoded catalytic subunits, nuclear-encoded 

structural subunits and a number of nuclear-encoded factors required for its 

biosynthesis and assembly. The data presented in this thesis, together with 

consistent results from human cells (Dassa, Dufour, Gonçalves, et al., 2009a), 

demonstrate the remarkable ability of AOX to compensate isolated COX deficiency, 

resulting from a wide variety of genetic defects, suggesting AOX as a promising 

therapeutic strategy for a large and heterogeneous group of pathologies related to 

COX deficiency. Moreover, the suggested clinical applications of AOX include a 
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wide spectrum of other human diseases affecting or impinging on OXPHOS, 

including metabolic and degenerative diseases (reviewed in El-Khoury et al. 2014).  

However, the results of this thesis also indicate important limitations of this concept, 

and the potential of AOX needs to be carefully evaluated in each of these cases. The 

knowledge of the effects of AOX expression on the phenotypes of different 

Drosophila models can nevertheless contribute to our understanding of the 

pathogenesis of mitochondrial OXPHOS diseases. Furthermore, it can serve as a 

basis for extending these studies to mammalian models. The successful expression 

of AOX in the mouse will enable studying the effects of AOX expression in the 

existing mouse models of OXPHOS deficiency, as well as the models of a variety of 

other diseases with possible benefits from AOX therapy, such as those in which 

overproduction of superoxide is proposed to play a central role in the pathogenesis. 

In addition, tissue-specific delivery of AOX into the affected tissues of mammalian 

disease models using an injectable vector will be an important step in assessing the 

applicability of AOX in therapeutic use.  
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SUMMARY

Defects in mitochondrial OXPHOS are associated
with diverse and mostly intractable human disorders.
The single-subunit alternative oxidase (AOX) found in
many eukaryotes, but not in arthropods or verte-
brates, offers a potential bypass of the OXPHOS
cytochrome chain under conditions of pathological
OXPHOS inhibition. We have engineered Ciona intes-
tinalis AOX for conditional expression in Drosophila
melanogaster. Ubiquitous AOX expression produced
no detrimental phenotype in wild-type flies. How-
ever, mitochondrial suspensions from AOX-express-
ing flies exhibited a significant cyanide-resistant
substrate oxidation, and the flies were partially
resistant to both cyanide and antimycin. AOX
expression was able to complement the semilethality
of partial knockdown of both cyclope (COXVIc) and
the complex IV assembly factor Surf1. It also rescued
the locomotor defect and excess mitochondrial ROS
production of flies mutated in dj-1b, a Drosophila
homolog of the human Parkinson’s disease gene
DJ1. AOX appears to offer promise as a wide-spec-
trum therapeutic tool in OXPHOS disorders.

INTRODUCTION

Dysfunction of the mitochondrial oxidative phosphorylation

(OXPHOS) system is a recognized feature of many disease

states. These range from the classical mitochondrial encephalo-

myopathies, both pediatric (Moslemi and Darin, 2007) and adult-

onset (Finsterer, 2004), to cases of common multifactorial disor-

ders such as diabetes (Maassen et al., 2004; Kim et al., 2008) and

deafness (Kokotas et al., 2007). In addition, many late-onset

neurodegenerative disorders, such as Parkinson’s disease, are

associated with OXPHOS dysfunction, which has been postu-
lated as instrumental in pathogenesis (Dimauro and Schon,

2008; Reeve et al., 2008). Mostly these disorders are progressive

and incurable.

The OXPHOS system (Smeitink et al., 2001) comprises the five

multisubunit complexes involved in respiratory electron flow and

ATP synthesis, plus the entire apparatus for their biosynthesis.

This includes the machinery of mtDNA maintenance and gene

expression, four of the OXPHOS complexes (I, III, IV, and V) con-

taining mtDNA-encoded subunits. Complex II, plus several other

non-proton-pumping dehydrogenases, feed electrons directly

into the downstream (cytochrome) portion of the respiratory

chain, complexes III and IV.

OXPHOS disease can result from deficiency or dysfunction of

any component of this system. Genetic targets include both

structural subunits of the OXPHOS complexes, plus those

involved in biosynthesis and assembly (Smeitink et al., 2001):

in total, over 200 different gene products. OXPHOS inhibition

can also result from the action of toxins that target specific enzy-

matic steps, such as complexes I (rotenone), III (antimycin), IV

(cyanide), or V (oligomycin).

OXPHOS dysfunction entrains a range of metabolic distur-

bances in addition to bioenergy deficit, and these may underlie

much of the pathology of OXPHOS disease (Smeitink et al.,

2006). Inhibition of electron flow can result in the excess produc-

tion of reactive oxygen species (ROS) at complexes I and/or III if

the quinone pool becomes overreduced. Excessive ROS

production can damage lipids, proteins, carbohydrates, and nu-

cleic acids, and if such damage is not repaired, it can result in cell

death. The need to recruit cytosolic shunts for the reoxidation of

NADH, notably lactate dehydrogenase, results in the production

of lactic acid, which leads to cellular and systemic acidosis.

Finally, limitations on NADH reoxidation as well as on substrate

flux may result in a more general impairment of metabolism,

including deficiency of carbon skeletons for biosynthesis and

deranged calcium homeostasis.

Most eukaryotes possess an alternative mitochondrial respira-

tory chain, which can bypass the OXPHOS system under

specific physiological conditions. Plants, in particular, typically
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AOX Expression Complements OXPHOS Defects in Flies
Figure 1. Scheme for AOX Expression in Drosophila
(A) Schematic map of transgenic construct pUAS-AOX-H-Pelican. For construction details, see Figure S1. The 30 and 50 P-element ends (P30, P50, black) flank the

two coding regions, i.e., of the selectable eye-color marker w+ (light gray) under its own promoter and AOX under the control of the GAL4-dependent 53UAS

element (cross-hatched) combined with the (reiterated) weak basal promoter of the Hsp70 gene (block arrow). The AOX expression cassette is flanked by gypsy

insulator elements (ins, dark gray).

(B) Crossing scheme to obtain AOX-expressing progeny. Transgenic hemizygotes (AOX transgene on chromosome 2, carrying the mini-white w+ eye-color

marker; 2 denotes wild-type chromosome 2) were crossed to hemizygotes for the ubiquitous da-GAL4 driver (on chromosome 3, balanced against the Sb marker;

3 denotes wild-type chromosome 3). All flies were in the w1118 genetic background. Different progeny classes were identified on the basis of eye-color and bristle

morphology phenotypes. Nontransgenic, nonexpresser, and ‘‘driver-only’’ progeny represent controls for the various experiments. An analogous strategy was

used for transgenes on chromosome 3, using the ubiquitous Act5C-GAL4 driver on chromosome 2 balanced against CyO. For all AOX transgenic lines tested, the

four progeny classes eclosed in approximately equal numbers. Where not indicated in subsequent figures, AOX expressers and nonexpressers were derived from

AOX transgenic line F6 using this crossing scheme.
have several NADH dehydrogenases that bypass complex I

(Rasmusson et al., 2004), plus a mitochondrially localized alter-

native oxidase (AOX), which bypasses the cytochrome chain,

passing electrons directly from ubiquinol to molecular oxygen

(Juszczuk and Rychter, 2003). AOX is an integral nonheme iron

protein of the inner mitochondrial membrane, believed to func-

tion as a homodimer. It is thought to be essential for maintaining

mitochondrial metabolic flux and redox homeostasis when ATP

levels are high, such as in plants under daylight conditions (Rus-

tin and Lance, 1986; Noguchi and Yoshida, 2008). In fungi, AOX

has been implicated in the control of longevity and resistance to

oxidative stress (Lorin et al., 2001). AOX is also found in many

metazoans, including annelids, mollusks, and urochordates

(McDonald and Vanlerberghe, 2004, 2006), although not in

arthropods or vertebrates, and it has been suggested to provide

resistance to oxidative stress (Abele et al., 2007).

We reasoned that an AOX bypass might alleviate many of the

pathological consequences of OXPHOS inhibition. Since AOX is

absent from humans, we tested this idea by introducing to

human cells an AOX cDNA from the urochordate Ciona intestina-

lis, i.e., a representative of a sister taxon to the vertebrates. Using

an inducible expression system, we demonstrated (Hakkaart

et al., 2006) that Ciona AOX is mitochondrially targeted in human

cells, confers cyanide-resistant respiration, and protects against

metabolic acidosis, oxidative stress, and cell death when cells

are treated with OXPHOS inhibitors such as antimycin or

cyanide.

Here, we tested whether AOX expression can be tolerated in

the whole organism and whether it can alleviate the effects of

OXPHOS dysfunction in vivo using Drosophila, a credible and

tractable animal model for many mitochondrial and neurodegen-

erative pathologies (Sánchez-Martı́nez et al., 2006; Marsh and

Thompson, 2006). We report that ubiquitous expression of Ciona

AOX in the fly is benign, enabling cyanide-resistant substrate
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oxidation in vitro and a substantial resistance to OXPHOS toxins

in vivo. In addition, AOX partially compensated the mutant

phenotypes of several disease-equivalent mutations.

RESULTS

AOX-Expressing Flies Are Viable and Healthy
To create lines of Drosophila transgenic for AOX, we recloned the

Ciona AOX cDNA in a modified P-element vector under the

control of a GAL4-dependent promoter and protected by insu-

lator elements (Figure 1A). Standard microinjection was used

to create a set of transgenic lines with different conditionally

expressible AOX insertions. To test whether constitutive AOX

expression was compatible with life in Drosophila, we crossed

transgenic lines hemizygous for GAL4-dependent AOX with lines

carrying the ubiquitously expressing da-GAL4 driver, using the

scheme of Figure 1B. Flies of all four phenotypic classes eclosed

in approximately equal numbers, using each of three different

AOX transgenic lines (F6, F17, and F24). We confirmed AOX

transgene expression at the RNA level by means of in situ hybrid-

ization (Figure 2A) and quantitative RT-PCR (Figures 2B and 2C)

and at the protein level by western blotting (Figures 2D and S1B)

and whole-mount immunocytochemistry of larvae (Figure S1C).

AOX transgene expression was generally higher in males than

females (Figures 2B and 2C), and the expressed protein was

highly enriched in mitochondria (Figures 2D and S1C). GAL4-

dependent AOX expression was 300–1000 times greater than

without induction and was comparable with that of the highly

expressed reference gene RpL32 (or GAPDH), used as an

internal standard in all assays. Similar expression levels were

obtained when driven by either of two ubiquitous GAL4 drivers

(da-GAL4 or Act5C-GAL4), and graded expression at larval

stage L3 was obtained using the drug-inducible tub-GS driver

and different concentrations of the inducing drug RU486.
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Figure 2. AOX Can Be Ubiquitously Expressed in Drosophila

(A) Whole-mount in situ hybridization to AOX-expressing and nonexpressing embryos, probed for AOX sense and antisense transcripts as indicated (‘‘sense’’

probe means labeled RNA of the antisense strand and vice versa). The different classes of embryos were obtained by crossing homozygous AOX transgenic

females either with wild-type males or with homozygous da-GAL4 driver males.

(B and C) Q-RT-PCR of AOX mRNA relative to RpL32 mRNA, from hemizygous AOX transgenic flies (line F6, L3 larvae, adult males and females of different ages as

shown) combined with different GAL4 drivers and growth temperatures or with the tub-GS driver in presence of different concentrations of RU486 throughout

development. Genotypes are indicated here and in other figures as follows. AOX denotes presence of a P{UAS-AOX} transgene from line F6, if no subscript indi-

cates otherwise. Numbers 2 and 3 denote the corresponding wild-type chromosomes. GAL4 driver transgenes are denoted as da-GAL4, etc. Wild-type flies are

w1118, the genetic background used for all the transgenic lines. AOX RNA was undetectable by Q-RT-PCR in lines not carrying the AOX transgene. Means are ± SD.

(D) Western blot of protein extracts (30 mg) from subcellular fractions and flies of sex and genotype indicated, probed with anti-AOX and anti-porin antibodies.

Subpanel a: mitochondrial protein extracts from AOX-expressing flies and nonexpressing controls. Subpanels b and c: cytosolic (cyt), mitochondrial (mt), and

crude nuclear (nuc) fractions. Subpanel d: total and mitochondrial extracts, all from AOX-expressing (AOXF6 / 2 ; da-GAL4 / 3) flies.
Ubiquitously AOX-expressing flies exhibited a very slight (#0.5

days) but statistically significant developmental delay (Figure 3A),

although this may be due solely to the burden of transgene

expression, since flies expressing GFP under the same condi-

tions also showed a slight delay.

AOX-expressing adults of both sexes were fertile and, when

mated to wild-type flies, produced healthy offspring in normal

numbers. AOX-expressing flies of both sexes showed a slightly

exaggerated weight loss as young adults compared with nonex-

pressers or with flies expressing GFP (Figure 3B).

AOX Supports KCN-Resistant Substrate Oxidation
To test whether AOX expression in Drosophila can contribute

to electron flow and thus bypass complexes III and IV, we
measured oxygen consumption of suspensions of Drosophila

mitochondria in the presence of various substrate/inhibitor

combinations. In preliminary experiments, mitochondria from

AOX-expressing progeny of three separate AOX transgenic lines

supported a substantial cyanide-resistant substrate oxidation

(up to 50% of uninhibited levels) when supplied with pyruvate

plus succinate (data not shown). To minimize background

effects, we backcrossed the AOX transgene from the three

transgenic lines, as well as the da-GAL4 driver, over six genera-

tions into a reference wild-type background (Dahomey w�)

and analyzed mitochondrial substrate oxidation using a

standard pyruvate-plus-proline substrate cocktail (Figures 4

and S2). The respiratory control index was unchanged by AOX

expression. However, after cyanide addition, mitochondria
Cell Metabolism 9, 449–460, May 6, 2009 ª2009 Elsevier Inc. 451
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Figure 3. AOX Expression in Drosophila Is Benign

(A) Eclosion day of flies of the sex and genotype shown. Means ± SD analyzed by one-way ANOVA (Holm-Sidak); p < 0.001 for pairwise comparisons as indicated

by asterisk. GFP denotes the presence of a P{UAS-GFP} transgene, on chromosome 2 in this experiment and in other figures, except where indicated. Flies were

progeny from wild-type, homozygous AOXF6, or GFP control transgenic females mated either with wild-type males (respectively giving wild-type, AOX, and GFP-

nonexpressing progeny) or with homozygous da-GAL4 driver males (giving AOX and GFP expressers and ‘‘driver-only’’ controls). The developmental delay

produced by GFP expression was similar to that produced by AOX, although in this case not statistically significant (p = 0.42).

(B) Weight loss profiles (percent wet weight at eclosion) in young adult flies of the sex and genotype shown, obtained as in (A). GFP-nonexpressing flies (GFP / 2;

3 / 3) gave weight loss profiles indistinguishable from controls, but for clarity, these are not shown in the figure. Means are ± SD.
from AOX-expressing flies typically maintained 10%–20% of the

uninhibited state 3 oxygen consumption. Subsequent addition of

propyl gallate (data not shown) or salicylhydroxamic acid

(SHAM) (Figure 4A), two well-characterized inhibitors of alterna-

tive oxidases, abolished the residual cyanide-resistant oxida-

tion. However, if SHAM was added first, it had no effect

(Figure S2H), indicating that AOX did not contribute appreciably

to electron flow under uninhibited conditions. In one transgenic

line analyzed in greater detail (F6), the proportion of cyanide-

resistant oxidation was increased when measured at 29�C

(Figure 4C). In aging flies (at 50% of mean life span), where state

3 substrate oxidation was diminished, the cyanide-resistant

proportion was maintained (Figure 4C). On sn-glycerol-3-phos-

phate, a substrate that feeds electrons directly to complex III,

AOX-expressing flies also manifested cyanide-resistant oxida-

tion (Figure S2E). No cyanide-resistant substrate oxidation could

be detected in mitochondrial suspensions from flies carrying the

da-GAL4 driver but not AOX, nor those expressing a control

transgene, GFP (Figures 4C and S2F). OXPHOS enzyme activi-

ties in AOX-expressing flies were indistinguishable from those

of nonexpressers (Figure 4D), including cytochrome c oxidase

(complex IV). Note that this is expected, since AOX is a ubiquinol

oxidase, not a cytochrome c oxidase.

