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Summary 
Mitochondria are dynamic organelles that possess an inherent plasticity which governs 

their shape, size and distribution. This dynamic behaviour depends on continuous cycles of 

fission or fusion, which is mediated by large GTPase enzymes, facilitating the remodelling of 

the network to adapt and answer to cellular needs. However, the underlying molecular details 

of these events have not been fully elucidated. Recently, the uncharacterised protein, 

mitochondrial fission regulator 1 like protein (MTFR1L), has been identified as a substrate for 

the metabolic kinase adenosine monophosphate kinase (AMPK). Phylogenetically, MTFR1L 

has been categorised within the mitochondrial fission regulator 1 (MTFR1) family, which 

includes paralogues MTFR1 and MTFR2. Whilst these two proteins have been implicated in 

regulating mitochondrial fission via unknown mechanisms, the function of MTFR1L is 

unknown. The main questions addressed here, have been to characterise the role of MTFR1L 

in mitochondrial morphology regulation, including its localisation, binding partners, and 

behaviour during cellular and mitochondrial stresses.  

 The results showed that MTFR1L is alternatively spliced to generate two different 

isoforms, which are differentially localised to the outer and inner mitochondrial membranes. 

Silencing experiments, or CRISPR/CAS9 mediated knockout of MTFR1L, led to a drastic 

mitochondrial hyperfusion, which was accompanied by an increase of the fusion factor OPA1, 

and a reduction of phosphorylated mitochondrial fission factor (pMFF), a well characterised 

fission factor. Furthermore, cells lacking MTFR1L harboured reduced AMPK activation and 

consequently dampened signalling upon electron transport chain (ETC) dysfunction, 

associated with a resistance against mitochondrial fragmentation. Alternatively, MTFR1L was 

phosphorylated under different conditions of AMPK activation. MTFR1L is therefore a new 

regulator of mitochondrial morphology that protects mitochondria from stress induced ETC 

dysfunction. 

Lastly, the underlying mechanisms that terminate mitochondrial division have not been 

fully elucidated. Here, Golgi-localised Arf1 and its downstream effector PI(4)KIIIß, were 

responsible for localised generation of the lipid PI(4)P on Trans-Golgi network vesicles, which 

are involved in mitochondrial division. Indeed, silencing of both genes led to a drastic 

mitochondrial hyperfusion, accompanied by excessive branching, in different mammalian cell 

lines. Interestingly, this phenotype was resistant to enforced mitochondrial fragmentation, 

suggesting that these proteins play a role in the late stage of this process. Lastly, the 

controversial role of Dynamin 2 regulating fission was investigated across different cell lines. 
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Chapter 1: Introduction 

 1 

1 Introduction 
 
 
1.1 Mitochondrial structure 
 
1.1.1 Mitochondrial ancestral origin 
 

Mitochondria (originating from the Greek definitions for thread and granule) are 

integral organelles that are present in all eukaryotic cells (Ernster and Schatz, 1981). In fact, 

their cellular presence has been highly questioned and has instilled investigation on the origin 

of eukaryotic cells. The endosymbiotic theory postulates an event that took place 2 billion years 

ago, where an a proteo-bacterium was engulfed by an archaea derived host, and evolved into a 

symbiotic relationship. It has been suggested that their highly bioenergetic capacity was able 

to fulfil the energy requirement of the host (Sagan, 1967). This complex evolutionary transition 

involved metabolic adaptations, transfer/loss/integration of genetic material, expansion of the 

proteome; overall leading to the development of a fully functional, permanent, and dependent 

organelle within the cell, which is crucial for existence, and life.  

 
1.1.2 Oxidative phosphorylation 
 

Throughout the evolutionary process, mitochondria have retained their own genome 

and protein translation machinery. Mitochondrial DNA (mtDNA) is a 16.6 kb circular molecule 

that encodes a total of 37 genes that include 22 tRNAs, 13 polypeptides and 2 rRNAs. Overall, 

the mitochondrial proteome is composed of approximately 1000 proteins, the majority of which 

are encoded by the nucleus (Calvo and Mootha, 2010). The thirteen mtDNA encoded 

polypeptides are highly hydrophobic serving as core integral components that assemble with 

additional nuclear encoded proteins forming large enzymatic complexes of the respiratory 

chain in the inner mitochondrial membrane (IMM) (Anderson et al., 1981). One of the main 

functions of the mitochondria is to produce the energy in the form of ATP required to execute 

numerous cellular functions. 

Cellular respiration is performed by enzymatic complexes localised at the IMM.  

Complexes I to IV constitute the electron transport chain (ETC), receiving electrons from 

reducing equivalents such as nicotinamide adenine dinucleotide (NADH) and flavin adenine 

dinucleotide (FADH2). Reducing equivalents are breakdown products from sugars, fats and 

proteins, that have been metabolized via the Krebs cycle in the mitochondrial matrix (Akram, 
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2014) NADH and FADH2 are oxidized at complex I (NADH dehydrogenase) and complex II 

(Succinate dehydrogenase), respectively. From here electrons are then transferred successively 

from complexes III (Q-cytochrome c oxidoreductase) to IV (Cytochrome c oxidase), which is 

aided by the mobile electron carriers, ubiquinone (Q) and cytochrome c (CytC), undergoing 

continuous cycles of oxidation and reduction (Hatefi, 1985). At complex IV, oxygen is the 

terminal electron acceptor, that is reduced to water. Simultaneously, protons are pumped from 

all of the complexes (except complex II) from the matrix into the intermembrane space (IMS), 

thus generating a proton gradient across the inner membrane, which creates differences in pH 

(∆ pH) and membrane potential (∆ Ψ) between the two sub compartments (Watt et al., 2010). 

Together, these two components constitute the proton motive force. This energy gradient is 

harnessed by complex V (ATP-synthase), which drives the flow of protons back into the 

matrix, transferring the energy to synthesize adenosine triphosphate (ATP) from adenosine 

diphosphate (ADP) and inorganic phosphate (Pi), comprising the principle of chemiosmosis 

(Mitchell, 1961) (Figure 1). 

 
Figure 1. Schematic representation of the electron transport chain and oxidative phosphorylation. 
NADH and FADH2 products that are generated from the Krebs cycle are oxidized by Complexes I and 
II, respectively. Electrons are transferred to ubiquinone, which forms ubiquinol. From here electrons 
are transferred to complex III, reducing cytochrome c. Complex IV oxidizes cytochrome c, reducing 
oxygen to water. The proton motive force is harnessed by complex V and is transferred to produce ATP 
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from ADP and Pi. Electron movement tracts are shown in dotted arrows. The direction of proton flow 
is shown in the blue arrows. 
 
1.1.3 Other functions 
 

Apart from providing the cell with ATP, mitochondria participate in a range of different 

reactions and functions such as calcium handling, redox signalling, inflammation, immunity, 

apoptosis, iron-sulphur (Fe-S) cluster and synthesis (Osellame et al., 2012) as shown in Figure 

2.  

 

 
Figure 2. Mitochondria and its associated functions. Mitochondria participate in a range of reactions 
ranging from apoptosis, metabolites transport, Fe-S cluster synthesis, signalling, metabolism and 
calcium handling.  
 
1.1.3.1 Redox signalling 
 

Mitochondria generate reactive oxygen species (ROS), which are mainly produced by 

the electron transport chain and include O2
-, H2O2 and OH•, radicals. Whilst these molecules 

have classified as damaging molecules, and toxic to DNA and proteins, they also behave as 

signalling messengers and regulate a cascade of reactions. For example, H2O2 which can diffuse 

across the membrane bilayer, participates in reversible processes such as modifying thiol 
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groups on cysteine residues of the target proteins (Collins et al., 2012). H2O2 has been shown 

to directly react with thiol groups on a phosphatase to inactivate its activity. This leads to 

increased epidermal growth factor signalling, which stimulates cell growth (Bae et al., 1997). 

Redox homeostasis is maintained by antioxidants such as thioredoxin, glutathione peroxidases, 

making these reactions reversible (Schieber and Chandel, 2014).  

 
1.1.3.2 Mitochondrial calcium homeostasis 
 

Calcium functions as a universal signalling molecule, which activates enzymes, signals 

exocytosis, motility, migration, cell death and electrical excitability in the cytosol. 

Mitochondria uptake calcium as part of its buffering capacity, which occurs via a protein 

machinery that includes inner membrane protein mitochondrial calcium uniporter (MCU), and 

its regulators, EMRE, MICU1 and MICU2 (Paupe and Prudent, 2018). Calcium entry into the 

mitochondrion has been proposed to enhance ETC activity by activating calcium sensitive 

dehydrogenases of the Krebs cycle (Robb Gaspers et al., 1998). Additionally, calcium also 

activates mitochondrial transporters such as Aralar, that mediate the exchange of amino acids 

(Thangaratnarajah et al., 2014). Mitochondrial calcium also plays a role in cell death, since 

elevated calcium opens the permeability transition pore (MPTP) initiating necrosis (Osellame 

et al., 2012). 

 
1.1.3.3 Inflammation 
 

Damage associated molecular patterns (DAMPs) represents a group of molecules that 

are sensed as potentially ‘damaging’ and therefore activate the innate immune response. For 

example, mtDNA, which is exclusively found in the mitochondrial matrix, can be released in 

the cytosol upon different stresses, where it is recognised by DNA sensor cyclic GMP-AMP 

synthase (cGAS) leading to inflammation. Indeed, this interaction stimulates an immune 

response involving the release of antiviral cytokines including type I interferon-ß, which induce 

a cellular protective effect. So far, how mtDNA is released has not been elucidated, however 

during apoptosis it has been suggested that BAX/BAK oligomers promote the release of 

mtDNA into the cytosol which could potentially activate the immune response (McArthur et 

al., 2018). In fact, mtDNA has been shown to activate the immune cascade by binding to Toll-

like receptor 9, in the endosomes and activating nuclear factor kappa signalling (Rodriguez-

Nuevo et al., 2018). 
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1.1.3.4 Apoptosis and iron sulphur cluster synthesis 
 

Mitochondria play a major role in regulating cell death. For example, upon severe stress, 

the pro-apoptotic Bcl-2 proteins BAX and BAK oligomerise at the OMM leading to the 

mitochondrial outer membrane permeabilization (Westphal et al., 2014). This induces the 

release of pro-apoptotic factors including cytochrome c into the cytosol, initiating a cascade of 

reactions that compose the intrinsic pathway of apoptosis (Scorrano et al., 2002). Lastly, 

enzymes involved in de novo iron sulphur cluster synthesis are present in the mitochondrial 

matrix. Iron sulphur clusters, mainly found as 2Fe-2S, and 4Fe-4S serve as inorganic cofactors 

transferring electrons in the ETC complexes and for enzymes that involved DNA synthesis and 

are therefore fundamental for the existence of life (Stehling and Lill, 2013). Mitochondria also 

host enzymes that are responsible for heme biosynthesis (Piel et al., 2019).  

 
1.2 Mitochondrial ultrastructure 
 
1.2.1 Mitochondrial membrane topology 
 

Mitochondria were first discovered as discrete intracellular structures in the 1890s. 

However, it was not until the 1950s that Palade and Sjorstrand made astute observations 

describing the ultrastructure of this organelle using electron microscopy (Palade, 1953; 

Sjorstand 1953). This microscopy technique served as a powerful tool to visually distinguish 

two discrete membranes that enclose a matrix, which altogether constitute the organelle. 

Naturally, the outer mitochondrial membrane (OMM) encloses the periphery of the 

mitochondria facing the cytosol and facilitating the exchange of metabolites between the two 

regions. Additionally, the resolution of the electron microscope also revealed the presence of 

an (IMM) and its highly unique architecture (Palade, 1953; Sjostrand, 1953). However, it was 

3D Electron tomography that provided a novel perspective and architecture of IMM (Mannella, 

2006).  

The architecture that constitutes the inner membrane is divided into three functionally 

distinct regions: the inner boundary membrane (IBM), the cristae and the cristae junction. The 

inner boundary membrane runs in close apposition and parallel to the OMM, leaving a gap of 

approximately 20 nm that is designated as the intermembrane space (IMS) (Figure 3). Contact 

sites between the IBM and OMM serve as platforms for the assembly of the protein import 

machinery and translocation of nuclear encoded proteins carrying mitochondrial target 

sequences into the mitochondrion (Vogel et al., 2006). The IMM is a highly folded membrane, 
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which forms deep invaginations of approximately 100 nm that protrude into the mitochondrial 

matrix, also referred to as cristae (Frey and Mannella, 2000). Finally, the cristae junction are 

regions with high degree of membrane curvature connecting the IBM and cristae, and 

modulating cristae width upon different stimuli (Scorrano et al., 2002).  

 

Figure 3. Mitochondrial ultrastructure. Representative electron micrographs from HeLa cells 
depicting mitochondria (on the left), and respective zoom (on the right) highlighting the ultrastructural 
components of the organelle. Scalebar represents 200 nm.  
 

Cristae are highly pleomorphic membranous structures, that vary in size, number and 

length depending on tissue type, metabolic demand and different cellular stresses (Mannella, 

2006).  This plasticity first became evident in a study that was carried out in liver cells that 

were exposed to different metabolic conditions where the IMM was described as transitioning 

from “orthodox” to “condensed” states (Hackenbrock, 1966). Over the years, multiple proteins 

and lipids have been attributed to maintain and facilitate cristae transitions, which will be 

further discussed.   

 

1.2.2 MICOS complex 
 
The mitochondrial contact site and cristae organizing system (MICOS) is an evolutionary 

conserved mitochondrial multi-subunit protein complex, that is located at the cristae junction 

shown in Figure 4 (Harner et al., 2011; Hoppins et al., 2011; Pfanner et al., 2014). 
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Figure 4. Schematic representation of mitochondrial cristae and its regulators and components. The 
mitochondrial inner membrane is divided into three distinct regions: inner boundary membrane, crista 
and cristae junction. Proteins that are present or involved in maintaining cristae are shown. 
 

This high multimeric protein complex is further divided into two subcomplexes with 

core components Mic60 and Mic10 amongst additional relevant protein partners. The loss of 

either Mic60 or Mic10 destabilises the complex, have the most severe dramatic cristae 

phenotype, and therefore have been denoted as core components of their respective 

subcomplexes. In fact, the individual loss of any component of the MICOS complex causes 

aberrant and irreversible changes to the mitochondrial inner membrane, including a loss of its 

distinct architecture and respiratory capacity (Pfanner et al., 2014). The cristae membrane is 

also bridged to the OMM through interactions with the MICOS complex. Therefore, it is not 

surprising that the major and most severe phenotype that has been described for the loss of 

MICOS components are deformations and collapses of the inner membrane which appear as 

concentric onion-like structures in electron micrographs as shown in Figure 5 (Ott et al., 2012).   
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Figure 5. Electron micrographs depicting collapse of mitochondrial inner membrane ultrastructure. 
Representative images of mitochondrial ultrastructure from A) control HeLa cells, or B) Mic60 silenced 
cells. Arrows point at ‘onion’ type structures of the cristae. Scalebar represents 250 nm. (Taken from 
John et al., 2005).   
 
1.2.3 Mic60-Mic19-Mic25-SAM50 complex 
 

Mic60 (Mitofilin in humans, Fcj1 in yeast), was the first identified subcomponent of 

the MICOS complex, initially found enriched in heart tissue (Icho T et al., 1994). Electron 

micrographs depict a clear conserved phenotype for the loss of Mic60 consisting of an 

unorganised inner mitochondrial membrane, which is characterised as forming concentric ring-

like structures (John et al., 2005). Others confirmed an uneven distribution of Mic60 along the 

inner membrane with a particular enrichment at cristae junctions (Jans et al., 2013; Rabl et al., 

2009). In fact, Mic60 was identified as part of a potential multimeric complex with additional 

components Mic25, Mic19, Dnaj homolog subfamily C member 11 (Dnajc11) and Sorting 

assembly machinery 50 (Sam50) (Xie et al., 2007). Different groups confirmed this interaction 

through a combination of immunoprecipitation experiments, complexomics and screenings, 

strongly suggesting a relevant physical connection between Mic60, with Mic25 and Mic19 (An 

et al., 2012; Darshi et al., 2011; Ding et al., 2015). 

Mic19 and Mic25 are coiled-coil-helix-coiled-coil helix domain (CHCHD) containing 

proteins, also known as CHCHD3 and CHCHD6, respectively (An et al., 2012; Darshi et al., 

2011). Mic25 has been suggested to be the paralogue of Mic19 sharing approximately 36% 

sequence identity. Individual downregulation of any Mic25-Mic19-Mic60 protein subunits 



Chapter 1: Introduction 

 9 

leads to degradation of the latter three, and disassembly of the subcomplex (Li et al., 2016). 

These experiments provided evidence of an independent subcomplex consisting of Mic25-

Mic19-Mic60 that is assembled at the cristae junction and maintains cristae architecture. 

Complexome profiling showed a pattern of sub-assembled protein complexes 

consisting of Mic60-Mic25-Mic19 alone or forming a larger complex together with the outer 

membrane proteins Sam50, Metaxin 1 (Mtx1), and Dnajc11 (Huynen et al., 2016). Structurally, 

Mic60 contains three transmembrane domains in its N-terminus that span the IMM, whilst the 

majority of the protein is exposed to the IMS (Gieffers et al., 1997). The C-terminus composed 

of three coiled-coil domains is next to an amphipathic alpha helix which is exposed to the IMS, 

and important for forming contacts with the sorting assembly machinery (SAM) complex in 

the OMM  (Korner et al., 2012). Indeed, Mic19, which is loosely associated to the inner 

membrane has been proposed to connect the MICOS complex in the cristae junction to the 

SAM complex in the OMM, together forming the mitochondrial intermembrane space bridging 

(MIB) complex (Ott et al., 2012). The loss of any of these components leads to aberrant cristae 

architecture, which highlights their contribution to the maintenance of the inner membrane 

morphology.  

 
1.2.4 Mic10-Mic26-Mic27 subcomplex 
 

Mic10, as the name suggests is a 10 kDa protein that was identified in a bioinformatic 

screening specifically for mitochondrial proteins containing glycine-rich motifs in yeast and 

humans. Loss of Mic10, leads to abnormalities in the cristae architecture and it has been 

associated to be part of a complex containing Fcj1 in yeast (Alkhaja et al., 2012). It was then 

shown that the glycine motifs within the transmembrane regions promote oligomerisation of 

the protein that induce membrane curvature (Bohnert et al., 2015). 

Interestingly, Mic26 and Mic27 also known as apoliprotein O (APOO) and 

apoliprotein-O like (APOOL), respectively, were identified via complexome profiling in 

bovine heart as components that comigrated with Mic60, Mic19 and Mic10. Therefore, these 

proteins have also been denoted components of the same MICOS subcomplex (Weber et al., 

2013). Both Mic27 and Mic26 are upregulated during diabetes, particularly in heart tissue, yet 

their precise function and mechanism of action have not been elucidated (Lamant et al., 2006; 

Turkieh et al., 2014). MIC26 expresses two isoforms, one secreted glycosylated form and a 

non-glycosylated form, which is integrated in the inner mitochondrial membrane. Electron 

micrographs from MIC26 silenced cells, show a reduced number of cristae junctions and 
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reduced respiration rates (Beninca et al., 2020; Koob et al., 2015). On the other hand, 

overexpression of Mic26, deforms cristae membranes, diminishing ATP production, which 

leads to a metabolic alteration involving the activation of AMP activated protein kinase 

(AMPK) (Turkieh et al., 2014). Interestingly, Mic27 has the unique capability to bind to 

cardiolipin, and stabilises Mic10 oligomers (Zerbes et al., 2016). Both Mic27 and Mic26 have 

been shown to regulate the protein level of the cardiolipin synthesising enzyme tafazzin via 

unknown mechanisms (Koob et al., 2015).  

 
1.2.5 Mic13 
 

Mic13, also known as QIL1, has been characterised as the newest member of the 

MICOS complex. Like other MICOS components, MIC13 silenced cells displayed abnormal 

cristae architecture and reduced mitochondrial respiration (Anand et al., 2016). In fact, 1D BN-

PAGE analysis showed an accumulation of subcomplexes consisting of Mic19 and Mic60 

whereas Mic10 containing subcomplexes were significantly reduced, which suggests that it 

functions to bridge the two subcomplexes. It therefore plays a crucial role in the stability of the 

Mic10-Mic27-Mic26 subcomplex to finalise MICOS assembly and formation. The importance 

of harbouring a fully assembled complex is reflected in patients that carry mutations in MIC13, 

that present with fatal symptoms including liver failure at early age (Guarani et al., 2015).  

Interestingly, in order to address how cristae are actually formed, individual MICOS 

components were expressed in MIC13 KO cells, which are devoid of cristae and exhibit a 

degradation of all MICOS components. Although overexpression of Mic60 in these cells did 

not restore cristae, overexpression of Mic10 and Mic27 did. This could favour a role in cristae 

biogenesis for these components (Guarani et al., 2016).  

 

1.2.6 Metaxins & Dnajc11 
 

Metaxins 1 and 2, and Dnajc11 are also proteins that were identified to be part of the 

MICOS complex (Xie et al., 2007). DNJAC11 exists in multiple isoforms, with possible 

localisations in the inner and outer mitochondrial membranes, although these have not been 

confirmed. Even though its molecular function is unknown, knockdown experiments have 

shown that mitochondria appear enlarged and swollen, lacking cristae, suggesting a relevant 

role in maintaining membrane architecture. Furthermore, mice carrying Dnajc11 mutations 

develop severe neurological symptoms (Ioakeimidis et al., 2014). Although the combined loss 
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of Mtx1 and Mtx2 does not lead to any prominent changes in cristae morphology, it leads to 

reduced levels of CHCHD3 during longer periods of absence. The loss of the major MICOS 

component, Mic60 also leads to the degradation of Mtx1 and DNJAC11 (Ott et al., 2012). 

Taken together, these observations have provided insight for a potential link between these 

proteins in maintaining cristae architecture.  

 
1.2.7 OPA1 
 

Optic atrophy protein 1 (OPA1) is located in the inner mitochondrial membrane and 

has been categorised as a dynamin protein, harbouring a GTPase, middle and GTPase effector 

domain (GED) domains. OPA1 mRNA undergoes splicing events to generate eight different 

functional isoforms that localise to either the IMS or IMM, which are expressed differently 

amongst tissues (Olichon et al 2002). Embedded in the inner membrane is the long isoform, (l-

OPA1), whereas the short isoform (s-OPA1) is a soluble IMS protein. Cells lacking OPA1 

clearly show extremely aberrant cristae morphology in electron micrographs, depletion of 

mtDNA and reduced respiration in mammalian cells and yeast (Friedman et al., 2015; Olichon 

et al., 2003; Wong et al., 2000). Whilst it was originally identified with fusion properties, which 

will be further discussed in later sections, both isoforms also regulate cristae architecture. 

OPA1 self assembles to form high molecular weight complexes that modulate cristae 

width, a process which occurs independently of its fusogenic activity (Frezza et al., 2006; 

Patten et al., 2014). In fact, whilst both OPA1 and MICOS components share a similar function 

in maintaining cristae architecture, 1D BNPAGE analyses have shown that OPA1 and Mic60 

reside within the same complex (Ding et al., 2015; Glytsou et al., 2016). However, in the 

absence of OPA1, Mic60 fails to retain cristae architecture suggesting that it functions 

downstream of OPA1 (Glytsou et al., 2016). In fact, OPA1 yeast ortholog Mgm1 has been 

implicated in one of the pathways that mediates cristae biogenesis that is applicable to all 

eukaryotes. It has been hypothesised that during inner membrane fusion, Mgm1 drives the IBM 

from opposing mitochondria to fuse forming lamellar cristae structures (Harner et al., 2016). 

Whilst s-OPA1 is fusion incompetent, others have suggested that it has a functional role 

in cristae architecture since it oligomerises and overexpression of s-OPA1 in OPA1-/- mouse 

embryonic fibroblasts (MEFs), results in cristae restoration, and improved respiratory function 

(Lee et al., 2017). Alternatively, s-OPA1 has also been suggested to confer increased resistance 

against oxidative stress, via unknown mechanisms (Lee et al., 2020).  
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1.2.8 Cardiolipin 
 

One of the most remarkable features of the mitochondrial inner membrane, is its 

dynamic capacity to form convolutions. Being a highly protein rich membrane, multiple studies 

have attributed the architecture maintenance to protein complexes such as MICOS and OPA1, 

amongst others described above. However, membrane composition also includes lipids, such 

as cardiolipin (CL) and phosphoethanolamine (PE), which are found in high quantities within 

the inner membrane, and are exclusive to mitochondria. Structurally, these are cone shaped and 

are classified as non-bilayer lipids that induce membrane curvature, therefore maintain cristae 

shape (Ikon and Ryan, 2017). 

 Cardiolipin is a downstream product from its endoplasmic reticulum (ER) precursor 

phosphatidic acid (PA), that is transferred to the mitochondrion where it undergoes a series of 

catalytic reactions (Flis and Daum, 2013). In fact, the loss of cardiolipin synthesising enzymes 

such as taffazin, has been shown to have detrimental effects on cristae morphology. 

Furthermore, patients that carry mutations in the gene encoding TAFFAZIN, suffer from Barth 

syndrome, a fatal disease involving severe cardiomyopathy. Electron micrographs from patient 

isolated fibroblasts show the formation of abnormal mitochondrial cristae (Xu et al., 2005). In 

yeast, it has been proposed that disrupting phospholipid transport across the mitochondrion via 

deletion of the Ups-MDM35 complex attenuates intramitochondrial cardiolipin levels, which 

ultimately results in the loss of cristae formation (Kojima et al., 2019). Further characterisation 

in yeast has demonstrated that cardiolipin facilitates the incorporation of the Mic10 containing 

subcomplexes within the IMM (Friedman et al., 2015). Collectively these studies strongly 

suggest the importance of cardiolipin in cristae maintenance. 

 

1.2.9 Prohibitin complexes  
 

Prohibitins 1 and 2 (Phb1) (Phb2) are coiled-coil proteins that hetero-oligomerize 

forming ring-like structures that sit in the IMM (Tatsuta et al., 2005). They have been shown 

to maintain cristae architecture since MEFs lacking PHB2 show aberrant cristae morphology, 

with distinct formation of vacuole like IMM structures within the mitochondrion (Merkwirth 

et al., 2008). These protein complexes modulate the levels of cardiolipin and 

phosphatidylethanolamine, thereby forming lipid specific subdomains along the IMM, 

functioning as membrane scaffolds (Osman et al., 2011). Additionally, Stomatin like protein 2 

(SLP2) regulates and stabilises, prohibitin multimers in the inner membrane (Da Cruz et al., 

2008). Together prohibitin/SLP2 complex specify their surrounding lipid microenvironment, 
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which is crucial to shape the inner mitochondrial membrane architecture (Christie et al., 2011). 

Furthermore, a recently identified constituent of the prohibitins/ SLP2 complex DNAJC19 has 

been shown to regulate cardiolipin synthesis by modulating the length of its acyl chains 

(Richter-Dennerlein et al., 2014). 

 
1.2.10 ATP synthase 
 

ATP synthase, also referred to as complex V, , plays an additional role in modulating 

cristae shape. The protein complex is a product of genes encoded by the nuclear and 

mitochondrial genome. Structurally, it is divided into the Fo and F1 domains, which are further 

divided into specific subunits (Jonckheere et al., 2012). Subunit e, which resides in the Fo 

domain, is integrated in the IMM and possesses GxxxG motifs, which play an important role 

in dimerization of the complexes (Arselin et al., 2003). The loss of the accessory subunit e or 

g reduces the dimerization and oligomeric capacity of the complex, which disrupts cristae 

architecture (Paumard et al., 2002). Interestingly, ATP synthase also assembles as dimers at 

the tips of the IMM, where it induces membrane curvature (Strauss et al., 2008). It has been 

proposed that ATP synthase subunit e and Fcj1, induce membrane curvature in opposite 

directions positive or negative to maintain cristae architecture (Rabl et al., 2009). 

 
1.2.11 Additional proteins  
 

Multiple additional proteins contribute to shaping the architecture of the IMM via 

unknown mechanisms. Fam92A was identified as a weakly associated IMM protein that is 

involved in membrane curvature and cristae maintenance. It has a Bin/Amphiphysin (BAR) 

domain, that enables its association with lipid components in the inner membrane, such as 

cardiolipin, and facilitates membrane remodelling. The absence of FAM92A leads to a collapse 

in cristae architecture, and overall respiration (Wang et al., 2019a). Transmembrane protein 11 

was identified as a novel Mic60 interactor, and was suggested to function as a protein involved 

in remodelling cristae architecture (Guarani et al., 2015; Rival et al., 2011). Lastly, 

Mitochondrial Rho GTPase 1 (Miro1)  is distributed as clusters on the OMM that interact with 

Sam50, which has been proposed to be important to preserve cristae architecture during 

mitochondrial motility (Modi et al., 2019).  
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1.3 Functional relevance of cristae 
 
Cristae membrane arrangement is a unique cellular feature, specific to the IMM that is 

maintained by lipids and multiple different proteins, as described above (Cogliati et al., 2016). 

The functional contribution and benefits of having a convoluted membrane will be the focus 

of this section.  

 
1.3.1 Oxidative phosphorylation 
 

Cristae are the principal site for oxidative phosphorylation and the absence of different 

proteins or lipids involved in maintaining cristae architecture, leads to significant reductions in 

ATP levels (Bottinger et al., 2012; Gilkerson et al., 2003; Pfeiffer et al., 2003; Tondera et al., 

2009; Weber et al., 2013). Knocking down OPA1 levels leads to disorganised cristae 

architecture and are accompanied by disassembly of respiratory super complexes. It has 

therefore been suggested that the unusual membrane topology maximises the total surface area, 

providing an ideal bioenergetic microenvironment for optimal ETC enzymatic activity 

(Cogliati et al., 2013). 

Intact cristae ultrastructure therefore promotes OXPHOS, which maintains the 

mitochondrial membrane potential. In fact, the membrane potential differs across IMM 

subcompartments, varying from the IBM and the cristae. Upon disorganisation of the IMM 

architecture via the absence of OPA1, Mic60 or Mic10, the membrane potential is distributed 

homogenously, strongly suggesting that cristae junctions compartmentalise the 

electrochemical gradient (Wolf et al., 2019). This suggests that the MICOS complex could 

therefore also be important for mitochondrial protein import, since it is a process that depends 

on the membrane potential (Wiedemann et al., 2004). Indeed, strains lacking Fcj1, have 

reduced intra-mitochondrial protein import, particularly proteins that are destined for the inter 

membrane space (von der Malsburg et al., 2011). 

 

1.3.2 mtDNA maintenance 
 

Initial studies revealed that mtDNA is associated to the IMM, yet how cristae 

architecture is linked to its maintenance has not been elucidated (Albring et al., 1977). 

Knockdown experiments of Mic60 in MEFs, also causes mtDNA clustering, which leads to 

overall reduced translation of mitochondrial encoded polypeptides (Li et al., 2016). This 

phenomenon could also explain why cells lacking cristae regulating components have reduced 



Chapter 1: Introduction 

 15 

respiratory capacity. Alternatively, clustering could also represent a lack of structural 

organization provided by cristae membranes, which prevents mtDNA intramitochondrial 

distribution. Furthermore, the inner membrane could also provide anchorage for mtDNA, via 

its binding protein Transcription factor A, mitochondrial (TFAM). For example, cells lacking 

membrane scaffolding protein Phb1 also have altered nucleoid morphology accompanied by 

reduced levels of TFAM, which results in reduction of mtDNA levels (Kasashima et al., 2008). 

Lastly, HeLa cells expressing mutations in Mic10 cannot repair damaged mtDNA after 

exposure to oxidative stress (Genin et al., 2016). Collectively, these experiments suggest that 

the presence of cristae are necessary for the stability and maintenance of the mitochondrial 

genome.  

 
1.3.3 Apoptosis 
 

Several studies have demonstrated that a collapse of cristae due to loss of its potential 

regulators results in an increased cellular sensitivity to apoptotic insults (Olichon et al., 2003). 

The current understanding to explain this, suggests that inner convolutions of the membrane 

maintained by its regulators, ie. OPA1 oligomers, or MICOS complex, retain pro-apoptotic 

protein cytochrome c within the IMS. During apoptosis and following BAX-BAK mediated 

mitochondrial outer membrane permeabilization, the IMM undergoes membrane remodelling 

events including the disruption of OPA1 oligomers widening the diameter of the cristae 

junction, which facilitates the release of cytochrome c into the cytosol (Frezza et al., 2006; 

Scorrano et al., 2002). Interestingly, overexpression experiments of cells expressing GTPase 

defective OPA1, with no fusogenic capacity, but still retaining oligomerization capability, 

delay cytochrome c release during apoptotic insults (Frezza et al., 2006). In addition, it has 

been proposed that OMA1 or Ca2+-dependent cleavage of OPA1 is crucial to induce cristae 

remodelling and cytochrome c release during apoptosis (Prudent et al., 2015). 

 

1.3.4 Membrane dynamics  
 

Mitochondria constantly, undergo membrane remodelling events, which forms the 

fundamental basis of their dynamic behaviour. Indeed, the highly convoluted IMM lipid protein 

dense bilayer adapts to stimuli altering its shape to rapidly engage in mitochondrial fission and 

fusion (Figure 6). This plasticity has been attributed to the presence of Mic13, which is required 

for the formation of cristae junctions, but also regulates intra-cristal transitions independently 

of the outer membrane (Kondadi et al., 2020). In fact, it has been hypothesised that the MICOS-
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MIB complex structurally disintegrates, disassociating the anchorage mediated between the 

OMM and IMM facilitating mitochondrial inner membrane division, which will be further 

discussed in later sections (Cho et al., 2017). siRNA or overexpression experiments of MICOS 

components lead to gross mitochondrial morphological alterations, which suggests that these 

protein levels have to be tightly regulated (Li et al., 2016; Ott et al., 2012). Understandably, 

proteins with membrane bending abilities, would ultimately cause excessive disruption of the 

membrane, which results in mitochondrial fragmentation (Hessenberger et al., 2017). Lastly, 

the loss of cardiolipin synthesising enzyme leads to mitochondrial elongation suggesting that 

lipid composition, which influences inner membrane architecture also affects its dynamics 

(Matsumura et al., 2018). The contribution of lipids in mitochondrial dyamics will be further 

discussed in later sections. 

 

Figure 6. Super resolution time lapse images of cristae membrane remodelling events. A) 
Representative image of HeLa cells labelled with ATP5i subunit, acquired using STED. B) 
Corresponding time lapse imaging (2.5s/frame). Green and magenta asterisks label cristae remodelling 
events (merging and splitting).  Scale bars represent 500 nm (Taken from Konkadi et al., 2020). 
 
1.4 Cristae architecture regulation 
 

A number of experiments have observed and validated mitochondrial ultrastructural 

transitions, under different metabolic conditions and cellular stresses. It is therefore evident 

that the IMM is dynamic in nature and adapts to different stimuli (Kondadi et al., 2019). 

However not much is understood about its morphogenesis nor the pathways and proteins 

mediating the transitions of the membrane structure.  
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1.4.1 OPA1 regulation 
 

OPA1 harbours two proteolytic cleavage sites S1 and S2 that are regulated by inner 

membrane proteases Metalloendopeptidase (OMA1) and ATP i-AAA protease (YME1L), 

respectively. A drop of membrane potential causes OMA1-dependent cleavage of the long 

isoforms, leading to an accumulation of the shorter isoforms of OPA1 (Griparic et al., 2007; 

Ishihara et al., 2006). An increased short to long isoform ratio, causes mitochondrial 

fragmentation, which is accompanied by unstructured cristae. This reinforces that OPA1 levels 

have to be tightly regulated, since an accumulation of the short isoform, shifts to a fragmented 

mitochondrial network, and loss of respiratory capacity (Anand et al., 2014). On the other hand, 

YME1L stimulates proteolytic OPA1 cleavage at the S2 site promoting fusion and OXPHOS 

activity under conditions of high mitochondrial metabolic activity (Mishra et al., 2014). 

Stomatin-like protein 2 (SLP2), has been attributed to form scaffolds within the IMM, 

forming hubs for enzymes YME1L and OMA1 (Wai et al., 2016). Additionally, it also 

regulates the protein levels of prohibitins and therefore is implicated in regulating cristae 

architecture (Da Cruz et al., 2008; Merkwirth et al., 2008). During protein synthesis inhibitor 

treatments such as cycloheximide, SLP2’s role is prominent, where it inhibits OMA1, and 

prevents OPA1 cleavage, thereby protecting cristae architecture  (Wai et al., 2016). 

During starvation, mTOR inhibition is accompanied by OPA1 cleavage in an OMA1 

independent manner, to generate functionally uncharacterised C-terminal fragments. These 

OPA1 fragments have been denoted as degradation products and occur only in the presence of 

Mfn2 (Sood et al., 2014). Furthermore, reactive oxygen species modulator 1 (ROMO1) is an 

IMM redox sensor, that upon oxidative stress forms high molecular weight oligomers. It has 

been functionally implicated in regulating OPA1 oligomerisation, via unknown mechanisms 

(Norton et al., 2014).  

 
1.4.2 Regulation of MICOS 
 

Different constituents of the MICOS complex have been identified to be regulated in 

different ways. For example, there are four cysteine residues that lie in the CHCHD domain of 

Mic19 are sensitive to oxidation promoting dimerization of the protein. In fact, it has been 

shown that reducing Mic19 cysteine residues destabilises the MICOS complex, suggesting that 

oxidative stress could regulate cristae architecture (Sakowska et al., 2015). Furthermore, post 

translational modifications for MICOS components have been described, such as 

phosphorylation of Mic19 or Mic60 by protein kinase A (PKA), which protects mitochondria 
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from undergoing mitophagy (Akabane et al., 2016; Schauble et al., 2007). On the other hand, 

PTEN-induced kinase 1 (PINK1) has been suggested to phosphorylate Mic60, and stabilise its 

oligomers during high energy requirements, to increase the number of cristae junctions and 

adapt to the metabolic alterations accordingly (Tsai et al., 2018).  

 
1.5 Membrane contact sites 
 

After the endosymbiotic event, it has been postulated that through evolutionary 

pressures, the endomembrane system emerged as an elaborate reticular network of membranes 

dispersed within the cytosol, with specialized and compartmentalized functions (Jain and 

Holthuis, 2017). Therefore, mitochondria are signalling organelles that do not function in 

isolation, instead they form contact sites with other organelles, including the endoplasmic 

reticulum, plasma membrane, lysosomes, endosomes, lipid droplet and peroxisomes (Figure 

7). Membrane contact sites (MCS) are defined as 2 membranes that are in close apposition, 

between 30-50 nm, yet do not fuse (Scorrano et al., 2019). In fact, a number of proteins 

accumulate within these interfaces and regulate the distance between mitochondria and other 

organelles (Scorrano et al., 2019). 

 One of the requirements that defines MCS has been to allocate a particular function to 

at least one of the organelles involved. Therefore, MCS serve as platforms for mitochondria to 

communicate with other organelles and participate in a wider range of functions that are 

important to maintain cellular homeostasis (Scorrano et al., 2019). For example, Mitochondria-

ER contacts are required for exchanging calcium, which influences multiple mitochondrial 

functions including bioenergetic capacity, cell death and autophagy (Prudent et al., 2015). On 

the other hand, in brown adipose tissue, the mitochondrial population that surrounds lipid 

droplets have unique bioenergetic properties that play a role in fat metabolism (Benador et al., 

2019). Similarly, mitochondria and peroxisomes also share a metabolic relationship, because 

both organelles are involved in beta-oxidation and have been suggested to exchange metabolic 

intermediates (Farre et al., 2019). On the other hand, endosome-mitochondria contacts are 

involved in iron exchange and the release of cytochrome c release via unknown mechanisms 

(Hsu et al., 2018). Lastly, mitochondria-organelle contact sites have been implicated in 

mitochondrial plasticity and its dynamics, which will be discussed in next sections.  
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Figure 7. Schematic representation of mitochondria and its associated membrane contact 
sites. Mitochondria forms contacts with the plasma membrane and other organelles, including 
endoplasmic reticulum, lysosome, endosome, peroxisomes, and lipid droplets. (Taken from 
Lackner et al., 2019). 
 
1.6 Mitochondrial dynamics 
 

During the early years of mitochondrial discovery, the pioneers clearly highlighted 

important observations, from changes in overall shape and size, to the inner membrane 

undergoing intricate ultrastructural adaptations to different stimuli. Through time lapse 

imaging, however, it became evident that the organelle possesses an inherent plasticity 

mediated by two opposing processes: fission and fusion (Bereiter-Hahn and Voth, 1994; 

Hoffmann and Avers, 1973). The revolution of microscopy live-cell imaging confirmed that 

these are rapid transient events that counterbalance each other to maintain the overall 

mitochondrial network. This behaviour defined mitochondria as dynamic structures, thus 

forming the foundation of a new and developing independent field  (Lewis and Lewis, 1914). 

Mitochondria integrate signals and adapt their shape to answer to cellular needs and 

cues, such as metabolic alterations and cell death. Therefore, mitochondrial shape or 
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morphology is often associated to the metabolic state of the cells and mitochondrial membrane 

remodelling is associated to numerous physiological functions. By manipulating the proteins 

involved in the fission and fusion machinery, mitochondrial shape or morphology is altered, 

leading to tubular, fragmented or hyperfused networks, as shown in Figure 8 (Tilokani et al., 

2018). 

 
Figure 8. The different types of mitochondrial morphology.  Representative confocal images of the 
mitochondrial network, which can be categorised as tubular (left) in controls, fragmented (middle) 
Mfn1 knockdown cells, hyperfused (right) in Drp1 knockdown cells.  Mitochondria in MEFs are 
labelled using anti-TOM20 antibody (Taken from Tilokani et al., 2018). 
 
 
Mitochondrial fission/fusion processes involve membrane remodelling events, which are 

driven by membrane anchored large GTPases. These GTPases are categorised as dynamins and 

are structurally composed of distinct functional domains as shown in Figure 9.  
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Figure 9. Schematic representation of the structure of dynamins functionally implicated in 
coordinating mitochondrial dynamics. The classical structure of a dynamin protein is shown at the 
top. These proteins are structurally made up of a GTPase, Middle, pleckstrin homology (PH), GTP 
effector domain (GED) and proline rich (PRD) domains. Structure of fission proteins are shown in A) 
and fusion proteins are shown in B).  (Adapted from Tilokani et al., 2018). 
 
1.7 Mitochondrial Fusion 
 

Mitochondrial fusion represents a crucial aspect of mitochondrial dynamics and is a 

process that ensures an exchange of contents between two distinct matrices such as mtDNA, 

proteins, metabolites and lipids. It is mainly associated as a mechanism of defence to enhance 

cell survival. However, there have been certain discrepancies in the machinery components 

executing mitochondrial fusion amongst organisms, which reinforces the complexity of the 

process in evolution (Mattie et al., 2019). 

 

1.7.1 Mitofusins  
 

Fuzzy onion (FZO), in Drosophila melanogaster was the first mitochondrial protein to 

be characterised with fusogenic properties (Hales and Fuller, 1997). It is highly conserved 

amongst several species, and in mammals, two have been identified, denoted Mitofusin1 

(Mfn1) and Mitofusin 2 (Mfn2), both located on the OMM (Santel and Fuller, 2001). 
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Structurally, as shown in Figure 9, mitofusins have been classified as dynamins, and are 

composed of a GTPase domain, and heptad repeat coiledcoil motifs (HR), HR1 and HR2 which 

correspond to the GTPase effector domain (GED) and middle domains (Franco et al., 2016). 

The general accepted topology over the years therefore depicts that like Fzo1 from yeast, 

mitofusins have two transmembrane regions that span the OMM, with both the N- and C-

termini facing the cytosol (Rojo et al., 2002). 

The two proteins share approximately 80% sequence identity, and can functionally 

compensate for each other’s absence via overexpression experiments in Mfn2Mfn1-/- cells 

(Chen et al., 2003). Whilst both proteins participate in mitochondrial outer membrane fusion 

there are discrepancies between them. Firstly, Mfn1 and Mfn2 are distributed differently 

amongst different tissues (Eura et al., 2003). Secondly, overexpression experiments have 

demonstrated that ectopic expression of Mfn1 leads to a milder fused interconnected network, 

whereas Mfn2 causes mitochondria perinuclear aggregation (Eura et al., 2003). Furthermore, 

the loss of either mitofusins exhibit different mitochondrial morphologies, since the loss of 

Mfn2 leads to a more extensive mitochondrial fragmentation phenotype compared to Mfn1 

(Eura et al., 2003). Mfn2 has been proposed to also possess mitochondria-ER tethering 

capabilities (de Brito and Scorrano, 2008). Furthermore, in vitro assays have reflected that 

Mfn1 has higher GTPase activity, and membrane tethering capability in comparison to Mfn2 

(Ishihara et al., 2004). 

Biochemical studies have revealed the general and more widely accepted model of the 

mitofusins, where the GTPase and both HR1 and HR2, at the N-terminus and C-terminus, 

respectively, are exposed to the cytosol. Based on this protein topology, different experimental 

approaches have revealed mechanistic insights on the mitochondrial fusion. Using in vitro 

assays of reconstituted domains of mitofusins within liposomes, it has been shown that an 

amphipathic helix within the HR1 domain has lipid binding properties that facilitates liposome 

fusion. The authors propose that HR1 binding to the opposing membrane is influenced by lipid 

composition such as phosphoethanolamine and actually facilitates membrane merging (Daste 

et al., 2018). 

 
1.7.2 OPA1 
 

OPA1 is an evolutionary conserved protein and is the only GTPase reported driving 

IMM fusion. Its topological distribution has been described as having two transmembrane 

domains embedded in the IMM, where both the N- and C- terminus face the IMS and a small 
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loop segment is exposed to the matrix (Olichon et al., 2002). Structurally OPA1 is categorised 

as a dynamin and requires both the GTPase and the coiled-coil domains to engage the inner 

membrane in fusion (Cipolat et al., 2004). It unusually carries the dual function of executing 

fusion and maintaining cristae architecture (Meeusen et al., 2006).  

OPA1 silencing leads to mitochondrial fragmentation, whereas overexpression 

experiments lead to mitochondrial elongation, which suggests that it is involved in regulating 

mitochondrial dynamics (Cipolat et al., 2006). Further complications studying OPA1 arise 

because it encodes multiple isoforms, which have been attributed different properties. 

Individual l-OPA1 or s-OPA1 have little fusion activity (Song et al., 2007). On the other hand, 

overexpressing the individual isoforms in Mgm1 lacking yeast strains do not rescue the 

fragmented mitochondrial network, which suggests that both the long and short isoforms are 

simultaneously required for mitochondrial fusion (Herlan et al., 2003). Furthermore, cryo-EM 

demonstrated that incubating purified reconstituted s-OPA1 and l-OPA1 led to deformation of 

cardiolipin containing membranes in the presence of GTP (Ban et al., 2017). Therefore, as a 

dynamin, OPA1 possesses enzymatic activity to catalyse GTP hydrolysis, which is required to 

engage the IMM in fusion. 

It has been shown that overexpression of the non-cleavable l-OPA1 is unable to rescue 

the mitochondrial morphology in OPA1-/- MEFs, which suggests that processing and generation 

of s-OPA1 are necessary for mitochondrial fusion (Del Dotto et al., 2017). Similarly, DKO 

YME1L/OMA1-/- cells, which accumulate l-OPA1 due to a lack of processing exhibit tubular 

morphology (Anand et al., 2014). On the other hand, it has been shown that the presence of the 

long isoform is sufficient to execute mitochondrial fusion under mild stress conditions 

(Tondera et al., 2009). Further experiments are required to clarify these observations.  

 
1.7.3 Ugo1 & Mdm30 
 

There are two additional proteins that constitute the membrane fusion machinery in 

yeast whose orthologues have not been identified in mammals. The first protein denoted 

mitochondrial fusion and transport protein (Ugo1) in yeast has been classified as a transporter 

and is attributed with fusion properties (Sesaki and Jensen, 2001). Ugo1 is an OMM protein 

with three transmembrane domains, exposing portions to the IMS and the cytosol where it 

interacts with Mgm1 and Fzo1, respectively, and has therefore been proposed to coordinate 

fusion (Hoppins and Nunnari, 2009). Interestingly, different studies have revealed potential 

candidates for the human Ugo1 orthologue including outer membrane carrier protein 
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SLC25A46 and mitochondrial carrier homologue 2 (MTCH2). Whilst, MTCH2 has been 

involved to function as a receptor for apoptosis, SLC25A46 has been shown to be important 

for maintaining cristae architecture, modulating mitochondrial-ER contact sites and is 

associated as a pro-fission factor (Janer et al., 2016; Zaltsman et al., 2010).  

On the other hand, Mdm30 has been classified as a cytosolic X-box protein and has 

been implicated in mitochondrial fusion. Yeast strains lacking Mdm30, display a fragmented 

mitochondrial network and it has been suggested to play a role in the regulation of fusion by 

mediating the degradation of mitofusin homologue protein Fzo1 (Durr et al., 2006; Escobar-

Henriques et al., 2006).  

 
1.7.4 Other players involved in mitochondrial fusion 
 

Misato (MSTO1) is a nuclear encoded protein, which is mainly cytosolic but also found 

loosely associated to the OMM.  It structurally resembles prokaryotic cytoskeletal protein FtsZ, 

a protein which accumulates at division sites, to coordinate the cytokinesis. Whilst its role in 

mitochondrial dynamics has not been determined, HeLa cells lacking MSTO1 have a reduced 

number of fusion events, suggesting that it could be involved in the process (Gal et al., 2017). 

Furthermore, Mitoguardin (MIGA1/2) are two proteins that share a similar mitochondrial 

phenotype to Mfn2 during overexpression experiments and have been suggested to play a role 

in mitochondrial fusion. It has been proposed that the MIGA1/2 interaction is based on the 

formation of hetero and homodimers from opposing membranes, and an interaction with 

phospholipase D (PLD), which modulates lipids. Although mechanistically, their function is 

not known, it has been hypothesised to occur downstream of Mfn2 (Zhang et al., 2016). Indeed, 

it has been shown that PLD on the OMM generates a lipid specific microenvironment that 

facilitates mitofusins to drive fusion (Choi et al., 2006). Lipid composition therefore plays an 

important role in membrane fusion of both membranes, which will be discussed in later 

sections.  

 
1.7.5 Mitochondrial fusion model 
 

Experiments in yeast, have given an increased understanding on the molecular 

mechanisms that coordinate mitochondrial fusion across the double membrane (Pfanner et al., 

2004). Ugo1 has been proposed to be involved in the initial tethering steps, where it facilitates 

Fzo1 dimerisation, and GTP binding (Anton et al., 2011). It then forms a complex with Fzo1 

on the OMM, and Mgm1 in the IMM, to engage the four membranes in mitochondrial fusion 
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(Hoppins and Nunnari, 2009; Sesaki and Jensen, 2004) (Figure 10). However so far, the Ugo1 

homologue in mammals is subject to intense investigation. 

Figure 10. Cartoon illustrates the machinery that coordinates mitochondrial fusion in yeast.  Ugo1 
forms a complex that spans both membranes by interacting with OMM protein Fzo1 and IMM Mgm1. 
This has been proposed to engage the four membranes in mitochondrial fusion. (Taken from Pfanner 
et al., 2004).  
 

Mitochondrial fusion proceeds via multiple steps that involves membrane tethering, 

docking and fusion. Initial cell biology-based studies that unravelled the fusion properties of 

mitochondrial proteins, used the polyethylene cell hybrid fusion assay, which relies on the 

principle of mixing two distinct cell populations individually labelled with two different OMM 

fluorescent markers. 100% of wild type (WT) cells can merge their fluorescent content, 

whereas OPA1-/- MEFS have some extent of fusion and Mfn1Mfn2-/- are incapable of mixing 

contents. This revealed that, even if IMM fusion needs to be coordinated to OMM fusion, 

mitochondrial outer and inner membrane fusion are two distinct and separable events executed 

by different protein machineries (Song et al., 2009). In vitro fusion assays validated that GTP 

is indispensable for fusion process (Meeusen et al., 2004). 

 
1.7.6 OMM fusion 
 

Structural studies of bacterial dynamin like protein (BDLP) have predicted potential 

mechanisms of how dynamins mechanistically orchestrate fusion, which can be also be 

applicable to OMM mitofusins (Low et al., 2009). Initial studies in yeast using 

coimmunoprecipitation techniques suggested that Fzo1 oligomerizes during the fusion process 

(Griffin et al., 2006). Crystal structures of the C-terminus HR2 domains revealed that they 

interact between adjacent mitochondria by forming antiparallel coiled-coil structures in trans, 
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which stabilises a membrane ‘tethering’ complex. This ensures close proximity between 

participating mitochondria, which can then transition to OMM fusion (Koshiba et al., 2004).  

In contrast to the HR2 trans model, structural studies carried out on Mfn1 show that 

the N-terminus GTPase domains facing the cytosol pull the opposite membranes in close 

proximity in order for fusion to proceed (Qi et al., 2016). These interactions can be both 

homotypic or heterotypic (Li et al., 2019b). Ultimately both hypothetical pathways aim to 

reduce the distance between opposing mitochondria, and stabilize a tethered state, that is 

required for the first step of mitochondrial fusion (Cao et al., 2017; Huang et al., 2017). Next, 

the transition from tethering to membrane fusion is catalysed via GTP hydrolysis, which 

stimulates conformational changes that lead to dimerization of mitofusins (Qi et al., 2016).  

Naturally, being GTPases, mitofusins require GTP to carry-out their function. Cryo-

electron tomography in combination with in vitro assays showed that OMM membranes fusion 

proceeds via continuous cycles of GTP binding and hydrolysis after the tethering stage. The 

enrichment of Fzo1 at the interface of adjacent mitochondria is enhanced in the presence of 

GTP and leads to oligomeric structures forming an intermediate docking complex that precedes 

mitochondrial fusion (Brandt et al., 2016) (Figure 11).   

 
Figure 11. Schematic representation of the different steps that mediate mitochondrial fusion. 
Mitochondrial fusion is mediated by a process of tethering, docking, inner and then outer membrane 
fusion. (Taken from Brandt et al., 2016).  

