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1 Riassunto dell’attività svolta 

I mitocondri sono organelli essenziali per la vita della cellula essendo la principale fonte di ATP, 

molecola chiave per moltissime reazioni endoergoniche. 

Recentemente è stato dimostrato che i mitocondri hanno un ruolo cruciale in molti processi 

cellulari, dalla regolazione delle vie di segnale del calcio alla morte cellulare programmata. 

In seguito ad uno stimolo apoptotico i mitocondri rilasciano citocromo c e altre proteine solubili 

nello spazio intermembrana che sono necessarie, nel citoplasma, per l’attivazione e 

l’amplificazione della cascata di segnale che porta al disassemblamento della cellula. 

Il rilascio di citocromo c è un evento precoce nel processo apoptotico completo e veloce, ed in 

vivo non è associato a rigonfiamento mitocondriale (swelling). Grazie ai notevoli sviluppi della 

microscopia elettronica associata a ricostruzione tridimensionale il modello di ultrastruttura dei 

mitocondri è stato recentemente rivoluzionato; le cristae, dapprima identificate come semplici 

invaginazioni della membrana mitocondriale interna (IMM) (Palade, 1952), risultano essere 

compartimenti distinti di IMM, separati dallo spazio intermembrana da giunzioni tubulari strette 

definite cristae junctions (Mannella et al., 1994). La maggior parte del citocromo c e dei 

componenti della fosforilazione ossidativa sono localizzati all’interno delle cristae. Per garantire 

un completo rilascio di citocromo c indipendente da swelling mitocondriale le singole cristae si 

fondono tra di loro e le giunzioni tubulari strette si allargano: questo processo, noto con il nome 

di cristae remodelling, è associato alla mobilizzazione del citocromo c dal compartimento intra-

cristale allo spazio intermembrana, evento necessario per il suo successivo rilascio attraverso 

la membrana mitocondriale esterna (OMM) (Scorrano et al., 2002). Il meccanismo molecolare 

alla base di questo processo non è attualmente noto e nel laboratorio dove ho svolto la mia tesi 

di dottorato è stato ipotizzato che OPA1, l’unica proteina appartenente alla famiglia delle 

dinamine localizzata nella IMM attualmente conosciuta (Alexander et al., 2000; Delettre et al., 

2000) potesse partecipare al controllo del rimodellamento delle cristae. La famiglia delle 

proteine simili a dinamine è costituita da un numero crescente di proteine che regolano la 

morfologia del reticolo mitocondriale, controllando l’equilibrio tra eventi di fissione e fusione 

dell’organello. A questa famiglia appartengono le mitofusine (MFN) 1 e 2 nella membrana 

esterna e OPA1 nella membrana mitocondriale interna. OPA1 è una GTPasi ad alto peso 

molecolare ancorata alla membrana mitocondriale interna ed affacciata allo spazio 

intermembrana (Olichon et al., 2002; Satoh et al., 2003). Studi effettuati in lievito hanno 

evidenziato che il suo ortologo Mgm1p è necessario per il mantenimento della fusione 

mitocondriale, attraverso la cooperazione con una proteina dinamina-simile localizzata nella 

OMM e chiamata Fzo1p; studi condotti nel nostro laboratorio hanno osservato che in 

mammifero OPA1 promuove la fusione del reticolo mitocondriale mediante una dei due 
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ortologhi in mammifero di Fzo1p MFN1. Nel 2000 in due laboratori distinti è stato osservato che 

mutazioni nel gene codificante per OPA1 sono la causa di una malattia neurodegenerativa della 

retina, l’atrofia ottica dominante (ADOA) caratterizzata dalla morte selettiva di una 

sottopopolazione cellulare retinica, le cellule gangliari (RGC). Il fatto che mutazioni in una 

proteina mitocondriale coinvolta nella regolazione della dinamica mitocondriale causassero 

morte cellulare ha aperto un nuovo scenario che corrobora la posizione centrale del mitocondrio 

nel controllare la risposta apoptotica. Scopo della mia tesi di dottorato è stato quello di 

analizzare il ruolo di OPA1 nella via mitocondriale di morte cellulare. Abbiamo iniziato il nostro 

studio con un approccio diretto al problema: abbiamo sovraespresso OPA1 in modo transiente 

in una linea cellulare, i fibroblasti embrionali di topo (MEFs) e misurato la vitalità cellulare in 

seguito all’incubazione con stimoli proapototici intrinseci, che reclutano la via mitocondriale di 

morte. La sovraespressione transiente di OPA1, ma non di mutanti nel sito GTPasico OPA1K301A 

o privi della parte C-terminale della proteina OPA1R905* è in grado di proteggere da morte indotta 

da perossido di idrogeno, staurosporina, etoposide e sovraespressione di BID, una proteina 

proapoptotica della famiglia di Bcl-2 che induce rimodellamento delle cristae. Per confermare 

che la sovraespressione di OPA1 si estrinsecasse a livello mitocondriale abbiamo analizzato 

due aspetti della disfunzione mitocondriale: il rilascio di citocromo c e la caduta di potenziale 

mitocondriale. 

A questo scopo abbiamo sovraespresso una proteina rossa localizzata ai mitocondri (mtRFP) 

come marcatore del reticolo mitocondriale ed in seguito eseguito un saggio di 

immunofluorescenza per evidenziare la distribuzione del citocromo c; la sovraespressione di 

OPA1 è in grado di prevenire il rilascio di citocromo c indotto da stimoli intrinseci, al contrario 

della sovraespressione del mutante inattivo OPA1K301A che addirittura accelera la cinetica di 

rilascio. Abbiamo quindi analizzato un altro aspetto della disfunzione mitocondriale e cioè la 

perdita del potenziale mitocondriale Δψm, utilizzando la sonda potenziometrica tetrametil 

rodamina metilestere (TMRM) la cui fluorescenza mitocondriale è proporzionale al potenziale 

mitocondriale. La sovraespressione di OPA1, ma non del suo mutante K301A, è in grado di 

prevenire la depolarizzazione mitocondriale indotta da stimoli intrinseci, confermando che OPA1 

previene la morte cellulare a livello mitocondriale, riducendo il rilascio di citocromo c e 

prevenendo la caduta di Δψm. Come può una proteina che regola la morfologia del reticolo 

mitocondriale proteggere da apoptosi? Mentre conducevamo i nostri studi, stava emergendo 

l’ipotesi che in corso di apoptosi il reticolo mitocondriale si frammentasse in modo irreversibile e 

che questo evento, tanto quanto il processo di cristae remodeling, fosse necessario per un 

rilascio completo di rilascio di citocromo c. In linea di principio OPA1 può regolare l’apoptosi ad 

entrambi questi livelli: stimolando la fusione mitocondriale e quindi controbilanciando l’incipiente 

frammentazione, oppure regolando il processo di cristae remodeling indipendentemente dalla 

sua azione sulla fusione organellare.  
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Per capire a che livello OPA1 manifestasse la sua attività antiapoptotica abbiamo utilizzato un 

approccio genetico, sovraesprimendo OPA1 in cellule Mfn1-/-, in cui OPA1 non è in grado di 

indurre la fusione del reticolo mitocondriale. La sovraespressione di OPA1 in questo genotipo 

protegge da apoptosi indotta da stimoli intrinseci; poiché una residua attività profusogena 

poteva essere mediata da MFN2, abbiamo ripetuto lo stesso esperimento in cellule in cui erano 

state ablate entrambe le mitofusine (DMF). Anche in queste condizioni, la sovraespressione di 

OPA1 protegge da apoptosi a livello mitocondriale, rallentando la cinetica di rilascio di 

citocromo c. OPA1, quindi, ha un’attività antiapoptotica indipendente dalla sua attività 

profusogena del reticolo mitocondriale. 

A questo punto ci siamo chiesti se OPA1 avesse un ruolo nel processo di rimodellamento delle 

cristae durante apoptosi. Abbiamo quindi generato delle linee cellulari che sovraesprimessero in 

modo stabile OPA1 ed il suo mutante OPA1K301A e una linea stabile in cui i livelli di OPA1 

fossero stati ridotti mediante short hairpin RNA interference (shOPA1). Abbiamo isolato i 

mitocondri e misurato le cinetiche di rilascio di citocromo c indotto da BID ricombinante tagliato 

da caspasi 8 (cBID) mediante un saggio ELISA specifico. La sovraespressione stabile di OPA1 

è in grado di rallentare il rilascio di citocromo c in modo indipendente da MFN1, mentre il suo 

silenziamento causa una notevole accelerazione della cinetica di rilascio. Utilizzando un saggio 

specifico,  abbiamo osservato che OPA1 è in grado di prevenire la mobilizzazione di citocromo 

c dalle cristae in modo indipendente da MFN. Questi risultati sono stati confermati dal fatto che 

la sovraespressione del mutante OPA1K301A provoca un incremento di mobilizzazione, quasi 

totale quando i livelli di OPA1 vengono ridotti. Un’approfondita analisi morfometrica di 

mitocondri isolati da queste linee stabili, associata ad uno studio tomografico con ricostruzione 

tridimensionale ha rivelato che OPA1 è controlla la morfologia delle cristae e previene l’apertura 

delle giunzioni tubulari strette in risposta a cBID.  

Per cercare di comprendere il meccanismo molecolare attraverso il quale OPA1 regola la 

morfologia delle cristae ed il diametro delle giunzioni tubolari strette, ci siamo basati sulla 

possibile analogia con i processi di vescicolazione mediati dalla dinamina citosolica, che 

partecipa per esempio alla produzione delle vescicole endocitotiche oligomerizzando sul collo 

della vescicola nascente. L’attività GTPasica della dinamina porta poi alla costrizione 

meccanoenzimatica del collo della vescicola. D’altra parte, OPA1, a differenza della dinamina, 

non si trova all’esterno della membrana biologica che deve tubulare, ma al suo interno, 

ponendo quindi un problema fondamentale a questo possibile modello di funzionamento di 

OPA1. Abbiamo quindi cercato innanzitutto di analizzare le caratteristiche biochimiche di OPA1. 

Studi di gel filtrazione hanno evidenziato che OPA1 si trova in frazioni ad alto peso molecolare 

(>600 KDa) e che in seguito all’incubazione con cBID, scompare dalle frazioni a più alto peso 

molecolare. Studi paralleli effettuati nel nostro laboratorio hanno inoltre evidenziato che OPA1 

può essere processata da una proteasi romboide, nota come PARL, per dare origine ad una 

forma solubile nello spazio intermembrana, responsabile dalla funzione antiapoptotica ma non 
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della funzione profusogena di OPA1. Abbiamo quindi ipotizzato che OPA1 si potesse 

organizzare in oligomeri formati sia dalla proteina legata alla IMM che da quella solubile 

generata da PARL. Per confermare questa ipotesi abbiamo eseguito un esperimento di 

crosslinking, grazie al quale abbiamo confermato la presenza di una banda immunoreattiva per 

OPA1 ad alto peso molecolare che scompare quando la struttura delle cristae viene persa a 

seguito di rigonfiamento osmotico dei mitocondri. Questo oligomero stabilizzato dal 

crosslinkante contiene tanto la forma solubile, quanto quella legata alla IMM di OPA1, come 

confermato dalla sua immuoreattività per entrambe le forme di OPA1 opportunamente marcate 

e co-espresse.  

L’oligomero immumoreattivo per OPA1 viene distrutto da cBID in modo dipendente dal tempo e 

la sovraespressione di OPA1 lo stabilizza. Possiamo quindi concludere che OPA1 controlla la 

mobilizzazione di citocromo c e il rimodellamento delle cristae in corso di apoptosi. Questa 

funzione di OPA1 è indipendente dal suo ruolo profusogeno ed è correlata alla stabilità di 

complessi ad alto peso molecolare contenenti OPA1 legata alla membrana e solubile nello 

spazio intermembrana. 

 

I nostri dati sulla funzione antiapoptotica di OPA1 nel rimodellamento delle cristae pongono 

tutta una serie di domande. Innanzitutto, non è assolutamente chiara la natura e la 

composizione dei complessi contenti OPA1, in mitocondri normali e apoptotici. Per questo 

abbiamo messo a punto una serie di approcci biochimici volti a identificare i complessi 

contenenti OPA1 in mitocondri normali ed apoptotici isolati da cellule con diverso background 

genetico. L’analisi proteomica delle molecole rinvenute in complesso con OPA1 ci consentirà di 

comprendere regolazione e funzione dei complessi, prima e dopo l’induzione di morte.  

