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RESUME

Les mitochondries possédent leur propre matériel génétique (ADN mitochondrial
ou ADNmt) qui code pour des peptides interagissant avec ceux codés par 'ADN
nucléaire pour former les complexes du systeme de transport des électrons (ETS)
ainsi que I'ATP synthase qui participent au processus de phosphorylation oxydative
(OXPHOS). Il a été suggéré que la sélection sur TADNmt peut mener a des
haplotypes adaptés a différents environnements. Dans cette thése, Drosophila
simulans a été choisie pour examiner le potentiel adaptatif des divergences de 'ADN
mitochondrial. Cette espéce présente trois haplogroupes (s, sill et silll) subdivisés
avec approximativement 3% de divergences inter-haplogroupes mais n'ayant
aucune subdivision nucléaire observée au niveau des loci codés par I'ADN
nucléaire. Le principal objectif de ce travail était d’examiner le réle de I'ADN
mitochondrial sur ['établissement de caracteres phénotypiques tel que le
métabolisme mitochondrial des haplotypes sill et silll de Drosophila simulans et de
déterminer le potentiel adaptatif des divergences du génome mitochondrial sur les
propiétés fonctionnelles des mitochondries en fonction des variations de
température.

Le premier objectif était d’identifier les différences au niveau des performances
mitochondriales et de la thermosensibilité associées a la divergence des mitotypes
sill et silll de Drosophila simulans en évaluant I'activité des différentes enzymes de
'ETS a quatre températures différentes grace a une approche in vitro (isolations
mitochondriales). Nous avons montré que les différentes enzymes de I'ETS ont
différentes thermosensibilités, ce qui peut mener a une distribution différente du
contréle de la respiration par les composantes de 'ETS et par les déshydrogénases
en amont de 'ETS a différentes températures. Par exemple, nous avons détecté un
exces apparent au niveau du complexe |V d’environ 604% et 613% pour sil et silll
respectivement, mais seulement a basse température (12°C), ce qui nous a amené
a penser que cela était di a un dysfonctionnement des déshydrogénases a basse
température.

Le second volet de cette thése reprenait les mémes objectifs que le premier.
Cependant, pour ce chapitre, une nouvelle méthode (approche in situ) a été
développée sur des fibres musculaires perméabilisées en utilisant un protocole en
respirométrie a haute résolution. Nous avons montré, et ce pour la premiere fois,
que lapproche in situ est trés appropriée pour évaluer les performances
mitochondriales chez des invertébrés et serait méme plus pertinente que I'approche
in vitro. De plus hautes capacités catalytiques des complexes de I'ETS ont été
détectées a 24°C pour le mitotype sill. Cette capacité catalytique plus élevée pour
sill peut lui donner un avantage en termes d'intensité du métabolisme aérobie,
d’'endurance, ou des deux si l'intensité de I'exercice qui peut étre effectué au niveau
aérobique est dictée par la capacité aérobique du tissu. De plus, les résultats
obtenus sur la thermosensibilité ont montré que méme si la température affecte les



XVi

capacités catalytiques des différentes enzymes de I'ETS, les mitotypes sill et silll ont
une grande tolérance aux variations de température.

Le troisiéme volet de cette thése se concentrait sur I'évaluation du potentiel
adaptatif des divergences de TADNmt aux quatre températures déja testées dans les
chapitres précédents en utilisant des introgressions. Les performances
mitochondriales des haplotypes ainsi créés (sil-introgressé et silll-contréle) ont
ensuite été mesurée avec l'approche in situ. Nos résultats ont montré que les
capacités catalytiques des différentes enzymes de I'ETS dans les organismes
introgressés (sill-introgressé) étaient quasiment similaires a celles détectées dans le
mitotype sill, du moins a 24°C. De plus, les différences entre sill et silll détectées a
24°C dans le second volet se retrouvent aussi entre sill-introgressé et silll-contréle,
dénotant que les propriétés fonctionnelles des mitochondries sont principalement
conférées par 'ADN mitochondrial. Cependant, I'impact de la température divergeait
entre sill-introgressé et silll-contréle, principalement au niveau de I'excés apparent
de COX a 12°C (excés d’environ 193% pour silll-contréle, mais pas d’exces pour
sill-introgressé) et au niveau des coefficients de température (Q4,) mesurés entre 12
et 18°C. Il est donc possible que les interactions entre ADN nucléaire et ADN
mitochondrial soient nécessaires pour permettre aux organismes de faire face aux
variations de température. C'est, selon nos connaissances, l'une des premiéres
démonstrations claires du potentiel adaptatif de différents ADNmt sur les propriétés
fonctionnelles des mitochondries.

Mots-clés: respiration mitochondriale, systéme de transport des électrons,
interactions mitonucléaires, ADNmt, température.



CHAPITRE | :INTRODUCTION GENERALE

Mitochondries et métabolisme aérobie

Les mitochondries sont des organites cellulaires essentiels pour la majorité des
métazoaires. Elles sont présentes dans le cytoplasme de presque toutes les cellules
eucaryotes et leur nombre, leur taille et leur localisation intracellulaire peuvent varier
d'une cellule a lautre. Chaque mitochondrie est entourée de deux membranes
hautement spécialisées et ayant des fonctions différentes. Ensemble, elles forment
deux compartiments mitochondriaux séparés : la matrice mitochondriale et I'espace
inter-membranaire (Fig. 1.1). Bien qu’elles soient impliquées dans de nombreux
mécanismes cellulaires, la fonction principale des mitochondries est la conversion
d’énergie a partir de la dégradation des nutriments, notamment sous forme
d’adénosine triphosphate (ATP) qui est le carburant essentiel a la majorité des
réactions endergoniques se produisant dans la cellule. La majeure partie des
réactions pour la production d’énergie se déroule au niveau de la matrice et de la
membrane interne des mitochondries par l'intermédiaire d’'un processus clé appelé
phosphorylation oxydative (OXPHOS). Ce mécanisme de transformation moléculaire
et de transfert d’énergie nécessite de I'oxygene et c’est pourquoi il s’inscrit dans ce
que I'on appelle la respiration aérobie. Le mécanisme d’'OXPHOS est accompli par
le systéme de transport des électrons (ETS) et le complexe de I'ATP synthase via
loxydation de différents substrats carbonés. L’ETS est composé de quatre
complexes enzymatiques localisés dans la membrane interne des mitochondries.
Ces complexes enzymatiques sont constitués de plusieurs sous-unités protéiques et
le transfert des électrons d’un complexe a l'autre tout au long de 'ETS permet la
formation d’'un gradient électrochimique (gradient de protons) qui, en laissant passer

les protons par le complexe de 'ATP synthase permet la production d’ATP.



Mitochondrie Membrane
: externe

Espace
intermembranaire

Figure 1.1 Coupe d’une mitochondrie (Tirée de Campbell, 1995).

Systeme de transport des électrons et convergence a la jonction Q

Les sources de carburant (essentiellement les glucides et les acides gras et
occasionnellement les acides aminés) assimilés par l'organisme sont d’abord
hydrolysées dans le cytoplasme puis les électrons sont transférés aux équivalents
réduits (NADH et FADH,) par l'intermédiaire du cycle de Krebs (glucides) ou de la B-
oxydation (acide gras). Ces équivalents réduits agissent comme donneurs
d’électrons qui sont par la suite transférés vers les quatre complexes enzymatiques
de 'ETS (Fig. 1.2).

Le complexe I, ou NADH-Coenzyme Q réductase est composé de plus de 40
peptides formant un domaine membranaire et un site de liaison au NADH s’étendant
dans la matrice mitochondriale (Wallace, 2007). Ce complexe transfére deux

électrons du NADH a l'ubiquinone (Q) permettant ainsi sa réduction en ubiquinol



(QH,). La molécule de QH, diffuse dans la bicouche lipidique et son accumulation
constitue la jonction Q (pool d'ubiquinone). Ce transfert d’électrons dans le complexe

| permettra 'expulsion de quatre protons par paire d’électron.

Le complexe Il, ou succinate-coenzyme Q réductase est quant a lui un
complexe enzymatique essentiellement constitué par la succinate déshydrogénase
ancrée du cb6té de la matrice, a la surface de la membrane interne de la
mitochondrie. La succinate déshydrogénase est aussi la seule enzyme a faire partie
a la fois de 'ETS et du cycle de Krebs. Elle catalyse I'oxydation du succinate en
fumarate au niveau du cycle de Krebs et reduit le FAD en FADH,, permettant ainsi le
transfert de deux électrons du FADH, a l'ubiquinone. L’ubiquinone ainsi réduite en

ubiquinol diffusera dans la membrane interne jusqu’a la jonction Q.

Les électrons ne sont pas transférés, comme on pourrait le penser, du complexe
| vers le complexe II. Les électrons peuvent en fait étre transférés du complexe | au
complexe Il ou alors du complexe Il au complexe Il via la jonction Q. Ce complexe,
aussi parfois appelé coenzyme Q-cytochrome c réductase ou complexe cytochrome
bc,, catalyse 'oxydation de [P'ubiquinol en ubiquinone et permet le transfert des
électrons au cytochrome c. Ainsi, le complexe Ill met en jeu un cycle appelé
communément le cycle Q grace a lintervention de deux centres de réaction pour
l'ubiquinone, le centre o et le centre i, situés dans la membrane interne de la
mitochondrie. Du c6té de ['espace intermembranaire, deux molécules de QH, sont
oxydés en Q par le centre 0. Chaque molécule de QH, donne un électron au
cytochrome ¢ du c6té de 'espace intermembranaire et un électron au centre i (via le
cytochrome b) du cété de la matrice mitochondriale, assurant ainsi la régénération
de la forme oxydée Q qui peut, par la suite, accepter de nouveaux électrons.
Chaque paire d’électrons transférée de l'ubiquinol au cytochrome permet ainsi le
pompage de quatre protons dans I'espace intermembranaire alors que deux protons

sont enlevés de la matrice mitochondriale.

Le complexe IV, ou cytochrome ¢ oxydase (COX) permet la derniere étape du

transport des électrons. Ce complexe accepte quatre électrons du cytochrome c et



les transfére au dernier accepteur de 'ETS, I'oxygene moléculaire (O,) qui est ainsi
réduit en eau. Pour les quatre électrons transférés a la COX, quatre protons sont

consommeés pour réduire O, en H,O.

Le passage de 2 électrons dans chacun des complexes de 'ETS permet ainsi le
transfert de 4 protons dans I'espace intermembranaire au niveau du complexe |, 4
protons au niveau du complexe lil et 2 protons au niveau du complexe IV. Un
gradient électrochimique est formé et, du fait de I'imperméabilité de la membrane
interne aux protons, ceux-ci reviennent dans la matrice mitochondriale par la sous-
unité Fy de I’ATP synthase. Ce passage de protons de P'espace intermembranaire
vers la matrice procure I'énergie nécessaire a la synthese d’ATP, catalysée par la
sous-unité F; (ATPase) de 'ATP synthase. L’ATP ainsi formé pourra étre transféré
dans le cytosol grace au systeme de transport ATP/ADP translocase (ANT : adénine

nucléotide transiocase) et pourra étre utilisé par les cellules.

Comme nous I'avons dit précédemment, les électrons passant par le complexe |
ou le complexe Il sont transférés a la jonction Q, qui ensuite les transportera
jusqu'au complexe Ill. Dautres substrats oxydés par des déshydrogénases
mitochondriales vont pouvoir transférer des électrons a la jonction Q sans passer par
le complexe | ou Il. Par exemple, dans la premiere étape de la B-oxydation,
I'acétylcoenzyme A (AcétylCoA) déshydrogénase transfere les électrons des acides
gras oxydés au FAD qui les transporte a une flavoprotéine (ETF : electron-
transferring flavoprotein). L'ETF apporte les électrons jusqu’a une enzyme, 'ETF

ubiquinone oxydoréductase, qui les transférera a son tour a la jonction Q.

De méme, le glycérol-3-phosphate (G3P) est oxydé par la glycérol-3-phosphate
déshydrogénase (G3Pdh) mitochondriale. Cette enzyme est une flavoprotéine
localisée sur la face externe de la membrane interne mitochondriale qui, comme la

succinate déshydrogénase, transfere les électrons jusqu’a la jonction Q.

[l est possible d’estimer le flux d’électrons dans 'ETS grace a 'évaluation de la
concentration du dernier accepteur du systeme, I'oxygéne moléculaire, en fonction

de loxydation des différents substrats énergétiques. En effet, les électrons



convergent vers cet accepteur ce qui permet sa réduction en deux molécules de
H,O. Cependant, pour étre totalement réduit, 'O, doit accepter 4 électrons. Il se
peut donc qu’il soit partiellement réduit, selon le nombre d’électrons. Cette réduction
partielle peut mener a la formation d’espéces réactives de I'oxygene (ROS : reactive
oxygen species) qui peuvent réagir avec des macromolécules, ce qui peut amener a

des conséquences dévastatrices pour les cellules.

—— Fluxdilectrons

———3» Protons

FADH, FAD

Espace intarmembranaire

Membrane inteme Complexal L Com plmq
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NADH | NAD h
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Figure 1.2 Convergence des électrons au niveau de la jonction Q. Des électrons en
provenance du Complexe |, du Complexe Il et de la Glycérol-3-phosphate
déshydrogénase mitochondriale convergent a la jonction Q. Les électrons sont
ensuite transférés séquentiellement au Complexe IIl, au Cytochrome ¢, au
Complexe IV et enfin a 'O,. Cela permet le transfert de protons (H*) de la matrice
vers I'espace intermembranaire par I'intermédiaire du Complexe I, du Complexe Il et
du Complexe V.

Les espéces réactives de 'oxygéne

Les especes réactives de l'oxygene (ROS) sont dérivées de l'oxygéne
moléculaire et sont largement impliqués dans les processus de vieillissement
(Harman, 1956; Beckman et Ames, 1998). Ces molécules sont considérées comme

des sous produits normaux du métabolisme aérobie et sont impliquées dans



plusieurs fonctions physiologiques importantes telles que Papoptose, le
développement, la prolifération cellulaire, les signaux de transduction et les fonctions
immunitaires (Boveris et Cadenas, 2000; Turrens, 2003) et peuvent altérer la
structure des constituants cellulaires. Il est dorénavant reconnu que les ROS sont
principalement produits par les mitochondries. Entre 0.1 et 4 % de 'oxygene utilisé
par ces dernieres serait détourne vers la production de ROS (Beckman et Ames, St-
Pierre et al., 2002; 1998; Miwa et al., 2003). lls sont plus précisément formes
majoritairement au niveau de 'ETS (Ballard, 2005). La réduction de I'oxygéne (en
tant qu’accepteur final de la chaine de transport des électrons) en eau nécessite
lapport de quatre électrons (Beckman et Ames, 1998). Or, des réductions a un seul

électron, produisant des anions superoxyde, peuvent aussi survenir. L’anion

superoxyde (O,") constitue le précurseur de la plupart des ROS et induit des
réactions oxydatives en chaine. La production de cet anion augmente en présence
d’inhibiteurs du complexe | (rotenone) et du complexe Il de 'ETS (antimycine A) et,
généralement, lorsque les composantes de cette chaine sont dans un état trés réduit
(Abele et al., 2002). La production de ROS pourrait aussi dépendre davantage du
gradient de protons que de la vitesse de transfert des électrons entre les complexes.
Ainsi, lorsque le gradient est élevé, les complexes ont plus de difficuités a transférer
les protons dans P'espace inter-membranaire, ralentissant ainsi le transfert (ce qui

augmente I'état réduit de chaque complexe). Dans ce cas, les électrons ont plus de

temps pour rencontrer une molécule d’oxygéne et créer un anion O, . Des protéines
découplantes qui permettent de diminuer le gradient de protons, sans
phosphorylation, peuvent assurer une diminution de la production de ROS (Brand et
al., 2004; Criscuolo et al., 2005).

La dismutation de 'O, , de fagon spontanée ou par lintermédiaire d’une
enzyme antioxydante (la superoxyde dismutase, SOD) a la fois du c6té de I'espace
intermembranaire (SOD exogene) et du c6té de la matrice mitochondriale
(Manganése-SOD, endogeéne), produit du peroxyde d’hydrogéne (H.O,) (Fig.1.3),
qui peut, a son tour, étre complétement réduit en eau par une autre enzyme

antioxydante (la catalase, CAT) ou alors partiellement réduit en radical hydroxyle



(OH), 'oxydant le plus puissant parmi ceux observés dans les systémes biologiques
(Turrens, 2003). Ce dernier attaque non spécifiquement toute molécule biologique,
ce qui diminue son pouvoir de dispersion. Le peroxyde d’hydrogéne n’est pas un

radical libre mais joue un réle oxydant ou réducteur dans plusieurs fonctions

physiologiques. A Tinverse de O, , le H,0O, diffuse aisément a travers les
membranes et les compartiments aqueux. Ces deux ROS sont considérés comme
les moins toxiques mais ils ne sont pas a négliger puisqu’ils conduisent a la
formation de radicaux OH (Solomons et Fryhle, 2000), notamment du fait de la
présence de métaux tels que le fer et le cuivre par l'intermédiaire des réactions de

Fenton et d’Haber-Weiss.

Les complexes | et Illl, et la glycérol-3-phosphate déshydrogénase
mitochondriale dans les tissus adipeux bruns et les muscles dinsectes, sont
reconnus comme les principaux producteurs de ROS (Chen et al., 2003; Brand et
al., 2004; Kudin et al., 2004; Miwa et Brand, 2003). Les mécanismes de production
par le complexe | de mitochondries isolées semblent bien compris (la production de
anion superoxyde s’y produirait par I'activité de la forme réduite de la flavine) alors
que ce n'est pas encore le cas des mécanismes présents dans des mitochondries
intactes (Lambert et Brand, 2007). Néanmoins, on reconnait que ce complexe forme
des anions superoxydes exclusivement du cété de la matrice mitochondriale (Miwa
et Brand, 2003), alors que 70% des anions superoxydes produits par le complexe |ll
le seraient dans la matrice alors que les 30% restants le seraient dans le cytosol
(Miwa et Brand, 2003). Récemment, Murphy (2009) a démontré que le complexe |
produisait une grande quantité d’anion superoxyde par lintermédiaire de deux
mécanismes : lorsque le ratio NADH/NAD+ au niveau de la matrice est élevé,
menant ainsi a la réduction du site de la FMN (flavine mononucléotide), ainsi que
lorsque le transfert d’électron au pool d'ubiquinone est couplé a un gradient
protonique (Ap) élevé, menant a un flux inverse d'électron (reverse electron
transport). De méme, il a aussi démontré que le complexe 1l produisait des anions
superoxyde, mais seulement en présence d’antimycine A (inhibiteur du complexe i)

alors qu’en conditions physiologiques normales, ce complexe n’en produirait qu’une



guantité négligeable.

La production de ROS par la glycérol-3-phosphate déshydrogénase
mitochondriale reste aussi un phénoméne peu étudié. Les sites de la flavine, du
complexe Fe-S et de la semiquinone pourraient tous étre impliqués. De récentes
études ont déemontré que la production de ROS était a moitié cytosolique et a moitié
matricielle (Miwa et Brand, 2003; Fig. 1.3) et serait due en grande partie au flux
d’électron inverse, bien qu'une partie serait aussi produite par la glycérol-3-
phosphate du c6té de P'espace intermembraire (Miwa et al., 2003; Tretter et al.,
2007; Murphy, 2009).
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Figure 1.3 Transport des électrons et production de superoxyde dans les

mitochondries de Drosophila (Adaptée de Miwa et Brand, 2003).
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Les trois grandes classes de macromolécules biologiques (lipide, protéine et
acide nucléique) sont toutes susceptibles de subir des attaques oxydantes par les
ROS.

Par exemple, les chimistes reconnaissent depuis fort longtemps que I'odeur et le
golt acre des vieux aliments proviennent de I'oxydation des lipides (Baynes, 2002).
En fait, les acides gras polyinsaturés des lipoprotéines et des phospholipides
membranaires sont particulierement sensibles a cette peroxydation (Bokov et al.,
2004). Le radical OH" génére un hydroperoxyde lipidique (LOOH) plutét que H,O,
lorsqu’il réagit avec un lipide : le radical hydroxyle fait abstraction d’'un H d’une
molécule de lipide et génere un radical libre de lipide L, qui réagira avec I'oxygéne
pour former le radical LOO:, qui réagit lui-méme avec une nouvelle molécule de
lipide et génerera ainsi LOOH. Ultimement, on retrouve des aldéhydes insaturés
(telle que la malondialdéhyde, dont le taux peut étre mesuré par les substances
réactives de l'acide thiobarbiturique, TBars) qui peuvent agir comme mutagenes et
inhibiteurs d’enzymes (Long et al., 2006). Enfin, I'oxydation des lipides altere les
propriétés membranaires, en diminue la fluidité et peut briser les liens entre les
protéines membranaires et la membrane (Beckman et Ames, 1998). De méme,
l'oxydation des protéines et I'oxydation de 'ADN mitochondrial joue aussi un role
important parmi les processus de dommages oxydatifs et donc dans les processus

de vieillissement.

