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Abstract 

The dynamic nature of mitochondrial fusion and fission allows rapid adaptability 

to changing metabolic demands and stress to restore homeostasis. The principal 

fission protein is the cytosolic GTPase dynamin related protein-1 (DRP1), which 

binds to the outer membrane receptors mitochondrial fission protein 1 (Fis1), 

mitochondrial dynamics proteins (MiD49/51) and mitochondrial fission factor 

(MFF). MFF is the predominant pro-fission receptor, whereas MiD proteins 

sequester inactive DRP1 and form a trimeric complex of DRP1-MiD-MFF. 

The fusion and fission machinery are subject to multiple forms of post-

translational modifications (PTM) to regulate mitochondrial function. AMPK 

phosphorylation of MFF at S155/S172 promotes fission under energetic stress, 

and parkin-mediated ubiquitination promotes mitophagy. The small ubiquitin-like 

modifier (SUMO) isoform SUMO-1 promotes DRP1 recruitment, whereas SUMO-

2/3-DRP1 represses fission during oxygen/glucose deprivation (OGD). 

I present a novel finding that MFF is SUMOylated at K151, which is enhanced by 

phosphorylation at S155. A SUMO-deficient MFF mutant (K151R) has reduced 

ubiquitination, which occurs at a separate site to K151, suggesting SUMOylation 

promotes ubiquitination. The K151R mutant has reduced binding to DRP1, but 

surprisingly, the MFF phospho-null and phospho-mimetic mutants also have 

reduced binding. SUMOylation of MFF reduces the association of MFF with MiD 

proteins, and I present a model whereby the degree of SUMOylation mediates 

the ratio of MiD in the DRP1-MiD-MFF complex. Intriguingly, expression of the 

K151R mutant in primary neurons enhances dendritic mitochondrial size and 

reduces density, with no effect on axonal mitochondria, suggesting differential 

compartment-specific regulation and/or roles of MFF SUMOylation. My data 

indicate that MFF SUMOylation is enhanced following OGD and is required for 

DRP1 binding following mitochondrial depolarisation. Taken together, these 

results demonstrate that there is substantial crosstalk between the PTMs of MFF, 

and MFF SUMOylation is required to regulate the fine-tuning of mitochondrial 

dynamics under basal conditions and is also involved in the stress response. 
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1.1 Post translational modifications 

Post translational modifications (PTM) bestows a rapid and dynamic layer of 

complexity to the proteome, allowing an expansion beyond the genome, from 

perhaps a few ten-thousand genes to over a million possible “proteoforms”(Smith 

et al., 2013; Vu et al., 2018). Once a protein is made, if unmodified, it is relatively 

stable and its structure is only altered by stochastic fluctuations in conformation, 

but PTMs allow alterations to a protein’s stability, interactions, activity, localisation 

and function. Eukaryotic physiology can thus be integrated and interconnected 

into the complexity of cell signalling pathways, and allows information processing, 

dynamic and fine-tuned responses to changing environmental contexts 

(Prabakaran et al., 2012; Spoel, 2018; Vu et al., 2018). Almost every protein is 

post translationally modified, and as such, PTMs regulate almost every biological 

process studied. Indeed, one of the most abundant modifications, 

phosphorylation, is mediated by kinases which account for 1.5-2.5% of eukaryotic 

genes (Manning et al., 2002), and the tumour suppressor protein p53 contains at 

least 50 sites of modification (Meek and Anderson, 2009),  highlighting how wide-

spread PTMs are. 

Over 200 PTMs have been identified (Duan and Walther, 2015) and come in 

many forms, involving the reversible, covalent attachment of chemical groups 

(e.g. phosphorylation, acetylation), small polypeptides (e.g. ubiquitination, 

ubiquitin-like proteins) and addition of complex molecules (e.g. glycosylation) to 

amino acid residues of the primary polypeptide sequence (Spoel, 2018). A single 

protein can be modified in multiple ways, on multiple sites and at different times, 
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exponentially increasing the layers of complexity and modulation. This allows 

individual PTMs to coordinate and regulate one another, in a PTM “crosstalk” 

manner (Huang et al., 2015). Such multiple modifications are defined by the type 

of modification, the position of the covalent attachment, the effect it has on protein 

function, and on other PTMs (Nussinov et al., 2012; Vu et al., 2018). In this way, 

the number of modifications a single protein can harbour is vastly greater than the 

single product of the gene. Additionally, just as PTMs alter protein function and 

interactions, different protein complexes can therefore be formed and regulated 

by PTMs. 

1.1.1 SUMOylation 

Small ubiquitin-like modifier (SUMO) is a member of the ubiquitin-like family of 

proteins, which is enzymatically conjugated to lysine residues on target proteins. 

It is a small protein of ~11kDa with a globular structure similar to that of ubiquitin, 

however, unlike ubiquitin, is not implicated in the degradation of target proteins 

(Mahajan et al., 1997; Matunis et al., 1996). There are four isoforms of SUMO, 

designated SUMO-1 to SUMO-4. SUMO-2 and SUMO-3 share ~97% homology 

with each other, only differing in three N-terminal amino acid residues and are 

often denoted as SUMO-2/3, since they cannot be differentiated by current 

antibodies. SUMO-1 shares ~50% sequence homology with SUMO-2/3 (Flotho 

and Melchior, 2013; Wilkinson and Henley, 2010). SUMO-4 has ~87% sequence 

similarity to SUMO-2 and is unique in that it cannot undergo maturation and 

conjugation (Owerbach et al., 2005). The functional significance of this is not yet 

clear, and although only low levels of mRNA have been detected in kidney, spleen 
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and lymph nodes (Bohren et al., 2004; Guo et al., 2004), mature SUMO-4 has 

only been observed under extreme stress (Wei et al., 2008), However, no 

endogenous SUMO-4 protein has been detected, and a definitive role of SUMO-

4 is lacking, although it has been proposed that SUMO-4 may interact non-

covalently with target proteins to alter function (Owerbach et al., 2005). One group 

report a SUMO variant, termed SUMO-5, which has ~88% identity with SUMO-1, 

although further evidence is required to determine a role of this potential 5th 

SUMO isoform (Liang et al., 2016). 

To date, all eukaryotes examined express at least one SUMO isoform, with 

Caenorhabditis elegans, Drosophila and Saccharomyces cerevisiae expressing 

only one. Higher eukaryotes express several SUMO isoforms, with humans 

expressing all four. Functionally, SUMOylation has been shown to play roles in 

many aspects of physiology, examples including, but are not limited to: 

• the DNA damage response (Galanty et al., 2009; Morris et al., 2009) 

• transcription factor regulation (Rosonina et al., 2017) 

• chromosome segregation and nuclear architecture (Nacerddine et al., 

2005) 

• endocytosis of receptors (Martin et al., 2007) 

• cytoskeletal rearrangements required for cell migration (Castillo-Lluva et 

al., 2010) 

• regulation of mitochondrial function and dynamics (Guo et al., 2013, 2017; 

Prudent et al., 2015) 
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Indeed, it seems that each year, large scale mass spectrometry studies identify 

an increasing number of SUMOylated proteins, from ~1,600 proteins in 2014 

(Hendriks et al., 2014), to >3,600 in 2016 (Hendriks and Vertegaal, 2016), to over 

6,700 in 2017 (Hendriks et al., 2017). 

Evidence for the importance of SUMOylation comes from knockout mouse 

studies, where Ubc9-/- (the sole SUMO E2 conjugating enzyme, abolishing all 

SUMO conjugation) mice die early post-implantation, demonstrating a critical 

need of SUMOylation during embryonic development (Nacerddine et al., 2005). 

Similarly, SUMO-2-/- mice are viable a little longer than Ubc9-/-, but failed to 

develop past E10.5 (Wang et al., 2014). However, SUMO-1-/- and SUMO-3-/- mice 

are viable and show no overt phenotype (Wang et al., 2014; Zhang et al., 2008a), 

suggesting a compensatory effect among the SUMO isoforms. 

Important functional distinctions were made between the SUMO isoforms by 

Saitoh and Hinchey, who identified that SUMO-2/3 make up a greater amount of 

the total cellular SUMO proteins, and that the majority is in a “free”, non-

conjugated SUMO pool, while non-conjugated SUMO-1 was almost undetectable. 

Moreover, they show that following various cytotoxic insults (heat stress, oxidative 

stress by using H2O2) induced a substantial and dynamic increase in the degree 

of SUMO-2/3 conjugation, with a concomitant decrease in free SUMO-2/3. Upon 

recovery, after the stress was removed, SUMO-2/3 conjugation was reduced and 

the free SUMO-2/3 restored. No such change was observed for SUMO-1, 

suggesting SUMO-2/3 may function specifically as a stress-responsive pool of 

SUMO (Saitoh and Hinchey, 2000). Mass spectrometry analysis of proteins that 
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were SUMOylated by SUMO-2/3 following heat shock revealed many to be 

involved in apoptosis, cell cycle control, protein degradation, protein and DNA 

quality control. Remarkably, maximal SUMO-2/3 conjugation was reached within 

5 minutes of insult, indicating SUMOylation is a very rapid response and fairly 

direct (Golebiowski et al., 2009). SUMO-2/3 levels increase following oxygen 

glucose deprivation (OGD), an in vitro model of ischemia (Guo et al., 2013) and 

depletion of SUMO-2/3 using siRNA in primary neurons increases vulnerability to 

ischemic stress, reducing neuronal viability and ATP levels (Datwyler et al., 2011). 

This reveals that SUMO-2/3 conjugation is involved in the stress response to 

various genotoxic and proteotoxic insults, which occurs rapidly and reversibly, 

and is involved in recovery and integrity of cells, whereas SUMO-1 has a 

constitutive function. 

1.1.2 The SUMO-cycle 

Conjugation 

SUMO conjugation resembles that of ubiquitin, since it involves an E1 activating 

enzyme, E2 conjugating enzyme (Ubc9), and an E3 enzyme, which catalyses the 

transfer to the target protein, although Ubc9 is often sufficient for conjugation in 

the absence of an E3. SUMO proteins are synthesised as SUMO precursors, 

which must undergo cleavage at their C-terminus to expose a di-glycine motif, 

allowing conjugation. This activation step is carried out by a family of proteases 

called sentrin/SUMO-specific proteases (SENP). Once matured, SUMO is 

activated by formation of a thioester bond with the E1 enzyme in an ATP-

dependent manner. E1 is a heterodimer formed of two subunits SAE1 and SAE2 
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(SUMO-activating enzyme 1/2) (Johnson et al., 1997). SUMO is then transferred 

to Ubc9, which binds directly to the target protein and conjugates SUMO to the 

target protein via an isopeptide bond (Desterro et al., 1997; Johnson and Blobel, 

1997). The E3 enzymes appear to act as a scaffold between SUMO-loaded Ubc9 

and the target protein and accelerate the rate of SUMOylation of the target 

protein. See Figure 1.1 for details. 

Consensus Sequence 

Unlike ubiquitination, SUMOylation of target proteins occurs at a consensus 

sequence: ψ-K-x-D/E, where ψ is a large hydrophobic residue and x is any amino 

acid. The consensus sequence enhances the interaction between the substrate 

and Ubc9 (Bernier-Villamor et al., 2002) Indeed, in vitro SUMOylation assays 

often only require a substrate containing a consensus sequence, Ubc9 and E1. 

Although it should be noted that not all proteins with a SUMO consensus motif 

are SUMOylated, and SUMOylation can also occur at non-consensus sequences 

(Hendriks and Vertegaal, 2016). 

Deconjugation 

In addition to maturing SUMO precursor proteins, SENP enzymes also remove 

SUMO. Mammals have six SENP enzymes (SENP1-3 and SENP5-7), which vary 

in their specificity of deconjugation; SENP1 can deconjugate both SUMO-1 and 

SUMO-2/3, whereas SENP2 favours SUMO-2/3, but can also deconjugate 

SUMO-1. SENP1 and SENP2 also are the major enzymes responsible for 

maturation of pre-SUMO. SENP3 and SENP5 favour deconjugating SUMO-2/3, 

as does SENP6 and SENP7, the latter two also having roles in SUMO chain 
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deconjugation and editing (discussed later in section 1.1.3) (Hickey et al., 2012). 

Other enzymes have also been identified to have deSUMOylating action; the 

deSUMOylation isopeptidase 1 and 2 (DeSI-1/2) can deSUMOylate both SUMO-

1 and SUMO-2/3 in vitro but have no pre-SUMO activating activity (Shin et al., 

2012), and there is little evidence of their targets. 

The overall SUMOylation status of a protein is therefore a result of the opposing 

actions of Ubc9 and SENPs, and due to the importance of SUMOylation, tight 

regulation of conjugation and deconjugation is required under certain conditions 

and different contexts. For example, under basal condition, SENP3 is degraded 

by the ubiquitin system, however, following mild oxidative stress, SENP3 levels 

are stabilised and it translocates to the nucleus where it deSUMOylates p300, a 

co-activator of HIF-1α, which promotes transcription of stress responsive genes. 

SUMOylated p300 is inactive, and so upon SENP3 levels increasing, the SUMO-

mediated repression is relieved and HIF-1α promotes the transcription of stress 

responsive genes (Huang et al., 2009). On the other hand, following OGD, 

SENP3 is rapidly degraded, with a concomitant increase in global SUMO-2/3 

levels. A major target of SENP3 is dynamin related protein 1 (DRP1), which is 

involved in mitochondrial fission. During OGD, DRP1 is SUMOylated by SUMO-

2/3 and inactivated. Upon reperfusion, SENP3 levels are restored, DRP1 is 

deSUMOylated and translocates to the mitochondria to promote mitochondrial 

fission (Guo et al., 2013). 

Oxidative stress can affect the SUMOylation machinery in multiple ways; at 15 

minutes treatment of a low dose of H2O2, SUMO conjugation is increased, 
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however, following lethal doses for the same amount of time, SUMOylation is 

reduced. High concentrations of H2O2 can inhibit SUMOylation by forming a 

disulphide bond between the cysteine active sites of E1 and E2, thus inactivating 

the SUMO conjugation machinery, and H2O2 also oxidises SENP3, protecting it 

from proteasomal degradation. At lower doses, ROS can inactive SENPs by 

forming disulphide bonds between SENP dimers, rendering them inactive. 

Secondly, ROS can increase binding between the target protein and the E3 

enzyme (Stankovic-Valentin et al., 2016). SUMO conjugation and deconjugation 

is reviewed in Flotho and Melchior, 2013; Hay, 2005; Wilkinson and Henley, 2010. 
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Figure 1.1 The SUMO cycle 

Schematic of reversible SUMOylation of a target protein. SUMO precursor protein 

(green hexagon) is matured by SENP enzymes to expose the C-terminal di-glycine 

(GG) motif. SUMO is activated in an ATP-dependent manner and forms a thioester 

bond with the heterodimeric activating E1 enzyme. SUMO is transferred to the E2 Ubc9 

enzyme, which then catalyses isopeptide bond formation with the target protein at the 

SUMO consensus motif ψ-K-x-D/E, possibly with a specific E3 enzyme. SUMO is 

enzymatically cleaved from its target protein via SENP enzymes to release SUMO, 

which is then available for further cycles. 
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The SUMO enigma 

SUMOylation is a very dynamic, labile and readily reversible PTM, and as such, 

detecting endogenous SUMOylation can be a challenge, and to do so requires 

inhibition of the SENP enzymes and/or strong denaturing conditions. It is often 

the case that only a small proportion of the available protein substrate is 

SUMOylated at a given time, as observed for HIF-1α (Matic et al., 2008) and 

GluR6 (Martin et al., 2007). However, SUMO mutants have substantial impacts 

on protein function. So how can such a small pool of SUMOylated proteins exert 

their effects? This has become known as the “SUMO enigma”, proposed by R. 

Hay (Hay, 2005). Taking transcription factors (TF) as an example, SUMOylation 

often leads to their repression, and the SUMO-TR may associate within a 

repression complex. But upon deSUMOylation, the TF is still retained in the 

repressive state, and only upon disassembly of the complex will the SUMO-

mediated repression be relieved. Therefore, in this example, SUMOylation is only 

required to initiate inhibition, not to maintain repression, and so SUMO-induced 

changes persist after deSUMOylation has occurred. This hypothesis offers an 

explanation to the small proportion of substrate modified, but over a period of 

time, many protein molecules will undergo SUMOylation and the consequences 

of this modification persist after its removal (Hay, 2005; Wilkinson and Henley, 

2010). 
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1.1.3 Poly-SUMO chains 

SUMO-2 and SUMO-3 contain internal SUMOylation consensus motifs at K11, 

and so themselves can be SUMOylated. Therefore, like ubiquitin, SUMO can form 

chains, as has been shown in vitro and in vivo (Matic et al., 2008; Tatham et al., 

2001). SUMO-1 does not contain the typical SUMO consensus site and does not 

share SUMO-2/3’s ability to undergo SUMO chain formation. However, SUMO-1 

is incorporated into SUMO chains, and acts as a terminator of SUMO-2/3 chains, 

since addition of SUMO-1 abrogates elongation of SUMO-2 chains in vitro, 

preventing excessive SUMO chain formation (Matic et al., 2008). It was 

discovered that SUMO-1 contains an inverted SUMO consensus site (D/E-x-K-

ψ), which can form atypical SUMO chains. However, this has only been detected 

by mass spectrometry and may only occur at low levels and low efficiency (Matic 

et al., 2010) and the physiological relevance of such chains are unknown. 

Among the initial poly-SUMO substrates identified were HIF-1α, which contains 

two SUMO sites (K391, K477) and is poly-SUMOylated by SUMO-2 at K391, 

forming a chain of up to eight SUMO proteins (Matic et al., 2008). Histone 

deacetylase-4 (HDAC4) contains a single modifiable lysine at 559, which can be 

mono-SUMOylated by SUMO-1, and also modified by a chain of two SUMO-2 

molecules (Matic et al., 2008; Tatham et al., 2001). 

One of the first SUMO substrates identified was PML (promyelocytic leukaemia 

protein) (Boddy et al., 1996, 1997), a defining protein of PML nuclear-bodies 

(PML-NB), which are discrete nuclear multi-protein structures, with roles in DNA 

damage response, apoptosis and the cell cycle (Hsu and Kao, 2018). 
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SUMOylation of PML at K160 by SUMO-1 is essential for the recruitment of other 

PML-NB proteins and for the stability and formation of the structure (Eskiw et al., 

2003; Zhong et al., 2000). SUMO-3 is also an essential component of PML-NB, 

and knockdown of SUMO-3 liberates PML from the PML-NB, a phenotype that 

could not be rescued by SUMO-1 overexpression, indicating that the SUMO 

isoforms have distinct functions in this context. In addition, expressing SUMO-2 

and SUMO-3 K11R mutants (which cannot form poly-SUMO chains) reduced the 

number of PML-NB in the nucleus, suggesting that SUMO conjugation is required 

for PML-NB formation and stability (Fu et al., 2005). SENP6 favours the 

deconjugation of SUMO-2/3 chains, and reduction in SENP6 activity by depletion 

or expression of a catalytic mutant increases SUMO-2/3 conjugation. This leads 

to SUMO accumulation in the nucleus, and an increase in the size and number of 

PML-NB formed, with PML specifically identified to be a poly-SUMO substrate 

and a target of SENP6 (Hattersley et al., 2011). 

SUMO-1 and SUMO-2/3 localises to different structures during the cell cycle, and 

global SUMO-1 conjugation is low throughout mitosis and increases as cells re-

enter G1. SUMO-2/3 is reduced early in mitosis, but increases during cell division. 

This indicates that SUMO-1 and SUMO-2/3 are differentially regulated and 

conjugate to different subpopulations of proteins. Centromere protein-E (CENP-

E) is a microtubule motor protein that localises to the kinetochore during mitosis 

and ensures correct chromosomal alignment. This localisation is dependent on 

CENP-E non-covalently interacting with SUMO-2/3 chains. Interestingly, CENP-

E has no binding capacity for mono or poly-SUMO-1 chains, indicating that the 
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SUMO paralogs and chain length facilitate different interactions (Zhang et al., 

2008b). 

These reports demonstrate that SUMOylated proteins can undergo both mono 

and poly-SUMO events, and in some cases at the same residue. In general, 

SUMOylation functions to alter protein-protein interactions, by masking an 

interaction site, or competing with other PTM, such as ubiquitin (Desterro et al., 

1998; Ulrich, 2008). However, it is hard to see how a poly-SUMO chain could 

achieve this function more efficiently than a mono-SUMO event. It seems that 

increasing the local concentration of SUMO by chain formation can act as a “hub” 

for recruitment of other factors, as highlighted with PML, and also recruits specific 

factors with the capacity to bind chains of certain SUMO isoform and length, as 

highlighted with CENP-E. 

1.1.4 Co-regulation of SUMO and phosphorylation 

The tetrapeptide of the SUMO consensus site (ψ-K-x-D/E) is all that is required 

for SUMOylation of a substrate in vitro. However, proteins with this site are not 

SUMOylated all the time, indicating additional layers of regulating SUMOylation. 