 

Furthermore, structural studies have revealed two structural conformations that are 

adopted by mitofusins, mediated through HR1/HR2 interactions. In the resting ‘non permissive 

state’ the HR2 domain is constrained by its interaction with the HR1 domain. In the second 



Chapter 1: Introduction 

 27 

conformation, the HR1/2 interaction is destabilized, exposing the HR2 domain to the cytosol. 

Subsequently, GTP is hydrolysed generating the force required, also referred to as the ‘power 

stroke’ to induce the necessary mitofusin conformation changes and drive OMM fusion. Using 

specific peptides that facilitate the transition between the two HR2 conformations has been 

shown to be beneficial for corrective CTM2A defective Mfn2 activity (Franco et al., 2016). 

So far, studies that propose OMM fusion mechanisms have been based on a single 

topology. Alternatively, Mfn2 has been proposed to possess only one single transmembrane 

region, depicting an in- and out- protein conformation for the C-terminus and N-terminus, 

respectively. Using proteinase K protection assays in combination with two different antibodies 

to detect the distinct regions of Mfn2, the authors revealed that the C-terminus HR2 domain 

resides within the IMS. This region possesses crucial cysteine residues, that are prone to 

oxidation, and induce the conformational changes that promote cis dimerization of the 

mitofusins to drive fusion (Mattie et al., 2018). This further confirms the original observation, 

which suggests that oxidative stress can stimulate mitochondrial fusion (Shutt et al., 2012) 

(Figure 12). However, this new topology model questions the original models of fusion where 

the HR2 domains were playing a crucial role to trigger fusion.  
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Figure 12. Simplified models depicting mitochondrial outer and inner membrane fusion. A) The first 
step driving mitochondrial fusion involves OMM tethering, that is mediated through mitofusin HR2 
domains, or the GTPase domains from adjacent mitochondria. These interactions are homotypic or 
heterotypic between Mfn2 and Mfn1, and lead to conformational changes required for to generate the 
power stroke to mediate OMM fusion. Subsequently, the inner membrane fusion machinery including 
cardiolipin and OPA1 form heterotypic interactions, to initially tether the membranes. Subsequently 
Opa1 undergoes conformational changes, upon GTP hydrolysis that facilitates inner membrane fusion. 
B) Represents the alternative mitofusin topology where the redox sensitive C-terminus lies within the 
IMS. Upon oxidation mitofusins dimerize to drive fusion. Yellow stars depict an oxidizing environment 
(Taken from Tilokani et al., 2018).  
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1.7.7 IMM fusion 
 

One of the earlier discoveries, suggested that OPA1 is functionally dependent on Mfn1 

since its overexpression restores mitochondrial morphology in Mfn2-/- cells but not Mfn1-/- cells 

(Cipolat et al., 2004). However, how inner and outer membrane fusion are mechanistically 

coupled has not been elucidated. Mechanistically, the inner membrane has a highly complex 

architecture, and how it participates in the fusion pathway without potential steric hindrance 

has not been fully understood. Recombinant long or short isoforms of Mgm1 reconstituted in 

cardiolipin containing lipsosomes, showed an enhanced self-assembly upon GTP hydrolysis 

(DeVay et al., 2009). Indeed, structural insights of inner membrane fusion have been based on 

yeast Mgm1, which revealed a ‘paddle’ domain that is located between the GTPase and GED 

domain, which could insert into membranes, and drive fusion (Faelber et al., 2019). 

Additionally, it also revealed that the protein self assembles forming high molecular weight 

structures, hydrolyzing GTP carrying-out the ‘power stroke’ to execute fusion (Faelber et al., 

2019). 

Inner membrane fusion has been monitored in vitro by using reconstituted purified 

forms of OPA1 or cardiolipin into liposomes coupled to fluorescence resonance energy 

transfer. These studies have revealed that purified l-OPA1 or cardiolipin reconstituted in 

liposomes form heterotypic interactions, which suggests that these constituents on adjacent 

membranes drive mitochondrial fusion. It has therefore been proposed that fusion specifically 

occurs at cardiolipin enriched parts of the inner membrane i.e. via inner boundary membrane 

contact, and the minimal IMM fusion machinery was composed of only OPA1 on one IMM 

and CL on the other IMM to fuse (Figure 13). Alternatively, l-OPA1 also mediates homotypic 

interactions in trans, which has been proposed to maintain cristae architecture (Ban et al., 

2016). 

Lastly, a TIRF based bilayer/liposome in vitro assay has shown to be sensitive enough 

to distinguish between different stages of fusion. These include an intermediate hemifusion 

stage, which involves merging of the bilayer to complete fusion involving full exchange of 

inner liposome contents. Interestingly, this method also suggests that the presence of both long 

and short isoforms of OPA1 containing liposomes is sufficient for complete fusion to occur 

(Ge et al., 2020).  



Chapter 1: Introduction 

 30 

 
Figure 13. Mechanisms and the respective machinery that drives inner membrane fusion. 
The left panel describes the fusion model, where cardiolipin and OPA1 mediate tethering, 
followed by GTP hydrolysis, which generates the force required to merge two opposing inner 
membranes. On the right OPA1 forms heterotypic interactions to increase tethering, and 
maintain cristae architecture (Taken from Ban et al., 2016). 
 
1.7.8 Inter-mitochondrial contacts 
 

An additional angle of dynamic behaviour involves tethering and untethering events 

between mitochondria, where adjacent membranes are in close apposition but do not exchange 

matrix contents. Electron microscopy from heart tissue revealed a physical association between 

distinct mitochondria, accompanied by a specific cristae arrangement and are together referred 

to as inter-mitochondrial junctions (Picard et al., 2015). Furthermore, super resolution live cell 

microscopy showed that cells overexpressing Mfn2 GTPase defective mutants exhibited 

significantly reduced tethering events compared to WT (Wong et al., 2019). On the other hand, 

Drp1 as well as lysosomal Rab7, accumulated at inter-mitochondrial contacts and led to 

untethering events, indicating that collectively these processes depend on both the fission-

fusion machinery. However, which signals transition mitochondrial tethering to mitochondrial 

fusion have not been elucidated. In actual fact, tethering and untethering events have just 

started to emerge and have been only associated to mitochondrial motility (Wong et al., 2019). 

 
1.7.9 Kiss and run 
 

The spatial distribution and behaviour of mitochondrial fusion events can be 

categorised as either transient or complete. The kiss and run model (transient fusion) entails 

two mitochondria that are in close proximity merging their membranes, exchanging matrix 
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contents, followed by a rapid Drp1-dependent division event, that returns them to their original 

shape and size (Liu et al., 2009). Taken together these observations suggest that mitochondrial 

fission and fusion are paired events. On the other hand, upon complete fusion, mitochondria 

remain elongated without a sequential division event. The discrepancies between the two 

fusion types is influenced by the content being exchanged, directionality and movement of the 

participating mitochondria along the cytoskeleton tract. Overall, it has been proposed that kiss 

run events are and necessary to support mitochondrial bioenergetics, and motility (Liu et al., 

2009).  

 
1.7.10 Mitochondria-organelle contact sites in fusion 
 

Whilst previous studies have confirmed that fission is driven by the ER, live cell imaging 

also revealed that fusion events occur at mitochondria-ER contact sites. Interestingly, OMM 

Mfn1 specifically marks future sites where ER aids mitochondrial fusion. Taken together, 

fission and fusion proteins accumulate at mitochondria-ER contact sites, which suggests that 

these are potentially coordinated events (Abrisch et al., 2020). Interestingly, live cell super-

resolution microscopy revealed that even late endosomes could potentially be involved in 

remodelling the mitochondrial network (Guo et al., 2018). Further experiments would be 

required to elucidate the molecular machinery and underlying mechanisms that integrate 

multiple organelles with mitochondrial fusion.  

 
1.8 Physiological relevance of mitochondrial fusion 
 
1.8.1 ATP synthesis  
 

A highly interconnected hyperfused state of the mitochondrial network has been 

suggested to increase the overall membrane surface area and enhance the productivity of ATP 

via oxidative phosphorylation. Indeed, absence of either mitofusins or OPA1 leads to reduced 

respiratory capacity and a drop of membrane potential, which is accompanied by increased 

ROS production (Chen et al., 2003; Olichon et al., 2003).  

Numerous cellular transitions and processes are highly energy consuming and require 

large amounts of ATP, a by-product that is generated in smaller amounts via glycolysis 

compared to OXPHOS. It has been shown that during the cell cycle, the G1-S transition phase 

is the highest energy demanding checkpoint, during which mitochondria are highly 

interconnected, and are associated with a higher ATP level in comparison to other stages (Mitra 
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et al., 2009). In fact, different scenarios have shown that mitochondrial plasticity is essential 

for facilitating the metabolic switch from glycolysis to OXPHOS. For example, T-cells that are 

transitioning from effector to memory cells, a process indispensable for immune function, 

depends on OPA1 for mitochondrial fusion and an overall enhanced bioenergetic capacity 

(Buck et al., 2016). A similar scenario is seen in Mfn1 or Mfn2 lacking mouse germ cells 

undergoing spermatogenesis, since they are incapable to metabolically adapt from glycolysis 

to OXPHOS (Varuzhanyan et al., 2019). 

 Additionally, mitochondrial fusion represents an aspect of dynamics that enables an 

adaptation to different types of stresses, which has been proposed to occur to sustain metabolic 

functionality and cell survival. For example, in the presence of mild stress conditions such as 

cycloheximide treatment, mitochondria adapt their shape via stress induced mitochondrial 

hyperfusion (SIMH), which depends on IMM scaffold protein SLP2. SIMH has been suggested 

to promote mitochondrial metabolic activity and enhance ATP production during conditions of 

moderate stress to promote cell survival (Tondera et al., 2008). Similarly, in the presence of 

ER stress inducers, such as thapsigargin, activated PERK mediated signalling, leads to reduced 

protein translation and SLP2-dependent hyperfusion (Lebeau et al., 2018). Mechanistically, 

SLP2 regulates OMA1 activity to prevent OPA1 cleavage, maintaining the longer isoforms 

that are engaged to drive mitochondrial fusion (Wai et al., 2016).  

 
1.8.2 Autophagy 
 

During nutrient deprivation mitochondria adapt to enlarge their network size, as a 

protective defence mechanism that prevents their autophagosomal degradation. This process 

has been observed using OPA1-/- cells, which have a higher mitochondrial turnover (Rambold 

et al., 2011). The alternative experiment is also true, since inhibiting the fission machinery, 

such as Drp1, protects mitochondria from degradation (Gomes et al., 2011). Mitochondrial 

fusion during these conditions also sustains ATP production to promote cell survival (Gomes 

et al., 2011). In fact, mitochondrial fusion facilitates the uptake of fatty acids from 

neighbouring lipid droplets, to enhance beta-oxidation during periods of starvation (Rambold 

et al., 2011). 

 
1.8.3 Exchange of metabolites, mtDNA & proteins 
 

Mitochondrial fusion merges the double membrane bilayer and facilitates the exchange 

of contents between two matrices. The double mitofusin knockout mouse model accumulates 
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mtDNA depletions, deletions and point mutations in skeletal muscle, whereas individual 

mitofusin knockout exhibits neither of these defects (Chen et al., 2010). Additionally, DKO 

Mfn1/Mfn2/- MEFs exhibit enlarged mtDNA nucleoids, without impacting their transcription. 

This is also accompanied by a reduction in protein level of the machinery involved in its 

maintenance and replication such as the DNA polymerase gamma (Silva Ramos et al., 2019). 

This observation suggests that Mfn1/Mfn2-dependent fusion is crucial for the stability and 

levels of mtDNA. It has been hypothesised that mitochondrial fusion enables a homogenous 

distribution of mtDNA between different populations of mitochondria including those that are 

healthy and defective. This ‘dilutes’ the mtDNA mutation load reducing the consequential 

OXPHOS defects (Nakada et al., 2001).  

Interestingly, the nuclear encoded OPA1 yeast ortholog Mgm1 was first identified in a 

screening amongst genes responsible for mtDNA maintenance. Yeast strains lacking Mgm1 

exhibited drastic loss of mtDNA (Jones and Fangman, 1992; Pelloquin et al., 1998). This is 

also recapitulated in vivo, where mice lacking OPA1 have reduced mtDNA copy number in the 

heart (Chen et al., 2012). Alternatively, patient fibroblasts carrying mutations in OPA1 

accumulate mtDNA deletions (Hudson et al., 2008). Whilst OPA1 does not possess a DNA 

binding domain, it interacts with nucleoids and has been suggested to anchor mtDNA to the 

inner membrane via unknown mechanisms (Elachouri et al., 2011). It has been shown that 

GTPase defective mutants Q297V constructs are unable to rescue mtDNA levels in OPA1 KO 

MEFs, suggesting that its fusogenic activity is required for the maintenance of mtDNA (Patten 

et al., 2014).  

Mitochondrial fusion is also required for the homogenous distribution of membrane 

constituents. Mfn1/2-/- cells fail to distribute outer membrane components such as Bak and A 

kinase anchoring protein (AKAP1), which for example results in altered response to apoptotic 

insults (Weaver et al., 2014). Mfn1/2-/- cells also accumulate metabolites involved in terpenoid 

synthesis, which leads to significantly reduced levels of Coenzyme Q, and OXPHOS 

functioning (Mourier et al., 2015).  

 

1.9 Mitochondrial Fission 
 

Mitochondria are organelles that are not synthesised de novo and have evolved highly 

complex pathways that ensure their division into two daughter mitochondria. This event 

increases the number of mitochondria and reduces their size both of which are crucial during 

the cell cycle, apoptosis and clearance, amongst other cellular processes (Tilokani et al., 2018). 



Chapter 1: Introduction 

 34 

Overall, mitochondrial fission encompasses multistep processes driven by nuclear encoded 

cytosolic GTPases. Even though this phenomenon is evolutionarily conserved, the proteins that 

are involved in regulating mitochondrial fragmentation differ between species (Tandler et al., 

2018). 

 
1.10 OMM fission machinery 
 
1.10.1 Drp1  
 

In search of identifying mammalian proteins homologous to dynamins, which are 

involved in vesicular budding, an 80 KDa cytosolic protein denoted dynamin-related protein-

1 (Drp1) was identified (Imoto et al., 1998). Therefore, like dynamins, Drp1 consists of an N-

terminal GTPase, middle domain, variable domain (also known as B-insert) and a GED 

domain, distributed amongst three bundle signalling elements (BSEs). The GTPase region is 

flanked by BSEs which connect it to the stalk comprising the GED and middle domain (Figure 

9). Similarly, to classical dynamins, its role in endocytic trafficking has been described in 

hippocampal neurons, where it associates with synaptic vesicles and is required for their 

formation (Li et al., 2013). In fact, it has been shown that a brain specific Drp1 isoform can 

localize to lysosomes, plasma membrane and late endosomes, where it plays a role 

independently of mitochondrial fission, and is involved in endocytosis (Itoh et al., 2018). 

However, it has been generally accepted that unlike the classical dynamins, the role of 

Drp1 is to drive mitochondrial division (Smirnova et al., 2001). Loss of Drp1 causes a 

characteristic conserved phenotype that results in increased mitochondrial elongation, 

connectivity and constriction sites, which are regions where the mitochondrial diameter is 

narrowed (Figure 14) (Bleazard et al., 1999; Otsuga et al., 1998; Pitts et al., 1999; Smirnova et 

al., 2001).  
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Figure 14. Molecular events preceding Drp1 dependent membrane constriction. Drp1 is recruited to 
the OMM, via membrane anchored receptors Mid49/Mid51 or MFF. It assembles and oligomerizes 
from distinct mitochondrial regions, using GTP it induces the necessary conformational changes for 
mediating power stroke to constrict membranes (Adapted from Kraus et al., 2017).  
 

Microscopy experiments further showed that Drp1 has mainly a cytosolic distribution, 

with foci that accumulate at mitochondria, and respective constriction sites (Pitts et al., 1999) 

(Labrousse et al., 1999). Since proteins that belong to the dynamin family oligomerize at 

clathrin-coated pits and pinch-off their target membrane by mediating scission, numerous 

studies explored ‘dynamin-related’ characteristics of Drp1. By using yeast two hybrid systems, 

studies validated that Drp1 forms intermolecular or intramolecular interactions between the 

GTPase domain within the N-terminus and the middle domain in C-terminus containing the 

GED domain (Shin et al., 1999). Disrupting these interactions by introducing mutations in the 

GED domain, blocked mitochondrial fission, suggesting that they induce the necessary 

conformational changes that regulate the enzymatic GTPase activity (Zhu et al., 2004). 

Furthermore, in vitro experiments confirmed Drp1’s dynamic behaviour to self-assemble into 

ring-like structures in the presence of GTP (Figure 14) (Smirnova et al., 2001). Additionally, 

purified Drp1 tubulates liposomes in vitro, whereas mutations in the GTPase domain lysine-

to-alanine K38A binds GTP but fails to complete nucleotide hydrolysis and membrane 

deformations (Yoon et al., 2001).  

Drp1 has been reported to exist as dimers and tetramers, which are distributed in the 

cytosol and the OMM, and form the basis for the formation of higher order assemblies 

(Macdonald et al., 2014). Crystal structures revealed that this behaviour is dependent on the 

middle and GED domains (stalk), which aid in the formation spirals from two distinct starting 

points of the mitochondrion (Frohlich et al., 2013) (Figure 14).   
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Studies in yeast also confirmed that Dnm1 (Drp1 ortholog) self assembles into spirals 

with a minimum diameter of approximately 100 nm (Ingerman et al., 2005). These oligomers 

are composed of approximately 13-18 monomers, that form discrete foci on the mitochondrial 

outer membrane (Basu et al., 2017). Cryo-electron microscopy revealed that in the presence of 

GTP, Drp1 oligomerises on the surface of lipid membranes, inducing the necessary 

conformational changes and contractile force for constriction to occur (Figure 14) (Mears et 

al., 2011). Drp1 uses its variable domain to autoregulate its own oligomerisation capacity 

(Strack and Cribbs, 2012). Structural studies confirmed conformational changes of full length 

Drp1 upon binding to its associated receptors mitochondrial dynamics proteins 49 KDa 

(Mid49) and 51 KDa (Mid51) and disassembly upon GTP hydrolysis (Kalia et al., 2018). 

Additionally, the variable domain on Drp1 binds to cardiolipin on the OMM enhancing its 

activity (Bustillo-Zabalbeitia et al., 2014). 

However, liposome tubulation experiments revealed that Drp1 can only constrict 

membranes up to 100 nm, which questions whether constriction is sufficient to trigger both 

OMM and IMM division. Therefore, over the years Drp1 membrane severing capabilities and 

the potential roles for additional factors have been highly questioned in the field. 

 
1.10.2 MFF 
 

Whilst recruitment of Drp1 to the mitochondrion has been thoroughly described in 

different models, it was naturally questioned why and how it was recruited to mitochondrial 

membranes without a pleckstrin domain (PH). Classical dynamin proteins possess a PH domain 

which is required for binding lipids, and therefore necessary for recruitment to the target 

membrane (Hinshaw, 2000). Initially, the discovery of the mitochondrial protein Fis1, and 

cytosolic accessory proteins Mdv1 and Caf4 in yeast, suggested that OMM receptors facilitate 

the recruitment process, to then mediate mitochondrial division  (Mozdy et al., 2000). 

However, metazoans lack Mdv1 and Caf4, and the role of Fis1 in mediating mitochondrial 

fragmentation has been scrutinised and challenged (Otera et al., 2016).  

A screen carried out in Drosophila to identify novel proteins involved in mitochondrial 

morphology, highlighted mitochondrial fission factor (MFF) as a potential new regulator. MFF 

is highly conserved amongst metazoans, structurally consisting of a tail anchored OMM protein 

which is also localised to the peroxisome and endoplasmic reticulum (Gandre-Babbe and van 

der Bliek, 2008; Ji et al., 2017). HeLa cells lacking MFF exhibit highly hyperfused 

mitochondria, which are resistant to the overexpression of Mfn2 harbouring defects in the 
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GTPase domain, suggesting that the phenotype observed is due to a reduced capacity to divide, 

not increased fusogenic activity. Additionally, MFF silenced cells are resistant to CCCP 

induced mitochondrial fragmentation. Overall, the loss of MFF shows similar characteristics 

to the loss of Drp1, which strongly favoured its role as a fission factor (Gandre Gabbe et al., 

2008).  

Endogenous MFF detected via immunofluorescence shows a unique cellular punctate 

distribution pattern, including specific foci at the mitochondria, endoplasmic reticulum and 

peroxisomes (Ji et al., 2017). Therefore, like Drp1, silencing MFF also impacts peroxisomes 

and leads to an elongation phenotype (Koch et al., 2003). As a tail anchored protein, the N-

terminus of MFF is exposed to the cytosol, where it interacts with Drp1 (Otera et al., 2010). 

Further studies confirmed this interaction and showed that Drp1 oligomeric forms have a high 

affinity for MFF (Liu and Chan, 2015). MFF has been attributed with mechano-sensing 

properties through, which it can sense membrane curvature and is recruited to mitochondrial 

constriction sites (Helle et al., 2017). Taken together these observations reinforced a functional 

role for MFF as a receptor for oligomeric Drp1, suggesting that these two proteins work in the 

same pathway to promote mitochondrial fission.  

 
1.10.3 Mid49 & Mid51 
 

The discovery of MFF as a fission receptor provides a model to explain Drp1 

recruitment to the OMM (Otera et al., 2010). However, unlike the loss of Drp1, which results 

in embryonic lethality, the loss of MFF in mice is viable suggesting that there are additional 

proteins that can compensate for its function. In fact, MFF is capable of oligomerising, and 

forms larger molecular weight complexes, with proteins which have still not been identified 

(Gandre Gabbe et al., 2008).   

Mid51 and Mid49 are proteins, which have recently been identified as new 

mitochondrial receptors for Drp1 (Palmer et al., 2011). They are anchored via their N-terminus 

to the OMM, exposing their C-terminus to the cytosol, which contains a nucleotide transferase 

domain. Silencing either Mid49 or Mid51 in cells leads to mitochondrial elongation 

accompanied by a reduced pool of mitochondrial Drp1 (Loson et al., 2013). Additionally, these 

cells are resistant to CCCP induced mitochondrial fragmentation, a characteristic which is 

similarly observed in the absence of MFF, or Drp1 (Osellame et al., 2016). These observations 

collectively suggest that these proteins can be involved in the same pathway and share similar 

functions. 
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There is clear evidence that the cellular levels of the Mids regulate mitochondrial 

morphology. Low overexpressing Mid49/Mid51 cells increases mitochondrial Drp1 and is 

accompanied by mitochondrial fragmentation. On the other hand, highly overexpressing cells 

have elevated levels of mitochondrial Drp1 recruitment, but surprisingly this results in 

mitochondrial elongation (Palmer et al., 2011). It has been proposed that high levels of Mids 

sequester Drp1, which causes its inactivation and inhibits mitochondrial membranes scission 

(Palmer et al., 2013). 

Although Mid51 and Mid49 proteins share approximately 45% of identical sequence 

and similar mitochondrial phenotypes, they respond differently to different cellular stresses. 

For example, the mitochondrial elongation observed during ectopic expression of Mid51 is 

resistant to CCCP induced fragmentation, but not antimycin A. The authors propose that unlike 

Mid49, Mid51 has a high affinity for ADP, using it as a cofactor for its fission activity. 

Additionally, structural studies have revealed that Mid51 forms a dimer, that is required for its 

fission activity. Taken together ATP fluctuations could therefore modulate mitochondrial 

dynamics via Mid51 (Loson et al., 2014; Ma et al., 2019). 

 
1.10.4 Functional differences between the OMM receptors 
 

Mids and MFF colocalize with Drp1 at sites of ER-induced mitochondrial constriction, 

which could suggest a collaborative function between the proteins during the fission process 

(Elgass et al., 2015). Furthermore, individual overexpression of Drp1 receptors in yeast strains 

lacking fission proteins induces mitochondrial fragmentation, which suggests that each 

receptor can individually stimulate division (Koirala et al., 2013). Whilst Mids and MFF share 

the common function of being Drp1 receptors to drive mitochondrial division, multiple studies 

have aimed to decipher functional differences between them. For example, it has been shown 

that Mid49 and Mid51 exhibit an affinity for the dimeric forms of Drp1, unlike MFF which 

selectively recruits oligomers (Liu and Chan., 2015). In contrast to MFF, Mid49 and Mid51 

are exclusively mitochondrial localised proteins, which could attribute a layer of organellar 

specificity (Palmer et al., 2011). Others have shown that Mid49/Mid51 or Drp1 KO cells are 

resistant to apoptotic insults, maintain intact cristae architecture and have reduced cytosolic 

cytochrome c release, unlike MFF KO cells. This suggests that fragmentation during apoptosis 

occurs via the Drp1 interaction with Mid51/Mid49, but not MFF (Otera et al., 2016). Taken 

together, these studies suggest that there might be multiple pathways that ultimately converge 
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to mediate fission, yet further investigation is required for a deeper understanding of the 

specific molecular machinery involved.  

 
1.10.5 Dynamin 2 
 

Dynamin 2 (Dnm2) belongs to the dynamin family, and is structurally composed of the 

classical domains, including GTPase, PH, middle, GED and PRD (Figure 9). Its role in the 

endocytic pathway has been thoroughly characterised, where it pinches clathrin-coated vesicles 

that are generated at the plasma membrane by hydrolysing GTP. Interestingly Dnm2-silenced 

COS7 cells display hyperfused mitochondria, multiple constriction sites, and are resistant to 

apoptotic insults (Lee et al., 2016). Additionally, Drp1 accumulates at constriction sites, but 

without to a fission event, which suggests that Dnm2 finalizes membrane scission (Lee et al., 

2016). It has therefore been proposed as a potential candidate protein that terminates 

mitochondrial fission, since it harbours a PH domain and inherent membrane severing abilities 

(Lee et al., 2016), unlike Drp1.  

However, this theory has been recently challenged because Dnm2-silencing induced 

mitochondrial elongation is not conserved amongst different cell lines such as, in HeLa, or 

U2OS. It has also been shown in triple Dnm KO MEFs, that mitochondria were not hyperfused, 

and whilst the number of mitochondrial division events reduced compared to WT, 

mitochondria were still able to fragment (Fonseca et al., 2019; Kamerkar et al., 2018; 

Nagashima et al., 2020). Furthermore, unlike the core components of the fission machinery, 

these cells are not resistant to CCCP induced mitochondrial fragmentation. Together these new 

results strongly suggest that Dnm2 merely facilitates the process but is not part of the core 

machinery (Fonseca et al., 2019).  

 
1.10.6 Fis1  
 

Fis1 is a highly conserved protein, which was initially identified in yeast. Whilst its 

role as a Drp1 receptor driving fission is well established in yeast, its function in mammals is 

not conserved (Mozdy et al., 2000). Indeed, silencing of Fis1 by siRNA originally reported 

mitochondrial elongation but was later considered as an off-target effect (Stojanovski et al., 

2004). Additionally, Fis1 KO cells show heterogenous mitochondrial morphology phenotypes 

across different cell lines (Otera et al., 2010). Recently however, Fis1 has been proposed to 

behave as a negative regulator of mitochondrial fusion. Indeed, Fis1 overexpression in Drp1, 
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leads to shortening of the mitochondrial length, and the authors propose that it blocks the fusion 

machinery activity via  unknown mechanism (Yu et al., 2019). Finally, the absence of Fis1 

leads to the accumulation of autophagosomes at steady states, which is accentuated during 

mitochondrial stresses such as antimycin A, or paraquat. Therefore, Fis1 has also been 

proposed to play a role as a mitophagic receptor (Shen et al., 2014). 

 
1.10.7 Cytoskeletal – mitochondrial fission 
 

The actin machinery is involved in mediating fission across numerous organelles such 

as endosomes, endocytic vesicles, which is due to the contractile force generated by its 

polymerisation (Granger et al., 2014). Recently its role in mitochondrial division has been 

highlighted. Indeed, in the presence of cytoskeletal inhibitors such as latriculin or cytochalasin 

D, mitochondrial length is dramatically longer (De Vos et al., 2005). Similarly, silencing actin 

nucleating proteins such as cortactin and cofilin leads to mitochondrial elongation phenotypes, 

reinforcing a role of the cytoskeleton in regulating mitochondrial morphology (Li et al., 2019a). 

In fact, live cell imaging revealed the dynamic nature of F-actin characterised by assembly and 

disassembly events amongst different parts of the mitochondrial network, including 

constriction sites. Actin assembly and disassembly events are regulated by the Arp2/3 complex  

(Moore et al., 2016). However, the pools of mitochondrial actin need to be under tight 

regulation, since it has been shown that by having excess amounts of mitochondrial actin can 

induce mitochondrial elongation, via a Drp1 sequestration effect (DuBoff et al., 2012). 

Mechanical force is a key element for driving mitochondrial division, since 

mitochondria lacking Drp1, inverted formin 2 (INF2) or MFF cannot divide in the presence of 

mechano-stimulation (Helle et al., 2017). In fact, actin has been proposed to provide the 

constrictive forces during the initial step of fission, which is described in the next section in 

more detail (Friedman et al., 2011). Concomitantly, myosin light chain, a cytoskeletal 

component enhances Drp1 oligomerisation in Drosophila, and is involved in mitochondrial 

fission via unknown mechanisms (Duboff et al., 2012). Finally, Myosin IIa has been proposed 

function alongside actin, which is required for generating mitochondrial constriction sites 

(Korobova et al., 2014) and its assembly is necessary for intramitochondrial calcium flux from 

the ER, which will be discussed later (Chakrabarti et al., 2018).  
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1.10.8 Endoplasmic reticulum- mitochondrial fission  
 

The discovery of the contribution of the ER in mitochondrial division has 

revolutionised our current understanding of the fission process. Indeed, live-cell imaging 

revealed that ER tubules are observed in 80% of division events. Cryo-tomography analysis in 

yeast and COS7 cells showed that the ER wraps its tubules around the mitochondria to pre-

constrict the mitochondrion, reducing the diameter from around 300 nm to 150 nm and 

generating a mitochondrial constriction site. This process is essential since Drp1 oligomers are 

only capable of assembling into maximum 150 – 200 nm mitochondrial diameter (Friedman et 

al., 2011). The pre-constriction machinery includes cross talk between ER resident protein 

INF2 and Spire1C on the OMM, both of which can bind actin and induce its polymerization. 

Loss of either gene leads to drastic mitochondrial hyperfusion phenotype accompanied by a 

dramatic reduction of mitochondrial Drp1 (Korobova et al., 2013; Manor et al., 2015).  

The current fission model therefore proposes that actin cables are formed between the 

two organelles via INF2 and Spire1C, and upon actin polymerization mediated by Myosin IIa 

(Korobova et al., 2014; Korobova et al., 2013). This provides the constrictive forces required 

to induce mitochondrial constriction sites and mark the sites for Drp1 recruitment and 

assembly. Indeed, Drp1 receptors are specifically recruited at these sites (Elglass et al., 2015). 

On the other hand, others have suggested that the ER serves as a platform for sequential 

oligomerisation of Drp1, which can then be transferred onto the mitochondrial or peroxisomal 

membrane to initiate division (Ji et al., 2017).  

Finally, the ER provides the influx of calcium into the mitochondrion during division. 

INF2 and its downstream actin polymerisation occurs during calcium stimuli ionomycin or 

histamine treatment. In U2OS cells, this actin burst increases the number of mitochondria-ER 

contacts to facilitate MCU mediated calcium transfer into the mitochondrion and IMM 

constriction (which will be discussed later) (Chakrabarti et al., 2018). 

 
1.11 IMM fission machinery components 
 
1.11.1 Mdm33 
 

Whilst until date no inner membrane dynamin has been attributed with fission inducing 

capabilities, in yeast Mdm33 an IMM integrated protein, that contains two transmembrane 

helices has been identified as a potential player in IMM division. Electron micrographs from 

cells overexpressing Mdm33 show IMM vesiculation and septation, which are partitions of the 
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inner membrane. This could be due to the coiled-coil domains of the protein, which are 

important for forming high molecular weight oligomers and gives it the potential to constrict 

membranes. On the other hand, silencing experiments showed aberrant cristae ultrastructure, 

accompanied by enlarged mitochondria (Messerschmitt et al., 2003). Whilst the mechanism of 

Mdm33 in IMM division, or ultrastructure, is not known, overexpression experiments showed 

altered mitochondrial phospholipid composition, which suggests that it could also regulate 

IMM lipids composition, a prerequisite for IMM remodelling (Klecker et al., 2015). 

Unfortunately, the protein homologue for Mdm33 in higher eukaryotes has not been identified.  

 
1.11.2 MTFP1 
 

As explained previously, FtsZ is a component of the cytoskeleton that ensures 

prokaryotic cell division and is still present in some eukaryotes (Kiefel et al., 2004). Even 

though FtsZ has no mammalian mitochondrial homologues, FtsZ targeted to mitochondria 

localizes specifically at constriction sites. Most importantly, FtsZ interactors by pull down 

experiments in mammalian cells unravelled the potential inner membrane machinery and 

included mitochondrial fission process protein 1 (MTFP1) amongst others (Spier et al., 2020). 

MTFP1 or MTP18, is an 18 KDa protein integrated in the IMM, with three transmembrane 

domains and has been attributed as a potential IMM fission factor in humans. It has been 

implicated in regulating mitochondrial morphology, since the loss of the protein leads to 

mitochondrial elongation and overexpression leads to Drp1-dependent mitochondrial 

fragmentation (Tondera et al., 2005; Tondera et al., 2004). 

Furthermore, MTFP1 is translationally regulated by the master metabolic kinase 

mammalian target of rapamycin complex 1 (mTORC1). Interestingly, in the presence of 

mTORC1 inhibitors, mitochondria undergo drastic hyperfusion, which is accompanied by 

mitochondrial branching, mediated by the decrease of MTFP1 levels. Whilst its functional 

contribution to the fission process or IMM dynamics have not been understood, it regulates 

Drp1 recruitment via unknown mechanisms (Morita et al., 2017). 

 
1.11.3 s-OPA1 
 

s-OPA1 encodes the shorter soluble isoforms of OPA1 at the IMS, which are generated 

as a result of OMA1 activity. A drop of membrane potential, loss of YME1L or loss of the 

prohibitin complexes, are collectively scenarios that lead to altered OPA1 processing, s-OPA1 

accumulation and mitochondrial fragmentation (Song et al., 2009; Anand et al., 2014; 
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Merkwith et al., 2008). Indeed, overexpression of s-OPA1 in OPA1 KO MEFs leads to a 

fragmented mitochondrial network (Del Dotto et al., 2017). Furthermore, it has been shown 

that s-OPA1 colocalizes with Drp1, Mid49 and the ER at fission sites, yet how it is implicated 

in mitochondrial division is not understood (Anand et al., 2014). It has been proposed that s-

OPA1 disrupts the MICOS-MIB complex in a calcium dependent manner, which leads to the 

formation of inner membrane constriction events (Cho et al., 2017). Collectively these 

processes occur upstream of Drp1 recruitment and will be further discussed in later sections.  

 
1.12 Additional fission-contributing proteins 
 

Ganglioside-induced differentiation associated protein 1 (GDAP1), is an OMM protein 

whose function has not been directly elucidated, but its expression levels have been shown to 

regulate mitochondrial morphology. The mitochondrial fragmentation observed during 

overexpression experiments is reversible upon re-expression of Mfn2, which suggests it 

promotes fission by counterbalancing fusion. Interestingly, like mutations in Mfn2, GDAP1 

mutation also causes Charcot-Marie Tooth type disease, a fatal neurodegenerative disorder that 

affects peripheral nerves (Niemann et al., 2005). Additionally, endophilin B1, a dynamin 

GTPase that is involved in the cytosolic endocytic machinery also impacts mitochondrial shape 

via unknown mechanisms, but has been proposed to act downstream Drp1 (Karbowski et al., 

2004). 

Finally, cells lacking MCU, exhibit elongated mitochondria, which is accompanied by 

reduced number of inner membrane constriction events (Chakrabarti et al., 2018). During 

fission, the intramitochondrial boost via MCU alters the mitochondrial membrane potential, 

which leads to activation of OMA1, for subsequent OPA1 cleavage, and inner membrane 

constriction (Cho et al., 2017). As detailed later, this Ca2+ related IMM dynamics has been 

shown to be upstream of Drp1 recruitment and activity. 

 
1.13 Lipid composition 
 

Mitochondrial membranes are platforms for fission/fusion reactions, and therefore their 

composition influences the dynamic nature of these processes. Indeed, mitochondrial 

membranes mostly consist of phospholipids, such as phosphatidylcholine and PE, but also 

include cardiolipin, phosphatidic acid and phosphatidylserine in smaller amounts (Osman et 

al., 2011). PLD is an enzyme that regulates the lipid composition of the OMM, catalysing 

cardiolipin to produce PA. Silencing PLD in HeLa cells leads to an accumulation of cardiolipin 
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and a downregulation of phosphatidic acid, accompanied by mitochondrial fragmentation 

(Choi et al., 2006). CL is indeed considered as a pro-fission lipid at the OMM, binding Drp1 

via its variable domain/B-insert and enhancing its oligomerisation, GTPase activity and 

membrane tubulation activity (Bustillo-Zabalbeitia et al., 2014; Stepanyants et al., 2015). On 

the other hand, PA inhibits the activity of Drp1 by binding to the stalk domain, which overall 

enhances oligomerization but minimises its GTPase activity (Adachi et al., 2018). This 

indicates that the balance between these two lipids at the OMM is critical since they modulate 

the activity of Drp1.  

 
1.14 Contribution of other organelles in mitochondrial division 
 
1.14.1 Mitochondria-Lysosome fission 
 

Super-resolution live cell imaging has recently revealed that lysosomes formed MCS 

with the mitochondria, and were found in approximately 80% of mitochondrial constrictions 

that lead to division events. Indeed, the GTPase-activating protein TBC1D15 is recruited to 

mitochondrial membranes via OMM receptor Fis1 to mediate small GTPase RAB7 hydrolysis, 

inducing division (Figure 15). Interestingly loss of Rab5 or TBCD15 induce mitochondrial 

elongation reinforcing the contribution of lysosomes to mitochondrial division (Wong et al., 

2018).  Whilst the functional contribution of the lysosome in the process is still elusive, the 

same group has recently proposed that mitochondria-lysosome contacts are important for 

calcium transfer to mitochondria via the lysosomal TRPML1 (Peng et al., 2020). 

 

Figure 15. Schematic representation of the different organelles and their respective protein 
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machinery forming contact sites with mitochondria during division.  Peroxisomes, endoplasmic 
reticulum, lysosomes, Trans-Golgi vesicles and endosomes are involved directly or indirectly in 
mitochondrial division events. The endoplasmic reticulum has been suggested to provide constrictive 
forces, using actin machinery such as Spire1C and INF2. Trans-Golgi network derived vesicles arrive 
after Drp1 recruitment.  Lysosomes are recruited to the site of division via Fis1/TBCD15. Endosomal 
VPS35 is involved in Drp1 recycling. The sequence of events involving endosomes, lysosomes and 
peroxisomes in the division process has not been elucidated. (Unpublished Taken from Tabara 
Rodriguez). 
 
1.14.2 Mitochondria-Golgi fission 
 

Recently the roles for Golgi-derived phosphatidylinositol 4-phosphate (PI(4P) 

containing vesicles has been described and associated to the final stage of mitochondrial 

division, downstream Drp1 recruitment and activity (Figure 15). Indeed, by manipulating the 

levels of PI(4)P pools via silencing of the ADP-ribosylation factor-phosphatidylinositol 4-

kinase III class beta (Arf1- PI(4)KIIIß) axis involved in PI(4)P pools generation on trans-golgi 

network (TGN) vesicles, the authors described a dramatic mitochondrial elongation 

accompanied by branching of the mitochondrial network. Further details will be described in 

next chapter. Briefly, TGN-vesicles are recruited to ER-induced mitochondrial constriction 

sites downstream of Drp1 oligomerization to terminate membranes scission in an unknown 

mechanism (Nagashima et al., 2020). The results confirmed the original study for Arf1 in 

mitochondrial morphology regulation that was carried out in Caenorhabditis elegans  (Ackema 

et al., 2014).  

 
1.14.3 Mitochondrial-Peroxisomal fission 
 

Peroxisomes undergo elongation followed by division events and share common 

proteins with the mitochondrial fission machinery such as MFF, Fis1 and Drp1. In fact, it has 

been proposed that in the absence of peroxisomal proteins PEX3 or PEX5, the Drp1 pool can 

only be recruited to the mitochondria, which consequently results in fragmentation. 

Additionally, cristae architecture is altered and excessive cytochrome c is released without the 

presence of apoptotic inducers, which suggests that peroxisomes exert a protective effect on 

mitochondrial apoptotic function (Tanaka et al., 2019). It has also been reported that 

plasmalogen exchange from the peroxisomes to mitochondria mediate mitochondrial fission 

upon exposure to cold (Figure 15) (Park et al., 2019). However, using live cell imaging 

techniques others have reported that peroxisomes are not present at fission sites, which 

questions their role in regulating mitochondrial dynamics (Wong et al., 2018).  
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1.14.4 Mitochondria-Endosomal fission 
 

In addition to the organelles mentioned above, the endosome machinery also influences 

mitochondrial morphology by pathways that are currently not completely understood. It has 

been demonstrated that knocking down endosomal proteins, rabkyrin and EHD1, induces 

mitochondrial hyperfusion (Farmer et al., 2017).  It has been proposed that VPS35 a component 

of the retromer complex regulates mitochondrial morphology by inhibiting MAPL-dependent 

MFN2 ubiquitylation (Tang et al., 2015). Others have shown that VPS35 also directly 

stimulates the removal of inactive Drp1 from the OMM, via vesicular recycling to the 

lysosomes (Figure 16)  (Wang et al., 2017).  

 
1.15 Fission mechanisms and hypothesised models 
 

Multiple studies over the years have built sequential events that constitute our 

understanding of the fission mechanism and its corresponding protein machinery. It has been 

proposed that membrane constriction induced by Drp1 activity could form points of contact 

between the two opposing lipid monolayers, which lead to membrane remodelling events and 

the formation of a ‘hemi-fission intermediate state’ (Mattila et al., 2015). In vitro experiments 

have suggested that hemi-fission/fusion membrane intermediates occur during apoptosis, in the 

presence of Bax oligomers (Montessuit et al., 2010). Whilst there are obvious differences 

between the OMM and IMM structurally and biochemically, how mitochondrial fission is 

coupled between the two membranes is not fully understood. 

 

1.15.1 IMM constriction model 
 

One of the earliest observations documented from liver and heart electron micrographs 

described the presence of septum, which is essentially a single mitochondrion harbouring a 

continuous OMM, with the IMM partitioning two matrices, which suggested that the inner 

membrane divides before the outer membrane (Wakabayashi et al., 1974). Later, the discovery 

of Drp1 also described a series of discontinuous mitochondrial matrix labelling in C.elegans 

overexpressing Drp1 K38A, which suggested that IMM division does not require Drp1 GTPase 

activity (Labrousse et al.,1999). Furthermore, overexpressing bacterial FtsZ with a 

mitochondrial targeting sequence in mammalian cell lines led to specific accumulation at 

fission constriction sites, prior to Drp1 recruitment (Spier et al., 2020). Taken together, there 
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are multiple lines of evidence that suggest IMM division precedes OMM division and occurs 

independently of Drp1.  

Recently, it has been shown that upon actin polymerisation between mito-ER contacts, 

there is an intramitochondrial calcium boost via MCU (Chakrabarti et al., 2018). Calcium 

influx into the mitochondrion alters the membrane potential, which in turn activates IMM 

protease OMA1. This stimulates OPA1 cleavage into shorter isoforms, which disrupt the 

MICOS-MIB complex and leads to untethering between IBM-OMM (Figure 16). This 

phenomenon has been primarily described in neurons and named constriction of mitochondrial 

inner membrane compartments (COMIC) (Cho et al., 2017). Although the contrary has also 

been reported, where OPA1 cleavage is not sensitive to the calcium boost in U2OS cells, which 

suggests that this could be a cell or specie specific mechanism, however the role of Ca2+ in 

IMM constriction was confirmed (Chakrabarti et al., 2018). Most importantly, these events 

take place prior to Drp1 recruitment, which suggests that inner membrane division could 

potentially occur before OMM division. However, whether or not the inner membrane 

completely disintegrates or divides is not known, and further research will be required for a 

deeper understanding of the process.   
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Figure 16. Mitochondrial inner membrane constriction. At the ER-mitochondria contacts, release of 
calcium from the ER to the mitochondrion via MCU induces a drop in the mitochondrial membrane 
potential. As a consequence, OMA1 is activated and cleaves l-OPA1 (indicated using dotted line) into 
s-OPA1, that interacts with the MICOS complex, causing the disassembly of OMM-IMM contacts, 
leading to IMM constriction. These steps occur before Drp1 but whether they lead to IMM division is 
unclear.  
 
1.15.2 Mitochondrial division model  
 

The first step to initiate mitochondrial division is mediated by replicating mtDNA 

molecules, a process which is conserved in mammals and yeast, which mark the sites for ER 

recruitment. How mtDNA signals the recruitment of ER to the site of fission, across the double 

membrane bilayer has not yet been elucidated (Lewis et al., 2016). The ER then provides the 

necessary forces via the formation of actin filaments between the two organelles to drive 

constriction of mitochondrial membranes (Friedman et al., 2011; Manor et al., 2013) (Figure 

17). It could be plausible that COMIC events occur at this point, since they depend on ER-

stimulated calcium (Chakrabarti et al., 2018). However further studies would be required for a 

better understanding of the sequential events coupling outer and inner membrane division.  

The ER mediated actin-mitochondrial pre-constriction also facilitates the assembly of 

Drp1 oligomers on its OMM receptors to enhance its activity and further narrow the 

mitochondrial diameter (Friedman et al., 2011). Next TGN derived vesicles are recruited to 

mitochondrial hyperconstricted sites, where PI(4)P is generated, as a by-product of the Golgi 

Arf1- PI(4)KIIIß signalling (Nagashima et al., 2020) (Figure 17). Lastly, the controversial 

Dnm2, would arrive to severe the membranes. However, where lysosomes, peroxisomes, 

endosomes and other fission related proteins lie within this pathway has not been elucidated.  
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Figure 17. Schematic representation of the sequential steps that lead to mitochondrial division. 
Replicating mtDNA marks site the site of ER recruitment. The ER drives pre-constriction of 
mitochondria and facilitates the assembly of Drp1 oligomers. Drp1 is recruited by its receptors Mid49, 
Mid51 or MFF at these ER-induced constrictions. Drp1 further narrows the mitochondrial diameter by 
oligomerization and GTP hydrolysis. After Drp1 recruitment and activity, the Trans-Golgi network 
(TGN) vesicles containing PI(4)P are recruited and mitochondrial division is terminated (Adapted from 
Tilokani et al., 2018).   
 
1.15.3 Drp1 – independent fission scenarios 
 

Surprisingly, mitochondrial division has been proposed to occur in the absence of Drp1 

under certain scenarios. For example, Drp1 knock out (KO) cells exposed to hypoxia or 

dihyrofiripedone treatment, still show evidence of mitochondrial degradation. This has been 

attributed to autophagosomal membranes, which are recruited to selected mitochondrial 

regions, and can transport them to lysosomes, without necessity of Drp1 induced fission 
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(Yamashita et al., 2016). Furthermore, Bcl2-L-13 an OMM protein, which contains LC3 

binding motifs, has also been shown to induce mitochondrial fragmentation without Drp1 

(Murakawa et al., 2015). 

 

1.16 Mitochondrial derived vesicles 
 

Mitochondrial derived vesicles (MDVs) are up to 500 nm sized structures that bud off 

from the mitochondrion in a Drp1 independent manner. These vesicles are defined to contain 

cargo and lipids, that are targeted to different organelles. So far, a subpopulation of MDVS, 

that are TOM20 negative carry mitochondria-anchored protein ligase (MAPL) to peroxisomes 

(Neuspiel et al., 2008). Alternatively, during mitochondrial stresses, MDVs regulated by the 

PINK1/Parkin pathway, are directed to the endolysosomal pathway for specific degradation 

(McLelland et al., 2014). MDVs whose cargo, directions and functions are only beginning to 

be investigated, have been implicated in antigen presentation, and peroxisome biogenesis 

(Matheoud et al., 2016; Sugiura et al., 2017).  

 
1.17 Functional relevance of mitochondrial fission 
 
1.17.1 Mitochondrial and mtDNA distribution 
 

The fission machinery ensures mitochondrial segregation and has therefore functionally 

been suggested to play an important role during cell division. Throughout the different stages 

of the cell cycle, mitochondrial morphology undergoes multiple transitions, with a fragmented 

state predominating prior to cytokinesis (Kashatus et al., 2011). Cells lacking Drp1, have 

genome instability and accumulate chromosomal aneuploidy (Qian et al., 2012). Despite these 

observations, it has been demonstrated that the cell cycle progresses in cells lacking Drp1 even 

though the mitochondrial network remains hyperfused. However, the mitochondria are 

distributed asymmetrically to daughter cells, which suggests that fission is required for a 

homogenous segregation during cytokinesis (Ishihara et al., 2009). 

Moreover, Drp1 deficient cells are not only fused, but also form enlarged bulges within 

the network that are filled with clustered mtDNA, that do not affect transcription or translation 

(Ishihara et al., 2015). Similar observations have been made in MFF KO cells (Ishihara et al., 

2013). Additionally, the loss of Drp1 has shown to significantly reduce the total mtDNA, 

naturally suggesting that fission facilitates the distribution of mtDNA to daughter mitochondria  

(Parone et al., 2008).  
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1.17.2 Apoptosis 
 

Apoptosis constitutes a set of reactions, in which mitochondria play a central role via 

the release of IMS pro-apoptotic factors such as cytochrome c, into the cytosol to initiate 

programmed cell death. Interestingly, mitochondrial fragmentation is a conserved widespread 

mitochondrial phenotype observed in the presence of apoptotic inducers across different cell 

lines. Indeed, promoting fusion, mitochondria have reduced cytochrome c release, which 

protects cells from undergoing apoptosis (Sugioka et al., 2004). On the other hand, numerous 

studies have highlighted that cells lacking fission related proteins delay cytochrome c release 

into the cytosol, which emphasises that fragmentation is involved in apoptosis (Frank et al., 

2001; Otera et al., 2010; Tondera et al., 2005).  

Indeed, it has been shown that the interaction of Drp1 with receptors Mid49 or Mid51, 

but not MFF rearranges, cristae via unknown mechanisms to enable apoptosis to proceed (Otera 

et al., 2016). Whether or not this is an OPA1 oligomerization dependent process has been 

challenged, since cells lacking Mid51/Mid49 do not release cytochrome c despite being 

exposed to apoptotic insults, and having disassembled OPA1 oligomers (Otera et al 2016). 

Alternatively, Drp1 interacts with cardiolipin on the OMM, to enhance Bax oligomerisation 

during apoptosis (Montessuit et al., 2010). Others have shown that pore forming Bax and Bak 

pro-apoptotic proteins translocate at the OMM, particularly at constriction sites, with Drp1 

during the cell death program (Karbowski et al., 2006). It has been demonstrated that stabilising 

Drp1 at the mito-ER contact sites enhances cytochrome c release downstream of Bax and Bak 

activation and oligomerization, which suggests that fragmentation is necessary for apoptosis to 

proceed (Prudent et al., 2015).  

 
1.17.3 Mitochondrial motility 
 

Polarized cells such as neurons have different energy requirements across the cell, and 

therefore mitochondrial distribution represents a vital aspect for cell functionality. 

Mitochondrial trafficking to different areas of the cell is regulated by the interaction between 

OMM protein Miro1, and microtubule components kinesin 1 motor, or dynein to mediate 

anterograde or retrograde movement, respectively. Indeed, there is a functional interplay 

between the motility and dynamics machinery where silencing proteins of either function 

affects the latter. For example, overexpression of Miro, or dynein protein, induces 

mitochondrial aggregation or hyperfusion, respectively (Fransson et al., 2006). This could be 

because elevated levels of dynein sequester Drp1, and it is unable to execute fission (Varadi 
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and Rutter, 2004). On the other hand, MFF-dependent fragmentation is necessary to reduce 

mitochondrial size, which facilitates their movement along the axon, to the synaptic terminal 

where neurotransmitters are released. It has been demonstrated that MFF silencing reduces the 

uptake of cytosolic calcium which impairs signalling during synaptic neurotransmitter release 

(Lewis et al., 2018). 

 
1.17.4 Mitophagy 
 

Mitophagy describes a process by which mitochondria are selectively engulfed by the 

autophagosome and targeted for lysosomal degradation. OMM receptors such as NIX, BNIP3 

and FUNCD1, have LC3 interacting regions and recruit their respective autophagic interactors, 

depending on the mitophagy stimulus. It has been demonstrated through various studies that 

mitochondrial division is a pre-requisite step that reduces mitochondrial size, and facilitates 

the engulfment process by the autophagosome. Furthermore, in the absence of Drp1 

mitochondria accumulate respiratory chain defects, and increased ubiquitylation, p62 and LC3-

II levels (Kageyama et al., 2012). This suggests that division also enables the removal of 

dysfunctional portions from the network. In fact, a drop of membrane potential has been 

classified as a trigger that distinguishes unhealthy mitochondria from the population, because 

they are incapable of re-fusing with the network (Twig et al., 2008). 

Ubiquitin E3 ligase Parkin, is recruited to damaged mitochondria upon stabilisation of 

PINK1 on the OMM. Parkin subsequently ubiquitylates OMM proteins to recruit the 

phagophore and initiate the classical mitophagy pathway which serves to function in the 

maintenance of the mitochondrial quality control. Mechanistically, the drop of membrane 

potential occurs at the foci of mitochondrial fission, which occurs because of an interaction 

between Drp1 and OMM protein Zip1. This interaction is crucial for the recruitment of Parkin 

and initiate the mitophagy pathway (Cho et al., 2019).  

 
1.18 Mitochondrial dynamics and disease 
 

Mouse models that do not have either mitofusins, OPA1, or Drp1 are embryonic lethal, 

which highlights the functional relevance of key players that maintain mitochondrial plasticity 

(Chen et al., 2003; Davies et al., 2007; Ishihara et al., 2009). Further evidence is reflected in 

the consequential severity of human diseases that are caused due to mutations in the different 

fission/fusion encoding genes (See Table 1). In fact, dysregulated mitochondrial dynamics 
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have also been observed across a spectrum of disorders including neurodegenerative diseases, 

cancer and metabolic disorders (Chan, 2020).  

