YEAST MODELS OF DISEASES LINKED TO THE MITOCHONDRIAL ATP6 GENE: MOLECULAR BASES AND THERAPEUTIC PROSPECTS
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By definition, mitochondrial diseases result from a defect in the process of oxidative phosphorylation (OXPHOS). This is responsible for the production of ATP, the main source of cellular energy. In this process, four multiprotein complexes (I-IV) inserted into the inner mitochondrial membrane transfer to molecular oxygen the reducing equivalents released by the oxidation of carbohydrates and fatty acids.

This activity generates a proton motive force used for the synthesis of ATP from ADP and inorganic phosphate by the Complex V or ATP synthase.

Diseases including NARP (Neuropathy Ataxia Retinitis Pigmentosa) and MILS (Maternally Inherited Leigh Syndrome) have been associated with mutations in the subunit a of ATP synthase. Its gene (ATP6) is in the mitochondrial genome. This genome is present in up to several thousand copies per cell.

Mutations in the ATP6 gene often coexist with wild-type copies of the mitochondrial genome in patients' cells and tissues (heteroplasmy), which makes their study difficult. The yeast Saccharomyces cerevisiae, whose mitochondrial genome can be modified at will, makes it possible to overcome this genetic heterogeneity owing to its incapacity to stably maintaining heteroplasmy. In addition, thanks to its good fermentation capacity, this organism is able to survive mutations that inactivate the OXPHOS system. During my thesis, I exploited these characteristics to better define the consequences on ATP synthase of five ATP6 gene mutations identified in patients: m.8969G>A, m.9191T>C, m.8993T>G, m.8909T>C, and m.9166T>C. The pathogenicity of the first three has been established. The last two are new mitochondrial DNA variants. Through the identification of intragenic suppressors, and in the light of high-resolution structures of ATP synthase described recently, I was able to define the molecular bases of the pathogenic mechanisms induced by the m.8993T>G, m.9191T>C and m.8969G>A

mutations. The m.8909T>C variant was identified in combination with a well-known pathogenic mutation in tRNA Leu (m.3243A>G). We have found that an equivalent of this new mutation in yeast has deleterious effects on the assembly/stability of the subunit a comparable to those induced by mutations of the ATP6 gene (m.8993T>C, m.9176T>C) with a well-established pathogenicity, and therefore has the potential to affect human health on its own. My studies in yeast are consistent with studies that recently concluded on the pathogenicity of the m.9166T>C variant and allow to better understand how it impacts ATP synthase.

I have identified an active suppressor mechanism in yeast models of pathogenic subunit a mutations. It involves the oxodicarboxylate transporter (Odc1) located in the inner mitochondrial membrane. I have found that artificially overexpressing Odc1 allows for greater Krebs cycle (or TCA) activity. This cycle is involved in the oxidation of organic substrates whose reducing equivalents are then transferred to oxygen by the respiratory chain. It runs low in ATP synthase mutants with impaired proton channel activity. The Odc1-dependent suppressor activity results from a partial uncoupling of the inner membrane so that the TCA cycle is stimulated despite the presence of defect in ATP synthase. This effect allows a greater production of ATP via ADP phosphorylation coupled with one of the reactions of the Krebs cycle. These results open interesting perspectives for the treatment of diseases associated with alterations in ATP synthase, and possibly other metabolic disorders. This study also sheds new light on the control of complex IV biogenesis by ATP synthase.

Résumé substantiel en français

Contexte de l'étude

Les maladies mitochondriales sont par définition provoquées par une atteinte du processus dit des oxydations phosphorylantes (OxPhos), lequel fournit aux cellules l'essentiel de leurs besoins en énergie en générant de l'Adénosine Trisphosphate (ATP). Dans ce processus, les équivalents réducteurs présents dans des carbohydrates et acides gras fournis par nos aliments sont extraits (par le cycle de Krebs), puis transférés à l'oxygène via typiquement 4 complexes (I-IV) enchâssés dans la membrane mitochondriale interne (ces 4 complexes forment avec l'ubiquinone et le cytochrome c un ensemble que l'on appelle la chaîne respiratoire (CR)). Ces transferts sont couplés à un transport de protons de l'intérieur vers l'extérieur de cette membrane. In fine, le retour des protons dans la matrice mitochondriale via l'ATP synthase (complexe V) génère de l'ATP à partir d'Adénosine Diphosphate (ADP) et de phosphate inorganique (Pi). Un échangeur ADP/ATP dans la membrane interne permet à l'ensemble de la cellule d'être alimenté en ATP. La mitochondrie a d'autres fonctions essentielles, comme la production de centres FeS, la synthèse de l'hème et de l'ergostérol. Ces différentes activités impliquent plus d'un millier d'espèces protéiques. Leurs gènes sont en grande partie (99%) localisés dans le noyau. Les autres sont sur une petite molécule d'ADN à l'intérieur même de la mitochondrie (ADNmt) qui est présente en de nombreux exemplaires, jusqu'à plusieurs milliers par cellule. Les protéines mitochondriales d'origine nucléaire sont synthétisées dans le cytosol puis importées dans l'organite, tandis que celles encodées par l'ADNmt (au nombre de 13 chez l'homme) sont traduites en son sein. L'ADNmt est une relique du génome d'une bactérie ancêtre (proche du groupe actuel des alpha-protéobactéries) dont les gènes ont été massivement transférés au noyau ou perdus au cours de l'évolution des eucaryotes. La persistance du génome mitochondrial après 2 milliards d'années est énigmatique car elle requiert des centaines de gènes nécessaires uniquement à la propagation et l'expression de ses gènes. De plus la mitochondrie n'est pas un endroit idéal pour y stocker du matériel génétique compte tenu des dérivés toxiques de l'oxygène qui y sont produits en grande quantité, ce qui contribue à la relativement forte propension de l'ADN mitochondrial à accumuler des mutations et au déclin progressif de la fonction mitochondriale au cours de la vie d'un individu.

Du fait de la complexité fonctionnelle et génétique des mitochondries, il n'est pas surprenant que de nombreuses maladies aient été associées à des anomalies génétiques entraînant un défaut mitochondrial, comme par exemple des altérations dans les constituants directement impliqués dans le processus énergétique mitochondrial ou des facteurs nécessaires à leur synthèse, leur transport et leur assemblage dans l'organelle [1]. Bien que rares, ces maladies ont un impact socio-économique important [2,[START_REF] Schapira | Mitochondrial diseases[END_REF] avec une prévalence globale de 1/5000 naissances [START_REF] Chinnery | Epidemiology and treatment of mitochondrial disorders[END_REF]. Elles peuvent se déclarer au cours de l'enfance ou chez l'adulte, d'une manière multi-systémique mais parfois aussi avec une forte spécificité tissulaire. Ces pathologies affectent préférentiellement les tissus et organes ayant des besoins élevés en énergie, en particulier le cerveau qui consomme près des 2/3 des dizaines de kilogrammes d'ATP qu'un individu normalement constitué produit chaque jour. Les principales caractéristiques cliniques sont des défauts de la vision et de l'audition, des encéphalopathies, des myopathies, du diabète, et des dysfonctions du foie et du rein. Des défauts dans la biogenèse ou le fonctionnement du système OxPhos s'accompagnent souvent d'un stress oxydant bien plus important qu'en condition normale de fonctionnement de la mitochondrie, ce qui peut accroître considérablement les conséquences délétères d'un déficit énergétique avec des dommages non ciblés de constituants cellulaires variés (protéines, lipides, acides nucléiques). Les maladies liées à l'ADNmt sont transmises uniquement par la mère, celles impliquant des mutations nucléaires ont une hérédité bi-parentale (le plus souvent) avec des modes de transmission plus complexes selon qu'elles aient un caractère récessif ou dominant. La mitochondrie semble également impliquée, directement ou indirectement, dans des maladies neurodégénératives à forte occurrence comme Parkinson, Alzheimer et Huntington [START_REF] Johri | Mitochondrial dysfunction in neurodegenerative diseases[END_REF], et également dans le développement tumoral qui souvent se caractérise par des modifications importantes du métabolisme cellulaire [START_REF] Wallace | Mitochondria and cancer[END_REF].

Malgré des progrès considérables dans la compréhension du déterminisme génétique et des mécanismes pathogènes des maladies mitochondriales, aucun traitement prolongeant significativement la vie des patients avec une action curative réelle n'a encore été obtenu (hormis de rares cas impliquant une déficience spécifique en ubiquinone, un cofacteur de la chaîne respiratoire). De nombreux agents pharmacologiques ont été testés, dont des vitamines, des cofacteurs impliqués dans le métabolisme énergétique, des activateurs enzymatiques, des intermédiaires métaboliques, ou encore des agents antioxydants, mais ces essais n'ont pas montré de bénéfices thérapeutiques concluants.

On doit beaucoup de nos connaissances sur les mitochondries à la levure Saccharomyces cerevisiae. C'est chez cet organisme que fut découverte la présence d'ADN dans cet organite, il y a plus de 60 ans [START_REF] Ephrussi | Suppressiveness: A New Factor in the Genetic Determinism of the Synthesis of Respiratory Enzymes in Yeast[END_REF][START_REF] Ephrussi | Subcellular units involved in the synthesis of respiratory enzymes in yeast[END_REF]. Cette découverte historique fut rendue possible grâce à la bonne capacité fermentaire de cet organisme et sa 'petite-positivité' qui lui permettent de survivre à l'inactivation de la fonction énergétique de la mitochondrie y compris la perte totale de son génome. Au cours des années 70-80, plusieurs dizaines de gènes nucléaires ayant une fonction mitochondriale furent identifiés par des approches de génétique classique, et des dizaines d'autres furent découverts un peu plus tard lorsque ses génomes nucléaire et mitochondrial furent entièrement séquencés et annotés. On peut à loisir modifier ces deux génomes chez la levure S. cerevisiae, ce qui reste encore difficile à faire chez les autres eucaryotes (excepté chez Chlamydomonas reindartii mais avec infiniment plus de difficultés).

Ces caractéristiques font de la levure un modèle unique pour l'étude des mitochondries et des maladies mitochondriales en dépit de sa « simplicité ». En effet, aussi complexe soit-il, un organisme reste un ensemble de cellules, et les maladies résultent de dysfonctionnements cellulaires. La compréhension d'une maladie passe donc par des analyses à l'échelle de la cellule, et en tant qu'unicellulaire à croissance rapide, se prêtant particulièrement bien aux analyses génétiques et moléculaires, la levure est un modèle de choix pour l'étude de la cellule eucaryote. Malgré leur grande diversité, les cellules eucaryotes ne sont en réalité pas si différentes les unes des autres : leurs protéomes et mécanismes de base sont très bien conservés. C'est particulièrement vrai en ce qui concerne la mitochondrie dont la majorité des systèmes et des fonctions sont conservés de la levure à l'homme. On peut donc modéliser en levure un grand nombre des anomalies génétiques responsables de maladies mitochondriales chez l'homme. La levure est également très utile à l'exploration de pistes thérapeutiques pour les maladies mitochondriales. Du fait de sa dualité métabolique, on peut en effet facilement et rapidement identifier des suppresseurs génétiques et des molécules corrigeant des déficiences mitochondriales. Du fait de la forte conservation évolutive des mitochondries, les découvertes en levure peuvent ensuite être testées dans des modèles d'eucaryotes supérieurs, cellulaires et animaux, qui modélisent les mêmes maladies en vue d'un possible développement thérapeutique sur des patients.

Mes travaux

Ma directrice de thèse, Déborah Tribouillard-Tanvier, exploite le modèle levure pour l'étude des maladies mitochondriales, leur compréhension et l'exploration de pistes thérapeutiques. En particulier, elle s'appuie sur la possibilité de modéliser chez cet organisme des mutations de l'ADN mitochondrial impliquées ou suspectées être impliquées dans ces pathologies. Les méthodes requises ne sont maîtrisées que par quelques rares laboratoires. Chez la majorité des patients, les mutations de l'ADNmt coexistent avec des molécules sauvages de cet ADN (hétéroplasmie). Du fait de cette hétérogénéité génétique et de la forte occurrence des variants polymorphiques de l'ADNmt, il est souvent difficile d'évaluer le caractère pathogène et les conséquences fonctionnelles primaires de ces mutations à partir de cellules et de tissus des patients. La levure S. cerevisiae offre une voie alternative pour leur étude.

On peut modifier son génome mitochondrial et cet organisme est incapable de maintenir de façon stable un état hétéroplasmique de sorte qu'il est relativement aisé d'obtenir des souches où toutes les molécules d'ADNmt portent une même mutation spécifique (homoplasmie) dans un fond génétique nucléaire identique. Ces modèles offrent en outre la possibilité d'identifier relativement facilement des mécanismes de correction par la recherche de suppresseurs génétiques et pharmacologiques.

Je me suis intéressée au cours de ma thèse à des mutations du gène mitochondrial ATP6. Ce gène encode une sous-unité de l'ATP synthase (la sous-unité a ou Atp6). Cette protéine et un oligomère de sous-unités c identiques permettant le retour dans la matrice mitochondriale des protons qui ont été expulsés dans l'espace intermembranaire au cours du transfert des électrons à l'oxygène par les complexes I-IV (un ensemble appelé la chaîne respiratoire). L'activité de transport de protons de l'ATP synthase est couplée à la rotation de l'anneau de sous-unités c et des changements de conformation favorisant la synthèse d'ATP. Dans une revue récente, le laboratoire a listé plusieurs dizaines de mutations ponctuelles du gène ATP6 identifiées chez des patients et résumé ce qui est connu sur les phénotypes cliniques et l'état de la fonction mitochondriale chez ces patients [START_REF] Dautant | ATP Synthase Diseases of Mitochondrial Genetic Origin[END_REF]. Une dizaine de ces mutations a été modélisée en levure précédemment dans l'équipe de J.-P. di Rago [START_REF] Kucharczyk | The pathogenic MT-ATP6 m.8851T>C mutation prevents proton movements within the n-side hydrophilic cleft of the membrane domain of ATP synthase[END_REF][START_REF] Kucharczyk | Consequences of the pathogenic T9176C mutation of human mitochondrial DNA on yeast mitochondrial ATP synthase[END_REF][START_REF] Kucharczyk | Biochemical consequences in yeast of the human mitochondrial DNA 8993T>C mutation in the ATPase6 gene found in NARP/MILS patients[END_REF][START_REF] Kucharczyk | Introducing the human Leigh syndrome mutation T9176G into Saccharomyces cerevisiae mitochondrial DNA leads to severe defects in the incorporation of Atp6p into the ATP synthase and in the mitochondrial morphology[END_REF][START_REF] Rak | A yeast model of the neurogenic ataxia retinitis pigmentosa (NARP) T8993G mutation in the mitochondrial ATP synthase-6 gene[END_REF][START_REF] Skoczen | Molecular basis of diseases caused by the mtDNA mutation m.8969G>A in the subunit a of ATP synthase[END_REF][START_REF] Wen | Identification of G8969>A in mitochondrial ATP6 gene that severely compromises ATP synthase function in a patient with IgA nephropathy[END_REF]. Dans tous les cas, un déficit substantiel de production d'ATP mitochondrial a été observé dont l'amplitude (de 30 à 90%) était corrélé avec la sévérité des maladies engendrée par ces mutations, validant ainsi le modèle levure pour leur étude. J'ai cherché à mieux comprendre les effets délétères de trois de ces mutations (m.8993T>G, m.9191T>C et m.8969G>A) par la recherche de suppresseurs intragéniques, j'ai modélisé deux variants (m.9166T>C et m.8909T>C) identifiés récemment et j'ai identifié un mécanisme de suppression extragénique actif sur ces mutations qui implique le transporteur des oxodicarboxylates (Odc1) localisé dans la membrane mitochondriale interne.

Suppresseurs intragéniques de la mutation m.8969G>A (Article n°1)

Dans le cadre d'un projet collaboratif avec Huimei Chen (Nankin, Chine), avec qui j'ai effectué mes études de master, nous avons, via un séquençage complet du génome mitochondrial, identifié une nouvelle mutation du gène ATP6 (m.8969G>A) chez une patiente de 14 ans présentant des dysfonctionnements rénaux et des atteintes neurologiques et musculaires. Cette mutation conduit au remplacement d'un résidu sérine conservé de la sous-unité a par l'asparagine (en position 148 chez l'homme (aS148N), 165 chez la levure (aS165N)). Elle était particulièrement abondante dans le rein (95%) comparativement aux autres cellules et tissus analysés. Les tissus rénaux de la patiente présentaient une forte fragmentation du réseau mitochondrial, un faible contenu en crêtes, et un fort déficit de marquage histochimique des complexes I et IV, indiquant qu'un dysfonctionnement mitochondrial était possiblement à l'origine de la maladie. Des analyses sur cybrides ont révélé qu'une augmentation de l'abondance de la mutation m.8969G>A corrélait avec l'apparition d'altérations dans la structure des mitochondries, une diminution de la respiration cellulaire, et une plus grande production de ROS, soit des anomalies typiquement associées à des défauts de l'ATP synthase. Nous avons montré qu'un équivalent de cette mutation en levure compromet le fonctionnement du canal à protons de l'ATP synthase et la croissance sur des milieux non-fermentescibles. L'ensemble des données permettait de conclure que la mutation m.8969G>A était vraisemblablement responsable des altérations cliniques présentées par la patiente [START_REF] Wen | Identification of G8969>A in mitochondrial ATP6 gene that severely compromises ATP synthase function in a patient with IgA nephropathy[END_REF], et d'autres cas ont par la suite été rapportés [START_REF] Berhe | Recurrent heteroplasmy for the MT-ATP6 p.Ser148Asn (m.8969G>A) mutation in patients with syndromic congenital sideroblastic anemia of variable clinical severity[END_REF][START_REF] Finsterer | Phenotypic manifestations of the m.8969G>A variant[END_REF][START_REF] Isohanni | Reply to 'Letter to Editor by Finsterer J and Zarrouk-Mahjoub S: Phenotypic manifestations of the m.8969G>A variant[END_REF].

Nous avons identifié quatre suppresseurs intragéniques de la mutation aS165N, en position 165 (aN165D, aN165K, aN165I, aN165T) ou dans une autre position (aP2S, aI161F, aI161N, aI229F, aI190M) de la sous-unité a. La récupération quasi-totale de la fonction ATP synthase avec un résidu aliphatique en position 165 permettait d'exclure un rôle direct pour le résidu sauvage S165 et son groupe hydroxyle dans la conduction des protons malgré sa stricte conservation évolutive. La caractérisation biochimique des souches mutantes et la modélisation structurale des mutations a permis de conclure que la mutation aS165N est délétère car elle conduit à la formation de ponts hydrogènes avec un résidu glutamate voisin (E162) supposé être crucial pour l'évacuation des protons vers la matrice mitochondriale.

Suppresseurs intragéniques de la mutation m.9191T>C (Article n°2)

La mutation m.9191T>C conduit au remplacement d'un résidu leucine strictement conservé par une proline en position 222 de la sous-unité a (242 chez la levure). Elle affecte considérablement l'assemblage ou la stabilité de la sous-unité a chez la levure. Parmi plusieurs dizaines d'isolats génétiquement indépendants, seuls deux suppresseurs intragéniques ont été trouvés. Ils conduisent au remplacement du résidu proline délétère par une sérine ou thréonine. L'assemblage de la sous-unité a est parfaitement restauré, mais le fonctionnement de l'ATP synthase est ralenti substantiellement (de 30-40%) sans perte de rendement dans la production d'ATP par électron transféré à l'oxygène. Les données suggèrent que la mutation aL242P empêche la formation ou la stabilité d'une structure à 4 hélices alpha disposée horizontalement dans la membrane autour de l'anneau de sous-unités c et que le résidu L242 sauvage optimise l'activité d'un résidu aspartate voisin (D244) dans le transport des protons entre cet anneau et la matrice mitochondriale.

Suppresseurs intragéniques de la mutation m.8993T>G (Article n°3, soumis)

La mutation m.8993T>G, est la plus commune des mutations pathogènes d'ATP6. Elle conduit au remplacement du résidu leucine 156 de la sous-unité a (173 chez la levure) parfaitement conservé, par l'arginine. Dans un modèle levure de cette mutation l'ATP synthase s'assemble normalement mais son fonctionnement est fortement ralenti. J'ai identifié quatre suppresseurs intragéniques, au site d'origine de la mutation (aL173M, aL173S, aL173K, aL173W) et cinq dans une autre position (aR169M, aR169S, aA170P, aA170G, aI216S). Les résultats suggèrent que la mutation m.8993T>G empêche la libération des protons de l'anneau de c vers la matrice à cause d'interactions électrostatiques défavorables avec 2 résidus essentiels (aR176 and cE59) à l'activité canal à protons de l'ATP synthase. Cette étude apporte en outre de nouvelles informations sur le chemin emprunté par les protons dans le domaine membranaire de l'ATP synthase lors de la synthèse d'ATP.

Un mécanisme de suppression métabolique des mutations de la sous-unité a (Article n°4)

J'ai découvert qu'un équivalent chez la levure de la mutation m.8993T>G est compensée fonctionnellement par la surexpression du gène nucléaire ODC1. Celui-ci encode le transporteur des oxodicarboxylates (Odc1) localisé dans la membrane mitochondriale interne. Son meilleur substrat est l'a-cétoglutarate, un intermédiaire du cycle de Krebs. La suppression résulte d'une meilleure accumulation en Complexe IV et d'une plus grande production d'ATP couplée à la conversion de l'acétoglutarate en succinate, tandis que le défaut en ATP synthase est toujours présent. On a en quelque sorte un court-circuit métabolique de l'ATP synthase. Les données suggèrent que la meilleure accumulation en Complexe IV dans le mutant m.8993T>G lorsqu'il surexprime Odc1 est due à une réentrée de protons dans la matrice mitochondriale couplée à l'apport en phosphate inorganique nécessaire à la phosphorylation de l'ADP induite par la conversion de l'a-cétoglutarate en succinate. A l'appui de cette hypothèse, le Complexe IV s'accumule beaucoup mieux lorsque le mutant est cultivé en présence de faibles quantités d'un agent découplant (le CCCP), et celui-ci améliore considérablement la croissance et la survie de cellules cybrides humaines homoplasmiques pour la mutation m.8993T>G dans un milieu respiratoire strict (glutamine). Au-delà de ses perspectives thérapeutiques, cette étude apporte un éclairage nouveau sur le contrôle de la biogenèse du Complexe IV en conditions normales de fonctionnement de la cellule. Elle permet aussi de mieux comprendre comment les activités de transfert d'électrons à l'oxygène et de synthèse d'ATP sont co-régulées dans la mitochondrie.

Création et analyse des propriétés d'un modèle levure de la mutation m.8909T>C (Article n°5)

Nous avons en collaboration avec Huimei Chen (Nankin, Chine) identifié un nouveau variant dans le gène ATP6 (m8909T>C, aF128S) chez une patiente présentant de fortes atteintes rénales, via un séquençage complet du génome mitochondrial. Il était présent à l'état homoplasmique dans les échantillons de rein, d'urine et de sang analysés. Ce patient portait également une mutation pathogène bien connue dans le gène ARNt Leu (m.3243A>G), en quantité moins abondante (50-85%). Il ne faisait aucun doute que cette seconde mutation était impliquée dans le développement de la maladie. Mais, compte tenu de son extrême sévérité, avec une mort assez rapide huit mois après l'admission de la patiente à l'hôpital, il n'était pas exclu que la mutation m.8909T>C ait pu aggraver les conséquences de la mutation m.3243A>G, d'autant plus qu'elle affecte un résidu relativement bien conservé de la protéine Atp6 (ou sous-unité a). Aussi, nous avons modélisé la mutation m.8909T>C en levure (aF145S) pour savoir qu'elles étaient ses conséquences sur le complexe ATP synthase. Nous avons trouvé que la stabilité de ce complexe était altérée significativement du fait de la désorganisation d'un cluster de résidus hydrophobes qui est important pour le positionnement correct à l'interface a/c de résidus directement impliqués dans le transport des protons, avec comme conséquence un déficit de synthèse d'ATP d'environ 20-30%. D'autres mutations d'ATP6 comme m.9176T>C et m.8993T>C dont le caractère pathogène a été démontré ont des effets semblables [START_REF] Kucharczyk | Consequences of the pathogenic T9176C mutation of human mitochondrial DNA on yeast mitochondrial ATP synthase[END_REF][START_REF] Carrozzo | The T9176G mtDNA mutation severely affects ATP production and results in Leigh syndrome[END_REF]. La mutation m.8909T>C a donc potentiellement la capacité d'altérer seule la santé humaine.

Création et analyse des propriétés d'un modèle levure de la mutation m.9166T>C

TITRE : MODÈLES LEVURE DE MALADIES ASSOCIÉES AU GÈNE MITOCHONDRIAL ATP6 : BASES MOLÉCULAIRES ET PERSPECTIVES THÉRAPEUTIQUES Résumé

Par définition, les maladies mitochondriales résultent d'un défaut dans le processus des oxydations phosphorylantes (OXPHOS). Celui-ci permet aux cellules de se fournir en ATP, soit la principale source d'énergie qu'elles peuvent utiliser. Dans ce processus, quatre complexes (I-IV) insérés dans la membrane mitochondriale interne transfèrent à l'oxygène moléculaire les équivalents réducteurs libérés par l'oxydation de carbohydrates et d'acides gras. Cette activité génère une force proton motrice utilisée pour la synthèse d'ATP à partir d'ADP et de phosphate inorganique par le complexe V ou ATP synthase.

Des maladies dont NARP (Neuropathy Ataxia Retinitis Pigmentosa) et MILS (Maternally Inherited

Leigh Syndrome) ont été associées à des mutations de la sous-unité a de l'ATP synthase. Son gène (ATP6) est dans le génome mitochondrial. Celui-ci est présent jusqu'à plusieurs milliers de copies par cellule. Les mutations du gène ATP6 coexistent souvent avec des copies sauvages du génome mitochondrial dans les cellules et tissus des patients, ce qui rend leur étude difficile. La levure Saccharomyces cerevisiae dont on peut modifier à loisir le génome mitochondrial permet de s'affranchir de cette hétérogénéité génétique (appelée hétéroplasmie). De plus, grâce à sa bonne capacité fermentaire, elle est capable de survivre à l'inactivation du système OXPHOS.

J'ai au cours de ma thèse exploité ces caractéristiques pour mieux définir les conséquences sur l'ATP synthase de cinq mutations du gène ATP6 identifiées chez des patients : m.8993T>G, m.9191T>C, m.8969G>A, m.8909T>C, et m.9166T>C. Le pouvoir pathogène des trois premières a été établi. Les deux dernières sont des nouveaux variants de l'ADN mitochondrial. Via l'identification de suppresseurs intragéniques, et à la lumière de structures à haute résolution de l'ATP synthase décrites récemment, j'ai pu définir les bases moléculaires des mécanismes pathogènes induits par les mutations m.8993T>G, m.9191T>C, et m.8969G>A. Le variant m.8909T>C a été identifié en combinaison avec une mutation pathogène bien connue dans un ARN de transfert (m.3243A>G). Nous avons trouvé qu'un équivalent de cette nouvelle mutation a en levure des effets délétères sur l'assemblage ou la stabilité de la sousunité a comparables à ceux induits par des mutations du gène ATP6 (m.8993T>C, m.9176T>C) dont le pouvoir pathogène a été établi, et qu'elle a donc potentiellement la capacité d'affecter seule la santé humaine. Mes études en levure sont cohérentes avec des études ayant conclu récemment à la pathogénicité du variant m.9166T>C et permettent de mieux comprendre comment il impacte l'ATP synthase.

J'ai identifié un mécanisme de suppression actif sur des modèles levure de mutations pathogènes de la sous-unité a. Il implique le transporteur des oxodicarboxylates (Odc1) localisé dans la membrane mitochondriale interne. J'ai trouvé que la surexpression d'Odc1 permet une plus grande activité du cycle de Krebs (ou TCA). Ce cycle intervient dans l'oxydation de substrats organiques dont les équivalents réducteurs sont ensuite transférés à l'oxygène par la chaîne respiratoire. Il tourne à bas régime dans les mutants de l'ATP synthase dont l'activité canal à protons est altérée. La suppression-Odc1 dépendante entraîne un découplage partiel de la membrane interne, de sorte que le cycle TCA est stimulé malgré le défaut en ATP synthase. Cet effet permet une plus grande production d'ATP via la phosphorylation d'ADP couplée directement à une des réactions du cycle de Krebs. Ces résultats ouvrent des perspectives intéressantes pour le traitement des maladies associées à des altérations de l'ATP synthase, et possiblement d'autres désordres métaboliques. Cette étude apporte de plus un éclairage nouveau sur le contrôle de la biogenèse du complexe IV par l'ATP synthase.
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Their discovery

The earliest observations on mitochondria come from the 1840s, only a few years after the discovery of the cell nucleus. In 1890, Altmann was the first to recognize the ubiquitous occurrence of mitochondria in eukaryotes and called them "bioblasts". Based on the similarities between mitochondria and bacteria, the name mitochondrion was introduced by Benda in 1898. In 1952, the first highresolution electron micrographs of mitochondria were published [START_REF] Pagliarini | Hallmarks of a new era in mitochondrial biochemistry[END_REF][START_REF] Ernster | Mitochondria: a historical review[END_REF]. Mitochondria are surrounded by two membranes, the outer (OMM) and inner (IMM) membranes.

Warburg
They contain systems that enable the transport and exchange of numerous molecules with the remaining of the cell. The inner mitochondrial membrane (IMM) protrudes into the interior of the organelle forming invaginations or cristae where most of the energy-transducing OXPHOS complexes localize. The Krebs (citric acid) cycle and other cellular processes take place within the matrix (Figure 3). proton gradient across the IMM, which is used by ATP synthase to produce ATP from ADP and inorganic phosphate (Pi) [START_REF] Bartolak-Suki | Regulation of Mitochondrial Structure and Dynamics by the Cytoskeleton and Mechanical Factors[END_REF].

Dynamics

Mitochondria are highly dynamic organelles, constantly remodeled by fusion and fission events regulating their morphology, number, and subcellular distribution, which is crucially important for several processes including calcium buffering and apoptosis. Defects in mitochondrial dynamics can trigger a wide range of health and metabolic diseases, like Charcot Marie Tooth Disease 2A, neurodegenerative diseases like Parkinson's disease, Autosomal Dominant Optic Atrophy, diabetic nephropathy, as well as heart failure, and ischemia reperfusion injury [START_REF] Whitley | Mitochondrial dynamics and their potential as a therapeutic target[END_REF]. Mitochondrial fission and fusion play a critical role in maintaining functional mitochondria when cells experience metabolic or environmental stresses [START_REF] Whitley | Mitochondrial dynamics and their potential as a therapeutic target[END_REF][START_REF] Meyer | Mitochondrial fusion, fission, and mitochondrial toxicity[END_REF][START_REF] Eisner | Mitochondrial dynamics in adaptive and maladaptive cellular stress responses[END_REF].

Fusion helps mitigate stress by mixing the contents of partially damaged mitochondria as a form of complementation. Fission contributes to quality control by enabling the removal of damaged mitochondria and facilitates apoptosis during high levels of cellular stress [START_REF] Valera-Alberni | Mitochondrial stress management: a dynamic journey[END_REF] (Figure 4). Owing to its capacity of satisfying its energy requirements with ATP by fermentation, Baker's yeast Saccharomyces cerevisiae (S. cerevisiae) is an excellent model organism to study mitochondrial structure and function. Mitochondria in S. cerevisiae form a branched tubular network in logarithmically growing wild type cells (Figure 5A). Nuclear mutations result in distinct mitochondrial morphology phenotypes [START_REF] Westermann | Mitochondrial dynamics in model organisms: what yeasts, worms and flies have taught us about fusion and fission of mitochondria[END_REF]. In mitochondrial fusion (like fzo1∆) deficient yeast strains, mitochondria show a high level of fragmentation, whereas in mitochondrial fission (dnm1∆) deficient mutants, mitochondria form hyperfused structures [START_REF] Okamoto | Mitochondrial Morphology and Dynamics in Yeast and Multicellular Eukaryotes[END_REF] (Figure 5B). Proteins involved in these processes are members of the Dynamin family [START_REF] Van Der Bliek | Mechanisms of mitochondrial fission and fusion[END_REF] (Figure 5C). type cells [START_REF] Westermann | Mitochondrial dynamics in model organisms: what yeasts, worms and flies have taught us about fusion and fission of mitochondria[END_REF]. B. Wild-type and mutant cells defective in mitochondrial fusion (fzo1∆), and fission (dnm1∆), are visualized by a matrix-targeted GFP. Bar 5 µm [33]. C. The functions of the mitochondrial Dynamin family members [START_REF] Van Der Bliek | Mechanisms of mitochondrial fission and fusion[END_REF]. Opa1, Optic atrophy 1 locates in IMM; Mfn, Mitofusin locates in OMM; Drp1, GTPase Dynamin related protein 1.

