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1. Riassunto dell’attività svolta 

I mitocondri svolgono un ruolo fondamentale nella fisiopatologia delle cellule eucariote: 

producono gran parte dell’energia necessaria per le reazioni endoergoniche (Danial et al., 2003) 

e partecipano attivamente ad importanti vie di traduzione del segnale, dall’apoptosi (Rizzuto et 

al., 2000) all’omeostasi del Ca2+ (Rizzuto et al., 2000). La versatilità funzionale di questi 

organelli è rispecchiata dalla loro complessità strutturale (Griparic and van der Bliek). A livello 

ultrastrutturale, i mitocondri possono essere divisi in tre compartimenti: matrice, spazio 

intermembrana e cristae, strutture pleomorfe, a sacchetto, connesse ad uno spazio 

intermembrana estremamente assottigliato tramite una stretta giunzione tubulare del diametro 

di circa 20 nm (Frey and Mannella, 2000). Inoltre, nel citoplasma i mitocondri possono esistere 

come un reticolo molto interconnesso di organelli fusi tra loro, oppure possono esistere come 

singole entità tra loro distinguibili. La forma del reticolo mitocondriale e la struttura interna dei 

singoli mitocondri è determinata dall’equilibrio fra eventi di fusione e fissione. Tali processi sono 

finemente regolati da numerose proteine, tra cui le proteine simili a dinamine. Il loro ruolo nel 

controllo della morfologia mitocondriale è stato identificato inizialmente nel lievito, dove la 

delezione di specifiche dinamine mitocondriali esita in alterazioni del reticolo mitocondriale e 

quindi in anomalie funzionali come perdita del DNA mitocondriale, difetti di proliferazione 

cellulare e generazione di ceppi petite (Dimmer et al., 2002; Shaw and Nunnari, 2002). Le 

dinamine sono meccanoenzimi, ubiquitari, ad elevato peso molecolare, che idrolizzano il GTP 

per regolare fusione, tubulazione e vescicolazione delle membrane (McNiven et al., 2000). Nei 

mammiferi la fissione del reticolo mitocondriale è regolata da Drp-1 (Smirnova et al., 2001) che 

trasloca dal citosol alla membrana mitocondriale esterna dove interagisce durante la fissione 

attraverso l’adattatore specifico FIS1 (Yoon et al., 2003) (James et al., 2003), La fusione 

mitocondriale è regolata dalla mitofusina-1 (MFN1) e mitofusina-2 (MFN2), proteine integrali 

della membrana mitocondriale esterna (Rapaport et al., 1998). Più recentemente è stata 

caratterizzata una proteina localizzata nella membrana mitocondriale interna, OPA1, mutata in 

individui affetti da atrofia ottica dominante, una malattia genetica caratterizzata da perdita delle 

cellule gangliari retiniche e atrofia del nervo ottico (Alexander et al., 2000; Delettre et al., 2000). 

Scopo del mio progetto di Dottorato è stato la generazione, l’utilizzo ed in seguito l’analisi di 

modelli genetici per comprendere e caratterizzare la funzione biologica di OPA1, così come la 

sua regolazione funzionale.  

Per comprendere la funzione biologica di OPA1, abbiamo utilizzato approcci genetici e di 

visualizzazione di immagini di microscopia confocale per analizzare il suo ruolo nella 

regolazione dell’equilibrio tra i processi di fusione e fissione mitocondriali. 

Fibroblasti embrionali di topo (cellule MEFs) sono stati trasfettati con una variante spettrale 

della green fluorescent protein, la cyan fluorescent protein (mtCFP) specificatamente diretta ai 

mitocondri. La visualizzare in microscopia confocale della morfologia mitocondriale in stato 
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stazionario di queste cellule ha rivelato che i mitocondri appaiono singoli e separati, di forma 

bastoncellare o rotondeggiante, con una lunghezza media di 3±0.34 µm lungo l’asse maggiore. 

L’analisi morfometrica del reticolo mitocondriale ha confermato queste osservazioni: solo il 23% 

delle cellule analizzate presentavano mitocondri allungati, cioè nelle quali più del 50% dei 

mitocondri hanno una lunghezza media maggiore di 5 µm ed un indice di rotondità minore di 

0.5. In cellule co-trasfettate con OPA1 e mtCFP i mitocondri apparivano come strutture tubolari 

allungate, interconnesse e ramificate a formare un reticolo. L’analisi morfometrica ha 

confermato la capacità di OPA1 di indurre allungamento del reticolo mitocondriale; infatti, più 

del 50% delle cellule che sovraesprimevano OPA1 presentavano mitocondri allungati. Abbiamo 

inoltre analizzato gli effetti di mutazioni patogenetiche di OPA1 sulla forma del reticolo 

mitocondriale. Abbiamo introdotto due mutazioni in OPA1: una mutazione missense nel dominio 

GTPasico, che riduce l’attività GTPasica di più dell’80%, (K301AOPA1) (Misaka et al., 2002) ed 

una mutazione nonsense nel dominio C-terminale, che elimina la regione coiled-coil, richiesta 

per le interazioni proteina-proteina (R905stopOPA1).  Mitocondri di cellule MEFs trasfettate con 

entrambi i mutanti erano isolati, piccoli e rotondeggianti, indicando che OPA1 richiedeva un 

dominio GTPasico e coiled coil terminale funzionali per indurre allungamento del reticolo 

mitocondriale. Per studiare gli effetti di una diminuzione dei livelli di espressione di OPA1 sulla 

forma del reticolo mitocondriale abbiamo generato e selezionato cloni di cellule MEFs che 

stabilmente esprimessero un plasmide codificante per uno short hairpin diretto contro la 

sequenza di OPA1. I mitocondri delle cellule in cui OPA1 era stato silenziato apparivano 

rotondeggianti e frammentati quando comparati ai mitocondri allungati e bastoncellari dei cloni 

di controllo. La tubulazione indotta da OPA1 non era il risultato di una semplice 

giustapposizione di mitocondri, ma rappresentava un vero e proprio aumento di fusione 

mitocondriale, come indicato da saggi specifici di fusione in eteropolicarii generati per fusione 

indotta da PEG. L’espressione di OPA1 accelerava in modo significativo il mescolamento del 

contenuto della matrice, mentre la diminuzione dei suoi livelli di espressione riduceva la fusione 

mitocondriale.  

Studi condotti nel lievito S. cerevisiae avevano dimostrato che Mgm1p, l’ortologo di OPA1, 

partecipa ad un complesso multiproteico che comprende anche Fzo1p (l’ortologo delle 

mitofusine). Abbiamo quindi voluto esplorare se OPA1 esercitasse la sua funzione in maniera 

autonoma o se necessitasse di altre proteine mitocondriali. Per capire se la fusione 

mitocondriale indotta da OPA1 dipendesse dalle mitofusine, abbiamo utilizzato un approccio 

genetico nel quale abbiamo sovraespresso OPA1 in cellule MEFs prive della Mfn1 o Mfn2. 

OPA1 promuoveva tubulazione e fusione del reticolo mitocondriale in cellule wt e Mfn2-/-, ma 

non in cellule Mfn1-/-. Tale difetto era complementato dalla reintroduzione della MFN1, ma non 

della MFN2, identificando in maniera inequivocabile la MFN1 come un partner essenziale per la 

funzione mediata da OPA1. Inoltre, l’espressione di MFN2, ma non di MFN1 causava fusione 
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mitocondriale anche in cloni con bassi livelli di OPA1, indicando quindi una differenza funzionale 

fra le due mitofusine. Quindi OPA1 e MFN1 erano funzionalmente dipendenti l’una dall’altra. Per 

capire se cellule MEFs Mfn1-/-,presentassero difetti a livello degli eventi preparatori della 

fusione, come la giustapposizione e l’ancoraggio, abbiamo condotto esperimenti di microscopia 

confocale a quattro dimensioni, cioè acquisendo nel tempo ricostruzioni tridimensionali del 

reticolo mitocondriale. Il numero totale di contatti tra mitocondri non era modificato né 

dall’espressione di OPA1, né dall’ablazione della MFN1. OPA1 facilitava il processo di fusione 

che seguiva il contatto tra mitocondri di cellule wt e Mfn2-/-, ma non in cellule Mfn1-/-. I nostri dati 

suggeriscono che OPA1 richiede la MFN1 per indurre fusione delle membrane di due 

mitocondri giustapposti e non per aumentare il numero e la frequenza di contatti inter-

mitocondriali. Nel loro complesso questi risultati hanno evidenziato per la prima volta una 

differenza funzionale fra le due mitofusine, suggerendo l’esistenza di un asse funzionale tra 

OPA1 e MFN1(Cipolat et al., 2004). 

La scoperta che OPA1 era una proteina pro-fusogena ha aperto nuove domande sulla sua 

capacità di partecipare alla regolazione dell’apoptosi, durante la quale la fusione mitocondriale è 

alterata. Abbiamo quindi deciso di differenziare il ruolo di OPA1 in fusione e apoptosi. Abbiamo 

dimostrato che OPA1 svolge un’attività antiapoptotica, controllando il processo di 

rimodellamento delle criste in corso di apoptosi e che questa funzione era indipendentemente 

dalla sua capacità di indurre fusione mitocondriale. OPA1 non interferiva con l’attivazione delle 

vie essenziali di apoptosi, come l’attivazione di BAX e BAK. OPA1 era però in grado di inibire il 

rilascio di citocromo c, prevenendo il rimodellamento delle cristae e la ridistribuzione del 

citocromo c stesso. Mutazioni che inattivavano il dominio GTPasico della proteina, alteravano la 

sua attività antiapoptotica aumentando la scuscettibilità all’apoptosi indotta da stimoli che 

utilizzano la via mitocondriale di morte. 

I nostri risultati hanno contribuito a chiarire la funzione biologica di OPA1, ma, allo stesso 

tempo, hanno lasciato aperte numerose domande. In particolare, dal momento che attività di 

fusione mitocondriale e di protezione dall’apoptosi risultavano essere tra loro indipendenti, 

come potevano essere controllate?  

Era stato precedentemente dimostrato che in lievito la proteasi di tipo romboide, localizzata 

nella IMM, Rbd1/Pcp1p taglia Mgm1p e genera una forma più corta della proteina, che risulta 

essere la forma attiva nella regolazione della forma mitocondriale (Herlan et al., 2003; 

McQuibban et al., 2003). Ci siamo quindi chiesti se PARL, l’ortologo di mammifero di Rbd1p, 

fosse ugualmente in grado di regolare le funzioni biologiche di OPA1, cioè la sua capacità di 

indurre fusione mitocondriale e la sua attività antiapoptotica. Per rispondere a queste domande 

abbiamo deciso di caratterizzare il fenotipo del modello murino di delezione di Parl. Il topo Parl-/- 

nasceva in normali rapporti mendeliani e si sviluppava in modo normale fino alla quarta 

settimana di vita. Successivamente il topo manifestava ritardo nella crescita e atrofia di vari 
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organi, in particolare timo, milza e muscoli e moriva per cachessia generale tra l’ottava e la 

dodicesima settimana di vita. L’atrofia di timo, milza e muscoli dei topi Parl-/- era causata da 

massiva apoptosi di linfociti timici T doppi positivi (CD4+CD8+), splenici B (B220+) e mioblasti, 

rispettivamente. Abbiamo successivamente analizzato in che modo disfunzionalità 

mitocondriale e disregolazione della morfologia potessero contribuire all’atrofia multisistemica 

del modello murino di Parl. PARL non era richiesta per una normale funzionalità mitocondriale: 

mitocondri privi di Parl non presentavano disfunzione mitocondriale latente né difetti respiratori 

in epatociti, MEFs, e colture primarie di mioblasti e miotubi. Inoltre PARL non era richiesta per il 

mantenimento della forma e fusione mitocondriali, anche in tessuti molto colpiti dall’assenza 

della proteasi come i muscoli. Inoltre PARL non era richiesta per regolare la funzione 

profusogena di OPA1. Ci siamo quindi chiesti se PARL fosse in grado di regolare l’apoptosi 

analizzando la risposta di cellule MEFs dopo trattamento con vari stimoli che utilizzano la via 

mitocondriale di morte. MEFs Parl-/- manifestavano un’aumentata suscettibilità all’apoptosi 

indotta da stimoli intrinseci rispetto alle cellule wt. La reintroduzione di PARL cataliticamente 

attiva ha dimostrato che il difetto era specifico. PARL svolgeva la sua funzione a livello 

mitocondriale: in assenza di Parl il rilascio di citocromo c e la disfunzione mitocondriale ad esso 

associata avvenivano prima. PARL non alterava i meccanismi molecolari fondamentali 

dell’apoptosi, come l’attivazione di BAX e BAK. PARL era invece richiesta per controllare il 

rimodellamento delle cristae e prevenire la mobilizzazione del citocromo c durante l’apoptosi, 

come abbiamo confermato analizzando immagini di microscopia elettronica a trasmissione. 

Questi risultati suggerivano un possibile ruolo di PARL nella via di rimodellamento delle cristae, 

regolata da OPA1; a questo punto era naturale chiedersi se PARL fosse in grado di regolare 

l’attività antiapoptotica di OPA1. La sovra-espressione di OPA1 era in grado di proteggere 

dall’apoptosi le cellule wt, ma non quelle Parl-/-: inoltre l’espressione di OPA1 in cellule Parl-/- 

non riduceva il rilascio di citocrome c, né la depolarizzazione mitocondrale associata, dopo 

trattamento con stimoli apoptotici intrinseci. L’espressione di PARL in cellule MEFs Parl-/- in cui 

fosse stato silenziato il gene Opa1 non permetteva di ripristinare la normale suscettibilità alla 

morte cellulare programmata. PARL era quindi situato a monte rispetto a OPA1 nella via di 

controllo dell’apoptosi. Questa interazione genetica è stata successivamente confermata a più 

livelli: OPA1 e PARL interagivano in saggi yeast two-hybrid e esperimenti di co-

immunoprecipitazione. PARL era richiesta per produrre una forma solubile, rilasciata nello 

spazio intermembrana di OPA1. L’attività catalitica di PARL era richiesta per un’efficiente 

produzione di tale forma solubile. L’espressione di questa forma solubile di OPA1, indirizzata 

allo spazio intermembrana, proteggeva cellule Parl-/- dall’apoptosi, senza avere peraltro attività 

fusogena (Cipolat et al., 2006). Abbiamo successivamente dimostrato che la forma di OPA1 

integrale di membrana e quella solubile localizzata nello spazio intermembrana partecipano 

nella formazione di oligomeri ad elevato peso molecolare, che sono precocemente distrutti 
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durante il processo di rimodellamento delle cristae. La diminuzione dell’entità di tali oligomeri in 

cellule Parl-/- spiegherebbe il più veloce rimodellamento e la maggior mobilizzazione di 

citocromo c osservati in assenza della proteasi (Frezza et al., 2006).  

OPA1 controlla funzioni cellulari complesse oltre all’apoptosi, come è stato dimostrato in studi 

che mostrano come la sovraespressione di OPA1 controlla il movimento di leucociti (Campello 

et al., 2006) e la formazione di spine dendritiche (Li et al., 2004). Inoltre modelli knock out di 

Opa1 mostrano che OPA1 è richiesta per un corretto sviluppo embrionale. Mutanti omozigoti di 

Opa1 muoiono in utero 13.5 dpc ed i primi segni di ritardo nello sviluppo sono già presenti a 8.5 

dpc (Alavi et al., 2007; Davies et al., 2007). Ci siamo quindi chiesti se i livelli di epsressione di 

OPA1 fossero in grado di regolare sviluppo e funzionalità di vari organi, modulando la fusione o 

l’apoptosi mitocondriali. Nell’ultima parte di questa Tesi, ci siamo dedicati allo studio degli effetti 

dell’ablazione di OPA1 sul differenziamento di cellule embrionali staminali di topo in vitro, 

utilizzando il metodo della goccia pendente. A questo scopo abbiamo analizzato una linea di 

cellule ES dove Opa1 è stata gene-trapped, dando origine ad un fenotipo eterozigote. Abbiamo 

confrontato la capacità di cellule Opa1gt rispetto alle relative wt di differenziare in cardiomiociti e 

neuroni. Cellule Opa1gt presentavano una diminuita capacità di differenziare in cardiomiociti 

pulsanti, mentre mantenevano un normale differenziamento neuronale. Questi risultati 

preliminari indicano che OPA1 è un buon candidato per la regolazione del differenziamento di 

cellule staminali embrionali in vitro. Vogliamo ora comprendere quali sono i meccanismi 

molecolari attraverso i quali OPA1 influenza il differenziamento di cellule staminali embrionali in 

cardiomiociti. 

In conclusione, i dati presentati in questa Tesi dimostrano che OPA1 svolge due funzioni 

geneticamente distinte tra loro nel controllare la forma del reticolo mitocondriale e l’apoptosi. 

L’individuazione che l’asse funzionale tra OPA1 e la MFN1 (che regola la fusione mitocondriale) 

e il meccanismo di regolazione nella IMM, che comprende la coppia substrato-proteasi OPA1-

PARL, potrebbero anche controllare il differenziamento embrionale, ha aperto nuove, 

inaspettate strade, che permetteranno di meglio comprendere il ruolo dei mitocondri nella vita e 

nella morte della cellula.  