Hendricks et al identified that in over 6,000 SUMOylated proteins, 807 were co-

modified by phosphorylation (Hendriks et al., 2017). SUMO and phosphorylation 

pairs occurred in close proximity to each other, usually in the +4 and +5 position, 

with respect to the lysine (ψ-K-x-E-x-(x)-S), (Hendriks et al., 2018; Hietakangas 

et al., 2006). The interaction between SUMOylation and phosphorylation has 

been extensively investigated in transcriptional regulators. HSF-1, HSFb, GATA-

1 and MEF2A all contain a ψ-K-x-E-x-x-S motif, and phospho-mimetics enhance 
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SUMOylation, whereas phospho-null mutants have decreased SUMOylation, 

demonstrated in vivo and in vitro. The finding that SUMOylation is regulated in 

vitro with phospho-mimetics, the assay involving just the E1, E2, (and E3 in some 

cases), SUMO-1 and either wildtype, phospho-mimetic or phospho-null mutants, 

demonstrates that phosphorylation-mediated SUMOylation is due to enhanced 

SUMO conjugation, and not reduced deSUMOylation. Phosphorylation 

dependent SUMO motif (PDSM) is used to describe the amino acid sequence ψ-

K-x-E-x-(x)-S, where phosphorylation promotes SUMOylation, and is a good 

predictor of positive regulation of SUMOylation (Hietakangas et al., 2003, 2006), 

see Figure 1.2 for schematic. 

 

Figure 1.2 Phosphorylation-dependent SUMOylation 

Schematic of phosphorylation dependent SUMOylation (PDSM). SUMO substrates 

containing a PDSM motif (ψ-K-x-E-x-(x)-S) can be phosphorylated at the +4 or +5 site, 

which enhances the recruitment of the SUMO machinery, promoting SUMOylation. The 

regulation of SUMOylation is therefore a balance between the phopshorylation pathway 

i.e. the relative activity of kinases and phosphatases, and the activation of the SUMO 

pathway i.e. E1, Ubc9 and E3, and the SENP deconjugating enzymes. 

 

In most cases, SUMOylation reduced transcriptional activity (Collavin et al., 2004; 

Hietakangas et al., 2006), but the mechanisms appear to differ. For example, 
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MEF2C SUMOylation at K391, promoted by phosphorylation at S396, does not 

affect its DNA binding ability, and has been proposed to recruit, as yet unknown, 

transcriptional repressors (Kang et al., 2006). Conversely, HSF-1 SUMOylation 

at K298 increased by phosphorylation at S303, increases following heat stress 

and is required for formation of nuclear bodies, DNA binding ability and 

transcription of stress related genes. The non-SUMOylatable mutant K298R and 

phospho-null mutant S303A lacked all SUMO recruitment, transcriptional activity 

and nuclear body formation under stress (Hietakangas et al., 2003; Hong et al., 

2001). 

Non-PDSM regulation of SUMOylation by phosphorylation 

Phosphorylation has also been shown to enhance SUMOylation from a distal site, 

and so does not conform to the PDSM motif. For example, signal transducer and 

activator of transcription 1 (STAT1) is phosphorylated at S727 and SUMOylated 

by SUMO-1 at K703. STAT1 is activated by phosphorylation, mediated by the 

stress response pathway p38 MAPK. Phosphorylation at S727 increases 

SUMOylation, whereas inhibition of this pathway leads to dephosphorylation, 

which abrogates SUMOylation. Therefore, SUMOylation of STAT1 appears to 

promote activity (Vanhatupa et al., 2008), although other reports suggest 

SUMOylation inhibits activation (Grönholm et al., 2012). The nuclear factor 

erythroid-derived 2 (NF-E2) is a heterodimer of the subunits p45 and p18, and 

phosphorylation by PKA enhances complex formation and activity. Both subunits 

can be SUMOylated and phosphorylated, and in vitro experiments showed that 

PKA phosphorylation of p18 increased SUMOylation in a dose-dependent 
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manner, and that PKA phosphorylation of p45 enhances SUMOylation only when 

forming a heterodimer with p18 (Su et al., 2012). 

Although phosphorylation dependent SUMOylation has primarily been 

investigated in transcription factors, there is evidence that it can also occur 

outside the nucleus. The kainate receptor subunit GluR6 is phosphorylated by 

PKC at S868 and S846 in response to agonist activation, promoting SUMOylation 

at K886, which is required for receptor endocytosis, again demonstrating that 

distal phosphorylation events can regulate SUMOylation (Chamberlain et al., 

2012; Konopacki et al., 2011; Martin et al., 2007). 

Phosphorylation negative regulation of SUMOylation 

Phosphorylation not only promotes SUMOylation but can also negatively regulate 

SUMOylation. The transcription factors c-Jun and p53 are SUMOylated by 

SUMO-1 at K229 and K386, respectively, which negatively regulates 

transcriptional activity. Unlike the PDSM, phosphorylation occurs at distal sites 

(S63/S73) in c-Jun, whereas p53 is hyperphosphorylated at multiple sites by 

many different pathways (Meek and Anderson, 2009), and inhibition of 

serine/threonine phosphatases prevented the formation of SUMO-1-p53 (Müller 

et al., 2000). The ETS domain transcription factor (Elk-1) is phosphorylated by 

the MAP kinase pathway, triggering its activation. Stimulation of the MAPK 

pathway increases Elk-1 phosphorylation, with a concurrent decrease in 

SUMOylation. Conversely, SUMO-1-Elk-1 represses activity, indicating that the 

phosphorylation event relieves repression by inhibiting the SUMOylation of Elk-1. 

It was further shown that the reduced SUMOylation is not a general reduction in 
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the SUMO pathway, since other SUMO targets remain unaffected, therefore this 

is specific regulation of Elk-1 (Yang et al., 2003). 

The mechanism of such distal regulation is not clear. It is possible that the 

conformation of a protein may bring distal phosphorylation sites close to 

SUMOylation sites in such a way as to promote SUMOylation in a similar manner 

to the PDSM. Additionally, conformational changes may expose or hinder the 

access to SUMOylation sites. Alternatively, phosphorylation may promote or 

inhibit the binding of factors which increase the capacity for SUMOylation or may 

regulate the recruitment of the deconjugation machinery. 

These reports demonstrate significant crosstalk between phosphorylation and 

SUMOylation, and that phosphorylation can either positively or negatively 

regulate SUMOylation. This increases our understanding of the complexity of 

PTMs, and that phosphorylation and dephosphorylation pathways, together with 

SUMOylation and deSUMOylation pathways regulate the overall “PTM signature” 

of a protein, thus determining the biological function. 

1.1.5 SUMO-ubiquitin hybrid chains 

There is ~26% overlap between SUMOylated and ubiquitinated lysine residues 

(Hendriks and Vertegaal, 2016), indicating that not only SUMOylation targets 

lysines of the SUMO consensus motif, but they can also be ubiquitinated, and 

likewise, lysines that are ubiquitinated can also be SUMOylated. Indeed, SUMO 

and ubiquitin can compete for the same lysine, having differential functions, as 

exemplified in the regulation of IκBα, the inhibitor of the transcription factor NF-

κB. IκBα usually forms a complex with NF-κB in the cytosol, with IκBα being mono-
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SUMOylated by SUMO-1 at K21. Upon an appropriate signal, IκBα becomes 

mono-ubiquitinated at K21, initiating its degradation, release of NF-κB and 

transcription activation (Desterro et al., 1998). 

SUMO-targeted ubiquitin ligases 

A further step in our understanding of the interplay between ubiquitin and SUMO 

came from yeast studies, which identified a class of ubiquitin ligases (Ubl) that 

promote ubiquitination and degradation of SUMOylated proteins. The yeast 

ubiquitin ligase (ULS) families ULS1 and ULS2 were identified to promote 

ubiquitination and degradation of SUMOylated proteins, since their deletion 

results in an accumulation of SUMO conjugates, genome instability, reduced cell 

growth and increased sensitivity to genotoxic stress (Prudden et al., 2007; Sun et 

al., 2007; Uzunova et al., 2007). ULS proteins, also called SUMO targeted 

ubiquitin ligases (STUbL), contain two structural characteristics; a RING finger 

domain, which mediates the interaction with a ubiquitin E2 enzyme, and a SUMO 

interacting motif (SIM), which non-covalently interacts with the SUMO protein 

(Sriramachandran and Dohmen, 2014). A SIM is a short hydrophobic motif (ψ-x-

ψ-ψ or ψ-ψ-x-ψ) where ψ=V/I/L, which is often juxtaposed to a cluster of acidic 

residues, and is thought to form a β-sheet and interact within a groove between 

an α-helix and a β-sheet of SUMO (Kerscher, 2007). Many of the STUbLs have 

multiple SIMs, and therefore can interact with multiple SUMO molecules within a 

poly-SUMO chain. Indeed, SUMO-2/3 chains are preferentially targeted for 

ubiquitination, raising the possibility that SUMO chains are targets for proteolytic 

degradation via a STUbL mechanism (Uzunova et al., 2007). 
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The most studied and highly conserved eukaryotic STUbL is RNF4 (Sun et al., 

2007). RNF4 functions as a homodimer and contains three SIM motifs, which 

favour the binding to poly-SUMO chains of at least three SUMO proteins (Tatham 

et al., 2008). The first substrate of RNF4 ubiquitination to be identified was poly-

SUMOylated PML. As discussed earlier, SUMOylated PML is important for NB 

formation in response to stress. RNF4, ubiquitin and proteasomes are recruited 

to NB, where RNF4 binds to poly-SUMOylated PML and ubiquitinates the SUMO 

chain, initiating PML proteasomal degradation. Conversely, inactive RNF4 or non-

SUMOylatable PML prevents PML SUMO-ubiquitin mediated degradation and 

results in abnormal PML-NB formation (Lallemand-Breitenbach et al., 2008; 

Tatham et al., 2008). 

Additional roles for RNF4 have been implicated in the DNA damage response; 

following DNA double stand breaks, DNA damage factors are recruited. The 

RNF4 SIM motifs and ubiquitination function were shown to be important for 

clearance of the nuclear foci and recruitment of stress response factors (Yin et 

al., 2012). Interestingly, RAP80, a component of the BRAC1-A complex (breast 

cancer type 1 susceptibility protein) targets BRAC1-A to sites of DNA damage. 

RAP80 contains two ubiquitin interacting motifs (UIM) and a SIM, and is recruited 

to SUMO-ubiquitin hybrid chains formed by RNF4 (Guzzo et al., 2012). These 

findings suggest that both SUMOylation and ubiquitination function in concert to 

degrade proteins, but also act as a recruitment platform to form protein 

complexes. See Figure 1.3 for schematic of the role of SUMO-ubiquitin chains. 
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Figure 1.3 SUMOylation can initiate multiple downstream effects 

Schematic of the varied outcomes of SUMOylation. A SUMOylation can act to recruit 

proteins containing a SUMO interacting motif (SIM) which will bind non-covalently and 

can recruit further effector proteins to carry out cellular functions. B SUMO chains can 

also be ubiquitinated by SUMO targetted ubiquitin ligases (STUbL) which contain SIM 

motifs to bind to the SUMO molecules, and a RING domain to recruit ubiquitin E2 

ligases. The SUMO-ubiquitin chain can recruit proteins containing SIM and ubiquitin 

interacting motifs (UIM), which can then recruit further downstream effector proteins or 

be a signal for targetting to the proteasome for degradation (D). 
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A key feature of ubiquitin is that is has seven lysines, all of which can be 

ubiquitinated. By far the major linkage are K48-linked chains, often >50% of all 

ubiquitin chains, which are classically thought to be involved in degradation. 

However, non-degradative roles of ubiquitin have emerged. For example, K6 and 

K11-linkages are placed on depolarised mitochondria by the ubiquitin E3 ligase 

parkin, having roles in mitochondrial degradation by mitophagy (Durcan et al., 

2014; Ordureau et al., 2014). K27-linkages serve as a platform for the recruitment 

of DNA damage response proteins, K33-linkages have been implicated in Golgi 

trafficking, whereas K63-linkages are involved in inflammatory responses, 

lysosomal targeting and NF-κB activation (Komander and Rape, 2012). An 

additional layer to SUMO-ubiquitin chains was the finding that the chains are not 

necessarily linear, but can form complex branches, as identified in mass 

spectrometry studies (Hendriks and Vertegaal, 2016; Lamoliatte et al., 2014). 

Moreover, K6, K11, K27, K48 and K63 of ubiquitin can also be SUMOylated, 

adding greater complexity and specificity to SUMO-ubiquitin chains, and 

increasing the possible intertwining of these modifications. See Figure 1.4 for 

schematic of SUMO-ubiquitin chains. 

The differential ubiquitin linkages, and their distinct functions and cellular 

outcomes have been termed the “ubiquitin code”, taking nomenclature from the 

histone field, and have been extensively reviewed in Komander and Rape, 2012; 

Swatek and Komander, 2016; Yau and Rape, 2016. 
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Figure 1.4 The complex SUMO-ubiquitin “code” 

Conceptual representation of possible SUMO and SUMO-ubiquitin modifications. 

SUMOylation modifications can take place on one lysine of a target protein (mono-

SUMO) or on multiple sites (multi-mono SUMO events). SUMO-2/3 can be 

SUMOylated, forming chains which are “capped” by SUMO-1. SUMO can be modified 

by ubiquitin, and ubiquitin can be modified by SUMO, forming many possible linear or 

branched hybrid chains. 
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1.2 Mitochondria 

For four billion years life has existed on Earth, but up until 1.5-2 billion years ago, 

life remained single-celled and relatively simple (Lane, 2015). A eukaryotic 

progenitor cell engulfed a free-living α-proteobacterium, forming an 

endosymbiotic relationship (Gray et al., 1999). The engulfed bacterium was 

assimilated and became the ancestor of modern-day mitochondria. The union of 

the two genomes allowed an expansion of possible genes on which the cell can 

evolve, and the additional energy supplied by the proto-mitochondria supported 

new gene expression. It is thought that this event precipitated a turning point in 

evolution, whereby multi-cellular, complex life diverged from single-celled life due 

to the acquisition and assimilation of mitochondria (Lane and Martin, 2010). 

Like their bacterial ancestors, modern mitochondria have retained the core 

machinery of generating the energy currency of the cell, in the form of adenosine 

triphosphate (ATP) via oxidative phosphorylation (OXPHOS). Mitochondria are 

also composed of a double membrane, creating two spatially and functionally 

distinct compartments; the matrix, enveloped by the inner membrane is the site 

of many biochemical processes, for example the tricarboxylic acid cycle (TCA) 

cycle, and the intermembrane space (IMS), forms the partition between the outer 

and inner membranes and is where the proton-motive force (PMF) is generated 

to produce ATP (illustrated in Figure 1.5). Although during evolution the proto-

mitochondria lost much of its genome via gene transfer to the host, the 

mitochondrial DNA (mtDNA) still retains a small number of genes, contained in 

small, circular nucleoids, in multiple copy number. The mtDNA is ~16.6kb in 
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length and codes for 13 proteins, fundamental components of the OXPHOS 

machinery, 22 tRNAs and 2 mitochondrial rRNAs (Friedman and Nunnari, 2014).  

 

Figure 1.5 Mitochondrial compartments 

Schematic of the outer and inner membranes of the mitochondria, and the processes 

that take place in each compartment. The inner membrane and inter membrane space 

(IMS) is the site of the electron transport chain. Electrons and protons are extracted 

from NADH and FADH2, which are generated from the TCA cycle in the matrix, and 

protons are pumped across the inner membrane to the IMS, generating a differential 

concentration gradient of protons, known as a chemi-electric gradient, or proton-motive 

force (PMF). The electrons are transferred from one multi-subunit complex to the next, 

and passed to oxygen as the final electon acceptor at complex IV, in turn generating 

water. The high concentration of protons is used to power the molecular turbine ATP-

Synthase, which uses the dissipation of the PMF to generate ATP from ADP and Pi. 

The matrix is the site of many biochemical processes, one of which is the TCA cycle, 

and it also houses multiple copies of mtDNA (Lodish et al., 2007). 
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It is a common misconception that mitochondria exist as static, isolated, “bean-

shaped” structures floating in the cytosol. Indeed, this is often how they are 

depicted in textbooks, but with improved imaging technologies and live cell 

imaging, it is now appreciated that mitochondria can take on a plethora of different 

structures, which is both context and cell type specific. For instance, mitochondria 

in cardiomyocytes occupy over 30% of the cellular volume and are organised in 

a tight, compact manner and appear immobile (Piquereau et al., 2013), whereas 

in neuronal axons the mitochondria are actively transported to distal regions of 

the neurites and are sparse and punctate in nature (Cagalinec et al., 2013; Chang 

et al., 2006). Many other cell types, such as fibroblasts, exhibit mitochondria that 

are cellular-wide, tubular, mobile and interconnected (Liesa et al., 2009; Tilokani 

et al., 2018). In light of this dynamic nature, the mitochondria are not considered 

as isolated structure, but rather an interacting and inter-connected network, 

sometimes referred to as the mitochondrial reticulum (Glancy et al., 2015; Mattie 

et al., 2019). As a result, fixed cell imaging of mitochondria only provides a “snap-

shot” of the mitochondrial network at a single moment in time, and the 

mitochondria appear as a heterogenous population, existing in multiple states and 

forms (Hewitt and Whitworth, 2017). Indeed, the word “Mito-chondria”, coined in 

the late 19th century, derives its origins from the Greek words “mitos”, meaning 

thread, and “chondros”, meaning grain, alluding to the mitochondrial networks 

many and varied morphologies, which were recognised over 100 years ago 

(Benda, cited in Liesa et al., 2009). 
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Beyond OXPHOS, mitochondria have gained a plethora of cellular functions, such 

as β-oxidation of fatty acids, lipid, steroid, nucleotide, amino acid, Fe-S clusters 

and heme synthesis, Ca2+ homeostasis, integrators of nutrient supply and 

metabolic demand, innate immunity and are executioners of programmed cell 

death (McBride et al., 2006; Nunnari and Suomalainen, 2012; Osellame et al., 

2012). It is estimated that mitochondria are composed of over 1000 different 

proteins (Calvo et al., 2016), the vast majority are nuclear-encoded mitochondrial 

genes, and since mitochondria cannot be generated de novo, import machinery 

is responsible for the transport of proteins and lipids to the mitochondria 

(biogenesis), and likewise, removal and quality control mechanisms are in place 

to ensure a healthy population of mitochondria. Due to the integration with many 

cellular signalling pathways and the numerous functions of mitochondria, it is not 

surprising that any dysfunction in mitochondrial biology can lead to cellular stress, 

which can manifest as disease (Nunnari and Suomalainen, 2012). 
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1.2.1 Mitochondrial Dynamics 

Mitochondrial dynamics is a term to define the varied behaviours mitochondria 

exhibit, namely fusion, fission (division) and transport, processes which take place 

along the cytoskeletal tracks of the cell, although this term can also describe 

broader behaviours such as mitophagy (selective mitochondrial degradation by 

autophagy), cristae remodelling, recycling, endoplasmic reticulum-mitochondrial 

contact sites and biogenesis (Dorn, 2018; Eisner et al., 2018; Pernas and 

Scorrano, 2016). The many behaviours of mitochondrial network morphology help 

to balance energy supply and demands, localise mitochondria to sites of high 

energy expenditure and remove damage. The shape of mitochondria is regulated 

by two opposing forces; fusion and fission. Fusion involves the union of two 

mitochondria, whereas fission is the division of a single mitochondrion into two 

daughter mitochondria. The relative rates of these processes therefore dictate the 

overall structure of the mitochondrial network.  

Under basal conditions, the mitochondria constantly undergo cycles of fusion and 

fission, the rates of which equal each other, with no net change in morphology 

(Detmer and Chan, 2007; Twig et al., 2008a). However, the rates can be adjusted 

to favour one process or the other; increasing fusion, or decreasing fission, will 

lead to unopposed fusion and result in a more connected network. On the other 

hand, increasing fission, or inhibiting fusion, will result in a more fragmented 

mitochondrial network. Figure 1.6 shows examples of the extreme differences in 

mitochondrial morphology during unbalanced fusion and fission. 
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Figure 1.6 The fusion and fission balance determine mitochondrial morphology 

Confocal images of MEF cells displaying differerent mitochondrial morphologies. Under 

basal conditions, the mitochondrial network exists as a mixture of short and long tubular 

structures, some isolated and some fused, to form multiple branched structures (centre 

panel). Increasing fission or decreasing fusion will lead to unopposed fission, reduced 

connectivity and more fragmented, shorter mitochondria (left panel). Increasing fusion 

or inhibiting fission will lead to unopposed fusion and result in increased connectivity 

and longer mitochondra (right panel). Scale bar 10µm. 

 

But why do the mitochondria undergo continuous, energy demanding cycles of 

fusion and fission in the first place? And why would the mitochondrial network 

need to change structure? 

 

 

 



General Introduction 

30 

1.2.2 The mitochondrial lifecycle 

Outlined below are the reasons for continuous cycles of fusion and fission. The 

major reason is to maintain a biochemically and functionally homogenous 

population of mitochondria, and to segregate and remove damage. 