Mitochondrial biogenesis and degradation

Because of their major role in cellular energy production and metabolism, homeostasis, signaling, and cell death, the quality control of mitochondria is a crucial and strictly regulated activity. This involves the process of biogenesis, targeted degradation and structural remodeling of this organelle [START_REF] Sedlackova | Mitochondrial quality control as a key determinant of cell survival[END_REF][START_REF] Pickles | Mitophagy and Quality Control Mechanisms in Mitochondrial Maintenance[END_REF][START_REF] Nochi | Intra-and Intercellular Quality Control Mechanisms of Mitochondria[END_REF][START_REF] Ni | Mitochondrial dynamics and mitochondrial quality control[END_REF].

Mitochondrial proteins have a dual genetic origin, nuclear and mitochondrial. The mitochondrial genome encodes only a handful of proteins that are subunits of the OXPHOS system and RNAs required for their synthesis inside the organelle, whereas those with a nuclear origin are transported into the organelle after their synthesis on cytosolic ribosomes. General and specific transcription and translational factors located in the nucleus and mitochondria regulate the coordinated production of proteins encoded by nuclear and mitochondrial genes [START_REF] Yang | GABP transcription factor (nuclear respiratory factor 2) is required for mitochondrial biogenesis[END_REF][START_REF] Satoh | Pathway Analysis of ChIP-Seq-Based NRF1 Target Genes Suggests a Logical Hypothesis of their Involvement in the Pathogenesis of Neurodegenerative Diseases[END_REF][START_REF] Bruni | Nuclear respiratory factor 2 induces the expression of many but not all human proteins acting in mitochondrial DNA transcription and replication[END_REF]. In mammals, PTEN-induced putative kinase 1 (PINK1) and Parkin, a cytosolic E3 ubiquitin ligase, take in charge damaged mitochondria for their autophagic elimination. Under normal conditions, PINK1 is transported into mitochondria by the mitochondrial protein import TOM and TIM23 complexes via an amino-terminal mitochondrial targeting sequence. PINK1 undergoes then proteolytic cleavage by the matrix processing peptidase (MPP) and the PINK1/PGAM5-associated rhomboid-like protease (PARL) [START_REF] Jin | Mitochondrial membrane potential regulates PINK1 import and proteolytic destabilization by PARL[END_REF][START_REF] Meissner | The mitochondrial intramembrane protease PARL cleaves human Pink1 to regulate Pink1 trafficking[END_REF]. The resulting processed protein is released into the cytoplasm and degraded by the proteasome. Upon mitochondrial stress or damage, mitochondrial protein import is compromised. PINK1 therefore cannot be processed by PARL and is stabilized on the OMM at the level of the TOM complex [START_REF] Okatsu | A dimeric PINK1-containing complex on depolarized mitochondria stimulates Parkin recruitment[END_REF][START_REF] Lazarou | Role of PINK1 binding to the TOM complex and alternate intracellular membranes in recruitment and activation of the E3 ligase Parkin[END_REF]. Parkin is then recruited to phosphorylate ubiquitinated mitochondrial substrate proteins and is itself phosphorylated by PINK1, promoting selective mitophagy through the recruitment of mitophagy receptor proteins that are also called Parkinindependent mediators such as BCL2L13 (Atg32 in yeast), NIX, BNIP3, p62, NBR1, NDP52, FUNDC1, cardiolipin and optineurin (OPTN), all containing a LIR motif (LC3 interacting region) [START_REF] Pickles | Mitophagy and Quality Control Mechanisms in Mitochondrial Maintenance[END_REF][START_REF] Vigie | Role of mitophagy in the mitochondrial quality control[END_REF][START_REF] Kanki | Mitophagy in yeast: molecular mechanisms and physiological role[END_REF][START_REF] Youle | Mechanisms of mitophagy[END_REF] (Figure 6).

In yeast, Atg32 is considered as an essential factor for the selective elimination of mitochondria via a single transmembrane domain spanning the OMM, and Atg11 regulates the recruitment of autophagosomes and fission machinery at the level of mitochondria, which promotes their selective degradation [START_REF] Pickles | Mitophagy and Quality Control Mechanisms in Mitochondrial Maintenance[END_REF][START_REF] Bhatia-Kissova | Mitophagy: a process that adapts to the cell physiology[END_REF]. In addition to mitophagy, more than 20 proteases (include m-and i-AAA, Lon and ClpXP) located within mitochondria perform multiple functions in protein quality control, which is important for balancing mitochondria-and nuclear-encoded OXPHOS subunits and the cleaning of misfolded and damaged proteins. The cytosolic ubiquitin-proteasome system (UPS) degrades mistargeted or misfolded nuclear-encoded proteins en route to the organelle. Mitochondrial fusion and fission also contribute to the quality control of mitochondria by maintaining their shape, number, function and integrity of their genome [1,[START_REF] Pickles | Mitophagy and Quality Control Mechanisms in Mitochondrial Maintenance[END_REF]. Finally, in addition to Parkin, Gp78, MUL1 and SIAH1 also participate in the ubiquitination of OMM target proteins (lower left) [START_REF] Von Stockum | Mitochondrial quality control beyond PINK1/Parkin[END_REF].

Protein import

At least five major protein import pathways ensure the sorting of nucleus-encoded mitochondrial proteins [START_REF] Wiedemann | Mitochondrial Machineries for Protein Import and Assembly[END_REF][START_REF] Harbauer | The Protein Import Machinery of Mitochondria-A Regulatory Hub in Metabolism, Stress, and Disease[END_REF][START_REF] Becker | Mitochondrial protein import: from transport pathways to an integrated network[END_REF]. The typical import pathway known as the presequence pathway ①, is responsible for the import of more than 60% of mitochondrial proteins. Presequence-carrying preproteins are specially recognized by the translocase of the outer membrane (TOM) and are transferred from TOM through the main protein translocation channel of the OMM to the presequence translocase of the IMM (TIM23), which is driven by the membrane potential (Δψ). The proteins are then translocated into the matrix with the help of the presequence translocase-associated motor (PAM), where the presequences are typically cleaved off by the mitochondrial processing peptidase (MPP). The second protein import pathway of mitochondria is called the carrier pathway ②. The precursors of the hydrophobic carrier proteins also pass through TOM complex and are then transported by the small TIM chaperones and the carrier translocase of the IMM (TIM22). The third protein import pathway is the β-barrel pathway ③. The precursors of β-barrel proteins are transported by the TOM complex and bind to small TIM chaperones, followed by insertion into the OMM by the sorting and assembly machinery (SAM). Many proteins that contain typically cysteine motifs in the IMS are imported via TOM and the mitochondrial import and assembly (MIA) machinery, representing the fourth protein import pathway ④. The fifth protein import pathway is used by the majority of the outer-membrane proteins with α-helical transmembrane segments via the mitochondrial import (MIM) complex ⑤ (Figure 7).

Protein import is regulated by the energy-transduction activity of mitochondria via the electrical potential across the inner membrane that is a critical determinant for the efficiency of preprotein translocation into and through the IMM. As a result, the mitochondrial import activity acts as a sensor of mitochondrial dysfunction triggering various cellular stress responses [START_REF] Harbauer | The Protein Import Machinery of Mitochondria-A Regulatory Hub in Metabolism, Stress, and Disease[END_REF]. 

Human and yeast mitochondrial DNA

The endosymbiotic hypothesis postulates that mitochondria originated from alpha-proteobacteria engulfed by pre-eukaryotic cells. During eukaryotic evolution, the vast majority of the genes of the ancestral genome of mitochondria were lost or transferred into the nucleus [START_REF] Pickles | Mitophagy and Quality Control Mechanisms in Mitochondrial Maintenance[END_REF]. Today, the human mitochondrial genome is a genetically compact, 16.6 kb-double-stranded DNA molecule [START_REF] Gammage | Mitochondrial DNA: the overlooked oncogenome?[END_REF] encoding 13 essential energy-transduction proteins of Complex I (ND1-6 and ND4L), Complex III (Cytochrome b)

Complex IV or Cytochrome c oxidase (COXI-III) and ATP synthase (ATP6 and ATP8). It also contains two rRNAs (12S and 16S) and 22 tRNAs that are required for protein synthesis inside the organelle (Figure 8A). Unlike nuclear DNA, human mtDNA genes are featured by a high number of copies (up to several thousand) and the lack of introns. There is a ~1 kb noncoding region, called D-loop, which is referred to as the control region. The control region contains a dedicated promoter for the transcription of each strand of mtDNA, the light-strand (L-strand) promoter (LSP) and the heavy-strand (H-strand)

promoter (HSP). The origin of H-strand replication is OH and the second regulatory region is located between the ND2 and COXI genes and contains the origin of L-strand replication OL [START_REF] St John | The mitochondrial genome: how it drives fertility[END_REF][START_REF] Lee | Mitochondrial Nucleoid: Shield and Switch of the Mitochondrial Genome[END_REF]. The mtDNA of S. cerevisiae is a circular molecule of about 85.8 kbp encoding 24 tRNAs, 2 rRNAs (21S rRNA and 15S rRNA), the 9S RNA (Rpm1r) component of RNase P and 8 polypeptides: Var1p, a protein of the small unit of the ribosome; one subunit of complex III (COB), three subunits of complex IV (COX1-3), and three subunits of ATP synthase (ATP6, ATP8, ATP9) (Figure 8B). The mitochondrial genome of S. cerevisiae contains up to 13 introns: 7 in COX1, 5 in COB and 1 in 21S rRNA. There is no Complex I in S. cerevisiae as seen in humans (Figure 9). 

mtDNA maintenance and expression

The human mtDNA genome is maternally inherited [START_REF] Giles | Maternal inheritance of human mitochondrial DNA[END_REF]. It is packaged into structures named nucleoids that generally include a single copy of mtDNA and proteins involved in mtDNA replication, maintenance, repair and recombination [START_REF] Bogenhagen | Mitochondrial DNA nucleoid structure[END_REF] (Figure 2). Most of the mtDNA genes are transcribed as almost genome-length polycistronic transcripts that are next processed to produce individual mRNA and tRNA molecules. Mitochondrial protein synthesis needs dozens of nuclear-encoded proteins.

Messenger RNAs (mRNA) in yeast mitochondria contain untranslated region upstream of the start codon (5'UTR) that interact with gene-specific IMM-located translational activators [START_REF] Fox | Mitochondrial protein synthesis, import, and assembly[END_REF]. In human, mitochondrial mRNAs don't have 5'UTRs; as-yet-unknown alternative mechanisms must therefore enable their recognition by the ribosome. Until now, only a few factors involved in ribosome biogenesis have been found [START_REF] Kehrein | Organization of Mitochondrial Gene Expression in Two Distinct Ribosome-Containing Assemblies[END_REF].

Generally, to have obvious bioenergetics and clinical consequences, mtDNA mutations need to be relatively abundant typically 60% (Figure 10), even in tissues and organs with high-energy demand such as the brain and skeletal muscle [START_REF] Petty | The clinical features of mitochondrial myopathy[END_REF][START_REF] Pavlakis | Mitochondrial myopathy, encephalopathy, lactic acidosis, and strokelike episodes: a distinctive clinical syndrome[END_REF][START_REF] Olson | Oculocraniosomatic neuromuscular disease with "ragged-red" fibers[END_REF][START_REF] Drachman | Ophthalmoplegia plus. The neurodegenerative disorders associated with progressive external ophthalmoplegia[END_REF]. In yeast S. cerevisiae, for reasons that are not well understood, heteroplasmy is unstable, which makes it easy to obtain clones homoplasmic for a specific mtDNA mutation [START_REF] Berger | Mitochondrial DNA inheritance in Saccharomyces cerevisiae[END_REF] as long as they do not compromise the stability of the mitochondrial genome as mutations in genes required for mitochondrial translation. 

Oxidative phosphorylation 1.1.8.1 Mitochondrial respiratory chain and the citric acid cycle

A major function of mitochondria is to generate the adenosine triphosphate molecule (ATP), through the process of oxidative phosphorylation. As a first step, NADH (nicotinamide adenine dinucleotide) as well as FADH2 (flavin adenine dinucleotide, hydroquinone form) are produced by the oxidation of carbohydrates and fatty acids by the Krebs cycle (also known as tricarboxylic acid cycle (TCA) or citric acid cycle). Electrons from NADH and FADH2 are then transferred to oxygen by Complexes I-IV together with cytochrome c and ubiquinone, an ensemble called the respiratory chain (RC) or electron transport chain (ETC) that is anchored in the mitochondrial inner membrane. This electron transfer drives proton translocation from the matrix to IMS, which creates an electrochemical gradient (ΔΨ) or proton-motive force (pmf) across the membrane. The pmf is used by the ATP synthase (Complex V) to produce ATP from ADP (adenosine diphosphate) and inorganic phosphate (Pi) [1,[START_REF] Vonck | Supramolecular organization of protein complexes in the mitochondrial inner membrane[END_REF][START_REF] Saraste | Oxidative phosphorylation at the fin de siècle[END_REF] (Figure 11).

Prior to their full oxidation by the TCA cycle, sugars and fatty acids are converted into pyruvate and acetyl-CoA. One reaction of this cycle, the oxidative decarboxylation of alpha-ketoglutarate into succinate, is coupled to ADP or GDP phosphorylation (Figure 12). The TCA cycle begins with the generation of the six-carbon citrate molecule from two-carbon-containing acetyl-CoA and four-carboncontaining oxaloacetate. After a series of seven subsequent enzymatic steps, the citrate is oxidized back to oxaloacetate, and two carbons are released as two carbon dioxide molecules coupled with the production of NADH and FADH2, which are then taken by the ETC [START_REF] Osellame | Cellular and molecular mechanisms of mitochondrial function[END_REF]. Roughly, one molecule of glucose, when completely metabolized gives about 38 molecules of ATP: 2 from glycolysis, 2 from Krebs cycle and 34 from oxidative phosphorylation (Figure 12). which is coupled with protons translocation across the inner membrane from the matrix to the intermembrane space. Then protons travel back to the matrix via ATP synthase (CV), which drives ATP synthesis from ADP and inorganic phosphate by ATP synthase.

Complex II succinate dehydrogenase is one essential step of the Krebs cycle. Succinate is converted into fumarate, which is coupled with the conversion of FAD to FADH2 [START_REF] Osellame | Cellular and molecular mechanisms of mitochondrial function[END_REF]. 

Complex I; NADH -Ubiquinone Oxidoreductase

Complex I (NADH -ubiquinone oxidoreductase) is the first and largest enzyme of the oxidative phosphorylation system consisting of at least 45 different subunits. Among them, seven hydrophobic subunits are encoded by the mitochondrial genome (ND subunits), which formed the membrane arm of the complex embedded in the membrane. Some accessory proteins and seven nuclear-encoded hydrophilic subunits of the matrix arm constitute the electron transfer catalytic core. Some accessory proteins and seven mitochondrially-encoded hydrophobic subunits of the membrane arm constitute the proton translocation domain. The other subunits are accessory or supernumerary subunits (NDUF subunits) not present in bacterial Complex I [START_REF] Rhooms | Insights from Drosophila on mitochondrial complex I[END_REF] (Figure 13). The enzyme catalyzes the transfer of two electrons from NADH to ubiquinone (Q) coupled to the translocation of four protons across the membrane [START_REF] Yagi | The proton-translocating NADH-quinone oxidoreductase in the respiratory chain: the secret unlocked[END_REF].

There is no Complex I in S. cerevisiae. It is replaced in this organism by a monomeric NADH dehydrogenase (Ndi) that does not pump protons across the mitochondrial inner membrane. There is also an NADH dehydrogenase (Nde) facing the IMS (Figure 9). core subunits, mitochondria-encoded subunits and accessory subunits indicated brown, blue and pink, respectively [START_REF] Rhooms | Insights from Drosophila on mitochondrial complex I[END_REF].

Complex II; Succinate dehydrogenase

Succinate dehydrogenase (SDH) or complex II is responsible for the conversion of succinate into fumarate coupled to the reduction of ubiquinone without any transport of protons across the membrane.

Its four subunits are nuclear encoded [START_REF] Alston | Recessive germline SDHA and SDHB mutations causing leukodystrophy and isolated mitochondrial complex II deficiency[END_REF], two of which are catalytic (SDHA and SDHB that are referred to as Sdh1 and Sdh2 in yeast) (Figure 11) while the two others (SDHC and SDHD, Sdh3 and Sdh4 in yeast) provide a membrane anchor [START_REF] Moosavi | The assembly of succinate dehydrogenase: a key enzyme in bioenergetics[END_REF][START_REF] Rasheed | Succinate Dehydrogenase Complex: An Updated Review[END_REF]. SDHA is a flavoprotein that covalently binds FAD and SDHB is an iron-sulfur protein containing three Fe-S clusters. The path of electrons within Complex II has been defined (Figure 14). 

Complex III; cytochrome c reductase or bc1 Complex

The Complex III transfers electrons from reduced ubiquinone (UQH2) or ubiquinol to cytochrome c coupled to the net translocation of two protons across the membrane by a mechanism called the Qcycle [START_REF] Mitchell | Possible molecular mechanisms of the protonmotive function of cytochrome systems[END_REF]. It is made of 10 (in yeast) or 11 (in mammals) subunits [77] and four redox groups (two btype hemes (bL and bH)) in cytochrome b, a c-type heme in cytochrome c1 and a 2Fe-2S cluster in the so-called Rieske or Rip1 protein (Figure 15A andB). The remaining subunits have no equivalents in bacteria; they are presumably responsible for the stability of the complex in mitochondria [START_REF] Ljungdahl | Purification of highly active cytochrome bc1 complexes from phylogenetically diverse species by a single chromatographic procedure[END_REF]. The 11 th subunit of the mammalian enzyme is the mitochondrial targeting sequence of the Rieske protein that remains in the complex after cleavage (Figure 15C). 

Complex IV; cytochrome c oxidase

The Complex IV or cytochrome c oxidase (COX) is the terminal complex of the respiratory chain that transfers electrons from reduced cytochrome c to oxygen coupled to a pumping of two protons per electron transferred. It contains four redox groups (two copper atoms (CuA and CuB), and two a-type hemes (a and a3)) and 14 subunits, including three highly hydrophobic ones COX1, COX2 and COX3 encoded by the mtDNA and that form the catalytic core of this enzyme (Figure 16) [START_REF] Soto | Biogenesis and assembly of eukaryotic cytochrome c oxidase catalytic core[END_REF][START_REF] Timon-Gomez | Mitochondrial cytochrome c oxidase biogenesis: Recent developments[END_REF]. COX1 is the largest subunit that binds Heme a and the Heme a3/CuB center, while CuA is harbored by COX2.

COX3 seems to have no direct catalytic function. The remaining subunits are responsible for the stabilization of the catalytic center and regulation of its activity. COX1 acts as a "seed" initiating the assembly of cytochrome c oxidase [START_REF] Signes | Assembly of mammalian oxidative phosphorylation complexes I-V and supercomplexes[END_REF]. Its synthesis is in yeast mediated by Mss51p in an assemblydependent loop that balances the production of this protein with its protein partners [START_REF] Kucharczyk | Mitochondrial ATP synthase disorders: molecular mechanisms and the quest for curative therapeutic approaches[END_REF][START_REF] Soto | Synthesis of cytochrome c oxidase subunit 1 is translationally downregulated in the absence of functional F1F0-ATP synthase[END_REF]. 

Protein carrier family (MCF)

The mitochondrial carrier system (MCS) or mitochondrial carrier family (MCF) allows the transport of metabolites, nucleotides, cofactors, amino acids, metals, vitamins, TCA intermediates and other small molecules between mitochondria and cytoplasm, thereby regulating the function of cellular compartments [START_REF] Palmieri | Discoveries, metabolic roles and diseases of mitochondrial carriers: A review[END_REF][START_REF] Palmieri | The mitochondrial transporter family SLC25: identification, properties and physiopathology[END_REF][START_REF] Gutierrez-Aguilar | Physiological and pathological roles of mitochondrial SLC25 carriers[END_REF]. The mammalian MCS consists of 53 canonical SLC25A family transporters and several non-canonical proteins, while 35 members of this family are present in S. cerevisiae (Figure 17). I hereafter briefly summarize what is known about three members of this protein family which are involved in some of my studies.

The Mitochondrial Oxodicarboxylate carrier (Odc1)

Odc1 and Odc2p are two homologous proteins in yeast S. cerevisiae that are responsible for the exchange of C5-C7 oxodicarboxylates across the mitochondrial inner membrane, mainly 2-oxoadipate and 2-oxoglutarate (alpha-ketoglutarate) [START_REF] Palmieri | Identification inSaccharomyces cerevisiaeof Two Isoforms of a Novel Mitochondrial Transporter for 2-Oxoadipate and 2-Oxoglutarate[END_REF]. 2-oxoadipate is derived from the catabolism of lysine, tryptophan and hydroxylysine. Yeast Odc1/2 export 2-oxoadipate from the mitochondrial matrix in exchange with 2-oxoglutarate or to a lesser extent, malate (Figure 17). The imported oxoglutarate can enter the TCA cycle and lead to substrate level phosphorylation of ADP upon its conversion into succinate. Outside mitochondria, 2-oxoadipate is converted into lysine by transamination (Figure 18).

Odc1/2 is important for cytosolic glutamate production from ammonia and 2-oxoglutarate whereas in respiring conditions, glutamate is produced in mitochondria from alpha-ketoglutarate that is derived from 

The Mitochondrial phosphate Carrier

Import of inorganic phosphate into the matrix is an energy-dependent process that is essential for the production of ATP (by the phosphorylation of ADP). It is mediated by the MCF protein (PiC) termed "SLC25A3" in humans, Mir1 in yeast (Figure 19). The PiC co-transports proton and phosphate into the mitochondrial matrix [START_REF] Mayr | Mitochondrial phosphate-carrier deficiency: a novel disorder of oxidative phosphorylation[END_REF][START_REF] Hiroshi Murakami | Debkumar Pain, Isolation and characterization of the gene for a yesat mitochondrial import receptor[END_REF]. In yeast, a defect in phosphate transport compromises respiratory growth and leads to a reduction in the membrane potential and mitochondrial protein import [START_REF] Hamel | Redundancy in the function of mitochondrial phosphate transport in Saccharomyces cerevisiae and Arabidopsis thaliana[END_REF]. This explains that yeast cells lacking Mir1 are massively converted into cytoplasmic petites lacking functional mtDNA.

The adenine nucleotide translocase

The adenine nucleotide translocase (ANT) is the most abundant protein in mitochondria, accounting for more than 10% of total inner mitochondrial membrane proteins (Figure 19) [START_REF] Liu | Adenine Nucleotide Translocase, Mitochondrial Stress, and Degenerative Cell Death[END_REF][START_REF] Watzke | Electrophysiology of respiratory chain complexes and the ADP-ATP exchanger in native mitochondrial membranes[END_REF]. Its main function is the reversible exchange of ADP/ATP across membrane [START_REF] Chinopoulos | A novel kinetic assay of mitochondrial ATP-ADP exchange rate mediated by the ANT[END_REF]. In humans, there are four known isoforms with various tissue-specific expression patterns. Yeast contains three isoforms of ADP/ATP carrier (AAC); Aac2 is the major form in aerobically grown yeast cells. It exports ATP 4-to the cytosol for energy-consuming processes of cellular activities, and simultaneously brings ADP 3-into mitochondrial matrix for supporting continuous respiration [START_REF] Liu | Adenine Nucleotide Translocase, Mitochondrial Stress, and Degenerative Cell Death[END_REF][START_REF] Watzke | Electrophysiology of respiratory chain complexes and the ADP-ATP exchanger in native mitochondrial membranes[END_REF][START_REF] Jastroch | Mitochondrial proton and electron leaks[END_REF]. (RC) generates the proton gradient (∆)) to drive the whole reaction. CCCP is as an artificial proton uncoupling agent that collapses the ∆). In the presence of CCCP, the RC is maximally stimulated, but no ATP is produced [START_REF] Mayr | Mitochondrial phosphate-carrier deficiency: a novel disorder of oxidative phosphorylation[END_REF].

F1FO-ATP synthase

General structure and mechanism

The mitochondrial F1FO-ATP synthase is responsible for the production of approximately 90% of ATP in mammalian cells. It comprises two main domains, F1 and FO. The F1 is a water-soluble complex with three active sites that promote ATP synthesis or hydrolysis. The FO domain, which is largely anchored into the inner membrane, mediates the transport of protons through this membrane (Figure 20). Yeast ATP synthase is an assembly of 17 different structural subunits for a total mass of 583 kDa that is highly similar to the human enzyme (592 kDa).

Within the FO, the subunit a and a ring of identical subunits c (10 in yeast, 8 in mammals) are responsible for the transport of protons coupled to rotation of the c-ring. The c-ring rotates together with a subdomain of F1 made of three subunits (g, d, and e) that is called the central stalk (Figure 21). This rotation induces conformational changes in the catalytic subdomain of F1 that is made of three The structure of ATP synthase in human and S. cerevisiae [START_REF] Song | Assembling the mitochondrial ATP synthase[END_REF]. The subunits of ATP synthase are highly conserved between human and S. cerevisiae except that supernumerary subunit F6, DAPIT and 6.8PL in human ATP synthase are replaced by subunit h, k, i/j in S. cerevisiae ATP synthase.

Rotational catalysis mechanism of ATP synthase

In 1993, Paul Boyer has published the so-called binding change mechanism by which ATP synthase produces ATP [START_REF] Neupane | ATP Synthase: Structure, Function and Inhibition[END_REF]. The three F1 catalytic sites are carried by the b subunits at the three a/b interfaces.

Each catalytic site adopts successively three different conformations during an entire 360° rotation of the central stalk: loose, open, and tight. In the open conformation, ADP + Pi are taken. The tight conformation leads to their condensation into ATP, and ATP is then released from the enzyme in the loose conformation [START_REF] Duncan | Rotation of subunits during catalysis by Escherichia coli F1-ATPase[END_REF] (Figure 22).

With a c10 ring (as in yeast) 10 protons are needed for a complete rotation of the central stalk and hence the synthesis of three ATP molecules, whereas in mammals where the c-ring contains 8 subunits the transport of 8 protons through the FO results in the production of three ATP molecules. ATP synthase is a reversible enzyme that can hydrolyze ATP upon rotation of the central stalk in the opposite direction, which leads to the pumping of protons outside the organelle. This activity is especially important in S.

cerevisiae under anaerobic conditions for the maintenance of a sufficient electrical potential across the mitochondrial inner membrane. 

Proton translocation in FO

Proton translocation in ATP synthase involves subunit a and the c-ring. The subunit a is made of a transmembrane helical segment followed by a four a-helix bundle horizontally wrapped around the cring. The individual monomers of the c-ring adopt a hairpin structure, composed of two membranespanning α-helices (numbered 1 and 2) joined by a short hydrophilic linker. In the cross section, the cring shows a double annular structure with inner and outer circles comprised of helices 1 and 2, respectively. According to this arrangement, only helix 2 contributes to the proton channel. In recently described high-resolution structures, the kinked shape of aH5 seals two hydrophilic pockets, one on the p-side of the membrane and the other on the n-side of the membrane [101,102]. These pockets ease the transfer of protons from one side of the membrane to the other (Figure 23). A universally conserved acidic amino acid (Glu or Asp) in c-subunit (cE59 in yeast) and an arginine residue in a-subunit (aR176 in yeast) are essential to the proton transfer activity and rotation of the c-ring.

The acidic residue is located in the middle of helix 2 where it would project into the hydrophobic phase of the bilayer around the perimeter of the c-ring. Hence, its carboxyl group is assumed to be protonated in all of the c-subunits except for the monomers that are located at the a/c-ring interface. Here, the hydrophilic environment inside the ion channel would favor the ionized carboxylate. In the proposed series of events that occur during proton translocation the carboxylate group inside the channel is neutralized with a proton that originates from the p-side of the membrane, followed by rotation of the cring, which moves the newly protonated c-subunit to the lipid phase and the adjacent monomer into the channel. Deprotonation of the incoming carboxyl group transfers a proton to the n-channel, and ultimately to the matrix with the help of two acidic residues of subunit a (aE162 and aD244) to complete the process of unidirectional proton translocation (Figure 24) [START_REF] Skoczen | Molecular basis of diseases caused by the mtDNA mutation m.8969G>A in the subunit a of ATP synthase[END_REF]. In humans, the transfer of electrons to oxygen from one NADH molecule results in the translocation of 10 protons from the matrix into the mitochondrial intermembrane space (4 by CI, 4 by CIII and 2 by CIV). 8 of these protons are used to produce 3 ATP molecules in the catalytic domain F1 of ATP synthase.

The three others are for the transport of ATP and phosphate across the membrane. In other words, about 3.7 protons flow back from the cytosol to the matrix per 1 ATP produced (which is called the P/O ratio). With a 10-subunit c ring (as in yeast), 2.7 (10/3.7) ATP molecules are produced per two electrons transferred to oxygen. Because of the absence of Complex I in yeast, the P/O has a value of 1.4

(Figure 11).

ATP synthase inhibitors

Until now, more than 250 natural and synthetic inhibitors of ATP synthase have been found and classified [106]. For example, diarylquinoline (also known as TMC207) is used to treat tuberculosis by selectively targeting ATP synthase subunit c of bacteria responsible for this disease. 1,4-benzodiazepine binds the oligomycin sensitivity conferring protein (OSCP) subunit of ATP synthase, which promotes enhanced superoxide production and subsequent apoptosis. IF1, an endogenous protein, binds the F1 and inhibits its ATP hydrolytic activity. Bicarbonate stimulates ATP hydrolysis by enhancing the affinity of ATP for the catalytic site [START_REF] Neupane | ATP Synthase: Structure, Function and Inhibition[END_REF].

A well-known chemical inhibitor identified in 1958 is Oligomycin. It binds to the c-ring and blocks the access of protons to the catalytic acidic residue of subunit c (cE59 in yeast) [107] (Figure 25). Oligomycin is a potent inhibitor of mitochondria in both yeast and humans, but not in bacteria. The residues involved in oligomycin-binding are identical in yeast and humans. Figure 25B shows the oligomycin-binding residues in the subunit c of yeast (Leu53, Ala56, Leu57, and Phe64). Mutations of these residues confer resistance to oligomycin [110,111]. There are also mutations in the subunit a that confer oligomycin resistance: Ile161→Met; Ser165→Thr, Cys, or Tyr; and Leu222→Phe [112]. These substitutions in the subunit a disrupt the interaction between oligomycin and the c10-ring.

Assembly of ATP synthase

The assembly of mitochondrial ATP synthase is a complex process because it requires a coordinated expression of its subunits in two different compartments of the cells. Much of what we know about the assembly of mitochondrial ATP synthase comes from studies in yeast. In this organism the structural components of the proton channel (subunits a/6 and c/9) and an additional integral membrane protein (subunit 8) are encoded by the mitochondrial ATP6, ATP9 and ATP8 genes respectively and synthesized inside mitochondria, while the remaining subunits are of nuclear origin and imported posttranslationally. Nuclear-encoded proteins that assist the expression of ATP6, ATP8 and ATP9 have been identified. ATP9 is co-transcribed with tRNAser and a mitochondrial ribosome subunit gene (VAR1)

whereas ATP8 and ATP6 are co-transcribed with COX1 [113][114][115]. Processing of the primary transcripts produces a major ATP9 mRNA with a 0.63 kb long 5'UTR, and near equal amounts of two abundant bicistronic ATP8 and ATP6 mRNAs that differ by the length of their 5'UTR [116]. Among the proteins that are associated with the biogenesis pathway for subunits 6, 8, and9, four (Nca2, Nca3, Aep3, andNam1 di Rago and colleagues to postulate the existence of regulatory feedback loops that couple translation and assembly of the ATP6 and ATP9 gene products to enable a balanced output of ATP synthase subunits from mitochondrial and nuclear origins (manuscript in preparation). These mechanisms avoid the accumulation of partial intermediates that have the potential to dissipate the membrane potential by free FO particles not coupled to F1, or to induce a futile loss of cellular energy by free F1-mediated ATP hydrolysis (Figure 27). The ATP synthase organizes as a row of dimers at the edge of cristae, which is believed to be crucial for their formation by promoting the curvature of the inner membrane. Thus, in addition to its energy-transduction activity, the ATP synthase has a key role in shaping the mitochondrial inner membrane, which enables the packing of higher amounts of OXPHOS complexes in cells. 