In secondo luogo, visto che OPA1 sembra rivestire un ruolo cardine nel processo apoptotico e 

che OPA1 è significativamente sovraespressa in alcune forme di tumore del polmone (Dean 

Fennel, comunicazione personale), ci siamo chiesti se OPA1 potesse essere un bersaglio per 

nuovi farmaci che possono aumentare la morte cellulare programmata in cellule tumorali.. A 

questo scopo, in collaborazione con il professor Stefano Moro del dipartimento di Chimica 

Farmaceutica dell’Università di Padova, stiamo testando una libreria di possibili inibitori di OPA1 

generata in seguito ad uno screening in silico di composti indirizzati alla tasca GTPasica di 

OPA1 ottenuta per homology modeling usando come template il dominio GTPasico di dynamin 

A di Dyctiostelyum Discoideum.  

 

In conclusione, i dati presentati in questa tesi di dottorato dimostrano che la proteina 

mitocondriale OPA1 partecipa alla regolazione della mobilizzazione di citocromo c e al 

rimodellamento delle cristae in corso di apoptosi. Abbiamo dimostrato che OPA1 forma 

complessi oligomerici ad alto peso molecolare la cui distruzione correla con il rimodellamento 

delle cristae. Questa funzione può essere distinta dal ruolo di OPA1 nel controllo della fusione 
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mitocondriale, lasciando intuire una specializzazione di questa proteina simile a dinamina nel 

corso dell’evoluzione. 
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2 Summary 

Mitochondria are essential organelles for the life of the cells since it is the major source of ATP, 

key molecule for many endoergonic reaction. 

Recently it has been demonstrated that mitochondrial play a key role in many other cellular 

processes like Ca2+ signaling and programmed cell death. 

Following an apoptotic insult mitochondria release cytochrome c and other proteins required in 

the cytosol for the activation of the effector caspases required for cell demise. 

What is remarkable about cytochrome c release is that is fast, complete and usually is not 

associated with mitochondrial swelling. Thanks to the advances in 3D electron microscopy it 

has been demonstrated that cristae are not just invagination of the inner mitochondrial 

membrane (IMM) as previously depicted by Palade (Palade, 1952) but rather distinct 

compartments of it, separated from the inter membrane space (IMS) by tubular narrow cristae 

junctions. The majority of cytochrome c and the other respiratory chain components are 

restricted in this compartment. To reach a complete cytochrome c release in the absence of 

mitochondrial swelling mitochondria remodel their internal structure: individual cristae fuse and 

tubular narrow cristae junctions widen; this process, defined cristae remodeling is associated 

with the mobilization of cytochrome c towards the IMS for its subsequent release across the 

outer mitochondrial membrane (OMM) (Scorrano et al., 2002). The molecular mechanism 

beyond this dynamic process is not well understood and in the laboratory where I did my 

doctoral Thesis it has been hypothesized that OPA1, the only dynamin related protein of the 

IMM (Alexander et al., 2000; Delettre et al., 2000) could control cristae remodeling. Dynamin 

related proteins are regulators of mitochondrial morphology promoting mitochondrial fusion and 

fission. To this family belong Mitofusins (MFN) 1 and 2 in the OMM and OPA1 that resides in 

the IMM. OPA1 is a large GTPase anchored in the IMM, facing the IMS (Olichon et al., 2002; 

Satoh et al., 2003); it has been shown that in yeast, its orhologue Mgm1p is required for fusion 

competent mitochondria by the cooperation with a protein of the same family on the OMM called 

Fzo1p. In our laboratory it has been demonstrated that in mammalian cells OPA1 promotes 

mitochondrial fusion through one of the two mammaliam orthologue of Fzo1p called MFN1.  

In 2000 two distinct laboratories demonstrated that mutations in OPA1 gene are the cause of 

dominant optic atrophy (ADOA), the leading case of inherited blindness in human, characterized 

by selective death of retinal ganglion cell (RGC) (Alexander et al., 2000; Delettre et al., 2000). 

The fact the mutation in a mitochondrial protein involved in mitochondrial morphology caused 

cell death opened a new scenario that corroborates the central position of mitochondria in 

regulating apoptotic signaling.  

The aim of my thesis was to analyze the role of OPA1 in mitochondria-dependent apoptosis. 
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We started with a brute force approach by overexpressing OPA1 in murine embryonic 

fibroblasts (MEFs) and measuring cells viability in response to intrinsic apoptotic stimuli that 

specifically trigger apoptosis through the mitochondrial pathway.  

Overexpression of wt OPA1 but not of mutant in the GTPase domain (OPA1K301A) or a truncated 

mutant in the coiled coil domain (OPAR905*) is able to prevent from apoptosis induced by 

hydrogen peroxide, staurosporine, etoposide and overexpression of tBID, a BH3 only protein of 

the Bcl-2 family that promotes cristae remodeling. To confirm that OPA1 antiapoptotic activity 

was exerted at the mitochondrial level we analyzed two aspects of the mitochondrial 

dysfunction: cytochrome c release and mitochondrial depolarization.  

To this aim we overexpressed a mitochondrially targeted red fluorescent protein (mtRFP) as 

marker of the mitochondrial network and then we immunodecorated cytochrome c with a FITC-

conjugated secondary antibody. OPA1 overexpression prevented cytochrome c release in 

response to intrinsic stimuli while its inactive mutant OPAK301A aggravated cytochrome c release 

kinetic. 

We then analyzed another aspect of the mitochondrial dysfunction: mitochondrial 

depolarization, taking advantage of the potentiometric probe tetramethylrhodamine-methyl ester 

(TMRM) which mitochondrial fluorescence is proportional to mitochondrial potential. 

Overexpression of OPA1, but not of its inactive K301A mutant, prevented mitochondrial 

depolarization induced by intrinsic stimuli, confirming that OPA may prevent from apoptosis at 

the mitochondrial level by reducing cytochrome c release and mitochondrial depolarization. How 

can a dynamin related protein prevent from apoptosis? We asked this because when our study 

was ongoing an intriguing hypotesys emerged: during apoptosis mitochondrial network 

undergoes irreversible massive fragmentation; this event and apoptotic cristae remodeling are 

required for complete cytochrome c release. In principle, OPA1 could prevent apoptosis at both 

of these levels either counteracting mitochondrial fragmentation thanks to its pro-fusion activity 

or by the regulation of cristae remodeling. To understand at which of these levels OPA1 was 

exerting its antiapototic activity, we started a genetic approach, overexpressing OPA1 in Mfn1-/-

, where OPA1 pro-fusion activity was prejudiced. 

Overexpression of OPA1 in these cells prevented from apoptosis induced by intrinsic stimuli; in 

view of the fact that a residual pro-fusion activity of OPA1 could be mediated by the presence of 

MFN2 we repeated the same experiments in cells in which both mitofusins were ablated (DMF). 

Also in this conditions OPA1 prevented from apoptosis at the mitochondrial level, slowing down 

cytochrome c release kinetic. OPA1 has an antiapoptotica function that is independent of its 

pro-fusion activity on the mitochondrial network.  

At this point we asked whether OPA1 may have a role on apoptotic cristae remodeling. We 

generated stable cell lines that stably overexpressed OPA1 and its K301A mutant both in wt 

and in Mfn1-/- cells and a cell line depleted of OPA1 by short hairpin RNA interference 

(shOPA1RNAi). We then isolated mitochondria and measured cytochrome c release induced by 
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recombinant caspase 8 cleaved BID (cBID) using a specific ELISA immunoassay. Stable 

overexpression of OPA1 is able to prevent cytochrome c relase independently of MFN1 while its 

downregulation dramatically increases its release. Using a specific assay we observed that 

OPA1 is also able to prevent cytochrome c mobilization from the cristae independently of MFN. 

These results were confirmed by the fact that overexpression of the OPA1K301A mutant 

increased cytochrome c mobilization that was almost complete when OPA1 levels were 

depleted by RNAi. A thorough morphometric analysis of isolated mitochondria from these cell 

lines, associated with 3D reconstruction of electron microscopy tomography, showed that OPA1 

controls cristae morphology and prevents cristae junction widening in response to cBID. To 

better understand the molecular mechanism through which OPA1 controls cristae remodeling 

and cristae junctions diameter we based our hypothesis on the possible analogy with 

vesciculation processes regulated by cytosolic dynamin, where GTPase activity of it mediated 

mechanoenzimatic constriction of the vesicle collar. Despite this analogy, we should mention 

that OPA1, unlike dynamin, is located on the inner side of the membrane to be constricted and 

not on the outside as dynamin complicating the model. First, we analyzed biochemical 

characteristic of OPA1: gel filtration studies showed that OPA1 is eluted at very high molecular 

weight fractions (>600 KDa) and in response to cBID incubation it is retrieved in low molecular 

weight fractions. Parallel studies in our laboratory demonstrated that OPA1 is processed by a 

rhomboid protease, PARL, into a short form found soluble in the IMS that is responsible for the 

antiapototic but not of the pro-fusion activity of OPA1. We therefore reasoned that OPA1 could 

organize into high molecular weight complexes made up at least by the PARL generated 

soluble form and the membrane bound form of OPA1. To confirm this hypothesis we 

crosslinked this complex and confirmed the presence of a high molecular weight 

immunoreactive band for OPA1 that disappear following the mechanical expansion of the 

cristae induced by osmotic swelling. These crosslinker-stabilized oligomers contain both the 

soluble and the membrane bound forms of OPA1 as demonstrated by their immunoreactivity for 

properly tagged and co-expressed forms. 

The OPA1-containing oligomers is targeted by cBID in a time dependent manner and OPA1 

overexpression stabilizes these complexes. We can conclude that OPA1 controls cytochrome c 

mobilization and cristae remodeling that occurs during apoptosis. This function of OPA1 is 

independent of MFNs and is correlated to the formation of high molecular weight complexes. 

 

The data collected so far on OPA1 antiapoptotic function open a new scenario. First we need to 

investigate on the molecular composition of these complexes in normal and apoptotic 

conditions. To this aim we started a biochemical study on OPA1-containing complexes in 

mitochondria isolated from different genetic background in normal and apoptotic conditions. The 

proteomic analysis of the proteins eventually found in complex with OPA1 will allow us to 
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comprehend the function and regulation of OPA1 oligomers before and after cell death 

induction.  

OPA1 appears as a crucial protein in the apoptotic process; as a confirmation of this, it has 

been found that OPA1 is highly overexpressed in some lung cancer (Dean Fennel, personal 

communication); we then asked whether OPA1 could be a target for the development of new 

drugs that enhance apoptosis in tumor cells. To this aim, we started a collaboration with Stefano 

Moro from the Department of Medicinal Chemistry of the University of Padova, to generate a 

library of candidate inhibitors of OPA1 performing a virtual screening of compounds targeted to 

the GTPase pocket of OPA1 obtained following an homology modeling on the Dyctiostelium 

Discoideum GTPase domain of Dynamin A.  

 

In conclusion, the data presented in this doctoral thesis show that mitochondrial protein OPA1 

participates in the regulation of cytochrome c mobilization and cristae remodeling during 

apoptosis. We demonstrated that OPA1 organizes into high molecular weight complexes which 

disruption correlates with cristae junction widening. This function is distinct from its role in 

mitochondrial morphology and this suggest a bifurcation and specialization of OPA1 function 

during evolution. 
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3 Introduction 

The term ‘apoptosis’ was first introduced in 1972 by John Kerr to designate common 

morphological features of programmed 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; during adulthood it ensures the maintenance of normal cellular 

homeostasis.  

Mitochondria acquired a central position in the field of programmed cell death when the group of 

S. Korsmeyer demonstrated that the protein product of the antiapoptotic proto-oncogene Bcl-2 

localizes to mitochondria. A few years later, X. Wang and colleagues demonstrated that a 

protein of the respiratory chain, cytochrome c, is crucial in the cytosol to activate the effector 

caspases (Liu et al., 1996). The same year, several groups demonstrated that Bcl-2 in fact 

prevents the release of cytochrome c and therefore blocks the recruitment of mitochondria in 

the apoptotic cascade.  

Mitochondrial shape is extremely complex, with the organelle bound by two distinct membranes; 

an higher degree of complexity is found in the ultrastructure of mitochondria where the inner 

membrane (IMM) is organized in distinct compartments, the peripheral inner membrane and the 

cristae (Frey and Mannella, 2000), defined by several lines of evidence the active site of 

oxidative phosphorilation (D'Herde et al., 2001; Perotti et al., 1983; Vogel et al., 2006) , 

separated from the peripheral inner membrane by narrow tubular junctions.  