Alterations in mitochondrial dynamics is very context specific, and the mediators 

of fusion and fission are highly regulated to coordinate mitochondrial morphology 

(discussed in section 1.3). 

Fusion 

Mitochondrial fusion is a fundamental mitochondrial process, conserved in all 

eukaryotic cells, from yeast to humans (Hales and Fuller, 1997) and is essential 

for life, since disruption of mitochondrial fusion is embryonically lethal (Chen et 

al., 2003). Fusion is also important to: 

• mixing and complementation of mitochondrial components, such as 

protein, lipids and mtDNA, to compensate for any mitochondria that are 

operating at a sub-optimal level (Youle and Van Der Bliek, 2012) 

• maintain mtDNA copy number and replication fidelity (Chen et al., 2003, 

2005) 

• increase ATP production during G2 phase of the cell cycle to support cell 

growth (Martínez-Diez et al., 2006) 

• mitochondrial elongation (increased fusion) protects cells from apoptosis 

and maintains ATP levels during starvation stress (Gomes et al., 2011; 

Neuspiel et al., 2005; Olichon et al., 2003; Sugioka et al., 2004). 
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• increasing fusion during stress prevents mitophagy, maintains OXPHOS 

and preserves mitochondrial integrity, known as stress-induced 

mitochondrial hyperfusion (SIMH) (Wai and Langer, 2016) 

A single mitochondrion can contain thousands of copies of mtDNA, but they are 

not all genetically identical (termed heteroplasmy) because of inherited or 

acquired mutations (Stewart and Chinnery, 2015). Low level (<1%) mutant 

mtDNA is common among healthy individuals (Elliott et al., 2008), which does not 

manifest as disease because fusion is sufficient to compensate and restore 

mitochondrial function (Nakada et al., 2001; Ono et al., 2001). If the level of 

pathogenic mtDNA mutations exceeds a threshold (>60-80%), then the efforts of 

fusion to compensate for the damage are overwhelmed and the mitochondria 

becomes biochemically compromised. Indeed, high mtDNA mutational loads 

accelerate ageing in mice (Ross et al., 2013; Trifunovic et al., 2004) and are also 

implicated in human neurodegenerative disease (Bender et al., 2006). The 

existence of mtDNA repair machinery within mitochondria is well established, and 

like the nuclear genome, mtDNA can undergo repair (e.g. base excision repair), 

and there is some evidence suggesting other mechanisms typical of nuclear DNA 

repair exist in mitochondria (i.e. homologous recombination), however, the 

mechanisms of such repair pathways require further investigation, reviewed in 

Zinovkina, 2018. 

Pioneering work by Twig et al. used live cell imaging of fluorescently labelled 

mitochondria to show that fusion of mitochondria is not a random process but is 

selective. Tracking mitochondria between successive fusion-fission events 
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demonstrated that fusion occurs only between mitochondria with high membrane 

potentials, thus presumably with high functionality and integrity (Twig et al., 

2008a). Using photoactivatable fluorophores, which can selectively activate 10-

20% of the mitochondria in a cell, complete diffusion of the fluorophore occurs 

within ~45 minutes, and fusion events for a single mitochondrion occur once every 

5-20 minutes, demonstrating this is a very active and rapid process (Karbowski 

et al., 2004; Twig et al., 2008a, 2008b). 

Fission 

On the other hand, fission is important to: 

• ensure equal distribution of mitochondria to daughter cells during mitosis 

(Martínez-Diez et al., 2006; Taguchi et al., 2007) 

• generate sufficiently small mitochondrial units for transport, particularly 

important in polarised cells such as neurons (Cagalinec et al., 2013; Lewis 

et al., 2018; Li et al., 2004; Verstreken et al., 2005) 

• isolate mitochondria before mitophagy (selective mitochondrial autophagy) 

to fit mitochondrial fragments into the autophagosome (Kageyama et al., 

2014; Tanaka et al., 2010) 

• release cytochrome c during apoptosis (Gandre-Babbe and van der Bliek, 

2008; Guo et al., 2013; Osellame et al., 2016; Prudent et al., 2015) 

• maintain mtDNA levels and efficient mitochondrial respiration (Ishihara et 

al., 2009; Parone et al., 2008) 
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The study by Twig et al. also showed that fission generates asymmetric daughter 

mitochondria, with one mitochondrion becoming hyperpolarised, whereas the 

other loses membrane potential. Approximately 1 in 5 post-fission mitochondria 

remained depolarised and were fusion-deficient and underwent mitophagy. 

Mitochondria which regained membrane potential could then go on to further 

fusion events (Twig et al., 2008a). The mechanism for the asymmetric and 

differential membrane potentials is unclear, although similar asymmetric division 

occurs in bacteria (Kysela et al., 2013; Lindner et al., 2008). It is conceivable that 

a similar process occurs in mitochondria, where less functional components are 

sequestered within one daughter mitochondrion, which has reduced membrane 

potential and is targeted by the PINK1/parkin pathway (Suen et al., 2010), while 

the other has greater functionality and higher membrane potential, which is 

retained to fuse with the network. 

These reports lead to a notion of selective fusion and mitophagy as a mechanism 

of quality control; fusion between mitochondria of only high membrane potential 

facilitates the mitigation of damage while retaining functional components, and 

therefore excluding dysfunctional and fusion-deficient mitochondria destined for 

degradation. The mitochondrial lifecycle is depicted in Figure 1.7. 
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Figure 1.7 The mitochondrial lifecycle 

Schematic showing the lifecycle of the mitochondria. 1) Constant cycles of fusion mix 

mitochondrial components to maintain a homogenous, biochemicially and genetically 

unified population of mitochondria. 2) Over time damage accumulates from mtDNA 

mutations and protein or lipid oxidation, and asymmetric fission results in daughter 

mitochondria of increased (3) and decreased (5) membrane potentials (∆ψm). 4) The 

mitochondria with higher membrane potential are fusion-competent, whereas if the 

other mitochondria can not regain sufficient ∆ψm, it will be targetted for mitophagy via 

the PINK1/parkin pathway (6). 7) If membrane potential is restored, the mitochondria 

can fuse back with the network (8), therefore only functional mitochondrial units persist, 

while damage is removed. 
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1.3 The mitochondrial fusion and fission machinery 

Fusion and fission are mediated by large GTPases, which modify membrane 

curvature upon GTP hydrolysis. Mitofusins 1 and 2 (Mfn 1/2) are outer membrane 

proteins, which tether and fuse the mitochondrial outer membrane (MOM) of two 

mitochondria, and optic atrophy protein 1 (OPA1) is an inner membrane protein 

which fuses the inner membrane, and also has roles in regulating cristae 

morphology. The combined actions of Mfn proteins and OPA1 thus unifies all 

mitochondrial membranes and the IMS and matrix. 

One GTPase is involved in fission, the cytosolic protein dynamin related protein 

1 (DRP1), which binds to receptors on the MOM, of which there are four; 

mitochondrial fission protein 1 (Fis1), mitochondrial fission factor (MFF), 

mitochondrial dynamics protein 49 and 51 (MiD49 and MiD51). The recruitment 

of DRP1 forms a helix around the mitochondria, and upon GTP hydrolysis, 

inducing a conformational change, constricts the membrane, inducing fission. 

Fusion and fission are illustrated in Figure 1.8. 

Discussed below are the mechanisms, function and regulation by PTMs of the 

fusion and fission machinery, which has been extensively reviewed in Hoppins et 

al., 2007; Labbé et al., 2014; Liesa et al., 2009; Tilokani et al., 2018. 
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Figure 1.8 Mitochondrial fusion and fission are mediated by GTPases 

Mitochondrial fusion involves the union of the outer mitochondrial membrane (MOM), 

and then subsequently fusion of the inner mitochondrial membrane (IMM). Mitofusins  

(Mfn1 and 2) form homo and hetero dimers which tether the two partner mitochondrion, 

and via GTP hydrolysis induce conformational changes in the Mfn complexes, fusing 

the MOM together. OPA1 regulates cristae structure and fusion of the IMM, thus 

unifying the matrix. Mitochondrial fission is mediated by the cytosolic GTPase dynamin-

related protein 1 (DRP1) which is recruited to adapter proteins on the MOM (Fis1, MFF, 

MiD49/51). DRP1 oligomerises into a spiral around the mitochondria, and via GTP 

hydrolysis, induces sission of the membrane. 
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1.3.1 Mitofusins (Mfn1/2) 

Mfn1 and 2 are highly conserved, double pass transmembrane GTPase proteins 

which localise to the MOM. They share ~63% sequence identity with each other 

and both contain a GTPase and two coiled-coil regions (Hales and Fuller, 1997; 

Liesa et al., 2009; Mertins et al., 2016; Santel and Fuller, 2000). They have a wide 

tissue expression pattern, with a high ratio of Mfn2/Mfn1 in heart and skeletal 

muscle tissue (Santel et al., 2003). They form homo and hetero-dimeric 

complexes on opposing membranes (in trans) via the coiled-coil regions (Koshiba 

et al., 2004). The GTPase activity of the Mfn proteins and the membrane potential  

are required for efficient fusion (Hales and Fuller, 1997; Legros et al., 2002). Mice 

ablated for Mfn1 and 2 do not survive mid-gestation, and MEF cells null for both 

proteins have a severe fusion deficit and the mitochondria fragment, although 

Mfn1 can rescue fusion in Mfn2-null cells, and vice versa, suggesting there is a 

level of redundancy between the two Mfn proteins (Chen et al., 2003). Moreover, 

double Mfn1/2-null MEF cells have reduced growth, wide-spread differences in 

membrane potential, with many mitochondria unable to sustain membrane 

potential, resulting in reduced respiration (Chen et al., 2005). However, the 

GTPase activity of Mfn1 is higher than that of Mfn2 and has a greater tethering 

capacity (Ishihara et al., 2009). On the other hand, Mfn2 acts as a tether between 

the mitochondria and the endoplasmic reticulum (de Brito and Scorrano, 2008), 

raising the possibility that specific functions of the Mfn proteins, and different 

ratios of Mfn1/2 proteins, could confer tissue specific fusion activities (Liesa et al., 

2009; Santel et al., 2003). Mfn1 activity and stability are regulated by PTM under 
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different stress conditions, which fine tunes the balance of fusion to either 

promote fusion (SIMH), or initiate fission. Park et al show that using antimycin A 

(ETC complex III inhibitor) for short periods of time causes Mfn1 levels to 

accumulate and the mitochondria undergo SIMH. Under prolonged treatment, 

Mfn1 is ubiquitinated by the mitochondrial ubiquitin ligase membrane-associated 

RING-finger 5 (MARCH5). The interaction between MARCH5 and Mfn1 is 

dependent on Mfn1 acetylation, which increases upon mitochondrial stress, thus 

increasing Mfn1 ubiquitination by MARCH5. This mechanism regulates Mfn1 

levels under stress and prevents prolonged fusion when mitochondrial fission 

needs to occur (Park et al., 2014). Following glucose starvation, Mfn1 is 

deacetylated by histone deacetylase 6 (HDAC6), which promotes fusion and 

decreases oxidative stress (Lee et al., 2014), presumably to prevent MARCH-

dependent ubiquitination to favour fusion. Mfn1 is phosphorylated during OGD 

and H2O2 treatment by extracellular-signal regulated kinase (ERK), inhibiting 

Mfn1 function, promoting fission and apoptosis (Pyakurel et al., 2015). Both Mfn1 

and 2 are ubiquitinated by the PINK1/parkin pathway following mitochondrial 

depolarisation, therefore inhibiting fusion and segregating mitochondria for 

mitophagy (Gegg et al., 2010). Jun N-terminal Kinase (JNK) phosphorylates Mfn2 

in response to genotoxic stress, which recruits the E3 ubiquitin ligase Huew1 to 

promote Mfn2 degradation, leading to fission and apoptosis (Leboucher et al., 

2012). 
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1.3.2 Optic Atrophy Protein 1 (OPA1) 

OPA1 is a large protein localised to the IMM, with the bulk of the protein facing 

the IMS. It has a predicted size of over 100kDa, however, exists as multiple 

smaller fragments, an 86kDa form predominating (Olichon et al., 2002). In vitro 

experiments confirm OPA1 as a pro-fusion protein, since knockdown triggers 

mitochondrial fragmentation, Δψm loss, and apoptosis (Griparic et al., 2004; 

Olichon et al., 2003). Homozygous OPA1 mutant mice die in utero, but 

heterozygous mice are viable, but show progressive loss of optic nerve axons 

(Alavi et al., 2007). Cristae house the vast majority (>90%) of ATP-Synthase and 

complex III, over 80% of cytochrome c, and OPA1 is involved in regulating cristae 

shape and structure, and thus plays an important function in regulating apoptosis 

and OXPHOS (Cogliati et al., 2016). Indeed, loss of OPA1 results in disorganised 

cristae structures and susceptibility to apoptosis (Alavi et al., 2007; Olichon et al., 

2003). OPA1 is proteolytically cleaved at two sites by the membrane bound 

metalloproteases OMA1 and YME1L, each one cleaving at a different site. The 

differential cleavage of OPA1 generates different isoforms of OPA1 (termed long 

and short OPA1 (L-OPA1 and S-OPA1) (MacVicar and Langer, 2016). OMA1 

levels increase upon mitochondrial depolarisation, leading to increased OPA1 

processing (increased S-OPA1) and mitochondrial fragmentation (Alavi et al., 

2007), whereas YME1L activity is stimulated by efficient OXPHOS, and is thought 

to be involved in constitutive OPA1 processing (Griparic et al., 2007; Mishra et 

al., 2014). Although the mechanism has not yet been fully elucidated, it is thought 

that increasing OMA1 S-OPA1 products facilitates fission/prevents fusion, 



General Introduction 

40 

whereas YME1L processing promotes fusion (MacVicar and Langer, 2016). 

1.3.3 Dynamic related protein 1 (DRP1) 

DRP1 is an evolutionarily conserved mechanochemical GTPase of ~80kDa, that 

is primarily a cytosolic protein, with ~3% on the mitochondrial outer membrane at 

any given time. DRP1 shuttles from the cytosol to sites of potential fission, where 

it oligomerises and initiates membrane fission (Smirnova et al., 2001). Lacking 

the plekstrin homology domain of other dynamins, DRP1 must bind to adaptor 

proteins on the MOM (Fis1, MiD49/51, MFF) to be recruited to the membrane. 

DRP1 exists in an equilibrium of dimers and tetramers in the cytosol (Macdonald 

et al., 2014; Michalska et al., 2018), and forms higher order oligomers on the 

MOM in a helix around the mitochondria, and via a GTP-hydrolysis dependent 

mechanism, causes a conformational change that induces membrane 

constriction (Francy et al., 2015; Mears et al., 2011). DRP1-null cells or 

expression of a DRP1 GTPase dead mutant exhibit extended and elongated 

mitochondrial networks (Smirnova et al., 2001; Wakabayashi et al., 2009), 

confirming DRP1’s role as a positive regulator of mitochondrial fission. However, 

a concept is emerging that DRP1 shuttling is not an “all or nothing” mechanism 

but is in fact in equilibrium between cytosolic and membrane bound DRP1. 

Indeed, DRP1 continuously cycles from the cytosol to the MOM, as Wasiak et al 

elegantly show using live cell imaging and fluorescence recovery after 

photobleaching. There is ~80% recovery of DRP1 at the MOM with a half-life of 

~50 seconds, meaning that the majority of DRP1 is dynamically shuttling, while 

some are stable at the MOM (Wasiak et al., 2007). Adding to this model, DRP1 
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complexes on the MOM can fuse to form larger complexes, and can laterally 

move along the mitochondrial membrane (Ji et al., 2015). Pro-fission signals thus 

promote stable association with the MOM and formation of fission-competent 

DRP1 complexes, although such a complex and the mechanism are poorly 

understood. 

DRP1 is heavily modified by PTMs, integrating with many cell signalling pathways 

and the cell cycle. The best characterised PTM of DRP1 is phosphorylation at two 

sites, S616 and S637, with differential effects on mitochondrial morphology. 

Cyclin-dependent kinase 1 (CDK1) phosphorylates DRP1 at S616 during cell 

division to promote mitochondrial fission, to ensue distribution of mitochondria to 

the two daughter cells (Taguchi et al., 2007). In an in vitro model of heart failure 

and myocardial hypertrophy, excessive activation of Ca2+/calmodulin-dependent 

kinase II (CaMKII) phosphorylates DRP1 at S616, induces translocation to the 

mitochondria, DRP1-mediated mitochondrial dysfunction and apoptosis (Xu et al., 

2016a). DRP1 is also phosphorylated at S616 by the Ras-Erk2 pathway in cancer, 

and inhibition of DRP1 or a phospho-null S616A mutant prevent mitochondrial 

fragmentation and tumour growth (Kashatus et al., 2015). Phosphorylation at 

S637 by PKA inhibits DRP1 function, protecting cells against mitophagy during 

nutrient deprivation and cell stress (Chang and Blackstone, 2007; Cribbs and 

Strack, 2007; Gomes et al., 2011) whereas S637 is dephosphorylated by 

calcineurin during cell death (Cereghetti et al., 2008; Cribbs and Strack, 2007). 

Interestingly, phosphorylation of these two sites have little effect on GTPase 

activity, and it appears that the translocation events promoted by S616 
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phosphorylation and S637 dephosphorylation increases the localisation and 

stability at mitochondria, and therefore fission, and other factors are involved in 

promoting mitochondrial fission beyond the DRP1 phospho-state (Cereghetti et 

al., 2008). 

Increased O-GlcNAcylation (addition of a sugar moiety) of DRP1 was found to be 

linked to decreased S637 phosphorylation levels and mitochondrial fragmentation 

(Gawlowski et al., 2012). DRP1 ubiquitination by MARCH5 has been shown to 

affect mitochondrial morphology, whereby MARCH5 overexpression induces 

fusion, whereas MARCH-deficient cells exhibit fragmentation (Karbowski et al., 

2007; Nakamura et al., 2006; Yonashiro et al., 2006). A mechanism still remains 

to be delineated, however it is likely that MARCH5-mediated ubiquitination of 

DRP1 inhibits fission and therefore leads to unopposed fusion, such as has been 

shown for parkin mediated ubiquitination of DRP1, leading to its proteasomal 

degradation (Wang et al., 2011), although MARCH5-null cells exhibit normal 

DRP1 levels, so possibly the ubiquitination event leads to a non-degradative 

function (Xu et al., 2016b). DRP1 is also modified by S-Nitrosylation (addition of 

a NO moiety), with evidence linking this modification to neurodegenerative 

disease by promoting fission (Cho et al., 2009; Haun et al., 2013), and recently it 

was demonstrated that reduced S-Nitrosylated DRP1 results in reduced S616 

phosphorylation, with a concomitant mitochondrial elongation phenotype in 

neurons (Lee and Kim, 2018). 

SUMOylation of DRP1 with SUMO-1 increases its stability, and SUMO-1-DRP1 

is recruited to the mitochondria during mitosis (Harder et al., 2004; Zunino et al., 
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2009), and it was speculated that DRP1 deSUMOylation promotes fission (Zunino 

et al., 2009). Mitochondrial-anchored protein ligase (MAPL) mediated DRP1 

SUMOylation of SUMO-1 enhances the DRP1 oligomeric state, has roles in 

mitochondrial-ER contact site formation, and is required for Ca2+ transfer from the 

ER to mitochondria, cristae remodelling and cytochrome c release under 

apoptotic conditions (Prudent et al., 2015). On the other hand, DRP1 

SUMOylation by SUMO-2/3 partitions DRP1 in the cytosol during OGD, and 

SENP3 mediated deSUMOylation promotes DRP1 recruitment to the MOM upon 

reperfusion, initiating cell death (Guo et al., 2013). 

1.3.4 Mitochondrial Fission protein 1 (Fis1) 

Fis1 is a relatively small protein of 152 amino acids (~16.9kDa) and was the first 

DRP1 receptor identified (Mozdy et al., 2000). It localises to the MOM and its 

overexpression and knockdown induce mitochondrial fragmentation and fusion, 

respectively, which is impaired in DRP1 dominant negative expressing cells, 

indicating that Fis1 functions through DRP1 (James et al., 2003; Stojanovski et 

al., 2004). However, the role of Fis1 in DRP1-mediated fission has been 

questioned, since others report that Fis1 has little effect on DRP1 recruitment and 

mitochondrial morphology (Loson et al., 2013; Otera et al., 2010), and that Fis1 

is dispensable for fission (Koirala et al., 2013; Otera et al., 2016). Alternative roles 

for Fis1 have been proposed; a recent report shows that Fis1 binds to Mfn 

proteins and impairs the GTPase activity of the fusion machinery, suggesting that 

Fis1 acts as a negative regulator of fusion, rather than a positive regulator of 

fission (Yu et al., 2019). Evidence suggests a potential role in apoptosis, since 
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loss of Fis1 impairs apoptosis induction (Lee et al., 2004), and Fis1 was identified 

as a binding partner of the ER outer membrane protein Bap31, which forms a 

platform for procaspase 8 activation and Ca2+ transfer to the mitochondria to 

signal apoptosis (Iwasawa et al., 2011). 