[l est donc important de considérer ces ROS lors de I'évaluation de la respiration
mitochondriale, notamment par Tintermédiaire de biomarqueurs spécifiques
permettant I'estimation du taux de dommages oxydatifs ou tout simplement par la
mesure de certaines enzymes impliquées dans la détoxification de ces ROS par les

cellules.

Mesure de la respiration mitochondriale

La mesure de la concentration d’'oxygene consommée par les mitochondries est
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directement reliée au flux d’électrons dans I'ETS. Puisque la phosphorylation
oxydative implique le couplage de la synthése d’ATP avec le transfert des électrons
dans 'ETS, il faut s’assurer qu’en plus des substrats énergétiques assurant I'apport
en électrons via les équivalents réduits, suffisamment d’ADP et de phosphate
inorganique soient présents pour mesurer le taux maximal de respiration
mitochondriale. Plusieurs substrats énergétiques sont généralement utilisés afin de
mesurer la respiration mitochondriale aux différentes étapes de I'ETS, que ce soit a
partir du complexe |, II, IIl ou IV, de 'ETF ou encore a partir de la glycérol-3-
phosphate déshydrogénase mitochondriale. Généralement, les substrats sont
oxydés par des déshydrogénases qui transférent les électrons aux équivalents

réducteurs qui eux, vont approvisionner 'ETS.

Le pyruvate, le malate et le glutamate (ou un de ses précurseur comme la
proline) sont utilisés pour stimuler I'entrée des électrons dans 'ETS a partir du
complexe |. Le pyruvate est tout d’abord produit par la glycolyse puis transporté
dans la matrice mitochondriale ou 'action de la pyruvate déshydrogénase (PDH) va
catalyser une décarboxylation oxydative libérant de I'AcétylCoA. Le malate va étre
oxydé en oxaloacétate par l'action de la malate déshydrogénase. La réaction de
'oxaloacétate avec 'acetylCoA géneére du citrate qui a son tour sera transformé en
a-kétoglutarate par lisocitrate déshydrogénase. De méme, le glutamate est oxydé
par la glutamate déshydrogénase en a-kétoglutarate qui intégrera ainsi le cycle de
Krebs. Des équivalents réducteurs sous forme de NADH sont formés au niveau de la
PDH, de la malate déshydrogénase, de lisocitrate déshydrogénase, et de I' a-
kétoglutarate déshydrogénase et approvisionnent 'ETS en électrons a partir du
complexe |. Les électrons sont ensuite transférés a la jonction Q, puis au complexe

I, au complexe IV et finalement a 'oxygéne.
y

Le succinate est un substrat utilisé pour favoriser I'entrée des électrons a partir
du complexe Il. La transformation du succinate en fumarate catalysée par la
succinate déshydrogénase va permettre la libération de FADH, qui supporte le flux
d’électron au complexe Il. Ainsi, les électrons transférés au complexe |l passeront

par la jonction Q et seront ensuite transportés au complexe Ill, au complexe IV et



11

enfin a 'oxygene.

De méme le glycerol-3-phosphate (G3P) va étre transformé en
dihydroxyacétone phosphate par la glycérol-3-phosphate déshydrogénase
mitochondriale, ce qui va permettre la libération de FADH, qui va directement

transférer ses électrons a la jonction Q.

D’autres substrats peuvent étre aussi utilisés pour favoriser P'entrée des
électrons a partir du complexe IV. C'est le cas du N,N,N,N-tetramethyl-p-
phenylenediamine (TMPD), un transporteur d’électron artificiel qui est réduit en
présence d’'ascorbate. Les électrons du TMPD réduit sont transférés au cytochrome
¢ qui s'oxyde et donne les électrons au complexe 1V. Cependant pour que cette
combinaison de TMPD et d’ascorbate soit efficace, il faut que 'ETS soit inhibée au
préalable au niveau d’'un ou de plusieurs (selon les conditions) des complexes en

amont.

Le transfert des électrons dans 'ETS peut donc étre mesuré en utilisant ces
différents substrats spécifiques aux différentes étapes impliquant le complexe | et/ou

le complexe Il et /ou la glycérol-3-phosphate déshydrogénase ou le complexe IV.

Signification des paramétres mesurés

La mesure de la consommation d’oxygéne lors de la respiration mitochondriale
permet I'évaluation de divers parametres qui pourront étre interprétés en termes
d’efficacité du métabolisme mitochondrial. Les stades de respiration sont 'un de ces
parameétres et ont été définis pour la premiére fois par Chance et Williams (1956) a
partir d’expérimentation sur des mitochondries isolées a partir d’hépatocytes de rats.
Ainsi, plusieurs stades ayant des significations physiologiques différentes ont été mis
en évidence (Tableau 1.1).
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Tableau 1.1 Définitions des stades de respiration dans les mitochondries (adapté de
Chance et Williams, 1956).

Stades [02] vaeau Niveau des Taqx Qe Sgbgtance
d'ADP substrats  respiration limitante
1 >0 Faible Faible Lents ADP et substrats
2 >0 Elevé =0 Lents Substrats
3 >0 Elevé Elevé Rapides ETS
4 >0 Faible Elevé Lents ADP
5 <0 Elevé Elevé 0 Oxygéne

Cependant, lors des 50 années de recherche qui ont suivies, ces définitions ont

évolué, méme si la plupart des auteurs se réferent toujours a Chance et Williams

(1956). Par exemple, le stade 2 de la respiration mitochondriale a été défini par

Chance et Williams comme étant le stade de repos avec de 'ADP présent mais

avant I'addition des substrats. Cependant ce stade correspond en réalité a une

phase ou tous les substrats endogénes ont été épuisés durant la phase d’activation

par FADP. Une nouvelle convention a donc été proposée a partir de l'ordre typique

d'addition des agents durant une expérimentation (Tableau 1.2, Nicholls et
Ferguson, 2002).

Tableau 1.2 Définitions des stades respiratoires. Convention proposée a partir de

l'ordre typique d'addition des agents durant une expérimentation (Tiré de Nicholls et
Ferguson, 2002).

Stades Définitions

Stade 1 Mitochondries seules, en présence de phosphate

Stade 2 Substrats ajoutés, respiration faible due au manque d'ADP
Stade 3  Ajout d’ADP, augmentation du taux de respiration

Stade 4  Tout I'ADP est converti en ATP, la respiration ralentie
Stade 5 Anoxie
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Malgré le fait que la définition de ces stades soit encore grandement débattue,
la plupart des chercheurs s’accordent sur les définitions suivantes que nous allons
préciser (Fig. 1.4).

ADP/O RCR
Mitochondries Eﬁ‘ica/cité Intégrité SR
A | isolées < > sn bz Limite ,
- Stadel | Stade2 | Stade3| Stade4 . Stade3m = Stadedo | Stadel |
Pyruvate AI)P
+pro|in€' (100uM)
+malate

Concentration d'oxygéne (nmol O

Oligomycine

Découpleur

v

Temps

Figure 1.4 Différents stades de respiration obtenus par I'ajout de différents substrats
dans des mitochondries isolées. ADP/O Efficacité : efficacité de la phosphorylation
oxydative ; RCR Intégrité : ratio du contrble de la respiration indicateur de l'intégrité
fonctionnelle des mitochondries ; UCR Limite : ratio de contrble de la respiration
découplée indicateur de la possible limitation de ’ATPase et de 'ANT sur la capacité
de phopshorylation oxydative.

Le stade 1 a lieu dans un contexte cellulaire ou les mitochondries sont
présentes avec du phosphate, sans substrats ni ADP. Le stade 2 représente I'état
physiologique dans lequel les substrats énergétiques sont présents mais 'ADP est
toujours absent. A ce stade on observe une faible consommation d’'oxygéne due au
manque d’ADP. Le stade 3, quant a lui, est obtenu aprés I'addition d’ADP, ce qui
résulte en une forte augmentation du taux de respiration. Le stade 4 est alors atteint
lorsque tout 'ADP ajouté pour atteindre le stade 3 a été converti en ATP, ce qui

résulte en la diminution de la consommation d’oxygéne. Pour que le stade 4 soit
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atteint, il y a plusieurs possibilités. Tout d’abord, il peut étre mesuré lorsqu’ une
concentration d’ADP plus faible que les concentrations physiologiques (environ
100uM) est ajoutée pour atteindre le stade 3. Ainsi le stade 4 est atteint dans un
délai raisonnable, lorsque la totalité de 'ADP est convertie en ATP. Cependant, pour
maintenir un taux de respiration maximal lors du stade 3 (stade 3m), il est
nécessaire d’'ajouter de plus grandes concentrations d’ADP afin d’assurer un excés
d’ADP tout au long de I'expérimentation. Cet ajout permet de complexifier les
protocoles et d’effectuer, par exemple, des titrations de substrats et d’inhibiteurs, i.e.
qui assure un maximum d’information a partir d’'une seule incubation. Dans ce cas,
le stade 4 peut alors étre mesuré aprés I'ajout d'un inhibiteur de 'ATPase comme
Foligomycine (stade 40). Un autre stade peut étre considéré a partir du stade 3 afin
de savoir si 'ATPase exerce une limitation sur la respiration mitochondriale. Il s’agit
du stade de découplage (stade 3u) qui est atteint aprés I'addition lors du stade 3m
de découpleurs protonophores (tels que le carbonylcyanide-p-
trifluoromethoxyphenylhydrazone, FCCP ou le 2,4-dinitrophénol, DNP) et qui permet
d’'estimer [a capacité du systéme de transport des électrons lors d’'un flux maximal
d'oxygene (Gnaiger, 2009). Cependant tous ces stades de respiration peuvent étre
mesurés seulement si les mitochondries sont intactes. Si elles sont endommagées,
le couplage du transfert de protons a la phosphorylation de 'ADP peut faire défaut.
Cela peut étre vérifié par P'addition de cytochrome c¢ lors du stade 3: si une
augmentation significative du stade 3 est dénoté apres l'injection de cytochrome c,
cela veut dire que l'intégrité fonctionnelle de la membrane interne des mitochondries

a été perturbée et donc que les conditions physiologiques ne sont pas respectées.

Grace a ces différentes mesures des taux de respiration, plusieurs paramétres
peuvent donc étre considérés. Tout d’abord, le stade 3m représente la capacité
catalytique maximale mesurée au niveau des différents complexes (selon les
substrats énergétiques utilisés) du systéme de transport des électrons. Lorsque le
stade 3 est induit par une petite concentration en ADP, le stade 4 est rapidement
atteint et il est alors possible d’évaluer I'efficacité mitochondriale en mesurant les

ratios ADP/O qui représentent la relation entre la synthése d’ATP et l'oxygéne
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consommeé. Ces ratios peuvent étre calculés grace a des régressions linéaires a
partir du stade 3 et du stade 4 permettant ainsi I'estimation de la consommation
d’'oxygéne en fonction du temps, pour une concentration d’ADP préalablement
établie. Si I'intégrité mitochondriale est altérée, la consommation d’oxygéne durant le
stade 4 se rapproche de la consommation d’'oxygene du stade 3. Le couplage des
mitochondries peut donc étre vérifié par le ratio de controle de la respiration (RCR)
défini conventionnellement comme le taux de respiration activé par 'ADP (stade 3
ou stade 3m) divisé par le taux de respiration en stade contrdlé sans
phosphorylation de 'ADP (stade 2 ou stade 4 ou stade 40). En absence d’activité de
I'ATPase, le méme taux de respiration est, en principe, mesuré au stade 2, au stade
4 ou au stade 40. D’autres ratios apportent d’autres informations sur les propriétés
fonctionnelles des mitochondries. Ainsi le ratio de contréle de la respiration
découplée (UCR = stade u/stade 3m) permet de déterminer si la capacité maximale
du transport des électrons a été atteinte : 'ajout d’'un découpleur permet en effet de
court-circuiter le transfert de protons et ainsi datteindre une consommation
d’oxygene maximale, si celle-ci n’a pas déja été atteinte gréce a I'oxydation des
substrats. De méme, le ratio de contrdle des substrats (SCR) qui représente le ratio
entre le flux induit par 'addition d’'un ou de plusieurs substrats lors du stade 3 divisé
par un stade de référence atteint lors du taux maximal de consommation d’'oxygene
(stade 3m) lorsque les mitochondries sont dans un méme état de couplage (avant
l'ajout d'un découpleur) permet d’évaluer la contribution de chaque ajout de substrat
sur la respiration mitochondriale. Ainsi, lorsqu’ un excés d’ADP est utilisé pour
atteindre le stade 3m, aprés chaque ajout de substrats spécifiques a chaque
complexe, il est possible de mesurer la capacité catalytique des différents

complexes combinés.

Par exemple, I'ajout de pyruvate, de malate et de proline vont provoquer I'entrée
des électrons au niveau du complexe | (capacité catalytique du complexe I), I'ajout
subséquent de succinate va stimuler le transport des électrons a partir du complexe
[I et donnera ainsi une indication sur le flux d’électron passant par le complexe | et

par le complexe Il (capacité catalytique du complexe | + complexe Il). Enfin, I'ajout
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de G3P provoquera I'entrée des électrons au niveau de la jonction Q via la glycérol-
3-phosphate déshydrogénase mitochondriale et permettra I'évaluation du flux
arrivant a la jonction Q a partir de trois branches différentes du systeme de transport
des électrons (capacité catalytique du complexe | + complexe Il + G3Pdh). Par la
suite, l'inhibition des différents complexes du systeme de transport des électrons
permet de la méme fagcon d’évaluer la capacité catalytique relative de plusieurs
complexes combinés. Ainsi, la roténone inhibera le complexe | et donnera une
indication de la capacité catalytique du complexe Il + G3Pdh, le malonate viendra
inhiber le complexe Il, donnant la capacité catalytique de la G3Pdh et enfin
antimycine A inhibera le complexe lll et donc les électrons ne pourront atteindre I'O,
ce qui résultera en une diminution de la consommation d’oxygene. Ce taux de
respiration représentera alors la consommation d’'oxygene résiduelle (Rox) c'est-a-
dire la consommation d’oxygene non-induite par la respiration mitochondriale
(Gnaiger, 2009).

Une fois les différents complexes du systeme de transport des électrons inhibés
comme expliqué précédemment, l'ajout de TMPD et d’ascorbate permettra de
stimuler 'entrée des électrons au niveau du complexe IV et ainsi, l'activité du
complexe IV pourra étre mesurée. Ce complexe est reconnu comme étant important
dans le contrdle de la respiration mitochondriale (Blier et Lemieux, 2001). En effet, il
a été démontré que l'activité maximale de ce complexe doit atteindre un certain
niveau d’inhibition avant que la respiration mitochondriale ne soit affectée (Letellier
et al.,, 1994). Cet excés de la capacité catalytique du complexe IV a notamment été
suggéré comme étant essentiel afin d’assurer le maintien de I'état d’oxydation de
'ETS et de garantir un fort gradient thermodynamique dans 'ETS (Blier et Lemieux,
2001). Il est donc important de prendre ce parametre en compte lors de la mesure
de la respiration mitochondriale.
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L’excés apparent de cytochrome c oxydase

En 1986, Wallace a observé un «effet de seuil biochimique » dans des
mitochondries atteintes de deéficiences au niveau du complexe V. Cette étude a
mené Letellier et al. (1994) a stimuler expérimentalement cet effet en diminuant
lactivité du complexe IV grdce a des concentrations croissantes d’inhibiteur
spécifique a ce complexe. lls ont ainsi observé qu’une diminution de l'activité du
complexe IV devait excéder une concentration critique d’inhibiteur avant qu’une
diminution de la respiration mitochondriale puisse étre observée et donc qu’un exces
apparent de complexe IV était présent. Il est donc possible d'utiliser des
concentrations croissantes d’un inhibiteur spécifique au complexe IV et de mesurer
simultanément l'activité individuelle du complexe et la respiration mitochondriale afin
de mesurer cet exces. Comparé a la capacité aérobie mitochondriale, cet excés
apparent de COX semble étre a la base de la haute affinité de I'oxygéne de la
respiration mitochondriale (Gnaiger et al., 1998). Considérant I'importance du
complexe IV dans la régulation et dans I'établissement des capacités catalytiques
des mitochondries, il est donc important de mesurer cet excés apparent de COX.
Apres avoir stimulée I'entrée des électrons au niveau du complexe IV par I'ajout de
TMPD et d’ascorbate, une titration a l'azide de sodium (SAZ, inhibiteur du complexe
IV) est nécessaire afin d’obtenir la courbe d’inhibition de I'activité du complexe IV en
fonction de la concentration en inhibiteur (Fig. 2.1). Parallélement, une autre courbe
peut étre obtenue par l'inhibition du stade 3m de la respiration mitochondriale en
fonction de la concentration du méme inhibiteur. Les courbes de seuil sont obtenues
en reportant le flux total en fonction de l'activité de la COX. Le seuil pour I'inhibition
de la COX est défini comme lintersection de la pente initiale avec la régression
linéaire de la pente finale. Ainsi, I'exces apparent de COX peut étre calculé a partir
de lintersection entre 'axe des ordonnées lorsque I'inhibition de la COX est nulle et
lextrapolation de la régression linéaire de la pente finale (Fig. 2.5, Fig. 3.4 et Fig.
4.4). Ce paramétre nous donnera non seulement une information sur le possible
excés apparent de COX mais aussi sur le contrle qu’exerce le complexe IV sur la

respiration mitochondriale.
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Analyse de contréle métabolique et coefficient de contréle

La théorie du contrble métabolique stipule que le contrble de la respiration
mitochondriale est partagé entre les différents complexes, que limportance du
contrdle exercé par une enzyme spécifique sur le flux respiratoire est mesurée par
son coefficient de contrdle et que la distribution du contrdle entre les différents
complexes dépend des taux de respiration (Fell, 1992; Fell, 1997). Ainsi, I'évaluation
du coefficient de contréle (Ci) permet de déterminer le niveau de contréle d’une
enzyme spécifique sur la respiration mitochondriale. Dans le cas de la COX, ce
parameétre est important car il est directement relié a I'exces de COX apparent et
permet une interprétation plus poussée de ce paramétre. Apres avoir obtenu les
courbes d’inhibition de la respiration mitochondriale et de l'activité de la COX par
titration a l'azide de sodium comme expliqué précédemment, il est possible de
calculer une constante dinhibition (Ki) en transformant les données obtenues
antérieurement par une linéarisation de Dickson (Kuznetsov et al., 1996). Puisque
lazide de sodium est un inhibiteur non-compétitif, le coefficient de contrdle peut

alors étre calculé par 'équation suivante :
Ci = -(dJ/J)/(dI/Ki),

ou J est le flux de la respiration, dJ est la diminution du flux de respiration causée
par l'augmentation de la concentration d’inhibiteur di et Ki est la constante

d’inhibition pour 'azide de sodium.

La mesure de tous ces paramétres ainsi que leur interprétation nécessite au
préalable que les mitochondries sur lesquelles les mesures sont faites soient
évidemment intactes, c'est-a-dire que l'intégrité fonctionnelle de celles-ci doit étre

préservée. Pour cela, deux méthodes sont largement utilisées.
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Isolations mitochondriales et fibres perméabilisées

Un grand nombre détudes existent sur [I'évaluation de la respiration
mitochondriale chez un grand nombre d’espéces différentes dont Mya arenaria
(Abele et al., 2002), Oncorhynchus mykiss (Blier et Guderley, 1993a), Salvelinus
alpinus (Blier et Lemieux, 2001), Manduca sexta (Chamberlin, 2004), Fundulus
heteroclitus (Fangue et al., 2008), Lepidonotothen nudifrons (Hardewig et al., 1999),
Anarhichas lupus (Lemieux et al., 2010), et Mercenaria mercenaria (Ulrich et Marsh,
2009). Le transport des électrons dans 'ETS menant a la phosphorylation oxydative
doit étre étudié dans des mitochondries intactes, qui peuvent étre isolées a partir de
différents tissus. Les procédures standards d'isolation de cet organite sont basées
sur des centrifugations différentielles de tissus ou d’homogénats de cellules
permettant une caractérisation in vitro précise des propriétés fonctionnelles
mitochondriales (Balaban et al., 2005; Kuznetsov et al., 2008). Cette méthode
permet, par exemple, d’évaluer précisément [lintégrité fonctionnelle des
mitochondries et la capacité maximale de la phosphorylation oxydative in vitro
(Kuznetsov et al., 2008). Bien qu’ayant fait ses preuves, cette méthode a certains
inconvénients. Les propriétés mitochondriales peuvent étre perturbées par les
processus d’isolation, les résultats obtenus peuvent étre biaisés par sélection d’une
population mitochondriale spécifique et les méthodes requiérent de grosses
quantités de tissus (Kuznetsov et al., 2008). De plus, les interactions cellulaires
normales sont perturbées et les isolations mitochondriales ne sont stables que
quelques heures, ce qui peut étre problématique lors d’'une expérience s’étalant sur

plusieurs heures.