One common characteristic observed amongst neurogenerative diseases such as 

Parkinsons, Alzheimers, Huntingtons, Amyotrophic lateral sclerosis amongst others is altered 

mitochondrial dynamics (Itoh et al., 2013). Interestingly, multiple disorders caused due to 

defects in fission or fusion, exhibit prominent neurological symptoms (as described in more 

detail in Tilokani et al., 2018). Neurons have been suggested to be exceptionally vulnerable to 

mitochondrial dysfunction since they are highly energy demanding cells and majorly depend 

on OXPHOS. The underlying pathology that causes neuronal dysfunction and ultimately death, 

is not understood. Some studies have proposed, that lack of mitochondrial plasticity prevents 

adequate mitochondrial size, which affects mitochondrial motility across larger distances 

(Lewis et al., 2018).  

Cancer cells exhibit characteristic hallmarks that enable their progression and 

development into tumours, such as increased proliferation, deregulated cellular energetics, 

inflammation, or cell survival, etc. (Hanahan and Weinberg, 2011). It has been documented 

across different tumour types, that mitochondrial fragmentation phenotype predominates 

(Senft and Ronai, 2016). It has been reported that increased Drp1 phosphorylation and 

mitochondrial fission accelerates tumour growth (Kashatus et al., 2015). However, the 

underlying potential contribution of aberrant mitochondrial dynamics in driving cancer is not 

completely understood because of the number of functions that depend on mitochondrial 

fission/fusion. Some have suggested that Drp1 dependent fission facilitates mitochondrial 

migration to high energy requiring regions, which ultimately promotes cancer migration and 

invasion (Desai et al., 2013). 
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Table 1. List of genes encoding fission proteins responsible for causing disease 

(Table taken from Tilokani et al., 2018) 

Gene Disease 
MSTO1 Myopathy and ataxia 
DNM1L Encephalopathy 

Optic atrophy 5 
MFF Encephalopathy 

 
MIEF2 Mitochondrial myopathy 

DNM2 Centronuclear myopathy 1 
Charcot-Marie-Tooth disease, axonal type 2M 
Charcot-Marie-Tooth disease, dominant intermediate B 
Lethal congenital contracture syndrome 5 

SLC25A46 Pontocerebellar hypoplasia type 1 
Hereditary sensory motor neuropathy 
Optic atrophy spectrum disorders 

                                
GDAP1 

Charcot Marie Tooth disease type 4A 

INF2 Charcot–Marie–Tooth disease type E                                               
Focal segmental glomerulosclerosis  

MSTO1 Myopathy and ataxia 

MFN2 Charcot–Marie–Tooth disease type 2A                                        
Hereditary motor and sensory neuropathy VIA  

OPA1 

 

Optic atrophy plus syndrome                                                                      
Behr syndrome Optic atrophy 1 

 

 
1.19 Mitochondrial dynamics regulation 
 

It is ultimately the balance of both mitochondrial fission and fusion events that is required 

for cell homeostasis (Sesaki et al., 1999).  For example, mice that genetically lack cardiac MFF, 

develop severe respiratory dysfunction accompanied by heart failure, which can be rescued by 

deleting MFN1 (Chen et al., 2015). Therefore, multiple members of the fission/fusion 

machinery are regulated via different pathways to modulate the mitochondrial network (Figure 

18).   
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Figure 18. Schematic representation of fission and fusion proteins, including their domains and 
respective post translational modifications. A) List of fission related proteins. B) Fusion proteins. 
Identified location of post-translational modifications are indicated by P (phosphorylation), N (S-
nitrosylation), S (SUMOylation), G (O-GlcNAcylation), A (Acetylation) or U (Ubiquitylation) (Taken 
from Tilokani et al., 2018).  
 
1.19.1 Post translational modifications: fission proteins 
 

Post translational modifications such as phosphorylation, ubiquitylation, glycosylation, 

O-GlcNAcylation, SUMOylation, amongst others of the fission and fusion machinery have 

been described to occur under certain conditions to regulate mitochondrial morphology 

(Tilokani et al., 2018). Drp1 hosts multiple residues, which can be phosphorylated along the 

protein by an array of kinases. For example, during oxidative stress, Drp1 is phosphorylated 

by Protein kinase C on the variable domain, which stimulates mitochondrial fission in neurons 

and increases the cellular sensitivity to apoptotic death (Qi et al., 2011). During autophagy, 

PKA phosphorylates Drp1 on residue 637, to inhibit mitochondrial fission, and promote fusion 

(Gomes et al., 2011).  Phosphorylation on this residue is reversed by the calcium sensitive 

phosphatase calcineurin (Cereghetti et al., 2008). During mitosis, cyclin dependent kinase 

GTPase RALA and its effector RaLBP1 are recruited to mitochondrial membranes, and 

regulate Drp1 phosphorylation at serine residue 616 via cdk1 cyclin/B kinase (Kashatus et al., 

2011). Upon phosphorylation, Drp1 mitochondrial translocation is enhanced and fission 
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occurs, which ensures equal distribution of mitochondria to daughter cells (Taguchi et al., 

2007). 

During apoptosis Drp1 undergoes SUMOylation by OMM anchored enzyme MAPL 

which enhances mito-ER contact sites and calcium influx into the mitochondria for efficient 

CytC release (Prudent et al., 2015). Alternatively, during apoptosis, MARCH5, ubiquitylates 

Drp1 receptor Mid49, which leads to its proteosomal degradation and stimulates mitochondrial 

hyperfusion, which sustains cell survival (Xu et al., 2016).  

 
1.19.2 Post translational modifications: fusion proteins 
 

Ubiquitin is a well-known signalling molecule, and its covalent modification on Mfn2 

has been suggested to exert two opposing effects on mitochondrial dynamics. On one hand, 

HUWAE1, Parkin and MARCH5 ubiquitinate Mfn2, stimulating its proteasomal degradation, 

which leads to mitochondrial fragmentation during different conditions. It has been shown that 

in the presence of mitochondrial depolarizing agents, Parkin ubquitylates mitofusins, to 

promote their degradation, which modulates the network to facilitate mitophagy (Tanaka et al., 

2010). Additionally, it has also been shown that Mfn2 ubiquitylation destabilises Mito-ER 

contact sites, for similar purposes (McLelland et al., 2018). Others have demonstrated that 

during apoptosis, Mfn2 is firstly phosphorylated by c-Jun N-terminal kinases, making it an 

ideal target for E3 ubiquitin ligase HUWAE1 dependent ubitquitylation and therefore 

degradation (Figure 18) (Leboucher et al., 2012).  

 On the other hand, inhibiting the deubiquitinase USP30, increases Mfn2 ubiquitylation 

and, subsequent fusion activity (Yue et al., 2014). Therefore, ubiquitin has been suggested to 

exert opposing effects on mitofusins and mitochondrial dynamics (Anton et al., 2013). Lastly, 

during oxidative stress, cysteine residues present in mitofusins are prone to oxidation, which 

enhances their oligomerization activity and leads to mitochondrial fusion (Shutt et al., 2012). 

Mfn1 has been shown to be deacetylated HDAC during conditions of glucose deprivation, 

promoting its oligomerisation and overall mitochondrial fusion (Figure 18) (Lee et al., 2014). 

 
1.19.3 Metabolic signalling in absence of fission/fusion proteins 
 

Numerous studies have reported that the individual loss of different fission or fusion 

proteins, alters the cellular metabolic state. For example, mice with liver specific MFN2 

ablation exhibit an activation of signalling cascade including ER stress and ROS production, 

which desensitizes insulin function. Similarly, genetic ablation of MFN1 in a specific 



Chapter 1: Introduction 

 57 

subpopulation of nutrient sensing neurons leads to dyregulated insulin release (Ramirez et al., 

2017). Furthermore, germ stem cells in Drosophila lacking either OPA1 or Mfn2 elicit a 

hyperactivation of mTOR, which prevents their progress into the differentiation process (Senos 

Demarco et al., 2019). Recently it has also been shown that retinal ganglion cells harbouring 

mutations in OPA1, have reduced mitochondrial content.  This has been attributed to localised 

activation of AMPK in the axon hillock, which stimulates LC3 recruitment to mitochondria 

and signals their degradation (Zaninello et al., 2020).  

In cancerous brain tumour initiating cells, Drp1 silencing increases pAMPK levels, 

which has beneficial effects since it leads to reduced tumour growth in vivo (Xie et al., 2015).  

Alternatively, the loss of Drp1 in T-cell lymphocytes increases pAMPK in a calcium-

dependent manner, which in turn inhibits mTOR activity, and myc-dependent gene 

transcription, including glycolytic enzymes. This suggests that Drp1 is required for the 

metabolic rewiring that facilitates T-cells to proliferate, develop and perform their function 

(Simula et al., 2018).  

 
1.20  AMPK 
 

Mitochondria naturally being the metabolic hubs of the cell, constantly adapt their 

network to meet the cell’s nutrient requirements. There two master metabolic sensor kinases, 

AMPK and mTOR, which initiate a cascade of phosphorylation reactions that ensure adequate 

cellular adaptations to surrounding nutrient availability  (Gonzalez et al., 2020).  

 
1.20.1 Structure and activation  
 

AMPK is a heterotrimeric enzyme consisting of one catalytic subunit α and two 

regulatory subunits β and γ, all of which exists as multiple isoforms that give rise to 12 different 

combinations of the holoenzyme (Ross et al., 2016). Structurally the γ subunits harbour four 

carbohydrate binding sites (CBS), that sense the cytosolic adenine pools and provide the 

binding site for adenosine monophosphate (AMP) (Gowans et al., 2013). This induces a 

conformational change that facilitates phosphorylation by its upstream kinases at threonine 172 

within the α catalytic subunit (Figure 19). When AMP is not bound to AMPK, the 

autoinhibitory (AID) loop, keeps the activity of AMPK inhibited (Hardie et al., 2016). 

Experimentally, AMPK has been shown to be allosterically activated by synthetic compounds 

at the allosteric and drug metabolite site (ADaM), which is located between the and α and β 

subunits (Hardie et al., 2016). 
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Figure 19. Structural representation of AMPK α subunits, and the autoinhibitory subunits in the 
active A) and B) deactive states. (Taken from Hardie et al., 2016).  
 

It has been robustly established that AMPK senses fluctuations in the ATP:ADP ratio, 

during different cellular stresses, such as ETC dysfunction, ischemia/hypoxia, exercise and 

glucose deprivation, to become functionally active (Hardie et al., 2011). In fact, AMPK 

possesses cysteine residues that could be potentially prone to oxidation, and subject to 

activation.  However, it has been demonstrated that ROS signalling, activates AMPK, through 

indirect mechanisms that lead to a drop of ATP (Hinchy et al., 2018). During the drop of ATP, 

serine threonine kinase liver kinase 1 (LKB1), which is a constitutively active kinase, in 

combination with accessory subunits STE20- related adaptor (STRADa) and scaffold mouse 

protein (MO25), regulates AMPK activation via phosphorylation (Hawley et al., 2003; 

Shackelford and Shaw, 2009). The LKB1-AMPK axis is highly complex, and occurs in an 

AMP-dependent and independent manner. Axin a cytoplasmic protein has been characterised 

as a scaffold for LKB1, and is indispensable for AMPK activation during glucose starvation 

(Zhang et al., 2013). There has been strong evidence documenting that axin-LKB1-AMPK 

activation occurs specifically at the lysosome mediated by a complex intricate molecular 

machinery during glucose starvation (Zhang et al., 2014). 

Alternatively, it has been demonstrated that the first 15 min of simultaneous glucose 

and glutamine deprivation are insufficient for a significant rise in AMP levels, yet AMPK 

phosphorylation is highly enhanced (Zhang et al., 2017). It has been proposed that when the 

glucose levels drop, glycolytic intermediate fructose 1,6 bisphosphate is subsequently reduced, 
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which facilitates the recruitment, assembly and activation of axin-LKB1-AMPK at the 

ragulator complex on the lysosome (Zhang et al., 2017). Others have also shown that aldolase 

inhibits ER-calcium release from channel TRPV1 during starvation to structurally 

accommodate the v-ATPase-Ragulator complex for AMPK activation (Li et al., 2019a). 

AMPK is also activated independently of LKB1 and a high AMP:ADP ratio but instead 

by calcium/calmodulin-dependent protein kinase kinase β (CAMKKβ), which phosphorylates 

AMPK at threonine residue 172 during elevated levels of calcium (Hawley et al., 2005) 

(Fogarty et al., 2010). This is further confirmed in LKB1 deficient cells such as HeLa, which 

can activate AMPK in the presence of calcium ionophore ionomycin (Hurley et al., 2005). 

Physiologically, this is recapitulated under hormone stimulation, in which calcium intracellular 

signalling predominates (Stahmann et al., 2006). In fact, the CAMKKβ-AMPK regulatory axis 

has been implicated predominantly in the brain, due to its high expression levels in this area 

(Anderson et al., 2008).  

Lastly, it has also been documented that AMPK is activated upon lysosomal 

dysfunction, by TGF-activated kinase 1 (TAK1). In the presence of microbes, lysosomal 

membrane damage is sensed by cytosolic galectins, which displace deubiquitinase USPX9, 

which leads to enhanced ubiquitination of TAK1 and enhanced activation (Jia et al., 2020). 

 
1.20.2 Functions & disease 
 

Once activated, AMPK inhibits anabolic and promotes catabolic processes by directly 

phosphorylating its downstream substrates to regulate different pathways as shown in Figure 

20 (Mihaylova and Shaw, 2011). It therefore shifts the metabolic status of the cell by regulating 

an array of processes including cell migration, glucose, fatty acid and cholesterol metabolism, 

(Schaffer et al., 2015). For example, upon activation, AMPK phosphorylates metabolic enzyme 

acetyl Coa Carboxylase (ACC), to inhibit a step-in fatty acid synthesis, which is the 

carboxylation of acetyl CoA to malonyl CoA, thereby inhibiting anabolic processes. On the 

other hand, AMPK regulates anabolic processes by inhibiting the mTORC1 pathway, directly 

or indirectly by phosphorylating the negative regulator tuberous sclerosis complex 2 (TSC2) 

(Gonzalez et al., 2020). 

Patients harbouring mutations in LKB1 develop Peutz Jeghers syndrome, which is 

characterised by the presence of malignant epithelial polyps, and an increased risk for 

developing other epithelial cancers (Poffenberger et al., 2018). This could suggest that a lack 

of AMPK signalling, contributes to a pro-tumour effect. In fact AMPK subunits have not been 
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documented as causative of any disease, however, they have been found mutated in a range of 

cancers to exert anti or pro-tumorigenic activity (Vara-Ciruelos et al., 2020). 

 

 
 

Figure 20. The AMPK metabolic sensor kinase regulates an array of cellular functions to ensure cell 
survival. Schematic representation of upstream AMPK activators and the downstream reactions 
regulated by AMPK. AMPK is sensitive to the nutrient status of the cell, and mediates regulatory effects 
on glucose, protein and lipid metabolism (Taken from Garcia and Shaw et al., 2017). 
 
1.20.3 Mitochondrial homeostasis 
 

Mitochondria are maternally inherited organelles and are not synthesised de novo. 

Instead they are regulated through cycles of biogenesis and degradation, both of which are 

AMPK-dependent processes. However, in the recent years, the intricate connection between 

mitochondria and AMPK has started to emerge, since it not only controls cellular metabolism, 

but it has also been implicated in the regulation of different mitochondrial functions (Garcia 

and Shaw, 2017).  

 
1.20.4 Mitochondrial biogenesis 
 

An increase in mitochondrial content is required during exercise, cold, and nutrient 

depletion (Puigserver et al., 1998). For example, transgenic mice expressing AMPK dominant 

negative in skeletal muscle, do not have an increase of mitochondrial content during energy 
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depletion conditions, strongly suggesting that AMPK is required to signal mitochondrial 

biogenesis (Zong et al., 2002). In fact, AMPK stimulates mitochondrial biogenesis via the 

phosphorylation of peroxisome proliferator – gamma co-activator (PGC-1a), a nuclear co-

transcriptional factor that increases the levels of mitochondrial transcripts by forming 

complexes with nuclear transcription factor NRF1, or NRF2 (Jager et al., 2007; Wu et al., 

1999). These transcripts include respiratory chain nuclear encoded COX subunits and TFAM 

(Scarpulla, 1997). Lastly, mTOR, the master metabolic regulator that promotes cell growth 

also regulates mitochondrial biogenesis and activity via inhibition of translation repressor 

eukaryotic initiation factor, leading to an overall increase of OXPHOS related mRNAs (Morita 

et al., 2013).  

 
1.20.5 Mitochondrial dynamics and clearance 
 

Activated AMPK phosphorylates Unc-like-autophagy kinase 1 (ULK1) at serine 

residue 555, which signals the formation of the autophagosome and subsequent mitochondrial 

clearance (Egan et al., 2011). In fact, during exercise the AMPK-ULK1 signalling axis leads 

to mitochondrial degradation to replenish the nutrients required for maintaining cell 

homeostasis (Laker et al., 2017). Further characterisation of this pathway has been carried out 

under conditions of ETC dysfunction, such as in the presence of rotenone or antimycin A. 

Interestingly, AMPK DKO cells harbour hyperfused mitochondria during these conditions, 

suggesting that it is required to signal mitochondrial fragmentation.  OMM protein MFF was 

identified to be phosphorylated on two conserved serine residues, 155 and 172, specifically by 

AMPK to increase mitochondrial Drp1 recruitment, and to enhance fragmentation. It has 

therefore been proposed that ULK1 and MFF phosphorylation during ETC disruption signals 

the clearance of dysfunctional mitochondria via mitophagy (Toyama et al., 2016).  

Alternatively treating hepatocytes with proposed therapeutic complex I inhibitor, 

metformin, activates AMPK and signals mitochondrial fission via MFF phosphorylation. 

Interestingly, it has been proposed that these conditions promote fission to enhance 

mitochondrial biogenesis and to overall elevate respiration (Wang et al., 2019b). Therefore, 

whilst AMPK-MFF signalling has been established under two different scenarios, the 

molecular details that distinguish fission that leads to mitophagy or not have not been 

elucidated.   

Interestingly, a newly identified mitochondrial AMPK target, called Armadillo repeat 

containing protein 10 (ARMC10), was recently implicated in facilitating mitochondrial 



Chapter 1: Introduction 

 62 

fragmentation. Overexpression of constitutively active MFF, or ARMC10 in AMPK DKO cells 

led to mitochondrial fragmentation, which suggests that AMPK regulates mitochondrial 

morphology through multiple targets. The mechanisms of ARMC10 in regulating 

mitochondrial dynamics have not been elucidated. However, it has been shown that it interacts 

with Drp1, Mid49, Mid51 and other fission/fusion machinery components (Chen et al., 2019).  

 
1.20.6 Other mitochondrial functions 
 

Apart from exerting regulatory functions in mitochondrial biogenesis, dynamics and 

mitophagy, AMPK also regulates multiple aspects of mitochondrial function. For example, one 

study reported that AMPK phosphorylates MCU to increase calcium uptake into the 

mitochondrion, to enhance mitochondrial respiration and progress through mitosis (Zhao et al., 

2019). On the other hand, it has been shown that the metabolic requirements across the cell are 

not distributed homogeneously, and during cell migration AMPK mediates mitochondrial 

movement to energy demanding regions (Cunniff et al., 2016). Furthermore, during exercise 

AMPK modulates mitochondrial respiration by phosphorylating the scaffold OMM protein 

AKAP1, although how this signal is perceived by mitochondrial cristae to mediate changes, is 

not completely understood (Hoffman et al., 2015). ACC2, which is an alternative isoform of 

ACC1 is anchored to the OMM via an extra mitochondrial targeting sequence (Abu-Elheiga et 

al., 2000). ACC2 phosphorylation, inhibits the first the step of de novo fatty acid and stimulates 

beta oxidation to promote cell survival. Whilst both ACC isoforms catalyse the same reactions, 

mitochondrial ACC2 has been suggested to play a role in adapting to stress. It has been 

demonstrated that ACC2 phosphorylation is specifically required in skeletal muscle, to 

stimulate fatty acid breakdown and maintain lipid homeostasis (O'Neill et al., 2014).  

 
1.20.7 Mitochondrial AMPK recruitment 
 

AMPK has been shown to form multiple pools distributed amongst the different cellular 

compartments (Miyamoto et al., 2015; Zong et al., 2019). During glucose starvation, AMPK 

homologue Snf1 in yeast is recruited to mitochondria to modulate respiration (Yi et al., 2017).  

Similarly, during exercise, fractionation experiments have demonstrated that phosphorylated 

AMPK is recruited to mitochondria in mammalian cells (Hoffman et al., 2015). Indeed, whilst 

AMPK has many mitochondrial substrates, how it is recruited to mitochondrial membranes to 

carry out its target substrate level phosphorylation is not understood. It has been proposed that 

during CCCP treatment, which causes mitochondrial dysfunction, AMPK is N-myristoylated 
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on its beta subunits, to facilitate recruitment to the OMM. This subsequently recruits the 

required autophagic machinery to mitochondria for clearance (Liang et al., 2015).  

AMPK recruitment and activation have thoroughly been described to occur under 

conditions of glucose starvation on the lysosome specifically by scaffold protein axin. 

However, it has been shown that depending on the stimuli, AMPK is recruited to different 

organellar pools with and without axin. For example, during extreme ATP depleting 

conditions, AMPK is recruited to mitochondrial membranes via LKB1, where axin is not 

required  (Zong et al., 2019).  

 
1.21 MTFR1 family of proteins 
 

The Mitochondrial fission regulator 1 (MTFR1) family is composed of three members, 

mitochondrial fission regulator 1 (MTFR1), mitochondrial fission regulator 2 (MTFR2) and 

mitochondrial fission regulator 1 like (MTFR1L). This family of proteins has been associated 

with the regulation of mitochondrial morphology, particularly mitochondrial division. MTFR1 

and MTFR2 have shown a higher sequence similarity, whereas MTFR1L shares a more distant 

relationship (Figure 21).  
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Figure 21. Phylogenetic analysis of the MTFR1 members across different species. (Taken 
from Monticone et al., 2010). 
 
1.21.1 MTFR1 
 

MTFR1 was first identified in chicken cDNA library screening, amongst genes that 

were upregulated during chondrocyte differentiation (Tonachini et al., 2002).  Overexpression 

of Myc-tagged MTFR1 constructs revealed its mitochondrial localisation and association with 

the IMM. Interestingly, ectopic expression showed a unique distribution pattern forming 

subdomains along the organelle, accompanied by mitochondrial fragmentation. In fact, 

chimeric forms of the C-terminus consisting of poly-proline rich regions fused to GFP are 

responsible for the fission phenotype (Tonachini et al., 2004).  

Testes from MTFR1 deficient mice have lower levels of reactive oxygen species 

scavenging proteins such as glutathione peroxidase, and evidence of oxidative nuclear DNA 

damage. Interestingly, despite the phenotype described in vitro, MTFR1 deficient mice are 
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viable and fertile (Monticone et al., 2007). One hypothesis could be that MTFR1 plays a role 

in mitochondrial fission during conditions of particular stresses. For example, one study in 

cardiomyocytes reported that MTFR1 expression is regulated by the nuclear transcription factor 

NFAT and miRNA-324-p. During low levels of oxygen, miRNA-324-p levels increase and 

inhibit MTFR1 gene expression, which leads to a reduction in mitochondrial fragmentation 

and protection from apoptosis (Wang et al., 2015).  

 
1.21.2 MTFR2 
 

MTFR2 is the paralogue of MTFR1, and together they share 31% of sequence 

homology (Monticone et al., 2010). Interestingly MTFR2 forms subdomains distributed along 

mitochondrial tubules in overexpression experiments. Like its paralog MTFR1, it also has a 

poly proline rich region in its C-terminal, and induces mitochondrial fragmentation when 

overexpressed in HeLa cells. The absence of either MTFR1 or MTFR2, impairs mitochondrial 

respiration and reduces the levels of ATP. Taken together, these studies only provide a 

preliminary understanding of these proteins and suggest a potential role in mitochondrial 

dynamics, however further investigation is required for a thorough mechanistic insight into 

their molecular functions (Monticone et al., 2010).  

 
1.21.3 MTFR1L 
 

MTFR1L, also belonging to the MTFR1 family, is a member that is slightly divergent 

in the phylogenetic tree (Monticone et al., 2010) (Figure 19). Interestingly, it has been 

identified as a novel AMPK mitochondrial substrate during glucose starvation and allosteric 

AMPK activation by two independent studies (Chen et al., 2019; Schaffer et al., 2015). It has 

also been shown to be an interactor of cristae regulator components Mic60 and OPA1 (Janer 

et al., 2016). Additionally, it has also shown to interact with mitochondrial proteins such as 

MAPL and AKAP1, as shown in Table 2 (Data unpublished), which suggests it could 

potentially regulate mitochondrial dynamics. Whilst its function is unknown, this project aims 

to characterise the function of MTFR1L, and its possible role in modulating mitochondrial 

dynamics. 

 

 

 

 



Chapter 1: Introduction 

 66 

Table 2. MTFR1L interactors identified by proximity-dependent biotinylation (BioID). Data 

obtained from two different studies (Antonicka et al., 2020; Doiron et al., 2017).  

 

BioID Fold change score* 

Pro fission 
 

SLC25A46 190 

AKAP1 100 

MAPL 25 

Pro fusion 
 

MFN1 70 

MFN2 20 
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1.22 Project aims 
 

Mitochondria have been well established to exhibit dynamic behaviour, which 

encompasses fission and fusion events. However, the molecular signalling preceding these 

changes, have not been fully understood. Recently a novel putative mitochondrial protein, 

belonging to the MTFR1 family, called MTFR1L, has been identified as a potential AMPK 

substrate (Schaffer et al., 2015; Chen et al., 2019). Whilst the MTFR1 family of proteins have 

been categorised with pro-fission characteristics, their functional contribution to mitochondrial 

division process is poorly understood. This project aims first to characterise MTFR1L and its 

contribution to mitochondrial dynamics, and second, to explore its interplay with AMPK 

signalling. Finally, the last aim of this thesis is to better characterise the role of the ARF1/PI4K-

generating PI(4)P in the last step of mitochondrial division. 

 Aim 1. The first aim of this project was to characterise MTFR1L, including its two 

respective long and short isoforms in order to gain a better understanding of its function. To 

address these questions, in addition to sequences analysis, cloning of the two different isoforms 

will be performed, plus their subcellular and mitochondrial analysis will be analysed by 

biochemical and microscopy analysis. Manipulation of the Mtfr1l will then be carried-out by 

siRNAs and CRISPR-Cas9 methods to elucidate its function in the regulation of mitochondrial 

dynamics.   

Aim 2. The second aim of this project was to explore the relationship between MTFR1L 

and AMPK signalling. Phosphorylation of MTFR1L by AMPK at steady state and during 

different stresses will be studied, and the associated functions of the different MTFR1L 

phosphorylation on mitochondrial dynamics and during stresses using different MTFR1L 

mutants. Finally, how MTFR1L impacts AMPH activation and signalling will be also 

conducted to highlight MTF1L as a central component of the interplay between mitochondrial 

morphology and cellular metabolism.  

Aim 3. The third aim of this thesis was to elucidate the final steps of mitochondrial 

division, downstream of Drp1 recruitment. Whilst the role of Dynamin 2 in terminating 

division is controversial (Fonseca et al., 2019), this chapter will explore whether the effect of 

Dynamin 2 silencing on mitochondrial morphology differs between cell lines. Interestingly, 

the role of Arf1, and its effector PI(4)KIIIß-generating PI(4)P, in driving mitochondrial 

division has been suggested in the lab. We will confirm the role of this axis by analysing the 

effect of Arf1 and PI(4)KIIIß silencing on mitochondrial morphology from different cell lines 

and upon Drp1-dependent enforced mitochondrial fragmentation induction. 
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2 Materials and methods 
 
 
2.1 Cell culture  
 
2.1.1 Cell lines and maintenance 
 

COS7, HeLa cells and HEK293 cells were cultured in high glucose Dulbecco’s 

modified eagle’s medium (DMEM) containing 4.5g/L D-glucose, 0.1 g/l sodium pyruvate and 

GlutamaxTM supplemented with 2 mM glutamine, 1% non-essential amino acids and final 10% 

foetal bovine serum (FBS) (Life Technologies, Gibco®). Cells were incubated at 37 °C at 5% 

CO2. U2OS cells were cultured in McCoy’s 5A medium containing the same composition of 

supplements.  

 At 80 – 90% confluency, cells were washed once with pre-warmed phosphate buffer 

saline (PBS) and incubated with 0.5% trypsin-EDTA/PBS (Life Technologies, Gibco®) at 37 

°C for 5 minutes (min). After all cells detached, trypsin was inactivated with 3 volumes of 

media. Cells were then collected and centrifuged at 300 x g for 5 min. The pellet of cells was 

resuspended in media and passed into fresh dishes to obtain desired confluency. 

 
2.1.2 Freezing and thawing 
 

5 x 106 cells were pelleted and resuspended with 900 µl of corresponding cell culture 

medium (described above). 900 µl of freezing medium (20% FBS, 30% dimethyl sulfoxide 

(DMSO) in appropriate media without supplements) was then added to cell suspension drop-

by-drop. Cells were stored in NuncTM cryovials for a maximum of two weeks at -80°C, 

followed by storage in liquid nitrogen. 

 Cells stored in NuncTM cryovials were thawed at 37°C for approximately 2 min and 

resuspended with 5 ml of complete appropriate media. Resuspended cells were centrifuged at 

300 x g for 5 min, the pellet was then resuspended in 10 ml of fresh media and spread into a 

10 cm dish. Media was replaced the next day, and cell lines were routinely maintained as 

described above. 
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2.1.3 Cell count 
 

After washing cells with PBS, trypsinization, and centrifugation, the pellet of cells was 

resuspended in 6 ml of media. 10 µl of cell suspension was diluted with 10 µl of trypan blue, 

and pipetted into InvitrogenTM CountessTM cell counting chamber slide and inserted into the 

automated cell counter CountessTM to obtain cell concentration.  

 
2.1.4 Treatments 
 

Electron transport chain inhibitors, antimycin A (Sigma Aldrich) and rotenone (Sigma 

Aldrich), were incubated with cells at 10 µM and 250 ng/ml, respectively, for 1 hour (hr) at 37 

°C at 5% CO2. DMSO was used a control.  For glucose starvation experiments, DMEM media 

without glucose and glutamine was used and incubated for indicated times. 

For crosslinking experiments, cells were treated with 20 µM bismaleidohexeine (BMH) 

in media and incubated for 30 min at 37°C. Cells were then rapidly washed in cold PBS 

containing 20 mg/ml dithiothreitol (DTT) and subsequently lysed for western blot analysis.  

 
2.2 Cloning methods 
 
2.2.1 RNA isolation 
 

Total ribonucleic acid (RNA) was isolated from HeLa cells using Qiagen RNeasy® 

mini kit. Approximately, a pellet of 5 x 106 cells was resuspended in media, transferred to 

RNAse free tubes, and centrifuged for 5 min at 300 x g. The pellet was washed once in 1 ml 

PBS, and the lysate was homogenized at least 10 times using a 23-gauge needle on a 1 ml 

syringe. The homogenised lysate was transferred to a DNA eliminator spin column. The 

column was washed with high salt buffers, and centrifuged multiple times, to ensure RNA 

binding to the silica membrane of the column. 30 µl of nuclease free water was pipetted directly 

into the spin column membrane, incubated at room temperature (RTemp) for 5 min and 

centrifuged 1 min at 9,000 x g. The concentration of the eluate was determined using Nanodrop 

8000TM (Thermofisher Scientific) and stored at -80 ºC. 
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2.2.2 DNA isolation 
 

Genomic deoxyribonucleic acid (DNA) was isolated from cells using Qiagen Blood 

and Tissue DNeasy isolation kit. A pellet containing 5 x 106 cells was resuspended in 200 µl 

PBS, and 20 µl proteinase K to ensure cell lysis. The mixture was transferred into the DNeasy 

min spin column provided by the kit. Through a series of centrifugations, and high salt 

concentration washes, the mini spin column silica membrane binds to DNA, washing out 

contaminants and impurities. For elution, the spin column was transferred into a fresh tube, 

and 200 µl of buffer AE (10 mM tris-HCl, 0.5 mM EDTA, pH 9) was added directly to the 

membrane, incubated for 1 min at RT, and centrifuged for 1 min at 6,000 x g. The eluate 

concentration was measured using Nanodrop 8000TM and stored at -20 ºC.  

 
2.2.3 DNA & RNA concentration measurement 
 

Unknown concentrations of DNA and RNA were determined spectrophotometrically 

using Nanodrop8000TM. The quality of the DNA and RNA was assessed according to the 

absorbance ratio obtained, at 260 and 280 nm corresponding to acid nucleic and protein 

wavelengths absorbance, respectively. A ratio of approximately 1.8-2, was considered 

relatively pure. For detecting further contaminants including solvents and alcohol, the 260/230 

ratio was measured and values higher than 1.8 were considered relatively pure.  

 
2.2.4 DNAse Treatment 
 

Isolated RNA was treated with DNA free Kit (Ambion life tech) according to the 

provided protocol. Briefly, 5 µg of isolated RNA was dissolved rigorously in nuclease free 

water and incubated with the DNAse enzyme and buffer as shown in Table 1. Samples were 

incubated at 37 °C for 30 min with agitation every 5 min. To inactivate the DNAse enzyme 

activity, samples were treated with DNAse inactivating agent, and incubated at RTemp for 2 

min. This was followed by centrifugation at 10,000 x g for 1.5 min. Concentration of the 

supernatant containing RNA DNA-free was determined using Nanodrop8000TM. RNA quality 

was then analysed on a 1% agarose gel containing ethidium bromide. 
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Table1. Composition of the DNAse treatment reaction 

Reagent Volume (µl) 

RNA Volume equivalent to 5 µg 

10X DNAse I buffer 5 

DNAse enzyme 1 

Nuclease free water 39 

Final volume 50 

 
 
2.2.5 Agarose gels 
 

Circular or linear fragments of DNA/RNA were separated by size on agarose gels. Gels 

were composed of agarose dissolved in heated TrisAcetate EDTA (TAE) buffer, (20 mM acetic 

acid, 40 mM tris, 1mM EDTA) containing 1X SYBR®Safe (Thermofisher scientific) or 

ethidium bromide. DNA samples were diluted in 6X loading dye (New England Biolabs) to 

monitor migration across the gel. 0.7% preparative agarose gels were used to separate large 

circular DNA and were run at 100 V for at least 90 min. 1% - 2% analytical gels were used to 

separate smaller fragments at 140 V for 40 min. Markers corresponding to 1kb (Quickload 1kb 

Plus DNA Ladder, New England biolabs) and 100bps (Quickload 1kb Plus DNA Ladder, New 

England biolabs) were run beside the samples. An ultraviolet (UV) light transluminator (Gel 

docTM Imaging System, BioRad) was used to visualize DNA or RNA. 

 
2.2.6 RT-PCR 
 

In order to generate cDNA from isolated RNA, High capacity cDNA reverse 

transcription kit (Applied Biosciences) was used. The reaction mix was prepared with 

components shown in Table 2, with and without reverse transcriptase (RT) enzyme. Samples 

containing 30 µl of final volume were set up for the polymerase chain reaction (PCR) as shown 

in Table 3.  
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Table 2. RT-PCR set up reaction mix 

 

Reagent 

Volume (µl) 

RT + RT - 

10X RT Buffer 3.0  3.0  

25X dNTPs Mix (100 mM) 1.2  1.2  

10X RT Random Primers 3.0  3.0  

RT Enzyme 1.5  0 

Nuclease free H2O 6.3 7.8 

RNA (1 µg) 15  15 

Final volume (µl) 30 30 

 

Table 3. Thermocycler settings for RT-PCR 

Step Temperature (ºC) Time (min) 

Denaturation 25 10 

Extension 37 120 

Enzyme inactivation 85 5 

Hold 4 ∞ 

 
 
2.2.7 Primer design 
 

Primers that were used to amplify DNA from vectors or cDNA were designed to have 

a length between 18-24 base pairs (bps), a %GC content between 40-60%, and a melting 

temperature between 50 to 60 ºC. These factors were taken into consideration to optimise the 

amplification of targeted gene. Desired tags such as: Flag and hemagglutinin (HA) sequences 

were directly included in the primers. A full list of primers is detailed in the appendix.  

Alternatively, in order to verify deletions in nuclear DNA during CRISPR/KO 

experiments, a PCR reaction was set up using primers that were designed 200 bps that flank 

the expected deleted region as seen in Table 4.  
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Table 4. List of primers used for amplifying regions from genomic DNA 

Primer Exon Sequence 5’-3’ 

Forward 3 GGAATTCAGTCTCCACAAACCTAGAGG 

Melting temperature = 60 ºC %GC content = 48 Length (bps):  27  

Reverse 3 AATCACAATAGTCAGTGTCCCATGTGG 

Melting temperature: 58 ºC  % GC content: 44     Length (bps): 27   

Forward 4 TCAATGTTTTCGACCAGGAG  

Melting temperature: 63.1 ºC  % GC content: 45    Length (bps): 20 

Reverse 4 CTGTGCTCCTAAGGTTCCTT 

Melting temperature: 60.4 ºC  % GC content: 50   Length (bps): 20 

 
 
 
2.2.8 oligos design: CRISPR 
 

gRNA sequences were designed using the online CRISPR tool 

https://chopchop.cbu.uib.no. gRNAs were selected on the basis of having low off target scores. 

Exons 3 and 4 were selected to ensure the knockout of both the long and short mtfr1l isoforms. 

To ensure annealing gRNA oligos were designed to include overhang sequence in the forward 

and reverse oligos at the 5’ and 3’ to ensure annealing and were optimised for ligation into the 

pspCAS9GFP vector (Table 5).  
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Table 5.  gRNA oligonucleotide sequences for generation of MTFR1L KO cells. The region in 

red highlights the overhang sequences. 

Oligo Exon Sequence (5’-3’) 

Forward 3 CACCgGTGTGCCCGGGCGTCCTTTG 

Reverse 3 AAACCAAAGGACGCCCGGGCACACc 

Forward 4 CACCgTGACATCGCCTGGATTGCTG 

Reverse 4 AAACCAGCAATCCAGGCGATGTCAc 

 
 
2.2.9 Oligo design: shRNA 
 
shRNA oligo sequences were designed using the guidelines provided by Addgene for efficient 

cloning into the pLKO.1 cloning vector (Addgene ref 10878)  

http://www.addgene.org/protocols/plko/. The shRNA sequences were generated to target the 

mouse sequence of mtfr1l.  

  

Table 6.  shRNA oligonucleotide sequences for generation and verification of MTFR1L 

silenced cells 

Oligo Sequence 5’-3’ 

Forward_shNT CCGGAACGTTAATCGCGTATAATACGCGTATCTCGAG 
ATACGCGTATTATACGCGATTAACG TT TTTTTG  

Reverse_shNT AATTCAAAAAAACGTTAATCGCGTATAATACGCGTAT 
CTCGAG ATACGCGTATTATACGCGATTAACG TT 

Forward_sh2  CCGGAAGAGTGGAGTGTATCTGCTTAAGGGGCTCGAG  
CCCCTTAAGCAGATACACTCCACTC TT TTTTTG  

Reverse_sh2 AATTCAAAAA AA GAGTGGAGTGTATCTGCTTAAGGGG 
CTCGAG  CCCCTTAAGCAGATACACTCCACTCTT  
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2.2.10 Oligo annealing 
 
In order for shRNA or CRISPR designed oligos to anneal, reagent components were mixed as 

shown in Table 7 and incubated in the thermocycler for 5 minutes at 95 ºC, followed by a ramp 

down reduction to 25 ºC at 0.1 ºC/sec.  

 

Table 7. Reaction set up of oligos for annealing 

Reagents Volume (µl) 

10X DNA Ligase Buffer 5 

100 µM Forward Oligo 2 

100 µM Reverse Oligo 2 

Nuclease free water 41 

Final volume 50 

 
 
2.2.11 Synthetically designed DNA fragments (gBlocks) 
 

Synthetically designed DNA fragments (gBlocks) were purchased from IDT. Two 

MTFR1L sequences, corresponding to the long and short MTFR1L isoforms were designed. In 

these sequences, XhoI and EcorI restriction sites enzymes were included in 5’ and 3’ ends, 

respectively. Sequences corresponding to different tags, including FLAG and HA, were also 

designed at the N-terminus or C-terminus of the gene. G-block vials were centrifuged for 3 -5 

seconds at 3,000 x g and dissolved in nuclease free water at 10 ng/µl final. Resuspended cDNAs 

were then vortexed and incubated at 50ºC for 15 min. 500 ng of each G-block were digested 

with appropriate restriction enzymes and ligated into vector of interest.  

 
2.2.12 Gene specific DNA amplification 
 

cDNAs obtained from extraction, gBlocks or plasmids, were used as templates to 

amplify MTFR1L using gene specific primers. Both MTFR1L isoforms long and short share 

the same DNA sequence at the 5’ end, and hence same forward primers were used, but different 

reverse primers (Table 8). 10% of the volume of the RT PCR reaction was used for setting up 

the gene specific PCR ie. 3 µl of 30 µl reaction (Table 9). Thermocycler settings for gene 

specific amplification from cDNA is shown in Table 10. 
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Table 8. Primers used for the gene specific amplification of MTFR1L from cDNA 

 
 
 

Table 9.  Reaction set up for gene specific amplification from cDNA 

Components 
                         Sample volume (µl) 

RT+ RT- Control 
10X PCR Buffer 5 5 5 

50 mM MgSO4 2 2 2 
10 mM dNTPs 1 1 1 
10 µM Forward Primer  1 1 1 
10 µM Reverse Primer  1 1 1 

DNA Taq Polymerase 0.3 0.3 0.3 

Nuclease free water 36.7 36.7 39.7 
cDNA 3 3 -- 

 
 
 

 

 

 

 

 

 

 

 

Primer Sequence 5’-3’ 

Forward ATATGAATTCATGTCAGGAATGGAAGCCACTGTGACC 

Reverse long isoform ATATCTCGAGTCAATTTCCTTTTCTACTGATATCTTCTTCCT
TTAGAGCAAACTTC CTC  

Reverse short isoform ATATCTCGAGTCATGTCTGCAAAGCTGCTGGCC 
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Table 10. Thermocycler settings for gene specific amplification from cDNA 

Step Temperature (°C) Time No of cycles 

Initial denaturation 94 30 sec 1 

Denaturation 94 15 sec 32 

Annealing 58 30 sec 32 

Elongation 68 2 min 32 

Final Elongation 72 12 min 1 

Hold 4 ∞ - 

 
 

PCR products were then analysed on a 1% analytical agarose gel to visualize and confirm gene 

cDNA amplification.   

Alternatively, plasmids containing original MTFR1L cDNA were used as a template to 

generate and amplify MTFR1L with different combinations of restriction enzymes and tags 

(Table 11). 

 
Table 11.  Primers used to amplify MTFR1L gene from plasmid DNA 

Primer Vector Enzymes 5’ to 3’ 

Forward PcDNA 
3 

EcoRI, 
XhoI 

ATATGAATTCATGTCAGGAATGGAAGCC
ACTGTGACC 

Reverse_Long PcDNA 
3 

EcoRI, 
XhoI 

ATATCTCGAGTCAATTTCCTTTTCTA 
CTGATATCTTCTTCCTTTAGAGCAAACTT
CCTC 

Reverse_Short PcDNA 
3 

EcoRI, 
XhoI 

ATATCTCGAGTCATGTCTGCAAAGCTGC
TGGCC 

 

The Remaining set of primers used for gene amplification from plasmid, are listed in Appendix. 

 

The vector DNA was set up with primers and other reagents in the reaction mix shown in Table 

12, and thermocycler settings are shown in Table 13.  
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Table 12. List of components used to set up PCR reaction using plasmid DNA as a template  

Reagent Volume (µl) 

10X PCR Buffer 5 

50 mM MgSO4 2 

10 µM Forward Primer 1 

10 µM Reverse Primer 1 

DNA Taq Polymerase 0.3 

Plasmid  (50 ng) 

Final volume 50 

 
 
 

Table 13. Thermocycler settings for gene amplification from plasmid 

Step Temperature (°C) Time No of cycles 

Initial denaturation 94 30 sec 1 

Denaturation 94 15 sec 25 

Annealing 58 30 sec 25 

Elongation 68 2 min 25 

Final Elongation 72 7 min 30 sec 1 

Hold 4 ∞  

 
 
2.2.13 DNA digestion 
 

DNA digestions were carried-out with specific and compatible restriction enzymes and 

incubated for 1 hr at 37ºC, with the exception of gBlocks which were incubated for 2 hr. Table 

14 shows the components required for digesting plasmids, gBlocks or PCR product (insert). 

The list of different vector backbones is shown in Table 15. Digested plasmid vectors were 

specifically run on 0.7% agarose preparative gels as described previously. All restriction 

enzymes used were obtained from NEB®, except Bbs1 from Thermofisher scientific.  
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Table 14. Components for digestion reactions. 

Reagents gBLOCK (µl) Plasmid (µl) Insert (µl) 

10X Cut Smart buffer 6  2 6 

Restriction enzyme 1 1  1  1 

Restriction enzyme 2 1 1  1 

gBLOCK/ Plasmid/ Insert 500 ng 3 µg 45 

Nuclease free water    

Final volume (µl) 60 µl 20 µl 60 µl 
 

Table 15. List of plasmids used in this study 

Plasmid Restriction enzymes 

psCAS9-2A-EGFP Bbs1 

pLKO.1 EcoRI, Age 1 

Pcdna3, Pcdna 3.1, Pcs2+, pmScarletC1 EcoRI, Xho1 

pmScarlet_N1 Nhe1, Age 1 

P2A-mCherry EcoRI, Age 1 

 

2.2.14 DNA purification  
 

An ultraviolet (UV) light transluminator was used to visualize bands of DNA on 

agarose gels. Bands of interest were excised, and purified using QIAquick® Gel extraction kit. 

After excision, agarose slices were dissolved in 800 µl of buffer QG at 50ºC, flicking tubes 

every 2- 3 min for 10 min. The dissolved sample was transferred onto a QIAquick column, 

washed with buffers, and followed by centrifugation steps ensuring removal of agarose, salts 

and other potential contaminants. DNA was then eluted from the column via buffer EB (10 

mM tris-Cl, pH 8.5), added directly onto the membrane of the column, left to stand for 5 min, 

and then centrifuged for 1 min. 

On the other hand, gBLOCKs were purified using QIAquick® PCR purification kit. 5 

times buffer PB was added to the sample, transferred to a QIAquick column and centrifuged 

for 60 sec. The column was washed with 750 µl of buffer PE. The column was transferred to a 

fresh tube and 50 µl of Buffer EB or water were added directly onto the membrane of the 

column, left to stand for 5 min, and then centrifuged for 1 min. 
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2.2.15 Ligation 
 

Following digestion and purification on agarose gel, linearized plasmids were 

dephosphorylated by calf intestinal alkaline phosphatase enzyme treatment to prevent re- 

ligation. Therefore, 1 µl of the calf intestinal alkaline phosphatase enzyme (Sigma Aldrich) 

was added to plasmid vector and incubated for 1 hr at 37ºC prior to ligating with insert.   

 

Ligation was performed following the following molar ratio: 3 moles insert = 1 mol vector. In 

order to calculate the ng of insert required for optimal ligation, the following equation was 

used: 

Amount of vector (ng) x Molar Ratio x   Size of Insert (Kb) 

                                                                   Size of vector (Kb) 

Ligation reactions between amplified insert and vector DNA were set up with and without 

insert, as shown in Table 16. 

 
Table 16. Set up of ligation reactions consisting of insert and the vector of interest. 

Reagents +ve Reaction (µl) -ve Reaction  (µl) 

10X DNA Ligase Buffer 2 2 

Vector DNA (50ng) - - 

Insert - 0 

T4 DNA Ligase Enzyme 1 1 

Final volume 20 20 

 

Alternatively, oligonucleotides designed for shRNA or CRISPR were diluted 1.200 in nuclease 

free water before setting up for ligation into the vector of interest as seen in Table 17. Ligation 

mixtures were pipetted up and down multiple times and incubated overnight at 16 ºC.  

 

 

 

 

 

 

 



Chapter 2: Materials and methods 

 82 

Table 17. Reaction set up of oligos with vector DNA. 

Reagents 
Volume (µl) 

+ - 

10X DNA Ligase Buffer 2 2 

Vector DNA (50ng)   

Diluted oligos (insert) 7 0 

T4 DNA Ligase Enzyme 1 1 

Final volume  20 20 

 
 
2.2.16 Transformation 
 

5 µl ligation product was added to 55 µl 5-alpha competent Escherichia coli cells high 

efficiency (NEB®) under sterile conditions, followed by a 30 min incubation on ice. Cells were 

then heat shocked for 45 sec at 42 ºC and directly incubated on ice for 10 min. 350 µl of SOC 

growth medium (2% vegetable peptone, 0.5% yeast extract, 10  mM NaCl, 2.5 mM KCl, 10 

mM MgCl2, 10 mM MgSO4, 20 mM glucose, NEB®) was added to bacterial mixture and 

incubated for 1 hr at  37 ºC at 800 rpm. 350 µl of bacteria were plated on ampicillin or 

kanamycin containing agar plates and incubated at 37ºC overnight. Individual isolated colonies 

were picked in sterile conditions and grown in 2.5 ml LB broth (0.5% (w/w) yeast extract, 1% 

tryptone, 0.1 mM NaCl) containing final 100 ng/ml ampicillin or 50 ng/ml kanamycin. Cultures 

were then incubated overnight at 37°C at 225 rpm. Plasmid DNA was extracted using Qiagen 

QIAprep® miniprep kit according to manufacturer’s protocol and sent for sequencing.   

 For vectors containing unstable inserts, such as those with a high tendency to form 

secondary structures, ie. shRNA stable competent Escherichia coli cells (NEB®) were used. 

The same protocol was used as transforming 5-alpha competent Escherichia coli cells, however 

overnight incubations were carried-out at 30ºC instead of 37ºC. 

 
2.2.17 Site directed mutagenesis 
 
Point mutations in MTFR1L were generated to obtain siRNA resistant constructs for rescue 

experiments. Additionally, point mutations were also carried out in predicted phosphorylated 

residues ser 103, and ser 238.  QuikChange XL Site-Directed Mutagenesis was used according 



Chapter 2: Materials and methods 

 83 

to manufacturer’s protocol and primers were designed using the online primer design tool 

provided by Agilent https://www.agilent.com/store/primerDesignProgram.jsp. Table 18 lists 

the primers used for site directed mutagenesis. The rest of the primers are listed in in the 

appendix. 

 

Table 18. Site directed mutagenesis primers. All vector backbones are pcs2+ or pcDNA 3  

Primer Sequence 5’ to 3’ 
Forward_siRNA 
resistant_2 mutations 

GGGCTGCTCGAAGTGTAGTTAGAAGAATCGGGACC
AACC- 

Reverse_siRNA 
resistant_2 mutations 

GGTTGGTCCCGATTCTTCTAACTACACTTCGAGCAG
CCC 

Forward_siRNA 
resistant_2 mutations 

GTTAGAAGAATCGGCACCAACCTCCCCTTGAAGCC
GTG 

Reverse_siRNA 
resistant_2 mutations 

CACGGCTTCAAGGGGAGGTTGGTGCCGATTCTTCT
AAC 

Forward S103 
Phosphomimetic 

CATGCAGCGCAATGCCGATGTTCCCAACCTGCGT 

Reverse S103 
Phosphomimetic 

ACGCAGGTTGGGAACATCGGCATTGCGCTGCATG 

Forward S103 
Phosphomutant 

TGCAGCGCAATGCCGCTGTTCCCAACCTG 

Reverse S103 
Phosphomutant 

CAGGTTGGGAACAGCGGCATTGCGCTGCA 
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2.2.18 PCR on human genomic DNA 
 
In order to verify CRISPR induced MTFR1L deletions/mutations, PCR was performed on 

human genomic DNA and set up as shown below (Tables 19 & 20).  

 

Table 19. Reaction set up for MTFR1L amplification from human genomic DNA. 

Reagent Volume (µl) 

DNA Taq 0.25 

DNA (100 ng)  

dNTPs 1 

10 Fwd Primer 1 

10 Rev Primer 1 

10X buffer 5 

Nuclease free water - 

Final volume 50 
 
 

Table 20. Thermocycler settings for PCR reaction on isolated human genomic DNA. 

Step Temperature (°C) Time No of cycles 

Initial denaturation 94 30 sec 1 

Denaturation 94 15 sec 32 

Annealing 58 30 sec 32 

Elongation 68 2 min 32 

Final Elongation 72 12 min 1 

Hold 4 ∞  
 
 
2.2.19 Sequencing 
 
Plasmids and PCR products were sequenced by Sanger sequencing using Genewiz, Cambridge 

UK. Alignments were performed using Clustal W (http://www.prabi.fr).  
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2.3 DNA/RNA transfections 
 
2.3.1 siRNA  
 

In order to perform transient gene silencing experiments, small-interfering RNA 

(siRNA) oligonucleotides were transfected in appropriate cells. siRNA and lipofectamine 

RNAimax (Invitrogen) (ratio 3:1, (v/v)) were diluted in Optimem (Life Technologies, Gibco®) 

and incubated for approximately 10 min in the dish. In the meantime, cells were routinely 

washed with PBS, trypsinised, centrifuged and counted, as described previously. The desired 

number of cells was added to the Optimem mixture and made up to a final 20 nM concentration 

of siRNA with media (Table 21). After 24 hr cell media was replaced. On the next day cells 

were divided into 24-well plates containing coverslips (Fisher Scientific) for 

immunofluorescence or in 6-well plates for immunoblot analysis.   