2. Summary 

Mitochondria are essential organelles for life and death of the cell: they produce most of the 

cellular ATP (Danial et al., 2003), regulate cytosolic Ca2+ signalling (Rizzuto et al., 2000), and 

integrate and amplify different apoptotic stimuli (Green and Kroemer, 2004). Such a functional 

versatility is matched by a complex and dynamic morphology, both at the ultrastructural and at 

the cellular level (Griparic and van der Bliek). At the ultrastructural level, the mitochondrial 

cristae constitute a separate compartment connected to the thin intermembrane space by 

narrow tubular junctions (Frey and Mannella, 2000). In the cytosol, mitochondria are organized 

in a network of individual organelles that dynamically fuse and divide. Mitochondrial morphology 

results from the equilibrium between fusion and fission processes, controlled by a family of 

“mitochondria-shaping” proteins, many of which are dynamin-related proteins initially identified 

by genetic screens in buddying yeast (Dimmer et al., 2002; Shaw and Nunnari, 2002). 

Dynamins are ubiquitous mechano-enzymes that hydrolyze GTP to regulate fusion, fission, 

tubulation and elongation of cellular membranes (McNiven et al., 2000). In mammalians, 

mitochondrial fission is controlled by a cytosolic dynamin related protein DRP-1 (Smirnova et al., 

2001) that translocates to sites of mitochondrial fragmentation where it binds to FIS1, its adapter 

in the outer membrane (Yoon et al., 2003) (James et al., 2003). Fusion is controlled by 

mitofusin-1 (MFN1) and-2 (MFN2), two large GTPases of the outer mitochondrial membrane, 

orthologues of S. cerevisiae Fzo1p (Rapaport et al., 1998). OPA1, the mammalian homologue 

of S. cerevisiae Mgm1p, is the only dynamin-related protein of the inner mitochondrial 

membrane (Olichon et al., 2002). Loss-of-function or dominant-negative mutations in Opa1 are 

associated with autosomal dominant optic atrophy (DOA), the leading cause of inherited optic 

neuropathy, characterized by retinal ganglion cells degeneration followed by ascending atrophy 

of the optic nerve (Alexander et al., 2000; Delettre et al., 2000).  

The aim of my PhD has been to generate, use and analyze genetic models in order to unravel 

the biological function of OPA1 as well as its regulation. 

In order to dissect the biological function of OPA1, we undertook a combination of genetics and 

imaging to address its role in regulating mitochondrial fusion/fission equilibrium. Imaging of wild 

type mouse embryonic fibroblasts (MEFs) cotransfected with a mitochondrially targeted cyan 

fluorescent protein (mtCFP) showed mitochondria as individual organelles, rod or round-

shaped, with an average length of 3±0.34 µm along their major axis. Morphometric analysis 

confirmed that only 23% of the analyzed cells displayed elongated mitochondria, i.e. cells with 

axial length >5 µm and roundness index <0.5 in more than 50% of mitochondria. Cotransfection 

of OPA1 with mtCFP induced visible changes in the shape of the mitochondrial reticulum. The 

rod-shaped mitochondria appeared now to be interconnected in a branched network. 

Morphometric analysis confirmed this mitochondria-shaping effect of OPA1, with more than 50% 

of the cells analyzed showing elongated mitochondria. Furthermore, we analyzed the effect of 



 12

pathogenic mutations of OPA1 on its ability to elongate mitochondria. A missense mutation in 

the GTPase domain (K301A) that reduces the GTPase activity of more than 80%, as well as a 

truncative one in the coiled coil domain (R905stop), which eliminates the C-terminal coiled-coil 

domain required in protein-protein interactions, abolished the ability of OPA1 to elongate 

mitochondria, indicating that it requires a functional GTPase and coiled-coil domain.  

To address the effect of reduced OPA1 levels on mitochondrial morphology we turned to stable, 

plasmid-generated RNA interference (RNAi). In cell clones where OPA1 was ablated, 

mitochondria appeared globular and fragmented as opposed to the rod, elongated organelles of 

the control clones. Tubulation induced by OPA1 is not the results of simple juxtaposition of 

mitochondria, but it represents the steady state appearance of increased mitochondrial fusion 

events, as substantiated by assays of mitochondrial fusion in polykarions induced by PEG 

treatment. Expression of OPA1 significantly speeded up mixing of matricial content, whereas its 

downregulation reduced mitochondrial fusion. 

In yeast, the pro-fusion activity of Mgm1p, the orthologue of OPA1, depends on the outer 

membrane mitochondria-shaping protein Fzo1p. We therefore wished to ascertain whether this 

paradigm was maintained in higher eukaryotes. We turned to a genetic approach, testing the 

ability of overexpressed OPA1 to promote mitochondrial tubulation in MEFs deficient for either 

Mfn1 or Mfn2. Expression of OPA1 induced mitochondrial tabulation and fusion in wt and in 

Mfn2-/- but not in Mfn1-/- cells. This defect was complemented by re-introduction of MFN1 but not 

MFN2, unequivocally identifying outer membrane MFN1 as an essential functional partner of 

OPA1. Moreover, MFN1 was unable to promote mitochondrial elongation if OPA1 had been 

ablated. Thus, OPA1 and MFN1 appear to functionally depend one on each other. To address 

whether Mfn1-/- MEFs displayed any defect in the preparatory events of mitochondrial 

juxtaposition and docking, we performed 4D-imaging of mitochondria, i.e. time series of z-stacks 

of mitochondrial images. The total number of contacts between mitochondria was not affected 

by OPA1 overexpression or by MFN deficiency. OPA1 facilitated fusion following contacts 

between wt and Mfn2-/- but not Mfn1-/- mitochondria. Taken together, our results suggested that 

OPA1 requires MFN1 to fuse the membranes of two juxtaposed mitochondria and not to 

produce inter-mitochondrial contacts. Our genetic analysis provided the first evidence of a 

functional diversity between MFN1 and MFN2, suggesting a functional axis between OPA1 and 

MFN1 (Cipolat et al., 2004). 

The discovery that OPA1 is a pro-fusion protein raised the question of whether this protein 

participated in the regulation of apoptosis, during which fusion is impaired. We therefore 

decided to genetically dissect the role of OPA1 in fusion and apoptosis. We could demonstrate 

that OPA1 has an antiapoptotic activity, controlling the cristae remodelling pathway of 

apoptosis, independently of mitochondrial fusion. OPA1 did not interfere with the activation of 

the core mitochondrial apoptotic pathway of BAX and BAK activation. Yet OPA1 inhibited the 
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release of cytochrome c by preventing the remodelling of the cristae and the intramitochondrial 

redistribution of cytochrome c. Inactivating mutations in the GTPase domain of OPA1 impaired 

its anti-apoptotic activity, enhancing susceptibility to apoptosis induced by stimuli that recruit the 

mitochondrial pathway. 

While our results contributed to clarify the biological function of OPA1, they left open a number 

of questions. In particular, if the pro-fusion activity of OPA1 was dispensable for the inhibition of 

apoptosis, how was this function controlled? In yeast Mgm1p is processed by the inner 

mitochondrial membrane rhomboid protease Rbd1/Pcp1 into a short active form, responsible for 

the effects of Mgm1p on mitochondrial morphology (Herlan et al., 2003; McQuibban et al., 

2003). The mammalian orthologue of Rbd1p, PARL, could similarly play a role in the regulation 

of one of the two biological functions we ascribed to OPA1, i.e. its effect in mitochondrial fusion 

and its anti-apoptotic activity. In order to address this issue, we decided to analyze the 

phenotype of a mouse model of Parl deletion. Parl-/- mice were born with normal Mendelian 

frequency and developed normally up to 4 weeks. From then on, mice displayed severe growth 

retardation and progressive atrophy in multiple tissues, leading to cachexia and death. The 

atrophy of Parl-/- tymi, spleens and muscular tissues was caused by an increased apoptosis of 

double-positive (CD4+CD8+) thymic lymphocytes, splenic B lymphocytes (B220+) and myoblasts, 

respectively. We investigated to what extent mitochondrial dysfunction and morphology 

dysregulation contributed to this multisystemic atrophy. PARL was not required for normal 

mitochondrial function: Parl-/- mitochondria did not display primary respiratory defects or latent 

mitochondrial dysfunction in hepatocytes, MEFs, primary myocytes and myotubes. 

Mitochondrial dysfunction therefore did not explain Parl-/- muscular atrophy and multisystem 

failure. Moreover Parl was not required for maintenance of mitochondrial shape and fusion, 

even in tissues severely affected by Parl ablation like muscle, and Parl was dispensable for 

regulation of mitochondrial dynamics by OPA1. We therefore investigated whether PARL 

regulates mitochondrial apoptotic machinery by analyzing apoptosis in MEFs treated with 

different intrinsic mitochondria utilizing stimuli. Parl-/- MEFs were more sensitive to all the stimuli 

tested as compared to their wt counterparts. Reintroduction of a catalytically active PARL 

showed that the defect was specific. PARL exerted its antiapoptotic effect at the mitochondrial 

level, since cytochrome c release and mitochondrial dysfunction following treatment with an 

apoptotic stimulus occurred faster in Parl-/- fibroblasts than in their relative wt counterparts. 

PARL did not regulate activation of the core BAX, BAK dependent apoptotic pathway, but it was 

required to keep in check the cristae remodelling pathway and to prevent mobilization of the 

cristae stores of cytochrome c during apoptosis. Since these results pointed to a role for PARL 

in the cristae remodelling pathway, regulated by OPA1, we ought to understand whether OPA1 

required PARL to regulate apoptosis. OPA1 protected wt but not Parl-/- MEFs from apoptosis; 

furthermore, expression of OPA1 in Parl-/- MEFs did not reduce cytochrome c release, or 
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mitochondrial depolarization following intrinsic stimuli. When Opa1 was silenced by siRNA in 

Parl-/- cells, they were no longer rescued by re-expression of PARL, demonstrating that PARL is 

genetically positioned upstream of OPA1. This genetic interaction was confirmed at multiple 

levels, since PARL and OPA1 interacted in a yeast two-hybrid and co-immunoprecipitation 

assays. PARL participated in the production of a soluble, IMS located, “anti-apoptotic” form of 

OPA1. The catalytic activity of PARL was required for the efficient production of soluble OPA1 

and the re-introduction of a form of OPA1 in the IMS rescued the pro-apoptotic phenotype of 

Parl-/- cells.  Thus, this IMS form resulted pivotal in controlling the pathway of cristae remodelling 

and cytocrome c redistribution. IMS and integral IM OPA1 indeed were both found to participate 

in the assembly of OPA1-containing oligomers that are early targets during cristae remodelling 

and greatly reduced in Parl-/- mitochondria. The reduced level of OPA1 oligomers could account 

for the faster remodelling and cytochrome c mobilization observed in the absence of PARL.  

OPA1 affects complex cellular functions other than apoptosis, as substantiated in 

overexpression studies showing a role for this protein in movement of leukocytes (Campello et 

al., 2006) and formation of dendritic spines (Li et al., 2004). Furthermore, Opa1 knockout mice 

demonstrated that OPA1 is required for embryonic development. Homozygous mutant mice die 

in uterus at 13.5 dpc, with first notable developmental delay at E8.5 (Alavi et al., 2007). We 

therefore reasoned that levels of OPA1 are likely to affect development and function of multiple 

organs, by regulating mitochondrial fusion or apoptosis. In the last part of this Thesis, we 

therefore decided to study whether ablation of OPA1 influences differentiation of embryonic 

stem (ES) cells in vitro using a hanging-drop differentiation system. To this end, we analyzed an 

ES cell line where Opa1 had been gene trapped (Opa1gt), resulting in an Opa1+/- genotype. We 

compared the differentiation potential into cardiomyocytes and neurons of this Opa1gt ES cell 

line to its relative wt ES cell line. Opa1gt ES cells displayed a decreased capacity to differentiate 

into beating cardiomyocytes, while they retained a normal neuronal differentiation potential. 

These preliminary results indicate that OPA1 is a good candidate to regulate differentiation of 

ES cells in vitro. We now aim at understanding the molecular mechanism by which levels of 

OPA1 influence differentiation into cardiomyocytes.  

In conclusion, the data presented in this Thesis demonstrate genetically distinct roles of the 

mitochondrial dynamin related protein OPA1 in the regulation of organellar shape and 

apoptosis. The individuation that the functional axis between OPA1 and MFN1 (that regulates 

mitochondrial fusion) and the regulatory IMM network comprised of the couple substrate-

protease Parl-Opa1 could perhaps even control embryonic differentiation opens novel, 

unexpected avenues to investigate the role of mitochondria in life and death of the cell.



3. Introduction 

Eukaryotic cells are surrounded by a plasma membrane (PM) and contain extensive internal 

membranes that enclose specific compartments, the organelles, and separate them from the 

rest of the cytoplasm, the region of the cell lying outside the nucleus. Most eukaryotic cells 

contain many mitochondria, which occupy up to 25% of the cytoplasmic volume.  

Mitochondria are the main site of ATP production. In addition to supplying cellular energy, 

mitochondria are involved in a range of other processes, such as signalling, cellular 

differentiation and death, as well as the control of the cell cycle and cell growth. Finally, 

mitochondria have been implicated in several human diseases, such as degenerative disorders 

and cancer and may play a role in the aging process. 

Mitochondria are complex organelles and their elaborate structure is very important to their 

function. In certain cell types they are organized in networks of interconnected mitochondria. 

Ultrastructurally, the IM can be further subdivided in an inner boundary membrane and in the 

cristae compartment, bag-like folds of the IM connected to it via narrow tubular junctions. The 

ultrastructure and the reticular organization of the organelle are determined by mitochondria-

shaping proteins that impinge on the equilibrium between fusion and fission processes.  

We will now discuss the mechanisms involved in the regulation of mitochondrial dynamics, 

apoptosis and the possible role of mitochondria in development. More specifically, we will focus 

on OPA1, one component of the family of mitochondria- shaping proteins  
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3.1. Mitochondria  

Mitochondria are crucial organelles in life and death of eukaryotic cells. In the last few decades 

their role in cellular physiology and function has been reconsidered and the number of 

processes in which they are involved is likely to increase in the future. 

They produce most of the ATP needed for endoergonic processes and convey it to the sites of 

greater energy demand. They participate to and shape complex signalling processes such as 

cytosolic Ca2+ transients (Jouaville et al., 1995). During apoptosis they integrate diverse stimuli 

by releasing protein cofactor needed in the cytosol to grant the efficient activation of the 

caspases that execute cell destruction (Wang, 2001). Defects in any of these processes can be 

detrimental for the cell: several diseases are indeed consequences of, or are aggravated by, 

mitochondrial dysfunction (Schapira, 2006). Moreover evidences have been accumulating in 

favour of a direct implication of mitochondria in oncogenesis. Mitochondria exert a dual function 

in carcinogenesis: cancer cells display changes in cellular metabolism (the so called Warburg 

effect) (WARBURG, 1956) and tend to disable the mitochondrial pathway of apoptosis 

(Hanahan and Weinberg, 2000). Unlike any other organelle, except for chloroplasts, 

mitochondria appear to originate only from other mitochondria. They contain their own circular 

DNA (mtDNA), along with their own transcriptional and translational machinery. Mitochondrial 

ribosomes and transfer RNA molecules are similar to those of bacteria, as are components of 

their membrane. These and related observations led L. Margulis, in the 1970s, to propose an 

extracellular origin for mitochondria, the endosymbiotic theory (Margulis, 1971). Mutations in 

mtDNA are associated with a number of genetic, multisystemic diseases that highlight the 

importance of this organelle in physiology of multiple organs.  

 

3.2. The metabolic role of mitochondria 

Pioneering biochemical studies have long forged the concept that the mitochondrion is the 

“energy powerhouse” of the cell. It is the centre of cellular energetic metabolism being the 

principal source of ATP for eukaryotic cells: only 5% of ATP generate by glucose is provided by 

glycolysis. ATP is required to drive most energy-dependent intracellular processes. Due to their 

function, mitochondria display very well-characterized mechanisms to regulate production, 

consumption and conservation of cellular energy.  

The three major processes leading to ATP synthesis are: 

• The tricarboxylic acid cycle, located in the mitochondrial matrix, in which NADH and 

FADH2 are produced from organic compounds 

• The mitochondrial respiratory chain, in which electrons are sequentially transferred to 

oxygen by electron carriers, the respiratory chain complexes. To limit free energy 

dissipation, electrons from NADH are transferred stepwise from the IM-associated 
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respiratory chain complexes with higher redox potential to the ones with lower. The 

complex I (NADH dehydrogenase) catalyzes the transfer of electrons from NADH to 

CoQ. Complex II (succinate dehydrogenase) transfers electrons directly from succinate 

to CoQ. Electrons are transferred by complex III (ubiquinone-cytochrome c reductase) 

from reduced CoQ to cytochrome c, which in turns shuttle them to complex IV 

(cytochrome c oxidase). Complex IV finally catalyzes the electron transfer from 

cytochrome c to O2. Electrons transfer in complexes I, III and IV is coupled to proton 

pumping from the matrix to the intermembrane space. 

• The phosphorilating system, which uses the energy supplied by the respiratory chain to 

catalyze the synthesis of ATP from ADP and Pi. 

