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Summary 

Mitochondria are essential organelles for life and death of the cell. They are the 

major source of ATP and play a key role in Ca2+ signaling and programmed cell death. 

Following an apoptotic insult, mitochondria release cytochrome c and other proteins 

in the cytosol to activate the effector caspases and initiate the apoptotic cascade 

required for cell death.  

Thanks to 3D electron microscopy studies, it was demonstrated that cristae are 

not just invagination of the inner mitochondrial membrane (IMM), as previously 

depicted by Palade (Palade, 1952), but rather distinct compartments separated from 

the inter membrane space (IMS) by tubular narrow cristae junctions. The majority of 

cytochrome c is restricted in this compartment. During programmed cell death 

mitochondrial morphological and ultrastructure changes. The “cristae remodeling” 
process induces the widening of the narrow cristae junctions to mobilize the 

cytochrome c from the cristae to the intermembrane space allowing its complete 

release into the cytosol (Scorrano et al., 2002). 

The key regulator of this dynamic process is the IMM dynamin-related protein 

Optic atrophy protein (OPA)1 (Cipolat et al., 2006). OPA1 oligomers, containing both 

the membrane bound and the soluble forms of the protein, participate in the formation 

and in the maintenance of tight cristae, sequestrating cytochrome c in the intra-cristae 

compartment (Frezza et al., 2006b). During apoptosis, OPA1 oligomers are early 

targets of BID, BIM-1, BNIP3 (Frezza et al., 2006b; Landes et al., 2010; Yamaguchi et 

al., 2008), and they are rapidly dissociated, thus causing cristae widening and leading 

to cytochrome c mobilization from cristae and its subsequent release into the cytosol. 

(Frezza et al., 2006b; Scorrano et al., 2002). Downregulation of OPA1 leads to 

mitochondrial network fragmentation and increases cell sensitivity towards apoptosis, 

while mutations that abolish OPA1 catalytic activity impair its antiapoptotic function 

(Frezza et al., 2006b).  

Independently from the apoptotic cristae remodeling process (Frezza et al., 2006), 

OPA1 promotes mitochondrial fusion by cooperating with Mitofusins (MFN) 1 and 2, 

that reside in the OMM (Cipolat, 2004). Furthermore, through its control of cristae 

morphology, OPA1 regulates mitochondrial metabolism by stabilizing the respiratory 

chain supercomplexes (Cogliati, 2013).  

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

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

which is characterized by selective death of retinal ganglion cell (Alexander et al., 



 viii 

2000; Delettre et al., 2000). Interestingly, the hotspots for ADOA-associated mutations 

are localized within with the OPA1 GTPase domain and GTPase effector domain 

(GED). However, the physiological importance of OPA1 is also enhanced by its 

overexpression in different type of cancers, where it correlates with an increased 

chemotherapy resistance and a lower survival rate (Fang et al., 2012; Kong et al., 

2014; Zhao et al., 2013). 

The recent advances in high-throughput technologies allowed the genetic 

characterization of several tumor types and expanded the number of molecular 

targets. These advances rapidly increased the rush to the personalized cancer 

therapies. However, many challenges need to be overcome, as tumor heterogeneity 

and evolution, potential morbidity of biopsies, but especially the lack of effective drugs 

against most genomic aberrations and the absence of a specific genetic profile for 

each tumor type (Meric-Bernstam and Mills, 2012). Since survival of tumor cells hinges 

on dysregulation of their apoptotic pathway, novel drugs that selectively target 

mitochondrial protein are becoming of great interest. 

During my PhD project I investigated the role of altered mitochondrial dynamics in 

human diseases, particularly in cancer, and how they could be exploited to enhance 

cancer cells sensitivity towards apoptosis. 

Despite the enzymatic nature of the dynamin-related proteins, pharmacological 

small molecules that modulate mitochondrial morphology are very few. An exception 

is the recent work of Miret-Casals et al. (2018), where they used a phenotypic HTS for 

the identification of a small molecule modulator of mitochondrial dynamics. They 

discover a new role of leflunomide, an anti-inflammatory molecule used in the 

treatment of rheumatoid arthritis, as an inducer of MFN2 expression. Furthermore, 

they identified mitochondrial morphology changes as an adaptation mechanism to the 

cellular metabolic alteration caused by pyrimidine biosynthesis defects. Drug 

repurposing, which is the process of discovering other applications for an already 

approved drug, obtained growing attention (Verbaanderd et al., 2017). The work of 

Zorzano and colleagues is an example of how a library of FDA-approved drugs whose 

mechanisms of action, pharmacokinetic properties and safety profiles were already 

extensively described, can be investigated to open new routes in therapeutic 

treatement exploiting drugs already in use in the clinics. 

The modification of apoptotic mechanisms allows cancer cells to escape from drug-

induced death, proliferate in unfavorable conditions, acquire further genetic mutations, 

induce angiogenesis and perhaps metastatisation (Hanahan and Weinberg, 2011; 

Lopez and Tait, 2015). Among all mitochondria-shaping proteins, OPA1 plays a central 

antiapoptotic role. Numerous studies demonstrated that OPA1 is an antiapoptotic 

protein that plays a fundamental role in the control of the apoptotic cristae remodeling 

to achieve a complete release of cytochrome c from the mitochondria (Del Dotto et al., 

2017; Frezza et al., 2006b; Griparic et al., 2004; Olichon et al., 2003b). Higher levels 

of OPA1 protein were reported in different tumor types, as lung adenocarcinoma, 

breast and endometrial cancers (Anderson et al., 2018; Fang et al., 2012; Wee et al., 

2018). Overexpression of OPA1 correlates with an increased resistance to 
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conventional chemotherapeutics, such as cisplatin and sorafenib, and with a lower 

survival rate (Fang et al., 2012; Kong et al., 2014; Zhao et al., 2012). Noteworthy, the 

OPA1 antiapoptotic activity depends on its ability of hydrolyse GTP, since mutations 

that abolish OPA1 GTPase activity also impair its antiapoptotic function (Frezza et al., 

2006b). Given these observations, we decided to develop an HTS to discover small 

molecule inhibitors of OPA1 GTPase activity, with the aim of using them in 

combination therapy to increase apoptosis sensitivity and overcome drug resistance 

of tumor cells. 

Since there are no published three-dimensional crystal structures of OPA1, to 

identify inhibitor of OPA1 GTPase activity we decided to use a recombinant OPA1 

(rOPA1) taking advantage of an established protocol. The rOPA1 was expressed in E. 

coli and purified by affinity chromatography. The protein lacks the mitochondria 

targeting sequence and the transmembrane domain (aa 1-167) and is fused to a C-

terminal 6X His-tag (Quintana-Cabrera et al., 2018). The stability and the activity of 

the rOPA1 was measured by reverse phase chromatography. In the work of Quintana-

Cabrera et al. 2018, the recombinant protein was used to verify if OPA1 could directly 

promote or stabilize the ATP synthase oligomeric forms. rOPA1 was incorporated in 

the lumen of proteoliposomes containing ATP synthase, but it failed to stimulate or 

stabilize ATP synthase oligomerization (Quintana et al., 2018). 

Therefore, we designed an in vitro high throuput screening (HTS) of a library of 

10,000 novel drug-like molecules and we tested their inhibitory activity towards the 

GTPase activity of the rOPA1. By means of HTS we identify the most potent and 

selective inhibitor of OPA1 GTPase activity, named MYLS22. Docking experiments 

using a molecular homology model of rOPA1, revealed that the best scoring pose of 

MYLS22 was, indeed, within the hydrophobic GTP-binding pocket of OPA1. Since the 

in vitro conditions do not reproduce the physiological conditions, we tested the 

inhibitory capacity of the selected compound in a MEF cells culture model. One 

recurrent problem of the small molecule drugs is their low water solubility. We first 

determined MYLS22 cellular bioavailability. Solid-phase extraction followed by 

reverse-phase HPLC allowed us to detect the inhibitor in the cell lysates and to 

calculate a cellular uptake of ~20%. To improve the cellular uptake of MYLS22 and its 

potency could be useful the conjugation with a positively charged lipophilic cation, as 

the triphenyl-phosphonium group (TPP+). 

Another major struggle in the development of an effective dynamin inhibitor is 

the specificity. In fact, some published compound failed to selectively inhibit a specific 

dynamin. For examples the DRP1 inhibitor mdivi-1 can stimulate cell death also in 

DRP1 knockout cells and has off-target effects, like complex I inhibition (Bordt, 2017). 

The lack of specificity could be explained by considering the high homology of the 

GTPase catalytic domain of the dynamin superfamily proteins. In this regard, MYLS22, 

even if it targets the GTP-binding pocket of OPA1, appeared to retain a high grade of 

specificity, since it does not inhibit Dynamin-1 activity, even at concentration four times 

higher than its IC50. This is likely due to the ability of the drug to bind to specific 

residues that lie out of the GTPase domain and are OPA1 specific. 
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After defining a safe range of MYLS22 concentrations, which did not induce cell 

death per se or lead to mitochondrial toxicity, we could evaluate the inhibitor-specific 

cellular functions without unrelated cytotoxic side effects. We found that MYLS22 can 

recapitulate some phenotypic characteristics of OPA1-/- cells. Indeed, the inhibitor 

induces mitochondrial network fragmentation decreasing mitochondrial length and 

stimulates the release of cytochrome c in response to apoptotic stimuli in a 

concentration-dependent manner. Notably, in cells treated with MYLS22 without any 

apoptotic stimuli, mitochondria were fragmented, but still retained cytochrome c, 

further confirming that MYLS22 per se is not cytotoxic. Finally, we turned our attention 

to the activity of MYLS22 on cancer cells. OPA1 was significantly overexpressed in 

breast cancer where (Wee et al., 2018). We selected the MDA-MB-231 cells, a human 

metastatic breast adenocarcinoma cell line, and measured if MYLS22 could block 

MDA-MB-231 migration, an essential feature of cancer metastatization. The inhibitor 

was efficacious against metastatic MDA breast cancer cells   migration, but it did not 

produce any additive effects over OPA1 silencing, confirming its specificity for OPA1. 

Overall, MYLS22 represents the first reported OPA1 inhibitor that specifically 

target OPA1 GTPase activity and enhances apoptotic cytochrome c release. The 

significance of this work resides in the identification of a chemical candidate that can 

be used for further evaluations as anticancer drug leads to design more effective 

therapeutic treatments. For example, by using it in combination with the current 

therapy to increase apoptosis sensitivity and overcome drug resistance of tumor cells. 

 

 



 

Chapter 1 Mitochondria 

Mitochondria were first described in 1857 by the anatomist Rudolf Albrecht von 

Koelliker, who called them “sarcosome”, but was the German microbiologist Carl 

Benda that gave them the name “mitochondria”. They are double-membrane 

organelles essential for many fundamental cellular processes. Is there that the majority 

of cellular ATP is generated. According to the Peter Mitchell’s chemiosmotic theory, 

the enzymatic respiratory complexes at the inner mitochondrial membrane, pump 

protons across the membrane during the transfer of electrons from NADH and FADH2 

downhill their redox potentials to molecular O2, thus generating an electrochemical 

gradient. The free energy stored in this electrochemical gradient drives the F1F0-ATP-

synthase to generate ATP. The whole process is named oxidative phosphorylation 

(OXPHOS), because oxygen is the final electron acceptor and the ultimate reaction is 

the phosphorylation of ADP to produce ATP (Mitchell and Moyle, 1967). Mitochondria 

are the only organelle that possesses its own DNA; in vertebrates mitochondrial DNA 

(mtDNA) consists of a double stranded circular DNA molecule. The mtDNA encodes 

13 mRNAs for subunits of the oxidative phosphorylation complexes (OXPHOS) 

(Fernandez-Silva et al., 2003). Moreover, mitochondria participate in the 

synchronization of Ca2+ transients inside the intracellular compartments, thus 

regulating multiple Ca2+-dependent signaling pathways (Jouaville et al., 1995). One of 

them, is the apoptotic pathway. Mitochondria are key player of apoptosis, they 

integrate the diverse stimuli and amplify the death signal releasing multiple pro-

apoptotic factors (Wang, 2001). Taken together, these features support the 

Endosymbiotic Theory, developed in 1971 by Margulis (Margulis, 1971). According to 

this theory, mitochondria originated from the integration of an alpha-proteobacterial 

endosymbiont into a larger host cell, more than 1.5 billion years ago. Mutations in 

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

the importance of this organelle in physiology of multiple organs. Several pathological 

conditions, including cancer, neurodegenerative diseases and neuropathies, are 

consequences of mitochondrial dysfunctions (Schapira, 2000). This highlight the 

physiological importance of this organelle for the regulation of the cell and the whole 

organism homeostasis.  



 

 2 

 

1.1 Mitochondrial ultrastructure 

The earlier images of mitochondria were obtained by electron microscopy and 

allowed to identify the organelle as a double membrane system. However, it was only 

with the use of the electron tomography of isolated rat liver mitochondria that it was 

described for the first time the current model of mitochondrial ultrastructure (Mannella 

et al., 1994). 

The mitochondrion is structurally defined by two membranes: an outer 

mitochondrial membrane (OMM), permeable to small molecules, and an impermeable 

inner mitochondrial membrane (IMM), that encloses a protein-rich matrix. The 

compartment between the two membrane is called inter-membrane space (IMS). The 

IMM has a larger surface compared to the OMM and forms two morphologically distinct 

subdomains. (i) The inner boundary membrane (IBM) is the portion of the inner 

membrane that lies parallel to the OMM with which it forms “morphological contact 
sites.” (ii) The cristae are internal compartments formed by invaginations of the inner 

membrane. The tight neck-like segments that connect the IBM with the cristae are 

called cristae junctions (CJ) (Fig.1) (Vogel et al., 2006). To mediate morphological 

changes, as fusion or fission, the IMM must undergoes structural rearrangements. 

Hackenbrock defined two morphologic mitochondrial ultrastructures: condensed and 

orthodox. In the condensed state, mitochondria have wide cristae and a contracted 

matrix compartment. In the orthodox state, the matrix compartment is expanded and 

cristae are contracted; thus mitochondria are less dense (Fig.2) (Hackenbrock, 1966). 

Isolated mitochondria were commonly found to oscillate between the orthodox and 

Figure 1. Mitochondrial ultrastructure. (a) Schematic representation of mitochondrial structural 

organization. (b) Electron micrograph of two mitochondria from a thin section of the pancreas from a 

bat. Original resource provided by Keith R Porter Archives (University of Maryland Baltimore County, 

Baltimore, MD). (c). Surface rendering volume of a mitochondrion from WT yeast strain. Light grey-

outer membrane, sky blue-inner membrane. (Scale bar, 200 nm) From (Davies et al., 2012). Outer 

mitochondrial membrane (OMM); inner mitochondrial membrane (IMM); intermembrane space (IMS); 

inner boundary membrane (IBM); cristae junction (CJ) 
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condensed conformations, with CJ diameter typically in the range of 20-50 nm, that 

likely represents a balance between membrane fusion and fission processes (Frey et 

al., 2002; Mannella et al., 1994). 

Outer mitochondrial membrane 

The OMM forms an envelope and connects the mitochondria with the cytosol 

and the other organelles. It is impermeable for the macromolecules, but allows the 

passage of solutes, with a molecular mass up to a few thousand Dalton, across its 

pore-forming proteins. Metabolites and cations can be easily exchanged between 

cytosol and IMS. The lipid 

composition of the OMM is more 

homogenous and contains fewer 

proteins compared to the IMM. 

OMM proteins, integral or 

peripherally bound, are all nuclear 

encoded and are involved various 

processes. For example, there are 

proteins that regulate the 

mitochondrial import, as the 

translocase of the outer membrane 

(TOM) complex, regulate 

apoptosis, as the pro-apoptotic 

(BAK, BAX) and anti-apoptotic (Bcl-

2) proteins, mediate organelles 

contacts, as (MFN1-2), or form pore 

in the membrane, as the voltage dependent anion channel (VDAC). 

Inner mitochondrial membrane 

Contrary to the OMM, the IMM is impermeable to small molecules, metabolic 

substrates and ions. This ensures energy conservation by maintaining a 

transmembrane potential in form of a proton gradient. It is characterized by high 

cardiolipin content (de Kroon et al., 1997) and an elevated protein: lipid mass ratio of 

75:25 (Ardail et al., 1990). The IMM can be further subdivided in: inner boundary 

membrane (IBM), cristae and cristae junctions (CJ). (Vogel et al., 2006). 

The inner boundary membrane. The IMB is the portion of the IMM that lies 

parallel to the OMM without invaginations. It forms tight attachments with the OM 

forming the so called membrane contact sites (Reichert and Neupert, 2002). At the 

contact sides reside numerous complexes that connect the two membranes. For 

example, the translocase of the inner membrane (TIM) closely interacts with TOM in 

the OMM to import protein in the mitochondria (Schwaiger et al., 1987). The IMB also 

Figure 2. Change in IMM cristae topology associated 

with the orthodox-condensed transition. 3D 

reconstruction of isolated, condensed and orthodox rat 

liver mitochondria obtained by electron tomography. 

OMM (red), IMM periphery (yellow), IMM cristae (green). 

Mitochondria diameters: 1500 nm (left) and 500 nm 

(right). From (Mannella et al., 1994) 
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participate in the energy transfer from matrix to cytosol (Brdiczka et al., 2006), in 

apoptosis and in the lipid exchange between IMM and OMM (Tatsuta et al., 2014). 

Moreover, IMM and OMM undergo to fusion and fission processes in a coordinated 

manner. 

The cristae. The cristae are deep invagination into the matrix of the IMM 

membrane (Perkins et al., 1997). Cristae play a key function in the mitochondria: they 

are involved in the assembly of respiratory chain complexes and supercomplexes 

(Cogliati et al., 2013b), in the protein synthesis and translocation, in the nucleoids 

maintenance (Vogel et al., 2006), in the iron-sulfur biogenesis (Zick et al., 2009b), and 

in the apoptotic signalling (Scorrano et al., 2002). The regulation of cristae morphology 

is a crucial process whose physiological relevance will be discussed in detail in 

Chapter 4.2.3. 

Cristae junctions. CJ connects cristae with the IMM and reside at the base of 

the cristae. They are narrow tubular structures that were proposed to form barriers to 

separate the intracristal space to the IMS and to regulate the flow of metabolites. CJ 

diameter varies in the range of 20-50 nm (Mannella et al., 1994). The formation of the 

CJ is mediated by the mitochondrial contact site and cristae organizing system 

(MICOS) complex (Hoppins et al., 2011). 

Mitochondrial DNA 

Mitochondria have their genome distributed in multiple copies in the matrix. In 

humans, the mitochondrial DNA (mtDNA) is a circular, closed, double-stranded 

structure with a 16,569-bp genome that encodes 37 genes. The heavy strand (or H-

strand), with a high content of guanine nucleotides, encodes 28 genes, while the light 

strand (or L-strand) cytosine-rich, encodes 9 genes. 13 genes encode for polypeptides 

(subunits of respiratory complexes; seven subunits of complex I, one of complex III, 

three of complex IV and two subunits of ATP-synthase), 22 are for transfer RNA and 

2 are for the small and large subunits of ribosomal RNA (Fernandez-Silva et al., 2003). 

mtDNA is organized in structural units called nucleoids. These structures comprise 

multiple proteins, as the transcription factor A (TFAM), the main packaging 

polypeptide, scaffold proteins, transcription and translation factors (Kukat et al., 2015)



 

 

1.2 Mitochondrial dynamics 

The development of live cell imaging radically changed the concept of 

mitochondria. Rather than being static and isolated, mitochondria are highly dynamic 

organelles that reorganize themselves into tubular or fragmented networks by 

modulating their morphology through coordinate cycles of fission and fusion events. 

The balance between fusion and fission regulates mitochondrial shape, size and 

distribution, and is referred as “mitochondrial dynamics” (Fig. 3). Mitochondrial 

dynamics are involved in a number of crucial processes, as metabolic adaptations, 

cell cycle, immunity, apoptosis and mitochondrial quality control (Tilokani et al., 2018). 

The fusion and fission process are mostly triggered by a group of “mitochondrial 
shaping-proteins”, large GTPases belonging to the dynamin superfamily (a detailed 

description in Chapter 2) (Praefcke and McMahon, 2004). 

 

Figure 3. Mitochondrial fusion and fission in mammalian cells. (a) OMM fusion is mediated by the 

dynamin-related GTPases mitofusin 1 (MFN1) and 2 (MFN2). IMM fusion is mediated by the dynamin-

related protein optic atrophy 1 (OPA1). (b). Mitochondrial fission requires the recruitment of dynamin-

related protein 1 (DRP1) from the cytosol to the mitochondrial OMM. Assembly of DRP1 on the 

mitochondrial surface causes constriction of the mitochondria and division of the organelle into two 

separate entities. Four DRP1 receptors exist in mammals: mitochondrial fission 1 (FIS1), mitochondrial 

fission factor (MFF), mitochondrial dynamics protein of 49 kDa (MID49) and of 51 kDa (MID51). Adapted 

from (Mishra and Chan, 2014) 

1.2.1 Mitochondrial fission 

1.2.1.1 Mitochondrial fission machinery 

Two classes of molecules have been identified as essential for the fission of 

mitochondria. The master regulator is the dynamin-related protein 1 (DRP1), a 

mechanoenzyme that mediate constriction and scission of mitochondria in a GTP-

dependent process. Since, the majority of DRP1 resides in the cytosol, he requires a 
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scaffold protein is required to reach the fission sites on the OMM. FIS1, MFF, MiD49, 

and MiD51 belong to this group (Fig.4). 

The master regulator: DRP1 

DRP1 is a dynamin-like GTPase protein evolutionary conserved from yeast 

(DNM1) (Bleazard et al., 1999; Sesaki and Jensen, 1999) to mammals (DRP1) 

(Smirnova et al., 2001). DRP1 is mostly found in the cytosol, but it is recruited to 

mitochondrial and peroxisomal membranes where it oligomerizes and provokes 

membrane division upon GTP hydrolysis. DRP1 is essential for embryonic 

development (Ishihara et al., 2009; Wakabayashi et al., 2009) and its inhibition or 

genetic loss of DRP1 results in an elongation of both mitochondria and peroxisomes 

(Koch et al., 2003). DRP1 comprises three functional domains typical of dynamin 

superfamily (see Chapter 2.1): (i) a N-terminal GTPase domain, (ii) a middle domain 

and a (ii) C-terminal GED. It lacks the PH and the PRD domains, and but include an 

additional (iv) variable domain, or B-insert (Fig. 4). Structurally, DRP1 resembles the 

classical dynamins. it comprises the GTPase domain and the stalk domain connected 

by the BSE, that allows the protein oligomerization at the membrane and the 

transmission of the movement to the rest of the structure (Kalia et al., 2018). DRP1 

self-assembles into large oligomeric structures forming spirals around the constriction 

sites on the OMM upon GTP hydrolysis (Lu et al., 2018). Interestingly, it was recently 

discovered that the ER is not only required for the initial step of mitochondrial division, 

but it also forms a signalling platform for metabolite exchange, and cell death. Upon 

dephosphorylation by calcineurin, DRP1 is specifically recruited to mitochondria-ER 

contact sites (Friedman et al., 2011). 

 

Figure 4. Structural domains of the mitochondrial fission proteins and their post-translational 

modifications. Post-translational modifications are indicated by P (Phosphorylation), N (S-

nitrosylation), S (SUMOylation), G (O-GLcNAcylation). BSE, bundle signalling elements; CC, coil-coil; 

GED, GTPase effector domain; NTD, nucleotidyl transferase domains; PH, Pleckstrin homology; PR, 

Proline rich; RR, repeat regions; TM, transmembrane. Adapted from (Tilokani et al., 2018) 
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The coplayers: FIS1, MFF, MiD49 and MiD51 

Unlike classical dynamin, DRP1 does not have a definite PH domain. Therefore 

it is recruited to membrane fission sites by specific adaptors proteins. In yeast, the 

DRP1 orthologue DNM1 is recruited to the OMM via the membrane-anchored protein 

FIS1 (Mozdy et al., 2000) and two receptors MDV1 (Tieu and Nunnari, 2000) and 

CAF4 (Griffin et al., 2005). However, orthologues for MDV1 and CAF4 has not been 

identified yet in higher eukaryotes. 

FIS1. FIS1 is anchored at the C-terminal to the OMM. It was initially described 

as the only DRP1 adaptor protein, although conflicting evidences regarding its function 

were recently reported. Early studies showed that FIS1 overexpression resulted in 

mitochondria fragmentation, while its inhibition induced mitochondria elongation 

(Stojanovski et al., 2004; Yoon et al., 2003; Yu et al., 2005). Nevertheless, FIS1 

inhibition does not abrogate DRP1 recruitment on OMM (Lee et al., 2004). Moreover, 

in a recent work, Fis1-/- HeLa cells does not significantly show an alteration of the 

mitochondrial morphology, and deletion of FIS1 gene does not disrupt mitochondrial 

morphology and DRP1 recruitment to OMM (Otera et al., 2010). An hypothesis, which 

was recently proposed, concerns the main role of FIS1 in mitochondrial fission as 

possibly cell-specific (Chan, 2012). 

MFF. The tail-anchored mitochondrial fission factor (MFF) protein is a well-

established receptor for DRP1. Overexpression of MFF produces mitochondrial 

fragmentation (Otera et al., 2010), while MFF knockdown causes mitochondrial and 

peroxisome elongation and a reduction in DRP1 recruitment on the OMM (Gandre-

Babbe and van der Bliek, 2008; Otera et al., 2010). Immunoprecipitation experiments 

showed a direct association between MFF and DRP1 (Lee et al., 2004; Otera et al., 

2010). 

MiD49 and MiD51. The mitochondrial dynamics protein of 49 kDa (MiD49) and 

the mitochondrial dynamics protein of 51 kDa/mitochondrial elongation factor 1 

(MiD51/MIEF1) are similar proteins with a transmembrane domain at the N-terminus. 

They have a nucleotidyltransferase domain and MiD51 requires ADP as a cofactor to 

stimulate DRP1 oligomerization and GTPase activity (Loson et al., 2014; Richter et 

al., 2014). Two-hybrid and coimmunoprecipitation experiments demonstrated a direct 

interaction of the MiD proteins with DRP1 (Palmer et al., 2013). Overexpression of 

either protein in mammalian cells causes an elongation or a collapse of the 

mitochondrial network with an increased recruitment of DRP1 on OMM (Gomes et al., 

2011; Palmer et al., 2013). It was hypothesized that the increased DRP1 recruitment, 

caused an inactivation of the protein, thus producing a fission defect. Interestingly, 

knockdown of either MiD49 or MiD51/MIEF1 had no effect on mitochondrial 

morphology, but double knockdown of both phenocopies MFF knockout. However, 

another study found that MiD51 KO results in mitochondrial fragmentation, leading to 
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the conclusion that MiD51 recruits DRP1 and acts as an inhibitor of its fission activity 

(Osellame et al., 2016). Furthermore, Palmer and colleagues discovered that MFF and 

MiDs act independently on Drp1 recruitment and activity (Palmer et al., 2013). Thus, 

it was hypothesized that MFF and MiDs have distinct but complementary roles. In 

particular, MiDs recruit DRP1 GTP-bound state to facilitate its oligomerization, 

whereas MFF recruits oligomeric and active forms of DRP1. Intriguingly, 

MiD49/MiD51-dependent recruitment of DRP1 to mediate mitochondrial fission has 

been linked with cristae remodelling during intrinsic apoptosis. Otera and colleagues 

found that MiD49/MiD51 KO and DRP1 KO cells counteract cristae remodeling and 

cytochrome c release during apoptosis, but disassemble OPA1 complexes (Otera et 

al., 2016). These evidences indicate that the MiD proteins are important regulators of 

DRP1 activity, but more studies are necessary to understand the exact regulatory 

mechanisms. 