Une autre méthode pour évaluer la respiration mitochondriale est d'utiliser une
approche in situ sur des fibres musculaires perméabilisées avec un agent
perméabilisant (tels que la saponine ou la digitonine). Ce dernier va interagir avec le
cholestérol de la membrane plasmique et ainsi induire la formation de pores,
permettant alors I'évaluation des propriétés fonctionnelles des mitochondries dans
un environnement proche des conditions physiologiques. Grace a cette approche in

situ, les propriétés fonctionnelles des mitochondries peuvent étre étudiées dans leur
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assemblage et leur position intracellulaire normaux en préservant I'essentiel des
interactions avec le cytosquelette (Saks et al., 1998; Milner et al., 2000), avec le
noyau (Dzeja et al., 2002) et avec le réticulum endoplasmique (Rizzuto et al., 1998;
Csordas et al.,, 2006). Ainsi, 'approche in situ s’apparente plus aux conditions
physiologiques présentes dans une cellule vivante que lors de [utilisation de
mitochondries isolées. Cette méthode est largement utilisée en médecine pour
détecter les pathologies mitochondriales par lintermédiaire de [l'acquisition de
biopsies. Cependant, a notre connaissance, aucune étude n'utilise cette approche

pour I'évaluation de la respiration mitochondriale chez les invertébrés.

Effets généraux de la température sur la respiration aérobie

La température est un facteur crucial qui affecte les processus physiologiques,
particulierement chez les ectothermes qui ne régulent pas leur température
corporelle. Au point de vue chimique, une augmentation de la température entraine
une augmentation des vitesses de réaction (Chang et Papillon, 1998) notamment en
augmentant I'énergie cinétique des molécules qui interagissent et en favorisant ainsi
la rencontre de ces molécules. Tous les processus physiologiques seront donc
affectés par les changements de température. Le métabolisme aérobie n’échappe
pas au phénomeéne et va aussi étre influencé par les changements de température.
Chez les ectothermes, le métabolisme est directement dépendant de la température
(Hochachka et Somero, 1984). La diminution du métabolisme aérobie, observée a
des températures extrémes, peut étre dictée par les niveaux d’oxygéne dans les
fluides corporels et par les limites des systemes circulatoires a assurer un apport
suffisant en oxygéne a de telles températures. En fait, la capacité aérobie
mitochondriale serait limitée par le transport de 'oxygéene jusqu’aux mitochondries a
faible température alors qu’a haute température, une trop forte demande des
mitochondries en oxygene induirait une limitation du transport de I'oxygéne (Portner,
2002). Les limites fonctionnelles du métabolisme a basse température pourraient

aussi étre causées par une diminution de la sensibilité aux différents régulateurs
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(Blier et Lemieux, 2001). D’ailleurs, une forte diminution de la température réduit

significativement la sensibilité mitochondriale a 'ADP (Blier et Guderley, 1993a).

Entre ces extrémes se trouve la gamme de température a laquelle une espéce
est adaptée, et I'on doit s’attendre a y voir une augmentation du métabolisme avec la
température. Cependant, chez les espéces adaptées ou acclimatées au froid, le
métabolisme (par unité de poids) est souvent plus important que chez les espéces
adaptées ou acclimatées a des climats plus tempérés ou tropicaux lorsque celui-Ci
est mesuré a basse température (Johnston et al., 1994; Berrigan, 1997; Berrigan et
Partridge, 1997). A basses températures, on remarque chez certaines espéces une
augmentation de la quantité de mitochondries (P&drtner, 2002), ce qui pourrait
constituer une réponse pour contrer la perte d’affinité a '’ADP. Cette compensation
permet a ces especes de survivre et de maintenir les processus physiologiques qui

seraient autrement nettement ralentis a de telles températures.

L’étude des effets de la température sur la distribution géographique des
ectothermes est donc essentielle pour comprendre les adaptations de ces

organismes au niveau du métabolisme mitochondrial.

Génome mitochondrial et variations de température

Les complexes de 'ETS sont encodés a la fois par TADNmt et par 'ADN
nucléaire. Ces complexes sont considérés comme étant influencés par la
température, notamment par lintermédiaire de I'ajustement du processus de
phosphorylation oxydative en fonction des conditions environnementales
rencontrées par Porganisme (Das, 2006). Etant donné que 'ADNmt code pour 13
peptides impliqués dans la phosphorylation oxydative, il a été suggéré que les
pressions sélectives exercées sur TADNmt peuvent mener a des haplotypes adaptés
a différents environnements. Des études ont suggéré que la pression sélective sur
les enzymes de FPETS peut étre dictée par les variations de température

(particulierement chez les ectothermes) et peuvent mener a des changements dans
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les sous-unités des complexes de I'ETS codées a la fois par le génome nucléaire et

par le génome mitochondrial (Willett et Burton, 2004; Ellison et Burton, 2006).

Controle et régulation de la respiration mitochondriale en fonction de la
température

Le contrble du processus de phosphorylation oxydative et de la régulation de la
respiration mitochondriale dépend de la capacité des enzymes de 'ETS a moduler
leurs activités selon les conditions. Il est donc essentiel de mesurer la sensibilité
thermique des complexes de 'ETS afin de mettre en évidence les effets de la
température sur le métabolisme mitochondrial puisque la température affecte

obligatoirement les capacités catalytiques de ces enzymes.

Une approche, nommée « top-down control analysis », suppose que le controle
de la phosphorylation oxydative et la régulation de la respiration sont partagés entre
différents sous-systémes ayant un intermédiaire commun et unique, la force proton
motrice. Ces sous-systemes sont le bloc du systeme d’oxydation des substrats
(comprenant la PDH, le cycle de l'acide citrique, I'ETS et les transporteurs de
métabolites), le bloc de fuite des protons et le bloc de la phosphorylation oxydative.
Cette approche a permis notamment de décortiquer les effets de la température
chez le ver a tabac Manduca sexta (Chamberlin, 2004). Dans cette étude, les
analyses ont révélé que la température provoque des changements de respiration
mitochondriale (au niveau du stade 3 induit par le succinate et la présence d’ADP)
qui sont principalement dictés par le systeme d’oxydation des substrats, c'est-a-dire
en amont de 'ETS. Cette approche présente un certain intérét mais ne permet
cependant pas de déterminer quelles réactions parmi celles impliguées dans
l'oxydation des substrats dictent la thermo-sensibilité de la respiration

mitochondriale.

Il est donc important de considérer les capacités catalytiques des différentes

enzymes de 'ETS ainsi que P'activité de certaines enzymes clés (telles que la PDH)
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a différentes températures afin de mieux comprendre la gestion du contrble et la
régulation de la respiration mitochondriale et possiblement les adaptations aux
températures environnementales. La mesure de la respiration mitochondriale et du
flux d’électron a différentes températures permettraient de déterminer les caractéres
métaboliques associés a un haplotype mitochondrial en fonction des variations de
température. Le meilleur moyen de procéder est donc de comparer les parametres
cités précédemment chez des populations ayant des haplotypes divergents au
niveau de '’ADNmt et une distribution ou une écologie contrastée. Cependant peu

d’espéces présentent suffisamment de variabilité naturelle au niveau de TADNmt.

Drosophila simulans, un modéle biologique unique

[l existe une espece possédant une importante variabilité intraspécifique au
niveau de 'ADNmt; Drosophila simulans. Chez cette espéce, on trouve trois
haplotypes mitochondriaux géographiquement subdivisés (s, Il et Ill), avec 3 % de
divergence inter-groupe et 0.06% de diversité intra-groupe (James et Ballard, 2003;
Ballard, 2005; Tableau 1.3).

Cette divergence produit un fort pouvoir analytique pour déterminer les effets
spécifiques de 'ADNmt sur différents processus physiologiques. D. simulans a été
décrite pour la premiere fois, en 1919 par Alfred Sturvenant. D. melanogaster et D.
simulans ont probablement partagé un ancétre commun il y a entre deux et trois
millions d’années. Aujourd’hui, il existe environ 141 espéces connues parmi le
groupe melanogaster qui sont divisées en onze sous-groupes (Lemeunier et
Ashburner, 1984). Le sous-groupe melanogaster comprend les especes
melanogaster, sechellia, mauritiana et simulans. Les croisements a l'intérieur de ce
sous-groupe produisent une descendance plus ou moins stérile : les males sont
généralement stériles alors que les femelles sont généralement fertiles. En fait, il
semblerait que D. simulans et D. mauritiana soient moins isolées les unes des
autres qu’elles ne le sont de D. sechellia. Aussi, D. melanogaster serait I'espéece la

plus isolée par rapport aux trois autres (Lachaise et al., 1986). Enfin, il semblerait
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que les deux especes insulaires sechellia et mauritiana découleraient d'une

population continentale de D. simulans (Kliman et al., 2000).

Tableau 1.3 Nombre (Totaux) et pourcentage (%) de nucléotides et d’acides aminés
variants dans '’ADNmt de Drosophila simulans (D. sim.) (sil, -ll, -lll) et Drosophila
melanogaster (D. mel) (Tiré de Ballard, 2005).

Nucléotides Acides aminés
Totaux % Totaux %
Intrahaplogroupe
sil 5.83 3.90x10* 2.00  5.40x10™
sill 4.78 3.20x10* 229  6.17x10™
silll 0.59 4.00x10° 0.25  6.80x10°
Interhaplogroupe
sil vs. sill 392.05 2.60x10% 4757 1.28x107
sil vs. sill 345.01 2.30x10% 26.68 7.2x10°
sill vs. silll 305.26 2.04x102 4511 1.21x10?
Intraspécifique
D. sim. 236.068 1.58x10? 26.84 7.25x10°
3.5x10°
D. mel. 53.061 ° 10.00 2.70x10°
Interspécifique

D. sim.vs. D. mel. 605.33 4.06x102 89.89 2.4x10°

Les trois haplotypes de D. simulans ne sont pas répartis uniformément sur la
planéte. On trouve sl a Hawai, en Nouvelle Calédonie, a Tahiti et aux Seychelles.
Cet haplotype est le seul a ne pas vivre en sympatrie avec un autre haplotype. Les
haplotypes sill et lll se trouvent, en sympatrie, principalement a I'est du continent
africain (Ballard, 2005). Dans ces régions, on trouve I'haplotype silll dans une
fréquence d’environ 40 % (Ballard, 2004; Fig. 1.4).
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Figure 1.5 Fréquences des haplogroupes d'ADNmt de D.simulans (quand plus de
20 individus ont été collectés a partir d’'un seul site et pendant une seule période
d’échantillonnage) (Tirée de Ballard, 2004).

Enfin, lutilité de ce modéle est aussi supportée par le fait que le génome
mitochondrial et le systéme de transport des électrons sont fortement conservés
chez la drosophile (Ballard, 2005). En plus, son temps de génération trés court, sa
facilité d’élevage et de manipulation expérimentale et génétique en font un modéle
exceptionnel pour 'avancement des connaissances sur la gestion du métabolisme

mitochondrial en fonction des variations de température.

A ce jour, plusieurs études ont observé des différences entre les haplotypes au
niveau du fitness, de certains traits d’histoire de vie (James et Ballard, 2003; Ballard
et al., 2007), de la production mitochondriale de ROS, de la consommation d’O, lors
de la respiration mitochondriale, de la capacité de la cytochrome ¢ oxydase et de
'ATPase (Katewa et Ballard, 2007). Cependant, ces études sont incapables
d’identifier la cause véritable de cette variation entre les haplotypes. Etant donné

que les complexes enzymatiques du systéeme de transport des électrons sont codés
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a la fois par 'ADN nucléaire et TADNmt (a I'exception du complexe Il), les
différences observées entre les haplotypes peuvent étre induites par des
divergences entre les haplotypes mitochondriaux, par des divergences au niveau
des genes nucléaires qui produisent les protéines qui sont importées dans la

mitochondrie ou, plus simplement, par les interactions mitonucléaires.

Une étude a démontré que les mouches dans lesquelles les mitochondries
avaient été déplacées par celles d'un autre haplotype étaient grandement
désavantagées par rapport a celles qui avaient conservées leur haplotype original
(Nigro, 1994). Plus tard, il a été démontré que lorsque les interactions mitonucléaires
étaient brisées, une diminution importante de I'activité des mouches était observée
(James et Ballard, 2003). Sachant qu’en brisant ces mémes interactions, une chute
drastique de la capacité des complexes enzymatiques de la chaine de transport des
électrons chez Tigriopus californicus était observée (Ellisson et Burton, 2006), ces
résultats semblent suggérer que les différences métaboliques observées entre les
haplotypes de D. simulans pourraient étre aussi influencées par les interactions
mitonucléaires. Il serait donc important d’examiner et de confirmer l'origine de ces
différences métaboliques dans le but de mieux comprendre I'effet de la variabilité de
'ADNmt (et des interactions mitonucléaires) sur le métabolisme mitochondrial lors

de variations de température.

Objectifs du projet

L’objectif général de cette thése est d’essayer de relier la divergence des
génomes mitochondriaux avec les variations des propriétés fonctionnelles des

mitochondries en fonction des changements de température.

Le premier objectif de cette thése se concentre sur Tidentification des
performances mitochondriales et de la thermo-sensibilité associée aux divergences
de I'ADNmt chez deux populations de Drosophila simulans, une possédant

I'haplotype sill et lautre, I'haplotype sill. Particulierement, nous nous sommes
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intéressés a lactivité de différents paramétres métaboliques mesurés a quatre
températures différentes (12°C, 18°C, 24°C et 28°C) sur des mitochondries isolées a
partir de muscle thoraciques. La thermo-sensibilité de la respiration mitochondriale a
été mesurée en utilisant du pyruvate, du malate et de la L-proline en tant que
substrats permettant de réduire le complexe |, et en utilisant du sn glycérol-3-
phosphate afin de réduire le complexe Ill via la glycérol-3-phosphate
déshydrogénase mitochondriale. Nous avons aussi déterminé la thermo-sensibilité
d'une des enzymes du cycle de lacide citrique (citrate synthase, CS), celle de
lactivité de la COX, de la respiration découplée et de 'OXPHOS (ratios ADP/O)
ainsi que 'excés apparent de COX lors d’un flux élevé d’électrons dans 'ETS (avec
pyruvate + malate + proline + sn glycerol-3-phosphate) en utilisant des titrations
dinhibiteur spécifique au complexe IV (azide de sodium) afin de comparer les
performances mitochondriales des deux haplotypes a différentes températures.
Enfin, les activités enzymatiques de la CAT (enzyme antioxydante), de I'aconitase
(ACO, enzyme du cycle de l'acide citrique) et les taux de TBars (marqueurs de la

peroxydation lipidique) ont été mesurées afin d’évaluer 'intensité du stress oxydant.

Le deuxieme ojectif était de vérifier si une approche in situ permettait une
meilleure résolution pour la mesure de la respiration mitochondriale et de comparer
les résultats avec ceux obtenus a partir de la méthode employée dans le premier
chapitre (mitochondries isolées). La respiration mitochondriale a été mesurée aux
quatre températures (12°C, 18°C, 24°C et 28°C) sur des fibres perméabilisées des
deux haplotypes différents lors d’un flux élevé d'électrons dans 'ETS. Pour cela,
nous avons utilisé un protocole appelé « multiple substrate-uncoupler-inhibitor
titration » (SUIT) que nous avons adapté a notre modeéle biologique. Ce protocole
permet de déterminer le contrble de la capacité de phosphorylation oxydative et
d’explorer les conséquences fonctionnelles dune convergence des voies
métaboliques au niveau de la jonction Q (Gnaiger, 2009). Nous avons donc mesuré
a partir de ce protocole la thermo-sensibilité de la respiration mitochondriale au
niveau du complexe |, du complexe Il et du complexe Il (via le pool d’ubiquinone) en

utilisant une combinaison de divers substrats et les inhibiteurs respectifs des
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différents complexes. De méme, la thermo-sensibilité de la respiration découplée, de
l'activite de COX et de I'excés apparent de COX ont aussi été mesurées. De plus,
l'activité de la PDH a aussi été évaluée afin d’examiner 'entrée des électrons dans
PETS au niveau du complexe I. Tous ces parametres ont ensuite été comparés aux

résultats obtenus avec la méthode utilisée dans le premier objectif.

Le troisiéme objectif avait pour but de déterminer si les propriétés
fonctionnelles des mitochondries étaient conférées par I'haplotype mitochondrial en
utilisant des introgressions controlées (c'est-a-dire le transfert par géneérations
successives de 'ADNmt d’un haplotype dans I'environnement nucléaire d’'un autre
haplotype et ainsi briser les interactions mitonucléaires) et en mesurant la respiration
mitochondriale par l'approche in situ aux quatres températures déja testées. Les
performances mitochondriales et la thermo-sensibilité des différents paramétres
mesureés (les mémes que dans le deuxieme chapitre) ont été comparées en utilisant
des rétrocroisements entre les deux différents haplotypes de Drosophila simulans.
Ceci a permis de briser les interactions mitonucléaires et ainsi de déterminer le
potentiel adaptatif des divergences de TADNmt sur les propriétés fonctionnelles des
mitochondries mesurées a différentes températures, considérant que ces propriétés
peuvent dépendre des génes codés par le génome mitochondrial, des genes codés
par le génome nucléaire et/ou des interactions mitonucléaires. Nous avons donc pu
mesurer l'effet des haplotypes mitochondriaux et des changements de température

sur les capacités métaboliques.

Dans lensemble, cette étude contribue a [lacquisition de nouvelles
connaissances sur leffet de [I'haplotype mitochondrial sur les propiétés
fonctionnelles des mitochondries en fonction des changements de température. De
plus, 'etablissement d’'une nouvelle méthode (approche in situ), jamais utilisée chez
les invertébrés, a permis de mieux comprendre les phénoménes régissant la
modulation et la plasticitt du métabolisme mitochondrial en fonction des
changements de température chez des ectothermes. Les résultats de ce projet
seront donc des éléments clés au niveau de notre compréhension de 'évolution

induite par des changements environnementaux sur la production d’énergie.
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2.0 Résume

Les objectifs de cette étude était (1) de comparer les performances
mitochondriales de populations possédant différents haplotypes et différentes
distributions, et (2) d’évaluer la sensibilité de différentes enzymes du systeme de
transport des électrons (ETS) lors de variations de température. Nous avons mesuré
impact de la température au niveau de la respiration mitochondriale et de
différentes enzymes clés du métabolisme mitochondrial de deux mitotypes (sil et
sillly de Drosophila simulans. Les effets de changements de température sur la
consommation d’oxygene ont été évalués dans des mitochondries isolées a partir
des muscles du vol en utilisant des substrats du complexe | (pyruvate + malate +
proline) ainsi que du glycérol-3-phosphate (pour réduire le complexe Il via la
glycérol-3-phosphate déshydrogénase) a la fois au niveau de la respiration couplée
et découplée. Les activités de la citrate synthase, de la cytochrome ¢ oxydase
(COX), de la catalase, de l'aconitase ainsi que I'excés apparent de COX lors d'un
flux élevé délectrons dans I'ETS ont aussi été mesurés en fonction de la
température. Nos résultats ont montré que les différences fonctionnelles mesurées
(taux de respiration, ratios ADP/O) entre les deux mitotypes sont faibles. Cela
suggere que les différences entre les deux haplotypes mitochondriaux ne peuvent
pas expliquer les différences au niveau des performances mitochondriales. Ceci
suggere que d’autres facteurs pourraient étre responsables de la maintenance des
mitotypes. Nous avons aussi montré que les différentes enzymes de 'ETS ont
différentes thermosensibilités. Les capacités catalytiques de ces enzymes varient
avec les changements de température, et I'excés apparent de COX est faible,
parfois méme inexistant a températures hautes et intermédiaires (18°C, 24°C et
28°C) alors qu’il est tres élevé a basse température (12°C), suggérant un
relachement au niveau du contrdle de la respiration par la COX a basse température
dans les deux mitotypes utilisés.
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2.1 Abstract

The overall aim of this study was to (1) evaluate the adaptive value of
mitochondrial DNA by comparing mitochondrial performance in populations
possessing different haplotypes and distribution and to (2) evaluate the sensitivity of
different enzymes of the ETS during temperature-induced changes. We measured
the impact of temperature of mitochondrial respiration and several key enzymes of
mitochondrial metabolism in two mitotypes (sl and silll) of Drosophila simulans. The
temperature dependencies of oxygen consumption for mitochondria isolated from
flight muscle was assessed with complex | substrates (pyruvate+malate+proline) and
with sn glycerol-3-phosphate (to reduce complex IlIl via glycerophosphate
dehydrogenase) in both coupled and uncoupled states. Activities of citrate synthase,
cytochrome ¢ oxidase (COX), catalase, and aconitase, and the excess capacity of
COX at high convergent pathway flux were also measured as a function of
temperature. Overall, our results showed that functional differences between the two
mitotypes are few. Results suggest that differences between the two mitotypes could
hardly explain the temperature-specific differences measured in mitochondria
performances. It suggests that some other factor(s) may be driving the maintenance
of mitotypes. We also show that the different enzymes of the ETS have different
thermal sensitivities. The catalytic capacities of these enzymes vary with
temperature changes, and the corresponding involvement of the different steps on
mitochondrial regulation likely varies with temperature. For example, the excess
COX capacity is low, even non-existent, at high and intermediate temperatures (18,
24 and 28 °C) while it is quite high at lower temperature (12 °C), suggesting release
of respiration control by COX at low temperature.