In 1961 Mitchell proposed that the fundamental mechanism of energy transduction in 

mitochondria is chemiosmosis (Mitchell, 1979), in which the free energy of oxidation of 

carboxylic acids is used to pump protons from the matrix to the intermembrane space 

establishing an electrochemical gradient. Since the inner mitochondrial membrane displays an 

extremely low passive permeability to ions in general and protons in particular, the result is the 

buildup of a proton electrochemical gradient (ΔμH+) across the membrane. The electrochemical 

gradient is the sum of two components: the proton concentration difference across the 

membrane (ΔpH) and the electrical potential difference across the membrane (Δψm). The 

estimated magnitude of the proton electrochemical gradient is about -220 mV (negative inside) 

and under physiological conditions most of the gradient is in the form of Δψm. The proton 

gradient is utilized to synthesize ATP: the F1F0-ATPase synthase couples the transport of these 

protons back across the inner membrane into the matrix with the phosphorylation of ADP to 

produce ATP. 

Mitochondria are the site of many other metabolic processes, such as biosynthesis and 

degradation of fatty acids and amino acids, and synthesis of ketone-bodies and heme. They 

also play a major role in generation and detoxification of reactive oxygen species and in H+ and 

Ca2+ homeostasis 

 

3.3. Mitochondrial biogenesis 

Mitochondria perform essential cellular functions, yet can not be synthesized de novo (Attardi 

and Schatz, 1988). Instead, these organelles are derived from pre-existing mitochondria and 

specific cellular mechanisms act to ensure their faithful transmission to the progeny. 

A growing list of key protein components of the inheritance process emerged from analysis of 

conditional mutants of the budding yeast Saccharomyces cerevisiae that were defective for 

mitochondrial distribution and morphology (the mdm mutants) (Berger and Yaffe, 1996; Koehler 

et al., 1999; Hermann and Shaw, 1998). 
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Mitochondria consist of four distinct compartments. The mitochondrial outer and inner 

membranes serve as barriers for the maintenance and integrity of two soluble compartments, 

the mitochondrial intermembrane space (IMS) and mitochondrial matrix. The outer membrane is 

composed of about half lipid and half protein, contains specific transports and pores that render 

the membrane permeable to molecules having molecular weights as high as 10 KDa. The OMM 

is similar to the outer membrane of gram-negative bacteria. The inner membrane is less 

permeable, constituted for approx. 80% of proteins, a higher proportion than that occurring in 

other cellular membranes.  

Mitochondria contain their DNA: in vertebrates, mtDNA consists of a double stranded covalently 

closed circular DNA molecule of about 16.5 kb. Many mtDNA molecules are packaged within 

mitochondria into small clusters called nucleoids (Jacobs et al., 2000), that vary in size and 

number in response to physiological conditions (Nosek and Tomaska, 2003; Legros et al., 2004; 

Malka et al., 2006). Nucleoid structure is stabilized by TFAM, or mtTFA, which binds to mtDNA 

and regulates its abundance (Kanki et al., 2004). The maintenance of the mtDNA integrity is 

important for keeping proper cellular functions both under physiological and pathological 

conditions (Kang et al., 2007) 

Mitochondria contain about 1500 different proteins, only half of which have been identified 

(Calvo et al., 2006). mtDNA encodes 13 mRNAs for subunits of the oxidative phosphorylation 

complexes (OXPHOS) (Anderson, 1981; Fernandez-Silva et al., 2003). Proteins of 

mitochondrial origin are translated on mitochondrial ribosomes bound to the matrix side of the 

inner membrane, and cotranslationally inserted into the proper compartment (Allen et al., 2005; 

Poyton and McEwen, 1996). 99% of the 1,000 different mitochondrial proteins are produced on 

cytosolic ribosomes and are imported into the organelle (Sickmann et al., 2003; Prokisch et al., 

2004). The correct delivery and sorting of nuclear encoded mitochondrial precursors to each of 

these four compartments is pivotal in the maintenance of normal organelle function and 

structure. However, in addition to be delivered to the correct submitochondrial location, many 

proteins have to be further assembled into homo- or hetero-oligomeric structures in order to 

fulfill their functions. Translocation machineries within the outer and inner membranes in 

addition to translocation mediators within the organelle's soluble regions exist and execute 

these delicate tasks (Koehler, 2004). 

Nuclear-encoded mitochondrial proteins are imported by the TOM complex. Subsequently, they 

follow different pathways. Presequence-carrying proteins are transported by the TIM23 complex 

and the motor PAM into the matrix, where mitochondrial processing peptidase (MPP) cleaves 

off the presequences. Small proteins of the intermembrane space (IMS) are imported via the 

mitochondrial intermembrane space assembly machinery (MIA). β-barrel precursors of the outer 

membrane (OM) are transferred by the Tim9–Tim10 chaperone complex from TOM to SAM. 
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Precursors of inner membrane (IM) carriers use Tim9–Tim10 for transfer to the TIM22 complex 

that drives insertion into the inner membrane. 

The protein translocases in the four mitochondrial compartments do not function as independent 

complexes but cooperate in a dynamic manner. This includes transient contacts between 

translocases located in different compartments and the involvement of protein complexes that 

have previously been thought not to be related to protein biogenesis, such as the respiratory 

chain and mitochondrial morphology components. 

 

3.4. Mitochondrial ultrastructure 

Since the 1950s, electron microscopy (EM) has provided otherwise unreachable glimpses into 

the substructure of the cell. Sjöstrand and Palade led pioneering work on electron microscopy of 

mitochondria. They both recognized that mitochondria have two very different membranes, an 

outer (OMM) and a highly convoluted inner (IMM) membrane. It was proposed that mitochondria 

consist of two compartments: the intermembrane space (IMS), between the OM and the IM, and 

the matrix, the central electrodense space. Palade’s model evolved into that currently depicted 

in textbooks in which the inner mitochondrial membrane is one continuous closed surface with a 

complex morphology, folded in ridges called cristae (Figure 1, A). This model, sometimes called 

the baffle model, shows the cristae with broad openings to the intermembrane space on one 

side of the mitochondrion and protruding across the  matrix nearly to the other side (Palade, 

1952).  

Some years later Hackenbrock demonstrated that the structure of mitochondrial membrane is 

linked to the metabolic state of mitochondria. For example, the matrix contracts during changes 

in osmotic or metabolic state, producing a ‘condensed’ conformation in which the inner 

membrane is pulled away from the outer membrane except at loci he called ‘contact sites’ 

(Hackenbrock, 1966). By contrast, mitochondria observed in situ are usually found in the 

‘orthodox’ conformation, characterized by a relatively large matrix volume and the non-cristal 

component of the inner membrane closely apposed to the outer membrane with a small 

intermembrane space. 

The need to reinvestigate the issue of mitochondrial compartmentation provided the impetus to 

apply a new 3D imaging technology, EM tomography, to this problem. In EM tomography, 

multiple projection images representing many different views are collected from a specimen 

whose thickness can range from 0.25 to 1.5 μm or larger. Imaging of these thick specimens is 

obtained using electron microscopes operating at high accelerating voltages (400–1200 kV) 

equipped with precision tilting stages. The first applications of EM tomography to mitochondria 

were performed by Mannella and co-workers on rat-liver mitochondria (Mannella et al., 1994). 

Sections used were 0.5 μm thick, representing a large segment of the intact, isolated 

organelles, typically ellipsoids, 0.5–2 μm in size. The resulting tomograms provided striking 
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evidence that the standard baffle model was incorrect, at least for isolated rat-liver mitochondria, 

which are among the most commonly used for bioenergetic investigations.  

When Frey, Perkins and co-workers applied high-voltage electron tomography coupled with 

three-dimensional image reconstruction in situ in several different tissues, they identified the 

cristae as a novel compartment. Cristae are separated from the inner boundary membrane, 

shaped like bags and connected by narrow tubular junctions (with a diameter of approximately 

28 nm) to the thin intermembrane space (Perkins et al., 2001) (Figure 1, B).  

In contrast to the standard baffle model for mitochondrial structure, this new structural 

organization strongly suggest that diffusion between internal compartments is restricted, which 

has profound functional implications. Because oxidative phosphorylation relies on rapid diffusion 

of ions and substrates to sites of transport or reaction on the mitochondrial inner membrane, the 

number and shape (diameter and length) of cristae junctions could regulate rates of ATP 

phosphorylation under certain conditions (Perotti et al., 1983; D'Herde et al., 2001). Likewise, 

the shape and volume of cristae can be expected to affect the diffusion of cytochrome c 

between intracristal and intermembrane compartments (Bernardi and Azzone, 1981; Scorrano 

et al., 2002).  

3.5. Mitochondrial reticulum 

Mitochondria are dynamic organelles able to change number and shape in living cells during 

development, mitosis -when they co-ordinately divide into daughter cells (Catlett and Weisman, 

2000)- and in response to physiological or toxic conditions.  

Figure 1: Mitochondrial 
ultrastructure. (A) A text book like 

representation of the buffle model 

adapted from (Frey and Mannella, 

2000) (B) Three-dimensional 

reconstructions of isolated rat liver 

mitochondria obtained by high-voltage 

electron microscopic tomography. OM: 

outer membrane, IM: inner membrane, 

C: selected cristae; arrowheads point 

to narrow tubular regions that connect 

cristae to periphery and to each other. 

Bar, 0.4 µm. Adapted from (Frey and 

Mannella, 2000). (C-D) Representative 

surface-rendered views of electron 

microscopy tomography 

reconstructions of class I (C) and II 

mitochondria (D). The OM is depicted 

in red, the inner boundary membrane 

in yellow, and the cristae in green. 
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Mitochondrial structure is very heterogeneous and can range from small, individual spheres to 

interconnected and branched tubules. The different and dynamic changes in mitochondrial 

shapes were already noticed in early times by cytologists who observed living cells under light 

microscopy: due to the high heterogeneity of mitochondrial shape, they christened this organelle 

“mitochondrion”, a combination of the Greek word for μίτος or mitos, “thread” and χονδρίον or 

khondrion, “grain”. 

In the cytosol of certain cell types, mitochondria can be organized in a net, where individual 

organelles dynamically fuse and divide (Legros et al., 2002) to generate functional units of fused 

mitochondria, where a stimulus or a signal hitting one end of the mitochondrial wire can be 

readily transmitted to other distal components of the net (Amchenkova et al., 1988). This 

property is useful to rapidly convey signals across the cytoplasm, especially in large cells such 

as cardiomyocytes (Pacher and Hajnoczky, 2001). On the other hand, in other cell types both 

shape and function of individual mitochondria are heterogeneous, with limited interconnectivity 

of the organelles (Collins et al., 2002).  

The morphological plasticity of mitochondria results from the equilibrium between fusion and 

fission events. Even more remarkably, imaging studies in live cells indicate that mitochondria 

constantly move and undergo structural transitions. Individual mitochondria move back and forth 

along their long axes on radial tracks. Occasionally two distinct mitochondria can encounter 

each other during these movements and undergo fusion, head to head or side to head. 

Conversely, long tubules can divide by fission events, giving rise to two or more distinct units. 

Mitochondria are organelles surrounded by two membranes making the fusion and fission 

complicated processes. Any fusion or fission event requires the coordinate fusion-division of 

four lipid bilayers in a coordinate and complete manner. 

Dynamic control of mitochondrial structure is performed by a growing set of “mitochondria-

shaping” proteins that include both pro-fusion and pro-fission members. 

 

3.6. Mitochondrial movement and transport 

Mitochondria distribution and transport inside a cell is likely to be a very well-regulated process. 

These organelles are often enriched at cellular sites where energy demand is greater, or where 

their metabolic function is required, like at the level of the synaptic button. This implies that 

mitochondria are (i) mobile; (ii) use cytoskeletal proteins as tracks for their directional 

movement; (iii) are transiently or permanently stopped where their presence is required via 

interactions with specialized cellular structures. 

Mitochondrial transport depends on the actin cytoskeleton in budding yeast (Fehrenbacher et 

al., 2004) and on both actin and microtubules in mammalian cells (Morris and Hollenbeck, 1995; 

Hollenbeck and Saxton, 2005). Depending on the cellular context, these transport processes 

can ensure proper inheritance of mitochondria or can recruit mitochondria to active regions of 
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the cell. For example, in budding yeast, mitochondria are transported into and retained in the 

developing bud to ensure mitochondrial inheritance to the daughter cell (Fehrenbacher et al., 

2004). 

Energy-dependent molecular motors transport mitochondria along cytoskeletal filaments. Along 

microtubules, multiple kinesin family members and cytoplasmic dynein have been implicated in 

anterograde and retrograde mitochondrial transport, respectively (Hollenbeck and Saxton, 

2005).  

Recent work has clarified the linkage between mitochondria and kinesin-1. Genetic screens in 

D. melanogaster identified milton and miro, both of which are required for anterograde 

mitochondrial transport in neurons (Guo et al., 2005; Stowers et al., 2002). Milton interacts 

directly with kinesin and miro, which is a mitochondrial outer membrane protein that has 

GTPase and Ca2+ binding EF-hand domains (Glater et al., 2006). It is very likely that miro is not 

only an adaptor for milton, but is also a critical regulator of kinesin-dependent mitochondrial 

transport: either the GTPase activity or calcium binding can regulate miro's conformation and, 

therefore, its ability to recruit milton or arrange the milton–kinesin complex at the surface of 

mitochondria. In yeast, disruption of the Miro orthologue Gem1p results in abnormalities in 

mitochondrial morphology and poor respiratory activity (Frederick et al., 2004). Both GTP-

binding and Ca2+-binding motifs are essential for Gem1 function, which appears not to be 

involved in fusion or fission.  

Depending on the cell type, mitochondria can also travel along actin filaments under the control 

of myosin motors (Hollenbeck and Saxton, 2005). 

 

3.7. Mitochondria-shaping proteins: fusion 

Dynamic control of mitochondrial structure is performed by a growing family of “mitochondria-

shaping” proteins that include both pro-fusion and pro-fission members. Several players 

Figure 2 Fusion and 
fission of 
mitochondrial network. 
(A) Cartoon depicting the 

structure of 

mitochondrial network in 

S. cerevisiae and the 

relative mitochondria-

shaping protein 

regulating fusion or 

fission processes. (B) 
Cartoon depicting the  

different shape of 

mitochondrial network in 

mammals and the 
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involved in the control of mitochondrial are dynamins-related proteins. Dynamins are ubiquitous 

mechano-enzymes that hydrolyze GTP to regulate fusion, fission, tubulation and elongation of 

cellular membranes (McNiven et al., 2000). The role of dynamins in controlling mitochondrial 

shape was initially identified by genetic screens in budding yeast, where deletion of specific 

genes resulted in gross alterations of the mitochondrial network, and ultimately in functional 

abnormalities including loss of mitochondrial DNA, growth defects and petite strains (Dimmer et 

al., 2002; Shaw and Nunnari, 2002). 

3.7.1. Fzo1/Mitofusin1-2 
The first mediator of mitochondrial fusion identified was the D. Melanogaster Fuzzy onions 

protein (Fzo1), an evolutionarily conserved, large transmembrane GTPase localized in the outer 

mitochondrial membrane. In Drosophila Fzo gene is activated during spermatogenesis and 

mutations in the gene are responsible of male fly sterility (Hales and Fuller, 1997). Fzo1 

mediates the formation of two giant mitochondria (Nebenkern structure) in the spermatide 

required to give energy to the flagellum.  

The S. cerevisie orthologue of Fzo1 mediates mitochondrial fusion events during mitotic growth 

and mating and is it required for long-term maintenance of mitochondrial DNA (Hermann et al., 

1998; Rapaport et al., 1998) (Figure 2, A). Fzo1p has two homologues in mammals, MFN1 and 

MFN2 (Santel and Fuller, 2001), which both control mitochondrial fusion (Figure 2, B). MFN1 

and -2 display high (81%) homology and similar topologies, both residing in the OM (Rojo et al., 

2002; Chen et al., 2003; Santel et al., 2003). They possess an N-terminal GTPase domain, two 

transmembrane domains spanning the outer mitochondrial membrane and two coiled coil motifs 

crucial for protein–protein interaction (Rojo et al., 2002; Santel and Fuller, 2001)(Figure 3).  

Despite their highly similarity, the two mitofusins display some structural and functional 

divergences. MFN2 possesses a p21ras-binding domain at its N-terminal, which is not retrieved 

in MFN1 (Chen et al., 2004). Moreover, in silico analysis of MFN2 reveals that this protein also 

has a proline-rich-domain between aminoacids 576 and 590, which is poorly conserved in 

MFN1. Proline-rich domains are involved in the binding to other proteins (Kay et al., 2000). 

MFN1 and MFN2 are believed to dock two juxtaposed mitochondria via their coiled coil domains 

(Koshiba et al., 2004). However, MFN2 seems to have a different role from MFN1. First, it has 

been shown that MFN1 has a higher GTPase activity than MFN2, although its affinity for GTP is 

lower (Ishihara et al., 2004). In agreement with this, MFN1 exhibits a higher capacity to induce 

fusion (Ishihara et al., 2004). The differential role played by the two mitofusins during 

mitochondrial fusion was first demonstrated by directly measuring mitochondrial fusion rates in 

Mfn1-/- and Mfn2-/- cells. These experiments substantiated that cells containing only MFN1 retain 

more fusion activity than those that contain only MFN2 (Chen et al., 2003). Extending these cell 

biological observations, genetic ablation of the two genes in the mouse does not result in the 
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same phenotype: Mfn1-/- mice die in midgestation, whereas Mfn2-/- embryos display deficient 

placentation (Chen et al., 2003).  