Mitochondrial stress responses

The retrograde response

Mitochondrial dysfunctional triggers the so-called retrograde response. A main function of the retrograde pathway is to guarantee that sufficient α-ketoglutarate is available for glutamate synthesis, which is required for many biosynthetic reactions, especially in respiration-deficient cells. This cellular response is especially active during aging when mitochondrial functions decline 

Mitochondrial unfolded protein response

The mitochondrial unfolded protein response (UPR mt ) present in mammalian cells and

Caenorhabditis elegans aims at preserving mitochondrial function in response to various mitochondrial stresses including oxidative phosphorylation perturbation, excessive ROS production, defects in the assembly of respiratory complex and the accumulation of misfolded proteins [151,152]. In C. elegans, the UPR mt is mainly regulated by the bZIP transcription factor ATFS-1 that contains both a nuclear localization sequence (NLS) and a mitochondrial targeting sequence (MTS) (Figure 29A). In the absence of mitochondrial stress, ATFS-1 is imported into mitochondria and degraded by the protease Lon. When mitochondria are damaged, perturbations of mitochondrial function diminish mitochondrial import efficiency, which leads to the accumulation of ATFS-1 in the cytosol and its subsequent relocation in the nucleus where it regulates gene transcription [153,154]. Other regulators of the UPR mt have been 

Mitochondrial diseases and yeast as a model

Mitochondrial diseases

Given the structural and functional complexity of mitochondria, it is not surprising that mitochondrial dysfunction has been implicated in a broad spectrum of human diseases. The first case was reported in Mutations in nuclear or mitochondrial genes that induce mitochondrial dysfunction can be grouped into the following five categories [171].

1. OXPHOS (subunits or assembly factors).

2. Mitochondrial DNA, RNA and protein synthesis (including replication, nucleotide metabolism, RNA metabolism, translation regulation, mitochondrial ribosomes, mitochondrial tRNA and tRNA synthetases).

3. Reactions in processes upstream the OXPHOS system (e.g: pyruvate dehydrogenase complex, Krebs cycle, fatty acid oxidation, inorganic phosphate, ketone bodies and anaplerosis). Many mitochondrial diseases result from alterations in mtDNA, presumably because of the high susceptibility to mutations of this DNA because of the nearby production of reactive oxygen species (ROS) [172]. As already mentioned above, mtDNA is present in multiple copies, up to 10,000 in a single cell. Most of the mtDNA pathogenic mutations coexist with wild type mDNA (heteroplasmy), which is an important source of clinical variability even in individuals from the same family. The high mutability of the mtDNA makes it difficult to discriminate a neutral variant from a disease-causing mutation.

Additionally, the effects of deleterious mtDNA mutations might be exacerbated by mitochondrial or nuclear genetic changes that are not pathogenic per se, i.e. so-called modifier genes [173,174].

Mitochondrial DNA mutations encompass single nucleotide substitution (SNS), small insertions and [181,193].

Although promising these approaches need further development before their application to patients can be envisaged. Thus far the sole curative treatment was obtained by administrating ubiquinone in a few cases of patients unable to synthesize this molecule properly.

Yeast as a model for the study of mitochondria and mitochondrial diseases

Due the difficulties in diagnosis and mechanistic comprehension of mitochondrial diseases and the as-yet lack of efficient therapies, simple genetically approachable model organisms provide interesting ways of investigation to progress in this medical research area. An obvious model offering unique advantages is the baker yeast S. cerevisiae, which was established as a genetic system for studying mitochondria 60 years ago, by Boris Ephrussi and Piotr Slonimski, due to its ability to survive mutations that inactivate oxidative phosphorylation when provided with fermentable sugars [START_REF] Ephrussi | Subcellular units involved in the synthesis of respiratory enzymes in yeast[END_REF] (Figure 34). The first characterized respiratory-deficient mutation (ρ -/ρ 0 ) revealed that respiration is controlled in yeast by a non-mendelian genetic element, the so-called ρ factor, which was found a couple of years later to be a small DNA molecule (mtDNA) located in the mitochondrion [194,195]. Because of its limited coding capacity, it was rapidly realized that most of the fundamental processes and components involved in mitochondrial biogenesis must depend on the expression of genes located in nDNA. This was confirmed by Alexander Tzagoloff who established more than 30 years ago the existence of at least 200 genetically distinct nuclear loci required for the growth of yeast cells on non-fermentable substrates, many of which were shown to control the replication and expression of mitochondrial genes [196]. The sequencing of the S. cerevisiae genome and the construction of a whole-genome deletion mutant collection identified later 265 novel nuclear genes required for optimal respiratory growth [197]. Mass spectrometry analyses of isolated yeast mitochondria led to an estimation of about 1000 mitochondrial proteins, of which 850

were defined [198,199]. A similar number of mitochondrial proteins was estimated from the analysis of different mouse tissues, of which more than 50% have a yeast homolog [200]. Approximately 40% of all human disease genes have an ortholog in yeast and about 70% of genes involved in mitochondrial diseases are conserved [1,201]. All these features, together with the amenability of yeast to manipulation of both the nuclear and mitochondrial genomes, helped resolve the molecular basis of numerous mitochondrial diseases ranging from primary defects in oxidative phosphorylation to metabolic disorders, to dysfunctions in maintaining the genome or mitochondrial dynamics. Importantly, such insights have pointed to potential therapeutic targets via genetic and chemical screen using yeast (see below). 

Yeast models of human diseases caused by mtDNA point mutations

Human cells contain up to thousands of mtDNA copies [202]. Currently, more than 300-point mutations in human mitochondrial protein-and RNA-encoding genes proven or suspected to be pathogenic have been identified (http://www.mitomap.org). These mutations are highly recessive and usually co-exist with wild type mtDNA molecules, a situation referred to as heteroplasmy. For detrimental mutations, a load above 70% is usually required to induce an obvious clinical phenotype [203]. Given the high mutational rate of the mitochondrial genome and the presence of numerous families or population-specific polymorphisms, it can be difficult to distinguish between a neutral mtDNA variant and a disease-causing mutation. Additionally, the effects of deleterious mtDNA mutations might be exacerbated by mtDNA nucleotide changes that are not pathogenic per se and by unknown factors in nuclear genetic background, i.e., the so-called modifier genes [204,205]. These features make it difficult from patient's cells and tissues to precisely know how specific mtDNA mutations influence oxidative phosphorylation.

To better characterize the effects of mtDNA mutations, homoplasmic cell lines with a 100% mutation load in a defined nuclear genetic background are required. To this end, King and Attardi [206] developed an approach that used cybrid (cytoplasmic hybrid) cell lines obtained by fusing enucleated cytoplasts from patient's cells with cells lacking mtDNA (ρ 0 ), which was used to evaluate the bioenergetics consequences of eleven ATP6 mutations [START_REF] Wen | Identification of G8969>A in mitochondrial ATP6 gene that severely compromises ATP synthase function in a patient with IgA nephropathy[END_REF][207][208][209][210][211][212][213][214][215][216][217][218]]. An alternative approach exploits the possibility to modify the mitochondrial genome of S. cerevisiae [219] and the inability of this organism to stably maintain heteroplasmy [220]. In this way, several groups modeled in yeast pathogenic mutations in the genes encoding subunits of complexes III (cytochrome b) and IV (COXI, COXIII) [221,222] and in mt-tRNA genes [223,224], and as described below in the mitochondrial ATP6 gene.

Yeast models of pathogenic ATP6 gene mutations found in patients

The human subunits a and 8 of ATP synthase are synthesized from a bi-cistronic mRNA. The two genes show a 46 nucleotide overlap (Figure 35). Thus, mutations in this unit can affect either subunit a or 8, or both. Sixty mutation in these two genes with a confirmed or suspected pathogenic character have been identified in patients presenting with various disorders among which NARP (Neuropathy Ataxia Retinitis Pigmentosa), MILS (Maternally Inherited Leigh Syndrome) and BSLC (Bilateral Striatal Lesions of Childhood). Eight of these mutations (m.9176T>G, m.8851T>C, m.8993T>G, m.9191T>C, m.9176T>C, m.8993T>C, m.9185T>C, m.8969G>A) have been modeled in yeast [1, 11-14, 16, 83, 225-227]. These mutations affect highly conserved residues located in functionally critical regions of subunit a (Figure 37). Mitochondrial genetic transformation in S. cerevisiae uses a biolistic system (Figure 36)

for the delivery in ρ 0 mitochondria of DNA fragments harboring the mutations that are then introduced in a complete ρ + mitochondrial strain by DNA recombination [219] (Figure 38). 

Molecular insights from yeast models with translational potential

The common respiratory growth defect observed in yeast models of mitochondrial diseases is a simple readout that enables large-scale screens for genetic suppressors and chemicals able to rescue specific mitochondrial dysfunctions. Even when mitochondrial dysfunction is severe enough to abolish respiratory growth, yeast offers the unique advantage that such mutants can be kept alive and propagated on fermentable substrates for their use in suppressor screens. Genetic suppressors of a mitochondrial phenotype can be located: (1) within the same gene as the primary target mutation 

Examples of genetic suppressors of mitochondrial dysfunction

A popular suppressor genetic method in yeast aims at identifying genes, which, when over expressed, can rescue a mutation in another gene. This can be done using libraries of yeast genes cloned into multicopy plasmids. Over-expressing the gene encoding Odc1, a mitochondrial carrier that transports Krebs cycle intermediates (see above), was found to compensate for the lack of a protein (Fmc1) involved in the assembly of Complex V [241]. Although the CV assembly remained defective, artificially increasing (ten-fold) the levels of Odc1 in yeast lacking Fmc1 substantially stimulated respiration and ATP production through substrate-level phosphorylation in mitochondria. The overexpression of Odc1 also rescued mutant strains lacking the yeast homolog of the human MPV17 gene (SYM1) implicated in diseases characterized by mtDNA loss in the liver [242] and in a yeast model (taz1Δ) of Barth syndrome (BTHS) [243]. These studies indicate that metabolic suppression is a promising approach for generating therapeutic leads for mitochondrial diseases.

Genetic screens identified the translation factor EF-Tu (TUFM in humans) and various aminoacyl tRNA synthetases (aa-RSs) [224,244] for their capacity when overexpressed to rescue pathogenic mt-tRNA mutations in both yeast and human cells. It was argued that mutated mt-tRNAs recover their functionality due to chaperone-like RNA-protein interactions.

Genetics suppressors active in yeast models of Björnstad and Gracile (BCS1-based) syndromes

[245] were also identified. and the mitochondrial dNTP pool (a well-known limiting factor in mtDNA replication) [252,253].

Pharmacological suppressors

J.-P. di Rago has proposed the use of yeast as a pharmacological model to identify drugs active against mitochondrial diseases [254,255]. Active compounds are identified by virtue of their ability to improve the growth on solid respiratory media of yeast models of pathogenic mitochondrial dysfunctions.

This method allows in one simple experiment the testing of numerous compounds across a large range of concentrations due to their diffusion in the growth medium, which is a powerful design for assessing when a drug is active at low concentrations while toxic at higher ones (Figure 39). This screen used FDA-approved collections of drugs with high bioavailability and for which toxicity studies have already been carried out in humans; therefore, active compounds from this library can directly enter drug optimization programs. This approach was first applied to a yeast model (∆fmc1) of diseases induced by defects in the assembly of ATP synthase [186]. Among several positive hits, chlorhexidine (CH), which is a well-known antiseptic agent, had a remarkable suppressor activity due to a better expression of OXPHOS enzymes and the recovery of cristae. CH was also active in yeast and human cellular models of ATP6-based diseases.

Another drug that had beneficial effects in yeast and human ATP synthase defective cells is sodium pyrithione (NaPT) [256]. A chemical-genomic profiling of a genome-wide yeast gene deletion library suggested that this drug targets the conserved TIM23 protein translocase complex of the mitochondrial IMS. In vitro assays revealed that NaPT partially compromises the TIM23-mediated import of proteins into the matrix while enhancing its lateral membrane protein sorting activity. Genetically mimicking this effect by overexpressing Tim21 [257, 258] also rescued ∆fmc1 yeast and had beneficial effects in human cells carrying the ATP6 m.8993T>G mutation. Although a general inhibition of TIM23 would be detrimental, these findings reveal that a slight modulation of its activity is beneficial in the context of mitochondrial dysfunction. Consistently, it has been reported that downregulating TIM23-mediated protein import helps to maintain protein homeostasis in mitochondria in stress conditions [259,260].

Because of the central role of the TIM23 pathway in mitochondrial function and biogenesis, its therapeutic potential could possibly extend to other types of mitochondrial dysfunction. Mitochondrial diseases are severe and largely untreatable. Due to the many essential processes carried out by mitochondria, which depends on hundreds of nuclear and mitochondrial genes, these diseases are diverse, pleiotropic, and challenging to study. Many cases were linked to mutations in mitochondrial DNA (mtDNA), the function of which is the production of a few evolutionarily conserved subunits of the mitochondrial energy-transduction or oxidative phosphorylation (OXPHOS) system.

Currently, more than 300-point mutations in human mtDNA proven or suspected to be pathogenic have been identified. With the advent of Next-Generation Sequencing methods, the list of mtDNA mutations associated with, or suspected to induce, mitochondrial diseases is rapidly expanding. They often coexist in patient's cells and tissues with wild type mitochondrial DNA (heteroplasmy). They are mostly recessive and their effects can be modulated by family or population genetic backgrounds specificities.

Therefore, it is frequently difficult to evaluate their functional consequences and pathogenicity. Although recent work hold promises that site-directed mutagenesis of human mtDNA in a controlled nuclear genetic background will become possible in a near future, this will remain a tedious and time-consuming approach. Furthermore, human cellular models of diseases linked to mtDNA are not easily amenable to the exploration of potential rescuing mechanisms by way of systematic genetic and pharmacological suppressor screens. In this context, simple genetically approachable model organisms may tremendously help progress in this medical research area. An obvious model offering unique advantages is the baker yeast S. cerevisiae. Owing to its good fermenting capacity, this simple unicellular fungus can survive mutations that inactivate the OXPHOS system, defects of which are at the basis of mitochondrial disorders. Both its nuclear and mitochondrial genomes can be modified at will, and heteroplasmy is unstable in this organism. These attributes make it possible to conveniently investigate in yeast the functional consequences of mitochondrial DNA mutations found in patients.

My work aims at better defining the functional consequences of mitochondrial ATP6 gene mutations found in patients and help the search of potential therapies against these mutations. The ATP6 gene encodes the subunit a of ATP synthase or Complex V that catalyzes the last step of oxidative phosphorylation. This protein is essential for moving protons across the membrane domain of ATP synthase, which is coupled to the synthesis of the adenosine triphosphate molecule (ATP).

Neuromuscular diseases including NARP (Neuropathy Ataxia Retinitis Pigmentosa) and MILS (Maternally Inherited Leigh Syndrome) have been associated with specific mutations that affect highly conserved residues of the subunit a.

Firstly, I aimed at defining the molecular bases of three subunit a-based mutations (m.8993T>G, m.9191T>C and m.8969G>A) with a well-established pathogenicity through the isolation of intragenic suppressors. In this way I succeeded to resolve the primary effects of these mutations on ATP synthase.

Secondly, I created and biochemically investigated yeast models of two novel ATP6 variants (m.8909T>C and m.9166T>C) that were recently identified in patients. I found that these variants have detrimental consequences on yeast ATP synthase and indicate therefore that they have the potential to compromise human health as was suggested for m.9166T>C.

While gene therapy can be envisioned for mitochondrial disorders induced by nuclear DNA mutations, directly correcting pathogenic mtDNA mutations is a much more difficult prospect. As an alternative way, genetic or pharmacological modulation of mitochondrial processes under the control of nuclear genes may be used to attenuate the effects of defective mitochondrial genes. In this prospect, I investigated the possibility to rescue yeast models of pathogenic subunit a-based mutations by the overexpression of the mitochondrial oxodicarboxylate carrier (Odc1) that was shown previously to be able to compensate for various mitochondrial dysfunctions induced by mutations in the nucleus. I found that Odc1 is also active on ATP6 gene mutations, I unraveled the underlying mechanism, and I showed that this mechanism can be chemically induced by uncoupling agents. These findings open the path to novel therapeutic pathways for disorders linked to mitochondrial DNA.

Biological materials and culture conditions

List of yeast strains

All the yeast strains used in this work are listed in Table 2. r + ATP6-I239F+S165N [START_REF] Skoczen | Molecular basis of diseases caused by the mtDNA mutation m.8969G>A in the subunit a of ATP synthase[END_REF] RKY105-R2/3 Revertant isolated from RKY105

r + ATP6-I200M+S165N [START_REF] Skoczen | Molecular basis of diseases caused by the mtDNA mutation m.8969G>A in the subunit a of ATP synthase[END_REF] RKY105-R2/5

Revertant isolated from RKY105

r + ATP6-P12S+S165N [START_REF] Skoczen | Molecular basis of diseases caused by the mtDNA mutation m.8969G>A in the subunit a of ATP synthase[END_REF] RKY105-R6/5

Revertant isolated from RKY105 r + ATP6-S165K [START_REF] Skoczen | Molecular basis of diseases caused by the mtDNA mutation m.8969G>A in the subunit a of ATP synthase[END_REF] RKY105-R9/2 Revertant isolated from RKY105 r + ATP6-S165I [START_REF] Skoczen | Molecular basis of diseases caused by the mtDNA mutation m.8969G>A in the subunit a of ATP synthase[END_REF] RKY105-R31/5

Revertant isolated from RKY105 r + ATP6-S165D [START_REF] Skoczen | Molecular basis of diseases caused by the mtDNA mutation m.8969G>A in the subunit a of ATP synthase[END_REF] RKY105-R33/1 Revertant isolated from RKY105

r + ATP6-S165T [START_REF] Skoczen | Molecular basis of diseases caused by the mtDNA mutation m.8969G>A in the subunit a of ATP synthase[END_REF] RKY105-R33/4

Revertant isolated from RKY105

r + ATP6-I171N+S165N

[15] 

List of plasmids

List of primers

Yeast media

Media that have been used are listed in Table 5. After preparation, rich media were autoclaved at 120 °C for 20 minutes. Minimum media (CSM-Ura and Biol2) were autoclaved at 110 °C for 30 minutes. 

Culture conditions and storage of yeast strains

Yeast cells were cultured at 28°C or 36°C on solid media or in liquid media. Liquid cultures were shaken at 180 rpm. Yeast strains were stored at -80°C in a solution containing 50% glycerol.

Human cell lines and culture conditions

The cybrid cell lines JCP213 (control) and JCP239 (NARP T8993G) were constructed by fusion of human osteosarcoma cell line 143BK-r 0 with platelets (thus are devoid of nuclei) from healthy donors to generate JCP213 or from NARP patients bearing the m.8993T>G mutation to generate JCP239 [265].

JCP213 and JCP239 were cultivated in DMEM supplemented with glucose (4.5 g/l), 5% Fetal Bovine Serum (FBS) (Eurobio, CVFSV F00-01), 1 mM sodium pyruvate, 4 mM glutamine and 200 μM uridine.

Bacterial strains and media

Bacterial strains One Shot Ⓡ Top10 competent cells (from Life Technologies Corporation) or XL10-Gold ultracompetent cells (QuickChange XL Site-Directed Mutagenesis Kit, Agilent Technologies) were used to amplify plasmids, cloning and mutagenesis experiments. Bacteria were cultured in Lysogeny Broth media (LB): Bacto tryptone 10 g/l, Bacto yeast extract 5 g/l, Sodium Chloride (NaCl) 10 g/l. Solid medium was prepared with 25 g/l of Bacto agar. When required, ampicillin was added at a final concentration of 100 µg/ml.

Genetic techniques

Construction of plasmid carrying ATP6-mutations

Yeast strains carrying W234F and W234L mutations, for instance, were modeled by using the QuikChange XL Site-Directed Mutagenesis Kit (Agilent Technologies) (Figure 40). Tryptophan TGG codon at position 732 in the yeast ATP6 gene was changed into phenylalanine TTC codon, with primers W234F-For, W234F-Rev and into leucine TTA codon, with primers W234L-For, W234L-Rev (See primers in Table 4). The mutagenesis was performed on an EcoRI-BamHI fragment which contains the last 28 codons of ATP6 gene (at position 698 to 780) cloned in pUC19 (plasmid pSDC9) [START_REF] Rak | A yeast model of the neurogenic ataxia retinitis pigmentosa (NARP) T8993G mutation in the mitochondrial ATP synthase-6 gene[END_REF] (Figure 41).

Reactions were prepared as indicated below: Then 1 μl of PfuTurbo DNA polymerase (2.5 U/μl) was added. Each reaction was run in the PCR thermal cycler according to the cycling parameters outlined in Table 6. After cycling, reaction tubes were placed on ice for 2 minutes. Meanwhile, amplification can be checked by running an agarose gel electrophoresis 1% with 3 μl of the PCR product. There was visible band at this stage. Then, Dpn I digestion and bacterial transformation were proceeded. Dpn I restriction enzyme (1 µl; 10 U/μl) was added to each amplification reaction. Each reaction mixture was gently and thoroughly mixed by pipetting the solution up and down several times. Reaction mixtures were spun down in a microcentrifuge for 1 minute, then immediately incubated at 37°C for 1 hour to digest the parental supercoiled dsDNA. The resulting plasmid was subsequently amplified into bacteria (XL10-Gold ultracompetent cells/One Shot Ⓡ Top10 competent cells).

The plasmid (pSDC9) containing the 28-last codon of ATP6 with the mutation of interest was thus obtained. The next step was to reconstruct the whole ATP6 with pSDC14. Plasmid pSDC9 with the mutation of interest and pSDC14 were digested by SapI and EcoRI enzyme. 1 μg DNA was incubated with SAP1 (10 U/μl, enzyme named Lgul from Invitrogen company) and EcoRI (20 U/μl, from Invitrogen company) with an appropriate Anza 10× Red buffer at 37°C for 40 minutes. The enzyme was inactivated at 80°C for 20 min. An electrophoresis was performed to check the formation of linear DNA after digestion. Fragments were cut and purified (around 6500bp, discarding the part from EcoRI to SapI for pSDC14 and around 500bp, discarding the part from EcoRI to SapI for pSDC9) (Figure 41).

The ATP6 fragment containing the mutation was ligated with pSDC14 using T4 DNA-ligase enzymes (Thermo T4 DNA ligase, 5 Weiss U/μl, #EL0011) to reconstruct a whole ATP6 gene with the W234F or W234L mutations. The insert (ATP6 fragment containing the mutation) and the vector (pSDC14)

were mixed with a molar ratio of 3:1. The quantification of the insert was calculated according to the following formula:

Quantity of the insert (ng) = (molar ratio of insert: vector) × ((size of the insert (Kb) × quantity of the vector (ng) / size of the vector (Kb)).

The reaction was proceeded at room temperature (RT) for 2 hours. The resulting plasmids (pXS1 and pXS2, respectively) also include the yeast mitochondrial COX2 gene as a marker for mitochondrial transformation [266]. The plasmids were subsequently transformed, for amplification, into bacteria (XL10-Gold ultracompetent cells/One Shot Ⓡ Top10 competent cells). and pSDC9 plasmids. Because the mutated position is in close proximity to the end of ATP6 gene, the mutagenesis is performed with pSDC9. ATP6 carrying the mutation of interest in the last part of the gene is cloned (EcoRI-SapI) in pSDC14 in order to reconstruct the whole ATP6 gene in a plasmid also carrying COX2 gene as a maker for mitochondrial transformation.

Transformation of plasmid DNA into yeast mitochondria by the biolistic delivery system

The pXS1 and pXS2 plasmids were introduced by co-transformation with the nuclear selectable LEU2 plasmid Yep351 into the r 0 strain DFS160 by microprojectile bombardment using a biolistic PDS-1000/He particle delivery system (Bio-Rad) as described [267] (Figure 36). Firstly, 20 mg tungsten M-5

were washed with 1.5 ml of cold ethanol (kept in -20°C), vortexed and left 15 minutes at room temperature (RT). Beads were then centrifuged for 15 minutes at 12,000 rpm. We must to be careful to remove the supernatant with pipet without touching the tungsten beads. Pellet was washed with sterile water and centrifuged for 15 minutes at 12,000 rpm, then, resuspended in 50% glycerol (16.7 µl/mg tungsten) and kept on ice.

Nuclear selectable LEU2 plasmid Yep351 (5 µg) was mixed with 15 µg pXS1 or pXS2 and 100 µl tungsten bead suspension. Mixture was vortexed and spermidine 1 M (4 µl) and Calcium chloride (CaCl2)

2.5 M (100 µl) were added to enhance the formation of a colloid (bridges between the Tungsten beads)

and the grafting of the DNA into it. Mixture was left on ice for 15 minutes with vortex every 3 minutes.

Mixture was then centrifuged for 30 seconds. Pellet was washed with 100% ethanol (kept at -20°C) and centrifuged for 30 seconds. A second wash was performed. Pellet was completely resuspended in 60 µl of ethanol 100% and then pipetted evenly on the 6 macro carriers (the macro carrier should arrange in the macro carrier holder in a petri dish in advance).

A culture of the strain DFS160 (OD≈ 7/8) was spread on Biol2 plates. In order to prepare the machine, the pressure was set up in the helium regulator to 1500 psi because we needed to use 1350 psi rupture disks. Rupture disks, containing plasmids coated to tungsten beads, were placed and secured. Once the vacuum was set up, Biol2 plates were shot with disks containing plasmids. When fired, some beads enter the mitochondria and the DNA is released (Figure 36). Plates were incubated at 28°C.

Construction of ATP6-mutant yeast strains

Mitochondrial transformants (synthetic XS1 and XS2 respectively) were identified among the Leu + nuclear transformants by their ability to generate respiring clones when mated with the non-respiring NB40-3C strain bearing a mutation in the mitochondrial COX2 gene. One mitochondrial transformant XS1 or XS2 were crossed with the atp6 :: ARG8m deletion strain MR10 [262] (Figure 42). The resulting cytoductants (called W234F and W234L) harbor the MR10 nucleus and, ARG8m open reading frame have been replaced by the mutated ATP6-W234F or ATP6-W234L genes with homologous recombination. The W234F and W234L clones were identified by virtue of their ability to grow on respiratory medium (according to the severity of the mutation) and their inability to grow in the absence of an external source of arginine.

Sequencing of the mutated ATP6 locus in W234F and W234L strains revealed no other changes than W234F or W234L mutation, respectively. recombine and the resulting strain can grow on respiratory media. This is helpful when a mutation of interest in ATP6 gives a too severe respiratory phenotype. We can identify from the cross with NB40-3C which clones from the biolistic shot in DFS160 have been transformed by pXS1/pXS2 in mitochondria and thus where ATP6 mutated has recombined with ATP6::Arg8m. These clones can be selected on glucose-containing plates.

Transformation of plasmid into bacterial cells

Transformation in bacteria is necessary for the plasmid amplification. The protocol was the following:

Fifty µl of One Shot Ⓡ Top10 competent cells/ XL10-Gold ultracompetent cells were thawed on ice for each ligation/plasmid. Five to ten µl of each ligation/plasmid reaction were pipetted directly into competent cells and mixed by tapping gently (without mixing by pipetting up and down). The mixture was incubated on ice for 30 minutes and then exactly 30 seconds in the water bath at 42°C and placed on ice for 2 minutes. SOC medium (from One Shot Ⓡ Top10 Competent cells Kit, Life Technologies) was pre-warmed at 37°C and 250 µl were added on cells. Cells were shaken at 37°C for 1 hour. Three hundred µl of the mixture were spread on the solid LB plate containing ampicillin and then the LB plates were incubated overnight at 37°C.

Transformation of plasmid into yeast cells

When the yeast culture had reached an OD at 600 nm between 0.5 and 1, at early exponential phase, 5 to 10 OD of cells were transferred into a tube of 50 ml and centrifuged at 3,000 rpm for 10 Mixture was slowly mixed by pipetting back and forth and placed on a rotating wheel for 30 minutes at 28°C. Tubes were then placed in a water bath at 42°C for 15 minutes for a heat shock. Tubes were then centrifuged at 3,000 rpm for 3 minutes. Cell pellet was resuspended in 100 μl of minimum media or water and spread on solid media with appropriate amino acids in order to select the colonies that incorporated plasmids with an auxotrophic marker. Plates were then incubated at 28 °C for 2-4 days.

Estimation of percentage of r -/r 0 cells in a culture

Some mutations in both nuclear and mitochondrial DNA induce instability of mtDNA. The r + cells contain roughly the same amount of mtDNA as the wild type, r -cells contain mtDNA with a mutation and/or deletion of a part of mtDNA, while r 0 cells are devoid of mtDNA. In order to verify the stability of the mitochondrial genome, the percentage of r -/r 0 in cell cultures was calculated. One hundred to two hundred yeast cells were spread on YPGA plates (containing a fermentable carbon source) that allows the growth of r -/r 0 as well as r + cells. After the appearance of single colonies, plates were replicated on YPGlyA (containing a respiratory carbon source) that allows only the growth of r + cells. Then, it is easy to make a ratio and evaluate the number of r -/r 0 in cell cultures.

Selection of the genetic suppressors from yeast ATP6-mutants

Yeast cell models carrying ATP6 pathogenic mutations (L242P, L173R, S165N) were spread into individual colony on rich YPGA plates. Forty subclones were picked up and individually grown for two days in fermentable YPGA media containing 10% glucose. Glucose was removed from the cultures by two washes with water and 10 8 cells from each culture were spread on rich glycerol (YPGlyA) plates.

Yeast cell models carrying ATP6 pathogenic mutations grow very poorly on this respiratory medium.

Revertants that have accumulated compensatory mutations can appear. The plates were incubated at 28°C for at least fifteen days. Two revertants per plate were retained for further analysis to ensure genetic independence of the isolates. The revertants were purified by subcloning on glucose (YPGA)

plates and their ATP6 gene was PCR-amplified with primers ATP6.1 (Forward, from nucleotide position -100 upstream of the ATP6 start codon) 5'TAATATACGGGGGTGGGTCCCTCAC, ATP6. 

Molecular biology techniques

Extraction of yeast mtDNA

Yeast cells were cultured in 5 ml YPGA. About 5-10 OD of yeast cells were centrifuged at 3,000 rpm for 5 minutes and washed once with water. Pellet was resuspended in 1 ml of Solution A (1 M Sorbitol, 0.1 M EDTA, pH 7.5), and incubated with 50 μl of Zymolyase 20T (7.5 mg/ml) for 1 hour at 37°C to actively degrade yeast cell walls. Mixture was centrifuged at 6,000 rpm for 5 minutes. Pellet was then resuspended in 0.5 ml of Solution B (50 mM Tris/HCl, 20 mM EDTA, pH 7.4) and incubated with 50 μl of 10% Sodium dodecyl sulfate (SDS) for 30 minutes at 65 °C to actively degrade yeast cell membranes. Two hundred µl of potassium acetate 5 M was added, and mixture was incubated for 30 minutes at 4 °C to precipitate sodium dodecyl sulfate (SDS) and SDS-bound proteins to allow separating DNA from histones. The mixture was then centrifuged at 13,000 rpm for 5 minutes, and the supernatant was transferred to a new tube. After another centrifugation, the supernatant was transferred again in a new tube and 0.65 ml isopropanol was added to precipitate DNA. Mixture was incubated at room temperature for 5 minutes. After centrifugation at 13,000 rpm for 5 minutes; the pellet was resuspended in 200 μl H2O. Two µl of RNAse A (10 mg/ml) was added and the mixture was incubated for 45 minutes at 37 °C. Twenty µl of 3M sodium acetate pH 5.2 and 600 μl ethanol were added, and the mixture was incubated at -20 °C for 15 minutes. Mixture was then centrifuged twice at 13,000 rpm for 5 minutes in order to remove the residue of ethanol that could prevent further analysis. Pellet was then resuspended in 50 μl H2O. The concentration of mtDNA was quantified using a nanodrop spectrometer (NanoDrop 1000, Thermo Scientific).

Extraction of yeast RNA and quantitative real-time PCR

The Absolutely RNA Miniprep kit (Stratagene, acquired by Agilent) is used to extract RNA from yeast cells, according to the manufacturer's instructions with the following modification: to 300 μl of the lysis buffer including guanidine thiocyanate and 2.1 μl β-mercaptoethanol were subsequently added an equal volume of 0.5 mm-diameter glass beads and an equal volume of phenol: chloroform : isoamyl alcohol (25:24:1) and mixed with 5 OD600nm yeast cells. The mixture was then vortexed 5 times for 30 seconds with a pause of 30 seconds on ice at each vortex interval to avoid excessive warming. Mixture was then centrifuged at maximum speed for 5 minutes. In the end, following the manufacturer's instruction, RNA was dissolved in 30 μl elution buffer and the concentration of RNA was quantified using a nanodrop spectrometer (NanoDrop 1000, Thermo Scientific). The purity of RNA was checked and should be as the following requirements: A260/A280 around 1.8 and A260/A230 around 2.0-2.2. The integrity of the 18S and 26S ribosomal bands was checked on a 1% agarose gel.

First-strand cDNA was synthesized from 250 ng total RNAs using the Affinity script QPCR cDNA synthesis kit (Stratagene, Agilent) according to the manufacturer's instructions. The transcription was achieved by incubating the reactions at 25°C for 5 minutes, 42°C for 45 minutes, and 95°C for 5 minutes.