Our laboratory demonstrated that to grant complete cytochrome c release, this component of 

the respiratory chain must relocate from the cristae compartment, thanks to the fusion of 

individual cristae and to the widening of the narrow tubular cristae junctions (Scorrano et al., 

2002).  

In the cytosol, mitochondria acquire specialized shape, undergo change in number and 

intracellular distribution and often reorganize their morphology in response to metabolic needs; 

mitochondrial morphology is finely regulated by a set of proteins that regulate the balance 

between fusion and fission of the organelle (Dimmer and Scorrano, 2006). In addition to the 

ultrastructural changes that participate in the complete release of cytochrome c, massive 

mitochondrial fragmentation appears to be another morphological change that allows the 

progression of the apoptic cascade (Frank et al., 2001). 

In conclusion, cristae remodeling and mitochondrial fragmentation seem to be two tightly linked 

morphological events required for cytochrome c release and apoptosis. How these events are 

linked and regulated during apoptosis, and in particular the molecular mechanisms controlling 

the remodeling of the cristae were largely unknown when we started this Thesis. Our aim has 
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therefore been to investigate the role of mitochondria-shaping proteins and of OPA1 in 

particular, in the regulation of cristae remodeling.  

3.1 Mitochondria at the dawn of the new millennium 

Mitochondria are cellular organelles bordered by two distinct membranes. They hold about one 

tenth of the cellular proteins and, on a weight basis, convert between 10,000 and 50,000 times 

more energy per second than the sun (Schatz, 2007). The Swiss anatomist Rudolf Albrecht von 

Koelliker first described them in 1857, calling them sarcosomes; few years later, in 1890, the 

German pathologist Richard Altman proposed that they were intracellular parasites and eight 

years later the German microbiologist Carl Benda gave them the name “mitochondria”. In the 

first half of the last century, the Belgian biochemist Albert Claude isolated them by centrifugation 

from disrupted cells and showed that they catalyzed respiration: since then mitochondria have 

been defined as the power plant of the cell. In the following two decades, biochemists tracked 

down the different parts of this power plant and characterized them, until they mapped the 

circuit of electrons from NADH and reduced flavins to molecular oxygen in remarkable detail. 

Peter Mitchell’s chemiosmotic theory (Mitchell and Moyle, 1965) was the compelling fruit of 

these very intense decades of insight into mitochondrial bioenergetics and granted him the 

Nobel Prize in Chemistry in 1978.  

For two decades thereafter, bioenergetics, in general, and “mitochondriology”, stagnated until 

an increasing number of evidences showed that mitochondria are highly dynamic players in 

regulating cell physiology and interestingly, they appeared pivotal in one of the most critical step 

in cell life: the cell suicide. 

3.2 Mitochondrial shape and dynamics 

Mitochondrial shape in living cells is very heterogeneous and can range from small spheres to 

interconnected tubules (Bereiter-Hahn and Voth, 1994). For example, the mitochondria of rat 

cardiac muscle and diaphragm skeletal muscle appear as isolated ellipses or tubules in 

embryonic stages but then reorganize into reticular networks in the adult (Bakeeva et al., 1978). 

The different shapes of mitochondria were already noticed in early times by cytologists who 

observed this organelle under the light microscope. Noticing that mitochondrial morphology was 

heterogeneous, they accordingly christened this organelle ‘mitochondrion’, a combination of the 

Greek words for ‘thread” and “grain’. 

The morphological plasticity of mitochondria results from the ability of this organelle to undergo 

fusion and fission. Real-time imaging reveals that individual mitochondrial tubules continually 

move back and forth along their long axes on radial tracks. Occasionally, two mitochondrial 

tubules encounter each other and fuse, end to end or head to side (Bereiter-Hahn and Voth, 

1994; Chen et al., 2003). On the other hand, tubules can also undergo fission events, giving rise 
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Rojo et al., 2002; Santel et al., 2003; Santel and Fuller, 2001). They also possess a GTPase 

domain and a coiled coil domain located at the N-terminus of the proteins, protruding towards 

the cytosol. Two TM regions form a U-shaped membrane anchor, ending in a cytosolic, C-

terminal coiled coil motif (Rojo et al., 2002; Koshiba et al., 2004; Santel, 2006). The coiled coil is 

a widespread helical structural motif functioning as oligomerization domain (Oakley and 

Hollenbeck, 2001). 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). Moreover, MFN2 possesses a p21ras-binding domain at its N-terminal, 

which is not retrieved in MFN1 (Chen et al., 2004). 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 and Fzo1p. Proline-rich domains are involved in the binding to other 

proteins (Kay et al., 2000). 

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 still unknown, however the protein does not seem to have a role in regulating 

mitochondrial morphology (Hajek et al., 2007). 

The two mitofusins seem to play differential roles during mitochondrial fusion. Direct 

measurement of mitochondrial fusion rates in Mfn1-/- and Mfn2-/- cells showed that cells 

containing only MFN1 retain more fusion activity than those that contain only MFN2 (Chen et 

al., 2003). A number of other experimental evidences strengthened this experimental 

observation: MFN1 mediates GTP-dependent tethering of mitochondria more efficiently than 

MFN2 and its GTPase activity is higher than that of MFN2, even if MFN2 has a greater affinity 

for GTP (Ishihara et al., 2004; Neuspiel et al., 2005). Finally, MFN1 but not MFN2 is essential 

for OPA1-mediated mitochondrial fusion (Cipolat et al., 2004). Extending these cell biological 

observations, genetic ablation of the two genes in the mouse does not result in the same 

phenotype: Mfn1-/- mice die in midgestation, while Mfn2-/- embryos display deficient 

placentation. Overall, these observations suggest that if MFNs can obviously share a common 

role in mitochondrial fusion, they appear to probably 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 pathological and physiological conditions, ranging from diabetes 

(Bach et al., 2003; Bach et al., 2005), to vascular proliferative diseases (Chen et al., 2004). 

3.2.1.1.2 Mgm1p/Msp1p/OPA1  

Optic atrophy 1 (OPA1) is a dynamin-related protein located in the IMM. Mgm1p, the yeast 

homologue of OPA1, 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). The human gene OPA1 was identified in 2000 by two independent groups (Alexander et 
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al., 2000; Delettre et al., 2000). A more detailed analysis showed that Mgm1p, Msp1p and 

OPA1 are localized in the IMS, tightly associated with the IMM (Cortopassi and Wong, 1999; 

Sesaki et al., 2003; Wong et al., 2003). These proteins, albeit they display a sequence identity 

of approximately 20%, maintain a highly conserved secondary structure, consisting of two 

predicted coiled coils, one N-terminal to the GTPase domain and the other at the C-terminus. 

The C-terminal coiled coil domain of OPA1 may function as a GTPase effector domain (GED) 

(for a schematic of OPA1 topology see Figure 1). On its N-terminal, OPA1 possesses a 

mitochondrial targeting sequence that targets the protein to mitochondria (Satoh et al., 2003). 

Studies in yeast show that MTS of Mgm1p is cleaved by the mitochondrial processing peptidase 

(MPP) upon import (Satoh et al., 2003). The functional analysis of Mgm1p and Msp1p reveals 

that both proteins are required for the maintenance of fusion-competent mitochondria in S. 

cerevisae and pombe. Mgm1p forms a complex together with Fzo1p which participates in the 

coordinated fusion of the IMM and OMM (Wong et al., 2003). The high degree of secondary 

structure conservation suggests that the function of OPA1 is conserved in mammals. On the 

other hand, it was less clear whether OPA1 played a role in fission, or in fusion of mitochondria, 

since high levels of OPA1 can drive fragmentation of the mitochondrial reticulum (Griparic et al., 

2004; Misaka et al., 2002; Olichon et al., 2003). However in our laboratory we unequivocally 

showed that a linear relationship between OPA1 levels and mitochondrial fusion exists, as 

overexpression of OPA1 enhances fusion, while its downregulation by siRNA represses it in 

mouse embryonic fibroblasts (Cipolat et al., 2004). 

We will discuss in detailed and separated chapters the role of OPA1 in disease (3.3.1), the 

regulation of OPA1 function by processing (3.2.2.4.5) and the role of OPA1 in mitochondria 

dependent apoptosis (3.4.4.3.4). 

3.2.1.2 Proteins involved in mitochondrial fission 

3.2.1.2.1 Dnm1p/DLP1/DRP1 

The two proteins FIS1 and DRP1 (Figure 1) are required for mitochondrial fission in mammals. 

Dynamin is a large GTPase that participates in membrane scission in multiple endocytic and 

secretory organelles (Praefcke and McMahon, 2004). The dynamin-like-proteins Dlp1p in yeast, 

DRP-1 in C. elegans, and DLP1/DRP1 in mammals are homologues. DRP1 exists largely in a 

cytosolic pool, but a fraction is found in spots on mitochondria at sites of constriction (Labrousse 

et al., 1999; 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. Intramolecular 

interaction between the GTPase and GED regions appear to be required for full GTPase 

activities at fission sites (Zhu et al., 2004). DRP1 can oligomerize, in vitro, into ring-like 

structures and intermolecular oligomerization is observed at membrane constriction sites. Given 
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these similarities with dynamin, DRP1 has been proposed to couple GTP hydrolysis with 

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

3.2.1.2.2 Fis1p/hFis1 

FIS1 is an outer membrane protein evenly distributed on the surface of mitochondria (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 aminoacids facing the IMS (Figure 1). 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). During assembly 

of the yeast mitochondrial fission complex, the outer membrane protein Fis1 recruits the 

dynamin-related GTPase Dnm1p to mitochondria. Despite being earlier controversial, this direct 

physical interaction has been recently confirmed (Wells et al., 2007); in addition, genetic and 

biochemical studies indicate that both binding interfaces of the TPR of Fis1p are important for 

binding of two adaptors Mdv1p and Caf4p to Fis1p and for mitochondrial fission activity in vivo 

((Zhang and Chan, 2007). Moreover, it has been shown that the N-terminal Fis1p arm acts in an 

autoinhibitory manner to regulate access to a binding pocket that is evolutionarily conserved for 

binding the dynamin-like GTPase Dnm1p (Wells et al., 2007). It can be speculated that this 

autoinhibitory function of the Fis1p arm is conserved also in mammalian cells and regulate 

binding of Fis1 with Drp1 

3.2.1.2.3 Endophilin B1 

Endophilin B1 has recently been reported to be required for the maintenance of mitochondrial 

morphology in mammalian cells, especially for the remodelling of the OMM (Karbowski et al., 

2004b). 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 

OMM-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 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. Acyl transferases add a fatty acyl chain (inverted-cone 

shaped lipid) to a lyso-glycerolipid (cone shaped lipid), thereby 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 
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curvature by inserting into the phospholipids bilayers and not by displaying a fatty acyl 

transferase activity (Gallop et al., 2006; Gallop and McMahon, 2005). Similarly, endophilin B1 

seems to participate in the control of the morphology of OMM by altering membrane curvature. 

Whether this is a direct effect, or requires the recruitment of other proteins, such as 

phospholipase D and/or other mitochondria-shaping proteins, remains to be elucidated.  

3.2.1.2.4 MTP18 

MTP18, a nuclear-encoded mitochondrial membrane protein, is also 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 OMM or IMM 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 and downregulation of 

MTP18 levels by siRNA induces mitochondrial elongation. Thus, MTP18 could be a regulator of 

mitochondrial shape that responds to activation of PI3-K, coupling morphology of the reticulum 

to cellular cues. 

3.2.2 Mechanisms of mitochondrial fusion and fission  

3.2.2.1 Fission 

Mitochondrial fission in mammalian cells seems to follow the same mechanism described in 

yeast. Like in yeast, it has been shown that 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 can 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). While this could 

argue against the possibility that Fis1 acts as the mitochondrial receptor for DRP1, it should be 

considered that the residual level of FIS1 could still be sufficient to recruit DRP1 to 

mitochondria. It is unclear which are the signals that induce the recruitment of DRP1 to 

mitochondria. On the other hand, it has been recently discovered that its turnover is controlled 

by the equilibrium between ubiquitination and sumoylation, as well as by its 

phosphorylation/dephosphorylation.  

3.2.2.2 Regulation of mitochondrial fission 

3.2.2.2.1 Phosphorylation of DRP1 

Mitochondrial division is coordinated with the cell cycle in higher eukaryotes. Recent 

experiments using cultured human cells showed that mitochondrial scission is induced at the 
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onset of mitosis, leading to partial fragmentation of mitochondria (Taguchi et al., 2007). 