1.3.5 Mitochondrial Fission Factor (MFF) 

MFF was first identified by Gandre-Babbe and Van der Bliek in 2008 during a 

siRNA screen to identify novel proteins affecting mitochondrial morphology 

(Gandre-Babbe and van der Bliek, 2008). There are multiple splice variants of 

MFF; three were identified in mouse, differentially expressed across multiple 

tissues (Ducommun et al., 2015). Nine were predicted for human MFF, based on 

cDNAs from the MFF gene, generated from either the presence or absence of 

exon 1, and various splice variants generating combinations of exons 5, 6 and 7. 

A region towards the C-terminus is predicted to form coiled-coils (Gandre-Babbe 

and van der Bliek, 2008), which could be used for potential dimer formation, 

although no structure for MFF has been determined. Human isoform 1 encodes 

a 342 amino acid protein of ~38.5kDa. MFF shows high expression in the brain, 

liver, heart, muscle and kidney, and lower levels in other tissues. Localising to 

both the mitochondria and the peroxisomes, siRNA knockdown of MFF results in 

elongated mitochondria and peroxisomes (Gandre-Babbe and van der Bliek, 

2008). This mitochondrial phenotype has since been confirmed by others, where 

the majority of DRP1 on the mitochondria is redistributed to the cytosol (Loson et 

al., 2013; Otera et al., 2010). It was elegantly demonstrated that MFF functions 

via recruitment of DRP1 to the MOM to induce fission, since mitochondrial 
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fragmentation upon MFF overexpression is abrogated in DRP1-null cells (Otera 

et al., 2010). MFF localises to fission sites independently of DRP1, implying that 

MFF may “mark” sites of DRP1 recruitment (Friedman et al., 2011). 

Investigations into the role of each DRP1 receptor individually determined that 

MFF plays a major role in promoting fission, since MFF-null cells exhibit the 

greatest fusion phenotype compared to Fis1-null cells (Loson et al., 2013; Otera 

et al., 2010). Furthermore, Osellame et al show that sequential loss of the DRP1 

adaptor proteins has an additive effect on impairing DRP1 recruitment and 

increasing mitochondrial fusion (Osellame et al., 2016), demonstrating that the 

receptors work cooperatively, agreeing with previous findings (Loson et al., 2013), 

although MFF alone is sufficient to recruit DRP1 (Otera et al., 2010). Loss of MFF 

confers protection against various stress stimuli, such as CCCP-induced 

mitochondrial fragmentation and etoposide-induced cell death (Loson et al., 2013; 

Otera et al., 2016). These reports demonstrate that MFF is a major DRP1 

receptor, having roles in DRP1 recruitment and mitochondrial morphology under 

basal conditions, and is also important in regulating mitochondrial fission and 

fragmentation under severe stress conditions. 

A study by Lui and Chan interrogated the interaction between MFF and DRP1, 

and identified the first 50 amino acids of the N-terminal region of MFF is required 

for DRP1 binding, and that MFF favours binding to tetramers and higher order 

oligomers, whereas the MiD proteins are not selective in their DRP1 binding ability 

(Liu and Chan, 2015). Indeed, MFF fails to bind to DRP1 mutants incapable of 

higher order assembly, whereas GTPase mutants can still bind MiD proteins 
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(Palmer et al., 2011). Additionally, in vitro experiments show that MFF enhances 

the GTPase activity of DRP1, whereas MiD51 inhibits DRP1 GTPase activity 

(Osellame et al., 2016). Such differences in receptor specificity of the DRP1 

oligomer state and on its function may be the reason for differential roles of the 

DRP1 receptors. Moreover, these findings highlight that MFF is involved in higher 

order assembly and DRP1 GTPase activation, thus MFF is a major receptor of 

pro-fission, and likely regulates the assembly of a fission competent complex on 

the MOM. 

MFF ubiquitination 

MFF is ubiquitinated by parkin at K251 (K302 in isoform 1) in response to CCCP 

induced mitochondrial depolarisation. MFF ubiquitination recruits the autophagy 

adaptor p62, which subsequently facilitates the clearance of damaged 

mitochondria. MFF-null cells fail to recruit parkin and p62 following CCCP 

treatment, however, expression of a ubiquitin mutant K251R restored recruitment 

of parkin but failed to recruit p62 (Gao et al., 2015). We have shown that the larger 

isoform of MFF (isoform 1) has at least three ubiquitination sites, and that parkin 

knockdown reduces MFF ubiquitination by ~50%, indicating at least one other 

ubiquitin ligase targets MFF (Lee et al., 2019). Parkin ubiquitination of MFF is not 

only involved in MFF ubiquitination during mitophagy, but also regulates the 

constitutive turnover of MFF via lysosomal degradation (Lee et al., 2019). 

MFF phosphorylation by AMPK 

MFF is also phosphorylated by AMP activated protein kinase (AMPK), a major 

regulator of cellular energy homeostasis (Kahn et al., 2005). MFF was first 
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identified as a target of AMPK in a mass spectrometry screen from primary mouse 

hepatocytes using an antibody against the consensus phospho-AMPK substrate 

motif. The authors identified two sites in mouse MFF isoform 4, S129 and S146 

(corresponding to S155 and S172 in human isoform 1), which increased in 

phosphorylation upon activation of AMPK (Ducommun et al., 2015). MFF 

phosphorylation was also identified in a high-throughput mass spectrometry 

screen of phosphorylated proteins in breast cancer tissues (Mertins et al., 2016) 

and also a mass spectrometry screen of wildtype and AMPK-null HEK cells 

identified enriched MFF S172 phosphorylation (isoform 2 and 5) upon treatment 

with an AMPK activator (Chen et al., 2019). See Figure 1.9 for alignment of AMPK 

sites in MFF. 

The significance of AMPK phosphorylating MFF was shown by Toyama et al., 

who observed mitochondrial fragmentation upon treatment with the ETC complex 

inhibitors rotenone or antimycin A, or when chemically activating AMPK with an 

AMPK activator (A769662) or AMP mimetic (AICAR). MFF phosphorylation at 

S155 and S172 increases upon rotenone and AICAR treatment in an AMPK-

dependent manner. Significantly, using MEF cells deficient for endogenous MFF, 

Fis1 and MiD51, an MFF double phospho-mimetic, mimicking AMPK 

phosphorylation at S155 and S172 (2SD) is sufficient to induce mitochondrial 

fragmentation to the same degree as observed when using AMPK activation in 

wildtype cells. MFF 2SD therefore has gain of function activity in the absence of 

AMPK activation. Conversely, a double phospho-null (2SA) could still promote 

DRP1 recruitment, similar to wildtype MFF levels, however, 2SA failed to enhance 
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DRP1 recruitment when treated with AICAR or rotenone. The authors further 

confirm phosphorylation of MFF as a pro-fission PTM by using in utero 

electroporation of WT, 2SA and 2SD MFF and imaged mitochondrial area in 

mouse neuronal dendrites. Expression of wildtype and 2SD MFF fragmented the 

mitochondria, whereas 2SA had no effect (Toyama et al., 2016). This report 

demonstrates that phosphorylation of MFF by AMPK promotes fission as a stress 

response and is necessary and sufficient to promote fission. 
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Figure 1.9 AMPK sites MFF across species 

MFF has two sites corresponding to the consensus AMPK motif Φ-x-B-x-x-S-x-x-x-Φ. 

Φ = Hydrophobic, B = Basic residue. A The optimal, secondary and additional elements 

of the AMPK phosphorylation motif are highighted. S155 of human MFF (found in all 

isoforms) shows a high degree of conformity to the consensus sequences. B The 

AMPK sites are conserved across species. The S155 site (corresponding to S129 in 

mouse and rat) are identical. The S172 (S146 in mouse and rat) also show a high 
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degree of conformity. Human isoform nomenclatrue based on Uniprot entries; Isoform 

1: Q9GZY8-1. Isoform 2: Q9GZY8-2, and so on. 

 

1.3.6 Mitochondrial Dynamics proteins (MiD49/51) 

Mitochondrial dynamics proteins of 49 and 51kDa (MiD49 and MiD51) are integral 

MOM proteins which directly recruit DRP1, although there is conflicting evidence 

as to whether the MiD proteins are positive or negative regulators of fission 

(Palmer et al., 2011; Zhao et al., 2011). Both of these early studies noted that 

exogenous expression of MiD51 induces increased mitochondrial elongation, and 

increasing MiD expression enhances DRP1 recruitment to the mitochondria 

(Palmer et al., 2011). Palmer et al also show that siRNA double knockdown of 

MiD49 and MiD51 results in a fused mitochondrial phenotype, which contradicts 

findings by Zhao et al, which observed fragmented mitochondria upon MiD51 

knockdown (Zhao et al., 2011). Confirmation of a positive role in fission came 

when MiD proteins were shown to recruit DRP1 and induce mitochondrial fission 

in yeast (Koirala et al., 2013). Subsequent studies show that knockdown of the 

individual MiD proteins causes mitochondrial elongation, and double knockdown 

has no additional effect, suggesting a level of redundancy, and double knockdown 

in Fis1/MFF-null cells further induces mitochondrial elongation (Loson et al., 

2013). In agreement with this report, Osellame et al show that in MFF-null and 

Fis1-null cells, there is residual fission, and upon additional ablation of MiD49 and 

MiD51, mitochondrial connectivity is comparable to DRP1-null cells. Furthermore, 

confirming MiDs role in DRP1 recruitment, re-expression of MiD51 in cells 

deficient for all DRP1 adaptors was sufficient to recruit DRP1 to the mitochondria 
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(Osellame et al., 2016), and re-expression of either MiD49 or MiD51 in Fis1/MFF-

null cells restored DRP1 recruitment to the MOM (Loson et al., 2013). These 

findings suggest that the DRP1 receptors can function both independently and in 

concert to regulate DRP1 recruitment and fission. 

These reports raise the question of the role MiD proteins play. If they function as 

a “canonical” positive regulator of fission, such as MFF, why does MiD 

overexpression result in increased DRP1 recruitment, but lead to elongated 

mitochondria? Loson et al observe that upon MiD overexpression, there is an 

increase in the inhibitory S637 phosphorylation modification of DRP1 (Loson et 

al., 2013). By observing mitochondrial morphology with increasing MiD51 

expression, Palmer et al demonstrate that increasing MiD51 levels inactivates 

DRP1 at the mitochondria, resulting in fusion (Palmer et al., 2013), and as 

mentioned above, MiD proteins can associate with oligomer-deficient DRP1, and 

MiD51 inhibits DRP1 GTPase activity (Liu and Chan, 2015; Osellame et al., 

2016). Thus, an emerging notion of the role of the MiD proteins is to sequester 

low order structures of inactivated DRP1 on the mitochondrial surface, and the 

expression/activity of the MiD proteins is an important factor to regulate 

mitochondrial fusion/fission. Indeed, it has been suggested that the MiD proteins 

act as a “scaffold” for the recruitment of DRP1, since MiDs form rings around the 

mitochondria in DRP1-null cells (Palmer et al., 2011), implying that DRP1 is 

dispensable for MiD complex assembly on the MOM. 

A recent report offers an elegant mechanism as to how MiD proteins confer this 

inhibitory effect on mitochondrial fission. Yu et al propose a more complex system 
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of interactions between DRP1 and the adaptor proteins, demonstrating that MiD 

proteins facilitate the interaction between DRP1 and MFF, acting as a “molecular 

bridge”, and that the expression level is critical in regulating DRP1-MFF binding 

(Yu et al., 2017). They show that MFF overexpression increases DRP1-mediated 

fission, agreeing with previous findings (Otera et al., 2010), however, knockout of 

the MiD proteins greatly reduced MFF-mediated recruitment of DRP1, suggesting 

that MiD proteins promote the MFF-DRP1 interaction. Conversely, MFF 

knockdown did not affect MiD overexpression-inducing mitochondrial elongation 

and DRP1 recruitment. The authors confirm the interaction between DRP1, MiD 

and MFF by co-immunoprecipitation, and upon knockout of both MiD proteins, 

MFF binding to DRP1 is dramatically reduced, whereas MFF knockdown had no 

effect on the MiD-DRP1 interaction. In alternative experiments, increasing levels 

of MiD decrease DRP1 binding to MFF in a dose-dependent manner, and 

likewise, upon increasing MFF protein levels, the DRP1-MiD interaction is 

decreased in a dose-dependent manner. Using sequential co-

immunoprecipitations, Yu et al. determine that DRP1-MiD-MFF exist as a trimeric 

complex, where DRP1 is bound to MiD, and MFF is associated with MiD (Yu et 

al., 2017). In ~71% of cases, the trimeric complex is formed, in ~21% of cases 

DRP1 is bound to MiD in the absence of MFF. At much lower levels, MFF binds 

directly to DRP1 (~3%), and MiD binds MFF in the absence of DRP1 (~5%) (see 

Figure 1.10C D). 

This model offers an explanation to the observations that both overexpression 

and knockdown of MiD induces fusion, and that close association between 
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receptors regulate mitochondrial dynamics (Elgass et al., 2015; Osellame et al., 

2016). Indeed, live cell imaging confirmed a high degree of co-localisation of 

MiD49, MiD51, DRP1 and MFF at pre-fission sites. Intriguingly, MiD foci were 

observed to coalesse and fuse at fission sites before fission (Elgass et al., 2015), 

moreover, FRET and close proximity biotinylation experiments show a close 

association between MiD51, DRP1 and MFF (Osellame et al., 2016). These 

reports suggest that DRP1 adaptor proteins interact at pre-fission sites and 

cooperatively mediate fission. 

MiD49 protein levels are regulated by the mitochondrial ubiquitin ligase MARCH5; 

upon mitochondrial stress and apoptosis stimuli, MARCH5-mediated degradation 

of MiD49 by the proteasome promotes fission, indicating that loss of MiD49 is 

required for stress induced mitochondrial fragmentation (Xu et al., 2016b). 

Indeed, other reports highlight the importance of the MiD proteins in cell stress. 

MiD overexpression exacerbates CCCP induced fragmentation (Loson et al., 

2013), and double knockout of MiD49 and MiD51 conferred resistance to 

cytochrome c release and fragmentation upon CCCP treatment and apoptotic 

stimuli (Osellame et al., 2016). 

This section highlights the importance of regulating appropriate fusion and fission, 

and the PTMs that mediate mitochondrial dynamics to ensure mitochondrial 

function, alter morphology, safe-guard mitochondrial integrity, protect against cell 

death or initiate apoptosis. Figure 1.10 summarises the major concepts of 

mitochondrial dynamics. 
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Figure 1.10 Summary of mitochondrial fission 

Schematic illustrating the layers of regulation of mitochondrial fission. A MiD49 and 

MiD51 can bind lower order DRP1 oligomers (dimers) and inhibit DRP1 GTPase 

activity. MFF favours binding to higher order oligomers and enhances DRP1 GTPase 

activity. B MFF and DRP1 undergo PTM to alter function. MFF is phosphorylated at 

S155 and S172 by AMPK to promote fission during bioenergetic stress, and DRP1 is 

phosphorylated at S616 and S637, having differential effects on fission. DRP1 is also 

SUMOylated by SUMO-1 to promote stable association with the MOM, whereas 

SUMO-2/3 sequesters DRP1 in the cytosol. C MiD, DRP1 and MFF form various 

complexes, with the majority of the complexes being trimeric, whereas only a small 

proportion of MFF directly binds DRP1 in absence of MiD. D The MiD proteins facilitate 

the interaction between DRP1 and MFF. The mechanism of transition from an inactive 

trimeric complex to an active fission assembly of DRP1 and MFF is unclear. 
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1.4 SUMO regulation of mitochondria 

SUMOylated conjugates have been identified in the mitochondrial fraction 

(Prudent et al., 2015; Zunino et al., 2007, 2009), indicating multiple mitochondrial 

proteins are SUMOylated. SUMO-1 overexpression localises to fission sites and 

promotes fission (Harder et al., 2004), a phenotype that is reversed upon SENP5 

expression (Zunino et al., 2007). Zunino et al also show that SENP5 is 

responsible for deconjugating mitochondrial proteins and reducing SUMO-1 and 

DRP1 recruitment to fission sites. This mitochondrial elongation phenotype was 

also observed by targeting SENP5 to the MOM, and could be replicated by 

silencing MAPL, the mitochondrial SUMO E3 ligase (Prudent et al., 2015). DRP1 

constantly cycles from the cytosol to the MOM, and SUMO-1-DRP1 conjugation 

increases under apoptotic stimuli and is stabilised on the MOM (Wasiak et al., 

2007). Conversely, SUMO-2/3 conjugation sequesters DRP1 in the cytosol, 

mediated by SENP3, and overexpression of SENP3 promotes DRP1 SUMO-2/3 

deconjugation and mitochondrial fission (Guo et al., 2013), demonstrating that the 

SENP enzymes differentially regulate DRP1 SUMOylation and function, and 

moreover, that the SUMO pathway regulates mitochondrial dynamics. 

As previously mentioned, SUMOylation of DRP1 by SUMO-1 via the action of 

MAPL promotes fission under apoptotic stimuli (Prudent et al., 2015). Mono-

SUMO-1 stabilises DRP1 (Harder et al., 2004), which is antagonised by SENP5. 

Indeed, SENP5 overexpression reduces DRP1 levels (Zunino et al., 2007). MAPL 

mediated DRP1 SUMOylation stabilises ER-mitochondrial contact sites and is 

required for Ca2+ transfer from ER to mitochondria, cristae remodelling and 
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cytochrome c release under apoptotic conditions (Prudent et al., 2015). On the 

other hand, SUMO-2/3 conjugated DRP1 abrogates fission, a modification 

reversed by SENP3. During OGD, SENP3 levels are reduced, promoting a 

significant increase in global SUMO-2/3 conjugation. DRP1-SUMO-2/3 does not 

localise to the mitochondria, but upon reperfusion, SENP3 levels recover, 

deSUMOylating DRP1, promoting translocation to the MOM and inducing fission, 

cytochrome c release and apoptosis. Moreover, SUMO-deficient DRP1 increases 

mitochondrial fragmentation, and binds to MFF to a greater extent compared with 

wildtype DRP1, indicating that completely abolishing SUMOylation of DRP1 

enhances the MFF-DRP1 interaction (Guo et al., 2013, 2017). Indeed, a DRP1 

GTPase inactive mutant K38A has increased SUMO-3 conjuagtion (Figueroa-

Romero et al., 2009), suggesting that inactive DRP1 is SUMOylated by SUMO-

2/3 and sequestered in the cytosol, and deSUMOylation is required for 

translocation, agreeing with previous hypothess of DRP1 regulation (Guo et al., 

2013, 2017). How this model fits with the findings that SUMO-1 is stabilised at the 

MOM is yet to be resolved. 
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1.5 The mitochondrial stress response 

The dynamic and plastic nature of the mitochondrial network confers a high 

degree of adaptability and sensitivity to changing metabolic demands and cellular 

stress, and the concerted mechanisms of fusion, fission and transport act to adapt 

mitochondrial morphology and motility to restore homeostasis (Ferree and 

Shirihai, 2012; Labbé et al., 2014; Youle and Van Der Bliek, 2012). 

Cellular stress can be acute or chronic in duration, and intrinsic or extrinsic in 

nature. Intrinsic stressors include genetic mutations (genomic or mtDNA), 

metabolite/nutrient deprivation or oversupply, oxidative stress and calcium 

overload, and extrinsic stressors include UV irradiation, toxins, mitochondrial ETC 

inhibitors and infections. As previously mentioned, many pathways converge at 

the mitochondria, so any disruption or stress to these will elicit a mitochondrial 

stress response to attempt to restore homeostasis (Eisner et al., 2018). 

The link between fusion/fission, mitochondrial morphology and bioenergetic 

stress is reviewed in Eisner et al., 2018; Labbé et al., 2014; Tilokani et al., 2018. 

I will discuss briefly some mitochondrial stressors and the impact on mitochondrial 

morphology. 

1.5.1 Nutrient stress 

Nutrient or growth factor depletion induces the catabolic process of autophagy (a 

process of degradation involving the sequestration of cytoplasm and organelles 

destined for lysosomal delivery) as a means to restore and recycle components 

(Dikic and Elazar, 2018). During starvation of glucose, amino acids and growth 
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factors, mitochondria elongate, which maintains ATP levels, preserves 

mitochondria from degradation and supports cell viability (Gomes et al., 2011; 

Rambold et al., 2011). The extent of elongation is additive with combinations of 

nutrient depletion, with more severe starvation conditions causing a more rapid 

and complete elongation phenotype. Upon re-introduction of nutrients, this 

phenotype is reversed (Rambold et al., 2011), indicating that changes in 

mitochondrial dynamics are transient. Interestingly, inhibiting this fusion 

behaviour reduces ATP levels, the mitochondria become targets for degradation, 

and cell death ensues, suggesting that mitochondrial elongation during nutrient 

stress is a protective response (Gomes et al., 2011). 

Conversely, nutrient excess has the opposite effect on mitochondrial morphology. 