1.2.1.2 Regulation of mitochondrial fission 

Multiple post-translational modifications are involved in the regulation of DRP1 

activity (Fig. 4). The most studied are the phosphorylation at serine 616 (S616), pro-

fission form, and serine 637(S637), pro-fusion form (the numbers correspond to the 

aminoacids of the human DRP1 isoform 1). During mitosis, cdk1/cyclin B kinase 

phosphorylates DRP1 S616, inducing its oligomerization and mitochondrial fission 

(Taguchi et al., 2007). Protein kinase C (PKC) (Qi et al., 2011) and the Ca2+-

/calmodulin-dependent kinase II (CaMKII) phosphorylate S616 during cell death (Kim 

et al., 2016; Xu et al., 2016b), while ERK-1/2 phosphorylates it during cancer cell 

invasion (Kashatus et al., 2015; Serasinghe et al., 2015) and cell reprograming (Prieto 

et al., 2016). Instead, during starvation, protein kinase A phosphorylates DRP1 on 

S637 inhibiting fission and protecting mitochondria from autophagy (Gomes et al., 

2011) and cell death (Chang and Blackstone, 2007; Cribbs and Strack, 2007). S637 

is located in the GTPase effector domain, and phosphorylation impairs the interaction 

of the GED with the middle domain and reduces the GTP hydrolysis activity (Chang 

and Blackstone, 2007). Dephosphorylation of S637 is performed by the calcium-

dependent phosphatase calcineurin during cell death (Cereghetti et al., 2008; Cribbs 

and Strack, 2007; Slupe et al., 2013) and PGAM5 during necrosis (Wang et al., 

2012b). Other kinases that phosphorylated DRP1 are Rho-associated coiled coil-

containing protein kinase 1 (ROCK1) (Wang et al., 2012a) and glycogen synthase 

kinase 3β (GSK3B)(Yan et al., 2015). The effect of S637 phosphorylation on DRP1 

function seems to be dependent on the cellular context. 

DRP1 activity can be also modulated through the sumoylation of residues in the 

B domain controlling the protein association with the membrane, fission activity and 

cell death (Braschi et al., 2009; Prudent et al., 2015; Wasiak et al., 2007). In addition, 

DRP1 variable domain can be ubiquitinated, for example by Parkin (Wang et al., 
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2011), S-nitrosylated (Haun et al., 2013) and be subject to O-GluNAcylation (Chang 

and Blackstone, 2010; Gawlowski et al., 2012) 

Notably, DRP1 receptors can be similarly controlled by post-translational 

modifications. For example, MFF phosphorylation enhances DRP1 recruitment to 

OMM, fission and degradation of damaged mitochondria (Toyama et al., 2016). 

Whereas, MiD49 ubiquitination by MARCH5/MITOL leads to its degradation (Xu et al., 

2016a). 

1.2.1.3 In search for an IMM fission machinery 

IMM fission occur in coordination with OMM fission to ensure the correct 

division of the organelle. In contrast to OMM fission, the molecular events that induce 

IMM division are poorly understood and, until now, no machinery has been discovered. 

However, some model for IMM fission were recently proposed: 

a. Cho and colleagues discovered that the IMM constriction occurs at 

mitochondria-ER contact sites through a Ca2+-dependent process. It was 

shown that independently of OMM fission, Ca2+ influx in mitochondria leads 

to IMM constriction, while the loss of the mitochondrial calcium uniporter 

(MCU) induces mitochondrial elongation (Chakrabarti et al., 2018; Cho et 

al., 2017; Hom et al., 2007). 

b. Instead, in neurons, Ca2+ influx in mitochondria induces a decrease of the 

membrane potential that lead to OMA1 activation and OPA1 processing. 

With the accumulation of s-OPA1, the MICOS complex can no longer 

stabilize OMM-IMM tethering. This might lead to the IMM constriction (Cho 

et al., 2017). This proposed mode of action confirms the role previously 

described for S-OPA1 in fission. 

1.2.2 Mitochondrial fusion 

1.2.2.1 Mitochondrial fusion machinery 

During mitochondrial fusion, two events take place: OMM and IMM fusion. Live 

images indicate that the two fusion events are coordinate and normally occur 

simultaneously. They result in mixing of the membranes, the IMS and the matrix of the 

mitochondria. However, outer and inner membrane fusion can be temporally 

separated under specific experimental conditions. In mammals, the key players of 

mitochondrial fusion are three dynamin superfamily large GTPases: the mitofusins 

MFN1 and MFN2 for the OMM, and OPA1 for the IMM (Fig. 5). 
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Figure 5. Structural domains of the mitochondrial fusion proteins and their post-translational 

modifications. The classical model proposes that MFNs contain two transmembrane (TM) domains in 

between HR1 and HR2 domains. Alternatively, MFNs have been recently demonstrated to have only 

one TM that lies between the two HR domains. Cysteine residues, sensitive to oxidative stress are 

located in the C-terminal located in the IMS (only MFN2 structural domains are represented but this 

new topology is also applicable to MFN1). Post-translational modifications are indicated by P 

(Phosphorylation), A (Acetylation) or U (Ubiquitination). GED, GTPase effector domain; HR, heptad 

repeat; MTS, mitochondrial targeting sequence; PR, Proline rich; TM, transmembrane. Adapted from 

(Tilokani et al., 2018) 

 

The architects of the OMM: MFN1 and MFN2 

Mitofusins are conserved from yeast to humans and the first mitofusin 

orthologue, fuzzy onion (FZO1), was characterized in Drosophila melanogaster. 

Mammals have two mitofusins, MFN1 resides in the OMM and promotes membrane 

fusion, while MFN2 localizes to both mitochondria and ER and is also able to tether 

the two organelles in trans. They have two transmembrane domains separated by a 

short loop and expose in the cytosol the GTPase domain at the N-terminal region, a 

coil-coil heptad repeat 1 (HR1) domain and the HR2 domain at the C-terminal (Fig. 5) 

(Chen et al., 2003; Rojo et al., 2002; Santel and Fuller, 2001). Mitofusins 

overexpression lead to aggregation of the mitochondrial network near the nucleus 

(Eura et al., 2003). MFN1 KO induces mitochondrial fragmentation, while MFN2 KO 

produces swollen spherical mitochondria with a less marked defects, both are required 

for embryonic development (Chen et al., 2003). This phenotype can be explained by 

the fact that MFN1 has a greater GTPase activity (Ishihara et al., 2004) and is also 

necessary for OPA1-mediated IMM fusion (Cipolat et al., 2004), whereas MFN2, in 

addition to its role in mitochondrial fusion, is implicated in the regulation of the 

mitochondria-ER contact sites tethering (de Brito and Scorrano, 2008; Dorn and 

Maack, 2013; Filadi et al., 2015). In fact, MFN1 is able to fully rescue the phenotype 

of MFN1-/- or MFN2-/- cells, while MFN2 can only partially correct the mitochondrial 

defects of MFN1-/- cells. (Chen et al., 2005). 
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The architect of the IMM: OPA1 

The IMM fusion is mediated by the large GTPase dynamin OPA1 and specific 

membrane lipid components, as cardiolipin. OPA1 knockout leads to mitochondrial 

fragmentation, while OPA1 overexpression produces mitochondrial elongation 

(Griparic et al., 2004). OPA1 is evolutionary conserved and was initially described in 

the yeast model (Mgm1p) (Sesaki et al., 2003). Mammalian OPA1 exists in eight 

splice-variants and its structural organization resembles that of the classical dynamins, 

but with some variation. OPA1 is inserted in the IMM with its transmembrane domain 

at the N-terminal, while the majority of the protein is exposed to the IMS (Fig. 5) 

(Olichon et al., 2002). OPA1 retain at least two proteolytic cleavage sites, which allow 

the generation of a shorter and soluble fragments (s-OPA1). Reduction of OPA1 

results in mitochondrial fragmentation (Chen et al., 2005; Cipolat et al., 2004; Griparic 

et al., 2007), cristae disorganization (Frezza et al., 2006b; Griparic et al., 2004; Olichon 

et al., 2003b), impaired respiratory capacity (Cogliati et al., 2013b), and higher 

sensitivity to apoptosis (Frezza et al., 2006b; Griparic et al., 2004). Also OPA1 has 

also a role in the control of the cristae junctions diameter during apoptosis (Frezza et 

al., 2006b). OPA1 architecture, functions and the proposed IMM fusion mechanism 

will be extensively discussed in Chapter 3. 

1.2.2.2 Regulation of mitochondrial fusion 

OPA1 is regulated through several mechanisms. The OPA1 gene encodes 

eight mRNA splice variants, regulated by differential splicing (Delettre et al., 2001). In 

each mRNA splice the transmembrane is followed by a protease cleavage site (S1). 

Four variants have an additional protease cleavage site (S2). Consequently, each 

mRNA splice variant can potentially produce two or more protein isoforms. Upon 

import, the mitochondrial targeting signal is cleaved by the mitochondrial processing 

peptidase to produce a long isoform (l-OPA1) anchored to the IMM. The protein can 

also be cleaved at either S1 or S2 to produce a short isoform (s-OPA1) without the 

transmembrane segment (Fig.13). Since mitochondrial fusion depends on a balance 

ratio of long to short OPA1 isoforms, the proteolytic processing of OPA1 at S1 and S2 

is the major source of regulation (Song et al., 2007). OPA1 proteolytic cleavage is 

enhanced in different situations: 

• Mitochondrial dysfunction, as loss of membrane potential, apoptosis, high 

number of mtDNA mutations. In these situation s-OPA1 represent the major isoform 

and fusion activity decrease (Duvezin-Caubet et al., 2007; Ishihara et al., 2006). 

• The mitochondrial protease OMA1 cleaves OPA1 at S1 under stress conditions 

and mitochondrial membrane depolarization. 

• The mitochondrial protease Yme1L cleaves OPA1 at S2 site and is activated 

after stimulation of OXPHOS. 
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• The prohibitins also play a role in the regulation of OPA1 processing, in fact, 

PHB2 knockout cells selectively loss l-OPA1 and exhibit defects in mitochondrial 

fusion (Merkwirth et al., 2008). 

Only few modifications were associated with MFN1-2 (Fig. 5). The activity of 

MFN1 is regulated by: 

• ubiquitination and acetylation promote MFN1 degradation during mitochondrial 

stress (Park et al., 2014). 

• deacetylation of MFN1 enhances fusion during starvation (Lee et al., 2014). 

• phosphorylation of MFN1 HR1 domain by the extracellular-signal-regulated 

kinase (ERK) inhibits mitochondrial fusion and promotes apoptosis (Pyakurel et al., 

2015). 

The activity of MFN2 is also regulated by: 

• ubiquitination by Huwe1 (Leboucher et al., 2012), Parkin (Chen and Dorn, 

2013), and MARCH5 (Nagashima et al., 2014; Sugiura et al., 2013) to control its 

activity and stability. 

• Phosphorylation by PINK1 Parkin lead to mitophagy (Chen and Dorn, 2013). 

• Phosphorylation by JNK and ubiquitination by Huwe1 induce MFN2 

degradation and leads to mitochondrial fragmentation and apoptosis (Leboucher et 

al., 2012). 

1.2.3 Biological functions of mitochondrial dynamics 

The regulation of mitochondrial dynamics through fusion and fission allows the 

fast adaptation of mitochondria to the cell requirements. Both fused and fragmented 

networks are fundamental during different physiological process and conditions. 

Mitochondrial inheritance 

Mitochondrial network fragmentation during mitosis allows an equal partitioning 

of mitochondria to the daughter cells, in a stochastic manner. DRP1 regulates this 

process upon activation by Cdk1/cyclin B (Kashatus et al., 2011; Taguchi et al., 

2007)(Kashatus et al., 2011; Taguchi et al., 2007). 
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Figure 6. Biological functions of mitochondrial dynamics. Division is required for inheritance and 

partitioning of organelles during cell division, for the release of pro-apoptotic factors from the 

intermembrane space, for intracellular distribution by cytoskeleton-mediated transport and for turnover 

of damaged organelles by mitophagy. Fused mitochondrial networks are important for the dissipation 

of metabolic energy through transmission of membrane potential along mitochondrial filaments and for 

the complementation of mitochondrial DNA (mtDNA) gene products in heteroplasmic cells to counteract 

decline of respiratory functions. Adapted from (Westermann, 2010) 

Mitochondrial distribution 

Proper mitochondrial distribution within the cell depends on balanced 

fission/fusion processes that allow to split the mitochondrial network into transportable 

units. Defects in mitochondrial fission, as DRP1 or deficiency, result in highly 

interconnected networks that accumulate in restricted areas, leaving the major part of 

the cell devoid of mitochondria. This defective phenotype is particularly severe in 

neurons, where the mitochondria accumulate in the cell body leaving only few clumped 

mitochondria in the neurites (Ishihara et al., 2009). On the contrary, defects in 

mitochondrial fusion produce highly fragmented networks that fail to distribute across 

the long and branched neurite processes. Indeed, Mfn2-/- conditional knockout mice 

show specific degeneration of Purkinje neurons, which are among the largest brain 

neurons, located in the cerebellum, characterized by a single long axon and a large 

number of branched dendritic spines (Chen et al., 2007). 

mtDNA stability 

Cell with impaired mitochondrial fusion show a severe reduction (up to two 

thirds) of the mtDNA level (Chen et al., 2010). Furthermore, they also display a defect 

in the distribution of mtDNA nucleoids with a mitochondrial subpopulation devoid of 

them (Chen et al., 2007). Since mtDNA encode 13 essential subunits of respiratory 

chain, reduction of mtDNA levels generates serious respiratory deficiencies. This is 
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particularly truth for the muscle cells that undergo to a high increase of mtDNA levels, 

relative to nuclear DNA, during the first two months of life (Chen et al., 2010). A study 

by Chen and colleagues show that transgenic mice lacking MFN1 and MFN2 in 

skeletal muscle display 90% loss of mtDNA levels, compared to WT, and increased 

accumulation of point mutations and mtDNA deletions, followed by loss of respiratory 

complex activity and muscle atrophy (Chen et al., 2010). 

Respiratory functions 

Beyond the negative effects caused by a decline in mtDNA levels, the 

mitochondrial respiratory capacity is also directly reduced by defects in mitochondrial 

fusion, as in MFN1-2 DKO or OPA1 KO cells (Chen et al., 2005). In particular, OPA1-

/- cells display a severe defect in cristae structure that seems to further enhance the 

respiratory deficiency (Cogliati et al., 2013b). In case of Purkinje and skeletal muscle 

cells, there is a compensatory but futile increase in mitochondrial content (Chen et al., 

2007; Chen et al., 2010). 

Mitochondrial quality control 

The content mixing between mitochondria occurs in two occasion: the 

mitochondrial fusion, and the “kiss-and-run” events, where two mitochondrial touch 
each other, mix their content, but do not merge neither change their morphology (Liu 

et al., 2009). Content exchange has multiple fundamental roles. (i) In healthy cells, 

during mitochondrial biogenesis, it is necessary that nuclear- and mitochondrial-

encoded sets of proteins are coordinately regulated. Content mixing guarantees that 

mitochondria within the cell act as a coherent population, while maintaining genetic 

and biochemical uniformity, and preventing the mitochondria to act autonomously, and 

their biochemical and functional profiles to diverge. (ii) Mitochondrial fusion plays also 

a protective role in certain pathological conditions. Cells can tolerate a high number of 

mtDNA mutations without a reduction in respiratory activity thanks to the high copy 

number of mtDNA and the inter-mitochondrial complementation of mtDNA mutation 

(DiMauro and Schon, 2003; Nakada et al., 2001). As an example, if two isolated 

mitochondria carry mutations in two different genes, both will have defects in 

respiration. However, if these mitochondria fuse, each of them will contribute with a 

functional allele and produce a functional protein, thus restoring the respiratory activity. 

The coexistence of WT and mutant mtDNA in the same cells is called heteroplasmy. 

OPA1 KO and MFN1-2 DKO display an increased heterogeneity in the mitochondrial 

population (Chen et al., 2007). 
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Dissipation of metabolic energy 

In muscle cells, the mitochondrial fusion is required for the dissipation of 

metabolic energy. In these cells, a large continuous mitochondrial network connects 

the high amount of mitochondria of the oxygen-rich periphery with the mitochondria of 

the oxygen-poor cell core. This network acts as an electrical system to dissipated the 

membrane potential generated in the periphery over the entire cell body, in order to 

allow to generated ATP also in the remote parts of the cell (Amchenkova et al., 1988; 

Skulachev, 2001). 

Adaptation to cellular stress 

The stress-induced mitochondrial hyperfusion (SIMH) is a mitochondrial pro-

survival response to different cellular stresses, as UV irradiation, nutrient starvation, 

inhibition of RNA transcription or protein translation, which results in an increased 

fusion prompted by on MFN1, OPA1 and stomatin-like protein 2 120. Other studies 

highlighted the role of mitochondrial fission inhibition in the escape from autophagy. 

During starvation, autophagy is activated but mitochondria with inhibited fission 

elongate and escape. Mutant cells that are unable to elongate show an increased 

mitophagy (Gomes et al., 2011; Rambold et al., 2011). Indeed, upon autophagy 

activation, MFN1-2 and MIRO1-2, which are involved in the mitochondrial trafficking, 

are rapidly degraded, while DRP1 is recruited to the OMM (Chan et al., 2011; Gegg et 

al., 2010; Poole et al., 2010; Tanaka et al., 2010). Probably fission is needed to reduce 

the size of the mitochondria providing substrates more suitable for the engulfment 

process. Moreover, mitochondrial fusion is increased under stress conditions that 

involve mitochondrial ATP production (Tondera et al., 2009) and during the G1 to S 

transition, when mitochondrial ATP synthesis is enhanced (Mitra et al., 2009). 

Regulation of apoptosis 

Both mitochondrial fusion and fission play an important role in the regulation of 

apoptosis. DRP1 mediates mitochondrial fragmentation prior to OMM 

permeabilization. Furthermore, it was shown that DRP1 and mitofusins interact with 

the pro-apoptotic proteins BAX and BAK, emphasising the link between the 

mitochondrial shaping proteins and apoptotic proteins (Brooks et al., 2007; Karbowski 

et al., 2002; Wasiak et al., 2007). Despite several controversial persist on the exact 

role of DRP1 in apoptosis, there are more evidences on the anti-apoptotic function of 

OPA1. OPA1 is the key regulator of apoptotic cristae remodelling process and 

cytochrome c release (see Chapter 4.3) (Cipolat et al., 2006; Cogliati et al., 2013b; 

Frezza et al., 2006b; Glytsou et al., 2016; Scorrano et al., 2002). 

 





 

Chapter 2 Dynamin superfamily 

2.1 Common features 

Dynamin superfamily proteins comprise multidomain mechano-chemical 

GTPases, which are generally involved in nucleotide-dependent membrane 

remodeling events (Praefcke and McMahon, 2004). Dynamins differ from small Ras-

like and regulatory GTPases, because they show five main features that are not 

conserved in the latter ones: (i) a large GTPase domain ( 300 aminoacids); (ii) a low 

nucleotide binding affinity that do not require GTPase­activating proteins (GAPs) and 

guanine nucleotide exchange factors (GEFs); (iii) a nucleotide-dependent 

dimerization; (iv) a high basal rate of GTP hydrolysis that cooperatively increase with 

protein oligomerization; (v) an ability to assemble into regular oligomers on appropriate 

templates (Daumke and Praefcke, 2016; Heymann and Hinshaw, 2009; Praefcke and 

McMahon, 2004). 

Based on their domain architecture, dynamin superfamily proteins are classified 

into two subclasses. (i) The “classical dynamins” show sequence homology with the 

founder member of the dynamin family, the mammalian dynamin, discovered as a 

microtubule-associated protein in 1989 (Shpetner and Vallee, 1989). They include five 

identifiable domains: a GTPase domain, a middle domain, a pleckstrin homology (PH) 

domain, a GTPase effector domain (GED) and proline-rich domain (PRD). (ii) The 

dynamin-related proteins (DRPs) have homology to dynamin in the GTPase domain, 

but they lack one or more domains or have more additional regions not present in the 

classical dynamins (Praefcke and McMahon, 2004). Unlike classical dynamins, they 

comprise a wider group of different dynamins subclasses. 

2.2 Subclasses 

Despite common biochemical and structural features, dynamin superfamily 

members have distinct subcellular localizations and domain architectures related to 

their specific functions in the cell (Heymann and Hinshaw, 2009). Thus, they 

commonly fall into the following subclasses (Fig.7): 
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Figure 7. Classification and domain architecture of the human dynamin superfamily. Dynamin-

superfamily members have been grouped according to their domain structure and their accession 

numbers are shown. The decreasing intensities of the colours of the domain correspond to decreasing 

sequence homology. All dynamins contain a GTPase domain that binds and hydrolyses GTP, a middle 

domain and a GTPase effector domain (GED) involved in oligomerization and stimulation of GTPase 

activity. Most dynamins contain a domain for interactions with lipid membranes: the pleckstrin-homology 

(PH) domain, a transmembrane domain or a particular sequence. Classical dynamins contain a proline-

rich domain (PRD) at the C-terminus that interacts with Src-homology-3 (SH3) domains. DLP, dynamin-

like protein; GBP1-4, guanylate-binding protein 1-4; OPA1, optic atrophy 1. From (Praefcke and 

McMahon, 2004) 

Classical dynamins. This family owns the five aforementioned domains: 

GTPase domain, middle domain, PH domain, GED and PRD, and comprises 

mammalian dynamins 1, 2 and 3. Dynamin 1 (DNM1) is enriched in the presynapse of 

neurons, dynamin 2 (DNM2) is ubiquitously expressed and dynamin 3 (DNM3) is 

prevalently found in the brain and in the testis. Each of the three mammalian dynamins 

has multiple splice variants, while D. melanogaster and C. elegans retain only one 

isoform (Cao et al., 1998). They have a role in scission of clathrin-coated vesicles 

leading to endocytosis, but also in non clathrin-mediated budding events at caveolae 

and phagosomes. They function in synaptic vesicle recycling, in Golgi trafficking, in 

the formation of podosomes, in actin rearrangement and cytokinesis (Hinshaw, 2000). 

Dynamin-like proteins (Dlps). These proteins are missing the PRD and 

comprise a PH-like domain between the middle domain and the GED. There is a single 

Dlp homologue per organism, conserved from yeast to human, involved in division of 

organelles, as mitochondria or peroxisomes (Gammie et al., 1995; Labrousse et al., 

1999; Shin et al., 1997). 

Mx-like proteins. Proteins of this family are missing the PRD and the PH 

domain. The expression of human MxA and MxB is induced by type I interferons and 

MxA displays antiviral activity (Staeheli et al., 1986). 
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OPA1/Mgm1 proteins. This family presents the same domain architecture of 

Dlps, but it also contains additional regions: a mitochondrial import sequence at the N-

terminal followed by a transmembrane domain and a coiled-coil domain. These 

proteins are conserved from yeast to human, are localized in the inner mitochondrial 

membrane and are involved in mitochondrial fusion (Alexander et al., 2000; Delettre 

et al., 2000; Olichon et al., 2002). 

Mitofusin/Fzo1 proteins. Proteins within this family have a transmembrane 

domain in place of the PH domain and their C-terminal has weak homology with GED 

of dynamin. They are present from yeast to humans, are localized in the cytoplasmic 

side of the outer mitochondrial membrane and are involved in mitochondrial fusion 

(Hales and Fuller, 1997; Santel and Fuller, 2001). 

Guanylate-binding proteins (GBPs)/atlastins. They are two groups of similar 

proteins that are not comprised in the DRPs, but were probably arisen from a common 

ancestor. They only display homology with GTPase domain of dynamin. GBP are 

involved in interferon II-induced photogenic resistance and are not found in D. 

melanogaster and C. elegans (Anderson et al., 1999). Unlike dynamins, they can 

hydrolyze GTP to GDP and also to GMP (Schwemmle and Staeheli, 1994). Atlastin 

plays a role in the vesicle trafficking at the cis-Golgi (Zhu et al., 2003). 

2.3 Structure and domains architecture 

The minimal architectural structures shared by all dynamins are the large 

GTPase domain, the middle domain and the GED, involved in the oligomerization and 

the regulation of the GTPase activity. 

2.3.1 GTPase domain 

The defining feature of dynamin superfamily is the amino-terminal GTPase 

domain of approximately 300 aminoacids. This is the most highly conserved region 

and its length allows distinguishing it from those of the other GTPase proteins. 

As many regulatory GTP-binding proteins, GTPase domain of dynamin 

superfamily members contains five conserved GTP-binding motifs (G1-G5). The G1 

motif, with the consensus GXXXXGKS/T, forms the P-loop region, also present in 

ATPases. It coordinates the -phosphate, while the terminal serine/threonine 

participates in Mg2+ binding (Saraste et al., 1990). The conserved threonine of the G2 

motif and the DxxG residues of G3 motif mediate respectively a direct or water-

mediated contact with Mg2+. The regions encompassing these two motifs directly 

interact with -phosphate and undergo a conformational change during GTP 

hydrolysis. Therefore, they are called switch I (G1) and switch II (G3) regions. The 

switch region is flexible in the GDP-bound state but are stabilized in GTP-bound form 
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(Vetter and Wittinghofer, 2001). A hydrophobic residue following the G3 motif 

stabilizes the conformation of switch II. The highly conserved aspartate in the N/TKxD 

motif of G4 mediates the specific binding to GTP (Niemann et al., 2001). The G5 motif 

is not well conserved among dynamin superfamily and is involved in binding the ribose 

moiety. 

2.3.2 Middle domain and GED 

The middle domain is the most divergent region among dynamin superfamily 

and lacks sequence homology to any known structural motif. Cryo-electron 

microscopic studies of assembled dynamins in GDP-bound and nucleotide-free states 

suggested the presence of a stalk region, composed of the middle domain and the 

GED, that mediate inter-molecular interaction (Zhang and Hinshaw, 2001). Based on 

a structural visualization of the protein, the middle domain and the GED arrange 

themselves into two district domains: the stalk and the bundle signaling element 

(BSE). The stalk comprises the C-terminal sequence of the middle domain and the N-

terminal of the GED (Fig. 8). Mutagenesis experiments of dynamin, demonstrated the 

critical role of the middle domain in intermolecular interactions (Ramachandran et al., 

2007). In 2011, two independent groups resolved the crystal structure of human 

dynamin 1, providing insight into the mechanism of dynamin assembly and 

mechanochemical coupling during GTP hydrolysis. The stalk forms an antiparallel 

four-helix bundle that was shown to mediate the assembly of dynamin 1 by providing 

three different assembly interfaces (Ford et al., 2011b). It was found to mediate 

dynamin 1 oligomerization and the formation of high-order structures, as rings or 

spirals. The stalk interacts also with the PH domain and the BSE. In the majority of 

dynamin superfamily members, the C-terminal helix of the helical bundles folds back 

to the GTPase domain, allowing a tight coupling of GTP binding/hydrolysis and 

oligomerization. (Faelber et al., 2011; Ford et al., 2011b) . 

2.3.3 PH domain 

The PH domain derives its name from pleckstrin, the major substrate of protein 

kinase C in platelets, where it was first identified. This domain is a membrane binding 

motif located at the tip of the stalk, at the opposite end relative to the GTPase domain. 

In dynamin this region mediates the binding to lipid membranes containing 

phosphatidyl-inositol phosphates, whereas the other members of the dynamin 

superfamily do not contain such a specialized domain. At the same position to interact 

with membranes Mx and DNML1 contain a large loop region, while EHD2 retains a 

polybasic helix. Instead, atlastin, mitofusin and BDLP have a transmembrane domain 

(Daumke and Praefcke, 2016). OPA1/Mgm1p is a special case, because it holds a N-

terminal transmembrane domain, which is, however, not necessary for in vitro 

tubulation and not required for efficient liposome binding (DeVay et al., 2009). Thus, 
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has been suggested the existence of a membrane-binding region at the tip of the stalk 

that can specifically interact with negatively charged phospholipids of mitochondrial 

membranes (Meglei and McQuibban, 2009). 

 

Figure 8. Structure of nucleotide-free human dynamin 1. (a) Structure-based domain architecture 

of human dynamin 1. The correspondent classical domains are indicated below. (b) Crystal structure 

(ribbon-type) of human dynamin 1. Not resolved regions are indicated with dotted lines. Domains and 

secondary structure elements are labelled and represented with the colour assigned in (a). Lipid-binding 

residues are indicated as o. From (Faelber et al., 2011) 

2.4 GTPase activity 

All dynamin proteins share a highly conserved GTPase core domain of about 

300 aminoacids residues, comprising four motifs (G1-G4) that participate in specific 

interactions with the nucleotide. The structure of the GTP-binding domain consists of 

eight-stranded β-sheets, with six parallel and two antiparallel strands, surrounded by 

nine α-helices (Niemann et al., 2001). DRP comprise the core G domain of Ras-related 

GTPases, six-stranded β-sheets, with one antiparallel strand, surrounded by five α-

helices (Fig. 9a). However, the specific insertions that extend the GTPase domain of 

dynamin proteins confer them unique biochemical and biophysical properties in 

respect of Ras GTPases. 

Given the low affinity of dynamins for GTP, they do not require guanine 

nucleotide exchange factors (GEFs) or GTPase-activating factors (GAFs) for 

catalyzing nucleotide release. Furthermore, unlike Ras GTPases, they display a 

relatively high basal GTP hydrolysis rate and are predicted to be constitutively loaded 
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with GTP (Krishnan et al., 2001). These unique properties make DRP extremely 

sensitive to the changes of the cell energy status. 