32

2.2 Introduction

MtDNA encodes 13 key peptides of the mitochondrial electron transport system
(ETS), and it is therefore suspected to partly evolve to adjust oxidative
phosphorylation to environmental conditions of the organism (Das, 2006). For
example, mtDNA has been suggested to influence the ability to acclimate to different
thermal environments (Blier et al., 2001; Fontanillas et al., 2005) and the thermal
sensitivity of mitochondrial complexes could therefore be of major significance in the
impairment of the functional properties of mitochondria during temperature changes
in ectotherms (Blier and Lemieux, 2001). A good strategy to assess the adaptive
value of mtDNA is therefore to compare performances of mitochondria from

populations characterised by different haplotypes and contrasting ecology or
distribution.

Drosophila simulans, an ectothermic and eurythermic species, was recently
proposed as a new model to study the adaptive value of mtDNA: it harbours three
distinct geographically subdivided haplogroups (s, sil, sill) with nearly 3%
interhaplogroup divergence but less than 0.06% intrahaplogroup diversity (Ballard,
2000a; Ballard, 2005). Differences in the functional properties of mitochondrial ETS
have been detected between these three lines of drosophila with distinct mtDNAs
and one of these (sill) has been proposed to have a selective advantage (Ballard,
2005; Katewa and Ballard, 2007). These differences have been considered as strong

support of mitochondrial genome adaptation.

In ectothermic species, acclimation or acclimatization to low temperature usually
increases the activity of enzymes in the oxidative pathway and the mitochondrial
volume density (Guderley, 2004). A metabolic limitation at the level of mitochondrial
catalytic capacity is thought to be the cause of these responses (for reviews see
Poértner, 2002; Guderley, 2004; Blier et al., 2006). Moreover, metabolic rates of D.
melanogaster and D. simulans coming from populations evolving in low temperature
environments are higher than those from populations evolving at higher

temperatures (Watada et al., 1986; Berrigan, 1997; Berrigan and Partridge, 1997).
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This suggests qualitative or quantitative mitochondrial adaptations in these
populations, likely resulting from catalytic or regulatory limitations at low
temperatures. Chamberlin (2004), in a study on tobacco hornworm (Manduca sexta)
midgut mitochondria, tried to identify the steps of the oxidative phosphorylation
process that drive the changes in mitochondrial respiration during temperature
variation. These results showed that the “substrate oxidation system” (including
tricarboxylic acid cycle, electron transport chain and metabolite transporters), which
produces the proton-motive force, confers most of the control over mitochondrial
respiration during temperature declines. However, Chamberlin’s (2004) study was
not able to determine what individual reaction within the subsystems exerts this
control. According to Blier and Lemieux (2001), cytochrome c oxidase (COX,
Complex V) in trout has a thermal response that is similar to that of mitochondrial
respiration. COX was however, generally found in excess in mitochondria and this
excess compared to the aerobic mitochondrial capacity is a basis for the high oxygen
affinity of the respiration chain (Gnaiger et al., 1998). In this context, thermally-
induced changes in COX activity would have littie effect on the maximal respiration
rate while still acting on regulation of respiration mainly through impact upon the
redox state of ETS (Blier and Lemieux, 2001).

However, the control of oxidative phosphorylation and regulation of
mitochondrial respiration is highly complex and other parameters of the system may
be influenced by temperature. The oxygen property to diffuse, its availability, and its
capacity to act as the terminal electron acceptor in the mitochondrial chain for energy
production, are also affected by temperature: at low temperature, the aerobic
capacity of mitochondria may impose a limit to metabolic capacity whereas at high
temperatures, excessive oxygen demand would cause an uncompensated decrease
in oxygen levels in body fluids (Pértner, 2002). At lower temperature, mitochondria
likely require a greater availability for ADP to reach a given relative activity than they
do at higher temperature since reduced temperatures appeared to decrease

mitochondrial sensitivity to control by ADP availability (Blier and Guderley, 1993a).

Temperature alterations can also lead to the formation of Reactive Oxygen
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Species (ROS) such as superoxide (O,7) and hydrogen peroxide (H,O,) (Abele et al.,
1998). These reactive molecules can oxidize DNA, proteins and lipids (Barja and
Herrero, 2000; Das et al., 2001; Bokov et al., 2004), and lead to an oxidative stress
when antioxidant enzymes (catalase, glutathione peroxidase and superoxide
dismutase) and other non-enzymatic antioxidant compounds are overwhelmed
(Beckman and Ames, 1998). These species arise largely, but not exclusively, from
the mitochondria (Abele et al., 2002; Keller et al., 2004), which are known as the
major ROS producers (Sastre et al., 2000). Unlike the nuclear DNA, histone proteins
do not protect mtDNA and there is evidence that mtDNA exhibits more oxidative
damage than nuclear DNA (Wei et al., 1998; Barja and Herrero, 2000) because of its
closer proximity to ROS production sites and its limited repair mechanisms
(Bogenhagen, 1999).

In Drosophila, ROS are mostly generated by complex | (NADH dehydrogenase),
complex Il (cytochrome bc) both encoded by mtDNA and nuclear DNA, and by
glycerol-3-phosphate dehydrogenase (Chen et al.,, 2003; Miwa et al.,, 20083;
Andreyev et al., 2005). Katewa and Ballard (2007) showed that there were significant
differences between two mitotypes of D. simulans (sill and sill) for mitochondrial

H,O, production but also for O, consumption, COX activity and ATPase activity.

Our study is aimed at identifying differences in mitochondrial performance and
thermal sensitivity associated with haplotype divergences in the D. simulans’ sl and
sill mitotypes. Different parameters of the mitochondrial metabolism were estimated
at 12, 18, 24 (considered as an optimal temperature for Drosophila species: David,
1988) and 28 °C. The thermal sensitivity of mitochondrial respiration was measured
with pyruvate, malate and L-proline as substrates to reduce complex | and with sn
glycerol-3-phosphate to reduce complex Il via glycerol-3-phosphate dehydrogenase.
We also determined the thermal sensitivity of an enzyme of the tricarboxylic acid
cycle (citrate synthase, CS), as well as that of COX activity. Thermal sensitivity of
uncoupled respiration (with carbonyl cyanide 4-(trifluoromethoxy)phenylhydrazone:
FCCP) and of oxidative phosphorylation (ADP/O ratios), as well as that of the excess

capacity of COX at high convergent pathway flux (with pyruvate+malate+proline+sn
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glycerol-3-phosphate) using inhibitor titration experiments were determined in order
to compare overall mitochondrial performances at different temperatures of both
mitotypes. Finally, enzyme activities of catalase (CAT, antioxidant enzyme),
aconitase (ACO, tricarboxylic acid cycle) and levels of thiobarbituric reactive
substances (TBARS, markers of lipid oxidative damages) were measured to

evaluate the antioxidant capacity.

2.3 Materials and Methods
2.3.1 Fly lines

Two mitotypes of D. simulans were used during experiments: sil and silll
mitotypes, both from Kenya. In each mitotype, four isofemale lines (namely
2KY0412, 2KY0415, 2KY0418, and 2KY0421 for sill; 3KY0410, 3KY0412, 3KY0414,
and 3KY0420 for silll) were reared from flies collected in Nairobi (Kenya) during
November 2004 as described previously (Ballard et al., 2007). Within the haplotype
groups (four sill and four silll fly lines) there was low amino acid variation within a 4.5
kb region spanning from positions 1450 to 5983 of the mtDNA genome while
significant divergences were noticed (2.04x10%% nucleotide divergences, 1.21x10"
%% amino acid divergences) between the haplotypes (Ballard, 2000b). This region
contains three protein-coding loci of complex [V (COI, COIl and COIll) and the two of
complex V (ATP6 and ATP8) (Katewa and Ballard, 2007). Moreover, many studies
have not been able to detect significant nuclear divergences between the two
haplotypes (Ballard, 2000a; Ballard et al., 2002; Dean et al., 2003).

Flies were fed with standard cornmeal medium, containing a mixture of 10 g of
agar-agar, 12 g of sugar, 54 g of dried yeast and 106 g of cornmeal flour dissolved in
2 L of tap water. Propionic acid (8 mL) and methyl 4-hydroxybenzoate 10% (w/v) in
ethanol (32 mL) were added to the mixture to avoid mite and mold contamination. All
Drosophila lines were maintained at constant density (100 flies for approximately 25

mL of standard cornmeal medium), temperature (24.0 + 0.1 °C), humidity (50% R.H.)
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and diurnal cycle (12 h light and 12 h dark). For all experiments, only males were
selected because females have a large number of mitochondria in abdominal
oocytes which could bias experiment measurements. After being allowed to spawn in
sterile recipients for two days, parents were removed and experimental flies were
then sexed on ice two days after hatching and transferred to new recipients for an
additional 8 days prior to study. To avoid fithess problems due to aging, all chosen
parents were less than 14 days old and all experimental male flies were 10 days old.
Flies were reared in two incubators (A and B) at the same time to have experimental
lines replicates and avoid the “incubator” effect. For each recipient of 100 male flies,
40 were used for mitochondrial isolation and others were immediately stored at —80

°C for further enzymatic analysis within one month.

Mitochondrial DNA was determined using allele-specific PCR as described
previously in each isofemale line (Dean, 2003), and Wolbachia infection was verified
using conserved 16S rDNA primers (James and Ballard, 2000). According to Ballard
et al. (2007) there is only one nonsynonymous change within sil lines and one
nonsynonymous change within sill lines over 5500 bp analysed. PCR assays
showed that all isofemale lines belonged to the corresponding mtDNA haplotype and
were not infected by Wolbachia.

2.3.2 Fly sampling

Due to the low intrahaplogroup variation (Katewa and Ballard, 2007), we have
been able to pool flies of each line from the two groups (sl and sill). The pooling
strategy minimizes individual differences caused by the nuclear genome of a
particular fly line and enables us to detect more general differences that are due to
the mtDNA in-of-itself and/or of fixed nuclear differences that interact with each
mtDNA haplogroup (Ballard, 2000a; Dean et al., 2003; Katewa and Ballard, 2007).
Flies used for mitochondrial isolations were weighed as a pool of the four isofemale
lines and from each mitotype while those used for enzymatic analyses were weighed

individually with an electrobalance (Mettler Toledo) with a resolution of 0.1 ug. All



37

flies used for this study were reared in the same conditions and males were weighed
at 10 days of age. No weight differences were observed between the different pools
of 40 flies (0.754 mg + 0.054 for sill incubator A; 0.751 mg + 0.052 for sill incubator
B; 0.748 mg + 0.052 for sill incubator A; 0.751 mg + 0.052 for sill incubator B), or
between flies of the two mitotypes weighed individually (0.670 to 0.831 mg for sil
both A and B incubators; 0.674 to 0.839 mg for sill both A and B incubators).

2.3.3 Isolation of intact mitochondria

Intact mitochondria were isolated as previously described by Katewa and Ballard
(2007). Briefly, flight muscle mitochondria were isolated from 160 thoraxes (40 of
each line of each mtDNA type) of 10 days old male D. simulans. All steps were done
at 4 °C. Thoraxes were separated from abdomens and heads and placed in 400 uL
of isolation buffer containing 250 mM sucrose, 5 mM Tris, 2 mM ethylene glycol-
bis(2-aminoethylether)-N,N,N’,N’-tetraacetic acid (EGTA), 0.1% Bovine Serum
Albumin (BSA) (w/v), pH 7.4. Thoraxes were then homogenized with a Kontes
polypropylene pellet pestle (Kimbal Kontes, Vineland, New Jersey, USA). The pestle
was pressed firmly to the bottom avoiding any grinding action. Thoraxes were
pressed 120 times to produce a smooth, grey homogenate. Homogenates were
filtered through gauze pad and the volume was raised to 2.1 mL with isolation buffer.
After a first 3 minutes centrifugation at 300 g, the supernatant was refiltered through
gauze (approximately 1.8 mL final volume) and recentrifuged for 10 minutes at 9000
g. The supernatant was then discarded and the pellet was washed two times in 400
ML of isolation buffer before being resuspended in 120 uL of the same buffer. The
mitochondrial preparations were stored on ice and used within 2 hours of isolation for
mitochondrial oxygen measurements, inhibitor titration experiments and aconitase
(ACO) activity. Integrity of mitochondrial preparations was verified in preliminary
experiments with cytochrome c injection during the respiration state 2 (state 2c). The
ratio between state 2 and state 2c measured at 24 °C with 7 different mitochondrial

preparations gave 0.971 £ 0.061 which confirms high quality of preparation.
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2.3.4 Mitochondrial respiration

Mitochondrial oxygen consumption was measured at four different temperatures
(12, 18, 24 and 28 °C) using an oxygraph Oxyg 32 (Hansatech Instruments Ltd.)
connected to a circulating water bath. Measurements were done in a final volume of
500 pL at each temperature with 15 pL of mitochondrial preparation incubated in 485
uL of mitochondrial respiration medium containing 120 mM KCI, 5 mM KH,PO,, 3
mM HEPES, 1 mM EGTA, 1 mM MgCl, and 0.2% BSA (w/v), pH 7.2. The
polarographic system was calibrated with nanopure water saturated with oxygen at

the incubation temperature.

2.3.4.1 Complex | and lll

Pyruvate (10 mM), L-proline (10 mM, pH 7.2) and Malate (10 mM, pH 7.2) were
added to the chambers to provide substrates for complex | reduction and to achieve
state 2 respiration. Sn glycerol-3-phosphate (20 mM, pH 7.2) was used as a
substrate to supply electrons to the ubiquinone pool via glycerol-3-phosphate

dehydrogenase in order to reduce complex Il

ADP (100 pM, pH 7.2) supplemented with MgCl, (0.6 mol/mol ADP to keep
[Mg®] constant during respiration measurement) was added to reach state 3
respiration and state 4 was obtained after exhaustion of ADP. These states were
used to calculate ADP/O ratios of complex | and complex Il (as an index of
mitochondrial efficiency). After first exhaustion, ADP (400 uM, pH 7.2) was
introduced again to achieve maximum active state 3 (state 3m) and the state 40 was
measured after addition of oligomycin (2 pg/mL) which inhibits mitochondrial ATPase
and phosphoryl group transfer. According to our preliminary tests, this concentration
is higher than required to fully inhibit ATPase in mitochondria that have already
reached state 4. Respiratory control ratios (RCRs) were calculated as state 3m/state
40 (as an index of functional integrity of mitochondria). FCCP was then added by
steps of 0.1 uM and uncoupled respiration ratio (UCR) was measured as state
U/state 3m with state U representing the maximum uncoupled respiration rate

(reached between 0.2 and 0.5 uM of FCCP) to evaluate metabolic flux control by the
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phosphorylation system over the electron transport capacity.

2.3.4.2 Azide titration experiment

Following the first experiment, mitochondrial isolations were used to measure
oxygen consumption in the presence of pyruvate (10 mM), L-proline (10 mM, pH
7.2), malate (10 mM, pH 7.2) and sn glycerol-3-phosphate (20 mM, pH 7.2) insuring
high metabolic flux through the ETS. After addition of ADP (800 uM, pH 7.2, this
concentration ensured excess ADP during the entire experimental period and the
state 3m reached was not different than with 400 M), the following steps of azide
concentrations were introduced at appropriate intervals to progressively inhibit
complex IV: 1, 2, 7, 12, 32, 52, 102, 202, 702, 1202, 1702 and 2202 pM, or until
maximum inhibition was achieved. The dissociation constant (Ki) was calculated
from transformed data using the Dickson linearization (Kuznetsov et al., 1996). As
azide is a non-competitive inhibitor, the flux control coefficient (Ci) was calculated

using the following equation:
Ci = -(dJ/J)/(dI/Ki)

where J is the respiration flux, dJ is the decrement of respiration flux caused by
increment of inhibitor addition dl (between 0 and 80 uM), and Ki is the dissociation

constant for sodium azide (Kuznetsov et al., 1996).

These steps were repeated for each mitochondrial preparation. Extraction and
mitochondrial preparations were performed on five different pools of flies for each
incubator, at each temperature, and for each mitotype (total of 80 mitochondrial
isolations). Measurements were averaged and respiration rates are expressed in

nmol O, consumed per minute per mg of mitochondrial protein.

2.3.5 Enzymatic analyses and oxidative stress markers

ACO, CS, CAT activities and protein content were measured using a UV/VIS
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spectrophotometer (Perkin Elmer, Lambda 11) and TBARS levels were measured
using a fluorescence spectrophotometer (F-2500 from Hitachi) both equipped with a
thermostated cell holder and a circulating refrigerated water bath. COX activity was
measured polarographically with the same oxygraph as for mitochondrial oxygen
consumption. Each measurement was done in duplicate, and for each incubator, at

each temperature and for each mitotype, five different analyses were averaged.

ACO was measured on fresh mitochondria. The remaining mitochondria were

then frozen at —80 °C for further CS analysis and protein content measurement.

For CAT and protein analysis, 12 flies (3 from each isofemale line of each
mitotype) were homogenized in 600 pL of ice cold buffer (100 mM KH,PQO4, 1 mM
ethylenediaminetetraacetic acid (EDTA), 0.1% (v/v) Triton X-100, pH 7.5). In
separate preparations, 16 flies (4 from each isofemale line of each mitotype) were
homogenized in 400 pL of the same ice cold buffer for malondialdehyde (MDA)
assessment and in 400 pL of imidazole buffer (50 mM imidazole, 2 mM MgCi2, 5 mM
EDTA, 0.09% (v/v) Triton X-100, pH 7.4) for COX activity measurement.

2.3.5.1 Citrate synthase

Mitochondria (1 pL) were transferred in 100 mM imidazole-HCI (pH 8), 0.1 mM
5,5’-Dithiobis(2-nitrobenzoic acid) (DTNB), 0.1 mM Acetyl CoA and 0.15 mM
oxaloacetate. Activities were measured at the four different temperatures by
following the increase in absorbance due to the reduction of DTNB at 412 nm (g4, =
13.6 ml.cm™.umol™) (Thibeault et al, 1997).

2.3.5.2 Aconitase

Mitochondria (1 uL) were transferred in 50 mM Tris-HCI, 0.1% Triton X-100 (v/v),
0.6 mM MnCl, 5 mM sodium citrate, 0.2 mM NADP, 0.4 U.mL" isocitrate
dehydrogenase, pH 7.4. Activity was measured at the four temperatures by following
the appearance of NADPH at 340 nm (g4 = 6.22 ml.cm™.pymol™") (Miwa and Brand,
2005).
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ACO activity was normalized with CS activity and results are expressed in U of
aconitase activity per U of citrate synthase activity in order to express the activity of

ACO on the mitochondria quantity since CS is a marker of this quantity.