AOX Confers OXPHOS Toxin Resistance In Vivo
To determine whether AOX can function in vivo to bypass the

cytochrome chain under OXPHOS stress conditions, we tested
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flies for resistance to cyanide and antimycin: inhibitors, respec-

tively, of complexes IV and III. Because of the volatility of HCN,

we established an assay to test the short-term toxicity of cyanide

to adult flies by placing them inside plugged vials containing

agarose impregnated with 10 mM KCN. Control flies were inca-

pacitated within 5 min of such treatment, whereas AOX-express-

ing flies remained active during 20–30 min of cyanide exposure

(Figure 5A). All of the AOX-expressing flies exposed to KCN

recovered from paralysis overnight, whereas only 1%–2% of

nonexpressing flies did so. Resistance to antimycin was tested

by addition of the drug at various concentrations to fly food.

Control eggs laid on 30 mg/ml antimycin failed to develop, and

those laid on 10 mg/ml antimycin developed only to first instar

(L1) larvae, whereas AOX-expresser eggs laid on antimycin-

containing medium developed to adults in substantial numbers

(Figures 5B and S2J), albeit with a considerable developmental

delay (3–5 days at 25�C). Adult AOX-expressing flies were also

resistant to antimycin at 30 or 100 mg/ml, and some even survived

for 3 days at the highest concentration (Figure 5C). Control flies all

succumbed to the toxin, even at the lower dose, within 2 days.

AOX Complements Partial Knockdown of COX
In Drosophila, complete functional loss of cytochrome oxidase

(COX), e.g., via homozygosity for a null mutation of cyclope

encoding the COXVIc structural subunit of complex IV, is lethal.

AOX expression was unable to complement this complete loss

of function (data not shown). However, it did rescue the lethality
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Figure 4. Mitochondria from AOX-Expressing Flies Exhibit Cyanide-Resistant Substrate Oxidation

(A–D) Representative polarographic traces showing rates of oxygen consumption (A and B) plus compiled polarographic data (C) and respiratory chain complex

activities (D) from flies of the sex, age, growth/assay temperature, and genotype indicated. Genotypes abbreviated as elsewhere; transgenes in all cases hemi-

zygous. The traces shown in (A) and (B) are for males of transgenic line F6, with or without the da-GAL4 driver. The data of (C), in each case mean values ± SEM of

at least four independent measurements, are abstracted from those of Figure S2. Substrate mix was 5 mM pyruvate plus 5 mM proline (pyr + pro) in all cases

shown. Asterisks indicate data classes significantly different from corresponding wild-type values (ANOVA, p < 0.001). The data in (D) are from flies derived

as in Figure 2, in each case showing mean values ± SD of at least four independent measurements, normalized against citrate synthase (CS) activity.
caused by partial knockdown of COX, effected using RNAi tech-

nology against either cyclope or the complex IV assembly factor

Surf1. We combined GAL4-dependent dsRNA lines for each of

these genes with GAL4-dependent AOX, plus a suitable driver,

thus simultaneously knocking down cyclope and expressing

AOX. Using the ubiquitous da-GAL4 driver, AOX was able to

rescue the semilethality of cyclope knockdown (Figures 6A,

6B, and S3A–S3E). The clearest result was obtained by culturing

the flies at 18�C, combined with a 2 day heat shock at 30�C

during larval stage L3 (Figure 6A), conditions under which very

few flies knocked down for cyclope eclosed, unless AOX was

coexpressed. At 25�C (Figures S3A and S3E), AOX abrogated

the developmental delay and small size of the eclosing progeny

knocked down for cyclope. Expression of an inert transgene,

GFP, failed to effect rescue (Figure S3C). Mitochondrial COX

activity from AOX-expressing flies knocked down for cyclope

was less than half that from AOX-expressing control flies

(Figures 6B and S3D). In contrast, AOX expression by the

same strategy was unable to complement the lethality of knock-
down of CG3731, which encodes a protein with a dual function

as a subunit of OXPHOS complex III and subunit b of the mito-

chondrial matrix processing peptidase. The rescue of cyclope

knockdown by AOX is thus, by all these criteria, specific.

In the case of Surf1 knockdown (Zordan et al., 2006), we

were able to demonstrate rescue using the inducible tub-GS

driver in combination with different doses of the inducing

drug RU486 (Figures 6C and 6D). At the highest doses, AOX

was unable to rescue lethality, whereas at low doses, knock-

down was insufficient to produce complete lethality, even in

control flies. However, at intermediate doses, where Surf1

knockdown alone was still lethal or semilethal, concomitant

AOX expression under the control of the same driver rescued

the lethality. The extent of Surf1 mRNA knockdown, as

measured by Q-RT-PCR, was similar in AOX-expressing and

nonexpressing flies cultured at the discriminating drug concen-

tration of 0.2 mM (Figure S3F). Importantly, expression of an

inert transgene, GFP, under identical conditions failed to rescue

the lethality (Figure 6D).
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Figure 5. AOX-Expressing Flies Are Resistant to Cyanide and Antimycin

(A and B) Flies of genotypes indicated (nomenclature as in Figures 2 and 3; transgene and driver hemizygous where present), exposed to drugs as described in

Experimental Procedures. Exposure was to 10 mM KCN. Mean survival time ± SD for batches of >100 of sex and genotype is indicated (A). Development on

antimycin is shown in (B); food vials at 5 days postfertilization, containing antimycin at the concentrations indicated, and larvae of genotypes as shown. On anti-

mycin-containing food, when AOX-expressing flies were at larval stage L3, wild-type flies failed to survive embryogenesis (at 30 mg/ml) or arrested in early larval

stages (at 10 mg/ml). AOX-expressing progeny survived to eclosion, but with a 3–5 day developmental delay. For quantitation, see Figure S2J.

(C) Exposure of adult flies to antimycin-containing medium, as indicated. Data are from 12 replicate vials of each genotype and drug concentration shown, con-

taining initially 15 males or virgin females. Data (means ± SD) from the two sexes were statistically indistinguishable, so are here pooled.
AOX Complements a Parkinson’s Disease Model
Reasoning that AOX expression, by helping to maintain the

respiratory chain in the oxidized state, may mitigate ROS

production resulting from transient OXPHOS interruption, we

investigated its effects in a Drosophila model of Parkinson’s

disease associated with defects in ROS handling, i.e., the mutant

dj-1b. The human homolog (DJ1) has been identified as the

disease gene in some cases of familial Parkinson’s disease,

and the fly mutant exhibits progressive locomotor decline (Park

et al., 2005).

To test for complementation of dj-1b, we measured locomotor

ability of wild-type and mutant flies over a period of 4 weeks

posteclosion as well as of dj-1b flies hemizygous for AOX, plus

or minus each of two GAL4 drivers, nrv2-GAL4 (nervous-

system-specific) and ubiquitous Act5C-GAL4 (Figures 7A and

S4A). We confirmed the previously reported locomotor defect
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of dj-1b and found that the presence of the AOX transgene,

even without a driver, conferred a partial rescue. Rescue was

substantially enhanced by ubiquitous or nervous-system-

directed AOX expression. In AOX-expressing males, the dj-1b

locomotor defect was almost completely abolished. The drivers

alone conferred no such rescue.

To determine whether rescue of dj-1b was related to allevia-

tion of oxidative stress, we measured ROS production in mito-

chondrial suspensions from flies aged 20–22 days, a time point

at which AOX-nonexpressing dj-1b flies manifested a substan-

tial locomotor defect. Mitochondria from flies of the various

genotypes studied gave state 3 substrate oxidation and respi-

ratory control index similar to those of aging AOX-expressing

and wild-type flies studied earlier (Figure S4B). However,

ROS production, measured as released hydrogen peroxide,

was significantly higher in mitochondria from dj-1b mutant flies
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Figure 6. AOX Rescues Semilethality Due to COX Deficiency

(A) Proportion (mean percentages ± SD; three replicate experiments) of progeny of each genotype indicated, eclosing from cross between da-GAL4 homozygous

females and males of genotype cype-KD / CyO ; AOXF24 / Sb. Nomenclature is as in Figure 2; cype-KD encodes GAL4-dependent cyclope-directed dsRNA (Dietzl

et al., 2007). Sb and CyO markers enable the progeny classes to be distinguished. Flies were cultured at 18�C with a 2 day heat shock at 30�C during larval stage

L3 (see also Figures S3A and S3B). In parallel experiments, using CG3731-KD in place of cype-KD, flies equivalent to only the first two progeny classes eclosed

(data not shown). CG3731 serves a dual function as core subunit 1 of OXPHOS complex III and the b subunit of the mitochondrial matrix processing peptidase,

hence its knockdown has pleiotropic effects not rescued by AOX.

(B) COX-specific activity in AOX-expressing flies from the cross, either with or without concomitant cype knockdown. For same data normalized against citrate

synthase activity, see Figure S3D. Means are ± SD.

(C and D) Crosses showing survival of flies hemizygous for Surf1-KD (encoding GAL4-dependent Surf1-directed dsRNA) and tub-GS transgenes, each on

chromosome 3, with or without hemizygous AOXF6 or GFP as an additional GAL4-dependent transgene on chromosome 2, cultured at different doses of the

inducing drug RU486. Image of actual vials is shown in (C), in which AOX-expressing flies consistently reach further in development than nontransgenic flies

at any given drug dose. Percentage of pupae eclosing from parallel crosses, of the genotypes indicated, is also shown (D). Data from three different experiments

superimposed.
than from wild-type flies of a given sex (Figure 7B). The pres-

ence of the unexpressed AOX transgene alone did not signifi-

cantly mitigate this excess ROS production, but ubiquitous

AOX expression decreased ROS production to wild-type levels

(Figure 7B).

DISCUSSION

We previously demonstrated that the expression of Ciona intes-

tinalis AOX can support cyanide-independent respiration and

complement OXPHOS inhibition in cultured human cells (Hak-
kaart et al., 2006). The present work demonstrates that this

applies also to a whole-organism model, Drosophila, in vivo.

AOX Expression Is Benign
Ubiquitous AOX expression in Drosophila at the level of a typical

abundant mRNA appears to be benign. The protein is stable, is

correctly targeted to mitochondria, and confers substantial and

significant cyanide resistance to mitochondrial substrate oxida-

tion in vitro. As in human cells, it appears to be enzymatically

inert in the absence of an OXPHOS inhibitor (Figure S2H) and

thus should not contribute significantly to electron flow under
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Figure 7. AOX Expression Rescues the dj-1b Mutant Phenotype

(A) Locomotor (climbing) assay, flies of sex and genotypes indicated, in the (w1118) background; nomenclature as in Figure 2. The AOX transgene, where present,

was derived from transgenic line F6 (insertion on chromosome 2). dj-1b is on chromosome 3, whereas the nrv2-GAL4 and Act5C-GAL4 drivers are carried on

chromosome 2. Each set of bars (left to right) corresponds with a series of assays at 2, 7, 14, 21, and 28 days posteclosion. Means are ± SD from at least

two and usually three or four replicate experiments, using 12–18 vials of ten flies of each sex and genotype.

(B) ROS (H2O2) production in mitochondria from flies of the sex and genotypes indicated. Plotted data are means ± SEM of at least five biological replicates.

Asterisks denote data classes statistically different from other data classes, based on one-way ANOVA (Newman-Keuls test); males and females analyzed

separately.
normal physiological conditions nor diminish ATP production by

a substantial amount. Consistent with this, it had only a minimal

effect on development (Figure 3A), with a slight exaggeration of

the weight loss experienced by young adult flies (Figure 3B),

suggestive of only a small drop in the overall efficiency of catab-

olism. A slight impairment thereof might nevertheless be suffi-

cient to account for the evolutionary loss of AOX in both verte-

brates and arthropods, organisms where maximal muscle-force

generation, dependent on aerobic ATP supply, may be needed

to escape predators or catch prey. Among metazoans, AOX

genes have so far been found only in phyla composed of slow-

moving or sessile organisms. AOX-expressing flies were also

fertile. Although pUAST-derived transgenes are not expressed

in the female germline (Rørth, 1998), AOX expression clearly

does not compromise any somatic functions required for fertility.

AOX Rescues Lethality of Partial COX Deficiency
Resistance to antimycin and cyanide indicates that AOX can

support at least a portion of the electron flow to oxygen when

the cytochrome chain is inhibited in vivo. Cyanide is a wide-

spectrum reversible inhibitor of oxygen-binding hemoproteins,

including hemoglobin as well as COX. Although a globin

homolog is present in insects (Hankeln et al., 2002), it is thought

not to be involved in primary electron transport. The fact that

AOX-expressing flies can develop on antimycin-containing

medium indicates that proton pumping at complex I, plus

some residual activity of the cytochrome chain, is sufficient to

maintain ATP production at a rate that supports life. Importantly,

although AOX is not itself proton pumping, it should nevertheless
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facilitate increased ATP production (at complex I or through

substrate-level phosphorylation) under conditions of OXPHOS

inhibition. It should also restore redox homeostasis and meta-

bolic flux. AOX-expressing flies grown on antimycin-containing

medium nevertheless showed a considerable developmental

delay, a phenotype shared with mutants affecting OXPHOS,

such as technical knockout (Toivonen et al., 2001), stress-sensi-

tive B (Zhang et al., 1999), and knockdown (Fergestad et al.,

2006). This delay may therefore be interpreted as a signature

of bioenergy limitation during development.

The complete elimination of COX (e.g., via null alleles of

cyclope, or effected by Surf1 knockdown at high concentrations

of RU486) is lethal even in the presence of AOX. This implies that

proton pumping through complex I alone, maintained by the

action of AOX handling downstream electron flow, nevertheless

supplies insufficient ATP to maintain life. Note, however, that

assembled complex IV may be required for efficient assembly

or stabilization of the other OXPHOS complexes (Boekema

and Braun, 2007), so the COX-deficient phenotype might in

reality be pleiotropic. Partial knockdown of cyclope, which

diminished COX activity by more than 50% in adult flies, was

rescued by AOX, which gives an indication of the degree of

COX defect that could potentially be compensated therapeuti-

cally. Similarly, AOX was able to rescue the pupal lethality of

partial Surf1 knockdown. The effect cannot be attributed to

competition between the GAL4-dependent promoters, since

the amount of knockdown was unaffected by coexpression of

AOX (Figure S3F), and an inert GAL4-dependent transgene

(GFP) produced no rescue (Figures 6D and S3G).
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Surf1 is a conserved gene involved in complex IV assembly,

but its null phenotype varies greatly between organisms.

Suppressor analysis in yeast (Barrientos et al., 2002) implicated

the Surf1 homolog in an early step of complex IV assembly.

However, the interference with respiration is greater than can

be accounted for by complex IV deficiency alone (Mashkevich

et al., 1997), suggesting a more global role in organization of

the respiratory membrane or coupling between complexes III

and IV. Loss of SURF1 function in humans causes COX-deficient

Leigh Syndrome (Zhu et al., 1998; Tiranti et al., 1998; Yao and

Shoubridge, 1999), but in the mouse, functional ablation of

Surf1, while provoking a decreased COX activity (Dell’agnello

et al., 2007), has virtually no physiological phenotype, supporting

the notion that Surf1 may have additional roles. In Drosophila,

when knockdown was targeted specifically to the nervous

system, impaired larval locomotion and adult optomotor

responses were found, even though the decrease in COX activity

in the brain was modest (Zordan et al., 2006). Although SURF1/

SHY1 mutations in humans and yeast are recessive, the amount

of Surf1 knockdown required to produce lethality in flies is only

65% at the RNA level (Zordan et al., 2006). In the present study,

a knockdown of 40%–50% at the RNA level was sufficient to

cause semilethality, although knockdown may be more efficient

at the protein level (Zordan et al., 2006). It will be interesting to

determine the exact degree of Surf1 knockdown that AOX can

compensate and the concomitant effects on OXPHOS biochem-

istry. To this end, transgenic flies constitutively expressing AOX

without the need for a driver will be a useful tool.