Specific primer pairs were determined using Primer-BLAST software and matched the coding sequence of the target genes. The GenBank accession numbers and the corresponding primer pairs are summarized in Table 4. was made by plotting the Ct against the log of the starting quantity of template for each dilution. The equation for the regression line and the r-value was calculated. From that equation the slope of the standard curve was deduced and used to calculate the PCR efficiency, E, for each couple of primers, as follows: E = 10 -1/slope . The measured hybridization efficiencies were 1.74, 1.77, 1.87 and 1.97 for TFC6, TFB1, RMD8 and CIT2 genes, respectively.

Extraction of plasmid from bacteria

The extraction of plasmid from bacteria was performed by using a QIAprep Spin Miniprep Kit (from QIAGEN), according to the manufacturer's instructions. Five ml of LB medium with the bacterial strain was incubated for 12-16 hours at 37°C and centrifuged at >8,000 rpm for 

Electrophoresis of DNA in agarose gel

Agarose gels, 0.8 -1% (m/v), were used to separate DNA. Agarose was dissolved in a 0.5X Trisacetate-EDTA (TAE) buffer (40 mM Tris, 20 mM acetic acid, 1 mM EDTA, pH 8) by heating in a microwave oven. The same 0.5X TAE buffer was used for migration. SYBR safe was used to visualize DNA under a UV transilluminator. Voltage (50-100 V) and time (20-40 minutes) of the migration depend on the size of DNA.

Purification of PCR product

Purification of PCR products was performed by using the PureLink ® PCR Purification Kit (Life Technologies), according to the manufacturer's instructions. Four volumes of PureLink ® Binding Buffer (B2) with isopropanol or Binding Buffer HC (B3) with isopropanol to one volume of PCR product were mixed and added on the column and then centrifuged at 13,000 rpm for 1 minute; The flow-through was discarded and 650 μl of Wash Buffer with ethanol were added to the column. After centrifugation at 13,000 rpm for 1 minute, the flow-through was discarded and the column centrifuged again to remove any residual Wash Buffer. Column was then placed in a clean 1.7-ml PureLink ® Elution Tube supplied with the kit. At the end, DNA was eluted with 30 μl of sterile water. The concentration of DNA was quantified using a nanodrop spectrometer (NanoDrop 1000, Thermo Scientific).

Nucleic acid measurement and OD measurement

Concentration of nucleic acid was quantified by using a nanodrop spectrometer (NanoDrop 1000, Thermo Scientific). Optic density (OD) at 600 nm was measured to estimate quantity of yeast cells in the cultures by using a spectrophotometer. 1 OD corresponds to 1.2×10 7 of cells per milliliter (for diploid cells).

Polymerase chain reaction (PCR)

Thermo Scientific Phusion High-Fidelity DNA Polymerase was used to amplify DNA isolated from yeast cells. The process was performed following the manufacturer's protocols. 

Measurement of the growth of yeast cells

Growth curves were established by using the Bioscreen C TM system. Yeast cells were cultured in YPGA media overnight. Cells were washed and diluted at 0.1 OD in 3 ml YPGlyA liquid media. One hundred μl of cell suspension was added in bioscreen plate and loaded in three or four replicates. The edge of the bioscreen plate was loaded with 200 μl sterile water to avoid evaporation. OD was measured every 30 minutes at 600 nm for 1 week at 28°C under continuous shaking.

Serial dilution of yeast cells and Oligomycin sensitivity test

Yeast strains were pre-cultured in YPGA media overnight. Cells were centrifuged and pellet resuspended in sterile water. Cells were diluted in 200 μl at 0.1 OD in 96-well microplate. Serial 4-fold dilution were performed 4 times in sterile water to get four different concentrations of yeast cells: 0.1 OD, 0.01OD, 0.001OD, and 0.0001OD respectively. Four μl of each dilution were dropped onto the solid YPGA and YPGlyA media with or without 0.25 µg/ml oligomycin. Plates were incubated at 28°C.

Tris/maleate, 0.2% (m/v) BSA, pH 6.8). The protoplasts were mixed 3 times by using a blender for 5 seconds each time. The extract was then centrifuged for 8 minutes at 2,500 rpm. The collected supernatant (containing mitochondria) was centrifuged for 10 minutes at 10,000 rpm. The pellet containing the isolated mitochondria was washed once in a recuperation buffer (0.6 M mannitol, 2 mM EGTA, 10 mM Tris/maleate, pH 6.8) and gently pottered. Enriched mitochondria preparation was transferred into a 2 ml tubes and kept on ice during further analysis that need to be performed on fresh mitochondria: mitochondrial respiration, ATP synthesis, ATPase activity and mitochondrial membrane potential measurements. The remaining mitochondria were frozen in liquid nitrogen in form of mitochondrial beads and stored at -80°C. Firstly, NADH (9.6 μl; 0.5 M) was used as an electron donor into the respiration buffer alone. This state is called state 4 (non-phosphorylating conditions) that measures the basal level of the respiratory chain activity. Successively the addition of 6 μl ADP (30 mM) induced an increase of the oxygen consumption. At this stage the measurement of the respiratory chain activity is called state 3 that corresponds to phosphorylating conditions. Respiratory rate increased due to the consumption of the electrochemical gradient of protons by ATP synthase. Then, the respiratory chain worked faster to compensate for this consumption of protons. When all the added ADP has been phosphorylated, the respiration rate returned to the basal state 4.

Measurement of oxygen consumption/respiration on isolated mitochondria

The maximal respiration rate was accessed in the presence of the membrane proton ionophore carbonyl cyanide m-chlorophenyl hydrazone (CCCP) (uncoupled respiration), a compound that dissipates the proton gradient on the inner mitochondrial membrane.

The assessment of complex IV activity was determined by adding 30 μl Ascorbate (0.5 M) and 3.4

μl TMPD (0.5 M) which deliver electrons directly to cytochrome c. Rhodamine 123 is a fluorescent cationic dye (positively charged) that can be used to monitor changes in the inner membrane electrical potential in intact mitochondria. Increasing the mitochondrial membrane potential (△ψ) is followed by uptake of the dye inside the matrix space and concomitant fluorescence quenching. Indeed, when △ψ increases, matrix is more negatively charged than intermembrane space and thus the cationic rhodamine is attracted inside the more negatively charged matrix. 10 μl ethanol (respiratory substrate) addition induced an important fluorescence quenching due to the establishment of an electrical transmembrane potential. Maintaining of the membrane potential was measured in the presence of the different substrates and inhibitors mentioned above: 2.5 μl ADP (30 mM), 2 μl KCN (1 M), 2 μl Oligo (2 mg/ml), and 4 μl CCCP (1 mM) (Figure 43A).

Measurement of mitochondrial membrane potential

To further investigate the functionality of the FOF1-ATP synthase in reverse mode, we measured the ability of this enzyme to establish a membrane electrical potential when hydrolyzing ATP.

Mitochondria were first energized with 10 μl ethanol and substrates and inhibitors were sequentially added: 2 μl KCN (1 M), 2 μl ATP (0.1 M), 2 μl Oligo (2 mg/ml), and 4 μl CCCP (1 mM) (Figure 43B). Further addition of 2 μl KCN (1 M), a complex IV inhibitor, resulted in a rapid but partial △ψ collapse. The remaining potential was due to the pumping of protons by the ATP synthase hydrolyzing the added ADP. Indeed, the remaining △ψ was lost upon the addition of 2 μl Oligo (2 mg/ml), a complex V inhibitor. B. ATP synthase reverse functioning was analyzed by providing the mitochondria with externally added ATP. The mitochondria were first energized with ethanol and then treated with KCN, which results is a △ψ collapse that removes IF1 from F1, the natural inhibitor of the mitochondrial ATPase. After adding 2 μl ATP (0.1 M), ATP hydrolysis via the ATP synthase induced a △ψ establishment which was fully reversed after oligomycin addition, reflecting the specific ATP synthase activity. Further addition of 4 μl CCCP (1 mM) did not have any effect, indicating that the established △ψ was ATP synthase dependent.

Quantification of the rate of ATP synthesis

For ATP synthesis rate measurements, mitochondria (0.15 mg/ml) were added in a 1-ml thermostatically controlled chamber at 28 °C in 1 ml respiration buffer. The reaction was started by the addition of 8 µl 0.5 M NADH (4 mM final), 35 µl 30 mM ADP (1 mM final) and then 50 µl aliquots were taken every 15 seconds and the reaction was stopped with 25 μl solution of 7% perchloric acid and 25 mM EDTA. To measure the ATP production that is dependent of the ATP synthase, the enzyme was blocked with 1.5 μl oligomycin (2 mg/ml, 3 µg/µl final) for 3 minutes before addition of ADP and samples were collected as described above. All samples were centrifuged for 5 minutes at 13,000 rpm at 4°C.

Then samples were neutralized to pH 6.8 by adding 12.5 μl of a solution of 2 N Potassium hydroxide (KOH), 0.3 M 3-(N-morpholino) propanesulfonic acid (MOPS). ATP was quantified using Luminescence ATP Detection Assay System (PerkinElmer) on CLARIOstar microplate reader (from BMG LABTECH).

One μl sample was added beforehand in 50 μl bioluminescence solution (0.1 M Tris, 0.2 mM EDTA, pH 7.75). During the process of determination on CLARIOstar microplate reader, 7.5 μl luciferin/luciferase was automatically added into the reaction by the device. The calibration curve was determined using 10 μM ATP (from 0, 1, 2.5, 7.5, 10 μl). Calculation of ATP in the samples was based on this standard curve and was expressed in nmol of ATP per milligram of mitochondria per minute.

Quantification of ATPase activity

The specific ATPase activity was measured using a described procedure [271] in mitochondria non osmotically protected to relax ATP synthase from any membrane potential that would limit its ATP hydrolytic activity, and this was done at pH 8.4 to avoid any binding to F1 of its natural inhibitor IF1.

Thawed mitochondria (0.15 mg/ml) were suspended in 900 µl ATPase buffer (0.2 M KCl, 3 mM MgCl2, 10 mM Tris/HCl pH 7, adjusted to pH to 8.4), already pre-warmed at 30°C. Fifty µl 0.1 M ATP (5 mM final) was added to the reaction (same experiments have been performed with incubation with 5 μl oligomycin (2 mg/ml) during 3 minutes before adding ATP). Tubes were then incubated for 2 minutes at 30°C, and the reaction was stopped by adding 100 µl 50% Trichloroacetic acid (TCA). Moreover, the blank sample was beforehand added to 100 µl 50% TCA to disrupt yeast cells before adding ATP. The quantity of phosphate produced during the reaction from hydrolysis of ATP into ADP and Pi was determined by using ammonium molybdate solution (MARIKA solution) at 610 nm on a spectrophotometer. All the sample tubes were centrifuged for 10 minutes at 4°C at 13,000 rpm. Five hundred μl of the supernatant of each tube was added to 5 volumes of the MARIKA solution (5.4 mM NH4Mo7O24•4H2O, 28.8 mM FeSO4•7H2O), vortexed and incubated in the dark for 10 minutes and absorbance was measured on the spectrophotometer at 610 nm.

Measurement of proteins concentration with Lowry kit

The concentration of protein from isolated mitochondria was measured by Modified Lowry protein assay kit. The experiment was performed following the instructions. All the samples were diluted 200 times and dissolved in 5% SDS. At 15-second intervals, a 1.0 ml of Modified Lowry Reagent to each test tubes were added, and mixture was vortexed and incubated at RT for 10 minutes. One hundred μl of prepared 1×Folin-Ciocalteu Reagent was then added, immediately mixed and tubes were incubated in the dark at RT for 30 minutes. Diluted albumin (BSA) standards prepared according to the manufacturer's instructions were treated in the same way as the samples. The absorbance was measured at wavelength of 750 nm and concentration of the proteins in samples was determined in milligrams per milliliter.

Separation of mitochondrial respiratory complexes by BN-PAGE

Two hundred and fifty µg of mitochondria were used to extract respiratory complexes and reveal them by Blue native polyacrylamide gel electrophoresis (BN-PAGE). Mitochondrial suspension was centrifuged and pellet was resuspended in 50 µl of extraction buffer (30 mM Hepes, 150 mM potassium acetate, 12% glycerol, 2 mM 6-aminocaproic acid, 1 mM EDTA, protease inhibitor Cocktail) with digitonin.

The ratio of digitonin/protein is expressed as g/g. A ratio of 2 is preferred for the extraction of dimers and monomers of ATP synthase whereas a ratio of 10 is preferred for the extraction of respiratory complexes. After adding digitonin, all the tubes were incubated on ice for 30 minutes and centrifuged at 25,000 g at 4°C for 30 minutes. Supernatants (50 µl) were put in a new tube and 2.25 µl of loading charge buffer (5% Serva Blue G250, 750 mM 6-aminocaproic acid) was added.

Digitonin-solubilized mitochondrial protein complexes were separated by migration in a Blue native polyacrylamide gel electrophoresis (BN-PAGE) following the protocol of NativePAGE™ Bis-Tris Mini Gel Electrophoresis. Mitochondrial extracts were separated in a 3-12% acrylamide continuous gradient gel and complex IV and V complexes were revealed in gel by their activities as described [272], or by Western blot after gel transfer to polyvinylidene difluoride membrane (PVDF) [273]. ATP hydrolysis activity of ATPase can be detected after migration. The gel was incubated for 3 hours with shaking in revelation complex V buffer I (270 mM glycine, 35 mM Tris, pH 8.4). After this, the gel was incubated with revelation complex V buffer II (14 mM MgSO4, 0.2% Pb (NO3)2 and 8 mM ATP dissolved in revelation complex V buffer I) until the appearance of white bands. White bands correspond to the precipitate created by the reaction between lead and inorganic phosphate that appeared after ATP hydrolysis. After revealing ATPase activity, the precipitate was removed in a solution containing 30% ethanol and 6 N HCl and the gel was colored with Coomassie blue to visualize all proteins. The complex IV activity can be revealed by incubating the gel in complex IV buffer I (5 mM Tris) for few minutes and revelation complex IV buffer II (5 mM Tris, 0.5 mg/ml Diaminobenzidine, 0.05 mM cytochrome c) until appearance of brown bands that correspond to the place where complex IV activity hold.

Separation of proteins by SDS-PAGE.

Proteins were loaded in NuPAGE Bis-Tris Mini Gels (from life technologies) as the manufacturer's instructions. Migration was performed at constant voltage (200 V) for 35 minutes. After protein migration, proteins were immediately transferred onto a nitrocellulose membrane by the iBlot Transfer Stack kit and iBlot Dry Blotting System from Invitrogen. After transfer, the unoccupied protein binding sites were blocked in a solution containing 5% milk. The nitrocellulose membrane was incubated in a 1X TBST buffer (50 mM Tris, 150 mM NaCl, 0.1% Tween-20, adjusted to pH 7.4) with shaking for 5 minutes, 3 times. Then membrane was incubated with primary antibody overnight at 4°C. Polyclonal antibodies against Atp6 (subunit a, a gift from J. Velours), Atp9 (subunit c, a gift from J. Velours) and Atp1 (subunit $-F1, a gift from J. Velours) were used after 1:5,000 dilution. Monoclonal antibodies against Cox2 (Molecular Probes) and Cox4 (Molecular Probes) subunits of complex IV were used after a dilution of 1:500 and 1:1,000 respectively. Membranes were incubated with peroxidase-labeled antibodies (Promega) at a 1:5,000 dilution and revealed with the ECL reagent of Pierce TM ECL Western Blotting Substrate (ThermoScientific). Immunological signal quantification was performed with ImageJ software

[274].

Spectra of cytochromes cc1, b, and aa3

The tracings are optical spectra of mitochondrial cytochromes recorded from whole yeast cells 

Amino acid alignments and topology of subunit a mutations

Multiple sequence alignment of ATP synthase a-subunits of various origins was performed using ). The WT (aF214) and mutant (aF214L) human MT-ATP6 homology models were generated by using the bovine ATP synthase Fo domain cryo-EM structure as template (Pdb_id: 6bzz)

[102] owing the 78% identity between the two sequences. All structure figures were drawn using PyMOL molecular graphic system [279].

Statistical analysis

At least three biological and technical replicates were performed for all experiments. Statistical significance of the data was tested was using unpaired t-test or original one-way ANOVA.
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Chapter 1

Molecular basis of the pathogenicity of the m.8969G>A mutation

Previously published data

The laboratories of Huimei Chen and Jean-Paul di Rago previously studied a Chinese girl that was admitted at the hospital at the age of 14 for a nephrotic syndrome [START_REF] Wen | Identification of G8969>A in mitochondrial ATP6 gene that severely compromises ATP synthase function in a patient with IgA nephropathy[END_REF]. In addition to typical kidney alterations, an enhanced fragmentation of the mitochondrial network and reduced content in cristae, and a poor histochemical staining of Complex III and IV activities were observed in renal biopsies suggesting that a mitochondrial dysfunction was possibly at the origin of the disease (Figure 44). Sequencing entirely the mitochondrial DNA of the patient led to identification of a novel variant in the mitochondrial ATP6 gene, m.8969G>A. It converts a highly conserved serine residue with asparagine at position 148 of the human subunit a of ATP synthase (aS148N). The m. 8969G>A mutation was heteroplasmic in blood, urine sediments (epithelial-like cells detached from tubules) and kidney, with loads ranging from 60 to 90% respectively. It was also present in the patient's mother in lower amounts (<60%), which may explain that she was free of obvious clinical symptoms. Increasing the amounts of the m.8969G>A mutation (from 19 to 98%) in cybrid cell lines was paralleled by changes in the ultrastructure of mitochondria, a diminished rate of oxygen consumption and higher levels of reactive oxygen species (ROS), which is typically observed in ATP synthase defective cells (Figure 45). To evaluate directly its consequences on ATP synthase, a yeast model of the m.8969G>A mutation was created. The S148 residue of the human a-subunit corresponds to S175 of the yeast protein (referred to as subunit-6). The atp6-S175N mutation virtually abolished the growth of yeast on non-fermentable carbon sources like glycerol, conditions under which the presence of a functional ATP synthase is absolutely essential. Mitochondria isolated from the yeast mutant showed 90% drops in the rate of respiration and ATP synthesis compared to wild type yeast, and a poor capacity to energize the mitochondrial inner membrane. The assembly/stability of ATP synthase was only moderately affected indicating that the S175N change mainly compromises the functioning of FO (Figure 46). In high-resolution structures of yeast ATP synthase, the serine residue targeted by the m.8969G>A mutation is located within the n-side hydrophilic cleft of FO (Figure 47), indicating that it disrupts the flow of protons between the c-ring motor of ATP synthase and the mitochondrial matrix. The m.8969G>A mutation has been recently identified in other patients presenting with mitochondrial disorders [START_REF] Berhe | Recurrent heteroplasmy for the MT-ATP6 p.Ser148Asn (m.8969G>A) mutation in patients with syndromic congenital sideroblastic anemia of variable clinical severity[END_REF]283].

Intragenic suppressors of m.8969G>A (Article n°1)

To understand how the m.8969G>A compromises the function of FO, intragenic suppressors of this mutation were searched for. They were selected on respiratory medium (glycerol) from the yeast aS175N mutant. Genetic reversion of a mutant phenotype can result from a mutation within the same gene as the primary (target) mutation (intragenic suppression) or in a different gene (extragenic suppression). In the case of a mitochondrial phenotype the suppressor may be in a different genome than the target mutation since two genomes control mitochondrial function. To avoid overrepresentation of specific alleles through mitotic divisions, revertants were isolated from different aS175N subclones grown individually in a glucose medium before their plating on glycerol medium. They appeared at a 10 -7

frequency. 73 isolates were retained for analysis. After their crossing with a strain with a wild type nucleus and totally devoid of mitochondrial DNA (r o ), respiratory growth improvement was still observed indicating that the suppressor mutations were nuclear dominant or located in mitochondrial DNA. Upon sporulation of the diploid strains, the suppressor phenotypes showed a 4:0 segregation (in at least 6 complete tetrads) indicating that they had a mitochondrial origin, otherwise they would have displayed a Mendelian (2:2) meiotic segregation. In 60 revertants, a novel mutation in ATP6 (intragenic suppressor) was identified at the original mutated amino acid (first-site intragenic suppressors: aS175D, aS175K, aS175I, or aS175T) or in another position of subunit a (second-site suppressors: aP12S, aI171F, aI171N, aI239F or aI200M).

Four suppressors (aS175I, aS175T, aI171F, and aI200M) conferred a good growth on glycerol whereas respiratory growth was restored much less efficiently with the others (aS175D, aS175K, aP12S, aI239F, and aI171N). Mitochondria were isolated from the mutant strains to evaluate the influence of the genetic suppressors on oxygen consumption and ATP synthesis, and the assembly/stability of complexes III, IV, and V. We also assessed the ATP synthase activity by monitoring changes in the electrical potential across the mitochondrial membrane. Finally, the topologies of the mutations in the recently described high resolution of yeast ATP synthase were analyzed. Taken together, the results provide evidence that the aS175N change inactivates the functioning of FO due to the establishment of hydrogen bond with a nearby glutamate residue (aE172) that has been proposed to be important for the exit of protons from the n-side cleft toward the mitochondrial matrix. They also revealed that despite its strict conservation, the serine residue 175 is not directly involved in FO-mediated proton transport since this activity is fully preserved when it is replaced by an aliphatic isoleucine residue whose side chain cannot exchange protons. The functional suppression of the aS175N mutation by long (20-30 Å) range effects through the membrane is an interesting observation that could help development of therapeutic molecules against diseases induced by the m.8969G>A.

Chapter 2

Molecular basis of the pathogenicity of the m.9191T>C mutation

Previously published data

The m.9191T>C mutation induces severe clinical phenotypes (MILS) [284]. It converts a highly conserved leucine residue into proline at amino acid position 222 of human subunit a (aL222), 242 in the mature yeast protein that is produced by the proteolytic removal of the first ten N-term residues of the precursor polypeptide (in the Chapter 1 on the m.8969G>A mutation, the yeast residues are numbered according to the coding sequence of the subunit a gene). The groups of Jean-Paul di Rago and Roza Kucharczyk showed that an equivalent of the m.9191T>C mutation severely compromised the respiratory growth of yeast due to a 90% drop in the rate of mitochondrial ATP synthesis. Although the mutated subunit a was efficiently synthesized, it accumulates very poorly, indicating that the aL242P change compromises the folding/stability or incorporation of subunit a into ATP synthase, as was observed previously in other yeast ATP synthase defective mutants [START_REF] Kucharczyk | Consequences of the pathogenic T9176C mutation of human mitochondrial DNA on yeast mitochondrial ATP synthase[END_REF][START_REF] Kucharczyk | Introducing the human Leigh syndrome mutation T9176G into Saccharomyces cerevisiae mitochondrial DNA leads to severe defects in the incorporation of Atp6p into the ATP synthase and in the mitochondrial morphology[END_REF][START_REF] Rak | A yeast model of the neurogenic ataxia retinitis pigmentosa (NARP) T8993G mutation in the mitochondrial ATP synthase-6 gene[END_REF][START_REF] Wen | Identification of G8969>A in mitochondrial ATP6 gene that severely compromises ATP synthase function in a patient with IgA nephropathy[END_REF]238,239]. As a result of this defect, the levels of fully assembled ATP synthase complexes are in very low amounts in the m.9191T>C yeast (Figure 48). 

Intragenic suppressors of m.9191T>C (Article n°2)

After the recent publication of high-resolution structures of yeast ATP synthase, it appeared that the leucine residue targeted by m.9191T>C mutation is located on an a-helical domain (aH6) of subunit a.

This domain is near the interface between subunit a and the c-ring and harbors residues (aE223 and aD244) that presumably act as proton binding sites for moving protons from the intermembrane space to the mitochondrial matrix (Figure 5 To better understand the detrimental consequences of the m.9191T>C mutation (aL242P in yeast), I searched for genetic suppressors of this mutation. The analysis of 45 genetically independent revertants led to identification of only two amino acid suppressor changes, at position 242 (aL242S and aL242T). While ATP synthase assembly/stability was fully recovered, the rate of mitochondrial ATP synthesis was diminished by 40-50% in the revertants vs wild type yeast. The yield in ATP per electron transferred to oxygen was mostly unaffected by the aL242S and aL242T changes, indicating that FOmediated proton transport is slower compared to the wild type enzyme. With a side-chain unable to exchange protons and located outside the n-side hydrophilic pocket that connects the c-ring and the mitochondrial matrix (Figure 5 of Article n°2), the wild type aL242 residue is certainly not directly involved in moving protons. My results suggest that it optimizes the functioning of FO by helping protons released from the c-ring to be moved toward the mitochondrial matrix, an activity in which a nearby aspartate residue (aD244) seems to play a critical role. Possibly with aS242 and aT242, the proton-conduction activity of this aspartate residue is less efficient.

As described in the Chapter I of the Results section, second-site suppressors of the m.8969G>A mutation were found, meaning that ATP synthase function can be recovered while the original mutation is still present, which is an interesting observation that holds promise for the development of therapeutic molecules. My studies on the m.9191T>C mutation indicate that a pharmacological approach targeting the ATP synthase is a difficult prospect in the case of the m.9191T>C mutation because the elimination of the proline residue it introduces seems to be the only way to recover a substantial bioenergetics capacity.

Chapter 3

Molecular basis of the pathogenicity of the m.8993T>G mutation

Previously published data

The m.8993T>G allele is one of the most common pathogenic mtDNA mutations. It has been associated with Neuropathy Ataxia Retinitis Pigmentosa (NARP) and Maternally Inherited Leigh Syndrome (MILS) depending on the mutation load (from 70 to >90%) [211-215, 228, 230, 233, 285-289].

It converts a strictly conserved leucine residue into arginine in the ATP synthase subunit a (aL156R).

Studies of human cells and tissues containing this mutation led to conflicting conclusions: a block in FOmediated proton conduction [233], defects in ATP synthase assembly/stability [211,286], or impaired coupling between F1 and FO [229,288].

To better understand the influence of m.8993T>G on ATP synthase, the group of J. P. di Rago created a yeast model of this mutation, 15 years ago. This was a challenging project given previous studies by P. Slonimski (Gif-sur-Yvette, France) indicating that inactivation of the yeast mitochondrial ATP synthase genes would be incompatible with the stability of the mitochondrial genome. This conclusion arose from efforts in the seventies to isolate spontaneous respiratory growth deficient yeast strains issued from point lesions in the mtDNA (mit -), to better characterize the gene content of the yeast mitochondrial genome and the rules that govern its transmission. Finding these mutants was difficult because of the relative instability of this genome in yeast. Indeed, in any culture of wild type yeast, there is a few percent of cells having lost it totally (r 0 ) or issued from large deletions of this genome (r -) whereas mit -point mutants are by at least 5 to 6 orders of magnitude less frequent. To overcome this problem, mit -mutants were searched for by P. Slonimski from a nuclear mutant (op1) that does not survive r 0 / -mutations. Intriguingly, this screen produced only mutations in respiratory chain subunits (e.g. cytochrome b and Cox1p). On this basis, it was concluded that mit -ATP synthase mutants are unable to maintain a complete (r + ) mitochondrial genome. When the op1 was later found to be located in the major form of the mitochondrial ADP/ATP translocase gene (AAC2) [290], J.P. di Rago reasoned that the absence of mit -ATP synthase mutants in the op1 screen was due to the impossibility of these mutants to sustain a sufficient electrical potential across the mitochondrial membrane, and he predicted that mit -ATP synthase mutations in a WT nuclear context might have the capacity to propagate the mitochondrial genome. He tested this hypothesis by trying to create a mutant in which the entire coding sequence of ATP6 is replaced with ARG8m, which is a mitochondrial version of the nuclear ARG8 gene encoding a mitochondrial protein involved in arginine biosynthesis that was developed by T. Fox [219].

When ARG8m is present in r + mtDNA, in a nuclear ∆arg8 context and in the absence of external arginine, r -/r 0 cells cannot divide and accumulate therefore much less. A relatively stable atp6∷ARG8m strain could be isolated that produced only 20%-30% r -/r 0 cells in media lacking arginine [262]. This work laid the groundwork for creating yeast models of subunit a (Atp6) mutations involved in human diseases using an experimental design in which ARG8m is replaced with the mutated subunit a gene.

The leucine residue of the human subunit a that is changed into arginine by the m.8993T>G mutation corresponds to aL173 in the mature yeast protein that is produced after removal of the first ten N-terminal residues during assembly [291]. The yeast aL173R mutant exhibited a very slow growth on respiratory substrates due to a 90% drop in the rate of mitochondrial ATP synthesis [START_REF] Rak | A yeast model of the neurogenic ataxia retinitis pigmentosa (NARP) T8993G mutation in the mitochondrial ATP synthase-6 gene[END_REF] (Figure 49).

The oxygen consumption rate was reduced in similar proportions due to a specific decrease in Complex IV content (a possible explanation for this secondary effect is provided in the next chapter). The assembly of ATP synthase was mostly, if any, affected indicating that the aL173R change specifically compromised the functioning of the proton translocation domain of ATP synthase. At the time this work was performed, complete ATP synthase structures were still missing, and therefore, it was difficult to understand how ATP synthase function was affected by the aL173R mutation. As described below the isolation of genetic suppressors of this mutation led me to propose a mechanism by which this mutation compromises ATP synthase function. 

Intragenic suppressors of m.8993T>G (Article n°3, submitted to Human Molecular Genetics)

Due to the inability of S. cerevisiae to stably maintain heteroplasmy, genetic suppressors in mitochondrial DNA can emerge in both a nuclear or haploid genetic background. Recessive genetic suppressors located in nuclear DNA can be selected only in a haploid background, whereas dominant nuclear suppressors can be selected from both a nuclear or haploid mutant strain.

I therefore used diploid (MR12) and haploid (MR14) strains for the selection of any possible type of genetic suppressors active on the aL173R mutation. The corresponding wild type strains are MR11 and MR6, respectively. Both strains produced only intragenic suppressors. Four first-site reversions (aL173M, aL173S, aL173K, and aL173W) and five second-site reversions (aR169M, aR169S, aA170P, aA170G, and aI216S) were identified. We discovered that the MR11 diploid strain and all its derivatives (MR12 and revertants)

were highly resistant to oligomycin compared to MR6 and its derivatives. This was because the mitochondrial genome in MR11 is that of strain KL14-4A that was reported to carry an oligomycin resistance mutation mapping at the Oli1 (ATP9) locus [263], which escaped our attention when we started this study (the mitochondrial genome in MR6 is that of the S288C strain that has been entirely sequenced). Consistently I found a mutation in the ATP9 gene of MR11 (cL53F) known to confer oligomycin resistance by preventing the binding of the drug on the subunit c-ring [107,110]. I found that the rate of mitochondrial ATP synthesis in MR11 mitochondria was twice diminished compared to those from MR6, which is presumably due to contacts at the a/c10 interface between cF53 and hydrophobic residues of the last helical domain (aH6) of subunit a that likely facilitate rotation of the c-ring. We therefore decided to investigate biochemically only the functional influence of the genetics suppressors isolated from strain MR14 where this subunit c mutation is not present. However, as the cL53F mutation is far away from aL173R in yeast ATP synthase structure (see below), and because of the similarities between the suppressors identified from MR12 and MR14, there is no doubt that those isolated from MR12 do well correct the detrimental consequences of aL173R and not those of cL53F. Based on these results, and at the light of high-resolution structures of yeast ATP synthase, we concluded that the leucine-to-proline change induced by the m.8993T>G mutation prevents the release of protons from the c-ring due to unfavorable electrostatic interactions with residues that are essential or important for moving protons through the FO. These findings have been submitted for publication in Human Molecular Genetics (Manuscript n°3 provided below).

Chapter 4 Overexpression of the mitochondrial oxodicarboxylate carrier (Odc1) rescues a yeast model of the m.8993T>G mutation 3.4.1 Previously published data

A popular suppressor genetics method in yeast aims at identifying genes, which when overexpressed can rescue a mutation in another gene. This can be done easily using libraries of yeast genes cloned into multicopy plasmids. Using this approach, the group of J.P. di Rago found that respiration-dependent growth of a yeast strain lacking a nuclear gene (FMC1) encoding a protein involved in ATP synthase assembly [START_REF] Olson | Oculocraniosomatic neuromuscular disease with "ragged-red" fibers[END_REF] was substantially improved when it overexpressed Odc1 If gene therapy applied to nuclear mutations is imaginable, it is highly unlikely that mtDNA mutations can be corrected in a near future. However, genetic suppression of mtDNA mutations by nuclear genes could be a solution, as suggested by a report demonstrating that the S. cerevisiae NADH dehydrogenase (Ndi1) can be functionally expressed in mitochondria of rodent skeletal muscle and brain where it can by-pass Complex I defects [295]. In this perspective, and considering the large suppressor spectrum of Odc1, I tested the capacity of this protein when overexpressed to rescue mitochondrial function in yeast models of pathogenic mutations in the mitochondrial ATP6 gene, as described below.