2.4.1 Oligomerization-stimulated GTPase activity 

How is the GTPase domain dimerization, and thus the related GTPase activity, 

controlled to prevent futile cycles of GTP hydrolysis? A unique property of DRPs, 

unlike Ras regulatory GTPases, is their ability to self-assemble into oligomers on 

specific membrane templates. This characteristic behavior was found to modulates 

their GTPase activity. In fact, while Ras GTPase activity is controlled by GAPs, DRPs 

activity is controlled by self-oligomerization. Dynamins basal rate of GTP hydrolysis 

cooperatively increases with protein concentration. Upon self-assembly or 

reconstruction in target membrane templates, GTP activity is further enhanced by 

more than 200-fold. 

Despite the great advances in high-resolution structural biology, the molecular 

mechanisms triggering the basal GTPase activity of DRPs and its functional 

significance have remained mostly unresolved. An interesting recent work of Lu and 

colleagues (Lu et al., 2018) showed that the basal and the assembly-stimulated 

GTPase activities of Drp1 both play critical and distinctive roles in endocytic vesicle 

scission. Based on their findings with Drp1, they speculated that the basal GTPase 

activity of dynamin and Drp1 play a role in the generation of membrane-active dimers 

from tetramers or higher-order oligomers in solution, respectively. Their data 

suggested that the Drp1 basal GTPase activity shifts the oligomerization equilibria of 

Drp1 in solution toward a more favorable assembly-competent dimers that can bind 

membranes and induce the nucleation of higher-order helical self-assembly (Fig.9b).  

To date, dynamin remains the most extensively characterized DRP and has become 

the archetype to study the structures and the dynamics of DRPs. In cytosol dynamin 

predominantly forms tetramers, consisting of two dimers dimerized via interface 2, the 

central region of the stalk. The two dimers are then associated to form tetramers via 

interface 1, at the tips of the interacting stalks adjacent to the GTPase domain and the 

BSE, and interface 3, at the distal end of the stalks (Fig.9c) (Faelber et al., 2011; Ford 

et al., 2011b). Further assembly of DRPs in solution is auto-
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Figure 9. Comparison of GTPase domains from different GTPases and oligomerization model 

of DRPs.  (a) Superposition of Dyn1 (tan, PDB ID: 1JX2) and H-Ras (sky blue, PDB ID: 121P) 

GTPase domains showing the extended -sheet in Dyn1 (eight-stranded versus six-stranded in 

HRas) along with additional -helices and loops. (b) Model of Drp1 dimer nucleation and

oligomerization-stimulated GTPase activity of Drp1 on OMM. Upon membrane binding, Drp1 

optimizes the nucleotide-dependent G-domains dimerization to achieve a robust cooperative GTPase 

activity. Specific CL interactions locates the variable domain (VD) and relieves the strong VD-

dependent steric interference of helical inter-rung G-domain dimerization result in an enhancement 

of the cooperative GTPase activity necessary for the membrane constriction and fission. Adapted 

from (Lu et al., 2018). (c) Structure of Dyn3 tetramer. The four molecules in the tetramer are coloured 

with different colours; in the molecule on the right each domain is individually coloured with the same

colour-domain association as in Fig.8. The tetramer consists of two dimers, each formed via the

central interface 2. The two dimers are connected via interfaces 1 (left box) and 3 (right box) to build 

the tetramer. One inner molecule is omitted from the detailed view for clarity. Adapted from (Reubold

et al., 2015a) 
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inhibited by the interaction between PH and stalk domains (Fig. 10a). Instead, at the 

neck of clathrin-coated vesicles, dynamins oligomerize to mediate constriction and 

scission of the membrane. In a recent work, Reubold and colleagues (Reubold et al., 

2015b) crystallized the dynamin tetramer suggesting a mechanism by which dynamins 

oligomerization at the membrane sites is linked to the release of intramolecular 

autoinhibitory interactions. In solution, the PH domain preferentially interacts with stalk 

domain in an autoinhibitory “closed” conformation. However, upon membrane 

recruitment, the PH domain is shifted along the stalk and toward the lipid surface 

releasing the autoinhibitory contacts (“open” conformation) (Fig.10b). 

It follows that the PH domain of classical dynamins plays key functions in both 

membrane binding and oligomerization. It should be noted that the affinity of a single 

PH domain for lipid headgroup is low, so the strong interaction between dynamins and 

lipids relies on high avidity caused by protein oligomers. However, as previously 

described (Chapter 2.2), the DRPs do not possess a definite PH domain, unlike 

classical dynamins of the dynamin superfamily. Nevertheless, Dlps contain a PH-like 

domain, between the middle domain and the GED, that is involved in mitochondrial 

membrane binding (Adachi et al., 2016) and similarly MxA protein localizes in the 

endoplasmic reticulum (ER) (Accola et al., 2002). OPA1/Mgm1 has a mitochondrial 

targeting sequence followed by a transmembrane domain that allow the insertion of 

the protein in the IMM. OPA1 also contains a PH-like domain at the tip of the stalk 

involved in cardiolipin interactions (Ban et al., 2017; Ban et al., 2018; DeVay et al., 

2009). Mitofusins/Fzo1 likewise contain a transmembrane domain that ensures the 

insertion of the protein in the external surface of the OMM (Rapaport et al., 1998; Rojo 

et al., 2002). 

Dynamins self-assembly into high order helical polymers around membranes 

containing phosphatidylinositol-4,5-bisphosphate, by interacting with -SH and 

curvature-generating BAR-domain containing proteins. In vivo, dynamin helices are 

built by incorporation of dimer or tetramer elements rather than larger assemblies of 

dynamin (Fig.9b) (Cocucci et al., 2014; Grassart et al., 2014). From a thermodynamic 

point of view, this assembly mode involves many low-affinities contact sites, so that 

the formation of new interactions during helices assembly is compensated by the 

release of autoinhibitory contacts in the dynamin tetramer. The low-affinity interaction 

mode retains an important biological significance, because it facilitates reversibility 

and allows regulation of the dynamins assembly, for example through nucleotide 

binding, hydrolysis or phosphorylation (Reubold et al., 2015b). In conclusion, the 

strictly regulated oligomerization-stimulated GTPase activity on membrane binding 

ensures a thigh control of GTPase activation and prevents futile cycles of GTP 

hydrolysis. Although DRPs exhibit different structural reorganizations and oligomeric 

states, this regulatory mechanism could be extended to all the dynamin superfamily 

members. 



 

 25 

2.4.2 Mechanism of GTP hydrolysis 

Upon self-assembly, conformational changes within G domain in the active site 

of dynamin superfamily proteins, prime them for GTP hydrolysis. Efficient GTP 

hydrolysis requires three conditions: (i) the presence of a water molecule for a 

nucleophilic binding with the  -phosphate, (ii) the neutralization of the negative charge 

arising between the - and -phosphates during the transition state, and (iii) the 

stabilization of the flexible switch regions within the catalytic core (Chappie et al., 

2010). As mentioned before, dimerization of the nucleotide-binding pocket of G 

domains results in cooperative GTP hydrolysis, however, the catalytic mechanism 

differs among dynamins superfamily members. 

GPBs and atlastins possess an internal arginine finger in the P-loop that 

rearranges upon G domain dimerization to stabilize the negative charge arose during 

the transition state of GTP hydrolysis (Ghosh et al., 2006; Praefcke et al., 2004). By 

contrast, the other DRPs and classical dynamins contain a monovalent cation (sodium 

or potassium) in place of the catalytic arginine, which interact with a conserved serine 

in the P-loop and two glycines on switch I to stabilize the transition state. Crystal 

structures of dynamin revealed also the presence of a network of hydrogen bonding, 

salt-bridge and chain interactions that contribute in the cooperative GTP hydrolysis 

and in the stabilization of the G domains dimerization (as described in Chapter 2.3.1) 

These features allow the in cis and in trans coordination of guanine base by the G4 

loop. In particular, three key residues were found to be well retained among all 

dynamin superfamily members: Q40, S41 in the P-loop and D180 in the trans 

stabilizing loop. D180 forms in trans interactions across the dimer interface with Q40 

and S41 of the partner domain stabilizing and position the P-loop and switch I for an 

efficient catalysis. Mutations of Q40, S41 and D180 impair assembly-stimulated GTP 

hydrolysis without significantly modifying basal GTPase activity, attesting the 

importance of these residues in the stabilization of G domain interactions (Chappie et 

al., 2010). 

2.5 Mechanoenzyme 

Dynamin superfamily proteins are described as mechanochemical enzyme, as 

they use the energy derive from GTP hydrolysis to perform a mechanical work that 

involves mainly the lipid membrane remodeling. 

2.5.1 Conformational changes induced by GTP hydrolysis 

What conformational changes occur upon GTP hydrolysis and how these are 

translated into a mechanical force? Structural analysis of few dynamins in various 
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nucleotide-loading states showed quite different structural changes between the 

different dynamin superfamily proteins.  

 

Figure 10. Model for dynamin GTP cycle conformational changes. (a) Nucleotide-dependent 

dynamin conformations. Left, GTP-bound state with open BSE conformation as fitted into the GMPPCP-

bound dimer. Right, transition state of dynamin obtained from the GDP ·NAlF4¯ -bound dimer. Transition 

from open to closed BSE conformation results in movement of stalk domains. The interactions between 

PH and stalk domains inhibits further assemblies of dynamin in solution. (b) Model explaining how the 

GTP hydrolysis-triggered BSE conformational change is transmitted to oligomerized stalk domains. 

Adapted from (Ford et al., 2011b). 

The BSE domain of dynamin adopts two district conformation relative to the 

GTPase domain, according to the nucleotide state. In the GDP-bound state, the BSE 

tightly folds against then backside of the G domain in a “closed” conformation. GTP 
binding and self-assembly promotes the dimerization of G domains via an opening of 

the BSE relative to the GTPase domain (“open” conformation). Relaxation of the 

switch regions following GTP hydrolysis, may stimulate the dissociation of the G 

domain dimer. MxA dimerizes and change conformation upon GTP hydrolysis with a 

similar mechanism. Indeed, the dimeric DNM1L shows a “closed” BSE domain 
conformation in the presence of GTP and an “open” conformation for the nucleotide-

free state. The movement of atlastin between the two nucleotide-loading state is 

completely different compared to dynamin. In the “open” GDP-bound conformation the 

two helical domains protrude in opposite directions with respect to the GTPase domain 

dimer in the center. The GTP binding leads to the tightening of the GTPase domain 

interface in a “closed” conformation, where the helical domains cross over and extend 
in parallel directions directly contacting each other. BDLP dimerizes in the GDP-bound 

form. The membrane-binding “paddle” regions at the tips of the two helical domains 

assemble in a “closed” conformation. In the presence of GTP, the “paddle” inserts into 
membrane and the two helical domains open and protrude in parallel orientation. 

2.5.2 Oligomerization and mechanochemical activity 

The G domains dimerization of fission DRPs occurs between adjacent rungs of 

the helical polymer formed around membrane tubules (Fig.11); whereas for fusion 

DRPs it occurs between flat lattices in opposing membrane bilayers (Fig.12). Instead, 

for Drp1 and Mx the nucleotide-dependent G domain dimerization may also occur 

upon self-assembly in solution. An interesting structure difference between fission and 

fusion DRPs is that the interfaces of G domain dimerization are smaller in fusion DSPs 
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(as MFN1-2) than in fission DSPs (as Dyn1). It has been speculated that this difference 

implies a reduced affinity for GTP and a lower rate of cooperative GTP hydrolysis of 

fusion compared to fission DRPs. This means that fusion DRPs would survive longer 

in a GTP-bound state, more favorable for protein polymerization at membrane sites, 

leaving more time to connect and fuse opposing membranes.  

Constriction model 

The energy of GTP hydrolysis is exploited by dynamin superfamily to perform a 

mechanochemical work on the membrane. Classical dynamins are involved in many 

vesicle scission reactions. The stalk domain mediates the assembly of a right-handed 

helical filament in a relax conformation, that allows the polymer to adopt different 

diameters (Fig.11c, state I). When the filament completes the oligomerization around 

the template, the GTP-bound G domains of adjacent turn dimerize and disrupt the 

inhibitory interaction between the BSE and the stalk. The GTP-induced powerstroke 

constricts the filament, if the membrane template is flexible (“constrictase” model in 

Fig.11c-d state IV), or compact it, if the template is rigid (“poppase” model in Fig.11c 

state II). The constriction of the dynamin helix induces a sliding of the adjacent 

filaments, that is observed as a rotary movement of the helix upon addition of GTP 

(“twistase” model in Fig.11c, state III), and eventually a cleavage of the membrane. 

To reach the constriction of the entire dynamin filament are necessary several cycles 

of local binding and release of adjacent dynamins, that may be triggered by GTP-

dependent G domains dimerization and dissociation after GTP hydrolysis (Faelber et 

al., 2011). 

Homotypic and heterotypic fusion models 

The GTPase domains of atlastin dimerize in an open conformation across ER 

tubules. The GTP hydrolysis induce the cross-over conformation, pulling the opposing 

membranes toward each other and leading to membrane fusion (Faust et al., 2015; 

Liu et al., 2012). The GTP-bound form of BDLP oligomerizes in an open conformation 

membrane surface and induce a high curvature of the membrane, more likely due to 

the insertion of the “paddle” region. After GTP hydrolysis, BDLP is converted in its 
closed conformation and is released from the membrane. The fusion is then made 

easier thanks to the highly tight membrane (Low et al., 2009). The mechanism of OMM 

membrane fusion, triggered by mitofusins, was derives from structural data of BDLP 

and atlastins. The cis dimers of GTP-bound mitofusin1 interact in trans to generate a 

planar lattice of G domains dimers tethering membrane surface. GTP loading induce 

a conformational change from the “closed” tethering-constrained state to the “open” 
tethering-permissive state. In the open state, strained mitofusins allow a more efficient 
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tethering of two OMMs (at about 30 nm distance). The powerstroke generated by GTP 

hydrolysis, induce the return to the “closed” state, thus leading the opposing 

membranes to approach (Fig.12a). This process may be reversible and controlled by 

the local GTP and mitofusins concentration to avoid excessive tethering (Cao et al., 

2017). Since a full-length OPA1 crystal structure is not yet available and the 

mechanism of IMM fusion is experimentally difficult to study, it is less well understood 

than OMM fusion process. It was proposed that OPA1 long isoform mediates tethering 

of outer and inner mitochondrial membranes, while the short isoform mediates 

Figure 11. Constriction model for dynamin oligomerization and function (a) Classical dynamins, 

Dlps and Mx proteins assemble into stable dimers/tetramers involving inter- and intra-molecular 

interactions of GED, middle and GTPase domains. The dimeric building blocks for oligomeric Dyn1 

resemble T-bar structures in which the PH domains are at the base of the T-bar. (b) Models of different 

assemblies in low ionic conditions or in the presence of GDP or GTP-analogues into rings and stacks 

of rings. These proteins induce in vitro tubulation of liposomes that are seen to be decorated with helical 

oligomers. Nucleotide hydrolysis by Dyn1 can lead to an increase in the pitch of the helix (“poppase” 
activity) or to a decrease in the tubule diameter (“pinchase” activity). (c) Proposed constriction 
mechanism of dynamin oligomers. Variations in the assembly of consecutive dynamin molecules lead 

to dynamin helices of different rise and diameter. For further explanations, see the main text. (d) Model

of the oligomerized dynamin helix in the constricted state, view from top. Three dimers (1–3) are

uniformly coloured. 13 stalk dimers complete one turn, the G domain of dimer (i) associates with the G 

domain of dimer (i + 10). (a,b). adapted from (Praefcke and McMahon, 2004), (c,d) from (Faelber et al.,

2011) 
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membranes fusion in a GTP-dependent manner (DeVay et al., 2009; Zick et al., 

2009a) All the described mechanisms concerning the intracellular membrane fusion 

require trans protein complexes for membrane tethering. However, Ban and 

colleagues (Ban et al., 2017) recently proposed a novel heterotypic IMM fusion model 

where L-OPA1 on one side of the membrane and CL in the other side are sufficient to 

promote fusion. In contrast, the CL-independent homotypic trans-OPA1 interaction 

mediates membrane tethering, supporting the cristae structure (Fig.12b). The authors 

discovered that the GTP-independent L-OPA1-CL binding mediates the tethering of 

the opposite membranes, while GTP hydrolysis is required membrane fusion. They 

succeed in the reconstitution of the minimal in vitro IMM fusion machinery using 

proteoliposomes, consisting of PC and L-OPA1 expressed in silkworm, and liposomes, 

consisting of phosphatidylcholine (PC) and CL. However, the role of S-OPA1 has still 

not been clarified since S-OPA1 can promote homotypic CL-containing membrane 

fusion, but it is not sufficient to mediate alone a heterotypic membrane fusion (Ban et 

al., 

2018) 
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Figure 12. Models for mitochondrial membrane fusion. (a) Proposed model for MFN2-mediated 

OMM fusion. The MFN2 dimer binds OMMs with its hydrophobic paddle domain and fuses them 

through a conformational change induced by GTP hydrolysis in its trunk and paddle region. (b) Models 

for membrane fusion and tethering by OPA1 variants. Top left, l-OPA1 binds directly to CL for tethering 

of the opposite membrane, and then GTPase hydrolysis mediates membrane fusion. Middle left, s-

OPA1 supports a bridge between L-OPA1 and CL. Bottom left, homotypic trans-OPA1 association 

mediates CL- and GTP-independent cristae membrane tethering. At right, model depicting the two 

modes of OPA1 function. In ‘fusion mode’ (left), CL-to- OPA1 pairing facilitates IM fusion. In ‘cristae 
mode’ (right), the homotypic interactions of OPA1 result in tethering IMs and formation of cristae. (a) 

adapted from (Knott et al., 2008), (b) from (Ban et al., 2017) 





 

Chapter 3 OPA1 

In 1992 a genetic screening in the budding yeast S. cerevisiae lead to the 

discovery of a dynamin-like GTPase protein required for the maintenance of 

mitochondrial DNA (mtDNA), referred to as Mgm1p (Jones and Fangman, 1992). 

Later, Pelloquin and colleagues demonstrated that the conditional loss of function of 

Msp1, the S. pombe homolog of Mgm1, similarly affects the maintenance of mtDNA 

and result in growth arrest associated with respiratory deficiency (Pelloquin et al., 

1998). In 2000 two groups independently identified the human orthologue OPA1 gene, 

localized on chromosome 3q28-q29 and mutated in Autosomal Dominant Optic 

Atrophy (ADOA) disease (Alexander et al., 2000; Delettre et al., 2000). Further 

analysis showed that OPA1 is a component of the mitochondrial network and localizes 

in the IMS, tightly associated with the IMM (Delettre et al., 2000; Olichon et al., 2002). 

The functional relevance of OPA1 is emphasized by the ubiquitously expression of its 

transcripts in all tissues and its requirement during embryonic development (Davies et 

al., 2007). Furthermore, despite OPA1 shares only 34% and 30% identity to Mgm1p 

and Msp1, respectively, they exhibit evolutionary conserved function and secondary 

structure. 

3.1 OPA1 gene and mRNA splicing transcripts 

Delettre et colleagues mapped OPA1 by fluorescence in situ hybridization 

(FISH) on 3q28-q29, within the locus of Optic atrophy type 1 (Delettre et al., 2000). 

The OPA1 gene spans more than 100 kb and includes 30 coding exons and a last 

non-coding exon. The alternative splicing of 3 exons (4, 4b and 5b) generates 8 mRNA 

coding 8 different protein isoforms (Delettre et al., 2001). Remarkably, only exon 4 is 

evolutionary conserved, while exons 4b and 5b are both specific of vertebrates 

(Olichon et al., 2007a). 

According to its mitochondrial localization, OPA1 transcripts are ubiquitously 

expressed, nevertheless significant distribution variability is found among the organs. 

Splicing variants containing exon 4 are consistently more abundant. For instance, 

4/4b and 4b/5b isoforms predominate in fetal brain, retina, heart, lung, ovary and 

skeletal muscle, 4b showed the highest expression in kidney, liver and colon. 4/5b 
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and 4/4b/5b isoforms are weakly expressed in all tissues, while the combination of 

noOPA1, 4b and 5b is expressed in all tissues (Fig.13) (Delettre et al., 2001). 

These differential expressions might suggest distinct biochemical properties of the 

isoforms and their fine regulation by selective alternative splicing. All 8 OPA1 

transcripts shared four conserved regions: a N-terminal mitochondrial targeting 

sequence (MTS), a transmembrane domain (TM) and, following the alternate spliced 

domains, a coiled coil domain (CC1) and the conserved dynamin region. Exon 4 

domain does not exhibit any remarkable feature, while exons 4b and 5b provide two 

additional hydrophobic domains, TM2a and TM2b. 5b exon encodes also a coiled-coil 

domain (CC0) (Fig.14). 

 

3.2 OPA1 protein: structure and processing 

OPA1 protein exists in 8 isoforms of 924-1014 aminoacids, derived from the 

alternative splicing of exons 4, 4b and 5b. OPA1 belongs to the dynamin superfamily, 

with which it shares the minimal highly conserved architectural features: a large 

GTPase domain, a middle domain and a GTPase effector domain (GED). However, 

OPA1 differs from the “classical dynamins” (see Chapter 2.2) because of the absence 

of the PRD, thus it is referred to as a “dynamin-related protein”. Another specificity of 

OPA1 is a N-terminal basic mitochondrial targeting sequence (MTS) followed by a 

transmembrane domain (TM1), which anchors the protein to the IMM, and the three 

alternate spliced domains corresponding to exons 4, 4b and 5b. Exon 4 does not 

exhibit any particular feature, while exons 4b and 5b provide two additional 

hydrophobic domains, TM2a and TM2b. Exon 5b includes also a coiled-coil domain 

Figure 13. OPA1 isoforms generated by 

alternative splicing and site of proteolytic 

processing. In humans, OPA1 is alternatively

spliced to generate 8 variants (1-8 isoforms. All

isoforms contain exon 5with the S1 cleavage site, 

while half of them (isoforms 4, 6, 7, 8) contain also 

the S2 cleavage site. Cleavage at S1, by OMA1, 

and S2, by YME1L, generates the IMS soluble

form (s-OPA1). Mitochondrial targeting sequence 

(MTS), transmembrane (TM). From (Song et al.,

2007) 
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(CC0). The next part of the protein comprises a coiled coil domain (CC1), and the 

conserved dynamin regions: the GTPase domain, the middle domain and the GED, 

containing an additional coiled coil domain (CC2) (Belenguer and Pellegrini, 2013). 

Moreover, a predicted PH-like domain is located between middle and GED domains 

(Fig.14). 

 

Figure 14. Schematic representation of OPA1 domain. OPA1 shares several structural features with 

dynamins: a GTPase domain containing the four consensus GTP binding sequences (red bars), a 

middle domain and a GTPase effector domain (GED) containing a coiled-coil region (CCII). Before the 

GTPase domain, OPA1 displays a mitochondrial targeting sequence (MTS) followed by a 

transmembrane region (TM1), two hydrophobic segments (TM2a and TM2b), and coiled-coil regions 

(CC). TM2a, TM2b, and CC-0 are only present in spliced exons 4b and 5b. The numbers below the 

structure correspond to OPA1 exons. Intra-mitochondrial proteolytic cleavage sites for mitochondrial 

processing peptidase (MPP), OMA1 (S1) and YME1L (S2) are indicated. (Belenguer and Pellegrini, 

2013)From  

OPA1 precursor proteins are targeted to mitochondria via the MTS, which is 

removed by the mitochondrial processing peptidase (MPP) upon protein import 

through the IMM. The MTS cleavage generates the membrane-anchored long 

isoforms (l-OPA1) (Olichon et al., 2002). Each l-OPA1 isoforms could be further 

proteolytically processed distinctly at S1 and S2 cleavage sites, on exons 5 and 5b 

respectively, to produce the short isoforms (s-OPA1) (Song et al., 2007). s-OPA1, 

lacking the TM1 domain, can be peripherally attached to the IMM or diffuse in the IMS 

and associate to the OMM (Ishihara et al., 2006; Olichon et al., 2002; Satoh et al., 

2003). 

Several issues concerning OPA1 processing remain to be clarify. All OPA1 

isoforms contain an S1 cleavage site at exon 5 and four of them include also the S2 

site in exon 5b (Ishihara et al., 2006) (Fig.13), the constitutive proteolytic processing 

of OPA1 keeps the balance between l- and s-isoforms during steady state conditions. 

Some evidences proposed the involvement of the presenilins-associated rhomboid-

like protease (PARL) and the m-AAA protease paraplegin in the processing of OPA1 

(Cipolat et al., 2006; Ishihara et al., 2006). However, it was demonstrated (Duvezin-

Caubet et al., 2007) that OPA1 is normally processed in murine cells lacking 

paraplegin or PARL. Then, two IMM proteases were found to be involved in the 

proteolytic cleavage of OPA1: the metalloendopeptidase OMA1 at S1 (Ehses et al., 

2009) and the ATP-dependent zinc metalloprotease YME1L at S2 (Ehses et al., 2009; 

Griparic et al., 2007; Song et al., 2007). Although regulatory mechanisms of YME1L 
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activity are poorly understood, it appears to be constitutively active during state 

conditions. Instead, ex vivo and in vivo experiments revealed an enhancement of 

OMA1 activity under stress conditions and mitochondrial membrane depolarization 

(Griparic et al., 2007; Guillery et al., 2008). 

3.3 Functions 

OPA1 is a multifunctional protein that controls several fundamental cellular 

functions. In the last years, several cellular pathways or mechanisms, involving OPA1 

activity, were described. OPA1 major functions will be described in the following 

sections, taking into account mitochondrial-confined processes (e.g. fusion, cristae 

maintenance, bioenergetics and mtDNA stability), and  broader cellular processes 

(e.g. apoptosis, redox homeostasis, mitochondrial quality control and aging). 

3.3.1 Inner mitochondrial membrane fusion 

OPA1 is one of the few known actors that participate in the inner mitochondrial 

membrane dynamics. Along with mitofusins 1 and 2 is involved in mitochondrial fusion 

process. OPA1-depleted or OPA1-/- cells display mitochondrial fusion impairment 

(Chen et al., 2005; Song et al., 2007) and loss of function of OPA1 or Mgm1p by RNAi 

or gene knockout causes mitochondrial network fragmentation (Griparic et al., 2007; 

Guillou et al., 2005; Olichon et al., 2003a; Wong et al., 2000). Unexpectedly, OPA1 

overexpression in mouse embryonic fibroblasts induced mitochondrial fragmentation 

(Griparic et al., 2004; Misaka et al., 2002), while elongation occurred in cells with 

already fragmented mitochondria (Cipolat et al., 2004; Olichon et al., 2002). This 

appears to be, however, a level-dependent effect since, high OPA1 overexpression is 

associated with fragmentation, while a mild overexpression slightly increases 

mitochondrial length (Cipolat et al., 2004). Furthermore, experiments in mitofusins 

knockout cells showed that OPA1 requires MFN1 for its profusion activity, while MFN2 

is dispensable (Cipolat et al., 2004; Song et al., 2009). By visualizing real-time 

mitochondrial fusion, Liu et colleagues (Liu et al., 2009), identified two types of fusion 

events: the “complete fusion” and the “transient fusion”, in which mitochondria rapidly 

exchange soluble IMS and matrix components and then they separate again without 

affecting the morphology of mitochondria. Interesting, they found that the levels of 

OPA1 differentially influence the two types of fusion. The percent of complete fusion 

was maximal at moderate OPA1 overexpression and decreased or disappeared when 

OPA1 is lowered or highly increased. However, the transient fusion showed a 

complementary pattern, increasing at low or very high OPA1 levels, and decreasing 

at moderate levels. 
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Several works suggested that l-OPA1 may be sufficient to mediate 

mitochondrial fusion. The Oma1/Yme1l double knockout, where the formation of s-

OPA1 is blocked, (Anand et al., 2014) and the expression of an un-cleavable isoform 

1 in OPA-/- MEFs allow for normal mitochondrial fusion (Del Dotto et al., 2017; Lee et 

al., 2017). Moreover, a recent in vitro membrane fusion assay using purified human L-

OPA1, expressed in silkworm, showed that l-OPA1 on one side of the membrane and 

CL on the other side are sufficient for fusion (Ban et al., 2017). However, this 

hypothesis remains controversial since a balance of s- and l-isoforms are required for 

a fully recovery of the normal mitochondrial network in Opa1-/- cells (Song et al., 2007). 