2.3.5.3 Cytochrome c oxidase

The reaction medium for COX activity contained 130 mM KCI, 30 mM HEPES,
10 mM KH,PO,4, 11 mM MgCl, hexahydrate, 20 mM Glucose, 10 mM Ascorbic acid
and 5% (w/v) BSA (Blier and Lemieux, 2001). After homogenates were centrifuged
at 750 g for 5 minutes, 5 pL of the supernatant were incubated in respiration
chambers with 995 pL of reactive medium. After addition of cytochrome ¢ (150 pM),
azide was introduced step by step at concentrations described previously (see Azide
titration experiment). This method was compared with the classic method of complex
[V titration by azide using the same protein concentration in the chambers (Letellier
et al, 1994; Villani and Attardi, 1997) with N,N,N ,N-Tetramethyl-p-
phenylenediamine (TMPD, 1 mM) and Ascorbate (5 mM) as substrates after
inhibition of complex | and Ill with rotenone (0.5 uM) and Antimycin A (2.5 uM)
respectively, and activation by ADP (800 uM) and cytochrome ¢ (150 uM) addition.
Oxidation rates due to autoxidation of TMPD, ascorbate and cytochrome ¢ were
subtracted from the activity (Gnaiger and Kuznetsov, 2002). Resuits showed that
there were no significant differences for the constant dissociation Ki, for metabolic
flux control Ci (Table 2.1), as well as for maximum velocity (Vimax) (12.14 nmol.min’
"'ml" + 4.14 and 14.16 + 2.73 for sill and sill respectively for our method; 14.50 =
5.94 and 14.48 + 4.00 for sill and sill respectively for the TMPD/Ascorbate method)
between the two methods at 24 °C when using the same protein concentration of
homogenates or isolations, which allowed us to validate our protocol (n = 5 in
duplicate for both methods, Fig. 2.1A, B).
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Table 2.1 Values of inhibition constant (Ki) of sodium azide calculated from
transformed data using the Dickson linearization and values of metabolic flux control
(Ci) calculated according to the following formula: Ci = —(dJ/J)/(dI/Ki) where J is the
respiration flux, dJ is the decrement of respiration flux caused by increment of
inhibitor addition dI (between 0 and 80 uM) in the sl and silll mitotypes at the four
different temperatures. Results are means = s.d. (n=10).

sill silll
Temperatures Ki Ci Ki Ci
12°C 26.3+15.1 0.12+0.07 18.8+9.0 0.09+0.04
18 °C 35.7+13.2  0.32+0.12 41.1+10.0 0.31+0.08
24 °C 60.5+£10.8  0.52+0.09 59.3x10.0  0.51+0.08
24 °C 66.4+16.1 0.57+0.14 60.1+16.2 0.52+0.14
(TMPD+Asc)
28 °C 93.8+3.5 0.60+0.02 97.949.7 0.66+0.07

We chose the first method because there were no differences between
mitotypes in the weights of flies, it did not need any mitochondrial isolation, and it
required a lower number of flies and allowed us to freeze the remaining flies. There
were no significant differences between the two methods, and consequently we can
consider that the membrane solubilisation using Triton X-100 for homogenates
preparations was not different from using TMPD. COX activity was measured for the

four temperatures and expressed as nmol O, consumed per minute per mg protein.
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Figure 2.1 Sodium azide inhibition of cytochrome ¢ oxidase activity at 24 °C using
(A) the detergent-solubilized cytochrome ¢ oxidase (COX) method performed on
homogenates from whole flies or (B) the TMPD-Ascorbate method performed on
mitochondrial isolations from thoraxes. Results are means + s.d. for five
mitochondrial preparations or crude homogenates.
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2.3.5.4 Catalase

After homogenates were centrifuged at 13 000 g for 3 minutes at 4 °C, the
supernatant was incubated with 100 mM of sodium phosphate and 60 mM of H,O,.
Decrease in absorbance, corresponding to the decomposition rate of H,O,, was
measured at the four temperatures and at a wavelength of 240 nm for 1 minute (€240
=43.6 ml.cm”.umol™) (Orr and Sohal., 1992).

2.3.5.5 Malondialdehyde

Malondialdehyde (MDA), the product of the peroxidation of fatty acids, was
measured with a TBARS assay kit from Zeptometrix (Buffalo, NY, USA). This
method relies on the fluorometric measurement of pink chromophor produced during
the reaction of thiobarbituric acid with MDA. MDA contents were measured with light
excitation set at 530 nm, emission set at 550 nm and width of 5 nm, and estimated

following the manufacter’s protocol.

2.3.5.6 Protein content

Total protein content was determined both for mitochondria and homogenates in
duplicate by the bicinchoninic acid method (Srnith et al., 1985). As isolation buffer
contained BSA, the protein due to the buffer was subtracted from the mitochondrial

preparations.

2.3.6. Temperature coefficient values (Q10)

Q10 values for mitochondrial functions (State 3 and State 4 for both complexes |
and Ill, COX activity, and ACO.CS™ ratios) were calculated using the following

formula:

Q10 = (Rate2/Rate )"t
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2.3.7. Chemicals

All chemicals were purchased from Sigma-Aldrich (Mississauga, Ontario,
Canada) except for the TBARS determination assay kit from Zeptometrix (Buffalo,
NY, USA).

2.3.8. Construction of biochemical threshold plots

An azide titration experiment of elevated pathway flux (with pyruvate, L-proline,
malate, sn glycerol-3-phosphate and ADP), as well as azide titration experiment of
COX activity allowed us to construct plots of relative respiration rate against the
percentage of inhibition of COX activity at the same azide concentration (Letellier et
al,, 1994; Villani and Attardi, 1997). Measurements were done at the four
temperatures and COX excess capacity was determined for each temperature as
previously described.

2.3.9. Statistical analyses

All statistical analyses were performed with SAS software (9.1.3). O’Brien’s tests
for homogeneity and analysis of variance (ANOVA) with three independent variables
(incubator, temperature and mitotype) were performed using a GLM procedure with
the least square means method for multiple comparisons tests. This allowed us to
determine any interactions between the variables, and the effect of each variable on
the different parameters measured. Significance was defined at P < 0.05. Data are
expressed as means of five different samples from each incubator, at each

temperature, and for each mitotype measured in duplicate.
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2.4 Results

No differences between incubators were detected for all the parameters

measured, consequently data from incubators A and B were pooled.

2.4.1 Mitochondrial respiration

2.4.1.1 State 3m

For both complexes, state 3m exhibited the same pattern between the mitotypes
for 12, 18 and 24 °C (Fig. 2.2A, B) as well as among the temperatures for the two
mitotypes. There were significant differences between the two mitotypes at 18 °C (P
= 0.0168 for pyruvate+malate+proline and P < 0.0001 for sn glycerol-3-phopshate),
sill being higher than silll.

sill showed a slight increase from 12 to 24 °C, with significant differences
between 12 and 18 °C (P’s < 0.0201 for both complexes), and between 18 and 24 °C
(P < 0.0001 for both complexes). We detected a significant decrease when
comparing 28 °C to 24 °C (P < 0.0001 for both mitotypes). The state 3m of complex
[l markedly increased from 18 to 24 °C (P < 0.0001) while staying similar at 24 and
28 °C (sill), or slightly increasing for silll (P = 0.0426).

2.4.1.2 State 40

sill had a significantly higher state 40 than sill at 18 °C (P < 0.0021 for both
complexes) and 24 °C (P’s < 0.0123 for both complexes), while at 12 and 28 °C, it
was significantly higher for sill (P’s < 0.0497) but only when substrates are provided
to complex | (Fig. 2.2C, D).
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Figure 2.2 Mitochondrial functions measured at four different temperatures in
isolated mitochondria from the two mitotypes of Drosophila simulans sil and sill.
State 3 respiration with (A) complex | substrates (pyruvate+malate+proline) and (B)
sn glycerol-3-phosphate; State 4 respiration with inhibitor olygomycin at level of (C)
complex | and (D) complex Ill; ADP/O ratios calculated from (E) complex | and (F)
complex lll. Results are means + s.d. for 10 mitochondrial preparations. Significance
was set as P < 0.05; * denotes differences between mitotypes; letters denote
differences between temperatures with a statistically different from b and c, b
statistically different from c.
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We also observed significant differences between 12 and 18 °C (complex I, P <
0.0001), 12 and 24 °C (P < 0.0001 for both complexes) and between 18 and 24 °C
(P’s < 0.0011 for both complexes) in sil. At 28 °C, a significant decrease was

observed comparatively to 24 °C for complex | in sill (P = 0.0002).

In silll state 40 of complex | significantly increased from 12 to 28 °C while in
complex Il it decreased between 12 and 18 °C (P = 0.0106) and increased between
18, 24 and 28 °C (Fig. 2.2C, D).

2.4.1.3 ADP/O ratios

When using substrates for complex | (Fig. 2.2E), there was a statistical
difference between the two lines at 12 °C, with a higher ADP/O ratio for the sill
mitotype (P = 0.0003). Among the temperatures, sill and silll exhibited significant
differences, with a higher ADP/O ratio at 24 °C compared to 12, 18 and 28 °C (all P’s
<0.0002).

For complex Ill (Fig. 2.2F), the only significant difference between mitotypes
occurred at 28 °C, with silll being lower (P = 0.0093). Among the temperatures, no
significant differences were detected for sill while sill exhibited significant increases
at 18 and 24 °C compared to 12 °C (P’s < 0.0054) and to 28 °C (P’s < 0.0026).

2.4.1.4 Respiratory Control Ratios and Uncoupling Control Ratios

Results of RCRs are presented in Fig. 2.3. Comparisons between mitotypes
showed that there were significantly higher RCRs for sill at 12 °C at the complex |
level (P = 0.0231), as well as at 28 °C at the complex Il level (P = 0.0143).
Surprisingly, the RCR of sill was significantly lower than silll at 24 °C (P = 0.0292)

when the substrates were provided to complex .
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Figure 2.3 Effect of temperature on Respiratory Control Ratio (RCR) when
mitochondrial preparations from the two mitotypes, sill and silll, were supplied with
pyruvate+malate+proline at the complex | level (A) or with sn glycerol-3-phosphate
via glycerol-3-phosphate dehydrogenase to reduce complex Il (B). Results are
means = s.d. for 10 mitochondrial preparations. Significance was set as P < 0.05; *
denotes differences between mitotypes; letters denote differences between
temperatures with a statistically different from b and c, b statistically different from c.

In both mitotypes, RCRs of complex | were not different between 18 and 28 °C
but both were significantly higher at 12 °C (P’s < 0.0309 for both mitotypes) and 24
°C (P’s < 0.0139 for both mitotypes). Moreover, RCR at 12 °C was higher than at 24
°C for sil (P = 0.0238), while we observed the opposite trend for silll (P = 0.0043).
We observed slight, but significant increases from 12 to 28 °C at the complex Il
level. Results of UCRs are shown in Table 2.2. No significant differences were

detected in UCRs between strains or between temperatures.

2.4.2 Enzymatic measurements

No significant differences were detected between mitotypes (Fig. 2.4A) in ACO
activity at any temperature, suggesting no differences in the oxidative stress

supported by each of these lines, at least in mitochondria. This is reflected by
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absences of significant differences between both mitotypes in MDA levels (data not

shown).

COX activity was significantly higher for sill only at 12 °C (P < 0.0001; Fig.
2.4B). Moreover, we observed a slight increase from 12 to 28 °C for both mitotypes

with significant differences between 12, 18, 24 and 28 °C.

At 18 °C CAT activity was higher in sill compared to silil (P = 0.0116) whereas
at 28 °C it was lower (P = 0.0005) (Fig. 2.4C).
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Figure 2.4 Thermal sensitivity of different key enzymes of mitochondrial metabolism
and the antioxidant system from the two mitotypes, sill and silll. (A) Ratios of
aconitase activity over citrate synthase activity calculated from measures in isolated
mitochondria from the two mitotypes, sil and silll; (B) cytochrome ¢ oxidase activity
and (C) catalase activity measured in crude homogenates from the two mitotypes,
sill and silll. Results are means = s.d. for 10 mitochondrial preparations or crude
homogenates. Significance was set as P< 0.05; * denotes differences between
mitotypes.
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2.4.3 COX excess capacity and flux metabolic control

Complex IV activity and mitochondrial respiration with pyruvate, malate, L-
proline and sn glycerol-3-phosphate were inhibited by sodium azide. We examined
the apparent excess capacity of COX at high flux through the ETS using a
combination of substrates that maximally reduce complexes | and lIl. Azide titration
resulted in hyperbolic inhibition of COX. The threshold plots display pathway flux as
a function of COX activity; the threshold for inhibition of COX is defined as the
intercept of the initial slope with the linear fit of the final slope (Fig. 2.5). The
apparent excess capacity of COX is the intercept of the extrapolation of the linear
regression for the final slope with the axis at zero COX inhibition. We detected a
threshold, and consequently, a COX excess capacity at 12 °C with no distinctions
between the two mitotypes (604%, 1= 0.9139 for sill and 613%, r*= 0.9301 for silll).

Surprisingly, with increasing temperatures the COX excess capacity vanished
and comparisons were made between the different Ki and Ci. We observed
increasing Ki with increasing temperatures but no differences between mitotypes
were detected (Table 2.1).

For Ci comparisons, there were no significant differences between mitotypes but
significant increases were detected from 12 °C to 28 °C (Table 2.1). All temperature

comparisons were significantly different (all P’s < 0.0005).

Q10 values for ACO.CS™ and state 3m are presented in Table 2.3.
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Figure 2.5 Complex IV thresholds measured at four different temperatures in the two
mitotypes studied, sil and sill. Respiration was measured in isolated mitochondria
fed with pyruvate+proline+malate+sn glycerol-3-phosphate as substrates followed by
an azide titration of flux through the respiratory system. Complex IV inhibition was
measured in crude homogenates following azide titration of the enzyme velocity
using the same azide titration steps as for the respiratory system. The COX excess
capacity is represented by the threshold plot, which shows the relative flux through
the ETS as a function of relative inhibition of COX at similar azide concentrations. At
12 °C, two linear regressions were calculated from initial and final slopes, and
extrapolated to zero COX inhibition (sill, r* > 0.9840 and r* > 0.9139 respectively;
sill, *>0.9651 and r? 2 0.9301, respectively). The intercepts are the COX excess
capacity (see text below). Results are means + s.d. (n = 10).
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Table 2.2 Values of Uncoupled control ratios (UCRs) measured in mitochondrial
isolations. UCRs were calculated as state U/state 3m with state U representing the
maximum uncoupled respiration rate (reached between 0.2 and 0.5 pM of FCCP)
and state 3m representing the maximum active state 3 achieved with injection of 400
MM of ADP. Results are means + s.d. for 10 mitochondrial preparations.

Uncoupled Control Ratios (UCRs)

sill sill
Pyruvate Pyruvate
Sn

+Malate Sn +Malate
glycerol-3- glycerol-3-
Temperatures +Proline  phosphate +Proline  phosphate
12°C 0.98+0.08 0.99+0.07 0.99+0.06 1.00+0.06
18 °C 0.98+0.03 0.98+0.078 0.95+0.06 0.95+0.05
24°C 0.99+0.07 0.96+0.05 0.98+0.05 0.95+0.05

28 °C 0.94+0.60 0.96+0.04 0.99+0.10  0.98+0.04
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Table 2.3 Temperature coefficients (Q10) for ACO.CS™ ratios and for mitochondrial
respiratory fluxes in state 3m. Q10 values for mitochondrial functions were calculated
according to the following formula: Q10 = (Rate2/Rate1)'”"™'"). Results are means of
10 mitochondrial preparations. Significance was set as P < 0.05; * denotes
differences between mitotypes.

Temperature coefficients (Q10)

1210 18 °C 1810 24 °C 24t028 °C
sill silll sill silll sill silll
ACO.CS™ 1.68 1.85 1.21 1.68 2.29 1.44
State 3m
Pyruvate+malate+proline  1.58 0.95* 2.68 3.40 0.35 0.43
Sn glycerol-3-phosphate 2.03 0.92* 2.37 3.74" 1.17 1.31

s

represents differences between strains with P < 0.05

2.5 Discussion

Comprehension of the physiological and biochemical bases of temperature
sensitivity of mitochondrial function appears essential to determine the capacity of
organisms to cope with changing environmental conditions, and constraints they may
face under these conditions. In our study, we compared two mitotypes of D. simulans
in order to (1) evaluate the plasticity of different enzymes of the ETS and (2) to link
MIDNA divergences with mitochondrial bioenergetics at several steps of the ETS. To
our knowledge, this study is the first to deal with impact of temperature variations on

mitochondrial functions in different mitotypes of the same species.

The two Krebs’ cycle enzymes that are fully encoded by the nuclear genome,
CS and ACO, showed no differences between mitotypes. This result suggests a

weak impact of the nuclear genes on divergences of mitochondrial functions
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between these two populations. ACO is an enzyme selectively carbonylated and
functionally altered in the housefly mitochondrial matrix by reactive oxygen species
(Yan et al., 1997; Yan and Sohal, 1998; Yarian and Sohal, 2005), and can be used
as a proxy of the steady state concentration of superoxide in the matrix (Gardner,
2002; Miwa and Brand, 2005). CAT activity of sill mitotype was higher at 18 °C than
silll. The latter mitotype showed more elevated CAT activity at 28 °C. As MDA levels
and ACO activities remain constant between mitotypes at all temperatures, we
suggest that these different CAT thermal sensitivities may result from expression of

different allozymes in both populations, and consequently of different antioxidant
activity.

The maximal rates of mitochondrial respiration were reached at 24 °C for both
mitotypes and when mitochondria were provided via glycerophosphate
dehydrogenase to reduce complex |l these rates were similar to those found at 25
°C by Katewa and Ballard (2007). However, when mitochondria received electrons
by pyruvate+malate+proline to reduce the complex |, we obtained higher respiration
rates than these authors, which are likely due to addition of malate as substrate in
the present study. Katewa and Ballard (2007) found significant differences between
mitotypes at 25 °C, whereas we did not detect any differences between mitotypes
except at 18 °C where sill showed higher catalytic capacity. Interestingly, this higher
capacity came with higher CAT activity. Maximal state 3m with
pyruvate+malate+proline was found at 24 °C whereas with sn glycerol-3-phosphate it
was at 24 and 28 °C.

The decrease of catalytic capacities of mitochondrial state 3m respiration
between 24 and 28 °C (Table 2.3) follow the same pattern as in other ectothermic
species as reported in rainbow trout red muscle (Blier and Guderley, 1993a;
Guderley et al., 1997) and in Arctic char (Blier and Lemieux, 2001), which show a
decrease at high temperature. There is however no decrease in the catalytic
capacities when electrons are supplied to the ubiquinone pool via glycerophosphate
dehydrogenase (Table 2.3). This clearly suggests that the decline in respiration rates

at higher temperature when electrons are supplied at the level of complex | is
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induced by decreasing activities of enzymes upstream complex Il1.

Interestingly, state 4o follows the same pattern as state 3m with more
pronounced differences between mitotypes (for all temperatures using complex |
substrates, and for 18 and 24 °C using sn glycerol-3-phosphate). At 18 and 24 °C,
sill exhibits a higher state4o than sill for both complexes, whereas at extreme
temperatures (12 and 28 °C) the higher state 40 is measured in sill but only with
complex | substrates and this difference is not maintained for sn glycerol-3-
phosphate. During state 4, O, and H,O, production are believed to be the highest
(Forman and Boveris, 1982). Our results on state 40 are consistent with a previous
study by Katewa and Ballard (2007), which showed higher H,O, production in sill at
25 °C. Our results could also suggest that flies with sil mtDNA are better adapted to
a large temperature range and specifically to extreme temperatures, whereas silll
has a smaller thermal range. This would be in line with the lower impact of lower
temperature on ADP/O ratio as well as with the geographical distribution of both
mitotypes. Flies from the two mitotypes were collected in Kenya where they live in
sympatry; however sill has a worldwide distribution whereas sill is endemic to
continental east Africa, Madagascar and Reunion Island. This spatial niche
differentiation hypothesis does not however exclude the possible temporal niche
differentiation (diurnal or seasonal differences in haplotype
performance/abundance). Obviously, at this stage of experimentation we cannot
determine if the differences in mtDNA per se have any adaptive significance. Indeed,
while there are isolated temperature-specific differences between mitotypes, these
differences are not consistent across the various functional attributes measured.
Consequently, there is little support for a conclusion that one mitotype has a broader

temperature range for mitochondrial performance than the other.