 
 

Table 21. siRNA-Lipofectamine ratios 

Diameter (cm) Optimem (ml) Lipofectamine (µl) No of cells Final volume (ml) 
2.5 0,5 6 200,000 2.5 
5 0,5 12,5 250,000 5 
10 1 24 500,000 10 

 
 
MTFR1L was silenced by using either a mixture of siRNA oligonucleotides (MTFR1L_Sm), 

or individual sequences (MTFR1L_si1, and MTFR1L_si2) (Table 22). The rest of sequences 

used for other experiments are shown in Table 22. All siRNA experiments included a non-

targeting (NT) control.  
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Table 22. List of MTFR1L siRNA oligonucleotides used throughout this study. 

siRNA Source Reference 

Non-targeting  Dharmacon ON-TARGETplus SMARTpool, (D-0001810-10-20) 

MTFR1L_Sm Dharmacon ON-TARGETplus SMARTpool (L-017152-00-0005) 

MTFR1L_si1 IDT hs.Ri.MTFR1L.13.1 

MTFR1_si1 IDT hs.Ri.MTFR1.13.3 

MTFR1_si1 IDT hs.Ri.MTFR1.13.1 

MTFR2_si1 IDT hs.Ri.MTFR2.13.1 

MTFR2_si1 IDT hs.Ri.MTFR2.13.10 

MFF SIGMA 5’AACGCUGACCUGGAACAAGGA3’ 
5’ UCCUUGUUCCAGGUCAGCGUU3’ 

Mfn2 Dharmacon ON-TARGETplus SMARTpool (L- 012961-00-0005) 

PI(4)KIIIβ  Dharmacon ON-TARGETplus SMARTpool (L-006777-00- 0005)  

ARF1 Dharmacon ON-TARGETplus SMARTpool (L-011580-00-0005) 

OPA1 SIGMA 5’ AAGUUAUCAGUCUGAGCCAGGUU3’ 
3’UUCAAUAGUCAGACUCGGUCCAA5’ 

Dnm2 Dharmacon ON-TARGETplus SMARTpool (J-004007-00-0005 

SLP2 Dharmacon ON-TARGETplus SMARTpool (L-020518-01-0005  

 
 
2.3.2 Plasmids 
 

In order to perform overexpression experiments, cells were seeded in either 24-well 

plates (immunofluorescence), 6-well plates (immunoblot) or 15 cm dishes (fractionation). 

Corresponding amounts of DNA were diluted in Optimem, and Fugene HD Transfection 

reagent (Promega) (DNA 1:3 transfection reagent ratio) (Table 23). The mixture was briefly 

vortexed, centrifuged at maximum speed for 1 min and then incubated at RTemp for 10 mins. 

The mixture was added to the cells drop by drop and 6 hr later, the media was replaced. After 

a total of 24 hr, transfected cells were harvested for the experiment. 
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Table 23. Conditions set up for overexpression experiments. 

Plate Nº of cells Optimem (µl) DNA (µg) Fugene (µl) 

24-well 30,000 0.05 0.2 0.6 

6-well 250,000 0.5 1 3 

5 cm dish 350,000 0.5 1 3 

10 cm dish 500,000 1 3 9 

15 cm dish 1,000,000 2 5 15 

 
 
2.3.3 CRISPR 
 

To generate a CRISPR/CAS9 mediated gene knockout, cells were transfected with ps-

CAS9-2A-EGFP plasmid containing the gRNA of interest. 48 hr post the transfection, cells 

were routinely washed in PBS, trypsinized and centrifuged. The pellet of cells was resuspended 

in 300 µl of media and filtered through 70 µm filter into fresh tubes. Cells were sorted into 

single cell into 96-well plates via fluorescent activated cell sorting (FACS) and were incubated 

at 37°C in medium containing a final 20% FBS. After 2-3 weeks single cell colonies were 

observed and transferred into 24-well plates. Upon 80% of confluency, clones were tested for 

efficient knockout by immunoblot and PCR.   

 
2.3.4 Lentiviral 2nd generation expression system 
 

Alternative to transient silencing, a lentiviral based approach was used to generate stable 

integration of the nucleic acid into the target gene. HEK293 were seeded in 10 cm dishes to 

obtain approximately 60% confluency. The next day cells were incubated with media 

containing 25 µM chloroquine for 1 hr. Cells were subsequently transfected with mixture 

containing the viral packaging (psPAX2 plasmid Addgene ref 12260), envelope (pMD2.G 

Addgene ref 12259) and transfer (pLKO.1 plasmid Addgene 10878) plasmids. After 48 hr, 

media containing viral particles was centrifuged at 3,000 rpm for 5 min at RTemp and the 

supernatant (0,45 µm filtered) was aliquoted and stored at -80°C. The following day, the media 

was replaced containing 8 µg/ml polybrene to enhance transfection efficiency and the viral 

aliquot was added drop by drop to cells. After 24 hr of incubation with the virus, the selection 

process was initiated by adding media containing 2 µg /ml puromycin (Sigma). After observing 
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complete cell death in non-transfected cells, transfected cells were tested for efficient silencing 

via immunoblot and immunofluorescence analysis.  

 
2.4 Fractionation & submitochondrial localisation assays 
 
2.4.1 Subcellular fractionation 
 

Cellular fractionation experiments were performed via a series of centrifugation steps 

to obtain different compartments of the cell. Firstly, cells grown in 15 cm dishes, were washed 

once with cold PBS, scraped in 1 ml mitochondrial isolation buffer (MISB) buffer (220 mM 

mannitol, 70 mM sucrose, 10 mM hepes, 1mM EDTA, 1X protease cocktail inhibitor, 0.22 µm 

filtered at pH 7.4) and collected in a tube. Cells were broken using a 10 ml dounce (Kimble 

chase), at least 80 strokes, on ice and observed under the microscope, to check breakage 

efficiency. Whole cell fractions were saved, followed by centrifugations for 10 min at 800 x g, 

until no more nuclei and debris pellets were observed. The supernatant was then centrifuged at 

9,000 x g for 10 min to obtain mitochondrial pellet. Mitochondrial pellet was then washed 

twice with MISB and re-centrifuged at 9,000 x g for 15 min. The remaining supernatant of the 

mitochondrial pellet, containing cytosol and microsomes, was ultracentrifuged at 100,000 x g 

in Beckman Coulter ultracentrifuge Optima Max in in order to separate microsomes (pellet) 

and cytosolic (supernatant) fractions. Mitochondrial and microsomal pellets were resuspended 

in 30 µl of MISB containing 1% triton.  Cytosolic and whole cell fractions were lysed in 1% 

Triton/MISB for 15 min on ice. All centrifugation steps were carried out at 4ºC.  

 
2.4.2 Mitoplast isolation 
 

Mitoplast isolation was used to perform submitochondrial localisation experiments. 2 

mg/ml high purity digitonin (Calbiochem) was heated for 10 min and used to resuspend 100 

µg of mitochondrial pellet. Samples were incubated on ice for 20 min and centrifuged for 15 

min at 10,600 x g for 10 min at 4ºC. The pellet contained the mitoplast, whereas the supernatant 

contained the outer mitochondrial membrane and intermembrane space subcompartments. The 

samples were lysed in final 1% Triton/MISB for 15 min on ice. 

 
2.4.3 Proteinase K 
 

Proteinase K protection assay was used to divide mitochondria into subcompartments 

OMM, IMS, IMM and matrix, and was therefore used for localisation experiments. Crude 



Chapter 2: Materials and methods 

 89 

mitochondrial pellets obtained as previously described were resuspended in MISB buffer and 

quantified using Bradford assay. Different concentrations of proteinase K (0, 1, 2.5, 5, 7.5, 10, 

25, 50, 100, 250 µg/ml ) in modified MISB buffer containing no protease inhibitor (10 mM 

hepes pH 7.4, 68 mM Sucrose, 80 mM KCl, 0.5.mM EDTA, 2 mM Mg(CH3COO)2, 0.22 µm 

filtered), were used to resuspend 20 µg of mitochondria. The samples were incubated on ice 

for 30 min followed by an addition of phenylmethylsulfonyl fluoride (PMSF) made in 

isopropanol, to a final concentration of 2 mM for 20 min on ice to inhibit protease activity. The 

samples were centrifuged at 10,600 x g for 15 min and washed twice with MISB containing 

protease inhibitors. Mitochondrial pellets were resuspended in MISB containing protease 

inhibitors to obtain a final concentration of 1 µg/ul and the supernatant was discarded. All 

centrifugations were carried out at 4ºC.  

 
2.4.4 Sodium carbonate extraction 
 

In order to establish whether proteins are inserted in the membrane, 30 µg mitochondria 

were treated with 30 µl 0.1 M sodium carbonate, pH 11, and incubated on ice for 30 min. 

Samples were ultracentrifuged at 100,000 x g at 4ºC   for 1 hr using MLA-120.1 rotor from the 

Beckman Coulter ultracentrifuge Optima Max. The supernatant was saved as fraction 

containing solubilized proteins, whereas pellet contained inserted proteins. The samples were 

lysed in final 1% Triton/MISB for 15 min on ice.   

 
2.5 Protein-based methods 
 
2.5.1 Cell lysis and protein quantification 
 

Media was discarded from dishes, and cells were rapidly rinsed with ice cold PBS on 

ice. Excess PBS was aspirated, and corresponding lysis buffer was added. For detection of 

phosphorylated proteins, ie. pAMPK, hepes lysis buffer was used (50 mM hepes, 10% glycerol, 

0.1% triton, 1mM EDTA pH 7.4, containing 1X protease cocktail inhibitor). For non- 

phosphorylated proteins detection, Ripa buffer (1% NP-40, 25 mM tris-HCl pH 8, 150 mM 

NaCl, 0.5% sodium deoxycholate, 0.1% sodium dodecyl sulphate (SDS), containing 1X 

protease cocktail inhibitor) was used. Cells were scraped and incubated on ice for 10 min to 

ensure lysis, followed by a 20 min centrifugation at 21130 x g at 4ºC. The pellets were 

discarded and the supernatants obtained were quantified using Bradford protein assay. A range 

of concentrations between 0 to 2 mg /ml of bovine serum albumin (BSA) (Thermofisher 
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scientific) were standardised in Bradford reagent (BioRad) and measured alongside triplicates 

of the unknown proteins using Spectramax® Plus384 microplate reader.  

  Samples for immunoblot were prepared in Laemli 4X (125 mM Tris pH 6.8, 4% SDS, 

40% glycerol, 25 mg bromophenol blue) (BioRad) and water, ensuring all tubes had the same 

volume and protein quantity. They were then boiled at 95ºC for 5 min, incubated on ice for 2 

min followed by brief centrifugation at maximum speed, and loaded onto gels.  

 
2.5.2 Western blot 
 

Protein lysates were loaded on commercial gels 4-12% SDS-PAGE-gels, 1.5 mm thick 

(NuPage, Novex bis tris gels, Thermofisher) assembled in a XCell SurelockTM mini-cell tank. 

Electrophoresis was performed at 180V constant for 50 min. Gels were run using MOPS buffer 

(50 mM MOPS, 50 mM tris base, 0.1% SDS, 1 mM EDTA, pH 7.7, Invitrogen) to obtain an 

optimal separation of larger molecular weight proteins or MES buffer (50 mM MES, 50 mM 

tris base, 0.1% SDS, 1 mM EDTA, pH 7.3, Invitrogen) for smaller proteins (<50 KDa). Protein 

ladder (Thermofisher) was loaded to monitor migration of the samples.  

To obtain optimum resolution between proteins, home-made gels, consisting of 

resolving and stacking gels were poured using Mini-PROTEAN® Tetra casting stand with 

corresponding electrophoresis accessories system. The composition of the gels is shown in 

Tables 24 and 25.  

 
Table 24. Composition of resolving gel 

Reagent Resolving gels Acrylamide percentage (%) 
7.2 8 10 12 15 

Deionized H2O (ml)  5.3  4.8  4.3  3.54  

1.5M tris pH=8.8 2.5  2.5  2.5  2.5  2.5  
10% (w/v) SDS (µl) 100  100  100  100 100  
Acrylamide/Bis-acrylamide 
40%(39%/1% w/v) (ml) 

1.8 2  2.5  3.0  3.75  

10% (w/v) ammonium 
persulfate (µl) 

100 100  100  100  100  

TEMED (µl) 10  10  10  10  10  
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Table 25. Composition of stacking gel 

Reagent Volume (ml) 

DH2O 3.2  
0.5 M Tris, pH=6.8 1.3  
10% (w/v) SDS 0.05 
Acrylamide/Bis-acrylamide 40% (39%/1% w/v) 0.5 
10% (w/v) APS 0.05 
TEMED 0.005 

 

Homemade gels were set up with running buffer (25 mM tris-base, 0.192 M glycine and 0.1% 

SDS, pH 8.3) and electrophoresis was executed at 90V until proteins migrated through the 

resolving gel. Voltage was then increased to 150V for the remaining migration. OPA1 isoforms 

were separated using 7.2% acrylamide gels, where the voltage was kept constant at 100V until 

all proteins under the 72 KDa were run off the gel. 

After migration was completed, proteins were transferred using wet transfer system 

(Mini-PROTEAN® Tetra cell, Mini TransBlot, BioRad, UK) onto either 0.2 µm nitrocellulose 

membranes (Amersham GE healthcare™, Life sciences) or polyvinylidene fluoride (PVDF) 

0.2 µm (Amersham™ GE healthcare, Life sciences) membranes. Prior to transfer, 

nitrocellulose membranes were briefly washed in transfer buffer (25 mM tris base, 0.192 M 

glycine 20% ethanol) whereas PVDF membranes were activated in 100% ethanol. For 

detecting phosphorylated proteins, PVDF membranes were preferentially used.  Transfers were 

set up with a constant current, 0.38A, for 90 min at RTemp. Membranes were briefly stained 

with ponceau S to check transfer efficiency and subsequently washed with 0.05% Tween/PBS. 

Membranes that were used for detecting phosphorylated proteins were subsequently 

blocked in 5% BSA in tris buffer saline (TBS) for 1 hr, otherwise 5% milk in PBS was used. 

Membranes were cut and incubated overnight in corresponding primary antibody prepared in 

2% BSA/0.05% Tween in TBS or 2% milk/0.05% Tween in PBS (Table 26).  

 
To separate phosphorylated forms of MTFR1L, PhostagTM (alpha laboratories) was added to 

resolving gel mixture at 100 µM, and 10 mM MnCl2. After migration, gels were washed twice 

in 1 mM EDTA, to chelate excess manganese. The gels were transferred as described above.  
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Table 26. List of Antibodies used throughout this study for immunoblot analysis. 

Antibody Source Dilution 
ACC CST 3662 1.500 
AMPK CST 2532S 1.500 
pACC CST 3661 1.1000 
pAMPK CST 2535 1.500 
Atp5a Abcam 14748 1.2000 
Arf1 Sigma SAB2100143  1.1000 
Drp1 BD Bioscience 611113  1.1000 
Drp1 616 CST 3455 1.1000 
Drp1 637 CST 6319 1.500 
Dnm2 Abcam ab3457  1.500 
FLAG Sigma F1804  1.1000 
GFP Invitrogen A-6455 1.1000 
HSP60 Santa Cruz sc136291 1.1000 
Mff Proteintech 17090-1-AP  1.1000 
Mfn1 CST 14739  1.1000 
Mfn2 CST 11925 1.1000 
Mic10 Aviva  ARP44801_P050 1.1000 
Mic19 Proteintech  25625-1-AP 1.1000 
Mic25 Proteintech 20639-1-AP 1.1000 
Mic26 Santa Cruz sc-390958 1.1000 
Mic27 Santa Cruz 1.1000 
Mic60 Abcam  ab110329 1.1000 
Mid49 Proteintech 16413-1  1.500 
Mid51 Proteintech 20164-1-AP  1.1000 
MTFR1L Atlas HPA027124 1.500 
MTFR1L Sigma HPA027130 1.500 
MTFR1 Atlas HPA023152 1.500 
MTFR2 Atlas HPA029792 1.500 
pMFF CST 49281 1.500 
PI4K3B BD Bioscience 611816  1.1000 
PRDX3 55087-1-AP Proteintech 1.1000 
Opa1 BD Bioscience 612607  1.1000 
OXPHOS cocktail Abcam ab110413 1.500 
SDHB Abcam ab186734 1.1000 
SLP2  Proteintech 60052-1-Ig  1.1000 
VDAC1 Abcam ab14734  1.1000 
Vinculin Sigma V4505 1.1000 

 

Phospho-MTFR1L antibodies raised against residue ser 103 and ser 238 were kindly provided 

by Professor Grahame Hardie (University of Dundee, College of life sciences) 
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2.5.3 Blue-Native gel electrophoresis  

 
In order to extract and separate mitochondrial complexes in their native state, blue 

native gel electrophoresis (BNPAGE) was used. 5 x 106 cells were washed twice with cold PBS 

and subsequently permeabilised with 8 mg/ml digitonin in PBS and incubated on ice for 10 

min. Cells were centrifuged 10,000 x g and the pellet was washed twice with cold PBS, and 

recentrifuged at 4ºC. The pellet was resuspended in solubilization buffer (1.5 M aminocaproic 

acid, 50 mM bis tris/HCl, pH 7). 10% digitonin was mixed thoroughly to samples and incubated 

on ice for 5 min to solubilize mitochondrial membranes.  

Alternatively, crude mitochondrial preps used for second dimension (2D), were 

incubated with 4 mg digitonin/ mg protein for 5 min on ice. Next, the samples were centrifuged 

at maximum speed at 4ºC for 30 min. Sample buffer (750 mM aminocaproic acid, 50 mM bis 

tris, 0.5 mM, EDTA and 5% serva Blue G-250) was added to supernatants and loaded on a 3-

12% native page gel (NativePage TM Novex bis tris, Thermofisher scientific) assembled in a 

XCell SurelockTM Mini-cell tank. The chamber of the tank was filled with dark blue cathode 

buffer (50 mM tricine, 15 mM bis tris, 0.02% serva blue G250, pH 7.4), whereas the tank was 

filled with the anode buffer NativePAGE™ Running Buffer (500 mM bistris-HCl, pH 7). After 

1 hr, the dark blue cathode buffer was replaced with the light blue buffer (50 mM tricine, 15 

mM bis tris, 0.002% serva blue G250, pH 7.4) and ran for a minimum of 6 hr at 4ºC at 100 V 

constant.  

 For 1D, the gels were transferred onto 0.45 µm PVDF membranes, assembled in Mini-

PROTEAN® Tetra cell, (Mini TransBlot, BioRad, UK) in bicarbonate transfer buffer (0.318 

g/L Na2CO3,  0.84 g/L NaHCO3). Transfer was carried out at 4ºC for 2 hr at 0.38 A constant. 

The membrane was blocked in 5% milk in PBS for 1 hr, and blotted with corresponding 

antibodies, as described previously.  

For 2-dimension (2D) gel, 1D lanes were excised from the gel, and denatured with 1% 

SDS and 1% ß-mertacaptoethanol for 1 hr at RTemp. Gel strips were inserted into NuPAGE 

Novex bis tris protein gels (1 mm, 2D-well Thermofisher Scientific) and followed by classical 

immunoblot analysis.  

 
2.5.4 Immunodetection 
 

Post overnight incubation, membranes were washed using 0.05% Tween/PBS three 

times and incubated with corresponding secondary antibody (Amersham Mouse/Rabbit IgG, 
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HRP linked from sheep/donkey, GE Healthcare), diluted 1.3000 in 2% milk/0.05% Tween in 

PBS for 1 hour at RT. The secondary antibody was then washed three times, and the membrane 

was briefly incubated with enhance chemiluminescence (ECL) western blotting detection 

reagent (GE Healthcare, Life sciences). The membrane was exposed for different time points 

with X-ray films (Fujifilm) and developed using an X-ray film processor (ECOMAX, Protec). 

Alternatively, membranes were directly developed using GE AmershamTM Imager680.  

 
2.5.5 Immunoprecipitation 
 

Day 1: Binding of antibody to beads and pre-clearing of extract 

Immunoprecipitation experiments were performed to elucidate potential interactors, of both 

MTFR1L isoforms. Crude mitochondrial pellets were isolated as described above and 

quantified. 800 µg of mitochondria were extracted in extraction buffer (150 mM NaCl, 1% 

tDOC, 50 mM hepes and 1X protease cocktail inhibitor). Samples were incubated on ice for 

30 min with occasional vortexing, and centrifuged 45 min at 21130 x g at 4ºC .  A fraction of 

the supernatant was saved as the pre-clear of the extract. Dynabeads®-Protein A (Thermofisher 

Scientific) were washed three times in 0.1 M sodium phosphate buffer pH 8 (NaPi) using the 

DynamagTM-2 Magnet rack (Thermofisher scientific). Between 2-4 µg antibody was diluted 

in sodium phosphate buffer 0.1M and incubated with magnetic beads overnight. The rest of the 

extract was incubated with magnetic beads overnight on a rotational shaker at 4ºC for pre-

clearing.  

 

Day 2: Crosslinking the antibody to beads 

The beads were subsequently washed in 0.1M NaPi/0.08% Tween pH 8. Beads were then 

washed in 0.2 M Triethanolamine (TEA) 0.08% tween pH 8. The antibody was crosslinked to 

the beads using the crosslinker Dimethyl pimelimidate dydrochloride (Life Technologies, Ltd) 

made in TEA 0.08% tween incubated at RTemp, protected from light, for 30 min on a rotational 

mixer. The crosslinker was discarded, and the crosslinking reaction was inhibited in Tris pH 8 

0.08% tween for 15 min on a rotational mixer at RTemp. The inhibitor was washed using PBS 

pH 8 0.08% tween. Any antibody that had not been firmly crosslinked to the beads was eluted 

via glycine pH 2.5 for 15 min and rotational mixing. Finally, to restore the pH, beads were 

washed with PBS/0.08% Tween pH8, and incubated with corresponding pre-cleared 

mitochondrial extract at 4ºC overnight. Input fraction was saved. 
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Day 3: Elution of immunoprecipitate 

Tubes were placed on the magnetic rack and excess lysate was saved as unbound fraction, and 

beads were washed in NaPi pH 8 0.08% tween. Antibody-bound lysate was eluted twice in 

glycine pH 2.5, 0.05% n-dodecyl-B-D-maltoside (Sigma) at 55ºC for 10 min with occasional 

flicking. The eluate had its pH restored using tris-HCl pH 7.5. The samples were divided into 

fractions to be processed for mass spectrometry analysis, or immunoblot analysis and left 

overnight at -80 at 4ºC in trichloroacetic acid.  

 

Day 4: Protein precipitation 

The samples were centrifuged at 21330 x g at 4 ºC for 30 min and the supernatant was 

discarded. The pellet was washed with ice cold acetone, followed by centrifugation at 

maximum speed 20 min at 4 ºC. Excess supernatant was tilted on a layer of tissue, allowing 

pellet to dry. This was repeated three times, and the tubes were left to air dry at RTemp to 

ensure complete evaporation of the acetone. The dry pellet was resuspended in 1X Laemli 

sample buffer and loaded for immunoblot.  

 
2.6 Imaging 
 
2.6.1 Immunofluorescence 
 

Cells were fixed in 5% paraformaldehyde (PFA) in PBS pH 7.4 for 15 min at 37 ºC, 

with three subsequent washes in PBS. This was followed by quenching the autofluorescence 

with 50 mM ammonium chloride for 10 min at RTemp and washing again three times in PBS. 

Cells were permeabilized with triton 0.1% PBS for 10 min, followed by three washes in PBS. 

Blocking was carried out in 10% FBS/PBS for 20 min. Primary antibodies were prepared in 

5% FBS/PBS and incubated on shaker for 2 hr at RTemp (Table 27). Cells were washed 3 

times in 5% FBS/PBS and incubated with the corresponding secondary antibody diluted 1.1000 

(Table 28) and prepared in 5% FBS/PBS. Coverslips were washed three times in PBS, and 

gently washed in deionized water, dried and mounted onto slides using Dako fluorescence 

mounting medium (Dako).  

In order to optimize the immunofluorescent procedures, instead of fixing cells with 

PFA, 100% methanol was used at -20ºC, for 20 min. Another optimisation technique approach 

included digitonin for permeabilization after PFA fixation instead of triton. Lastly, an antigen 

retrieval buffer consisting of incubating PFA fixed cells with boiling 100 mM Tris, 5% w/v 

urea, pH 9.5 for 20 min. Permeabilization and blocking proceeded as usual.  
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Table 27. List of primary antibodies used for immunofluorescence 

Antibody Source Dilution 
Lamp1 Santa Cruz  sc-18821 1.500 
TOM20 Santa Cruz sc17764 1.1000 
FLAG Sigma F1804 1.1000 
Drp1 BD Bioscience 1.1000 
MTFR1L Sigma HPA027130/ 

HPA027124 
1.50 Overnight 

PMP70 SIGMA SAB4200181-200UL 1.1000 
 

Table 28. List of secondary antibodies used for immunofluorescence 

Antibody Source 

Goat anti-rabbit highly cross adsorbed secondary antibody Alexa fluor plus 488 Invitrogen 

Goat anti-Rabbit IgG (H+L) Secondary Antibody, Alexa Fluor® 488 conjugate Invitrogen 

Goat anti-Rabbit IgG (H+L) Secondary Antibody, Alexa Fluor® 594 conjugate Invitrogen 

Goat anti-Rabbit IgG (H+L) Secondary Antibody, Alexa Fluor® 647 conjugate Invitrogen 

Donkey anti-Mouse IgG (H+L) ALEXA FLUOR 594 Invitrogen 

Donkey anti-Mouse IgG (H+L) ALEXA FLUOR 488 Invitrogen 

Donkey anti-Mouse IgG (H+L) ALEXA FLUOR 647 Invitrogen 

 
 
2.6.2 Imaging & Fiji analysis 
 

Images were acquired on a Nikon Eclipse TiE inverted microscope coupled with an 

Andor Dragonfly 500 confocal spinning disk system, using the 60X or 100X objectives with 7 

stacks each of 0.2 µm. Images were captured using the Zyla 4.2 PLUS sCMOS camera (Andor), 

which was coupled to the Fusion software (Andor). Images were acquired in the same 

conditions with the same laser intensity (laser lines 488nm, 568 nm, 647 nm) and exposure 

time.  

Raw 7 stack images were firstly compiled into “max projection” to proceed with all 

analysis on Fiji. Images consisting of more than one channel were converted into composites.  

For mitochondrial morphology analysis, the mitochondrial network was primarily defined in 

control cells and categorised as: hyperfused (highly connected, with a minimum of 10 free 

ends), fragmented (shorter, disassociated) tubular (neither connected nor disassociated) 
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mitochondria. Mitochondrial networks from treatments/siRNA/KO were assessed and 

compared to their corresponding control.  At least 30 cells per condition were counted. 

To analyse mitochondrial morphology, 225 µm2 mitochondrial region of interest (ROI) 

from max projections were selected in the cell periphery, thresholded manually and were 

processed with the ‘smooth’ function twice. The mitochondrial area and number analysis 

quantification was obtained using the ‘Analyze Particles’ function on Fiji, using 0.1 µm as a 

minimum particle size (Figure 1). For junction analysis, a 225 µm2 peripheral mitochondrial 

ROI was analysed using the analyse skeleton function, in Fiji (Figure 2).  

 

Figure 1. Schematic instructions for image analysis using ‘Analyze Particle’ function on Fiji. After 
selecting a 225 µm2 ROI, from the cell periphery, image is cropped, and smoothed. The image is next 
made binary and smoothed again. The analyze particle plugin is used to determine the number of 
particles per ROI, and area occupied of the mitochondrial network.  
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Figure 2. Schematic instructions for image analysis using ‘Analyze Skeleton’ function on Fiji. After 
selecting a 225 µm2 ROI, from the cell periphery, image is cropped, and smoothed. the image is next 
binarized and smoothed again. The analyze skeleton function is used to determine the number of 
junctions and branches per ROI. 
 
 
2.7 Assays 
 

Seahorse 

30,000 U2OS cells were seeded per well in a Seahorse XF24 culture plates at 37 °C 

and 5% CO2 overnight. In addition, Seahorse XF24 sensor cartridges were incubated at 37 ºC 

overnight in calibrant solution overnight in an incubator containing no CO2. 24 hr post 

incubation, each well was washed once with Seahorse assay medium (DMEM base (Sigma), 1 

mM sodium pyruvate, 25 mM glucose, 3.9 mM GlutamaxTM supplement, pH 7.4), and replaced 

with the same assay media and incubated further at 37ºC  in an incubator containing no CO2 

for 1 hr at 37 ºC. Mitochondrial electron transport chain inhibitor stock solutions were prepared 

in assay media, and injected (75 µl) into specific ports of the cartridge plate (port A: 

oligomycin, port B: FCCP, port C: antimycin A and rotenone) (Table 29). The assay was set 

up for basal respiration measurement followed by three sequential drug injections, oligomycin, 

FCCP and the combination of antimycin A and rotenone. The oxygen consumption rate, and 

extracellular acidification rate was measured using SeaHorse XF24 Extracellular Analyzer.  

 

 

Table 29. Lists the different compounds and concentrations used for measuring respiration 

 

 

2.8 Statistical analysis 
 

Data are presented in graphs as mean +/- standard deviation (SD) from 3 independent 

experiments. Number of cells are shown in respective figure legends. Statistical significance 

was analysed using one-way ANOVA, two-way ANOVA or unpaired t-test. All statistical 

Compound Stock concentration (µM) Dilution Final concentration (µM) 
Oligomycin 10 1/10 1 

FCCP 5.5 1/11 0.5 
Antimycin A 2.4 1/12 2 

Rotenone 12 1/12 1 
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analyses were performed using GraphPad Prism software. *p < 0.05, **p < 0.01, *** p < 0.001 

and **** p < 0.0001 were considered significant.  
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3 Characterisation of MTFR1L, a novel 
mitochondrial protein  

 
 
3.1 Introduction 
 

Mitochondrial fission and fusion are involved in multiple cellular processes, including 

cell death and survival, immunity and redox signalling (Osellame et al., 2016). Whilst a number 

of proteins have been attributed as key or accessory players regulating mitochondrial shape, 

the underlying signalling events that precede morphological changes have not been fully 

elucidated (Tilokani et al., 2018). AMPK, one of the major metabolic sensor kinases, initiates 

an array of reactions to maintain cellular homeostasis and has also been shown to control 

mitochondrial morphology (Garcia and Shaw, 2017). Interestingly, while mitochondria are also 

considered as cellular metabolic hubs, different AMPK substrates localised at the OMM have 

been identified including MFF, AKAP1, ARMC10 and MTFR1L (Chen et al., 2019), with 

most of them involved in mitochondrial dynamics regulation.  

MTFR1L, an uncharacterised putative mitochondrial protein, and its corresponding 

AMPK-dependent phosphorylation sites were identified by two different individual proteomic 

based approaches (Chen et al., 2019; Schaffer et al., 2015). Pull down experiments of cristae 

regulatory proteins, OPA1 and MIC60 (Janer et al., 2016), and the BioID of AKAP1, MFN1, 

MFN2, SLC25A46 and MAPL (Unpublished) revealed MTFR1L as their potential interactor, 

suggesting a potential role for MTFR1L in mitochondrial architecture and morphology 

regulation. Phylogenetically, MTFR1L belongs to the MTFR1 family, alongside MTFR1 and 

MTFR2 (Monticone et al., 2004). While MTFR1 and MTFR2 have been shown to localise at 

mitochondria and impact mitochondrial dynamics, MTFR1L localisation and functions remain 

uncharacterised.   

Taken together, this preliminary information fuelled interest into characterising the 

function of MTFR1L. This chapter will therefore first focus on the detection and localisation 

of MTFR1L, including its two isoforms. Then, the contribution of MTFR1L in mitochondrial 

morphology in different cell lines, using siRNA-based and CRISPR-CAS9 gene editing 

methods, will be investigated. Finally, proteomics-based experiments were performed to 

elucidate the respective interactome of each isoform and gain more insight into how MTFR1L 

controls mitochondrial dynamics. 
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3.2 Results 
 
3.2.1 MTFR1L sequence analysis and expression 
 
As a completely uncharacterised protein, an in-silico analysis approach was firstly taken to 

gain information about the MTFR1L protein, including potential isoforms and secondary 

structures. According to the national center for biotechnology information (NCBI) gene 

databases, MTFR1L also known as family sequence similarity member (FAM54B), has two 

predicted isoforms, one long (879 bp), called MTFR1L-L, and one short (618 bp), called 

MTFR1L-S, which results from splicing occurring between exons 5 and 6 (Figure 1A). This 

splicing event leads to amino acid sequence differences within the C-terminus of the proteins. 

Interestingly, whilst both isoforms possess no orthologues present in yeast, the long isoform is 

more conserved in mammals compared to the short isoform (Figure 1A-C), suggesting a more 

evolutionary conserved role for MTFR1L-L in mammals.  

Using the online mitochondrial database Mitominer, MTFR1L sequence analysis 

revealed a 0.69 mitochondrial targeting score, with a potential cleavage at residue number 35, 

suggesting that MTFR1L could be imported into the organelle. Online secondary structure 

prediction software revealed multiple α-helices spanning different regions of both proteins. 

However, unlike its putative paralogues, both MTFR1L isoforms lack the proline coiled-coil 

region within the C-terminal, contain no predicted transmembrane domain or other conserved 

domains (Figure 1B, C). Importantly, the ser 103 and ser 238 identified as putative AMPK 

phosphorylation sites are well conserved.  

In order to confirm the expression of the two isoforms, reverse transcriptase (RT) 

polymerase chain reaction (PCR) (RT-PCR) was performed on isolated RNA extracted from 

HeLa cells. As shown in Figure 1, PCR using the primers targeting the MTFR1L-L generated 

two bands (Figure 1D). Cloning and DNA sequencing of the 2 PCR products obtained 

confirmed the expression of both MTFR1L isoforms with the upper band corresponding to 

MTFR1L-L, and lower band corresponding to MTFR1L-S, lacking 110 base pairs. Sequence 

analysis suggested that the 110 base pairs are spliced in the mRNA transcript of the long 

isoform between exons 5 and 6 to generate the short isoform. These results confirmed protein 

sequences analysis and the presence of 2 MTFR1L isoforms in human, with the short isoform 

being a spliced variant.  
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Figure 1. MTFR1L analysis and expression. A) Schematic representation of the two MTFR1L 
isoforms. The long isoform is composed of 7 exons, of which splicing occurs between exons 5 and 6, to 
generate the short isoform. This results in differences in protein sequence upon translation. ClustalW 
of MTFR1L B) long isoform and C) short isoform, protein sequences alignment across mammalians 
species. ClustalW alignment was carried-out in Jalview. Identical sequences are highlighted in dark 
purple, whereas similar sequences are shown in lighter purple shades. The two serine residues that are 
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potential AMPK phosphorylation sites are conserved in different species, and are highlighted in green. 
The distribution of the predicted secondary structure alpha helices is shown in grey. D) RNA was 
extracted from HeLa cells, and gene specific RT-PCR was performed using primers specific for the 
long isoform. RT reactions were carried out with (+RT) and without (-RT) the reverse transcriptase 
enzyme. Alternatively, control (Ctrl) reactions were carried out without cDNA. RT + showed 
amplification for the two isoforms at their corresponding size. - RT was used as a control for the 
experiment. 
 
  Whilst RT-PCR confirmed that both the isoforms are indeed expressed in HeLa cells, 

the next goal was to assess their corresponding protein levels. Three different small interference 

(si) RNA sequences were used to specifically target MTFR1L and downregulate its expression, 

a smartpool (Sm) consisting of a mixture of four sequences, si1 which targeted 5’ end of the 

gene, and si2 targeting the 3’untranslated region (UTR). Since the first 450 base pairs are 

identical, the siRNA sequences therefore shut down both isoforms, long and short. The siRNA 

efficiency was tested via immunoblot analysis using two different antibodies to detect 

endogenous levels of MTFR1L, targeting distinct epitopes of the protein. The Atlas antibody 

recognised the long isoform only, since its epitope lies within the C-terminal of the protein, 

whereas the Sigma antibody is predicted to detect both isoforms as its epitope is located in a 

conserved region (Figure 2). Immunoblot analyses revealed that using whole cell lysates from 

silenced HeLa cells, the Atlas antibody detected a single band above 36 KDa, which is slightly 

higher to the predicted molecular weight of the long isoform, 32 KDa. This band showed 

sensitivity to the three different siRNAs, suggesting that it could specifically represent the 

MTFR1L-L (Figure 2A). On the other hand, the Sigma antibody detected multiple bands 

ranging around 36 KDa, but one faint band above 36 KDa was sensitive to the different 

siRNAs. Like the Atlas antibody, Sigma detected a band with the same molecular weight, 

which suggested that this antibody can also detect MTFR1L, but includes more non-specific 

signals (Figure 2B). However, while this Sigma antibody can technically detect both isoforms, 

only the long was detectable from whole-cell lysates (Figure 2B). These results confirmed both 

the efficiency of the siRNAs used and the specific detection and expression of MTFR1L-L 

(detection of MTFR1L-S will be shown later in the results section) using two different 

antibodies.  
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Figure 2. MTFR1L protein level detection using two different antibodies from whole cell 
lysates. Three different siRNA sequences smartpool (Sm), si1 and si2 were used to silence 
MTFR1L expression in HeLa cells and were compared to a Non targeting (NT) sequence, as a 
control. After three days of silencing, HeLa cells were lysed and subjected to immunoblot 
analysis. Membranes were either probed with A) Atlas antibody, or B) the Sigma antibody. 
Their corresponding epitope is highlighted in green in the left panels. MTFR1L-L detected with 
the Sigma antibody is shown with red arrow. Voltage dependent anion channel 1 (VDAC1) was 
used as a loading control.  
 

Following protein detection of MTFR1L in HeLa cells, its tissue distribution was 

studied in different mouse tissues. An intense band was detected at around 36 KDa using the 

Atlas antibody, representing the long isoform. These results show that MTFR1L-L is 

ubiquitously expressed amongst different tissues, with a higher expression in the brain and 

uterus (Figure 3). Upon higher exposure, there was an additional band detected at 25 KDa, 

which could represent a potential cleavage product of MTFR1L-L since the antibody does not 
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recognise the short isoform. Since MTFR1L-S is not expressed in mice according to NCBI, the 

MTFR1L-S distribution was not analysed.   

 
Figure 3. MTFR1L is a ubiquitously expressed protein. Different tissues from wild-type 
mouse, were harvested and subjected to immunoblot analysis. Two different time exposures 
are represented for MTFR1L, low and high. MTFR1L was detected using the Atlas antibody. 
Vinculin and Glucose related protein 75 (GRP75) were used as loading controls. 
 
3.2.2 MTFR1L subcellular localisation 
 

MTFR1L has been identified as a potential interactor of different mitochondrial 

proteins and its potential mitochondrial localisation was predicted in MitoCarta (Calvo et al., 

2015). Therefore, the subcellular localisation of MTFR1L was analysed by biochemical and 

microscopy analysis. To address this question, subcellular fractionation experiments were 

carried out in combination with immunoblot analysis to validate the mitochondrial localisation 

of MTFR1L. As expected, the siRNA sensitive MTFR1L-L band above 30 KDa detected via 

immunoblot using the Atlas antibody, was present in the whole cells and crude mitochondrial 

fractions (Figure 4A), confirming the localisation of MTFR1L to heavy membranes and 

potentially to mitochondria. Interestingly, as in mouse tissues analysis the additional siRNA 

sensitive band migrating at 25 KDa band was also observed in the crude mitochondrial fraction 

(Figure 4A).  
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Figure 4. MTFR1L is a novel mitochondrial protein. Subcellular fractionation was carried-
out in HeLa cells silenced or not for MTFR1L to obtain whole cells (WCs), cytosol (Cyt) and 
crude mitochondrial (CM) fractions. 7.5 µg of each fraction was loaded on SDS-PAGE gels, 
and membranes were blotted with vinculin, MTFR1L (Atlas), and VDAC1. Vinculin and 
VDAC1 were used as cytosolic and mitochondrial markers, respectively. B) Crude 
mitochondria were extracted from HeLa cells that were silenced 3 days using two different 
siRNAs against MTFR1L, Sm and si1, using siNT as a negative control. 7.5 µg of mitochondrial 
fractions were analysed via immunoblot. Membranes were probed with MTFR1L Sigma or 
Atlas antibodies. GRP75 was used as a loading control. *** represents a non-specific band.  
 

Whilst the RT-PCR confirmed expression of the short isoform, its expression by 

immunoblot from whole cell lysates was not detectable. To further attempt to localise the short 

isoform, enriched mitochondrial fractions were loaded onto western blot and membranes were 

probed with the two different antibodies, Atlas or Sigma (Figure 4B). Interestingly, while a 

contaminant band was observed at 25 KDa, the Sigma antibody recognized two siRNA 

sensitive bands, one at around 36 KDa, representing MTFR1L-L, and one at 30KDa, which 

could hypothetically represent the short isoform, MTFR1L-S. Together, these results show that 

both MTFR1L isoforms can be detected by immunoblot analysis in crude mitochondrial 

fractions, which strongly suggest their mitochondrial localisation. 

To confirm the mitochondrial localisation of the two MTFR1L isoforms, 

immunofluorescence (IF) and confocal microscopy analysis were performed using both 

antibodies. The Atlas antibody pattern showed a mitochondrial signal that was sensitive to 

siRNA, confirming that MTFR1-L is a mitochondrial protein (Figure 5A). The Sigma antibody 

which recognizes both isoforms, also showed some mitochondrial labelling that was sensitive 

to siRNA (Figure 5B). However, this antibody also showed an increased amount of background 

and non-specific signals, that did not disappear in MTFR1L silenced cells (Figure 5B). The 

Sigma antibody recognizes MTFR1L, however which isoform is responsible for the pattern 

observed or their respective submitochondrial localisation cannot be distinguished using 
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immunofluorescence. Therefore, the next experiments focused to elucidate the 

submitochondrial localisation of each isoform using fractionation experiments.    

 
Figure 5. MTFR1L is localised to mitochondria. Representative confocal images of U2OS 
control (siNT) and MTFR1L silenced cells labelled with respective MTFR1L C) Atlas, and D) 
Sigma antibody. Mitochondria were labelled with an anti-TOM20 antibody. Scale bar 
represents 10 µm. 
 

To reinforce the results showing a mitochondrial localisation of both isoforms and since 

MTFR1L harbours a potential mitochondrial targeted sequence, further fractionation and 

treatments were performed to decipher their respective specific submitochondrial compartment 

localisation. Firstly, crude mitochondrial extracts were treated with increasing concentrations 

of proteinase K, which progressively degrades proteins from different mitochondrial sub-

compartments, enabling the precise identification of the protein of interest. Proteins from 

different submitochondrial fractions, TOM20 for OMM, apoptosis inducing factor (AIF) for 

IMS, Mic60 for IMM, and HSP60 for matrix were used as controls. MTFR1L (36 KDa) is 

highly sensitive to proteinase K treatment being degraded at 20 µg/mL of proteinase K and 

follows a similar pattern to OMM TOM20, suggesting that the MTFR1L-L is an OMM protein 
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(Figure 6A). Noticeably, the 25 KDa band was not detected during this treatment, which could 

be due to insufficient protein loading during western blotting (Figure 6A). 

In order to confirm MTFR1L-L OMM localisation, mitochondria were alternatively 

divided into mitoplasts (matrix + IMM) and OMM/IMS fractions obtained by digitonin 

treatment, and subsequently loaded onto immunoblot analysis. This time the localisation of 

MTFR1L-L was less obvious compared to the proteinase K treatment. The 36 KDa band was 

distributed in all of the fractions. However, the intensity of the 36 KDa band was stronger in 

the OMM+IMS fraction compared to the mitoplast, similar to the OMM marker VDAC1 

(Figure 6B). In addition, MTFR1L-L pattern was significantly different than the well 

characterised mitoplast fraction markers, Mic60 and cytochrome c.  Finally, the 25 KDa band 

associated to a degradation product, also followed a similar pattern to the long isoform (36 

KDa) with an accumulation in the OMM/IMS fraction, which further confirms that MTFR1L-

L is an OMM protein (Figure 6B). 

Figure 6. MTFR1L-L is an OMM protein. Crude mitochondrial fractions consisting of 20 µg 
each from HeLa cells were treated with increasing concentrations of proteinase K, and 
analysed via immunoblot analysis. Mic60 was used as an IMM marker, HSP60 matrix, AIF for 
IMS, and TOM20 for OMM. B) Mitochondria, mitoplast, and OMM/IMS fractions were 
isolated from HeLa cells and MTFR1L submitochondrial localisation was analysed via 
immunoblot analysis. Vinculin, VDAC1, Cytochrome c and Mic60 were used as whole cell 
(WC), OMM, IMS and IMM markers, respectively. MTFR1L was detected using Atlas antibody.  
 

Whilst, bionformatic analysis did not predict any transmembrane domains for both 

MTFR1L-L and MTFR1L-S, the next step was to determine whether MTFR1L-L was inserted 

in the mitochondrial membranes. This time, the crude mitochondrial pellet from HeLa cells 

was treated with alkaline 0.1M sodium carbonate, pH 11, to disassociate loosely attached 

proteins to membrane embedded proteins. Indeed, following ultracentrifugation, the pellet 
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contains membrane inserted proteins, whereas the supernatant is enriched with soluble 

proteins. As positive controls, Mic60 and VDAC1 were used as membrane inserted proteins 

whereas cytochrome c was used as a loosely membrane associated protein. The immunoblot 

analysis showed that MTFR1L-L was found in the supernatant, following a similar pattern to 

cytochrome c, indicating that MTFR1L-L is only loosely associated to membranes. However, 

the second siRNA sensitive band at 25 KDa, described previously, was not localised to either 

fraction, and confirmed that it could represent a degradation product (Figure 7). Taken together, 

these results suggested that MTFR1L-L is a loosely attached OMM protein.  

 
 

Figure 7. MTFR1L-L is loosely associated to the OMM. 30 µg crude mitochondria were 
treated with 0.1 M sodium carbonate at pH 11 and centrifuged to obtain pellet (P) and 
supernatant (SN) fractions. 7.5 µg of each fraction, whole cells (WC), crude mitochondria 
(CM), P and SN were loaded for immunoblot analysis. Vinculin was used as a whole cell 
marker, Mic60 and VDAC1 were used as controls for integral membrane proteins, whereas 
cytochrome c (CytC) was used as a control for soluble proteins. 
 

In order to elucidate MTFR1L-S localisation, mitochondria were alternatively divided 

into mitoplasts (matrix + IMM) and OMM/IMS fractions obtained by digitonin treatment, and 

subsequently loaded onto western blot for analysis. Additionally, experiments were then 

performed to elucidate potential insertion of MTFR1L-S in membranes. Submitochondrial 

compartments and sodium carbonate treated crude mitochondrial fractions were then 

immunoblotted with the MTFR1L sigma antibody. Interestingly, the band at 30 KDa 

representing MTFR1L-S appeared in the crude mitochondrial fraction, and was enriched in the 

mitoplast fraction, showing a similar distribution to IMM protein Mic60 (Figure 8).  

Furthermore, this band was also enriched in the pellet fraction of sodium carbonate treated 

mitochondria, suggesting that MTFR1L-S is inserted in the IMM (shown in Figure 8 with the 

red arrow). The Sigma antibody also recognizes MTFR1L-L, and confirmed that MTFR1L-L 

is loosely associated with the membrane, since the band at around 36 KDa follows a similar 
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pattern to cytochrome c in sodium carbonate treatment (blue arrow). However, its distribution 

amongst mitoplast and OMM +IMS fractions was relatively homogeneous (Figure 8).  

Together, these data show that MTFR1L-L is loosely associated to the OMM, results 

in line with its capacity to be phosphorylated by AMPK (Schaffer et al., 2015) or interact with 

fission/fusion proteins identified by BioID. On the other hand, MTFR1L-S is an inserted IMM 

protein, which could explain the interactions observed with IMM proteins OPA1 and Mic60 

during immunoprecipitation studies (Janer et al., 2016). 

 
Figure 8. MTFR1L short isoform is inserted in the IMM. Crude mitochondria which were 
obtained via centrifugation experiments from HeLa cells, were subject to 2mg/ml digitonin 
treatment to obtain OMM plus IMM and mitoplast fractions respectively. MTFR1L long and 
short isoforms are shown in the blue and red arrows respectively. TOM20 was used as an 
OMM marker whereas peroxiredoxin 3 (PRDX3) and Mic60 were used as markers for 
mitoplast enrichment. TOM20 and Mic60 were used as markers for membrane inserted 
proteins, whereas Cytc and Prdx3 were used as soluble markers. Sigma antibody was used to 
detect both MTFR1L isoforms.  
 
3.2.3 Silencing MTFR1L leads to mitochondrial hyperfusion 
 

MTFR1L belongs to the MTFR1 family including two other members MTFR1 and 

MTFR2, which have been implicated to regulate mitochondrial division (Monticone et al., 

2004). Additionally, MTFR1L has been suggested to interact with different proteins involved 

in fission and fusion, such as OPA1 (Janer et al., 2016), as well as Mfn1 and Mfn2 (As shown 

in the Introduction section, Table 2). 

Taken together, the next experiments assessed whether the loss of MTFR1L impacts 

mitochondrial morphology. The three different siRNAs described previously were used to 

silence MTFR1L levels in U2OS cells (Figure 9B) and mitochondrial morphology was 

observed by microscopy confocal imaging. Interestingly, silencing of MTFR1L leads to a 

drastic mitochondrial hyperfusion phenotype characterised by elongated and interconnected 
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mitochondria (Figure 9). After three days of siRNA silencing, approximately 80% of cells 

exhibited hyperfused mitochondria using si1, and around 40% for si2 and Sm (Figure 9A, C). 

Even though the quantification showed a degree of discrepancy, si1 and si2/Sm immunoblot 

analyses showed similar efficiency in gene knockdown (Figure 9B). These data indicate that 

silencing of MTFR1L using 3 different siRNA leads to significant mitochondrial hyperfusion 

in U2OS cells. 

In order to further characterise the hyperfusion phenotype, mitochondrial number and 

area were quantified per region of interest (ROI) in each cell. Since the si1 had the strongest 

mitochondrial phenotype, the different mitochondrial parameters were measured in these 

conditions. The mean mitochondrial area approximately doubled from 5 to 10 um2 per ROI, 

whereas the mitochondrial number almost halved in MTFR1L silenced cells (Figure 9D-E). To 

further characterise the hyperfusion phenotype, the interconnectivity of the mitochondria was 

also quantified by measuring the number of junctions, which are defined as the single point 

where multiple mitochondria converge. Interestingly imaging analysis revealed that 

mitochondria appeared more interconnected and branched, forming ‘net’ like structures in si1 

MTFR1L compared to siNT (Figure 9F). 
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 Figure 9. Transient loss of MTFR1L induces mitochondrial hyperfusion in U2OS cells. A) 
Representative confocal images of U2OS cells silenced for three days with indicated siRNAs 
against MTFR1L, or with a non-targeting sequence (NT). Mitochondria were labelled using 
an anti-TOM20 antibody. Hyperfused mitochondria are shown with asterisks. Scalebar 
represents 10 µm. B)  Immunoblot analysis of U2OS cells silenced with indicated control and 
MTFR1L siRNAs for three days. Membranes were probed with MTFR1L Atlas antibody. 
TOM20 and Vinculin were used as loading controls C) Quantification of mitochondrial 
morphology in MTFR1L or siNT silenced cells. 50 cells per condition; 3 independent 
experiments, two-way ANOVA and Tukey’s multiple comparisons test were used. 
Mitochondrial morphology from A) was analysed by D) mean mitochondrial area, E) 
mitochondrial number, and F) maximum number of junctions, per region of interest (ROI) (225 
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µm2). 20 cells were counted per condition; 3 independent experiments, ordinary one-way 
ANOVA and Tukey’s multiple comparison test. All data are represented as three independent 
experiments with mean +/- SD. ** p < 0.01.  *** p < 0.001 were considered statistically 
significant. 
 

To avoid the mitochondrial phenotype being cell type specific, siRNA experiments 

were carried out in monkey kidney derived COS7 cells and mitochondrial morphology was 

assessed using confocal microscopy. COS7 cells also exhibited a drastic mitochondrial 

elongation phenotype with approximately 80% of cells harbouring hyperfused mitochondria 

with si1, 50% with si2, and 40% with Sm (Figure 10 A-C). Similar to U2OS cells, si1 had the 

strongest phenotype, and therefore the additional mitochondrial parameters such as area, 

number and junctions per ROI were analysed. The mitochondrial area and number of junctions 

significantly increased per ROI (Figure 10D, F). On the other hand, the mitochondrial number 

significantly reduced from 10 to 5 per ROI (Figure 10 E). Taken together, these results indicate 

that transient loss of MTFR1L leads to mitochondrial hyperfusion in different mammalian cell 

lines (Figures 10E). 
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Figure 10. Transient loss of MTFR1L induces mitochondrial hyperfusion in COS7 cells. A) 
Representative confocal images of COS7 cells silenced for three days with indicated siRNAs 
against MTFR1L, or with a non targeting (NT) sequence. Mitochondria were labelled with an 
anti-TOM20 antibody. Hyperfused mitochondria are shown with asterisks. Scalebar represents 
10 µm. B)  Immunoblot analysis of COS7 cells silenced with indicated control and MTFR1L 
siRNAs for three days. Membranes were probed with MTFR1L Atlas antibody. VDAC1 and 
Tubulin were used as loading controls. C) Quantification of mitochondrial morphology in 
MTFR1L or siNT silenced cells. 50 cells per condition; 3 independent experiments, two-way 
ANOVA and Tukey’s multiple comparisons test were used. Mitochondrial morphology from A) 
was analysed by D) mean mitochondrial area, E) mitochondrial number, and F) maximum 
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number of junctions, per ROI (225 µm2). 20 cells were counted per condition; 3 independent 
experiments, ordinary one-way ANOVA and Tukey’s multiple comparison test. All data are 
represented as three independent experiments with mean +/- SD. 
** p < 0.01 *** p < 0.001 were considered statistically significant.  
 

Whilst the siRNA indicates that the loss of MTFR1L leads to mitochondrial 

hyperfusion in two different cell lines derived from different species, these results reflect an 

acute response ie. silencing of the gene for three days. In order to check whether prolonged 

loss of MTFR1L causes similar mitochondrial phenotype, CRISPR knockout and shRNA stable 

knockdown methods were used.  