Overall, these observations suggest that if mitofusins can obviously share a common role in 

mitochondrial fusion, they appear probably to regulate this process in different manners and to 

have additional functions. In particular, increasing experimental evidence is mounting on the 

role of MFN2 in different pathologic and physiologic conditions (de Brito and Scorrano, 2007). 

3.7.2. Mgm1p/Msp1p 
Mgm1p has been identified in a genetic screen for nuclear genes required for the maintenance 

of mtDNA in the budding yeast S. Cerevisae  (Jones and Fangman, 1992). Years later, 

Pelloquin and colleagues isolated Msp1p, the S. Pombe orthologue (Pelloquin et al., 1999). 

Mgm1p is a conserved dynamin related GTPase essential for fusion, morphology, inheritance, 

and genome maintenance of mitochondria in yeast (Sesaki et al., 2003b; Wong et al., 2003; 

Jones and Fangman, 1992) (Figure 2, A). The human orthologue of Mgm1p is Opa1, which was 

identified in 2000 by two independent groups (Delettre et al., 2000; Alexander et al., 2000). 

Albeit Mgm1p and Opa1 display a sequence identity of approximately 20%, they maintain a 

highly conserved secondary structure, consisting of a N-terminal mitochondrial targeting 

sequence (MTS) composed of scattered positively charged amino acid residues, two 

consecutive hydrophobic segments, a GTPase domain, a middle domain, and a C-terminal 

coiled-coil domain that may correspond to GTPase effector domain GED (Satoh et al., 2003). 

The pleckstrin homology and proline-rich domains, found in classical dynamins, are missing 

(Figure 3).  

3.7.3. Ugo1p  
A third mitochondrial fusion protein named Ugo1p has only been identified in fungi (Ugo means 

fusion in Japanese) (Sesaki and Jensen, 2001) (Figure 2, A). Ugo1p contains at least one 

transmembrane segment in the middle of the protein and two motifs similar to those found in 

mitochondrial carrier proteins that transport small molecules across the inner membrane. 

However, unlike characterized carrier proteins, Ugo1p is embedded in the outer membrane with 

its N terminus exposed to the cytoplasm and its C terminus in the intermembrane space. Since 

the outer mitochondrial membrane contains large pores that allow free passage of small 

molecules and proteins, it seems unlikely that Ugo1p functions as a classical carrier protein. 

Mammalian homologue of Ugo1p is yet unidentified. 

3.7.4. LETM1 
LETM1 is an inner-membrane protein, deleted in Wolff-Hirschhorn syndrome, a complex genetic 

condition, homologue to the yeast regulator of mitochondrial morphology Mdm38p (Dimmer et 

al., 2002). Its ablation results in mitochondrial fragmentation (Dimmer et al., 2008). However, it 

appears that LETM1 does not impinge on the core mechanism of mitochondrial morphology, 
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because its downregulation cannot be complemented by inhibition of the fission machinery. 

Work performed in yeast suggests that Letm1/Mdm38p is involved in the regulation of 

mitochondrial K+/H+ exchange, indicating possible crosstalk between ion homeostasis and 

regulation of mitochondrial shape (Nowikovsky et al., 2004). 

3.7.5. Regulatory proteins in fusion process 
The regulation of mitochondrial fusion is poorly understood. However, recent discoveries point 

to a role for ubiquitination, for lipid remodelling and for proapoptotic members of the BCL-2 

family in this process. 

Membrane-associated ‘really-interesting-new-gene-’cystein/histidine (RING-CH) V (MARCH)-V 

is a novel ubiquitin ligase integrated in the OM. MARCH-V is a E3 ubiquitin ligase and catalyses 

polyubiquitination in the presence of the E2 enzymes UbcH6 or UbcH5 (Nakamura et al., 2006). 

MARCH-V interacts with MFN2 and promotes mitochondrial elongation in a MFN2-dependent 

manner. On the other side, MARCH-V promotes ubiquitination of DRP1 (Karbowski et al., 

2007). MARCH5 RING mutants and MARCH5 RNA interference induce an abnormal elongation 

and interconnection of mitochondria indicative of an inhibition of mitochondrial division 

(Karbowski et al., 2007). Altogether, it seems that MARCH-V controls mitochondrial morphology 

by regulating the activity of mitochondria-shaping proteins (Nakamura et al., 2006). 

A recent work has reported the involvement in mitochondrial dynamics of a novel phospholipase 

D isoform (mitoPLD), possessing a MTS directing it to the external face of mitochondria. This 

lipid-modifying enzyme participates in mitochondrial fusion by hydrolyzing cardiolipin to 

generate phosphatidic acid (Choi et al., 2006). Interestingly, phosphatidic acid is thought to play 

a part in generating the membrane curvature that is required for sNARE-mediated fusion. This 

indicates for the first time the existence of a common mechanism between SNARE-mediate 

vesicle fusion and MFN-mediated mitochondrial fusion 

Mitofusin-binding protein (MIB) regulates mitochondrial morphology by its interaction with MFN1 

(Eura et al., 2003). MIB is a member of the medium-chain dehydrogenase/reductase protein 

superfamily and has a conserved coenzyme binding domain (CBD). MIB needs an intact CBD 

domain to interact with MFN1, this interaction resulting in inhibition of MFN1 function and 

mitochondrial fragmentation. The subcellular localization of MIB is not very clear, since only 

∼50% of the cellular protein associates with mitochondria; the rest is in the cytosol or seems to 

be associated with microsomes. However, the association of MIB with other membranes does 

not seem to affect their morphology (Eura et al., 2003). Whether MIB regulates morphology in 

response to the supply of fatty acids to mitochondria remains an intriguing possibility that waits 

experimental testing. 

Finally, the proapoptotic BCL-2 family members BAX and BAK seem to play an additional role 

during life of the cell in controlling mitochondrial fusion. They are retrieved in a high-molecular 

weight complex with MFN2 and their ablation reduces the rate of mitochondrial fusion, implying 
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these multidomain proapoptotics also in the control of mitochondrial morphology (Karbowski et 

al., 2006). 

 

3.8. Mitochondria-shaping proteins: fission 

3.8.1. Dnm1p/Dlp1/Drp1 
The two proteins FIS (fission) 1 and DRP1 regulate mitochondrial fission in mammals. The 

dynamin-like-protein (Dlp) 1p in yeast, DRP-1 in C. elegans, and DLP1/DRP1 in mammals are 

homologues (Figure 2, A and B). DRP1 exists largely in a cytosolic pool, but a fraction is found 

in spots on mitochondria at sites of constriction (Labrousse et al., 1999b; Smirnova et al., 2001). 

DRP1 contains a dynamin-like-central domain and a C-terminal GTPase effector domain (GED), 

in addition to its N-terminal GTPase (Figure 3). DRP1 can oligomerize, in vitro, into ring-like 

structures and intermolecular oligomerization is observed at membrane constriction sites. Given 

these similarities with dynamin, DRP1 has been proposed to couple GTP hydrolysis with 

mitochondrial membrane constriction and fission (Hinshaw, 1999; Smirnova et al., 2001). 

3.8.2. Fis1p/hFis1 
Fis1p is a 17-kDa integral protein of the outer mitochondrial membrane (James et al., 2003). Its 

N-terminal domain is exposed to the cytoplasm and forms a tetratricopeptide (TPR)-like fold 

(Suzuki et al., 2003). The C-terminal domain of FIS1 possesses a predicted TM domain and a 

short stretch of amino acids facing the IMS (Figure 3). FIS1 is thought to recruit DRP1 to 

punctuate structures on mitochondria during mitochondrial fusion. It is therefore considered the 

limiting factor in the fission reaction (Stojanovski et al., 2004). Moreover it has been shown that 

hFis1 is a bifunctional protein which independently regulates fission and apoptosis (Alirol et al., 

2006). 

3.8.3. Endophilin B1 
Endophilin B1, a member of the endophilin family of fatty acid acyl transferases that participate 

in endocytosis, has been shown to play a role in mitochondrial fission (Karbowski et al., 2004b). 

During endocytosis, endophilin 1 builds complexes with dynamin I, the dynamin responsible for 

the severing of the neck of the nascent endocytic vesicle, and provides the required lipid 

modification (Schmidt et al., 1999).  

Endophilin B1 partially colocalizes and cofractionates with mitochondria and its downregulation 

by siRNA leads to changes in mitochondrial shape, as well as the formation of OM-bound 

structures resembling those formed by vesicles in neuronal terminals after inactivation of 

endophilin 1.  

Members of the endophilin family, which are all Bin-Amphiphysin-Rvs(BAR)-domain proteins 

(like for example amphiphysin and endophilin 1), are supposed to participate in the regulation of 

membrane curvature, a process required for membrane scission during dynamin-mediated 
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endocytosis (Gallop et al., 2006). However, the mechanism by which BAR-domain proteins and 

related components regulate membrane scission has recently been questioned. First, it has 

been proposed that BAR-domain proteins have an acyl transferase activity that promotes 

membrane fission by altering membrane curvature from positive to negative (Schmidt et al., 

1999). Later studies by the laboratory of H. McMahon demonstrated that BAR-domain proteins 

have no fatty acyl transferase activity as previously believed (Gallop et al., 2005). The 

amphipathic helices of BAR domains alter membrane curvature by inserting into the 

phospholipids bilayers and not by displaying a fatty acyl transferase activity (Gallop et al., 2006). 

Similarly, endophilin B1 seems to participate in the control of the morphology of OM by altering 

membrane curvature. Whether this is a direct effect, or it requires the recruitment of other 

proteins, such as phospholipase D and/or other mitochondria-shaping proteins, remains to be 

elucidated. 

3.8.4. MTP18 
MTP18, a nuclear-encoded mitochondrial membrane protein, is suggested to be a novel 

component required for mitochondrial fission in mammalian cells (Tondera et al., 2004; Tondera 

et al., 2005). MTP18 is supposed to be an intramitochondrial protein exposed to the IMS, 

however it is still not clear whether MTP18 is an OM or IM protein. Interestingly MTP18 is a 

downstream effector of phosphatidyl-inositol 3-kinase (PI3-K) signalling. It has been reported 

that overexpression of MTP18 leads to mitochondrial fragmentation. On the other hand, after 

downregulation of MTP18 levels by siRNA, mitochondria appear filamentous. Thus, MTP18 

could be a regulator of mitochondrial shape that responds to activation of PI3-K, coupling 

morphology of the reticulum to cellular cues. 

 

Figure 3: Mitochondria-shaping proteins in mammals and their domains 
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3.9. Proteins that mediate inner membrane morphology 

In addition to changes in the overall shape of mitochondrial network, the internal structure of 

mitochondria is also dynamic. The pleomorphic, tubular cristae constitute highly sequestered 

compartments, where the majority of cytochrome c (80-85% of the total pool) is located, 

separated from the IM space by narrow cristae junctions (Figure 1 B).  

Several proteins have been implied in the regulation of the IMM topology. In the buddying yeast, 

mitochondrial F1FoATP synthase, is essential for normal cristae structure (Paumard et al., 

2002). This role in inner membrane structure involves a dimeric form of ATP synthase that 

contains the additional subunits ε and γ. As visualized by electron microscopy, the ATP 

synthase dimer has a dimeric interface with a sharp angle that could distort the local lipid 

membrane. This distortion might contribute to the high membrane curvature that characterizes 

cristae tubules (Dudkina et al., 2005; Minauro-Sanmiguel et al., 2005). Along this line, Mgm1p is 

required for the oligomerization of ATP synthase, suggesting a link between these two proteins 

in mitochondrial morphology (Amutha et al., 2004).  

In yeast, Mdm33 is required for normal mitochondrial morphology and its overexpression leads 

to septation and vesiculation of the inner membranes (Messerschmitt et al., 2003). Because of 

these phenotypes, Mdm33 has been suggested to play a role in inner membrane fission. 

Depletion of Mmm1, Mdm31 and Mdm32, yeast proteins implicated in mitochondrial DNA 

maintenance, also cause aberrant cristae morphologies (Hobbs et al., 2001; Dimmer et al., 

2005). Knockdown of mitofilin, a 90-KDa inner-membrane protein with a predicted membrane 

anchor and a coil-coiled domain, causes dramatic abnormalities of the cristae in mammalian 

cells, resulting in the formation of complex layers of inner membrane (John et al., 2005). 

A study by the group of G. Shore shows DRP1-dependent remodelling of the IM during 

apoptosis, demonstrating for the first time a connection between mitochondrial fragmentation 

and cristae remodeling (Germain et al., 2005). The signal leading to DRP1-mediated cristae 

remodelling was identified in the release of Ca2+ from the ER. Since this by itself is not enough 

to induce the egress of cytochrome c from mitochondria, another yet unknown signal, like 

another proapoptotic member of the BCL-2 family, carries on this second task. In conclusion, 

the cristae morphology derives from a balance between intra-mitochondrial membrane fusion 

and fission events, raising the possibility that proteins controlling the inter-mitochondrial fusion 

and fission events control also IMM topology.  

 

3.10. Mechanisms of mitochondrial fusion and fission  

Several important characteristics of mitochondria make their fusion mechanism particularly 

intriguing. First, unlike almost all other intracellular fusion events, neither SNAREs nor the AAA-

ATPase NSF have been implicated in the fusion reaction. Indeed, there are specific, dedicated 
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mitochondrial fusion molecules, suggesting that the machinery evolved independently and is 

uniquely tailored for this organelle. Second, mitochondria have two membranes: therefore, the 

fusion of four sets of lipid bilayers must be coordinated. Third, unlike viral fusion and most 

SNARE-mediated fusion, mitochondrial fusion is homotypic. Finally, mitochondrial fusion it is 

likely to be influenced by cellular energetic demands, apoptotic stimuli and developmental cues. 

Taken together, these characteristics suggest that mitochondria fuse through a novel 

mechanism that reflects their unique endosymbiontic origin and double membrane architecture. 

Why do mitochondria continually fuse and divide? Recent studies show that these processes 

have important consequences for the morphology, function and distribution of mitochondria. 

First, fusion and fission control the shape, length and number of mitochondria. The balance 

between these opposing processes regulates mitochondrial morphology. Second, fusion and 

fission allow mitochondria to exchange lipid membranes and intramitochondrial content. Such 

exchange is probably crucial for maintaining the health of a mitochondrial population. When 

mitochondrial fusion is abolished, a large fraction of the mitochondrial population loses 

nucleoids (Chen et al., 2007). In addition to mtDNA, other components, such as substrates, 

metabolites or specific lipids, can be restored in defective mitochondria by fusion. Third, the 

shape of mitochondria affects the ability of cells to distribute their mitochondria to specific 

subcellular locations. This function is especially important in highly polarized cells, such as 

neurons. Mitochondrial fusion and fission affect the mitochondrial distribution in dendrites. In 

hippocampal neurons, mitochondria accumulate at dendritic spines following neuronal 

stimulation. Inhibition of mitochondrial fission causes elongation of the mitochondria and 

decreases the abundance of dendritic mitochondria and the density of dendritic spines. 

Conversely, increased fission facilitates the mobilization of dendritic mitochondria and leads to 

an increased spine number (Li et al., 2004). Mitochondrial dynamics appears to be important for 

proper mitochondrial redistribution in lymphocytes during chemotaxis (Campello et al., 2006). 

Finally, mitochondrial fission facilitates apoptosis by regulating the release of intermembrane-

space proteins into the cytosol. Moreover mitochondria actively participate in the regulation of 

Ca2+ signalling by taking up and releasing Ca2+ in response to physiological, inositol 

triphosphate coupled agonists. This process relies on the relative position of mitochondria in the 

cytosol, as well as on their juxtaposition to the ER, required for the production of microdomains 

of high [Ca2+], essential for the activation of the low affinity mitochondrial Ca2+ uniporter (Rizzuto 

et al., 2000). It is therefore conceivable that changes in mitochondrial shape influence 

mitochondrial participation in the Ca2+ game. This hypothesis is substantiated by the finding that 

excessive fission by Drp1 blocks propagation of Ca2+ waves (Szabadkai et al., 2004), while Fis1 

reduces refilling of ER Ca2+ stores, probably by impairing capacitative Ca2+ entry from the 

plasma membrane (Frieden et al., 2004). Surprisingly, Fis1 promotes higher degrees of 

fragmentation than Drp1, yet its effect on the propagation of mitochondrial Ca2+ waves are 
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apparently much lower. A possibility is that Drp1 has a specific but yet not characterized 

function on mitochondrial Ca2+ propagation, in addition to its effect on mitochondrial 

morphology. 

3.10.1. Yeast 
3.10.1.1. Fusion 

Fusion of mitochondria can be divided in at least 3 steps: docking, fusion of the OM and fusion 

of the IM. During docking, two or more Fzo1p on juxtaposed mitochondria interact via their 

coiled coil domains. Fzo1p, Mgm1p and Ugo1p form a fusion complex that connects the IM and 

the OM and can be immunoprecipitated from isolated mitochondria (Sesaki and Jensen, 2004; 

Sesaki et al., 2003b; Wong et al., 2003). This is possible because Ugo1p contains domains that 

permit the formation of bridges between Fzo1p and Mgm1p in the fusion complex. A series of in 

vitro pull-down experiments demonstrated that the cytoplasmic and intermembrane space 

domains of Ugo1p bind Fzo1p and Mgm1p, respectively (Sesaki and Jensen, 2004). 