Revealing a direct link between the cell-cycle and the mitochondrial-division machinery, this 

burst of mitochondrial division is correlated with the cyclinB–cyclin-dependant kinase (CDK1- 

dependent) phosphorylation of DRP1. This is the first demonstration that the addition of a 

phosphate moiety to DRP1 regulates its activity and in vitro assays using purified proteins 

coupled with cell-culture experiments indicate that the most potent mitotic phosphorilation event 

occurs on a serine residue in the carboxyl-terminal GTPase-effector domain (GED) of DRP1. 

Another recent study showed that cyclic-AMP-kinase-dependent phosphorilation of a different 

serine in the GED can decrease the GTPase activity of DRP1 by inhibiting the intramolecular 

interactions known to increase the GTPase activity of DRP1 (Chang and Blackstone, 2007). 

Although these initial 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.  

Recently Cribbs and Strack (Cribbs and Strack, 2007) identified a crucial phosphorylation site 

that is conserved in all metazoan DRP1 orthologues. Ser 656 is phosphorylated by cyclic AMP-

dependent protein kinase and dephosphorylated by calcineurin, and its phosphorylation state is 

controlled by sympathetic tone, calcium levels and cell viability. Thus, DRP1 phosphorylation at 

Ser 656 provides a mechanism for the integration of cAMP and calcium signals in the control of 

mitochondrial shape, apoptosis and other aspects of mitochondrial function. 

3.2.2.2.2 Sumoylation of DRP1 

The small ubiquitin-like modifier (SUMO) is highly conserved from yeast to humans and can be 

conjugated to a wide variety of proteins in a manner similar to ubiquitin. Unlike ubiquitinylation, 

which often leads to degradation of substrates, sumoylation usually alters the subcellular 

localization of target proteins or protects them from ubiquitin-mediated destruction. DRP1 pull-

down experiments identified SUMO-1 and its conjugating enzyme Ubc9 as DRP1-binding 

partners (Harder et al., 2004). Confirming that these two proteins form a functional complex that 

binds and modifies DRP1, sumoylated Drp1 has been isolated from mammalian cells (Harder et 

al., 2004). Consistent with the idea that sumoylated DRP1 promotes mitochondrial division, 

overexpressing SUMO1or silencing sentrin/SUMO-specific protease (SENP5), the protease that 

removes SUMO from DRP1, yields cells with many small mitochondria (Zunino et al., 2007). 

Interestingly, SENP5 is also a key player in cell-cycle progression (Di and Gill, 2006) and, 

similar to the cyclinB–CDK1 dependent phosphorylation of DRP1, the interactions among 

DRP1, SUMO and SENP5 might help progression into mitosis.  

3.2.2.2.3 Ubiquitinylation of DRP1 and MFNs: MARCH‐V  

The regulation of mitochondrial fusion is poorly understood. However, two recent discoveries 

point to a role for ubiquitinylation in this process. Membrane-associated ‘really-interesting-new-
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gene-’cystein/histidine (RING-CH) V (MARCH)-V is a novel ubiquitin ligase integrated in the 

OMM. MARCH-V is a E3 ubiquitin ligase and catalyses polyubiquitinylation 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 ubiquitinylation of DRP1.  

The most recent work suggests that MARCH-V ubiquitinylates DRP1 but does not control the 

stability of DRP1. Instead, DRP1 ubiquitinylation seems to regulate the kinetics of DRP1 binding 

to the mitochondrial surface. In this instance, ubiquitin conjugation might regulate subcellular 

trafficking and assembly of DRP1 and eventually influence the rate of mitochondrial division. 

Altogether, it seems that MARCH-V controls mitochondrial morphology by regulating the activity 

of mitochondria-shaping proteins.  

3.2.2.3 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). 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 in inducing fusion. But how is OMM fusion 

coordinated with IMM fusion? In yeast a multimolecular complex of Mgm1p, Ugo1p and Fzo1p 

apparently coordinates fusion of the two membranes. On the other hand, a mammalian 

orthologue of Ugo1p has not yet been identified and it is unclear whether OPA1 and MFN1 

directly interact to promote mitochondrial fusion.  

Studies in intact cells showed that in higher eukaryotes an intact IMM potential is required for 

mitochondrial fusion, which conversely appears to be independent of a functional cytoskeleton 

(Legros et al., 2002; Mattenberger et al., 2003). Taking advantage of the yeast model, 

mitochondrial fusion has been recently recapitulated in vitro. This approach dissected the fusion 

process into two mechanistically distinct, resolvable steps: OMM fusion and IMM fusion. OMM 

fusion requires homotypic trans interactions of the Fzo1p, the proton-gradient component of the 

inner membrane electrical potential, and low levels of GTP hydrolysis. Fusion of IMM requires 

the electrical component of the inner membrane potential and high levels of GTP hydrolysis. 

However, time-lapse analysis of mitochondrial fusion in yeast and mammalian cells, in vivo, 

clearly shows that fusion of the OMM and IMM is temporally linked. These observations indicate 

that individual fusion machineries exist in each membrane and that they can communicate in 

vivo, resulting in coupled outer and inner membrane fusion (Meeusen et al., 2004). 

Regulation of mitochondrial fusion is likely to involve transcriptional regulation in mammalian 

cells as well as post-traductional variation in the level of fusion proteins in a given cell. 
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Furthermore, slight changes in the mitochondrial membrane potential may also serve to fine-

tune fusion rates.  

3.2.2.4 Regulation of mitochondrial fusion 

3.2.2.4.1 Phospholipase D  

Recent work reported the involvement of a novel phospholipase D isoform (mitoPLD), 

possessing a MTS that directs it to the external face of mitochondria, in fusion of the organelle. 

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

generate phosphatidic acid (Choi et al., 2006). Phosphatidic acid facilitates vesicular fusion 

driven by specialized SNARE-complexes. This indicates for the first time the existence of a 

common mechanism between SNARE-mediate vesicle fusion and MFN-mediated mitochondrial 

fusion.  

3.2.2.4.2 Mitofusin Binding Protein 

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

(Eura et al., 2006). 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 results 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. Whether MIB regulates morphology in response to the 

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

testing.  

3.2.2.4.3 Degradation of Fzo1p/MFN 

Modulation of the amount of MFNs regulates the extent of mitochondrial fusion. For example, in 

wild-type yeast cells, Fzo1p is turned-over and degraded rapidly by at least two distinct 

mechanisms (Fritz et al., 2003; Neutzner and Youle, 2005). During vegetative growth, Fzo1p 

stability is influenced by the OMM F-box-containing protein, Mdm30p. F-boxes are present in 

subunits of a subset of E3 ubiquitin ligases and are often required for the ubiquitin-conjugating 

activity of these proteins. Cells expressing a F-box-mutant version of Mdm30p accumulate 

Fzo1p, contain fragmented mitochondria and exhibit reduced mitochondrial fusion (Fritz et al., 

2003), further substantiating the discovery of Fzo1p as ubiquitinated in a genome-wide analysis 

(Hitchcock et al., 2003). Surprisingly, constitutive Fzo1p turn-over does not require known 

ubiquitin or proteasome machinery, suggesting that Mdm30p-mediated degradation can occur 

independently of the proteasome (Durr et al., 2006; Escobar-Henriques et al., 2006). Perhaps 
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yeast cells use autophagy or mitochondrial proteases, such as the AAA proteases, to degrade 

Fzo1p. Proteasome-mediated degradation of yeast Fzo1p could favor organelle fragmentation 

during cell death, which appears similar to the fragmentation of mitochondria seen in 

mammalian apoptosis (Cereghetti and Scorrano, 2006). To date, no studies are available that 

have examined the half-life of MFNs or determined if MFNs are ubiquitinylated. Therefore, it will 

be interesting to test whether the same rules that govern Fzo1p turn-over impact the function of 

MFNs in healthy and apoptotic mammalian cells.  

3.2.2.4.4 BAX and BAK and mitochondrial morphogenesis 

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 these 

multidomain proapoptotics also in the control of mitochondrial morphology (Karbowski et al., 

2006).  

 

3.2.2.4.5 Processing of OPA1: a busy pathway 

A further and perhaps even more crucial level of control is exerted by the proteolytic cleavage of 

Mgm1p/OPA1. In yeast, Mgm1p can be cleaved by the rhomboid proteases Pcp1p (Herlan et 

al., 2003; McQuibban et al., 2003; Sesaki et al., 2003) to produce a short (s-), soluble and a 

long (l-), membrane anchored form of Mgm1p with different function.  

The regulation of OPA1 processing in mammalian cells is matter of intense studies: this field is 

complicated by the fact that in human cells OPA1 is present in 8 isoforms (Delettre et al., 2001), 

each of them probably differentially regulated by post-traductional processing. A number of 

evidence involved proteases other than Parl, the orthologue of Pcp1p, in the processing of 

OPA1. 
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splicing and proteolytic processing, but also that OPA1 is recognized and cleaved by m-AAA 

protease isozymes complexes composed of murine Afg3l1, Afg3l2, or human AFG3L2 subunits 

(Duvezin-Caubet et al., 2007). On the other hand, it was recently shown that an AAA protease 

acting in the intermembrane space (i-AAA) can process OPA1 in a ΔΨm-independent fashion: 

isoforms of OPA1 containing exon 4b and 5b seem to present an additional cleavage site for the 

i-AAA Yme1L; in addition, a combination of long and Yme1L-processed OPA1 isoforms is 

important for mitochondrial fusion activity (Griparic et al., 2007; Song et al., 2007). A similar 

processing was confirmed recently by another group (Guillery et al., 2007). This suggests that 

the exact cleavage sites may not be important in terms of protein function, but that Yme1L-

dependent processing could compete with or precede the Δψm-dependent m-AAA one. The 

presence of multiple sites could increase the flexibility of OPA1 processing, as confirmed by the 

involvement of distinct proteases and by the differential regulation by membrane potential. For a 

cartoon of OPA1 isoforms and demonstrated cleaveage see Figure 2 . 

In this picture, the role of Parl is completely unclear. In this Thesis we used a genetic approach 

to explore the fate of OPA1 in Parl-/- tissues and cells. Our results indicate a role for Parl in 

OPA1 processing, albeit this is not related to the prototypical function of this protein in fusion, 

but to its role in apoptosis. Interestingly, Baricault and colleagues demonstrated that apoptosis 

induction and PTP opening, as well as Δψm dissipation induce cleavage of OPA1. Moreover, 

they suggest that decreased mitochondrial ATP levels, either generated by apoptosis induction, 

depolarization or inhibition of ATP synthase, is the common and crucial stimulus that controls 

OPA1 processing (Baricault et al., 2007). Thus, cleavage and processing of OPA1 appear to be 

regulated in a tight manner during life and death of a cell. The precise functional significance of 

this regulation is unclear at the moment and requires further studies. 

3.3 Mitochondriashaping 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. 

3.3.1 OPA1 in disease: autosomal dominant optic atrophy.  

Mutations in OPA1 are associated with autosomal dominant optic atrophy (ADOA), also known 

as type I Kjer disease, affecting mainly retinal ganglion cells and causing progressive blindness 

due to their progressive loss (Alexander et al., 2000; Delettre et al., 2000).  
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3.3.1.1 Clinical features 

The typical presentation in ADOA is characterized by a slowly progressive, roughly bilaterally 

symmetrical visual loss in childhood, accompanied by temporal pallor of the optic discs. Classic 

ADOA usually begins before 10 years of age, with a large variability in the severity of clinical 

phenotype, 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 (Cohn et al., 

2007; Delettre et al., 2002). The patient is often unaware of a vision defect, and the disease is 

recognized by chance during routine vision testing (school eye screenings).  

Examination also demonstrates centrocaecal scotomas and impairments of color vision 

(tritanopia). Peripheral vision is usually spared, and a central, paracentral, or cecocentral 

scotoma is typical. Variability of clinical expression is reflected by the extent of optic atrophy 

reached by different patients.  

Despite the remarkable difference of the clinical evolution, the endpoint of the pathological 

process in Kjer's is clinically indistinguishable from another type of neuropathy, the Leber's 

hereditary optic neuropathy (LHON). For differential diagnosis a frequent feature of ADOA's 

end-stage fundus examination is optic disc excavation (Votruba et al., 2003). Such excavation is 

also frequently reported in LHON (Carelli et al., 2004) and specifically characterizes the optic 

neuropathy in normal tension glaucoma (NTG) (Buono et al., 2002). A recent detailed study of 

optic disc morphology in ADOA patients with Opa1 mutations showed optic disc excavation with 

enlarged cup to disc ratio, frequent peripapillary atrophy, and temporal gray crescent, most of 

which are features also seen in glaucomatous optic neuropathy (Votruba et al., 2003). Optic 

disc pallor, prevalent on the temporal side, is typically seen in ADOA patients.  