High glucose and fatty acid treatment of β-cells arrests fusion, promotes fission 

and eventual apoptosis, which can be reversed by inhibiting fission (Molina et al., 

2009). Primary cardiovascular cells respond in a similar way to prolonged 

hyperglycaemic conditions, with increased mitochondrial fragmentation, oxidative 

stress and cell death (Yu et al., 2008). The skeletal muscle of mice fed a high fat 

and high sugar diet have increased oxidative stress, smaller and swollen 

mitochondria and reduced expression of pro-fusion proteins. Remarkably, 

antioxidant treatment restored the mitochondrial structure and integrity. 

Moreover, the authors report reduced mtDNA content and reduced expression of 

subunit 1 and 3 of complex IV of the ETC (Bonnard et al., 2008). 
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1.5.2 Ischemic stress 

It is well established that following ischemic insult, which deprives tissue of 

oxygen and glucose (such as during a heart attack or stroke), mitochondria are 

susceptible to dysfunction. In vivo studies of brain ischemia have shown that 

mitochondrial respiration is impaired, coupled with reduced activity of complexes 

of the ETC (Allen et al., 1995; Almeida et al., 1995; Anderson and Sims, 1999). 

In vitro studies of primary neurons have confirmed mitochondrial dysfunction 

during OGD. 1hr OGD reduces complex I activity, ATP levels are depleted, ∆ψm 

is reduced, oxidative stress is increased, accompanied with increased cell death 

(Almeida et al., 2002). Wappler et al observed morphological changes to the 

mitochondria of primary neurons following OGD and undertook a comprehensive 

study of the fission and fusion protein levels. 1hr ODG resulted in larger and more 

swollen mitochondria, but with no change in the levels of Mfn1/2, OPA1, DRP1 or 

Fis1. However, following 3hrs ODG, the mitochondria remained large and 

swollen, and the cristae folds became unstructured. This was accompanied with 

decreased DRP1 and Mfn2 protein levels, whereas Mfn1 levels increased 

(Wappler et al., 2013). Another study investigating the effects of OGD on primary 

neurons showed that 90 minutes of OGD induces similar mitochondrial 

dysfunction, with mitochondria appearing punctate and significantly shorter. No 

difference in mRNA levels of Mfn1/2, DRP1, Fis1 or OPA1 were detected, 

however, after OGD insult, OPA1 processing was observed to favour smaller 

isoforms, indicative of inhibited fusion. The alterations in OPA1 processing were 

also mirrored in in vivo studies of ischemic insult to mouse brain (Baburamani et 
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al., 2015). 

1.5.3 Mitochondrial inhibitors 

As previously discussed, various stressors are used to induce mitochondrial 

stress and apoptosis. CCCP is a mitochondrial uncoupler, which dissipates the 

membrane potential, and ETC inhibitors, such as rotenone and antimycin A, are 

also used to reduce mitochondrial function and ATP levels. These are extreme 

mitochondrial stressors, and treatment at high concentrations cause 

mitochondrial fragmentation and eventual cell death, by inhibition and 

degradation of the fusion proteins (Leboucher et al., 2012; Park et al., 2014; 

Pyakurel et al., 2015), and activation of the fission machinery (Prudent et al., 

2015; Toyama et al., 2016). All the DRP1 receptors seem to play a role in 

mitochondrial fragmentation following depolarisation; Fis1/MFF double-null cells 

are very resistant to CCCP induced fragmentation, which can be rescued by MiD 

overexpression (Loson et al., 2013). Agreeing with these results, single receptor-

null cells have some resistance to CCCP, but successive loss of the receptors 

conferred addition resistance, with MiD49/MiD51-null and MiD49/MiD51/MFF-null 

cells exhibiting the greatest protection to CCCP induced mitochondrial 

fragmentation (Osellame et al., 2016). 

However, lower doses (10 or 20µM) of antimycin A, a complex III inhibitor, 

induced hyperfusion, whereas at higher doses (50 or 100µM), cells underwent 

rapid fragmentation and cell death (Park et al., 2014). This finding highlight that 

the severity of the insult dictates the response, and when possible, the 
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mitochondria will undergo SIMH as a protective response, and if the insult is too 

great, fission will be activated to promote mitophagy and cell death. 

Other stresses which have been shown to induce mitochondrial elongation and 

SIMH are inhibition of transcription or translation, and UV irradiation. The 

mitochondrial ability to fuse preserves mitochondrial integrity, maintains ATP 

levels and confers resistance to apoptosis under such stresses (Tondera et al., 

2009). 

 

1.6 AMP-activated Protein Kinase (AMPK) 

1.6.1 AMPK activation 

Cells constantly need to balance energy demand with nutrient availability and the 

ability to generate ATP. During times of high energy demand, ATP levels 

decrease, and the cell needs to restore the energy supply. Conversely, during 

times of low energy expenditure, ATP levels will increase, and the cell can 

undertake energy demanding processes. The equilibrium between these 

nucleotides can be described by the following equation: 2ADP ↔ AMP + ATP, 

and thus, falling energy levels are represented as an increase in either the 

ADP/ATP or AMP/ATP ratios (Hardie, 2016). The key regulator of matching 

energy demand with energy availability is the AMP-activated protein kinase 

(AMPK) (Herzig and Shaw, 2018; Kim et al., 2016), which has been referred to 

as the cells “fuel gauge” (Kahn et al., 2005). AMPK is a serine/threonine protein 

kinase, consisting of three subunits; a catalytic α subunit, and two regulatory 
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subunits, β and γ. There are two α subunits (α1/α2), two β subunits (β1/β2) and 

three γ (γ1/γ2/γ3), where different combinations can form 12 isoforms of AMPK, 

with potentially different cellular localisations and functions, although little is 

known of the different isoform functions (Ross et al., 2016). Although all 

combinations of subunit can form the heterotrimeric complex, there is evidence 

suggesting that certain combinations are favoured in vivo and under different 

energy expenditure conditions; for example, the α2/β2/γ3 complex is the 

predominant complex activated under high-intensity exercise in vivo (Birk and 

Wojtaszewski, 2006). 

AMPK is regulated by binding to adenosine phosphates (adenosine 5’mono, di, 

or tri phosphate (AMP, ADP, ATP)) within the γ subunit. The critical residue for 

AMPK activation is threonine 172 in the α subunit, and its 

phosphorylation/dephosphorylation state determines AMPK activation. Binding of 

AMP activates AMPK by three mechanisms: 1) promotion of phosphorylation at 

T172, 2) protection against dephosphorylation and 3) allosteric activation of 

activated AMPK. ADP also induces AMPK activation by the first two mechanisms, 

whereas ATP binding promotes dephosphorylation (Davies et al., 1995; Oakhill 

et al., 2012; Xiao et al., 2011). AMPK activation is reviewed in Hardie, 2016. 

The major upstream of AMPK is liver kinase B1 (LKB1) (Hawley et al., 2003; 

Woods et al., 2003), however, there is still residual AMPK α T172 phosphorylation 

in LKB1-/- cells (Hawley et al., 2003), suggesting additional kinases. 

Ca2+/Calmodulin-dependent protein kinase kinase-β (CAMKKβ) was 

subsequently identified as an alternative kinase of AMPK (Hawley et al., 2005; 
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Woods et al., 2005). CAMKKβ therefore adds an additional Ca2+-mediated 

pathway, coupling AMPK activation to intracellular Ca2+ concentrations. 

1.6.2 AMPK function 

The effect of AMPK activation is to restore energy homeostasis by 1) stimulating 

catabolic processes to generate ATP and 2) inhibition of anabolic processes to 

reduce ATP demand. Examples of processes to increase ATP include increased 

glucose and fatty acid uptake, glycolysis, fatty acid oxidation and activation of 

autophagy. AMPK inactivates multiple biosynthetic pathways, such as inhibiting 

fatty acid and lipid synthesis, gluconeogenesis, and global protein synthesis, 

reviewed in Hardie, 2011; Herzig and Shaw, 2018; Oakhill et al., 2012. 

1.6.3 AMPK and mitochondria 

As AMPK is a major energy sensor of the cell, and since mitochondria are sites 

of OXPHOS, generating the majority of ATP, it is therefore not surprising that 

AMPK regulates mitochondrial function. In vivo studies show that AMPK 

activation promotes mitochondrial biogenesis and muscle adaptation under 

energy stress (Bergeron et al., 2001; Garcia-Roves et al., 2008; Tanner et al., 

2013; Zong et al., 2002). A major target of AMPK is peroxisome proliferator-

activated receptor-γ co-activator-1α (PGC-1α), a positive regulator of 

mitochondrial biogenesis, which upon AMPK phosphorylation has enhanced 

activity (Fernandez-Marcos and Auwerx, 2011; Jäger et al., 2007). PGC-1α 

promotes the expression and activity of many transcription factors, for example, 

nuclear respiratory factors (NRF) and estrogen-related receptor α (ERRα) 

(Mootha et al., 2004; Schreiber et al., 2004). In concert with these factors, PGC-
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1α orchestrates expression of genes involved in enhancing mitochondrial 

biogenesis and respiration (Austin and St-Pierre, 2012). 

Another way AMPK affects mitochondrial biology is through activating autophagy 

and mitophagy. AMPK phosphorylates the primary mediator of autophagy, unc-

51-like kinase 1 (ULK1), which is involved in the early stages of autophagy 

initiation (Gwinn et al., 2008; Zachari and Ganley, 2017). Phosphorylated ULK1 

translocates to damaged mitochondria, where it promotes recruitment of the 

autophagosome required for mitochondrial degradation (Tian et al., 2015; Wu et 

al., 2014). The link between AMPK-ULK1 and mitochondria was established when 

it was observed that ULK1 deficient mice accumulate mitochondria in maturing 

reticulocytes, MEF ULK1-null cells have increased mitochondrial mass (Kundu et 

al., 2008) and both AMPK-null and ULK1-null cells have increased mitochondrial 

number and increased levels of the mitophagy adaptor p62 (Egan et al., 2011). 

A third mechanism through which AMPK affects mitochondrial function is via 

phosphorylation of MFF at S155 and S172 during mitochondrial uncoupling and 

membrane depolarisation, which is necessary for stress induced fission (Toyama 

et al., 2016), as discussed in 1.3.5. AMPK regulation of mitochondria is reviewed 

in Hardie, 2011; Herzig and Shaw, 2018; Thornton, 2017. 

1.6.4 AMPK and OGD 

Due to its diverse roles in many signalling pathways, it is not surprising that AMPK 

has become a target for therapeutic benefit. OGD causes massive energy failure, 

and as a result a rapid increase in AMPK activation (Culmsee et al., 2001; Mungai 

et al., 2011; Rousset et al., 2015). In vitro OGD of primary neurons showed that 
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AMPK activation is triggered within 5 minutes, and peaks at 60 minutes. This 

study chemically manipulated AMPK activity by either sustaining or inhibiting 

AMPK activation post-OGD. Remarkably, reducing AMPK activation abolishes 

cell death, whereas prolonged activation enhances cell death. Moreover, pre-

conditioning with the AMPK inhibitor prior to OGD exacerbated cell death 

(Rousset et al., 2015). These findings echo in vivo findings showing that AMPK 

activation before ischemic insult to the brain of mice reduces infarct size, cell 

death and improves neurological function, thus suggesting that AMPK activation 

is a protective response (Jiang et al., 2014). These findings contradict earlier 

studies, which found that inhibition of AMPK during ischemia, either by 

pharmacological inhibition or AMPK-α2 knockout in mice, reduces infarct size in 

the brain, whereas AMPK activation exacerbates stroke pathology (Li et al., 2007; 

McCullough et al., 2005). It is clear that AMPK has a major role in cellular 

pathology during ischemic insult, and further investigations are required to 

delineate the pathways involved. 
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1.7 Mitochondria in neurons 

The human brain constitutes approximately 2% of total body mass, yet consumes 

~20% of O2 (Attwell and Laughlin, 2001; Mink et al., 1981). The majority of ATP 

generated in neurons is by OXPHOS (Rangaraju et al., 2014), which powers the 

many energy intensive functions within a neuron, such as restoration of ionic 

balance following action potentials, maintaining resting potentials, 

neurotransmitter release and recycling, vesicle packaging and trafficking (Attwell 

and Laughlin, 2001; Lennie, 2003). This imposes a huge demand on neuronal 

mitochondria. Moreover, neurons are extremely polarised, and their unique 

architecture poses extreme challenges on mitochondria. For example, a single 

human dopaminergic neuron has a very complex axonal arbour, with multiple 

layers of branching and up to 4.5m of processes and 1-2.4 million synapses 

(Bolam and Pissadaki, 2012). This imposes several challenges for the neuron: 

Firstly, they need to match the energy demands of the synapses and branches 

with an adequate supply of ATP to ensure their health and stability. Secondly, 

since it’s proposed the majority of the biosynthetic machinery resides in the soma 

(Amiri and Hollenbeck, 2008), how does the neuron organise mitochondrial 

supply to the periphery. This is especially a challenge for extremely large neurons, 

where the commute from the soma to the periphery is longer than the half-life of 

many mitochondrial proteins, so how are these mitochondria “re-supplied”? 

(Misgeld and Schwarz, 2017). There is mounting evidence that mitochondrial 

fission and fusion is required to maintain mitochondrial supply to neurites, and is 

required for synaptic function and neuronal health. 
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1.7.1 Mitochondria fusion in neurons 

Fusion and fission dynamics are vital for neuronal function. For reasons already 

mentioned in section 1.2.2, fusion allows the mixing of contents and 

complementation, and fission allows segregation and removal of damage, 

particularly important for post-mitotic, high energy demanding neurons. Indeed, 

~82% of fusion occurs between mobile and stationary mitochondria (Cagalinec et 

al., 2013), suggesting that mobility is required for fusion, and may be a 

mechanism to “replenish” docked mitochondria. 

Defective fusion caused by Mfn2 mutations (which cause CMT2A disease) induce 

aggregation of mitochondria, disrupted mitochondrial distribution and impaired 

mitochondrial transport along axons (Baloh et al., 2007; Detmer et al., 2008; 

Misko et al., 2010). In vivo loss of Mfn2 in dopamine neurons leads to fragmented 

mitochondria and reduces mitochondrial transport events and velocity in axons 

and dendrites (Pham et al., 2012), and Mfn2 is required for maintaining axonal 

integrity, since Mfn loss leads to lack of mitochondrial supply to distal axons, 

leading to their degeneration (Lee et al., 2012). Interestingly, Mfn1 and OPA1 

knockout did not affect mitochondrial trafficking to the same extent as Mfn2, and 

Mfn2 has been implicated in regulating the Miro-Milton complex (Misko et al., 

2010; Pham et al., 2012), which may explain the greater susceptibility to Mfn2 

loss. 

1.7.2 Mitochondrial fission in neurons 

Primary neurons lacking DRP1 have reduced synapses and neurite number, 

demonstrating fission is required for the formation of synapses and neuronal 
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process integrity (Ishihara et al., 2009). DRP1 depletion in Purkinje cells results 

in neuronal degeneration, mitochondrial elongation, accumulation of ROS, 

decreased ETC activity and progressively become swollen aggregates in the 

soma. Remarkably, the swollen mitochondrial phenotype and cell death could be 

reversed by treatment with antioxidants, indicating that oxidative stress is a major 

factor in mitochondrial dysfunction (Kageyama et al., 2012). MFF is required for 

maintaining axonal size; upon MFF knockdown, axonal mitochondria increase in 

size, which increase mitochondrial Ca2+ buffering capacity, leading to decreased 

neurotransmitter release and reduced axonal branching (see Figure 1.11AB). 

MFF also regulates mitochondria entering the axon, since the larger mitochondria 

in the soma were slower to enter the axon (Lewis et al., 2018). Impaired fission 

depletes the axons and dendrites of mitochondria, therefore deprives the 

neuronal processes of the ATP and Ca2+ buffering capacity the mitochondria 

provide. Dendritic mitochondria are required for neurite, synapse and dendritic 

branch formation during development (Fukumitsu et al., 2015; Ishihara et al., 

2009; Lee et al., 2004) and also for stimulation induced spine formation (Li et al., 

2004). 

1.7.3 Mitochondria in axons versus dendrites 

Mitochondria within the axons and dendrites exhibit different morphologies. 

Axonal mitochondria are small, punctate and sparsely distributed, whereas 

dendritic mitochondria are more elongated and occupy a greater volume of the 

process (Chang et al., 2006; Lewis et al., 2018). The significance and mechanism 

of the differential mitochondrial size in neuronal compartments is unclear. 
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Cagalinec et al reveal an intriguing behaviour of axonal mitochondria to regulate 

their size; in ~85% of fusion-fission cycles, fusion precedes fission, and fission 

precedes fusion, therefore most mitochondria undergo cyclic fusion-fission events 

and the rates of fusion and fission are equal. However, small mitochondria favour 

successive fusion, and larger mitochondria are more likely to undergo successive 

fission events (non-cyclic). This “self-correcting” behaviour avoids extremes of 

mitochondrial size. Furthermore, upon increasing mitochondrial fusion by 

expressing Mfn2, a concomitant increase in fission balanced mitochondrial size. 

Likewise, expressing a dominant negative mutant of Mfn2 decreases the fusion 

rate, and the cell responds by decreasing the fission rate, with little effect on 

mitochondrial size (Cagalinec et al., 2013). Whether a similar mechanism occurs 

in dendrites is yet to be determined. MFF regulates axonal mitochondria, but 

surprisingly, given the wide cellular distribution of MFF in both axons and 

dendrites, Lewis et al report no effect on the dendritic mitochondria upon MFF 

knockdown. These data raise the question of what the mechanism of regulating 

mitochondrial size in axons versus dendrites is, and is there compartment-specific 

regulation of MFF? Interestingly, DRP1 knockdown reduced the sensitivity of 

large mitochondria to undergo non-cyclic fission, with no change in the 

fission/fusion rate (Cagalinec et al., 2013). Could this account for the difference 

observed between the axons and dendrites in the Lewis et al report? Could the 

greatly impaired fission upon MFF depletion be too much for the cells to correct 

by reducing fusion, and would inhibiting fusion to such an extent be even more 

detrimental to the cell?  
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Figure 1.11 Regulation of mitochondrial size in neurons 

Schematic of mitochondrial size regulation in neurons based on reports by Cagalinec 

et al. and Lewis et al. A Axonal mitochondria are small and punctate, their size 

mediated by MFF, mediating neurotransmitter release and axonal branching. Upon 

MFF knockdown (B) axonal mitochondria increase in size. The enlarged mitochondria 

have increased Ca2+ buffering capacity, which decreases cytosolic Ca2+ concentations, 

decreasing neurotransmitter release and axonal branching. No effect was observed in 

dendrites upon MFF loss. (C) Most mitochondria undergo cyclic fusion-fission events, 

therefore have balanced rates. But larger mitochondria undergo non-cyclic, successive 

fission events to correct their size, whereas small mitochondria undergo successive 

fusion events. This “self-correcting behaviour” avoids extremes in mitochondrial size. 

D manipulating mitochondrial dynamics results in a compensatory adjustment of the 
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opposing rate. However, under certain conditions i.e. DRP1 and MFF knockdown, it 

seems that the self-correcting behaviour is insufficient to resolve the change in 

mitochondrial size. 

 

1.8 Mitochondrial dynamics and disease 

The importance of the fusion/fission balance on mitochondrial integrity and health, 

and the adaptability and plasticity that it bestows on mitochondrial dynamics 

during stress, is underscored by human disease as a result of disruption of 

mitochondrial biology. 

Mitochondrial diseases are a set of heterogenous disorders associated with 

disrupted OXPHOS efficiency and mitochondrial function, arising from mutations 

of either nuclear or mtDNA. Due to the heteroplasmic nature and stochastic 

mechanism of mtDNA distribution, the clinical symptoms are diverse and can 

manifest at any age, often involving multiple tissues of high energy demand, such 

as the heart, brain and muscles. It is estimated that 1 in 5000 people in the UK 

are affected by mitochondrial disease (Schaefer et al., 2008). Common symptoms 

include cardiomyopathy, encephalopathy, early onset-dementia, deafness, 

blindness, neuronal atrophy, seizures, developmental delay, poor growth and 

myopathy (Jameson and Morris, 2011; Lax et al., 2017). Mutations in the ETC 

subunits, mtDNA transcription and translation machinery, mitochondrial tRNAs 

and mitochondrial dynamics proteins have all been linked to mitochondrial 

disease. 
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1.8.1 Fusion 

Mfn2 mutations have been linked to Charcot-Marie-tooth disease type 2A 

(CMT2A) (Polke et al., 2011), which involves slow and progressive degeneration 

of the peripheral neurons, mostly affecting the extremities. The defect in 

mitochondrial trafficking in Mfn-deficient neurons may account for the fact that 

Mfn2 has been linked to CMT disease, where longer axons are preferentially 

affected, and therefore perhaps more dependent on long distance transport. As 

previously mentioned, OPA1 mutations are linked to degeneration of the optic 

nerve, leading to eventual blindness (Alexander et al., 2000; Delettre et al., 2000), 

with over 100 mutations associated with the disease (Han et al., 2006). A study 

in mice found that homozygous mutations is embryonically lethal, and 

heterozygous mice at 12 months of age had decreased OXPHOS activity, loss of 

cristae structure, increased oxidative stress, mtDNA loss, progressive 

cardiomyopathy resulting in abnormal cardiac function, and progressive blindness 

(Han et al., 2006). OPA1 has therefore become a target for therapy; Varanita et 

al demonstrate that mild overexpression (~1.5-fold increase) is protective against 

various insults in vivo (Varanita et al., 2015). For example, following ischemic 

insult, cell death in the heart and infarct size in the brain was significantly reduced. 