The involvement of s-OPA1 in fusion is less clear. s-OPA1 can tubulate membranes 

in vitro, but is unable to induce membrane fusion (Ban et al., 2010). In vitro liposome 

fusion experiments demonstrate that s-OPA1 alone is not sufficient to promote fusion, 

but it accelerates l-OPA1-dependent fusion and liposome binding (Ban et al., 2017). It 

was demonstrated that GTP hydrolysis is needed for OPA1-mediated fusion, however, 

it is still important to fully understand how GTP hydrolysis leads to fusion and what is 

the role of CL in the process. Regarding the two OPA1 forms, it was then proposed 

that the s- and l-OPA1 are both involved in mitochondrial fusion, although with different 

roles. Further investigations are however needed to better understand the whole 

process. 

Moreover, it is becoming clearer that not only s- and l-OPA1 form, but also the 

presence of the eight OPA1 isoforms contribute to the development of a normal 

mitochondrial network morphology. In fact, the expression of at least two OPA1 

isoforms and a balance of s- and l-form levels, are required for a full recovery of 

mitochondrial network in Opa1-/- MEFs (Del Dotto et al., 2017). 

Finally, it is interesting to note how yeast and mammals retain some important 

differences regarding mechanisms of mitochondrial fusion. As an example, OPA1−/− 

cells produce an accumulation of multi-matrix structures resulting from fusion of OMM 

without IMM fusion (Song et al., 2009), while knockdown of Mgm1p show no OMM 

fusion (Sesaki et al., 2003). This suggest that fusion of OMM and IMM is not as tightly 

coupled in mammals as in yeast. Moreover, unlike mitofusins, OPA1 is sufficient only 

on one mitochondrion to promote fusion between two adjacent mitochondria ex vivo, 

while in vitro Mgm1p is required on both mitochondria (Meeusen et al., 2006; Song et 

al., 2009). 

3.3.2 Cristae maintenance 

OPA1 is referred as a “mitochondrial shaping” protein for its role in cristae 

structure maintenance. During apoptosis, mitochondrial cristae undergo a remodeling 

process to allow the mobilization of cytochrome c and its release in the cytosol. OPA1 

controls this process, as the disruption of OPA1 high molecular weight complexes is 
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a necessary condition for cristae junction widening and cytochrome c release (Frezza 

et al., 2006b). OPA1-deficient cells show drastic defects in cristae width and 

organization (Griparic et al., 2004; Olichon et al., 2003b), while OPA1 overexpression 

maintained tight cristae junctions and protected cells from apoptotic cell death (Frezza 

et al., 2006b). Furthermore, mild OPA1 overexpression corrects models of primary 

mitochondrial dysfunction with altered cristae shape (Civiletto et al., 2015, Varanita et 

al., 2015). As for mitochondrial fusion, a functional GTPase domain is needed for 

cristae maintenance (Del Dotto et al., 2017). OPA1 oligomers appear to participate in 

the formation and the maintenance of the cristae junction. It was proposed that 

transmembrane l-OPA1 forms oligomers with the soluble OPA1 form to ‘‘staple’’ the 
membranes of the cristae Moreover, the disruption of OPA1 oligomers is a necessary 

condition for cristae junction opening and cytochrome c release during apoptosis. 

Nevertheless, the cristae modulatory activity of OPA1 during apoptosis is independent 

from mitochondrial fusion, as mitofusins are not required to exhert this function. 

(Frezza et al., 2006b). 

It is still a matter of debate the roles of s- and l-OPA1 forms in cristae 

organization. The manipulation of the proteases involved in OPA1 processing, lead to 

the idea that s-OPA1 is incompetent for cristae maintenance. Oma1-/- cells, where l-

OPA1 is stabilized and the formation of s-OPA1 is prevented, display normal cristae 

morphology. Yme1l-/- cells, where the constitutive processing of OPA1 at S2 is 

prevented and s-OPA1 accumulates due to Oma1 activation, exhibit a perturbation in 

cristae structure. Furthermore, the deletion of both Oma1 and Yme1l restores cristae 

morphogenesis. (Anand et al., 2014). In addition, prohibitin 2 (Phb2) deletion, that 

induces OPA1 cleavage, results in mitochondrial fragmentation and cristae disruption, 

while reintroduction of l-OPA1 can restore the defects (Merkwirth et al., 2008). 

However, it is possible that the observed phenotypes may be caused by effects not 

directedly related to OPA1 processing. Indeed, cells exclusively expressing s-OPA1 

maintain normal cristae structure (Del Dotto et al., 2017; Lee et al., 2017), showing 

that the short form of OPA1 is competent for mitochondrial cristae maintenance, 

despite lacking fusion activity. Besides OPA1, other proteins were found to play a role 

in the shaping of mitochondrial cristae. Remarkably, MICOS subunits Mic60/mitofilin 

and Mic25/CHCHD6 were found to directly interact with OPA1 (Ding et al., 2015), in 

particular, OPA1 is epistatic with Mic60/mitofilin in the biogenesis and remodeling of 

cristae junctions (Glytsou et al., 2016). OPA1 is at the center of a complex array of 

protein interaction comprising MICOS subunits and OMM components, like Sam50 

(Ding et al., 2015), operating in close functional association with phospholipids, as 

phosphatidylethanolamine and cardiolipin, to influence the properties of the IMM (Ban 

et al., 2018). Overall these results highlighted the role of OPA1 as the main actor in 

the biogenesis and maintaining of cristae junctions and in the control of apoptotic 

cristae remodeling.  
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3.3.3 Bioenergetics 

Respiratory chain complexes (RCCs) localize inside the cristae at the IMM 

(Vogel et al., 2006), here they assemble into dynamic supercomplexes (RCSs), 

comprising different ratio of RCCs (Acin-Perez et al., 2008), for an efficient ATP 

production (Lapuente-Brun et al., 2013). Cristae shape regulates RCS stability and 

assembly, thus influencing respiratory and mitochondrial energetic efficiency (Cogliati 

et al., 2013b). In line with its role in fusion and mitochondrial ultrastructure, OPA1 was 

found to have a role in RCS organization and in the control of respiratory efficiency. 

Indeed, tighter cristae, resulting from elevated levels of OPA1, facilitate RCS 

assembly. In contrast, lower levels of OPA1 lead to an inefficient assembly of RCS 

thus resultsing in less efficient ATP synthesis driven by complex I substrates, as 

observed in fibroblast from ADOA patients (Zanna et al., 2008).  

OPA1 reduction produces a significant decrease of respiration, with no 

stimulation upon addition of uncoupler, a decrease of ATP levels and oxygen 

consumption rate driven by complexes I, II, IV, loss of RCS organization and 

incomplete assembly of complex V (Chen et al., 2005; Lee et al., 2017; Patten et al., 

2014). In the mouse model of OPA1 mild overexpression, increasing levels of OPA1 

induces cristae tightening, RCS assembly and mitochondrial energetic efficiency 

(Cogliati et al., 2013b). Also, OPA1-dependent cristae stabilization increases 

mitochondrial respiratory efficiency and diminishes mitochondrial dysfunction, 

cytochrome c release, and reactive oxygen species production (Varanita et al., 2015). 

The analysis of fibroblast from ADOA patients, also highlighted the connection 

between OPA1 mutations and energetic defects. In particular, it was found defective 

oxidative phosphorylation with a decrease of ATP production (Lodi et al., 2004). Zanna 

and colleagues examined the effect of five pathogenic OPA1 mutations on the 

energetic efficiency and mitochondrial dynamics of fibroblasts from ADOA patients. 

They linked the OPA1 mutations to a mitochondrial respiratory chain dysfunction, 

mainly mediated by a reduction of complex I-driven ATP synthesis, caused by a direct 

interaction of OPA1 with the respiratory complexes and other proteins, such as the 

apoptosis inducing factor (AIF), subsequently confirmed by immunoprecipitation 

experiments (Agier et al., 2012; Takahashi et al., 2017; Zanna et al., 2008). 

As a consequence of energetic disfunctions, OPA1 depleted cells show an impairing 

of the Ca2+ homeostasis, caused by a reduction of mitochondrial Ca2+ uptake and 

retention capacity (Kushnareva et al., 2013). Finally, OPA1 was also found to be 

required for transient matrix alkalinization, or “mitopHlashes”. Possibly OPA1 has a 

role in the stabilization of RCS during mitopHlash biogenesis, allowing proton pumping 

to compensate drops in membrane potential thus preserving the ability of mitochondria 

to convert energy (Rosselin et al., 2017; Santo-Domingo et al., 2013). 
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3.3.4 mtDNA stability 

Due to the role of OPA1 in mtDNA maintenance, Mgm1p, the OPA1 yeast 

homologue, was first identify (Jones and Fangman, 1992). Regarding OPA1, it was 

first hypothesized that its role in mtDNA maintenance may be linked to its 

mitochondrial cristae remodelling activity. A direct role of OPA1 in mtDNA 

maintenance was proposed by Elachouri et colleagues. By demonstrating that OPA1 

N-terminus containing exon 4b directly interact with TFAM, POL and mtDNA, the 

authors proposed that OPA1 contributes to nucleoid attachment to the IMM thus 

regulating mtDNA replication and distribution. (Elachouri et al., 2011). Since Mgm1p 

lacks the correspondence sequence encoded by OPA1 exon 4b, it follows that the 

mechanisms involved in mtDNA maintenance through OPA1 could be different in 

human and yeast. 

Therefore, it seems then reasonable to suppose a connection between mtDNA 

maintenance and mitochondrial bioenergetics. Alteration of cristae morphologies, 

through OPA1 depletion, could lead to defective oxidative phosphorylation, which, in 

turn, could also originate from loss of mtDNA. To clarify this, Cogliati and colleagues 

produced an OPA1 conditional ablation mouse model that allow to dissociate cristae 

biogenesis from mtDNA maintenance. Contrary to chronic OPA1 depletion, that 

reduces mtDNA copy number and translation, acute OPA1 ablation alters cristae 

organization, affecting RCS assembly, respiratory function and growth, despite normal 

levels of mtDNA. Thus, mtDNA reduction appears to be a consequence of chronic 

fusion inhibition, rather than a direct effect of OPA1 ablation (Cogliati et al., 2013b). 

Supporting this theory, MFN1-/-and MFN2-/- cells similarly display higher levels of 

mtDNA mutation and mitochondrial genome instability (Chen et al., 2010). 

Interestingly, mtDNA integrity appears to be specifically affected in ADOA “plus” 
patients carrying OPA1 gene missense mutations, in which the accumulation of 

mtDNA multiple deletions in postmitotic tissues contributes to the pathogenic 

mechanism (Amati-Bonneau et al., 2008). While ADOA patients showed slightly 

reduction or no change in mtDNA copy number (Zanna et al., 2008). 

3.3.5 Apoptosis 

Following a specific apoptotic stimulus, Bcl-2 family proteins permeabilize OMM 

and mitochondria undergo an ultrastructure remodeling. (Scorrano et al., 2002; 

Scorrano and Korsmeyer, 2003). OPA1 high molecular weight complexes, containing 

both s- and l-forms, resides at cristae junctions and maintain the cristae tightened 

sequestrating cytochrome c in the intra-cristae compartment. Upon apoptosis 

induction, OPA1 complexes are the early targets of BID, BIM-1, BNIP3 and intrinsic 

cell death stimuli that rapidly dissociate the oligomers leading to cristae widening. 
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Cytochrome c is then mobilized from the intra-cristae compartment to the IMS and 

released across the OMM into the cytosol (Frezza et al., 2006b). 

Whether OPA1 s-form, l-form or both confer resistance to apoptosis is still 

under debate. The selective loss of l-OPA1 was found to increase cells apoptotic 

sensitivity (Merkwirth et al., 2008). Yme1l-/- cells, were s-OPA1 accumulates due to 

the activation of OMA1, are more susceptible to apoptosis, whereas loss of OMA1, or 

both OMA1 and YME1L, protect cells against apoptosis. These experiments 

suggested that the l-form is responsible for the antiapoptotic effect of OPA1 (Anand et 

al., 2014). However, another explanation could relay on YME1L activity that, by 

maintaining the steady state balance of s- and l-forms of OPA1, may be necessary for 

the antiapoptotic activity, while OMA1 stress-induced processing of OPA1 abolishes 

its protective function. 

Downregulation of OPA1 or pathogenic OPA1 mutations increase apoptosis 

sensitivity of cells. As an example, cells isolated from ADOA patients were found to be 

more sensitive to apoptosis (Olichon et al., 2007b). Conversely, OPA1 overexpression 

stabilizes OPA1 oligomers and inhibits tBID-induced cytochrome c mobilization, 

conferring resistance to apoptosis (Frezza et al., 2006b). Furthermore, expression of 

a disassembly-resistant mutant of OPA1 (Q297A) blocked the full release of 

cytochrome c and apoptosis (Yamaguchi et al., 2008). Recent in vivo works sustain 

the close connection between the role of OPA1 cristae remodeling regulation and cell 

sensitivity to apoptosis. Mild increase of OPA1 level protects mice from apoptosis-

inducing tissue damage (Varanita et al., 2015) and improves the conditions of two 

mouse models of mitochondrial diseases, with profound neurological and muscular 

defects (Civiletto et al., 2015). 

Finally, it must be said that, despite the beneficial effect of a mild 

overexpression of OPA1, high protein levels become toxic (Cipolat et al., 2004). 

Moreover, was reported a strain-specific lifespan reduction was described, which 

followed an increase in the incidence of spontaneous cancer in OPA1 overexpressing 

mice (Varanita et al., 2015). Even in humans, higher levels of OPA1 were correlated 

with lung adenocarcinoma (Fang et al., 2012). Thus, the beneficial effect of OPA1 

appears to be strictly regulated by the protein level. 

3.3.6 Redox homeostasis 

Via oxidative phosphorylation, mitochondria are the main producers of the 

reactive oxygen species (ROS) within the cell. OPA1 controls RCS organization and 

cristae sharpening. Therefore, it could have an indirect role in the regulation of ROS 

production. Indeed, a mutual relationship between OPA1 and ROS was highlighted. 

Increased ROS levels were reported in lymphoblastoid cells with OPA1 mutations 

(Zhang et al., 2017), while an alteration in the levels of antioxidant enzymes was 



 

 40 

discovered in fibroblasts from ADOA patients (Millet et al., 2016). Instead, OPA1 

overexpression reduces mitochondrial ROS by stabilizing RCS (Varanita et al., 2015). 

On the other hand, overexpression of long-chain acyl-CoA synthetase 1 (ACSL1), 

which causes an increase of ROS, induces an alteration in the proteolytic processing 

of OPA1 (Tsushima et al., 2018). 

Nevertheless, it should be recalled that mitochondria have their own ROS 

defense system and that ROS are not only harmful species, they are also important 

signaling molecules. Multiple aspects remain to be elucidated. In particular, the 

specific variations in ROS levels in the different cell compartments and how these 

correlates with normal and pathological conditions. Sometimes ROS production is not 

the direct cause of a disease, but it can contribute to an increased risk of developing 

other disorders (Holzerova and Prokisch, 2015). Understanding the mechanism of 

ROS scavenging, identify specific ROS targets and their function, investigate ROS 

evolutionary origin, might help to clarify specific pathological problems and potential 

therapies. 

3.3.7 Mitochondrial quality control and aging 

Mitochondrial quality control (MQC) allows mitochondria to adapt to energetic 

and metabolic cellular demands, reduces mitochondrial damages, recycles or 

selectively degrades dysfunctional mitochondria via different pathways. MQC is 

regulated through mitochondrial network dynamics and thus also OPA1 takes part to 

this process. The maintenance of mitochondrial dynamics is particularly important in 

post-mitotic cells that do not divide, as neurons and cardiac and skeletal muscles. 

Therefore, MQC results fundamental to neurodegenerative diseases (Cho et al., 

2010), but also to other pathological conditions, as cancer (Grandemange et al., 2009). 

Kane and colleagues recently identified a correlation between some pathological 

OPA1 mutations in ADOA and increasing autophagy, in case of missense mutations, 

or reduced mitochondrial turnover autophagy, in haploinsufficiency (Kane et al., 2017). 

An interesting protein that couples mitochondrial dynamics with mitochondrial 

stress response and MQC is the OMM protein FUNDC1, which normally interacts with 

OPA1. However, under stress conditions, it undergoes dephosphorylation, while the 

FUNDC1-OPA1 complex is disrupted and FUNDC1 recruits DRP1 at the OMM (Chen 

et al., 2016). Other proteins that link OPA1 to MQC are the mitochondrial sirtuins 

SIRT3 (Samant et al., 2014), SIRT4 (Lang et al., 2017), SIRT5 (Polletta et al., 2015), 

involved in metabolic homeostasis. All the three sirtuins promote mitochondrial fusion 

through OPA1, in order to attenuate clearance of dysfunctional mitochondria, leading 

to their accumulation. This process is characteristic of senescence cells and became 

important during aging. As mentioned before, cells that do not divide are the most 

vulnerable to mitochondrial dynamics dysfunctions leading to MQC failures. For 
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example, old Opa1+/- mice display a selective loss of glutamatergic synaptic sites, that 

induces dendritic degeneration (Williams et al., 2012). Whereas, adult mice muscle-

specific Opa1 KO undergo to precocious senescence and premature death. In 

particular, the deletion of OPA1 leads to ER stress, which via the unfolded protein 

response (UPR) and FoxOs, induces a catabolic program of muscle loss and systemic 

aging (Tezze et al., 2017). Furthermore, the enhancement of mitochondrial fusion by 

increasing the levels of OPA1 and MFN1 in old fibroblasts, induces a metabolic 

reprogramming from glycolysis to oxidative metabolism (Son et al., 2017). 

3.4 Physiophatological relevance of OPA1 

3.4.1 Autosomal dominant optic atrophy (ADOA) 

OPA1 mutations and clinical features 

Autosomal dominant optic atrophy (ADOA) (OMIM 165500) is the most 

common inherited optic neuropathy, characterized by progressive visual impairment, 

starting during the first decade of life. It is associated with different severity grades of 

vision acuity loss, pallor of the optic disc, central scotoma (blind spot) and deficits in 

colour vision. The disease involves the primary selective loss of retinal ganglion cells 

(RGCs), located in the inner retina and projecting their axons via the optic nerve to the 

brain. This is accompanied by the bilateral degeneration of the optic nerve, that 

transmits the visual information from the photoreceptors to the lateral geniculus of the 

brain (Lenaers et al., 2012).  

The two groups of Alexander and Delettre (Alexander et al., 2000) (Delettre et 

al., 2000) independently identified mutations in OPA1 gene associated with ADOA. 

Until now, more than 350 OPA1 variants were annotated in a dedicate locus-specific 

database (https://databases.lovd.nl/shared/genes/OPA1) (Ferre et al., 2015). Beside 

OPA1, other three genetic loci have been associated with ADOA: OPA3, OPA4 and 

OPA5. Nevertheless, between 60% and 80% of ADOA patients exhibit OPA1 

mutations spread throughout the coding region of the gene, which are but mainly 

localized in the GTPase and in the middle domain of the protein, thus highlighting the 

importance of these domains for OPA1 function. Most OPA1 mutations are 

substitutions (65%) or deletions (26%), while few duplications (4.5%), indels (1%) and 

insertions (1%) were reported (Fig.16) (Ferre et al., 2015). Overall, there is a 

significant prevalence of nonsense and frameshift mutations that introduce premature 

stop codons. The truncated protein transcripts are then degraded via mRNA decay 

leading to a depletion of OPA1 protein levels. However, were reported cases of 

asymptomatic patients were reported, albeit bearing the mutations. 
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Figure 15. Mutation 

spectrum of OPA1. 

Distribution of the 96 

mutations of OPA1 

according to their type (a), 

domain (b) and location (c). 

In B, only mutations 

affecting exons are 

considered. In (c), spaces 

between two consecutive 

exons correspond to introns 

and coloured bars under 

exons indicate their 

belonging to OPA1 domains. 

Furthermore, 

about 20% of patient 

with OPA1 mutations 

also develop additional extra-ocular signs that typically occur during the second or 

third decade of life (ADOA plus syndrome). These include sensorineural hearing loss, 

chronic progressive external ophthalmoplegia, proximal myopathy, ataxia and axonal 

sensory motor polyneuropathy (Amati-Bonneau et al., 2009).  

Physiopathology 

Recently, many in vivo animal models of ADOA were developed to better clarify 

genotype-phenotype relationship and understand the physiopathological processes 

that lead to the disease. Some years ago, two mouse models of ADOA were 

generated, which were carrying a premature stop codon at the beginning of the 

GTPase domain (OPA1Q285STOP) (Davies et al., 2007) or a in frame deletion of 27 

aminoacids (OPA1Q329-355del/+) (Alavi et al., 2007). Both Opa1 models recapitulate the 

key features of the human disease. The homozygous mice mutants showed early 

embryonic lethality, while heterozygous mice expressed an age-dependent disease 

with progressive visual disfunctions, alongside loss of RGC, degeneration of ganglion 

cells and fiber layer, swelling or abnormal shape and myelinization of axons. 

In both models full-length OPA1 levels were reduced by 50%, compared to wt 

animals, while truncated mutant proteins were undetectable. Furthermore, mutations 

leading to OPA1 transcripts with premature terminations were found unstable and 

were assumed to be degraded by nonsense-mediated decay (Alavi et al., 2007). 

These findings supported haploinsufficiency as a crucial disease mechanism in ADOA. 

However, missense or in-frame mutations did not lead to reduction of the mutant 

transcript (Schimpf et al., 2008). Furthermore, no changes in OPA1 levels were 

observed in fibroblast from patients carrying missense in the GTPase domain, 

suggesting a dominant negative effect, rather than haploinsufficiency (Olichon et al., 
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2007b). Noteworthy, negative dominance was also been proposed for multi-systemic 

forms of ADOA caused by OPA1 missense mutations in the GTPase domain (Amati-

Bonneau et al., 2009).  

In most cases ADOA is clinically presents as non-syndromic bilateral optic 

neuropathy. The principal genetic mechanism is haploinsufficiency caused by 

heterozygous OPA1 mutations resulting in a frameshift or by insertion of a stop codon 

(Cohn et al., 2007). By contrast, syndromic ADOA plus (about 20% of all ADOA cases) 

shows a complicated phenotype with extra-ocular signs, peripheral neuropathy, 

deafness, cerebellar ataxia, spastic paraparesis and myopathy. Dominant negative 

effect was proposed for syndromic form, triggered by heterozygous missense 

mutations of OPA1. (Yu-Wai-Man et al., 2010a). 

It is still unclear the mechanism through which the impairment of OPA1 

functions contribute to the ADOA pathogenesis. OPA1 is a multifunctional protein 

implicated in numerous cellular pathways. In mitochondria OPA1 mediates the IMM 

fusion, maintains cristae tightness, mtDNA stability and bioenergetics. Moreover, 

OPA1 dysfunction were been linked to dysregulation of cellular redox homeostasis, 

increased apoptosis sensitivity and aging. Thus, to identify the link between genotype 

and phenotype of the disease, ADOA models and patients’ samples were assessed 

for the effect of OPA1 mutations. 

Adult heterozygous OPA1Q285STOP mice revealed an increased mitochondrial 

fragmentation in fibroblasts (Davies et al., 2007) and elevated levels of autophagy in 

RGCs (White et al., 2009). Mitochondrial fragmentation correlates with an impaired 

fusion. Moreover, it was demonstrated that mitochondria undergoing autophagy 

showed reduced OPA1 levels and mitochondrial membrane potential, and 

mitochondrial fragmentation facilitated this process (Twig et al., 2008). Similarly, skin 

fibroblasts from ADOA patients also revealed mitochondrial network fragmentation, 

decreased mitochondrial membrane potential and defects in oxidative phosphorylation 

(Amati-Bonneau et al., 2005). 

Using phosphorus magnetic resonance spectroscopy, Lodi and colleagues 

demonstrated aberrant ultrastructure and impaired bioenergetics, with reduced rate of 

mitochondrial ATP production, in fibroblasts of patients carrying a 4 bp deletion in exon 

27 of OPA1 (Lodi et al., 2004). They concluded that defective oxidative 

phosphorylation in skeletal muscle is a hallmark of OPA1-related ADOA (Lodi et al., 

2011), in agreement with the role of OPA1 in stabilizing respiratory chain 

supercomplexes (Cogliati et al., 2013b). These deficiencies were explained by a 

reduced activity of Complex IV (COX), as lower levels of the mitochondrial-encoded 

subunits COX I and COX II (but not nuclear-encoded COX Va subunit) were found in 

OPA1 mutated fibroblast (Kushnareva et al., 2016). 
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Since OPA1 is implicated in the maintenance of mtDNA (Elachouri et al., 2011), 

one could speculate that reduction in oxidative phosphorylation and Complex IV 

subunits proteins are linked to mtDNA instability. 2- to 4-fold increase in mtDNA copy 

number, but low levels of WT mtDNA, was observed in COX-negative fibers of ADOA 

and ADOA+, the latter with greater mtDNA proliferation. The authors of the study 

proposed a “maintenance of wild-type” hypothesis, where secondary mtDNA deletions 
induced by OPA1 mutations stimulate a compensatory mitochondrial proliferation to 

maintain adequate levels of WT mtDNA. However, when deletion reach a critical level, 

mitochondrial proliferation leads to replication of the mutant species at the expense of 

WT mtDNA, resulting in the loss of COX activity (Yu-Wai-Man et al., 2010b). 

Subsequent analysis in ADOA mice models and skin fibroblast from ADOA patients 

with decreased COX activity did not display any change in the mtDNA copy number 

(Agier et al., 2012; Kushnareva et al., 2016). Whether OPA1 dysfunction leads to a 

reduction in mtDNA is still debated. Moreover, RCS assembly is facilitated by 

increased OPA1 levels and tighter cristae. It was demonstrated that chronic OPA1 

depletion reduces mtDNA copy number and translation. Whereas OPA1 acute ablation 

preserves normal levels of mtDNA and translation of mitochondrially encoded 

subunits, but leads to disorganized cristae morphology, defects in RCS assembly, 

respiratory function and cell growth (Cogliati et al., 2013b). Further studies will be 

needed to determine whether OPA1 haploinsufficiency in ADOA could directly affect 

RCS assembly. 

Silencing of OPA1 increase cell sensitivity toward different apoptotic stimuli 

(ref). Indeed, was reported an increased susceptibility to cell death of fibroblast from 

ADOA patients (Olichon et al., 2007b; Zanna et al., 2008), and improved sensitivity to 

staurosporine of OPA1Q285STOP MEFs (Kushnareva et al., 2016). Surprisingly, ADOA 

fibroblasts are more resistant to ER stress-inducers tunicamycin and thapsigargin 

(Kushnareva et al., 2016). Since ER stress leads to a rapid Ca2+ release from the ER 

and an increase of Ca2+ in mitochondria, this could be explained by a compromised 

Ca2+ uptake from OPA1-depleted RGCs (Fulop et al., 2015; Kushnareva et al., 2013). 

Is ADOA tissue specific? 

Since OPA1 is ubiquitously expressed in tissues, what makes the optic nerve 

so vulnerable to mitochondrial dysfunction? To date no conclusive answers were 

provided. Neurons have a 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. These regions reside at a considerable distance from the cell body, 

where the biogenesis of the mitochondria occurs. Thus, bioenergetic defects, following 

OPA1 inactivation, may impair the conduction of action potentials and the 

mitochondrial transport. Then, why are RGCs predominantly affected by ADOA 

disease? Photoreceptors are the most oxygen-consuming cells in the retina, 

nevertheless light perception and signal processing is not impaired, but signal 
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transmission from the eye to the brain is altered (Heiduschka et al., 2010). It was 

suggested that the particular vulnerability to OPA1 inactivation of RGC cells may 

results from two aspects: (i) a particular sensitivity to mitochondrial membrane 

disorders inducing mitochondrial dysfunction (Amati-Bonneau et al., 2005; Chen et al., 

2005; Lodi et al., 2004), or (ii) mitochondrial mislocalization. In fact, mitochondria 

accumulate in the cell body of RGCs and in the varicosities of intraretinal unmyelinated 

axons, while relatively few mitochondria reside in the myelinated parts of axons 

(Andrews et al., 1999; Bristow et al., 2002; Wang et al., 2003). 

A heterogeneous clinical representation 

The clinical representation of ADOA is heterogeneous. Not all the family 

members that carry pathogenic mutations develop visual impairments. Although most 

of the OPA1 mutations are associated with a non-syndromic, slowly progressive form 

of optic neuropathy, there are mutations linked to a broad range of extra-ocular 

symptoms. An intriguing example that discard the hypothesis of a tissue specificity of 

ADOA, is the R445H OPA1 mutation associated with a syndromic form of 

sensorineural hearing loss, ptosis, and ophthalmoplegia (Amati-Bonneau et al., 2003; 

Payne et al., 2004). The whole spectrum of the disease, from unaffected, to non-

syndromic, to syndromic patients was observed within the members of one family 

carrying the same OPA1 mutation (Li et al., 2005). It is not clear why the R445H 

mutation, located within the GTPase domain of OPA1, cause a wider spectrum of the 

disease, whereas other mutations are associated with only optic atrophy. Auditory 

performances examination of ADOA patients, screening for OPA1 mutations in 

patients suffering sensorineural hearing loss and investigation for muscular, cardiac 

and neuronal deficits that could indicate a more generalized mitochondrial dysfunction, 

will be particularly helpful to understand the molecular basis of the ADOA plus 

syndrome. 