The ratio of OXPHOS capacity to leak respiration is used as a coupling index of
isolated mitochondria and of the functional integrity of mitochondria (RCR; Chance
and Williams, 1956). RCRs obtained using substrates for complex | and the
substrate sn glycerol-3-phosphate indicate a well-coupled respiration. sil showed

more coupled respiration, as well as a higher ADP/O ratio at 12 °C when
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mitochondria were supplied in electrons at complex | level. This result shows that sill
exhibits a higher efficiency of substrate oxidation and OXPHOS capacity at 12 °C.
Moreover, low RCRs at 18 °C (5.78 + 1.2 for sill and 5.79 + 1.1 for silll) and 28 °C
(5.67 = 0.7 for sll and 527 = 0.8 for sill) suggest that the mixture
pyruvate+malate+proline is associated with a lower efficiency of OXPHOS at these
temperatures, which is supported by ADP/O ratios calculated at the same
temperature. The ADP/O ratios for complex | also show optimal temperature at 24
°C. The decrease in ADP/O ratios are likely induced by higher thermal sensitivity
(and decrease) in state 3m respiration compared to state 40 as illustrated by RCRs.
Surprisingly, high RCR values for both mitotypes at 12 °C do not correspond to high
ADP/O ratios, even if differences in RCRs between mitotypes were paralleled by
differences in ADP/O ratios for this temperature. This result can only be explained by

loss of OXPHOS capacity during state 3m at low temperature.

When mitochondria received electrons from the glycerophosphate
dehydrogenase (at the level of complex Ill), we observe a slight increase of RCRs
from 12 to 28 °C. The only difference between mitotypes for this complex occurs at
28 °C where, once again, sil exhibits higher RCR. At all temperatures, RCRs as
well as ADP/O ratios are more elevated in complex |, showing higher OXPHOS
capacity with pyruvate+malate+proline induced by activation of complex | proton
pump. The only exception is at 28 °C, where the higher RCR with sn glycerol-3-
phosphate reflects a lower thermal sensitivity of state 3 respiration when ETS is
supplied with sn glycerol-3-phosphate. However, at this temperature, we do not
observe a concomitant increase in the ADP/O ratios, which suggest that OXPHOS
capacity is partly dissipated downstream of the ETS during state 3m respiration (at
complex 1V, or by higher rate of proton leakage). When comparing state 3m
respiration of mitochondria supplied either with pyruvate+malate+proline or sn
glycerol-3-phosphate, the state 3m is higher with electrons provided to complex I,
illustrating that complex IV (cytochrome c¢ oxidase) can support much higher rate of
oxidation than the one provided when supplying electrons only via glycerol-3-

phosphate dehydrogenase to reduce complex Il (sn glycerol-3-phosphate), at least
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at three temperatures we tested. The important decrease of complex | state 3m
respiration between 24 and 28 °C, despite the absence of thermal sensitivity of
complex Il state 3m respiration at these same temperatures, suggests that the likely
limitation of respiration comes upstream of complex Ill. This is also supported by the
low UCR values (below but not significantly different from 1.0, Table 2.2) at any
temperature, suggesting that ATP synthesis capacity (ATP synthase) can support

the maximum respiration rates.

For COX activity, an increase from 12 to 28 °C was observed, as seen in other
ectothermic species (Blier and Lemieux, 2001; Lemieux et al.,, personal
communication). We did not detect a loss of activity between 24 and 28 °C (Q1024.08
= 1.81 for sill and Q10,40 = 2.66 for silll). This result suggests that COX is likely not
responsible for the reduction of catalytic capacities at 28 °C when mitochondria are
supplied in electrons at the complex | level. The decrease of the catalytic capacities
of complex | observed at 28 °C is therefore likely due to upstream ETS (complex |, Il

or lll) or dehydrogenases, which drive the entry of the substrates in the ETS.

COX excess capacity was measured at high pathway flux with both complexes
fully fuelled in electrons (pyruvate+malate+proline+glycerol-3-phosphate). An
important excess was observed only at 12 °C, with an excess of about 604% for sill
and 613% for silll. At this temperature, the COX maximal activity should reach a
significantly higher level of inhibition before impairment of mitochondrial respiration
(approximately 91.7% for sl and 93.0% for silll). Excess capacity of COX has been
reported in ectotherms (Blier and Lemieux, 2001; Farge et al., 2003) as well as in
endotherms (Rossignol et al., 1999). At 12 °C, COX catalytic capacities do not exert
a strong control over the OXPHOS capacity (Ci = 0.12 + 0.07 for sil and Ci = 0.09 +
0.04 for silll). From 18 to 28 °C, no excess capacity of COX was detected and Ci
increased slightly along with temperature, suggesting important control of OXPHOS
capacity by COX. This result also suggests that maximal, uninhibited COX activity
could not support higher respiration rates than the maximal rate experimentally
measured in the present study, where we used excess concentrations of different

substrates. These results may indicate that when the ETS is “nearly saturated” with
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electrons from carbon substrates, the system is close to its limit and therefore
complex IV does not present any excess. Other studies have found high threshold
values for the complex IV in Drosophila (Farge et al., 2003), as well as in rat
mitochondria (Letellier et al., 1994; Rossignol et al., 1999) but only when the
complex | was reduced using glutamate+malate or pyruvate+malate. Particularly,
Farge et al. (2003) found the same type of threshold curve for Drosophila
Subobscura at 28 °C with glutamate+malate that we did at 12 °C with
pyruvate+malate+proline+glycerol-3-phosphate. This result suggests that at 12 °C,
when all substrates were used, there is impairment of electron entry into the ETS,

and likely at the level of upstream dehydrogenases.

This highlights the fact that the mitochondrial metabolic enzymes have different
thermal sensitivities and that temperature changes should necessarily modify the
proportions of catalytic capacities of the different enzymes and therefore, the
regulation of the whole pathway. At low temperatures (12 °C in our study) regulation
at the level of COX was relaxed, likely due to much higher thermal sensitivity of other
mitochondrial enzymes or processes. From 18 to 28 °C, which covers the optimal

temperature conditions, mitochondria are more regulated by COX.

In summary, we have shown that differences between the two mitotypes are
observed at low temperature (12 °C) where sill display higher RCR and ADP/O ratio
than sill as well as lower state 40. To investigate the significance of state 40, the
experiment must be repeated with an assessment of membrane potential, because
proton leak can only be estimated from state 40 when membrane potential is known
or controlled. At this stage, we cannot however conclude about the adaptive value of
mtDNA partly because the temperature-specific differences detected are not
consistent across the various functional parameters measured and they cannot be
linked yet to any fitness divergences at the specific ecological niches of the two
populations. We have also shown that different ETS enzymes have different thermal
sensitivities which can lead to different distribution of control along the ETS and
dehydrogenases process at different temperatures leading to quite low level of

respiration control by COX at low temperature. However, important properties of
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mitochondria may differ in vivo and in vitro (Kuznetsov et al., 2008). Further in situ
studies (on permeabilized fibers) among mitotypes of Drosophila simulans should
reveal characterization of functional mitochondria in their normal intracellular position
and assembly, conserving interactions with other organelles. Moreover,
introgressions between mitotypes should highlight the adaptive value of Drosophila

mitochondria in coadapted cellular environments.
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3.0 Résumé

L’objectif de dette étude était d’identifier les différences au niveau des
performances mitochondriales et de la thermosensibilité associées a des populations
possédant différents haplotypes mitochondriaux et différentes distributions
géographiques. Pour cela, la respirométrie a haute résolution a été utilisé sur des
fibres perméabilisées de muscles thoraciques prélevées sur Drosophila simulans.
Nous avons mesuré l'impact de la température sur la respiration mitochondriale de
deux mitotypes (sill et silll) de D. simulans en utilisant des titrations expérimentales
(différentes combinaisons de substrats, de découpleurs et d’inhibiteurs) afin
d’examiner les conséquences fonctionnelles des voies métaboliques mitochondriales
convergeant a la jonction Q du systéme de transport des électrons (ETS) a quatre
températures différentes. Nous avons aussi mesuré l'intégrité fonctionnelle de la
membrane externe, l'activité de la pyruvate déshydrogénase (PDH), la respiration
découplée ainsi que I'exces apparent de cytochrome ¢ oxydase (COX) aux mémes
températures lors d’'un flux élevé d’électrons dans 'ETS. Des différences entre
mitotypes ont été détectées a 24°C et ces différences ont été proposées comme
étant dues a l'efficacité des complexes en aval (complexes Il ou 1V) a réduire le flux
d’électrons. L'excés apparent de COX détecté a 12°C est surement connecté aux
déshydrogénases car ce sont elles qui gerent le flux d’électrons dans 'ETS. De plus,
les résultats sur la sensibilité thermique ont montré que la température affecte les
capacites catalytiques des différentes enzymes de 'ETS. Cependant, nous n’avons
pas pu confirmer que la différence au niveau de la capacité a ravitailler 'ETS en
électrons provient des divergences au niveau de I'’ADN mitochondrial (ADNmt)
puisque celles-ci peuvent aussi provenir des interactions entre protéines codées par
le génome nucléaire et par le génome mitochondrial.
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3.1 Abstract

The aim of this study was to use high-resolution respirometry with
permeabilized fibers of thorax muscles of Drosophila simulans to identify differences
in mitochondrial performance and thermal sensitivity associated with populations
possessing different mitochondrial haplotypes and geographical distributions and to
determine if there were some differences using mitochondrial isolations for the same
purpose. We measured the impact of temperature on mitochondrial respiration in two
mitotypes (sl and sill) of D. simulans using multiple substrate-uncoupler-inhibitor
titration experiments to investigate the functional consequences of convergent
mitochondrial pathways at the Q-junction of the electron transport system (ETS) from
three different branches at four different temperatures. We also measured the
functional integrity of outer mitochondrial membrane, the pyruvate dehydrogenase
(PDH) activity, the uncoupled respiration as well as the excess capacity of complex
[V (COX) at the same temperatures during high convergent pathway flux.
Differences between mitotypes were detected at 24°C and these differences were
proposed to be driven by efficiency of downstream complexes (either complex Il or
IV) to deplete electrons. The apparent COX excess capacity detected at 12°C may
be related to dehydrogenases process since they drive the electron input into the
ETS. Moreover, results on thermal sensitivity showed that temperature affects the
catalytic capacity of the different enzymes of the ETS. However, we cannot confirm
yet that the difference in the capacity to fuel the ETS in electrons comes from the
divergences in the mitochondrial DNA (mtDNA), it may be related to nuclear-
encoded and mitochondrial-encoded protein interactions.
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3.2 Introduction

The complexes of the mitochondrial electron transport system (ETS) are
encoded by both nuclear and mitochondrial DNA (mtDNA) and are suspected to
partly evolve to adjust oxidative phosphorylation (OXPHOS) to environmental
conditions of the organism (Das, 2006). MtDNA codes for 13 peptides involved in
oxidative phosphorylation. Since all mtDNA genes are usually transmitted maternally
(but see Breton et al., 2007) as one single haplotype, it has been suggested that
selection on mtDNA might lead to haplotypes adapted to different environments
(Blier et al., 2001; Fontanillas et al., 2005).

We tried here to identify differences in mitochondrial performance and thermal
sensitivity associated with mtDNA haplotype divergences in the fly Drosophila
simulans. This question was already addressed in a previous paper (Pichaud et al.,
2010) and we concluded that the catalytic capacities of the different enzymes of the
ETS have different thermal sensitivities and the corresponding involvement of the
different steps of the ETS on mitochondrial regulation likely varies with temperature-
induced changes. However, we were not able to conclude about the adaptive value
of mtDNA partly because the temperature-specific differences detected were not
consistent across the various functional parameters measured. To our knowiedge,
most studies on the thermal sensitivity of the mitochondrial respiration, including
ours, have been done on isolated mitochondria (Blier and Guderley, 1993a; Blier and
Guderley, 1993b; Hardewig et al., 1999; Blier and Lemieux, 2001; Abele et al., 2002;
Chamberlin, 2004; Fangue et al., 2009; Ulrich and Marsh, 2009; Lemieux et al.,
2010; Pichaud et al., 2010). Although valuable for assessing mitochondrial functional
integrity, maximal capacity of oxidative phosphorylation (which was highlighted in our
previous study) and import of mitochondrial proteins, Kuznetsov et al. (2008)
emphasized that properties of mitochondria differ in vivo and in vitro. It is therefore
difficult to evaluate the impact of environmental conditions when the in vitro
environment does not reflect the physiological conditions. Studying functional
mitochondria in situ in permeabilized muscle fibers allows a physiologically relevant

assessment of mitochondria within an integrated cellular system, in their normal
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intracellular position and assembly, preserving essential interactions with the
cytoskeleton, nucleus and endoplasmic reticulum (Rizzuto et al., 1998; Saks et
al.,1998; Milner et al.,2000; Dzeja et al., 2002; Csordas et al., 2006; Kuznetsov et al.,
2008). While this approach has been widely used to detect mitochondrial cytopathies
in mammals (including humans), it has not been used so far to address the impact of
environmental conditions (especially temperature) in ectothermic species. We
developed here a new method using this approach to re-investigate the potential
adaptive values of genetic traits in terms of mitochondrial functions and to determine
whether the lack of differences found in our previous experiment using isolated
mitochondria (Pichaud et al., 2010) were also seen using the in situ approach. This
accurate method may highlight if these traits translate to subtle modification of the
regulation or the catalytic capacity of the oxidative phosphorylation process at the

various steps of the ETS in a more relevant manner than our previous study.

Drosophila, a complex of ectothermic and eurythermic species, is an appropriate
model to study the adaptive value of mtDNA since these species are easy to breed,

their genome has been extensively studied, and can be genetically manipulated.

Particularly, Drosophila simulans harbours three geographically distinct,
subdivided haplogroups (sil, sill, sill) with nearly 3% interhaplogroup divergence
(Ballard, 2000a; Ballard,2004; Ballard, 2005) but lacks any nuclear subdivision at
any nuclear encoded loci tested to date (Katewa and Ballard, 2007; Melvin et al.,
2008). The sill and silit mitotypes live in sympatry in Kenya where the frequency of
the silll type is about 40% (Ballard, 2004). In four wild caught sil and four sill fly
lines, low amino acid variation was observed within mitotypes in a 4.5 kb region
spanning from position 1450 to position 5983 of the mtDNA genome. In contrast
large divergences were noticed between the mitotypes (2.04x10%% nucleotide
divergence, 1.21x10?% amino acid divergence in the same region) (Ballard et al.,
2007). In this context, variations between mitotypes are highly suspected to affect
the performances of mitochondria and the overall regulation of mitochondrial
respiration through a different control of a particular enzyme of the ETS. To

investigate the metabolic characters associated with a given mitochondrial
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haplotype, the easiest way to proceed is to assess the mitochondrial respiration and
the electron flux throughout the ETS in populations characterized by divergent
haplotypes. Estimation of the thermal sensitivity of the ETS complexes may
furthermore highlight functional divergences among mitochondria from these
different populations. Temperature necessarily affects the catalytic capacities of the
ETS complexes (but see Pértner, 2002). For example, the cytochrome ¢ oxidase
(COX, complex V) was generally found in excess in isolated mitochondria and this
excess compared with the aerobic mitochondrial capacity seems to be a basis for the
high oxygen affinity of the mitochondrial respiration (Gnaiger et al., 1998). Thermally
induced-changes in COX activity would therefore have little effect on the maximal
respiration rate while still acting on regulation of respiration mainly through impact
upon the redox state of ETS (Blier and Lemieux, 2001). The apparent COX excess
capacity depends on the reference state: when substrate supply is taken as the
reference state with an artificially limited OXPHOS capacity, then the apparent COX
excess capacity is increased (Gnaiger et al., 1998, Rossignol et al., 2003; Gnaiger,
2009). In the case of high electron input in the ETS using multiple substrates, our
laboratory showed that the COX excess capacity was low, even non-existent,
depending on the experimental temperature. As a consequence, the level of control
of mitochondrial respiration by COX changes according to the temperatures tested
(Pichaud et al., 2010). These differences in the apparent COX excess capacity were
proposed to be associated to alteration of the distribution of control along the ETS
and dehydrogenase processes with temperature changes. The control of OXPHOS
and regulation of mitochondrial respiration is thought to be shared by different
complexes: the phosphorylation system, ETS and the reactions that provide
substrates and electron to the system, for example substrates transporters and
dehydrogenases. Since all these processes are expected to be differently affected
by temperature the distribution of control strength may also be altered by
temperature. The selection pressure on ETS enzymes could be dictated by the
environment, especially the thermal environment for ectotherms, and leading to
changes in both nuclear-encoded and mitochondrial-encoded subunits of ETS

complexes (Willett and Burton, 2004; Ellison and Burton, 2006), giving a specific
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adaptive value to mitochondrial haplotypes in the management of the temperature
impact on the electron flux. Moreover, Lemieux et al. (2010) reported that pyruvate
dehydrogenase (PDH) may play a major role in the determination of thermal
sensitivity of carbohydrate-supported OXPHOS in rat heart. Investigation of catalytic
capacities of the different enzymes of the ETS as well as the activity of the PDH at
different temperatures is therefore important to understand management of the
control of mitochondrial respiration and plausibly adaptation to environmental

temperature.

We therefore measured mitochondrial respiration at 12, 18, 24°C (considered as
an optimal temperature) and 28°C in permeabilized fibers during high electron input
through the ETS using multiple substrate-uncoupler-inhibitor titration (SUIT)
protocols (Gnaiger, 2007) adapted to Drosophila which allows scrutinizing on control
of OXPHOS capacity, and exploring the functional consequences of convergent
mitochondrial pathways at the Q-junction (Gnaiger, 2007). The thermal sensitivity of
mitochondrial respiration was measured with different combinations substrates of
complex I, complex Il, complex Il through Q pool, and their respective inhibitors. We
also determined functional integrity of outer mitochondrial membrane, thermal
sensitivity of uncoupled respiration as well as that of the excess capacity of COX at
high convergent pathway flux using inhibitor titration experiments in order to
compare overall mitochondrial performances at different temperatures of both
mitotypes. Measurements of pyruvate dehydrogenase activity were also performed
to investigate the electrons entry in the ETS at the level of complex I. Our results
showed that differences were detected at 24°C between mitotypes (contrasting our
previous study) principally when high electron flux converged at the Q-junction.
Moreover, the thermal sensitivity was highly divergent between mitotypes at almost
all steps of the ETS that we assessed, which might advantage one mitotype in

colonizing spatial niches with wider temperature range.
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3.3 Material and methods

3.3.1 Fly mitotypes

Drosophila simulans (STURTEVANT 1919), sil and silll both collected in Kenya,
were used for experiments. For each mitotypes, four isofemale lines (namely
2KY0412, 2KY0415, 2KY0418 and 2KY0421 for sill; 3KY0410, 3KY0412, 3KY0414
and 3KY0420 for silll) were reared from flies collected in Nairobi (Kenya) during
November 2004 (Ballard et al., 2007). The mtDNA haplotype was determined using
allele-specific PCR as described previously for each isofemale line (Dean et al.,
2003), and Wolbachia infection was tested using conserved 16S rDNA primers (30).
According to Ballard et al. (2007), there is only one nonsynonymous change within
sill lines and one nonsynonymous change within silll lines over 5500 bp of mtDNA
analysed. In contrast large divergences were noticed between the mitotypes
(2.04x10%% nucleotide divergence, 1.21x10%% amino acid divergence in the same
region). PCR assays showed that all isofemale lines belonged to the corresponding

mtDNA haplotype and were not infected by Wolbachia.

Flies were reared at constant temperature (24.0 + 0.1°C), humidity (50% RH),
diurnal cycle (12 h:12 h light:dark) and density (approximately 100 flies for 25 ml of
standard cornmeal medium) as described previously (Pichaud et al., 2010). Briefly,
flies were reared in standard cornmeal medium containing a mixture of 10 g of agar-
agar, 12 g of sugar, 54 g of dried yeast and 106 g of cornmeal flour dissolved in 2 | of
tap water. Propionic acid (8 ml) and methyl-4-hydroxybenzoate 10% (w/v) in ethanol
(32 ml) were added to the mixture to avoid mite and mould contamination. All
Drosophila used for experiments were 10-days-old males (the large number of
mitochondria in female abdominal oocytes may bias experimental measurements).
To avoid fitness problems associated with aging the parents of the experimental flies
were less than 14 days old. Each population was reared in two different incubators
(A and B) to allow replicates of experimental lines and to avoid any “incubator” effect.

Flies used for fiber permeabilization as well as for enzymatic analyses were
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weighted individually with an electrobalance (Mettler-Toledo Inc., Columbus, OH,

USA) with a resolution of 0.1 pg.