AOX and Parkinson’s Disease
AOX expression was able to complement also the phenotype of

a Drosophila strain carrying a mutation in a homolog of a human

Parkinson’s disease gene (DJ1). Although the pathological

mechanism of DJ1 mutations is poorly understood, there is

a general consensus that DJ1 deficiency entrains increased

susceptibility to mitochondrial oxidative stress, particularly in

the vulnerable dopaminergic neurons of the substantia nigra

(Beal, 2007; Tan and Skipper, 2007). DJ1 has been postulated

as both a sensor and a scavenger of ROS (Mitsumoto and Naka-

gawa, 2001; Taira et al., 2004; Canet-Aviles et al., 2004), and Dj1

null mice are sensitive to oxidative stress (Kim et al., 2005), as are

Drosophila mutants in either dj-1b or DJ-1a (Park et al., 2005;

Menzies et al., 2005; Yang et al., 2005; Lavara-Culebras and

Paricio, 2007). DJ1 has been suggested to function as a peroxir-

edoxin (Andres-Mateos et al., 2007) or as a chaperone (Zhou

et al., 2006) for alpha-synuclein, whose aggregation it prevents

(Batelli et al., 2008). It also protects against oxidative damage

in cerebral ischemia (Aleyasin et al., 2007). AOX rescue of

dj-1b is consistent with the idea that ROS overproduction

caused by mitochondrial dysfunction is a common underlying

feature of Parkinson’s disease etiology (Beal, 2007; Tan and

Skipper, 2007; Dimauro and Schon, 2008). Transient interrup-

tions of electron flow may result in episodic bursts of excess

ROS production. The AOX bypass would prevent such distur-

bances, decreasing net ROS production to levels that are no

longer pathological, despite the failure of the detoxification

system provided by dj-1b. A second possibility would be that

AOX eliminates mitochondrial ROS directly, e.g., using semiqui-

none radicals as substrate. AOX is induced in Euglena, along
with many antioxidant enzymes, by treatment with Cd2+ (Cas-

tro-Guerrero et al., 2008), a pro-oxidant (Watanabe et al., 2003),

and its overexpression in plants protects from cold-induced

oxidative stress (Sugie et al., 2006).

Low-level AOX expression in the absence of driver gave a tran-

sient locomotor rescue (Figures 7A and S4), even though its

effects on mitochondrial ROS production were modest. AOX

expression driven by nrv2-GAL4, which is highly restricted to

the nervous system (Sun et al., 1999), completely rescued the

locomotor defect. AOX expression directed only by the pUAST

promoter in some specific but critical cells of the nervous

system may thus be sufficient for rescue, even though, when

ROS production is assayed in extracts prepared from the whole

fly, the effect is diluted. Alternatively, since the beneficial effects

of low-level AOX expression were seen only in young flies,

effects on ROS production might be detectable only early in

development.

Conclusion: The Therapeutic Potential of AOX
We showed previously that AOX can alleviate many deleterious

consequences of OXPHOS dysfunction in cultured cells (Hak-

kaart et al., 2006). Here, we demonstrate that its expression is

well tolerated in a whole organism lacking endogenous AOX,

alleviating the effects of toxins or mutations affecting the cyto-

chrome chain. Two such mutations represent Drosophila models

of different classes of human OXPHOS disease, namely COX-

deficient Leigh Syndrome (Surf1 knockdown) and familial Parkin-

son’s disease (dj-1b). The next step in testing whether AOX could

have therapeutic utility would be to express it in mammalian

models. The findings with Drosophila suggest that it could be

of benefit in a wide spectrum of OXPHOS disorders. However,

many technical obstacles will need to be overcome to make

this a feasible therapeutic strategy, such as optimizing the

enzyme for physiological temperature and oxygen levels and

addressing its possible antigenicity.

EXPERIMENTAL PROCEDURES

Drosophila Stocks and Maintenance

Wild-type, w1118 mutant, standard balancer, driver, and RNAi lines were ob-

tained from stock centers, with other lines derived or sourced as indicated in

Table S1, which also gives details of all genotypes. Flies were maintained in

standard medium with supplements (see Supplemental Data). For testing of

resistance to antimycin, the drug (Sigma) was added to fly food at different

concentrations. For testing of resistance to cyanide, 1 day old adult flies

were placed inside plugged vials of 1% agarose containing 10 mM KCN,

50 mM Tris-HCl (pH 7.5) inside a fume hood at room temperature. After flies

stopped moving, they were transferred to empty vials to check for recovery

overnight. For induction of expression using the tub-GS driver, flies hemizy-

gous for both the driver and the GAL4-dependent transgene(s) of interest

were cultured in the presence of appropriate doses of RU486 (Mifepristone;

Sigma), as indicated in figure legends.

Construction of AOX Transgenic Drosophila Lines

The C. intestinalis AOX cDNA, originally cloned in mammalian expression

vector pCDNA5/FRT/TO (Hakkaart et al., 2006), was excised and recloned

into a modified version of pGREEN-H-Pelican (Barolo et al., 2000) (Drosophila

Genomics Resource Center; Bloomington, IN), placing it under the control of

GAL4 supplied in trans (for full details, see Figure S1A). All restriction diges-

tions were carried out under manufacturer’s recommended conditions (New

England Biolabs; Fermentas). The myc-tagged AOX cDNA was similarly

recloned from the original mammalian expression vector (Hakkaart et al.,
Cell Metabolism 9, 449–460, May 6, 2009 ª2009 Elsevier Inc. 457
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2006). Both constructs were sequenced to verify the construction and the

absence of mutations. Following microinjection into w1118 recipient embryos

(VANEDIS Drosophila Injection Service; Oslo), transgenic progeny were estab-

lished as independent lines in the w1118 background. Insertion sites were

determined by inverse PCR (Toivonen et al., 2003) (see Supplemental Data

for further details, including insertion sites). Selected lines retained were main-

tained as hemizygotes using the eye-color marker and appropriate balancers

and used to generate homozygotes as needed.

Isolation of Mitochondria

Mitochondria were prepared essentially as described by Miwa et al. (2003),

from batches of 150–200 flies ground in 0.5 ml isolation medium, with final re-

suspension in 50 ml isolation medium without BSA. Protein concentrations

were determined using the Bradford assay (Bradford, 1976). For full details

of subcellular fractionation used for western blotting, see Supplemental Data.

Polarography

Mitochondrial substrate oxidation rates were measured by polarography using

a Clark type oxygen electrode (Hansatech Instruments; Norfolk, UK) in a final

volume of 0.5 ml at 25�C. Mitochondria (between 0.25 and 0.5 mg/ml) were

incubated in incubation buffer (120 mM KCl, 5 mM KH2PO4, 3 mM HEPES,

1 mM EGTA, 1 mM MgCl2, 0.2% BSA [pH 7.2]) supplemented with either

20 mM sn-glycerol-3-phosphate (plus 5 mM rotenone; Sigma) or a mixture of

5 mM sodium pyruvate and 5 mM proline as substrate, followed by the addition

of 1 mM ADP, with subsequent addition of 100 mM KCN or 10 mM SHAM

(Sigma) to test the effect of AOX on substrate oxidation.

Enzymatic Analysis

The activities of OXPHOS complexes I + III and II + III were measured as

described previously (Fernández-Ayala et al., 2005). Citrate synthase activity

was determined by the reduction of dithio-bis-nitrobenzoic acid (DTNB) fol-

lowed at 412 nm (extinction coefficient = 21,000 M�1/cm�1) in a reaction con-

taining 100 mM Tris-HCl, 2.5 mM EDTA, 37 mM acetyl-CoA, 75 mM DTNB, and

300 mM oxaloacetate (pH 8.0). COX activity was measured in 40 mM sodium

phosphate buffer (pH 7.5) by following the disappearance of thiosulfite-

reduced cytochrome c (initially 25 mM) at 550 nm (extinction coefficient =

27,800 M�1/cm�1). Specific activity was determined by subtracting the rate

in the presence of 2 mM KCN from the rate without the inhibitor.

Measurement of Mitochondrial ROS Production

Mitochondrial free radical production was determined by measuring the

generation of hydrogen peroxide in solution in the presence of superoxide dis-

mutase, as described previously (Sanz and Barja, 2006), and adapted to flies

(Miwa et al., 2003). For further details, see Supplemental Data. Known

amounts of H2O2 generated in parallel by glucose oxidase with glucose as

substrate were used as standards. All experiments were repeated in the

absence of substrate, and background fluorescence changes were sub-

tracted.

RNA Extraction and Quantitation

For expression analysis, homozygous AOX transgenic line F6 females were

crossed either to males homozygous for the da-GAL4 or tub-GS driver or to

males hemizygous for the Act5C-GAL4 driver balanced against CyO. Total

RNA was extracted using the Trizol method from 100 mg of adult flies or L3

larvae anesthetized on ice and then frozen at �80�C, followed by treatment

with RNase-free DNaseI (for full details, see Supplemental Data). Quantitative

RT-PCR was carried out under standard conditions using hybridization probes

specific for AOX, RpL32, and GAPDH (Tib-MolBiol; Berlin) on a Roche Diag-

nostics LightCycler 1.5 (for full details, see Supplemental Data).

In Situ Hybridization

Whole-mount in situ hybridization was performed essentially as described by

Fernández-Moreno et al. (2007), with minor modifications as indicated in the

Supplemental Data.

Protein Extraction and Western Blotting

Protein extraction and western blotting used standard reagents and proce-

dures as detailed in Supplemental Data. Custom-manufactured anti-AOX
458 Cell Metabolism 9, 449–460, May 6, 2009 ª2009 Elsevier Inc.
antibody (rabbit polyclonal) was supplied by 21st Century Biochemicals

(Marlboro, MA).

Behavioral Analysis

Locomotor activity was determined in two ways. Climbing ability was assayed

using a modified version of the procedure of Cha et al. (2005), as detailed fully

in Supplemental Data. The second method used a combined bang-sensitivity/

climbing assay. Aliquots of 20 adult female flies aged 20–22 days were vor-

texed at the maximum setting for 30 s, after which the percentage of flies

climbing 7 cm in 15 s was recorded.

SUPPLEMENTAL DATA

Supplemental Data include Supplemental Experimental Procedures,

Supplemental References, two tables, and four figures and can be

found online at http://www.cell.com/cell-metabolism/supplemental/S1550-

4131(09)00064-3.
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Mitochondrial dysfunction is a significant factor in human disease, ranging from systemic disorders of childhood
to cardiomyopathy, ischaemia and neurodegeneration. Cytochrome oxidase, the terminal enzyme of the mito-
chondrial respiratory chain, is a frequent target. Lower eukaryotes possess alternative respiratory-chain enzymes
thatprovidenon-proton-translocatingbypassesforrespiratorycomplexes I (single-subunit reducednicotinamide
adenine dinucleotide dehydrogenases, e.g. Ndi1 from yeast) or III 1 IV [alternative oxidase (AOX)], under condi-
tions of respiratory stress or overload. In previous studies, it was shown that transfer of yeast Ndi1 or Ciona intes-
tinalis AOX to Drosophila was able to overcome the lethality produced by toxins or partial knockdown of complex I
or IV. Here, we show that AOX can provide a complete or substantial rescue of a range of phenotypes induced by
globalor tissue-specificknockdownof differentcIVsubunits, including integralsubunits requiredforcatalysis,as
well as peripheral subunits required for multimerization and assembly. AOX was also able to overcome the pupal
lethality produced by muscle-specific knockdown of subunit CoVb, although the rescued flies were short lived
and had a motility defect. cIV knockdown in neurons was not lethal during development but produced a rapidly
progressing locomotor and seizure-sensitivity phenotype, which was substantially alleviated by AOX.
Expression of Ndi1 exacerbated the neuronal phenotype produced by cIV knockdown. Ndi1 expressed in place
of essential cI subunits produced a distinct residual phenotype of delayed development, bang sensitivity and
male sterility. These findings confirm the potential utility of alternative respiratory chain enzymes as tools to
combat mitochondrial disease, while indicating important limitations thereof.

INTRODUCTION

Mitochondrial diseases affecting the respiratory complexes of
the oxidative phosphorylation (OXPHOS) system are a diverse
collection of pathologies, which can affect almost any tissue,
at any age (1,2). They are typically progressive in nature, and
no effective treatments are currently available. Where genetic
causes are known, they can include lesions in any of hundreds
of genes whose products are needed for the biosynthesis or
function of the respiratory complexes. These genes, moreover,
are distributed between nuclear and mitochondrial DNA

(mtDNA), and a subset of mitochondrial diseases also results
from defective communication between the cell’s two genomes.

In order to understand better the pathophysiological mechan-
isms of mitochondrial disease, and develop a possible strategy
for eventual therapy, we have exploited the fact that lower eukar-
yotes, including plants and many invertebrates, possess an alter-
native, non-proton-pumping respiratory chain in mitochondria,
whose components can act as a bypass of the OXPHOS system
under conditions of respiratory stress or overload (3,4). Alterna-
tive reduced nicotinamide adenine dinucleotide(NADH) dehy-
drogenases such as yeast Ndi1 can replace complex I (cI),
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while alternative oxidases (AOXs) can replace complexes III +
IV (cIII + IV). The alternative enzymes are each composed of a
single gene product, which together conduct electrons from
NADH to molecular oxygen via ubiquinone as an intermediate
electron acceptor. AOX becomes enzymatically active only
when electron transfer via the OXPHOS system becomes inhib-
ited beyond ubiquinone. The main mechanism to achieve this is
believed to be that AOX has a much higher Km for its substrate,
ubiquinol, than does cIII. In contrast, Ndi1 may be constitutively
active, but its role in electron flow under normal physiological
conditions may be limited by the tight coupling between cI and
cIII in supercomplexes.

Like Ndi1, AOX is absent from vertebrates, as well as arthro-
pods (5), but we reasoned that if the gene product were trans-
ferred to higher metazoans it might be able to functionally
replace the corresponding OXPHOS complexes under condi-
tions resembling those pertaining in mitochondrial disease.
When expressed transgenically in human cells (6,7), Drosophila
(8) or most recently the mouse (9), AOX from the urochordate
Ciona intestinalis was shown to be enzymatically functional
when cIII or cIV was inhibited by specific toxins, or genetic mu-
tation. Similarly, when yeast Ndi1 was transferred to mamma-
lian cells or to Drosophila, it was functional, enabling NADH
oxidation when cI was inhibited by rotenone (10). Remarkably,
the ubiquitous presence of these alternative enzymes is tolerated
by the whole organism, to which it can confer toxin resistance
in vivo (8–10). In wild-type flies, no deleterious phenotype is
produced by constitutive AOX (or Ndi1) expression (8,10).
However, the alternative enzymes can overcome the lethality
produced by partial knockdown of at least some subunits of
the corresponding OXPHOS complexes, including two subunits
of the membrane portion of cI (10), a nuclear-coded ‘supernumer-
ary’ subunit of cIV [Cox6c, the cyclope gene product (8)] and a
cIV assembly factor, Surf1 (8). Note, however, that AOX
cannot complement the total loss of cIV, e.g. via a null mutation
in Cox6c (9).

The structure of metazoan cIV is relatively well understood
(11). It comprises a catalytic core, composed of the three
mtDNA-encoded subunits, whose functional assembly is de-
pendent on a set of phylogenetically conserved nuclear-coded
subunits (Cox4, Cox5a, Cox5b, Cox6b, Cox6c, probably Cox7c,
Cox8, using the mouse nomenclature) required to produce, via a
stepwise assembly pathway, a membrane-bound sub-complex
with enzymatic activity (12,13). The incorporation of prosthetic
groups (a-type haemes and copper) is also involved in this
process. The other nuclear-coded subunits (Cox6a and Cox7a)
are then incorporated to form the fully functional cIV, which
also contains a recently described subunit (14) formerly believed
to be a constituent of cI. Some of these subunits, notably Cox6a,
are believed to be important for dimerization of the complex
and, together with other specific proteins such as Rcf1
(HIG2A) and Cox7RP, may also be required for the formation
of supercomplexes containing cIV, as well as cI and/or cIII in dif-
ferent stoichiometries (15–18). The more specific roles of the
nuclear-coded subunits of cIV (often termed ‘supernumerary’
since they are absent in bacteria), for example in physiological
regulation, are less clear. Null mutations in most of the above
subunits are lethal in Drosophila, whereas a splice-site mutation
in the levy gene, encoding subunit Cox6a, produces an
adult-onset neurodegenerative phenotype (19).

Cytochrome c oxidase (COX) deficiency in humans has a wide
variety of pathological manifestations and a diversity of genetic
causes (20,21). Organs affected can be the central nervous
system, skeletal or heart muscle, the liver or a combination of
these and other organs, and tissue-specificity is poorly under-
stood. Underlying genetic defects commonly impact accessory
factors for cIV biosynthesis, including assembly factors such
as SURF1 (22,23) or C2ORF64 (24) or proteins involved in co-
factor synthesis or transport, such as SCO2 (25) and COX10
(26). Comparatively rare mutations are also found in genes for
structural subunits of cIV, such as COX6B1 (27) or COX7B
(28), as well as those encoded in mtDNA (29–31), plus genes
required mainly or exclusively for the biosynthesis of
mtDNA-encoded cIV subunits [e.g. LRPPRC (32), TACO1
(33)]. Pathological COX deficiency has been reported in many
other disorders (34,35), including neurodegenerative conditions
such as Alzheimer dementia (36–38) and Huntington’s disease
(39) although its aetiological significance remains unclear. COX
is also a pathological target in ischaemia, sepsis and other types
of toxic injury (40).