Most of the mutations associated with ADOA cluster in the GTPase and in the coiled coil 

domain of Opa1 (Ferre et al., 2005). Almost 50% of mutations in the OPA1 gene described to 

date are predicted to lead to a truncated protein and suggest that haploinsufficiency is the 

cause of the disease (Marchbank et al., 2002; Pesch et al., 2001). Nearly 40% of mutations 

occurs in the GTPase domain and may cause a dominant negative effect, impairing the 

mechanoenzymatic activity of the protein complexes. This possibility is reinforced by the fact 

that two mouse models of Opa1 mutation (a GTPase missense and a nonsense, truncative 

mutation) display minimal retinal defects in the heterozygous status (Alavi et al., 2007; Davies et 

al., 2007). 

The mitochondrial dysfunction in ADOA seems predispose the neuronal cells to apoptotic death: 

drops in the mitochondrial membrane potential and cellular respiration occur in cells where 

OPA1 expression has been downregulated (Chen et al., 2005; Olichon et al., 2003). 

Interestingly, recent results obtained from primary cultures from type 1-ADOA patients (Amati-

Bonneau et al., 2005) fit with the in vivo data obtained using 31P magnetic resonance 

spectroscopy that demonstrate defective ATP synthesis in skeletal muscle from these patients 
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(Lodi et al., 2004). Nevertheless, in ADOA the primary defect would be attributed to the role of 

OPA1 in mitochondrial dynamics and/or the structural organization of the cristae, since many 

studies demonstrated the involvement of OPA1 mutations in controlling apoptosis in different 

cellular models (Arnoult et al., 2005; Griparic et al., 2004; Lee et al., 2004; Olichon et al., 2003). 

The objective of this Thesis has therefore been the elucidation of the role of Opa1 in apoptosis 

and in the pathway of cristae remodelling.  

3.3.1.2 OPA1 expression in mammalian tissues 

Despite that OPA1 is ubiquitously expressed, the tissue specificity of ADOA is surprising. While 

most abundant in the retina, OPA1 mRNA is widely expressed in mammalian tissues 

(Alexander et al., 2000; Delettre et al., 2000; Pesch et al., 2001); OPA1 protein is also present 

in many tissues (Aijaz et al., 2004; Olichon et al., 2003) and is expressed not only in the RGC 

layer but also in other different layers of the retina. (Ju et al., 2005; Kamei et al., 2005; Pesch et 

al., 2004). Despite many studies focused on OPA1 localization, some uncertainties remain: 

Pesch et al. (Pesch et al., 2004) found that OPA1 was absent from mitochondria-rich nerve 

fibers and optic nerve in the adult rat, while Aijaz et al (Aijaz et al., 2004) recently reported that 

OPA1 is expressed in the adult mouse and human optic nerve only in myelinated regions. On 

the other hand, Ju and colleagues (Ju et al., 2005) showed that OPA1 was not found in glial 

cells, such as astrocytes, oligodendrocytes, and microglial cells in the normal rat optic nerve; 

but OPA1 immunoreactivity was present in the axonal mitochondria, concluding that OPA1 

function in the optic nerve depends on axonal mitochondria of the RGCs. 

3.3.1.3 Are only RGCs selectively killed? 

Since OPA1 is widely expressed in many tissues the reason why RGC are primarily affected by 

OPA1 mutation remains a conundrum. What makes the optic nerve so vulnerable to 

mitochondrial dysfunction? One common hypothesis is that neurons have a high demand for 

energy in regions that may be at a considerable distance from the cell body, where the 

biogenesis of the mitochondria occurs. Bioenergetic defects may be deleterious for the 

conduction of action potentials, as well as for mitochondrial transport, and may thus result in 

nonfunctional synapses, axonal degeneration and ultimately cell death. Due to the high energy 

demand required for the conduction of electrical impulses through the anterior unmyelinated 

portion of the axons, and the long course of the axons, the RGC may be a bioenergetically 

weak element of the central nervous system.  

A plausible hypothesis as to why these neurons may be more vulnerable to OPA1 inactivation 

could be a particular susceptibility to mitochondrial membrane disorders inducing mitochondrial 

dysfunction or mislocalization. While the former point is in agreement with reports that describe 

altered mitochondrial ATP synthesis and respiration in OPA1-inactivated cells (Amati-Bonneau 

et al., 2005; Chen et al., 2005), the latter may relate to the particular distribution of the 
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mitochondria in RGC. These show an accumulation of mitochondria in the cell bodies and in the 

intraretinal unmyelinated axons, where they accumulate in the varicosities, and a relative 

scarcity of mitochondria in the myelinated parts of axons (Andrews et al., 1999; Bristow et al., 

2002; Wang et al., 2003). A better understanding of the role of mitochondrial dynamics in 

mitochondrial and cellular function is essential to evaluate the physiological and 

physiopathological impact of these processes. As a matter of fact, despite OPA1 has a well 

established role in mitochondria-dependent apoptosis it can be argued that defects in 

mitochondrial dynamics can cause added deficits in mitochondrial respiration, morphology and 

motility. Moreover, mutations in another mitochondria pro-fusion gene, Mitofusin-2, lead to 

Charcot-Marie-Tooth type 2A, a peripheral neuropathy. Perhaps it is the strict spatial and 

functional requirements for mitochondria in neurons that cause defects in mitochondrial fusion 

to manifest primarily as neurodegenerative diseases. 

3.3.1.4 A syndromic form of optic neuropathy 

It should be noted that most of the mutations are invariably associated with a non-syndromic, 

slowly progressive form of optic neuropathy, as originally described by Kjer in 1959.(Kjer, 1959) 

However, there is at least one clear example standing out of this paradigm. This is a mutation in 

the OPA1 gene, i.e. the c.1334G4A leading to R445H amino acid change, being associated with 

a syndromic form of optic neuropathy and sensorineural deafness (Amati-Bonneau et al., 2005), 

and in some of the reported cases with chronic progressive external ophthalmoplegia (CPEO), 

ptosis and myopathy. This scenario can argue against the hypothesis of a selective effect of 

Opa1 mutations in RGC and hypothesize a role of Opa1 in mtDNA maintainance that, if 

impaired, leads to a specific damage to skeletal muscle (Amati-Bonneau et al., 2007; Hudson et 

al., 2007; mati-Bonneau et al., 2007).  

Despite the putative pathogenesis of OPA1 mutations in ADOA, it is still not clear how a 

mitochondrial dynamin-related protein could impact so deeply on mitochondrial physiology; for 

this reason we need to clarify and discuss in detail the role of mitochondria in apoptosis 

3.4 Apoptosis: one way to die 

The word apoptosis (“apo” stands for from and “ptosis” for falling) is of Greek origin and was 

introduced by Kerr and colleagues (Kerr et al., 1972) to describe a specific form of cell death. It 

was chosen because it means “falling of leaves,” a necessary part of the life cycle of trees.  

Programmed cell death (Lockshin and Williams, 1965) and its morphologic manifestation of 

apoptosis is a conserved pathway that in its basic tenets appears operative in all metazoans. 

Multiple rounds of cell death during embryonic development are essential for successful 

organogenesis and the crafting of complex multicellular tissues. The evolutionary advent of 

differentiated cell types may have required controlling death as well death as division in order to 

keep neighboring cells interdependent and insure the proper balance of each cell lineage. 



 __________________________________________________________________ Introduction 

31 
 

Apoptosis also operates in adult organisms to maintain normal cellular homeostasis. This is 

especially critical in long-lived mammals that must integrate multiple physiological as well as 

pathological death signals, including the response to infectious agents. Gain- and loss-of-

function models in the core apoptotic pathway indicate that the violation of cellular homeostasis 

can be a primary pathogenic event that results in disease (Danial and Korsmeyer, 2004). 

Mitochondrial are not innocent bystander in PCD: interestingly, the discovery by Korsmeyer and 

coworkers that the antiapoptotic oncogene BCL-2 targets its product to mitochondria 

(Hockenbery et al., 1990) strongly suggested that they were involved in controlling cell death. 

A few years later cytochrome c, the only soluble component of the respiratory chain, was found 

to be required in the cytosol to activate downstream apoptosis signals (Liu et al., 1996). After 

that, many soluble proteins of the intermembrane space have been found to amplify the 

apoptotic machinery: among them Smac/DIABLO and Omi/HtrA2 enhance caspase activation 

through the neutralization of inhibitors of apoptosis proteins (Du et al., 2000; Verhagen et al., 

2000), although the role of these two proteins in apoptosis is controversial (Martins et al., 2004). 

Other mitochondrial proteins that are released during apoptosis have been suggested to play 

other roles in cell death. Endonuclease G (Li et al., 2001), apoptosis-inducing factor (AIF) 

(Susin et al., 1999), and Omi/Htra2 (van et al., 2002) each have been proposed to function in 

caspase-independent cell death.  

Once released, cytosolic cytochrome c binds to APAF-1, increasing its affinity for dATP/ADP. 

The complex composed by APAF-1, cytochrome c, dATP and ADP forms the apoptosome. The 

apoptosome is able to recruit procaspase-9, facilitate its auto-activation and subsequently lead 

to the activation of downstream executioner caspases, cysteine proteases, that effect cell 

demise (Thornberry and Lazebnik, 1998; Zou et al., 1997). 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).  

In 1972 Wojtczak and Sottocasa (Wojtczak et al., 1972) demonstrated that the OMM is 

impermeable to cytochrome c; thus in order for this protein to be released in the cytosol to 

activate the apoptosome the OMM should change its permeability properties, but the precise 

mechanism of this event is highly debated. This process could explain the egress of cytochrome 

c from mitochondria but a complete understanding of this is event seems far; however, it 

appears clear that the BCL-2 family proteins are sentinels of the mitochondrial integrity. In 

addition to permeabilization of the outer membrane, at least two other morphological changes 

must occour for complete cytochrome c release: cristae remodeling and mitochondrial 

fragmentation. 
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3.4.1 Mitochondrial morphology and apoptosis 

A growing body of evidence suggests that mitochondria- shaping proteins participate in cell 

death. Dnm1p, the yeast ortholog of DRP-1, mediates mitochondrial fragmentation and 

apoptosis-like death in S. cerevisiae (Fannjiang et al., 2004). Blocking Drp-1 in C. elegans 

inhibits apoptotic mitochondrial fragmentation and results in the accumulation of supernumerary 

cells during development (Jagasia et al., 2005). In mammalian cells, death by mitochondria 

utilizing intrinsic stimuli is accompanied by mitochondrial fragmentation and blunted by 

dominant negative DRP-1 (Frank et al., 2001).  

Similarly, expression of hFis1 results in cytochrome c release and death (James et al., 2003) 

and its downregulation by RNA interference prevents apoptosis to a greater extent than DRP-1 

silencing (Lee et al., 2004). In our laboratory it has been shown that mitochondrial fission 

induced by hFis1 is genetically distinct from classical, BAX and, BAK dependent apoptosis. 

Death by hFis1 relies on the other hand on the ER gateway of apoptosis: hFis1 did not directly 

activate BAX and BAK, but induced Ca2+-dependent mitochondrial dysfunction. Thus, hFis1 is a 

bifunctional protein that independently regulates mitochondrial fragmentation and ER-mediated 

apoptosis (Alirol et al., 2006). 

Of note, it was recently demonstrated by two separate groups that inhibiting DRP1-mediated 

mitochondrial fission by RNA interference (Estaquier and Arnoult, 2007; Parone et al., 2006) 

delayed but not prevented apoptosis and cell death: a likely explanation is that inhibition of 

DRP1-mediated mitochondrial fission partially prevents cytochrome c release but has no effect 

on the release of Smac/DIABLO, Omi/HtrA2, Adenilate Kinase and DDP/TIMM8a that can still 

mediate apoptosis. These data support the hypothesis that DRP1 has a relevant function in 

regulating cytochrome c egress trough OMM probably by impacting on ultrastructure of IMM. 

Further analysis revealed that early in the course of cell death, MFN1 dependent mitochondrial 

fusion is largely inhibited (Karbowski et al., 2004a) and combined overexpression of MFN1 and 

MFN2 protects from death by intrinsic stimuli like etoposide and BID (Sugioka et al., 2004). Loss 

of function of OPA1, in analogy to Mgm1p deficiency in yeast, leads to mitochondrial 

fragmentation. In vitro, RNAi-mediated knockdown of OPA1 causes extreme cellular 

sensitization toward exogenous apoptosis induction as well as spontaneous apoptotic cell death 

(Lee et al., 2004).  