Moreover, OPA1 overexpression decreased susceptibility to in vivo models of 

liver damage and muscle atrophy by reducing cytochrome c release and ROS 

generation. Similar work shows that OPA1 can reverse motor symptoms, 

respiratory deficits and increase lifespan in mouse models of mitochondrial 

disease, and show that OPA1 is important for regulating cristae structure, 
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ameliorating cell death and stabilising OXPHOS complexes, highlighting that 

OPA1 is a targetable component of mitochondrial dynamics during mitochondrial 

disease (Civiletto et al., 2015; Varanita et al., 2015). 

1.8.2 Fission 

One case of human mutant DRP1 mutation has been reported in a new-born. The 

patient exhibited little spontaneous movement and reflexes were poor, with poor 

visual fixation. She had high concentrations of lactate in the blood and spinal fluid, 

typical of a mitochondrial disease. She remained unresponsive, did not thrive and 

had little developmental progress, and died suddenly aged 37 days (Waterham 

et al., 2015). 

Autosomal recessive mutations of MFF, causing a truncation and loss of the 

transmembrane domain of MFF, were identified to cause Leigh-like syndrome in 

infants. The patients became symptomatic within the first year of life, exhibited 

developmental delay, microcephaly, and progressively developed spasticity and 

optic and peripheral neuropathy (Koch et al., 2016; Shamseldin et al., 2012). 

Chen et al. generated MFF mutant homozygous mice, which have neuromuscular 

defects, cardiomyopathy and fibrosis, eventually leading to heart failure and die 

at an average age of 13 weeks. Cardiomyocytes from MFF mutant mice have 

decreased mtDNA levels, ETC complex activity and increased oxidative stress. 

Remarkably, the authors combined the MFF mice with mutations of Mfn1 and 2, 

which rescued the cardiomyopathy, mitochondrial defects, oxidative stress and 

enhanced life span by ~60% (Chen et al., 2015). 
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This study demonstrates that balanced fusion and fission are vital for survival and 

tissue function, and by extension, understanding the mechanism of mitochondrial 

dynamics, and how they can be manipulated, can offer therapeutic benefit. 

1.8.3 Neurodegeneration 

Neurodegenerative diseases are broadly associated with mitochondrial 

dysfunction, increased oxidative stress, neuronal cell death and impaired 

proteostasis (Briston and Hicks, 2018; Selfridge et al., 2013). The major 

neurodegenerative diseases, Alzheimer’s disease (AD) and Parkinson’s disease 

(PD) are characterised by accumulation of amyloid-β, phosphorylated-tau and α-

synuclein, respectively (Briston and Hicks, 2018). 

The protein aggregates associated with AD and PD are detrimental to 

mitochondrial function; amyloid-β localises to mitochondria in the brains of human 

AD patients and is internalised by the mitochondrial import machinery (Hansson 

Petersen et al., 2008). Transgenic-mouse strains of amyloid-β and tau pathology 

exhibit reduced mitochondrial membrane potential, increased oxidative stress 

and impaired OXPHOS activity (Rhein et al., 2009), possibly through amyloid-β 

and phosphorylated-tau interacting with mitochondrial proteins and inhibiting 

mitochondrial import (Cenini et al., 2016; Manczak and Reddy, 2012). Likewise, 

pathologic α-synuclein localises to the mitochondria in both in vivo and in vitro 

studies, which inhibits complex I activity and induces oxidative stress (Chinta et 

al., 2010; Devi et al., 2008). α-synuclein was recently shown to interact with 

mitochondrial import machinery, disrupting mitochondrial protein import and 

causing oxidative stress and reduced membrane potential (Di Maio et al., 2016). 
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In addition, unpublished work from the Henley lab indicate that SENP3 levels 

increase in PD brain patients, and DRP1 decreases in AD samples, indicating a 

potential disruption in the SUMO pathway and altered mitochondrial fission 

proteins under pathological conditions. These studies demonstrate that 

pathological proteins associated with neurodegeneration disrupt mitochondrial 

function, and a greater understanding of the relationship between mitochondrial 

dysfunction and neurodegeneration could potentially offer therapeutic benefit. 

As mentioned in section 1.2.2, the PINK1/parkin pathway targets dysfunctional 

mitochondria for degradation by mitophagy, and rare mutations in PINK1 and 

parkin cause early onset autosomal recessive PD (Kitada et al., 1998; Valente et 

al., 2004). Thus, disruption of the PINK1/parkin pathway will impair the protective 

effect and quality control this pathway confers, highlighting the importance of 

maintaining a healthy population of mitochondria, and the critical process of 

mitophagy for neuronal health. PINK1-/- mice show impaired mitochondrial 

function at 3-4 months, whereas a similar impairment was observed in wild-type 

mice only at 24 months of age. Furthermore, this report demonstrated that loss of 

PINK1 exacerbates susceptibility of cortical mitochondria to H2O2-induced 

respiratory impairment (Gautier et al., 2008). There are mixed reports of parkin 

mutant mice, with some evidence of mitochondrial dysfunction, decreased 

respiration and increased oxidative stress (Palacino et al., 2004), whereas others 

report no overt phenotype (Perez and Palmiter, 2005). Studies have shown that 

additional stress to parkin mutant mice, such as crossing with PolG mutant (which 

accumulates mtDNA mutations) or exhaustive exercise results in increased 
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inflammation, mitochondrial dysfunction and dopaminergic cell death (Pickrell et 

al., 2015; Sliter et al., 2018). These reports highlight that disruption of mitophagy 

increases mitochondrial susceptiblity to damage and dysfunction, and this results 

in loss of dopaminergic neurons. 

 

Aims 

Preliminary data from the Henley lab suggested that MFF is a SUMO substrate. 

With the wealth of evidence that PTMs regulate mitochondrial dynamics proteins, 

and that mitochondrial morphology is inextricably linked to cellular health, this 

warranted further investigation. Indeed, DRP1 function has been shown to be 

regulated by SUMOylation following stress (Guo et al., 2013; Prudent et al., 

2015), and since MFF is the major DRP1 receptor, I thought it reasonable that the 

receptors are also likely highly regulated by PTM. 

My project aims were to address the following questions: 

• Where is MFF SUMOylated? 

• How is MFF SUMOylation regulated? 

• What is the function of MFF SUMOylation in mitochondrial morphology? 
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2.1 Materials  

All reagents were purchased from Sigma-Aldrich unless otherwise stated. 

2.1.1 Bacterial reagents 

E. Coli bacterial strain 

DH5α – supE44 Δlac Φ80 lacZΔ M15 hsdR17 recA1 endA1 gyrA96 thi-1 relA1 

u169 

Competent DH5α (Thermo Fisher) were used for cloning and amplification of 

DNA, and were made in house as described in Inoue et al., 1990. 

Bacterial growth media and agar plates 

Bacteria were grown in Luria Bertani (LB) broth prepared in house (University of 

Bristol central stores) for cloning and DNA amplification purposes. Agar plates 

were prepared using LB and 1.5% (w/v) agar and kept at 4°C. LB and agar plates 

were supplemented with appropriate antibiotics; ampicillin (100µg/ml) or 

kanamycin (25µg/ml). 

2.1.2 Molecular Biology reagents 

Enzymes 

All restriction enzymes and buffers for site directed mutagenesis and cloning were 

supplied by New England Biolabs (NEB) and stored at -20°C. T4 DNA ligase to 

ligate vectors and inserts was from Takara (BioWhittaker). Calf Intestinal Alkaline 

Phosphatase (CIP) was from NEB. 

Catalytically active domain of ubiquitin specific peptidase 2 (USP2) was a kind 
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gift from P. Murphy from the R. Hay lab (University of Dundee). The catalytically 

active domain of SENP1 was from A. Nishimune. Both were aliquoted and stored 

at -20°C. 

Polymerase Chain Reaction (PCR) kit 

PCR reagents (Polymerase, 10x buffer, dNTPs and MgSO4) were from the KOD 

Hot Start DNA Polymerase kit from Merck Millipore. 

Plasmid DNA purification 

Thermo Scientific GeneJETTM plasmid Miniprep kit (#K0503) and Midiprep kit 

(#K0481) were used for plasmid DNA purification purposes 

RNA extraction and cDNA synthesis 

RNeasy mini kit RNA extraction kit was obtained from Qiagen (#74104) and cDNA 

RevertAid First Strand kit (Thermo Scientific #K1621) was from Thermo Fisher 

Scientific. 

Plasmids used 

• pcDNA3.1 (Invitrogen) 

• pECFP-C1 (Clontech) 

• Mito DS-Red (pxlg-px-wpre construct, from K. Wilkinson) 

• GST-MFF (pEBG construct from Guo et al., 2017) 

• GST-DRP1 receptors (pEBG construct from Guo et al., 2017) 

• FLAG-SUMO (pCMV construct, Henley Lab) 

• YFP-SUMO-ΔGG (From F. Melchior) 

• HA-ubiquitin (Henley Lab) 

• Myc-MiD49 (mouse MiD49, pEBG construct from C. Guo) 
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Oligonucleotide primers for Site Directed mutagenesis of MFF 

All oligonucleotides were purchased from Sigma-Aldrich and resuspended in 

1xTE (10mM Tris-HCl pH8.0, 1mM EDTA). 

Table 1 Oligonucleotide primers used for Site-Directed Mutagenesis 

Protein and 

mutation 

Primer sequence Vector Tag (N/C 

terminus) 

MFF K151R  ATCCGAGCAGTTGGCAGACTAAGAA

GAGAGCGGTCTATGAGTGAA (For) 

 

TTCACTCATAGACCGCTCTCTTCTTAG

TCTGCCAACTGCTCGGAT (Rev) 

pEBG-GST 

pECFP 

GST (N) 

CFP (N) 

MFF E153A  GCAGTTGGCAGACTAAAAAGAGCGC

GGTCTATGAGTGAAAATGCT (For) 

 

AGCATTTTCACTCATAGACCGCGCTC

TTTTTAGTCTGCCAACTGC (Rev) 

pEBG-GST 

pECFP 

GST (N) 

CFP (N) 

MFF S155A GGCAGACTAAAAAGAGAGCGGGCTA

TGAGTGAAAATGCTGTTCGC (For) 

 

GCGAACAGCATTTTCACTCATAGCCC

GCTCTCTTTTTAGTCTGCC (Rev) 

pEBG-GST 

pECFP 

GST (N) 

CFP (N) 

MFF S155D GGCAGACTAAAAAGAGAGCGGGATA

TGAGTGAAAATGCTGTTCGC (For) 

 

GCGAACAGCATTTTCACTCATATCCC

GCTCTCTTTTTAGTCTGCC(Rev) 

pEBG-GST 

pECFP 

GST (N) 

CFP (N) 

MFF 2SA GGACAGCTGGTCAGAAATGATGCTCT

GTGGCACAGATCAGATTC (For) 

 

GAATCTGATCTGTGCCACAGAGCATC

ATTTCTGACCAGCTGTCC (Rev) 

pECFP 

(S155A) 

CFP (N) 

MFF 2SD GGACAGCTGGTCAGAAATGATGATCT

GTGGCACAGATCAGATTC (For) 

 

GAATCTGATCTGTGCCACAGATCATC

ATTTCTGACCAGCTGTCC (Rev) 

pECFP 

(S155D) 

CFP (N) 
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2.1.3 Electronic Equipment 

For cell culture, laminar hoods were from Holten LaminAir and incubators were 

from RS Biotech. Bacterial shaking incubator was from Brunswick Scientific. 

Benchtop microcentrifuges were form Eppendorf and Biofuge. Low speed 

centrifuges were from Jouan and Hettick. Power pack electrophoresis system was 

from Bio-Rad Laboratories. Thermal cycler PCR machine was from MJ Research 

PTC-2000. X-Ray film developer (SRX-101A) was obtained from Konica. 

Dissection microscopes for dissection were from Leica. MACS-VA500-Micro 

Aerophilic workstation for OGD was from dw Scientific. Heat block was from 

Eppendorf, water bath from Grant and UV transilluminator from BioDoc-ItTM 

Imaging System. For sonicating cells, Microson Ultrasonic Cell Disrupter was 

used. Imaging was carried out using a Leica SP5-II confocal laser scanning 

microscope attached to a Leica DMI 6000 inverted epifluorescence microscope. 

2.1.4 Cell culture reagents 

Glassware and plasticware 

Pipette tips (10 to 1000µl) were obtained from StarLabs, and gel loading tips from 

Fisher. 5, 10, 25mL stripettes were from CellStar. 1.5mL microcentrifuge tubes 

were purchased from Eppendorf and 0.5mL thin-walled PCR tubes were 

purchased from StarLabs. 15mL and 50mL conical Falcon tubes, 6-well dishes 

and T75 vented flasks were CellStar. 25mm glass coverslips and glass slides 

were obtained from VWR International. 
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HEK293T cells 

Human Embryonic Kidney cells (HEK293T) cells were from the European 

Collection of Cell Cultures (ECACC), maintained in 1% DMSO and stored in liquid 

nitrogen for long term storage. 

MEF cells 

Mouse Embryonic Fibroblasts (MEF), wildtype and MFF-null, were a kind gift from 

D. Chan, reported in Loson et al., 2013, maintained in 1% DMSO and stored in 

liquid nitrogen for long term storage. 

Complete media and reagents 

HEK293T and MEF cells were maintained in Dulbecco’s Modified Eagle’s Medium 

(DMEM) media (with phenol red) containing 4.5g/L glucose (Lonza), 10% heat-

inactivated foetal bovine serum (FBS, Sigma), 2mM L-glutamine (Gibco) and 

1000U penicillin and 0.1mg streptomycin (Gibco). Used to maintain stocks of 

HEK293T and MEF cells. 10x phosphate buffered saline (PBS), sterile cell culture 

grade water, 0.05% trypsin-EDTA and L-Glutamine were obtained from Gibco. 

Lipofectamine 2000 was from Invitrogen. Poly L and D lysine were from Sigma. 

Neuronal plating media 

Neurobasal media (Gibco), 5mM glutamax (Gibco), 5% horse serum (Sigma), 1% 

penicillin/streptomycin (Sigma), 10% B27 (Gibco). 

Neuronal feeding media 

Neurobasal media, 1% penicillin/streptomycin, 2mM glutamine (Gibco), 10% B27. 
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2.1.5 Protein biochemistry reagents 

30% v/v acrylamide was from Geneflow, cOmpleteTM Protease tablets were 

obtained from Roche and dissolved in 1mL distilled water to prepare a 50x stock 

and stored at 4°C. Polyvinylidene difluoride (PVDF) immobilin membrane 

(0.45µM pore) was obtained from Millipore and filter paper was from GE 

Healthcare Life Sciences. PageRuler protein ladder (10-180kDa #26616) was 

from Thermo Fisher. Non-fat milk powder from the Co-operative own brand was 

used for blocking. Enhanced Chemiluminescence (ECL) solutions Supersignal® 

West Pico and West Femto ECL were from Thermo Scientific. LumnataTM 

Crescendo and LuminataTM Forte were from Merck Millipore. CL-XposureTM X-ray 

film was from Thermo Scientific and used to develop blots by ECL in a 

hypercassetteTM from Amersham biosciences. Fixer and developer solutions 

were obtained from Fixaplus. GFP-Trap beads were from Chromotek and GST 

beads were from GE Healthcare Life Sciences. 
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2.1.6 Recipes of commonly used solution 

The following solutions were prepared in house 

Phosphate buffered saline (PBS) 

137mM NaCl, 10mM Na2HPO4, 2.7mM KCl, 2mM K2HPO4, pH 7.4 

Phosphate buffered saline with Tween (PBS-T) 

137mM NaCl, 10mM Na2HPO4, 2.7mM KCl, 2mM K2HPO4, pH 7.4, 0.001% 

Tween-20 

2x Laemmli sample buffer 

4% SDS, 10% glycerol, 125mM Tris pH 6.4, 10% 2-β-mercaptoethanol (β-ME), 

0.004% bromophenol blue 

Immunoprecipitation/pulldown buffer 

20mM Tris (pH 7.4), 137mM NaCl, 1% Triton X-100, 10% glycerol, 25mM β‐

glycerophosphate, 2mM Na-pyrophosphate, 20mM N‐ethylmaleimide, 2mM 

EDTA, pH adjusted when cold using NaCl to 7.5±0.02. Stored at 4°C. 

10-12% resolving poly-acrylamide gel 

375mM Tris-HCL pH 8.8, 10% or 12% acrylamide, 0.1% SDS, 0.1% APS and 

0.01% TEMED 

5% stacking gel 

125mM Tris-HCL pH 6.8, 5% acrylamide, 0.1% SDS, 0.1% APS, 0.01% TEMED 

Transfer buffer 

50mM Tris, 40mM glycine and 20% methanol in ddH2O 
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Running buffer 

25mM Tris, 250mM glycine and 0.1% SDS 

Fixed cell imaging reagents 

Stock solution of 16% Formaldehyde was obtained from Electron Microscopy 

Sciences and Fluoromount-G TM mount media with DAPI was from Thermo Fisher. 

Primary Antibodies 

Table 2 lists primary antibodies used for Western blotting (WB) and 

immunocytochemistry (ICC), concentrations, supplier, preparation and use (WB 

or ICC). For WB, antibodies were prepared in either 2% BSA or 2.5% milk in PBS-

T, and for ICC, antibodies were prepared in 3% BSA in 1x PBS. 

Secondary Antibodies 

For Western blotting, HRP-conjugated anti-mouse (raised in Goat), anti-goat 

(raised in Rabbit), anti-rabbit (raised in Goat) and anti-rat (raised in Rabbit) were 

obtained from Sigma-Aldrich and used at a dilution of 1:10,000 in 2.5% milk or 

2% BSA in PBS-T. 

All secondary antibodies for ICC were Cy2, Cy3 and Cy5 (raised in Donkey) were 

from Jackson ImmunoResearch and used at 1:400 in 3% BSA in 1x PBS 

 

 

 



Materials and Methods 

86 

Table 2 List of antibodies for Western blotting and immunocytochemistry 

Protein Dilution Supplier Catalogue 
number 

Species Preparation 

AMPK-pi 
(T172) 

1:1,000 Cell Signalling 2535S Rabbit BSA 

p-(S/T) AMPK 
substrate motif 

1:10,000 Cell Signalling 5759S Rabbit BSA 

Ankyrin G 
(ICC) 

1:500 UC Davis/NIH 
NeuroMab 

facility 

75-146 Mouse BSA 

Beta actin 1:20,000 Sigma A5441 Rabbit BSA 

DRP1 1:1,000 BD Bio Science 611113 Mouse Milk 

DRP1 (ICC) 1:400 BD Bio Science 611113 Mouse BSA 

FLAG 1:1,000 Sigma F3165 Mouse Milk 

GFP 1:20,000 Chromotech pabg-1-100 Rat Either 

GFP (ICC) 1:1000 Abcam 13970 Chicken BSA 

GST 1:10,000 GE Healthcare 27457701V Goat Either 

HA 1:4,000 Sigma H3663 Mouse Milk 

MiD49 1:500 Proteintech 16413-1-AP Rabbit Milk 

MFF 1:500 Santa Cruz SC-398731 Mouse Milk 

Myc 1:1,000 Santa Cruz SC-40 Mouse Milk 

SENP 3 1:1,000 Cell Signalling 5591S Rabbit BSA 

SUMO-1 1:1,000 Cell Signalling 4930S Rabbit BSA 

SUMO-2/3 1:1,000 Cell Signalling 4971S Rabbit BSA 

Ubiquitin 
(P4D1) 

1:1,000 Cell Signalling 3936 Mouse Milk 
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2.2 Methods 

2.2.1 Cell culture of HEK293T and MEF cells 

All cell culture was performed in sterile laminar flow cabinets and cells were 

maintained in humidified incubators at 37°C, 5% CO2 and 95% O2. HEK293T and 

MEF cells were maintained in complete media and grown in T75 ventilated flasks. 

2.2.2 Passaging of cells 

Cells were passaged regularly when they reached ~90-100% confluency, by 

gentle washing with pre-warmed sterile 1x PBS, and incubated in 1mL 0.05% 

trypsin-EDTA for 3-5 minutes at 37°C, followed by addition of an equal volume of 

complete media and gentle pipetting and agitation to detach the cells. Cells were 

pelleted by centrifugation at 1500rcf for 2 minutes, trypsin aspirated, and cells 

resuspended in complete culture media by gentle trituration and plated in a new 

culture T75 flask at 1:10 or 1:20 in 10mL complete culture media. 