A rescuing mechanism for the m.8993T>G mutation (article n°4)

As described in Results Chapter 3, an equivalent of the m.8993T>G mutation severely compromises the functioning of FO by preventing the release of protons from the c-ring into the mitochondrial matrix. As a result of this, the rate of mitochondrial ATP production is considerably decreased (by 90%) and the growth on respiratory substrates (glycerol) is very slow compared to wild type yeast. As a secondary consequence, the Complex IV accumulates less efficiently (20% vs WT) as usually observed in yeast ATP synthase defective mutants as long as there are no important proton leaks through the FO [START_REF] Soto | Synthesis of cytochrome c oxidase subunit 1 is translationally downregulated in the absence of functional F1F0-ATP synthase[END_REF][296][297][298]. I found that the respiratory growth of m.8993T>G yeast was improved upon increasing 10-fold the content of Odc1. Although this effect was rather modest, the content in Complex IV was considerably (4-fold) increased. Oxygen consumption in isolated mitochondria was only modestly stimulated with NADH as an electron donor whereas a more pronounced effect was observed when a-ketoglutarate (one of the best substrates of Odc1) was used as a source of electrons. Consistently, mitochondria from m.8993T>G yeast mutant recovered a good capacity to energize the mitochondrial inner membrane when supplied with a-ketoglutarate.

As described in the Introduction, respiratory-deficient yeast experiences a stimulation of the socalled retrograde (RTG) pathway. This stress response pathway enables part of the TCA cycle to function to preserve a sufficient production of a-ketoglutarate and its conversion into glutamate, a key metabolite used in numerous biosynthetic pathways. Consistently, I found that the RTG pathway was substantially stimulated in m.8993T>G yeast. When this mutant overexpressed Odc1, the RTG pathway returned to a basal activity as in wild type yeast, which is not that surprising since the resulting I propose a possible explanation for the beneficial effects resulting from Odc1 overexpression in m.8993T>G yeast:

Firstly, I speculated that the proton pumping activity of Complex IV regulates its biogenesis in response to changes in the activity of FO (DY). When protons move slowly through the FO, the protonpumping activity of Complex IV leads to a hyperpolarization (DY) of the mitochondrial membrane, and this inhibits its own biogenesis. The better accumulation of Complex IV in m.8993T>G yeast exposed to CCCP is consistent with this hypothesis. A possible clue that will deserve further investigation is that insertion of positively charged copper ions into Complex IV (which involves a plethora of specific assembly factors [299,300]) is compromised beyond a certain DY value.

Secondly, while a-ketoglutarate and oxoadipate are by far its best substrates, Odc1 can transport quite efficiently other metabolites including succinate [START_REF] Palmieri | Identification inSaccharomyces cerevisiaeof Two Isoforms of a Novel Mitochondrial Transporter for 2-Oxoadipate and 2-Oxoglutarate[END_REF]. With a 10-fold increase in the content of Odc1, some of the succinate molecules that accumulate in m.8993T>G mitochondria (because of their poor ability to transfer electrons to oxygen) can possibly be expelled outside the organelle. As a result, α-ketoglutarate oxidation resumes, and ATP is produced by substrate-level phosphorylation with the concomitant Mir1-mediated co-transport of inorganic phosphate and protons into the organelle. In this scenario, the DY consumption induced by Mir1 prevents the Complex IV to inhibit its own biogenesis when the FO is poorly active by preserving a sufficient proton re-entry into the organelle as with CCCP.

In conclusion, my study reveals that the proton pumping activity of Complex IV modulates its own biogenesis in response to changes in the activity of ATP synthase. This presumably contributes to balance the electron transfer and ATP synthesis activities in mitochondria. My work shows that it is possible to disrupt the ATP synthase-mediated control of Complex IV biogenesis by deregulating ion and metabolite transport across the mitochondrial inner membrane. These findings will be helpful to better understand the recently reported observed beneficial effects of small-mitochondrial uncoupling molecules, observed in animal models of mitochondrial diseases [301].

Unpublished data: pharmacological uncoupling agents rescued the mitochondrial function in m.8993T>G and m.9191T>C mutants

The work described above shows that partially uncoupling the mitochondrial inner membrane has beneficial effects in m.8993T>G yeast, in accordance with studies on animal models of various In my assays on solid glycerol medium spread with a dense layer of cells, a halo of enhanced growth was observed around filters spotted with DNP and the growth was inhibited close to the filters where the drug is in high concentrations and toxic. DNP has a narrow therapeutic window between efficacy and toxicity, thus many DNP derivatives have been developed harnessing the therapeutic potential of DNP by reducing its toxicity [303]. Whether the beneficial effects of DNP results from mitochondrial uncoupling remains to be demonstrated. To this end, I tested two anesthetics agents, lidocaine and bupivacaine. These agents were discovered and available for sale in the late 1940s and have become a very common medication. They facilitate local anesthesia in a large variety of surgical procedures [304]. They are also considered as anti-arrhythmic agents and are used for the treatment of premature ejaculation [305]. These agents show an uncoupling effect in mitochondria [306]. Although they are structurally very different from CCCP and DNP, I found that they rescued well the yeast ATP6based disease models in a dose-dependent manner (Figure 50). They are currently available as a relatively non-expensive generic medication that is written for in millions of prescriptions internationally.

It is even included in the World Health Organization's List of Essential Medicines. These results highlight the potential of mitochondrial uncoupling agents for the treatment of ATP synthase disorders and possibly other metabolic diseases.

Chapter 5 Functional investigation in yeast of novel variant of the human ATP6 gene (m.8909T>C)

About 10% of the Chinese population presents with various kidney disorders. In a study aiming to probe the implication of mtDNA alterations in renal disease in the region of Nanjing, we examined more than 5,000 patients with a biopsy-proven kidney dysfunction. Patients retained for entire mtDNA sequencing additionally showed at least two symptoms commonly observed in mitochondrial diseases like diabetes mellitus, deafness, neuromuscular and cardiac manifestations. Another criterion was the presence of abnormal mitochondrial ultrastructure and decreased cytochrome c oxidase (Complex IV)

and NADH dehydrogenase (Complex I) activities in kidney biopsies. The study of a patient with all these features led to the identification of a novel pathogenic mutation of the mitochondrial ATP6 gene (m.8969G>A), as described in Results section Chapter 1. Another variant in the mitochondrial ATP6 gene, m.8909T>C, never reported thus far was identified in a girl diagnosed at the age of 14 with severe nephrotic syndrome. Renal failure and death occurred after only 8 months of follow-up at the hospital.

The m.8909T>C variant was homoplasmic in blood, urine sediments, and kidney. It was detected in combination with the well-known pathogenic m.3243A>G mutation in a leucine tRNA gene (MT-TL1), at a lesser abundancy (50-90%). There was no doubt that defects in mitochondrial translation induced by the m.3243A>G mutation largely contributed to the disease process and the observed decreases in CI and CIV activities, with only a minimal loss of SDH activity.

The m.8909T>C variant leads to the replacement of a well-conserved phenylalanine residue with serine in human ATP synthase subunit a (aF128S), This residue is rather well conserved in a large panel of evolutionarily distant species. We therefore considered the possibility that the m.8909T>C variant affects the ATP synthase. Since the m.3243A>G mutation in mt-tRNA Leu likely impacts the two mtDNA encoded ATP synthase subunits (ATP6 and ATP8), as was observed in previous studies of cells containing this mutation [307-309], it was not possible to assess the specific effect of m.8909T>C on ATP synthase from patient's cells and tissues. We therefore decided as described below to investigate in isolation the consequences of an equivalent of this mutation (aF145S) on yeast ATP synthase.

Several lines of evidence demonstrate a partial impairment of ATP synthase function in the aF145S mutant compared to wild type yeast: (i) respiratory growth showed a higher sensitivity to suboptimal concentrations of oligomycin, a chemical that inhibits ATP synthase; (ii) as was observed in many yeast ATP synthase defective mutants, the rate of mitochondrial oxygen consumption was diminished; (iii) ATP was produced less rapidly; and (iv) the presence in BN gels of partial ATP synthase assemblies (free F1 and c-ring particles) attested for a compromised ability of the mutated subunit a to be stably incorporated into ATP synthase. According to recently published atomic structures of yeast ATP synthase, these effects are presumably the consequence of the disorganization of a cluster of hydrophobic residues supposedly important to help subunit a to adopt a stable functional conformation around the c-ring. Similar ATP synthase defects were previously observed in yeast models of MT-ATP6 mutations with a well-established pathogenicity, like m.9176T>C [START_REF] Kucharczyk | Consequences of the pathogenic T9176C mutation of human mitochondrial DNA on yeast mitochondrial ATP synthase[END_REF] and m.8993T>C [START_REF] Kucharczyk | Biochemical consequences in yeast of the human mitochondrial DNA 8993T>C mutation in the ATPase6 gene found in NARP/MILS patients[END_REF]. It is thus a reasonable hypothesis that the m.8909T>C variant has the potential to compromise alone human health.

Possibly, the m.8909T>C variant exacerbated the effects of the m.3243A>G mutation also present in the patient, which may explain the extreme severity of her clinical presentation in comparison to 35 previously reported m.3243A>G patients suffering from kidney problems.

As the m.8909T>C mutation was homoplasmic in the analyzed cells and tissues, it was likely maternally inherited. Unfortunately, the patient's mother did not consent to be sequenced and followedup medically. She was apparently healthy at the time her daughter was admitted to the hospital. We had no more contact with her since the death of her child. From her apparent good health, at least at the age she brought her daughter at the hospital, we may conclude that the m.8909T>C mutation has no dramatic consequences on mitochondrial function, which is consistent with the relatively mild effects of an equivalent of this mutation on yeast ATP synthase. However, when combined with a more severe allele like m.3243G>A, it may have the potential to accelerate a disease process. Previous studies already concluded that well-known pathogenic ATP6 variants can act in synergy with other genetic determinants in patients with a very severe clinical presentation. For instance, while alone it usually provokes mild clinical phenotypes [310], the m.9176T>C mutation was identified in a case of fulminant and fatal Leigh syndrome [234]. As there was no major difference in the amount of mutated mtDNA in relative's probands, it was concluded that additional mitochondrial or nuclear genetic determinants were responsible for the different phenotypic expressions. A second study similarly reported a rapid clinical evolution leading to sudden infant death syndrome (SIDS) in families segregating the m.8993T>G mutation [311] or the m.10044A>G mutation of the mt-tRNA Gly gene [312], which suggested that mtDNA abnormalities should be considered as possibly contributing to SIDS. Considering the very severe clinical presentation of the patient we studied, and the detrimental consequences of m.8909T>C on yeast ATP synthase, it is a reasonable proposal that this mutation has the potential to impact human health, in particular when combined to other genetic abnormalities that compromise mitochondrial function.

In conclusion, our study identifies a new mtDNA variant in the ATP6 gene (m.8909T>C) and we provide evidence using the yeast model that it has detrimental consequences on ATP synthase similar to those of other ATP6 mutations with well-established pathogenicity like m.9176T>C and m.8993T>C.

This work illustrates the power of yeast to help the study of specific human mtDNA variants found in heterogeneous genetic backgrounds and the comprehension of human diseases linked to this DNA.

These findings have been published in Life (see below).

The m.9166T>C muation of ATP6 gene has been classified recently as 'definitely pathogenic' based on studies of single muscle fibers from patients carrying this allele [START_REF] Zereg | Single-fiber studies for assigning pathogenicity of eight mitochondrial DNA variants associated with mitochondrial diseases[END_REF]. I below describe experiments aiming to determine how an equivalent of this mutation impacts yeast ATP synthase.

Construction of a yeast model of m.9166T>C

The m.9166T>C muation converts the phenylalanine residue 214 of human subunit a into leucine.

A tryptophan residue is found at the corresponding position (234) in the yeast protein (Figure 54A). I converted this TGG tryptophan codon into the phenylalanine TTC codon to make the yeast protein more similar to the wild type human protein (aW234F), and into the TTA leucine codon (aW234L) to make it similar to the mutant protein in m.9166T>C patients. I firstly introduced the two mutations into the yeast ATP6 gene carried by a plasmid. The mutated plasmids were then introduced into the mitochondria of a yeast strain totally devoid of mtDNA (ρ 0 ) using a biolistic system. The aW234F and aW234L mutations were then integrated in a complete (ρ + ) mitochondrial genome by crossing with a strain (MR10) in which the coding sequence of ATP6 is replaced with a mitochondrial version (ARG8m) of the nuclear ARG8

gene that encodes a mitochondrial protein involved in arginine biosynthesis. Lacking ARG8 (arg8∆), the MR10 strain depends on ARG8m for the growth in media devoid of arginine. In this way, the ATP6 mutants can be selected on glycerol if ATP6 function is preserved even partially. If lost completely, the mutants can be identified by virtue of their incapacity to grow in glucose media lacking arginine.

Respiratory growth of yeast mutants aW234F and aW234L

Yeast aW234F and aW234L strains grew as well as wild-type (aW234) in media containing glucose, conditions where ATP can be produced by fermentation, and showed a quite good growth on solid media supplemented with a non-fermentable carbon source (e.g. glycerol) where ATP synthase function is absolutely required (Figure 51A). In liquid glycerol media the growth of the mutants was slightly less efficient compared to original WT yeast (Figure 51B). The activity of ATP synthase needs to be substantially compromised to see an obvious respiratory growth defect but then less of oligomycin (a chemical inhibitor of ATP synthase [107]) is required to inhibit respiratory growth [START_REF] Kucharczyk | Consequences of the pathogenic T9176C mutation of human mitochondrial DNA on yeast mitochondrial ATP synthase[END_REF]239,313]. In the presence of 0.25 µg/ml of oligomycin, aW234F and aW234L strains grew very poorly on glycerol whereas the growth of WT yeast was mostly unaffected (Figure 51A). This indicated a significant partial loss of ATP synthase function in the two mutant strains. 

Influence of the aW234F and aW234L mutations on oxidative phosphorylation

The rate of oxygen consumption in mitochondria from aW234L and aW234F strains was decreased by 40-50% compared to WT yeast using NADH as an electron donor both at state 3 (phosphorylating conditions) and in the presence of CCCP (uncoupled, maximal respiration), and state 4 respiration (NADH alone) was not stimulated indicating a normal permeability to protons of the inner membrane (Table 7). The activity of Complex IV tested with ascorbate/TMPD was decreased too (by about 60%) due to a reduced content in this complex IV as indicated by the steady levels of Cox2 (Figure 52). The rate of mitochondrial ATP synthesis (measured with NADH as a respiratory substrate) was decreased by 50-60% in the aW234F and aW234L yeasts (Table 7). A normal accumulation of Atp6 was observed with aW234F whereas this protein was in reduced amounts in the mitochondria with aW234L (Figure 52).

It can be inferred that the ATP production deficit observed with aW234F is caused by a slower functioning of ATP synthase whereas defects in the assembly/stability observed with aW234L are responsible for the lack in ATP synthesis. ATP synthase functionality was further evaluated by membrane potential (DY) measurements, using Rhodamine 123. DY consumption caused by ATP synthesis was tested upon addition of ADP to mitochondria fed with electrons from ethanol. This normally induces a transient fluorescence increase due to proton reentry through the F1FO-ATP synthase until complete phosphorylation of the added ADP (Figure 53A). The return to the membrane potential established before ADP addition was slower in mitochondria from aW234F and aW234L strains versus WT yeast, which is consistent with the results of the ATP synthesis assays (see above). We next tested the ATP synthase proton pumping activity by adding ATP after blocking the respiratory chain with KCN. No important difference between the tested strains was observed (Figure 53B). 

Topology of m.9166T>C

In high-resolution structure of yeast subunit a recently published [102,105,314], the tryptophan residue 234 is in the last helical region of yeast subunit a (aH6), near the middle of the membrane where together with highly conserved hydrophobic residues it contributes to sealing the two half subunit a proton channels thereby preventing a leak of protons through the FO (Figure 54B). The corresponding F214 residue of the human protein is very highly conserved, except in a few species including S. cerevisiae where it is replaced by a tryptophan residue (Figure 54A andC). In this area, the human and yeast protein structures mostly overlap (Figure 54E), which is not surprising considering the crucial importance of this evolutionary conserved region for ATP synthase function. A more pronounced shift between the human and yeast aH5 and aH6 helices is seen closer to the outer and inner sides of the membrane, which is possibly due to the difference in subunit c stoichiometry between these two species (8 in humans, 10 in yeast). As described above, yeast ATP synthase assembly/stability is preserved well with the aW234F change but the rate of mitochondrial ATP production is reduced by 50% versus wild type yeast. This is apparently not due to a leak of protons between the two half proton channels, otherwise we would have observed an increase in state 4 respiration and a diminished yield in ATP per electron transferred to oxygen would have been significantly affected, which was not the case (Table 7).

Possibly, the aW234F change induces a local structural disturbance that partially compromises the function of the proximal catalytic arginine residue (aR176) in moving protons coupled to rotation of the cring. With the W234L change, incorporation/stability of subunit a is substantially affected. This effect possibly results from the creation of any empty space within the hydrophobic plug that compromises the interactions of subunit a within ATP synthase (Figure 54B andD).

Conclusion

It is difficult from this study to conclude about the consequences of the aF214L change induced by the m.9166T>C variant in humans. Indeed, replacing the corresponding aW234 residue with F to 'humanize' the yeast protein already affects substantially the functioning of ATP synthase with a 60% drop in ATP production. A similar drop in the rate of ATP synthesis is observed with L because of defects in the assembly/stability of ATP synthase. It would be hazardous from these data to conclude that the aF214L induced by m.9166T>C has or not detrimental consequences on human ATP synthase. My work however supports the recently reported pathogenicity of m.9166T>C mutation [START_REF] Zereg | Single-fiber studies for assigning pathogenicity of eight mitochondrial DNA variants associated with mitochondrial diseases[END_REF]. Indeed, with two non-radical changes (aW234F and aW234L) there is a 50% deficit in oxidative phosphorylation, indicating that position 234 (214 in human) is highly constrained. Furthermore, mutations with a proven pathogenicity have been identified in close positions on aH6 (230,237,240,242) or proximal in the 3D structure on other domains of the subunit a (173 (aH5), 165 (aH5), 126 (aH4)). This is clearly not a random distribution which most likely reflects the fact that all these mutations are in an area of ATP synthase that is critical for ATP production.

The m.9166T>C mutation has been reported to induce a substantial lack of Complexes I-V [START_REF] Zereg | Single-fiber studies for assigning pathogenicity of eight mitochondrial DNA variants associated with mitochondrial diseases[END_REF], a pleiotropic effect that has never been observed with pathogenic mutations of ATP synthase. Possibly, the m.9166T>C mutation induces a passive leak of protons and consequently a drop in the mitochondrial membrane electrical potential that slows down mitochondrial biogenesis. During my thesis, I was interested in mutations of the mitochondrial ATP6 gene identified in patients with neuromuscular disorders. This gene encodes the ATP synthase subunit a (or Atp6). This protein and an oligomer of identical subunits c allow protons that were expelled into the intermembrane space during the transfer of electrons to oxygen by complexes I-IV (a set called the respiratory chain) to return to the mitochondrial matrix. The proton transport activity of ATP synthase is coupled with rotation of the c-ring and conformational changes promoting ATP synthesis in the catalytic sector (F1) of the enzyme.

In a recent review, the laboratory listed several dozen point mutations of the ATP6 gene identified in patients and summarized what is known about clinical phenotypes and the state of mitochondrial function in these patients. [START_REF] Dautant | ATP Synthase Diseases of Mitochondrial Genetic Origin[END_REF]. It is often difficult to understand how these mutations affect the ATP synthase complex in cells and tissues of patients because of their genetic heterogeneity due to the presence of wild-type mitochondrial DNA molecules (heteroplasmy) and sometimes also modifier genes.

The yeast S. cerevisiae is a useful model for studying these mutations. It is possible to modify its mitochondrial genome, it is incapable of stably maintaining a heroplasmic state (homoplasmy), its good fermentation capacity allows it to survive the inactivation of the mitochondrial energy system, and the mitochondrial genes are relatively well conserved from yeast to humans. These characteristics were exploited to model in yeast a dozen of ATP6 gene mutations identified in patients [START_REF] Kucharczyk | The pathogenic MT-ATP6 m.8851T>C mutation prevents proton movements within the n-side hydrophilic cleft of the membrane domain of ATP synthase[END_REF][START_REF] Kucharczyk | Consequences of the pathogenic T9176C mutation of human mitochondrial DNA on yeast mitochondrial ATP synthase[END_REF][START_REF] Kucharczyk | Biochemical consequences in yeast of the human mitochondrial DNA 8993T>C mutation in the ATPase6 gene found in NARP/MILS patients[END_REF][START_REF] Kucharczyk | Introducing the human Leigh syndrome mutation T9176G into Saccharomyces cerevisiae mitochondrial DNA leads to severe defects in the incorporation of Atp6p into the ATP synthase and in the mitochondrial morphology[END_REF][START_REF] Rak | A yeast model of the neurogenic ataxia retinitis pigmentosa (NARP) T8993G mutation in the mitochondrial ATP synthase-6 gene[END_REF][START_REF] Skoczen | Molecular basis of diseases caused by the mtDNA mutation m.8969G>A in the subunit a of ATP synthase[END_REF][START_REF] Wen | Identification of G8969>A in mitochondrial ATP6 gene that severely compromises ATP synthase function in a patient with IgA nephropathy[END_REF]. In all cases, a substantial deficit in mitochondrial ATP production was observed, the amplitude of which (30 to 90%) correlated with the severity of the diseases caused by these mutations, thus validating the yeast model for their study.

During my thesis, I sought to better understand the deleterious effects of three of these mutations (m.8993T>G, m.9191T>C and m.8969G>A) by searching for intragenic suppressors, I modeled two variants of the ATP6 gene (m.9166T>C and m.8909T>C) identified recently, and I characterized an extragenic suppression mechanism active on these mutations that involves the oxodicarboxylate transporter (Odc1) located in the mitochondrial inner membrane.

1) Intragenic suppressors of the m.8969G>A mutation

As part of a collaborative project with Huimei Chen (Nanjing, China), with whom I did my master's studies, we have via a complete sequencing of the mitochondrial genome identified a new mutation of the ATP6 gene (m.8969G>A) in a 14-year-old patient with renal dysfunction and other problems frequently observed in mitochondrial diseases. This mutation leads to the replacement of a conserved serine residue of the subunit a by asparagine (at position 148 in human (aS148N), 165 in yeast (aS165N)). It was particularly abundant in the kidney (95%) compared to the other analyzed cells and tissues. The patient's renal tissue exhibited a strong fragmentation of the mitochondrial network, a low content in cristae, and a weak histochemical labeling of Complex I and IV, which indicated that a mitochondrial dysfunction was possibly the cause of the disease. Cybrid analyzes revealed that an increase in the abundance of the m.8969G> A mutation correlated with the appearance of alterations in the structure of mitochondria, decreased cellular respiration, and increased production of ROS, which are all anomalies typically associated with ATP synthase defects. We have shown that an equivalent of the m.8969G>A mutation in yeast compromises the function of the proton channel of ATP synthase and growth of yeast on nonfermentable media. Taken together these data demonstrated that the m.8969G>A mutation was responsible for the disease process [START_REF] Wen | Identification of G8969>A in mitochondrial ATP6 gene that severely compromises ATP synthase function in a patient with IgA nephropathy[END_REF], and other cases with this mutation were subsequently reported [START_REF] Berhe | Recurrent heteroplasmy for the MT-ATP6 p.Ser148Asn (m.8969G>A) mutation in patients with syndromic congenital sideroblastic anemia of variable clinical severity[END_REF][START_REF] Finsterer | Phenotypic manifestations of the m.8969G>A variant[END_REF][START_REF] Isohanni | Reply to 'Letter to Editor by Finsterer J and Zarrouk-Mahjoub S: Phenotypic manifestations of the m.8969G>A variant[END_REF].

We have identified four intragenic suppressors of the aS165N mutation, at position 165 (aN165D, aN165K, aN165I, aN165T) or in another position (aP12S, aI161F, aI161N, aI229F, aI190M) (article 1). The almost total ATP synthase function recovery with an aliphatic residue at position 165 excludes any direct role for the wild-type residue aS165 and its hydroxyl group in the FO-mediated proton conduction despite its strict evolutionary conservation. The biochemical characterization of the mutant strains and the structural modeling of the mutations led to the conclusion that the aS165N mutation is deleterious because it leads to the formation of hydrogen bridges with a neighboring glutamate residue (E162)

supposed to be crucial for the evacuation of protons to the mitochondrial matrix (Figure 55). The possibility of suppressing the aS165N mutation by second-site suppressors, some of which are localized near the outer surface of the membrane, is an interesting observation paving the way for the search for therapeutic molecules targeting the domains of subunit a modified by these suppressors. This study was published in BBA Bioenergetics in 2018.

2) Intragenic suppressors of the m.9191T>C mutation

The m.9191T>C mutation leads to the replacement of a strictly conserved leucine residue with a proline at position 222 of the human subunit a (242 in the yeast protein). It considerably affects the assembly or stability of the subunit a in yeast [239]. Among >50 genetically independent isolates, only two intragenic suppressors were found. They lead to the replacement of the deleterious proline residue with serine or threonine. The subunit a assembly was fully restored, but the function of ATP synthase was substantially slowed (by 30-40%) compared to wild type yeast without loss in the yield of ATP per electron transferred to oxygen (article 2). The data suggest that the aL242P mutation prevents the formation of a 4a-helix structure arranged horizontally in the membrane around the ring of subunit c and that the wild-type aL242 residue indirectly optimizes the activity of a neighboring aspartate residue (D244)

in the transport of protons between this ring and the mitochondrial matrix (Figure 55). Unlike my study of the m.8969G>A mutation, a therapeutic approach targeted on ATP synthase seems difficult to be envisaged for m.9191T>C because a priori the elimination of the proline residue 242 seems to be the only way to recover sufficiently mitochondrial function. This study was published in the International Journal of Molecular Sciences in 2020.

3) Intragenic suppressors of the m.8993T>G mutation

The m.8993T>G mutation, the most common pathogenic ATP6 allele, is responsible for very severe syndromes such as NARP (Neuropathy Ataxia Retinitis Pigmentosa) and MILS (Maternally Inherited Leigh Syndrome). It leads to the replacement with arginine of the perfectly conserve leucine 156 residue of the human subunit a (aL173 in yeast). In a yeast model of this mutation [START_REF] Rak | A yeast model of the neurogenic ataxia retinitis pigmentosa (NARP) T8993G mutation in the mitochondrial ATP synthase-6 gene[END_REF], ATP synthase assembles normally but its function is greatly slowed down. I have identified four intragenic suppressors of the aL173R mutation at the site of this mutation (aL173M, aL173S, aL173K, aL173W) and five at another position (aR169M, aR169S, aA170P, aA170G, and aI216S) (article 3). The results suggest that the m.8993T>G mutation prevents the release of protons from the c-ring into the matrix due to unfavorable electrostatic interactions of the mutant arginine residue with two residues (aR176 and cE59) that are essential to the proton channel activity of ATP synthase (Figure 55). This study also provides new information on the path taken by protons in the membrane domain of ATP synthase. As with the m.8969G>A mutation, the possibility of compensating functionally this mutation by long-distance interactions is an interesting observation for the development of therapeutic molecules targeting the ATP synthase. A manuscript describing these results has been submitted for publication to Human Molecular Genetics.

Genetic suppressor approach not only sheds light on how mutations in ATP synthase trigger the diseases, but also holds promise for the development of therapeutic methods for mitochondrial disorders by structure-based virtual screening compounds in silico.

4) Identification of a new variant of the ATP6 gene (m.8909T>C

) and the study of its consequences on the yeast ATP synthase complex.

In collaboration with Huimei Chen (Nanjing, China), we identified through complete sequencing of the mitochondrial genome a new variant in the ATP6 gene (m.8909T>C) in a patient with severe renal impairment and other problems typical of a mitochondrial disease. This patient died very young at the age of 14 just 8 months after being admitted to hospital with a nephrotic syndrome. In addition to damage to the structure of renal tissue common to kidney pathologies, the mitochondrial network was highly fragmented, cristae were few and distorted, and complexes I and IV were weakly marked in histochemical tests while activity of Complex II was little affected. The m8909T>C variant was present in the homoplasmic state in the kidney, urine and blood samples. The patient also carried a well-known pathogenic mutation in the tRNA Leu gene (m.3243A>G), in lesser quantities (50-85%). There was no doubt that this second mutation was involved in the development of the disease. But, given its extreme severity and early death of the patient, we hypothesized that the m.8909T>C mutation could have worsened the consequences of the m.3243A>G mutation, especially because it affects a relatively wellconserved phenylalanine residue of the subunit a (aF128S). We therefore modeled the m.8909T>C mutation in yeast (aF145S) to find out what its consequences were on the ATP synthase complex (article 5). We found that the stability of this complex was significantly altered due to the disorganization of a cluster of hydrophobic residues presumably important for the correct positioning at the a/c interface of residues directly involved in proton transport (Figure 55), and this results in an ATP synthesis deficit of about 20-30%. Other ATP6 mutations such as m.9176T>C and m.8993T>C that have been shown to be pathogenic have similar effects [START_REF] Kucharczyk | Consequences of the pathogenic T9176C mutation of human mitochondrial DNA on yeast mitochondrial ATP synthase[END_REF][START_REF] Carrozzo | The T9176G mtDNA mutation severely affects ATP production and results in Leigh syndrome[END_REF]. I therefore conclude that the m.8909T>C variant has the potential to alter human health on its own. This study was published in Life in 2020.

5) Construction and properties of a yeast model of the m.9166T>C mutation

The m.9166T>C variant of the ATP6 gene has been reported as pathogenic based on in silico analyzes [START_REF] Bacalhau | In silico analysis for predicting pathogenicity of five unclassified mitochondrial DNA mutations associated with mitochondrial cytopathies' phenotypes[END_REF] and experimental investigations on patients [START_REF] Zereg | Single-fiber studies for assigning pathogenicity of eight mitochondrial DNA variants associated with mitochondrial diseases[END_REF]. This mutation converts a well-conserved phenylalanine (F) residue to leucine (L) at position 214 of the human subunit a. In the yeast S. cerevisiae, this F residue is replaced by a tryptophan residue (W). I therefore built two mutant strains, one with F234

("humanized" yeast protein) and the other with L234 (to mimic the human mutant protein). The two mutations (W234F and W234L) lead to a significant deficit (50%) of oxidative phosphorylation due to a slowdown in the functioning of ATP synthase (W234F) or defects in ATP synthase assembly / stability (W234L). It is difficult from these data to conclude as to the effects of the m.9166T>C variant on human ATP synthase. However, my work supports its pathogenic character as recently advanced [START_REF] Zereg | Single-fiber studies for assigning pathogenicity of eight mitochondrial DNA variants associated with mitochondrial diseases[END_REF]. Indeed, the yeast ATP synthase defects observed with W234F and W234L suggest that this position of the subunit a is highly constrained in terms of the assembly and functioning of ATP synthase (chapter 6). In addition, our structural analyzes show that the m.9166T>C variant affects a critical region of subunit a that is essential for proton sealing between the two proton semi-channels of the FO (Figure 55). An article describing these results is in preparation.

My work illustrates well the power of the yeast system to investigate the functional consequences and hence the pathogenicity of mitochondrial DNA mutations. The list of these mutations is continuously expanding. I already undertaken the modeling of two new variants identified in ATP6 and ATP8 of patients, m.9155A>G (aQ210R in humans, Q230R in yeast) [315] and m.8424T>C in ATP8 (8L20P) [316].

The team is also investigating in yeast 12 novel variants of these genes that were recently identified in patients, in collaboration with Roza Kucharczyk (Warsaw, Poland).

6) A mechanism for the metabolic suppression of subunit a mutations

The process of oxidative phosphorylation culminates with the production of water and carbon dioxide, along with the trapping of chemical energy into ATP molecules, which can be subsequently released to the benefit of cellular reactions that require energy to take place. Upstream to this process, is a series of interconnected pathways, among which the TCA cycle, that extracts and transfers the reducing equivalents of organic substrates to NAD+ and within succinate; the respiratory chain then moves to oxygen electrons from NADH and succinate coupled to the maintenance of a transmembrane proton motive force that enables ATP synthase to produce ATP from ADP and inorganic phosphate (Figure 56).