 

These data seem to establish a linear correlation between fragmentation, blocking of fusion and 

apoptosis, but the picture is probably not so simple. First, fission does not always promote 

apoptosis, as confirmed by the ability of overexpressed DRP-1 to inhibit death by ceramide 

(Szabadkai et al., 2004). In this case, DRP-1 appears to protect by blunting the mitochondrial 

Ca2+ waves that transmit ceramide-mediated apoptotic signal (Pacher and Hajnoczky, 2001). 

Second, inhibiting mitochondrial fission (even if we assume that complete knock out rather than 
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silencing is obtained for each protein studied) does not lead to a complete inhibition of 

cytochrome c release. There are two possible explanations to this: mitochondrial fission could 

be seen as a positive feedback to amplify permeabilization of the outer membrane and the 

release of cytochrome c. The amount of cytochrome c that is initially released, before 

recruitment of proteins of the fission machinery and mitochondrial fission, would be, in most 

cells, sufficient to trigger the formation of the apoptosome and caspase activation. Inhibiting 

mitochondrial fission would only slow down the kinetics of cell death. Alternatively, activation of 

fission could result in inner mitochondrial changes that are required to amplify the release of 

cytochrome c, such as the cristae remodelling observed by G. Shore and coworkers (Germain 

et al., 2005).  

 
Figure 3 Summary of anti- and proapoptotic BCL-2 family members. BCL-2 homology 
domains are highlighted. 
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3.4.2 The riddle of the Outer Mitochondrial Membrane Permeabilization: the BCL2 

family  

The BCL-2 family proteins are critical death regulators that reside immediately upstream of 

mitochondria and consist of both anti- and proapoptotic members. BCL-2 family members 

possess conserved α-helices with sequence conservation clustered in BCL-2 homology (BH) 

domains. Antiapoptotic members exhibit the homology in all segments BH1 to 4, while 

proapoptotic molecules lack stringent sequence conservation of the first α-helical BH4 domain 

and can be further subdivided into ‘‘multidomain’’ and ‘‘BH3-only’’ proteins (Figure 3). 

Multidomain proapoptotic members such as BAX and BAK display sequence conservation in 

BH1-3 domains. BH3-only members display sequence conservation only in the amphipathic α-

helical BH3 region (Scorrano and Korsmeyer, 2003). The BH3-only proteins studied to date 

reside upstream in the pathway. Death signals trigger their activation by transcriptional 

regulation or post-translational modification to connect proximal signals with the core apoptotic 

pathway (Gross et al., 1999). For example, after activation of CD95 (Fas) or TNFR1 death 

receptors, BID is cleaved and activated to p15 tBID (Luo et al., 1998) by caspase 8. The 

efficiency of the translocation process at the OMM surface can be enhanced by modifications 

such as the N-terminal myristoylation of tBID that follows its cleavage by caspase-8 (Zha et al., 

2000).  

The mechanism by which activated BH3-only proteins interact with the proapoptotic members of 

the BCL-2 family is highly debated and two major hypothesis are considered (Adams and Cory, 

2007):  

In the direct activation model (Figure 4), a subgroup of BH3-only proteins, termed activators, 

are proposed to bind directly to BAX and BAK to promote their activation (Letai et al., 2002). 

These putative activators include BIM and tBID, and perhaps also Puma, although this has 

been disputed. In this model, the remaining BH3-only proteins, termed sensitizers, function by 

binding to the pro-survival proteins and freeing any bound BIM or tBID to directly activate BAX 

and BAK.  

The indirect activation model (Figure 4) instead proposes that all BH3-only proteins function 

solely by binding to their pro-survival relatives, thereby preventing those guardians of cell 

survival from inhibiting BAX and BAK. In this model, BIM, tBID, and PUMA are the most potent 

BH3-only proteins simply because they can engage all the pro-survival proteins. 

In vitro data from liposome disruption (Walensky et al., 2006) and from some mutant proteins 

(Kim et al., 2006) argue that certain BH3-only proteins, such as tBID, can directly activate 

BAX/BAK (Figure 4).  
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While considerable detail regarding 

reciprocal interactions between Bcl-

2 members has been revealed, 

uncertainties still exist concerning 

the precise mechanism(s) by which 

proapoptotic BCL-2 family members 

regulate the release of cytochrome c 

from mitochondria.  

3.4.3 BAX  and  BAK 

oligomerization  is  a 

prerequisite  for  cytochrome  c 

release. 

The prodeath function of BH3-only 

proteins relies on the presence of 

BAX and BAK (Lindsten et al., 2000; 

Wei et al., 2000; Wei et al., 2001) 

Korsmeyer and colleagues 

demonstrated that the mechanism 

underlying this requirement was the 

oligomerization of these proteins, 

which was required for the permeabilization of the mitochondrial outer membrane that was 

required for cytochrome c release (Wei et al., 2000). While BAX has the ability to form pores 

that could in principle permit the egress of cytochrome c, the precise composition of the 

cytochrome c release pore is still not completely resolved (Saito et al., 2000). There are 

indications, however, that BAX and BAK may indeed make up an important part of it.  

A major question is how oligomerized multidomain BAX, BAK effect the release of proapoptotic 

activators from mitochondria. Current models include: 

(i) BAX, BAK oligomers generate a pore in the outer mitochondrial membrane 

permeable to cytochrome c and possibly to other proapoptotic proteins. 

(ii) interactions between BAX and resident mitochondrial proteins such as VDAC 

(Shimizu et al., 1999) or ANT (Marzo et al., 1998) which are proposed to release 

cytochrome c directly or trigger the mitochondrial permeability transition (PT);  

(iii) a global effect on the permeability of the OM, this includes a number of possibilities, 

including a concept of ‘‘lipid’’ channels in the bilayer (Kluck et al., 1999; Kuwana et 

al., 2002).  

Figure 4 Two models for how BH3-only proteins activate 
BAX and BAK.  
In the direct activation model, the indicated activator BH3-
only proteins, via their BH3 domain (red triangle), directly 
engage BAX and BAK and activate them, whereas 
sensitizer BH3-only proteins (e.g. BAD or NOXA), which 
can only bind the pro-survival proteins, serve only to 
displace activators from the pro-survival proteins. In the 
indirect activation model the BH3-only proteins only bind the 
pro-survival proteins. Because the promiscuous binders 
(BIM, tBID, and PUMA) can neutralize all pro-survival 
proteins, each can readily trigger BAX/BAK activation, 
whereas any selective binder (e.g. BAD) must be co-
expressed with a complementary binder (e.g. NOXA) to do 
so. 
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3.4.3.1 BAX and BAK pores in the OMM 

Activated BAX, BAK may form pores in the OMM that directly or indirectly allow the efflux of 

cytochrome c and perhaps of the other IMS proteins that drive death effectors pathways.  

The initial insight leading to the pore model was that the structure of Bcl-xL (Muchmore et al., 

1996) had a distinct similarity to that of the translocation domain of diphtheria toxin (DTT) a 

domain that can form pores in artificial lipid bilayers and chaperones another toxin subunit 

across cellular membranes (Antignani and Youle, 2006). 

The organization of the BCL-xL and BAX α-helices resembles that of the T domain of diphtheria 

toxin (Suzuki et al., 2000) and topology analyses of the membrane-inserted conformation of the 

DTT domain (Wang et al., 2006b; Wang et al., 2006a), BCL-2 (Kim et al., 2004), Bcl-XL (Garcia-

Saez et al., 2004) and BAX (Annis et al., 2005) yield similar models, with the long hairpin 

helices inserted across the membrane and most of the amphipathic helices adhering to the cis 

side of the membrane.  

Recombinant BAX forms homo-oligomeric pores in liposomes which in a concentration 

dependent fashion will release cytochrome c from them. A Hill plot of the kinetics of release 

indicates a slope that progresses from 2 to 4 participating molecules of BAX. Release through a 

putative pore at a BAX molecularity of 4 can be competed by blocking molecules that size the 

pore at 22 Å, slightly bigger than soluble cytochrome c (Saito et al., 2000).  

Electrophysiological analysis of outer mitochondrial membrane patches isolated from apoptotic 

cells has reported novel, high conductance channels. Their properties are comparable to 

channels recorded in yeast mitochondria after treatment with recombinant BAX. Interestingly, 

these channels were also noted in mitochondria from VDAC defined strains, suggesting that this 

intrinsic OMM protein is not required (Pavlov et al., 2001). Further studies showed that this 

channel is typically voltage-independent [for a review see (Dejean et al., 2006)] and slightly 

cation-selective, which is consistent with its putative role in releasing the cationic protein 

cytochrome c. The polymer exclusion method indicates that channels of this “family” with 

conductances between 1.5 and 5 nS have pore sizes of 2.9–7.6 nm, which should be large 

enough to allow the passage of 3 nm cytochrome c. In particular, it was determined that this 

channel is, at least in part, composed of BAX and/or BAK and that BCL-2 blocks its formation. 

It has been suggested that the oligomerization of BAX mediated by tBID is dependent on one or 

more non-mitochondrial proteins (Roucou et al., 2002): this cytosolic factor called BAF (BAX 

activating factor) seems to be required for a proper oligomerization of BAX in response to tBID 

in synthetic liposomes. Although oligomeric BAX has been shown to be a component of MAC, 

no endogenous proteins resident in the OMM are clearly implicated in its structure. 

A development if the field is presently given by the fresh attention in mitochondrial dynamics: 

mitochondria typically fragment during apoptosis and inhibition of fission blocks cell death 

(Frank et al., 2001). In this respect, it has been shown by confocal and electron microscopy that 
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BAX and Bak coalesce into only 2–10 extremely large clusters on the surface of mitochondria 

during apoptosis constituting a possible pore through which cytochrome c is released. 

Interestingly, these BAX/BAK foci colocalize with mitochondrial fission sites and dynamin family 

GTPases, DRP1 and MFN2, suggesting links to mitochondrial morphogenesis (Karbowski et al., 

2002; Karbowski et al., 2006; Youle and Karbowski, 2005). 

3.4.3.2 The  permeability  transition  and  cytochrome  c  release:  a  cause  or  a  related 

effect? 

The mitochondrial permeability transition (PT) is an increase of IMM permeability to solutes with 

molecular masses up to 1500 Da. Under the conditions used in most in vitro studies, PT is 

accompanied by depolarization, matrix swelling, depletion of matrix pyridine nucleotides (PN), 

OMM rupture and release of IMM proteins, including cytochrome c (Bernardi, 1999) and could 

thus be the general trigger of apoptosis 

This hypothesis has by many been viewed as implausible. Among other objections, 

mitochondrial matrix swelling is not normally seen in apoptosis (Kerr et al., 1979) and therefore 

seems to be limited to some special circumstances rather than applying to the core events of 

mitochondrial apoptosis. Despite this, the interaction of multidomain proapoptotics with VDAC 

and ANT, proposed components of the PT pore (PTP) has been pursued. Unfortunately, to 

date, none of the candidate pore components stood rigorous genetic testing [for a review 

(Bernardi et al., 2006)]. Contrasting results emerged from studies that attempted to measure 

evidence of PT, such as mitochondrial swelling and depolarization in response to activated 

BAX. While under some experimental conditions active BAX (and BAK) was noted to induce PT 

(Marzo et al., 1998; Narita et al., 1998; Pastorino et al., 1998), others reported that BAX was 

unable to promote it (Eskes et al., 1998; Jurgensmeier et al., 1998). Some of this discrepancy 

may reflect first that studies in isolated mitochondria do not completely reproduce what occurs 

in situ, where the cellular milieu and the complexity of mitochondrial architecture differs and 

importantly many of the techniques used in isolated mitochondria lack sensitivity and are not 

able to measure ‘‘transient’’ PT.  

3.4.3.3 The innocent bystander scenario hyphothesis 

As recently reviewed by Green and colleagues (Chipuk et al., 2006) there are some evidences 

that cytochrome c release occurs without direct decision made by mitochondria but is dictated 

by some interaction between cytoplasmic effectors and OMM: in this so called “innocent 

bystander scenario” the commitment to die or rather the commitment step that results in 

induction of cytochrome c release rests entirely with the BCL-2 family of proteins and their 

regulators. The authors suggest that is not that the OMM or IMM do not participate in the 

induction of cytochrome c release, but that, if they do, they do so in a manner that always 

depends on the activities of the BH3-only or multidomain BCL-2 proteins in the cytosol. In this 
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context, an injure acts first damaging mitochondria; the decision to undergo apoptosis, rather 

than necrosis, for instance, is made through some amplificatory loops (probably mediated by 

ROS) that in the cytosol activate Bcl-2 members to promote cytochrome c release.  