Some cIV subunits are encoded by isogenes differentially
expressed between tissues, where they are adapted to specific
physiological conditions (35,41). Tissues also vary in their sub-
strate dependence, reflected in the degrees to which the different
OXPHOS complexes contribute to threshold effects for respir-
ation (42). Furthermore, supercomplexes, whose formation may
also vary between tissues, entrain a greater or lesser degree of
channelling of respiratory electron flow, and may also limit the
degree to which exogenously introduced alternative respiratory
enzymes can contribute to respiration (18). In a general sense,
these phenomena are believed to contribute to the bewildering
tissue-diversity of mitochondrial disease, though there remain
few concrete mechanistic explanations for this. The relative
importance in COX-associated pathology of disturbed redox
homeostasis, apoptosis induction, deranged cell signalling, ad-
enosine triphosphate (ATP) deficiency, proteotoxic stress and
other types of metabolic disturbance remains a topic of intense
debate.

Thepossibleuseof AOXinfuture therapies for COXdeficiency
will obviously be limited by these considerations, as well as by the
fact that the alternative respiratory chain enzymes do not contrib-
ute directly to ATP production. Completely replacing the function
of one or more OXPHOS complexes cannot completely restore
ATP production capacity to wild-type, even though it can facili-
tate proton-pumping linked to electron transfer at OXPHOS
complexes other than the one(s) it is bypassing. Because AOX
bypasses two of the three proton-translocating steps, it should
not restore ATP production for those substrates whose oxidation
supplies electrons directly to ubiquinone via cII or other
dehydrogenases. Even if AOX can restore redox balance, miti-
gate mitochondrial reactive oxygen species (ROS) production
(6–9) and limit systemic lactic acidosis (6), tissues that
depend on such substrates may still suffer a substantial loss of
function that AOX cannot correct. On the other hand, where
COX activity is limiting for respiration, AOX may promote a sig-
nificant restoration of ATP production (via proton pumping at
other sites), as well as other metabolic benefits.

Drosophila offers a convenient model for human diseases, in-
cluding those affecting mitochondrial functions. The compos-
ition of the OXPHOS complexes, the overall structure and
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gene content of mtDNA and the energetic physiology of the main
organ systems are all similar to those of humans. The fact that
AOX expression in the fly is able to confer cyanide resistance
and overcome the lethality of partial knockdown of Cox6c or
Surf1 raises the question of how far it is able to replace cIV
throughout the life cycle. We thus set out to use the fly as
a model system to address this issue, focusing on three specific
questions relevant to understanding the pathophysiology of
mitochondrial disease and the possible future use of AOX in
therapy. First, what phenotypes result from deficiencies in differ-
ent classes of cIV subunits, and can AOX alleviate these pheno-
types? Secondly, in which tissues is loss of COX function crucial
for producing such phenotypes, and their rescue by AOX?
Thirdly, what residual phenotypes result from replacing cIV func-
tion with AOX? The many genetic tools available in Drosophila
(including effective and specific RNAi in vivo) make it an ideal
tool for such a study, in advance of translating the most prominent
findings to the mouse, which is less flexible, and also takes much
longer and is substantially more expensive to manipulate.

In a first step, to validate use of the inducible (upstream acti-
vating sequence) UAS-AOX transgenic lines that we created
previously, we first conducted an important control to verify
that the rescue seen previously was not subject to any confound-
ing, ‘promoter-dilution’ effects from the simultaneous use of
transgenes dependent on the same transcription factor. We
then proceeded to test the phenotypes generated by knockdown
of different cIV subunits in the whole fly and in specific tissues,
and the ability of AOX to rescue these phenotypes, focusing on
the major differentiated cell-types affected by human mitochon-
drial disease (muscle and neurons).

The results highlight the different phenotypes produced by de-
ficiencies of different subunits, indicate a crucial developmental
role for cIV in muscle and confirm COX deficiency as a cause

of adult-onset neurodegeneration. AOX expression was able to
partially rescue these phenotypes. In contrast, loss of proton-
pumping at cI promotes a distinct phenotype of developmental
delay, bang sensitivity and male infertility.

RESULTS

Constitutive low-level AOX expression confers resistance
to COX inhibition

In previous experiments we expressed inducible AOX using
the UAS/Gal4 (yeast transcription activator protein GAL4)
system, which partially rescued the lethality of cyanide treat-
ment or the disruption of COX by knockdown of the Cox6c
subunit (the cyclope gene: see Table 1) or the Surf1 assembly
factor. However, the UAS/Gal4 system results in a very high
level of transgene expression. Furthermore, since COX knock-
down by RNAi also involves the same induction system, we
cannot completely exclude a contribution to the rescue from pro-
moter competition, even though UAS-GFP (green fluorescent
protein) was unable to rescue. We therefore created transgenic
flies bearing the same AOX transgene, but under the control of
the constitutive a-tubulin promoter (tub-AOX), with independ-
ent single insertions into non-coding DNA on chromosomes X, 2
and 3 (Supplementary Material, Fig. S1A–D). Expression of
these transgenes at the RNA level was 20–50-fold lower than
from UAS-AOX driven by da-GAL4 (Fig. 1A), though still
much higher than UAS-AOX in the absence of a GAL4 driver.
tub-AOX expression was substantially higher in larvae and
adult males than females (Fig. 1A), and was maintained over
the first 2weeks of adult life to a variable extent.

AOX expression at the protein level was also less than when
driven by GAL4, even when we combined tub-AOX insertions

Table 1. Nomenclature, expression patterns and assembly of COX subunits in Drosophila

Subunit
namea

Official gene name(s)
and symbol(s)b

Expression pattern(s)c Commentsd

Cox1 mt CoI Ubiquitous mtDNA-encoded, part of core sub-complex S2
Cox2 mt CoII Ubiquitous mtDNA-encoded, incorporated into sub-complex S3
Cox3 mt CoIII Ubiquitous mtDNA-encoded, incorporated into sub-complex S3
Cox4 CoIV Ubiquitous Two isogenes with different expression patterns, part of core sub-complex S2

CG10396 Testis-specific
Cox5a CoVa Ubiquitous Part of core sub-complex S2
Cox5b CoVb Ubiquitous Incorporated into sub-complex S3
Cox6a levy Ubiquitous Incorporated at final assembly steps into mature complex IV; levy1 splice-site

mutant manifests adult-onset neurodegeneration (19)
Cox6b CoVIb Ubiquitous Incorporated into sub-complex S3
Cox6c cyclope Ubiquitous Null-mutant larval lethal, incorporated into sub-complex S3
Cox7a CG9603 Ubiquitous, lowest in testis Incorporated at final assembly steps into mature complex IV; 99% of brain

Cox7a expression contributed by CG9603
CG34172 Mainly muscle-specific (heart crop,

hindgut, carcass, lower in head)
CG18193 Testis-specific

Cox7b None identified Proposed to be required for an early assembly step (28); clear orthologues
identified only in vertebrates

Cox7c CoVIIc Ubiquitous, but low in testis Only recently identified in Drosophila
Cox8 CoVIII Ubiquitous, but low in testis Incorporated into sub-complex S3

aUsing mouse nomenclature. Note that, some subunits are encoded by gene families in mouse but single genes in Drosophila, and vice versa.
bFrom www.flybase.org.
cFrom www.flyatlas.org.
dAssembly program based on Ref. (12).
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on all three major chromosomes into a single line of flies
(Fig. 1B). tub-AOX conferred cyanide resistance to substrate
oxidation by isolated mitochondria (Supplementary Material,
Fig. S1E), and single tub-AOX insertions were able to confer
almost as great a time of resistance to cyanide as UAS-AOX
driven by da-GAL4 (Fig. 1C, compare with Fig. 5A of Ref. 8).

A single copy of tub-AOX was also able to rescue the semi-
lethality of knockdown of either Cox6c (Fig. 2A) or Surf1
(Fig. 2B and C), when RNAi was induced with different doses
of RU486, in the presence of ubiquitously expressed GeneS-
witch, a modified version of GAL4 that is dependent on the
drug for activity. [Note that, for clarity, we use the mammalian
(mouse) names for all subunits and the genes that encode them
throughout the text, indicating the Drosophila gene name only
upon first mention, in Table 1 and in figure legends.] Knockdown
of Cox6c by about 80% at the RNA level, using 10 mM RU486
(Supplementary Material, Fig. S2A), not only resulted in

lethality of about three-quarters of the progeny (Fig. 2A), but
those flies that were able to eclose did so with a 3-day delay
(Fig. 2D), a phenotypic feature seen in many Drosophila
OXPHOS mutants. The presence of tub-AOX corrected both of
these phenotypes (Fig. 2A and D). tub-AOX also enabled devel-
oping flies to reach pupal stage at doses of RU486 that induced
a degree of Surf1 knockdown that prevented any pupariation
of control flies (Fig. 2B). At 0.1 mM of the drug, a substantial
number of tub-AOX expressors even reached eclosion, whereas
only a few viable adults were produced at this dose by control
flies under Surf1 knockdown alone (Fig. 2C).

Extent of COX deficiency rescued by AOX expression

Knockdown of subunits Cox5a or Cox5b also produced an
RU486 dose-dependent lethality (Fig. 2E and F). This enabled
us to test how rescue is affected by the number of constitutively

Figure 1. Transgenic expression of tub-AOX. (A) Quantitative real time-polymerase chain reaction (qRT-PCR) analysis of AOX mRNA expression (normalized
against RpL32) in transgenic adults and larvae, as indicated. Means+SD of at least three technical replicates of each of at least three biological replicates. Comparing
(upstream activating sequence) UAS-AOX expression driven by da-GAL4 (yeast transcription activator protein GAL4) with that of tub-AOX, P , 0.01 for each sex/
age analysed; similarly, comparing UAS-AOX expression in the absence of driver with that of tub-AOX, P , 0.01 in each case, except where indicated (#), where P ,

0.05 (Student’s t test, two-tailed, unequal variances). (B) Western blot of AOX protein and adenosine triphosphate (ATP) synthase subunit a (loading control) in
1-day-old adults of the transgenic strains indicated. tub-AOX denotes flies homozygous for each of tub-AOX7, tub-AOX35 and tub-AOX50 transgenes (males are hemi-
zygous for tub-AOX35). Replicate batches of protein extracts from 30 females or 40 males of each genotype are shown in adjacent lanes. (C) Survival time on
cyanide-impregnated agar of flies of the (homozygous) strains indicated. Means+SD of 80–100 flies of each group, in batches of 10 flies per vial. P , 0.01 in
each case, in comparison with w1118 control flies of same sex (Student’s t test, two-tailed, unequal variances). See also Supplementary Material, Figure S1.
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expressed copies of AOX, and to estimate the amount of knock-
down of COX required to produce AOX-rescuable lethality.
A single copy of tub-AOX was sufficient to overcome the lethal-
ity of knocking down Cox5a or Cox5b to about half of the
wild-type level at larval stage L3 (Supplementary Material,
Fig. S2A), which also produced a decrease of about 50% in the
enzymatically measured COX activity (Supplementary Material,
Fig. S2B). Flies rescued from the lethality of Cox5a or Cox5b
knockdown by two copies of tub-AOX eclosed with a slight, but
statistically non-significant developmental delay (Supplementary
Material, Fig. S2D). The rescued flies were fertile when mated to
wild-type flies of the opposite sex.

Flies in which Cox5b was knocked down during development
by a higher dose (3 mM) of RU486, failed to develop beyond the
larval stage, but four copies of tub-AOX enabled the flies to reach
pupal stage, with 12% of the pupae eclosing. The flies were tested

for bang sensitivity, a sensorineural phenotype associated with
mitochondrial dysfunction, but no bang sensitivity was found
(Supplementary Material, Fig. S2E).

Having excluded promoter-dilution effects as a reason for AOX
rescue of COX deficiency, we set out to use the UAS-AOX lines, in
combination with different GAL4 drivers, to analyse the develop-
mental phenotypes produced by knockdown of COX subunits, and
the degree to which AOX expression is able to complement them.

AOX expression rescues developmental lethality of COX
knockdown

The nuclear-coded subunits of cIV are believed to confer various
regulatory properties on COX, as well as being required for its
proper assembly and stability. Deficiency of specific subunits
leads to the accumulation of various assembly intermediates

Figure 2. Rescue of COX deficiency by tub-AOX. (A) tub-AOX rescue of developmental lethality and (D) of developmental delay, from partial knockdown of Cox6c
(Drosophila gene cyclope) using tub-GS driver. Proportion of eclosing progeny or eclosion day for different genotypes and concentrations of RU486 as shown,
means+SD from 4 or more biological replicates. (B and C) tub-AOX rescue of developmental lethality from partial knockdown of Surf1 using tub-GS driver.
The number of pupae or eclosing flies for different genotypes and concentrations of RU486 as shown, means+SD from 3 or more biological replicates. (E and
F) Rescue of developmental lethality from partial knockdown of Cox5a or Cox5b (Drosophila genes CoVa, CoVb) using tub-GS driver, as shown. Number of eclosing
progeny at different concentrations of RU486, for the indicated numbers of tub-AOX transgenes. Means+SD from 3 or more biological replicates. P , 0.01 (∗) or ,

0.05 (#), Student’s t test, two-tailed, unequal variances, comparing flies with and without tub-AOX. See also Supplementary Material, Figure S2. Note that at 0 mM

RU486 all knockdown lines tested were indistinguishable from wild-type flies in the assays shown, and that wild-type flies eclose on Days 10 and 11 at 258C. Two
copies of tub-AOX also rescued the lethality of Cox6b knockdown (Supplementary Material, Fig. S2C).
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and to subtly different phenotypes. Most nuclear-coded subunits
of COX in Drosophila are encoded by single-copy nuclear
genes (Table 1). Two notable exceptions are Cox4, encoded by
a specific isogene (CG10396) in testis, with a second isogene
(CoIV, CG10664) expressed ubiquitously, and subunit Cox7a,
also encoded by testis-specific (CG18193) and ubiquitous
(CG9603) isogenes, plus an additional, widely expressed
isogene (CG34172), prominently expressed in muscle (carcass,
crop, hindgut and heart).

Using da-GAL4 to drive simultaneously the high-level ex-
pression of UAS-AOX and the knockdown of nuclear-coded
COX subunits in the whole developing fly, we delineated
the limits of AOX rescue of COX deficiency. Knockdown of
the somatic Cox4 isogene produced early larval lethality

(Fig. 3A), consistent with the involvement of this subunit in an
essential early step in cIV assembly, and its requirement for
the production of an enzymatically functional complex. Knock-
down larvae survived for at least 15 days, but never developed
beyond a morphologically abnormal L1 or L2 stage (Fig. 3A),
whereas co-expression of UAS-AOX enabled development
to proceed as far as the pupal stage (Fig. 3A), albeit with
very few flies eclosing (Supplementary Material, Fig. S3A).
Blue native polyacrylamide gel electrophoresis (BNE) in-gel
histochemistry confirmed the functional knockdown (≥50% de-
crease of COX activity) at larval stage L3 in the ‘rescued’ flies
(Fig. 3E), as did polarography using a cIV-specific substrate
mix (Fig. 3F). Interestingly, oxygen consumption driven by
cI- or G3PDH-linked substrates was increased compared with

Figure 3. Partial rescue of global COX deficiency by UAS-AOX. (A) Micrographs illustrating typical phenotypes produced by knockdown of Cox4 (Drosophila gene
CoIV) driven by da-GAL4. In the absence of transgenic rescue, progeny arrested as abnormal L1/L2 larvae. Co-expression of UAS-AOX enabled development to
proceed as far as late pupa, although few flies eclosed. See also Supplementary Material, Figure S3A. (B) Micrograph illustrating typical pupal-lethal phenotype pro-
duced by knockdown of the major Cox7a-encoding isogene CG9603, driven by da-GAL4. (C) AOX rescue of pupal lethality from Cox7a (CG9603) knockdown.
Proportion of eclosingprogenyfor differentgenotypes as shown,means+SD from 3or more biological replicates.Flieswith the da-GAL4driver have normal bristles,
distinguishing them from those with the Sb balancer. Expression of UAS-AOX produced a full rescue whereas UAS-Ndi1 expression produced none. (D) Ascorbate/
TMPD-driven oxygen consumption of homogenates from UAS-AOX expressing L3 larvae or adult flies, with or without knockdown of Cox7a (CG9603). Means+SD
from 3 or more biological replicates; asterisks indicate significant differences (P , 0.01, Student’s t test, two-tailed, unequal variances). (E) BNE gels of mitochon-
drial extracts (37.5 mg mitochondrial protein per lane) from L3 larvae of the genotypes shown, stained histochemically for cI or cIV activity (cIV activity staining
performed for the indicated times). See Ref. 10, Figure 3, for migration of major bands in relation to molecular weight markers on these gels. Asterisk indicates as-
sembly sub-complex S3 (12). (F) Oxygen consumption of homogenates from L3 larvae of the indicated genotypes, driven by different substrate mixes (pyruvate +
proline, G3P and ascorbate + TMPD, respectively, as described in the Materials and methods section for cI-, G3PDH- and cIV-linked respiration. For clarity, oxygen
consumption is expressed as a percentage of corresponding values for control larvae expressing AOX but without RNAi. Means+SD, ≥3 biological replicates; aster-
isks indicate significant differences (P , 0.01, Student’s t test, two-tailed, unequal variances).
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control larvae, suggesting a compensation for missing proton-
pumping activity in response to AOX ‘replacement’ of the
depleted cIV.