Firstly, RNA interference (RNAi) was performed through lentiviral transduction of 

small hairpin RNAs (shRNAs) in mouse cell muscle cell line C2C12. This would provide a 

better understanding if the mitochondrial hyperfusion phenotype is conserved, even in the 

absence of the short isoform, since it is not expressed in mice. shRNA sequences were designed 

against MTFR1L, that were previously shown to be efficient in siRNAs knockdown 

experiments. The shRNA generated (corresponding to si1 and si2) were transfected using 

lentiviral based methods in C2C12, and following a process of antibiotic selection, stable cell 

lines with shMTFR1L mediated knockdown was generated. Characterisation of these new 

generated cell lines, showed that sh1 sequence did not efficiently knockdown mtfr1l 

expression, whereas the sh2 sequence did (Figure 11A). Interestingly, mitochondrial 

morphology analysis by confocal microscopy revealed that stable shRNA mtfr1l knockdown 

leads to approximately 40% of cells with hyperfused mitochondrial phenotype (Figure 11B, C) 

(similar to what was observed with the si2 in U20S and COS7 cells). Taken together these 

results suggest that the mitochondrial morphology phenotype is conserved, and depicts 

MTFR1L as a potential new player in mitochondrial dynamics, particularly the long isoform.  
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Figure 11. shRNA mediated MTFR1L silencing in C2C12 cells leads to mitochondrial 
hyperfusion. A) Immunoblot analysis of C2C12 stably knocking down MTFR1L with two 
different sequences, sh1 and sh2, compared to control shNT. Vinculin and ATP5a were used 
as loading controls. B) Representative confocal images of C2C12 with stable knockdown of 
shNT or sh 2 MTFR1L. Mitochondria were labelled with an anti-TOM20 antibody. Hyperfused 
mitochondria are shown with asterisks. Scalebar represents 10 µm. C) Quantification of 
mitochondrial morphology from shMTFR1L or shNT silenced cells. 50 cells per condition; 3 
independent experiments, two-way ANOVA and Tukey’s multiple comparisons test were used. 
All data are represented as three independent experiments with mean +/- SD. * p < 0.05 was 
considered statistically significant. 
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3.2.4 Generation of the MTFR1L KO cell line 
 

To confirm these results, MTFR1L knockout (KO) using CRISPR/CAS gene editing 

technology was generated in U2OS cells. To generate CRISPR/CAS mediated MTFR1L KO 

cell lines, three different sgRNA sequences were designed to target either MTFR1L exons 2, 3 

or 4, just before the splicing region, thereby ensuring KO of both isoforms (Figure 12). Cells 

were co-transfected with the CAS9 and the target gRNA in a GFP containing vector. After 48 

hours, cells were sorted into single cells via FACS and subsequently amplified. Multiple clones 

were screened to check whether the gene had been disrupted via CAS9 by DNA sequencing 

and immunoblot analysis. PCR sequencing from genomic DNA isolated from the CRISPR 

clones was amplified 200 base pairs upstream and downstream of the targeted gRNA region. 

Sanger sequencing confirmed a deletion and insertion in both alleles corresponding to the clone 

generated via targeting exon 4, called KO (Figure 12). Using online bioinformatic tools, the 

sequencing results were translated to check if the genetic disruption led to the formation of a 

premature stop codon in the protein. Both disruptive alleles generate a frameshift that translates 

into a truncated protein. Similar results were obtained with another clone targeting exon 3, 

called KO2 (not shown). 
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Figure 12. MTFR1L sequencing in KO cell lines. A) Schematic representation of the number 
of exons constituting the long and short MTFR1L isoforms. The region in blue highlights where 
splicing occurs. CRISPR/CAS9 gene editing was used to target exon 4, which is mutual to both 
isoforms. B) Chromatograms generated by Sanger sequencing of MTFR1L KO1 cDNA from 
U2OS cells. Pink arrows show regions where deletions and insertions occur in the two different 
alleles.  
 

In order to confirm that the protein levels corresponding to MTFR1L-L were absent in 

the knockout, crude mitochondrial fractions were obtained from WT and KO1 cells and 

analysed via immunoblot using either, Atlas or Sigma antibodies. As shown in Figure 13, 

MTFR1L-L was no longer detected using Atlas antibody. The Sigma antibody detected an 

enriched band at 30 KDa corresponding to the short isoform, and multiple non-specific bands 

that were also present in the KO. These results were confirmed by immunofluorescence and 
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confocal imaging where MTFR1L proteins were not detected at mitochondria anymore (Figure 

13 C, D).  

 

Figure 13. Validation of MTFR1L CRISPR-CAS9 mediated KO in U2OS cells. WT and 
MTFR1L KO1 cells were fractionated to obtain whole cell (WC), and crude mitochondrial (M) 
lysates. Membranes were blotted with A) Atlas or B) Sigma antibodies. VDAC1, Vinculin and 
TOM20 were used as loading controls. Representative confocal images of WT and MTFR1L 
KO1 cells labelled with MTFR1L antibodies C) Atlas or D) Sigma. Mitochondria were labelled 
with an anti-TOM20 antibody. Scalebar represents 10 µm. 
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3.2.5 Mitochondrial morphology analysis in MTFR1L KO cells 
 

From the results obtained so far, silencing MTFR1L in two different cell lines showed 

a drastic mitochondrial hyperfusion phenotype. Similarly, generating a stable cell line using 

shRNA to knockdown MTFR1L also reproduced these results. To further confirm the role of 

MTFR1L in mitochondrial dynamics, mitochondrial morphology was analysed in the two 

different KOs, KO1 and KO2, in U2OS cells and compared to control cells.  

As expected, confocal microscopy analysis showed that KO1 and KO2 cells displayed 

approximately 80% and 60% of cells harbouring hyperfused mitochondria, respectively, 

similar to results obtained with siRNA (Figure 14A-C). In addition, both clones exhibited an 

increase in mean mitochondrial area and junctions associated to a decrease of mitochondrial 

number in ROI (Figure 14 D-E). Interestingly, in accordance with siRNA, both clones 

exhibited similar results, indicating the specificity of the phenotype. Overall, both of the clones 

responded similarly to the loss of the gene, suggesting that the phenotype is not due to gRNA 

off-target effects. However, KO1 was used for the rest of characterization experiments and is 

referred to as KO. Taken together, transient and KO experiments show that loss of MTFR1L 

leads to dramatic mitochondrial hyperfusion, pointing out a role for this protein in 

mitochondrial dynamics regulation. 
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Figure 14. Loss of MTFR1L leads to mitochondrial hyperfusion in CRISPR/CAS9 mediated 
knockout cell lines. A) Representative confocal images of WT and 2 different MTFR1L KO 
clones, denoted clone 1 and clone 2. Mitochondria were labelled with an anti-TOM20 
antibody. Cells with hyperfused mitochondria are labelled with asterisks. Scalebar represents 
10 µm. B) Immunoblot analyses of U2OS WT, MTFR1L KO1 and KO2. Membranes were 
probed with MTFR1L Atlas antibody. Vinculin and HSP60 were used as loading controls. C) 
Quantification of mitochondrial morphology in WT U2OS and MTFR1L KO cell lines. 50 cells 
were counted per condition; 3 independent experiments, two-way ANOVA and Tukey’s multiple 
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comparisons test were used. Mitochondrial morphology from A) was analysed by D) mean 
mitochondrial area, E) mitochondrial number, and F) maximum number of junctions, per ROI 
(225 µm2). 20 cells were counted per condition; 3 independent experiments, ordinary one-way 
ANOVA and Tukey’s multiple comparison test All data are represented as three independent 
experiments with mean +/- SD.  * p < 0.05, ** p < 0.01, *** p < 0.001 were considered 
statistically significant. 
 
3.2.6 MTFR1L rescue experiments 
 

To investigate whether the mitochondrial phenotype observed was specific to the 

absence of MTFR1L, rescue experiments were performed by cloning and individually re-

expressing the cDNA corresponding to both isoforms. Constructs were designed with a FLAG 

tag at the N-terminus and C-terminus of either isoform, and transfected in U2OS and COS7 

cells. Lysates were analysed via immunoblot, and bands corresponding to MTFR1L-L and 

MTFR1L-S- with FLAG at the N or C terminus migrated at the appropriate molecular weight 

and were detected using a FLAG antibody (Figure 15A, B). Interestingly, while MTFR1L-L 

and MTFR1L-S are present in two different mitochondrial sub-compartments, there was no 

evidence of mitochondrial targeting sequence processing since there was no shift in molecular 

weight or FLAG degradation for any of the constructs in the immunoblot analysis. These 

results suggest that MTFR1L-S, when imported in the mitochondria is not cleaved, similar to 

IMM protein MTFP1. Indeed, MTFP1 harbours three transmembrane domains, and is 

integrated in the IMM without MTS processing (Tondera et al., 2005).  

 In addition, to confirm whether ectopic expression of the constructs was targeted to 

mitochondria, subcellular fractionation experiments were carried out in U2OS cells and 

analysed by immunoblot. As expected, fractionation confirmed that the two FLAG-tagged 

proteins were localised to the crude mitochondrial fraction (Figure 15C). However, while 

overexpressed FLAG-MTFR1L-L and MTFR1L-S-FLAG exhibited a mitochondrial 

enrichment, cytosolic and microsomal localisation of both constructs were also detected. This 

pattern, different from the endogenous localisation analysis (Figures 4) is probably due to 

contamination associated with high level of expression of overexpressed constructs. Alongside 

immunoblot analyses, FLAG overexpressing cells were also subject to immunofluorescence 

and confocal microscopy analysis. Surprisingly, whilst immunoblot confirmed overexpression 

of the constructs at mitochondria, confocal microscopy analyses showed no evidence of FLAG-

MTFR1L-L and MTFR1L-S-FLAG constructs expression, at mitochondria (Figure 15D).  

FLAG-MAPL was used as a positive control of the transfection, and showed mitochondrial 

localisation, further confirming that the overexpression methods used were successful.  
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Figure 15. Ectopic expression of MTFR1L constructs. Immunoblot analysis of A) U2OS cells, 
and B) COS7 cells overexpressing MTFR1L-L (MTL) or MTFR1L-S (MTS) tagged with FLAG 
(FL) at N or C-terminus.  Membranes were probed with an anti-FLAG antibody to detect 
tagged MTFR1L. Vinculin was used as a loading control. C) Subcellular fractionation was 
carried out in U2OS cells overexpressing empty vector, FL_MTFR1L-L and MTFR1L-S-FL 
to obtain whole cells (WC), cytosol (Cyt) and crude mitochondrial (CM) fractions. 
Overexpressed MTFR1L isoforms were detected using the FLAG antibody. D) Representative 
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confocal images of COS7 cells overexpressing the FLAG-MTFR1L-L and MTFR1L-S-FLAG. 
FLAG-MAPL transiently overexpressing cells were used as a positive control for the 
transfection. Mitochondria were labelled with an anti-TOM20 antibody and overexpressed 
constructs were detected using anti-FLAG antibody. Scalebar represents 10 µm. 

 

Therefore, different constructs were designed to optimise the microscopic visualization 

of the proteins. Firstly, different tags were designed at either N- or C- terminus both isoforms, 

including HA, triple FLAG or GFP in different vector backbones (data not shown, list of 

constructs in Appendix). Sequencing confirmed that the genes were efficiently cloned within 

the correct vectors, therefore these were tested amongst different cell lines including COS7 and 

U2OS. However, while the immunoblot analysis confirmed the overexpression of these 

different constructs, mitochondrial localisation of these constructs was not improved upon 

confocal microscopy analysis (not shown).   

Finally, the immunofluorescence protocol was modulated along the different 

experimental steps to optimise the ability to detect the different overexpressed proteins by 

confocal imaging. Firstly, fixation was carried out in methanol at -20 °C for 20 minutes instead 

of 5% PFA at 37 °C for 15 minutes. Unlike PFA, ice cold methanol is used as a fixative and 

permeabilization agent, and also possesses denaturing and extracting properties. It has been 

shown to be beneficial for visualizing low molecular weight cytoskeletal proteins (Melan, 

1999; Schnell et al., 2012). Furthermore, saponin which is a milder detergent, and tends to 

extract cholesterol enriched membranes was also used for permeabilization instead of Triton 

(Jamur and Oliver, 2010). However, changing these fixations and permeabilization conditions 

did not allow improved visualization of MTFR1L-Tagged overexpressed proteins (data not 

shown). 

It has previously been demonstrated that digitonin facilitates the visualization of a 

soluble OMM protein MSTO1, because it permeabilizes the plasma membrane, removing the 

cytosol (Gal et al., 2017). Therefore, instead of using triton as a detergent for permeabilization, 

U2OS cells were instead permeabilised using 100 µM digitonin. However, digitonin 

permeabilized cells revealed large intracellular FLAG-MTFR1L-L aggregates observed by 

confocal imaging, which did not colocalize with mitochondria (Figure 16A). Since 

formaldehyde fixation cross links proteins, which might mask MTFR1L detection (Kiernan, 

2000), an antigen retrieval method was carried out. This method consists to incubate PFA fixed 

cells with heated buffer (100 mM Tris, 5% w/v urea, pH 9.5) to break the PFA cross-links and 

enhance microscopic visualization (Taylor et al., 1996). Like digitonin treatment, this method 
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also revealed large intracellular aggregates FLAG-MTFR1L-L (Figure 16B), which suggests 

that MTFR1L does not fold into its natural protein conformation due to the presence of a TAG, 

and therefore prevented microscopic detection.  

Next, to ensure that upon overexpression, TAGGED-MTFR1L proteins were not 

degraded, a proteasomal inhibitor, MG132 was used for 24 hours. However, there was no 

improvement of the immunofluorescence signal corresponding to any of the constructs, 

suggesting that the proteins are not degraded. Therefore, taken together, these data indicate that 

the presence of a TAG probably impacts the folding, and the overall conformation of the 

proteins. 

 
Figure 16. Optimization of the immunofluorescent protocol to visualize FLAG-MTFR1L-L. 
Representative confocal images of COS7 cells overexpressing FL-L-MTFR1L with modified 
immunofluorescence parameters. A) Cells were routinely fixed using 5% PFA, and then 
permeabilization using 100 µM digitonin for 10 minutes. B) Alternatively, cells were incubated 
with boiling antigen retrieval buffer (100 mM Tris, 5% w/v urea, pH 9.5) after PFA fixation, 
and then permeabilized as usual. Mitochondria were labelled with an anti-TOM20 antibody 
and overexpressed FLAG-MTFR1L-L was detected using an anti-FLAG antibody. Scalebar 
represents 10 µm. 

 

With difficulties of the antibodies to bind to their target residues due to a potentially 

folded hidden epitope, linker sequences were designed between the tag and the gene to facilitate 

this accessibility. Different linker sequences consisting of serine and glycine residues, 

SGGSGGGSGG, were designed in constructs alongside FLAG, HA and GFP (See Appendix). 

Only, overexpression of MTFR1L-L-GFP containing linker sequences showed some evidence 
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of mitochondrial localisation. However mitochondrial expression was very weak, and also 

included cytosolic labelling (Figure 17).  

 
Figure 17. MTFR1L-L-Linker-GFP overexpression in U2OS cells. A) Representative 
confocal images of U2OS cells overexpressing empty GFP vector as a control or MTFR1L-L-
linker-GFP. Mitochondria were labelled with an anti-TOM20 antibody. Scalebar represents 
10 µm. B) Immunoblot analysis of cells U2OS cells overexpressing empty GFP vector or 
MTFR1L-L-linker-GFP. GFP and Vinculin were used to detect overexpressed protein and 
loading control, respectively.  

 

With at least some evidence of mitochondrial labelling obtained with the linker 

sequence and GFP, MTFR1L was cloned in the Addgene vector including the m-scarlet-I tag, 

which has higher fluorescent properties than GFP (Bindels et al., 2017). Similarly, constructs 
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were designed with and without linker sequences. Whilst immunoblot analysis again confirmed 

overexpression, immunofluorescence experiments remained futile, as there was no obvious 

fluorescent pattern (not shown).  Taken together, while mitochondrial localisation of the tagged 

forms of MTFR1L can be observed by subcellular fractionation, they cannot be detected by 

microscopy analysis. This could be attributed to stability issues of the protein and folding, 

which causes the protein to aggregate.  

To overcome the difficulties of a tag intervening with the natural folding of the protein, 

MTFR1L-L and MTFR1L-S were cloned into pcDNA3 without any tag and detected with 

corresponding Atlas or Sigma antibodies. Firstly, the expression and mitochondrial localisation 

of these constructs was confirmed by immunoblot analysis. As shown, in Figure 18A and 18B, 

MTFR1L-L is well expressed (Figure 18A) and strongly enriched in the crude mitochondrial 

fraction (Figure 18B), with only a minor contamination in the cytosol compared to tagged-

MTFR1L conditions (Figure 15C). On the other hand, MTFR1L-S was exclusively detected in 

the mitochondrial fractions (Figure 18B), which is also strongly improved compared to tagged 

forms (Figure 15C). Together, these results suggest that both isoforms are correctly expressed 

and targeted to mitochondria, with an improved subcellular distribution compared to the tagged 

forms of the protein.  

 
Figure 18. MTFR1L isoform constructs without tag are efficiently expressed and mitochondrial 
localised. A) Immunoblot analysis confirming the overexpression of pcDNA3 long and short isoforms 
compared to control, empty pcDNA3 only. Vinculin and HSP60 were used as loading controls. B) U2OS 
cells overexpressing either empty (E) pcDNA3 vector, MTFR1L-L (L), MTFR1L-S (S) isoforms, were 
fractionated to obtain whole cells (WCs), cytosolic and crude mitochondrial fractions. Vinculin was 
used as a whole cell and cytosolic marker, ATP5a was used as a mitochondrial marker. MTFR1L Sigma 
antibody was used to detect long and short isoforms simultaneously, indicated in blue and red arrows 
respectively.    
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After confirming expression of the constructs without tag via immunoblot analyses, 

these constructs were tested via IF and microscopy analysis. Immunofluorescence analyses did 

not show mitochondrial labelling in cells overexpressing the short isoform detected with the 

Sigma antibody, despite being well expressed in immunoblot (Figure 19A). This suggests that 

the Sigma antibody cannot detect the short isoform using microscopy-based methods. 

Alternatively, both the Atlas and Sigma antibody detected overexpressed MTFR1L-L since a 

higher fluorescent signal was visualized across the cytoplasm, and in particular at mitochondria 

(Figure 19A, B). Compared to the tagged MTFR1L constructs, the untagged versions were well 

expressed and localised in both immunoblot and immunofluorescence. Even though 

overexpressed MTFR1L-S is not detectable by immunofluorescence, the results obtained with 

MTFR1L-L suggest that the absence of the tag is correctly localised and expressed.  
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Figure 19. Overexpression of MTFR1L-L constructs without tag, show some mitochondrial 
labelling. Representative confocal images of HeLa cells overexpressing MTFR1L-L, MTFR1L-S, or 
empty vector. MTFR1L isoforms were detected using the A) Sigma antibody, B) Atlas antibody. 
Mitochondria were labelled with an anti-TOM20 antibody. Scalebar represents 10 µm.  
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To perform rescue experiments, both MTFR1L-L and MTFR1L-S were cloned with no 

tag in a vector containing a P2A sequence followed by the fluorescent marker mCherry. The 

P2A sequence lies between MTFR1L and mCherry, which is cleaved upon translation, 

ultimately leading to the simultaneous expression of the two different proteins within the same 

cell. Therefore, overexpressing mCherry positive cells also includes expression of the 

corresponding MTFR1L isoform and allows the specific analysis of cells expressing MTFR1L 

isoforms. Immunoblot analysis showed that both MTFR1L-L and MTFR1L-S were well 

expressed in WT and KO U2OS cells (Figure 20A). 

IF and confocal imaging revealed that upon overexpression of MTFR1L-L or 

MTFR1L-S ectopic expression in WT cells led to approximately 40% mitochondrial 

perinuclear aggregations (Figure 20B-C). However, both isoforms rescued the mitochondrial 

hyperfusion morphology, of which 70% of KO cells containing hyperfused mitochondria 

reduced to approximately 30% in the presence of either isoform. This suggests both isoforms 

with differential membrane localisation exert similar effects on mitochondrial morphology and 

that the phenotype observed is specific to the loss of MTFR1L. Taken together these data show 

that loss of MTFR1L induces mitochondrial hyperfusion in different cell lines, shown via 

different genetic manipulation methods. This highlights a potential role of MTFR1L in 

regulating mitochondrial morphology. 
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Figure 20. Re-expression of the MTFR1L long and short isoforms in the KO U2OS cells rescues 
mitochondrial morphology. WT and MTFR1L KO U2OS cells overexpressing empty, MTFR1L-L, 
MTFR1L-S in the P2A vector were analysed via A) Immunoblot, and B) Immunofluorescence. A) 
MTFR1L Sigma antibody was used to detect long and short isoforms simultaneously. Vinculin and 
HSP60 were used as loading controls. B) Quantification of mitochondrial morphology in MTFR1L or 
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KO cells overexpressing the different constructs. 30 cells per condition; 3 independent experiments, 
two-way ANOVA and Tukey’s multiple comparisons test were used. All data are represented as three 
independent experiments with mean +/- SD. ** p < 0.01 were considered statistically significant. C) 
Representative confocal images of MTFR1L KO cells overexpressing empty, MTFR1L-L and MTFR1L-
S in the vector containing P2A and mCherry sequences. Mitochondria were labelled using an anti- 
TOM20 antibody. Scalebar represents 10 µm.  
 
3.2.7 MTFR1 family 
 

Phylogenetically, MTFR1L has been shown to have a distant relationship with other 

family members MTFR1 and MTFR2. Since MTFR1 and MTFR2 have been associated with 

mitochondrial dynamics (Monticone et al., 2010) their protein levels were measured in cells 

lacking MTFR1L which could potentially explain the mitochondrial hyperfusion observed. To 

elucidate the relationship between the members of the family siRNA experiments were carried 

out in HeLa cells knocking down each member and blotting for respective protein levels. 

Knockdown of either MTFR1 or MTFR2 did not alter the levels of MTFR1L, and vice-versa, 

suggesting that they do not share an interdependent relationship, at least at the protein level 

(Figure 21). 

Figure 21. MTFR1 family members do not share an independent relationship. Immunoblot analysis 
of HeLa cells silenced with two different siRNAs targeting MTFR1, MTFR2, and MTFR1L compared 
to control. Membranes were probed with MTFR1, MTFR2 or MTFR1L Atlas antibodies. Vinculin and 
VDAC1 were used as loading controls.  
 
3.2.8 The loss of MTFR1L does not affect mitochondrial mass 

 
In order to elucidate whether there were any changes to mitochondrial mass in the 

absence of MTFR1L, different levels of OXPHOS proteins were assessed via immunoblot 

analysis. Interestingly, no gross changes were detected at the protein level of the different 

components (Figure 22) suggesting that there is no defect in mitochondrial degradation. This 

could also suggest that the hyperfusion observed is not due to an increase in mitochondrial 

mass. 
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Figure 22. Characterisation of OXPHOS components in COS7 cells lacking MTFR1L. Immunoblot 
analysis of) COS7 cells silenced with three different MTFR1L siRNA sequences compared to control. 
Membranes were probed with OXPHOS cocktail antibodies. Vinculin was used as a loading control.  
 
3.2.9 The loss of MTFR1L affects fission protein expression levels 

 
Mitochondrial hyperfusion is usually associated to inhibition of Drp1-dependent 

division, which could be attributed to decrease protein levels of the main actors of the fission 

process or a defect of mitochondrial Drp1 recruitment (Otera et al., 2010). In order to 

understand how the loss of MTFR1L results in an elongated mitochondrial phenotype, the 

levels of the main fission proteins were first assessed by immunoblot analysis in the WT and 

KO, and also in the MTFR1L silenced cells. Interestingly, in U2OS and COS7 silenced cells 

there were no major changes in the main actor of division, Drp1, or in its mitochondrial 

receptors, Mid 49/51 compared to control (Figure 23). However, silencing of MTFR1L leads 

to a conserved and significant increase of the Drp1 mitochondrial receptor MFF among the 2 

cell lines.   
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Figure 23. Characterisation of fission proteins in the absence of MTFR1L in different cell lines. 
Immunoblot analysis of A) U2OS and B) COS7 cells silenced with three different MTFR1L siRNA 
sequences compared to control. Membranes were probed with antibodies against fission machinery 
proteins. Vinculin, MTCO2, and HSP60 were used as loading controls.  
 

Finally, the same experiments were performed in MTFR1L KO U2OS cells. 

Immunoblot analysis showed no major changes in the main fission factors. Surprisingly, while 

loss of MTFR1L leads to a significant increase of MFF in siRNA cells, KO cells do not 

recapitulate this phenotype (Figure 24). This could be explained by acute vs stable loss of 

MTFR1L. Indeed, a compensatory mechanism in the siRNA to try to divide the hyperfused 

mitochondrial network could take place, which is lost in the KO cells.  

Figure 24. Characterisation of the fission protein levels in MTFR1L KO cells. Immunoblot analysis 
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of WT and MTFR1L KO cells. Membranes were probed with antibodies against fission machinery 
proteins. Vinculin and ATP5a were used as loading controls. 
 

Since the transient loss of MTFR1L led to an increase of MFF protein levels, the 

opposite experiment was carried out to further investigate the relationship between the two 

proteins. Indeed, MFF silencing also leads to a loss in MTFR1L protein level, which could 

ultimately suggest that they can both function in the same pathway (Figure 25). Taken together 

these results suggest that MTFR1L and MFF may be linked together to drive mitochondrial 

division, and could be relevant for mitochondrial stress driven division, for example during 

AMPK activation (see next chapter).  

Figure 25. MTFR1L and MFF share an interdependent relationship. Immunoblot analysis of U2OS 
cells silenced with siRNAs targeting MTFR1L and MFF, compared to control. Membranes were probed 
with indicated antibodies. Vinculin and ATP5a were used as loading controls.  
 

While protein level analysis can be informative, the main step for division is the 

mitochondrial recruitment of Drp1 from the cytosol to constriction sites where it oligomerises 

and drives division (Mears et al., 2011). Therefore, defects in mitochondrial fission are often 

associated to a decreased capacity of Drp1 to be recruited to mitochondrial membranes (Otera 

et al., 2010). Since an upregulation of its receptor MFF in MTFR1L silenced cells was 

observed, the next step involved to analyse the key step of mitochondrial Drp1 recruitment. 

Interestingly, MTFR1L silencing did not decrease the levels of mitochondrial Drp1 as observed 

by confocal microscopy (Figure 26). 
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Figure 26. Loss of MTFR1L does not alter mitochondrial Drp1 recruitment. Representative confocal 
images of siNT and MTFR1L silenced U2OS cells labelled with anti-TOM20 and anti-Drp1 antibodies. 
Scalebar represents 10 µm. 
 

To further investigate potential defects in Drp1 recruitment to mitochondria, subcellular 

fractionation experiments were carried out in WT and MTFR1L KO cells and Drp1 distribution 

in the cytosol and crude mitochondrial fractions was analysed by immunoblot analysis. 

Confirming microscopy analysis in MTFR1L silenced cells, no change in subcellular and 

mitochondrial distribution was detected in MTFR1L KO cells compared to control (Figure 

27A). Additionally, the phosphorylation state of Drp1 has been widely associated to its 

mitochondrial localisation and division, where phosphorylation on Ser-616 induces 

fragmentation whereas phosphorylation Ser-637 inhibits it (Gomes et al., 2011; Cereghetti et 

al., 2009). Immunoblot analysis revealed that loss of MTFR1L does not impact Drp1-616 

phosphorylation level but leads to a decrease of Drp1-637 phosphorylation (Figure 27B). 

However, since Drp1-637 phosphorylation is assimilated as a pro-fusion factor, this result does 

not explain the mitochondrial hyperfused phenotype. The elongation phenotype could suggest 

a potential metabolic deregulation, since 637 phosphorylation is widely associated to the 

metabolic state of the cells, such as autophagy (Gomes et al., 2011). 

Finally, these results were confirmed by immunofluorescence analysis which did not 

show any defects in Drp1 mitochondrial recruitment between WT and KO cells (Figure 27 C). 

Taken together the results suggest that while MTFR1L could be linked to MFF, and vice et 

versa, Drp1 mitochondrial recruitment is not affected in MTFR1L KO lines. Additionally, this 

suggests that the observed phenotype is not linked to a defect in mitochondrial division. 

Nevertheless, MTFR1L could still potentially facilitate the process. 
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Figure 27. Loss of MTFR1L does not alter mitochondrial Drp1 recruitment. A) WT and MTFR1L KO 
cells were fractionated to obtain whole cells (WC), cytosol (Cyt) and crude mitochondria (CM) and 
analysed via immunoblot. Vinculin was used as a whole cell and cytosolic marker, whereas VDAC1 
was used as a mitochondrial marker. B) Immunoblot analysis of Drp1 and its phosphorylated forms in 
WT and KO cells. Beta actin and ATP5a were used as loading controls. C) Representative confocal 
images of WT and MTFR1L KO cells labelled with anti-TOM20 and anti-Drp1 antibodies. Scalebar 
represents 10 µm. 
 

To confirm that MTFR1L is not involved in the mitochondrial division process per se 

and to investigate the capacity of mitochondria to divide, the next step involved to promote 

Drp1-dependent mitochondrial division by overexpressing the mitochondrial anchored protein 

ligase (MAPL). MAPL is a SUMO E3 ligase anchored at the OMM, that regulates Drp1 activity 
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by stabilising it at the OMM upon SUMOylation, thereby promoting mitochondrial fission 

(Braschi et al., 2009). Indeed, when the mechanism of division is blocked, either upstream or 

downstream of Drp1, promoting mitochondrial division is inhibited (Otera et al., 2016) 

(Nagashima et al., 2020). As expected, overexpression of MAPL in control cells led to a drastic 

mitochondrial fragmentation in approximately 70% of transfected cells compared to cells 

expressing empty vector (Figure 28). Interestingly, overexpression of MAPL in MTFR1L 

silenced cells also leads to mitochondrial morphology changes associated to a drastic reduction 

of the mitochondrial hyperfusion phenotype from approximately 70% to 20% of MAPL 

transfected cells. This microscopy analysis showed that MAPL overexpression is able to trigger 

mitochondrial division, suggesting that cells lacking MTFR1L could divide and highlights that 

MTFR1L is probably not a core component of the fission machinery (Figure 28).  

 



Chapter 3: MTFR1L characterisation 

 140 

Figure 28. siMTFR1L mediated hyperfusion is sensitive to MAPL induced fragmentation. A) 
Representative confocal images of U2OS cells that were silenced for three days with siRNA against 
MTFR1L, or siNT as a control and transfected for 24 hours with FLAG-MAPL prior to fixation. 
Mitochondria and FLAG were labelled with anti-TOM20 and anti-FLAG antibodies, respectively. 
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Scalebar represents 10 µm. B) Quantification of mitochondrial morphology from A). 30 cells per 
condition; 3 independent experiments, two-way ANOVA and Tukey’s multiple comparisons test were 
used. All data are represented as three independent experiments with mean +/- SD.  ** p < 0.01 was 
considered statistically significant. 

 

Interestingly, late MTFR1L KO cells passages developed mitochondrial ‘bulge’ like 

structures, a similar phenotype which has been documented to occur due to excess fusion or 

inhibition of fission (Ishihara et al., 2013; Mopert et al., 2009). However, compared to the loss 

of Drp1 or MFF, these mitochondrial structures do not contain clustered mtDNA, which again 

suggests that MTFR1L is not a member of the core fission machinery and the hyperfusion 

phenotype is not a block in division (Figure 29).  

 

Figure 29. Late MTFR1L KO cell passages induce mitochondrial bulge like structures. 
Representative images of WT and MTFR1L KO cells labelled with anti-DNA and anti-TOM20 
antibodies. Mitochondrial bulges are indicated using white arrows. Scalebar represents 10 µm. 
 

Finally, multiple members of the fission machinery such as Drp1 and MFF, are shared 

between mitochondria and peroxisomes, and therefore the loss of either of these proteins 

additionally leads to peroxisomal elongation (Osellame et al., 2016). In order to check whether 

MTFR1L could potentially impact peroxisomal dynamics, peroxisomes were stained using 

PMP70 antibody and imaged in WT and KO MTFR1L cells (Figure 30). Immunofluorescence 

analysis showed that peroxisomes did not appear elongated nor in the siRNA or the KO 

MTFR1L cells. This suggests that unlike MFF, MTFR1L is not involved in peroxisomes 

dynamics. 
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Figure 30. Peroxisome morphology is unaltered in the absence of MTFR1L. Representative 
immunofluorescence images from A) WT and KO MTFR1L cells, and B) U2OS cells silenced with siNT 
or siMTFR1L. Mitochondria and peroxisomes are labelled with anti-TOM20 and anti-PMP70 
antibodies. Scalebar represents 10 µm.  
 
3.2.10 MTFR1L affects fusion protein expression levels 
 

So far, the results have suggested that MTFR1L does not impact the mitochondrial 

division process. Next the potential contribution of MTFR1L in mitochondrial fusion was 

investigated to understand its functions in mitochondrial morphology regulation (Figure 31). 

Interestingly, while in both silenced and knockout cells, the levels of the pro-fusion factors 

Mfn1 and Mfn2 were unchanged, all the levels of OPA1 isoforms increased in both the siRNA, 

and KO cells. These results could ultimately explain the mitochondrial hyperfusion observed 

via immunofluorescence upon MTFR1L loss. Additionally, unlike the loss of the fission 
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machinery which leads to a reduction of both mitofusins protein levels due to compensatory 

mechanisms (Song et al., 2015), the loss of MTFR1L does not lead to such a phenotype further 

discarding its role as a fission factor.  

 
Figure 31. Characterisation of fusion proteins in the absence of MTFR1L, in different cell lines. 
Immunoblot analysis of A) U2OS and B) COS7 cells silenced with three different MTFR1L siRNA 
sequences, and C) WT and KO cells compared to control. Membranes were probed with antibodies 
against proteins from the mitochondrial fusion machinery. Vinculin, MTCO2, ATP5a and HSP60 were 
used as loading controls.  

 

However, in order to further reinforce whether this effect was specific to the absence 

of MTFR1L, rescue experiments were conducted by overexpressing either untagged-

MTFR1L-L or -MTFR1L-S in both silenced and KO cells. siRNA resistant constructs were 

generated by introducing a total of four mutations in the si1 sequence binding region to avoid 

degradation. Surprisingly, despite having different mitochondrial localisations, the re-

expression of either MTFR1L-L or MTFR1L-S rescued the protein levels of OPA1 as seen in 

the immunoblot for the KO and siRNA MTFR1L cells compared to their respective controls 

(Figure 32). This is similarly seen in Figure 20, where re-expression of either construct rescued 
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the mitochondrial morphology in KO cells.  Future experiments could include overexpression 

of both isoforms simultaneously, to evaluate whether the proteins function together. 

 
Figure 32. Ectopic expression of either long or short isoforms, rescue OPA1 protein levels in 
MTFR1L KO cells. Immunoblot analysis of A) U2OS MTFR1L silenced cells and B) WT and MTFR1L 
KO cells, overexpressing empty vector, MTFR1L long isoform (L), MTFR1L short isoform (S). 
Membranes were probed with indicated antibodies. MTFR1L Sigma antibody was used to detect both 
long and short isoforms simultaneously. Vinculin and succinate dehydrogenase A (SDHA) were used 
as loading controls.  
 

3.2.11 MTFR1L dependent mitochondrial hyperfusion is sensitive to OPA1 silencing  
 

To further investigate whether increased fusion is responsible of the mitochondrial 

elongation phenotype observed, OPA1 was silenced in MTFR1L KO cells and mitochondrial 

morphology was quantified by confocal microscopy. Firstly, whilst OPA1 siRNA showed 

efficient silencing in both WT and MTFR1L KO cells, MTFR1L protein levels remained 

unaffected (Figure 33A). As shown previously, the loss of OPA1 led to a drastic mitochondrial 

fragmentation phenotype (Olichon et al., 2003), characterised by approximately 80% of cells 

with small dotty and fragmented mitochondria (Figure 33B-C). Interestingly, silencing OPA1 

in MTFR1L KO cells, rescued the mitochondrial morphology, leading to approximately 60% 

of cells with tubular mitochondria, and only 30% of cells with hyperfused mitochondria. This 

suggests that the hyperfused phenotype can be rescued by OPA1 silencing and suggests that 

mitochondrial hyperfusion by the loss of MTFR1L is due to increase OPA1 protein levels 

(Figure 33A) and fusion activity. On the other hand, there was still a remaining significant 

percentage of cells with hyperfused mitochondrial networks in the KO compared to WT 

siOPA1 cells. These cells could be representative of non-silenced cells, since the siRNA is not 

100% efficient. 
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Figure 33. OPA1 silencing in MTFR1L KO cells rescues mitochondrial hyperfusion. A) Immunoblot 
analysis of WT and KO cells silenced with indicated siRNAs. Vinculin and succinate dehydrogenase B 
(SDHB) were used as loading controls. B) Representative images of mitochondrial morphology are 
shown in WT and MTFR1L KO cells silenced or not for OPA1. Mitochondria were labelled with an 
anti-TOM20 antibody. Scalebar represents 10 µm.  C) Quantification of mitochondrial morphology 
from B). 30 cells per condition; 3 independent experiments, two-way ANOVA and Tukey’s multiple 
comparisons test were used. All data are represented as three independent experiments with mean +/- 
SD.  ** p < 0.01, * p < 0.05 were considered statistically significant. 
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To elucidate the underlying molecular events that lead to increased fusion in MTFR1L 

KO cells, OMM fusion factor MFN2 was silenced in WT and KO MTFR1L cells. Similar to 

OPA1, silencing MFN2 rescued the mitochondrial elongation phenotype in the KO cells, 

reinforcing the fact that the phenotype observed is due to increase fusion (Figure 34). 

Importantly, it is widely accepted that silencing of Mfn2/OPA1 in cells depleted with the pro 

fission factors, MFF, Drp1 and PI(4)KIIIß  does not rescue the mitochondrial hyperfusion 

phenotype (Otera et al., 2010; Nagashima et al., 2020). Taken together these results highlight 

that the phenotype during the loss of MTFR1L is not due to an inhibition of mitochondrial 

fission but increased fusion, suggesting a specific role for MTFR1L in regulating mitochondrial 

fusion.  

 
Figure 34. Silencing MFN2 in MTFR1L KO cells leads to mitochondrial fragmentation. A). 
Representative confocal images of WT and MTFR1L KO silenced with siNT cells or siMfn2. 
Mitochondria were labelled using an anti-TOM20 antibody. Scalebar represents 10 µm. B) 
Quantification of mitochondrial morphology from A). 30 cells per condition; 3 independent 
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experiments, two-way ANOVA and Tukey’s multiple comparisons test were used. All data are 
represented as three independent experiments with mean +/- SD.  ** p < 0.01, * p < 0.05 were 
considered statistically significant. 
 
3.2.12 MTFR1L dependent mitochondrial hyperfusion is partially sensitive to SLP2 

silencing 
 

Since the loss of MTFR1L leads to an overall hyperfused mitochondrial phenotype that 

is rescuable upon silencing of fusion proteins, the next step addressed whether this is an SLP2 

dependent event. SLP2, is a scaffold protein located in the IMM that regulates the levels of 

OPA1 and mitochondrial morphology under conditions of stress, via a process called stress 

induced mitochondrial hyperfusion. Interestingly, MEFs lacking SLP2, exhibit increased levels 

of OPA1 (Tondera et al., 2009). Western blot analyses, showed no difference in SLP2 protein 

levels in the MTFR1L KO cells compared to the WT cells (Figure 35A). Additionally, the 

MTFR1L protein levels did not change in SLP2 silenced cells compared to control. Whilst 

confocal microscopy analysis showed that loss of SLP2 alone did not affect mitochondrial 

morphology, as already published (Tondera et al., 2009; Da Cruz et al., 2008), yet silencing of 

SLP2 in MTFR1L KO only partially rescued mitochondrial elongation phenotype (Figure 

35B).   

In order to elucidate whether the phenotype observed in cells lacking MTFR1L, is 

indeed due to stress induced mitochondrial hyperfusion, all OPA1 isoforms were measured by 

immunoblot analysis. Despite efficient SLP2 silencing, all of the OPA1 isoforms were elevated 

in the MTFR1L KO cells suggesting that the hyperfusion observed in MTFR1L silenced cells 

is not mediated by SLP2 (Figure 35C). 
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Figure 35. MTFR1L KO dependent hyperfusion is partially sensitive to the loss of SLP2. A) 
Representative confocal images of the mitochondrial morphology in WT and KO cells silenced with 
siSLP2 or siNT.  Mitochondria were labelled with an anti-TOM20 antibody. Scalebar represents 10 
µm. B) Quantification of mitochondrial morphology in siSLP2 or siNT silenced cells. 30 cells per 
condition; 3 independent experiments, two-way ANOVA and Tukey’s multiple comparisons test were 
used. All data are represented as three independent experiments with mean +/- SD. p < 0.001 were 
considered statistically significant. C) Immunoblot analysis from WT and KO cells silenced with SLP2, 
OPA1 or NT. Vinculin and SDHB were used as loading controls.  
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3.2.13 MTFR1L interacts with cristae regulation proteins 
 

In order to gain a better understanding of the individual functions of MTFR1L-L and 

MTFR1L-S, immunoprecipitation (IP) experiments were carried out coupled to liquid 

chromatography/mass spectrometry (LC-MS/MS) analysis. IP experiments were performed 

using membranous fractions and KO cells overexpressing either MTFR1L-L or MTFR1L-S 

without tag and pulled using either Atlas or Sigma antibodies respectively. However, these hits 

did not list mitochondrial proteins, and did not provide an informative interactome 

corresponding to the either the long or short isoform. Therefore, IP experiments were 

performed using crude mitochondrial fractions from WT and KO cells using either Atlas or 

Sigma antibodies to enrich MTFR1L-L and MTFR1L-S respectively. Eluted fractions were 

divided into samples for immunoblot analyses to confirm pull down and the remaining were 

processed via LC-MS/MS analysis to identify potential interactors. KO cells were used as a 

control to show the specificity of the antibodies used in IP. The Atlas antibody successfully 

pulled down MTFR1L-L as shown in the elution lane of the immunoblot. This was 

recapitulated in the mass spectrometry hit scores (Figure 36A). Interestingly the strongest 

interactors for MTFR1L included Mic60, OPA1 and MTCH2, which were absent in the KO, 

which confirms the results obtained by previous studies (Janer et al., 2016).  

As shown previously, the epitope of the Sigma antibody detects both MTFR1L-L and 

MTFR1L-S, and therefore an efficient pull down for both isoforms were expected. However, 

the Sigma antibody only pulled down the long isoform, as seen with the band appearing in the 

eluate fraction above 30 KDa, whereas there was no evidence for recognition of the small 

isoform in the eluate, which could be because insufficient crude mitochondrial extract loaded 

as the input for the experiment. This was recapitulated in the results from the mass spectrometry 

analysis, which only identified the long isoform. Interestingly Sigma antibody also pulled down 

MTFR1L-L and cristae architecture and fusion protein OPA1.  

Taken together, the pull down using the two different antibodies confirmed the 

interaction of MTFR1L-L with OPA1, reinforcing its potential role in controlling OPA1 levels. 

Further experiments could characterise whether MTFR1L behaves as a negative fusion 

regulator like Fis1 (Yu et al., 2019).  
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Figure 36. Endogenous MTFR1L immunoprecipitation experiments. Crude mitochondrial fractions 
from WT and KO cells were subject to immunoprecipitation using A) Atlas antibody. or B) Sigma 
antibody. SDHB was used as a loading control.  Respective score of proteins that were pulled down 
specifically by MTFR1L antibodies in the WT cells, and not in the KO are shown on the right of each 
immunoblot.   
 
3.2.14 Loss of MTFR1L leads to an upregulation of MICOS components 
 

MTFR1L showed an interaction with OPA1 which is involved in cristae architecture, 

but also a strong interaction with Mic60 and Mic19. Therefore, all MICOS subcomponents 

protein levels were measured in COS7 and HeLa cells using immunoblot analysis in the 

absence of MTFR1L. The MICOS protein levels were not analysed in the MTFR1L KO cells, 

since these are U2OS derived, and expression levels of Mic60 and other cristae components 

are very low from whole cell lysates. Upon three days of MTFR1L silencing in COS7 and HeLa 

cells, Mic60 and Mic19 protein levels were specifically and significantly increased compared 

to control cells, whereas the other MICOS/MINOS member protein levels remained unaffected 

(Figure 37). Taken together these results suggested that the loss of MTFR1L leads to an 

increase in some specific cristae architecture proteins.  
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Figure 37. MICOS/MINOS components are upregulated in the absence of MTFR1L. Immunoblot 
analysis of A) COS7 and B) HeLa silenced with MTFR1L compared to control. Membranes were probed 
with antibodies against different MICOS components. Vinculin and HSP60 were used as loading 
controls. 
 
3.2.15 MTFR1L-S could potentially be in complex with MICOS  
 

Due to the strong interaction between MTFR1L and Mic60 obtained via 

immunoprecipitation, and the effect of MTFR1L on Mic60 and Mic19 protein levels, the next 

question addressed whether these proteins could belong to the same complex. MTFR1L KO 

cells were transfected simultaneously with both the long and short isoforms and subject to 2D 

BNPAGE analyses in order to verify whether MTFR1L could indeed be part of the MICOS 

complex. This experiment confirmed that both MTFR1L isoforms indeed migrate at very low 

molecular weight complexes, as seen with dense doublet corresponding at 25 KDa and just 

above 30 KDa with the Sigma antibody (Figure 38A). However, there was a faint band that 

consistently appeared migrating with higher molecular weight complexes aligned with Mic19 

only, which could suggest that the short isoform is forming a complex with Mic19 and 

potentially MICOS (shown with the orange dotted line).    

Mic60 is part of a large protein complex, that migrates around 700 KDa, and disruptions 

to particular components can impact its assembly, leading to an accumulation of subcomplexes 

(Guarani et al., 2014). To characterise endogenous Mic60 containing complexes, 1D BNPAGE 

were carried out in WT and KO cells. Crude mitochondrial fractions were treated with 1% 

digitonin and run on a 1D BNPAGE gel. The MTFR1L KO cells did not harbour any defects 

in Mic60 assembly since the intact complex was detected at 700 KDa, same as WT (Figure 
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38B). This could suggest that MTFR1L does not affect the assembly of Mic60 containing 

complexes. Future experiments should assess cristae using electron microscopy to analyse any 

potential ultrastructural changes. 

 
Figure 38. BNPAGE analysis of MTFR1L-L and MTFR1L-A with MICOS components. A) MTFR1L 
KO cells were transfected with MTFR1L-L and MTFR1L-S for 24 hours, and fractionated to obtain 
crude mitochondrial pellet which was solubilized in 1% digitonin. Mitochondrial lysates were subject 
to first BN-PAGE 1D, and then denaturation via SDS PAGE (2D). Membranes were blotted with 
antibodies indicated. MTFR1L long and short isoforms were simultaneously detected using Sigma 
antibody. Orange dotted line indicates the MTFR1L-S that could potentially complex with Mic19. B) 
Crude mitochondrial pellets from WT and KO cells were treated with 1% digitonin. Mitochondrial 
protein complexes were analysed via BNPAGE. Membranes were probed with Mic60 and SHDA 
antibodies. SDHA was used as a loading control. 
 
3.2.16 The loss of MTFR1L does not impact mitochondrial bioenergetics 
 

So far, the results have shown that upon loss of MTFR1L mitochondria are elongated, 

which is associated to a general increase of OPA1 and cristae regulatory proteins. Since cristae 

harbour the components of the electron transport chain, and influence the metabolic capacity 

of the organelle, respiration was assessed in the absence of MTFR1L, in U2OS cells using 

Seahorse XF24 analyser. This measured the oxygen consumption rate (OCR) of cells at steady 

states, and upon the addition of different drugs. Prior to drug addition, the basal cellular 

respiration was measured. Upon addition of antimycin A and rotenone, there is no 

mitochondrial respiration, and the remaining OCR represents other oxygen consuming 

processes. Therefore, the actual basal mitochondrial respiration was calculated by subtracting 

the non-mitochondrial respiration. Interestingly, there was no significant effect on the basal 

mitochondrial respiration rate using two of the different siRNAs against MTFR1L. In order to 

elucidate the maximum mitochondrial respiratory capacity, FCCP a membrane decoupler was 

injected and the corresponding OCR was measured. This value also showed that there was no 

significant difference on the maximum respiration (Figure 39).  While in the absence of 
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MTFR1L there is increased mitochondrial elongation accompanied by an increase of cristae 

proteins, the respiration levels stay the same. Future experiments to should assess whether 

similar respiration rates take place in the KO.  

 
Figure 39. The absence of MTFR1L does not impact the mitochondrial bioenergetic capacity. A) 
U2OS cells were silenced with three different MTFR1L siRNA sequences for three days. Cells were 
seeded overnight in 24 well plates and subject to oxygen consumption measurement via Seahorse XFe24 
Analyzer. Ports were loaded for sequential drug ejection Oligomycin, FCCP and the combination of 
rotenone and antimycin A and OCR was measured. B) Basal OCR C) Maximum OCR in siNT and 
siMTFR1L from three different experiments are presented as histograms, with the mean +/- the SD. 
Standard two-tailed student t-test was used to assess significance.  
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3.3 Conclusions 
 
Taken together this chapter summarizes the characterisation of a novel mitochondrial protein, 

MTFR1L, that is ubiquitously expressed amongst different tissues. The single encoding gene, 

generates two isoforms via splicing, which are differentially localised within the 

mitochondrion. The long isoform, MTFR1L-L, associates weakly with the OMM, whereas the 

short isoform, MTFR1L-S, is inserted in the IMM. Whilst immunoblot analyses detected an 

enrichment of the protein within the mitochondrial fraction, tagged versions of the protein 

ectopically expressed could not be visualized by microscopy. This could be because the tagged 

version of the protein affects its overall folding, forming intracellular aggregates or masks any 

fluorescent signal, therefore makes it challenging to view under the microscope.   

Previous studies have phylogenetically categorised MTFR1L within the MTFR1 family 

whose members are involved in modulating mitochondrial dynamics via unknown 

mechanisms. Interestingly, both knockdown and knockout of mtfr1l in different mammalian 

cell lines led to a drastic hyperfused mitochondrial phenotype accompanied by mitochondrial 

branching, which was rescuable upon re-expression of either isoform, suggesting a common 

function in mitochondrial dynamics exert by both proteins. In addition, immunoblot analyses 

showed that MTFR1L did not share an interdependent relationship with other MTFR1 family 

members. Lastly, the loss of MTFR1L did not affect mitochondrial mass, suggesting that the 

hyperfused phenotype was due to other factors.  

In fact, although knockdown of mtfr1l, but not its KO, induced an increase of MFF 

protein levels, analysis of the recruitment of Drp1 to mitochondrial membranes by subcellular 

fractionation and microscopy analysis highlighted no difference. Furthermore, unlike the core 

components of the mitochondrial fission machinery, MTFR1L-depleted cells were sensitive to 

the ectopic expression of the pro-fission factor MAPL and exhibited fragmented mitochondria. 

These results collectively indicate that MTFR1L is therefore not a component of the core-

machinery required for mitochondrial fragmentation, but facilitates the process. On the other 

hand, there was a global increase of all of the OPA1 isoforms, involve in IMM fusion, in 

response to the absence of MTFR1L. Importantly, blocking mitochondrial fusion by silencing 

either OPA1 or MFN2 in MTFR1L KO cells, rescued the mitochondrial morphology. 

Additionally, silencing SLP2, the key regulator of stress-induced mitochondrial hyperfusion,  

did not rescue OPA1 protein levels, neither mitochondrial elongation induced by MTFR1L 

loss. Together, these data indicate that the mitochondrial hyperfusion observed in MTFR1L-
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depleted cells is not a consequence of stress-induced mitochondrial hyperfusion, but could be 

due to an excess of fusion, thus ultimately driving the mitochondrial phenotype in these cells.  

Finally, immunoprecipitation experiments showed that MTFR1L can interact with 

components of the MICOS complex and OPA1. Furthermore, 2D blue native analyses 

suggested that MTFR1L could potentially be in complex with Mic19 and the MICOS complex. 

The loss of MTFR1L led to an increase in cristae architecture components belonging to the 

MICOS complex such as Mic60 and Mic19, but did not impact its overall integrity. However, 

despite an increase of cristae architecture proteins in MTFR1L-silenced cells, there were no 

changes to mitochondrial bioenergetics at steady states. Further experiments are required for a 

better understanding of the precise function of MTFR1L in mitochondrial dynamics. 
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4 The metabolic relationship between 
MTFR1L and AMPK 

 

 

4.1 Introduction 
 

The previous chapter revealed the basic characteristics of the two MTFR1L isoforms, 

including primary sequence analysis, expression and interplay with fission and fusion proteins. 

With difficulties visualizing both proteins microscopically, immunoblot analyses indeed 

confirmed that MTFR1L-L and MTFR1L-S are distributed to the OMM and IMM, 

respectively. MTFR1L silenced and CRISPR/CAS9-mediated knockout cell lines showed a 

drastic elongated mitochondrial phenotype. Further results suggested that this mitochondrial 

hyperfused phenotype was not associated to a defect in mitochondrial division, but rather to 

increased OPA1 levels, which could potentially lead to increased fusion.  

Since others have identified MTFR1L as a potential AMPK substrate, this chapter 

further explores the relationship between the two proteins (Schaffer et al., 2015). The 

phosphorylation of MTFR1L was detected using a phosphospecific antibody, targeted against 

serine residue 103. Since AMPK-dependent phosphorylation of mitochondrial targets MFF, 

and ARMC10, is implicated in mitochondrial fragmentation, the potential role of 

phosphorylated MTFR1L in regulating mitochondrial morphology was carried out. This was 

addressed by using MTFR1L phosphomimetic and phosphomutant constructs alongside 

immunofluorescence-based approaches (Chen et al., 2019; Toyama et al., 2016).  