2.2.3 Plating cells 

For transfection experiments, 6cm plastic dishes coated in PLL were used to aid 

adhesion. Dishes were incubated with 2mL 0.1mg/mL PLL, diluted in sterile water, 

for at least 1hr at 37°C and washed three times with sterile water. HEK293T cells 

were passaged as described above, and an aliquot of cell suspension was 

counted using a haemocytometer. 1.5x106 cells were plated in 4mL transfection 

media (complete media lacking antibiotics) per dish and incubated overnight. 

MEF cells were seeded in 6-well dishes with one 25mm glass cover slips at the 

bottom. PLL was used to aid adhesion to the glass (as above). Following 
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passaging, cells were counted, and 10x105 cells were plated in 1.5mL complete 

media per well and left overnight to adhere to the glass. 

2.2.4 Haemocytometer counting cells  

Following trypsinisation and resuspension, 20µL of cells were diluted in 180µL 

0.4% Trypan Blue (Gibco). The cell mixture was pipetted into a haemocytometer 

chamber and the average number of live cells counted to determine the 

concentration of cells. Cell suspension was then diluted in media and plated 

accordingly. 

2.2.5 Total protein cell lysis 

For total protein lysate, cells were plated in 6-well dishes and grown until 

confluency. Cells were washed once in 1x PBS, 300µL 1x Sample Laemmli buffer 

was added and cells scraped into Eppendorf tubes, sonicated and boiled at 95°C 

for 10 minutes. Samples were then stored at -20°C. 

2.2.6 HEK293T Transfection 

On the day of transfection, cells were inspected to ensure confluency of ~60-70%. 

Cells underwent one media change to 4mL transfection media at least 30 minutes 

before transfection. For a single transfection, 2.5µg DNA was used, for a double 

transfection, 1.5µg of each construct was used. DNA was added to 500µL plain 

DMEM in a 1.5mL Eppendorf, and Lipofectamine® 2000 was added at 1.5µL x 

µg of DNA. DNA-Lipofectamine mixture was vortex briefly and incubated at room 

temperature for 30 minutes. The mixture was added dropwise to the dish, with 

gentle swirling and left in the incubator for 48hrs. 



Materials and Methods 

89 

2.3 Primary Neuronal Culture 

Primary rat hippocampal neurons were cultured on PDL-coated glass cover slips, 

plated in 2mL plating media for the first 24hrs. Media was changed to 3mL feeding 

media and neurons were left for two weeks in humidified incubators at 37°C, 5% 

CO2 and 95% O2. 

2.3.1 Preparation of glass coverslips  

25mm glass coverslips were submerged in nitric acid and incubated overnight 

with gentle agitation at room temperature. The nitric acid was carefully removed, 

and coverslips were washed with distilled water; three quick washes followed by 

three 30-minute washes. The coverslips were carefully transferred to a 140mm 

plastic cell culture dish and sterilised in 70% ethanol for at least 2 hours with 

gentle agitation at room temperature. The coverslips were then given three quick 

washes and three 30 minute washes with sterile cell culture grade water, carried 

out in a cell culture hood. The coverslips were stored in cell culture grade water 

at room temperature until further use. 

2.3.2 PDL coating and borate buffer 

Borate buffer was used in conjunction with PDL to aid adherence to the glass 

coverslip. Borax and boric acid powders were diluted in sterile cell culture grade 

water to 1mM borax and 5mM boric acid and filtered through a sterile filter vacuum 

system with 0.2µm pore membrane. 

Sterile coverslips were carefully placed at the bottom of a well of 6-well dish (one 

cover slip per well) and PDL was dissolved in borate buffer to a concentration of 



Materials and Methods 

90 

1mg/mL and 2mL added to each well, enough to cover the glass cover slip. 

Coverslips were incubated in PDL overnight at 37°C. Coverslips were then 

washed three times in sterile cell culture grade water to remove borate buffer and 

residual PDL. 

2.3.3 Rat embryonic brain dissociation 

Pregnant E18 Wistar rats were deeply anaesthetised using isoflurane with pure 

oxygen flow until heart failure and then humanely sacrificed using cervical 

dislocation or decapitation under Home Office Schedule 1 regulations. The 

embryonic sac was dissected out and placed in Hank’s Buffered Salt Solution 

(HBSS) (Gibco) at room temperature. Embryos were immediately removed from 

their sacks and decapitated. Under a dissection microscope, the brains were 

removed from severed heads using sharp, sterile dissection forceps. The 

meninges, cerebellum and midbrain were discarded, and the individual 

hippocampi were dissected out of the cortex. 

After isolation of the hippocampus, the following steps were carried out using 

aseptic techniques in a sterile laminar flow hood. The dissected hippocampus 

was transferred to sterile 15ml falcon tubes and washed three times with 10mL 

HBSS. Hippocampi were incubated in 10ml HBSS containing 0.005% trypsin-

EDTA for 9 minutes at 37°C. The trypsinised tissue was washed three times in 

10mL HBSS, then washed once in 1mL plating media to inactivate any residual 

trypsin. The hippocampal cell suspension was gently pipetted up and down 

several times using a 1ml pipette to dissociate hippocampal cells. The 

hippocampal cell suspension was diluted with 4ml plating media and cells counted 
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using a haemocytometer. 80,000 hippocampal cells were plated into each 6-well 

dish. 

2.3.4 Neuronal transfection  

DIV 14 hippocampal neurons were washed by briefly (<1 minute) placing into a 

6-well dish with pre-warmed plain neurobasal media to remove antibiotics and 

debris. Coverslips were then placed into a new 6-well dish with fresh pre-warmed 

feeding media without antibiotics (1mL/dish) and placed in the incubator. DNA 

was prepared in plain 100µL neurobasal media (1μg of CFP-MFF construct and 

1μg Mito DS-Red), and Lipofectamine was prepared in a separate Eppendorf tube 

in plain 100µL neurobasal media (at 1.5µL x µg of DNA). Each tube was vortexed 

for 5 seconds and left at room temperature for 5 minutes. Lipofectamine was 

added to the DNA tube and vortexed again for 5 seconds and left at room 

temperature for 30 minutes. 

Following incubation, DNA-Lipofectamine mixture was added dropwise to the 

coverslips and left to incubate in the incubator for 60 minutes. Following this, 

coverslips were carefully removed, briefly washed again in the plain neurobasal 

media and replaced back into their original media. Cells were left for 2 days until 

fixation. 
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2.4 Western blotting 

2.4.1 SDS-PAGE 

Sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) was 

used to resolve proteins based on molecular weight. Resolving gel was prepared 

within 1.5mm glass plates and filled with ~7.5mL 10% or 12% acrylamide 

resolving gel solution and 2mL 100% ethanol was added on top to ensure level 

polymerisation. Once gel had polymerised, ethanol was removed by washing with 

distilled water and then ~2mL 5% stacking gel was added and either a 10-lane or 

15-lane comb was inserted to form the wells of the gel. Once stacking gel had 

polymerised, the comb was removed and the gel inserted into a Bio-Rad power 

pack electrophoresis system. The tank was filled with SDS-PAGE running buffer 

and samples were loaded into the wells. 5µl pre-stained protein molecular weight 

was also loaded. Electrophoresis was initially carried out at 80V to allow samples 

to clear the stacking gel and to ensure level running of the samples. Power was 

then increased to 150-180V to resolve proteins. 

2.4.2 Transfer 

Once proteins had been sufficiently resolved, the proteins within the poly-

acrylamide gel were carefully removed from the glass plates and transferred to 

an Immobilin-PVDF membrane, activated with 100% methanol for several 

minutes and equilibrated for at least 5 minutes in transfer buffer. All transfers were 

carried out using wet transfer, and sponges and filter paper were pre-soaked in 

transfer buffer before assembly. The gel and membrane were sandwiched 

between filter paper (three each side) and sponges within a transfer cassette. 
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Transfer was carried out at 400mA for 90 minutes and cooled with an ice pack 

and constant stirring with a magnetic flea at the bottom of the transfer tank. 

2.4.3 Immunoblotting 

Once transfer was complete, membranes were blocked in either 4% BSA or 5% 

milk in PBS-T. Membranes were then incubated in primary antibody, diluted in 

2% BSA or 2.5% milk (Table 2) overnight at 4°C with gentle rotation. Blotting 

solution matched the solution of the primary antibody. Following primary antibody 

incubation, membranes were washed three times in PBS-T for ten minutes each 

at room temperature. Membranes were then incubated with secondary antibody 

at a dilution of 1:10,000 at room temperature for 1hr in either 2% BSA or 2.5% 

milk. 

2.4.4 Chemiluminescence detection 

Following secondary incubation, membranes were washed three times for ten 

minutes each with PBS-T. Membranes were dried of excess PBS-T and incubated 

for 1 minute at room temperature with the appropriate ECL substrate: PierceTM 

West Pico, LuminataTM Crescendo, LuminataTM Forte, SuperSignal™ West 

Femto. Excess ECL was removed and membrane was placed between acetate 

sheets within a developing cassette. In a dark room, the membrane was exposed 

to X-ray film and developed in a medical X-ray film processer. Films were scanned 

as TIF files and ImageJ software was used for densitometry analysis. 
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2.5 Immunoprecipitations 

2.5.1 Cell lysis 

In order to retain the labile SUMO on MFF, without disrupting non-covalent 

interactions, N‐ethylmaleimide (NEM) was added to lysis buffer to inhibit 

deSUMOylating enzymes. Addition of β‐glycerophosphate and Na-

pyrophosphate inhibits phosphatases, based on a previous method (Guo et al., 

2013) (20mM Tris (pH 7.4), 137mM NaCl, 1% triton X-100, 10% glycerol, 25mM 

β‐glycerophosphate, 2mM Na-pyrophosphate, 20mM NEM, 2mM EDTA, pH 

adjusted when cold using NaCl to 7.5±0.02. Stored at 4°C). On day of the 

experiment, 1x protease inhibitor cocktail (Roche) was added. For experiments 

investigating SUMO and ubiquitin, lysis buffer was also supplemented with 0.1% 

SDS. HEK293T cells were washed once in 1x PBS and lysed in 500µL ice cold 

lysis buffer. Cells were scraped and collected into 1.5mL Eppendorf tubes and 

lysed on ice for 30-45 mins. For investigating SUMO and ubiquitin (lysed in buffer 

with 0.1% SDS) samples were briefly sonicated with five short (~2 seconds) 

sonications on output 3. Lysate was centrifuged for 20 minutes at 16,000g at 4°C 

to precipitate insoluble material. Supernatant was collected and kept on ice. 20µL 

(4%) input taken and added at 1:1 to 2x Laemmli sample buffer. Inputs were 

boiled at 95°C for 10 minutes. 

2.5.2 Pull Downs 

GST-tagged proteins were isolated on 20µL glutathione‐Sepharose 4B (GE 

Healthcare), CFP-tagged proteins were isolated on 6µL GPT-TRAP® beads 

(Chromotek). Beads were washed twice in 1mL wash buffer (lysis buffer without 
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NEM, SDS and protease inhibitors) by centrifugation at 1500rcf for 2 minutes and 

aspirating wash buffer. After washing, beads were equally split into fresh 

Eppendorf tubes. Supernatant was incubated with beads at 4°C for 90 minutes 

with slow rotation. Beads were washed three times in 500µL wash buffer by 

placing on a rotating wheel at 4°C for 3-5 minutes. After final wash supernatant 

was removed and 40µL 2x Laemmli sample buffer added to samples and boiled 

at 95°C for 10 minutes. 

 

 

 

 

 

 

 

 

 

 

 

 

 



Materials and Methods 

96 

2.6 Molecular biology methods 

2.6.1 Bacterial transformation 

Chemically competent DH5α E.coli were stored at -80°C and used for 

transformation and amplification of plasmid DNA. When E.coli had thawed (on 

ice) 1μL of DNA was incubated with 10μL E.coli (for DNA amplification purposes) 

40μL E.coli was incubated with 4μL PCR product (i.e. from a site directed 

mutagenesis PCR reaction or ligation) on ice for 30 minutes. E.coli was then heat 

shocked at 42°C for 45 seconds, then cooled on ice for a further 2 minutes. 200μL 

plain LB broth was added to the bacteria. If the antibiotic resistance was 

kanamycin, bacteria were incubated for 1hr at 37°C to allow expression of genes 

for antibiotic resistance. To spread bacteria on agar plates, LB broth and bacteria 

were added to pre-warmed plates and spread evenly using a disposable L-

shaped cell spreader. Agar plates were incubated at 37°C overnight with the lid 

face down to avoid condensation occurring on the agar. 

2.6.2 Bacterial amplification and DNA purification 

For PCR product screening purposes, single colonies on the LB agar plates were 

picked and grown in 3mL LB broth (supplemented with appropriate antibiotic) at 

37°C overnight in a shaking incubator. To extract and purify plasmid DNA, 

Thermo Scientific GeneJETTM plasmid Miniprep kit was used according to 

manufacturer’s instructions and eluted in 50μL elution buffer. 

For DNA plasmid amplification, single colonies were picked and added to 100mL 

LB broth (with appropriate antibiotic) and incubated at 37°C overnight in a shaking 

incubator. DNA was extracted and purified using Thermo Scientific GeneJETTM 
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plasmid Midiprep kit according to manufacturer’s instructions, eluted in 500μL 

elution buffer. 

To determine the concentration of plasmid DNA, a NanoDrop ND-1000 (LabTech) 

was used to measure absorbance at 260nm. PCR plasmids were screened for 

successful site-directed mutagenesis by using Eurofins MWG Services with 

standard forward and reverse primers available from Eurofins MWG. DNA was 

stored at 4°C, or -20°C for long term storage. 

2.6.3 Polymerase Chain Reaction (PCR) 

KOD Hot Start DNA Polymerase kit was used for PCR reactions. Hot KOD 

polymerase was purified from Thermococcus kodakaraensis. Table 3 lists the 

components for each PCR reactions. 

Table 3 Components of PCR reactions 

Component Volume (µL) Final concentration Stock 
concentration 

10x Buffer 5 1x 10x 

dNTP mix 5 0.2mM 2mM 

MgSO4 3 1.5mM 25mM 

DMSO 2.5 5% 100% 

Template DNA 10 0.2ng/µL 1ng/µL 

Forward primer 1.5 0.3µM 10µM 

Reverse primer 1.5 0.3µM 10µM 

Sterile water 20.5 - - 

KOD Hot Start 
Polymerase 

1 0.02 units/µL 1 units/µL 
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PCR thermocycler setup was carried out with the settings in Table 4. For GST-

MFF and CFP-MFF constructs, the number of repeats was 22-24 cycles and an 

extension time of 320 seconds. For amplification from cDNA for cloning purposes, 

34 cycles were used and an extension time of 5 seconds. 

Table 4 PCR thermocycler settings 

Step Temperature 
(°C) 

Time 
(Seconds) 

Process 

1 95 120 Activates Polymerase 

2 95 20 Denature DNA 

3 55 10 Anneal Primers 

4 70 320/5 Extension 

5 Repeat steps 2-4, 22-24/34 cycles 

6 70 320/5 Final extension 

7 10 600 Cooling. Anneal DNA 

 

For site directed mutagenesis, once PCR product had cooled, 1μL Dpn1 was 

added for 1-2hrs at 37°C, which digests methylated DNA to remove original 

template DNA, and then PCR product was transformed into bacteria. 

2.6.4 PCR product and vector digestion purification 

For cloning purposes to ensure successful PCR and digestion, DNA was purified 

using GeneJETTM Gel extraction kit (#K0691) using manufacturer’s protocol. 

Briefly, binding buffer was added at a 5:1 ratio, vortexed briefly, added to the 

purification column and centrifuged at 16,000rcf for 1 minute in a benchtop 

centrifuge. Flow-through was discarded and wash buffer was added to the column 

and centrifuged. Flow-through discarded and wash step was repeated. DNA was 
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eluted in 25µL dH2O. 5μL was run on a 1.5% agarose gel at 135 volts for 20 

minutes and imaged using a UV transilluminator to assess success and quantity 

of digested products and to establish whether the vector is linear following 

digestion. 

2.6.5 RNA extraction 

RNA was extracted from HEK293T cells using Qiagen RNeasy mini kit as per 

manufacturer’s instructions. RNAse free microcentrifuge tubes and filter tips were 

used and all equipment and surfaces were made RNAse free using RNAseZapTM 

decontamination solution (Invitrogen). Briefly, a confluent 6cm dish of HEK293T 

cells was scraped into 600µl RLT buffer supplemented with β-mercaptoethanol 

and centrifuged at 16,000rcf. Supernatant was precipitated using an equal 

volume of 70% ethanol and transferred to a RNeasy Mini Spin column. Column 

was washed and RNA eluted into an RNAse free microcentrifuge tube with 25µL 

RNase-free water. RNA concentration was measured by Nanodrop at 280nm. 

2.6.6 cDNA synthesis 

cDNA was synthesised from HEK293T cell RNA using RevertAid First Strand kit 

(Thermo Scientific) according to manufactures protocol. The following table lists 

the components and concentrations used, made up to a final volume of 20μL with 

nuclease-free water. The solution was mixed by pipetting and heated to 42°C for 

1hr. Reaction was halted by heating to 70°C for 5 minutes to inactivate the 

polymerase. cDNA concentration was measured by Nanodrop at 260nm. 
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Table 5 Components of the RevertAid cDNA synthesis reaction 

Component Volume Final 
Concentration 

Stock 
concentration  

Template 
RNA 

As needed 0.05μL/μL - 

Primers 1μL 5μM 100μM 

Reaction 
Buffer 

4μL 1x 5x 

RNase 
inhibitor 

1μL 1units/μL 20units/μL 

dNTP Mix 2μL 0.5mM 10mM 

Reverse 
Transcriptase 

1μL 
 

10units/μL 200units/μL 

Nuclease-
free Water 

As required to 
make up to 20μL 

- - 

 

2.6.7 Restriction digestion for ligation 

Restriction digestion was carried out according to table 6. Reaction was made up 

to 100μL and incubated at 37°C for 2hrs. BamH1 and HindIII were used for 

cloning into pECFP-C1 and for cloning into pcDNA3.1. 

Table 6 Components of PCR Product and vector digestion reaction 

Component Volume (μL) 

(PCR product) 

Volume (μL)/amount 

(Vector) 

CutSmart buffer 10 10 

BamH1 2 2 

HindIII 2 2 

CIP - 2 

PCR Product 25 - 

Vector - 2μg 

dH2O Up to 100 Up to 100 
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2.6.8 Ligation 

Digested vector and inserts were ligated at an approximate insert:vector ratio of 

3:1, to ensure excess of insert, determined by resolving in agarose gel and 

imaged with a UV transilluminator. Digested products were appropriately diluted 

in dH2O to make a 1:1 mix by volume. 1µL of vector was added to 1µL of insert 

and mixed with 2µl T4 ligase solution 1 (Takara). Ligation mixture was incubated 

at room temperature for 30 minutes. 

2.6.9 Cloning 

Generating CFP-MFF mutants 

The GST-MFF (human isoform 1), made in the Henley lab as previously reported 

(Guo et al., 2017) was used to generate MFF mutants listed in Table 1 by site-

directed mutagenesis, and the above techniques were used to clone into 

BamH1/HindIII sites of pECFP-C1 to generate CFP-MFF constructs. Briefly, 

inserts from the GST-MFF constructs and pECFP-C1 were digested as per Table 

6, purified using GeneJETTM Gel extraction kit and ligated according to 2.6.8, 

followed by a further purification step, transformation into bacteria, miniprep 

prepared of plasmid DNA, followed by sequencing. 

Generating human MiD51-HA 

RNA was extracted from HEK293T cells (2.6.5) and cDNA synthesised (2.6.6). 

KOD Hot Start DNA Polymerase PCR was used to generate and amplify an insert 

that will incorporate a HA-tag at the C terminus of MiD51, and the cloning sites 

HindIII/BamHI for ligation into pcDNA3.1. For amplification from cDNA, 34 cycles 

were used and an extension time of 5 seconds. The following primers were used: 
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Forward primer 

GTGAAGCTTGCCACCATGGCAGGCGCTGGTGAGCGCAAA  

Reverse primer 

CACGGATCCCTAAGCGTAATCTGGAACATCGTATGGGTACGTCTGCAGCA

GCACCTCTGGCTC 

Following PCR thermocycling, a purification step cleaned the DNA product and 

5µL was resolved on agarose gel to determine the success of the PCR reaction. 

This was followed by restriction digestion of inserts and pcDNA3.1 vector (2.6.7) 

and another purification step and resolved on agarose gel to establish relative 

ratio. Insert and vector were ligated at room temperature for 30 minutes (2.6.8) 

with insert in ~3-fold excess. Ligation mixture was then transformed into bacteria, 

colonies picked, DNA minipreped and sequenced. 

2.7 In vitro deSUMOylation and deubiquitination assay 

The catalytically active domain of SENP1 and USP2 were used to enzymatically 

remove SUMO and ubiquitin from MFF, respectively. See Figure 2.1 for details. 