Expression of UAS-Ndi1 as a control produced no rescue of
Cox4 knockdown (Supplementary Material, Fig. S3A). Knock-
down of Cox5b produced a similar larval-lethal phenotype that
was also partially rescued by UAS-AOX, allowing flies to
develop to pupal stage, with �5–10% of pupae eclosing as
viable flies (Supplementary Material, Fig. S3B).

Subunit Cox7a is required for the assembly of the fully func-
tional holoenzyme, but not for the formation of an enzymatically
active sub-complex (denoted as assembly intermediate S3).
Knockdown of the major isogene for Cox7a (CG9603) also
resulted in lethality, but in contrast to the early larval lethality
produced by knockdown of core subunits, Cox7a knockdown
produced lethality only at the pupal stage (Fig. 3B). This was
completely rescued by co-expression of UAS-AOX (Fig. 3C),
but not by UAS-Ndi1 (Fig. 3C). Consistent with the incorpor-
ation of Cox7a at a late stage in cIV assembly and the partial re-
dundancy of the major Cox7a-encoding isogene CG9603 with

isogene CG34172 in some tissues, knockdown of CG9603
resulted in only a partial loss of respiratory capacity in the
whole fly, based on polarography (Fig. 3D) or BNE in-gel histo-
chemistry (Fig. 3E), with a clear accumulation of assembly sub-
complex S3 in L3 larvae.

AOX-rescuable pupal lethality due to COX knockdown is
primarily a muscle phenotype

To test the tissue(s) in which COX expression is critical for the
completion of development, we employed a set of tissue-specific
drivers to knockdown either of the enzymatically crucial subunits
Cox5b (Fig. 4A) or Cox6b (Supplementary Material, Fig. S4A).
No lethality was produced by Cox5b knockdown using any of
five nervous system-specific drivers, two of which are active in
all neurons (elav-GAL4 located on chromosome 3, Bloomington
strain 8760 and nrv2-GAL4), nor were the progeny flies bang-
sensitive (Supplementary Material, Fig. S4B). Lethality was
also not produced with driver BG57 (Fig. 4A), which expresses
in larval muscles from L2 stage and in pupal and adult stages

Figure 4. AOX rescue of tissue-restricted cIV knockdown. (A–C) Knockdown of Cox5b (Drosophila gene CoVb) using the drivers indicated. Flies with the CyO
balancer marker are progeny from the same crosses, but without driver. (A and B) Proportion of eclosing progeny of the genotypes indicated, means+SD for 3
or more biological replicates. (C) Climbing index (defined as in the Materials and methods section) of 1-day-old UAS-AOX transgenic flies bearing the G14
driver, with and without knockdown of Cox5b. Means+SD of 10 batches of 5 flies, for each sex and genotype. Note that the AOX-rescued Cox5b-knockdown
males were unable to climb at all in this experiment. (D and E) Survival curves of flies of the indicated genotypes, following Cox5b or Cox4 (Drosophila gene
CoIV) knockdown and transgene expression driven by (D) elav-GAL4 strain 458 or (E) 8760, as shown. Data are means from two independent experiments. See
also Supplementary Material, Figure S4.
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predominantly in abdominal muscle (Supplementary Material,
Fig. S5A). However, knockdown using driver G14, which ex-
presses mainly in the thoracic muscles (Supplementary Material,
Fig. S5B), produced lethality (Fig. 4A and B), with flies dying at
the late pupal stage or during attempted eclosion. Cox6b knock-
down gave similar results (Supplementary Material, Fig. S4A).
Co-expression of AOX in the same tissues via UAS-AOX re-
scued the lethality of Cox5b knockdown by the G14 driver
(Fig. 4B). Multiple copies of tub-AOX also rescued this lethality,
though less completely (Supplementary Material, Fig. S4C).
Flies rescued by UAS-AOX from the muscle-specific lethality
of Cox5b knockdown nevertheless manifested a severe loco-
motor defect (Fig. 4C), and all died within 2 weeks, as a result
of becoming trapped in the food.

AOX rescue of phenotypes produced by COX knockdown
using neuron-specific drivers

The failure to induce lethality by COX knockdown in neurons is
superficially surprising. We first verified this for knockdown
of a further COX subunit (Cox4), which gave a similar result
(Supplementary Material, Fig. S4D). Next, we tested a second
elav-GAL4 driver located on chromosome X (Bloomington
strain 458). Different crosses were implemented, so as to study
females heterozygous for the driver, plus males hemizygous
for the driver, or control males lacking the driver completely
(Supplementary Material, Fig. S4E, Supplementary Material,
Table S1), as well as any rescue produced by UAS-AOX (or
UAS-Ndi1). In general, elav-GAL4 driver strain 458 produced
stronger effects than driver strain 8760, and stronger phenotypes
for knockdown of Cox4, which was now almost completely
lethal (Supplementary Material, Fig. S4E and F), than for Cox5b.
Males were also more affected than heterozygous females. Ex-
pression of AOX, but not Ndi1, improved all phenotypes. Viable
Cox5b-knockdown flies were transferred to fresh vials and their
survival tracked over 2 weeks (Fig. 4D). All genotypes manifested
locomotor impairmentafter severaldays,whichwasmoresevere in
males. Females with or without co-expression of AOX survived
throughout the experiment, but half of the females co-expressing
Ndi1 died by 2 weeks. Cox5b-knockdown males had a mean life-
span of just 8 days, but co-expression of AOX enabled most flies
to survive at least 2 weeks. In contrast, Cox5b-knockdown males
co-expressing Ndi1 all died after only a few days.

When knockdown was driven by nrv2-GAL4 or the autoso-
mally located elav-GAL4 driver (Bloomington strain 8760)
the outcome of similar survival experiments was much milder.
Cox4 knockdown again gave a stronger phenotype than that of
Cox5b, and was again stronger in males than females. After 2
weeks, some of the flies with Cox4 knocked down by the
nrv2-GAL4 driver had died (though this varied between experi-
ments), whereas Cox5b knockdown using the nrv2-driver did not
impair survival over 2 weeks at all. Cox4 knockdown by the auto-
somal elav-GAL4 driver (Fig. 4E) produced a similar effect
as Cox5b knockdown by the stronger, X-chromosomal elav-
GAL4 driver (Fig. 4D). Knockdown flies were able to climb,
and were observed feeding, although mostly remained motion-
less, whereas flies co-expressing AOX were normally active
and able to fly. Most knockdown males died within a few days,
a phenotype exacerbated by co-expression of Ndi1, whereas
�80% of males co-expressing AOX survived at least 2 weeks.

Females were less affected, though followed a similar pattern
as with Cox5b knockdown driven by X-chromosomal elav-
GAL4, with AOX affording protection against early death.

To account for the inconsistency between the effects of knock-
down using different neuron-specific drivers we re-examined the
tissue-specificity of these drivers, using UAS-GFP (Stinger or
mCD8) as a reporter (Supplementary Material, Fig. S5) and by
immunocytochemistry and histochemistry (Supplementary Ma-
terial, Fig. S6). These experiments revealed that expression
driven by nrv2-GAL4 driver was indeed much weaker than that
driven by elav-GAL4, while the latter gave also a very weak ex-
pression in thoracic muscles at pupal stage (see legends to Sup-
plementary Material, Figs S5 and S6 for detailed explanations).
Serial sections of the brain and thoracic muscle revealed no gross
anatomical defects from Cox4 knockdown using even the stron-
gest elav-GAL4 driver (Supplementary Material, Fig. S6G).

AOX partially rescues adult neurodegeneration caused
by COX deficiency

In order to confirm that the degenerative phenotypes produced
by elav-GAL4 driven COX knockdown and partially rescued
by AOX expression were indeed neuronal, we adopted two strat-
egies. First, we took advantage of the fact that Cox7a in muscle is
predominantly encoded by isogene CG34172, allowing us to
knock down the ubiquitously expressed isogene CG9603 specif-
ically in neurons using elav-GAL4, with minimal effects on
muscle. Secondly, we analysed the effects of AOX expression
in the levy1 mutant in the gene encoding Cox6a, a subunit re-
quired for dimerization of cIV. The splice-site mutation results
in a frameshift early in the polypeptide sequence, and produces
an adult-onset neurodegenerative phenotype (19).

Neuronal depletion of Cox7a driven by elav-GAL4 resulted
in locomotor dysfunction (Fig. 5A) and seizure sensitivity at
298C (Fig. 5B), both of which were partially rescued by co-
expression of AOX. Neither phenotype was produced by
muscle-specific knockdown using the G14 driver (Fig. 5A and
B), as expected, given that Cox7a expression in muscle relies
mainly on isogene CG34172. Cox7a function is also required
during development (Fig. 3C), but AOX-rescue of the lethality
gave an adult phenotype similar to that seen in flies specifically
knocked down for Cox7a and rescued by AOX co-expression in
neurons, namely a mild but progressive locomotor defect
(Fig. 5C) and seizure sensitivity at 298C, which was also progres-
sive (Fig. 5D). However, the rescued flies showed normal sur-
vival at 2 weeks. When mated to wild-type flies of the opposite
sex, males and females were both fertile and their progeny
appeared normal. This contrasts with the phenotype exhibited
by flies knocked down for subunits of cI, but rescued by Ndi1
(Supplementary Material, Fig. S7), which includes pronounced
developmental delay, bang sensitivity at room temperature im-
mediately upon eclosion, and male sterility.

Ubiquitous AOX expression using either tub-AOX (Fig. 6A)
or UAS-AOX driven by da-GAL4 (Fig. 6B) also alleviated
the temperature-dependent seizure sensitivity exhibited by
levy1 mutant flies, although effects on lifespan at 298C were
minimal (Supplementary Material, Fig. S8A–C). Expression
of UAS-Ndi1 in place of UAS-AOX did not alleviate the seizure
sensitivity of levy1 flies (Supplementary Material, Fig. S8D),
instead mildly exacerbated it, similar to the observation that
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Ndi1 expression enhanced the degenerative effects of Cox5b
knockdown by elav-GAL4 (Fig. 6D and E).

Although levy1 was previously suggested to be a null mutation
(of Cox6a), we also tested the effects of Cox6a knockdown
by RNAi. Ubiquitous knockdown was semi-lethal to females
at pupal stage (Fig. 6C), although the degree of male lethality
varied between experiments. Eclosing flies failed to inflate
their wings and died in the food shortly after eclosion. Co-
expression of UAS-AOX partially rescued female lethality
(Fig. 6C, Supplementary Material, Fig. S8E), but the resulting
flies were still weak. Knockdown of Cox6a using the muscle-
specific driver G14 did not produce the uninflated wings pheno-
type (0 of 143 flies analysed), whereas elav-GAL4 did so (223 of
237 flies). Co-expression of AOX rescued this phenotype, with
only 9 of 129 flies failing to inflate wings at eclosion (Supple-
mentary Material, Fig. S8E). The Cox6a knockdown phenotype
thus appears to be neuronal and again partially rescued by AOX.

The more severe organismal phenotype produced by Cox6a
knockdown than by the levy1 splice-site mutation in Cox6a
was reflected in a more severe biochemical phenotype as
detected by BNE in-gel histochemistry (Fig. 6D). BNE gels
revealed a multiplicity of complexes showing COX activity, cor-
responding to monomeric and dimeric cIV, as well as supercom-
plexes that were not fully characterized. Knockdown of Cox6a
resulted in a clear and reproducible increase in the mobility of
the monomeric complex, and a substantial decrease in the abun-
dance of all multimeric and supercomplexes. One of these

comigrated on gels with the major complex exhibiting cI activ-
ity, and cI activity based on this assay was also clearly decreased
in Cox6a knockdown flies, though was hardly affected by the
levy1 mutation.

Table 2 shows a summary of the different phenotypes pro-
duced by knockdown of COX subunits using various drivers,
and their alleviation by tub-AOX and/or UAS-AOX in the
experiments described above.

DISCUSSION

AOX can partially replace the functions of COX in vivo

Despite a much lower level of expression than with the GAL4
system, AOX expressed constitutively under the a-tubulin pro-
moter was effective in combating diverse insults affecting cIV
integrity or activity. Flies were protected from cyanide toxicity
and from genetic manipulations of Cox6c (cyclope) or the cIV
assembly factor Surf1, to approximately the same extent as
when AOX expression was driven by ubiquitously expressed
GAL4 (8). These findings indicate, furthermore, that AOX
rescue driven by GAL4 or GeneSwitch is not due to promoter di-
lution effects, and thus validate the use of GAL4 drivers in the
remainder of the experiments reported here.

The phenotypes associated with knockdown of most nuclear-
coded subunits of cIV were significantly alleviated by tub-AOX
expression, including Cox4, Cox5a, Cox5b, Cox6a, Cox 6b and

Figure 5. AOX partially rescuesneuronal phenotypes resulting from Cox7a knockdown. (A and C) Climbing index and (B and D) bang sensitivityat 298C of flies of the
indicated genotypes, ages and sex. Means+SD generated by analysis of batches of .50 individual flies of each class. Where, indicated, P , 0.001, Student’s t test,
two-tailed, unequal variances, (A and B) comparing flies knocked down for Cox7a (isogene CG9603) with and without co-expression of AOX or (C and D) comparing
flies of a given sex expressing AOX, with or without concomitant knockdown of Cox7a.
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Cox6c. tub-AOX also partially complemented a null mutant in
the single-copy gene for Cox6a (levy1). Although tub-AOX ex-
pression of was 3- to 5-fold less in adult females than males
(Fig. 1A and B), the phenotypic rescue of COX inhibition that
it produced was not substantially different between the sexes,
suggesting that only a modest expression of AOX suffices to
ameliorate the major consequences of severe COX deficiency.

The complete absence of COX activity, e.g. via a null muta-
tion for Cox6c (cyclope), produces early developmental lethality
which AOX is unable to compensate (8). However, AOX was
able to complement the lethality of a partial loss of COX activity,
such as produced by a limited RNAi targeted on essential subu-
nits (Figs 2–4). This allows the level of COX activity which is
needed in order to sustain development to be crudely estimated.
Thus, the �50% drop in the level of COX activity in L3 larvae,
brought about by da-GAL4-driven Cox4 knockdown (Fig. 3E
and F), or Cox5b knockdown by the GeneSwitch driver in pres-
ence of 0.5 mM RU486 (Supplementary Material, Fig. S2B), is
larval lethal in the absence of AOX, and very close to the
amount of knockdown that blocks the completion of metamor-
phosis even in the presence of AOX (Supplementary Material,

Fig. S3A). Note that many more flies completed development
when Cox5b knockdown was brought about by GeneSwitch,
with AOX supplied from just two copies of tub-AOX (Fig. 2F),
than when knockdown and rescue were both driven by da-
GAL4 (Supplementary Material, Fig. S3B). This may be ex-
plained by the fact that the GeneSwitch driver is dependent on
the supply of the inducing drug, so that during metamorphosis,
when the flies are not eating, but the drug previously ingested
can be metabolized, GeneSwitch driven-RNAi decays.

da-GAL4-driven RNAi targeted against genes for catalytical-
ly essential subunits, such as Cox4, Cox5a or Cox5b, was lethal
at an early (L1/L2) larval stage, although the abnormal larvae
survived a further 2 weeks without further growth. Similar phe-
notypes have been seen for other manipulations affecting mito-
chondrial OXPHOS, such as knockdown of mitochondrial
transcription factor mtTFB2 (43) or the cIV assembly factor
CCDC56 (44). The implication is that larvae can survive for
long periods on the small amount of OXPHOS capacity acquired
maternally, but require additional respiratory or ATP-generating
potential for growth and developmental progression. AOX ex-
pression allowed this developmental block to be overcome,

Figure 6. AOX partially rescues Cox6a-dependent neurodegeneration. (A and B) Rescue of seizure sensitivity of 7-day-old levy1 flies maintained at 298C. Means+
SD of square root of recovery timefrom mechanical shock, forbatches of50–100 individualflies of the sex and genotypes indicated. Note that, control flies do not show
any such bang sensitivity (�zero recovery time). (C) UAS-AOX rescue of semi-lethality of Cox6a knockdown (Drosophila gene levy) in female flies. Means+SD
from 3 or more biological replicates. (D) BNE gels (as Fig. 3E) from 1-day-old adults of the genotype and sex shown, stained histochemically for cI or cIV activity (cIV
activity staining performed for the indicated times). See also Supplementary Material, Figure S7. Where, indicated, P , 0.001, Student’s t test, two-tailed, unequal
variances, comparing flies of the given sex, expressing AOX or not. P ¼ 0.051 in (C).
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although ‘rescued’ flies still died during metamorphosis if COX
activity was below a critical level, and the few flies that eclosed
were typically weak and short-lived. The ability of AOX to
rescue early larval but not pupal lethality does not mean that
the requirement for OXPHOS is greater during metamorphosis
than during larval growth: the maternal contribution to total
COX activity, which may be assumed to be significant in

larvae, becomes enormously diluted during development, on a
per cell basis.