 In addition, a hyperfused mitochondrial network is often associated as a consequence 

of changes in cellular metabolism, in order to promote mitochondrial functionality (Tondera et 

al., 2009; Morita et al., 2017). To address whether there were any metabolic changes in the 

absence of MTFR1L, AMPK activation and its downstream signalling proteins were assessed 

by immunoblot analysis. Results showed altered AMPK signalling in cells lacking MTFR1L 

at steady states, which is further dampened upon mitochondrial stress conditions such as 

antimycin A or rotenone. Furthermore, the activation of AMPK and its effects on mitochondrial 

morphology were analysed in these cells. Interestingly, upon ETC inhibition, the absence of 

MTFR1L conferred resistance to AMPK-mediated mitochondrial fragmentation. The 

morphology defect during mitochondrial stress was accompanied by increased levels of OPA1 
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oligomers and by a reduced phosphorylation of MFF. Additionally, since altered AMPK 

signalling is associated to lysosomal dysfunction, lysosomal morphology was also analysed in 

WT and MTFR1L KO cells.  

 
4.2 Results 
 
4.2.1 Overexpressed MTFR1L immunoprecipitation experiments 
 

Since MTFR1L has been previously identified as a mitochondrial AMPK substrate, IP 

experiments were performed to validate this interaction (Schaffer et al., 2015; Chen et al., 

2019). However, in order to elucidate the MTFR1L isoform specificity with AMPK, 

immunoprecipitation experiments from whole cell lysates were carried out in the KO cells 

ectopically expressing either MTFR1L-L or MTFR1L-S isoforms. MTFR1L eluates 

corresponding to either fraction was first analysed via immunoblot. This confirmed the 

efficient pull down of the target protein and samples were then processed via mass 

spectrometry analysis. 

The pull down of the MTFR1L-L using the Atlas antibody was enriched in the eluate 

but was also present in the unbound fraction of whole cell lysates, which could potentially be 

due to excessive overexpressed protein within the cell saturating the antibody (Figure 1A). The 

proteomic data also confirmed the efficient pull down of the protein, allocating a specific score 

relative to the enrichment obtained (Figure 1A). Scores were compared between the MTFR1L 

Atlas antibody and IgG rabbit serum control and therefore, proteins that were solely pulled 

down by the Atlas antibody were considered specific.  

The mass spectrometry peptide hits, showed that the pull down of MTFR1L-L using 

the Atlas antibody was indeed specific, since it was not present in the control. The potential 

interactors were mainly categorized as cytoskeletal or nuclear, whereas the mitochondrial 

proteins were very low scoring and mainly matrix and IMM proteins. Unlike shown in the 

previous chapter, these IP experiments were carried out using overexpressed protein from 

whole cell lysates and not from endogenous MTFR1L from crude mitochondrial fractions, and 

could therefore explain the low scores for mitochondrial proteins.  

However, MTFR1L showed a low but specific interaction with both AMPK and its 

upstream regulator CAMKKß (Figure 1A). On the other hand, whilst MTFR1L-S was also 

pulled down efficiently by the Sigma antibody, there were no targets identified by LC/MS 

analysis. Taken together these results confirm the interaction between AMPK and MTFR1L-L 

(Figure 1).  Additionally, these results also suggest that opposed to MTFR1L-S, which is 
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localised to the IMM, MTFR1L-L is a labile OMM protein that is accessible for AMPK 

interaction and potentially phosphorylation. 

 

 
Figure 1. MTFR1L-L interacts with AMPK. U2OS MTFR1L KO cells overexpressing A) MTFRL-L 
or B) MTFR1L-S pulled down using Atlas or Sigma antibody, respectively, from whole cell lysates. 
Rabbit serum IgG was used as a control. MTFR1L-L pull down score and its corresponding interactors, 
obtained with the Atlas antibody are shown in the table on the right panel.  
 
4.2.2 MTFR1L is phosphorylated during conditions of AMPK activation 
 

AMPK activation has been suggested to phosphorylate MTFR1L at serines 103 and 

238 upon glucose starvation and allosteric AMPK stimulation, respectively (Schaffer et al., 

2015; Chen et al., 2019). To test whether this occurs in vitro and test the specificity of the 

MTFR1L phosphospecific antibodies obtained (Gift from Professor Grahame Hardie, 

University of Dundee), MTFR1L constructs (without tag), were firstly mutated at their 

potential phosphorylated residues. In order to generate a constitutively active form, serine was 

mutated to aspartate, which mimics the phosphorylated state of the protein. On the other hand, 

mutating serine to alanine prevents phosphorylation and any potential side effects on its folding 

and function (Dissmeyer and Schnittger, 2011).  
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Even though ser 103 is shared by both MTFR1L-L and MTFR1L-S isoforms, all the 

experiments to study the phosphorylation of MTFR1L were carried out using MTFR1L-L since 

it is localised to the OMM and was shown to specifically interact with AMPK (Figure 1). 

Firstly, the different MTFR1L-L mutant constructs were cloned and successfully expressed by 

transient transfection in U2OS cells (Figure 2). Immunoblot analysis confirmed similar 

expression of the constructs; therefore, these were used for the following experiments.  

 
Figure 2. Overexpression of different MTFR1L-L mutant constructs in U2OS cells. Immunoblot 
analysis of U2OS cells expressing different MTFR1L constructs. SA represents serine to alanine 
mutation, whereas SD represents serine to aspartate mutation. Double phosphomimetic (dMim) 
represents the two serine residues 103 and 238 mutated to aspartate, whereas double phosphomutant 
(dMut) represents the two alanine residues 103 and 238 mutated to serine. MTFR1L-L mutants were 
detected using the MTFR1L Atlas antibody. Vinculin and ATP5a were used as loading controls.  
 

In order to confirm MTFR1L-L phosphorylation, MTFR1L-L WT and phosphomutant 

SA expressing U2OS cells were first subjected to glucose and serum starvation which leads to 

AMPK activation and potentially MTFR1L-L phosphorylation. MTFR1L-L phosphorylation 

was detected using an anti-MTFR1L-L-S103 phosphospecific antibody (gift from Professor 

Grahame Hardie, University of Dundee) by immunoblot analysis. As shown in Figure 3A, 

immunoblot analysis revealed that during glucose starvation, AMPK was well activated as 

shown by increased phosphorylated AMPK (pAMPK) at threonine-172 and downstream 

substrate phosphorylated acetyl coa carboxylase (pACC) protein levels (Figure 3A). The 

MTFR1L-S103 antibody, detected a specific band for phosphorylated MTFR1L (p-MTFR1L-

L-S103) in cells overexpressing WT, but not the phosphomutant MTFR1L-L-SA. This band 

was present at steady state and increased in intensity upon AMPK activation (Figure 3A). 

These results confirmed the initial finding reported by Schaffer and colleagues, who identified 

the specific phosphorylation of MTFR1L at ser 103 during glucose and serum starvation 

(Schaffer et al., 2015).  
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Previous reports have documented that AMPK phosphorylates MFF during ETC 

dysfunction induced by antimycin A or rotenone treatment to drive mitochondrial 

fragmentation (Toyama et al., 2016). Antimycin A binds to the Qi site of respiratory chain 

enzyme complex III preventing the Q cycle from taking place (Alexandre et al., 1984). This 

enzymatic blockage, prevents electron movement throughout the respiratory chain, ultimately 

leading to a drastic drop of ATP production, which causes the activation of AMPK. Rotenone, 

an inhibitor of complex I, leads to similar effects and AMPK activation. Collectively these 

conditions induce mitochondrial dysfunction, and have highlighted AMPK-dependent MFF-

phosphorylation as essential signalling that mediates fragmentation during ETC-inhibitor 

treatment (Toyama et al., 2016).  Alternatively, AMPK is allosterically activated by C13 which 

is metabolized into a compound that mimics AMP and binds to AMPK directly (Hardie et al., 

2016). To investigate whether MTFR1L phosphorylation also occurs specifically during 

mitochondrial dysfunction, as opposed to general AMPK activation, MTFR1L constructs were 

overexpressed in U2OS cells exposed to ETC inhibitors and AMPK activator C13 (Figure 3B).  

Antimycin A, rotenone and allosteric activator C13 led to an increase in AMPK 

activation depicted by an increase in protein level of pAMPK and its downstream target pACC, 

showing that the treatments worked effectively. In addition, Figure 3B shows that the 

MTFR1L-S103-specific antibody detected a faint band upon overexpression of the WT 

MTFR1L, which increased in intensity upon ETC inhibitors antimycin A, and rotenone. 

Interestingly, this band disappeared in the cells expressing MTFR1L-L-SA, reinforcing the 

specificity of the phosphorylation. These results indicate the specificity of the antibody, and 

suggest that like MFF, MTFR1L is also phosphorylated during mitochondrial dysfunction. A 

similar band pattern was obtained during C13 treatment. This result confirms that MTFR1L 

phosphorylation occurs during different types of AMPK activation (Figure 3B). 
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Figure 3. MTFR1L is phosphorylated at residue ser 103 during different conditions of AMPK 
activation. Immunoblot analysis of U2OS cells overexpressing Empty (E) vector, MTFR1L-L WT, and 
MTFR1L-L-phosphomutant (SA) at residue ser 103. Cells were treated with A) media lacking glucose 
and serum for 2 hours, B) 10 µM antimycin A (AA), 250 ng/ml rotenone, or 0.05 µM C13 for 1 hour 
prior to lysis. Membranes were probed with indicated antibodies. Phosphorylated MTFR1L-L at 
residue ser 103 is shown with the red arrow. Vinculin was used as a loading control.  
 

Next, whilst MTFR1L has been proposed to be phosphorylated at serine residue 238 

(Chen et al., 2019), the phosphospecific antibody generated to detect MTFR1L-L-S238 (Gift 

by Grahame Hardie) did not specifically detect it, even through a series of different 

optimization experiments (data not shown). 

To validate whether the phosphorylation detected was indeed AMPK dependent, WT, 

AMPK α1 α2 double knock out (DKO) cells and MTFR1L KO cells were treated with 

antimycin A, which leads to AMPK activation and phosphorylation of MTFR1L-L (Figure 3). 

Cell lysates were analysed on a Phostag gel, which separates proteins based on 

phosphorylation. Interestingly, in addition to the endogenous MTFR1L, the Phostag gel also 

revealed two bands that were specific to MTFR1L since they disappeared in the MTFR1L KO 

cells. Additionally, these bands strongly reduced in the AMPK DKO cells, at steady states and 

during stress, which suggests that MTFR1L phosphorylation is AMPK specific (Figure 4). 

However, which MTFR1L-L residue is phosphorylated (ser 103 or ser 238) cannot be 

distinguished, and further experiments will be performed using the MTFR1L-S103 antibody 

generated.  
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Figure 4. MTFR1L-L phosphorylation is an AMPK dependent event. Phostag immunoblot analysis 
of WT, AMPK DKO and MTFR1L KO cells treated with DMSO or antimycin A for 1 hour. Membrane 
was blotted with MTFR1L Atlas antibody. VDAC1 was used as a loading control. * indicates 
endogenous non-phosphorylated form of MTFR1L. ** and *** indicate potential phosphorylated forms 
of MTFR1L, which disappear in the AMPK DKO and MTFR1L KO cells.  
 
4.2.3 Roles of MTFR1L-L phosphorylation in regulating mitochondrial morphology  
 

Phosphorylation of different mitochondrial AMPK targets, including MFF and 

ARMC10, have been implicated in mediating mitochondrial division (Chen et al., 2019; 

Toyama et al., 2016). To investigate whether MTFR1L phosphorylation by AMPK is involved 

in mitochondrial dynamics, phosphomimetic and phosphomutant constructs corresponding to 

ser 103 and ser 238 were overexpressed in U2OS WT and MTFR1L KO cells and 

mitochondrial morphology was analysed using confocal microscopy. MTFR1L 

phosphomimetic and phosphomutant were cloned in the P2A-mcherry plasmids, due to the 

difficulties of analysing the overexpressed form of the protein using imaging-based methods.  

Overexpression of the ser 103 constructs showed a slightly higher percentage of WT 

cells harbouring fragmented mitochondria compared to aggregation. On the other hand, cells 

overexpressing either the mutant or mimetic ser 238 constructs showed, a more aggregation 

phenotype, whereas the double mimetic or double mutants positive cells showed aggregation 

in WT and KO cells (Figure 5). Interestingly, whilst overexpression of both phosphomimetic 

and phosphomutant constructs mediate mitochondrial fragmentation in the WT cells, there is a 

trend, favouring a higher percentage of aggregation in the double phosphomimetic 

overexpressing cells, compared to the double phosphomutant. In the KO cells, the different 

phosphomimetic constructs drive enhanced aggregation and all the possible combination of 

phospho constructs rescued the mitochondrial hyperfusion phenotype, which could imply that 

the phosphorylation is not necessarily required for regulating morphology. However, this 
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experiment must be repeated to obtain a whole set of three experiments and validate the 

significance of the phenotype observed. 

Furthermore, in order to gain a better understanding of the phenotype upon the 

overexpression of the different constructs. further mitochondrial parameters should be 

measured. Additionally, these constructs should be overexpressed in AMPK DKO cells which 

have been shown to harbour hyperfused mitochondria (Toyama et al., 2016), to further 

elucidate the precise contribution of the AMPK-MTFR1L signalling axis in regulating 

mitochondrial shape.  
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Figure 5. Functional analysis of mitochondrial phosphorylation sites. A) Representative confocal 
images of WT U2OS or MTFR1L KO cell overexpressing empty vector (E), or different constructs 
harbouring mutations in the two different phosphosites of the MTFR1L long isoform. Mitochondria 
were labelled using an anti-TOM20 antibody. Scalebar represents 10 µm. B) Representative 
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quantification of mitochondrial morphology from A). Data represent two independent experiments 
mean +/- SD.  
 
4.2.4 Loss of MTFR1L dampened AMPK activation and signalling at both steady-

states and during mitochondrial stress  
 

Since the results have confirmed a downstream effect between AMPK and MTFR1L, 

the next experiments investigated whether the loss of MTFR1L impacts AMPK signalling. In 

order to address any potential metabolic changes in the absence of MTFR1L, the major 

metabolic sensor AMPK and its respective active form pAMPK were analysed via immunoblot 

analyses. Interestingly, cells silenced for MTFR1L, had reduced levels of pAMPK at steady 

states, which was associated with reduced phosphorylation of its direct targets ACC and MFF 

(Figure 6).  

To further elucidate the metabolic role of MTFR1L, MTFR1L silenced cells were 

exposed to different mitochondrial stresses, which have been associated to AMPK activation 

and mitochondrial fragmentation (Toyama et al., 2016). First, AMPK activation was monitored 

by assessing pAMPK and the phosphorylation states of its downstream targets ACC and MFF, 

by immunoblot analysis in cells silenced for MTFR1L. As expected, at 30 and 60 minutes of 

antimycin A or rotenone treatments, control cells showed an increase in pAMPK, which was 

correlated with an increase of the phosphorylation of its downstream targets pACC, and pMFF. 

However, in the absence of MTFR1L, there was a significant decrease, of pAMPK, pACC or 

pMFF, both at steady states and in the presence of mitochondrial stresses compared to siNT 

cells (Figure 6). These results suggest that AMPK activation and the global levels of AMPK 

substrate level phosphorylation are decreased in the absence of MTFR1L both at steady states 

and during ETC inhibition.  
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Figure 6. pAMPK downstream signalling is dampened in the absence of MTFR1L both at steady 
states and during mitochondrial stresses. siNT and si1 MTFR1L U2OS cells were treated with A) 10 
µM of antimycin A or B) 250 ng/ml rotenone for indicated times prior to lysis. Membranes were 
immunoblotted with indicated antibodies. Tubulin, HSP60, and VDAC1 were used as loading controls.  
 

So far, the results have shown MTFR1L silenced cells dampened AMPK signalling at 

steady states and in the presence of ETC inhibitors. To recapitulate these results, MTFR1L KO 

cells were similarly exposed to antimycin A treatment for one hour, and AMPK signalling was 

monitored. As shown in Figure 7, pAMPK and pACC levels were significantly reduced 

compared to WT, and confirms that AMPK signalling is dampened in the absence of MTFR1L.   

However, since AMPK can be activated by different pathways, MTFR1L KO cells were 

exposed to different stimuli, to understand whether it plays a specific role in ETC dysfunction 

or global AMPK activation. MTFR1L KO cells were therefore also treated with AMPK 

activator C13. Additionally, they were also subject to 15 min glucose and glutamine starvation, 

since AMPK is activated in an AMP/ADP independent manner during these conditions (Zhang 

et al., 2016).  

Interestingly, during both conditions, that are independent of mitochondrial 

dysfunction, there were no difference in AMPK activation monitored by pAMPK and pACC 

levels by immunoblot analysis (Figure 7). These results suggest that the loss of MTFR1L leads 

to a decrease AMPK activation only upon mitochondrial stresses, but not direct AMPK 

activation.   
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Figure 7. AMPK signalling is dampened in KO cells specifically during ETC dysfunction.  
Immunoblot analysis of WT and KO MTFR1L cells were exposed to different stimuli, 10 µM antimcyin 
A (AA) 1 hr, 0.05 µM C13 for 1 hr and medium without glucose and glutamine for 15 min. Membranes 
were probed with antibodies indicated. Vinculin was used as a loading control. 
 

Taken together, we have shown that the loss of MTFR1L dampens AMPK activation 

and downstream signalling specifically during mitochondrial dysfunction. In order to confirm 

whether MTFR1L is indeed responsible for this phenotype, rescue experiments were performed 

by re-expressing MTFR1L-L or MTFR1L-S in both MTFR1L KO and silenced cells during 

stress. Interestingly, similar to the mitochondrial morphology experiments (Chapter 3), the re-

expression of either isoforms rescued AMPK activation in MTFR1L silenced or KO cells 

(Figure 8). This was further validated by the rescue of pMFF levels in MTFR1L silenced cells 

(Figure 8A). Interestingly, however, MTFR1L-S had a higher rescue effect compared to 

MTFR1L-L, shown by the more intense pAMPK band. These results indicate that MTFR1L 

could potentially be involved in the control of mitochondrial functions and AMPK activation. 

Further experiments would be required to further characterise how the loss of MTFR1L leads 

to defects in AMPK activation, including measuring ATP/ADP ratios and analysing calcium 

signalling which have been shown to control AMPK activation (Hardie et al., 2016).  
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Figure 8. Re-expression of both MTFR1L isoforms rescues pAMPK activation. Immunoblot analysis 
of A) WT and KO MTFR1L cells, B) siNT and siMTFR1L cells, transfected with either empty (E), long 
(L) or short (S) MTFR1L isoform cDNA. 1 hour prior to lysis cells were treated with DMSO, or 10 µM 
antimcyin A (AA). Vinculin, HSP60 and ATP5a were used as loading controls.   
 
4.2.5 Loss of MTFR1L protects against AMPK driven mitochondrial fragmentation 

during ETC dysfunction 
 

It has been shown that disruption of the electron transport chain leads to AMPK 

activation, perturbs mitochondrial function and ultimately causes mitochondrial fragmentation 

(Toyama et al., 2016). To elucidate whether the dampened AMPK signalling axis has an impact 

on mitochondrial shape, mitochondrial morphology was assessed in siMTFR1L cells, and was 

compared to siNT cells during antimcyin A (Figure 9) and rotenone (Figure 10) treatments. 

Whilst the immunoblot analyses showed prominent pAMPK activation followed by pACC and 

pMFF phosphorylation (Figure 6), the mitochondria did not appear particularly fragmented in 

the control cells treated with antimycin A or rotenone for 30 minutes (not shown). However, 

with 1 hour of 10 µM antimycin A treatment, approximately 40% of control silenced cells 

showed mitochondrial fragmentation (Figure 9A, B).  

Interestingly, MTFR1L silenced cells significantly inhibited antimycin A-induced 

mitochondrial fragmentation (Figure 9A, B). Indeed, upon antimycin a treatment, 60% of 

silenced MTFR1L cells still exhibited mitochondrial elongation (Figure 9A, B). These results 

were confirmed using the mitochondrial morphometric analysis, which showed that the number 

of mitochondria per ROI remained significantly reduced, whereas the mitochondrial area and 

number of junctions remained significantly increased even in the presence of the treatment in 

MTFR1L silenced cells compared to controls (Figure 9C-E).  
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Figure 9. The loss of MTFR1L protects against AMPK-mediated mitochondrial 
fragmentation during antimycin A treatment. A) Representative confocal images showing 
mitochondrial morphology in siNT and MTFR1L silenced U2OS cells, treated with 10 µM 
antimycin A or DMSO for one hour. Mitochondria were labelled with an anti-TOM20 antibody. 
Hyperfused mitochondria are shown with asterisks. Scale bar represents 10 µm. B) 
Quantification of mitochondrial morphology in MTFR1L, and control silenced cells treated 
with DMSO or antimycin A. 40 cells per condition; 3 independent experiments, two-way 
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ANOVA and Tukey’s multiple comparisons test were used. Mitochondrial morphology from A) 
was analysed by C) mean mitochondrial area, D) mitochondrial number, and E) maximum 
number of junctions, per ROI (225 µm2). 20 cells were counted per condition; 3 independent 
experiments, ordinary one-way ANOVA and Tukey’s multiple comparison test. All data are 
represented as three independent experiments with mean +/- SD. ** p < 0.01.  *** p < 0.001 
were considered statistically significant. 
 

Interestingly, similar results with the mitochondrial complex 1 inhibitor, rotenone, were 

observed. Indeed, while rotenone leads to mitochondrial fragmentation in control cells, loss of 

MTFR1L significantly decreased mitochondrial fragmentation (Figure 10A, B). Unlike the 

control cells, approximately 60% of MTFR1L silenced cells remained hyperfused (Figure 10A, 

B). This was further characterised by a reduction in particle number per ROI, and an increase 

in mitochondrial area (Figure 10C, D). As observed in the antimycin A treatment, MTFR1L 

silenced cells also exhibited an increased number of mitochondrial junctions during rotenone 

treatment (Figure 10E). Taken together these results show that loss of MTFR1L leads to not 

only a reduced AMPK activation and signalling, but it also protects from ETC dysfunction 

induced mitochondrial fragmentation. 
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Figure 10. The loss of MTFR1L protects against AMPK-mediated mitochondrial 
fragmentation during rotenone treatment. A) Representative images of siNT and siMTFR1L 
U2OS cells treated with DMSO or 250 ng/ml rotenone for 1 hour. Mitochondria were labelled 
with an anti-TOM20 antibody. Scale bar represents 10 µm. Cells harbouring hyperfused 
mitochondria are indicated with an asterisk. B) Quantification of mitochondrial morphology 
in MTFR1L, and control silenced cells treated with DMSO or rotenone. 40 cells per condition; 
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3 independent experiments, two-way ANOVA and Tukey’s multiple comparisons test were used. 
Mitochondrial morphology from A) was analysed by C) mean mitochondrial area, D) 
mitochondrial number, and E) maximum number of junctions, per ROI (225 µm2). 20 cells were 
counted per condition; 3 independent experiments, ordinary one-way ANOVA and Tukey’s 
multiple comparison test. All data are represented as three independent experiments with mean 
+/- SD. * p < 0.05, ** p < 0.01.  *** p < 0.001 were considered statistically significant. 
 
4.2.6 Allosteric AMPK activation rescues pAMPK protein level, but not the 

mitochondrial morphology in MTFR1L KO cells 
 

As seen above the MTFR1L KO and siRNA cells responded in a similar way to 

antimycin A treatment by dampening AMPK signalling. However, allosteric activation of 

AMPK using C13 compound occurs effectively in the KO cells, suggesting that the dampened 

signalling observed is a specific response due to indirect effects of AMPK activation ie. 

mitochondrial dysfunction. Since AMPK activation has been linked to regulating 

mitochondrial dynamics, the following experiments explored the relation between different 

conditions that activate AMPK and mitochondrial morphology in MTFR1L KO cells. The 

mitochondrial morphology was assessed in the three different conditions antimycin A, C13 and 

glucose starvation treatments in WT and KO cells. 

As observed in MTFR1L silenced cells, MTFR1L KO cells also showed resistance to 

antimycin A-induced mitochondrial fragmentation. Approximately 45% of KO cells, exhibited 

mitochondrial hyperfusion, which was significantly higher compared to the WT during 

antimycin A treatment (Figure 11A, B). Interestingly, as shown earlier, allosteric or glucose 

starvation drives AMPK activation and restores pAMPK protein levels in MTFR1L KO cells. 

As an AMPK activator, C13 in WT cells induced mitochondrial fragmentation in 50% of cells, 

to which MTFR1L KO cells were also significantly resistant, despite having activated AMPK. 

Finally, with 15 min glucose starvation, which occurs without an increase in AMP or ADP, 

MTFR1L KO harboured approximately 50% of cells with hyperfused mitochondria compared 

to WT. Collectively, these results could imply that MTFR1L phosphorylation is indeed 

required to facilitate fragmentation driven by AMPK. This is in accordance with the 

overexpression of the phosphomimetic constructs, which also led to fragmentation. Whilst 

these experiments also showed that the phosphomutant causes changes to mitochondrial 

morphology, these could be attributed to the presence of having excessive protein at the 

mitochondria during overexpression experiments. Taken together, these results suggest that 

AMPK signalling during ETC dysfunction requires MTFR1L, and probably its 

phosphorylation to drive fragmentation.  
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Figure 11. MTFR1L KO cells are resistant to AMPK activation induced mitochondrial 
fragmentation. A) Representative confocal images of mitochondrial morphology in WT and MTFR1L 
KO from the conditions indicated. Mitochondria were labelled using an anti-TOM20 antibody. 
Scalebar represents 10 µm.  B) Quantification of mitochondrial morphology in MTFR1L, and KO cells 
treated with conditions indicated. 50 cells per condition; 3 independent experiments, two-way ANOVA 
and Tukey’s multiple comparisons test were used. All data are represented as three independent 
experiments with mean +/- SD. * p < 0.05, ** p < 0.01.  *** p < 0.001 were considered statistically 
significant. 
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4.2.7 Loss of MTFR1L impacts lysosomes 
 

Since the surface of the lysosome is considered the cellular metabolic hub where both 

AMPK and mTOR activation take place (Gonzalez et al., 2020), their morphology was 

analysed in WT and MTFR1L KO cells treated or not with antimycin A. Interestingly, loss of 

MTFR1L leads to lysosomes morphology defects both at steady state and during antimycin A 

treatment (Figure 12A). The enlarged lysosome phenotype in MTFR1L KO was further 

confirmed by the morphometric analysis which showed a reduction in lysosomal number 

specifically during stress. Interestingly, whilst there was no change in area occupied, the 

lysosomal size increased using the particle analysis function from Fiji (Figure 12B-D). These 

results suggest that MTFR1L indeed is involved in cellular metabolic regulation via unknown 

mechanisms. 
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Figure 12. Lysosome morphology is altered in MTFR1L KO cells under steady states and stress. A) 
Representative confocal images of WT and MTFR1L KO U2OS cells labelled with lysosomal anti-
LAMP1 and mitochondrial anti-TOM20 antibodies. 1 hour prior to fixation, cells were treated with 
DMSO or 10 µM antimycin A (AA). Scalebar represents 10 µm. Quantification of B) lysosome number 
per cell C) total lysosomal area occupied per cell D) average lysosomal size per cell in different 
conditions. 20 cells were counted per condition; 3 independent experiments, ordinary one-way ANOVA 
and Tukey’s multiple comparison test. All data are represented as three independent experiments with 
mean +/- SD. ** p < 0.01  *** p < 0.001 were considered statistically significant. 



Chapter 4: MTFR1L & AMPK 

 177 

4.2.8 Mitochondrial hyperfusion observed in the absence of MTFR1L during stress is 
sensitive to MFF phosphomimetic construct overexpression 

 
MFF is phosphorylated by AMPK, a process which is crucial for signalling 

mitochondrial fragmentation during ETC dysfunction (Toyama et al., 2016). To gain a better 

understanding of the observed phenotypes, and if the mitochondrial morphological adaptation 

observed in the absence of MTFR1L during stress is due to a deficiency in MFF 

phosphorylation, rescue experiments were performed. The two distinct MFF phosphomimetic 

and phosphomutant constructs at ser 155 and ser 172, have been previously validated as AMPK 

dependent and were used for the next experiments (Toyama et al., 2016). Both MFF constructs 

harbouring phosphomimetic or phosphomutant modifications led to mitochondrial 

fragmentation in control cells. However, MTFR1L silenced cells overexpressing the non-

phosphorylatable MFF, showed hyperfused mitochondria, despite being exposed to antimycin 

A. On the other hand, MTFR1L silenced cells overexpressing the phosphomimetic caused 

classical mitochondrial fragmentation (Figure 13). This could suggest that the mitochondrial 

morphology defect in siMTFR1L cells during stress is due to reduced phosphorylation of MFF. 

However further experiments, and a quantification of the mitochondrial morphology during 

these conditions would be required to understand the significance of this phenotype. 
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Figure 13. siMTFR1L dependent mitochondrial hyperfusion is resistant to phosphomutant MFF 
overexpression. Representative confocal images of siNT and siMTFR1L transfected with empty vector, 
phosphomimetic (pmFF SD), or phosphomutant (pMFF SA) for 24 hours. MFF was detected using 
FLAG antibody, whereas mitochondria were labelled using an anti-TOM20 antibody. Scalebar 
represents 10 µm.  
 
4.2.9 OPA1 oligomers increase during stress in MTFR1L KO cells 
 

This chapter has reinforced that cells lacking MTFR1L are resistant to ETC-induced 

fragmentation due to dampened AMPK signalling, including reduced pMFF. However, it has 

been previously reported that elevated levels of OPA1 exert a protective effect against 

antimycin A treatment, by stabilising cristae and promoting mitochondrial functionality 

(Quintana Cabrera et al., 2018). Therefore, given that the absence of MTFR1L leads to an 

upregulation of OPA1 and cristae regulator proteins, OPA1 oligomers were assessed in the 

MTFR1L KO and WT cells during antimycin A treatment and steady states. Cells were treated 

with BMH, which crosslinks proteins that are in close proximity, and is used for detecting 

OPA1 oligomers (Otera et al., 2016). The results showed that the levels of OPA1 oligomers 
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increased in the absence of MTFR1L at steady states and during stress (Figure 14). This result 

proposed that MTFR1L could regulate cristae architecture, via OPA1 oligomerization, 

protecting mitochondrial functions at steady states and in response to mitochondrial toxins. 

Further characterisation should be complemented with electron microscopy to analyse 

ultrastructural changes to the inner membrane, which could further explain the resistance to 

AMPK-mediated stress (Quintana Cabrera et al., 2018).  

 

 
Figure 14. OPA1 oligomers increase in MTFR1L KO cells under steady states and during stress. 
Immunoblot analysis of WT and MTFR1L KO cells treated with DMSO, or 10 µM antimycin A for one 
hour. In the last 30 minutes media was replaced with crosslinker BMH. Membranes were probed with 
indicated antibodies. Tubulin and SDHB were used as loading controls.   
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4.3 Conclusions 
 
The results presented in this chapter have shown that AMPK can interact specifically with 

MTFR1L-L. In fact, phosphorylated MTFR1L-L was detected using a phosphospecific 

antibody against ser-103 at steady state and under conditions of AMPK activation ie rotenone, 

antimycin A (ETC dysfunction), C13 and glucose starvation treatments. However, the 

phosphorylated form of serine residue 238 was not detectable (not shown). Using AMPK DKO 

cells in combination with a phostag gel, we validated the AMPK-dependent phosphorylation 

of MTFR1L.   

However, whilst the functional role of phosphorylated MTFR1L is not clear, the results 

obtained with MTFR1L-phosphomutant/mimetic constructs suggest that it may be implicated 

in driving mitochondrial fragmentation or perinuclear aggregation. These results were further 

confirmed in cells lacking MTFR1L, which maintained a hyperfused network in response to 

AMPK activation by ETC inhibitors and also C13 treatments, strongly favouring a crucial role 

for MTFR1L in regulating mitochondrial morphology downstream of AMPK activation. 

Interestingly, whilst immunoblot analyses confirmed increased pAMPK protein levels 

in WT cells during antimycin A and rotenone treatments, MTFR1L KO dampened AMPK 

activation and downstream signalling. Additionally, lysosome morphology was drastically 

altered in KO MTFR1L cells, both at steady state and during stresses. Furthermore, the 

mitochondrial hyperfusion phenotype induced by loss of MTFR1L was resistant to ETC-

induced fragmentation upon overexpressing non-phosphorylatable MFF, another 

mitochondrial target of AMPK regulating mitochondrial morphology. These results 

collectively indicate that the dampened AMPK signalling in MTFR1L KO cells, contribute to 

the hyperfused mitochondrial network upon exposure to ETC threats and to the altered 

lysosomal morphology. Interestingly, AMPK activation was rescued under conditions of stress 

via reintroducing either the long or short isoforms in MTFR1L KO cells showing the specificity 

of the phenotype. Lastly, MTFR1L KO cells exhibited increased OPA1 oligomers at steady 

states and during antimycin A treatment, which could also contribute to the resistance to 

AMPK-driven fragmentation but also to the decrease of AMPK activation in MTFR1L-

depleted cells.  
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5 Discussion & Future directions 
 

 

5.1 Discussion 
 

Increasing number of studies have underpinned balanced mitochondrial dynamics as 

fundamental processes that ensure cell survival, yet how these events are regulated have not 

fully been elucidated. AMPK, the master cellular metabolic sensor kinase has been shown to 

directly modulate mitochondrial morphology, by phosphorylating multiple mitochondrial 

substrates, including the uncharacterised mitochondrial protein, MTFR1L (Chen et al., 2019; 

Schaffer et al., 2015). Phylogenetic analyses categorised MTFR1L within the MTFR1 family 

including members MTFR1, and MTFR2, all of which have no homologues in yeast, 

nematodes or fly (Monticone et al., 2010; Monticone et al., 2004). Similarly, pro-fission protein 

MFF has no yeast homologue suggesting that mitochondrial dynamics in mammals has evolved 

into a more complex mechanism that has acquired additional factors over time (Gandre-Babbe 

and van der Bliek, 2008). 

 

5.1.1 MTFR1L has 2 isoforms 

 

We showed that MTFR1L has 2 isoforms, MTFR1L-L and MTFR1L-S, which harbour 

an identical N-terminus protein sequence, yet they localize at different submitochondrial 

compartments, OMM and IMM, respectively. In fact, FLAG tagged constructs of either 

isoform did not show any evidence of a predicted MTS cleavage, suggesting that mitochondrial 

import of MTFR1L-S is not dependent on the MTS processing but could be due its C-terminus 

region. A similar scenario has been described for inner membrane protein MTFP1, which is 

imported into the IMM without MTS cleavage (Tondera et al., 2005). Furthermore, 

biochemical characterisation experiments revealed that MTFR1L-L and MTFR1L-S exhibit a 

different relationship with their respective membranes, which could be attributed to structural 

differences between the isoforms in the C-terminus. It has been demonstrated that amphipathic 

helices, hydrophobicity or electrostatic interactions through stretches of amino acids influence 

the mitochondrial sub-localisation and membrane insertion (Ma and Taylor, 2008; Mason et 

al., 2014). A deeper structural analysis would be required to fully understand the differences 

between the MTFR1L-L and MTFR1L-S.  
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Interestingly, despite the differences in their biochemical properties, it has been 

challenging to address the unique function of each isoform. Indeed, overexpression of either 

isoform, rescued the mitochondrial morphology phenotype (which will be described later) in 

the KO cells, which could suggest common functional characteristics of the two proteins. 

Immunoprecipitation experiments in KO cells overexpressing either the long or short isoforms, 

did not yield mitochondrial targets (not shown) and therefore an interactome corresponding to 

each protein could not be elucidated. This could be because the overexpression of MTFR1L in 

general leads to aggregations, which could saturate IP beads, weaken protein interactions and 

prevent the identification of binding partners. In fact, all overexpression experiments carried 

out throughout this project such as immunofluorescence, immunoprecipitation, 1D/2D 

BNPAGE, and BioID (not shown) failed to give informative results.  

Multiple attempts were carried out in various vector backbones in combination with 

different immunofluorescent optimization protocols to visualize both overexpressed MTFR1L 

isoforms. The presence of the TAG probably led to misfolding of the protein, which resulted 

in protein aggregation. Alternatively, the TAG could be hidden upon folding of the protein, 

preventing any accessibility of the epitope by the antibody. MTFR1L isoforms were even 

cloned in a tetracycline inducible vector, which however did not facilitate the visualization (not 

shown). It would be interesting to try an endogenous knock-in using gene-editing techniques 

to see whether stable TAG integration in the genome would facilitate the visualization of the 

protein. However, despite the difficulties, it must be noted, that overexpression of MTFR1L 

constructs without TAGs did indeed have functional capacity since they rescued the different 

phenotypes observed upon MTFR1L loss. 

 

5.1.2 MTFR1L controls mitochondrial morphology 
 

The results presented here have shown through gene editing techniques, that acute or 

prolonged absence of MTFR1L through siRNA or CRISPR/CAS9, respectively, leads to a 

robust mitochondrial hyperfusion phenotype, which was consistent amongst all the different 

cell lines used in this study ranging from mice to humans. These results indicate an important 

evolutionary conserved functional role for MTFR1L-L in mitochondrial dynamics.  

Previous observation studies implicated the MTFR1 family in regulating mitochondrial 

dynamics (Monticone et al., 2010). Whilst MTFR1L has been categorised within this family, 

its role in mitochondrial morphology remains unknown. Unlike overexpression of MTFR1, nor 

the long or short isoforms of MTFR1L induced mitochondrial fragmentation at steady states 
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(Monticone et al., 2010; Tonachhini et al., 2004). However, upon analysis of the different 

mitochondrial fission and fusion proteins, immunoblots revealed an upregulation of MFF in 

MTFR1L silenced cells, which could suggest a compensatory mechanism to drive division. 

However, the increase in MFF protein levels was not recapitulated in the MTFR1L KO cells. 

The CRISPR/CAS technique superimposes a cellular adaptation in response to prolonged 

absence of the gene, whereas siRNA experiments represent an immediate response. This could 

explain the discrepancies observed and resulting phenotypes between the two models used to 

study MTFR1L.  

Unexpectedly, there was no change in mitochondrial Drp1 recruitment in MTFR1L 

silenced cells, even though there was an upregulation of MFF. Indeed, MFF is a well 

characterised Drp1 receptor, yet there are many questions in the field relating to its regulation 

and activity (Otera et al., 2010). This could suggest that as an OMM protein MTFR1L-L could 

potentially function with MFF to ultimately modulate Drp1 recruitment to mitochondrial 

membranes. On the other hand, the absence of MFF leads to a concomitant reduction of 

MTFR1L protein level, which suggests that they share an interdependent relationship. It would 

be interesting to elucidate whether the two proteins play a role in the same pathway to regulate 

mitochondrial dynamics, by overexpressing MTFR1L in cells lacking MFF, and analysing 

morphology.  

However, there have also been various limitations to gain a deeper understanding of the 

functional relationship between MTFR1L and MFF. Without the capability of efficiently 

visualizing MTFR1L upon ectopic expression, all the immunofluorescence analysis was based 

on endogenous protein detection. Both MTFR1L and MFF show a similar mitochondrial 

punctae distribution along the mitochondrial network in fixed cells. However, since both their 

respective antibodies are from the same species, whether they colocalize or not, could not be 

deciphered. Lastly, since the proteins have similar molecular weights, whether they are part of 

the same complex could not be addressed using 2D BNPAGE.   

We then investigated if the hyperfusion phenotype observed in MTFR1L KO cells 

could be attributed to a lack of division. However, MTFR1L did not display characteristics like 

the core components of the fission machinery. Indeed, unlike MFF and Drp1, the loss of 

MTFR1L did not affect peroxisome morphology. Furthermore, in cells lacking MTFR1L, 

increasing mitochondrial Drp1 recruitment via the overexpression of the pro-fission factor 

MAPL, led to mitochondrial fragmentation, indicating that Drp1-dependent division could 

happen and suggesting a role for MTFR1L upstream of Drp1. However, Drp1 subcellular 
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distribution analysis by subcellular fractionation and IF revealed no defects in Drp1 recruitment 

in both silenced and KO MTFR1L cells. Lastly, the mitochondrial bulge-like structures 

observed in MTFR1L KO cells did not lead to clustering of mtDNA, unlike the loss of MFF or 

Drp1 (Ishihara et al., 2013). Taken together, these data suggest that MTFR1L is not an essential 

fission factor, but could merely facilitate the process. However, as it will be discussed in the 

next section, we proposed that MTFR1L is more related to the fusion process.  

Alternatively, assessing the pro-fusion protein levels in cells lacking MTFR1L revealed 

a consistent upregulation of all OPA1 isoforms, which upon silencing rescued the 

mitochondrial morphology. Similarly, silencing Mfn2 in MTFR1L KO cells also rescued the 

mitochondrial morphology phenotype, which suggests that the phenotype observed in the 

absence of MTFR1L is due to excessive fusion, and not a lack of division. In fact, the loss of 

OPA1 in MFF or Drp1 silenced cells, does not rescue the hyperfused mitochondrial phenotype, 

which further indicates that MTFR1L does not share characteristics of the core components of 

the fission machinery (Otera et al., 2016). Furthermore, late passages of MTFR1L KO cells 

displayed characteristic ‘bulges’ within their mitochondrial network, which have previously 

been described as OPA1 dependent (Mopert et al., 2008). Taken together, these results indicate 

that the loss of MTFR1L promotes mitochondrial fusion.  

The mitochondrial hyperfusion phenotype was partially rescued in MTFR1L KO cells 

via SLP2 silencing, which inhibits OMA1-dependent OPA1 processing to promote 

mitochondrial fusion, and mitochondrial metabolic activity (Wai et al., 2016).  However, in the 

MTFR1L KO cells, the increased OPA1 level was not rescued by SLP2 silencing, suggesting 

that the morphological adaptation is not due to stress-induced mitochondrial hyperfusion. 

Alternatively, it would be possible that this OPA1 accumulation occurs due to a lack of 

degradation, or an increased transcriptional level of all of the isoforms. Future experiments 

should be performed to measure the levels of the OPA1 isoforms transcripts using qPCR in the 

MTFR1L KO cells. 

 Interestingly, MTFR1L showed a specific interaction with OPA1, which was 

confirmed using the two different antibodies. Interestingly, the classically known fission-

related OMM protein Fis1 also exhibits a similar mitochondrial phenotype to MTFR1L, where 

high overexpression tends to cause aggregation (Otera et al., 2010). Indeed, it has been 

confirmed that Fis1 is not a pro-fission factor per se, but rather an anti-fusion factor. It has been 

proposed that Fis1 strongly interacts with members of the fusion machinery, including OPA1, 

inhibiting their GTPase activity via unknown mechanisms, which explains the mitochondrial 
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hyperfusion phenotype upon its loss (Yu et al., 2019). It could be hypothesised that like Fis1, 

MTFR1L behaves as a negative regulator of mitochondrial fusion and future experiments 

should investigate this potential function. For example, MTFR1L constructs should be 

overexpressed in Drp1 KO cells, and mitochondrial morphology should be analysed. If 

MTFR1L has anti-fusion properties, Drp1 KO cells should appear fragmented. Furthermore, 

the GTPase activity of the pro-fusion proteins should be measured in the MTFR1L KO cells. 

 

5.1.3 MTFR1L and cristae architecture 
 

MTFR1L silencing experiments led to an upregulation of cristae components, 

particularly Mic19 and Mic60. Endogenous immunoprecipitation experiments performed were 

reassuring, since the pull down of MTFR1L-L revealed Mic60 and OPA1 as interactors, both 

of which have previously described MTFR1L in their respective IPs (Janer et al., 2016). To 

decipher whether MTFRL could be a potential MICOS component, 2D blue native analyses 

were carried out in KO cells overexpressing MTFR1L-L and MTFR1L-S simultaneously. 

Interestingly, overexpression of MTFR1L-S in the KO cells showed a very faint band migrating 

with Mic19 in 2D analyses which seems probable because both proteins are associated with 

the IMM. However, 1D analyses suggested that there were no differences in the migration of 

Mic60-containing complexes WT and KO cells, suggesting that MTFR1L-S is not directly a 

part of the MICOS complex.  

Furthermore, the 2D blue native analyses also showed that MTFR1L-L and MTFR1L-

S comigrated as low molecular complexes together. It is well established that the outer and 

inner mitochondrial membranes are connected via the SAM50-Mic19-Mic60 bridging complex 

(Ott et al., 2015). However, the possibility of such connections is highly unlikely for MTFR1L-

L and MTFR1L-S since MTFR1L-L is only loosely associated to the OMM.  

Even though MTFR1L silenced cells had an increase of Mic19, and Mic60 there were 

no changes of oxygen consumption at steady states. Since MTFR1L-S is inserted in the IMM, 

it could be possible that it contributes to cristae architecture by interacting with components 

MICOS complex, and OPA1. Electron microscopy would be required to further understand the 

alterations in cristae architecture in MTFR1L KO cells. Additionally, seahorse analyses should 

be carried out in the MTFR1L KO cells at steady states but also during glucose starvation, 

which will provide a better understanding of the respiratory capacity and functioning of the 

mitochondria.  
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As described in the previous section, the loss of MTFR1L was characterised by a drastic 

hyperfused mitochondrial network, which was attributed to an increase of OPA1 isoforms. 

Additionally, the loss of MTFR1L also promoted OPA1 oligomers, which are implicated in 

modulating cristae width (Frezza et al., 2006). It has been demonstrated that an increase in all 

OPA1 isoforms and its oligomeric forms, occurs during glucose starvation to reduce cristae 

width and enhance mitochondrial respiratory function (Patten et al., 2014). The results 

presented indeed showed that the loss of MTFR1L leads to metabolic alterations characterised 

by the reduced AMPK activation, which could explain the increase in OPA1 levels and 

oligomerization.  

 

5.1.4 Interplay between MTFR1L loss and AMPK signalling 
 

The absence of MTFR1L led to mitochondrial hyperfusion, which was accompanied 

by drastic branching and interconnectivity. So far, this type of mitochondrial hyperfused 

networks has not been well characterised. Recent studies have documented mitochondrial 

branching as an adaptation that occurs during mTORC1 inhibition (Morita et al., 2017). In fact, 

cells lacking MTFR1L exhibited enlarged lysosomes with perinuclear clustering, which has 

previously been shown to occur during starvation and mTOR inhibition (Korolchuk et al., 

2011). In fact, the mitochondrial hyperfusion induced by the loss of MTFR1L was also 

accompanied by reduced pAMPK at steady states, collectively suggesting a strong deregulation 

of cellular metabolism. It would be interesting to measure the ATP levels in MTFR1L KO cells 

since mitochondrial hyperfusion has been characterised as a metabolic adaptation to sustain 

ATP production (Rambold et al., 2011).   

Interestingly, cells lacking MTFR1L responded to ETC inhibition by dampening 

AMPK activation and its downstream signalling, characterised by reduced pACC and pMFF. 

It has been shown in mice that during exercise AMPK is immediately activated, initiating a 

signalling cascade, which is then dampened following recovery (Laker et al., 2017).  Unlike 

MTFR1L KO cells, WT cells responded to shorter and longer ETC inhibition time periods, 

with equal levels of pAMPK at 30 and 60 minutes respectively suggesting that AMPK is indeed 

activated. Cells lacking MTFR1L however did not show signs of activated AMPK, not even at 

15 minutes of stress conditions, suggesting that the signalling cascade is not activated in the 

first place (not shown). 

The dampened AMPK signalling during ETC dysfunction could be attributed to 

multiple underlying factors in MTFR1L KO cells, since AMPK can be regulated by different 
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pathways (Hardie et al., 2016). An increase in the AMP/ATP ratio has been classically shown 

to activate AMPK, and should be measured in cells lacking MTFR1L. Additionally, elevated 

levels of cytosolic calcium have been shown to activate the phosphatase that keeps AMPK 

dephosphorylated (Tomar et al., 2019). In fact, cells lacking MTFR1L had a reduction of 

phosphorylated Drp1 637, which is regulated by calcineurin, suggesting that there could be 

potential calcium signalling defects (Cereghetti et al., 2008). It would therefore be interesting 

to analyse calcium levels in cells lacking MTFR1L, to further understand cause for AMPK 

inactivation during stress.  

MTFR1L dampens AMPK activation only during mitochondrial dysfunction 

conditions, since C13, and mild glucose starvation did not affect pAMPK and pACC protein 

levels in MTFR1L KO cells. These results highlight that MTFR1L and AMPK play an essential 

role during mitochondrial stress. It has been proposed that during extreme stress conditions, 

AMPK is recruited to different organellar pools including the mitochondria to carry out its 

function (Zong et al., 2019). This could alternatively suggest that the dampened AMPK 

signalling in MTFR1L KO cells could be due to a lack of mitochondrial AMPK recruitment. 

MTFR1L-L at the OMM could potentially function as a scaffold protein that aids AMPK 

recruitment and activation during ETC dysfunction.   

During antimycin A treatment, elevated OPA1 oligomers were maintained in the 

absence of MTFR1L, suggesting that cristae shape is stabilised. Others have demonstrated that 

MEFs harbouring elevated levels of OPA1, promote ATP synthase oligomers and cristae 

architecture, which maintains mitochondrial metabolic capacity upon exposure to antimycin A 

(Quintana Cabrera et al., 2018). In fact, it has been shown that the proton motive force 

modulates the energy status of the cell, which impacts AMPK activation (Berry et al., 2020). 

Taken together, these observations suggest that cristae dynamics regulate mitochondrial 

function, the metabolic state, and therefore can influence AMPK activation. Interestingly, the 

re-expression of the short isoform, which is inserted in the IMM had a higher rescue capability 

for pAMPK levels during stress compared to MTFR1L-L. This could imply that MTFR1L-S 

regulates cristae dynamics via OPA1, which modulates metabolism and overall AMPK 

activation. Electron microscopy should be carried out to further elucidate changes in cristae 

architecture in MTFR1L KO cells, at steady states and during stress.  

In antimycin A treatment, cells lacking MTFR1L remained hyperfused even in the 

presence of overexpressed non-phosphorylated MFF. This emphasises that the pAMPK-pMFF 

signalling axis is dampened, since this pathway drives mitochondrial division (Toyama et al., 
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2016). Together these results suggest that in the absence of MTFR1L the combination of tight 

cristae and mitochondrial fusion, promotes adequate mitochondrial functioning, which sustains 

cell survival during ETC stress. It would therefore be interesting to assess mitochondrial 

dysfunction in MTFR1L KO cells and WT cells, by for example measuring the levels of ROS. 

This could further validate whether the loss of MTFR1L exerts a protective mitochondrial 

effect against ETC dysfunction. 

As shown in the later section, MTFR1L phosphorylation was identified in vitro under 

conditions of ETC dysfunction. The dampened pAMPK-pMFF signalling could be due to a 

lack of MTFR1L phosphorylation in the MTFR1L KO cells. Indeed, MTFR1L phosphorylation 

could be directly required for the amplification of the AMPK signal during stress. Rescue 

experiments in the MTFR1L KO cells exposed to stress should therefore also include MTFR1L 

phosphomimetic and phosphomutant constructs.  

 

5.1.5 MTFR1L is a new AMPK substrate 
 

Immunoblot analysis showed that MTFR1L-L is phosphorylated during different 

conditions of AMPK activation at ser 103, whilst ser 238 was not detectable. Additionally, 

phosphorylated bands corresponding to MTFR1L disappeared in AMPK DKO cells, validating 

that phosphorylation is indeed AMPK-dependent. Together these results confirmed the initial 

findings that reported MTFR1L as a potential AMPK substrate (Schaffer et al., 2015; Chen et 

al., 2019).  

MTFR1L KO cells were resistant to mitochondrial fragmentation in response to 

conditions that lead to AMPK activation, suggesting that MTFR1L plays a role in AMPK 

dependent mitochondrial fission. Interestingly, overexpression of the phosphomimetic ser 103 

and ser 238 showed mitochondrial fragmentation, and aggregation respectively, in WT cells 

which could imply that the two phosphorylations mediate different mitochondrial 

morphological functions. In fact, overexpression of the MTFR1L double phosphomimetic 

constructs led to mitochondrial peri-nuclear aggregation, which suggests that phosphorylation 

regulates its function. However, both double phosphomimetic and phosphomutant constructs 

rescued the mitochondrial hyperfusion phenotype in WT and MTFR1L KO cells which could 

be because of excessive amounts of protein saturating the system. Future experiments should 

overexpress these constructs specifically in AMPK DKO cells, to validate the role of the 

phosphorylation in regulating mitochondrial morphology. 
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Interestingly, it has been shown that mitochondrial perinuclear clustering occurs during 

the simultaneous overexpression of mitophagic regulators PINK1 and PARKIN where LC3 is 

recruited to these mitochondria, targeting them for autophagosomal degradation (Vives-Bauza 

et al., 2010). Whilst the AMPK-pMFF axis signals fragmentation that eventually mediates 

mitochondrial degradation during ETC dysfunction, it could be possible that MTFR1L lies 

within the same pathway (Toyama et al., 2016). Taken together this could suggest that the 

AMPK- MTFR1L axis plays an important metabolic role during ETC dysfunction. 

 

5.1.6 Summary 
 

In summary this project has characterised a novel mitochondrial protein MTFR1L 

including its two corresponding isoforms, MTFR1L-L and MTFR1L-S. Through gene editing 

techniques, the results have shown a thorough and conserved mitochondrial hyperfused 

phenotype in cells lacking MTFR1L. This phenotype could be attributed to the combined 

effects of increased OPA1 levels, and reduced pMFF. Additionally, this project also confirmed 

the interaction between MTFR1L and cristae architecture components OPA1 and Mic60, which 

could play a fundamental role in maintaining metabolic functionality, and dampening pAMPK-

pMFF signalling axis during stress. Collectively, these results have suggested that MTFR1L 

plays an important metabolic role that is involved in the regulation of mitochondrial dynamics 

in response to stress to maintain cell survival. Being a novel AMPK substrate, MTFR1L was 

specifically phosphorylated at ser 103 corresponding to the long isoform under different stress 

conditions. Whilst, both ser 103 and ser 238 phosphorylation residues may potentially play a 

role in mediating mitochondrial morphology, further experiments will be required for 

understanding the function of the protein.  

 

5.2 Future directions 
 

This project has addressed the potential interplay between mitochondrial dynamics and 

metabolic signalling, particularly focusing on MTFR1L, a novel uncharacterised mitochondrial 

AMPK target. Interestingly, until date no disease phenotype has been associated to MTFR1L, 

and to further elucidate its physiological function, in vivo experiments are currently in progress.  