When the ATP requirements of a cell are low, several things happen: (i) the concentration of ATP increases, (ii) less ADP becomes available, (iii) ATP synthase functions slowly, (iv) less electrons are transferred to oxygen, and (v) the TCA cycle is down-regulated due to a lack of oxidized nicotinamide adenine dinucleotide. This functional interplay is evident in m.8993T>G yeast, in which ATP synthase operation is strongly impaired as a result of FO's diminished ability to move protons across the mitochondrial membrane [START_REF] Rak | A yeast model of the neurogenic ataxia retinitis pigmentosa (NARP) T8993G mutation in the mitochondrial ATP synthase-6 gene[END_REF]. As a result, electrons are slowly transferred to oxygen and the TCA cycle becomes less active. This triggers the RTG pathway to bypass the final steps of this cycle and preserve sufficient production of α-ketoglutarate, which is further converted into glutamate to supply a number of vital cellular biosynthetic processes [317,318] (Figure 56).

There is, however, an important difference with the downregulation of oxidative phosphorylation in I found that overexpressing Odc1 had also beneficial effects in a yeast model the m.8993T>G mutation in which the functioning of FO is severely compromised because protons cannot be released from the c-ring into the mitochondrial matrix (Results section Chapter 3). A remarkable effect was a much better accumulation of Complex IV, which is in low amounts (20% vs WT) in m.8993T>G yeast that normally expresses Odc1, which is a secondary feature frequently observed in yeast ATP synthase defective mutants as long as they do not passively leak proton through the FO [START_REF] Soto | Synthesis of cytochrome c oxidase subunit 1 is translationally downregulated in the absence of functional F1F0-ATP synthase[END_REF][296][297][298]. As a result of a better accumulation of Complex IV, m.8993T>G yeast had an improved capacity to transfer My findings suggest that proton pumping activity of Complex IV regulates its own biogenesis in response to changes in the activity of FO (DY) (Figure 57). When protons move slowly through the FO, the proton-pumping activity of Complex IV leads to a hyperpolarization (DY) of the mitochondrial membrane, and this inhibits its biogenesis. The better accumulation of Complex IV in m.8993T>G yeast exposed to CCCP is consistent with this hypothesis. Possibly, insertion of positively charged copper ions into Complex IV (which involves a plethora of specific assembly factors [299,300]) is compromised beyond a certain DY value.

While a-ketoglutarate and oxoadipate are by far its best substrates, Odc1p can transport quite efficiently other metabolites including succinate [START_REF] Palmieri | Identification inSaccharomyces cerevisiaeof Two Isoforms of a Novel Mitochondrial Transporter for 2-Oxoadipate and 2-Oxoglutarate[END_REF]. With a 10-fold increase in the content of Odc1p, some of the succinate molecules that accumulate in m.8993T>G mitochondria (because of their poor ability to transfer electrons to oxygen) can possibly be expelled outside the organelle. As a result, αketoglutarate oxidation resumes and ATP is produced by substrate-level phosphorylation. This requires the import of inorganic phosphate into the mitochondria, which is mediated by the MCF protein Mir1.

Inorganic phosphate is co-transported by Mir1 with protons (Figure 56). The Odc1-dependent stimulation of substrate level phosphorylation of ADP is thus a DY consumption reaction. This is possibly the reason for the better accumulation of Complex IV in m.8993T>G yeast with a higher content of Odc1, according to our hypothesis that Complex IV biogenesis is down regulated when proton reentry into the organelle is compromised.

In summary, this study reveals that the proton pumping activity of Complex IV modulates its biogenesis in response to changes in the activity of ATP synthase, presumably as a mean to balance The down regulation of the activity or formation of Complex IV is a common property of yeast and human ATP synthase defective cells, and work shows that this is due to a hyperpolarization of the inner mitochondrial membrane because of a lack of FO-mediated proton transport (except in the case of mutations that result in massive proton leaks through the FO). My observations revealed that uncoupling agents have beneficial effects in several yeast ATP synthase mutants (Figure 50). This holds promising for the development of therapeutic pathways in accordance with recent studies showing that these chemicals benefit also to animal models of mitochondrial diseases [301]. Even if lidocaine and bupivacaine are already used on the market for other medical application, bupivacaine for example, has been reported to be myotoxic, neurotoxic and cardiotoxic due to an increase of ROS generation [301].

However, the list of drugs that are proposed for drug repurposing is expanding year after year. Several of them are used at high dosage for treating cancers and at lower dosage for the chronic treatment of other various diseases [319]. While lidocaine and bupivacaine had toxic effect on yeast ATP synthase mutants at high dosage they show beneficial effects when present in low amounts (Figure 50). plasmid is introduced into the mitochondria of a ρ 0 arg8Δ kar1 strain, which is devoid of mtDNA. This specific strain is deleted for the nuclear ARG8 gene (arg8Δ) encoding a yeast mitochondrial protein involved in arginine biosynthesis. This strain has also a mutation (kar1) that strongly delays fusion of nuclear genomes between strains, which allows the transfer of mtDNA from one nuclear haploid background to another [237]. Then, the obtained ρ - synthetic strain (containing mtDNA with a mutation and/or deletion of a part of mtDNA) fails to grow in the absence of external arginine source (Arg -). This strain is then crossed with an arginine prototrophic (Arg + ) strain (MR10) that contains wild-type (ρ + ) mtDNA but deleted for 
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  fleshed out the concept of the respiratory chain and won a Nobel Prize for his characterization of the "respiratory enzyme" in 1930. The citric acid cycle was elucidated by Krebs and Johnson in 1937, rewarding them a Nobel Prize in 1953[START_REF] Pagliarini | Hallmarks of a new era in mitochondrial biochemistry[END_REF]. After significant advance was made by the isolation of structurally well-preserved mitochondria, Peter Mitchell presciently postulated that the energy derived from the oxidation of fuel nutrients was utilized to pump protons across the inner mitochondrial membrane from the matrix to the intermembrane space, what he called "proton motive force". In 1978, he earned a Nobel Prize with his chemiosmotic hypothesis of oxidative phosphorylation (OXPHOS). Other visionary scientists had discovered most of the secrets underlying how this organelle generated ATP and consumed organic substrates, the specifics of which later result in a Nobel Prize for Paul Boyer and John Walker in 1997, who revealed the mechanism of functioning and structural features of ATP synthase (Figure1).

Figure 1 .

 1 Figure 1. Notable events of the discovery of mitochondria

Figure 2 .

 2 Figure 2. Overview of mitochondria and their components and functions. This figure depicts schematic cross-section of a human mitochondrion with multiple components involved in mitochondrial function. (1) Protein import and sorting: the translocase of the outer membrane (TOM) complex mediates the translocation of proteins across or into the outer membrane (OM). (2) Protein and organelle quality control: misfolded and damaged mitochondrial proteins and organelles are eliminated by proteases and chaperones present in the inner membrane (IM) (i-AAA, m-AAA) or the matrix (Lon, ClpXP) by the cytosolic ubiquitin proteasome system (UPS), and by the PINK1 and Parkin proteins at the surface of mitochondria. Mitochondrial fusion and fission also mediate mitochondrial quality control, which is regulated by MNF1, MNF2, OPA1L, OPA1S and DRP1 respectively. (3) mtDNA replication and expression: mtDNA is packaged into nucleoids, containing proteins involved in mtDNA maintenance (PolG, Twinkle, mt-SSB), RNA synthesis (TFAM), and various RNAs including messenger (mRNA), transfer (tRNA) and ribosomal (rRNA) RNAs, which are responsible for mitochondrial translation on mitochondrial ribosomes. (4) OXPHOS assembly: the nDNA-encoded subunits of the OXPHOS system (Nuc OXPHOS subunits; CI-V) assemble with their partner subunits of mitochondrial origin (Mt OXPHOS subunits; all except CII, which is entirely encoded by nDNA) together with their redox prosthetic groups (heme and FeS, which are in part synthesized in the mitochondria, and Cu 2+ ). CI-IV together with ubiquinone (Q) and cytochrome c (c) transfer electrons to oxygen from reduced cofactors (NADH, FADH) produced by the Krebs cycle, which is coupled to the pumping of protons out of the matrix. The protons are transported back into the matrix by CV, which is coupled to ATP synthesis from ADP and inorganic phosphate (Pi) (see Fig. 2 for details). (5) Transport of metabolites: systems in the OM (VDAC: also known as porin) and IM [MCF (mitochondrial carrier family)] enables the transport of small solutes and ions into and outside the organelle. Parts of the IM protrude into the matrix, forming the cristae, at the basis of which narrows tubular structures termed 'cristae junctions' are

Figure 3 .

 3 Figure 3. Mitochondrial structure. Left: A cartoon of a mitochondrion reflecting its outer and inner membrane, the cristae and the mitochondrial matrix. Right: the picture shows the Krebs cycle that feeds the respiratory complex I through IV, thereby generating

Figure 4 .

 4 Figure 4. The interplay between mitochondrial dynamics and mitophagy [31]. Mitochondrial fission (2) is performed by the Drp1 GTPase and generates two daughter units with asymmetric potential: one daughter mitochondria are depolarized, but the potential can be recovered (3) by fusion with other healthy mitochondria (1). The other one induces cleavage of Opa1, loss the activity of Mfn and the accumulation of PINK1/Parkin in the OMM (4) to carry out mitophagy (5). Opa1, Optic atrophy 1 locates in IMM; Mfn, Mitofusin locates in OMM; Drp1, GTPase Dynamin related protein 1.
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 5 Figure 5. Mitochondrial morphology in Saccharomyces cerevisiae. A. Mitochondrial network in logarithmically growing yeast wild

Figure 6 .

 6 Figure 6. PINK1 accumulates on the OMM and recruits the E3 ubiquitin ligase Parkin under mitochondrial stress or damage condition. Parkin modulates ubiquitination on several mitochondrial proteins thereby degrading dysfunctional mitochondria (upper left). Under hypoxia or post translational modification conditions, OMM mitophagy receptors like FKBP8, BNIP3, NIX and FUNDC1 can directly interact with LC3-II and GABARAP, which are components of the autophagosomal membrane, thereby leading to mitophagy (upper right). Mitochondrial recruitment of LC3 can also be regulated by a non-protein molecule Cardiolipin; moreover, the concentration of calcium ([Ca 2+ ]) and iron ([Fe 2+ ]) could have a crucial role in PINK1/Parkin-independent mitophagy (lower right). Finally, in addition to Parkin, Gp78, MUL1 and SIAH1 also participate in the ubiquitination of OMM target proteins (lower

Figure 7 .

 7 Figure 7. Overview of the five major protein import pathways of mitochondria. According to the distinct features of precursor proteins, the mitochondrial import system can categorize five different pathways, including the presequence pathway, the carrier pathway, the β-barrel pathway, the cysteine rich pathway and the α-helical pathway. The number ①-⑤ stands for five different protein import pathways corresponding to the number in the text. See the text interpretation of the mechanism of the import pathway [51].

Figure 8 .

 8 Figure 8. The comparison of mitochondrial genome between human and Saccharomyces cerevisiae [57]. A. The map of a human mitochondrial genome. B. The map of a S. cerevisiae mitochondrial genome. Abbreviations: In human, COXI, COXII, COXIII: subunits I, II and II of cytochrome c oxidase; cyt b: apocytochrome b; ND1-6, ND4L: subunits 1-6 and 4L of NADH dehydrogenase; A6, A8: subunits 6 and 8 of ATP synthase; OH: H-strand replication origin, OL: L-strand replication origin; In yeast, COX1, COX2, COX3: subunits I, II and II of cytochrome c oxidase; COB: apocytochrome b; ATP6, ATP8, ATP9: subunits 6, 8 and 9 of ATP synthase; VAR1: mitoribosomal protein Var1p; ori1-8: eight mtDNA replication origins. tRNA genes are indicated according to the one-letter amino-acid code. tRNA genes in green are H-strand encoded, those in purple are L-strand encoded.

Figure 9 .

 9 Figure 9. The comparison of mammalian and S. cerevisiae OXPHOS system [1]. The figure depicts the main OXPHOS enzymatic complexes in yeast and mammals. In mammals (top), Complex I-IV together with ubiquinone (Q) and cytochrome c (cyt c) transfer electrons to oxygen from the NADH and succinate produced by the Krebs cycle, which is coupled to proton translocation from the matrix into the IMS. The resulting proton gradient across the IMM is utilized by Complex V to produce ATP from ADP and inorganic phosphate (Pi). Produced ATP is exchanged with cytosolic ADP by the ADP/ATP translocase (ANT) to support all the cellular activities and to maintain the capacity of mitochondrial ADP phosphorylation. The OXPHOS system of S. cerevisiae (bottom) is highly conserved except that Complex I is replaced by a non-proton-translocating NADH dehydrogenase (Ndi1p) at the inner side of the IMM and two NADH dehydrogenases (Nde1p, Nde2p) on the external side of the IMM [1].

Figure 10 .

 10 Figure10. Mitochondrial homoplasmy and heteroplasmy[START_REF] Ortiz | Mitochondrial Aging and Metabolism: The Importance of a Good Relationship in the Central Nervous System, in Mitochondrial DNA -New Insights[END_REF]. Cells from maternal lineage can be randomly distributed among daughter cells. A single cell may receive a uniform population of mtDNA (homoplasmy) or a mixture of mutant and wild-type populations of mtDNA (heteroplasmy). The proportion of mutant mtDNA molecules depends on the penetrance and severity of expression.

Figure 11 .

 11 Figure 11. Mitochondrial electron transport chain and TCA/Krebs cycle. Electrons are transferred from Complex I-IV (CI-CIV),

Figure 12 .

 12 Figure 12. The breakdown pathway of carbohydrates, fats and proteins. A. The molecules of glucose, glycerol, fatty acids and amino acids could catabolize to pyruvate and acetyl-CoA or directly into TCA cycle to further oxidize and produce ATP through the process of glycolysis or ADP substrate-level phosphorylation in TCA cycle or final oxidative phosphorylation. The figure is adapted from the website: https://slideplayer.com/slide/8184088/. B. Roughly, from 1 molecule of glucose, 2 ATP molecules can be generated by glycolysis and Krebs cycle and 34 ATP by the oxidative phosphorylation. The figure is adapted from the website: https://www.quora.com/How-many-ATP-molecules-are-produced-during-aerobic-respiration.

Figure 13 .

 13 Figure 13. Architecture of eukaryotic Complex I depicting distinct 45 subunits. S1 represents NDUFS1; NDUFA12 is abbreviated to A12, etc. NDUFS6 containing Zn 2+ and NDUFA9 containing NADPH act as redox sensors for the complex. The nuclear-encoded

Figure 14 .

 14 Figure 14. The structure of succinate dehydrogenase (SDH) in human. SDHA and SDHB as catalytic domain of SDH are extrinsic on the matrix; SDHC and SDHD combine, embedded in the IMM. This enzyme integrates oxidative phosphorylation with TCA cycle. SDHA and SDHB oxidize succinate into fumarate in the TCA cycle, coupled with the electron transfer to ubiquinone and complex III [74].

Figure 15 .

 15 Figure 15. Structure and catalytic function of bc1 complex in mammal and yeast. A. Structural models of the dimeric bc1 complex containing 11 different subunits from mammal mitochondria [77]. B. Crystal structure of bc1 complex (PDB 3CX5) in yeast. Cytb is depicted in red; Cytc1 in orange and Rip1 in yellow; cytochrome c is colored in pink. C. The pathway of Q cycle in bc1 complex. Reduced Ubiquinone (UQH2) transports the one electron at Q0 site to cytochrome c; this electron goes through the redox centers consisting of Rip1 (2Fe-2S) and Cytc1 (heme c1), eventually reducing the soluble carrier cytochrome c. The other delivered electron through heme bL and heme bH in Cytb and reach the Qi site, reducing 1/2 UQH2. The generated protons are released into the intermembrane space. Catalytic subunits are shown in the same colors as in panel B. Q0 site and Qi site are shown in green [79].

Figure 16 .

 16 Figure 16. The structure of mitochondrial cytochrome c oxidase with redox metal cofactors. A. High-resolution structures of cytochrome c oxidase from bovine heart mitochondria. COX1 is colored in blue, COX2 in red and COX3 in pink. The nuclearencoded COX subunits are indicated in light green. B. The redox-active metal centers. A covalent bond between Tyr-371 and His-378 is present but not shown in this structure. Detailed explanations of the structure are in the text [81].
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 18 Figure 18. The role of the mitochondrial oxodicarboxylate carrier in lysine biosynthesis in S. cerevisiae. 2-oxoadipate and 2oxoglutarate are exchanged between the matrix and cytoplasm via ODC. 2-oxoglutarate as an essential intermediate participates in the process of TCA cycle, thereby transformed into 2-oxoadipate which is exported into the cytoplasm. The latter is involved in the lysine and glutamate biosynthesis. The dashed lines indicate the entry of nitrogen into the glutamate molecule [88].

Figure 19 .

 19 Figure 19. The role of PiC and ANT during the process of mitochondrial ATP synthesis. Inorganic phosphate (Pi) is imported by PiC. F1FO-ATP synthase generates ATP from Pi and ADP. ATP is exchanged with ADP by ANT across the IMM. Respiratory chain

  alternating a and b subunits [(ab)3]. A structure, called the peripheral stalk, anchored in the membrane at one extremity and contacting the external surface of F1 at the other extremity, prevents rotation of the catalytic [(ab)3] hexamer during catalysis.

Figure 20 .

 20 Figure 20. The structure of ATP synthase in human and S. cerevisiae[START_REF] Song | Assembling the mitochondrial ATP synthase[END_REF]. The subunits of ATP synthase are highly conserved

Figure 21 .

 21 Figure 21. Nucleotide Binding Sites in Yarrowia lipolytica F1 head [100]. Cross section of F1 structure shows the six nucleotide binding sites at subunit α and subunit β interfaces viewed from the matrix. Subunits α are indicated in dark gray and dark green; Subunits β are indicated in light gray and light green; they are together arranged around the central γ subunit that are indicated in blue. Atoms of C, N, O, P, and Mg are colored yellow, blue, red, orange, and magenta, respectively. Mg•ATP [•3H2O] binds to all the subunit α sites and Mg•ADP [•4H2O] in βDP and βTP. The βE site is empty.

Figure 22 .

 22 Figure 22. The binding-change mechanism of the F1 domain. For clarity, only the three β subunits are shown [98]. Three β subunits catalytic sites show open, loose and tight different conformations. The γ subunit promotes, every 120° rotation, a conformational change at the catalytic site. ADP and Pi bind to the open site, then ATP is produced and the site becomes tight. Once open site from loose conformation turns to be open again, a produced ATP is released from open site and new ADP and Pi can load at site again.

Figure 23 .

 23 Figure 23. The pathway of proton translocation from the intermembrane space to the mitochondrial matrix. The entire c-ring (yellow/green) and subunit a (blue) view from the matrix. The side chains of the two residues indispensable for this transfer (aR176 and cE59) are indicated by the ball and stick with their carbon atoms in white. The p-side and n-side clefts are drawn as gray surfaces [103].

Figure 24 .

 24 Figure 24. Proposed rotary mechanism of proton translocation [104]. A. Protons are transported from the intermembrane space into the c-ring; cE59 site is protonated (state 0) and then releases a proton into the matrix (state 1) until the subunit c binding site reaches the open conformation with the counterclockwise rotation of c-ring. Then cE59 interacts with R176 and becomes deprotonated (state 2). The release of this interaction promotes the unengaged cE59 site to load another proton from the intermembrane space. B. Protons translocate from the IMS channel behind *-helices 5 and 6 of subunit a to matrix channel between *-helices 5 and 6 and the c-ring (right panel), following the translocation path indicated by the yellow line (left panel) [105].

Figure 25 .

 25 Figure 25. A. Oligomycin molecules bind to the subunit c of yeast [108]. Oligomycin molecules are colored in magenta. B. The residues involved in the oligomycin-binding site in yeast [107]. The atoms indicated in spheres and residues shown as sticks are within 5 Å of an atom in the oligomycin molecule. The dashed lines present atomic distances between 2.5 to 2.8 Å corresponding to the hydrogen bonds (H-bonds) and the range of 3.7-4.8 Å representing the putative van der Waals interactions. Select carbon atoms of oligomycin are labeled.

Figure 26

 26 Figure 26 illustrates the mechanisms of oligomycin inhibition. The protons enter the c-ring from the

Figure 26 .

 26 Figure 26. The mechanism of inhibition of the mitochondrial ATP synthase by oligomycin viewed from the matrix. Oligomycin molecule is shown as magenta hexagon. Protons are shown as yellow circles and conserved cE59 in red sticks. The c-ring is indicated by marine circles and subunit a by white cylinders [109]. A. The oligomycin molecule binds to the conserved cE59 binding site. B. In ATP synthesis mode, c-ring rotates counterclockwise under a proton-motive-force. The bound oligomycin molecule precludes the rotation of c-ring and diffusion of proton into the matrix. C. In ATP hydrolysis mode, the clockwise rotation of c-ring is similarly prevented.

  ) contribute to ATP8/6 transcripts stability[117][118][119][120]. Other proteins include Atp22, which activates subunit 6 translation [121] and Smt1, which represses the translation of both subunits 6 and 8[122]. The stability of the ATP9 transcript is dependent on a 35 kDa C-terminal cleavage fragment ofAtp25 [123] that is released in the matrix by the mitochondrial processing peptidase (MPP)[124]. Two more proteins with activities linked to the ATP9 mRNA areAep1 and Aep2 [115,[125][126][127][128][129]. Some studies have suggested a role for these proteins in ATP9 mRNA stability/processing[126, 129] while others have led investigators to propose that they activate translation[119, 128].Another subgroup of yeast nuclear gene product involved in ATP synthase assembly have been identified. Atp11 and Atp12 are essential for creating the [ab]3 hexamer, which houses the catalytic sites for ATP synthesis and contributes to ~85% of the mass in F1[130][131][132][133][134][135]. A third protein that is part of this process, Fmc1, is necessary for Atp12 folding/stability at elevated temperature (36°C)[135, 136]. A complex of two proteins, Ina22 and Ina17, facilitates the assembly of ATP synthase peripheral stalk[137]. Biogenesis of the proton channel includes an early step in which multiple copies of subunit 9 assemble a transmembrane cylindrical structure (Atp9-ring) that is the docking site for F1 in the membrane. Channel assembly is completed by subunit 6, which binds to the perimeter of the Atp9-ring, creating a hydrophilic conduit for protons translocation at the interface between the two proteins. An early model of F1FO assembly, which indicated that the Atp9-ring assembles spontaneously [138], was challenged by later studies that suggested the interactions among subunit 9 proteins is chaperoned by a 32 kDa N-terminal fragment ofAtp25 [123]. This fragment is homologous to the bacterial ribosomesilencing factor and was found to be associated with the mitochondrial ribosome[124]. Two proteins (Atp10 and Atp23) have been assigned the roles in procuring the assembly/stability of subunit6 [139- 142]. Atp10 was shown to participate in a physical complex with newly translated subunit 6 and promote a favorable interaction with the Atp9-ring [140], while Atp23 was identified to be a protease that cleaves off the first 10 amino acid residues of the nascent subunit 6 polypeptide and has been also linked to the fold of processed subunit6 [141-143]. Finally, the interaction of subunit 6 with the Atp9-ring has been reported to depend on Oxa1[144], which is a protein translocase involved in the insertion of certain mitochondrial and nuclear gene products into the inner membrane[145][146][147]. Recent work has led J.P.

Figure 27 .

 27 Figure 27. Assembly pathway of yeast ATP synthase (see text for explanations).

  [116]. Retrograde regulation activates the glyoxylate cycle and stimulates part of TCA cycle when electron transfer to oxygen is compromised[148, 149] (Figure28). Defective respiratory function deters succinate from being converted into fumarate by the TCA cycle. The retrograde response enables the first three enzymes of the cycle, namely citrate synthase (CIT1), aconitase (ACO1), and isocitrate dehydrogenase (IDH1/2) to remain active to generate α-ketoglutarate, and a sufficient supply of citrate owing to the activation of CIT2, a typical target gene of the RTG pathway that encodes the peroxisomal citrate synthase[148, 149]. Another RTG-dependent activity is the conversion of pyruvate into oxaloacetate and its further transformation into citrate with a source of acetyl-CoA or into phosphoenolpyruvate in the process of gluconeogenesis. Oxaloacetate can also be a substrate for aspartate synthesis[150]. The falling membrane potential rather than the increased production of reactive oxygen species (ROS) induced by respiration deficiency activates the RTG pathway by the retrograde signaling protein Rtg2, which subsequently stimulates retrograde transcription factors (Rtg1-Rtg3)[150]. A normal level of glutamate turns off the retrograde pathway.

Figure 28 .

 28 Figure28. The retrograde response primary allows the production of biosynthetic intermediates[150]. Deficient-respiratory chain prevents the conversion of succinate into oxaloacetate in the process of TCA cycle. However, the TCA cycle can be sustained by citrate produced in the glyoxylate cycle, which requires acetyl-CoA as a sole source. This cooperation between the glyoxylate cycle and the TCA cycle allows glutamate synthesis which supplies for other essential biosynthesis. The TCA cycle can also be fueled by oxaloacetate which is converted from pyruvate. Then, oxaloacetate and acetyl-CoA, from glyoxylate cycle or the conversion of acetate, are required to synthesize citrate. Oxaloacetate can also be a substrate for gluconeogenesis and aspartate synthesis. Retrograde response targets genes that are indicated in red. ACS1, acetyl-coenzyme A synthetase; PYC1, pyruvate carboxylase; CIT1, mitochondrial citrate synthase; ACO1, aconitase; IDH1/2, isocitrate dehydrogenases 1 and 2; CIT2, peroxisomal citrate synthase.

  identified, including the protease CLPP and the ABC transporter HAF-1 that are involved in the degradation of improperly folded mitochondrial proteins. Mammalian UPR mt is regulated by the transcription factors CHOP and ATF5 (Figure29B)[151][152][153][154][155][156]. ATF5 is a mammalian ortholog of ATFS-1.

Figure 29 .

 29 Figure 29. Regulation of the UPR mt in C. elegans and mammals[154]. A. In C. elegans, the MTS mediates the translocation of ATFS-1 to mitochondria in which it is degraded by the protease Lon under physiological conditions. While mitochondrial stress contributes to the decline of mitochondrial import efficiency, ATFS-1 accumulate in the cytosol and is subsequently imported into the nucleus via NLS. ATFS-1 launches a multiple transcriptional response to recover mitochondrial function. In addition to the bZIP transcription factor ATFS-1, many UPR mt regulators have been found like the mitochondrial matrix protease CLPP, the ubiquitin-like protein UBL-5, the transcription factor DVE-1, and the mitochondrial ABC transporter HAF-1. B. In mammal, the UPR mt system elicits when the disruption of mitochondrial protein quality control occurs in the nucleus by the C/EBP transcription factor CHOP and the bZIP transcription factor ATF5. ATF5 is a conserved mammalian homolog of ATFS-1.

Figure 30 .

 30 Figure 30. Scheme of proteostasis communication between mitochondria and cytosol in yeast. Altered mitochondria indicated with the red lightning bolt can disrupt cytosolic proteostasis via mitochondrial precursor overaccumulation stress (mPOS), which triggers the unfolded protein response activated by mistargeting of proteins (UPR am ) to ameliorate the dyshomeostasis of cytosolic protein. Generally, mitochondria without stress can benefit cytosolic proteostasis via enhancing in ATP content, reducing ROS production and regulating the Mitochondria As Guardian In Cytosol (MAGIC) pathway. Beneficial and detrimental interactions are indicated by blue and red lines, respectively [163].

  1959 by Roth Luft, who described a young woman suffering from a hypermetabolic disorder in the form of excessive mitochondrial respiration not effectively coupled to ATP production[164]. Since then, 150 distinct genetic mitochondrial dysfunction syndromes have been described. These diseases affect at least 1 in 4,300 live human births[165], and occur either in infancy or adulthood, in a multi-systemic or highly tissue-specific manner. Typical clinical traits include visual/hearing defects, encephalopathies, cardiomyopathies, myopathies, diabetes, liver and renal dysfunctions[166][167][168]. Mitochondrial disturbances have been associated also with more common neurodegenerative diseases such as Parkinson's, Alzheimer's and Huntington's and cancers. Due to their high-energy requirements, the nervous system and muscles are often the most importantly impacted tissues in mitochondrial diseases (Figure31).

Figure 31 .

 31 Figure 31. Schematic picture indicating the clinical features and the organs affected in mitochondrial disorders [169].

4 .

 4 Cofactors of OXPHOS and other enzymes of mitochondrial energy metabolism (thiamine, lipoic acid, FeS clusters, Coenzyme Q, Biotin, Cu, Heme, Coenzyme A, and FAD/NADP) 5. Mitochondrial homeostasis (including their biogenesis, lipid processing, protein import, fission/fusion, quality control and import of calcium).

  deletions (indels) and large rearrangements. Currently, about 90-100 variants with a well-established pathogenicity (confirmed mutations, class 5 variants) and about 600 reported variants of unknown significance (VUS, classes 3 and 4) are described in MITOMAP database. With the advent of nextgeneration sequencing (NGS) methods, analyzing the whole mitochondrial DNA is no longer laborintensive and this technology is becoming the new gold standard for mitochondrial genetic test for patients with suspected mitochondrial cytopathies. The frequency of pathogenic mtDNA mutations at low heteroplasmy levels in the population is now estimated to be about 1 in 200 healthy individuals[175].

Figure 32 .

 32 Figure 32. More than 300 genes in patients associated with human mitochondrial disorders are herein sorted according to function [170]. 36 mitochondrial genes and 295 nuclear-encoded genes have been associated to mitochondrial diseases. About 150 new genes involved in mitochondrial disease have been identified since the implementation of next generation sequencing (NGS) in 2010.

Figure 33 .

 33 Figure 33. Histological, histochemical and immunohistochemical hallmarks of mitochondrial disease [176]. A. Serial skeletal muscle from a patient with mtDNA deletion were stained with H&E and modified Gomori trichrome to detect respectively basic muscle morphology and ragged-red fibers (RRFs). The individual COX, SDH and sequential COX/SDH histochemical assays indicate COX deficiency. B. The quadruple immunofluorescence assay can determine the content of complex I (NDUFB8 subunit), complex IV (COX1 subunit), laminin, and a mitochondrial mass marker (porin), all within a single 10-μm section. The asterisk indicates mitochondria accumulation around the periphery of the fiber, and downregulated expression of both complex I and IV proteins. (All images are taken at ×20 objective magnification.)

Figure 34 .

 34 Figure 34. The fermentation and respiration in wild type S. cerevisiae and respiratory-deficient mutant. Wild-type cells can growon fermentable and respiratory carbon sources. Owing to its good fermenting capacity, mutant cells can survive mutations that inactivate the mitochondrial energetic function when provided with fermentable substrates like glucose whereas with substrates like glycerol or ethanol, which absolutely requires functional mitochondria, the growth of the mutant cells is compromised.

  Four mutations (m.9176T>G, m.8851T>C, m.8993T>G, and m.8969G>A) proved to considerably affect the respiratory growth of yeast due to severe impairment of the functioning or the assembly of the FO leading to 90% drop in the rate of mitochondrial ATP synthesis. The other mutations (m.9191T>C, m.9176T>C, m.8993T>C, and m.9185T>C) had less detrimental consequences, but all substantially reduced by 30-40% mitochondrial ATP production. Importantly, the relative severities of these mutations on yeast ATP synthase correlate with the level of gravity of the diseases they induce[214,[228][229][230][231][232][233][234][235][236], which validated the used of yeast to investigate the functional consequences and the pathogenicity of ATP6 mutations found in patients.

Figure 35 .

 35 Figure 35. Subunit a (ATP6) and subunit 8 (ATP8) and sites of pathogenic mutations in the human mitochondrial genome. The region where two genes overlap between positions 8527 and 8572 is indicated in cyan. Start and end nucleotide numbers are indicated. The number of mutations (m) identified in patients and their positions are indicated. The figure is cited from [9].

Figure 36 .

 36 Figure 36. The picture of Biolistic PDS-1000/He system (A), the longitudinal section of its inner structure (B). The biolistic system uses high pressure helium, released by a rupture disk, and partial vacuum to propel a macrocarrier sheet loaded with millions of microscopic tungsten microcarriers toward target cells at high velocity. The microcarriers are coated with plasmids for transformation. The macrocarrier is halted after a short distance by a stopping screen. The DNA-coated microcarriers continue traveling toward the target to penetrate and transform the cells. (This explanation is adapted from the instruction manual of Biolistic PDS-1000/He system).

Figure 37 .

 37 Figure 37. Positions of human mutations in the structure of the yeast mitochondrial ATP synthase subunits a and 8. The views are from the matrix (A, B) and from the IMS (C, D) with detailed views in the IMS entry channel (B) and in the matrix exit channel (D). On (E, F), showing views along the membrane plane from outside the FO stator and from the c-ring, respectively, the membrane borders are indicated as black lines. Subunits a, 8, and c are shown in blue, green, and yellow, respectively. The positions of mutations, which have been found in human neurodegenerative diseases, are marked in white, red, blue, pink, orange and black for hydrophobic, negatively and positively charged, uncharged polar, proline and special residues, respectively. The arrows indicate the path of protons in ATP synthesis mode. The conserved arginine (h.s. aR159, S.c. aR176) on helix aH5 is indicated by stick model; its orientation is randomly chosen. This figure is cited from [9].