COX deficiency produces a range of adult phenotypes
in Drosophila

Surprisingly, the knockdown of catalytically essential subunits
by pan-neuronal drivers, as well as drivers active in various

Table 2. Phenotypes produced by knockdown or mutation of COX subunits, and rescue by AOX

Genetic lesionb Phenotype Phenotypic rescue by AOX Figure

Cox4 Ubiquitous CoIV knockdown Early larval lethal Pupal lethal with tiny number
of eclosed adults

3A, Supplementary Material,
Figure S3A

CoIV knockdown in neurons Pupal semi-lethal (most flies
too weak to eclose),
surviving adults have short
lifespan (,1 week), varies
with severity of knockdown

Viable, with locomotor defect
but increased lifespan (.2
weeks), varies with severity
of knockdown, but always
improved

4E, Supplementary Material,
Figure S4D–F

Cox5a Ubiquitous CoVa knockdown
(partial)

Lethalc Viable, but with 1–2 days
developmental delay

2E, Supplementary Material,
Figure S2D

Cox5b Ubiquitous CoVb knockdown
(partial)

Lethal Viable, but with 1–2 days
developmental delay, adult
locomotor defect

2F, Supplementary Material,
Figure S2D and F

Ubiquitous CoVb knockdown
(severe)

Early larval lethal Semi-lethal: some viable
adults

Supplementary Material,
Figure S3B

CoVb knockdown in neurons Pupal semi-lethal, adult
females have short lifespan
(�1 week), varies with
severity of knockdown

Viable, with locomotor defect
but increased lifespan (.2
weeks), varies with severity
of knockdown but always
improved

4A and D, Supplementary
Material, Figure S4B and E

CoVb knockdown in larval and
adult abdominal muscle

Viablec ntd 4A

CoVb knockdown in thoracic
muscle muscle

Pupal-lethal Viable, but with locomotor
defect

4A–C

Cox6a levy1 mutant Adult-onset, progressive
neurodegeneration and
curtailed lifespan

Greatly alleviated
neurodegeneration; no
effect on lifespan

6A and B, Supplementary
Material, Figure S8A–D

Ubiquitous levy knockdown Lethal in pupa, or immediately
after eclosion (uninflated
wings)

Less pupal lethality (in
females). viable after
eclosion (normal wings)

6C, main text

levy knockdown in neurons Lethal immediately after
eclosion (uninflated wings)

Viable after eclosion (normal
wings)

Supplementary Material,
Figure S2E

levy knockdown in thoracic
muscle

Viable Viable Main text

Cox6b Ubiquitous CoVIb knockdown
(partial)

Lethal Viable Supplementary Material,
Figure S2C

CoVIb knockdown in larval
and adult abdominal
muscle

Viable nt Supplementary Material,
Figure S4A

CoVIb knockdown in thoracic
muscle muscle

Pupal (semi-)lethal Viable Supplementary Material,
Figure S4A

CoVIb knockdown in neurons viable nt Supplementary Material,
Figure S4A

Cox6c Ubiquitous cyclope
knockdown (partial)

Semi-lethal, survivors eclose
with 2–3 days delay

Viable, ,1 day
developmental delay

2A and D

Cox7a ubiquitous CG9603
knockdown

Pupal lethal Viable, with mild progressive
neurodegeneration

3B and C, Supplementary
Material, Figure S5C and D

CG9603 knockdown in
neurons

Neurodegeneration Milder neurodegeneration 5A and B

CG9603 knockdown in
thoracic muscle

Wild-type Wild-type 5A and B

Surf1 (assembly
factor)

Surf1 knockdown (partial) (Pupal) semi-lethal Viable 2B and C

aUsing mouse nomenclature, as in Table 1.
bOfficial gene symbols/names as in www.flybase.org.
cPhenotypes listed only as lethal or viable were not investigated further.
dNot tested.
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different subsets of neurons, was non-lethal even in the absence
of AOX (Fig. 4). Previous data are consistent with the idea that
neurons can develop and survive long periods with profound
OXPHOS deficiency. Mice with only 30% of the wild-type
COX activity in the brain, due to a deletion of the Surf1 gene,
are nevertheless viable (45), and postnatal deletion of the Tfam
gene in mouse forebrain neurons produces only a late-onset neu-
rodegeneration, which manifests pathologically a full month
after profound neuronal COX deficiency is seen histochemically
(46). Chimeric mice created using this model also show long-
term survival, even if .50% of neurons are respiration-deficient
(47). In Drosophila, even severe neurodegenerative phenotypes
associated with mitochondrial dysfunction, are non-lethal during
development (48,49).

In contrast, muscle-specific knockdown of COX during devel-
opment, using GAL4 driver G14, was pupal-lethal in the absence
of AOX. This lethality was not produced by driver BG57, which
is active in larval and adult abdominal muscles, but not the thor-
acic muscles that are targeted by G14 (Supplementary Material,
Fig. S5A and B), indicating the latter as the critical target. The
lethality of Cox5b knockdown driven by G14 was fully
rescued by co-expression of AOX, although when knockdown
was driven by da-GAL4 the result was still almost complete
pupal lethality, suggesting that some COX activity in tissues
other than muscle is needed for the completion of development.
Moreover, while the developmental block caused by muscle-
specific knockdown of Cox5b was rescued by AOX, the
eclosed flies were very weak. AOX can thus complement COX
deficiency sufficiently to enable muscle development but can
only do so incompletely for muscle function, indicating that at
least some residual proton-pumping activity at cIII/cIV is essen-
tial for full activity of the tissue. This may mirror the prominence
of muscle involvement in those human mitochondrial diseases
where the primary defect causes only a decrease in the activity
of cIV (20) or cIII (50).

The different phenotypes produced by cIV knockdown using
pan-neuronal drivers partly reflect their different strengths, as
revealed by GFP expression (Supplementary Material, Fig. S5).
Thus, the degenerative phenotypes produced by Cox4 knockdown
rangefrom semi-lethalitywith the stronger,X-chromosomal elav-
GAL4 driver (strain 458), to no detectable impairment within
the first 2 weeks of adult life, for nrv2-GAL4. Autosomal elav-
GAL4 (strain 8760), which drives GFP expression less strongly
in the adult and pupa (Supplementary Material, Fig. S5F–I),
gave an intermediate phenotype. The stronger elav-GAL4-driven
phenotype in males is an expected consequence of dosage com-
pensation of an X chromosome-derived promoter. In addition,
based on GFP (Supplementary Material, Fig. S5F–I) and AOX
expression (Supplementary Material, Fig. S6B), as well as cIV
knockdown as judged by immunocytochemistry (Supplementary
Material, Fig. S6D) and histochemical staining (Supplementary
Material, Fig. S6E and F), the elav-GAL4 drivers are weakly
active also in developing thoracic muscle from the pupal stage.
This complicates the interpretation of the organismal phenotypes
produced using these drivers. The weakness, inactivity and loco-
motor dysfunction produced by elav-GAL4-driven Cox4, Cox5b
or Cox6a knockdown are similar to the effects produced by
muscle-specific driver G14, though vary in degree. They appear
to constitute a stable, developmentally determined phenotype
distinct from the progressive neurodegeneration exhibited by

the Cox6a mutant levy1, which also resembles the other, more
progressive effects of cIV knockdown produced by the elav-
GAL4 drivers.

However, the effects of knockdown of the major somatic
isoform of Cox7a (Fig. 5) indicate that the elav-GAL4-driven
phenotypes produced by knockdown of core subunits of cIV
are, in fact, predominantly or exclusively neural. Data from flya-
tlas.org indicate that the isogene CG9603 accounts for .99% of
Cox7a expression in the brain. However, in adult carcass, which
consists mainly of muscle tissue, the expression of Cox7a
isogene CG34172 predominates. Consistent with this, the phe-
notypes produced by global knockdown of isogene CG9603
using da-GAL4 in the presence of UAS-AOX (progressive
bang sensitivity and locomotor impairment, Fig. 5C and D)
were not seen when using the muscle-specific driver G14
(Fig. 5A and B), but were produced by the elav-GAL4 driver
(Fig. 5A and B), confirming that these are the characteristic neur-
onal phenotypes of adult COX deficiency in Drosophila. Im-
portantly, these phenotypes were alleviated by the concomitant
expression of AOX, even at relatively modest levels, e.g. tub-
AOX rescue of the levy1 phenotype (Fig. 6A).

Neuronal COX-deficient phenotypes and bioenergetic
insufficiency

AOX rescue of the neuronal phenotypes produced by knockdown
of different cIV subunits was not complete. For example, even
when AOX was co-expressed, Cox7a knockdown still produced
a mild, residual bang sensitivity and locomotor dysfunction that
were not seen in wild-type flies, and which worsened with age
(Fig. 5C and D). Furthermore, although the temperature-
dependent bang sensitivity of levy1 flies was greatly alleviated
by AOX, it was not completely abolished (Fig. 6A and B), and
the short lifespan of levy1 flies was hardly affected (Supplemen-
tary Material, Fig. S7A–C). Importantly, the degree of rescue of
the levy1 phenotype was the same (Fig. 6A and B), even when
AOX was expressed at a much higher level, driven by da-GAL4
(Fig. 1A).

Because it is non-proton-pumping, AOX cannot rescue ATP
production at cIII/cIV. However, by releasing electron flow
from a block at the level of cIV, AOX expression can restore
ATP production due to proton-pumping at cI. In addition, it can
decrease other consequences of cIV inhibition, such as excess
ROS production (6–9), metabolic acidosis or disturbances to
intermediary metabolism and, for unexplained reasons, decreases
mitochondrial ROS production even under non-inhibited condi-
tions [(51), Fig. 3]. The question thus arises as to which of these
effects underlies the neurodegeneration produced by COX defi-
ciency, even in the presence of AOX. Importantly, in this
regard, co-expression of Ndi1 in place of AOX actually worsened
the levy1 phenotype (though this was only statistically significant
in males), and also worsened the degenerative effects of Cox4 or
Cox5b knockdown produced by the elav-GAL4 drivers. Unlike
AOX, expressed Ndi1 appears to be constitutively active (10),
thus divertinga proportion of the electron flowthat shouldnormal-
ly pass through cI and decreasing the total amount of proton-
pumping for a given respiratory flux. Under conditions where
electron flow through cIV is too low, Ndi1 expression should di-
minish further an already insufficient rate of ATP production.
Conversely, it should have no effect on excess ROS production
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at cIII, since coenzyme Q (CoQ) remains maximally reduced
under these conditions. ROS production at cI might actually be
mildly alleviated. Thus, our results strongly suggest that the
primary mechanism of neurodegeneration caused by COX defi-
ciency is a bioenergetic deficit, and not an effect of excess ROS
or metabolic disturbance.

The failure of AOX to improve the short lifespan of levy1

flies, combined with our analysis of the levy1 and Cox6a-KD
phenotypes by BNE (Fig. 6D), suggests that the levy1 mutation
may also act via another mechanism. The Cox6a gene product
appears to be required not only for the dimerization/multimeri-
zation of cIV but also the participation of cIV in respiratory
supercomplexes, including those that also contain cI (Fig. 6D).
Supercomplex formation has elsewhere been shown to be crucial
for full respiratory function (18,52). Moreover, the absence of
Cox6a results in a functional deficiency of both complexes IV
and I. Since other data strongly indicate that loss of cI activity
(10,53), especially in the nervous system (54), is a primary cause
of ageing, the short lifespan of levy1 flies may be due to cI defi-
ciency and/or loss of cI-containing supercomplexes, rather than
COX deficiency as such.

Loss of proton-pumping at cIV or cI produces distinct
organismal phenotypes

The residual phenotypes seen when cIV is functionally replaced
by AOX or when cI is functionally replaced by Ndi1 are distinct.
AOX-rescued cIV-knockdown flies manifest the developmen-
tally determined muscle weakness and neurodegeneration pheno-
types described above, but are fertile, show no bang sensitivity
at room temperature when tested 1–2 days after eclosion, and
suffer only a short (1–2 days) developmental delay. In contrast,
Ndi1-rescued cI-knockdown flies show a pronounced (3–5 days)
developmental delay, bang sensitivity detectable at room tem-
perature immediately after eclosion, and male sterility associated
with greatly decreased amounts of sperm, which are also immo-
tile. However, the Ndi1 rescued flies are normally active, indicat-
ing unimpaired muscle function, and do not show short lifespan or
other signs of neurodegeneration.

These different phenotypes may be considered as an example
of the different respiratory thresholds of different tissues (42).
COX has previously been suggested to have a low reserve cap-
acity in skeletal muscle, based on biochemical threshold mea-
surements of the different OXPHOS complexes in various rat
tissues (42). The dependence of individual tissues on the dif-
ferent OXPHOS complexes is also greatly influenced by the
metabolic fuels that are supplied physiologically. For example,
inhibition of cI should be much less important in a tissue depend-
ent on oxidation of succinate or a-glycerophosphate than one
where pyruvate is the main substrate. In Drosophila flight
muscle, ATP production depends on a combination of glycoly-
sis and a-glycerophosphate oxidation in mitochondria, which
donates directly electrons to cIII via CoQ, using an flavin
adenine dinucleotide-linked enzyme GPD2 (55). This
a-glycerophosphate cycle also sustains the regeneration of nico-
tinamide adenine dinucleotide + without production of lactate,
and its genetic ablation causes loss of viability (56). This is con-
sistent with the greater dependence of muscle on the activity of
cIV as opposed to cI implied by our results, and may also
account for the absence of muscle weakness and pupal lethality

in levy1 flies, where a major effect of the mutation appears to be
the absence of supercomplexes containing cI.

The phenotype of pronounced developmental delay and bang
sensitivity is characteristic of Drosophila mutants lacking mito-
chondrial OXPHOS capacity, notably sesB1 (57) and tko25t (58).
cI is the most affected of the OXPHOS complexes in tko25t (58).
Based on the patterns of tissue-specific rescue with the wild-type
tko gene, bang sensitivity was suggested to be a neural phenotype
(59,60). Although tko25t exhibits a male courtship defect (58) it is
not sterile. However, the combined phenotype of bang sensitiv-
ity and male sterility has been previously reported in engineered
Drosophila hypomorphs for porin (61,62), showing a similar
sperm defect as seen in Ndi1-rescued cI-knockdown flies. Male
infertility comprising low sperm number (oligozoospermia),
with loss of sperm motility (asthenozoospermia) is a common
phenotype in humans, and has been reported, in specific popula-
tions, in individuals polymorphic for the CAG repeat at the
POLG1 (mtDNA polymerase) locus (63,64), or deriving from
a specific mitochondrial haplogroup (65). Since Ndi1 should
compensate the redox disturbance and excess ROS production
resulting from cI deficiency, our findings indicate a specific im-
portance of proton-pumping at cI for normal sperm differenti-
ation and motility, and may reflect a unique metabolic signature
of sperm (66).

AOX as therapy for COX deficiency based
on the Drosophila model

Previous studies in Drosophila (8,49) indicated that AOX
expression is a potentially useful tool for correcting a wide spec-
trum of genetic defects affecting the mitochondrial cytochrome
chain. The present study extends these findings by showing
that AOX can overcome both lethal and tissue-specific effects
of various types of COX deficiency, notably those affecting
early development, muscle differentiation and function and
the functional maintenance of the nervous system during adult
life (Table 2). AOX was able to rescue phenotypes arising
from genetic lesions affecting COX subunits required for early
[Cox4, Cox5a (67)], intermediate (Cox5b, Cox6b) and late
steps (Cox7a) in cIV assembly, a key subunit (Cox6a) required
for cIV multimerization and supercomplex formation, and the
assembly factor Surf1. COX deficiency in humans also has a di-
versity of genetic causes, including catalytic (29–31) and struc-
tural subunits (27,28), assembly factors (22,23,25,26) and genes
required for biosynthesis (32,33). Pathological COX deficiency
is ALSO among the most severe manifestations of mitochondrial
disease. Developing AOX as a wide-spectrum genetic therapy is
thus an attractive, if distant goal.