A recently developed in vitro assay showed that fusion of the OM can be separated from fusion 

of IM. OM requires guanosin triphosphate (GTP) and a pH gradient across the IM. On the other 

hand, fusion of the IM requires the electrical component of the electrochemical gradient and 

high concentrations of GTP (Meeusen et al., 2004). 

Mitochondrial fusion is regulated by proteolytic processing in yeast. Mgm1p processing by the 

rhomboid-like protease Pcp1p is required to maintain the tubular network, although only the 

non-cleaved long form of Mgm1p (l-Mgm1p) is essential for mitochondrial fusion (Sesaki et al., 

2003a). Further, Mgm1p processing by Pcp1p depends on mitochondrial membrane potential, 

meaning that the energetic status of the cell influences mitochondrial morphology (Herlan et al., 

2004). In agreement with this, it has been shown that only l-Mgm1p and not its short form (s-

Mgm1p) interacts with Fzo1p (Sesaki and Jensen, 2004). This means that s-Mgm1p may play a 

role that is different from the coupling between IM and OM fusion. The relative amount of these 

two forms of Mgm1p seems to be regulated by Ups1p, the homologue of the protein of lymphoid 

interest (PRELI) and an evolutionarily conserved IMS protein, by controlling the insertion into 

the IM of the Pcp1p-sensitive rhomboid-cleavage site of Mgm1p (Sesaki et al., 2006) 

Another regulation mechanism of mitochondrial morphology may be given by the activity of 

Mdm30p. This protein is localized mostly in the cytoplasm, but can be also retrieved on 

mitochondria where it regulates mitochondrial fusion. Mdm30p possesses a F-box motif, typical 

of Skp1-cullin-F-box(SCF)-E3 ubiquitin ligases on its N-terminal (Dimmer et al., 2002; Fritz et 

al., 2003). Mdm30p is able to target Fzo1p for degradation and by doing this it may regulate 

mitochondrial fusion (Escobar-Henriques et al., 2006). 

3.10.1.2. Fission 

The current model of fission in yeast is based on a trimer complex of Dnm1p, Mdv1p, and Fis1p 

(Tieu et al., 2002). Upon its activation Dnm1p translocates to mitochondria, where it functions as 
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a mechanoenzyme constricting mitochondrial membranes like its homolog dynamin I constricts 

the nascent endocytotic vescicle. Two models for yeast mitochondrial fission have been 

proposed (Okamoto and Shaw, 2005). 

In one model, a stable Fis1p-Mdv1p complex is essential to recruit Dnm1p, which then homo-

oligomerizes (Tieu et al., 2002; Shaw and Nunnari, 2002). In this model, Mdv1p is stably 

associated with mitochondria via interaction with Fis1p. After homo-oligomerization of Dnm1p 

on mitochondria, the Mdv1p-Fis1p incorporates into the Fis1p-Dnm1p complex. The association 

of the two complexes triggers, or mechanically induces membrane scission. 

The second model is similar to the first one, except that assembly of Dnm1p in spots on 

mitochondria is proposed to be both Fis1p- and Mdv1p-independent. The Dnm1p homo-

oligomers subsequently recruits Fis1p and Mdv1p into a ring structure that induces fission 

(Cerveny and Jensen, 2003; Cerveny and Jensen, 2003).  

In a recently revised model, Dnm1p recruitment to mitochondria is catalysed both by Fis1p, 

Mdv1p and Caf4p (Karren et al., 2005; Griffin et al., 2005). At an early stage of fission, Fis1p 

recruits Dnm1p to the outer mitochondrial membrane via interaction with Mdv1p and Caf4p. In 

the absence of Mdv1p, Caf4p mediates formation of punctuate Dnm1p complexes on the 

mitochondrial surface. However, these Dnm1p complexes are not functional and cannot 

complete fission. On the other hand, Mdv1p can recruit Dnm1p and complete fission efficiently 

also in the absence of Caf4p (Okamoto and Shaw, 2005). 

The role of the GTPase cycle of Dnm1p is still not completely understood. Since Dnm1p 

interacts with Mdv1p in a GTPase-dependent manner, it is possible that the GTPase cycle 

regulates this interaction (Cerveny and Jensen, 2003; Okamoto and Shaw, 2005). There is also 

the possibility that constriction is Dnm1p independent, but generated by local interactions of one 

or more mitochondrial proteins. Such a function has been proposed for the IM protein Mdm33p 

(Messerschmitt et al., 2003). Another possibility is that cytoskeletal movement generates 

tension along the mitochondrial axis and stretches it out, resulting in local constrictions along 

the tubule. This mechanism could be Dnm1p-dependent and the assembled Dnm1p complexes 

would generate mechanical forces for the constriction. Alternatively, like dynamin during 

endocytosis, Dnm1p could recruit yet unidentified proteins that change membrane lipid 

composition and curvature. 

Remarkably, blockage of fission is not lethal to yeast, suggesting that mitochondria can still 

divide during cytokinesis as well as during meiosis and sporulation of diploid yeast cells 

(Gorsich and Shaw, 2004).  
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3.10.2. Mammals 
3.10.2.1. Fusion 

Fusion of mammalian mitochondria is thought to occur in a similar way as in yeast. The 

mammalian orthologues of Fzo1p, MFN1 and MFN2, are believed to dock two juxtaposed 

mitochondria via their coiled coil domains (Koshiba et al., 2004). 

In the case of MFNs, two molecules on opposing membranes can bind in trans to bridge 

mitochondria, maintaining a distance of 95 Å between the two membranes  (Koshiba et al., 

2004). It has been recently reported that MFN2 forms high molecular weight complexes with 

stomatin-like protein 2 (Stoml2), a novel protein associated to the IM, facing the IMS. The 

function of this protein remains unknown, albeit it does not seem to have a role in regulating 

mitochondrial morphology (Hajek et al., 2007). 

The role of Opa1 in mitochondrial fusion was questioned, as it was originally proposed that 

Opa1 participated in fission of the organelle (Misaka et al., 2002; Misaka et al., 2002). Aim of 

this Thesis has therefore been to investigate the potential role of OPA1 in mitochondrial 

morphology and to verify if it required partners on the outer mitochondrial membrane like its 

yeast orthologue Mgm1p.  

3.10.2.2. Fission 

Also mitochondrial fission in mammalian cells seems to follow the same mechanism in yeast.  

Drp1 is recruited to spots on mitochondria and it seems that constriction of the membranes 

takes place via interaction with Fis1, since it has been shown that recombinant Drp1 and 

recombinant Fis1 interact in vitro (Yoon et al., 2003). However, this association has never been 

shown in vivo and reduction of Fis1 levels by siRNA does not disrupt Drp1 localization to 

mitochondria (Lee et al., 2004). Yet, the residual level of Fis1 could still be sufficient to recruit 

Drp1 to mitochondria. 

Recent findings discovered new regulatory mechanisms that control mitochondrial fission in 

response to a variety of cellular events, including cell division, metabolic flux and cell 

differentiation. Most of these processes seem to regulate the localization, dynamics and activity 

of Drp1.  

A recent paper demonstrated a direct link between the cell-cycle and the mitochondrial-division 

machinery. During mitosis Drp1 is specifically activated upon phosphorylation by Cdk1/cyclin B 

on Ser-585 in the GTPase-effecter domain (GED) of Drp1 (Taguchi et al., 2007). Another recent 

study showed that cyclic-AMP-kinase-dependent phosphorylation of a different serine (Ser637) 

in the same domain inhibits Drp1 GTPase activity (Chang and Blackstone, 2007). Although 

these studies indicate that Drp1 phosphorylation can modulate the frequency of mitochondrial 

division, it remains to be determined if fission competent Drp1 is always phosphorylated or if this 

is a mechanism exploited only during the cell cycle. 
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DRP1 is modified post-transcriptionally by sumoylation (Harder et al., 2004). Sumoylation is a 

process that involves the covalent binding of the small protein SUMO to the substrate, 

protecting it from binding to ubiquitin and therefore from degradation by the proteasome 

(Johnson, 2004). Along this line, the ubiquitin ligase of the OM MARCH-V regulates targeting of 

DRP1 for degradation (Nakamura et al., 2006). The conjugation of the 76-amino acid protein 

ubiquitin to substrate proteins is involved in the regulation of a variety of cellular processes 

(Welchman et al., 2005) ranging from selective protein degradation to DNA repair (Huang and 

D'Andrea, 2006) and membrane protein trafficking (Staub and Rotin, 2006). Recent findings 

indicate that ubiquitylation plays a direct role in mitochondrial membrane remodeling  (Escobar-

Henriques et al., 2006; Nakamura et al., 2006; Yonashiro et al., 2006; Neutzner and Youle, 

2005). Thus, DRP1 turnover is controlled by the equilibrium between ubiquitination and 

sumoylation, affecting mitochondrial fission. 

 

3.11. Mitochondria-shaping proteins in health and disease 

In the past years, mitochondrial defects have been implicated in a number of degenerative 

diseases, aging and cancer. Mitochondrial diseases involve mainly tissues with high energetic 

demands, such as muscle, heart, endocrine and renal systems. More recently, mutations in 

genes coding for pro-fusion proteins have been associated with genetic disorders. 

In 2004, work by Zuchner et al. mapped the mutations responsible for Charcot-Marie-Tooth 2A 

(CMT2A), and identified MFN2 as being the gene responsible for the disorder. CMT is one of 

the most common inherited disorders in humans, with an estimated prevalence of one in 2500 

individuals. CMT neuropathies can be divided into 2 main groups, type 1 and type 2. In CMT1, 

nerve conduction velocities are considerably reduced. In CMT2, the nerve conduction velocities 

are normal but conduction amplitudes are decreased, due to the loss of nerve fibres (Zuchner et 

al., 2004). 

CMT2A is a neurodegenerative disorder characterized by the loss of sensory and motor axons 

at early stages of the disease and resulting in the degeneration of the neurons themselves 

during a later stage of the disease. The clinical symptoms of CMT are distal weakness of the 

lower limbs, sensory loss, decreased reflexes and foot deformities. Other symptoms include 

cranial nerve involvement, scoliosis, vocal cord paresis and glaucoma (Lawson et al., 2005). 

Mutations in MFN2 account for around 20% of CMT2 cases, making this the most prevalent 

axonal form of CMT. Most MFN2 mutations in CMT2A cluster within the GTPase and the RAS-

binding domains and are missense mutations (Zuchner et al., 2004; Lawson et al., 2005; Kijima 

et al., 2005). Recently, a de novo truncation mutation in MFN2 has been associated to CMT2 

and optic atrophy (also known as hereditary motor and sensory neuropathy VI, HMSN VI) 

(Zuchner and Vance, 2006).  
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Mfn2 is up-regulated in the skeletal muscle of obese patients (Bach et al., 2003) and its over-

expression suppresses vascular muscle cells proliferation in animal models of hypertension via 

sequestration of p21RAS, inhibition of the ERK/MAPK cascade and cell cycle arrest (Chen et 

al., 2004). 

 

3.12. OPA1 

Optic Atrophy 1 (Opa1), the homologue of S. cerevisiae Mgm1p, is the only dynamin-related 

protein identified in the inner membrane so far (Olichon et al., 2002). 

3.12.1. Gene and protein structure 
The human OPA1 gene is composed of 30 coding exons distributed across more than 90 kb of 

genomic DNA on chromosome 3q28-q29. OPA1 is expressed ubiquitously with the highest 

levels in retina, brain, testis, heart and muscle (Alexander et al., 2000). Alternative splicing of 

exons 4, 4b and 5b leads to eight differentially expressed isoforms with open reading frames for 

polypeptides of 960–1015 amino acids (Delettre et al., 2001). The protein contains a 

mitochondrial leader sequence within the highly basic N-terminal targeting the protein to the 

outer surface of the mitochondrial inner membrane, a GTPase domain, a central dynamin 

domain that is conserved across all dynamins, and a carboxy-terminus coiled-coil domain 

responsible of protein-protein interactions (Figure 3). Its splicing region corresponds to a part of 

the protein with unknown function located between the mitochondrial leader sequence and the 

GTPase domain. 

Domain 4, corresponding to exon 4 shares broad homologies among vertebrates, but restricted 

similarities with invertebrate and yeast sequences. Exon 4b and exon 5b, are found only in 

vertebrate genomes, and are absent from Drosophila, Caenorhabditis and lower eukaryote 

genomic sequences. The 17 amino acids of domain 4b are well conserved, but do not display 

any specific motif or structure. The first 24 residues of the 37-amino-acid long domain 5b are 

highly conserved and the whole domain displays a highly conserved coiled-coil structure 

predicted to homooligomerize. 

Mouse OPA1 shares 97% overall identity with the human sequence. Human and mouse 

sequences are somewhat divergent in the first 200 N-terminal amino acids (83 % identity) that 

mostly contains the mitochondrial leading sequence and the alternative splicing region. 

The initially identified Opa1 corresponds to isoform 1 lacking both exons 4b and 5b, and 

encodes 960 amino acid residues. Isoforms 1 and 7 of OPA1 gene are predominantly 

expressed in human cells. The difference between the two proteins of isoforms 1 and 7 is the 

addition of exon 5b, which encodes a major part of the N-terminal coiled-coil domain (Satoh et 

al., 2003). 
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The submitochondrial localization of Opa1 protein has been a controversial subject. 

Mgm1p/Msp1p were detected in the outer membrane (van der Bliek, 2000), intermembrane 

space (Pelloquin et al., 1999), or matrix (Alexander et al., 2000). Delettre and collaborators 

reported human Opa1 localized in the intermembrane space and associated with the inner 

membrane; the immunocytochemical electron microscopic analysis indicated the strong signals 

against anti-Opa1 antibody close to cristae (Delettre et al., 2000). A more detailed analysis 

showed that both Mgm1p and Opa1 are localized in the IMS, tightly associated with the IM 

(Olichon et al., 2002; Wong et al., 2000; Herlan et al., 2003; Sesaki et al., 2003b). 

3.12.2. Role in mitochondrial shape 
After the discovery of Opa1, its function was unclear as well as its proteolytic cleavage or its 

interaction with other mitochondria shaping proteins. It had been proposed that overexpression 

of Opa1 promotes fission and perinuclear clustering of mitochondria (Satoh et al., 2003; Misaka 

et al., 2002). It is difficult to reconcile the proposed pro-fission role of Opa1 with the known 

function of its yeast orthologue Mgm1p in mitochondrial fusion. One should hypothesize that 

Mgm1p drastically diverged during evolution from being a pro-fusion to become Opa1, a pro-

fission mitochondria shaping protein. Concurrently, it was unclear whether mitochondrial fission 

following Opa1-specific RNAi was an epiphenomenon of mitochondrial dysfunction, often 

associated with increased fission (Griparic and van der Bliek, 2001; Frank et al., 2001; 

Karbowski et al., 2004a), or the specific consequence of the ablation of a protein pivotal for 

mitochondrial fusion. In the first part of this Thesis we therefore investigated the role of OPA1 in 

controlling mitochondrial shape.  

Specific analysis of OPA1 splice variants revealed a functional role of exon 4 in the 

maintenance of mitochondrial membrane and fusion of the mitochondrial network, (Olichon et 

al., 2007). Silencing of Opa1 variants containing exon 4, which encode the most abundant 

isoforms in HeLa cells, induces mitochondrial fragmentation and Δψm dissipation, without 

consequence on cytochrome c release and apoptosis. 

3.12.3. Role in apoptosis 
To ensure the complete release of cytochrome c, the ultrastructure of mitochondria changes in 

the early stages of apoptosis; individual cristae fuse and cristae junction widen. These 

morphological changes support the mobilization of cytochrome c from the cristae to the IMS, 

and eventually to the cytosol (Scorrano et al., 2002) (Figure 1, C and D). Opa1, the first 

discovered mitochondria-shaping protein located at the level of the IMM, seems a natural 

candidate to regulate this pathway. As expected, down regulation of Opa1 leads to 

mitochondrial fragmentation. This is accompanied by organelle dysfunction and cytochrome c 

release and interestingly by changes in mitochondrial ultrastructure (Olichon et al., 2003). These 

results raised the possibility that Opa1 could as a matter of fact participate in the biogenesis of 

the cristae and regulate the cristae remodelling pathway. The increased apoptosis observed 
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after specific down regulation of exons 4b or 5b, prompted to speculate a specific and restricted 

function of Opa1 isoforms including these domains in trapping cytochrome c inside the cristae 

compartment (Olichon et al., 2007).  

3.12.4. Role in development 
OPA1 plays an important role during early embryogenesis since homozygous mice are not 

viable, which is consistent with an essential requirement for mitochondrial fusion during 

embryonic development (Alavi et al., 2007; Davies et al., 2007).  

Opa1-/- embryos are smaller compare with the relative wt and die during late gastrulation. 

Blastocysts at embryonic stage E3.5 do not show any apparent morphological differences 

compared to heterozygous or wild type blastocytes. First defects of embryogenesis appeared in 

E8.5 homozygous mutant embryos. This retarded development becomes more obvious at E9.5 

and embryos are finally resorbed at E12.5. Analysis of Mfn1 and Mfn2 knockout mice 

demonstrated that they die in midgestation, similar to Opa1 homozygous mutant mice (Chen et 

al., 2003). 