This scenario differs from classical view since Bcl-2 proapoptotic members are not seen as 

causative events of a damage to mitochondria but rather decision makers on promoting 

cytochrome c release and hence apoptosis.  

3.4.4 Permeabilization  of  the  outer  membrane  is  not  sufficient  for  complete 

cytochrome c release 

Irrespective of the exact mechanism by which active BAX, BAK release cytochrome c, it 

appears clear that these multidomain proapoptotics act as the essential gateway to the 

mitochondria.  

Recent data indicate that while this step is requisite, there are additional pathways downstream 

of the BH3-only proteins that ensure complete release of cytochrome c: they include remodeling 

of the cristae characterized by fusion of individual cristae and opening of the cristae junctions 

(Scorrano et al., 2002) and fragmentation of the mitochondrial network (Frank et al., 2001) that 

we discussed earlier in 3.4.1.  

Any model of cytochrome c release must account for the rapid kinetics and complete extent of 

cytochrome c release (Goldstein et al., 2000). Discrete levels of cytochrome c are required in 

the cytosol to activate the death response (Zhivotovsky et al., 1998) and in certain cells the 

amount of cytochrome c released is critical to overcoming protection by the IAP caspase 

inhibitors (Deveraux et al., 1998). In this respect, the complete release of cytochrome c must be 

put into the context of our current understanding of mitochondrial ultrastructure. 

Thanks to the advance in electron microscopy, it has been shown that cristae are not simple 

invagination of the IMM as depicted by Palade (Palade, 1952) but rather they are distinct 

compartment of it. High-voltage electron microscopic (HVEM) tomography of mitochondria 

revealed that the IMS is very narrow, as the average distance between the OMM and IMM 

boundary membranes is only about 20 nm (Frey and Mannella, 2000), consistent with functional 

estimates that only 15%–20% of total cytochrome c is available in the IMS (Bernardi and 

Azzone, 1981). The pleomorphic, tubular cristae constitute highly sequestered compartments, 

where the majority of oxidative phosphorilation complexes (D'Herde et al., 2001; Perotti et al., 

1983; Vogel et al., 2006) and cytochrome c is separated from the IMS by narrow cristae 

junctions (Figure 5B).  

Computer models indicate that this subcompartmentalization has a functional counterpart in the 

generation of ion and ADP diffusion gradients across the narrow cristae junctions (Mannella et 

al., 2001; Moraru, 2000).  

Interestingly, Attardi and coworkers noted that only cells primed for apoptosis by Fas activation 

released all stores of cytochrome c upon selective permeabilization of the OMM by digitonin 
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(Hajek et al., 2001). Increased accessibility of cytochrome c to the OMM was previously noted 

following Ca2+-induced mitochondrial swelling (Bernardi and Azzone, 1981).  

We therefore need to explain how the stores of cytochrome c that appear to be so heavily 

subcompartmentalized can be fully released in the absence of mitochondrial swelling, as is 

frequently observed in the course of apoptosis. 

3.4.4.1 Apoptotic cristae remodeling 

A turning point was the demonstration that following several death stimuli, including the BH3-

only proteins BID (Scorrano et al., 2002) and BIK (Germain et al., 2005) or after Fas pathway 

activation (Mootha et al., 2001), mitochondria remodel their internal structure: individual cristae 

fuse and cristae junctions widen, to allow cytochrome c mobilization from its intra-cristae 

compartment toward the IMS for its subsequent release across the OMM according to the efflux 

pathway described in the previous section (Figure 5C). 

While tBID did not induce large amplitude mitochondrial swelling, it did induce transient 

openings of the PTP. Transient openings have been noted in isolated mitochondria and intact 

cells, and are not associated with swelling or Δψm collapse (Huser et al., 1998; Petronilli et al., 

1999). This transient PT was coordinated with cristae remodeling and cytochrome c mobilization 

as both proved BH3 independent, BAK independent, yet CsA inhibitable. This parallel regulation 

suggests a common mechanism or a shared component. It has been suggested that 

components of the PTP reside at contact points between the IMM and OMM (Zoratti and Szabo, 

1995). While the mobilization of cytochrome c would have no obvious need to involve such 

contact points, the striking remodeling of cristae strongly suggests that tBID has an effect on the 

IMM. 

The capacity of CsA to block this process suggests that its mitochondrial target, cyclophilin D 

(Nicolli et al., 1996), could be a functional component of this remodeling process. Alternatively, 

a CsA/cyclophilin D complex might affect another mitochondrial protein by analogy with the 

mechanism by which CsA inhibits cytosolic calcineurin (Clipstone and Crabtree, 1992). 
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as well as in DKO cells, where the activation of caspases is prevented by the lack of 

cytochrome c release. Second, the correlative studies performed by Frey and colleagues rely on 

tagged cytochrome c molecules, whose intramitochondrial cytochrome c distribution is unknown 

(it is conceivable that this overexpressed cytochrome c does not localize to the cristae 

compartment as the native one). Third, no analysis is performed by Frey and colleagues on the 

effect of caspase inhibition on the diameter of the cristae junction in the subpopulation of 

mitochondria from where the tagged cytochrome c has not been released. In conclusion, in our 

view, remodeling of mitochondrial ultrastructure remains a crucial commitment step during 

apoptosis.  

It must be noted that changes in matrix conformation are not only an apoptotic hallmark but may 

have also a physiological relevance. In fact, more than 40 years ago, Hackenbrock described a 

reversible folding of the cristae compartments tightly linked to the metabolic state of isolated 

mitochondria (Hackenbrock, 1966) (Figure 5A). This ultrastructural flexibility was characterized 

by a change of matrix configuration from an orthodox state, in non stimulated respiration, to a 

condensed state reached after ADP addition; of note, the volume of isolated mitochondria is not 

changing during this transition.  

The condensed conformation has two major characteristics which distinguish it from the 

orthodox conformation (Figure 5A): 

(a) randomly folded inner membrane with very little suggestion of organized mitochondrial 

cristae;  

(b) decreased matrix volume.  

As a consequence of the volume decrease in the matrix compartment, there is a volume 

increase in the outer compartment-intracristae space which is presumably a sucrose-accessible 

space.  

In the EM analysis, increased opacity of the matrix resulted from increased diffraction of 

electrons, making the matrix appear darker in the image. Therefore, the more condensed the 

matrix, the more electrons it diffracts and the darker it appears on the micrograph. 

Taking advantage of three-dimensional analysis, Mannella and colleagues studied and 

confirmed the morphological changes observed by Hackenbrock and suggested that the 

interconversion between these states can only be achieved by a dynamic fusion and fission of 

the IMM (Mannella et al., 2001). 

Many efforts have been made to understand whether apoptotic cristae remodeling and O/C 

transition are the same phenomenon, with dramatically different biochemical results. An 

interesting link between mitochondrial dysfunction and matrix configuration changes was given 

by the group of Thompson, who demonstrated that a decrease in Δψm leads to matrix 

condensation and exposure of cytochrome c to the intermembrane space, facilitating 

cytochrome c release and cell death following an apoptotic insult (Gottlieb et al., 2003). 
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Thus, it is tempting to speculate that both in apoptotic cristae remodeling and O/C transition 

cytochrome c is mobilized to the IMS and the different outcome is established by the activation 

of the upstream pathway of apoptosis: the oligomerization of BAX and BAK. On the other hand 

it is believed that another process must occours in order to mobilize cytochrome c from the IMM 

once cristae remodeling occurred.  

3.4.4.2 Cytochrome c mobilization: 

Orrenius and colleagues demonstrated that cytochrome c detachment from its high affinity 

cardiolipin binding sites on the inner mitochondrial membrane is crucial (Ott et al., 2002) for a 

complete cytochrome c release. 

Cytochrome c is present as loosely and tightly bound pools attached to the inner membrane by 

its association with cardiolipin. In order to release cytochrome c, this interaction must first be 

disrupted to generate a soluble pool of the protein, as substantiated by the fact that neither 

disrupting the interaction of cytochrome c with cardiolipin, nor permeabilizing the outer 

membrane with BAX, alone, was sufficient to trigger this protein’s release. 

3.4.4.2.1 Cytochrome c binding to cardiolipin 

Cytochrome c is a water-soluble basic protein that is bound to the mitochondrial inner 

membrane by its association with the phospholipid cardiolipin (CL). This association facilitates 

electron transport between complexes III and IV of the respiratory chain. The binding of 

cytochrome c to CL is specific and stoichiometric (Tuominen et al., 2002), thus under normal 

physiological conditions, CL anchors the protein to the inner mitochondrial membrane to 

participate in electron transport thereby ensuring a limited soluble pool of the hemoprotein. CL 

is an anionic phospholipid found exclusively in the inner mitochondrial membrane of eukaryotic 

 
Figure 6 Schematic of different intramitochondrial cytochrome c pools and their accessibility by 
cytochrome b5 or ascorbate. Symbols used are detailed in the cartoon legend. Taken from (Scorrano 
et al., 2002) 
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cells (Schlame et al., 1993). Its unique structure among phospholipids confers fluidity and 

stability to the mitochondrial membrane, as well as contact sites between the inner and outer 

mitochondrial membranes (Grijalba et al., 1998). Due to its intracellular distribution CL has been 

postulated, and more recently demonstrated, to be an essential component in many 

mitochondrial processes, such as electron transport, ADP/ATP translocation, ion permeability, 

and protein transport. Furthermore, many of the inner membrane respiratory enzymes, such as 

cytochrome c oxidase, have a specific association with CL and their activities are dependent on 

the presence of CL, and not on other phospholipids (Zhang et al., 2002). 

3.4.4.2.2 Physicochemical properties of bounded cytochrome c  

Cytochrome c bears a net positive charge of +8 and binds avidly to model membranes 

containing acidic phospholipids. Yet, the interaction of cytochrome c with acidic phospholipids 

involves more than electrostatic attraction.  

It is well known, since the early study of Jacobs and Sanadi (Jacobs and Sanadi, 1960), that 

increase of ionic strength and osmotic swelling depress the binding of cytochrome c to the inner 

mitochondrial membrane. Ferguson Miller and colleagues (Ferguson-Miller et al., 1976) 

reported that increase of ionic strength, and more specifically physiological concentrations of 

ATP, decrease the affinity of this binding to the point that interaction of cytochrome c with 

numerous mitochondrial phospholipids sites can competitively remove cytochrome c from the 

oxidase. It is suggested that this effect of ATP represents a possible mechanism for the control 

of electron flow to the oxidase.  

Two different types of interaction have been characterized for the membrane binding of 

cytochrome c and have been shown to be due to distinct sites, named the A-site and the C-site, 

respectively (Rytomaa and Kinnunen, 1995). More specifically, negative surface charge density 

of the membranes, pH, and ionic strength together determine whether cytochrome c is bound 

electrostatically via its A-site or by hydrogen bonding and hydrophobic interaction via its C-site 

(Rytomaa and Kinnunen, 1995). The hydrophobic component of C-site-mediated interaction of 

cytochrome c with an acidic phospholipid has been suggested to be due to the so-called 

extended lipid anchorage, a general mechanism for peripheral membrane protein-lipid 

interaction (Kinnunen et al., 1994).  

In a similar fashion, Hackenbrock showed that membrane binding of cytochrome c under ionic 

conditions that are physiological for the IMS (125 mM KCl) renders a complex mixture of 

membrane-bound forms that differ in intrinsic electron transfer (ET) activity (Cortese et al., 

1998). 

3.4.4.2.3 Breaching cytochrome c binding to the IMM 

The hypothesis proposed by S. Orrenius that the electrostatic and/or hydrophobic interactions 

between CL and cytochrome c must be ‘‘breached’’ in order for cytochrome c to leave 
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mitochondria (Ott et al., 2002) is also supported by previous studies demonstrating that the 

peroxidation of CL virtually abolishes this interaction (Shidoji et al., 2002). CL oxidation 

designates an important stage of the execution of apoptotic program because oxidized CL in 

contrast to non-oxidized CL does not effectively bind cytochrome c (Petrosillo et al., 2003; 

Petrosillo et al., 2004). 