In conclusion, this scenario depicts a “continuous” clinical disease, rather than 
a “discrete” one, which may suggests the implication of secondary modulatory factors 

on the phenotypic expression of the shared OPA1 mutation. Identify the underlying 

molecular pathways and the princeps mechanism that are affected in ADOA, will 

shade light to the complex processes that lead to specific disfunctions in classic and 

syndromic forms of ADOA 

3.4.2 Cancer 

Higher OPA1 protein levels were first reported in lung adenocarcinoma cells 

(Fang et al., 2012; Garber et al., 2001). Strikingly, high OPA1 levels correlate with an 

increase resistance to conventional chemotherapeutics, such as cisplatin, and a lower 

survival rate (Fang et al., 2012; Kong et al., 2014; Zhao et al., 2012). Indeed, 

knockdown of OPA1 in hepatocellular carcinoma cells sensitized them to cytotoxic 
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treatment (Zhao et al., 2012) and indirect Akt-dependent downregulation of OPA1 

facilitated cytochrome c release and apoptosis in lung cancer cells (Cho, 2011). 

Mitochondrial dynamics ensure organelle plasticity and are also associated with 

several human disorders and tumors (Wallace, 2005). Mitochondrial-shaping proteins 

were first related to cancer because of their role in apoptosis, which is altered in cancer 

cells. However, recent studies revealed that changes in mitochondrial fission-fusion 

balance confer cancer cells the ability to adapt their metabolism to environmental 

modifications, as hypoxia, starvation, stress signals and drug treatments. Among all 

shaping-proteins, OPA1 activity exerts a central role in apoptosis resistance. It 

controls, in a fusion-independent manner, the mitochondrial cristae remodelling 

process, to achieve the complete release of cytochrome c from mitochondria, which is 

essential to activate the caspases and the apoptotic cascade (Frezza et al., 2006b; 

Scorrano et al., 2002). Downregulation of OPA1 leads to mitochondrial network 

fragmentation and increase cell sensitivity towards apoptosis, while mutations that 

abolish OPA1 catalytic activity impair its antiapoptotic function. Interestingly, it was 

discovered that OPA1 is overexpressed in different type of cancers and it correlates 

with a poor prognosis and an increased chemotherapy resistance (Fang et al., 2012). 

Moreover, knockdown of OPA1 in hepatocellular carcinoma cells sensitized them to 

cytotoxic treatment (Zhao et al., 2013) and Akt-dependent downregulation of OPA1 

facilitated cytochrome c release and apoptosis in lung cancer cells (Hwang et al., 

2012). 

A pioneer study of Fang and colleagues discovered a significant 

overexpression of OPA1 in lung adenocarcinoma (LADC) patients. In particular, OPA1 

expression correlates with expression levels of other mitochondrial-associated 

proteins MFN1, DRP1, and ATAD3A. Statistical analysis showed that OPA1 

overexpression correlates with cell differentiation, histopathological tumor subtypes, 

stage, and lymphovascular invasion. Furthermore, OPA1 increases cisplatin 

resistance via inactivation of caspase-dependent apoptosis and is associated with 

poor prognosis and metastasis. Remarkable, higher OPA1 expression is also found in 

early stage tumors (Fang et al., 2012). Lung cancer is one of the leading cause of 

cancer-related death worldwide. The 5-year survival rate is approximal 18%. Poor 

prognosis mostly correlates with the small number of lung cancer cases diagnosed at 

a localized stage, for which the 5-year survival rate is 56% (Siegel et al., 2018). This 

claims for the need of novel targets for therapeutic interventions in early stages of the 

disease. Recently, Anderson and colleagues discovered that genes controlling 

mitochondrial dynamics are recurrently amplified in multiple tumor types. Moreover, 

altered expression of DRP1 and OPA1 lead to different sensitivities toward specific 

anticancer drugs (Anderson et al., 2018). 

A rising number of studies examined the possibility of pharmacologically target 

mitochondrial proteins as a powerful method to reactivated cell death program and 
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sensitize chemoresistant cell to therapies. There are many advantages in using 

mitochondrial dynamics-targeted drugs: (i) they can escape from the resistance 

mechanisms of the conventional therapies. Pro-apoptotic drugs act on signalling 

pathways that converge on mitochondria. Since mitochondrial apoptosis pathways are 

frequently dysregulated in cancer (overexpression of Bcl-2 proteins or caspase 

inhibitors), cells fail to properly respond and become resistant. (ii) In contrast to 

chemotherapeutic treatments that target all proliferating cells (of either normal or 

cancerous tissue) small-molecule inhibitors of mitochondrial proteins are more specific 

and with less toxic side-effects. 





 

Chapter 4 Apoptosis 

The term “apoptosis” was coined by Kerr, Wyllie and Currie in 1972 to describe 

a “mechanism of controlled cell deletion, which is complementary to mitosis in the 

regulation of animal cell population” (Kerr et al., 1972). “Apoptosis” derives from the 
Greek word “απόπτωσις”, that means "falling off" of leaves from trees, to suggest the 

detachment of apoptotic cells from their natural surroundings, following programmed 

cell death. 

In multicellular organisms, apoptosis occurs normally during development (Brill 

et al., 1999) and in adulthood, as a homeostatic mechanism to maintain cell 

populations in tissues (Henson and Hume, 2006). Apoptosis also play an important 

role as a mechanism of defence. In the regulation of immunity (Cohen et al., 1992) 

apoptosis performs two main tasks: (i) the negative selection of non-reactive leukocyte 

precursors and (ii) the negative selection of thymocytes that show reactivity against 

antigens of the own body (Pinkoski et al., 2006). Apoptosis is involved in tissues repair, 

as regulation of wound healing (Greenhalgh 1998). Furthermore, through apoptosis 

cells that represent a potential risk for the organism are eliminated, such as virally 

infected cells, misplaced or damaged cells (Norbury and Hickson, 2001). Thus, a 

precisely tuned apoptosis regulation appears of vital importance for the organism. 

Consequently, dysregulation of apoptosis is associated with a wide number of 

diseases: excessive apoptosis results in degenerative disease, while apoptosis 

deficiencies can lead to autoimmunity or cancer (Danial and Korsmeyer, 2004). 

It is important to note that not all cells respond in the same way to a death 

stimulus. In some cases, the type and the degree of stimuli determines whether to 

commit or not cell death, and, if the cell die, the type of death response. For example, 

at low doses, hypoxia, irradiation, cytotoxic chemotherapeutic drugs can induce 

apoptosis, but the same stimuli at higher doses can result in necrosis. Furthermore, 

some hormones, as glucocorticoids, could lead specific cells (thymocytes) to apoptotic 

death, although other cells are unaffected (Gruver-Yates and Cidlowski, 2013).  

Considering the relevance of apoptosis for the organism, many novel 

therapeutic and diagnostic interventions are now attempting to target genes and 

proteins involved in the regulation and execution of apoptosis, both to restore defective 

apoptosis or to suppress excessive apoptosis. Although there are a wide variety of 
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stimuli and conditions, both physiological and pathological, which can trigger 

apoptosis, not all cells will necessarily die in response to the same stimulus. Irradiation 

or drugs used for cancer chemotherapy results in DNA damage in some cells, which 

can lead to apoptotic death through a p53-dependent pathway. Some hormones, such 

as corticosteroids, may lead to apoptotic death in some cells (e.g., thymocytes), 

although other cells are unaffected, nor stimulated.  

The objective of this thesis work will be focus on the key mechanisms of intrinsic 

apoptosis pathway. Thus, after providing an overview of the main apoptotic pathways, 

we will further investigate the role of mitochondria and mitochondrial-shaping proteins, 

in particular OPA1, in the regulation of apoptosis. How is the deregulation of 

mitochondrial-shaping proteins leading to the onset of diseases, and how could these 

proteins be exploited to find a cure? 

Depending on the cell type, the death stimulus and the relative role of 

mitochondria, apoptosis can be induced via two different pathways, illustrated in 

Fig.16 that converge in the caspases activation. (i) The extrinsic pathway, triggered 

by an external signal, activate death receptors on the cell surface, leading directly to 

caspase 8 activation. (ii) The intrinsic pathway is originated by an internal cell damage 

signals, as DNA or organelle damage, hypoxia or lack of nutrients, and is regulated by 

mitochondria. The extrinsic and intrinsic pathways ultimately converge on the 

execution pathway of caspases activation. The cleavage of caspase-3 and activation 

of the executioner caspases results in DNA fragmentation, degradation of nuclear and 

cytoskeletal proteins, as laminin and DNA repairing enzymes, culminating with the 

characteristic apoptotic morphological changes: nuclear membrane breakdown, 

externalization of phosphatidylserine and formation of apoptotic bodies expression of 

phagocytic cell receptors ligands and lastly uptake by phagocytic cells (Hengartner, 

2000). 

4.1 The extrinsic apoptotic pathway 

The extrinsic signalling pathway is triggered by the interaction between a pro-

apoptotic ligand and a death receptor on the plasma membrane. Death receptors 

belongs to the tumor necrosis factor (TNF) receptor superfamily. The TNF receptor 

family includes more than 20 proteins, that regulates many signal transduction 

pathways, including apoptosis and survival, proliferation, differentiation and 

inflammation. They share cysteine-rich extracellular domains and a conserved 

cytoplasmic domain of about 80 aminoacids, the “death domain”, which plays transmit 

the death signal from the surface of the cell to intracellular signalling pathways 

(Ashkenazi and Dixit, 1998). The sequence of events that define the extrinsic apoptotic 

pathway are best described for the FasL/FasR and TNF-α/TNFR1 models. Ligand 
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binding to the TNF receptors results in the recruitment of adaptor proteins to form the 

death inducing signalling complex (DISC). This complex recruits procaspase-8 

molecules, resulting in the activation of caspase-8 via the proximity induced 

autoproteolytic processing. Caspase-8 in turn activates the downstream cascade of 

effector caspases. including caspase-3, 6 and 7 (Walczak and Krammer, 2000). 

The two apoptotic pathways are not, however, completely independent from 

each other. In fact, in certain cell types, it was proven a cross-talk provided by 

Figure 16. Overview of apoptosis pathways. Apoptosis can be induced by extracellular (extrinsic) or 

intracellular (intrinsic) stimuli. The extrinsic pathway is initiated via stimulation of DRs, e.g. CD95 or 

TRAIL-R, on the cell surface. Stimulation of CD95 results in the recruitment of different proteins 

including FADD, procaspase-8, procaspase-10 and c-FLIP proteins, which form the death-inducing 

signaling complex (DISC). Procaspase-8 is activated at the DISC which is regulated by c-FLIP proteins.

Active caspase-8 cleaves and activates effector caspase-3 and -7 and/or the Bcl-2 protein Bid. The 

truncated Bid (tBid) translocates to the mitochondria, triggering OMM permeabilization and the release 

of cytochrome c and other pro-apoptotic proteins into the cytosol. Cytochrome c form with procaspase-

9 the apoptosome. Procaspase-9 activates procaspase-3 and -7 resulting in cell death. Type I cells 

efficiently activate caspase-8 and subsequently effector caspases without amplification through tBid-

mediated OMM permeabilization. Type II cells form less DISC and therefore rely on Bid cleavage and 

the intrinsic amplification loop. Additionally, CD95 can initiate non-apoptotic pathways, such as NF-κB 
or MAPK and cell survival. The intrinsic pathway is activated by various intracellular stimuli, such as 

DNA damage or growth factor withdrawal. From (Schleich and Lavrik, 2013) 
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caspase-8. In “type I” cells, there are sufficient amounts of activated caspase 8 to 
trigger the activation of effector caspases and to induce apoptosis in the absence of 

the mitochondrial outer membrane permeabilization (MOMP). Instead, the “type II” 
cells, as hepatocytes, produce insufficient amounts of active caspase 8 to activate 

downstream caspases, thus requiring the activation of the mitochondrial amplification 

loop and the MOMP to induce apoptosis. Therefore, caspase-8 can cleave other 

caspases (“type I” cells) or BID protein (“type II” cells), generating the active 15kDa 

truncated BID (tBID). tBID translocate to mitochondria to activate the mitochondrial 

amplification loop and promoting the cytochrome c release (Fig.16) (Li et al., 1998; 

Luo et al., 1998). 

4.2 The intrinsic apoptotic pathway 

The intrinsic apoptotic pathway originated from non-receptor-mediated stimuli 

that generate intracellular signals. Examples of these signals are radiations, hypoxia, 

hyperthermia, viral infections, toxins, but also the absence of specific growth factors, 

hormones or cytokines, which cause the loss of apoptosis suppression. These signals 

converge to mitochondria, where cytochrome c and other proapoptotic proteins are 

released, following the MOMP. In the cytosol, cytochrome c binds the apoptotic 

protease-activating factor 1 (APAF1), inducing its oligomerization originating the 

apoptosome. It recruits and activates the initiator caspase-9, which cleaves and 

activates the effector caspase-3 and 7. Furthermore, the mitochondrial released 

proteins Smac/Diablo and Omi/HtrA2 neutralize the cytosolic X-linked inhibitor of 

apoptosis proteins (XIAP), thus contributing to promote apoptosis (Fig.16) (Danial and 

Korsmeyer, 2004). 

The upstream apoptotic signals converge at the mitochondria trough the activity 

of the B cell lymphoma 2 (Bcl-2) family proteins. The functional balance between pro- 

and anti-apoptotic members of Bcl-2 family play a critical role in the regulation of cell 

survival or in apoptotic commitment. 

4.2.1 Check point: the Bcl-2 family proteins 

The Bcl-2 family proteins are divided in three groups based on their function 

and Bcl-2 homology (BH) domain organization (Fig. 18). 

• Anti-apoptotic Bcl-2 proteins contain four BH1-4 domains. They are typically 

integrated in the OMM and also reside in the cytosol or in the ER membrane. 

They include: Bcl-2-related gene A1 (A1), Bcl-2, Bcl-2-related gene, long 

isoform (Bcl-XL), Bcl-w and myeloid cell leukemia 1 (Mcl-1). They directly inhibit 

apoptosis by binding and sequestering the BH3-only proteins. By doing so, 

activation of the proapoptotic BAX and BAK proteins and MOMP are prevented. 
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• The pro-apoptotic Bcl-2, or “effector”, proteins. They contain three BH1-3 

domains, even if structure-based alignment revealed the presence of a 

conserved BH4 (Kvansakul et al., 2008). They include: Bcl-2 antagonist killer 1 

(BAK) and Bcl-2-associated X protein (BAX). BAK and BAX play a fundamental 

role in the induction of intrinsic apoptosis. In healthy cells, BAK interact with the 

anti-apoptotic Mcl-1 and Bcl-XL proteins to keep them in an inactive state. In 

response to an apoptotic stimulus, this complex is disrupted through the action 

of the BH3-only proteins. A similar step is thought to contribute to BAX 

activation. The activation of BAX/BAK leads to their oligomerization and 

insertion into the OMM to promote MOMP. 

• The BH3-only proteins have anti-apoptotic activity, but they share a 

conservation only in the amphipathic α-helical BH3 region (Scorrano and 

Korsmeyer, 2003). They can be described as upstream sentinel of the status of 

the cell and are activated by series of cellular stresses. Once activated, they 

initiate apoptosis by binding the Bcl-2 anti-apoptotic proteins via the BH3 

domain, inhibiting their anti-apoptotic action. To avoid unwanted cell death, 

BH3-only proteins are regulated by multiple mechanisms, such as 

transcriptional control (BIM, Puma and Noxa) and posttranscriptional 

modifications (PTMs). Since BH-3 only proteins promote apoptosis 

commitment by interacting with (i) the anti-apoptotic or (ii) both the anti-

apoptotic and the pro-apoptotic Bcl-2 proteins. For this reason, they are further 

subdivided in two groups: 

(i) The ‘‘sensitizer’’ and/or ‘‘derepressor’’interact only with anti-apoptotic 

proteins: BAD (Bcl-2 antagonist of cell death) and Noxa; 

(ii) The ‘‘direct activators’’ bind to anti-apoptotic and pro-apoptotic Bcl-2 

“effector” proteins: BID (Bcl-2- interacting domain death agonist), BIM (Bcl-2-

interacting mediator of cell death) and Puma. Thus, these group of proteins can 

directly activate BAK and BAX oligomerization and MOMP (Cheng et al., 2001; 

Ren et al., 2010). 

The interaction between pro-apoptotic and anti-apoptotic proteins depends on 

the BH domains. The anti-apoptotic proteins homo- or heterodimerize within the other 

family members through a hydrophobic grove formed by BH1, 2 and 3. The pro-

apoptotic BAX interacts with the anti-apoptotic protein BCL-XL by inserting its BH3 

domain into the hydrophobic grove of BCL-XL (Nouraini et al., 2000). BAX and BAK 

can also form oligomers in the OMM interacting with the BH3-only domain members, 

as the “direct activator” BID (Desagher et al., 1999; Eskes et al., 2000).  
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Figure 17. Sequence alignment of core Bcl-2 family proteins and bH3-only proteins. Sequence 
homologies of the BH1 (blue), BH2 (yellow), BH3 (red) and BH4 (green) regions are shown. The BH1, 
BH2 and BH3 domains fold to line a hydrophobic pocket that can bind BH3-only peptides. The BH3 
domain, particularly among the BH3-only proteins, mediates interaction between the BH3-only proteins 
and core BCL-2 family proteins and thereby promotes apoptosis. BCL-2, BCL-XL, BCL-W, A1 and 
MCL1 are generally anti-apoptotic. The lower 14 proteins are considered pro-apoptotic. BID has a 
unique role as both a BCL-2 homologue and a BH3-only protein and links the intrinsic and extrinsic 
apoptosis pathways. BIM, BAD and BMF are unstructured proteins. 

4.2.2 First step to die: OMM permeabilization 

It was originally believed that cytochrome c release takes place rapidly and 

completely, in an all-or-nothing manner (Goldstein et al., 2000). However, it was later 

demonstrated that mitochondria undergo an ultrastructure remodelling, after different 

death stimuli, including the BH3-only proteins BID (Scorrano et al., 2002) and BIK 

(Germain et al., 2005) or the activation of the Fas pathway (Mootha et al., 2001), thus 

changing the original view. The cristae remodelling process allows the mobilization of 

intra-cristae cytochrome c to achieve its complete release through the OMM. 

Therefore, the cytochrome c release is better described as a biphasic kinetic process, 

in which two distinct pathways are involved: (i) the release of cytochrome c across the 

OMM, and (ii) the mobilization and redistribution of cytochrome c stored in the cristae. 

These two pathways will be further described in the following chapters, and it will be 

shown how mitochondrial fusion and fission machinery intersect them. 

 

The first necessary step for the cytochrome c release is the permeabilization of 

the OMM, triggered by the oligomerization of the Bcl-2 pro-apoptotic BAX/BAK 

proteins (Wei et al., 2001). As mentioned before, the caspase-8 cleaved tBID 
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translocate to cardiolipin-rich region of OMM, where it interacts with the anti-apoptotic 

Bcl-2 proteins, as Bcl-2 or Bcl-XL, to inhibit their activity (Li et al., 1998; Luo et al., 

1998). 

Since few years ago, it was believed that the pro-apoptotic BAX protein of non-

apoptotic cells could be predominantly found in the cytosol and it could be translocated 

to mitochondria following an apoptotic stimulus. However, in 2013 was demonstrated 

that BAX was, instead, constitutively targeted to mitochondria, and that, in non-

apoptotic cells, it was constantly translocated to the cytosol by anti-apoptotic Bcl-2 

proteins to prevent unwanted cell death (Schellenberg et al., 2013; Todt et al., 2013). 

Schellenberg showed that BAX is in a dynamic equilibrium between cytosol and 

mitochondria, so that apoptotic sensitivity can be finely regulated by variations of the 

survival signals. In fact, the inhibition of survival signals increases the mitochondrial 

concentration of BAX, thereby sensitizing cells to apoptosis (Schellenberg et al., 

2013). Conversely, the pro-apoptotic BAK is constitutively anchored to the OMM, 

through its hydrophobic C-terminal α helix, and interacting with the voltage dependent 

anion channel 2 (VDAC2) (Cheng et al., 2003). However, it was recently reported that 

BAK retro-translocation from the OMM to the cytosol is also occurring to a certain 

extent (Todt et al., 2015). 

Interestingly, active BAX and BAK are also involved in ER membrane 

permeabilization, leading to the release of luminal ER chaperones, and in the ER 

leaking of Ca2+ with a consequently increasing Ca2+ uptake by mitochondria (Oakes 

et al., 2005; Scorrano et al., 2003b). However, the specific relevance of ER 

permeabilization for intrinsic apoptosis remains to be clarified. Thus, the retro-

translocation of BAX and BAK may be necessary to integrate the different roles of the 

proteins in the diverse cellular compartments. 

Under physiological conditions, the two pro-apoptotic Bcl-2 proteins are found 

in inactive monomers or dimers. When activated by BH-3 only proteins, BAK and BAX 

arrange in homodimers, or heterodimers in specific conditions (Gavathiotis et al., 

2010; Iyer et al., 2015). A subsequent dimer-by-dimer oligomerization finally generates 

a toroidal lipidic pore (Grosse et al., 2016; Oh et al., 2010; Salvador-Gallego et al., 

2016). This pore alters the mitochondrial membrane permeability and induce a 

profound remodelling of mitochondrial ultrastructure.  

The BAK/BAX triggered OMM permeabilization is a necessary condition for 

triggering apoptosis, still it is not sufficient. To ensure a complete release of 

cytochrome c, is also necessary a remodelling of the mitochondrial cristae, 

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

(Scorrano et al., 2002). 
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4.2.3 Second step to die: cristae remodeling and cytochrome c 

release 

The earlier kinetics studies on cytochrome c release during apoptosis, stated 

that cytochrome c is released from mitochondria in a single step, rapidly and 

completely, without mitochondria swelling (Goldstein et al., 2005; Goldstein et al., 

2000). However, it was demonstrated that only 15%-20% of total cytochrome c resides 

in the IMS, while the majority is confined within the cristae fold (Bernardi and Azzone, 

1981; Scorrano et al., 2002; Vogel et al., 2006). Thus BAX/BAK OMM permeabilization 

can release only a small subset of the entire amount of mitochondrial cytochrome c. 

Nevertheless, depending on the cell type, the level of cytoplasmic released 

cytochrome c is critical for the activation of the downstream caspases (Khodjakov et 

al., 2004; Zhivotovsky et al., 1998) and to overcome the inhibitor of apoptosis protein 

(IAP) (Fong et al., 2000). How can cytochrome c be completely released without 

mitochondria swelling? 

Successive studies demonstrated that, following diverse apoptotic stimuli, as 

tBID, BIK or Fas receptor activation, mitochondria remodel their internal structure to 

allow a complete release of cytochrome c, in a process independent from OMM 

permeabilization (Germain et al., 2005; Mootha et al., 2001; Scorrano et al., 2002; 

Yamaguchi et al., 2008). 3D reconstruction of morphometry and electron microscopic 

tomography measurements allowed to define the steps of the so-called cristae 

remodelling process: it involves the widening of the narrow cristae junctions and fusion 

of independent cristae. tBID induces a complete release of cytochrome c in a time- 

and concentration-dependent manner in isolated mitochondria or intact cells. This 

process requires BAX, but it is independent of BAX/BAK-mediated OMM 

permeabilization, thus suggesting that tBID has two molecular targets: (i) BAX and 

BAK proteins to induce OMM permeabilization and the cytochrome c release across 

the OMM, and (ii) an unidentified target to allow cristae remodelling and cytochrome c 

mobilization from cristae. Nonetheless, the requirement of the BH3 domain of BID to 

mediate cristae remodelling is still controversial as opposing results have been 

published (Scorrano et al., 2002; Yamaguchi et al., 2008). Cytochrome c is a basic 

hydrophilic protein that is present in the IMM bound to anionic phospholipids, as 

cardiolipin. Depending on the strength of the binding, cytochrome c is present as two 

pools: (i) a loosely bound and (ii) a tightly bound, where the hydrophobic interactions 

induce a change of conformation of the protein tertiary structure and a partial 

embedding into the membrane. To achieve a complete release of cytochrome c is thus 

also necessary that it detaches from its high affinity cardiolipin binding sites on the 

IMM to generate a soluble pool (Ott et al., 2002). In fact, only cells “primed” for 

apoptosis by Fas activation can release all the mitochondrial cytochrome c upon 

selective permeabilization of the OMM by digitonin (Hajek et al., 2001). Furthermore, 

it was shown that, before the release of cytochrome c across the OMM, there is an 
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increase of the soluble pool of cytochrome c triggered by the mobilization process 

(Scorrano et al., 2002). Nevertheless, the exact molecular mechanism that triggers 

cristae remodelling is still not clear and will need further investigations. 

4.3 Apoptosis and mitochondrial dynamics 

Numerous works show that proteins involved in mitochondrial fusion and fission 

also participate in the apoptosis process. Mitochondrial cristae remodelling and 

mitochondrial fragmentation during apoptosis seem to intersect the mitochondrial 

dynamics pathway that maintain mitochondrial shape and regulate their fusion and 

division under healthy conditions. In fact, mitochondria elongation via genetic or 

pharmacological inhibition of DRP1, downregulation of FIS1, and overexpression of 

MFN1 decreases susceptibility to apoptotic stimuli (Cassidy-Stone et al., 2008; Head 

et al., 2009; Lee et al., 2004; Li et al., 2010). In contrast, mitochondria fragmentation 

via MFN2 degradation (Leboucher et al., 2012), OPA1 knockdown, or overexpression 

of FIS1 and DRP1 increases sensitivity to apoptotic stimuli (Lee et al., 2004). 

DRP1: the traveller 

Mitochondrial fission is an early event in apoptosis, but mitochondrial 

fragmentation can occur independently of apoptosis, for example by incubating cells 

with an uncoupling agent, as FCCP, that disrupts the IMM potential. Nevertheless, 

DRP1, whose role in mitochondrial fission is well known, is also implicated in the 

apoptotic process. DRP1 is a cytosolic protein that is recruited to the OMM during 

mitochondrial fission, but also after an apoptotic stimulation (Arnoult et al., 2005b; 

Frank et al., 2001; Wasiak et al., 2007). In the OMM, DRP1 colocalizes with BAX and 

MFN2 at fission sites (Karbowski et al., 2002). It was demonstrated that after apoptotic 

activation, BAX/BAK oligomerize and form rings on the OMM. Interestingly, in DRP1 

knockdown cells, the formation of these rings is not followed by cytochrome c release 

(Grosse et al., 2016). Similarly, DRP1 knockdown MEFs exhibit a delay in cytochrome 

c release, caspase activation and nuclear DNA fragmentation (Ishihara et al., 2009). 

Scorrano and colleagues hypothesised that the DRP1 binding to OMM induces 

a membrane constriction altering its topology to facilitate BAX insertion. Accordingly, 

binding of a DRP1 mutant for GTP hydrolysis to the OMM is sufficient to stimulate BAX 

oligomerization (Montessuit et al., 2010). Interestingly, the hyper-fragmented 

mitochondria in Mfn1−/− MEFs are too small to allow the BAX insertion into the OMM 

(Renault et al., 2015), a strategy utilized by hepatitis C virus to attenuate apoptosis 

(Kim et al., 2014). Mfn1−/− and Mfn2−/− MEFs are also less susceptible to OMM 

permeabilization due to a heterogeneous distribution of OMM proteins caused by a 

lack of fusion (Weaver et al., 2014). 
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These experiments suggest that DRP1 facilitates the progression of apoptosis, 

in fact inhibition of mitochondrial fragmentation by activation of pro-fusion proteins 

inhibits apoptosis progression. Indeed, recently Otera and colleagues stated that 

DRP1-dependent mitochondrial fission through MiD49/MiD51 regulates cristae 

remodelling during intrinsic apoptosis. They demonstrated that DRP1 knockout cells 

do not undergo to cristae remodelling and cytochrome c release during apoptosis, 

even if OPA1 oligomers are disassembled (Otera et al., 2016). Scorrano and 

colleagues stated that fusion and fission mitochondrial proteins regulate cristae to 

effect release of IMS proteins that may be selectively retained by tight membrane 

junctions within cristae (Scorrano et al., 2002). Consistently with this view, it was 

discovered a novel role for DRP1 in the regulation of cristae remodelling, after ER BIK 

stimulation, and the enhancement of cytochrome c release from mitochondria through 

Ca2+‐mediated ER signal operating through this pathway enhances. DRP1 was shown 

to regulate cristae remodelling (Germain et al., 2005). However, it remains unclear the 

exact role of DRP in apoptosis. Instead, a large number of studies confirm the key role 

of OPA1 in the apoptotic process. 