Mouse embryonic fibroblasts derived from Opa1-/- embryos have lost their ability to undergo 

mitochondrial fusion, being completely fragmented; and many cells succumb to apoptosis. They 

contain enlarged mitochondria without cristae, but single septum-like and round-shaped double 

membrane structures. Mitochondria in Opa1-/- embryos are loosing their DNA. Heterozygous 

mice are viability and fertility with a normal behavior and a comparable size to wild-type 

littermates.  

3.12.5. Role in homeostasis of adult tissues 
OPA1 affects complex cellular functions, as substantiated in overexpression studies showing a 

role for this protein in movement of leukocytes (Campello et al., 2006) and formation of dendritic 

spines (Li et al., 2004). 

Mitochondrial dynamic appears to be important for proper mitochondrial redistribution in 

lymphocytes during chemotaxis. Mitochondria are transported to the uropod along microtubules 

and concentrated in the trailing edge in lymphocyte cell lines that migrate in response to 

chemical attractants. Modulation of mitochondrial fusion or fission affects both mitochondrial 

redistribution and cell migration. OPA1 blocked mitochondrial and cell polarization in response 

to the chemokine. OPA1, MFN1, and a dominant-negative mutant of DRP1 (K38A-DRP1) 

prevented migration of T lymphocytes towards chemoattractant gradients (Campello et al., 

2006). 

It has been demonstrated that a small fraction of mitochondria are present within dendritic 

protrusion of cultured neurons and there is a positive physical association between this 

mitochondrial pool and dentritic spines and synapses morphogenesis. Importantly, normal 

synaps density and activity-dependent synapse formation depend critically on the proper 

distribution and function of mitochondria in dendrites. OPA1 overexpressio, reduces the amount 
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of dendritic mitochondria and leads to a decrease density of spines and synapses (Li et al., 

2004). Since abnormal mitochondrial morphology and function are associated with 

neurodegenerative diseases, like Alzheimer’s and Parkinson’s disease (Castellani et al., 2002; 

Dawson and Dawson, 2003), these findings raise the possibility that the characteristic synapse 

loss of such disorders arises in part from mitochondrial dysfunction. 

3.12.6. DOA 
Heterozygous mutations of OPA1 cause autosomal dominant optic atrophy (ADOA), the most 

common form of inherited optic neuropathy, with an estimated prevalence of 1:50000 

(Alexander et al., 2000; Delettre et al., 2000). Linkage analysis has revealed that OPA1, 

mapping to 3q28-q29, is the major locus (Trimmer et al., 2000; Votruba et al., 1997). A 

positional cloning approach similarly identified this gene as being responsible for OPA1-type 

DOA (Alexander et al., 2000). 

ADOA is a specific disease of the retina characterized by retinal ganglion cells (RGC) 

degeneration followed by ascending atrophy of the optic nerve. Very little is known on the 

pathogenesis of ADOA; the lack of pain and inflammation during the development of the 

disease suggest that apoptosis may play key a role in the loss of RGC. More than 117 different 

pathogenic mutations in Opa1 have been described (Ferre et al., 2005). The vast majority 

results in a truncated protein or affects the GTPase domain crucial for the biological activity of 

dynamins. Since the disease is transmitted as a dominant trait, it has been suggested that these 

mutations either act as dominant negative or induce a condition of haploinsufficiency leading to 

the clinical phenotype; however the heterozygous mouse mutants described above do not 

display overt symptoms, challenging this hypothesis.  

DOA is characterized by decrease in visual acuity, tritanopia (dyschromatopsia characterized by 

confusion in the blue-yellow hues), sensitivity loss in the central visual fields, and pallor of the 

optic nerve (Votruba et al., 1998; Ferre et al., 2005). Classic DOA usually begins before 10 

years of age, with a large variability in the severity of clinical expression, which may range from 

non-penetrant unaffected cases up to very severe, early onset cases, even within the same 

family carrying the same molecular defect (Delettre et al., 2002; Carelli et al., 2004). 

Histopathology studies have shown diffuse atrophy of the ganglion cell layer that predominates 

in the central retina and loss of myelin and nerve tissue within the optic nerve (Kjer et al., 1996).  

It remains unclear why Opa1-ADOA manifests with an apparently restricted clinical ocular 

phenotype, comprising RGC loss. Opa1 is ubiquitously expressed throughout the body: in the 

heart, skeletal muscle, liver, testis, and most abundantly in the brain and retina. In the human 

retina, Opa1 is present in the cells of the RGC layer, nerve fibre layer, the photoreceptor layer, 

and the inner and outer plexiform layers (IPL & OPL). RGC display high expression levels of 

Opa1 and a “threshold” effect can be an explanation for the specificity of the disease. 
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How Opa1 mutations cause the clinical symptoms of ADOA remains to be clarified. Non-

neuronal cells from patients with ADOA can have aggregated, fragmented or normal 

mitochondria (Delettre et al., 2000; Olichon et al., 2007); however, because data from only a few 

patients have been reported, it is not clear whether these findings are the norm. In addition, 

Opa1 mutations have been associated with reduced ATP production and reduced mtDNA 

content (Lodi et al., 2004; Kim et al., 2005; Lodi et al., 2004). The defects that have been 

documented in human ADOA diseased tissue are not as severe as those observed in 

experimental cells in which OPA1 is depleted.  

It has been also proposed an involvement of Opa1 in regulating the amount of mtDNA, as 

suggested by a study showing that DOA patients may have slightly reduced mtDNA copy 

number in blood lymphocytes (Kim et al., 2005). Miss-sense point mutations in the highly 

conserved GTPase domain are responsible for a syndromic form of DOA associated with 

sensori-neural deafness, ataxia, axonal sensory-motor polyneuropathy, chronic progressive 

external ophthalmoplegia and mitochondrial myopathy. These patients all harboured multiple 

deletions of mitochondrial DNA (mtDNA) in their skeletal muscle, thus revealing an 

unrecognized role of the Opa1 protein in mtDNA stability (Kim et al., 2005). 

Mouse models of ADOA that contain OPA1 mutations develop the features of ADOA in an age-

dependent manner (mati-Bonneau et al., 2007; Alavi et al., 2007). A small proportion of 

heterozygous mice show a progressive decline in retinal ganglion cell number and aberrations 

of axons in the optic nerve. Though variable in expression, the pathology in mutant mice 

eventually advances to a stage of nearly complete loss of RGCs and gliosis of the optic nerve 

that is very similar to histopathological studies in patients with severe ADOA. Ageing effects, as 

well as the effects of physiologically relevant stressors, such as light and intra-ocular pressure, 

may have important roles in the full manifestation of the phenotype. The mild phenotype of the 

heterozygous models, and the increased manifestation of anomalies with age, is therefore, not 

surprising.  

3.12.7. Cleavage of Opa1  
Both Opa1 and Mgm1p undergo extensive post-translational processing, but processing of the 

yeast protein is less complex and better characterized.  

At steady state, Mgm1p exists in a long l-Mgm1p and a short s-Mgm1p form (Esser et al., 2002; 

Herlan et al., 2003). Biochemical studies support a model of alternative topogenesis of Mgm1p 

(Herlan et al., 2004). L-Mgm1p is produced by targeting of the precursor, which contains a 

mitochondrial targeting sequence (MTS), to the mitochondrial inner membrane and cleavage of 

the MTS by the mitochondrial processing peptidase (MPP). At the time of MTS cleavage, the 

precursor is presumably associated with the translocase of the inner membrane (TIM). Lateral 

exit from the TIM complex would generate l-Mgm1p, associated with the inner membrane 

through the first hydrophobic segment (upstream TM1). Alternatively, if exit from the TIM 
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complex were delayed, the Mgm1p precursor would be further pulled into the matrix, by the 

pulling force provided by ATP and the mitochondrial import motor complex, until the second 

hydrophobic segment is anchored in the inner membrane (more C-terminal TM2). At that point, 

the mitochondrial rhomboid protease, Rbd1p/Pcp1p, cleaves Mgm1p at a second site to 

produce s-Mgm1p  (Herlan et al., 2004; McQuibban et al., 2003). Both l-Mgm1p and s-Mgm1p 

are necessary for mitochondrial fusion, and deletion of Rbd1/Pcp1 results in loss of fusion 

activity. Ups1p, a mitochondrial protein peripherally associated with the inner membrane, 

regulates this bifurcate sorting of Mgm1p (Sesaki et al., 2006) . 

Because OPA1 has a key role in regulating mitochondrial morphology and mitochondrial cristae 

remodelling, it was of major interest to identify the protease responsible of its cleavage and 

regulation. Apparently contradicting results have been reported in the respect of the protease 

responsible of OPA1 cleavage. 

In contrast to the two electroforetic forms of Mgm1p, Opa1 exists at least in 5 bands in human 

cells and tissues. Opa1 is encoded by a complicated set of at least eight mRNA splice forms 

that are produced by differential splicing (Delettre et al., 2001). All Opa1 variants are 

synthesized with a bipartite-type mitochondrial targeting sequence; during import, the matrix-

targeting signal is removed and processed forms (L-forms) are anchored to the inner membrane 

in type I topology (residue 87–88 of the pre-proteins). L-forms undergo further processing to 

produce short forms. In principle, therefore, each mRNA splice variant can produce a long form 

(produced by cleavage with MPP alone) and one or more short forms, deeply complicating the 

analysis.  

The quest for the protease(s) involved in the cleavage of Opa1 is far from complete. Several 

groups proposed at least four different proteases to be involved. Mihara and colleagues 

demonstrated that in mammalian cells the m-AAA protease paraplegin is involved in a metal-

binding site-dependent processing of OPA1 (Ishihara et al., 2006). Paraplegin is an ATP-

dependent metallo-protease located in the mitochondrial inner membrane with its catalytic site 

exposed to the matrix (Ishihara et al., 2006). Dissipation of membrane potential, paraplegin 

overexpression, or induction of apoptosis, stimulated OPA1 processing along with mitochondrial 

fragmentation (produced by cleavage at S1, in exon 5, or S2 in exon 5b). 

More recently, Duvezin-Caubet and collaborators have reconstituted Opa1 processing in yeast. 

They demonstrated that homo-oligomeric m-AAA protease complexes composed of murine 

AFG3L1, AFG3L2, or human Afg3l2 subunits cleaved Opa1 with higher efficiency than 

paraplegin-containing m-AAA proteases, and  Opa1 processing proceeded normally in murine 

cell lines lacking paraplegin. Notably, certain Opa1 processing products are preferentially 

formed depending on the splice variant analyzed and on the subunit composition of the m-AAA 

protease (Langer et al., 2001). Tissue-specific differences in the subunit composition of m-AAA 

protease isozymes as well as in the expression of OPA1 isoforms could explain why 
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deficiencies in paraplegin in mouse and human do result in cell type specific mitochondrial 

defects.  

Using Opa1-null cells, the group of D. Chan showed that only Opa1 mRNA splice forms that 

generates a long form in addition to one or more short forms support substantial mitochondrial 

fusion activity. By themselves, long and short Opa1 forms have little activity, but, when 

coexpressed they functionally complement each other. Loss of mitochondrial membrane 

potential destabilizes the long isoforms and enhances the cleavage of Opa1, regulated by the i-

AAA protease Yme1L (Song et al., 2007). These data were confirmed by Rojo and collaborators 

in a recent paper, where they showed that metalloprotease-mediated processing of Opa1 is 

modulated by the inner membrane potential and is likely mediated by the YME1L protease 

(Guillery et al., 2007). 

The issue of OPA1 processing is crucial if one thinks that Opa1 could be a central molecular 

player linking mitochondrial dysfunction with changes in mitochondrial morphology. Dissipation 

of the mitochondrial membrane potential leads to fast induction of proteolytic processing of 

Opa1 and concomitant fragmentation of mitochondria. Proteolysis of Opa1 is observed in 

patients and in various model systems of human disorders associated with mitochondrial 

dysfunction: in cybrid cells from a patient with myoclonus epilepsy and ragged-red fibers 

syndrome, in mouse embryonic fibroblasts harbouring an error-prone mitochondrial mtDNA 

polymerase γ, in heart tissue derived from heart-specific TFAM knock-out mice and in skeletal 

muscles from patients suffering from mitochondrial myopathies. (Duvezin-Caubet et al., 2006). 

In principle, mitochondrial dysfunction and depletion of mitochondrial ATP levels could lead to 

Opa1 processing, inhibition of mitochondrial fusion, and therefore to segregation of damaged 

mitochondria from the network of intact mitochondria (Duvezin-Caubet et al., 2006)(Baricault et 

al., 2007). 

What is the role of the most likely candidate to process OPA1, the mammalian orthologue of 

yeast Rbd1p PARL, in the cleavage of OPA1? In order to address this issue, in this Thesis we 

analyzed a genetic model of Parl ablation in the mouse and its effect on OPA1 cleavage and 

function. At this point is therefore essential that we introduce the family of rhomboid proteases 

and their function in regulated intramembrane proteolysis. 

 

3.13. Regulated intramembrane proteolysis  

Regulated intramembrane proteolysis (RIP) is a signal transduction mechanism which appears 

to be prominent in all forms of life. Under RIP, membrane bound proteins undergo site-specific 

proteolysis within their transmembrane helix (TMH). This processing releases a moiety of the 

protein that through intracellular relocation or extracellular release, executes a signalling 

function. The RIP processing is executed by a class of proteases, named intramembrane-

cleaving proteases (I-Clips), which are able to hydrolyze their TM substrates in a water 
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excluding environment such as the lipid bilayer (Brown et al., 2000). Intramembrane proteases 

are found in all forms of life, and their functions influence diverse processes, including 

transcriptional control, lipid metabolism, cellular signalling and differentiation, mitochondrial 

morphology, parasite invasion, and bacterial protein translocation (Urban and Freeman, 2002). 

They have also been implicated in a wide range of human diseases, from Alzheimer’s to 

infection by pathogens including hepatitis C virus, M. tuberculosis, and the malaria parasite P. 

falciparum, making them potentially valuable new drug targets.  

Up to date only three families of I-Clip proteins have been discovered. The first is composed by 

a group of metalloproteases whose prototypic member is the human site-two protease that 

cleaves and activates sterol regulatory element binding proteins (Rawson et al., 1997). The 

second class includes aspartic proteases like γ-secretase, which catalytic component is 

presenilin, involved in the cleavage of the amyloid β protein precursor (AβPP) and Notch (De 

Strooper et al., 1998; De Strooper et al., 1999). The third and most recently discovered I-clip 

family is the rhomboid superfamily, which is the most evolutionary conserved one and, by 

implication, the first to emerge in life (Koonin et al., 2003). 

3.13.1. Rhomboids 
Rhomboid proteases constitute probably the most widely conserved polytopic-membrane-

protein family identified until now (Koonin et al., 2003). Seven rhomboids have been identified in 

D. melanogaster (Freeman, 2004). Rhomboids are essential activators of the epidermal growth 

factor (EGF) signalling pathway, proteolytically cleaving the EGF receptor ligands Spitz, Gurken 

and Keren. Since all Rhomboids share a conserved serine protease catalytic dyad (Lemberg et 

al., 2005; Urban et al., 2001), it has been suggested that they are all able to cleave proteins in 

the transmembrane domain. Our knowledge of the mammalian rhomboids is extremely scarce. 

For example, they are unlikely involved in EGF signalling, since TGFα, the major mammalian 

ligand of the EGFR pathway, is released by metalloproteases of the ADAM family (Freeman, 

2004).  

Rhomboids differ from all the other families of intramembrane proteases because they do not 

require prior trimming of the substrate. Since rhomboids cleave intact membrane proteins, 

without a regulated prior cleavage, how is rhomboid activity controlled? 

The best-characterized mode of rhomboid regulation is cellular compartmentalization, a case 

exemplified by the couple Spitz /Rhomboid-1. Before cleavage, Spitz is kept at the endoplasmic 

reticulum, while Rhomboid-1 resides in Golgi. By analogy with other secretases in the secretory 

pathway, it seems likely that rhomboid enzymatic activity itself is also directly regulated, and 

although there is no evidence yet to confirm this, there are some novel observations. For 

example, it has been suggested that the activity of the mammalian mitochondrial rhomboid 

PARL may be regulated by phosphorylation and autoproteolytic processing in the N-terminal tail 

(Jeyaraju et al., 2006). Equally, some rhomboids have putative calcium-binding EF hands 
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(Koonin et al., 2003) or a lipid-binding domain (Del Rio et al., 2007); these could represent 

regulatory sites. Even more speculatively, a class of highly conserved, catalytically inactive 

rhomboid homologs (termed iRhoms) could regulate rhomboid activity. 

In the last years several intramembrane cleaving proteases have been identified, overturning 

the dogma that proteolysis (a hydrolyzing reaction) occurs only in aqueous environments 

(Annaert and De Strooper, 2002; Brown et al., 2000; Freeman, 2004; Kopan and Ilagan, 2004). 