MATERIALS AND METHODS

Drosophila stocks and maintenance

w1118 flies, standard balancers, UAS-GFP lines (Stinger with an
insertion on chromosome 2 and mCD8 on chromosome 3) and
GAL4 driver lines were obtained from stock centres. G14-GAL4
(68) was a kind gift from Professor John C. Sparrow (University
of York) and the tubulin-GeneSwitch (tub-GS) driver (69) from
Dr Scott Pletcher (University of Michigan). The Surf1-KD line
79.1 (70), levy1 mutant strain (19), UAS-AOX transgenic lines
AOXF6 and AOXF24 (8) and UAS-Ndi1 transgenic line A46 (10)
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were described previously. RNAi stocks targeted against cyclope,
CoIV, CoVa, CoVb, levy, CoVIb, CG9603, CG6020 and CG3683
(71) were from the Vienna Drosophila RNAi Centre (VDRC).
All flies were maintained in standard medium (8), with addition
of RU486 (Mifepristone, Sigma, St Louis, MO, USA) for induction
of expression using the tub-GS driver.

Generation of tub-AOX transgenic lines

Trasgenic lines containing Ciona intestinalis AOX under the
control of the Drosophila aTub84B promoter were created,
using, a modified pGREEN-H-Pelican vector (72) (Drosophila
Genomics Resource Center, Bloomington, IN, USA) as previ-
ously described (8). Insertion sites were determined by inverse
polymerase chain reaction (PCR) (8).

Developmental time, behavioural, toxin resistance
and lifespan assays

Crosses were conducted in triplicate, and mean developmental
time to eclosion at 258C and bang sensitivity measured as de-
scribed previously (73). Resistance to cyanide and climbing
ability were assayed essentially as described in Ref. (8), with
minor modifications (8, see SI). For lifespan curves, virgin
females and males were collected in sets of 10 flies per vial,
and transferred to fresh food vials three times a week, as previ-
ously (10). At least 10 vials of each sex and genotype were
used in life-span experiments, or 3 vials of each sex and genotype
when measuring survival over just 2 weeks.

Protein analysis

Mitochondria from batches of 80–100 adult flies or pupae were
isolated essentially as described (74). For isolation of mito-
chondria from L3 larvae, 0.01 M freshly neutralized cysteine
hydrochloride was added to the isolation buffer. SDS-PAGE
and western blotting using antibodies against AOX and ATP
synthase subunit a were as described previously (8). BNE and
in-gel activity staining of mitochondrial enzymes (54) used
NativePAGE Novex Bis-Tris Gel System (Invitrogen Life Tech-
nologies, Carlsbad, CA, USA) and batches of 100 mg of isolated
mitochondria.

RNA extraction and qRT-PCR

RNA extraction from Drosophila adults and larvae, cDNA
synthesis, quantitative real time-polymerase chain reaction
(qRT-PCR) and data analysis were performed as described for
Surf1 mRNA in Ref. (8), using primer sets shown in Supplemen-
tary Material, Figure SI.

Metabolic analyses

Polarography was performed using a high-resolution Oroboros
2K respirometer for whole homogenates, as described previous-
ly (75). COX activity was measured using the CYTOCOX1 kit
(Sigma), according to manufacturer’s recommendations.

Imaging

Imaging of the head and thorax was carried out by haematoxylin
and eosin staining of paraffin sections. For immunocytochem-
istry, heat- and Triton X-100-treated paraffin sections were incu-
bated with primary antibodies against COXIV (Abcam, rabbit),
ATP5A (Abcam, mouse) or AOX (21st Century Biologicals,
rabbit), with appropriate secondary antibodies (Invitrogen). Slides
were imaged by spinning disc confocal microscopy. Staining
for COX and SDH activity was carried out on cryosections, es-
sentially as described previously described (76, see Supplemen-
tary Material, Fig. SI).

GFP expression patterns generated by various GAL4 drivers
were determined by crossing homozygous driver and GFP re-
porter lines, with imaging of larvae and dissected organs by
fluorescence microscopy. No image manipulation was done,
other than standard brightness and contrast optimization.

For further details see SI.

SUPPLEMENTARY MATERIAL

Supplementary Material is available at HMG online.
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ABSTRACT A point mutation [technical knockout25t (tko25t)] in the Drosophila gene coding for mitoribo-
somal protein S12 generates a phenotype of developmental delay and bang sensitivity. tko25t has been
intensively studied as an animal model for human mitochondrial diseases associated with deficiency of
mitochondrial protein synthesis and consequent multiple respiratory chain defects. Transgenic expression in
Drosophila of the alternative oxidase (AOX) derived from Ciona intestinalis has previously been shown to
mitigate the toxicity of respiratory chain inhibitors and to rescue mutant and knockdown phenotypes
associated with cytochrome oxidase deficiency. We therefore tested whether AOX expression could com-
pensate the mutant phenotype of tko25t using the GeneSwitch system to activate expression at different
times in development. The developmental delay of tko25t was not mitigated by expression of AOX through-
out development. AOX expression for 1 d after eclosion, or continuously throughout development, had no
effect on the bang sensitivity of tko25t adults, and continued expression in adults older than 30 d also
produced no amelioration of the phenotype. In contrast, transgenic expression of the yeast alternative
NADH dehydrogenase Ndi1 was synthetically semi-lethal with tko25t and was lethal when combined with
both AOX and tko25t. We conclude that AOX does not rescue tko25t and that the mutant phenotype is
not solely due to limitations on electron flow in the respiratory chain, but rather to a more complex
metabolic defect. The future therapeutic use of AOX in disorders of mitochondrial translation may thus
be of limited value.
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Drosophila provides a useful animal model for human genetic diseases
(Lloyd and Taylor 2010; Lu and Vogel 2009), including those associ-
ated with mitochondrial dysfunction (Sánchez-Martinez et al. 2006,
Palladino 2010). Prominent among the latter are the many diseases
caused by deficiency or malfunction of components of the machinery
of mitochondrial protein synthesis (Pearce et al. 2013). These can be
caused by point mutations of mitochondrial DNA (mtDNA), by large
mtDNA deletions, or by nuclear gene lesions, and can involve inter-
actions with environmental factors, including some antibiotics. Al-
though their clinical phenotypes vary, a common thread is deficiency

of multiple respiratory chain complexes, including ATP synthase,
which include mtDNA-encoded subunits. The resulting metabolic
crisis then produces a developmental and physiological disease con-
dition, which can be widespread, severe, and often fatal.

We have previously investigated a Drosophila model of such dis-
eases; tko25t carries a (recessive) point mutation in the gene for mitor-
ibosomal protein S12 (Royden et al. 1987; Shah et al. 1997). tko25t flies
exhibit developmental delay, sensitivity to seizures induced by me-
chanical stress (“bang sensitivity”), and a set of linked phenotypes that
share features with human mitochondrial disease, including hearing
impairment and sensitivity to antibiotics that impair mitochondrial
protein synthesis (Toivonen et al. 2001). At the molecular level, tko25t

shows decreased abundance of mitoribosomal small subunits, multiple
respiratory chain and ATP synthase deficiency (Toivonen et al. 2001),
and altered gene expression indicative of a metabolic shift toward
glycolytic lactate production and anaplerotic pathways (Fernández-
Ayala et al. 2010).

The phenotype of tko25t flies can be partially suppressed by seg-
mental duplication of the mutant gene in its natural chromosomal
milieu (Kemppainen et al. 2009), by cybridization to specific suppressor
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cytoplasmic (mtDNA) backgrounds (Chen et al. 2012), or by over-
expression of spargel (Chen et al. 2012), the Drosophila homolog of
PGC1-a, proposed to function as a master regulator of mitochon-
drial biogenesis (Scarpulla 2011). In other studies, we found that
toxic inhibition of complex III (cIII) by antimycin or cIV by cyanide,
or phenotypes resulting from mutations or knockdown of cIV sub-
units or the cIV assembly factor Surf1 in Drosophila, could be miti-
gated by concomitant expression of the mitochondrial alternative
oxidase (AOX) from Ciona intestinalis (Fernández-Ayala et al.
2009; Kemppainen et al. 2014).

AOX is widespread in eukaryotes, being found in plants, fungi,
and many animal phyla, although not in arthropods or vertebrates
(McDonald et al. 2009). It provides a nonproton-translocating bypass
of the cytochrome segment of the mitochondrial respiratory chain,
maintaining electron flow under conditions in which it would be
inhibited by high membrane potential, toxic inhibition, or insufficient
capacity of cIII and/or cIV. tko25t flies exhibit multiple respiratory
chain deficiency, including profoundly decreased activity of both cIII
and cIV (Toivonen et al. 2001). However, whereas lactate dehydroge-
nase can theoretically compensate, at least in part, for the lack of cI
(Fernández-Ayala et al. 2010), ubiquinone-linked dehydrogenases,
such as succinate dehydrogenase (complex II, cII), require the cyto-
chrome chain for onward electron transfer to oxygen to reoxidize
ubiquinol. Thus, even though it cannot directly support ATP pro-
duction, AOX expression in tko25t should facilitate intermediary me-
tabolism, leading to an amelioration of the mutant phenotype if that
phenotype is due to limitations on electron flow through cIII and cIV.

We therefore set out to test whether expression of Ciona AOX in
Drosophila at different times in the life-cycle could correct the major
organismal phenotypes of tko25t, namely bang sensitivity and devel-
opmental delay.

MATERIALS AND METHODS

Flies, maintenance, and behavioral assays
Drosophila lines were as described previously (Toivonen et al. 2001;
Fernández-Ayala et al. 2009; Sanz et al. 2010a). Flies were maintained
at 25� on standard medium with supplements, as previously described
(Fernández-Ayala et al. 2009), including RU486 (Mifepristone), with
indicated time to eclosion and bang sensitivity at 25� measured as
previously described (Toivonen et al. 2001).

RNA isolation and analysis
RNA extraction and QRTPCR were performed as previously de-
scribed (Fernández-Ayala et al. 2009). RNA isolations were performed
in triplicate from batches of 40 males or 30 virgin females. For
QRTPCR, cDNA was synthesized using High-Capacity cDNA Re-
verse-Transcription kit (Life Technologies, Carlsbad, CA). Analysis
used a StepOnePlus instrument (Life Technologies) with the manu-
facturer’s SYBR Green PCR reagents and customized AOX primers
and normalization to RpL32 RNA as previously described (Fernández-
Ayala et al. 2009).

Metabolic assays
ATP levels in adult female flies were measured as previously described
(Chen et al., 2012), along with ATP standards. Mitochondrial reactive
oxygen species (ROS) production was measured essentially according
to Ballard et al. (2007) as hydrogen peroxide produced in whole-body
mitochondrial extracts from 2- to 5-d-old females using a substrate
mix of 5 mM pyruvate, 5 mM proline, 20 mM sn-glycerol-3-phosphate,
and 1 mM ADP.

RESULTS

Transgenic expression of AOX in Drosophila using an
inducible driver
We previously documented the amount of expression of AOX at the
RNA level in transgenic flies containing single and double copies of
the UAS-AOX transgene activated by different ubiquitously acting
drivers (Fernandez-Ayala et al. 2009). In the same study, using the
drug-inducible tubulin-GeneSwitch driver (tub-GS), we determined
the minimal level of the inducing drug RU486 (10 mM) that would
sustain maximal AOX expression throughout development when flies
were cultured in drug-containing food. To be able to induce and
sustain AOX expression at different times during adult life, we first
conducted further tests using the tub-GS driver (Figure 1). Expression
of AOX was induced in 1-d-old adults using different concentrations
of RU486 and was measured 24 hr later using UAS-AOX–bearing flies
with no driver or with the highly active da-GAL4 driver as controls
(Figure 1A). Even without drug, the tub-GS driver supported AOX
expression at a three-fold to 10-fold higher level than in the absence of
any driver. As observed previously using various drivers (Fernandez-
Ayala et al. 2009), expression in males was always approximately
three-fold higher than in females, which is probably a feature of the
standard UAS transgenic construct and/or dosage compensation ele-
ments associated with the linked mini-white marker gene. RU486
even at low doses increased expression at least 10-fold further, and
expression reached a plateau at a drug concentration of 100 mM. To be
sure of fully activating expression, we thereafter routinely used 200 mM
RU486 as the activating condition.

Next, we determined the kinetics of induced expression and the
effects of sustained drug exposure or its withdrawal (Figure 1, B and
C). AOX expression already reached a plateau level after 1 d of drug
exposure in females (Figure 1B) and males (Figure 1C); thereafter, it
remained constant if flies were maintained on drug-containing food. If
drug was withdrawn by switching to drug-free food at day five, then
expression decreased to a new plateau level by 1 d later. However, this
level was two-fold to three-fold higher than that of flies never exposed
to drug. Flies endowed with UAS-AOX and tub-GS were cultured
continuously on RU486-containing food for many weeks and re-
mained phenotypically indistinguishable from flies grown on drug-free
food.

Adult-specific induction of AOX does not rescue bang
sensitivity of tko25t

Bang sensitivity is generally considered to arise from a functional
defect of nerve conduction during high-frequency stimulation in the
giant fiber pathway (Pavlidis and Tanouye 1995; Lee and Wu 2002;
Fergestad et al. 2006; Ueda et al. 2008). Bang-sensitive mutants with
an underlying mitochondrial defect, including kdn (citrate synthase)
and sesB1 (adenine nucleotide translocase) as well as tko25t display
a characteristic seizure pattern (Fergestad et al. 2006). We therefore
decided to test whether expression of AOX in tko25t mutant flies could
compensate for the mitochondrial defect and thus alleviate bang sen-
sitivity. We crossed tub-GS into the tko25t background using a balancer
chromosome strategy to analyze progeny from a single experimental
cross that generated flies carrying tko25t, tub-GS, and/or UAS-AOX in
all eight possible combinations. Bang sensitivity was tested in 2-d-old
males and females of each class, either with or without transfer 24 hr
earlier to food containing 200 mM RU486 (Figure 2). Unambiguously,
the results indicate that AOX is unable to modify the bang-sensitive
phenotype of tko25t adults, and it does not induce any detectable
bang sensitivity in control flies. In fact, applying Student’s t test
with Bonferroni correction confirmed that there were no significant
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differences between any of the classes that were mutant for tko25t,
irrespective of sex, transgene, driver, or RU486 induction. Similarly,
there were no significant differences between any of the classes that
were wild-type for the tko gene, irrespective of these other param-
eters. As expected, the difference between tko25t mutant flies of
each class and the corresponding class without tko25t was significant
(P , 0.01) in every case.

Continuous induction of AOX throughout development
does not rescue tko25t

Considering an alternative hypothesis, that the bang-sensitive phenotype
of tko25t is established during development, we conducted similar crosses
but used fly food containing RU486. In our previous study (Fernandez-
Ayala et al. 2009), we established that 10 mM RU486 was sufficient to
induce maximal transgene expression during the larval stages, so we

Figure 1 AOX expression in adult flies driven by tubulin-GeneSwitch. (A) Relative AOX expression, determined by QRTPCR normalized to RpL32
control RNA, in 2-d-old UAS-AOX flies bearing the drivers indicated exposed to different concentrations of RU486 for 24 hr. Means 6 SD of three
biological replicates. Note the logarithmic scale. (B and C) Relative AOX expression in adult UAS-AOX flies bearing the indicated drivers and
exposed to 200 mM RU486 as shown. Means 6 SD of three biological replicates.

Figure 2 Bang sensitivity is unaffected by AOX induction in adult flies. Bang sensitivity (square-root of recovery time from vortexing) of 2-d-old
flies of the sex and genotype indicated, with or without 24 hr of prior treatment with 200 mM RU486. Means 6 SD for groups of 30 individually
analyzed flies.
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used this concentration of the drug along with drug-free control vials.
This procedure allowed us also to analyze effects on the second canonical
phenotype of tko25t, developmental delay, which was previously found to
occur uniquely during the larval (growth) stages (Toivonen et al. 2001).