Figure 38 .

 38 Figure38. Construction of yeast models of pathogenic m.8993T>G mutation in ATP6 gene causing NARP syndrome[1]. Firstly, a plasmid containing entire yeast ATP6 gene and carrying the NARP-associated mutation is created by mutagenesis. Using biolistic delivery system, this plasmid is introduced into the mitochondria of a ρ 0 arg8Δ kar1 strain, which is devoid of mtDNA. This specific strain is deleted for the nuclear ARG8 gene (arg8Δ) encoding a yeast mitochondrial protein involved in arginine biosynthesis. This strain has also a mutation (kar1) that strongly delays fusion of nuclear genomes between strains, which allows the transfer of mtDNA from one nuclear haploid background to another[237]. Then, the obtained ρ -synthetic strain (containing mtDNA with a mutation and/or deletion of a part of mtDNA) fails to grow in the absence of external arginine source (Arg -). This strain is then crossed with an arginine prototrophic (Arg + ) strain (MR10) that contains wild-type (ρ + ) mtDNA but deleted for ATP6 (ATP6 gene has been replaced by the mitochondrial version of arginine ARG8m). Homologous recombination can mediate the replacement of ARG8m with the ATP6-NARP gene. Mitotic segregation can generate homoplasmic ρ + cells with the NARPassociated ATP6 mutation, which is unable to grow in the absence of arginine[1].

(

  intragenic suppressor), either in the same codon (first-site suppressor) or in different codon (second site suppressor); (2) within a different gene (intergenic suppressor); and (3) within a different genome since two genomes control mitochondrial function (intergenomic suppressors) [1]. Forward chemical genetics approaches can also be performed in yeast to uncover potential therapeutic targets [240].

Figure 39 .

 39 Figure 39. A yeast-based approach to identify active drugs that alleviate mitochondrial disorders. (A) A respiratory-deficient yeast model of a mitochondrial disease is grown in fermentable medium like glucose. (B) Subsequently, yeast cells are spread onto a solid non-fermentable medium like glycerol, on which they grow very poorly. (C) Small sterile filters are deposited on the surface of solid medium and (D) spotted with compounds from a chemical library; the plate is then incubated for several days. (E) After incubation, active drugs that restore mitochondrial function in the yeast disease model lead to the appearance of a halo of enhanced growth around the corresponding filters [1].

Figure 40 .

 40 Figure 40. Overview of the QuikChange XL site-directed mutagenesis method (The figure is adapted from the instruction manual of QuikChange XL Site-Directed Mutagenesis Kit). Step1. Plasmid preparation. Plasmid carrying the gene of interest. Step2. Temperature cycling. The plasmid is denatured and the oligonucleotide primers containing the desired mutation are annealed and the Pfu Turbo DNA polymerase extended and incorporated the mutagenic primers resulting in nicked circular strands. Step3. Digestion. The nonmutated parental DNA template is digested with DpnI. Step 4. Transformation. The circular, nicked dsDNA is transformed into XL10-Gold ultracompetent cells/One Shot Ⓡ Top10 competent cells. After transformation, the competent cells repaired the nicks in the mutated plasmid.

Figure 41 .

 41 Figure 41. Overview of construction of plasmids carrying ATP6 mutations. ATP6 gene is separated and constructed in pSDC8

Figure 42 .

 42 Figure 42. Overview of construction of ATP6-mutant yeast strain. Mitochondrial transformant XS1/XS2 cross with the ATP6::ARG8m deletion strain MR10. The resulting W234F/W234L yeast strains contain MR10 nucleus and the ARG8m gene is replaced by mutated ATP6-W234F/W234L gene with homologous recombination. Simultaneously, XS1/XS2 mate with the nonrespiring NB40-3C strain bearing a mutation in the mitochondrial COX2 gene (cox2-62), as a maker to test whether pXS1 and pXS2 have been well transformed in mitochondria. Indeed, if pXS1 or pXS2 go into the mitochondria, the COX2 marker can

  minutes at RT. Cell pellet was gently resuspended in 1 ml TE/LiAc (tris(hydroxyethyl)aminomethane-HCl 1 M, Ethylenediaminetetraacetic (EDTA) 0.5 M, Lithium acetate 1 M, pH 8). Lithium acetate permeabilizes by weakening the yeast cell wall. Do not mix by pipetting. Mixture was transferred into one Eppendorf tube. Cells were centrifuged at 3,000 rpm for 2 minutes. Cell pellet was delicately resuspended in 1 ml TE/LiAc again and centrifuged at 3,000 rpm for 2 minutes. Cells were resuspended in 100 μl TE/LiAc. Salmon sperm DNA (10 mg/ml) was denatured at 95 °C for 3 minutes and placed on ice. Reaction was prepared as follow. For each transformation, in a 1.5 ml Eppendorf tube:-100 μl of cells (in TE/LiAc) -10 μl of denatured salmon sperm to favor the entering of plasmid in cells -500 ng to 1 µg of PCR product or 200 ng to 500 ng of plasmid -550 μl of PEG/TE/LiAc (40% PEG is suspended in 5 ml TE/LiAc)

  Real-time qPCR reactions were performed using a Mx3000P QPCR System (Stratagene, Agilent) and the Brilliant III Ultra-Fast SYBR ® Green QPCR Master Mix with Low ROX (Stratagene, Agilent) according to the manufacturer's instructions. The usable program was: one cycle at 95°C for 3 minutes and then 40 amplification cycles at 95°C for 20 seconds and 60°C for 20 seconds. For each sample, the level of expression of the CIT2 gene was compared to the expression of the stably expressed TFC6, TFB1 and RMD8 genes. That relative expression (REX) of the CIT2 gene was calculated according to the formula REX = (ECIT2 Ct-CIT2 / MEAN([ETFC6] Ct-TFC6 + [ETFB1] Ct-TFB1 + [ERMD8] Ct-RMD8 ). Ct is the number of PCR cycles needed to enter in exponential phase of amplification; E is the hybridization efficiency of each couple of primers. The mean value of the relative expression level and the associated standard error (n = 3) were determined. Standard curves were generated using 10-fold dilutions of a cDNA template on the Mx3000P apparatus, and using each couple of gene specific primers (one standard curve per couple). Each dilution was assayed in duplicate for each couple of primers. The reaction specificity was determined for each reaction from the dissociation curve of the PCR product. This dissociation curve was obtained by following the SybrGreen fluorescence level during a gradual heating of the PCR products from 55 to 95°C. Samples were run in duplicate in optically clear 96-well plates (Stratagene, Agilent). All qPCR experiments were performed according to the MIQE (Minimum Information for publication of Quantitative real-time PCR Experiments) guidelines. Each standard curve

  5 mM final) and 3.4 μl N,N,N′,N′-Tetramethyl-p-phenylenediamine (TMPD) (0.5 M, 1.4 mM final). The respiration rate was presented in nmol of oxygen consumption per minute per milligram of proteins.

  chamber filled with 1 ml respiration buffer. Rhodamine 123 (25 μg/ml) fluorescence was followed by using a SAFAS Monaco fluorescence spectrophotometer[270]. The fluorescence curve was traced following the additions of 0.15 mg/ml mitochondrial proteins (Mito), 10 μl ethanol (EtOH), 2.5 μl ADP (30 mM, 75 µM final), 2 μl ATP (0.1 M, 0.2 mM final), 2 μl potassium cyanide (KCN) (1 M, 2 mM final), 2 μl Oligomycin (Oligo) (2 mg/ml, 4 µg/ml final), and 4 μl CCCP (1 mM, 4 µM final) (Figure43). Wavelength was 485 nm for excitation and 525 nm for emission of fluorescence. The obtained values are arbitrary and semi-quantitative.

Figure 43 .

 43 Figure 43. Measurement of mitochondrial membrane potential. A. Mitochondria were energized with 10 μl EtOH, and membrane potential was established. 2.5 μl ADP (30 mM) addition induced a decrease of this △ψ due to proton re-entry through the ATP

(

  gown in rich galactose) in liquid nitrogen. Isolated intact mitochondria were resuspended in a solution of 0.225 M sucrose, 15 mM KH2PO4/K2HPO4 and 50 mM Tris/HCl pH7.4 as described in [275]. Cytochrome spectra was detected by scanning the wavelength range of between 630 nm to 500 nm using a Cary model 219 spectrophotometer. The mitochondria were oxidized with potassium ferricyanide and reduced with sodium dithionite. Measurement of the a peaks of Cytochrome aa3, Cytochrome b, Cytochrome cc1 were made from the scans and cytochrome content calculated via the following extinction co-efficient quoted by Bookelman et al. [276]: aa3: ∆% (605-630) =16.5 mM -1 , b: ∆% (565-575) =17.9 mM -1 , cc1: ∆% (550-540) =19.0 mM -1 . The positions of the a band absorption maxima of Cytochrome c, Cytochrome c1, Cytochrome b, Cytochrome aa3 were indicated.

Figure 44 .

 44 Figure 44. Kidney defects in the patient [16]. (A) Light microscopy of kidney cells shows minimal change disease (MCD) in glomeruli (G) and tubular lumen (TL) dilatation in the patient. (B) Fluorescence microscopy shows IgA deposits in kidney cells (vs black balanced control cells). (C) Electron micrographs showing podocyte foot process fusion in glomeruli (left, ↑), electrondense deposits in the glomerular mesangium (white arrows) and brush border loss in focal tubules (right, ↑). (D) Ultrastructure of mitochondria (m) in tubular epithelial cells from the patient and a control individual. (E) In situ cytochrome c oxidase (COX) and NADH dehydrogenase activities in renal tissue from the patient and a control individual.

Figure 45 .

 45 Figure 45. Properties of trans-mitochondrial cell lines carrying various proportion of the m.8969G>A mutation [16]. (A) Percentages of the m.8969G>A mutation in cybrid cell lines. (B) Mitochondrial ultrastructure (magnification ×50,000). In C-98, arrows point to aberrant, torus and horseshoe-shape, mitochondria. (C) Cellular respiration. The OCR (oxygen consumption rates) were evaluated in Cybrids with different levels of m.8969G>A mutation. OSR (oligomycin-sensitive respiration), BR (basal respiration) and MR (maximal respiration). * stands for comparison to WT, # is comparison to C-19. (D) Levels of reactive oxygen species (ROS). The levels of ROS were assessed using 2',7'-dichlorodihydrofluorescein diacetate (DCFH-DA) [280]. Immunofluorescence was visualized by confocal microscopy (left panel) and quantified by flow cytometry and expressed as decimal logarithm versus cell number (right panel). WT, control cells; C-19, C-67, and C-98 are cybrid cell lines containing 19%, 67% and 98% of the m.8969G>A mutation, respectively. ρ 0 , cells lacking mtDNA.

Figure 46 .

 46 Figure 46. Consequences of an equivalent of the m.8969G>A mutation (atp6-S175N) in yeast [16]. (A) WT and atp6-S175N mutant yeast cells grown in glucose were serially diluted and spotted onto plates containing glucose or glycerol; photographs were taken after 4 days of incubation. (B) Oxygen consumption (state 3) and ATP synthesis rates measured with NADH as an electron donor, expressed in % of the WT (see Supplementary TableS4for details). (C) Variations in mitochondrial membrane potential (DY).

  S4

  for details). (C) Variations in mitochondrial membrane potential (DY).These experiments were performed using Rhodamine 123, a fluorescent cationic dye. Increasing DY is followed by the uptake of the dye inside the matrix space and concomitant fluorescence quenching. The tracings in the upper panel reveal the capacity of externally added ADP to induce DY consumption after energization of the mitochondrial inner membrane by the respiratory chain (WT in blue, the mutant in red). The tracings in the bottom directly reflect the proton-pumping activity of ATP synthase using externally added ATP, after inhibition of the respiratory chain EtOH, ethanol; Oligo, oligomycin; Mito, mitochondria. (D) BN-PAGE analysis of mitochondrial protein extracts solubilized with 2% digitonin. ATP synthase complexes (V2, dimeric; V1, monomeric) and free F1 particles were visualized in-gel by their ATPase activity and by western blotting after transfer onto nitrocellulose using antibodies against subunits Atp1p (α-F1) and Atp6p (subunit-6).

Figure 47 .

 47 Figure 47. Topological location of the aS148 residue of a-subunit of human ATP synthase in the inner mitochondrial membrane [16]. (A) Alignment of a-subunits from mitochondrial and bacterial origins. The m.8969G>A mutation leads to the replacement with asparagine of the evolutionary conserved serine at position 148 of the human a-subunit. (B) and (C) Structural homology model of human c8-ring (PDB # 2XND) in complex with four helical segments of the a-subunit (aMH2-5), coloured from blue (N-Term) to red (C-Term) viewed from the matrix (B) and from the membrane plane (C). The side chain of aS148 residue is shown as sticks, the cE58 and aR159 are as spheres. The arrowed line indicates the pathway for protons during ATP synthesis. Protons enter and exit the c-ring/a-subunit through hydrophilic clefts in the membrane represented by the grey areas surrounded by dashed lines [281].

  At the time this study was published in 2014 [239], complete structures of ATP synthase were still missing and it was therefore difficult to understand how the aL242P change has such detrimental consequences.

Figure 48 .

 48 Figure 48. Respiratory growth of WT and atp6-L242P mutants (A), Freshly grown cells of wild type yeast (MR6) and the atp6 mutants were serially diluted and 5 µl of each dilution were spotted onto rich glucose, rich glycerol and rich glycerol + oligomycin. The plates were incubated at 28 ℃ and photographed after the indicated number of days. ATP synthase and complex IV in the mutant atp6-L242P and WT (B, C). B: BN-PAGE analysis of mitochondrial protein digitonin-extracts (50 mg of protein). The proteins were, as indicated, stained in-gel by Coomassie brilliant blue and their ATPase activity, and by Western blot with antibodies against

  of Article n°2)[105]. The well-known difficulty of proline residues to be accommodated within a-helices may explain the dramatic consequences of the aL242P change on ATP synthase assembly/stability. However, ATP synthase assembly was found preserved well in yeast models of three other pathogenic subunit a mutations that lead also to the introduction of a proline residue in an alpha helix (aS240P (m.9185T>C) in aH6[239]; aL173P (m.8993T>C) in aH5[238]; and aL237P (m.9176T>C) in aH6[START_REF] Kucharczyk | Consequences of the pathogenic T9176C mutation of human mitochondrial DNA on yeast mitochondrial ATP synthase[END_REF]) (Figure5of Article n°2). These three mutations partially compromise the functioning of ATP synthase, with 30-50% drops in the rate of mitochondrial ATP synthesis. State 3 respiration was found unaffected in the aS240P mutant, indicating a less efficient coupling of electron transfer to ATP synthase[239]. The aS240P change possibly results in a slight distortion/displacement of the C-terminal domain of aH6 that partially compromises the sealing at the center of the membrane of the two hydrophilic pockets between the c-ring and subunit a (Figure5of Article n°2), whereas the aL173P and aL237P change slow down the functioning of ATP synthase with no loss in the yield of ATP produced per electron transferred to oxygen.

Figure 49 .

 49 Figure 49. Topology location (A) and sequence alignment of ATP6 from a selected range of species (B) and influence of L173R mutation on yeast mitochondrial respiratory growth (C), the rate of oxygen consumption (D) and ATP synthesis (E) as well as BNpage analysis of the assembly of ATP synthase (F) and respiratory complexes (G)[START_REF] Rak | A yeast model of the neurogenic ataxia retinitis pigmentosa (NARP) T8993G mutation in the mitochondrial ATP synthase-6 gene[END_REF].

  [241], a protein of the Mitochondrial Carrier Family (MCF) that transports oxodicarboxylates among the mitochondrial inner membrane, including TCA cycle intermediates [292]. Instead of restoring a functional ATP synthase, Odc1 suppressed the fmc1∆ mutation through a metabolic by-pass by de-repressing respiratory chain biogenesis and by stimulating TCA cycle activity. As a result, despite a very low level of ATP synthase, mitochondrial ATP production was increased through substrate-level phosphorylation of ADP coupled to conversion of a-ketoglutarate into succinate. This Odc1-dependent suppressor mechanism proved later to be active also in yeast strains lacking the ortholog (Sym1) of MPV17 [242], a protein of as-yet-poorly characterized function that has been associated with mitochondrial DNA depletion (MDD) diseases [293]. Overexpression of Odc1 was further shown by D. Tribouillard-Tanvier to rescue a yeast model of the Barth syndrome [243], a disease induced by defects in the remodeling of a phospholipid (cardiolipin) with multiple functions in mitochondria [294].

  improvement in mitochondrial function makes this pathway no longer necessary for m.8993T>G yeast survival. With an enhanced TCA activity, m.8993T>G yeast can produce more ATP through substratelevel phosphorylation of ADP during conversion of a-ketoglutarate into succinate, which my ATP synthesis assays demonstrated. It was speculated that the rescuing activity of Odc1 in ∆fmc1 yeast resulted from the stimulation of the retrograde (RTG) signaling pathway to fuel the TCA cycle more rapidly with acetyl-CoA and citrate[241]. My results contradict this hypothesis.Since a better activity of the TCA cycle is certainly a key modification involved in the Odc1dependent rescue of m.8993T>G yeast, we reasoned that partially uncoupling mitochondria with CCCP could also have beneficial effects. This chemical proved indeed to improve the respiratory growth of m.8993T>G, and a much better accumulation of Complex IV was observed. Homoplasmic human m.8993T>G cells grew better in a strict respiratory (glutamine-based) medium supplemented with low amounts of CCCP, which is an interesting observation for the extension of my observations in yeast to human pathologies caused by defects in FO.

  metabolic diseases [301]. I, therefore, decided to test on m.8993T>G yeast a variety of FDA-approved agents known to partially uncouple the mitochondrial membrane. The first and best-studied example is 2,4-dinitrophenol (DNP), a protonophore allowing proton leak across the IMM [301]. It was widely used to treat obesity in the 1930s but was later banned (in 1938) due to dangerous side-effects including hyperthermia and numerous cases of death because of a not controlled dosage. A resurgence of interest for DNP came in recent years from some studies demonstrating that a precise dosage can extend lifespan and rescue numerous disorders including ischemia-reperfusion injury, neurodegenerative disorders, obesity, and metabolic diseases [302]. I found that DNP efficiently rescued yeast model of ATP synthase disorders caused by m.9191T>C mutation in ATP6 (Figure 50).

Figure 50 .

 50 Figure 50. Drug test and molecular structure of mitochondrial uncoupling agents. Yeast cells carrying the mutations m.9191T>C, m.8993T>G or deletion of FMC1 (∆fmc1) grown in glucose were spread on to rich respiratory glycerol medium. Small sterile filters were placed on the medium and indicated drugs added to the filters at the indicated quantities. The plates were scanned after 5 day-incubation at 35℃.

Figure 51 .

 51 Figure 51. Respiratory growth of aW234F and aW234L mutant strains. (A) Freshly grown cells of wild type yeast (MR6), aW234F and aW234L were serially diluted and dropped onto rich glucose, rich glycerol plates and rich glycerol + oligomycin plates. The shown plates were scanned after 4 days incubation at 28°C. (B) Growth of the same strains in liquid glycerol medium over a period of 110 h during which cell densities (OD600nm) were taken regularly.

Figure 52 .

 52 Figure 52. Steady state levels of mitochondrial proteins. Total mitochondrial proteins were resolved by SDS-PAGE analysis (50 µg per lane), transferred to a nitrocellulose membrane and probed with antibodies against the indicated proteins. Values are normalized to porin and expressed relative to WT ± standard deviation.

Figure 53 .

 53 Figure 53. Mitochondrial membrane potential. Membrane potential (DY) measurements, using Rhodamine 123, a cationic dye whose fluorescence is quenched when DY increases. Intact, osmotically-protected, mitochondria from wild type (WT), aW234F, and aW234L were used. Mitochondrial preparations are the same as those used in Figure 52. (A) Evaluation of DY-consumption by the ATP synthase. The mitochondrial membrane was first energized by feeding the respiratory chain with electrons from ethanol, and a small amount of ADP was then added. The addition of ADP results in a transient fluorescence increase due to proton reentry through the F1FO-ATP synthase until complete phosphorylation of the added ADP. The experiment was pursued by adding KCN, which results in DY collapse due to respiratory chain inhibition. The ATP produced during phosphorylation of the externally added ADP is then hydrolyzed by the ATP synthase coupled to FO-mediated proton transport outside the organelle, as evidenced by the loss of the remaining DY after a further addition of oligomycin. (B) Evaluation of the ATP synthase activity in reverse mode (ATP hydrolysis) by providing the mitochondria with externally added ATP. Mitochondria were first energized with ethanol and then treated with KCN, which results is a DY collapse that removes IF1 from F1. Less than one minute later, well before IF1 rebinding, the ATP was added. A large oligomycin-sensitive DY-variation is expected. The additions were 25 μg/ml Rhodamine 123, 0.15 mg/ml Mito, 10 μl EtOH, 75 μM ADP, 2 mM KCN, 0.2 mM ATP, 4 μg/ml oligo, and 4 μM CCCP. The shown fluorescence tracings are representative of at least three experiments.

Figure 54 .

 54 Figure 54. Evolutionary conservation and topology of aW234, aF234 and aL234 residues. (A) Amino-acid alignment of the Cterminal a-helix (aH6) of subunits a from various mitochondrial origins: Saccharomyces cerevisiae (S.c.), Yarrowia lipolytica (Y.l.), Schizosaccharomyces pombe (S.p.), Polytomella sp (P.sp.), Arabidopsis thaliana (A.t.), Bos taurus (B.t.), Sus scrofa (S.s.) and Homo sapiens (H.s.). At the top and bottom, are numbered the residues in S.c. mature protein (i.e., without the first ten residues

  healthy and m.8993T>G cells: the organelle in the mutant yeast is rich in ADP. Were it to become phosphorylated, this would provide the mutant cells with a substantial source of chemical energy, despite their ATP synthase deficiency. The beneficial effects of Odc1 and uncoupling agents in m.8993T>G yeast which my work revealed indicate that this is possible. Odc1 is a protein of the Mitochondrial Carrier Family (MCF) that transports oxodicarboxylates among the mitochondrial inner membrane, including intermediates of the TCA cycle[292]. By a poorly understood mechanism, overexpressing Odc1 was found to improve mitochondrial function in yeast strains unable to assemble the F1 sector of ATP synthase[292], in yeast strains lacking the ortholog (Sym1) of MPV17[242], which is a protein of asyet-poorly characterized function that has been associated to mitochondrial DNA depletion (MDD) diseases[293], and in a yeast model of the Barth syndrome[243], which is a disease induced by defects in the remodeling of a phospholipid (cardiolipin) with multiple functions in mitochondria[294].

  electrons to oxygen and to produce ATP coupled to the TCA-mediated conversion of a-ketoglutarate into succinate. Remarkably, the accumulation of Complex IV was improved also in m.8993T>G yeast cells exposed to low amounts of CCCP, and this chemical considerably improved the growth and survival of human cells carrying the m.8993T>G mutation in a strict respiratory (glutamine-based) medium.

Figure 56 (

 56 Figure 56 (Figure 8 from article 4. Su et al, HMG, 2019). Model of ATP synthase metabolic by-pass in m.8993T>G yeast overexpressing Odc1p or exposed to CCCP. (Upper-left panel) Respiration-dependent production of ATP in WT mitochondria.(Upper-right panel) In cells with the m.8993T>G mutation, the FO fails to transport protons efficiently from the intermembrane space to the mitochondrial matrix (1) and F1-mediated ATP production is impaired(2). As a result, the respiratory-chain protonpumping activity leads to mitochondrial membrane hyperpolarization and Complex IV biogenesis is inhibited (3), transfer of electrons to oxygen is compromised (4), and the activity of the TCA cycle is downregulated[START_REF] Johri | Mitochondrial dysfunction in neurodegenerative diseases[END_REF]. This culminates with the stimulation of the mitochondrial retrograde signaling response (RTG) to preserve !-ketoglutarate production and its conversion into glutamate (6). (Lower-right panel) In m.8993T>G cells, partial uncoupling of the mitochondrial membrane with CCCP prevents mitochondrial membrane hyperpolarization, which attenuates Complex IV biogenesis inhibition. As a result, electrons are more rapidly transferred to oxygen, the TCA cycle operates fully (which results in ATP production coupled to conversion of !ketoglutarate into succinate) and the RTG pathway returns to a normal basal activity. (Lower-left panel) As with the exposure to CCCP, overexpression of Odc1p in m.8993T>G yeast improves Complex IV biogenesis and respiration-dependent substrate level phosphorylation of ADP with a concomitant co-transport of Pi and protons by Mir1 across the mitochondrial membrane. This prevents its hyperpolarization due to the block in FO induced by the m.8993T>G mutation.

  electron transfer and ATP synthesis activities in mitochondria. My work shows that it is possible to disrupt the ATP synthase-mediated control of Complex IV biogenesis/activity by partially uncoupling the mitochondrial membrane. If gene therapy applied to nuclear mutations is imaginable, it is highly unlikely that mtDNA mutations can be corrected in a near future. My work supports the notion that the modulation of nuclear encoded mitochondrial systems could be a solution for the creation of nutritional or metabolic interventions able to attenuate the effects of these mutations. This study has been published in Human Molecular Genetics in 2019.

  Interestingly also, the family of uncoupling agents is very large. It includes 2,4-dinitrophenol (DNP),, Carbonyl cyanide mchlorophenyl hydrazone (CCCP), Carbonyl cyanide-p-trifluoromethoxyphenyl hydrazone (FCCP),1β,, CZ5, Desaspidin, Dicoumarol, Dinitro-orthocresol (DNOC), Ellipticine, Endosidin 9 (ES9), Flufenamic acid, triclosan (Trichloro-2'-hydroxydiphenyl ether), Pyrrolomycin C and pseudo-uncouplers as Azide, Biguanides, Bupivacaine, Calcimycin (A23187), MitoQ10, Nigericin and others. Several of them are currently available as a relatively non-expensive generic medication that is written for in millions of prescriptions internationally.It is even included in the World Health Organization's List of Essential Medicines. My work highlights the potential of mitochondrial uncoupling agents for the treatment of ATP synthase disorders and possibly other metabolic diseases. An interesting prospect would be the systematic testing of these drugs in human cellular models of these diseases.

Figure 57 .

 57 Figure 57. Rescuing mechanism. The figure shows the complexes IV and V involved in mitochondrial oxidative phosphorylation (OXPHOS) in yeast. Complex IV transfer electrons to oxygen from the NADH and succinate produced by the Krebs cycle. These transfers are coupled to proton translocation from the matrix into the intermembrane space (IMS). The resulting proton gradient across the inner mitochondrial membrane (IM) is used by complex V (F1Fo ATP synthase) to produce ATP from ADP and inorganic phosphate (Pi). When mutations in ATP6 gene block the transfer of protons from the IMS to the matrix (1), the IMS is hyperpolarized which induce an inhibition of complex IV biogenesis (2). Dissipating the proton gradient and thus the hyperpolarization by inducing Mir1 transporter or by adding CCCP, prevents CIV inhibition (3).
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 172258394105106127138149 Figure 1. Notable events of the discovery of mitochondria ..................................................................7 Figure 2. Overview of mitochondria and their components and functions. This figure depicts schematic cross-section of a human mitochondrion with multiple components involved in mitochondrial function. (1) Protein import and sorting: the translocase of the outer membrane (TOM) complex mediates the translocation of proteins across or into the outer membrane (OM). (2) Protein and organelle quality control: misfolded and damaged mitochondrial proteins and organelles are eliminated by proteases and chaperones present in the inner membrane (IM) (i-AAA, m-AAA) or the matrix (Lon, ClpXP) by the cytosolic ubiquitin proteasome system (UPS), and by the PINK1 and Parkin proteins at the surface of mitochondria. Mitochondrial fusion and fission also mediate mitochondrial quality control, which is regulated by MNF1, MNF2, OPA1L, OPA1S and DRP1 respectively. (3) mtDNA replication and expression: mtDNA is packaged into nucleoids, containing proteins involved in mtDNA maintenance (PolG, Twinkle, mt-SSB), RNA synthesis (TFAM), and various RNAs including messenger (mRNA), transfer (tRNA) and ribosomal (rRNA) RNAs, which are responsible for mitochondrial translation on mitochondrial ribosomes. (4) OXPHOS assembly: the nDNAencoded subunits of the OXPHOS system (Nuc OXPHOS subunits; CI-V) assemble with their partner subunits of mitochondrial origin (Mt OXPHOS subunits; all except CII, which is entirely encoded by nDNA) together with their redox prosthetic groups (heme and FeS, which are in part synthesized in the mitochondria, and Cu 2+ ). CI-IV together with ubiquinone (Q) and cytochrome c (c) transfer electrons to oxygen from reduced cofactors (NADH, FADH) produced by the Krebs cycle, which is coupled to the pumping of protons out of the matrix. The protons are transported back into the matrix by CV, which is coupled to ATP synthesis from ADP and inorganic phosphate (Pi) (see Fig. 2 for details). (5) Transport of metabolites: systems in the OM (VDAC: also known as porin) and IM [MCF (mitochondrial carrier family)] enables the transport of small solutes and ions into and outside the organelle. Parts of the IM protrude into the matrix, forming the cristae, at the basis of which narrows tubular structures termed 'cristae junctions' are maintained by proteins of the mitochondrial inner membrane organizing system (MINOS) complex [1]. This is a cartoon drawn by Jean-Paul di Rago..............................................................................................................................8 Figure 3. Mitochondrial structure. Left: A cartoon of a mitochondrion reflecting its outer and inner membrane, the cristae and the mitochondrial matrix. Right: the picture shows the Krebs cycle that feeds the respiratory complex I through IV, thereby generating proton gradient across the IMM, which is used by ATP synthase to produce ATP from ADP and inorganic phosphate (Pi) [27]. ...........................................................................................................9 Figure 4. The interplay between mitochondrial dynamics and mitophagy [31]. Mitochondrial fission (2) is performed by the Drp1 GTPase and generates two daughter units with asymmetric potential: one daughter mitochondria are depolarized, but the potential can be recovered (3) by fusion with other healthy mitochondria (1). The other one induces cleavage of Opa1, loss the activity of Mfn and the accumulation of PINK1/Parkin in the OMM (4) to carry out mitophagy (5). Opa1, Optic atrophy 1 locates in IMM; Mfn, Mitofusin locates in OMM; Drp1,

Figure 22 . 27 Figure 23 . 28 Figure 24 . 29 Figure 25 . 30 Figure 26 .