All doubts that hydrolysis can occur in the hydrophobic environment of the membrane have now 

completely evaporated, and we have real mechanistic insights into how rhomboids work. In a 

landmark paper, Ha and colleagues published the first high-resolution structure of an 

intramembrane protease: the 2.1 Å crystallographic structure of the E. coli rhomboid GlpG 

(Wang et al., 2006; Wang et al., 2006). The hydrophilic cavity surrounding the rhomboid active 

site suggests an aqueous microenvironment suitable for a hydrolysis reaction to occur in the 

plane of the membrane. 

Several studies show that rhomboids across evolution recognize related substrate features 

(Urban et al., 2001; Urban and Freeman, 2003; Urban and Wolfe, 2005; Lemberg et al., 2005). 

For example, rhomboids that localize in the eukaryotic secretory pathway cleave type I 

membrane proteins with helix-destabilizing residues, like glycine, near their cleavage site 

(Urban and Freeman, 2003). 

In 2006 the group of Freeman showed that in Drosophila, the mitochondrial rhomboid 7 is 

required for mitochondrial fusion during fly spermatogenesis and muscle maturation. Rhomboid-

7 mutant flies have severe neurological defects, evidenced by compromised signalling across 

the first visual synapse, as well as light-induced neurodegeneration of photoreceptors that 

resembles the human ADOA disease. Rhomboid-7 mutant flies also have a greatly reduced 

lifespan (McQuibban et al., 2006). 

3.13.2. Rbd1/Pcp1p 
Saccharomyces cerevisiae has two rhomboids, named Rbd1p and Rbd2p. Rbd1p has two 

substrates: cytochrome c peroxidase (Ccp1p); and a dynamin-like GTPase (Mgm1p). 

(McQuibban et al., 2003) 

Δrbd1 cells display fragmented mitochondria and impaired growth on non-fermentable carbon 

sources, similar to the phenotype caused by deletion of one of the substrate of Rbd1p, the 

dynamin related protein Mgm1p (Esser et al., 2002; Herlan et al., 2003; McQuibban et al., 2003; 

Sesaki et al., 2003). The short isoform of Mgm1p produced by Rbd1p is required to maintain 

mitochondrial morphology (Herlan et al., 2003; McQuibban et al., 2003). Thus, rhomboids and 

intramembrane proteolysis appear to control mitochondrial dynamics and function in yeast.  

The dynamin-like GTPase Mgm1p and the rhomboid protease Rbd1p constitute a substrate-

protease couple in yeast (Herlan et al., 2003; McQuibban et al., 2003). Mgm1p is pulled by the 

mitochondrial import machinery further into mitochondrial matrix until the second TM domain, 
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harbouring the rhomboid cleavage site, becomes integrated into the inner mitochondrial 

membrane (Herlan et al., 2004). This second translocation requires ATP, thereby coupling 

Mgm1p processing with the mitochondrial bioenergetic state. The balance between the 

membrane-anchored and the rhomboid-released isoforms of Mgm1p is crucial for the control of 

mitochondrial membrane dynamics in yeast (Herlan et al., 2003; McQuibban et al., 2003). A 

similar process occurs with yeast cytochrome c peroxidase (Ccp1), the second known substrate 

of Pcp1/Rbd1: the primary TM domain has to be dislocated by the m-AAA protease subunits 

Yta10 (Afg3) and Yta12 (Rca1) in order to allow rhomboid cleavage (Esser et al., 2002; Tatsuta 

et al., 2007). 

3.13.3. PARL 
PARL, presenilin-associated rhomboid-like, originally identified in a yeast two-hybrid screen as 

an interactor of presenilin (Pellegrini et al., 2001), is a rhomboid protease of the inner 

mitochondrial membrane (IMM).  

Despite of the functional and structural conservation of Pcp1p, rhomboid-7, and PARL, their N-

terminal domain are unrelated (Sik et al., 2004). The N-terminal region of PARL, which is in the 

matrix (Jeyaraju et al., 2006), spans the first 100 amino acids of the protein and shows no 

detectable similarity to any other available protein sequences. 

The matrix N-terminal domain of PARL (Pβ) undergoes two consecutive cleavage events, 

termed α and β. The proximal α-cleavage (52Gly↓Phe53) is a constitutive processing 

associated with the protein import in the mitochondria (Sik et al., 2004). Therefore, it is probably 

executed by one of the two proteases that typically are responsible for the import of most IMM 

proteins, the mitochondrial processing peptidase (MPP) and the innermembrane peptidase 

(IMP) (Gakh et al., 2002). The distal β-cleavage (77Ser↓Ala78) is regulated through a 

mechanism of proteolysis requiring PARL activity supplied in trans (Sik et al., 2004). The identity 

of the matrix protease that cleaves PARL at the β-cleavage site remains elusive. However, 

PARL β-cleavage is unlikely to be executed by PARL itself since the cleavage site is not 

embedded within a hydrophobic helix. β-Cleavage confers a gain of function in PARL-mediated 

regulation of mitochondria morphology. Mitochondrial fragmentation by overexpressed PARL is 

reduced when β-cleavage is abolished by removing or mutating the cleavage site. PARL is 

constitutively and completely phosphorylated at three residues placed in close proximity to the 

β-cleavage site (Ser65, Thr69, Ser70). Since hyperphosphorylation of PARL blocks β−cleavage, 

(Jeyaraju et al., 2006) dephosphorylation appears to be required to allow this processing, 

thereby implicating a matrix phosphatase in the regulation of mitochondrial morphology. 

The 25-amino acid-long peptide released in the matrix by PARL β-cleavage, termed Pβ peptide, 

can be found in the nucleus (Sik et al., 2004), suggesting a role for it in mitochondria-to-nucleus 

signalling. Although further studies are required to confirm this possibility, participation of the Pβ 
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peptide in retrograde regulation (nuclear responses to changes in the functional state of 

mitochondria) would bring PARL within the mainstream concept of RIP, whereby a signalling 

protein is subjected to highly regulated release. Unlike other I-CliPs, however, the case of PARL 

would be the first example of RIP where the putative signalling moiety is part of the I-CliP itself. 

 

3.14. Apoptosis 

The term apoptosis was first coined by Currie and colleagues in 1972 to describe a common, 

conserved, programmed type of cell death that the authors repeatedly observed in various 

tissues and cell types, morphological distinct from necrotic cell death (Kerr et al., 1972).  

In multicellular organisms, apoptosis ensures the precise and orderly elimination of surplus or 

damaged cells. Cell death during embryonic development is essential for successful 

organogenesis and crafting of complex multicellular tissues: elimination of the webbing between 

digits in humans and mice, and the deletion of mammary tissue in males are good examples of 

this. During adulthood, it ensures the maintenance of normal cellular homeostasis and 

regulation of immunity. Conditions that increase or decrease normal cell death levels in different 

tissues can result in disease: insufficient apoptosis manifests as cancer or autoimmunity, while 

accelerated cell death is evident in acute and chronic degenerative diseases (Meier et al., 2000; 

Kroemer and Zitvogel, 2007; Kerr et al., 1972). 

The fact that apoptosis is characterized by a stereotyped series of morphological and 

biochemical changes (Krammer, 2000) suggests that a common intracellular pathway ultimately 

leads to cell demise in a coordinated fashion, independently of the specific activating event. 

Depending on the cell type and the death stimulus, two main apoptotic pathways are activated: 

the intrinsic pathway, which is triggered by intracellular apoptotic signals and is almost always 

mediated by mitochondria; and the extrinsic pathway, which is triggered by activation of specific 

death receptors at the cell surface [reviewed in (Hacker, 2000)], and leads to pro-caspase 8 

recruitment and activation. Caspase 8 can cleave other caspases (type I cells), or generate 

truncated Bid (tBid) that in turn triggers the mitochondrial amplification loop (type II cells). 

3.14.1. Mitochondrial involvement in apoptosis 
Mitochondrial involvement in apoptosis has been well characterized in the last 10 years. Its two 

main features include the release of proteins from the intermembrane space (IMS) and the 

initiation of a programme of dysfunction that includes the loss of the proton electrochemical 

gradient across the inner membrane. Molecular mechanisms are still under investigation and 

probably crosstalk mediate these two events (Bernardi et al., 2001). 

The mitochondrion is at the core of the intrinsic apoptosis pathway, and provides a reservoir for 

protein factors that induce caspase activation. Mitochondria release into the cytosol a plethora 

of pro-apoptotic factors, such as cytochrome c, Smac/DABLO and Omi/HtrA2, which inhibit the 
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cytosolic inhibitor of apoptosis proteins (IAPs) responsible for caspase inhibition; AIF and 

endonuclease G, which migrate in the nucleus to induce chromatin cleavage and condensation 

(Kroemer et al., 2007).  

The most studied protein cofactor released by mitochondria in response to an apoptotic stimulus 

is cytochrome c (Liu et al., 1996). Nevertheless, the precise mechanism whereby cytochrome c 

and other mitochondrial intermembrane space proteins are released is still under active 

investigation. 

Several hypothesis have been proposed to explain the egress of cytochrome c from 

mitochondria; these mechanisms may either function on their own or in cooperation: (i) in 

response to an apoptotic stimulus, the “BH3-only” subset of proapoptotic BCL-2 family members 

senses death signals and transmits them to the “multidomain” proapoptotics like Bax and Bak. 

These ultimately oligomerize in the mitochondrial outer membrane and form pores permitting 

the physical efflux of cytochrome c and of the other mitochondrial apoptotic cofactors. (ii) 

proapoptotic BCL-2 family members interact with intrinsic proteins of mitochondria, triggering 

mitochondrial dysfunction and permeability transition. (iii) Mitochondrial membrane 

permeabilization may result from an alteration in membrane curvature or from the formation of 

lipidic pores in the OM. Anyway, permeabilization of the MOM alone results only in the partial 

release of cytochrome c into the cytosol: the complete release of cytochrome c occurring during 

apoptosis requires the structural remodelling of the mitochondrial cristae. 

Independently from the precise mechanism of cytochrome c egress from mitochondria, the BCL-

2 family proteins appear as critical death regulators. This family of proteins, consisting of both 

pro- and antiapoptotic members, possesses conserved α-helices with sequence conservation 

clustered in BCL-2 homology (BH) domains. Antiapoptotic members exhibit the homology in all 

segments from BH1 to 4, while proapoptotic molecules lack stringent sequence conservation of 

the first α-helical BH4 domain. Proapoptotic molecules can be further subdivided into 

multidomain and BH3-only proteins. Multidomain proapoptotic members such as BAX and BAK 

display sequence conservation in BH1-3 domains. BH3- only members display sequence 

conservation solely in the amphipathic α-helical BH3 region (Scorrano and Korsmeyer, 2003). 

Nowadays it is clear that the decision to die or not depends on the balance resulting from the 

activation of proapoptotic and antiapoptotic members of the BCL-2 family (Danial and 

Korsmeyer, 2004). 

In a widely accepted model, the BH3-only members connect upstream proapoptotic signals to 

the mitochondrial pathway. Once activated, BH3-only proteins function as ligands for the 

multidomain proapoptotics BAX and BAK, induce their homo/heterooligomerization and 

ultimately release cytochrome c from mitochondria (Scorrano and Korsmeyer, 2003). As 

mentioned above, other mechanisms (for example: permeability transition or alteration of 
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membrane curvature) may cooperate with multidomain proapoptotics during cytochrome c 

release. 

While such a model appears substantiated by several evidences, how antiapoptotic BCL-2 

family members oppose their proapoptotic counterparts is less clear. It has been proposed that 

BCL-2 and BCL-XL sequester BH3-only molecules, preventing activation of the multidomain 

proapoptotics (Cheng et al., 2001). Alternatively, antiapoptotic proteins could keep BAX and 

BAK in an inactive conformation, antagonizing binding to the incoming BH3-only proteins (Willis 

et al., 2005). 

Once released, cytosolic cytochrome c binds to APAF-1, increasing its affinity for dATP/ATP. 

The complex composed by APAF-1, cytochrome c, dATP and ATP forms the apoptosome. The 

apoptosome is able to recruit procaspase-9, facilitate its auto-activation and subsequently leads 

to the activation of downstream executioner caspases, cysteine proteases, that effect cell 

demise (Zou et al., 1999; Rodriguez and Lazebnik, 1999). Executioner caspases then cleave 

other intracellular substrates leading to the characteristic morphological changes in apoptosis 

such as chromatin condensation, nucloesomal DNA fragmentation, nuclear membrane 

breakdown, externalization of phosphatidylserine (PS) and formation of apoptotic bodies 

(Hengartner, 2000). 

While the cell death machinery is well conserved from worm to mammals, it remains uncertain 

whether mitochondria play an active role in caspase activation during developmental apoptosis 

of C. elegans. If we go back to more ancient multicellular organisms like C. elegans and D. 

melanogaster, we would see that despite conservation of Bcl-2 family members, mitochondria 

appear to be dispensable or just platforms where the reactions that regulate apoptosis happen 

to take place. In C. elegans the BCL-2 related protein CED-9 localizes to mitochondria through 

its C-terminal transmembrane domain and inhibits programmed cell death by inactivating the 

function of the caspase activating protein CED-4. EGL-1, a pro-apoptotic BH3-only protein of 

the Bcl-2 family, promotes dell death by binding to CED-9 and displacing it from CED-4; CED4 

is thereby able to translocate to perinuclear membranes resulting in activation of the C. elegans 

caspase CED-3 (Lettre and Hengartner, 2006).  

3.14.2. Mitochondrial morphology and apoptosis 
Early in the course of programmed cell death, mammalian mitochondria coordinately fragment 

and undergo a reorganization of their cristae, called “cristae remodeling”, in order to release 

most of their cytochrome c content (Frank et al., 2001; Scorrano et al., 2002; Germain et al., 

2005). Mitochondrial fission is an early trait of apoptosis, occurring simultaneously to BAX 

translocation from the cytosol, and before activation of caspases (Frank et al., 2001). Although 

mitochondrial fragmentation is a common event during cell death, it is not yet clear whether 

fragmentation of the mitochondrial network is necessary and sufficient for induction of cell 

death. The fragmented appearance of mitochondria is caused by a combination of activation of 
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the fission machinery and inhibition of the fusion one (Lee et al., 2004). The importance of 

mitochondria-shaping proteins and of mitochondrial shape changes in regulating mammalian 

apoptosis is substantiated by genetic evidences showing that inhibition of fission, as well as 

promotion of fusion counteract apoptosis by intrinsic, mitochondria utilizing stimuli [reviewed in 

(Youle and Karbowski, 2005)]. The dynamin-related protein Drp-1 and endophilin B1, a fatty acil 

transferase, translocate from the cytosol to foci on mitochondria early during apoptosis and they 

probably mediate mitochondrial apoptotic fission (Frank et al., 2001; Breckenridge et al., 2003; 

Germain et al., 2005). On the other hand, apoptosis can be inhibit by antagonizing the fission 

process. The down regulation of Drp-1 activity by RNAi or by overexpression of a dominant 

negative mutant Drp-1K38A, inhibits apoptosis and mitochondrial fragmentation, although Bax 

was traslocated to mitochondria and coalesced into foci with Bak (Karbowski and Youle, 2003; 

Frank et al., 2001). Inhibition of FIS1 also protects from apoptosis (Sugioka et al., 2004), while 

its overexpression induced apoptosis (James et al., 2003; Alirol et al., 2006).  

Recent works show that early in the course of cell death, MFN1 mediated fusion is suppressed 

and the concomitant overexpression of both mitofusins protects from apoptosis induced by 

intrinsic stimuli like BID and etoposide (Sugioka et al., 2004). Down regulation of OPA1 levels 

induces fragmentation of mitochondrial network, release of cytochrome c and apoptosis 

(Olichon et al., 2003). 

Interestingly, one of the most prominent mitochondrial traits of developmental apoptosis in the 

worm as well as in Drosophila cells are their morphological changes. Jagasia et al. showed that 

the fragmentation of the mitochondrial network during developmental apoptosis of C. elegans is 

enhanced by EGL-1 and independent of caspase activation, suggesting that it occurs before of, 

or simultaneously to caspase activation (Jagasia et al., 2005). Expression of Debcl in 

Drosophila as well as in mammalian cells causes a similar fragmentation of the mitochondrial 

network (Igaki et al., 2000). These probably represent the only mitochondrial change that we 

found conserved during apoptosis of invertebrate and mammalian cells. 

Moreover, studies in yeast confirm a role for mitochondrial fragmentation and for Drp1 in 

apoptosis (Fannjiang et al., 2004). On the other hand, fragmentation can also negatively 

regulate the progression of the apoptotic cascade, as suggested by data from the laboratory of 

R. Rizzuto. While Drp1 can enhance staurosporine-mediated apoptosis, it slows down the 

amplification of Ca2+-mediated cell death (Szabadkai et al., 2004). 

 

3.15. The role of mitochondria in development and differentiation 

Mitochondria display a unique behaviour during embryonic development. They are maternally 

transmitted, with little (if any) paternal contribution, and they originate from a restricted founder 

population, which is amplified during oogenesis. Then, having established the full complement 

of mitochondria in the fully grown oocyte, there is no further increase of the mitochondrial 
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population during early development. For example, murine oocytes possess 105 mtDNA copies 

immediately prior to fertilisation and there is no increase in mtDNA copy number until post-

implantation, each newly divided blastomere within the pre-implantation embryo will possess 

fewer copies of the genome at each stage of post-fertilization cell division. This persists until the 

blastocyst (Shoubridge and Wai, 2007), the final stage of pre-implantation development. 