It has been demonstrated that overexpression of OPA1 leads to protective and beneficial 

effects in cox15 deficient mice, which are used as a model to study mitochondrial disease 

(Civiletto et al., 2015). Since the loss of MTFR1L leads to an increase of OPA1, whether 
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inhibiting its function could be an alternative target to improve the phenotype of cox15 

deficient mice is being investigated.  MTFR1L shRNA will be delivered to cox15 deficient 

mice, and different function tests will be performed to assess the neurological phenotype.  

Other members of the MTFR1 family are highly expressed in testes, whereas this study 

has suggested MTFR1L is highly enriched in the brain and shares a complex metabolic 

relationship with AMPK (Monticone et al., 2010; Chen et al., 2019; Schaffer et al., 2015). 

AMPK plays a crucial role in maintaining metabolism in neurons, which are highly energy 

consuming cells (Anderson et al., 2008). Therefore, in parallel, shRNA will be used to shut 

down the effects of MTFR1L in mouse neurons to analyse the mitochondrial morphology in 

dendrites and axons to recapitulate what occurs in the brain. These experiments will provide 

an improved understanding of the physiological role of MTFR1L. 
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6 Role of Arf1 and PI(4)KIIIß in mitochondrial 
division 

 

 

6.1 Introduction 
 
6.1.1 Last steps of mitochondrial division 
 

Replicating mtDNA molecules in the mitochondrial matrix signal ER recruitment at the 

site of future mitochondrial division (Lewis et al., 2016). Here, the ER provides the constrictive 

forces and a calcium boost require to initiate mitochondrial constriction and the fission process 

(Chakrabarti et al., 2017). With the aid of actin filaments, the ER reduces the mitochondrial 

diameter from 300 to 150 nm, which enables the assembly of oligomeric forms of Drp1 leading 

to enhance mitochondrial constriction (Friedman et al., 2011). However, if Drp1 itself is able 

to terminate mitochondrial division has been under intense debate. Indeed, oligomeric Drp1 

structures tubulate membranes in the presence of GTP to a minimal diameter of approximately 

90 nm, (Mears et al., 2011), which raised the question if Drp1 is sufficient to drive both OMM 

and IMM division alone, or it required additional factors. Indeed, over the last few years, 

opposite results have suggested that Drp1 has enough constrictive forces to trigger membrane 

deformation in vitro (Kamerkar et al., 2018), or others have proposed the contrary, where 

additional factors are required (Lee et al., 2016).   

 
6.1.2 The potential role of Dynamin 2 in the last step of mitochondrial division 
 

Over the years an increased number of studies have sequentially unravelled lipids, 

organelles and proteins that are involved in the multi-step mitochondrial division process 

(Tilokani et al., 2018). Recently, Dnm2, a member of the endocytic machinery, has been 

suggested to terminate mitochondrial membranes scission downstream of Drp1 recruitment 

(Lee et al., 2016). Interestingly, like Drp1, Dnm2 belongs to the dynamin GTPAse family but 

instead has retained its lipid binding PH domain. Dnm2 is mainly involved in endocytosis, 

where it is recruited to clathrin coated pits, at the plasma membrane and binds to lipid PI(4,5P)2 

via its PH domain. At these sites, it oligomerises, and uses GTP hydrolysis and members of the 

actin machinery to pinch the incoming vesicle for endocytosis to proceed (Hinshaw et al., 
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2000). Dynamin recruitment to other organelles has been documented previously such as the 

trans-golgi network, where it is also involved in vesiculation (Kessels et al., 2006).  

Surprisingly, a recent study described that silencing of Dnm2 has been shown to induce 

mitochondrial hyperfusion in different mammalian cell lines including COS7 (Lee et al., 2016). 

Furthermore, live cell imaging experiments in Dnm2 silenced COS7 cells showed an 

accumulation of Drp1 at mitochondrial constrictions sites, but without division taking place. 

Interestingly, loss of Dnm2 also leads to mitochondrial super-constriction sites characterised 

by a long and thin mitochondrial neck suggesting a block in the process downstream Drp1 

recruitment and activity. Additionally, these cells were also resistant to staurosporine induced 

mitochondrial fragmentation and cell death, which suggests that Dnm2 functions in the same 

pathway as Drp1. Finally, in the study the authors concluded that Dnm2 was specifically 

recruited downstream of Drp1-induced mitochondrial constriction and due to its constriction 

capacity led to the final membrane scission events (Lee et al., 2016).  

However, these results have been challenged by 2 other groups, which have proposed that 

Dnm2 morphology does not share the same characteristics as the core fission machinery 

components. These new studies have shown that triple dynamin knockout MEFs exhibit no 

such gross morphological mitochondrial defects (Fonseca et al., 2019; Kamerkar et al., 2018). 

Similarly, Dnm2 silencing in different mammalian cell lines did not lead to dramatic 

mitochondrial hyperfusion described in the original studies, neither were division events 

inhibited.  

Additionally, using artificial membranes, others proposed that Drp1 alone has a constrictive 

capacity to divide membranes, at least in vitro (Kamerkar et al., 2018). Together these results 

suggest that Dnm2 does not exhibit characteristics like the core machinery components, which 

could be attributed to the different cell lines used amongst different studies. Alternatively, these 

discrepancies could also be attributed to the methods used to analyse mitochondrial 

morphology. However, core machinery defects such as in Drp1 and MFF induce dramatic 

mitochondrial elongation, which is conserved in different cell lines tested, suggesting that 

Dnm2 is not a component of the core fission machinery. However, it has also been proposed 

that mitochondrial shape is not overtly hyperfused in the absence of Dnm2, but there are minor 

changes to morphology, which could suggest that it potentially could facilitate the process 

(Fonseca et al., 2019). These observations still raise the question as to how mitochondrial 

division is terminated. 
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6.1.3 The Arf1/PI(4)KIIIß/PI(4)P axis 
 

Arf1 belongs to the G proteins ADP-ribosylation factor (Arf) protein family composed 

of 6 members distributed amongst different membranes throughout the cell. Arf1 as a GTPase 

undergoes continuous cycles of being in a GTP or GDP bound state, which is regulated by 

guanine nucleotide exchange factors (GEFs) and guanine activating proteins (GAPs) 

(Mayinger, 2011). Its GTP bound state represents the active form of the protein, and enables 

its reversible association with the target membrane, whereas the GDP bound state remains free 

in the cytosol. Arf1 is mainly associated with the Golgi apparatus and structurally, contains a 

myristylation moiety, which facilitates its insertion into targeting membranes upon GTP 

binding (Antonny et al., 1997). Functionally, Arf1-GTP recruits different effector proteins that 

constitute the required machinery to export vesicles from the Golgi apparatus to different parts 

and other endomembranes within the cell (Figure 1).  

 For example, activated Arf1 recruits phosphatidylinositol 4-kinase III class beta 

(PI(4)KIIIß), which modulates the lipid composition of the membrane at the trans-Golgi 

network (TGN) and generates TGN derived vesicles (De Matteis and Godi, 2004). Lipid 

composition and spatial organisation are therefore tightly regulated by phosphatidylinositol 

kinases, which catalyse phosphorylation reactions of phosphoinositide lipids. 

Phosphoinositides are signalling lipids involved in numerous functions such as membrane 

remodelling, lipid exchange and recruitment of effector proteins (D’Angelo et al., 2006). 

PI(4)KIIIß belongs to the PI4K kinase family, and specifically phosphorylates the family 

precursor phosphatidylinositol (PI) at the 4 hydroxyl of the inositol group to generate 

phosphatidylinositol 4-phosphate (PI(4)P) (Figure1).  

PIs are constituents of membranes, which not only enclose and compartmentalise 

organelles, but also play a pivotal role in intracellular signalling (Bishe et al., 2012). For 

example, PI(4)P is as a substrate molecule that is used to generate PI(4,5)P2 which is mainly 

localised at the plasma membrane. This reaction is reversible and therefore PI(4)P can be 

generated via a dephosphorylation reaction by polyphosphate-5-phosphatase (Figure 1). 

Furthermore at the ER, the phosphatase Sac1 dephosphorylates (PI(4)P) to generate precursor 

lipid PI which can give rise to various other lipids  (Schink et al., 2016).  
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Figure 1. PI(4)P generation and uses. A) Reaction catalysed by reversible PI(4)KIIIß  B) PI(4)KIIIß 
is mainly a Golgi apparatus localised  protein, but has also been found to a lesser extent to endosomes 
and nucleus. PI(4)P effectors are highlighted in blue, which are recruited to the Golgi. Lipid transfer 
proteins include CERT, FFAP1/2 and OSBP.  
 

Functionally, the Arf1-PI(4)KIIIß-PI(4)P axis is involved in modulating trafficking 

pathways and lipid composition through downstream effectors via vesicular and non-vesicular 

pathways. Multiple proteins that contain PH binding domains, have a high affinity for PI(4)P, 

and function in lipid trafficking pathways to modulate the lipid composition of membranes 

without vesicular transport. Indeed, they can counterexhange PI(4)P for another lipid localised 

to a close organelle, such as cholesterol between the Golgi and ER. Oxysterol binding protein 

(OSBP) have a FFAT domain through which they interact with VAPA on the ER. Additionally, 

they have a high affinity for PI(4)P present in the Golgi membrane, which they bind to and 

transfer to the ER in exchange of another lipid such as cholesterol (Mesmin and Antonny, 

2016) (Figure  2).  
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Figure 2. Schematic representation of PI(4)P driven cholesterol exchange between the ER and TGN. 
PI(4)P is generated by PI(4)KIIIß at the TGN, where it binds to lipid transfter protein OSBP. 
Cholesterol and PI(4)P are exchanged between TGN and ER.  
 

Alternatively, Arf1-PI(4)KIIIß-PI(4)P axis functions in the highly complex process of 

vesicle formation at the TGN, which are then targeted to distinct cellular compartments 

(D'Angelo et al., 2008). For example, Arf1-PI(4)KIIIß-PI4P, recruits effectors such as Golgi 

phosphoprotein 3 (GOLPH3), which together with cytoskeletal proteins myosin 18A and F-

actin drives pinching of vesicles from TGN (Dippold et al., 2009) (Figure 3). While PI(4)P is 

a constituent of all cellular membranes and its role in membrane remodelling has been well 

described, its role in mitochondrial division is unknown. 
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Figure 3. Schematic representation of the generation and release of vesicles at the TGN. Arf1 at the 
Golgi apparatus recruits effector kinase PI(4)KIIIß, which catalyses the conversion of PI to PI(4)P. 
PI(4)P, then recruits effector GOLPH3, which bridges the TGN to cytoskeletal components Myosin 18A 
and F-actin generating the forces required for vesicle formation and release (Adapted from Kuna et 
al., 2019).  
 
6.1.4 Arf1 and mitochondrial dynamics 
 

While PI(4)P and PI(4)KIIIß have never been involved in mitochondrial dynamics, Arf1 

has been previously implicated in regulating mitochondrial morphology in different models 

including C.elegans and S.cerevisiae (Ackema et al., 2014). Indeed, it has been reported that 

in yeast, loss of Arf1 and its effector GEF Golgi-specific brefeldin A resistance guanine 

nucleotide exchange factor (GBF1) leads to mitochondrial fragmentation. In this study, the 

authors associated this mechanism to an increase of the yeast mitofusin ortholog Fzo1 

clustering at the OMM due to ubiquitination and degradation defects. On the contrary, silencing 

Arf1 or GBF1 in C. elegans leads to mitochondrial hyperfusion, but in an unknown mechanism 

(Ackema et al., 2014). However, whilst the phenotypes differ between the 2 models, these 

results suggest a role for Arf1 in regulating mitochondrial morphology. Interestingly, it has 

also been shown that GBF1 interacts with OMM protein Miro1 to regulate mitochondrial 

motility and positioning within the cell (Walch et al., 2018). However, so far, the function of 

Arf1 in regulating mitochondrial morphology in mammals is unknown. 
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6.2 Project aims 
 
This chapter aims to explore the specific role of the Arf1-PI(4)KIIIß-PI(4)P axis in 

mitochondrial morphology regulation in mammals. Recently, the Arf1-PI(4)KIIIß-PI(4)P 

pathway has been shown to  regulate the last step of mitochondrial division and the work 

presented in this chapter has contributed to the publication Nagashima et al., 2020. The goal 

of this part of the project was to elucidate the role of Arf1 and its effector PI(4)KIIIß in 

mitochondrial division by analysing the effect of their silencing on mitochondrial morphology 

in two different mammalian cell lines. To improve our understanding on the mechanism of 

how they regulate division, the protein levels of the main regulators of mitochondrial dynamics 

were also assessed by immunoblot and the consequence of enforced Drp1-dependent 

mitochondrial division was analysed in Arf1 and PI(4)KIIIß depleted cells.  

Finally, while the contribution of Dnm2 in the final scission of mitochondrial 

membranes is under debate, Dnm2 harbours a PH domain giving it the ability to bind PIs and 

to drive membrane severing. It can therefore be hypothesised that Arf1/ PI(4)KIIIß could 

generate PI(4)P pools on TGN vesicles close to mitochondria or directly at the OMM, which 

will lead to the recruitment of Dnm2 and the final scission event. Here, the potential 

contribution of Dnm2 in mitochondrial morphology regulation was analysed. 

 
6.3 Results 
 
6.3.1 Loss of Arf1/ PI(4)KIIIß lead to mitochondrial elongation and branching 
 

In order to elucidate the role of Arf1 and PI(4)KIIIß in mitochondrial division, the effect 

of their silencing on mitochondrial morphology in both U2OS and COS7 cells was analysed 

by confocal microscopy. Of note, PI(4)KIIIß was silenced for 3 days while Arf1 was only 

silenced for 2 days since its silencing for 3 days leads to cell death. Silencing of Arf1 and 

PI(4)KIIIß in both U2OS and COS7 cells led to significant number of cells with hyperfused 

mitochondria. Indeed, approximately 60% and 50% of cells exhibited hyperfused 

mitochondrial network upon silencing of either Arf1 or PI(4)KIIIß in COS7 and U2OS cells, 

respectively (Figure 4).  
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Figure 4. Arf1 or PI(4)KIIIß silencing leads to mitochondrial hyperfusion accompanied by drastic 
mitochondrial branching in U2OS cells and COS7 cells. Representative confocal images of PI(4)KIIIß 
or Arf1 silenced A) Cos7, F) U2OS cells for three days or two days, respectively. Mitochondria were 
labelled using an anti-TOM20 antibody. * indicate cells with hyperfused mitochondria. Scale bars, 10 
µm. Quantification of B) Cos7, G) U2OS cells harbouring mitochondrial phenotype from A) and F) 
respectively. C-E), H-J) Mitochondrial morphology from A), F) was analysed by C), H) mean 
mitochondrial area, D), I) mitochondrial number, and E), J) Maximum number of junctions, per region 
of interest (ROI). 50 cells were counted in each condition. All values: mean ± SD; at least three 
independent experiments; (B,G): two-way ANOVA, Tukey's multiple comparisons test; (C-E, H-J): 
ordinary one-way ANOVA, Tukey's multiple comparisons test. * p < 0.05, ** p < 0.01, *** p < 0.001, 
**** p < 0.0001 were considered statistically significant.  
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These results were confirmed by measuring the mean mitochondrial area and the number of 

mitochondria per ROI. Indeed, loss of Arf1 and PI(4)KIIIß leads to a significant increase of 

both parameters, similar to the loss of the main actor of mitochondrial division Drp1 (Figure 

4C-D, 4H-I). Interestingly, compared to the loss of Drp1 which leads to few but very elongated 

mitochondria (Smirnova et al., 2001), silencing of Arf1 and PI(4)KIIIß also induce a specific 

phenotype characterised by branched-like and highly interconnected mitochondria. Indeed, 

PI(4)KIIIß and Arf1 silenced COS7 and U2OS cells exhibited significantly more junctions per 

ROI, unlike Drp1 silenced cells, which showed only elongated networks (Figure 4E, 4J). 

Together these results show that Arf1 and or PI(4)KIIIß are involved in mitochondrial division 

but at a different step of the process than Drp1. 

Next, in order to gain insight into the molecular mechanisms and to elucidate whether 

the loss of Arf1 or PI(4)KIIIß impacts the protein levels of the mitochondrial fission and fusion 

machinery, immunoblot analyses were carried out in these silenced cells. Furthermore, the 

efficiency of Arf1 and PI(4)KIIIß siRNAs used in both cell lines was confirmed via 

immunoblot analyses (Figure 5). Surprisingly, results showed that there was no major change 

in protein levels corresponding to the fission/fusion machinery, in neither COS7 or U2OS cells 

(Figure 5). In particular, the levels of Mfn1 and Mfn2 were unchanged in contrast to what has 

been proposed in S. cerevisae where loss of Arf1 increased levels of Mitofusin Fzo1 (Ackema 

et al., 2014) due to degradation defects. These results suggest that the mitochondrial elongation 

phenotype observed upon loss of Arf1 and or PI(4)KIIIß is not due to a deregulation of the 

fusion-fission machinery protein levels and is different to the one proposed in the yeast model. 

 
Figure 5. Protein levels of the different fission/fusion machinery. B) Levels of proteins relevant to 
mitochondrial fission left panel, mitochondrial fusion right panel, in Cos-7 cells treated with indicated 
siRNAs. Tubulin and GRP-75 were used as loading controls. B) Levels of proteins relevant to 
mitochondrial fission left panel, mitochondrial fusion right panel, U2OS cells were treated with 
indicated siRNAs. Tubulin and VDAC1were used as loading controls.  
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6.3.2 Mitochondrial hyperfusion induced by Arf1 and or PI(4)KIIIß silencing is 

resistant to MAPL-driven division 
 

In order to decipher whether the role of Arf1, or PI(4)KIIIß occurs upstream or 

downstream of Drp1 activity, MAPL was overexpressed, and mitochondrial morphology was 

analysed  in HeLa cells. Of note, Dr. Shun Nagashima has shown that the role of Arf1 and or 

PI(4)KIIIß in mitochondrial morphology regulation was also conserved in HeLa cells 

(Nagashima et al., 2020). MAPL is a mitochondrial and peroxisomal SUMO/Ubiquitin E3 

ligase, which regulates mitochondrial fission by sumoylating Drp1. Indeed, both at steady state 

and during apoptosis, it has been shown that the SUMOylation-MAPL dependent of Drp1 

enhances its stability and activity leading to drastic mitochondrial fragmentation (Braschi et 

al., 2009; Prudent et al., 2015). Whilst ectopic expression of MAPL caused approximately 65% 

of mitochondrial fragmentation in control cells, Arf1 or PI(4)KIIIß silenced cells remained 

significantly hyperfused compared to control (Figure 6). HeLa cells silenced for Drp1 were 

used as control. These results indicate that the Arf1-PI(4)KIIIß-PI(4)P axis is involved in 

mitochondrial division downstream of Drp1 recruitment and activity, since even their silencing 

significantly decreased Drp1-enforced mitochondrial fragmentation. In addition, we also 

observed that the cells silenced for Drp1 were more resistant to fragmentation compared to 

PI(4)KIIIß- and Arf1-silenced cells.  

Figure 6. Arf1, or PI(4)KIIIß silenced cells are resistant to Drp1-dependent mitochondrial 
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fragmentation. A) Representative confocal images from NT, PI(4)KIIIß, Arf1 and Drp1silenced cells 
transfected with MAPL-FLAG. Mitochondria and FLAG were labelled with anti-TOM20 and anti-
FLAG antibodies, respectively. Scalebar, 10 µm. B) Mitochondrial morphology was classified as either 
intermediate, hyperfused or fragmented in silenced cells. 30 cells were counted in each condition. All 
values: mean ± SD; at least three independent experiments; Two-way ANOVA, Tukey’s multiple 
comparisons test. ** p < 0.01 *** p < 0.001, **** p < 0.0001 were considered statistically significant.  
 
6.3.3 Loss of dynamin2 does not phenocopy mitochondrial hyperfusion observed in 

Arf1 or PI(4)KIIIß silenced cells 
 

The contribution of Dnm2 in the final scission event of mitochondrial membranes has 

been recently challenged (Fonseca et al., 2019; Kamerkar et al., 2018). However, Dnm2 

harbours a PH domain giving it the capacity to bind PI(4)P (Klein et al., 1998). Therefore next, 

the contribution of Dnm2 in the Arf1/PI(4)KIIIß axis driven division was assessed by analysing 

mitochondrial morphology from silenced HeLa and U2OS cells. As expected, Drp1 silencing 

led to a dramatic mitochondrial phenotype in both cell lines, with approximately 90% of cells 

harbouring a hyperfused network. In addition, silencing PI(4)KIIIß led also to significantly 

more cells with mitochondrial elongation phenotype compared to si-NT cells in both cell lines 

(Figure 7). However, silencing Dnm2 in HeLa or U2OS cells did not lead to drastic 

mitochondrial hyperfusion, neither mitochondrial branching, a characteristic of loss of PI(4)P 

pools. These results suggest that Dnm2 is not involved in Arf1 and PI(4)KIIIß driven division 

and confirms previous results suggesting that Dnm2 is not a core component of the fission 

machinery and its specific contribution to this process would require further investigations 

(Fonseca et al., 2019).  
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Figure 7. Unlike Drp1 and PI (4)KIIIß, Dnm2 silenced cells do not exhibit hyperfused mitochondria. 
A, C) Representative confocal images of the mitochondrial morphology in A) HeLa cells, and C) U2OS 
cells, silenced with either siNT, siPI(4)KIIIß, siDnm2 or siDrp1. Mitochondria were labelled with an 
anti-TOM20 antibody. Scalebar, 10 µm. B, D) Quantification mitochondrial morphology B) from A), 
and in D) from C). 30 cells were counted in each condition. Quantification of three different 
experiments, is represented as a histogram, with the mean +/- SD. Two-way ANOVA, Tukey’s multiple 
comparisons test. * p < 0.05, **** p < 0.0001 were considered statistically significant. E) Immunoblot 
analysis (performed by Dr. Shun Nagashima) from PI(4)KIIIß, Dnm2, Drp1 HeLa (left) and U2OS 
(right) silenced cells. HSP60 was used as a loading control.   
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6.4 Conclusions 
 

The results presented here, have shown that silencing Arf1 or PI4K(III)ß induces drastic 

mitochondrial elongation, accompanied by a specific mitochondrial interconnection and 

branching phenotype, in both COS7 and U2OS cells. Importantly, this phenotype was not 

accompanied by major changes in the protein levels of the fission and fusion machineries. 

Furthermore, Mfn1 and Mfn2 protein levels were unchanged in contrast to the yeast mitofusin 

Fzo1 in Arf1 silencing in S. cerevisae. In addition, we showed that Arf1 or PI4KIII-ß silenced 

HeLa cells were resistant to enforced Drp1-dependent mitochondrial fragmentation confirming 

the key role of this axis in regulating mitochondrial division downstream of Drp1 activity. 

Finally, mitochondrial morphology analysis of COS7 and HeLa cells silenced for Dnm2 

confirmed that Dnm2 is not involved in Arf1/PI(4)KIIIß axis driven mitochondrial division. 
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6.5 Discussion 
 

Mitochondrial division involves membrane remodelling events which form the basis of 

their plasticity, yet the final step that leads to scission still remain unknown. Multiple studies 

on mitochondrial fission have suggested that components of the endocytic machinery may be 

potentially involved in final steps of membrane severing (Karbowski et al., 2004; Lee et al., 

2016). For example, members such as Dnm2 and endophilin B, which are essential for pinching 

incoming vesicles from the plasma membrane have also been implicated in mitochondrial 

division (Kabowski et al., 2004). Due to the presence of the PH domain and PI(4)P binding 

capacity, the potential role for Dnm2 in the Arf1/PI(4)KIIIß axis that potentially drives division 

was investigated. However, the results presented here, showed no mitochondrial elongation 

upon Dnm2 silencing and corroborated previous findings, which suggest that Dnm2 is not core 

a regulator of mitochondrial division (Fonseca et al., 2019).  

Whilst others have demonstrated that Dnm2 silencing in HeLa cells induced 

mitochondrial hyperfusion, this study showed the changes in mitochondrial morphology that 

were not characterised by fusion. This could be attributed to different approaches for analysing 

mitochondrial morphology. However, to corroborate these findings, Dnm2 was silenced in 

U2OS cells. Similarly, no hyperfusion phenotype was observed in these cells, suggesting that 

Dnm2 is not a core player in driving mitochondrial division. Interestingly, like it has been 

shown in the original study, silencing Dnm2 leads to hyperfusion in COS7 cells, which was 

indeed recapitulated (data not shown). This suggests that Dnm2 function could be cell-type-

specific, and a universal method should be adopted to quantify mitochondrial morphology for 

efficient analysis. Alternatively, Dnm2 could drive a specific type of fission, since it has also 

been demonstrated that the number of fission events reduces in Dnm2 KO fibroblasts, which 

suggests an involvement that facilitates division (Kamerkar et al., 2018). However, further 

experiments would be required to identify the real contribution of Dynamin 2 in the process.  

Additionally, the loss of either Arf1, or its activator GBF1 have been previously 

documented to lead to mitochondrial hyperfusion in C.elegans (Ackema et al., 2014). The 

results shown in this chapter indeed recapitulated these findings, amongst different cell lines. 

In addition, this study has shown that the specific role of Arf1/ PI(4)KIIIß in PI(4)P generation 

in mitochondrial division. Indeed, the publication confirmed the roles for PI(4)KIIIß generating 

PI(4)P in mitochondrial division by performing rescue experiments with a kinase dead mutant 

and a specific PI(4)KIIIß inhibitor, PIK92, both leading to mitochondrial elongation and 

branching, demonstrating the specific role of PI(4)P in mitochondrial division. Interestingly, 
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unlike the loss of Drp1, silencing of Arf1 or PI(4)KIIIß lead to this specific mitochondrial 

branching phenotypes. However, the underlying mechanistic pathways have not been 

completely elucidated.  

Mitochondrial branching has been also described as a mitochondrial metabolic 

adaptation in response to mTORC1 inhibition, which leads to a translational repression of 

fission protein MTFP1 (Morita et al., 2017). In fact, Arf1 cycling between the active and de-

active state has been suggested to promote mTORC1 lysosomal positioning and activation (Li 

et al., 2010). It will therefore be interesting to investigate mTORC1 activation/inhibition and 

to analyse MTFP1 protein levels to get a better understanding of the mitochondrial branching 

observed in the absence of Arf1 or PI(4)KIIIß.  

Whilst there were no changes in the protein level of the fission or fusion machinery, 

Arf1 or PI(4)KIIIß silenced cells were significantly more resistant to MAPL driven 

mitochondrial fragmentation compared to control cells. Similarly, silenced cells were also 

resistant to mitochondrial fragmentation upon exposure to depolarizing agent CCCP 

(Nagashima et al., 2020). TEM and super resolution microscopy analysis also revealed the 

presence of mitochondrial super-constriction sites and Drp1 accumulation at these sites, upon 

loss of Arf1 and PI(4)KIIIß suggesting a block in the division process downstream Drp1 

(Nagashima et al., 2020). These experiments were strongly indicative, that the Arf1/ 

PI(4)KIIIß/PI(4)P pathway plays a specific role in mitochondrial division downstream of Drp1 

recruitment and activity. To corroborate these results, live cell imaging using GFP-FFAP1 a 

probe to label PI(4)P, or Arf1-GFP, revealed that they are indeed recruited at mitochondrial 

constriction sites on TGN-vesicles downstream of Drp1 recruitment, just before division, in 

around 70% of mitochondrial fission events analysed. Collectively, these experiments robustly 

showed that Arf1-PI(4)KIIIß-PI(4)P axis is involved in mitochondrial division, after Drp1 

recruitment (Nagashima et al., 2020). However, the precise molecular details of how 

Arf1/PI4KIIIß generating Arf1 are involved in the last step of mitochondrial division are 

unknown.  

These collective set of events naturally question if PI(4)P can be transferred from TGN 

to mitochondria to rapidly drive division.  Indeed, as described in the introduction, PI(4)P can 

be counter exchanged at membrane contact sites by lipid transfer proteins, including OSBP-

related proteins. Interestingly, TGN vesicles containing PI(4)P were specifically recruited to 

mitochondria-ER contacts, where ORP5 and ORP8 have recently been shown to be enriched 

on the ER. ORP5 and ORP8 are involved in PI(4)P exchange vs phosphatidylserine at ER-PM 



Chapter 6: Role of Arf1 and PI(4)KIIIß in mitochondrial division 

 206 

contact sites (Chung et al., 2015). Additionally, silencing either ORP5 or ORP8 leads to 

mitochondrial morphology alterations accompanied by unstructured cristae, which emphasises 

the dependence of lipids for the dynamic nature of membranes (Galmes et al., 2016). It could 

therefore be proposed that ORP5/8 at mito-ER contacts transfer PI(4)P at the OMM to drive 

division. Whilst PI(4)P has never been shown to localize to the OMM, SYNJ2B which 

dephosphorylates PI(4,5)P2 to generate PI(4)P has indeed been localised to the OMM. 

Furthermore its protein levels regulate mitochondrial morphology further suggesting a role for 

PI(4)P in regulating dynamics (Nemoto and De Camilli, 1999). Further experiments should be 

performed to gain a better understanding of the different forms of PIs in the mitochondrial 

membranes, and their contribution to remodelling events.  

Finally, it could be possible that PI(4)P either on TGN vesicles or at mitochondria 

recruit downstream effector proteins to drive division, such as GOLPH3, as already described 

at TGN. In fact, GOLPH3 has been shown to be localised at both TGN and mitochondria, 

modulating OMM lipid composition via unknown mechanisms (Nakashima-Kamimura et al., 

2005). Functionally, at the TGN GOLPH3 is implicated in recruiting the actin machinery and 

in particular myosin 18A, to drive TGN vesicle release (Dippold et al., 2009). Interestingly, 

the role of myosin II in mitochondrial division has been recently proposed (Korobova et al., 

2014). It can be hypothesized that an additional actin polymerization event is required to 

terminate mitochondrial division after Drp1 recruitment (Dippold et al., 2009). In addition, it 

has been shown that PI(4)P build up on recycling endosome-ER contact sites signals 

components of the actin nucleation machinery, such as the Wiskott Aldrich syndrome protein 

and scar homologue complex and Arp2/3 complex, required for the budding and scission of 

the recycling endosome (Dong et al., 2016). Interestingly, silencing actin nucleating proteins 

cortactin, or Arp2/Arp3 leads to mitochondrial hyperfusion, branching and an accumulation of 

mitochondrial Drp1(Li et al., 2015). Taken together, these results suggest that, similar to TGN 

vesicle scission mechanism, PI(4)P on the  OMM or at TGN vesicles can signal the recruitment 

of the actin nucleation machinery, to drive mitochondrial membranes scission. Further 

experiments would be required to elucidate whether effectors driving actin polymerization, 

generate the force needed for driving the final step of mitochondrial division.
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List of constructs used in this study 
 
 

Tag & Location Primer Plasmid Restriction 
enzymes 

Sequence 5’-3’ 

N-term 
Flag 

Forward 
 

Pcdna3.1 ECOR1, Xho1 ATATGAATTCATGGACTACAAGGACGACGATGACAAGATG
TCAGGAATGGAAGCCACTGTGACC 

Linker_ 
FLAG_N-term 

Forward Pcdna3 ECOR1, Xho1 ATATGAATTCATGGACTACAAGGACGACGATGACAAGTCT
GGTGGATCTGGAGGTGGATCTGGTGGAATGTCAGGAATGG
AAG 

Longer 
Linker_ 

FLAG_N-term 

Forward Pcdna3 ECOR1, Xho1 ATATGAATTCATGGACTACAAGGACGACGATGACAAGTCT
GGTGGATCTGGAGGTGGATCTGGTGGATCTGGTGGATCTG
GAGGTGGATCTGGTGGAATGTCAGGAATGGAAG 

N-Term 
X3 FLAG 

Forward Pcdna3 ECOR1, Xho1 ATATGAATTCATGGACTACAAAGACCATGACGGTGATTAT
AAAGATCATGATATCGATTACAAGGATGACGATGACAAGA
TGTCAGGAAT GGAAGCCACTGTGACC 

N/A Reverse 
Long isoform 

Pcdna3.1, pcdna3, 
pcs2+ 

ECOR1, Xho1 ATATCTCGAGTCAATTTCCTTTTCTACTGATATCTTCTTCCT
TTAGAGCAAACTTCCTC 

N/A Reverse 
Short isoform 

Pcdna3.1, 
pcdna3, pcs2+ 

ECOR1, Xho1 ATATCTCGAGTCATGTCTGCAAAGCTGCTGGCC 

N/A Forward Pcdna3.1, 
pcdna3, pcs2+ 

ECOR1, Xho1 ATATGAATTCATGTCAGGAATGGAAGCCACTGTGACC 

C-term FLAG Reverse 
Long isoform 

Pcdna3.1 ECOR1, Xho1 ATATCTCGAGTCACTTGTCATCGTCGTCCTTGTAGTCCATAT
TTCCTTTTCTACTGATATCTTCTTCCTTTAGAGCAAACTTCC

TCC 
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C-term FLAG Reverse short 
isoform 

Pcdna3.1 ECOR1, Xho1 ATATCTCGAGTCACTTGTCATCGTCGTCCTTGTAGTCCATTG
TCTGCAAAGCTGCTGGCCTTG3’ 

Linker_ 
FLAG_C-term 

Reverse-_Long Pcdna3 ECOR1, Xho1 ATATCTCGAGTCACTTGTCATCGTCGTCCTTGTAGTCCATTC
CACCAGATCCACCTCCAGATCCACCAGAATTTCCTTTTCTA

CT 
 

Linker_ 
FLAG_C-term 

Reverse-_Short Pcdna3 ECOR1, Xho1 ATATCTCGAGTCACTTGTCATCGTCGTCCTTGTAGTCCATTC
CACCAGATCCACCTCCAGATCCACCAGATGTCTGCAAAGCT

GC 

Longer 
Linker_ 

FLAG_C-term 

Reverse-_Long Pcdna3 ECOR1, Xho1 ATATCTCGAGTCACTTGTCATCGTCGTCCTTGTAGTCCATTC
CACCAGATCCACCTCCAGATCCACCAGATCCACCAGATCCA

CCTCCAGATCCACCAGA ATTTCCTTTTCTACT 

X3 FLAG_ 
Cterm 

Reverse-_Long Pcdna3 ECOR1, Xho1 ATATCTCGAGTCACTTGTCATCGTCATCCTTGTAATCGATAT
CATGATCTTTATAATCACCGTCATGGTCTTTGTAGTCCATAT

TTCCTT 
TTCTACTGATATCTTCTTCCTTTAGAGCAAACTTCCTCC 

X3 FLAG_ 
Cterm 

Reverse-_Short Pcdna3 ECOR1, Xho1 ATATCTCGAGTCACTTGTCATCGTCATCCTTGTAATCGATAT
CATGATCTTTATAATCACCGTCATGGTCTTTGTAGTCCATTG

TCTGCA AAGCTGCTGGCCTTG 

N-term 
GFP 

Forward PEGFPC3 Xho1, Kpn1 ATATCTCGAGATGTCAGGAATGGAAGCCACTGTGACC 

N-term 
GFP 

Linker 

Forward PEGFPC3 Xho1, Kpn1 ATATCTCGAGTCTGGTGGATCTGGAGGTGGATCTGGTGGAA
TGTCAGGAATGGAAGCCACTGTGACC 

N-term 
GFP 

Reverse_Long PEGFPC3 Xho1, Kpn1 ATATGGTACCTCAATTTCCTTTTCTACTGATATCTTCTTCCT
TTAGAGCAAACTTCCTC 
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N-term 
GFP 

Reverse 
Short 

PEGFPC3 Xho1, Kpn1 ATATGGTACCTCATGTCTGCAAAGCTGCTGGCC 

C-term 
GFP 

Forward PEGFPN3 Xho1, Kpn1 ATATCTCGAGATGTCAGGAATGGAAGCCACTGTGACC 

C-term 
GFP 

Reverse_Long PEGFPN3 Xho1, Kpn1 ATATGGTACCATTTCCTTTTCTACTGATATCTTCTTCCTTTA
GAGCAAACTTCCTCC 

C-term 
GFP 

Reverse 
Short 

PEGFPN3 Xho1, Kpn1 ATATGGTACCTGTCTGCAAAGCTGCTGGCCTTG 

C-term 
GFP 

Linker 

Reverse_Long PEGFPN3 Xho1, Kpn1 ATATGGTACCTCCACCAGATCCACCTCCAGATCCACCAGAA
TTTCCTTTTCTACT 

C-term 
GFP 

Linker 

Reverse 
Short 

PEGFPN3 Xho1, Kpn1 ATATGGTACCTCCACCAGATCCACC 
TCCAGATCCACCAGATGTCTGCAAAGCTGC 

N/A Forward P2A-mcherry ECOR1, Age1 ATATGAATTCATGTCAGGAATGGAAGCCACTGTGACC 

N/A Reverse_Long P2A-mcherry ECOR1, Age1 ATATACCGGTGAATTTCCTTTTCTACTGAT 
ATCTTCTTCCTTTAGAGCAAACTTCCTC 

N/A Reverse 
Short 

P2A-mcherry ECOR1, Age1 ATATACCGGTGATGTCTGCAAAGCTGC TGGCC 

N-term 
HA 

Forward Pcdna3.1 ECOR1, Xho1 ATATGAATTC ATG TAC CCA TAC 
GATGTTCCAGATTACGCTATGTCAGGAATGGAAGCCACTGT

GACC 

N-term 
HA 

Reverse_Long Pcdna3.1 ECOR1, Xho1 ATATCTCGAGTCAATTTCCTTTTCTACTGATATCTTCTTCCT
TTAGAGCAAACTTCCTC 
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N-term 
HA 

Reverse 
Short 

Pcdna3.1 ECOR1, Xho1 ATATCTCGAGTCATGTCTGCAAAGCTGCTGGCC 

C-term 
HA 

Reverse_Long Pcdna3.1 ECOR1, Xho1 ATATCTCGAGTCAAGCGTAATCTGGAACATCGTATGGGTAC
ATATTTCCTTTTCTACTGATATCTTCTTCCTTTAGAGCAAAC

TTCCTCC 

C-term 
HA 

Reverse 
Short 

Pcdna3.1 ECOR1, Xho1 ATATCTCGAGTCAAGCGTAATCTGGAACATCGTATGGGTAC
ATTGTCTGCAAAGCTGCTGGCCTTG 

N-term 
Scarlet 

Forward pm_Scarlet_C1 ECOR1, Xho1 ATATCTCGAGGTATGTCAGGAATGGAAGCCACTGTGACC 

N-term 
Scarlet 
Linker 

Forward pm_Scarlet_C1 ECOR1, Xho1 ATATCTCGAGGTTCTGGTGGATCTGGAGGTGGATCTGGTGG
ATCTGGTGGTCTGGAGGTGGATCTGGTGGAATGTCAGGAA

TGGAAGCCACTGTGACC 

N-term 
Scarlet 

Reverse_Long pm_Scarlet_C1 ECOR1, Xho1 ATATCTCGAGGTTCTGGTGGATCTGGAGGTGGATCTGGTGG
ATCTGGTGGATCTGGAGGTGGATCTGGTGGAATGCAGGAA

TGGAAGCCACTGTGACC 

C-term Scarlet Forward pm_MTS_Scarlet_N
1 

NHE1, AGE1 ATATGCTAGCATGTCAGGAATGGAAGCCACTGTGACC 

C-term Scarlet Reverse_Long pm_MTS_Scarlet_N
1 

NHE1, AGE1 ATATACCGGTCCATTTCCTTTTCTACTGATATCTTCTTCCTT
TAGAGCAAACTTCCTC 

C-term Scarlet Reverse_Short pm_MTS_Scarlet_N
1 

NHE1, AGE1 ATATACCGGTCCTGTCTGCAAAGCTGCTGGCC 

C-term Scarlet 
Linker 

Reverse_Long pm_MTS_Scarlet_N
1 

NHE1, AGE1 ATATACCGGTCCTCCACCAGATCCACCTCCAGATCCACCAG
ATCCACCAGATCCACCTCCAGATCCACCAGAATTTCCTTTT

CTACT 
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C-term Scarlet 
Linker 

Reverse_Short pm_MTS_Scarlet
_N1 

NHE1, AGE1 ATATACCGGTCCTCCACCAGATCCACCTCCAGAT
CCACCAGATCCACCAGATCCACCTCCAGATCCAC
CAGATGTCTGCAAAGCTGC 

Nterm BirA 
 

Forward pCDNA 5-FRT-
TO-FlagBirA 

Asc1, Not1 ATATGGCGCGCCTATGTCAGGAATGGAAGCCACT
GTGACC 

Nterm BirA 
 

Rev_Long pCDNA 5-FRT-
TO-FlagBirA 

Asc1, Not1 GCGGCCGCTCAATTTCCTTTTCTACTGATATCTTC
TTCCTTTAGAGCAAACTTCCTC 

Cterm BirA 
 

Forward pCDNA 5-FRT-
TO-FlagBirA 

HindIII, Not1 ATATAAGCTTATGTCAGGAATG  
GAAGCCACTGTGACC 
 

Cterm BirA 
 

Rev_Long pCDNA 5-FRT-
TO-FlagBirA 

HindIII, Not1 ATATGCGGCCGCATTTCCTTTTCTACTGATATCTT
CTTCCTTTAGAGCAAACTTCCTC 

Cterm BirA 
 

Rev_Long pCDNA 5-FRT-
TO-FlagBirA 

HindIII, Not1 ATATGCGGCCGCTGTCTGCAAAGCTGCTGGCC 

Forward S238 
Phosphomimeti
c 

 Pcdna/ 
pcs2+ 

N/A TCTTTGTCCAAGGCCAGCGACTTTGCAGACATGA
TGGG 

Reverse S238 
Phosphomutant 

 Pcdna/ 
pcs2+ 

N/A CCCATCATGTCTGCAAAGTCGCTGGCCTTGGACA
AAGA 

Forward S238 
Phosphomutant 

 Pcdna/ 
pcs2+ 

N/A CCATCATGTCTGCAAAGGCGCTGGCCTTGGACAA
AG 

Reverse S238 
Phosphomutant 

 Pcdna/ 
pcs2+ 

N/A CTTTGTCCAAGGCCAGCGCCTTTGCAGACATGAT
GG 



Appendix 

 237 

 
 
 
 
 
 
 
 
 

CELL BIOLOGY

Golgi-derived PI(4)P-containing vesicles drive late
steps of mitochondrial division
Shun Nagashima1, Luis-Carlos Tábara1*, Lisa Tilokani1*, Vincent Paupe1, Hanish Anand1,
Joe H. Pogson2, Rodolfo Zunino2, Heidi M. McBride2†, Julien Prudent1†

Mitochondrial plasticity is a key regulator of cell fate decisions. Mitochondrial division involves
Dynamin-related protein-1 (Drp1) oligomerization, which constricts membranes at endoplasmic
reticulum (ER) contact sites. The mechanisms driving the final steps of mitochondrial division are
still unclear. Here, we found that microdomains of phosphatidylinositol 4-phosphate [PI(4)P] on
trans-Golgi network (TGN) vesicles were recruited to mitochondria–ER contact sites and could
drive mitochondrial division downstream of Drp1. The loss of the small guanosine triphosphatase
ADP-ribosylation factor 1 (Arf1) or its effector, phosphatidylinositol 4-kinase IIIb [PI(4)KIIIb], in
different mammalian cell lines prevented PI(4)P generation and led to a hyperfused and branched
mitochondrial network marked with extended mitochondrial constriction sites. Thus, recruitment of
TGN-PI(4)P–containing vesicles at mitochondria–ER contact sites may trigger final events leading to
mitochondrial scission.

M
itochondrial division is initiated at sites
where the endoplasmic reticulum (ER)
contacts mitochondria, which marks
the site of constriction and subsequent
recruitment of the large guanosine

triphosphatase (GTPase) Dynamin-related
protein-1 (Drp1) (1). At these sites, Drp1 oligo-
merization further enhancesmitochondrial con-
striction driven by GTP hydrolysis (2). It has
been suggested that the GTPase Dynamin 2
(Dnm2) is required downstream of Drp1-
mediated constriction to terminatemembrane
scission (3); however, its precise contribution
and the molecular details of late events are
currently unclear (4, 5). A growing body of
evidence supports the role of other factors
regulating mitochondrial division, including
phospholipids, calcium, and lysosomes (6). Fur-
thermore, a recent study revealed that loss
of the small GTPase ADP-ribosylation factor
1 (Arf1) led to alterations in mitochondrial
morphologywith hyperfusion inCaenorhabditis
elegans (7). GTP-bound Arf1 is recruited primar-
ily to theGolgi apparatus, where it is canonically
known for its role in the generation of COP1-
coated vesicles. GTP-specific effector proteins
of Arf1 include phosphatidylinositol 4-kinase-
III-b [PI(4)KIIIb], which mediates the phos-
phorylation of phosphatidylinositol to generate
phosphatidylinositol 4-phosphate [PI(4)P] (8).
This generates lipid microdomains enriched
for PI(4)P that are required for membrane-
remodeling events (9–12). Given the primary
role for these enzymes in membrane dy-
namics (7, 13), we investigated the mech-

anisms that underlie the contribution of
PI(4)P pools in the regulation of mitochon-
drial morphology.
Silencing of both Arf1 and PI(4)KIIIb led to

mitochondrial hyperfusion inHeLa cells (Fig. 1,
A to D). In contrast to Drp1-silenced cells, loss
of PI(4)KIIIb and Arf1 induced mitochondrial
elongation and mitochondrial branching, lead-
ing to a highly interconnected network and an
increase ofmitochondrial intersections called
junctions (Fig. 1E). These results were con-
firmed in two othermammalian cell lines, Cos-7
andU2OS (fig. S1, A to K).We further quantified
mitochondrial interconnectivity using a photo-
activatable GFP probe targeted to themitochon-
drial matrix (OCT-PAGFP) (14) (Fig. 1, F and
G). Mitochondrial hyperfusion induced by
PI(4)KIIIb silencing was rescued upon reex-
pression of the bovinewild-type (WT) PI(4)KIIIb
(PI4K-HA), but notwith the kinase-deadmutant
(PI4K-KD-HA) (15) (Fig. 1, H and I, and fig.
S1, L andM). Treatment of HeLa or Cos-7 cells
with the selective PI(4)KIIIb inhibitor PIK93
also resulted in mitochondrial hyperfusion
and branching (fig. S2). In addition, among the
PI(4)K family, only PI(4)KIIb silencing induced
mild mitochondrial hyperfusion in HeLa cells
(fig. S3A-G), but not in Cos-7 cells (fig. S3H-N),
whichmaybecoincidentwitha cell-type–specific
decrease of Drp1 and PI(4)KIIIb protein levels
upon silencing (fig. S3F). Finally, cells silenced
for ceramide transfer protein (CERT), another
Arf1 effector, did not lead to mitochondrial
hyperfusion (fig. S4). Thus, both the kinase
activity of the specific effector PI(4)KIIIb and
the GTPase Arf1 are required to modulate
mitochondrial dynamics.
In transmission electronmicroscopy (TEM),

PI(4)KIIIb- and Arf1-silenced cells displayed
exaggerated mitochondrial hyperfusion and
branching (Fig. 2, A to D, and fig. S5A). We ob-
servedanaccumulationof unusualmitochondrial-

hyperconstricted sites in cells lacking either
Arf1 or PI(4)KIIIb (Fig. 2, E to G, and fig. S5,
B and C). These sites were characterized by a
long and narrow neck, where the inner mem-
brane was observed running parallel with the
constricted outer membrane (Fig. 2, A, E, and
F, and fig. S5B). In addition, the ER was in
close apposition along these constricted sites
(Fig. 2G), suggesting that mitochondria–ER
contacts (MERCs) weremaintained. A similar
level of mitochondrial hyperconstriction has
been reported in cells silenced with Dnm2 (3),
where it has been suggested that this dynamin
may act downstream of Drp1 to drive fission.
However, silencing Dnm2 in U2OS and HeLa
cells failed to recapitulate the mitochondrial
hyperfusion and branching phenotype in-
duced by the loss of PI(4)P pools (fig. S6), as
recently reported (4, 5), suggesting that Arf1
and PI(4)KIIIbmay not be required for Dnm2
recruitment.
Loss of Arf1 in yeast results in an accumula-

tion of the fusion GTPase Fzo1 at mitochondria
and an alteration inmitochondrialmorphology
(7). However, we found no major changes in
the levels of the main pro-fission and pro-fusion
regulators after 48 or 72 hours of silencing for
Arf1 or PI(4)KIIIb, respectively, in HeLa (Fig.
2H), Cos-7 (fig. S5D), and U2OS (fig. S5E) cells.
Although Arf1 silencing for 3 days led to ER
morphology aberrations and increased levels
of cell death (fig. S7), we still did not observe
changes in the main fission and fusion regu-
lator levels (fig. S7D). Immunofluorescence
analysis of endogenous Mfn1 and Mfn2 in
PI(4)KIIIb- and Arf1-silenced HeLa cells also
did not reveal any aggregation or mislocaliza-
tion (fig. S5, F and G). In addition, subcellular
distribution analyses of Drp1 revealed no mito-
chondrial recruitment defects (Fig. 2, I to K)
and the presence of Drp1 foci specifically at
mitochondrial superconstrictions induced by
loss of PI(4)KIIIb in the human fibroblast line
MCH64 (Fig. 2K). Furthermore, stimulated
Drp1-dependent mitochondrial fission in-
duced by mitochondrial-anchored protein
ligase (MAPL) (16) overexpression (fig. S8,
A and B) or by carbonyl cyanide chloro-
phenylhydrazone (CCCP) treatment (fig. S8, C
and D) was significantly reduced in PI(4)
KIIIb- and Arf1-silenced cells. Silencing of the
key component involved in stress-induced
mitochondrial hyperfusion, SLP-2 (17), as
well as the pro-fusion factors Mfn1 andMfn2,
also failed to reverse mitochondrial hyper-
fusion in PI(4)KIIIb-silenced cells (fig. S9).
Finally, compared with Drp1 silencing, which
leads to drastic peroxisomal elongation (18, 19),
loss of Arf1 and PI(4)KIIIb only induced a
subtle peroxisomal elongation in HeLa cells,
not in Cos-7 cells (fig. S10). Thus, these data
potentially support a specific role for these
enzymes in the regulation of mitochondrial
fission downstream of Drp1 recruitment.
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PI(4)KIIIb mainly localized to the Golgi ap-
paratus (fig. S11A) but PI(4)KIIIb foci were also
detected at ER-inducedmitochondrial constric-
tion sites (Fig. 3A and fig. S11B). Similar results
were obtained for subcellular localization anal-

ysis of Arf1-GFP (fig. S11C). The presence of
PI(4)KIIIb and Arf1 at the MERC compart-
ment was confirmed by subcellular fractiona-
tion experiment (Fig. 3B). We then performed
live-cell imaging to determine whether Arf1-

GFP was recruited to mitochondrial constric-
tion sites before division (Fig. 3C andmovies S1
and S2). About 71% of mitochondrial division
events analyzed were marked with Arf1-GFP
punctae before fission (Fig. 3D) and 77% of

Nagashima et al., Science 367, 1366–1371 (2020) 20 March 2020 2 of 6

Fig. 1. Arf1 and
PI(4)KIIIb silencing lead
to mitochondrial hyper-
fusion and branching.
(A) Representative
confocal images of
mitochondrial morphol-
ogy in HeLa cells
treated with the indi-
cated small interfering
RNAs (siRNAs).
Mitochondria were
labeled using an
anti-TOM20 antibody.
Asterisks indicate cells
with elongated and/or
branched mitochondria.
(B) Quantification
of mitochondrial mor-
phology from (A). (C to
E) Mitochondrial mor-
phology quantified for
(C) mean mitochondrial
area per mitochondrion,
(D) mitochondrial
number, and (E) mito-
chondrial branching
measured by maximum
mitochondrial junction
number for each
region of interest (ROI).
(F) Live-cell imaging
of HeLa cells treated
with indicated siRNAs
overexpressing the
ornithine carbamoyl-
transferase (OCT)-
photoactivatable GFP
(mt-PAGFP) probe and
the mitochondrial
marker MTS-Scarlet.
(G) Quantification of the
OCT-PAGFP probe
diffusion over a 5-min
period from (F) using
the overlapping
Mander’s coefficient.
(H) Representative con-
focal images of mito-
chondrial morphology in
HeLa cells silenced with
PI(4)KIIIb siRNA and
transiently overexpress-
ing empty vector (vehicle), WT-PI(4)KIIIb-HA (PI4K-HA), and kinase-dead mutant PI(4)KIIIb-HA (PI4K-KD-HA). Shown are HA-positive transfected cells with elongated
and/or branched mitochondria (*) and intermediate mitochondria (**). (I) Quantification of mitochondrial morphology from (H) and fig. S1L. All scale bars, 10 mm.
All data are shown as mean ± SD of at least three independent experiments. For (B) and (I), two-way ANOVA and Tukey’s multiple-comparisons test were used; for (C) to
(E) and (G), ordinary one-way ANOVA and Tukey’s multiple-comparisons test were used. See also table S1.
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division events showed the recruitment of these
punctae at constriction sites after Drp1 recruit-
ment (Fig. 3, E and F, andmovie S3). Although
Arf1-GFP foci were preferentially found on ER-
induced mitochondrial constriction sites (fig.
S11D and movies S4 and S5), Arf1-GFP foci
were not localized at mitochondrial tip ends
after division (Fig. 3, C and D, and movies S1
and S2) and they did not localize perfectly with

ERmarkers (fig. S11D). This suggested that Arf1
was primarily recruited to the MERC during
division from a ternary compartment. Previous
work uncovered a role for lysosomes at sites
of mitochondrial division (20), so we first ex-
ploredwhether Arf1-GFP focimay reflect these
structures. However, whereas Arf1-GFP foci
convergedwith lysosomes at fission sites, their
recruitment was distinct from lysosomes (Fig.