3.3.2 Preparation of permeabilized muscle fibers

All steps were done at 4°C. Flight muscles from 4 or 8 thoraxes (1 for 28°C or 2
for 12, 18 and 24°C from each isofemale line of the same mtDNA type) of 10-days-
old D. simulans were taken for fiber permeabilization. Thoraces were separated from
abdomens and heads and then placed onto a Petri dish with 2 ml of relaxing solution
(BIOPS; Veksler et al., 1987; Letellier et al., 1992) containing 2.77 mM CaK,EGTA,
7.23 mM K;EGTA, 5.77 mM Na,ATP, 6.56 mM MgCl,, 20 mM Taurine, 15 mM
Na,Phosphocreatine, 20 mM Imidazole, 0.5 mM Dithithreitol, 50 mM K-MES, pH 7.1.
Individual fiber bundles were separated with two pairs of sharp forceps, achieving
thin muscle-fiber bundles. The fiber bundles were transferred to a Petri dish
containing 2 ml of BIOPS and 81.25 ug.ml” saponin and were gently mixed at 4°C
for 30 minutes. Note that preliminary experiments optimizing the maximal
Respiratory Control Ratio (RCR) at 24°C determined the saponin concentration (n= 3
for each concentration: RCR = 3.3 for 23.75 ug.ml™; RCR = 6.9 for 50 ug.ml"'; RCR
= 7.5 for 81.25ug.ml™; RCR = 6.2 for 110 pg.ml™"). Fiber bundies were then rinsed at
4°C for 10 minutes in respiration medium containing 120 mM KCI, 5 mM KH,PQO,, 3
mM Hepes, 1 mM EGTA, 1 mM MgCl, and 0.2% bovine serum albumin (BSA) (w/v),
pH 7.2 and immediately transferred into a respirometer (OXYGRAPH-2K, Oroboros
Instruments, Innsbruck, Austria) filled with air-saturated respiration medium. The
oxygen electrodes were calibrated with air-saturated respiration medium at each
experimental temperature, and zero oxygen measurements were taken after sodium
dithionite addition. O, solubility for medium respiration was calculated for the four

experimental temperatures according to Rasmussen and Rasmussen (2003).
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3.3.3 High-resolution respirometry

3.3.3.1 O, fluxes measurements with substrates and uncoupler

Respiration was measured at 12, 18, 24°C (with permeabilized fibers from 8
thoraxes) and 28°C (with permeabilized fibers from 4 thoraxes) and data acquisition
and analysis measured using the software DatlLab (Oroboros Instruments,
Innsbruck, Austria). According to the temperature and the mitotype tested,
mitochondrial respiration of 7 to 20 different preparations were averaged for each
incubator (19 and 12 preparations for sil and sill respectively at 12°C; 16 and 20
preparations for sill and silll respectively at 18°C; 13 and 19 preparations for sill and
silll respectively at 24°C; 18 and 7 preparations for sill and silll respectively at 28°C).
After addition of pyruvate (10 mM), malate (10 mM), and L-proline (10 mM), fiber
bundies were transferred into the respiration chambers to achieve state 2. The
following substrates and uncoupler were then sequentially added to the chamber:
ADP (5 mM, to achieve state 3 respiration for complex I, Cl), cytochrome ¢ from
equine heart (10 uM, as an index of functional integrity of the outer mitochondrial
membrane, Clc), succinate (10 mM, to reach state 3 respiration for complex |
+complex Il, Clc+Cll), sn glycerol-3-phosphate (20 mM, to achieve state 3
respiration for complex | + complex Il + glycerol-3-phosphate dehydrogenase,
Clc+ClI+G3Pdh) and 2,4-dinitrophenol (uncoupler, optimum concentration between
5 to 15 pM to reach maximum O, flux, Clc+ClI+G3Pdh+u). According to Gnaiger
(2009), this protocol allowed us to calculate RCR for complex | (Cl/state 2),
Cytochrome ¢  effect (Clc/Cl), Uncoupling  Control Ratio (UCR,
Clc+ClI+G3Pdh+u/Clc+ClI+G3Pdh), O, flux (for Cl, Clc, Clc+Cll, Clc+Cll+G3Pdh
and Clc+CIlI+G3Pdh+u), and Substrate Control Ratio (SCR, ratios of fluxes in the
same coupling state for Clc and Clc+Cll with Clc+CIl+G3Pdh as the reference
state). From this point, studies were conducted in two different ways: inhibitors were
sequentially introduced to inhibit the overall mitochondrial respiration and COX
activity was determined before sodium azide titration was performed and

mitochondrial respiration inhibition was measured using sodium azide titration.
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3.3.3.2 Inhibitors and COX activity

After mitochondria were uncoupled, the following inhibitors and substrates were
introduced in the following order: rotenone (0.5 pM, inhibitor of complex |,
Cll+G3Pdh+u), malonate (5 mM, inhibitor of complex Il, G3Pdh+u), antimycin A (2.5
1M, inhibitor of complex Ill, Rox which corresponds to residual oxygen consumption,
reached after inhibiton of complexes I, I and IH), N,N,N’ N’-tetramethyl-p-
phenylenediamine (TMPD) + ascorbate (0.5 mM and 2 mM respectively, to measure
COX activity). After each introduction, oxygen consumption was measured and
chemical backgrounds (oxidation rates due to autoxidation of TMPD, ascorbate and
cytochrome ¢) as well as instrumental backgrounds were subtracted from the activity
(Gnaiger and Kuznetsov, 2002). These subtractions allowed us to caiculate O, flux
(for ClI+G3Pdh+u, for G3Pdh+u, for Rox and for COX) and SCR (for Cll+G3Pdh+u
and for G3Pdh+u with Clc+Cli+G3Pdh+u as the reference state).

3.3.3.3 Azide titration experiment

After TMPD + ascorbate were introduced, sodium azide was progressively
added at appropriate intervals to inhibit COX activity. The concentrations used for
titration were the following: 1, 2, 7, 12, 32, 52, 102, 152, 252, 352, 852, 1352, 3852
and 8852 pM or unti maximum inhibition was achieved. Alternatively, after
mitochondria were uncoupled, the same sodium azide titration was performed to
progressively inhibit the maximum pathway flux. This titration of maximum pathway
flux as well as azide titration of COX activity allowed us to construct plots of relative
respiration rate against the percentage of inhibition of COX activity at the same azide
concentration (Letellier et al., 1994, Villani and Attardi, 1997). The inhibition constant
(Ki) was calculated from transformed data using the Dickson linearization (Kuznetsov
et al., 1996). As azide is a non-competitive inhibitor, the flux control coefficient (Ci)

was calculated using the following equation:
Ci = -(dJ/J)/(dI/Ki),

where J is the respiration flux, dJ is the decrement of respiration flux caused by
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increment of inhibitor addition dl (between 0 and 50 pM) and Ki is the inhibition

constant for sodium azide (Kuznetsov et al., 1996).

Measurements of mitochondrial respiration were averaged for each mitotype at
each temperature and for each incubator. Data were expressed as means of
respiration rate expressed in pmol of oxygen consumed per second per mg proteins

for each mitotype at each temperature and for each incubator.

3.3.4 Enzymatic analyses

PDH activity was measured using a UV/VIS spectrophotometer (Perkin Elmer,
Lambda 11, Foster City, CA. USA) equipped with a thermostated cell holder and a
circulating water bath. PDH was measured from 16 whole flies (4 from each
isofemale line of each mitotype) homogenized in 1600 pl of ice-cold buffer containing
50 mM Tris-HCI, 1mM MgCl,, 0.1% Triton X-100, 1 mg.mI" BSA, pH 7.8 and
centrifuged 3 minutes at 750 g. Each measurement was done in duplicate, and for
each incubator, at each temperature and for each mitotype, five different analyses
were averaged. Enzymatic activities were expressed in U.mg' proteins, where U is 1

pmol of substrate transformed per minute.

PDH activity was measured according to Thibeault et al. (1997). NADH
production was followed by coupling it to the reduction of iodotetrazolium violet (INT).
Briefly, 100 pl of the supernatant were incubated with ice-cold buffer supplemented
with 2.5 mM NAD, 0.5 mM EDTA, 0.1 mM coenzyme A, 0.1 mM oxalic acid, 0.6 mM
INT, 6 U.ml”" lipoamide dehydrogenase, 0.2 mM thiamine pyrophosphate, pH 7.8.
The reaction was initiated with the addition of 5 mM pyruvate (omitted from the
control) and the change in absorbance was measured for 5 minutes at 500 nm

(INTesgo = 15.4 ml.cm™ .umol™).
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3.3.5 Protein content

At the end of each mitochondrial respiration measurements, fiber bundles were
removed and homogenized with a Tekmar homogenizer and the subsequent
homogenates were immediately frozen at -80°C for further analyses. Total protein
content was determined both for homogenates from fiber bundles and from whole
flies in duplicate by the bicinchoninic acid method (Smith et al., 1985). Due to
addition of cytochrome ¢ during experiments as well as the presence of BSA in the
ice-cold buffer and in the respiration medium, the protein content of the buffer was

subtracted from the fiber preparations.

3.3.6 Temperature coefficient values

Temperature coefficient (Qqo) values for mitochondrial functions (Cl, Clc,
Clc+Cll, Clc+ClI+G3Pdh, Clc+Cll+G3Pdh+u, Cll+G3Pdh+u, G3Pdh+u, COX activity
and PDH) were calculated using the following formula:

Qo = (Rate 2/ Rate 1)'%)

where Rate 1 is for the mean rate of the parameter measured at the temperature t1,
and Rate 2 is the mean rate of the parameter measured at the temperature 2. As
the different parameters were not measured on the same individuals, Qo were

calculated using the mean of each parameter measured at each temperature.

Ratios of the different O, fluxes for Clc/COX, Clc+CIl/COX and
Clc+CIlI+G3Pdh/COX were also calculated in order to emphasize the possible

different proportions of each complex at the different temperatures tested.

3.3.7 Chemicals

All chemicals were purchased from Sigma-Aldrich (Mississauga, ON, Canada).
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3.3.8 Statistical analyses

All statistical analyses were performed with SAS software (9.1.3, SAS Institute,
Cary, IN, USA). O'Brien’s test was used to verify homogeneity of data. No
differences between incubators were detected for any of the parameters measured
and consequently, analyses of variance (ANOVA) with two independent variables
(temperature and mitotype, the variable incubator has been discarded) were
performed using a general linear model (GLM) procedure with the least square
means method for multiple comparison tests. This allowed us to determine any
interactions between the variables, and the effect of each variable on the different

parameters measured. Significance was defined at P<0.05.

3.4 Results

Data from incubators A and B were pooled giving 14 to 40 different preparations
according to the temperature and the mitotype tested (38 and 24 preparations for sil
and sill respectively at 12°C; 32 and 40 preparations for sil and silll respectively at
18°C; 26 and 38 preparations for sil and silll respectively at 24°C; 36 and 14
preparations for sil and silll respectively at 28°C) and 10 different homogenates for
enzymatic analyses for each mitotype at each temperature. Consequently, F and P
were presented only for the factors “temperature” and “mitotype” and their interaction
(Table 3.1). Statistical values cited in the text are those obtained with the Least

Squares method to simplify presentation of the results.

For oxygen fluxes and consequent RCR, UCR and SCR, Rox was subtracted

from initial oxygen fluxes measured.
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Table 4.1 Analyses of variance results showing F ratios with
two different variables (mitotype and temperature).

Error Mitotype Temperature Mitotype*Temperature

af df=1 df=3 df=3
RCR 190 0.11 2.68* 0.15
Respiration rates
Cl 98 5.41 5.4* 1.79
Clc 98 6.53" 3.75 1.53
Clc+ClI 98 6.16" 2.67 1.03
Clc+CIlI+G3Pdh 98 10.07* 2.52 1.09
Clc+CIlI+G3Pdh+u 98 10.38" 3.14* 1.29
Cll+G3Pdh+u 98 7.43* 3.36* 1.13
G3Pdh+u 98 8.32* 2.17 1.21
COX 98 5.4* 7.33* 0.72
SCR
Clc 222 0.47 2.65* 1.01
Cle+Cll 222 0.33 1.67 0.3
Cll+G3Pdh+u 103 3.55 11.88* 0.7
G3Pdh+u 103 0.76 6.31* 1.1
Metabolic control
Ki 102 1.45 93.81* 0.17
Ci 125 27.58* 157.87* 1.22
Enzymatic analyses
PDH 65 0.03 26.17* 0.33
“P<0.05

3.4.1 Fly sampling

Every line from the two groups (sll and silll) was pooled due to low

intrahaplogroup variation (Katewa and Ballard, 2007). The resulting pools of

isofemale lines were not different for mean mass between mitotypes or between
incubators (0.685 + 0.070 mg for sill incubator A; 0.674 + 0.061 mg for sill incubator
B; 0.679 + 0.079 mg for silll incubator A; 0.686 = 0.071 mg for silll incubator B).
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3.4.2 Respiratory Control Ratios

RCRs were calculated for complex | as Cl/state2 (Gnaiger, 2007) and results
are presented in Fig. 3.1. RCRs obtained using substrates for complex | indicate a
well-coupled respiration. No significant differences were detected between
mitotypes. RCRs were only influenced by temperature (Table 3.1), was and were
maximum at 24°C but differences among temperature were significant only for sil

from 12 to 24°C (P-values<0.01) and between 24 and 28°C (P<0.0001).
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Figure 3.1 Effect of temperature on Respiratory Control Ratio (RCR = Cl/state?2)
when fibers preparations from the two mitotypes, sil and silll, were supplied with
pyruvate+malate+L-proline (state2) +ADP (Cl) at the complex | level. Results are
means + SE for 14 to 40 fibers preparations. Significance was set as P<0.05; letters
denote differences between temperatures with a statistically different from b and ¢, b
statistically different from c.



77

3.4.3 Cytochrome c effect and Uncoupling Control Ratio

To determine if mitochondrial integrity was disrupted, O, flux was compared
before and after cytochrome c¢ injection. Ratios of Clc/Cl showed little effects of
cytochrome ¢ addition on the mitochondrial respiration (Clc/Cl ratios were not
significantly different from 1, results not shown), denoting functional integrity of outer
mitochondrial membrane. No significant differences between mitotypes were

observed although a slight (but not significant) decrease was detected from 12 to
28°C.

O, flux was compared before and after the addition of an uncoupler to see if the
ATPase exerted a limitation on the mitochondrial respiration. No significant
differences were detected between mitotypes or among temperatures and all UCRs
were close to 1 (results not shown) which denotes that ATP synthesis capacity (ATP
synthase) can support the maximum respiration rates observed with the
experimental substrates used. These results are consistent with previous results on

mitochondrial isolations (Pichaud et al., 2010).

3.4.4 Respiration rates

Comparisons of respiration rates between the in situ approach and the in vitro
approach (Pichaud et al., 2010) showed that respiration rates in permeabilized fibers
were almost always lower than with isolated mitochondria (Table 3.2). General
Linear Model showed that mitotype influenced the respiration rates for Clc, for
Clc+Cll, for Cle+ClI+G3Pdh, for CI+CIll+G3Pdh+u, for Cll+G3Pdh+u, for G3Pdh+u
and for COX while only temperature influenced the respiration rates for ClI, for
Clc+Cl+G3Pdh+u, for ClI+G3Pdh+u and for COX (Table 2.1). As shown in Fig. 3.2,
no significant differences were noted between mitotypes at either 12, 18 and 28°C.
However, at 24°C, significant differences were detected for Clc+ClI+G3Pdh,
Clc+CIll+G3Pdh+u, CIlI+G3Pdh+u, G3Pdh+u and for COX (P=0.02, P=0.015,
P=0.027, P=0.031 and P=0.036 respectively). A difference was detected between
temperatures for complex IV in sill where results showed that COX activity was

significantly higher at 28°C than at the other temperatures (P-values<0.012).
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Figure 3.2 Mitochondrial functions measured at four different temperatures in
permeabilized fibers from the two mitotypes of Drosophila simulans sill and silll. O,
fluxes are expressed as pmol O, consumed per second per mg proteins with
pyruvate+malate+L-proline+ADP (Cl), + cytochrome c¢ (Clc), +succinate (Clc+Cll),
+sn glycerol-3-phosphate (Clc+ClI+G3Pdh), +2,4-dinitrophenol (Clc+ClI+G3Pdh+u),
+rotenone  (CIl+G3Pdh+u), +malonate (G3Pdh+u), +antimycin A (Rox)
+TMPD+ascorbate (COX) and were corrected for Rox. Results are means + SE for 7
to 20 fibers preparations. Significance was set as P<0.05; * denotes differences
between mitotypes; letters denote differences between temperatures with a
statistically different from b.
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Table 5.2 Comparisons of mitochondrial functions measured at four different
temperatures in isolated mitochondria, in permeabilized fibers, and in permeabilized
fibers corrected for Rox from the two mitotypes of Drosophila simulans sill and silll.
O, fluxes are expressed as pmol O, consumed per second per mg proteins.

Temperatures sill silll sill silll sill silll
I\/Ii’focho.ndrial Permeabilized fibers Permeabilized fibers

isolation corrected for Rox
12°C 1113.383 1233.67 1106.15 866.92 870.03 731.68
18°C 1390.50 1148.50 908.20 1074.01 797.12 910.67
24°C 2439.67 2353 1261.20 984.94 1153.12 840.95
28°C 1499.17 1614 1666.77 1237.25 1499.44 1055.04

The sill mitotype did not show any significant differences between 12, 18 and
24°C or between 24 and 28°C. Nevertheless, all parameters were significantly higher
at 28°C when compared with 12 and 18°C (P-values<0.0415).