OPA1: the glue of the cristae 

Downregulation of OPA1 leads to mitochondrial fragmentation, changing in 

mitochondrial ultrastructure and cytochrome c release. An early work revealed that 

Bcl-2 overexpression inhibits cell death caused by OPA1 RNAi, indicating that OPA1 

acts upstream of OMM permeabilization (Olichon et al., 2003b). These results made 

OPA1 a potential candidate in the regulation of the apoptotic cristae remodelling 

process. 

As demonstrated by Frezza and colleagues (Frezza et al., 2006b), OPA1 

oligomeric complexes reside in the IMM at the cristae junctions and regulate cristae 

shape and width. Following death stimuli, as the BH3-only proteins BID, OPA1 

complexes are early targeted and rapidly disrupted. This provokes the opening of the 

cristae junctions and the redistribution in the IMS of the cytochrome c trapped inside 

the cristae. Accordingly, overexpression of OPA1 stabilizes the protein complexes at 

the cristae junctions and protects cell from apoptosis by preventing cytochrome c 

mobilization. Furthermore, it also restores apoptosis sensitivity in a Huntington’s 
disease model (Costa et al., 2010) and during FAS–induced liver apoptotic damage in 

vivo (Varanita et al., 2015). Conversely, OPA1 downregulation disrupts normal cristae 

structure, but it also increases cristae junction diameter and sensitize cells to 

apoptosis (Arnoult et al., 2005a; Frezza et al., 2006b; Olichon et al., 2003b; 

Yamaguchi et al., 2008). Yamaguchi and colleagues, through pharmacological and 

genetic approaches, uncoupled OPA1 complex disassembly and crista remodelling 

from OMM permeabilization. The expression of a disassembly-resistant mutant 

OPA1Q297V that does not exhibits GTPase activity (Griparic et al., 2004; Misaka et al., 

2002) blocked both the complete release of cytochrome c, Omi/Htra2 and 
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Smac/DIABLO, and apoptosis (Yamaguchi et al., 2008). This experiment corroborates 

the previous hypothesis: the expression of OPA1 mutant, favouring constitutive self-

assembly, blocks apoptosis by inhibiting the release of mitochondrial proteins, despite 

BAX activation. It can also be concluded that OPA1 controls the passage of 

cytochrome c through crista junctions. Furthermore, the anti-apoptotic and the fusion 

activities of OPA1 remain independent from each other, as OPA1 overexpression can 

also protects from apoptosis Mfn double knockout cells, where mitochondrial fusion is 

impaired (Frezza et al., 2006b). One might ask if the GTPase activity is critical for the 

anti-apoptotic function of OPA1, as for the fusion process. To address this question, 

Frezza and colleagues overexpressed the GTPase mutant OPA1K301A, that impairs the 

fusion activity, and observed the same effects as for OPA1 downregulation. Taken 

together, these results suggest that GTPase activity is important for the 

oligomerization of OPA1 and to keep the cristae junctions tight (Frezza et al., 2006b). 

The high molecular weight OPA1 complexes targeted during apoptosis consist 

of both the l- and s-OPA1. Interestingly, PARL, involved in the post-transcriptional 

processing of OPA1, was found to participate in the regulation of cytochrome c release 

from mitochondria during apoptosis. PARL is positioned upstream of OPA1, because 

it is involved in the regulation of OPA1 oligomerization, by generating a balance 

amount of soluble OPA1. In Parl-/- mitochondria, s-OPA1 levels in IMS and OPA1 

oligomers are reduced. Consequently, upon apoptosis induction, they are disrupter 

faster, and cells exhibit an early cytochrome c mobilization and an increased sensitivity 

to intrinsic apoptotic stimuli (Cipolat et al., 2006). Cogliati and colleagues succeeded 

in the genetical dissociation of OMM permeabilization from cristae remodelling using 

two BID mutants. (i) BIDG94E carries a mutation 

in the BH3 domain and is unable to induce 

OMM permeabilization (Wei et al., 

Figure 18. Model of cristae remodelling during 

apoptosis. In healthy cells (top), OPA1 oligomers 

regulate the openings of the cristae junctions and 

restrict the passage of cytochrome c, as well as other 

proteins, into the mitochondrial intermembrane space 

(IMS). The inner membrane rhomboid protease, 

PARL, is required for correct assembly of OPA1 

oligomers. In response to proapoptotic stimuli that 

activate BH3-only proteins and induce BAX/BAK-

dependent OMM permeabilization (bottom), OPA1 

oligomers become destabilized resulting in 

remodelling of the IMM and release of the fraction of 

cytochrome c contained within the cristae (85%). 

OPA1 may also be released from the intermembrane 

space during this process. OMM, mitochondrial outer 

membrane; IMM, mitochondrial inner membrane. 

From (Delivani and Martin, 2006) 
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2000). (ii) BIDKKAA carries two mutations in the highly conserved 157 and 158 Lys of 

its α6 helix. This sequence shares high homology with the transmembrane domains 
of Bnip3, BimS and mastoparan, all known to perturb the mitochondrial inner 

membrane (Cogliati et al., 2013b; Landes et al., 2010; Pfeiffer et al., 1995; Yamaguchi 

et al., 2008). As expected, BIDG94E is not able to induce cytochrome c release, while 

BIDKKAA is able to induce OMM permeabilization and release 20%-30% more 

cytochrome c than the baseline, which corresponds to the free IMS cytochrome c. 

Furthermore, BIDKKAA and BIDG94E are both incompetent in disrupting OPA1 high 

molecular weight complexes and in inducing apoptosis. Therefore, BID seems to exert 

two distinct functions in mitochondria via two different protein domains (Cogliati et al., 

2013b). 

How does tBID disassemble OPA1 oligomers during apoptosis? It was 

suggested that tBID acts as a bifunctional molecule: (i) it binds to cardiolipin in the 

mitochondrial membrane via its helix H6 to destabilize mitochondrial structure and 

function, and then (ii) it promotes through its BH3 domain the activation of BAX/BAK 

oligomerization. Interaction of tBID with cardiolipin may lead to the reorganization of 

the mitochondrial phospholipids into microdomains, thus affecting the activity of the 

enzymes involved in mitochondrial functions; this results in in ROS production and 

mitochondrial lipid peroxidation. According to this hypothesis, cardiolipin and its 

oxidation is essential for BID induced apoptosis (Gonzalvez et al., 2010; Lutter et al., 

2000; Ott et al., 2002). 

In line with this model, an intriguing discovery was made by Jiang and 

colleagues. They proposed that, upon apoptotic stimulation, OPA1 is cleaved by the 

zinc metallopeptidase OMA1 activated after a decrease of mitochondrial membrane 

potential. The authors suggest that BAX/BAK oligomerization causes both OMM 

permeabilization and OMA1 activation (Jiang et al., 2014). This discovery leads to the 

rise of a model that link apoptosis, mitochondrial ultrastructure remodelling and 

mitochondrial bioenergetics. 

Finally, it must be kept in mind that multiple OPA1 containing complexes do 

exist. (Cogliati et al., 2013b; Glytsou et al., 2016). This suggest that other proteins 

could participate in OPA1 complexes assembly and disruption. More studies will be 

needed to understand the molecular mechanism that link BAK/BAX activation, cristae 

remodelling and the complete cytochrome c release, as well as the protein machinery 

that regulate these processes. 
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SUMMARY 

The GTPase activity of OPA1, a dynamin-related mitochondrial protein 

upregulated in several tumors, controls cristae remodeling, cytochrome c 

release and apoptosis. To pharmacologically target OPA1 in cancer, we setup 

and iterated a high-throughput screening of a diversity based chemical library 

of 10,000 drug-like small molecules for recombinant purified OPA1 GTPase 

activity inhibition, identifying 8 candidates that were confirmed in a secondary 

screen. The most promising hit (MYLS22) was highly specific, as it could bind 

to recombinant OPA1 GTPase and did not inhibit recombinant Dynamin 1 

GTPase activity. MYLS22 was not mitochondriotoxic, but it increased OPA1 

oligomers disassembly and cytochrome c release in response to the 

proapoptotic stimulus BID in purified mitochondria and to hydrogen peroxide in 

cells, where MYLS22 caused the expected mitochondrial fragmentation. 

MYLS22 also phenocopied the inhibition of breast cancer cells migration caused 

by OPA1 silencing. Thus, we identified a first-in-kind OPA1 inhibitor with 

potential anti-cancer properties. 





 

INTRODUCTION 

Mitochondria are multifunctional organelles that regulate several fundamental physio-

pathological cellular processes. They play crucial roles in metabolism, bioenergetics 

(Danial et al., 2003), Ca2+ signaling (Rizzuto et al., 2000), oxidative stress response 

(Orrenius et al., 2007), and integration and amplification of apoptotic signals (Green 

and Kroemer, 2004). Mitochondrial morphology is the result of a fine balance between 

fission and fusion processes, mediated by the “mitochondrial-shaping” proteins. The 

dynamin related protein (Drp) 1, along with its receptor proteins mitochondrial fission 

factor (Mff) and fission (Fis) 1, mediate mitochondrial fission, while fusion is controlled 

by mitofusins (Mfn) 1 and 2 at the outer membrane, and by optic atrophy (OPA) 1 at 

the inner membrane. 

Mitochondrial dynamics ensures organelle plasticity, but it is also associated with 

several human disorders and tumors (Wallace, 2005). Mitochondrial-shaping proteins 

were first linked to cancer because of their role in apoptosis, whose inhibition is a 

hallmark of cancer cells (Hanahan and Weinberg, 2011). Subsequent studies revealed 

that changes in mitochondrial fission-fusion balance confer cancer cells the capacity 

to adapt their metabolism to environmental modifications, such as hypoxia, starvation, 

stress signals and even drug treatments (Patten et al., 2014; Rossignol et al., 2004).  

Apoptosis is a natural barrier to uncontrolled cell proliferation and, thus, a crucial 

cancer defense. Indeed, dysregulation of apoptotic pathway is an hallmark of cancer 

(Hanahan and Weinberg, 2011). Tumor cells evolved different strategies to limit or 

overcome apoptosis, for example loss of tumor suppressors (as p53), activation of 

proto-oncogenes, upregulation of antiapoptotic protein (like Bcl-2 or IAPs) or 
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downregulation of proapoptotic factors (as Bax and Bak) (Hanahan and Weinberg, 

2011). 

The recent advances in high-throughput technologies allowed the genetic 

characterization of several tumor types and expanded the number of molecular 

targets. These advances rapidly increased the rush to the personalized cancer 

therapies. However, many challenges need to be overcome, as tumor heterogeneity 

and evolution, potential morbidity of biopsies, but especially the lack of effective drugs 

against most genomic aberrations and the absence of a specific genetic profile for 

each tumor type (Meric-Bernstam and Mills, 2012). On the other hand, conventional 

cancer drugs, as etoposide, cisplatin or doxorubicin, still widely employed in the clinics, 

exert their function by indirectly inducing apoptosis by engaging signaling pathways 

that lie upstream of mitochondria (Fulda et al., 2010). Unfortunately, cancer cells often 

become resistant to these treatments through modifications of the apoptotic 

mechanisms. For these reasons, drugs that directly target mitochondria are becoming 

of great interest because they reactivate cell death by bypassing the resistance 

mechanisms and sensitizing chemoresistant cells. Examples of mitochondria targeted 

drugs include the mitochondrial division inhibitor-1 (mdivi-1) that inhibits mitochondrial 

fission by reducing DRP1 self-assembly (Cassidy-Stone et al., 2008). Aurilide, which 

targets prohibitin 1 (PHB1), activating the proteolytic processing of OPA1 (Sato et al., 

2011), or SMAC-mimetics that enhance caspase activity (Li et al., 2004) result in 

mitochondria-induced apoptosis. Manipulation of mitochondrial shaping proteins can 

also correct mitochondrial pathology caused by defective or imbalanced mitochondrial 

dynamics, as Charcot Marie Tooth disease type 2A (CMT2A). Recently, Rocha et al. 

identified the specific residues of MFN2 that contribute to the disease and restored 
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mitochondrial fusion and activity in the sciatic nerves of mice using a class of MFN2-

agonist drugs (Rocha et al., 2018). TAT-367-384Gly, is a cell-permeable minipeptide 

that can reverse mitochondrial dysmorphologies in neurons harboring CMT2A gene 

defects by destabilizing the fusion-constrained conformation of MFN2 and promoting 

the fusion-permissive conformation (Franco et al., 2016). 

Among all mitochondria-shaping proteins, OPA1 plays a central antiapoptotic role. 

Upon apoptosis induction, Bcl-2 family proteins permeabilize OMM and mitochondria 

undergo an ultrastructural remodeling (Scorrano, 2009; Scorrano et al., 2002; 

Scorrano and Korsmeyer, 2003). OPA1 controls this process, independently from its 

role in mitochondrial fusion. Indeed, OPA1 oligomers, containing both the membrane 

bound and the soluble forms of the protein, participate in the formation and in the 

maintenance of tight cristae, sequestrating cytochrome c in the intra-cristae 

compartment (Frezza et al., 2006b). During apoptosis, OPA1 oligomers are early 

targets of BID, BIM-1, BNIP3 (Frezza et al., 2006b; Landes et al., 2010; Yamaguchi et 

al., 2008), and they are rapidly dissociated leading to cristae widening, cytochrome c 

mobilization from cristae for its subsequent release into the cytosol. (Frezza et al., 

2006b; Scorrano et al., 2002). Downregulation of OPA1 leads to mitochondrial network 

fragmentation and increases cell sensitivity towards apoptosis, while mutations that 

abolish OPA1 catalytic activity impair its antiapoptotic function (Frezza et al., 2006b). 

Interestingly, OPA1 is overexpressed in different type of cancers where it correlates 

with an increased chemotherapy resistance and a lower survival rate. For example, 

OPA1 is overexpressed in lung adenocarcinoma (LADC) patients where it increases 

cisplatin resistance via inactivation of caspase-dependent apoptosis; knockdown of 
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OPA1 sensitizes hepatocellular carcinoma cells to cytotoxic treatment and Akt-

dependent downregulation of OPA1 facilitates cytochrome c release and apoptosis in 

lung cancer cells (Fang et al., 2012; Kong et al., 2014; Zhao et al., 2013). Two very 

recent reports consolidate the promising role of OPA1 inhibition in anti cancer therapy: 

first, OPA1 was identified as a member of a group of eight prognosis-related genes 

(including EBAG9, MTDH, ATP6V1C1, ATCL6A, BCL6, SENP5 and KRAS) likely to 

be important cross-cancer target genes for therapies and perhaps also associated with 

overall patient’s survival rate, due to their recurrent copy number amplification across 

pan-cancer (Wee et al., 2018). Second, not only genes controlling mitochondrial 

dynamics were found to be recurrently amplified in multiple tumor types, but deletion 

of OPA1 (and DRP1) in a proof of principle experiment increased sensitivity of multiple 

cancer cells (lung, ovarian) toward specific SMAC-mimetic anticancer drugs 

(Anderson et al., 2018). 

Because OPA1 function in apoptosis depends on its GTPase activity and is diminished 

by mutations in crucial GTPase domain amino acids, we explored the possibility that 

chemical inhibition of OPA1 GTPase activity could mimic these mutants. To this end 

we setup and implemented an in vitro high-throughput screening assay to test a library 

of chemical compounds for their effect on the GTPase activity of recombinant, purified 

OPA1 (Quintana-Cabrera et al., 2018). Screening a library of 10,000 diversity based, 

drug-like small molecules identified 8 compounds that block OPA1 GTP hydrolysis. 

We characterized the best hit, called MYLS22, that can bind to recombinant OPA1, 

inhibits OPA1 but not Dynamin 1, lacks mitochondriotoxic effects, but especially 

increases apoptotic release of cytochrome c from mitochondria in vitro and in situ. 
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RESULTS 

A high throughput screening for GTPase activity of recombinant OPA1. 

Since the three-dimensional crystal structure of OPA1 is unavailable and there are no 

published inhibitors of OPA1, we could not perform a virtual screening or create a lead 

pharmacophore model for molecular docking. Therefore, we first built a structural 

model based on the homology of OPA1 with twenty protein templates selected to 

maximize confidence, percentage identity and alignment coverage of OPA1 (Figure 

3B). Inspection of this model revealed an overall structural organization resembling 

that of crystallized proteins of the family, including dynamin (Ford et al., 2011a) and 

DRP1 (Daumke and Praefcke, 2016). It revealed the organization of the GTPase 

domain, with the position of residues unique to OPA1 (e.g., 402-VINTVT-407) that can 

in principle confer OPA1 specificity over other members of the superfamily. However, 

in order to identify lead molecules that could inhibit OPA1, we turned to a wet biology 

approach, capitalizing on our experience with E. coli expression and affinity 

chromatography purification of a recombinant OPA1 (rOPA1) protein, corresponding 

to Mus musculus isoform 1 (Uniprot: P58281) lacking the mitochondria targeting 

sequence and the transmembrane domain (aa 1-167), fused to a C-terminal 6X His-

tag (Quintana-Cabrera et al., 2018) (Figure 3A). We therefore scaled up Ni-NTA beads 

affinity chromatography protein purification, yielding approximately 1 mg of rOPA1 per 

liter of BL(DE3) E. coli. Km and Vmax of the dialyzed rOPA1 measured by reverse phase 

chromatography (RPC) were 274.1 ± 20.5 μM and 0.75 ± 0.18 μM, respectively, in the 

range of other dynamin like proteins (Cassidy-Stone et al., 2008) and with very limited 

batch variability. Because reverse phase chromatography is unsuitable for high 

throughput analysis, we turned to the malachite green (MG) colorimetric assay that 
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quantifies the free phosphate released during the hydrolysis of GTP into GDP 

(Leonard et al., 2005). Kinetic properties of rOPA1 measured with the MG assay were 

superimposable to those obtained by RPC, further supporting the use of this approach 

to screen for OPA1 inhibitors (Supplementary Figure S1A).  

We therefore adapted our assay to a high-throughput mode. We first optimized the 

enzyme to substrate ratio (rOPA1/GTP) to increase the sensitivity of the miniaturized 

assay without affecting the specificity of the detection and we fixed rOPA1 at 0.2 µM 

and GTP at 500 µM. Next, we confirmed that rOPA1 activity could be inhibited by 

increasing concentrations of the non-hydrolysable GTP analogues GTPγS and 

GMPPNP (Supplementary Figure S2B). We also evaluated the potential interference 

of dimethyl sulfoxide (DMSO), the solvent used to solubilize the compounds from the 

chosen library, on measured rOPA1 activity, and we excluded that a final 2.5% (V/V) 

DMSO concentration affected the measured rOPA1 activity or interfered with MG 

absorbance (Supplementary Figure S2C). We then looked for a strong positive control 

for rOPA1 inhibition. We compared inhibition by GTPγS and 

ethylenediaminetetraacetic acid (EDTA) which chelates the Mg2+ ions required for 

GTP hydrolysis. While we retrieved a residual rOPA1 activity upon GTPγS treatment, 

EDTA stably and fully inhibited GTP hydrolysis. Moreover, GTPγS strongly altered the 

absorbance readout, further complicating its use in a high-throughput setting 

(Supplementary Figure S2C). To understand whether rOPA1 inhibition was affected 

by the duration of incubation time with the inhibitor before GTP addition, we assessed 

the influence of different GTPγS incubation times on rOPA1 activity. Although no 

significant difference was observed, incubation for 10 minutes appeared to be 

sufficient to fully inhibit the enzyme ((Supplementary Figure S2E), in line with the 
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general suggestion that equilibration between enzyme and the potential inhibitor prior 

to addition of the substrate shall be allowed (Copeland, 2003). Finally, we optimized 

buffer conditions for rOPA1 GTPase activity measurements (Quintana-Cabrera et al., 

2018). Like the other dynamin superfamily GTPases, rOPA1 required Mg2+ as cofactor 

for GTP hydrolysis (Supplementary Figure S1A), which was irreplaceable by Mn2+ 

(Supplementary Figure S2G-H) and a low ionic strength buffer to prevent the protein 

oligomerization and precipitation. Furthermore, rOPA1 GTPase activity was not 

influenced by 500 μM GDP, excluding inhibition by GDP throughout the incubation 

time of the assay (Supplementary Figure S2F). These parameters were used to design 

a pipeline for a semi-automated 384-well plates HTS (Table 1). 

 

HTS for rOPA1 small molecule inhibitors: data-processing and hit identification 

We next proceeded to perform the MG based, rOPA1 GTPase activity HTS on a library 

of 10,000 selected, pure drug-like small molecules (MyriaScreen, Aldrich) enriched 

with privileged motifs computed to fulfil the “Lipinski’s rule of 5”, which defines the 

essential chemical and physical properties of drugs to ensure their permeability and 

bioavailability (Lipinski et al., 2001). The 10,000 small compounds of the MyriaScreen 

library were tested at a single concentration ranging from 50 to 200 μM. Because high-

throughput assays may show large variability with respect to intra-plate and inter-plate 

results, day-to-day and batch-to-batch comparisons (Goktug et al., 2013), we 

employed graphical and statistical quality control metrics to validate the quality of our 

developed assay and to meet minimum standards ensuring that positive hits can be 

distinguished from the noise of the assay. 
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We used strictly standardized mean difference [SSMD, i.e. the ratio of the mean to the 

standard deviation (SD) of the difference between the two populations (Zhang, 2007)] 

that measures the strength of the difference between two compared groups, to assess 

the difference between positive and te negative control samples. The larger the value 

of the SSMD between the two controls, the greater the difference between the two 

populations. In assays resembling ours, where positive controls (maximal inhibition of 

rOPA1) have a value smaller than negative controls (minimal inhibition of OPA1), 

plates with SSMD values ≤-3 pass the quality control (Zhang, 2007). In our case the 

assay remained sufficiently robust throughout the screening and, as demonstrated by 

the plate-specific SSMD values, only 4 plates did not pass quality control (Figure 1B). 

The graphical raw data visualization also contributes to the quality control review 

process. We plotted raw data of each sample of the 32 assayed 384-well plates 

against its well number. The resulting scatter plot indicated that the assay was well 

behaved: with few exceptions, we identified an average robust assay signal window 

between positive and negative controls, even if negative controls spanned a larger 

range of values than the positive controls. Also, the scatter plot revealed that the 

10,000 small-molecules could be divided in two clearly distinct populations: most of 

the compounds were inactive, i.e. their effect on rOPA1 activity resembled that of the 

negative controls. A second population comprised active compounds, whose rOPA1 

inhibition levels falling in between negative and positive controls (Figure 1B). 

Comforted that our HTS passed these two quality controls, we decided to normalize 

MG raw data as normalized percent of inhibition (NPI), i.e. as percentage activity 

relative to negative controls. We then binned the NPI values in a corresponding trellis 

heat map of the 32 screened 384-well plates, where wells were colored according to 
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the binning, encoded by continuous color changes from dark red (high inhibition) to 

dark blue (low inhibition). The heat map did not reveal any noticeable systematic 

pattern that may represent error of reagent pipetting (Figure 1D). In both the heat map 

and the scatter plot representations, control and sample areas matched with respect 

to the raw measurement values (Figure 1C-D). A more careful inspection allowed us 

to identify the 4 excluded plates with lower variability in the positive and negative 

controls, already readily apparent in the SSMD plot (Figure 1B). Nonetheless, these 4 

plates did not exhibit significantly different patterns in the distribution of the NPI values 

of the compounds. 

Due to the low activity of rOPA1 and the assay detection limits, the primary screen 

was performed with relatively high GTP concentrations, as 500 μM GTP is above the 

Km of OPA1 (Quintana-Cabrera et al., 2018). Generally, this enriches the identification 

of uncompetitive compounds and non-competitive inhibitors instead of competitive 

inhibitors (Copeland, 2003). Running the assay at higher substrate concentrations was 

however inevitable to obtain a sufficiently robust assay. Yet, the conditions were 

merely met, and we compensated for the assay’s limitations by setting a conservative 

threshold that included only the most potent inhibitors of the screen. The calculated 

NPI values from the raw data allowed ranking the samples based on their inhibitory 

potential (Figure 1E). Most of the tested compounds showed no effect on OPA1 

GTPase activity, as shown before, and hence had a value around 1, similar to the 

negative controls. Compounds that affected OPA1 activity displayed values smaller 

than 1 with a minimum of 0, as the positive control containing EDTA. Considering the 

compounds with a NPI value between 1 and 0 (Figure 1F), we selected as inhibitors 

the compounds that decreased the activity of OPA1 by at least 30%, corresponding to 
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NPI < 0.7 (dashed line in Figure 1E-F). After two rounds of library screening, only 

compounds identified in both individual and replicate analysis were retained (Table 2). 

Of these, the compounds that per se reduced the absorbance at the measured 

wavelength were considered as false positives and were excluded from the list. 

Eventually, we identified 8 potential inhibitor molecules that decreased OPA1 GTPase 

activity by at least 30% and that were christened MYLS2, MYLS3, MYLS5, MYLS9, 

MYLS10, MYLS14, MYLS16 and MYLS22 (Figure 1G and 2A-H). 

 

Hit validation by concentration response curve 

The screened library contains small compounds selected based on their drug-likeness 

and for their chemical diversity. Hence, all identified compounds fulfilled the Lipinski’s 

rule of 5 (Lipinski et al., 2001). Only MYLS21, also known as Suramin, is an exception 

to these rules, yet it is the only compound already in the clinics (Kaur et al., 2002). 

To evaluate the 8 compounds selected from the primary HTS for their ability to inhibit 

rOPA1 GTPase activity, we tested them in a dose-response experiment at 

concentrations ranging from 1 nM to 750 μM. All 8 inhibitors showed an inhibitory 

activity increasing with the rising of their concentrations (Figure 2A-H), confirming that 

they truly inhibit rOPA1 GTPase activity. We fitted data with a four-parameter curve to 

evaluate the potency as half-maximal inhibitory concentration (IC50) and maximal 

inhibition (Imax), as well as the nature of the inhibition, based on the calculation of Hill 

coefficient (Figure 2). We grouped the compounds into moderate (Figure 2D, E, G, H) 

and potent inhibitors (Figure 2A, B, C, F), according to the maximal rOPA1 inhibition 

they exerted. Compounds that bind a single site on an enzyme yield Hill slopes of 1 

and deviations may indicate that the inhibitor blocks activity nonspecifically. Most of 
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the identified inhibitors showed a Hill slope bigger than 1 except for MYLS5, MYLS22 

and MYLS16, which may suggest unspecific inhibition through aggregation. In 

conclusion, we identified the first in class in vitro inhibitors of OPA1 GTPase activity. 

Among them MYLS22 was recognized as the most potent inhibitor of OPA1 activity 

(IC50=96.5 M, Imax=0.78) (Figure 2A). 

 

MYLS22 is a specific OPA1 GTPase activity inhibitor. 

To identify possible MYLS22-binding sites within OPA1 structure and to confirm the 

results of the in vitro screening, we set up a molecular docking analysis. Interestingly, 

the best scoring pose of MYLS22 was identified within the hydrophobic GTP-binding 

pocket of OPA1 (Figure 3F-G). A close analysis of the MYLS22 binding pose 

suggested hydrogen bonding interactions with the residues Gln-297, Gly-319 and Asn-

404 in the active site of OPA1 (Figure 3E). Gln-297 and Gly-319 are two well 

conserved residues in the P-loop and in the Switch I regions of dynamins, that 

participate in the GTP hydrolysis process of OPA1 and show a high degree of similarity 

with the other dynamin superfamily proteins. Notably, beyond the GTP-binding motif, 

MYLS22 also potentially contacts an OPA1-specific region that include Asn-404 and 

does not present similarity with other dynamins (Supplementary Figure S2A). This 

interaction appears to be important for defining potential specificity of the inhibitor. 

Indeed, to verify the interaction between MYLS22 and the G domain of OPA1, we 

purified a recombinant mouse OPA1 fusion protein consisting of the G domain 

connected by a linker with the BSE domain of GED (Figure 3C-D). To investigate the 

OPA1 G domain-MYLS22 interactions in solution, we took advantage of the saturation 
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transfer difference (STD) Nuclear Magnetic Resonance (NMR) spectroscopy 

technique. This is a powerful tool for detecting also weakly binding ligands by 

recording one-dimensional NMR spectra, using relatively small amount of protein. The 

protons that are in close contact with the OPA1 protein receive a higher degree of 

saturation, resulting in stronger STD NMR signals. Protons that are either less or not 

involved in the binding process reveal no STD NMR signals. The difference between 

a STD spectrum and a reference NMR spectrum can identify the binding between the 

protein and the compound. Thus, we performed the STD NMR experiment to explore 

the propensity of MYLS22 to interact with the G domain of OPA1. The reference 

spectrum exhibited narrow and well resolved lines (Figure 3H). Although modest, the 

STD spectrum exhibited specific signals that confirm the interaction of the inhibitor 

with OPA1. 