In addition, the group of Kagan demonstrated that cytochrome c may act as the direct source of 

peroxidation of CL: the role of cytochrome c changes from mostly an electron-carrier in normal 

mitochondria to mostly a CL-specific peroxidase during apoptosis. The switch between these 

two functions is due to cytochrome c association with CL, whose availability at the sites of 

location of cytochrome c sets the limit for peroxidase activity: it is likely that migration of CL 

early in apoptosis and its interaction with cytochrome c regulates itself the peroxidase activity of 

cytochrome c in a self regulating system [for a review see (Bayir et al., 2006)].  

To emphasize the role of CL in the apoptotic process it should be considered that in cellular 

models in which CL synthesis is lacking, cytochrome c in the IMS is increased and can be 

prognostic of an increased apoptosis and on the other hand stabilization of CL levels might 

protect against apoptosis (Choi et al., 2007). 

3.4.4.3 Factors that affect the shape of cristae 

It is clear that cristae shape has more than a single physiological role and that the topology of 

the IMM is a complex function of spontaneous curvature, dynamic physical interaction between 

IMM and OMM, and probably the action of mitochondria-shaping proteins: for example the 

extension of the cristae can be likely regulated by the volume restriction dictated by the OMM 

or, on the other hand, the protein-rich matrix can set the minum volume below which the space 

bounded by the IMM and OMM can collapse. Besides these kinds of intrinsic factors, new 

findings implicate several mitochondrial components as regulators of this membrane topology. 

3.4.4.3.1 ANT and tBID interactions 

As noted above, tBid triggers a remodeling of mouse liver mitochondria, involving reversal of 

curvature of the crista membranes. Epand et al. have observed that tBid induces reversed 

curvature in cardiolipin-containing membrane phases (Epand et al., 2002), suggesting that the 

remodeling of the cardiolipin-rich mitochondrial inner membrane might be lipid-mediated, i.e., a 

direct effect of tBid on the organization of lipids in these membranes. Further evidence in 

support of this hypothesis has been provided by studies involving the adenine nucleotide 

translocator (ANT), the inner membrane carrier protein which binds cardiolipin and requires it for 

activity (Hoffmann et al., 1994). Gonzalvez et al. recently have reported that tBid inhibits ANT 

activity of yeast mitochondria in a cardiolipin-dependent manner, consistent with this inhibition 

being an indirect effect of tBid on cardiolipin organization (Gonzalvez et al., 2005). Interestingly, 

Klingenberg and co-workers reported three decades earlier that ANT ligands, such as the 
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inhibitor atractyloside (ATR), induce a morphological change in beef heart mitochondria that, in 

retrospect, appears similar to the tBid induced remodeling of mitochondria. Klingenberg et al. 

recognized the change in inner membrane shape as a reversal in membrane curvature and 

attributed it to a ligand-induced “re-orientation” of a mobile carrier protein to the matrix side of 

the membrane. However, Klingenberg later questioned whether the stoichiometry of ANT could 

be sufficient to cause so dramatic a change in inner membrane structure (Klingenberg, 1973; 

Klingenberg, 1976; Klingenberg, 1992). Alternative explanations include that: (i) ligand-induced 

conformational changes in ANT cause a reorganization of the cardiolipin in the inner membrane, 

which, in turn, triggers the inner membrane remodeling; (ii) atractyloside acts by inducing the 

PT, which is associated with the remodelling of the cristae; (iii) tBid (like ATR) directly interacts 

with ANT and the reversal of curvature that both induce in the mitochondrial inner membrane is 

protein-mediated, i.e. due to a conformational change in the carrier protein.  

3.4.4.3.2 ATP synthase 

In yeast, the mitochondrial F1F0-ATP synthase complex has been strongly implicated in 

contributing to the curvature of the inner membrane as a result of its oligomerization. Allen 

showed that F1 complexes are arranged as a double row of particles along the full length of the 

helically shaped tubular cristae in Paramecium multimicronucleatum (Allen et al., 1989). Based 

on these observations, he proposed that the double-cone shape of ATP synthase dimers offers 

the potential to form a rigid arc, which leads to an inner membrane protrusion that is then 

amplified to form tubules upon association of additional complexes during mitochondrial 

biogenesis. Interestingly, Paumard et al. have shown that mutations in ATP synthase subunit e 

(also called Atp21p and, formerly, Tim11p) inhibit formation of the ATP synthase dimer (the first 

step in formation of larger oligomers) and results in appearance of concentric onion-like cristae 

(Paumard et al., 2002).  

More recently, single-particle electron microscopic studies from two laboratories (Minauro-

Sanmiguel et al., 2005) and (Dudkina et al., 2005) have revealed the likely basis for the 

membrane bending ability of ATP synthase. Since the lateral dimension of the membrane-

embedded F0 domain (at which dimer binding occurs) is considerably less than that of the extra-

bilayer F1 domain, lateral close-packing causes the complexes to be tilted with respect to each 

other and so imparts a local bend to the membrane of 40° in the case of beef heart ATP 

synthase and 70° for the algal complex. 

A mitochondrial DNA mutation in the gene encoding subunit 6 (F0 domain) of the ATP synthase 

recently has been described in Drosophila (Celotto et al., 2006). This mutation (ATP61) causes 

marked reduction in ATP production in neuronal mitochondria and very unusual inner 

membrane topology: rounded crista compartments contiguous with flattened lamellar regions of 

the same membrane. A possible explanation for this highly unusual topological transition is that 

ATP synthase dimerization is normally inhibited in flat, lamellar cristae and that the ATP61 
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mutation somehow weakens the inhibition, allowing complex dimerization and, consequently, 

increased membrane curvature.  

The major criticism of this experimental approach is that the few mitochondrial ATP synthase 

mutants isolated were often genetically unstable, giving rise to petites, i.e. cells bearing large 

deletions in the mtDNA (ρ - or totally lacking mtDNA (ρ 0). To avoid dramatic consequences on 

mitochondrial bioenergetics following mutation of ATP synthase genes, Rak and colleagues 

generated an elegant model for investigating the consequences of a specific lack of ATP6 

obtaining only a moderate mtDNA instability (Rak et al., 2007). In these conditions they showed 

that cristae-like structures were clearly discernible in the atp6 mutant indicating that neither 

Atp6p nor the ATP synthase activity is crucial for cristae generation. A corollary, according to 

Allen’s model, would be that absence of Atp6p should not prevent the formation of the double- 

cone shape of ATP synthase dimers presumed to be responsible for cristae formation.  

3.4.4.3.3 Mitofilin 

Mitofilin, also known as heart muscle protein, is a 90-kDa inner-membrane protein, with 

predicted membrane anchor and coiled-coil domains with an amino-terminal transmembrane 

domain with the majority of the protein is extruding into the intermembrane space (Gieffers et 

al., 1997). John et al. recently have reported that down-regulation of mitofilin in HeLa cells by 

siRNA results in the formation of concentric onion-like inner mitochondrial membranes (John et 

al., 2005). The mitofilin-deficient mitochondria tend to form progressively larger membrane 

swirls, which were analyzed by electron tomography. The larger IMM structures were found to 

be composed of a complex, interconnected network of membranes totally lacking tubular 

connections to each other or to the peripheral inner membrane. John et al. have proposed that 

mitofilin's physiological role is to maintain normal cristae morphology, in particular, the formation 

or stabilization of cristae junctions.  

Recently, the group of Capaldi demonstrated that mitofilin reside in a mitochondrial complex 

spanning from the IMM to the OMM that can have an implication in regulating protein import 

(Xie et al., 2007). Interestingly, mitofilin is found to be reduced significantly in fetal Down’s 

syndrome brain (Myung et al., 2003) and to be a target antigen in melanoma-associated 

retinopathy (Pfohler et al., 2007). 

3.4.4.3.4 Mitochondrial  dynamin‐like  proteins:  A  Role  of  OPA1/Mgm1p  in  cristae 

remodeling? 

As proposed by Mannella, three-dimensional images provided by electron tomography strongly 

suggest that the topology of the inner mitochondrial membrane represents a balance between 

membrane fusion and fission processes. It should be noted that despite ATP synthase may 

regulate positive curvature of IMM it is still unclear how the negative curvature nearby cristae 

junction can be achieved and modulate in time. Dynamin related proteins can be natural 
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candidate for this role and, in fact, many studies are ongoing in which proteins involved in 

mitochondrial dynamics are genetically manipulated.  

OPA1 (see 3.2.1.1.2 for more details), is the only member of the dynamin family of GTP-binding 

proteins, known so far to be resident in the IMM. EM analysis of OPA1-depleted cells suggested 

that this protein may have a role in cristae maintenance (Griparic et al., 2004; Olichon et al., 

2003; Sesaki et al., 2003) since disorganized cristae with irregular shape, some of which 

showed large cristae junctions were observed. A possible role of OPA1/Mgm1 in structuring 

cristae is consistent with its mitochondrial localization which is basically in the cristae, as 

confirmed by biochemical (Griparic et al., 2004; Olichon et al., 2003; Pelloquin et al., 1999; 

Wong et al., 2000) and immunogold staining (Vogel et al., 2006), even if it not clear whether it 

concentrates at the cristae junction. 

OPA1 is crucially involved in mitochondrial dynamics and levels of OPA1 directly correlate with 

extension of fusion event. However, since some defects of OPA1-depletion resemble cristae 

derangement characteristic of apoptosis it was tempting to speculate that OPA1 may have a 

dual role both in controlling mitochondrial dynamics and regulating cristae remodeling 

The major aim of my PhD work has therefore been to determine the role of OPA1 in apoptotic 

cristae remodeling. 

.
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4 Experimental procedures 
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Organelle isolation: functional mitochondria from mouse liver, muscle and 
cultured fibroblasts. 
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5 Results 
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6 Conclusion and Perspectives 

In this Thesis we performed a genetic analysis of the role of OPA1, a mitochondrial pro-fusion 

protein, on apoptosis.  

In 2000 it was demonstrated that OPA1 mutations are associated with dominant optic atrophy, a 

neurodegenerative disorder of the optic nerve. The link between mutations in a dynamin related 

protein and apoptosis remained elusive until an increasing body of evidences demonstrated that 

during apoptosis mitochondrial network undergoes massive fragmentation. Mutation in OPA1 

appear to increase cell death of retinal ganglion cells and we demonstrated that OPA1 

overexpression protected from mitochondria-apoptosis. It was then hypothesized that the 

possible role of OPA1 in apoptosis could be related to its pro-fusion activity, demonstrated in 

our laboratory. We embarked in a biochemical and genetic study to understand at which level 

OPA1 exerted its regulatory function on apoptosis, by counteracting mitochondrial 

fragmentation or by regulating the cristae remodeling that occurs during apoptosis. Interestingly, 

we found that biological functions of OPA1in mammalian cells could be genetically 

differentiated: we established that OPA1 can regulate cytochrome c mobilization and apoptotic 

cristae remodeling independently of its pro-fusion activity. The former occurs via assembly of 

OPA1 into high molecular weight complexes that are disrupted early during apoptosis. We 

demonstrated that time dependent disruption of these OPA1 containing complexes correlates 

with remodeling of cristae (Frezza et al., 2006). 

Interestingly, the group of Nunnari proposed a similar model in yeast where the OPA1 

orthologue Mgm1 was found to be required to tether and fuse mitochondrial inner membranes. 

Using specific fusion assay, they observed an additional role of Mgm1 in inner-membrane 

dynamics, specifically in the maintenance of cristae structures trough Mgm1 interactions on 

opposing inner membranes and proposed a model for how this mitochondrial dynamin function 

to facilitate fusion (Meeusen et al., 2006). These data confirmed the role of OPA1 in regulating 

inner mitochondrial membrane morphology and likely the role in apoptotic cristae remodeling.  

We are now trying to establish the composition of OPA1-containing complexes through a 

biochemical analysis of native protein complexes from isolated mitochondria in normal and 

apoptotic conditions. This will allow us to better understand the players of cristae remodeling 

pathway during apoptosis, which basic tenets remain still unclear. 

Moreover, we are studying a possible approach to target OPA1 antiapoptotic functions to 

sensitize cell to apoptosis, by inhibiting OPA1 GTPase function: by these mean we propose to 

use OPA1 inhibitors as sensitizing agents to induce cell death in cancer cells that denote high 

levels of OPA1 expression like non small cell lung cancer.  
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In conclusion, the work presented in this Thesis elucidates that OPA1 has genetically 

dissectable roles in mitochondrial dynamics and apoptosis. Our data suggest that the inability of 

OPA1 to regulate mitochondrial ultrastructure could represent a pathogenic mechanism in 

ADOA. This appears to be confirmed by the fact that pathogenic mutations in OPA1 impair its 

ability to retain cytochrome c in cristae compartments. 
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