3.4.5 Substrate Control Ratio (SCR)

SCR allowed us to determine the effect of each substrate addition on the
mitochondrial respiration. For Clc and Clc+Cll, the reference state was chosen as
Clc+ClI+G3Pdh while for Cll+G3Pdh+u and G3Pdh+u, the reference state was
taken as Clc+CIll+G3Pdh+u. Temperature was the only factor that influenced SCR
for Clc, for Cll+G3Pdh+u and for G3Pdh+u (Table 3.1). Results for SCR (Fig. 3.3)
showed no signiticant differences between mitotypes at any temperatures for Clc
and Clc+CIl. The mitotype sill had lower SCR than silll for ClI+G3Pdh+u/ as well as
for G3Pdh+u at 24°C (P=0.037 and P=0.048 respectively). Interestingly, significant
increases in SCRs were denoted when succinate is added as substrate for sil at 12

and 18°C (P-values<0.048) and for silll at all temperatures (P-values<0.042).
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Figure 3.3 Substrate Control Ratio (SCR) calculated at four different temperatures in
permeabilized fibers from the two mitotypes, sil and sill, with Clc+Cll+G3Pdh as
reference state for Clc and Clc+Cll SCRs and with Clc+CIlI+G3Pdh+u as reference
state for CH+G3Pdh+u and G3Pdh+u SCRs. Results are means + SE for 7 to 20
fibers preparations. Significance was set as P<0.05; * denotes differences between
mitotypes; letters denote differences obtained after addition of succinate with a
different from b.
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3.4.6 Cytochrome ¢ oxidase excess capacity and flux control coefficient

We next examined the apparent excess capacity of COX at high flux through the
ETS using a combination of substrates that maximally reduces complexes | and Il
and G3Pdh. Azide titration resulted in hyperbolic inhibition of COX. Threshold plots
display overall flux as a function of COX activity; the threshold for inhibition of COX is
defined as the intercept of the initial slope with the linear fit of the final slope (Fig.
3.4A). The apparent excess capacity of COX is the intercept of the extrapolation of
the linear regression for the final slope with the axis at zero COX inhibition. In
accordance with our previous results using the in vitro approach (Pichaud et al.,
2010), we detected a threshold and consequently a COX excess capacity at 12°C for
both mitotypes (188%, R?=1 for sill and 230%, R?=0.995 for sill). No COX excess
capacity was detected at 18, 24 and 28°C for both mitotypes and comparisons were
made between the different Ki and Ci (Fig. 2.4B,C). Ki was only influenced by
temperature (Table 3.1) and no significant differences were observed between
mitotypes. Both mitotypes had an increasing Ki with increasing temperatures, with
significant differences at 24 and 28°C compared with the two other temperatures (P-
values<0.036). Interestingly, Ci was influenced both by mitotype and temperature
(Table 3.1). Significant differences between mitotypes were denoted at all the
temperatures tested (P-values<0.041) and a significant increase was also detected
for both mitotypes between 24 and 28°C (P-values<0.001). At every temperature,
the control coefficient at the COX level was higher for silll which might be reflected

by the lower excess of COX at 12°C as well as the lower activity for this mitotype.
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Figure 3.4 (A) Apparent COX excess capacity measured at 12°C in two mitotypes
studied, sil and silll. The COX excess capacity is represented by the threshold plot,
which shows the relative flux through the ETS as a function of relative inhibition of
COX at similar azide concentrations. Two linear regressions were calculated from
initial and final slopes, and extrapolated to zero COX inhibition (sili, R?=0.9962 and
R?=1 respectively; silll, R?®=0.9951 and R?=0.9954 respectively). The intercepts are
the COX excess capacity (see text below). Results are means + SD. (B) Values of
inhibition constant (Ki) of sodium azide calculated from transformed data using the
Dickson linearization and (C) values of flux control coefficient (Ci) calculated
according to the following formula: Ci=-(dJ/J)/(dI/Ki) in the sil and silll mitotypes at
the four different temperatures. Results are means + SE for 7 to 20 fibers
preparations for mitochondrial respiration inhibition and for 7 to 20 fibers
preparations for COX activity inhibition. Significance was set as P<0.05; * denotes
differences between mitotypes; letters denote differences between temperatures with
a statistically different from b and c, b statistically different from c.
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3.4.7 Enzymatic analyses

The enzymatic activity of PDH was measured to evaluate the entry of the
electrons into the ETS at the leve! of complex . PDH activity was only influenced by
temperature (Table 3.1). No significant differences were detected between mitotypes
(Fig. 3.5) at any temperature. PDH activity presented no significant differences for
both mitotypes between 18 and 24°C but significant increases were noted between
12 and 18°C, as well as between 24 and 28°C (P-values<0.037).
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Figure 3.5 Mean (+ SD) of PDH activities of Drosophila simulans mitotypes sill and
silll measured in 10 different homogenates per mitotype per temperature.
Significance was set as P<0.05; letters denote differences between temperatures
with a statistically different from b, ¢ and d, b statistically different from ¢ and d, ¢
statistically different from d.
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3.4.8 Effects of temperature

Results for Qi are presented in Fig. 3.6. A difficulty with the calculation of Qg
relate in the fact that inter-individual variations are erased. It is therefore not possible
to perform statistical analysis. Results can however be used to hypothesize some
general patterns. For both mitotypes, Qo of ETS complexes appear to be lower in
the lower of temperature range and the highest Q4 are reached in the range of 24 to
28°C. The most evident difference between mitotypes is at the level of COX thermal
sensitivity at the highest temperature range with a Qo of 2.49 for silll. The same
pattern is observed for PDH with higher Qi at higher temperatures and no
divergences between mitotypes. Interestingly, as we have shown, temperature
influenced the respiration rates for Cl, for Clc+Cll+G3Pdh+u, for Cll+G3Pdh+u and
for COX, the SCRs for Clc, Cll+G3Pdh+u and G3Pdh+u, the Ki and the Ci, as well
as the PDH activity (Table 3.1).
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Figure 3.6 Temperature coefficients (Qqg) for mitochondrial respiratory fluxes with
pyruvate+malate+L-proline+ADP (Cl), + cytochrome ¢ (Clc), +succinate (Clc+Cll),
+sn glycerol-3-phosphate (Clc+CIlI+G3Pdh), +2,4-dinitrophenol (Clc+CllI+G3Pdh+u),
+rotenone  (Cll+G3Pdh+u), +malonate (G3Pdh+u), +antimycin A (Rox)
+TMPD+ascorbate (COX) and were corrected for Rox, and for pyruvate
dehydrogenase (PDH) activity. Qi values for mitochondrial functions were
calculated according to the following formula: Qo=(Rate2/Rate1)'”®". Results are
means for 7 to 20 fibers preparations.



86

3.5 Discussion

This study is aimed at identifying differences in mitochondrial performance and
thermal sensitivity between populations of D. simulans with divergent mitochondrial
haplotypes using an in situ approach, close to the physiological conditions and to
compare the results obtained with previous experiment using an in vitro approach
(on mitochondrial isolations). To our knowledge, this is the first study to use
permeabilized fibers of invertebrates to evaluate the impact of temperature variations
on mitochondrial performances. We developed here a new approach that allowed us
to compare accurately different steps of the ETS even with little differences in
oxygen consumption and that may be applied to investigate impact of environmental
conditions on mitochondrial functions. Moreover genetic divergences in mtDNA
which may be related to divergences at the level of the metabolic efficiency can be

addressed as an evolutionary determinant of metabolic adaptations.

The respiratory control ratios obtained with the new method showed well-
coupled respiration (between 4.0 and 7.8 according to the mitotype and the
temperature), consistent with previous RCRs measured in isolated mitochondria
(ranging from 5.3 to 8.3) using the same substrates and the same temperatures
(Pichaud et al., 2010). The cytochrome c effect was very low at any experimental
temperature confirming functional integrity of the outer mitochondrial membrane.
These results confirm that the in situ method used was appropriate to evaluate the
mitochondrial functions and might be even more relevant than in vitro approach

since the cellular environment is preserved.

Results for UCRs showed that when the ETS is “nearly saturated” with electrons
from substrates, no effect of uncoupling can be detected suggesting that ATP
synthesis capacity can support the maximum electron flux through ETS with the
combination of substrates that we used as already demonstrated (Pichaud et al.,
2010). Since O, fluxes for Clc+ClI+G3Pdh and for Clc+Cll+G3Pdh+u are almost
identical, phosphorylation of ADP does not appear to be the limiting step in the

present experimental conditions. Consequently, the control of mitochondrial
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respiration may be exerted mostly upstream of ATP synthase.

Comparisons of the respiration rates between the two methods showed that O,
fluxes with pyruvate+malate+L-proline were lower with permeabilized fibers. It
certainly arises in part from the correction of residual oxygen consumption in the in
situ approach (Table 3.2). Moreover, it appears logical that permeabilized fibers from
4 or 8 thoraxes gave respiration rates lower than with mitochondrial isolations from
160 thoraxes (Pichaud et al., 2010) when expressed on overall protein content in
either mitochondrial isolations or permeabilized fibers, explaining the differences

between the two methods.

The most striking difference between this study and the previous method
employed (Pichaud et al., 2010) is in the use of substrates. In Pichaud et al. (2010),
we used the substrates to investigate the entry of electrons through the ETS at the
level of complex 1 (with pyruvate+malate+L-proline) or at the level of complex Il via
glycerol-3-phosphate dehydrogenase (with sn glycerol-3-phosphate). However, a
more integrative approach is needed (e.g. complex | + complex Il + G3Pdh) to
delineate the electrons management at individual steps of the ETS and that is why
we used the in situ approach. In physiological conditions, mitochondrial respiration is
supported by electron input from different NAD'-linked and FAD-linked complexes
(mainly complex I, complex |l and G3Pdh) into the Q-cycle. Moreover, NAD*-linked
and FAD-linked substrates enter the ETS at the same time since when the
tricarboxylic acid (TCA) cycle is activated, it produces NADH and FADH.. In this
experiment, we fed the TCA cycle by providing pyruvate, malate, and L-proline which
allowed generation of NADH through pyruvate dehydrogenase, malate
dehydrogenase and glutamate dehydrogenase whereas succinate and sn glycerol-3-
phosphate were used to generate FADH, via succinate dehydrogenase and glycerol-
3-phosphate dehydrogenase in order to reproduce the real physiological conditions.
Additive effect of substrate combinations on the O, flux using strategic design of
complex | + complex Il protocols has been the approach of different studies
(Lemieux et al., 2006; Boushel et al., 2007; Aragonés et al., 2008; Gnaiger, 2009)

and on different fiber preparations from various mammalian tissues to delineate the
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implication of the different complexes in the level of state 3 respiration. In Drosophila,
impact of substrate combination has been investigated for NAD'-linked substrates
(Miwa et al., 2003; Ferguson et al., 2005; Katewa and Ballard, 2007) but importance
of FAD-linked substrates is still poorly explored. Since the rate of mitochondrial
respiration with succinate is quite low, it has been suggested that succinate does not
readily cross the inner mitochondrial membrane (Van Den Bergh and Slater, 1962;
Ferguson et al., 2005) while sn glycerol-3-phosphate is always preferred as FAD-
linked substrate (but see Walker et al., 2006). Indeed, respiration rates for succinate
were very low but can be greatly increased by breaking up mitochondria (Van Den
Bergh and Slater, 1962), leading to the conclusion that insect mitochondria were
impermeable to succinate. Using SCR as expression of the relative control exerted
by variation of experimental substrates at a fixed coupling state (Gnaiger, 2009), our
results clearly demonstrate that the addition of succinate has a significant impact on
the respiration rate (Fig. 3.3) of Drosophila and it is therefore essential to take into
account the complex Il as a converging branch to the Q-junction. Moreover, complex
Il is only encoded by nuclear genome and, since no differences between mitotypes
were detected in SCR or in O, fluxes for Clc+ClIl (Fig. 3.2 and 3.3) when comparing
with Cic alone, we could suggest that the nuclear genes involved have weak impact
on divergences of rnitochondrial functions between these two populations. These
results are in line with performed enzymatic assays since PDH, also encoded by
nuclear genes, did not show differences between mitotypes at any of the

temperature tested.

Study of the functional design of the OXPHOS system requires a conceptual
transition from a strict analysis of the ETS to a perspective of the convergent
structure of electron flow to the Q-junction (Gnaiger, 2009). In comparative analyses
of the involvement of ETS on the overall mitochondrial capacity and regulation, it is
therefore essential to investigate the electron flux at the Q-junction with maximum
capacities of all contributory branches converging at the Q-junction. In our study, the
protocol was designed to evaluate the substrate combination effect in terms of O,

consumption with three different electrons input (complex |, complex Il and G3Pdh)
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through the ETS. Respiration rates showed that when supplying ETS with substrates
from three branches (Clc+CIll+G3Pdh), significant differences between mitotypes
were detected at 24°C, and these differences were also observed when uncoupler
was added (Clc+ClI+G3Pdh+u) as well as when inhibitors of the complexes 1 or Il
were used (Cll+G3Pdh+u and G3Pdh+u). These results suggest higher catalytic
capacity of the ETS from the sill population. This divergence is clearly significant at
24°C and is still apparent at 28°C. These differences are significant at the highest
flux of electron (Clc+CII+G3Pdh and Clc+ClI+G3Pdh+u), when complexes | and |l
are inhibited (Cll+G3Pdh+u and G3Pdh+u) and for the COX activity. It is possible
that the higher flux for sill is induced by higher rate of electron entry at the G3Pdh
level but this enzyme is only encoded by nuclear DNA and we may assume that the
G3Pdh was not different between the two mitotypes. This leaves us to suspect that
the catalytic advantage should be associated to the ability of complexes Il and IV to

deplete electrons, which is in line with the higher level of COX activity in sill.

Maximal COX activity is higher in sl at 24°C (Fig. 3.2) pointing out the
importance of COX catalytic capacity to modulate the overall respiration rate. The
apparent COX excess capacity was measured at high pathway flux with the three
branches fully fuelled in electrons (Fig. 3.4A). A relatively important excess was
observed only at 12°C, with an excess of about 188% in sil and 230% in silll. We
already demonstrated marked excess of COX at low temperature in isolated
mitochondria (excess of 604% for sill and 613% for silll; Pichaud et al., 2010). Other
studies have demonstrated that in isolated mitochondria, apparent COX excess was
higher than in permeabilized fibers (Villani and Attardi, 1997; Kunz et al., 2000).
These differences between the in vitro and the in situ studies and the much higher
excess in mitochondrial preparations likely arise from different experimental
conditions as well as from the appropriate microenvironmental conditions of the in
situ experimentation. For example, we used higher number of substrates in this
study (pyruvate+malate+L-proline+succinate+sn glycerol-3-phosphate) than we did
in isolated mitochondria (pyruvate+malate+L-proline+sn glycerol-3-phosphate).

Since it is known that the apparent excess capacity of cytochrome ¢ oxidase is lower
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at higher flux (for example using glutamate+malate+succinate compared to the flux
using glutamate+malate; for a review see Gnaiger, 2009), the higher state 3 with
succinate could partly explain the lower excess in fiber preparations. The small
increment of state 3 with succinate addition could hardly however explain an
increment of excess from approximately 200% to around 600%. A most
parsimonious hypothesis would be that mitochondria from mitochondrial preparations
couldn’t attain the state 3 level reached by mitochondria from permeabilized fibers at

low temperatures but it remains to be verified.

From 18 to 28°C, no excess capacity of COX was detected, suggesting that the
maximal, uninhibited COX activity could not support higher respiration rates than
maximal state 3 measured at these temperatures. However at 12°C the excess
reveal much higher catalytic capacity than what is required to support the maximum
state 3. Limitation should therefore come from reactions upstream cytochrome ¢
oxidation. Since the relative activity of the different complexes does not vary when
compared to COX at the different temperatures, this discards the possibility that a
major limitation arises from other complexes of ETS leaving us to conclude that it
could be induced by impairment at the level of dehydrogenases, where electrons are
provided. We cannot confirm this hypothesis but results on PDH activity highly
suggest that at 12°C this enzyme cannot support high flux of electron entry into the

ETS, leading to the observed apparent COX excess capacity.

At 12, 18 and 24°C, COX exerts a relatively low control over the OXPHOS
capacity (Fig. 3.4C) compared to 28°C. At this higher temperature, OXPHOS
capacity seems principally controlled by COX. The control of OXPHOS capacity
should therefore be more evenly distributed over the different complexes of the ETS
at 12, 18 and 24°C. Even at 12°C where high excess of COX was measured, COX
maintained a significant control force over state 3 respiration. This is quite intriguing
since Chamberlin (2004) in her top-down approach denoted that despite the fact that
temperature affected the kinetics of all subsystems (substrate oxidation,
phosphorylation and proton leak), the control of respiration did not change according

to the temperature. However, this study considers the substrate oxidation system
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(including TCA cycle, electron transport chain and metabolite transporters) as a
whole system. While it is possible that the proportion of the control carried out by this
system does not vary with temperature, it is still possible that the distribution of

control among the complexes or reactions inside this system does vary.

In terms of thermal sensitivity, important divergences were denoted between
mitotypes that should be interpreted cautiously due to the calculation of Q4. Both
mitotypes show low thermal sensitivity in the range from 12 to 18°C and silll showed
also weak impact of temperature in the range 18-24°C (Qq close to 1). In the range
18-24°C, sill has 1.5 to 2 fold higher Qo than silll whereas in the range 24-28°C, silll
has the higher Qo for almost all parameters except Cl and Clc. Moreover, the Qy, for
COX for silll at this temperature range showed the highest values which denote a
strong influence of the temperature on this mitotype but only for the complex IV. The
Q1o for PDH also exhibit high values for this range. This clearly suggests that the
differences noticed between both mitotypes are induced by divergences in the
functional properties of the component of the ETS and not by simple quantitative
adjustments. Even if this suggestion seems weak, due to the method used to
calculate the Qo value, temperature influence determined by analyses of variance
(Table 3.1) also supports this hypothesis. The overall lower Qo values from 12 to
18°C might allow sill to colonize different spatial niches, which is in line with its wider
worldwide distribution while sill is endemic to continental east Africa, Madagascar
and Reunion Island (Ballard, 2004). This spatial niche differentiation hypothesis does
not however exclude the possible temporal niche differentiation (diurnal or seasonal

differences in haplotype performance/abundance) (Pichaud et al., 2010).

No distinctions between the ratios of each complex related to COX were
detected among experimental temperatures. This is quite surprising since the
different enzymes of the ETS should have different thermal sensitivities which are
partly governed by the catalytic properties of enzymes and particularly by the free
energy of activation of the reaction (Somero, 2004; Daniel et al., 2008).
Temperature-induced changes should then affect differently the different enzymes of

the ETS (and particularly complexes Ill and 1V) and consequently the control over
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the respiration should be differently distributed along the ETS at different
temperatures. According to our results, it appears that the control exerted by COX is
little affected by temperature in a wide range of temperatures encountered by the
species (12 to 24°C). All together, these results indicate a robust nature of the
functional and regulatory properties of the ETS, which allow supporting wide range of

temperature changes.

3.6 Perspective and significance

We have shown in this study that the in situ approach for the assessment of
mitochondrial performances is appropriate for invertebrate species and may be more
relevant than the in vitro approach since cellular interactions are preserved in
permeabilized fibers. We also showed that providing succinate increases respiratory
rates in Drosophila (it may certainly be only detected in permeabilized fibers with
high resolution respirometry as other studies on mitochondrial isolations didn’t detect
any effects). Therefore, it must be taken into account when evaluating the capacity of
all branches of the ETS converging at the Q-junction and the consequent impact on
mitochondrial respiration. The apparent COX excess capacity detected at 12°C may
be due to impairment in process upstream that drive the electron input into the ETS.
These results are partly corroborated by assays of a specific dehydrogenase (PDH)
which showed low activity at 12°C. Higher catalytic capacities of ETS were detected
at 24°C for the sill mitotype and this catalytic advantage should be associated to the
ability of complexes Ill and IV to deplete electron. The different thermal sensitivity of
the two mitotype ETS complexes could result from selection on these mitotype to
better perform in their specific environment but we cannot however conclude that the
difference resides entirely at the level of mMtDNA as hitherto undetected differences in
nuclear genes may exist. Introgressions between mitotypes may shed light on the
adaptive value of Drosophila mitochondria in co-adapted cellular environments and

will allow us to delineate the relation between respiration rates and mtDNA
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divergences. However, our study clearly demonstrates that the ETS is a robust
system in terms of functional and regulatory properties, which allow supporting wide

range of temperature changes.
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4.0 Résumeé

L'objectif de cette étude était de déterminer si les différences des propriétés
catalytiques des mitochondries étaient conférées par des divergences observées
dans I'ADN mitochondrial. Pour cela, nous avons utilisé deux populations de
Drosophila simulans (sill et silll) et nous avons évaluer les propriétés fonctionnelles
de ces haplotypes en utilisant une approche in situ (sur des fibres perméabilisées).
Quatre lignées isofemelles introgressées (sill-introgressé) possédant ’TADNmt de sill
et I'environnement nucléaire de silll ainsi que quatre lignées maintenues (silll-
contréle) possédant TADNmt et 'ADN nucléaire de sill ont été construites afin
d’étudier les capacités catalytiques des différents complexes du systéme de
transport des électrons (ETS) a quatre températures différentes. L'impact de la
température sur la respiration mitochondriale a été évalué dans ces deux haplotypes
crées en utilisant des titrations expérimentales (expériences multiples substrats-
découpleurs-inhibiteurs). Nous avons examiné les conséquences fonctionnelles des
voies métaboliques mitochondriales convergeant a la jonction Q de 'ETS a quatre
températures différentes. Nous avons aussi mesuré l'intégrité fonctionnelle de la
membrane externe mitochondriale, l'activité de la pyruvate déshydrogénase (PDH),
la respiration découplée ainsi que I'exces apparent de cytochrome ¢ oxydase (COX)
aux mémes températures lors d’'un fiux élevé d’électrons dans 'ETS. Nos résultats
ont montré que méme si les capacités catalytiques de 'ETS ne sont pas affectées
par les introgressions, I'impact de la température sur les fonctions mitochondriales
est différent entre les deux mitotypes étudiées, principalement au niveau de I'excés
apparent de COX. Les mitotypes sill et sill sont des populations sympatriques
étroitement liées et il semble que seule leur capacité a faire face aux variations de
température est affectée par le bris des interactions mitonucléaires.
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4.1 Abstract

In this study, we determined the differences in catalytic properties of
mitochondria dictated by divergences in mitochondrial DNA haplotypes of two
populations of Drosophila simulans (sill and silll) by using an in situ approach on
muscle permeabilized fibers. We used four introgressed isofemale lines (sill-
introgressed) possessing the mtDNA of sil and the nuclear background of sill and
four maintained lines (sill-controls) possessing sill mitochondrial and nuclear
genome to study the catalytic capacities of ETS at four different temperatures. The
impact of temperature on mitochondrial respiration was evaluated in these two
constructed haplotypes using multiple substrate-uncoupler-inhibitor  titration
experiments. We investigated the functional consequences of convergent
mitochondrial pathways at the Q-junction of the electron transport system (ETS) from
three different branches at four different temperatures. We also measured the
functional integrity of outer mitochondrial membrane, the pyruvate dehydrogenase
(PDH) activity, the uncoupled respiration as well as the excess capacity of complex
IV (COX) at the same temperatures during high convergent pathway flux. Our results
showed tha<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>