Even though the in silico docking results suggested some potential specificity of OPA1 

inhibition by MYLS22, we were faced with the fact that the GTPase domain is the most 

conserved region among the dynamin superfamily proteins. We therefore decided to 

test the specificity of MYLS22 toward OPA1, by comparing the effects of the identified 

OPA1 inhibitors on the GTPase activity of Dynamin-1 (Dyn1), one of the closest 

homologues of OPA1 (Ford et al., 2011b). We successfully expressed and purified in 

E. coli a recombinant Dynamin-1 protein lacking the proline rich domain (PRD) 

(Dyn1ΔPRD) (Figure 4D). Using the MG assay, we measured the GTPase activity of 

the Dyn1ΔPRD in the presence of MYLS22. While the other identified inhibitors 

displayed different degrees of Dyn1ΔPRD inhibition, MYLS22 did not, even at 

concentrations four times above the calculated IC50 for OPA1 (Figure 4E). In 
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conclusion, MYLS22 binds to OPA1 GTPase domain and selectively inhibits OPA1 

GTPase activity.  

 

MYLS22 is a cell-permeable lipophilic small molecule. 

The determination of the cellular bioavailability of small-molecule inhibitors is a critical 

step for interpreting cell-based data and directing inhibitor optimization (Teuscher et 

al., 2017). The discrepancies between the results obtained in biochemical and cell-

based assays have been a recurring problem when novel inhibitors identified from 

biochemical studies are assessed in cells (Bunnage et al., 2013; Hann and Simpson, 

2014; Morgan et al., 2012). This difference has traditionally been ascribed to the low 

permeability of the compound through the cell membrane. Thus, we first assessed 

MYLS22 physicochemical properties, which included its aqueous solubility and 

stability in cell culture medium. MYLS22 is a drug-like molecule that meets all the 

physiochemical requirement indicated in the Lipinski’s rule of five (Lipinski et al., 

2001). Nevertheless, the inhibitor is characterized by a low aqueous solubility and a 

low hydrophilicity (Log P = 3.67, Log D = 3.51) (Supplementary Table S1). MYLS22 is 

soluble in DMSO up to 1 mM and in cell culture medium up to 150µM.  

Fluorescence provides a sensitive mean to assess whether a drug can be taken up by 

cells, but its use is limited by the occurrence of a chromophore that can absorb UV or 

visible light providing fluorescence at a longer wavelength. MYLS22 is characterized 

by absorption and emission bands in the UV region of the electromagnetic spectrum 

and, unfortunately, it does not have any chemical structure that produces a 

fluorescence signal. Therefore, we could not take advantage of the fluorescence 
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properties of the molecule for its direct visualization in complex media. Nevertheless, 

we succeeded in measuring the cell permeability of MYLS22 with two independent 

and complementary methods by exploiting its absorbance at 280 nm. We incubated 

mouse embryonic fibroblasts (MEFs) with MYLS22 in HBSS, to avoid the strong 

280nm absorption by proteins of DMEM and we measured the remaining MYLS22 (by 

using its 280nm absorption as a proxy) over time (Supplementary Figure S3A). The 

concentration of MYLS22 in the extracellular medium decreased with incubation time 

(Figure 4A). However, this did not exclude its non-specific binding to the culture dish. 

To verify the effective presence of MYLS22 inside the cells we turned to a reversed-

phase high-performance liquid chromatography (HPLC)-UV method on lysates 

preprocessed with solid-phase extraction (SPE), which significantly enhanced the 

sensitivity of the HPLC-UV method. The SPE led to the double advantage of 

separating small hydrophobic molecules from cell lysate proteins and of 

simultaneously changing the solvent, thus improving MYLS22 solubility. After SPE, 

samples were injected into an analytical reversed-phase C18 column with a gradient 

of trifluoroacetic acid (TFA) (0.1% v/v)/acetonitrile as mobile phase. The HPLC method 

was optimized so that the retention time of the inhibitor did not overlap with any other 

components present in the cell lysates. We succeed in isolating the elution peak of 

MYLS22 detected by the absorbance at 280 nm, in a total run time of 15 min (Figure 

4B). The cells were incubated with the inhibitor and, after 24 h, were lysed and the 

inhibitor was subjected to the SPE. MYLS22 intracellular concentrations were 

calculated using a calibration curves of the amount of the inhibitor extracted over the 

initial amount of the inhibitor directly added to the cell lysate prior to SPE. The amount 

of inhibitor uptake from cells was determined by comparing the area under the curves 
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(AUCs) in the HPLC chromatograms. The cellular uptake for MYLS22 resulted to be 

20% when the input concentration was 100 μM. Overall, these results demonstrated 

that MYLS22 is a membrane-permeable molecule that can enter mammalian cells. 

 

MYLS22 per se does not cause cell death and is not mitochondriotoxic. 

We next verified if MYLS22 induced direct cytotoxic effects. We found that 

concentrations of MYLS22 up to 100 µM did not cause MEFs death (Figure 4C). 

Because cultured cells can survive extensive mitochondrial dysfunction by operating 

the reversal mode of the ATP synthase (Quintana-Cabrera et al., 2018), we decided 

to measure if MYLS22 stimulated mitochondrial depolarization in response to the F1F0 

ATPase inhibitor oligomycin, a sensitive test of latent mitochondrial dysfunction in 

intact cells (Irwin et al., 2003). Real-time imaging of the mitochondrial potentiometric 

dye tetramethyl rhodamine methyl ester (TMRM) fluorescence in response to 

oligomycin showed that membrane potential was stable in MEFs treated with MYLS22 

over a range of concentrations well above rOPA1 IC50 (Figure 4F). We further 

confirmed the lack of mitochondrial toxicity in vitro, using mitochondria purified from 

mouse liver. Irrespective of whether mitochondria were energized using complex I 

(glutamate/malate, Figure 4G) or complex II (succinate, Figure 4H) substrates, 

MYLS22 pretreatment did not reduce uptake of the potentiometric dye Rhodamine 

123, over a range of concentrations well above rOPA1 IC50. Thus, MYLS22 does not 

induce per se primary mitochondrial dysfunction and we defined a safe range of 

MYLS22 concentrations that could be used to assess inhibitor-specific cellular function 

devoid of unrelated cytotoxic side effects. 
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MYLS22 induces mitochondrial fragmentation. 

OPA1 is a mitochondrial-shaping protein involved in inner mitochondrial membrane 

fusion (Chen et al., 2005; Cipolat et al., 2004; Song et al., 2007) and as expected, 

OPA1-/- cells display fragmented mitochondrial network with defects in cristae shape 

(Cogliati et al., 2013a). Notably, OPA1 requires an intact GTPase domain to fuse 

mitochondria and GTPase mutants expressed in cells harbouring WT OPA1 cause 

mitochondrial fragmentation (Frezza et al., 2006a). Because of these aspects of OPA1 

biology, any chemical OPA1 inhibitor is expected to cause mitochondrial 

fragmentation. We therefore tested whether a panel of MYLS22 concentrations led to 

fragmentation of WT MEFs mitochondria. Visual inspection of confocal images of 

MEFs expressing mitochondrially targeted YFP (mtYFP) revealed that MYLS22 

caused a dose dependent mitochondrial fragmentation and decrease in mitochondrial 

length, leading to the appearance of completely fragmented organelles similar to the 

ones imaged in OPA1-/- MEFs (Figure 5A-B). In conclusion, MYLS22 causes extensive 

mitochondrial fission in situ.  

 

MYLS22 enhances cytochrome c release from mitochondria during apoptosis. 

In addition to, and independently from its role in mitochondrial fusion, OPA1 plays a 

key function in the regulation of apoptotic cell death, (Frezza et al., 2006b). Its 

downregulation increases cell sensitivity to induced apoptosis (Frezza et al., 2006b; 

Lee et al., 2004; Olichon et al., 2003b; Olichon et al., 2007b), while its overexpression 
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protects from apoptosis by preventing cytochrome c release (Frezza et al., 2006b). 

Because OPA1 requires integrity of the GTPase domain also to prevent cytochrome c 

release (Frezza et al., 2006b), we expected that OPA1 inhibition by MYLS22 would 

lead to enhanced cytochrome c release. Indeed, MYLS22 enhanced in a 

concentration-dependent manner the amount of cytochrome c released from purified 

mouse liver mitochondria in response to the active form of the proapoptotic Bcl2 

molecule BID (cBID) (Frezza et al., 2006a), irrespective of whether we measured it by 

immunoblotting or by an established quantitative cytochrome c ELISA. Already at a 

low concentration of 25µM, MYLS22 increased by 1.7-fold the amount of cytochrome 

c release, that was more than doubled when mitochondria were treated with 125 µM 

MYLS22. (Figure 6A-B). Interestingly, these two MYLS22 concentrations enhanced 

the cBID-mediated disruption of the chemically crosslinkable OPA1 oligomers, whose 

destabilization correlates with cristae remodeling and complete cytochrome c release 

(Frezza et al., 2006a; Varanita et al., 2015) (Figure 6C). 

We next verified whether MYLS22 similarly influenced the release of cytochrome c in 

a cell-based assay. Following treatment with the intrinsic apoptotic, mitochondria 

dependent stimulus H2O2 (Scorrano et al., 2003a), MEFs incubated with 50µM 

MYLS22 released cytochrome c significantly more rapidly than cells incubated with 25 

µM MYLS22 or with DMSO, reaching maximal release already 30 min after apoptosis 

induction (Figure 6D-E). Taken together, these data show that MYLS22 treatment 

enhances in a dose-dependent manner the release of cytochrome c in response to an 

apoptotic stimulus. 
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Breast cancer cells migration is sensitive to genetic and pharmacological 

inhibition of OPA1. 

While our data confirm that processes controlled by OPA1 (mitochondrial fusion and 

cytochrome c release) can be targeted by OPA1 inhibitors in vivo, they have been 

obtained on normal mouse organelles and tissues and we lacked evidence that 

MYLS22 could target human cancer cells. Very recently, OPA1 was identify as one of 

the eight prognosis-related genes that exhibit high alteration frequency and 

amplification across pan-cancer including breast cancer where OPA1 was significantly 

overexpressed (Wee et al., 2018). We therefore turned our attention to MDA-MB-231 

cells, a human metastatic breast adenocarcinoma cell line, and measured if MYLS22 

could block MDA-MB-231 migration, an essential feature of cancer metastatization 

that in these cells is controlled by mitochondrial morphology (Zhao et al., 2012). When 

we blocked OPA1 genetically, by efficient siRNA-mediated silencing of OPA1 (Figure 

7A), migration was reduced by 50% in a classic scratch assay. A very similar 

inhibition was achieved by treatment with MYLS22 (Figure 7B). Most importantly, the 

effect of MYLS22 on cell migration was not additive to that of OPA1 silencing (Figure 

7C), indicating that MYLS22 acts specifically by blocking OPA1. Overall, these results 

demonstrate that safe concentrations of MYLS22 decrease cancer cell migration and 

suggest that MYLS22 act on the same OPA1-dependent pathway that controls cell 

migration. 
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DISCUSSION 

The alteration of apoptotic mechanisms allows cancer cells to escape from drug-

induced death, proliferate in unfavorable conditions, acquire further genetic mutations, 

induce angiogenesis and perhaps metastatisation (Hanahan and Weinberg, 2011; 

Lopez and Tait, 2015). Since survival of tumor cells hinges on dysregulation of their 

apoptotic pathway, novel drugs that selectively target mitochondrial protein are 

becoming of great interest. 

Numerous studies demonstrated that OPA1 is an antiapoptotic protein that plays a 

fundamental role in the control of the apoptotic cristae remodeling to achieve a 

complete release of cytochrome c from the mitochondria (Del Dotto et al., 2017; 

Frezza et al., 2006b; Griparic et al., 2004; Olichon et al., 2003b). Higher levels of OPA1 

protein were reported in different tumor types, as lung adenocarcinoma, breast and 

endometrial cancers (Anderson et al., 2018; Fang et al., 2012; Wee et al., 2018). 

Overexpression of OPA1 correlates with an increased resistance to conventional 

chemotherapeutics, such as cisplatin and sorafenib, and with a lower survival rate 

(Fang et al., 2012; Kong et al., 2014; Zhao et al., 2012). Indeed, knockdown of OPA1 

in hepatocellular carcinoma cells sensitized them to cytotoxic treatment (Zhao et al., 

2012) and indirect Akt-dependent downregulation of OPA1 facilitated cytochrome c 

release and apoptosis in lung cancer cells (Cho, 2011). Recently, Anderson and 

colleagues discovered that the recurrent amplification of OPA1 gene in multiple tumors 

is responsible of different cell sensitivities toward specific category of anticancer drugs 

(Anderson et al., 2018). Furthermore, OPA1 has been ascribed as a potential cancer 

biomarker along with other seven genes that showed recurrent copy number 
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amplification across pan-cancer (Wee et al., 2018). Of note, the OPA1 antiapoptotic 

activity depends on its ability of hydrolyze GTP, since mutations that abolish OPA1 

GTPase activity also impair its antiapoptotic function (Frezza et al., 2006b). Given 

these observations, we decided to develop an HTS to discover small molecule 

inhibitors of OPA1 GTPase activity, with the aim of using them in combination therapy 

to increase apoptosis sensitivity and overcome drug resistance of tumor cells.  

Through a specifically designed HTS of a library of 10,000 drug-like molecules, we 

successfully identify a potent and selective in vitro inhibitor of OPA1 GTPase activity, 

named MYLS22. The use of an in vitro HTS instead of a cell-based assay, allowed us 

to directly measure, in a quantitative manner, the potency of potential OPA1 inhibitors, 

without the risk of off-targets or indirect effects. Docking experiments using a 

molecular homology model of rOPA1, revealed that the best scoring pose of MYLS22 

was within the hydrophobic GTP-binding pocket of OPA1, lending further support to 

the in vitro assay. Nevertheless, the in vitro conditions do not reproduce the 

physiological environment of the targets, thus they cannot predict the activity of the 

compounds in vivo. For this reason, once identified the most potent compound, we 

tested its inhibitory capacity in a MEF cells culture model. Given the low water solubility 

of the compound, the determination of its cellular bioavailability represents a critical 

step for interpreting cell-based results (Teuscher et al., 2017) and compared them with 

the in vitro data of the screening. Solid-phase extraction followed by reverse-phase 

HPLC, allowed us to detect MYLS22 in the cell lysates, confirming its cellular uptake. 

Although the cellular uptake of MYLS22 is low, the conjugation with a positively 

charged lipophilic cation, as the triphenyl-phosphonium group (TPP+) could represent 

an efficient method to increase the potency of the drug. 
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The major struggles in the development of an effective dynamin inhibitor is the 

specificity of the compound. Some examples of published dynamin inhibitors have 

failed to selectively block a specific isoform of dynamin. For example, the DRP1 

inhibitor mdivi-1 can stimulate cell death also in DRP1 knockout cells and has off-

target effects, like complex I inhibition (Bordt, 2017). The lack of specificity of dynamin 

inhibitors of could be explained considering the high homology and conservation of 

the GTPase catalytic domain of the dynamin superfamily proteins. In this regard, 

MYLS22, even if it targets the GTP-binding pocket of OPA1, appeared to retain a high 

grade of specificity, since it does not inhibit Dynamin-1 activity, even at concentration 

four times higher than its IC50. This is likely due to the ability of the drug to bind to 

specific residues that lie out of the GTPase domain and are OPA1 specific.  

By capitalizing on a variety of in vitro and in vivo assay for mitochondrial function, we 

defined a safe range of MYLS22 concentrations, that do not induce cell death per se 

or lead to mitochondrial toxicity. These allowed us to assess the inhibitor-specific 

cellular functions without unrelated cytotoxic side effects. MYLS22 induces 

mitochondrial network fragmentation and decreases mitochondrial length in a 

concentration-dependent manner, recapitulating the mitochondrial morphology of 

OPA1-/- cells. Furthermore, MYLS22 stimulates in a concentration-dependent manner 

the release of cytochrome c in response to apoptotic stimuli. Notably, in cells treated 

with MYLS22 without any apoptotic stimuli, mitochondria were fragmented, but still 

retained cytochrome c, further confirming that MYLS22 per se is not cytotoxic. Finally, 

MYLS22 was efficacious against metastatic MDA breast cancer cells migration, where 

MYLS22 did not produce any additive effects over OPA1 silencing on cell migration, 

confirming its specificity for OPA1. 
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Overall, MYLS22 represents the first reported OPA1 inhibitor that specifically target 

OPA1 GTPase activity and enhances apoptotic cytochrome c release. This small 

molecule could be employed as a tool for further investigation of the OPA1-controlled 

pathways or to shed light on still undefined OPA1-related processes, as the 

mechanism of OPA1 oligomers disruption by BID during apoptosis induction. The 

significance of this work also resides in the identification of a candidate and a chemical 

signature that can be used for further evaluations as anticancer drug leads to design 

more effective therapeutic treatments. Improvements could be obtained via the 

optimization of the dose and by improving the delivery strategy, for example by 

prompting mitochondrial accumulation of MYLS22 through its functionalization with a 

polycationic chemical group, as the TPP+. Further work is also required to investigate 

possible combinations and synergistic effects of MYLS22 with classic 

chemotherapeutic drugs, as doxorubicin, etoposide or cisplatin. 
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EXPERIMENTAL PROCEDURES 

 

Cell culture 

WT OPA1 SV40 transformed mouse adult fibroblast (MAFs) were generated from WT 

mice as previously described (Cogliati et al., 2013). Cell lines were cultured in 

Dulbecco’s Modified Eagle Medium (DMEM, Invitrogen) supplemented with 10% FBS 

(Invitrogen), 2 mM Glutamine, 50 U/ml Penicillin, 50 μg/ml Streptomycin, 50 μg/ml 

Uridine, and 0.1 mM non-essential aminoacids (Invitrogen). 

 

OPA1 silencing 

MDA-MB-231 cells were transfected for 72 h with the OPA1 siRNA using 

Lipofectamine 2000 following manufacturer’s instruction. MDA-MB-231 cells 

transfected with scrambled siRNA were used as control. The siRNAs were transfected 

at a final concentration of 100 nM. Silencing efficiency was evaluated by OPA1 

immunoblotting. 

 

Production and purification of recombinant proteins 

OPA1 mouse transcript variant 2 (NM_133752) was amplified from position 502 to the 

stop codon to produce recombinant OPA1 (rOPA1) lacking the N-terminal 

mitochondrial targeting sequence and the transmembrane domain. For the rOPA1 

Chimera, were amplified only the sequences corresponding to the G domain and the 

GED of OPA1, connected with a linker and all cysteines were mutated into alanines. 
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The PCR products were cloned into pET21+ (Novagen) which adds a His-tag to the 

C-terminus of the encoded proteins and expressed in E. coli. Proteins expression was 

induced with 0.5 μM IPTG for 20 hours at 18 °C. Cells were collected by centrifugation 

and the pellet was resuspended in lysis buffer (40 mM Hepes/KOH, 500 mM NaCl, 

10% glycerol, 5 mM MgCl2, 5 mM β-mercaptoethanol, 0.5% Triton-X-100, 2% Tween-

20, 1 mM PMSF, 20 mM Imidazole, Roche protease inhibitor cocktail, pH 8.0), were 

lysed by sonication and cell debris was removed by centrifugation at 14000g for 45 

minutes, 4 °C. rOPA1 was purified by Ni-NTA batch chromatography. Prior to elution, 

beads were washed with 1 mM ATP and 10 mM MgCl2 in lysis buffer for 30 minutes 

at room temperature followed by a washing step in wash buffer (40 mM Hepes/KOH, 

300 mM NaCl, 0.05% Triton-X-100, 5 mM MgCl2, 5 mM β-mercaptoethanol, 10% 

glycerol, 20 mM Imidazole, pH 8.0). rOPA1 and rOPA1 Chimera were eluted with 

increasing concentrations of imidazole in elution buffer (40 mM Hepes/KOH, 0.05% 

Triton-X-100, 5 mM β-mercaptoethanol, 10% glycerol, pH 7.4). Imidazole was 

removed by dialysis and the proteins were concentrated in storage buffer (40 mM 

Hepes/KOH, 0.05% Triton-X-100, 0.3 mM TCEP, 10% glycerol) and stored at -80 °C 

until use. The activities of the proteins were verified and measured with the malachite 

green assay. 

p7/p15 recombinant cBID was expressed, purified and cleaved with caspase-8 as 

previously described (Frezza et al., 2006). 

 

Analysis of protein expression 
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Protein concentration from total cell extracts or mitochondria lysates was assessed 

with Bradford reagent (Bio-Rad) and equal amounts of proteins were separated by 3-

8% Tris-Acetate SDS-PAGE (NuPage, Invitrogen). Fractions of the affinity purification 

of rOPA1 were resolved by 4-12% Bis-Tris SDS-PAGE (NuPage, Invitrogen). Western 

blotting was performed by transferring proteins onto PVDF membranes (Merck) and 

probed using anti-OPA1 monoclonal (1:1000, BD PharmingenTM), anti-cytochrome c 

monoclonal (1:1000, BD PharmingenTM) anti-GRP75 (1:1000, Santa Cruz 

Biotechnology) antibodies. Isotype matched secondary antibodies were conjugated to 

horseradish peroxidase and chemiluminescence (Amersham) was detected using 

Image Quant LAS 4000 (GE Healthcare Life Sciences). 

 

MyriaScreen II library 

The MyriaScreen II library was used for the high-throughput screening. It comprised 

10,000 small molecules Sigma that fulfill the “Lipinski’s rule of 5”, indicating their high 

druglikeness potential (Lipinski et al., 2001). The compounds were dissolved in DMSO 

10 mg/ml. For each round of screening The compounds were diluted 10 times into 40 

mM Hepes/KOH pH 7.4 into one sets of 32 384-well plates and stored at -20°C until 

use. To reach their final concentration they were further diluted 4 times into the assay 

plate resulting in final concentrations ranging from 50 to 200 μM. 

 

Malachite Green GTPase activity assay 
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GTPase activity was measured using a modified version of the previously described 

Malachite Green assay (Leonard et al., 2005), based on the change of absorbance of 

malachite green in the presence of free PO4 ions that results from the hydrolysis of 

GTP into GDP. A mixture containing containing 8 mM ammonium molybdate and 1.5 

mM malachite green was freshly prepared the day of use. The change in absorbance 

molybdate and the free phosphate form a phosphomolybdate complex (Cogan et al., 

1999) that then binds the malachite green dye resulting in a change of absorbance 

depending on the contained phosphate concentration that was measured at 595 nm 

after a 15 minutes incubation period at room temperature.  

The assay was performed in 96 well-plates in a final volume of 190 μl/well. To start 

the hydrolysis reaction, 10 μl of 0.5 μM of rOPA1 in 40 mM Hepes/KOH pH 7.4 was 

mixed with 10 μl of 500 μM GTP and 10 mM MgCl2 and incubated for 2 hours at 37 

°C. The reaction was then halted by adding to each well 5 μl of 500 μM EDTA, which 

chelates the Mg2+ required for GTP hydrolysis. To measure the phosphate content, 

150 μL of the Malachite Green-ammonium molybdate solution (1 mM Malachite Green, 

10 mM ammonium molybdate in 1N HCl) was added at each well. After 15 minutes 

incubation at 25 °C, was measured the absorbance at 595 nm using a microplate 

reader. Phosphate concentration of each sample was calculated from a standard 

curve ranging from 1 to 100 M Pi generated for each experiment. 

To test the inhibition of rOPA1 GTPase activity by the compounds, 5 μl of the inhibitor 

dissolved in DMSO, or DMSO alone as solvent control, were incubated with rOPA1 

for 20 minutes at 37 °C before to initiating the hydrolysis reaction. As positive control 

of OPA1 activity inhibition, 5 μl of 500 μM EDTA were added before incubation with 
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GTP to prevent the hydrolysis reaction. Samples with only buffer and 500 μM GTP 

were used as blank controls. 

 

High-throughput GTPase Assay 

GTPase activity of the rOPA1 was measured using the aforementioned malachite 

green assay. The screen was started by plating 0.5 μM of OPA1 and 5 μL of the library 

compound in 10% DMSO in a total volume of 12 μL per well of a 384-well plate, using 

an automated microplate pipetting system Precision XS, Biotek. Four columns were 

used for negative controls: 10 % DMSO dissolved in 40 mM Hepes/KOH pH 7.4. 

Alternating control wells received 5 μL of 0.5 mM EDTA to prevent Mg2+-dependent 

hydrolysis of GTP as positive controls for the inhibition of OPA1 activity. The hydrolysis 

reaction was initiated after 10 min incubation at room temperature by the addition of 

the 500 μM GTP, 10 mM MgCl2 solution. The final reaction volume per well was 20 

μL. Plates were sealed and incubated for 2 h at 37°C. Subsequently, to stop the 

hydrolysis reaction 5 μL of 0.5 M EDTA was added to each well excluding the ones 

serving as positive controls. To measure the phosphate content, 60 μL of the malachite 

green-ammonium molybdate mixture was added per well. After 15 min incubation at 

room temperature, absorbance was read at 595 nm. 

 

IC50 determination 

GTPase activity was measured using the malachite green assay, as described above. 

Values were expressed as normalized percent inhibition (NPI) considering wells 
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containing EDTA at timepoint zero as positive controls and wells containing the DMSO 

(the vehicle) as negative control. The half maximal inhibitory concentration (IC50) was 

calculated based on the dose-response curves fitted with a four-parameter logistic 

curve using OriginPro software. 

 

Molecular modelling and docking analysis 

Recombinant OPA1 structure model was built with Phyre2 using an intensive model 

generation approach, that created a complete full-length model of the protein through 

a combination of multiple template modeling and simplified ab initio folding simulation, 

as described in (Kelley et al., 2015). The top four protein templates selected to model 

rOPA1 structure based on heuristics were: (i) gtpase hflx (PDB: c5ady6), (ii) dynamin-

1 (PDB: c3zvrA), (iii) dynamin 3 (PDB: c5a3fD), dynamin-1 (PDB: c3snhA). The 93% 

of the final rOPA1 model was modelled at >90% confidence, 7% (residues: 1-42, 86-

91) was modelled ab initio. GTP-binding site was used to dock MYLS22 using the 

Induced Fit Docking of GLIDE (Glide, version 7.1, Schrödinger, LLC). Pymol (The 

PyMOL Molecular Graphics System, version 2.2.2; Schrödinger, LLC: New York, 

2018) was used for preparing images. 

 

Analysis of cell death 

1 × 105 MEFs were grown in 12-well plates. After 24 h cells were treated with MYLS22 

or DMSO, as solvent control. After different timepoints, indicated in the figure legends, 

cells were stained with Annexin-V-FICT and propidium iodide (PI), according to 
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manufacturer's protocol (eBioscienceTM). Cell death was measured by flow cytometry 

(FACSCalibur) as the percentage of Annexin-V and PI positive events. 

 

Mitochondrial isolation and in vitro assays. 

Mitochondria from mouse liver were isolated as described elsewhere (Frezza et al., 

2007b). 

To measure cytochrome c release, mitochondria (1 mg/ml final concentration) were 

treated with 50 pmol/mg cBID in Experimental Buffer (EB; 150 mM KCl, 10 mM Tris 

MOPS, 10 μM EGTA-Tris, 1 mM Pi and 5 mM glutamate/2.5 mM malate as respiration 

substrate, pH 7.4) at 25 °C. After 15 min, mitochondria were pelleted by centrifugation 

at 12000 × g at 4 °C for 10 min and resuspended in the same volume of EB. 

Quantitative determination of cytochrome c in the pellet and the supernatant fractions 

was determined using the rat/mouse specific ELISA Cytochrome c Immunoassay 

(R&D Systems). 

Respiratory chain dysfunctions and membrane potential were assayed by monitoring 

the release of rhodamine123 from pre-stained mitochondria. 0.5 mg/ml mitochondria 

were incubated with 0.3 μM rhodamine 123 (Molecular Probes) in EB and the indicated 

substrates. Rhodamine 123 fluorescence, before and after the addition of the 

uncoupler agent FCCP, were measured with a fluorescence spectrometer (Infinite 200 

Pro, TECAN) at 25 °C, setting at 485 nm and 538 nm the excitation and the emission 

wavelengths, respectively. 
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Live imaging of mitochondrial network 

To visualize mitochondrial network, 5 x 104 MEF cells expressing mtYFP were seeded 

onto 25 mm coverslips and treated with the indicated concentrations of the inhibitor 

MYLS22. After 24 h, the coverslips were incubated in Hank’s Balanced Salt Solution 

(HBSS) supplemented with 10 mM Hepes and placed on the stage of the microscope. 