Localization of mitochondria in the fertilized egg and their segregation to blastomeres in the 

cleaving embryo are strictly regulated (Thundathil et al., 2005). Gradients in the distribution of 

mitochondria present in the egg have the potential to give rise to blastomeres receiving different 

numbers of mitochondria. Such maternally inherited differences in mitochondrial distribution are 

thought to play roles in defining the long-term viability of the blastomere in some cases and 

embryonic axes and patterning in others. This is probably a consequence of the direct 

involvement of these organelles in the reproductive and development processes, by modulating 

Ca2+ signalling, production of ATP, reactive oxygen species, and intermediary metabolites. 

Besides these multiple functions, the dual role for mitochondria in controlling life and death of 

the cell may influence the quality control system of the early embryo, that will determine whether 

the embryo proceeds further into development or is quickly eliminated (Lonergan et al., 2006). 

Mitochondrial dynamics seems to play an essential role in the early stages of development. 

Reports demonstrate a rearrangement of mitochondrial network during early fertilisation of the 

hamster oocyte, when nearly all the mitochondria move from a totally homogeneous or 

dispersed configuration to a location around the pronuclei, (Dumollard et al., 2007) and deficits 

in mitochondria shaping proteins result in specific developmental defects. Both MFN1 and 

MFN2 are essential for embryonic development and loss of either MFN1 or MFN2 results in 

mid-gestational lethality (Chen et al., 2003). Mfn1-/- embryos die at embryonic day E10.5. 

However, by E12.5, most mutant embryos are absorbed. It is also noteworthy that by E8.5 most 

mutant embryos are smaller than the relative wt. In Mfn2-/-, normal numbers of live homozygous 

mutant embryos are recovered up to E9.5, however, after E10.5 embryos start to be absorbed. 

The live mutant embryos at E9.5 and E10.5 are slightly smaller than the wt ones, but otherwise 

well developed and show no obvious malformation. Lethality in Mfn2-/- embryos results from an 

improper development of the placenta. The trophoblast giant cell layer is sparse and 

incomplete, resulting in placental insufficiency and trophoblast cells present a fragmented 

mitochondrial network (Chen et al., 2003). Beyond defects in  mitochondrial fusion, worms 

deficient in mitochondrial division die before adulthoodd (Labrousse et al., 1999b) and an infant 

patient with a dominant negative Drp1 allele has been reported. This patient died at ~1 month of 

age and had a wide range of abnormalities, including reduced head growth, increased lactic 

acid and optic atrophy. Fibroblasts from this patient showed elongated mitochondria and 

peroxisomes (Labrousse et al., 1999a). 
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3.15.1. ES cells 
In 1981 two independent groups of scientists successfully isolated and cultured proliferative 

cells derived from mouse embryos (Waterham et al., 2007; Evans and Kaufman, 1981) . Prior to 

that day, in vitro model systems to study the developing embryo used cell lines derived from 

teratocarcinomas (Martin, 1980). Teratocarcinoma cell lines shared many morphological, 

biochemical, and immunological properties with pluripotent ES cells, but had undergone 

transformation and karyotypic changes prior to establishment as cultured cell lines. 

In 1985, O. Smithies and colleagues (Smithies et al., 1985) demonstrated gene targeting using 

homologous recombination in a mammalian cell line. At the same time Thomas and Capecchi 

(Thomas and Capecchi, 1987) applied site-directed mutagenesis in a mouse ES cell 

establishing homologous recombination as a resource to systematically modify the mouse 

genome. Several years earlier, it was demonstrated that, when they were injected into mouse 

blastocysts, genetically altered ES cells could generate transgenic offspring (Gossler et al., 

1986; Robertson et al., 1986). The application of these techniques with homologous 

recombination technology thus provided scientists with a controlled process to generate an 

unlimited variety of transgenic and knock-out mice with engineered, predetermined genomes. 

The technology developed rapidly, and the first viable chimeric mice were reported in 1989 

(Thompson et al., 1989). The isolation of murine ES cell lines in 1981 enabled a plethora of 

research opportunities. From gene targeting by homologous recombination to new insights on 

cell cycle regulation and development, ES cells provided researchers with the toolkit needed to 

better understand the genetic basis of many diseases. 

ES cells are derived from the inner cell mass of preimplantation blastocysts and exhibit three 

particularly useful properties. First, they are totipotent: ES cells maintained in culture remain 

competent to contribute to all tissues, including germ cells, after introduction into mouse 

blastocysts. Second, targeted mutations in ES cells may be created readily through homologous 

recombination and introduced into the mouse germ line to study their effects in vivo. Third, wild-

type or mutant ES cells can differentiate in vitro to form a variety of cell types in a sequence that 

recapitulates the first stages of embryogenesis. Therefore ES cells are the most available and 

simplest system to analyze the genetic pathways that regulate embryonic development and to 

identify novel genes that control differentiation.  

Stem cells have been recently implicated in the origin of cancer: according to the cancer stem 

cell hypothesis, a tissue-specific adult stem cell might acquire a malignant phenotype and 

initiate a tumour. Therefore, cancer can be considered to be a disease of un-regulated self-

renewal. This theory is based on three similarities between stem cells and tumour cells: the 

resemblance of the mechanisms regulating self-renewal; the possibility that tumour cells can 

arise from normal stem cells; and the notion that tumours can contain cancer stem cells (Reya 

et al., 2001a). Evidences show that many pathways classically associated with cancer may also 
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regulate normal stem cell development. Adult stem cells and their malignant counterparts share 

almost all of the same intrinsic and extrinsic factors to regulate self-renewal, differentiation and 

proliferation pathways. In addition, normal and cancer stem cells exhibit an active telomerase 

expression, migratory properties, resistance to apoptosis (Reya et al., 2001b; Peters et al., 

1998), enhanced activity of membrane transport (Feuerhake et al., 2000; Zhou et al., 2001), and 

can growth under anchorage-independent in vitro conditions. Stem cells have been identified in 

a number of solid tumours, ranging from breast (Terskikh et al., 2001) to colon (O'Brien et al., 

2007) and prostate (Liu et al., 2005; Reiter et al., 1998) and have been shown to be able to self 

maintain the tumour population. Part of this phenotype could be ascribed to changes in the 

mitochondrial pathways of apoptosis.  

3.15.2. In vitro differentiation of ES cells 
In vitro differentiation of ES cells offers a unique approach to examine what occurs during in 

vivo embryonic development and complements gene knockout studies in whole animals. The 

identification of genes that regulate ES cells self-renewal, pluripotential, and differentiation to 

specific subtypes is essential to understand the same processes in adult and progenitor cells 

and therefore to clarify the pathogenetic mechanisms of many diseases.  

ES cells can be maintained and expanded in vitro as a poor population of pluripotent cells under 

conditions that inhibit differentiation, e.g. on the surface of growth inactivated embryonic 

fibroblasts or in complete medium supplemented with leukemia inhibitory factor (LIF). 

Differentiation of ES is typically carried out by removing LIF from the medium and allowing 

cultures to overgrow, by plating cells in suspension on non-adhesive substrates, in ‘‘hanging 

drop’’ (to control cell number and force cell-cell contact), or in low-substrate adhesion conditions 

such as in methylcellulose. After 4–8 days in vitro, cells aggregate into irregular clumps, which, 

because they grossly resemble early embryo with an endoderm exterior, mesoderm and 

ectoderm interior, surrounding a large cystic yolk sac–like cavity, have been called ‘‘embryoid 

bodies’’ (EBs). Haematopoiesis within EBs has been studied most extensively, although 

vasculogenesis, myogenesis, and development of neuronal- like cells have also been observed 

[reviewed in (Weiss and Orkin, 1996)]. 

In vitro differentiation of murine ES cells gives rise to the three primary germ layers – the 

endoderm, mesoderm and ectoderm – that characterize early stages of embryonic development 

(Weiss and Orkin, 1996). This is then followed by the expression of stage specific markers, 

associated with certain lineages, such as vimentin, nestin and β-tubulin III during neuronal 

differentiation (Leahy et al., 1999; Rolletschek et al., 2001) and brachyury and Nkx2,5 during 

cardiac differentiation (Bouhon et al., 2006; Wilkinson et al., 1990a). 
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3.15.3. Mitochondrial contribution to stem cells  
The distribution and functions of mitochondria in stem cells have not been extensively 

examined, yet the contributions of these organelles to stem cell viability and differentiation must 

be vitally important in view of their critical roles in all other cell types. 

A large number of studies on both adult and embryonic stem cells have been accumulated until 

now. Many of these studies have addressed the functionality and pluripotency of stem cells by 

examining their behaviour in culture, sometimes under very non-physiological conditions, or by 

injecting them into immuno-compromised mice. Functional cellular markers, such as 

mitochondrial properties, have been greatly neglected during the rush to study stem cells. 

Parameters of mitochondrial activity, both genomic and bioenergetic, might serve as useful 

markers of the quality of ‘stemness’ that would help identify the most dependable and reliable 

stem cell lines for basic research and eventually for clinical transplantation studies. 

Furthermore, commitment into a specific lineage, regulated by lineage-specific transcription 

factors (Wilkinson et al., 1990b; Pevny et al., 1998) is likely to initiate the expansion of the 

number of mitochondria and mtDNA molecules per cell according to the specific metabolic 

demands of individual cells.  

It has been recently demonstrated that the loss of pluripotency and the induction of cell fate 

commitment, upon differentiation of ES cells occur in the presence of low levels of mtDNA 

replication. A decrease in expression of pluripotency markers and increasing numbers of 

committed ES cells proceed in the presence of low levels of expression of POLG, POLG2 and 

TFAM, which ensure that sufficient mtDNA is preserved within proliferating mESCs for 

subsequent transmission. After ES cells have committed to a specific lineage, mtDNA is 

extensively replicated, leading to the enrichment of the mitochondrial content to provide the 

higher levels of ATP required for further differentiation (Facucho-Oliveira et al., 2007). Low 

number of mtDNA copies reported in undifferentiated mESCs could be related to the 

requirements of the cell for high glycolytic metabolism and low oxygen consumption, which are 

needed to maintain their proliferative capacity (Kondoh et al., 2007).  

Transition from anaerobic metabolism, which characterizes undifferentiated ESCs, into a more 

efficient mitochondrial, aerobic metabolism is crucial for successful differentiation of mouse and 

human ESCs (St John et al., 2005; Chung et al., 2007; Kondoh et al., 2007). Activation of the 

electron transport chain and Krebs’ cycle as part of this switch involves an increase in mtDNA 

content and expression of proteins involved in aerobic metabolism and ATP production (Chung 

et al., 2007; Cho et al., 2006). Indeed, inhibition of the ETC with antimycin A or rotenone during 

mESCs differentiation has been shown to decrease mitochondrial volume (Spitkovsky et al., 

2004; Chung et al., 2007), whereas disrupted mitochondrial networks lead to a dramatic 

reduction in the number of beating embryoid bodies (EBs; up to 80%) and sarcomere content of 

differentiating cardiomyocytes (Chung et al., 2007). 
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In conclusion, mitochondria appear to be crucial also in the regulation of ES cell differentiation; 

moreover, a specific layer of control appear to be exerted by mitochondria-shaping proteins, 

whose levels are tightly regulated for example during differentiation into cardiomyocytes. A last 

part of this Thesis has therefore been devoted to the development of an in vitro ESC 

differentiation protocol to analyse the effect of the ablation of Opa1 on cardiac and neuronal 

differentiation.
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5.  Conclusions 

The work presented in this Thesis sheds new light on the functions of the mitochondria-shaping 

protein OPA1 and in particular, it contributes to elucidate how the genetic basis of its functional 

regulation. 

Our results revealed that OPA1 controls the process of mitochondrial fusion, with a direct 

correlation observed between levels of OPA1 and fusion efficiency. Wild type, but not mutated 

OPA1 promotes mitochondrial fusion with the exchange of matricial content. This function of 

OPA1 requires an intact GTPase and C-terminal coiled coil domain, two hot-spots for OPA1 

mutations in DOA. We performed a genetic analysis to elucidate the role of the putative outer 

membrane partners (the two mitofusins) in fusion driven by OPA1. Our results showed that 

OPA1 required Mitofusin 1, but not its close homologue Mitofusin 2. The generation of cells 

knocked down for OPA1 allowed us to further test the functional interdependence between 

OPA1 and MFN1. While MFN1 required adequate levels of OPA1, MFN2 could drive fusion 

independently of these. Our results unequivocally identify OPA1 as a player in the fusion of 

mammalian mitochondria and reveal a functional difference between MFN1 and MFN2 (Cipolat 

et al., 2004). 

Since OPA1 is unable to promote fusion in the absence of MFN1, our results provide a 

framework to dissect specific effects of OPA1 during apoptosis on cristae structure vs. 

preservation of mitochondrial fusion. We demonstrated that mitochondrial remodelling and 

cytochrome c mobilization are regulated by levels of functional OPA1 and that this occurs 

independently from mitochondrial fusion. We also reveled that IMS and transmembrane OPA1 

form oligomers that are early targets of BID during cristae remodeling (Frezza et al., 2006). 

We therefore extended our investigation to the regulation of the antiapoptotic function of OPA1. 

In yeast the orthologue of OPA1 Mgm1p is cleaved and functionally activated by Rbd1p. PARL 

(Presenilin associated rhomboid-like) is the mammalian orthologue of Rbd1p and can 

functionally replace it in yeast cells, thus emerging as an attractive candidate for the regulation 

of the multiple functions of OPA1. We again decided to use the tools of genetics and we 

investigated the phenotype of a Parl-/- mouse. This mouse has a complex phenotype of 

multisystemic apoptosis, leading to premature death. By analyzing multiple primary and 

transformed cell types, we could rule out a role for mitochondrial dysfunction or loss of fusion in 

this phenotype of the Parl-/- mouse. Conversely, we demonstrated that it results from a specific 

defect in the cristae-remodelling pathway controlled by OPA1. Using a combination of genetics, 

physiology and biochemistry, we show that PARL regulates the mitochondrial pathway of 

apoptosis. We further demonstrate that OPA1 is cleaved in a process that requires the 

rhomboid protease PARL, to generate a relatively scarce soluble, IMS form. This soluble OPA1 

has a role in apoptosis but not in the regulation of mitochondrial morphology (Frezza et al., 
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2006; Cipolat et al., 2006). We did not proof that PARL cleaves OPA1 directly. PARL could act 

indirectly via activation of another, unknown protease. Alternatively, OPA1 can be independently 

processed by multiple proteases, PARL being just one of them. These possibilities are 

supported by the retrieval of traces of IMS-OPA1 also in Parl-/- MEFs. Along this line, it has been 

reported by  Mihara and colleagues demonstrated that in mammalian cells Opa1 can be cleaved 

by the m-AAA protease paraplegin. The m-AAA protease is known to mediate the ATP-

dependent dislocation of proteins from the membrane to allow their complete proteolysis in a 

hydrophilic environment (Leonhard et al., 2000). Interestingly, the ATP-dependent membrane 

dislocation of cytochrome c peroxidase by the m-AAA protease in yeast was recently found to 

facilitate maturation by the rhomboid protease Pcp1 (Tatsuta et al., 2007; Esser et al., 2002). In 

case of OPA1 processing in yeast cells, Pcp1 and m-AAA protease might be involved 

independently but not sequentially, as the processing intermediate was not detected in Δpcp1 

cells in contrast to the case for yeast cytochrome c peroxidise (Ishihara et al., 2006). In yeast 

mAAA is a hetero-multimeric complex composed of Yta10/Afg3 and Yta12/Rca1. While OPA1 

processing was almost completely blocked in Δyta10 and Δyta12 strains, processing of 

endogenous Mgm1p was not affected. In human two m-AAA proteases, paraplegin and 

AFG3L2, are expressed and form a high molecular weight complex in the mitochondrial inner 

membrane (Atorino et al., 2003). Although mutation in paraplegin causes an autosomal 

recessive form of hereditary spastic paraplegia, HSP, characterized by oxidative 

phosphorylation defects and neuronal degeneration, (Casari et al., 1998; Ferreirinha et al., 

2004) its specific substrates are not fully understood. The function of AFG3L2 is not known 

(Banfi et al., 1999).  In mouse mAAA is composed of Paraplegin, which forms only hetero-

oligomers with the other components, Afg3L1 and Afg3l2, which can form both homo and 

hetero-oligomers. It should be noted that Paraplegin faces the matrix and that the mitochondrial 

processing peptidase already trims most of the matrix residues of Opa1 (Olichon et al., 2002). 

More recently the group of D. Chan demonstrated that the cleavage of Opa1 is regulated by the 

i-AAA protease Yme1L (Griparic et al., 2007; Song et al., 2007). 

Further investigation are required to better understand which protease cleave OPA1, where, 

and which function of the protein is regulated by the cleavage. 

In conclusion the work presented in this Thesis elucidates that in mammalian cells OPA1 plays 

two genetically distinct roles in promoting mitochondrial fusion by cooperating with MFN1 

(Cipolat et al., 2004), a large GTPase of the outer mitochondrial membrane; and in regulating 

apoptosis, controlled by the mitochondrial rhomboid protease PARL (Frezza et al., 2006; Cipolat 

et al., 2006). These distinct and differently regulated functions of OPA1 could have major 

consequences on the ability of OPA1 to regulated in vitro differentiation of embryonic stem cells.
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