3, G and H, and movie S6). Instead, we found
that Arf1-GFP foci were recruited to constric-
tion sites upon trans-Golgi network (TGN) ves-
icles (Fig. 3, I and J, and movie S7). Indeed,
TGN46-mCherry vesicles were recruited to
mitochondrial constriction just before divi-
sion in 85% of fission events analyzed, which
was correlated with a colocalization with Arf1-
GFP punctae before and during this process in
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Fig. 2. Loss of Arf1 and
PI(4)KIIIb induces mito-
chondrial superconstriction
sites and does not alter fusion
and/or fission machinery.
(A) Representative TEM
images of HeLa cells treated
with indicated siRNAs,
showing (i) hyperfused
mitochondria, (ii) branched
mitochondria, and (iii) mito-
chondrial superconstriction
sites with ER contacts.
Scale bars, 500 nm. (B to
G) Quantification of TEM
images from (A) showing (B)
mitochondrial area, (C)
distribution of mitochondrial
length, (D) percentage of
branched mitochondria with
indicated branch count, (E)
percentage of mitochondria
harboring mitochondrial
superconstrictions, (F)
distribution of mitochondrial
superconstriction length (width
<100 nm), and (G) percentage
of mitochondrial supercon-
striction with ER contacts.
(H) Levels of proteins relevant
to mitochondrial fission (left
panel) and fusion (right panel)
from HeLa cells treated with the
indicated siRNAs. (I) Repre-
sentative confocal images
of mitochondrial morphology
and Drp1 localization in HeLa
cells treated with the indicated
siRNAs. Scale bars, 10 mm.
(J) Subcellular fractionation
analysis of Drp1 distribution in
HeLa cells treated with the
indicated siRNAs. Total cell
lysates (whole cell) were
fractionated into crude mito-
chondrial (heavy membrane)
and cytosolic (cytosol)
fractions. (K) Representative
confocal images of Drp1
accumulating at mitochondrial
superconstriction sites (white
arrows) in human fibroblasts
silenced for PI(4)KIIIb. Scale bar, 10 mm. For (B), ordinary one-way ANOVA and Tukey’s multiple-comparisons test were used in two independent experiments.

RESEARCH | REPORT

on M
arch 23, 2020

 
http://science.sciencem

ag.org/
D

ow
nloaded from

 



Appendix 

 240 

 
 
 
 
 
 
 
 
 

Nagashima et al., Science 367, 1366–1371 (2020) 20 March 2020 4 of 6

Fig. 3. PI(4)KIIIb and Arf1
localized on TGN vesicles are
recruited to mitochondrial
constrictions and ER contacts
before division. (A) Representa-
tive images of PI(4)KIIIb punctae
localization at mitochondrial
constriction sites and ER contacts
in HeLa cells (white arrows).
Line-scan analysis of relative
fluorescence intensity from
the dashed line are shown.
(B) PI(4)KIIIb and Arf1 localization
analysis by subcellular fractiona-
tion from HeLa cells. Total
cell lysates (whole cell) were
fractionated into cytosolic,
heavy membrane (crude mito),
purified mitochondrial (pure mito),
mitochondria-associated mem-
branes (MAM), and microsomal
(microsomes) fractions. (C) Live-
cell imaging of HeLa cells
transiently expressing Arf1-GFP
and TOM20-mCherry. (D) Quanti-
fication of mitochondrial fission
events marked by Arf1-GFP before
division (left panel) and Arf1-GFP
dynamics on mitochondria after
division (right panel). (E) Live-cell
imaging of HeLa cells transiently
expressing Arf1-GFP and Drp1-
Scarlet with mitochondria labeled
using MitoTracker deep red.
(F) Quantification of mitochondrial
fission events marked by Arf1-GFP
downstream of Drp1-Scarlet
recruitment. (G) Live-cell imaging
of HeLa cells transiently
expressing Arf1-GFP and LAMP1-
mCherry with mitochondria
labeled using MitoTracker
deep red. (H) Quantification of
mitochondrial fission events
marked by Arf1-GFP, LAMP1-
mCherry, or double Arf1-GFP/
LAMP1-mCherry before division
(left panel) and Arf1-GFP/
LAMP1-mCherry dynamics before
recruitment to division sites
(right panel). (I) Live-cell imaging
of HeLa cells transiently
expressing Arf1-GFP and
TGN46-mCherry with mitochon-
dria labeled using MitoTracker
deep red. (J) Quantification of
mitochondrial fission events
marked by Arf1-GFP, TGN46-
mCherry, or double Arf1-GFP/
TGN46-mCherry before division
(left panel) and Arf1-GFP/
TGN46-mCherry dynamics before recruitment to division sites (right panel). In (C), (E), (G), and (I), white and yellow arrows indicate Arf1-GFP puncta before
and after a fission event, respectively. All scale bars, 10 mm. All data are shown as mean ± SEM of at least three independent experiments.
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80% of division events (Fig. 3, I and J, and
movie S7).
We confirmed the predominant Golgi local-

ization forPI(4)P (fig. S12A)using the established
probe GFP-PHFAPP1 (21), but we also observed
PI(4)P enriched foci crossing ER-inducedmito-
chondrial constriction sites (Fig. 4A) in an Arf1-
and PI(4)KIIIb-dependent manner (fig. S12, B
andC). Loss ofDrp1 also significantly decreased
mitochondrial GFP-PHFAPP1 punctae, suggest-
ing that Drp1 activity was required for the
recruitment of TGN-derived PI(4)P vesicles (fig.
S12, B andC). Video analysis revealed that pools
of PI(4)P accumulated and extended toward
mitochondria at sites of constriction (Fig. 4B
and movies S8 and S9) in ~73% of division
events analyzed (Fig. 4, B and C). Similar to
Arf1-GFP, PI(4)P foci were recruited toMERCs
downstream of Drp1 (Fig. 4, D and E; fig. S13;
and movies S10 and S11) and remained on
TGN46 vesicles throughout the fission event
(Fig. 4, F and G, and movie S12). Moreover,
we observed no colocalization with lysosomes
that converged at the site of division (Fig. 4,
H and I, and movie S13). These results were
confirmed using an additional PI(4)P probe,
mCherry-P4M, which recognizes PI(4)P pools
in multiple endomembranes (22) (fig. S14 and
movies S14 to S16). Finally, consistent with the
assembly of the mitochondrial fissionmachin-
ery and the coordination of PI(4)P accumula-
tion, endogenous TGN46, PI(4)KIIIb, and
GFP-PHFAPP1 foci colocalized with endoge-
nous Drp1 at ER-induced mitochondrial con-
strictions (fig. S15). Thus, Arf1 and PI(4)KIIIb
enable the accumulation of PI(4)P punctae on
TGN vesicles, driving late steps of mitochon-
drial division.
Mitochondrial fission is a complex process

that requires many factors, including the ER,
which is involved in the early steps of organelle
constriction (1, 23), and the lysosomes, which
were recently identified at division sites (20).
However, the functional contribution of these
organelles to the process ofmembrane fission
remains unclear. We now add a further layer
of complexity by identifying a key role for Arf1
and PI(4)KIIIb on Golgi vesicles in driving late
steps of mitochondrial division. These data re-
veal a four-way contact among mitochondria,
ER, TGN, and lysosomal vesicles occurring at

>80%of fission sites. It is unclear why somany
organelles are required to drive mitochondrial
division. In considering the contribution of
PI(4)P-enriched vesicles (24), we envision a po-
tential role in the recruitment of adaptors that
drive Arp2/3-dependent actin polymerization
at transient and localized microdomains that
could allow the dynamic assembly of force-
generating machineries essential for the final
steps of mitochondrial division (25–27). We
now suggest that the intimate contacts be-
tweenmitochondria andGolgi-derived PI(4)P-
containing vesicles are key modulators of
mitochondrial dynamics.
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Mitochondria are highly dynamic organelles undergoing coordinated cycles of fission and
fusion, referred as ‘mitochondrial dynamics’, in order to maintain their shape, distribution
and size. Their transient and rapid morphological adaptations are crucial for many cellular
processes such as cell cycle, immunity, apoptosis and mitochondrial quality control. Muta-
tions in the core machinery components and defects in mitochondrial dynamics have been
associated with numerous human diseases. These dynamic transitions are mainly ensured
by large GTPases belonging to the Dynamin family. Mitochondrial fission is a multi-step
process allowing the division of one mitochondrion in two daughter mitochondria. It is reg-
ulated by the recruitment of the GTPase Dynamin-related protein 1 (Drp1) by adaptors at
actin- and endoplasmic reticulum-mediated mitochondrial constriction sites. Drp1 oligomer-
ization followed by mitochondrial constriction leads to the recruitment of Dynamin 2 to ter-
minate membrane scission. Inner mitochondrial membrane constriction has been proposed
to be an independent process regulated by calcium influx. Mitochondrial fusion is driven by
a two-step process with the outer mitochondrial membrane fusion mediated by mitofusins
1 and 2 followed by inner membrane fusion, mediated by optic atrophy 1. In addition to
the role of membrane lipid composition, several members of the machinery can undergo
post-translational modifications modulating these processes. Understanding the molecular
mechanisms controlling mitochondrial dynamics is crucial to decipher how mitochondrial
shape meets the function and to increase the knowledge on the molecular basis of diseases
associated with morphology defects. This article will describe an overview of the molecular
mechanisms that govern mitochondrial fission and fusion in mammals.

Introduction
For a long time, mitochondria have primarily been considered as the ‘powerhouse’ of the cell, producing
the energy required for cell metabolism by oxidative phosphorylation (OXPHOS) [1,2]. It is now accepted
that mitochondria are also involved in numerous other physiological processes such as programmed cell
death, innate immunity, autophagy, redox signalling, calcium homeostasis and stem cells reprogramming
[2-4]. Mitochondrial ultrastructure visualized by electron microscopy (EM) is characterized by a dou-
ble membrane system. The outer mitochondrial membrane (OMM) faces the cytosol, and the inner mi-
tochondrial membrane (IMM) protrudes into the mitochondrial matrix containing mitochondrial DNA
(mtDNA). The compartment delimited by the IMM and the OMM is referred as the intermembrane space
(IMS). However, the development of live cell imaging over the last 30 years has dramatically changed the
concept of mitochondria being static and isolated structures. Indeed, mitochondria can modulate their
morphology to create a tubular network coordinated by fission and fusion events. The balance between
these two opposite processes regulates mitochondrial number, size and positioning within the cytoplasm
and is referred as ‘mitochondrial dynamics’ [5].

c⃝ 2018 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution
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Figure 1. The mitochondrial morphology network
Representative microscopy confocal images showing the different mitochondrial morphological aspects from control (Ctrl), Mfn1-
and Drp1-Knockdown (Kd) mouse embryonic fibroblasts cells. Mitochondria are labelled with an anti-TOM20 antibody (OMM
marker). Tubular, fragmented and hyperfused mitochondria are highlighted by zoomed areas (white squares); scale bars: 10 µm.
Please note that the bright TOM20-positive structure in the zoom area of the Drp1-Kd is not a mitochondrial fragment but a mito-
chondria-derived vesicle [192].

Mitochondrial fission is characterized by the division of one mitochondrion into two daughter mitochondria,
whereas mitochondrial fusion is the union of two mitochondria resulting in one mitochondrion. The deregulation
of these spatio-temporal events results in either a fragmented network characterized by a large number of small
round-shape mitochondria or a hyperfused network with elongated and highly connected mitochondria (Figure 1).
These balanced dynamic transitions are not only required to ensure mitochondrial function but also to respond to
cellular needs by adapting the network to nutrient availability and to the metabolic state of the cell [6]. Moreover,
different morphological states are associated with multiple physiological and pathophysiological conditions [7]. Mi-
tochondrial fragmentation is often linked to mitochondrial dysfunction as this morphological state predominates
during elevated stress levels and cell death [8]. However, it is also observed in the phase G2/M of the cell cycle and
is needed for mitochondrial motility, quality control and mtDNA inheritance [9,10]. Although still under debate,
a fused mitochondrial network would allow matrix component distribution and stimulation of OXPHOS activity
[11]. Mitochondrial elongation also confers protection against phagophore engulfment during autophagy triggered
by nutrient starvation and is mainly associated with cell survival mechanisms [12].

The main proteins composing the core machinery are large GTPase proteins belonging to the Dynamin fam-
ily (Figure 2). These mechanoenzymes can oligomerize and change conformation to drive membrane remod-
elling, constriction, scission and/or fusion [13]. Mitochondrial constriction and scission are carried out by the
Dynamin-related/-like protein 1 (Drp1) and Dynamin2 (Dnm2), respectively [14]. Mitochondrial fusion is ensured
by mitofusins 1 and 2 (Mfn1 and Mfn2) and optic atrophy 1 (OPA1), which mediate OMM and IMM fusion, respec-
tively [15]. Knockout (KO) of either of these GTPases is embryonic lethal in mice and embryonic fibroblasts derived
from these mice harbour drastic mitochondrial morphology defects [16-19] (except for the Dnm2-KO mouse where
mitochondrial morphology has not been investigated). The relevance of mitochondrial dynamics has also been high-
lighted in humans where pathogenic mutations in genes corresponding to the core fission machinery (Drp1 [20],
Dnm2 [21], MFF [22] and Mid49 [23]), fusion (Mfn2 [24] and OPA1 [25,26]), and other factors involved in these
events (e.g. MSTO1 [27,28], GDAP1 [29] and SLC25A46 [30,31]) have been reported.

Together, this highlights the importance of understanding how mitochondrial morphology is regulated, in order
to decipher how mitochondrial shape meets the function. In this article, we will present an overview of the recent
proposed mechanisms regulating mitochondrial fission and fusion in mammals.

Molecular mechanisms of mitochondrial fusion
Mitofusins and outer mitochondrial membrane fusion
OMM fusion is ensured by the two large GTPases homologues Mfn1 and Mfn2 in mammals, which share approxi-
mately 80% sequence similarity in humans. The Mfns orthologue, fuzzy onion (Fzo1), was originally characterized
in Drosophila melanogaster [32] and is conserved from yeast [33] to human [34]. Overexpression of either Mfns
leads to mitochondrial aggregation around the nucleus [35]. While Mfn1-KO induces mitochondrial fragmentation,
Mfn2-KO exhibits swollen spherical mitochondria [16]. This difference can be explained by the fact that Mfn1 has

342 c⃝ 2018 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons
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Figure 2. Schematic representation of the structural elements of the fission and fusion proteins, and their associated
post-translational modifications
Illustration of the core machinery proteins involved in (A) mitochondrial fission and (B) fusion. The classical model proposes that
Mfns contain two transmembrane (TM) domains in between HR1 and HR2 domains. Alternatively, Mfns have been recently demon-
strated 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). Do-
mains are depicted in different colours. Identified location of post-translational modifications are indicated by P (Phosphorylation), N
(S-nitrosylation), S (SUMOylation), G (O-GLcNAcylation), A (Acetylation) or U (Ubiquitination); BSE, bundle signalling elements; CC,
coil-coil; GED, GTPase effector domain; HR, heptad repeat; MTS, mitochondrial targeting sequence; NTD, nucleotidyl transferase
domains; PH, Pleckstrin homology; PR, Proline rich; RR, repeat regions; TM, transmembrane.

been shown to have a greater guanosine triphosphate (GTP)-dependent membrane tethering activity [36]. In ad-
dition, Mfn2 is not only involved in fusion but is also a key regulator of the mitochondria-endoplasmic reticulum
(ER) contact sites tethering [37,38]. Nevertheless, overexpression of Mfn1 or Mfn2 in Mfn2-KO or Mfn1-KO MEF
cells, respectively, can restore mitochondrial fusion [16]. Both proteins also accumulate at contact areas between two
adjacent mitochondria [35] and establish homo or heterotypic complexes leading to mitochondrial fusion [39].

Globally, mitochondrial fusion is characterized by three different steps: the tethering of two mitochondria in trans,
the docking of two membranes increasing the contact surface area and decreasing the distance between the two
membranes [40], and finally the fusion of the two OMM due to conformational changes induced by GTP hydrolysis
[36,41] (Figure 3).

Over the last 15 years, the proposed mechanism of mitochondrial fusion by mitofusins has been based on their
topology. Like yeast Fzo1 [42], it was accepted that Mfns were inserted in the OMM via two transmembrane (TM)
domains separated by a short loop exposing their N-terminal region containing the GTPase and the coil-coil heptad
repeat 1 (HR1) domains and their C-terminal harbouring the HR2 domain in the cytosol [34,43-45] (Figures 2 and
3A). Based on this model and some structural insights, the required mechanistic steps of fusion have been proposed
(Figure 3A).

For example, it has been proposed that Mfns dimeric antiparallel trans interactions between apposing mitochon-
dria are established via their HR2 domains, followed by GTP hydrolysis resulting in OMM fusion [44].
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Figure 3. Simplified models for mitochondrial fusion in mammals
(A) Schematic representations of mitochondrial fusion, based on the Mfns topology suggesting two TM domains with both the
HR1 and HR2 domains facing the cytosol. (1) The outer membrane of two opposing mitochondria are tethered by the interaction in
trans of the HR2 and/or GTPase domains of Mfns. GTP binding or/and hydrolysis induce Mfns conformational change leading to
mitochondrial docking and to an increase of membrane contact sites. For clarity reasons, not all of the recent suggested models
leading to Mfns dimerization and conformational change are highlighted in the scheme. (3) Finally, GTPase-dependent power
stroke or GTP-dependent oligomerization ensure OMM fusion. The composition of the OMM in phospholipids can also regulate
this process. (4) Following OMM fusion, OPA1 and CL drive IMM fusion. The interaction between OPA1 and CL on either side of the
membrane tethers the two IMM, which fuse following OPA1-depedent GTP hydrolysis (5). In this model, S-OPA1 has been shown
to enhance OPA1–CL interaction and fusion. Please note that after OMM and IMM fusion, Mfn2 and OPA1, as membrane-bound
proteins, are still present on the different membranes but are disassembled. (B) Schematic representations of OMM fusion based
on the new metazoan Mfns topology suggesting only one TM placing the Mfn C-terminus in the IMS. Oxidized environment in
the IMS (ROS production) and increase concentration of GSSG lead to the establishment of two disulphide bonds within the IMS
domain. These redox-mediated disulphide modifications induce the dimerization and oligomerization of Mfns molecules which may
promote tethering or GTPase activity required for OMM fusion. Interestingly, this redox-regulated Mfns oligomerization is a dynamic
and reversible process. Yellow stars indicate an oxidized environment.

In contrast to the HR2 trans model, more recent structural studies conducted with a ‘minimal’ recombinant
Mfn1 (internal deletion of the HR2 and generation of the predicted TM domains) revealed that the tethering is
mediating through the GTPase domains [46,47]. The fusion of the adjacent membranes may then be ensured by a
GTPase-dependent power stroke [47] or GTP-dependent oligomerization [46]. While crystal structures clearly reveal
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the GTPase binding in trans as a primary mechanism of tethering, a peptide that mimics the HR1 helix has also been
shown to activate mitochondrial fusion [48]. These peptides, or smaller drugs that alter the conformation of HR1,
increase mitochondrial fusion when added to cells. Based on modelling from the structures, the authors propose that
these compounds interfere with HR1 binding to HR2, thereby opening the helix and promoting mitochondrial teth-
ering and fusion [48]. These compounds were not tested in a direct mitochondrial fusion assay, so it remains possible
that other mechanisms can explain their cellular effects. Finally, it has been recently proposed that the C-terminal
tail of Mfn1, harbouring the HR2 domain, contains an amphipathic helix required for Mfn1 insertion and promoting
mitochondrial fusion [49]. More recent work has shown that HR1, but not HR2, promotes liposome tethering and
lipid mixing in reconstituted assays, hinting that this HR may destabilize the lipids to drive membrane fusion [50].
The idea that the Mfns form a larger fusion pore, visualized as a circular mitochondrial docking complex, has been
suggested using cryo-electron microscopy in isolated yeast mitochondria [40]. This study has also revealed that the
cycles of GTP hydrolysis are required to assemble this dynamic structure [40].

Importantly, the prediction that HR1 and HR2 both reside on the cytosolic side of the OMM was based on the
established topology of the yeast orthologue Fzo1. However, this topology was recently challenged, forcing a recon-
sideration of the current models [51] (Figures 2 and 3B). Furthermore, phylogenetic analysis has revealed that Mfns
from yeast and metazoans are highly divergent, with bioinformatics predicting a single TM domain in metazoan Mfns,
with two membrane spanning regions in Mfns of the fungal clade. Classical biochemical experiments confirmed that
human Mfns harbour only one TM domain, placing the ∼12 kDa C-terminal and the HR2 domain in the IMS [51]. In-
terestingly, this new topology has been functionally linked to the control of mitochondrial fusion by redox signalling.
Indeed, two cysteines located in the HR2 domains can be oxidized by increased level of oxidized glutathione leading
to the formation of disulphide bonds between two Mfns molecules and their oligomerization required for membrane
fusion [51]. These results confirmed initial studies describing the role of reactive oxygen species and oxidative stress
in promoting mitochondrial fusion [52-54]. This new topology is consistent with the observation that HR2 did not
drive liposome tethering or fusion [50]. Given the previous assumptions that the HR2 domain resides in the cytosol,
this new topology raises a number of outstanding questions, for example: Are the GTPase domain interactions in
trans sufficient to tether two mitochondria with HR1 domain driving bilayer mixing? Do the compounds interfering
with HR1 domain affect additional Mfn partners that may participate in fusion?

Together, these data highlight the requirement of a reappraisal of the current acknowledged models and further
experiments based on this new model should be performed in the near future to confirm and shed light on the full
mechanism of OMM fusion.

OPA1 and inner mitochondrial membrane fusion
IMM fusion occurs downstream of OMM fusion and is mediated by the large GTPase OPA1 and specific IMM lipid
components. Indeed, genetic loss of OPA1 leads to mitochondrial fragmentation whereas OPA1 overexpression in-
duces mitochondrial elongation [55]. OPA1, originally described in the yeast model (Mgm1p) [56], is evolutionary
conserved and is a complex protein with eight identified splice-variants. Its protein domain organization shares sim-
ilarities with ‘classical’ dynamins (Figure 2). It is inserted within the IMM via a ∼100 residues N-terminal matrix
targeting signal followed by a TM domain, exposing the majority of the protein to the IMS [57]. Despite the role of
the GTPase and GTPase effector domain (GED) domains for GTP hydrolysis, the specific roles of the different do-
mains during fusion events are not well understood. OPA1 harbours at least two sites for proteolytic cleavage, which
generate shorter and soluble fragments. These cleavages are mediated by two membrane-bound metalloproteases,
OMA1 [58,59] and YME1L [60,61], cleaving the protein at S1 and S2 sites, respectively. This results in at least five
OPA1 fragments detectable by immunoblot where the two higher molecular weight forms are referred as L-OPA1
and the three shorter as S-OPA1. The abundance of the different OPA1 isoforms is cellular context specific and af-
fects mitochondrial dynamics regulation. Indeed, OMA1-dependent cleavage of OPA1 is a stress response, whereas
stimulation of OXPHOS induces YME1L activity. It is interesting to note that a mild mitochondrial stress leads to a
stress-induced mitochondrial hyperfusion (SIMH) mechanism regulated by the Stomatin-like protein 2, Mfn1 and
OPA1 and acting as a pro-survival response [62].

Initial work has described the requirement of both L- and S-OPA1 isoforms to allow mitochondrial fusion since
L-OPA1 and S-OPA1 alone have only little fusion activity [61]. However, recent studies have now shown that the
L-OPA1 isoform alone is sufficient to drive fusion. Indeed, L-OPA1 accumulation drives fusion during SIMH [62] and
is responsible for the mitochondrial hyperfusion observed in YME1L/OMA1-DKO cells [63]. The balance between
OPA1 cleavage by OMA1 and YME1L plays a crucial role in fusion regulation and the precise role of the S-OPA1
generation is not perfectly understood [64]. Indeed, initial work has shown that S-OPA1 isoform is also able to induce
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membrane tubulation in a liposome assay [65] and stimulation of OXPHOS induces YME1L-dependent S-OPA1
generation leading to mitochondrial fusion [66]. In contrast, mitochondrial stress-induced OPA1 cleavage by OMA1
can lead to mitochondrial fragmentation [58,59].

In mammals, OPA1 localization in only one of the two opposing mitochondria is sufficient to drive the fusion of
both membranes [67]. These findings have been recently confirmed and a new model for IMM fusion regulated by
OPA1 and a particular phospholipid has been proposed [68] (Figure 3A). As described later in this article, mem-
brane lipid composition and in particular the lipid, cardiolipin (CL), play a crucial role in membrane remodelling
and dynamics. CL is a mitochondria specific negatively charged lipid mainly localized in the IMM and required for
the assembly and stability of large protein complexes like mitochondrial contact site and cristae organizing system
(MICOS) and OXPHOS complexes [69]. Incubation of recombinant L-OPA1 with reconstituted CL-containing li-
posomes leads to a heterotypic interaction between L-OPA1 and CL driving membrane fusion [68]. In this model,
S-OPA1 facilitates OPA1-CL binding and membranes fusion, corroborating studies performed in yeast showing the
requirement of both S- and L-OPA1 isoforms as well as cardiolipin for IMM fusion [70,71]. Interestingly, these data
have been validated in cellulo using a cell fusion assay, and suggest that the presence of OPA1 and CL on either side
of the membrane can promote fusion and represents the minimal IMM fusion machinery [68]. These results also
suggest that the OPA1 homotypic interaction is not involved in IMM fusion but in cristae architecture control.

Finally, OPA1-dependent IMM fusion depends on Mfn1 but not Mfn2 [62,72]. This observation raises the possible
communication between the two membranes during fusion and suggests a potential interaction of Mfn1 with OPA1,
a hypothesis now more plausible based on the new Mfns topology [51].

Overall, because of the complex processing of OPA1 and the lack of 3D structure of the protein, the precise mode
of action of OPA1 has remained elusive. Further studies are needed to fully establish the mechanism of IMM fusion.

Molecular mechanisms of mitochondrial fission
Drp1 and adaptors
Mitochondrial fission is a multi-step process where the recruitment of the large GTPase Drp1 plays a crucial role. Drp1
is evolutionary conserved and its role in mitochondrial division was initially described in Caenorhabditis elegans
[73] and yeast [74,75] before being extensively studied in mammals [76]. It is mainly a cytosolic protein, which is
dynamically recruited to mitochondrial and peroxisomal membranes where it oligomerizes and drives membrane
constriction in a GTP-dependent manner [14]. Indeed, genetic loss of Drp1 leads to a drastic elongation of both
mitochondria and peroxisomes [77] in multiple cell lines and a variety of animal models [18,19].

Drp1 is composed of four distinct domains, an N-terminal GTPase domain followed by the middle domain, variable
domain (or B-insert) and the GED in C-terminal (Figure 2). Like ‘classical dynamins’, Drp1 also contains bundle
signalling elements (BSE) and stalk regions, but does not harbour the pleckstrin homology (PH) domain or the proline
and arginine rich domain (PRD) at the C-terminal. The BSEs connect the GTPase domain with the stalk domain
allowing Drp1 binding to membranes and subsequently its oligomerization [78].

During mitochondrial division, Drp1 is recruited to the OMM where it forms a ring-like structure around mi-
tochondria leading to the narrowing of the membrane [76,78,79] (Figure 4). Then, GTP hydrolysis enhances this
membrane constriction [80] which marks a potential future site of mitochondrial scission. Assembly of Drp1 at the
OMM is mediated by the central stalk (middle domain) forming Drp1-oligomeric helices starting at two different
points of the membrane [78,81]. Interestingly, in contrast with the ‘common pathway’ where cytosolic Drp1 is di-
rectly recruited to a constriction site through its membrane-anchored adaptors, a ‘targeted equilibrium’ has been
proposed. In this model, dimeric and oligomeric forms of Drp1 are in constant balance between the cytosol and mi-
tochondria [82]. Mitochondria-bound Drp1 puncta can merge into a mature-sized Drp1 complex capable of moving
laterally along the mitochondrial tubule, induce constriction and eventually fission [82].

As Drp1 lacks a PH domain to bind membrane phospholipids directly, its recruitment at the OMM requires adap-
tors proteins. In the yeast model, Dnm1 (Drp1 orthologue) is recruited to the OMM via the membrane-anchored
protein fis1 [83] and two receptors Mdv1 [84] and Caf4 [85]. However, there are no obvious orthologues for Mdv1
and Caf4 in mammals and recent studies suggest that Fis1 is not involved in the fission mechanism in basal conditions
[86]. Instead, the tail-anchored proteins mitochondrial fission factor (MFF) [87] and mitochondrial dynamics pro-
teins 49 and 51 (MiD49 and MiD51) [88,89] act as receptors for Drp1 in mammals (Figures 2 and 4). On one hand,
overexpression of MFF leads to a fragmented network [90] whereas MFF genetic invalidation induces mitochon-
drial and peroxisome elongation [87,90], accompanied by a decrease in Drp1 mitochondrial recruitment. Indeed,
MFF can specifically recruit high-oligomeric forms of Drp1 in cellulo [91] and stimulate its GTPase [92] activity
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Figure 4. Simplified model for mitochondrial fission in mammals
Schematic representation of the multi-step processes required for mitochondria division. (1) In the matrix, replication of the mtDNA
marks the site for ER-recruitment. In parallel, Drp1 oligomers are in constant balance between the cytosol and mitochondria. In
addition, IMM constriction occurs at mitochondria–ER contacts in a Ca2+-dependent process, before Drp1 oligomerization and
maturation. (2) Oligomeric forms of Drp1 accumulate at ER-sites where the pre-constriction of the membrane has been initiated. (3)
The zoomed area highlights the factors regulating mitochondrial division. The ER-bound INF2 and mitochondrial Spire1C induce
actin nucleation and polymerization at mitochondria–ER contact sites. The Myosin IIa may ensure actin cable contraction, providing
the mechanical force to drive mitochondria pre-constriction. At these sites, MFF and MiDs recruit Drp1 where it oligomerizes in a
ring-like structure and (4) GTP-hydrolysis leads to conformational change, enhancing pre-existing mitochondrial constriction. The
composition of the OMM in phospholipids also regulates Drp1 assembly and activity. (5) Then, Dnm2 is recruited to Drp1-mediated
mitochondrial constriction neck where it assembles and terminates membrane scission, (6) leading to two daughter mitochondria.
(7) The mechanisms of disassembly of the fission machinery following division remain unclear but both adaptors and Drp1 are
found at both mitochondrial tips after division.
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enhancing membrane constriction in liposome assay. On the other hand, MiDs overexpression leads to mitochon-
drial elongation due to Drp1 sequestration [88,93], whereas low levels induce mitochondrial fragmentation [94].
MiD49/51-DKO phenocopies MFF-KO, characterized by mitochondrial hyperfusion and Drp1 recruitment defects,
showing a potential redundancy between MiD49 and MiD51 [86,95]. MiDs harbour a nucleotidyltransferase domain
and MiD51 requires ADP as a cofactor to stimulate Drp1 oligomerization and GTPase activity [96,97]. However, in
vitro experiments using MiD51-bound liposomes demonstrated the capacity of MiD51 to inhibit Drp1 GTPase ac-
tivity [95]. While these receptors colocalize together in discrete foci with Drp1 at ER-constriction sites [86,94], MFF
and MiD49/51 can act independently on Drp1 recruitment and activity [98]. Therefore, it is assumed that MFF and
MiDs have distinct but complementary roles in mitochondrial fission where MiDs recruit GTP-bound state of Drp1
to facilitate oligomerization whereas MFF selectively recruits oligomeric and active forms of Drp1. These functional
differences have been highlighted recently during the cell death programme [86]. Further work would shed light on
the precise mechanisms of Drp1 recruitment by these adaptors.

Final step of mitochondrial scission
Although the role Drp1 plays in membrane constriction is well described, its capacity to terminate fission has always
been questioned. Recombinant Drp1 expression leads to liposome tubulation but not to their scission [99]. More-
over, cryo-EM imaging in yeast showed that the most representative diameter of Dnm1-lipid tubes constriction upon
addition of GTP was 50–60 nm [100], which suggested that final scission required an additional process. Recently,
the canonical protein Dnm2, initially involved in endocytic vesicle scission, has been proposed to catalyse this final
step [101] (Figure 4). Like Drp1, Dnm2 is a GTPase that assembles in a collar–like structure around the constrict-
ing lipid ‘necks’ of budding membrane--bound vesicles [13]. Live-cell imaging experiments have shown that Dnm2
acts downstream of mitochondrial Drp1 activity, is transiently and specifically recruited to ER- and Drp1-induced
constriction sites and leads to fission [101]. In addition, silencing Dnm2 induces mitochondrial elongation and the
presence of highly narrow and elongated super-constriction sites. This phenotype was not rescued by re-expression
of Dnm2 mutants lacking its GTPase, PH or PRD domains suggesting that activity, lipid binding and localization of
Dnm2 are required for its role in mitochondrial division [101].

Mitochondrial division occurs at ER contact sites
A groundbreaking discovery in the mitochondrial dynamics field was the discovery that the ER was required for
the initial step of mitochondrial division. Indeed, high-resolution and 3D reconstructed images acquired using EM
and tomography have shown that not only ER tubules make contact with mitochondria but they can also wrap
around them leading to mitochondrial constriction [102] (Figure 4). This pre-constriction step is required to de-
crease the average mitochondrial diameter from approximately 300–500 nm to approximately 150 nm [102], to allow
Drp1-oligomeric ring formation. Therefore, Drp1 and its adaptors MFF and MiD49/51 are also specifically recruited
to these mitochondria–ER contact sites prior to mitochondrial division [95,102,103]. With recent evidence implicat-
ing the role of phospholipids [104] and calcium transfer [105,106] during the process, it is tempting to suggest that
these ER contact sites are not just required for mitochondrial pre-constriction but also represent a signalling platform
for metabolite exchange, facilitating membrane remodelling and division.

The ER-bound inverted-formin 2 (INF2) and the mitochondrial anchored formin-binding Spire1C are both
actin-nucleating proteins (Figure 4). Silencing either protein leads to mitochondrial elongation and defects in
actin polymerization at the mitochondria–ER interface [107,108]. At these contact sites, INF2 cooperates with
Spire1C to regulate actin assembly required for mitochondrial constriction before Drp1 recruitment and oligomer-
ization [107,108]. In addition, Myosin IIA may ensure actin cable contraction providing the mechanical force for
pre-constriction site formation [109]. Furthermore, transient F-actin bursts have been observed at mitochondria just
before Drp1-dependent mitochondrial division [110,111] and other proteins involved in actin cytoskeleton regula-
tion have been shown to regulate mitochondrial fission such as cofilin [110,112], cortactin [110], Arp2/3 [110] and
Septin 2 [113]. Finally, Drp1 can bind F-actin in vitro which stimulates its oligomerization and its GTPase activity
[114]. Together, the concomitant action of the ER and actin has clearly been identified as a crucial regulator of mito-
chondrial division and further studies will shed light on new potential regulators and their links with other members
of the fission machinery.

Since the discovery of the role of the ER in mitochondrial division and the capacity of the oligomeric form of Drp1
to move along the tubules, it was unclear how the ER identifies and marks the sites for mitochondrial division. It had
already been described that mitochondrial nucleoids were localized at mitochondria–ER contact sites in yeast [115]
and mammal cells [116]. Recently, using high-resolution microscopy and live cell imaging, replicating mtDNA has
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specifically been spatially associated at mitochondria–ER contacts and constrictions, marking future mitochondrial
fission sites [117] (Figure 4), allowing mtDNA distribution to the two newly generated mitochondria. This new ob-
servation describes mtDNA replication as one of the first steps of mitochondrial division raising new questions about
the regulating mechanism and how this signal coming from the matrix is transmitted to the ER.

Constriction and division of the inner mitochondrial membrane
While the mechanisms regulating OMM constriction are well documented, the events leading to IMM constriction
or division are poorly understood. Until now, no machinery has been associated with IMM division. EM analyses in
C. elegans [73] and from rat cardiomyocytes [118] reported the potential presence of IMM constriction or division in
the absence of either Drp1 or OMM constriction, which suggested that it could happen early during the mitochondrial
division process. However, only very recently, an underlying mechanism for IMM constriction and possibly division
has been proposed.

Coupling EM to super-resolution microscopy, two recent studies have suggested that IMM constriction is
Ca2+-dependent and occurs at mitochondria–ER contact sites [105,106]. Stimulation of ER-induced calcium release
to mitochondria leads to the constriction of the inner membrane compartment and may induce IMM division before
Drp1 recruitment, therefore independently of OMM-constriction [105,106]. In addition, this phenomenon is inhib-
ited by the loss of the mitochondrial calcium uniporter (MCU), which also leads to mitochondrial elongation. This
is consistent with previous work suggesting a link between mitochondrial Ca2+ influx and mitochondrial fragmenta-
tion [119]. While in human Osteosarcoma cells (U2OS), IMM constriction has been attributed to the stimulation of
mitochondria–ER contacts and mitochondrial calcium uptake by INF2-mediated actin polymerization [105], in neu-
rons this mechanism is ensured by OPA1 processing [106]. Indeed, calcium entry in mitochondria induces a drop
in mitochondrial membrane potential leading to the activation of OMA1 and the processing of OPA1 in S-OPA1.
S-OPA1 accumulation disrupts the capacity of the MICOS complex to stabilize OMM–IMM tethering, leading to
the IMM untethering and possibly constriction [106]. This proposed mode of action confirms the role previously
described for S-OPA1 in fission. Indeed, S-OPA1 can localize at mitochondria–ER contact sites with the OMM fis-
sion machinery, but also overexpression enhances mitochondrial fission [120]. However, further studies need to be
performed to decipher the players regulating IMM constriction and division and precisely incorporate these events
in the global mitochondrial division process.

Additional layers of mitochondrial dynamics regulation
Membrane lipids composition in mitochondrial dynamics
Phospholipids are the major components of mitochondrial membranes and their role in membrane curvature, re-
modelling and regulation of mitochondrial dynamics has recently emerged. Mitochondrial membranes are mainly
composed of phosphatidylcholine and phosphoethanolamine but also contain minor amounts of other phospholipids
like phosphatidic acid (PA) and cardiolipin (CL), which play a major role in membrane remodelling. PA, a saturated
lipid, is directly transferred from the ER to mitochondria, where it is converted into CL at the IMM [121]. A small
amount of CL can be located to the OMM where CL can be converted into PA by the OMM C-anchored member of
the phospholipase D family, mitoPLD [104].

Initial work has demonstrated that overexpression of mitoPLD triggered mitochondrial hyperfusion, whereas its
ablation inhibited fusion and induced mitochondrial fragmentation [122]. Interestingly, hydrolysis of OMM-localized
PA in diacylglycerol (DAG) or lysoPA by cytosolic mitochondrial recruited PA phosphatase (lepin 1b) [123] or phos-
pholipase (PA-PLA1) [124], respectively, inhibits fusion induced by PA accumulation. While PA accumulation en-
hances Mfn1/2-dependent OMM fusion [122], CL stimulates OPA1 assembly and GTPase activity, subsequently lead-
ing to liposomes membrane tubulation [65]. As described earlier, CL plays a major role in the heterotypic interaction
with OPA1, which stimulates fusion and represents the minimum machinery to drive inner membranes fusion [68].

Although Drp1 lacks a specific PH domain, it has been shown that it can interact with both CL and PA. Drp1 bind-
ing to CL via its B-insert domain drives oligomerization and stimulation of its GTPase activity enhancing constriction
and tubulation of liposome membranes [92,125-129], designating CL at the OMM as a pro-fission phospholipid. In-
terestingly, Drp1 oligomerization and GTP hydrolysis can rearrange liposome membranes containing CL to create a
constricted membrane region enriched in CL and favourable to scission [126]. In contrast, PA synthesis by the mi-
toPLD negatively regulates Drp1-dependent mitochondrial division [130]. In cellulo, Drp1 binds directly PA, via an
unstructured loop in its stalk domain, at the OMM constriction sites leading to its oligomerization but to an inhibi-
tion of its GTPase activity, which results in mitochondrial hyperfusion [130,131]. Overall, these studies highlight the
antagonistic roles of PA and CL microdomain formation in mitochondrial fission and fusion regulation.
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Post-translational modifications of the core components
Post-translational modifications of the core protein machinery have been extensively studied in the last 10 years
(Figure 2). Drp1 phosphorylation has been the most studied and phosphorylation at serine 616 and serine 637 are
considered as pro-fission and pro-fusion forms, respectively. During mitosis, Drp1 is phosphorylated by cdk1/cyclin
B kinase dependent on serine 616, stimulating its oligomerization, subsequently inducing mitochondrial fission and
ensuring organelle distribution to daughter cells [132]. Drp1 can also be phosphorylated by other kinases at this
residue during cell death by protein kinase C (PKC) [133] and the Ca2+-/calmodulin-dependent kinase II (CaMKII)
[134,135] and by ERK-1/2 during cancer cell invasion [136,137] and cell reprograming [138]. On the other hand,
protein kinase A, recruited to mitochondria through A kinase-anchoring protein 1 (AKAP1), phosphorylates Drp1
on residue 637 inhibiting fission and protecting mitochondria from autophagosomal degradation during nutrient de-
privation [139] and cell death [140,141]. Dephosphorylation of this residue is carried out by the calcium-dependent
phosphatase calcineurin during cell death [140,142,143] and PGAM5 during necrosis [144]. Finally, other kinases
including Rho-associated coiled coil-containing protein kinase 1 (ROCK1) [145] and glycogen synthase kinase 3β
(GSK3B) [146,147] can phosphorylate Drp1 and modulate mitochondrial morphology. In addition to phosphoryla-
tion, Drp1 can be dynamically SUMOylated/deSUMOylated on multiple non-consensus sites within the B domain
controlling its stable association with the membrane, fission activity and cell death [148-153]. Drp1 can also be ubiq-
uitinated by the RING-finger ubiquitin E3 ligase MARCH5/MITOL [154] and Parkin [155]. Finally, Drp1 activity
can be controlled by S-nitrolysation [156-158] (but this regulation is still controversial) and O-GluNAcylation [159]
modifications in its variable domain.

In addition, Drp1 receptors can also be regulated by post-translational modifications. Indeed, MFF is a substrate
of the cellular energy sensor AMP-activated protein kinase (AMPK) upon mitochondrial dysfunction and a decrease
in the cytosolic ATP/AMP ratio [160]. Phosphorylation of MFF enhances Drp1 recruitment, mitochondrial fission
and damaged mitochondrial degradation [160]. Finally, MiD49 is also ubiquitinated by MARCH5/MITOL leading
to its proteasomal degradation [161].

Post-translational modifications of mitochondrial fusion proteins are less documented. Indeed, the IMM OPA1
protein is regulated by proteolytic cleavage as already described, and only few modifications have been associated with
Mfn1/Mfn2. The activity and stability of Mfn1 is regulated by ubiquitination and acetylation. MARCH5 ubiquitinates
acetylated Mfn1 promoting its proteasomal degradation during mitochondrial stress [162]. During starvation, the
protein deacetylase HDAC6 binds to and deacetylates Mfn1 enhancing fusion [163]. Finally, the phosphorylation
of Mfn1 in the HR1 domain by the extracellular-signal-regulated kinase (ERK) inhibits mitochondrial fusion and
promotes apoptosis [164].

Mfn2 can also be ubiquitinated by the HECT-type E3 ubiquitin-ligase Huwe1 [165], the RING-between RING
type E3 ubiquitin-ligase Parkin [166], and the canonical RING-finger ligase MARCH5 [167] to control its activity
and stability. Indeed, PINK1-phosphorylated Mfn2 can be ubiquitinated by Parkin leading to mitophagy [166] and
JNK-phosphorylated Mfn2 can be ubiquitinated by Huwe1, which leads to its degradation, facilitating fragmentation
and apoptosis [165].

Other proteins regulating mitochondrial dynamics
While most work has focused on the core GTPases that govern mitochondrial dynamics, additional factors have been
identified that either directly or indirectly modify mitochondrial dynamics.

Ganglioside-induced differentiation associated protein 1 (GDAP1) and SLC25A46 are two proteins which can
control mitochondrial fission. GDAP1 has been proposed to participate in fission upstream MFF and Drp1 [29].
SLC25A46 has been suggested to be the mammalian orthologue of the yeast Ugo1, a protein interacting with Fzo1
and Mgm1 to coordinate outer and inner membrane fusion processes in yeast [168,169]. However, loss of SLC25A46
in human cells leads to mitochondrial hyperfusion probably due to a deregulation of mitochondrial membrane phos-
pholipids composition suggesting that the role of SLC25A46 seems to have evolved toward a pro-fission function
[30,31]. Finally, additional evidence suggests that inner mitochondrial compartments may drive mitochondrial di-
vision. An IMM protein, mitochondrial fission process 1 (MTFP1), also called MTP18, has been involved in early
step of mitochondrial division, upstream Drp1 activity [170,171]. Indeed, MTFP1 loss induces mitochondrial hyper-
fusion and a deregulation of Drp1 phosphorylation in an unknown mechanism [172]. This small, inner membrane
protein was recently shown to be a translational target of mTOR, where protein expression was lost upon starvation
or inhibition of mTOR, driving mitochondrial hyperfusion which promoted cell survival [172].

MSTO1 (Misato) is a cytoplasmic regulator of the OMM fusion machinery since it depletion leads to im-
paired fusion [27,28]. Finally, the reactive oxygen species modulator 1 (ROMO1) protein has been identified as a
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redox-regulated protein required for mitochondrial fusion and normal cristae morphology [5 3]. ROMO1, or Mgr2
in yeast, has a primary role in regulating the lateral release of membrane proteins transiting through the Tim23 chan-
nel during biogenesis [17 3]. However, under oxidative stress, ROMO1 is required for OPA1 oligomerization and
ROMO1 silencing induces mitochondrial fission [5 3], reinforcing the interplay between redox signalling and the
control of mitochondrial fusion. It is unclear whether this function in OPA1 dynamics directly relates to defects in
biogenesis, or if it may have a secondary stress-related function in metazoans.

Table 1 Clinical syndromes due to mutations in genes encoding fission and fusion machinery components

Gene OMIM Inheritance Disease Symptoms Refs

MFN2 608507 AD Charcot–Marie–Tooth disease type 2A Distal limb muscle weakness and atrophy, axonal
degeneration/regeneration, areflexia, distal sensory
loss (pain and temperature more frequent) with or
without: (a) CNS involvement (cognitive decline,
spasticity, encephalopathy), (b) optic atrophy, (c)
hearing loss and (d) vocal cord paresis

[24]

AR Charcot–Marie–Tooth disease type 2A [174]

AD Hereditary motor and sensory neuropathy VIA [178]

OPA1 605290 AD Optic atrophy 1 Progressive loss of visual acuity, temporal optic nerve
pallor, central scotoma with or without: (a) CNS
(ataxia, spasticity, hearing loss) and (b) PNS (axonal
sensorineural polyneuropathy) symptoms.

[26]

AD Optic atrophy plus syndrome [25]

AR Behr syndrome Early-onset optic atrophy accompanied by neurologic
features, including ataxia, pyramidal signs, spasticity
and mental retardation

[185]

MSTO1 617619 AR/AD Myopathy and ataxia Hand and feet muscle weakness, growth impairment,
fine tremor, cerebellar hypotrophy with or without: (a)
white matter hyperintensities, (b) frontal lobe atrophy
and (c) mental retardation

[27] [28]

DNM1L 603850 AR/AD Encephalopathy Abnormal brain development, seizures, hepatic
dysfunction, encephalopathy, dysmorphism.

[20] [187]

AD Optic atrophy 5 Progressive loss of visual acuity, optic nerve atrophy
and central scotoma

[188]

MFF 614785 AR Encephalopathy Seizures, dysphagia, optic and peripheral
neuropathy, developmental delay, microcephaly,
cerebellar atrophy and basal ganglia lesions

[22]

MIEF2 615498 AR Mitochondrial myopathy Progressive muscle weakness, intermittent muscle
pain and exercise intolerance

[23]

DNM2 602378 AD Centronuclear myopathy 1 Slowly progressive muscle weakness. [21]

AD Charcot–Marie–Tooth disease, axonal type 2M Distal limb muscle weakness and atrophy and
sensory impairment, areflexia +/-neutropenia.

[180]

AD Charcot–Marie–Tooth disease, dominant intermediate B

AR Lethal congenital contracture syndrome 5 Polyhydramnios, decreased foetal movements,
intracranial bleeding, retinal haemorrhage, joint
contractures and respiratory insufficiency

SLC25A46 610826 AR Pontocerebellar hypoplasia type 1 Early onset of optic atrophy, peripheral axonal
sensorimotor neuropathy, ataxia, myoclonus,
cerebellar atrophy, hypotonia with variable degree of
severity, age at onset and association of symptoms

[189]

AR Hereditary sensory motor neuropathy [31]

AR Optic atrophy spectrum disorders [30]

GDAP1 606598 AR Charcot–Marie–Tooth disease type 4A Distal limb muscle weakness and atrophy and
sensory impairment, areflexia with or without: (a)
axonal regeneration and (b) vocal cord paresis

[176] [175]

AR/AD Charcot–Marie–Tooth disease type 2K

AR Charcot–Marie–Tooth disease type A

AR Charcot–Marie–Tooth disease with vocal cord paresis

INF2 610982 AD Charcot–Marie–Tooth disease type E Distal limb muscle weakness and atrophy and
sensory impairment, areflexia, sensorineural hearing
loss and foot drop

[177]

AD Focal segmental glomerulosclerosis Proteinuria and renal failure [179]

A non-exhaustive list of the diseases related to the principal identified mutations in genes encoding the core components of mitochondrial dynamics
with associated symptoms. Abbreviations: AD, autosomal dominant; AR, autosomal recessive; CNS, central nervous system; OMIM, Online Mendelian
Inheritance in Man R⃝; PNS, peripheral nervous system.

Mitochondrial dynamics: clinical syndromes
Pathogenic mutations in genes encoding the core fission and fusion machinery components have been linked to dif-
ferent severe human disorders, highlighting the physiological role of mitochondrial dynamics in cell homoeostasis

c⃝ 2018 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution
License 4.0 (CC BY).
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(Table 1). These defects are mainly associated with neuromuscular and central nervous system (CNS) clinical syn-
dromes and they are responsible for severe disabilities and progressive clinical course.

Clinical genetics studies have identified pathogenic mutations in MFN2 [24,174], GDAP1 [175,176], INF2 [177]
and DNM2 [180] as a cause of different types of Charcot–Marie–Tooth (CMT) disease, a clinically diverse group of
inherited peripheral neuropathies. CMT diseases are characterized by degeneration of peripheral sensory and motor
axons, causing distal sensory loss, muscle atrophy and weakness. In addition, MFN2 has also been associated with
hereditary motor and sensory neuropathy VI, with optic atrophy and vocal cord paresis as potential additional symp-
toms [178]. Defects in the ER-associated fission protein INF2 can also cause renal focal segmental glomerulosclerosis
[177,179] while DNM2 mutations have also been responsible of centronuclear myopathy [21] or lethal congenital
contracture syndrome 5 [180].

Dominant mutations have been reported in OPA1, and associated with optic atrophy, the most common hereditary
optic neuropathy [181]. This neuropathy is characterized by a loss of retinal ganglion cells in the optic nerve, leading
to a gradual and progressive loss of vision [25,26]. It has been challenging to pinpoint the cause of the selective degra-
dation of the optic nerve, because similarly to Mfn2, OPA1 also plays multiple roles, such as in cristae architecture
and in apoptosis [182]. A subset of dominant mutations in the GTPase domain of OPA1, which is directly involved
in IMM fusion, has been associated with dominant optic atrophy plus syndrome, defined by the development of
additional symptoms such as deafness, ataxia and myopathy throughout adulthood [183,184]. Instead, recessive mu-
tations in OPA1 cause Behr syndrome, a complex neurological disorder characterized by early-onset optic atrophy,
ataxia, spasticity and mental retardation [185]. These three distinct clinical syndromes due to OPA1 mutations are
not clearly explained by the underlying pathophysiology [186].

Mutations in pro-fusion gene MSTO1 cause mitochondrial myopathy and ataxia [27,28] while mutations in DRP1
lead to a severe neurological syndrome with microcephaly, abnormal brain development, optic atrophy and persis-
tent lactic acidemia [20,187,188]. Furthermore, defects involving Drp1 adaptors, MFF [22] and MIEF2 [23], have
been linked to human diseases. Indeed, patients harbouring mutations in MFF exhibit seizures, optic neuropathy
and microcephaly [22]. Patients carrying mutations in MIEF2 suffer from myopathy, with complex I and complex IV
activity deficiency in muscle [23]. Pathogenic mutations have also been associated with other regulators of mitochon-
drial fission. Indeed, patients carrying mutations in SLC25A46 have been reported to present clinically heterogeneous
disorders, ranging from pontocerebellar hypoplasia [189], hereditary sensory motor neuropathy [31] to optic atrophy
spectrum disorder [30].

Studies on in vivo and in vitro models with defective fission/fusion machinery components have been fundamental
for shedding light on the crucial role of mitochondrial dynamics in the control of cell fate decisions. However, the
clinical and genetic complexity of these disorders have not been explained yet and additional studies are required to
improve our understanding on the molecular basis of diseases associated with mitochondrial dynamic defects.

Conclusions
Mitochondrial fusion and fission are crucial events and it is evident that these dynamic morphological transitions
control cell fate decisions. Elucidating how these events are regulated, from a molecular but also biological point of
view, represents a crucial step to the understanding of numerous human diseases. The discovery of new players which
regulate these events is in constant evolution, from unexpected organelles [190] to key biological events [191], and
that will continue in the following years with the development of novel microscopy technology and genetic tools.

Summary
• Mitochondria are highly dynamic organelles that remodel their network in order to maintain their

shape, distribution and size.

• The balance between fission and fusion events modulates mitochondrial morphology depending
on the metabolic needs of the cell.

• The components of the core machinery regulating mitochondrial dynamics belong to the Dynamin
family and these mechano-GTPases enzymes ensure these dynamic transitions.

• Mitochondrial dynamics are controlled by additional layers of regulation including the ER–actin
axis, membranes lipid composition and post-translational modifications of the key proteins.

352 c⃝ 2018 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons
Attribution License 4.0 (CC BY).
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• Mitochondrial fission and fusion regulate numerous physiological functions and numerous dis-
eases have reported abnormal mitochondrial morphology.
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