Fluorescence signals were analyzed using IMIC Andromeda system (Fondis 

Electronic) equipped with ORCA-03G Camera (Hamamatsu), a 60x oil objective 

(UPLAN × 60 oil, 1.35NA, Olympus). A laser was used to excite at 488  nm and FF01-

446/523/600/677 (Semrock) as emission filter. Stacks of 25 images separated by 0.3 

μm along the z axis were acquired. Convolution and z-stack project were performed 

using a plug-in of the ImageJ software (National Institutes of Health). Mitochondrial 

length was quantified with Image J by measuring the average mitochondrial major axis 

length of 10 mitochondria per cell in 20 cells per sample.  

 

Mitochondrial membrane potential 

For imaging of mitochondrial membrane potential, MEFs grown on coverslips and 

treated with the MYLS22 inhibitor were loaded with 10 nM TMRM (Molecular Probes) 

in the presence of 2 μg/ml cyclosporine H, a P-glycoprotein inhibitor, and incubated at 

37 °C 30 min. Sequential images of TMRM fluorescence were acquired using a High 

Content Imaging System Operetta confocal microscope (Perkin Elmer) equipped with 

Harmony software for images analysis. 
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Cytochrome c immunolocalization 

For cytochrome c immunolocalization, MEFs were grown on coverslips and treated 

with the indicated concentration of MYLS22 or DMSO. After 24 h cells were treated 

with 1 mM H2O2 to induce apoptosis. After the indicated times, MEFs were fixed and 

immunostained, as described in (Scorrano and Korsmeyer, 2003), with Alexa Fluor 

488-conjugated anti-cytochrome c antibody and Alexa Fluor 568-conjugated anti-

TOM20 antibody. For cytochrome c and TOM20 detection, green and red channel 

images respectively were acquired simultaneously using two separate color channels 

on the detector assembly of a Zeiss LSM 700 confocal microscope. The localization 

index was calculated as described in (Frezza et al., 2007a; Petronilli et al., 2001). 

 

Scratch wound migration assay 

HUVEC and MDA cells were cultured in 48-well plates in 800 l of EGM2 for 48 hours 

and were wounded with the head of 200 l tips. Migration of the cells into the wound 

was recorded 8 hours later, unless otherwise specified. 

 

HTS Data Analysis 

The absorbance data obtained from two replicates of the HTS were analyzed using 

the Bioconductor/R package, cellHTS (Michael Boutros, 2006), modified according to 

our purposes. The data was normalized in a plate-to-plate fashion using the 

normalization per inhibition method. The normalized data of each replicate experiment 
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was subsequently standardized to obtain a z-score using equation 1, in which 𝑦𝑘𝑖 is 

the normalized value for the specific well and M and S are the median and the median 

absolute deviation of the distribution of sample values across all plates and sample 

wells of one replicate experiment. Computing their mean summarized the obtained 

single values per well of the standardized values per replicate. 

𝑘𝑘𝑖 = ±(𝑦𝑘𝑖 −𝑀) 𝑆⁄       Equation 1 

To identify positive modulators of OPA1 GTPase activity a threshold was set 

considering compounds that reduce the OPA1 activity by at least 30%. After two 

rounds of library screening, only compounds identified in both individual and replicate 

analysis were retained. Of these, the compounds that per se reduced the absorbance 

at the measured wavelength were considered as false positives and were excluded 

from the list. Outliers with values lower than the average of the positive control wells 

were excluded from the analysis. The strictly standardized mean difference SSMD per 

plate was determined according to (Zhang, 2007). 

 

Statistical analysis 

Results are expressed as mean ± SEM values of the indicated number of independent 

experiments (n). Origin software was used for statistical data analysis. Statistical 

significance was determined by Student’s t-test for paired comparison. P values are 

indicated in the figure legends and P < 0.05 was considered significant. 
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FIGURE LEGENDS 

Figure 1. HTS data processing, quality control and hits identification. 

(A) Schematic representation of the major steps followed for the identification of a 

small-molecule inhibitor of OPA1 GTPase activity. 

(B) Strictly standardized mean difference (SSMD) values of each plate plotted 

against the plate number (32 total tested plates). The dashed line at a y = -3 

specifies the threshold for a robust assay. Plates with SSMD values > -3 (red) 

failed the quality control. The plate-specific SSMD values demonstrate that the 

assay remained sufficiently robust throughout the screening. Values represent 

the average of two HTS replicates. 

(C) Trellis scatter plot of all the samples tested in the HTS. The inhibitory activity of 

the compounds was measured using the malachite green assay. Median raw 

absorbance values at 595 nm were plotted against their well number. The large 

separation between the positive (green circles) and the negative (red circles) 

control populations confirming the robustness of the assay. The compounds 

(blue circles) form two populations: inactive compounds in the upper part and 

potential inhibitors in the lower part. 

(D) Trellis heat map of the 32 384-well plates screened during the HTS. The screen 

was run including in each plate positive control samples containing vehicle 

(DMSO) and negative control samples containing EDTA. NPI values are 

expressed as percentage of the positive controls. The NPI values of each 

sample are indicated using the reported pseudocolor scale, where dark red (NPI 

< 0) indicates the maximal inhibition, while dark blue (NPI > 1.8) represents the 
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minimal inhibition of GTPase activity of rOPA1. The inhibitory activity of the 

compounds was measured using the malachite green assay. NPI values of 1 

represent 0% inhibition, while values of 0 represent 100% inhibition. 

(E) Normalized percent inhibition (NPI) values of each compound (blue circles) and 

control samples (red circles) were plotted against their z-score. The dashed line 

indicates the threshold set at 0.7 corresponding to 30% inhibition of the 

measured GTPase activity of OPA1. Data represent the average of two HTS 

replicates. 

(F) Magnification of plot (D) reporting compounds with NPI between 0 and 1. 

Compounds with NPI < 0.69 were selected for the subsequent analysis. 

(G) Graphical representation of the flowchart followed during the selection of the 

OPA1 inhibitors. 8 of the 10,000 initial compounds were identified as potential 

OPA1 inhibitors and were subjected to further analysis. 

(H) The red spectrum represents the 1H NMR of aromatic protons of MYLS22 in 

the presence of rOPA1, while the blue spectrum represents the STD NMR 

difference spectrum of MYLS22 after selective saturation of rOPA1 1H methyl 

resonances. 

Table 1: Malachite green assay pipeline adapted for the HTS. 

Table 2. Physicochemical properties and potency of potential inhibitors of OPA1 

activity identified with the HTS. 

Chemical structures, physicochemical properties required for the fulfillment of the 

Lipinski’s “rule of five” and potencies calculated with dose-response experiments of 11 

potential OPA1 inhibitors selected after the primary HTS. 
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Figure 2. Dose response curves of the 8 compounds selected from the primary 

screen.  

(A-H) Dose-response curves for inhibition of rOPA1 GTPase activity by the eight 

potential OPA1 inhibitors selected after two rounds of the screening. Normalized 

percent of inhibition (NPI) values are plotted against the logarithmic concentration 

of the inhibitor. Data are normalized using EDTA-containing samples as positive 

controls and vehicle (DMSO) containing samples as negative controls. A four 

parametric curve was fit to the data to obtain the stated half-maximal inhibition 

value (IC50), maximum inhibition (I50) and Hill slope values using OriginPro 

software. Data represent the mean of 3 independent experiments ± SEM. 

Figure 3. In silico docking analysis of the interaction of MYLS22with rOPA1. 

(A) Domain architecture of recombinant OPA1 (rOPA1) correspondent to Mus 

musculus isoform 1 (Uniprot: P58281), lacking the mitochondrial targeting 

sequence (MTS) and the transmembrane domain (TM), with a C-terminal 6 x His 

tag. The correspondent structural-based domain assignment is indicated below 

the figure. 

(B) Ribbon-type representation of predicted rOPA1 protein. Regions modelled ab 

initio are indicated in gray. Structural domains are labelled and represented with 

the same color-code as in (A). 

(C) Domain architecture of recombinant OPA1 fusion protein, consisting of the G 

domain connected with a linker to BSE domain of GED. The correspondent 

structural-based domain assignment is indicated below the figure. 
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(D) Ribbon-type representation of predicted OPA1 fusion protein. Structural domains 

are labelled and represented with the same color-code as in (A). 

(E) Schematic representation of the interactions of MYLS22 in the best scoring pose 

with the GTPase domain of OPA1. Purple arrows indicate backbone hydrogen 

bond interactions. Purple dashed arrows indicate side-chain hydrogen bond 

interactions. Amminoacids are depicted as colored cycles: blue for positively 

charged, red for negatively charged, cyan for polar, and green for hydrophobic 

residues. 

(F) Ribbon and surface-type representation of GTPase pocket of rOPA1(red) in 

complex with GTP. The residues that form hydrogen bonds with GTP are 

indicated. 

(G) Surface representations of the predicted GTPase domain of rOPA1 in complex 

with GTP (left) or MYLS22 (right). The rOPA1-ligand interacting surfaces are 

coloured in red. 

(H) rOPA1-MYLS22 interaction measured by NMR. The red spectrum represents the 

1H NMR of aromatic protons of MYLS22 in the presence of rOPA1, while the 

black spectrum represents the STD NMR difference spectrum of MYLS22 after 

selective saturation of rOPA1 1H methyl resonances. 

Figure 4: Analysis of membrane-permeability, cellular and mitochondrial 

toxicity of MYLS22. 

(A) Measurement of concentration of MYLS22 in the extracellular medium. MEF cells 

were incubated with MYLS22 in HBSS medium and after the reported timepoints, 

cells were washed and remaining concentration of MYLS22 in the medium was 

assessed by measuring its absorbance at 280 nm.  
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(B) Elution peak of MYLS22 inhibitor detected by its absorbance at 280 nm using the 

reverse phase HPLC (experimental procedures). MYLS22 was detected in the 

lysates of MEFs incubated 24h with 50 µM of the compound (red line). The peak 

was not detected in the lysates of cells incubated with DMSO (negative control, 

black line). The peak of the inhibitor was identified with a solution of the 

compound in the HPLC buffer (green line). 

(C) MYLS22 does not induce cell death. WT MEFs were incubated with the indicated 

concentrations of MYLS22. After 24h, viability was measured cytofluorimetrically 

as the percentage of Annexin V and propidium iodide negative cells. Data 

represents average ± SEM of six independent experiments. 

(D) Representative SDS-PAGE of the lysate of E. coli expressing the recombinant 

Dynamin-1 (band at ~70 kDa). 

(E) Specificity of MYLS22 inhibition of OPA1 GTPase activity. Dose response curves 

of recombinant Dynamin-1 activity after incubation with OPA1 inhibitors. Data 

were fitted with a four-parametric curve, values represent mean ± SEM of two 

independent experiments. 

(F) MYLS22 does not induce mitochondrial membrane potential depolarization in 

WT MEFs. Cells were treated with MYLS22 and TMRM fluorescence was 

recorded in response to oligomycin and the uncoupler FCCP. Cells treated with 

MYLS22 do not present a reduction of the membrane potential. 

(G-H) MYLS22 does not induce mitochondrial potential depolarization in isolated 

mitochondria. Effect of MYLS22 on isolated mitochondrial membrane potential 

represented by the ratio of rhodamine 123 (Rh123) fluorescence before and after 

treatment with the uncoupler FCCP. Mitochondria were treated with MYLS22 in 
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the presence of glutamate/malate (Glu/Mal) as complex I substrate or succinate 

as complex II substrate. Data represents mean ± SEM of three independent 

experiments. 

Figure 5. MYLS22 induces mitochondrial network fragmentation. 

(A) Representative confocal images of changes in mitochondrial morphology 

induced by MYLS22. WT MEFs expressing mitochondrially targeted YFP 

(mtYFP) were treated with 50 M (upper right) or 100 M (bottom left) MYLS22 

or DMSO (upper left) for 24h. Bottom right: representative image of knockdown 

of mitochondrial network fragmentation induced by OPA1 knockdown. Bar = 10 

µm. 

(B) Average of mitochondrial major axis lengths of WT MEFs treated as in (A) or 

OPA1 KO MEFs. Data represent the average  SEM of five independent 

experiments. 50 cells and at least 10 mitochondria/cell were measured for each 

experiment. The asterisk denotes p < 0.01 in a pair-sample Student’s t-test 

versus solvent control (0 M MYLS22). 

Figure 6. MYLS22 enhances apoptotic cytochrome c release from mitochondrial 

cristae. 

(A) Immunoblot of In vitro cytochrome c release by recombinant cBID protein. 

Mitochondria purified by mouse liver were incubated with cBID and the indicated 

concentrations of MYLS22. Mitochondria were subsequently centrifuged and 

pellet (p) and supernatant (s) were assayed for cytochrome c release. 
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(B) Isolated mitochondria from mouse liver were treated as in (A) and cytochrome c 

release was measured by ELISA. Data represent mean ± SEM of three 

independent experiments. 

(C) Isolated mitochondria from mouse liver were treated with cBID as in (A) and then 

crosslinked with EDC. Proteins were separated by SDS-PAGE and 

immunoblotted using the OPA1 antibodiey. Proteins > 100 kDa represents OPA1 

oligomers. 

(D) Representative confocal images of intracellular cytochrome c distribution. WT 

MEFs were treated with 50 µM MYLS22 (bottom) or left untreated (upper). Then 

cells were treated with 1 mM H2O2 for 30 min or 60 min, fixed and immunostained 

for cytochrome c (green) and TOM20 (red). Bar corresponds to 10 µm. 

(E) Localization index for cytochrome c. Experiments were performed as in (D). 

Localization index was calculated from 30 images randomly selected. Data 

represent mean ± SEM of three independent experiments. 

Figure 7. MYLS22 reduces breast cancer cell migration. 

(A) Western blot analysis of OPA1 protein levels in wt MDA-MB-231 72 h post-

transfection with scramble (scr) or OPA1 siRNA oligos. GRP75 was used as 

protein loading control. Changes in protein expression were quantified by 

densitometry analysis Changes in protein expression were quantified by 

densitometry analysis by normalizing to GRP75 protein levels. 

(B) MDA-MB-231 cells were incubated with 20 µM of MYLS22 or DMSO as negative 

control. After 24 h the cells were then subjected to in vitro scratch assay. The 

images were captured at 0 and 6 h. 
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(C) MDA-MB-231 cells were transfected with scr or OPA1 siRNA oligos and after 72 

h, were incubated with 20 µM of MYLS22 or DMSO as negative control. Cells 

migration was measured by scratch assay. The migration of the cells into the 

wound was measured after 6 hours. Data represent the mean ± SEM of three 

independent experiments.   
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Figure 1 
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Step Parameter Value Description 

1 Library compounds 5 µl From 200 µM to 830 µM stock 
compounds 

2 rOPA1 8 µl 1.2 µM stock 
3 Incubation time 10 min Room temperature 
4 Positive controls 5 µl 0.5 M EDTA stock, pH 8.0 
5 Start reaction 7 µl 1.43 mM GTP stock, 28.6 mM MgCl2 

stock 
6 Incubation time 2 h 37°C 
7 Stop reaction 5 µl 0.5 M EDTA stock, pH 8.0 
8 Reporter reagent 60 µl 1.5 mM malachite green stock, 8 mM 

ammonium molybdate stock 
9 Incubation time 15 min Room temperature 
10 Assay readout 595 nm Microplate reader, absorbance mode  

Step Notes 

1 Library “MyriaScreen” (Aldrich) of 10,000 drug-like small molecule dissolved 
in 10% DMSO. 

2 rOPA1 correspondent to Mus Musculus isoform 1 (Uniprot: P58281) 
expressed and purified from E. coli. 

3 Plates lidded to allow compound-rOPA1 interaction. 
4 EDTA chelates Mg2+ that cannot be used for rOPA1 GTP hydrolysis reaction. 
5 Fresh solutions mixed just before use. 
6 Plates are sealed to avoid evaporation and leaved in an incubator. 
7 Add to all the wells excluding positive control wells. EDTA chelates Mg2+ 

stopping the GTP hydrolysis reaction. 
8 Malachite green and ammonium sulphate are stored at 4°C in the dark and 

mixed just before use. Mix gently by tapping the plate. 
9 Plates lidded until color development. 

Assay format: 384-well plates. 

Assay volume/well = 20 µl. 

Final concentrations/well: 0.5 µM rOPA1, 500 µM GTP, 10 mM MgCl2, 2.5% DMSO. 

 

 

 

Table 1 





 

Name Structure 
Chemical 
formula 

MW 
(Da) 

LogP 
H-

donor 
H-

acceptor 
Calculated 
solubility 

OPA1 
IC50 (µM) 

OPA1 Imax 

(NPI) 
ΔΨm 

(µM) 
Dyn-1 

IC50 (µM) 

MYLS2 

 

C14H10N2O5S 318.3 3.49 5 0 -4.29 370.7 0.35 > 10 91.21 

MYLS3 

 

C13H13NO3 231.3 3.98 3 2 -3.97 481.3 0.25 < 100 104.8 

MYLS5 

 

C12H6Cl2N2O6S 377.2 4.13 6 2 -4.27 65.8 0.71 > 10 22.8 

MYLS9 

 

C9H6N2O3S 222.2 1.8 3 2 -3.20 254.7 0.74 > 500 256.5 

MYLS10 

 

C5H4N4S3 216.3 -0.82 0 1 -2.48 139.8 0.57 > 100 16.7 



 

 148 

MYLS15 

 

C20H16F2N2O 338.4 4.68 1 1 -4.85 5.58 0.44 
No 

effect 
- 

MYLS16 

 

C15H9NO6S 331.3 1.87 6 3 -3.56 71.2 0.56 > 100 87.4 

MYLS17 

 

C6H5N3OS 167.2 0.77 1 3 -2.65 16.04 0.43 > 500 381.3 

MYLS21 

 

C51H40N6O23S6 
1297.2

6 
5.58 12 23 -0.12 0.64 0.60 > 100 8.4 

MYLS22 

 

C24H21N5O2S 443.53 5.15 2 1 -5.62 96.5 0.78 
No 

effect 
No effect 
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Figure 4 



 

Figure 5



 

 

Figure 6 

  



 

 

 Figure 7 



 

SUPPLEMENTARY 

Supplementary Figure S1. Optimization of the malachite green assay for the 

HTS. 

(A) Kinetics of GTP hydrolysis by 0.2 μg rOPA1 measured with the malachite green 

assay or the reverse phase chromatography (RPC). Data represents the mean 

of 3 independent experiments. 

(B) Hydrolysis kinetics of 750 μM GTP by 0.2 μg rOPA1 in the presence of different 

concentrations of GTPγS or GMPPNP. Reactions were stopped after 90 minutes 

by addition of EDTA and phosphate content was measured using the malachite 

green assay. Data are expressed as percentage of the positive control that 

lacked GTP analogues. 

(C) Kinetics of GTP hydrolysis by rOPA1 incubated at 37°C in the absence (black) 

or in the presence of 2.5% DMSO (red). Reactions started with the addition of 

500 μM GTP and were stopped at the indicated timepoints by additions of EDTA 

and phosphate content was determined using the malachite green assay. 

(D) Kinetics of GTP hydrolysis by rOPA1 incubated with 750 μM GTP (black) or with 

the addition of 1000 μM GTPγS (green) or EDTA (red). Reactions were stopped 

at the indicated timepoints by additions of EDTA and phosphate content was 

determined using the malachite green assay. 

(E) Hydrolysis of 750 μM GTP by recombinant OPA1 in the presence of 1000 μM 

GTPγS. OPA1 was incubated with GTPγS for the indicated minutes prior to 

adding GTP. Reactions were stopped after 60 minutes by additions of EDTA. 

Data is expressed as percentage of positive control without GTPγS. 
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(F) Kinetics of GTP hydrolysis by rOPA1 incubated at 37°C in the absence (black) 

or in the presence of 500 μM GDP (red). Reactions started with the addition of 

500 μM GTP and were stopped at the indicated timepoints by additions of EDTA 

and phosphate content was determined using the malachite green assay. 

(G) Effect of different MgCl2 concentrations on the GTPase activity of rOPA1. Free 

phosphate content was measured using the malachite green assay. The OPA1 

was incubated with 750 μM GTP and the reaction was stopped after 2h and 30 

min. 

(H) Different effect of Mg2+
 and Mn2+

 on the GTPase activity of rOPA1. The reactions 

conditions are the same as in (G). 

Supplementary Table S1. Summary of the physiochemical properties of 

MYLS22. 

Supplementary Figure S2.  

Clustal O aminoacid sequence alignment of the G domains of representative dynamin 

superfamily proteins and OPA1. The four conserved regions that characterize the 

dynamin G domains are reported along with their consensus motifs. Residues that are 

identical among the sequences have a black background, while the similar residues 

are colored with various shades of grey, depending on their degree of similarity. The 

amminoacids that are predicted to bind MYLS22 are colored in red. 

Supplementary Figure S3. Absorbance spectra of MYLS22 in extracellular 

media. 
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Absorbance spectra of 50 µM MYLS22 in the extracellular HBSS medium of MEF cells. 

The absorbance values for each timepoint were used to calculate the amount of 

MYLS22 uptaken by the cells in Figure 4A. 

  



 

 158 

 

Supplementary Figure S1 
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Calculated values for 

Inh#22 
Desirable values 

Molecular Weight 443.53 Da < 500 Da 

pI 6.12 - 

Log P 3.67 - 

Log D (pH 7.4) 3.51  < 5 

H-donors 1 < 5 

H-acceptors (pH 7.4) 6 (< 10) < 10 

Rotatable bounds 1 < 10 

Molar Refractivity 125.25 from 40 to 130 

Hydrophilic-lipophilic 
balance number 
(HLB) 

8.05 (Davies) 
11.11 (Griffin) 

9.27 (combined method) 
- 

Intrinsic solubility 
(Log S) (pH 7.4) 

-5.72 from 30 to 130 

Polar surface area 
(pH 7.4) 

70.47 Å  < 140 Å 

Number of atoms 50 from 20 to 70 
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Discussion 

The work of this thesis describes the identification of MYLS22 as a potent and 

selective in vitro inhibitor of OPA1 GTPase activity that enhances the apoptotic release 

of cytochrome c. 

The HTS of a chemical library of 10,000 drug-like small molecules described in 

the last manuscript allowed the identification of a specific inhibitor of rOPA1 GTPase 

activity. The inhibitor MYLS22 is not mitochondriotoxic and induces mitochondrial 
fragmentation. In response to the apoptotic stimulus BID in purified mitochondria and 
to hydrogen peroxide in cells, MYLS22 stimulates OPA1 oligomers disassembly and 
the release of cytochrome c, in a concentration-dependent manner. Interesting, 
MYLS22 also phenocopied the inhibition of breast cancer cells migration caused by 
OPA1 silencing, thus indicating a potential anti-cancer property. 

Recent studies revealed that changes in mitochondrial fission-fusion balance 

confer cancer cells the ability to adapt their metabolism to environmental 

modifications, as hypoxia, starvation, stress signals and drug treatments. The 

modification of apoptotic mechanisms allows cancer cells to escape from drug-induced 

cellular death, proliferate in unfavourable conditions, acquire further genetic 

mutations, and induce angiogenesis and perhaps metastatisation (Hanahan and 

Weinberg, 2011; Lopez and Tait, 2015). Among all shaping-proteins, OPA1 activity 

exerts a central role in apoptosis resistance. In fact, downregulation of OPA1 

increases cell sensitivity towards apoptosis, while mutations that abolish OPA1 

catalytic activity impair its antiapoptotic function (Frezza et al., 2006b). Moreover, it 

was discovered that OPA1 is overexpressed in different type of cancers and it 

correlates with a poor prognosis, an increased chemotherapy resistance and a lower 

survival rate (Fang et al., 2012; Kong et al., 2014; Zhao et al., 2012). Knockdown of 

OPA1 in hepatocellular carcinoma cells sensitized them to cytotoxic treatment (Zhao 

et al., 2013) and downregulation of OPA1 facilitated cytochrome c release and 

apoptosis in lung cancer cells (Hwang et al., 2012). 

Noteworthy, the OPA1 antiapoptotic activity strictly depends on its ability of 

hydrolyse GTP, since mutations that abolish OPA1 GTPase activity also impair its 

antiapoptotic function (Frezza et al., 2006b). Given these observations, we are 

investigating the use OPA1 GTPase activity inhibitors, in combination with other 
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chemotherapeutic drugs, as sensitizing agents to target OPA1 antiapoptotic functions 

to induce cancer cell death and, possibly, overcome drug resistance of tumor cells. 

This approach would be particularly helpful in cancer cells characterized by high levels 

of OPA1 expression, like non-small cell lung cancer, or specific breast, melanoma, 

and ovary cancer subtypes. 

In addition to the aforementioned role of OPA1 in the apoptotic process, OPA1 

oligomers also regulate mitochondrial metabolism by controlling the cristae 

morphology and stabilizing the respiratory chain supercomplexes (Cogliati et al., 

2013a). 

In this context, the work of Quintana Cabrera et al., 2018 analyzes the 

relationship between the cristae shaping protein OPA1 and the ATP synthase. It 

demonstrates that OPA1 favors ATP synthase oligomerization and reversal activity. 

This discovery unravels a fundamental bioenergetic function of OPA1 in maintaining 

the mitochondrial electrochemical gradient during respiratory chain inhibition. By 

promoting the ATP synthase oligomerization and the stabilization of mitochondrial 

cristae, OPA1 exerts a protective role against mitochondrial dysfunctions. Thus, OPA1 

overexpression might be beneficial to sustain bioenergetics in mitochondriopathies 

(Benit et al., 2009; Kucharczyk et al., 2009; Lodi et al., 2004; Zanna et al., 2008), it 

can be exploited as a target to correct oxidative phosphorylation changes in cancer 

(Buck et al., 2016; Caro et al., 2012; Garcia-Bermudez et al., 2015). 

During the last years, numerous data emerged indicating mitochondrial 

metabolism as a target for cancer therapy. In respect to the activated oncogenes, the 

tumor microenvironment and the tumor stage, the bioenergetic profile of a specific 

cancer cell can widely vary from glycolytic to oxidative. The “glycolytic” cancer cells 
have a low efficient OXPHOS system and mainly rely on their glycolytic machinery 

and maintain; while the “OXPHOS” cancer cells mainly utilize mitochondrial respiration 

to produce ATP from glucose and glutamine oxidation. Mitochondrial energy 

production is required for many cancer types, and there is strong evidence to suggest 

that its inhibition may provide a valuable clinical target. 

Given the above, what is bioenergetic profile of tumors with elevated expression 

of OPA1 protein? Could the levels of OPA1 in part contribute to the decision of cancer 

cells between the “glycolytic” and the “OXPHOS” metabolic profile? Since MYLS22 

does not induce any changes in mitochondrial potential of MEF cells, we wanted to 

investigate the effect of the OPA1 inhibition on OXPHOS and mitochondrial potential 

of different cancer cell types.  

OPA1 overexpression protects cells from mitochondrial dysfunctions. 

Quintana-Cabrera et al., 2018 demonstrated that the loss of electrochemical potential 

caused by the respiratory chain complex III inhibition is reduced by the overexpression 
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of OPA1 protein. Could the inhibition of the GTPase activity of OPA1 revert this 

condition? In the subset of tumors that depend on OXPHOS for survival, the OXPHOS 

disruption produces an energy and macromolecule depletion that leads to cell cycle 

arrest and death. As OPA1 promotes ATP synthase oligomerization and reversal 

activity by modulating cristae shape, the dissociation of OPA1 oligomers and the 

cristae remodeling by MYLS22 could indirectly affect OXPHOS and ATP synthase 

functionality of cancer cells. 

Finally, high cellular levels of OPA1 correlate with increased chemotherapy 

resistance (Fang et al., 2012). In this context, we aim to investigate if the inhibition of 

OPA1 could sensitize resistant cancer cell to death. Specifically, by placing OPA1 at 

the crossroad of anti-apoptotic process and bioenergetic metabolism sustainment, we 

wanted to study if inhibiting OPA1 GTPase activity would synergize with tumor type-

specific therapies, as drugs that promote apoptosis or impair ATP synthesis. 

In conclusion, some issues need to be addressed before translating effective 

drugs that target mitochondrial functions to the clinical trials in patients. First, the drug 

co-treatment toxicity to normal cells compared to cancer cells has to be established. 

Second, the drug has to cross not only the cell membrane, but also the mitochondrial 

membrane. For this purpose, the conjunction of a lipophilic cation, as the PTT+, to the 

small molecule can increases the accumulation of the drug in the mitochondrial matrix.  
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