Once again, we observed no rescue of the mutant phenotype that
was attributable to AOX expression (Figure 3). The developmental
delay of tko25t mutant flies (Figure 3A) was slightly greater in males
than in females, as observed previously (Kemppainen et al. 2009), and
an additional delay of approximately 1 d was produced in flies of all
genotypes and both sexes by the presence of RU486 in the food. The
UAS-AOX transgene, the tub-GS driver, and the two in combination
did not produce any significant change in developmental timing of
tko25t mutant flies, although there was a slight delay produced by AOX
expression in wild-type flies, as reported previously using the da-
GAL4 driver. The bang sensitivity of the progeny flies showed no
significant change according to any of the parameters tested, except
for the presence of the tko25t mutation itself (Figure 3B).

Prolonged adult induction of AOX does not rescue bang
sensitivity of tko25t

To test whether correction of the tko25t phenotype in adult flies re-
quires long-term expression of AOX, we cultured tko25t flies generated
in the previous crosses continuously for a period of 30 d on food
either with or without RU486 at the inducing concentration of
200 mM, noting the previous result that sustained expression requires
continuous exposure to the drug. This also enabled us to check the
stability of the phenotype during adult life, which, to our knowledge,
has not previously been studied systematically.

Bang sensitivity was unaffected by any of the parameters tested in
this experiment (Figure 4). There was no rescue (or worsening) of the
phenotype either by basal or by induced AOX expression, no effect of
age, no difference between the sexes, and no effect of tub-GS.

Ndi1 expression during development is lethal to tko25t

Because AOX expression at any stage of the fly life-cycle had no effect
on the major phenotypic features of tko25t mutants, we considered the
hypothesis that the steps in mitochondrial electron flow that AOX
bypasses may not be crucial determinants of the phenotype. The tko25t

mutation impacts all four of the enzymatic complexes of the oxidative
phosphorylation (OXPHOS) system that contain mitochondrial trans-
lation components (Toivonen et al. 2001), but it is unclear which is
limiting for respiration or ATP synthesis. Because complex I (cI)
activity is severely affected by the mutation, we considered the alter-
native hypothesis that a decreased capacity for electron flow through
cI alone underlies the tko25t mutant phenotype, and that decreased
capacity of complexes III and/or IV is immaterial, thus accounting for
a failure of AOX expression to modify the phenotype.

To test this idea, we set-up a genetic cross (Figure 5A) to investi-
gate whether an analogous bypass of cI using the nonproton-pumping
NADH dehydrogenase from yeast (Ndi1) could rescue the phenotype.
Ndi1 expression was shown previously to be benign in Drosophila and
to rescue the lethality of severe knockdown of cI subunits (Sanz et al.
2010b). We introduced the ubiquitously acting da-GAL4 driver and
a UAS-Ndi1 transgene separately into the tko25t mutant strain and
then crossed females heterozygous both for tko25t and UAS-Ndi1 with
tko25t males carrying da-GAL4 (Figure 5A). The cross repeatedly gave

Figure 3 Phenotype of tko25t is unaffected by AOX expression throughout development. (A) Eclosion day and (B) bang sensitivity of 1-d-old flies
of the sex and genotype indicated, cultured throughout development on medium with or without 10 mM RU486. Means 6 SD based on eclosion
data from three replicate experiments and bang sensitivity of groups of 50 individually analyzed flies.
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a low number of tko25t progeny (Table 1). However, almost all of them
carried the balancer marker in place of UAS-Ndi1, indicating that the
combination of da-GAL4, tko25t and UAS-Ndi1 is semi-lethal. Expres-
sion of Ndi1 in tko25t heterozygotes had a far less dramatic effect. We
conclude that, far from rescuing tko25t, expression of Ndi1 is selec-
tively deleterious to tko25t mutant flies.

This result raises the possibility that although neither Ndi1 nor
AOX can individually rescue tko25t, the co-expression of both trans-
genes might do so. This would be the case, for example, if the tko25t

phenotype were due to a combined limitation on electron flow at both
cI and at cIII+cIV of similar magnitude. Although co-expression of
Ndi1 and AOX at 25� was previously shown to be synthetically lethal
even in wild-type flies (Sanz et al. 2010b), in trial experiments we were
able to obtain co-expressing flies when cultured at 18�. We therefore
implemented the experimental cross illustrated in Figure 5B to de-
termine whether Ndi1 and AOX co-expression can rescue tko25t. As
shown in Table 2, although control flies were now obtained, and again
there were only a few Ndi1-expressing flies in the tko25t mutant back-
ground, no doubly expressing tko25t flies eclosed. We conclude that,
far from rescuing tko25t, combined expression of the two transgenes is
more deleterious than of either alone.

Effects on ATP or ROS do not correlate with modulation
of tko25t phenotype
In previous studies we found decreased steady-state ATP levels in
extracts from tko25t mutant flies, as well as elevated production of ROS
in isolated tko25t mitochondria (Chen et al. 2012). However, the rel-
evance of these observations to the organismal phenotype remains to
be conclusively demonstrated. The effects of AOX and Ndi1 expres-
sion on the tko25t phenotype provided an opportunity to test this
relationship further. To obtain a sufficient number of tko25t flies
expressing Ndi1 to conduct this experiment, flies were reared at 18�
instead of 25� (see previous section).

We confirmed the previous observation of decreased ATP levels in
tko25t homozygotes compared with heterozygous controls (Figure 6A)
but found no significant alteration thereof when either AOX or Ndi1
was expressed. Mitochondrial ROS production in tko25t homozygotes
was also elevated in every case compared with heterozygous controls
(Figure 6B). This was unaffected by expression of AOX but modestly
alleviated by Ndi1 expression, despite the fact that the effect of Ndi1
on the overall organismal phenotype was deleterious. This, plus the

wide variation in ROS production according to genetic background
(reflecting different balancer chromosomes), implies that the tko25t

organismal phenotype is also not directly determined by ROS.

DISCUSSION
In this work we set out to determine whether AOX from Ciona
intestinalis can ameliorate the mutant phenotype of tko25t, which
carries a mutation in mitoribosomal protein S12, resulting in globally
decreased OXPHOS capacity. We found that induced AOX expres-
sion, whether during development, in freshly eclosed adults, or main-
tained in adults over a period of 30 d, has no effect on tko25t, nor does
it produce a phenocopy of tko25t in wild-type flies. In contrast, ubiq-
uitous expression of Ndi1, the alternative NADH dehydrogenase from
yeast, was highly deleterious to tko25t during development and was
lethal when combined with both tko25t and AOX.

Failure of AOX rescue suggests that a complex
metabolic defect underlies the tko25t phenotype
tko25t exhibits a functional deficiency of all four OXPHOS complexes
containing mitochondrial translation products (Toivonen et al. 2001),
but it is unclear which of these is limiting for electron transfer. Because
AOX provides a functional bypass of complexes III and IV, its failure to
rescue the organismal phenotype can be interpreted in one of several
ways. The first would be that the residual activity of cIII/cIV is not
limiting for mitochondrial electron transport in tko25t, and that the
phenotype is entirely due to cI dysfunction. The second postulates that
AOX is unable to rescue tko25t because, as a nonproton-motive enzyme,
it does not support the synthesis of ATP, and ATP deficiency is what
underlies the mutant phenotype. A third possibility is that the pheno-
type is a consequence of one or more processes on which AOX does
not impinge, such as elevated ROS production, or proteotoxicity due to
the protein synthesis defect. Although none of these can be entirely
eliminated, the fact that Ndi1 expression worsens the phenotype, either
alone or in combination with AOX, and that changes in ATP level or
mitochondrial ROS production do not correlate with it, suggest that the
mutant phenotype is determined either by a complex interplay of fac-
tors or by other metabolic effects that are as yet unknown. Disrupted
redox homeostasis resulting from a cI defect should be rescuable by
Ndi1. A combined limitation on electron flow at cI and cIII and/or cIV
should be alleviated by combined expression of Ndi1 and AOX. Man-
ifestly, these predictions are inconsistent with our findings.

Figure 4 Bang sensitivity is unaffected
by continuous AOX expression over
30 d. Bang sensitivity of flies of the sex,
genotype, and age indicated, with or
without continuous growth as adults
on media containing 200 mM RU486.
Means 6 SD for groups of 50 individ-
ually analyzed flies.
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Ndi1 is constitutively active (Sanz et al. 2010b), consistent with the
fact that in its natural setting (in budding yeast) cI is absent. By
diverting electrons away from cI, it may act to decrease net ATP
production still further, but this seems unlikely to be the explanation
for its effect on tko25t because the apparent additional decrease in ATP
level (Figure 6A) was modest and not statistically significant. How-
ever, the low number of successfully eclosing flies may represent the
tail of a distribution, with those individuals suffering further ATP
depletion simply unable to complete development. Effects on mito-
chondrial ROS production also did not correlate with the organismal

phenotype. Although we confirmed elevated ROS production in tko25t

flies (Figure 6B), it was more affected by genetic background than by
the expression of the alternative respiratory chain enzymes, and the
effect of Ndi1 was again paradoxical. Note, however, that all metabolic
assays were conducted on materials from flies reared at 18�, whereas
for most of the phenotypic experiments reported here flies were cul-
tured at 25�. This may have some bearing on the findings.

Proteotoxicity due to imbalance between cytosolic and mitochon-
drial protein synthesis has been implicated as a longevity mechanism,
acting hormetically via the induction of the mitochondrial unfolded

Figure 5 Genetic crosses used
to test rescue of tko25t. Crosses
used to test rescue by (A) Ndi1
or (B) Ndi1 plus AOX combined.
Progeny classes are color-coded
as indicated to denote their mean-
ing in the experiment. The results
of the cross are shown in Table 1.
Note that FM7 / Y males do
not contain an unmanipulated
X-chromosome, so they are not
strictly a wild-type control.
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protein response (Houtkooper et al. 2013; Arnsburg and Kirstein-
Miles 2014). However, decreased levels of NAD+ are associated with
a failure of this mechanism (Mouchiroud et al. 2013). The deleterious
effect produced by Ndi1 expression is again not consistent with this
being the primary mechanism underlying the tko25t phenotype.

The failure of AOX to rescue bang sensitivity and developmental
delay in tko25t reflects a similar finding for a second mutant affecting
mitochondrial ATP production, sesB1 (Vartiainen et al. 2014). sesB1

carries a mutation in the gene encoding the major adult isoform of the
adenine nucleotide translocase (Zhang et al. 1999) and, like tko25t,
sesB1 mutant flies show decreased steady-state ATP levels as well as
bang sensitivity and developmental delay (Vartiainen et al. 2014). For
these reasons, as well as the arguments stated above, we feel the “ATP
hypothesis” cannot be entirely discounted, although other metabolic
effects need to be further investigated as well.

Bang sensitivity of tko25t is a developmental rather than
a degenerative phenotype
Bang sensitivity is a commonly observed mutant phenotype in Dro-
sophila and is due to lesions affecting a variety of cellular or physio-
logical pathways, including, in addition to mitochondrial protein
synthesis, adenine nucleotide transport and the TCA cycle (Fergestad
et al. 2006), phospholipid metabolism (Pavlidis et al. 1994), ion pumps
and channels (Schubiger et al. 1994; Kane et al. 2000; Iovchev et al.
2002; Parker et al. 2011), and proteolysis (Zhang et al. 2002). Al-
though they manifest some similarities in their electrophysiological

defects (Engel and Wu 1994), they fall into two classes depending
on whether motor neurons are directly affected (Fergestad et al.
2006). Some of them show a clear degenerative phenotype with dras-
tically shortened lifespan, whereas others, including tko25t, show only a
modestly decreased lifespan and associated neuropathology (Fergestad
et al. 2008). In the current study, we found no significant change in
the bang sensitivity of tko25t over 30 d of adult life, in contrast to the
synergistic and progressive effects on bang sensitivity seen when tko25t

is combined with other bang-sensitive mutants (Fergestad et al. 2008).
We conclude that the bang sensitivity of tko25t is a developmentally
determined phenotype, at least in an otherwise wild-type genetic
background

Therapeutic implications for AOX in
mitochondrial disease
AOX has been proposed as a therapeutic tool relevant to a wide
variety of mitochondrial disorders (El-Khoury et al. 2014). The
present work indicates important limitations of this concept,
whatever the precise link between mitochondrial translational
dysfunction and the organismal phenotype in tko25t. Despite pro-
found effects on flies exposed to toxins or mutations directly or in-
directly affecting cytochrome oxidase (Fernandez-Ayala et al. 2009;
Kemppainen et al. 2014), or even the pleiotropic phenotypes caused
by partial knockdown of DNA polymerase g (Humphrey et al. 2012),
AOX expression produced no detectable modification to the tko25t

phenotype.

n Table 1 Test of ability of Ndi1 expression to rescue tko25t

Genotypea Sex Number of Progenyb

tko25t / FM7 ; CyO / 2 ; daGAL4 / 3 Female 152
tko25t / FM7 ; UAS-Ndi1B20 / 2 ; daGAL4 / 3 Female 72
tko25t / tko25t ; CyO / 2 ; daGAL4 / 3 Female 57
tko25t / tko25t ; UAS-Ndi1B20 / 2 ; daGAL4 / 3 Female 1
FM7 / Y ; CyO / 2 ; daGAL4 / 3 Male 65
FM7 / Y ; UAS-Ndi1B20 / 2 ; daGAL4 / 3 Male 25
tko25t / Y ; CyO / 2 ; daGAL4 / 3 Male 20
tko25t / Y ; UAS-Ndi1B20 / 2 ; daGAL4 / 3 Male 1
a

Output from cross shown in Fig. 5A.
b

A repeat experiment gave similar results.

n Table 2 Test of ability of Ndi1 and AOX co-expression to rescue tko25t

Genotypea Sex Number of Progenyb

tko25t / FM7 ; CyO / 2 ; daGAL4 / Ser Female 54
tko25t / FM7 ; CyO / 2 ; daGAL4 / UAS-AOX Female 48
tko25t / FM7 ; UAS-Ndi1B20 / 2 ; daGAL4 / Ser Female 34
tko25t / FM7 ; UAS-Ndi1B20 / 2 ; daGAL4 / UAS-AOX Female 35
tko25t / tko25t ; CyO / 2 ; daGAL4 / Ser Female 23
tko25t / tko25t ; CyO / 2 ; daGAL4 / UAS-AOX Female 17
tko25t / tko25t ; UAS-Ndi1B20 / 2 ; daGAL4 / Ser Female 5
tko25t / tko25t ; UAS-Ndi1B20 / 2 ; daGAL4 / UAS-AOX Female 0
FM7 / Y ; CyO / 2 ; daGAL4 / Ser Male 26
FM7 / Y ; CyO / 2 ; daGAL4 / UAS-AOX Male 27
FM7 / Y ; UAS-Ndi1B20 / 2 ; daGAL4 / Ser Male 8
FM7 / Y ; UAS-Ndi1B20 / 2 ; daGAL4 / UAS-AOX Male 7
tko25t / Y ; CyO / 2 ; daGAL4 / Ser Male 19
tko25t / Y ; CyO / 2 ; daGAL4 / UAS-AOX Male 14
tko25t / Y ; UAS-Ndi1B20 / 2 ; daGAL4 / Ser Male 6
tko25t / Y ; UAS-Ndi1B20 / 2 ; daGAL4 / UAS-AOX Male 0
a

Output from cross shown in Fig. 5B.
b

A repeat experiment gave similar results.
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tko25t has been considered as a model for mitochondrial diseases,
exhibiting not only seizures and developmental delay but also hearing
impairment (Toivonen et al. 2001). It is of particular relevance to
those disorders where the primary defect is in the mitochondrial
translation system, which applies to many of the commonest patho-
logical mtDNA mutations such as the 3243G . A MELAS mutation,
as well as an increasingly recognized subset of nuclear gene mitochon-
drial disorders exhibiting multiple OXPHOS deficiencies (Pearce et al.
2013). The implementation of respiratory chain bypasses such as AOX
or Ndi1 should, in theory, alleviate pathological phenotypes associated
with restrictions on electron transport, depending on which segments
of the respiratory chain are affected. In cases where multiple OXPHOS
complexes are affected, both bypasses in combination might be needed
to restore electron flow. tko25t constitutes a model for such diseases,
yet neither AOX nor Ndi1 ameliorated the phenotype, and Ndi1 was
even deleterious. As already indicated, Ndi1 and AOX do not restore
proton pumping at the respiratory chain segments that they bypass,
nor can they alleviate, a priori, all other aspects of mitochondrial
dysfunction. Their uses in eventual therapy for disorders of mitochon-
drial translation therefore may be limited and clearly requires a fuller
understanding of the pathophysiological mechanism case by case.
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