 222723282429253026 Figure 22. The binding-change mechanism of the F1 domain. For clarity, only the three β subunits are shown [98]. Three β subunits catalytic sites show open, loose and tight different conformations. The γ subunit promotes, every 120° rotation, a conformational change at the catalytic site. ADP and Pi bind to the open site, then ATP is produced and the site becomes tight. Once open site from loose conformation turns to be open again, a produced ATP is released from open site and new ADP and Pi can load at site again. ................................ 27
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 3340344235443644374538 Figure 33. Histological, histochemical and immunohistochemical hallmarks of mitochondrial disease [176]. A. Serial skeletal muscle from a patient with mtDNA deletion were stained with H&E and modified Gomori trichrome to detect respectively basic muscle morphology and raggedred fibers (RRFs). The individual COX, SDH and sequential COX/SDH histochemical assays indicate COX deficiency. B. The quadruple immunofluorescence assay can determine the content of complex I (NDUFB8 subunit), complex IV (COX1 subunit), laminin, and a
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 46395040614161426343724480458146 Figure 39. A yeast-based approach to identify active drugs that alleviate mitochondrial disorders. (A) A respiratory-deficient yeast model of a mitochondrial disease is grown in fermentable medium like glucose. (B) Subsequently, yeast cells are spread onto a solid non-fermentable medium like glycerol, on which they grow very poorly. (C) Small sterile filters are deposited on the surface of solid medium and (D) spotted with compounds from a chemical library; the plate is then incubated for several days. (E) After incubation, active drugs that restore mitochondrial function in the yeast disease model lead to the appearance of a halo of enhanced growth around the corresponding filters [1]. ..................................................... 50
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 8247834896495051525354555657 Figure 47. Topological location of the aS148 residue of a-subunit of human ATP synthase in the inner mitochondrial membrane [16]. (A) Alignment of a-subunits from mitochondrial and bacterial origins. The m.8969G>A mutation leads to the replacement with asparagine of the evolutionary conserved serine at position 148 of the human a-subunit. (B) and (C) Structural homology model of human c8-ring (PDB # 2XND) in complex with four helical segments of the a-subunit (aMH2-5), coloured from blue (N-Term) to red (C-Term) viewed from the matrix (B) and from the membrane plane (C). The side chain of aS148 residue is shown as sticks, the cE58 and aR159 are as spheres. The arrowed line indicates the pathway for protons during ATP synthesis. Protons enter and exit the c-ring/a-subunit through hydrophilic clefts in the membrane represented by the grey areas surrounded by dashed lines [281]. .................. 83 Figure 48. Respiratory growth of WT and atp6-L242P mutants (A), Freshly grown cells of wild type yeast (MR6) and the atp6 mutants were serially diluted and 5 µl of each dilution were spotted onto rich glucose, rich glycerol and rich glycerol + oligomycin. The plates were incubated at 28 ℃ and photographed after the indicated number of days. ATP synthase and complex IV in the mutant atp6-L242P and WT (B, C). B: BN-PAGE analysis of mitochondrial protein digitoninextracts (50 mg of protein). The proteins were, as indicated, stained in-gel by Coomassie brilliant blue and their ATPase activity, and by Western blot with antibodies against Atp6p and Cox2p. C: SDS-PAGE of total mitochondrial proteins (20 mg). After migration the proteins were transferred to a nitrocellulose membrane and probed with antibodies against porin and Atp6p. In vivo labeling of mitochondrial translation products (D). Proteins encoded by mtDNA were labeled in whole cells from wild type and strains bearing atp6-L242P mutations with [35S] -(methionine + cysteine) for 20 min in the presence of cycloheximide to inhibit cytosolic protein synthesis. After the labeling reactions, total protein extracts were prepared from the cells (0.2 OD at 650 nm) and separated by SDS-PAGE on a 16.5% polyacrylamide gel (left). For a better resolution of Cox3p and Atp6p, a 12% polyacrylamide gel containing 6 M urea was used (right). The gels were dried and analyzed with a PhosphorImager. Respiration and ATP synthesis rate in WT and atp6-L242P strains (E). ATPdriven energization of mitochondria (F). Energization of the mitochondrial inner membrane in intact mitochondria from wild type and atp6-L242P mutants grown in rich galactose at 28℃ was monitored by Rhodamine 123 (Rh-123) fluorescence quenching. The additions were 0.5 mg/ml Rhodamine 123, 0.15 mg/ml mitochondrial proteins (Mito), 10 ml of ethanol (EtOH), 0.2 mM potassium cyanide (KCN), 1 mM ATP, 6 mg/ml oligomycin (oligo) and 3 mM CCCP [239]. ............................................................................................................................... 96 Figure 49. Topology location (A) and sequence alignment of ATP6 from a selected range of species (B) and influence of L173R mutation on yeast mitochondrial respiratory growth (C), the rate of
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Table 1 .

 1 Yeast model of ATP6 pathogenic mutations (from our lab).

		Protein	Protein			ATP synthase					
	mtDNA			Disease				Oxygen		Mitochondrial	
	mutation	mutation in human	mutation in yeast	syndrome	ATP synthesis	(Oligo sensitive) ATPase activity	Assembly	consumption	Respiratory complex	morphology	Reference
				NARP/MILS					30% Complex IV of WT, 84%		
	T8993G	L156R	L173R		90% decreased	77 vs. 85%	correctly assembled	20% of WT		Normal	[14]
				syndrome					ATP6 of WT		
									40%-50% decreased Complex		
				NARP/MILS	40%-50%						
	T8993C	L156P	L173P			40% vs. 85%	30%-40% lack	58% of WT	IV activity, 30-40% decreased	Not mention	[238]
				syndrome	decreased						
									ATP6		
									complex IV activity was		
				NARP/MILS	>90%					Profoundly	
	T9176G	L217R	L237R			10% vs. 80%	unassembled	<10% of WT	extremely low, complex III was		[13]
				syndrome	deceased					altered	
									less affected, lost ATP6		
				NARP/MILS					30% decreased Complex IV		
	T9176C	L217P	L237P		30% decreased	60% vs. 85%	fully assembled	70% of WT		Not mention	[11]
				syndrome					activity		
									partial deficit in III2IV2;		
										Aberrant at	
	T8851C	W109R	W126R	BSLC syndrome	60% decreased	50% vs. 85%	fully assembled	57% of WT	cytochrome b and cox2 were		[226]
										36℃	
									much less affected		
				mild, reversible							
	T9185C	L220P	S240P		30% decreased	85% vs. 88%	fully assembled	86% of WT	normal expression of ATP6	Not mention	[239]
				CMT							
									barely detected ATP6,		
	T9191C	L222P	L242P	severe LS	95% decreased	20% vs. 88%	unassembled	20% of WT		Not mention	[239]
									decreased Cox2		
						partially	partially				
	G8969A	S148N	S165N	IgA nephropathy	90% decreased			10% of WT	decreased ATP6	Abnormal	[16]
						compromised	compromised				

  The Bcs1 protein belongs to the large and evolutionary conserved AAAprotein family (ATPase Associated with diverse Activities) that are characterized by the presence of a typical AAA region involved in ATP binding and hydrolysis. It is required to incorporate the Rieske iron and thereby enable the mutated Bcs1 protein to recover a sufficient ATP hydrolytic activity[245]. These findings suggest that in addition to its chaperone function, Bcs1 acts as a sensor of the cell metabolic state to adjust the rate of CIII biogenesis and identified the intra-mitochondrial pool of adenine nucleotides as a potential target for improving the condition of patients suffering from defects in Bcs1 and possibly in other AAA-proteins involved in mitochondrial biogenesis (such as m-AAA).

	Unexpectedly partial genetic inactivation of cytosolic translation was shown to rescue yeast models
	of diseases induced by mutations in ANT1 (adenine nucleotide transporter) such as adPEO (autosomal
	dominant progressive external ophthalmoplegia) [248]. It was argued that these mutations lead to a
	general cellular protein stress due to a reduced capacity of the mitochondria to import nDNA-encoded
	proteins. Decreasing cytosolic protein synthesis was also shown to rescue a yeast model of the BARTH
	syndrome, which is a disease caused by defects in the remodeling a key phospholipid (cardiolipin) with
	multiple roles in mitochondria [249].

sulfur protein (Rip1) into CIII

[246, 247]

. Mutations that reduce the ATP hydrolytic activity of CV while maintaining a sufficient level of ATP synthesis were shown to rescue mutations in the AAA region of BCS1

[245]

. By reducing the ATP hydrolysis of CV, the suppressors increase the organellar concentration of ATP As a last example, yeast genetic suppressors have uncovered potential intervention points for diseases caused by a decreased mtDNA content like nutrient-responsive signaling pathways

[250, 251]

,

Table 2 .

 2 Genotype and source of yeast strains.

	Strain	Nuclear genotype	mtDNA	Source
	DFS160	MATα leu2∆ ura3-52 ade2-101 arg8::URA3 kar1-1	r 0	[261]
	NB40-3C	MATα lys2 leu2-3,112 ura3-52 his3∆HinDIII arg8::hisG	r + COX2-62	[261]
	MR6	MATa ade2-1 his3-11,15 trp1-1 leu2-3,112 ura3-1 CAN1 arg8::HIS3	r +	[262]
	MR10	MATa ade2-1 his3-11,15 trp1-1 leu2-3,112 ura3-1 CAN1 arg8::HIS3	r + ATP6::ARG8m	[262]
	XS1	MATα leu2∆ ura3-52 ade2-101 arg8::URA3 kar1-1	r -ATP6-W234F	This study
	XS2	MATα leu2∆ ura3-52 ade2-101 arg8::URA3 kar1-1	r -ATP6-W234L	This study
	W234F	MATa ade2-1 his3-11,15 trp1-1 leu2-3,112 ura3-1 CAN1 arg8::HIS3	r + ATP6-W234F	This study
	W234L	MATa ade2-1 his3-11,15 trp1-1 leu2-3,112 ura3-1 CAN1 arg8::HIS3	r + ATP6-W234L	This study
	Rky66	MATa ade2-1 his3-11,15 trp1-1 leu2-3,112 ura3-1 CAN1 arg8::HIS3	r + ATP6-L242P	[239]
	RRky66/1	Revertant isolated from Rky66	r + ATP6-L242S	This study
	RRky66/2	Revertant isolated from Rky66	r + ATP6-L242T	This study
	RRky66/3	Revertant isolated from Rky66	r + ATP6-L242T	This study
	MR14	MATa ade2-1 his3-11,15 trp1-1 leu2-3,112 ura3-1 CAN1 arg8::HIS3	r + ATP6-L173R	[14]
	KL14-4A	MATa his1 trp2	r +	[263]
	SDC31	MATα ade2-101 ura3-52 leu2∆ arg8::URA3 kar1-1	r -ATP6-L173R	[14]
	MR11	MATα/a ade2-101/+ ura3-52/+ leu2∆/+ arg8::URA3/+ kar1-1/+his1/ +trp2/+	r +	This study
	MR12	MATα/a ade2-101/+ ura3-52/+ leu2∆/+ arg8::URA3/+ kar1-1/+his1/+ trp2/+	r + ATP6-L173R	This study
	RMR12/1	Revertant isolated from MR12	r + ATP6-L173M	This study
	RMR12/6	Revertant isolated from MR12	r + ATP6-L173K	This study
	RMR12/11	Revertant isolated from MR12	r + ATP6-L173S	This study
	RMR12/8	Revertant isolated from MR12	r + ATP6-L173R+R169S	This study
	RMR12/13	Revertant isolated from MR12	r + ATP6-L173R+A170P	This study
	RMR12/20	Revertant isolated from MR12	r + ATP6-L173R+A170G	This study
	RMR12/5	Revertant isolated from MR12	r + ATP6-L173R+I216S	This study
	RMR14/4	Revertant isolated from MR14	r + ATP6-L173W	This study
	RMR14/6	Revertant isolated from MR14	r + ATP6-L173K	This study
	RMR14/12	Revertant isolated from MR14	r + ATP6-L173M	This study
	RMR14/48	Revertant isolated from MR14	r + ATP6-L173R+R169M	This study
	RKY109	MATα leu2∆ ura3-52 ade2-101 arg8::URA3 kar1-1	r -ATP6-F145S	This study
	RKY108	MATa ade2-1 his3-11,15 trp1-1 leu2-3,112 ura3-1 CAN1 arg8::HIS3	r + ATP6-F145S	This study
	RKY104	MATα leu2∆ ura3-52 ade2-101 arg8::URA3 kar1-1	r -ATP6-S165N	[16]
	RKY105	MATa ade2-1 his3-11,15 trp1-1 leu2-3,112 ura3-1 CAN1 arg8::HIS3	r + ATP6-S165N	[16]

Table 3 .

 3 Plasmids used or created in this work

				Restriction sites used			
		Marker				Original		
	Plasmid		Origin of replication	for construction		Insert	Source
		gene				vector		
				5'	3'			
	pSDC9	AmpR	pUC (E. coli origin of replication)	EcoRI	BamHI	pUC19	ATP6 -C-terminal (360 bp)	[239]
	pSDC14	AmpR	pUC (E. coli origin of replication)	BamHI	EcoRI	pUC19	ATP6 -N-terminal-Cox2	[239]
	pODC1	URA3	pUC (E. coli origin of replication)	KpnI	SphI	pLL16	ODC1	[241]
	pYEP351	LEU2	pUC (E. coli origin of replication)	HpaI	BsrGI	pUC19	LEU2	[219]
	pXS1	AmpR	pUC (E. coli origin of replication)	BamHI	EcoRI	pUC19	ATP6-W234F	This study
	pXS2	AmpR	pUC (E. coli origin of replication)	BamHI	EcoRI	pUC19	ATP6-W234L	This study
	pRK66	AmpR	pUC (E. coli origin of replication)	BamHI	EcoRI	pUC19	ATP6-F145S	This study

Table 4 .

 4 The sequence of used primers in this study.

	Gene

Table 5 .

 5 The media used to culture yeast strains.

	Media	Recipe
	YPGA	1% Bacto yeast extract, 2% Bacto Peptone, 2% or 10% Glucose, 60 mg/l Adenine
	YPGalA	1% Bacto yeast extract, 2% Bacto Peptone, 2% Galactose, 60 mg/l Adenine
	YPGlyA	1% Bacto yeast extract, 2% Bacto Peptone, 2% Glycerol, 60 mg/l Adenine
	CSM-Ura	

2% Glucose, 1.67 g Yeast Nitrogen Base, 5 g Ammonium sulfate, 770 mg/l CSM-Ura, 60 mg/l Adenine Biol2 5% Glucose, 0.17% Yeast nitrogen base, 0.5%Amonium sulfate, 0.79 g CSM-Leu, 1 M Sorbitol, 40 mg/l Adenine * Solid media were obtained by adding 2% Bacto Agar (Difco, Becton Dickinson)

Table 6 .

 6 Cycling parameters for the QuikChange XL method

	Segment Cycles Temperature	Time
	1	1	95℃	1 minute
			95℃	50 seconds
	2	18	60℃	50 seconds
			68℃	1 minute/kb of plasmid length (7 minutes)
	3	1	68℃	7 minutes

  3 minutes at RT. Pellet was completely resuspended in 250 μl Buffer P1 and transferred to a new tube. Buffer P2 (250 μl) was added and tube was mixed by inverting the tube 10-12 times until the solution turned completely blue. Solution was incubated not to exceed 5 minutes and 350 μl of Buffer N3 was added. Solution was mixed immediately and thoroughly by inverting the tube 10-12 times until the solution turns colorless. Mixture was then centrifuged for 10 minutes. Supernatant was placed in the center of the QIAprep spin column and column was centrifuged for 60 seconds and washed by adding 500 μl of Buffer PB. After

centrifugation, spin column was washed by adding 750 μl of Buffer PE. At the end, DNA was eluted in 30 μl of sterile water.

Cellular biology techniques 2.4.1 xCelligence real time cellular proliferation measurements on mammalian cells

  

	2.4 Experiments were carried out using the xCELLigence RTCA DP instrument (ACEA Biosciences,
	Ozyme, France) placed in a humidified incubator at 37°C and 5% CO2. Cell proliferation and cytotoxicity
	experiments were performed using 16-well plates (E-plate, Ozyme). Before harvesting cells, the medium
	was replaced by Dulbecco's Modified Eagle Medium (DMEM) without glucose (DMEM supplemented
	with 5% Fetal Bovine Serum (FBS) (Eurobio, CVFSV F00-01), 1 mM sodium pyruvate, 4 mM glutamine
	and 200 μM uridine) for 1 hour. Cells were harvested and flow cytometry was used to count the cells
	The primers to amplify and test their viability (FSC versus propidium iodide staining). Cells were plated in DMEM without
	ATP6 gene are ATP6.1 (Forward, from nucleotide position -100 upstream of the ATP6 start codon) glucose media with FBS, pyruvate and glutamine as a sole carbon source. 4,000 cells in 150 μl were
	5'TAATATACGGGGGTGGGTCCCTCAC, ATP6.8 (Reverse, from nucleotide position +743
	downstream of the ATP6 start codon) 5'CTGCATCTTTTAAATATGATGCTG and ATP6.2 (Forward,
	from nucleotide position +337 downstream of the ATP6 start codon) 5'GTATGATTCCATACTCATTTG,
	ATP6.10 (Reverse, from nucleotide position +218 downstream of the ATP6 stop codon)
	5'GGGCCGAACTCCGAAGGAGTAAG. The reaction was successively added as followed:
	H2O	33.5 μl	
	Buffer 10X	10 μl	
	dNTP (10 mM)	1 μl	
	Primer F 10 µM	2 μl	
	Primer R 10 µM	2 μl	
	Phusion	0.5 μl	
	DNA (500 ng)	1 μl	
	PCR program is performed as followed 35 cycles,		
	Initial denaturation	98°C	30 s
	Denaturation	98°C	10 s
	Annealing	58.8°C	30 s
	Extension	72°C	30 s
	Final extension	72°C	5 min
	Hold	4°C	1 s

added in each well and the impedance value of each well was automatically monitored by the xCELLigence system and expressed as a Cell Index value (CI). After 24 hours of growth, 50 μl of the same glucose-deprived DMEM was added supplemented with Carbonyl Cyanide m-Chlorophenylhydrazone (CCCP) or ethanol (negative control) at the indicated concentration. For proliferation assays, the cells were incubated during 120 hours for toxicity in growth medium and CI was monitored every 30 minutes during the whole duration of the experiment. CCCP solutions in ethanol were diluted 1:2,000 in the medium and used at final concentrations from 33 nM to 10 μM. Two replicates of each conditions were used in each test. Experiments were done four times per condition.

Table 7 .

 7 Mitochondrial respiration and ATP synthesis

  is highly conserved except that Complex I is replaced by a non-proton-translocating NADH dehydrogenase (Ndi1p) at the inner side of the IMM and two NADH dehydrogenases (Nde1p, Nde2p) on the external side of the IMM [1]. ................................................................................................................................... 15 The proportion of mutant mtDNA molecules depends on the penetrance and severity of expression. ..................................................................................................... 16 Figure 11. Mitochondrial electron transport chain and TCA/Krebs cycle. Electrons are transferred from Complex I-IV (CI-CIV), which is coupled with protons translocation across the inner membrane from the matrix to the intermembrane space. Then protons travel back to the matrix via ATP synthase (CV), which drives ATP synthesis from ADP and inorganic phosphate by ATP synthase. Complex II succinate dehydrogenase is one essential step of the Krebs cycle. Succinate is converted into fumarate, which is coupled with the conversion of FAD to FADH2 [70]. ...................................................................................................... 17 The structure of succinate dehydrogenase (SDH) in human. SDHA and SDHB as catalytic domain of SDH are extrinsic on the matrix; SDHC and SDHD combine, embedded in the IMM. This enzyme integrates oxidative phosphorylation with TCA cycle. SDHA and SDHB oxidize succinate into fumarate in the TCA cycle, coupled with the electron transfer to ubiquinone and complex III [74]. ...................................................................................... 20 eventually reducing the soluble carrier cytochrome c. The other delivered electron through heme bL and heme bH in Cytb and reach the Qi site, reducing 1/2 UQH2. The generated protons are released into the intermembrane space. Catalytic subunits are shown in the same colors as in panel B. Q0 site and Qi site are shown in green [79]. .................. 21 Figure 16. The structure of mitochondrial cytochrome c oxidase with redox metal cofactors. A. Highresolution structures of cytochrome c oxidase from bovine heart mitochondria. COX1 is colored in blue, COX2 in red and COX3 in pink. The nuclear-encoded COX subunits are indicated in light green. B. The redox-active metal centers. A covalent bond between Tyr-371 and His-378 is present but not shown in this structure. Detailed explanations of the structure are in the text [81]. ............................................................................................ 22 The role of PiC and ANT during the process of mitochondrial ATP synthesis. Inorganic phosphate (Pi) is imported by PiC. F1FO-ATP synthase generates ATP from Pi and ADP. ATP is exchanged with ADP by ANT across the IMM. Respiratory chain (RC) generates the proton gradient (∆#) to drive the whole reaction. CCCP is as an artificial proton uncoupling agent that collapses the ∆#. In the presence of CCCP, the RC is maximally stimulated, but no ATP is produced [90]. .............................................................................................................. 25 Figure 20. The structure of ATP synthase in human and S. cerevisiae [97]. The subunits of ATP synthase are highly conserved between human and S. cerevisiae except that supernumerary subunit F6, DAPIT and 6.8PL in human ATP synthase are replaced by subunit h, k, i/j in S. cerevisiae ATP synthase. ................................................................................................................. 26 Atoms of C, N, O, P, and Mg are colored yellow, blue, red, orange, and magenta, respectively. Mg•ATP [•3H2O] binds to all the subunit α sites and Mg•ADP [•4H2O] in βDP and βTP. The βE site is empty. ............................................................................. 27

	Figure 10. Mitochondrial homoplasmy and heteroplasmy [67]. Cells from maternal lineage can be
	randomly distributed among daughter cells. A single cell may receive a uniform population
	of mtDNA (homoplasmy) or a mixture of mutant and wild-type populations of mtDNA
	Figure 17. Roles of Saccharomyces cerevisiae MCs and human MCs. Processes are indicated in red whereas enzymes are abbreviated in green: ALS, acetolactate synthase; OGDH, 2-oxoglutarate dehydrogenase; PDH, pyruvate dehydrogenase. Abbreviations of compounds: α-IPM, α-isopropylmalate; APS, adenosine 5′-phosphosulfate; EtOH, ethanol; GSH, glutathione; OAA, oxaloacetate; Orn, ornithine; Py(d)NMPs, pyrimidine (deoxy-)nucleoside monophosphates; Py(d)NTPs, pyrimidine (deoxy-)nucleoside triphosphates; SAM, S-(heteroplasmy). Figure 13. Architecture of eukaryotic Complex I depicting distinct 45 subunits. S1 represents NDUFS1; adenosylmethionine; SAHC, S-adenosylhomocysteine; ThMP, thiamine monophosphate;
	NDUFA12 is abbreviated to A12, etc. NDUFS6 containing Zn 2+ and NDUFA9 containing
	NADPH act as redox sensors for the complex. The nuclear-encoded core subunits,
	mitochondria-encoded subunits and accessory subunits indicated brown, blue and pink,
	Figure 15. Structure and catalytic function of bc1 complex in mammal and yeast. A. Structural models
	of the dimeric bc1 complex containing 11 different subunits from mammal mitochondria [77].

). Produced ATP is exchanged with cytosolic ADP by the ADP/ATP translocase (ANT) to support all the cellular activities and to maintain the capacity of mitochondrial ADP phosphorylation. The OXPHOS system of S. cerevisiae (bottom) Figure

12

. The breakdown pathway of carbohydrates, fats and proteins. A. The molecules of glucose, glycerol, fatty acids and amino acids could catabolize to pyruvate and acetyl-CoA or directly into TCA cycle to further oxidize and produce ATP through the process of glycolysis or ADP substrate-level phosphorylation in TCA cycle or final oxidative phosphorylation. The figure is adapted from the website: https://slideplayer.com/slide/8184088/. B. Roughly, from 1 molecule of glucose, 2 ATP molecules can be generated by glycolysis and Krebs cycle and 34 ATP by the oxidative phosphorylation. The figure is adapted from the website: https://www.quora.com/How-many-ATP-molecules-are-produced-during-aerobic-respiration. ....................................................................................................................................... 18 respectively [71]. ............................................................................................................. 19 Figure 14. B. Crystal structure of bc1 complex (PDB 3CX5) in yeast. Cytb is depicted in red; Cytc1 in orange and Rip1 in yellow; cytochrome c is colored in pink. C. The pathway of Q cycle in bc1 complex. Reduced Ubiquinone (UQH2) transports the one electron at Q0 site to cytochrome c; this electron goes through the redox centers consisting of Rip1 (2Fe-2S) and Cytc1 (heme c1), ThPP, thiamine pyrophosphate. GDH, glutamate dehydrogenase; OADH, 2-oxoadipate dehydrogenase. Abbreviations of compounds: AXP, adenine nucleotides; CSA, cysteinesulfinate; HO-Lys, hydroxylysine; PAP, adenosine 3′,5′-diphosphate; Arrows with dashed lines indicate several steps [85]. .......................................................................... 23 Figure 18. The role of the mitochondrial oxodicarboxylate carrier in lysine biosynthesis in S. cerevisiae. 2-oxoadipate and 2-oxoglutarate are exchanged between the matrix and cytoplasm via ODC. 2-oxoglutarate as an essential intermediate participates in the process of TCA cycle, thereby transformed into 2-oxoadipate which is exported into the cytoplasm. The latter is involved in the lysine and glutamate biosynthesis. The dashed lines indicate the entry of nitrogen into the glutamate molecule [88]. ............................................................................................ 24 Figure 19.

Figure 21. Nucleotide Binding Sites in Yarrowia lipolytica F1 head [100]. Cross section of F1 structure shows the six nucleotide binding sites at subunit α and subunit β interfaces viewed from the matrix. Subunits α are indicated in dark gray and dark green; Subunits β are indicated in light gray and light green; they are together arranged around the central γ subunit that are indicated in blue.

  ....................................................................................................... 31 Figure 27. Assembly pathway of yeast ATP synthase (see text for explanations)............................... 33 Deficient-respiratory chain prevents the conversion of succinate into oxaloacetate in the process of TCA cycle. However, the TCA cycle can be sustained by citrate produced in the glyoxylate cycle, which requires acetyl-CoA as a sole source. This cooperation between the glyoxylate cycle and the TCA cycle allows glutamate synthesis which supplies for other essential biosynthesis. The TCA cycle can also be fueled by oxaloacetate which is converted from pyruvate. Then, oxaloacetate and acetyl-CoA, from glyoxylate cycle or the conversion of acetate, are required to synthesize citrate. Oxaloacetate can also be a substrate for CIT2, peroxisomal citrate synthase. ............................................................................. 34 Figure 29. Regulation of the UPR mt in C. elegans and mammals [154]. A. In C. elegans, the MTS mediates the translocation of ATFS-1 to mitochondria in which it is degraded by the protease Lon under physiological conditions. While mitochondrial stress contributes to the decline of mitochondrial import efficiency, ATFS-1 accumulate in the cytosol and is subsequently imported into the nucleus via NLS. ATFS-1 launches a multiple transcriptional response to recover mitochondrial function. In addition to the bZIP transcription factor ATFS-1, many UPR mt regulators have been found like the mitochondrial matrix protease CLPP, the ubiquitin-like protein UBL-5, the transcription factor DVE-1, and the mitochondrial ABC More than 300 genes in patients associated with human mitochondrial disorders are herein sorted according to function [170]. 36 mitochondrial genes and 295 nuclear-encoded genes have been associated to mitochondrial diseases. About 150 new genes involved in mitochondrial disease have been identified since the implementation of next generation sequencing (NGS) in 2010............................................................................................... 39

	gluconeogenesis and aspartate synthesis. Retrograde response targets genes that are
	indicated in red. ACS1, acetyl-coenzyme A synthetase; PYC1, pyruvate carboxylase; CIT1,
	mitochondrial citrate synthase; ACO1, aconitase; IDH1/2, isocitrate dehydrogenases 1 and
	2;

Figure 28. The retrograde response primary allows the production of biosynthetic intermediates [150]. transporter HAF-1. B. In mammal, the UPR mt system elicits when the disruption of mitochondrial protein quality control occurs in the nucleus by the C/EBP transcription factor CHOP and the bZIP transcription factor ATF5. ATF5 is a conserved mammalian homolog of ATFS-1. ........................................................................................................................... 35 Figure 30. Scheme of proteostasis communication between mitochondria and cytosol in yeast. Altered mitochondria indicated with the red lightning bolt can disrupt cytosolic proteostasis via mitochondrial precursor overaccumulation stress (mPOS), which triggers the unfolded protein response activated by mistargeting of proteins (UPR am ) to ameliorate the dyshomeostasis of cytosolic protein. Generally, mitochondria without stress can benefit cytosolic proteostasis via enhancing in ATP content, reducing ROS production and regulating the Mitochondria As Guardian In Cytosol (MAGIC) pathway. Beneficial and detrimental interactions are indicated by blue and red lines, respectively [163]. ................ 36 Figure 31. Schematic picture indicating the clinical features and the organs affected in mitochondrial disorders [169]................................................................................................................. 37 Figure 32.
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J'ai utilisé la levure pour étudier le variant m.9166T>C du gène ATP6 rapporté comme pathogène sur la base d'analyses in silico[START_REF] Bacalhau | In silico analysis for predicting pathogenicity of five unclassified mitochondrial DNA mutations associated with mitochondrial cytopathies' phenotypes[END_REF] et d'investigations expérimentales en patients[START_REF] Zereg | Single-fiber studies for assigning pathogenicity of eight mitochondrial DNA variants associated with mitochondrial diseases[END_REF]. Cette mutation convertit un résidu phénylalanine (F) bien conservé en leucine (L) en position 214 de la sous-unité a humaine. Chez la levure S. cerevisiae ce résidu F est remplacé par un résidu tryptophane (W). J'ai donc construit deux souches mutantes, l'une avec F234 (protéine de levure « humanisée ») et l'autre avec L234 (pour mimer la protéine mutante chez les patients). Les deux mutations (W234F et W234L) conduisent à un déficit substantiel (50%) de phosphoralyation oxydative, en raison d'un ralentissement du fonctionnement de l'ATP synthase (W234F) ou d'un défaut dans son assemblage/stabilité (W234L). Il est diffcile à partir de ces données de conclure quant aux effets du variant m.9166T>C sur l'ATP synthase humaine. Toutefois mes travaux soutiennent son caractère pathogène comme avancé récemment[START_REF] Zereg | Single-fiber studies for assigning pathogenicity of eight mitochondrial DNA variants associated with mitochondrial diseases[END_REF].En effet, les défauts observés chez la levure avec les mutations W234F et W234L suggèrent que cette position de la sous-unité a est très contrainte en termes d'assemblage et de fonctionnement de l'ATP synthase. De plus des analyses structurales montrent que le variant m.9166T>C affecte une région critique de la sous-unité a essentielle pour l'étanchéité aux protons entre les deux semi-canaux à protons du domaine FO.

Figure 55. Molecular basis of the pathogenicity of mitochondrial ATP6 gene mutations identified in patients. This figure shows the regions of subunits a and c relevant to my studies on five ATP6 mutations found in patients. The strictly conserved amino acids are underlined. Residue side chains colored in green on a pale green background form a hydrophobic barrier between the two hydrophilic clefts. The entry and exit gates for protons to and from the c-ring are encircled and their routes within the two half-channels of subunit a are depicted by the blue and purple arrowhead lines. The yeast residues corresponding to those of the human subunit a that are targeted by the ATP6 mutations are in bold: F145 (m.8909T>C), S165 (m.8969G>A), L173 (m.8993T>G), W234 (m.9166T>C) and L242 (m.9191T>C). See text for explanations.
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GOALS OF THE WORK 2.4.4 Freezing and freeze substitution for ultrastructural analyses of yeast cells

Yeast cells were grown to early exponential phase (10 7 cells/ml). The yeast pellets were placed on the surface of a copper EM grid (400 mesh) coated with formvar. Each loop was very quickly submersed in pre-cooled liquid propane and held at -180°C with liquid nitrogen. The loops were then transferred to a pre-cooled solution of 4% osmium tetroxide in dry acetone in a 1.8 ml polypropylene vial and kept at -82°C for 48 hours (substitution fixation), warmed gradually to room temperature, and washed three times in dry acetone. Specimens were stained for 1 hour with 1% uranyl acetate in acetone at 4°C in a dark-room. Following another rinse in dry acetone, the loops were progressively infiltrated with araldite (epoxy resin, Fluka). Ultrathin sections were contrasted with lead citrate. Images were taken at the electron microscopy unit of Bordeaux, France (Bordeaux Imaging Center).

Biochemistry techniques

Isolation of mitochondria from yeast cells

Mitochondria were prepared by enzymatic method [268]. During the process, zymolyase initially digests the cell wall. After mechanic disruption of cells and differential centrifugations, enriched mitochondria can be obtained. Yeast cells were cultured in 1 L YPGalA with shaking at 180 rpm overnight.

When the yeast growth reached exponential phase (OD 600 nm between 2 and 4), cells were centrifuged for 10 minutes at 5,000 rpm. After centrifugation, cells were washed with sterile water (4°C). The pellet was re-suspended in SH solution (0.1 M Tris, 0.5 M β-mercaptoethanol, pH 9.3; 20 ml/g of dry yeast).

Dried yeast was calculated as following: dry quantity (g) = 0.28 × OD600 /ml × Volume (culture) (L). Yeasts were incubated for 10 minutes at 32°C in order to disrupt the disulfide bonds of proteins with βmercaptoethanol and thus creating little holes in the cell wall. The mixture was completed with the washing osmotic buffer (0.5 M Potassium Chloride (KCl), 10 mM Tris, pH 7) and centrifuged for 5 minutes at 5,000 rpm. This step was repeated twice in order to remove residual β-mercaptoethanol that could prevent further digestion by zymolyase. The obtained pellet was re-suspended in the digestion buffer (1.35 M sorbitol, 1 mM Ethylene glycol tetraacetic acid (EGTA), 10 mM citric acid, 30 mM disodium phosphate, pH 5.8) containing zymolyase (15 mg/g of dry yeast). The volume of digestion buffer is 10 times the dry quantity of yeast. Cells were digested at 32°C for 20 minutes. This step can be followed under the microscope by diluting 4 μl of the digested yeast cells with 16 μl of sterile water. In the absence of the cell wall, protoplasts break due to osmotic shock in the presence of water.

Once the digestion is done, protoplast washing buffer (0.75 M sorbitol, 0.4 M mannitol, 10 mM Tris/maleate, 0.1% (m/v) Bovine Serum Albumine (BSA), pH 6.8) was added to the cell suspension and centrifuged for 5 minutes at 8,000 rpm. Protoplasts were washed twice by delicately re-suspending the suspension by using a glass potter (3 times) and centrifuged for 5 minutes at 8,000 rpm. Subsequently, protoplasts were re-suspended in a homogenization buffer (0.6 M mannitol, 2 mM EGTA, 10 mM 
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