Multiple (12-15) 6cm dishes of HEK293T cells expressing wildtype CFP-MFF (3 

dishes expressing CFP for negative control) were lysed on ice and pooled in lysis 

buffer (2.5.1) containing 0.1% SDS and 20mM NEM. Lysate was sonicated and 

insoluble debris cleared by centrifugation at 16,000rcf at 4ºC for 20 minutes. 

Supernatant was collected and incubated with GFP-TRAP beads for 90 minutes 

at 4ºC with gentle rotation. Beads were washed in 1mL wash buffer (150mM NaCl, 

50mM tris pH7.4, 5mM MgCl2) by gentle centrifugation (2 minutes at 1,500rcf at 
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4ºC), aspiration of media, and gentle rotation for 5 minutes in 1mL wash buffer, 

repeated three times. This step removed unbound material and also removed 

SDS and NEM, which would inhibit the enzymes. Beads were equally separated 

into four tubes, and a final concentration of 500nM USP2 and 100nM SENP1 

were added to the tubes for 2hrs at 37ºC, with occasional agitation. Samples were 

boiled in 2x sample buffer at 95ºC for 10 minutes, ready for SDS-PAGE. See 

Figure 2.1 for schematic. 

 

Figure 2.1 Schematic of in vitro deSUMOylation and deubiquitination assay 

Workflow illustrating the in vitro assay. See text for details. 
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2.8 Oxygen/Glucose deprivation (OGD) 

Stock media was prepared as follows: 25mM HEPES, 137mM NaCl, 5mM KCl, 

1.5mM CaCl2, 1.5mM MgCl2. For OGD, media was supplemented with 25mM 

sucrose to maintain osmolarity, for control media, 25mM glucose was added. 

Media was then filter sterilised and kept at 4°C. A MACS-VA500-microaerophilic-

workstation (from dw Scientific) was used to perform OGD experiments. The 

workstation was maintained at 37°C under anerobic conditions of 95% N2 and 5% 

CO2. The night before OGD experiments, media and PBS were left to 

deoxygenate in the workstation. Cell were placed in the workstation and washed 

once in deoxygenated media then incubated in OGD media for 1-2hr. (2mL for 6-

well dishes, 3mL for 6cm dishes). For control cells, the same procedure was 

carried out with pre-warmed control media in a laminar flow hood and incubated 

in a humidified incubator at 37°C, 5% CO2 and 95% O2. After incubation, cells 

were carefully washed twice in ice cold deoxygenated 1x PBS and lysed in 

200μL/well (50mM tris pH 7.4, 150mM NaCl, 0.5% triton X-100, 1% SDS, 20mM 

NEM, protease inhibitors). Cells were left on ice for 15 minutes to lyse, scraped 

into Eppendorf tubes, briefly sonicated (5 times ~2 seconds, output 3), left on ice 

for a further 15 minutes and then centrifuged at 16,000rcf for 20 minutes to pellet 

insoluble material. Supernatant was then collected and boiled with an equal 

volume of 2x sample buffer. For pulldown experiments, samples were processed 

as described in section 2.5.2. 

 



Materials and Methods 

105 

2.9   Imaging 

Imaging of MEF cells and primary neurons was carried out using a Leica SP5-II 

confocal laser scanning microscope attached to a Leica DMI 6000 inverted 

epifluorescence microscope. Images were captured using a 63x HCX PL APO 

CS oil-immersion objective, with either 512x512 (MEF) or 1024x1024 (neurons) 

pixel resolution and optical zoom of 3x (MEF) and 1x (neurons) at 400Hz. Z-

stacks were taken with 0.25µm (MEF) and 0.5µM (neurons) incremental steps. 

DAPI was excited using a 50mW 405nm diode laser, Cy2 was excited using 

150mW Ar laser (488nm), Cy3 and Mito DS-Red using 20mW solid state yellow 

laser (561nm) and Cy5 and mitotracker deep-red using a 20mW Red He/Ne 

(633nm). All the parameters were kept constant for a complete set of 

experiments. 

2.9.1 Immunocytochemistry 

MEF cells were pre-treated with Mitotracker deep-red (Invitrogen #M22426) for 

45 minutes prior to fixation. Mitotracker was prepared in complete media and 

added dropwise to the cells to a final concentration of 100nM. Neuronal 

mitochondria were already expressing Mito DS-Red. To preserve mitochondrial 

morphology, cells were fixed by adding formaldehyde dropwise to the culture 

media to a final concentration of 2% formaldehyde and incubated for 12-15 

minutes at 37°C. Cells were washed once in 1x PBS to remove debris and media, 

permeabilised with 0.1% Triton X-100 (in 1x PBS) for 3-4 minutes, then washed 

in 1x PBS a further two times. Cells were incubated for 3-4 minutes in 100mM 

glycine (in 1x PBS) to quench any unreacted PFA. To block non-specific binding, 
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cells were incubated in 3% BSA (in 1x PBS) for 20 minutes at room temperature. 

Primary antibody was prepared in 3% BSA and spotted on parafilm on the bench 

(~80µL) and coverslips were carefully inverted on the primary antibody and left to 

incubate for 60 minutes at room temperature. Coverslips were carefully placed 

back in the culture dishes and washed three times with 1x PBS and then inverted 

onto drops of secondary antibody (prepared in 3% BSA) for 45 minutes at room 

temperature. Coverslips were washed four times and mounted on glass 

microscope slides using 20µL Fluoromount-G (containing DAPI). 

2.9.2 DRP1 colocalisation analysis 

With the help of Dr Stephen Cross of the Wolfson Bioimaging facility, I generated 

a cytoplasmic mask to designate the area for DRP1-mitotracker colocalisation 

analysis, which would remove the nuclei and non-cytoplasmic regions. This would 

therefore avoid overestimating colocalisation, since poorly stained, non-cell 

regions would give a positive colocalisation value, and an automated system 

would avoid manually designating the cytoplasmic region, making analysis more 

objective. Using the DRP1 stain channel the following workflow was used: 

• Segmentation of the nuclei using the following steps: median filter of radius 

2-pixels. Applied global threshold to binarise the image (Otsu method), 

removed holes in the binarized image, identified nuclei as connected 

regions to have a 2D area larger than 50µm2, using the MorphoLibJ library. 

• To identify the extent of the cell: median filter applied with radius 2-pixels. 

Applied global intensity threshold to binarise image (Huang method), 

combined the binarised nuclear and cytoplasmic images to get a complete 
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binary image of the cell. Applied another median filter (2-pixel radius). 

Applied fill holes as before and used distance-based watershed transform 

to split any adjacent cells. Cells had a minimum 2D area larger than 

400µm2 to be identified. 

• Subtracted the nucleus from the whole cell to yield the cytoplasmic region. 

Cytoplasmic objects identified as before, using connected foreground-

labelled pixels. Cytoplasm detected area must be larger than 50µm2 

The 2 channels were filtered with a 2D Gaussian filter (radius 1-pixel) to remove 

noise and normalised to the full 8-bit intensity range. Mander’s colocalisation 

coefficient was calculated between the DRP1 channel and mitotracker channel 

within the cytoplasmic mask 

Plugin is archived in S. Cross, (2019, January 4) “ModularImageAnalysis” 

(Version 0.7.22) Zenodo http://doi.org/10.5281/zenodo.2531668 

2.9.3 Developing an ImageJ macro to analyse mitochondrial morphology 

In order to analyse the mitochondrial network of MEF cells, I generated an 

objective macro which yields information on quantifiable parameters of 

mitochondrial morphology. I was inspired by a method developed by Valente and 

colleagues, which describes a simple macro in conjunction with ImageJ software 

(Valente et al., 2017), termed Mitochondrial Network Analysis (MiNA). Their 

method uses a pre-processing step, which includes local contrast enhancement, 

background subtraction, unsharp mask and median filter, all available in ImageJ. 

This pre-processing step helps to enhance the quality of the image by increasing 

the sharpness, brightness in dim areas and reducing noise. Next, the image is 
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converted to a binary image by using IsoData thresholding. The binary image is 

then skeletonised, generating a 1-pixel wide outline of the entire mitochondrial 

network. From this, two groups of objects are identified; Networks, being 

structures with at least one junction, and individuals, being objects with no 

junctions, further categorised into rods, puncta, and large/round. The macro then 

outputs various parameters, for example the mean length of rods/network 

branches, number of branches per network. 

When I used the macro on my images, I found that the pre-processing steps did 

not detect all mitochondria, and the skeleton did not sufficiently represent the 

original image. As part of the macro interface, adjustments to the pre-processing 

steps can be altered, however, in my hands, none of these changes improved 

how the skeletonised image reflected the nature of the original image. I therefore 

decided to adapt the pre-processing steps to better reproduce the mitochondrial 

morphology. Moreover, this report used pre-determined descriptors of structures 

and pre-determined output parameters, some of which are difficult to interpret, 

i.e. length of rods/network branches, and did not provide information on the 

individual structures. 

I used similar pre-processing steps as in the Valente et al, 2017 report, with minor 

adjustments and additions.  details the steps incorporated in the macro, using a 

wildtype MEF cell as an example. Firstly, the confocal z-stack is projected to a 

single image (max intensity), local contrast enhanced (blocksize=125 histogram 

bins=256 maximum slope=2), background subtracted (radius 10, with sliding 

paraboloid). Following this, two filters were applied: median filter (radius 1 pixel), 
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unsharp filter (0.4 sigma radius, 0.7 mask weight). I incorporated a plug-in called 

“Tubeness” (sigma 0.2), originally described for visualising blood vessels (Sato et 

al., 1998). I found that without using this plug-in, the skeleton struggled to detect 

smaller, dimmer mitochondria, and also failed to detect detail or connected 

mitochondria that were separate objects, or fragmented many structures that 

were in fact a single structure (see Figure 2.2 for comparison of performance of 

MiNA and my adapted approach). As can be seen in Figure 2.2, the pre-

processed image more faithfully represents the raw confocal image. 

 

Figure 2.2 Comparison of MiNA and my adapted image processing workflow 

An example of the skeleton generated from the MiNA workflow and my adapted 

workflow. Using identical filters and contrast enhancement parameters, my adapted 

version, with the addition of the Tubeness tool, outperforms MiNA. Indicated are 

examples where MiNA fails to detect detail, but the adapted version does (white 

arrows).  MiNA also connects some structures that are separated, whereas my version 

separates such structures (yellow arrows), and MiNA also fragments some 

mitochondria, whereas the mitochondrial structure is retained in my workflow (blue 

arrows). 
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Figure 2.3 Workflow of ImageJ macro to analyse mitochondrial morphology 

Schematic of the steps taken to analyse the mitochondrial morphology of MEF cells. A 

Confocal images were pre-processed (see text for details), generating a black and 

white image representing the mitochondrial structures (B). The processed image is 

then skeletonised (C) or Li threshold (E) applied to generate an 8-bit binary image. 

Scale bar 10μm. The skeleton is then analysed by using the ImageJ “Analyse skeleton” 

plug-in, generating a table of branch information for analysis (D). Highlighted are three 

examples, illustrating how the end, slab and junction pixels are allocated (i-iii). The 

binary image from E is analysed using the “Analyse objects” plug-in (>0.25μm2), giving 

a table of area and corresponding circularity descriptors (F). A weighted average of 

circularity was caluclated from the summation of circularity multiplied by area, divided 

by total area. G Enlargements of raw, pre-processed, skeleton and binary image.  
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2.9.4 Branch analysis 

Following pre-processing the image was binarised and skeletonised (ImageJ 

“make binary” and “skeletonise”). This generates a 1-pixel outline which allocates 

three types of pixel, based on the immediate neighbours: end pixels have either 

1 or 0 neighbours, slab pixels have 2 neighbours, whereas junctions have 3 or 4 

neighbours (C D). I used ImageJ’s in-built “analyse skeleton” which generates a 

table of information on the branches and pixels (D). Also highlighted are examples 

of a 1 branch structure with no junctions (Dii) and a larger structure with 1 junction 

and 3 branches (Diii). From the table of branch information, I extracted 5 

parameters: 

1) Mean number of branches per network: Mean number of branches within 

structures containing ≥2 branches and ≥1 junction. 

2) Mean mitochondrial length: Extracted from the average branch length, which 

is the length between two endpoints, an end-point and junction, or two 

junctions. I only considered structures with ≥1 branch and non-zero lengths 

(an example is illustrated in Di, which will be excluded in this parameter). 

3) Maximum number of branches in a single network: The largest number of 

branches in a single structure. Frequently the majority of mitochondria exist 

within a few large, continous structures, and these will be weighted the same 

as small structures when a mean average is taken (as in parameter 1), 

therefore smaller structures will skew the mean, giving an under-

representation. 
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4) Maximum mitochondria length in a single network: Calculated from the 

longest mitochondria, either within a network or an isolated structure. As 

explained above, the “maximum” parameters were included to capture 

information of the very large structures, which would be “averaged-out” with 

the smaller structures when calculating the mean. 

5) Free end index: The number of free end pixels divided by the total number of 

pixels, expressed as a percentage. It is a measure of the connectivity of the 

mitochondria; fewer free ends corresponds to a more connected network, and 

vice versa. 

2.9.5 Circularity analysis 

I calculated the mitochondrial circularity as a descriptor of the shape of the 

mitochondria. A value of 1 represents a perfect circle, whereas values 

approaching 0 indicate increasingly elongated, elaborate structures. The pre-

processed image (B) was processed with Li thresholding (E) and ImageJ’s 

“analyse objects” plug-in was used to calculate each objects area and circularity 

(F). To overcome the problem of small objects being weighted equally as larger 

objects, I calculated each objects circularity as a proportion of the total 

mitochondrial area. I multiplied each objects circularity by its area, divided by the 

total mitochondrial area, and summed all these values (see equation in F). I only 

considered objects with area >0.25μm2, as anything below this size is likely to be 

background or debris and not a mitochondrion. 

By using the branch parameters and weighted circularity parameter, I will get a 

sense of the degree of branching, the length of mitochondria, the size and 



Materials and Methods 

114 

complexity of very large structures, the shape of mitochondria and the 

connectivity. 

2.9.6 Analysing neuronal mitochondrial area 

The mitochondria in neuronal processes are simpler in architecture compared to 

MEF cells, since they often exist as single entities which can easily be discerned 

by eye. I therefore used a simpler method to quantify mitochondrial area in 

neurons. I max projected the z-stack into a single image (max intensity) and used 

the ImageJ plug-in “Tubeness” (sigma 0.2405) to better define the mitochondria, 

(as discussed in 2.9.3). Images were then binarised by Li thresholding (see Figure 

2.4). The axonal initial segment was stained with ankyrin-G, which was used to 

differentiate between the axons and dendrites. Using the free hand tracer, axons 

and dendrites were carefully traced to include mitochondria within a single neurite. 

This typically excluded the first 20-30μm of the neurite, where the mitochondria 

were very clustered or multiple neurites extended from the cell body. In some 

instances, multiple dendrites (typically 2-3) were analysed for a single cell. Only 

one axon of a cell was analysed. Objects within the traced area were then 

analysed by using the plug-in “Analyse objects”, which generates a table of area. 

Mean average area was calculated from all objects of a size >0.25μm2. 
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Figure 2.4 Image processing of neuronal mitochondria 

Example of the tubness and thresholding of confocal images of neuronal dendritic 

mitochondria. DIV 14 hippocampal neurons was transfected with Mito DS-Red for 2 

days. Neurons were fixed and stained for ankyrin-G and imaged by confocal imaging 

with 0.5μm steps. Z-stacks were compressed (max intensity) and processed with 

tubeness and Li threshold. Scale bar 10μm. 

 

2.9.7 Analysing neuronal density 

I used the “Simple Neurite Tracer” plug-in to trace the neurite analysed, which 

calculates the length of the neurite. I then calculated the density of mitochondria 

by dividing the number of objects detected (from section 2.9.6) by the length of 

the neurite. I was aware not to use mitochondrial occupancy (mitochondrial 

area/neurite area) in the analysis of density, since the size of mitochondria will 

impact on this parameter, which is already calculated in section 2.9.6. Instead, I 

analysed the number of mitochondrial objects per distance unit, therefore is 

independent of size. 
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This generated a large number of objects detected per cell; for axons an average 

of approximately 60 mitochondria were detected along a total length of ~400μm, 

and for dendrites ~84 mitochondria along approximately a total of 680μm 

processes were analysed. A mean average area and density for mitochondria in 

axons and dendrites was calculated per cell, and 6-8 neurons were analysed per 

condition, per experiment. 

2.9.8 Statistical analysis 

All graphs were prepared, and statistical analysis performed using Graphpad 

Prism version 7.0. Figure legends indicate number of independent repeats. 

Statistical analysis was only carried out on experiments that were performed at 

least three independent times. Data is presented as mean values +/- standard 

deviation (S.D). Unpaired t test and one-way ANOVA followed by Tukey’s post 

hoc test to correct for multiple comparisons was used in chapters 3 and 4 for 

Western blot analysis. In chapter 5, I tested for normal distribution using the 

D’Agostino and Pearson normality test; if not normally distributed, I carried out 

the non-parametric Mann-Whitney test. If data was normally distributed, I carried 

out an unpaired t test. Figure legends state the p values, data considered 

significant if p<0.05. 
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Chapter 3 Characterising MFF 

SUMOylation 
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3.1 Introduction 

Although SUMOylation has typically been thought to occur exclusively in the 

nucleus, there is a growing body of evidence that extra-nuclear proteins are also 

SUMOylated. The first SUMO substrate identified was the RAN-GTPase-

activating protein RanGAP1, a primarily cytosolic protein, which upon 

SUMOylation shuttles to the nuclear pore complex (Matunis et al., 1996) . Since 

then, multiple cytosolic proteins have been identified as SUMO substrates. In 

yeast for example, SUMOylation of septins is under tight regulation and only 

occurs during mitosis (Johnson and Blobel, 1999). SUMOylation of the glucose 

transporters GLUT1 and GLUT4 decreases and increases basal protein levels, 

respectively, having opposing effects on glucose transport (Giorgino et al., 2000). 

The kainate receptor subunit GluR6 is SUMOylated in response to stimulation, 

which is then internalised in a SUMO-dependent manner (Martin et al., 2007). 

These reports underscore the dynamic nature of SUMOylation, and the varied 

roles SUMO plays in many cellular contexts outside the nucleus (Watts, 2004). 

SUMOylation has also been shown to regulate mitochondrial protein function, and 

thus impact mitochondrial dynamics. SUMO-1 positive puncta were detected at 

mitochondrial fission sites, and SUMO-1 overexpression enhances mitochondrial 

fission (Harder et al., 2004), whereas SENP5 overexpression reverses this 

phenotype (Zunino et al., 2007) demonstrating global SUMOylation levels impact 

mitochondrial dynamics. DRP1 is SUMOylated by SUMO-1 and SUMO-2/3, with 

opposing effects on function; SUMO-1 stabilises DRP1 at mitochondrial-ER 

contact sites and promotes Ca2+ signalling and apoptosis (Prudent et al., 2015), 
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whereas DRP1-SUMO-2/3 is sequestered in the cytosol, and is recruited to the 

MOM upon deSUMOylation by SENP3 (Guo et al., 2013, 2017). 

Two PTMs have been identified for MFF to date; AMPK phosphorylation at S155 

and S172 promotes fission under bioenergetic stress (Toyama et al., 2016) and 

ubiquitination by parkin (Gao et al., 2015; Lee et al., 2019). 

3.2 Aims 

With the wealth of evidence that many PTMs regulate mitochondrial proteins, 

fusion and fission, and SUMOylation and SENPs are known to regulate 

mitochondrial fusion and fission, I reasoned that the DRP1 receptors are also 

likely highly regulated to affect their function. However, it isn’t known whether 

these proteins are targets for SUMOylation. Preliminary observations from the 

Henley lab identified a molecular weight shift of GST-MFF, often observed 

following PTM such as SUMOylation. 

The aims of this chapter are: 

• To confirm previous observations that MFF is a potential SUMO substrate. 

• To identify the site(s) of MFF SUMOylation. 

• To define how MFF SUMOylation is regulated. 
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3.3 Results 

3.3.1 MFF is a novel SUMO substrate 

To confirm previous preliminary observations made in the Henley lab that MFF 

may be a SUMO substrate, and to assess if any of the other DRP1 receptors are 

SUMOylated, I conducted a GST-pulldown experiment of all four DRP1 receptors 

in HEK293T cells co-expressing GST-tagged receptor with either FLAG-SUMO-

1 or FLAG-SUMO-2. Figure 3.1 shows that MFF is the only DRP1 receptor 

SUMOylated, by both SUMO isoforms. The FLAG signal demonstrates that MFF 

is modified by both isoforms, which display a similar pattern; a major band can be 

observed at ~140kDa, and higher molecular weight species appear above. This 

finding validates previous observations made in the lab. My interpretation of this 

pattern is that MFF is either poly-SUMOylated, and the higher molecular weight 

species are a result of increasing lengths of SUMO chains, and/or is mono 

SUMOylated at multiple sites. Furthermore, the mono-SUMOylated species of 

MFF can be detected in the input, suggesting that MFF is a highly SUMOylated 

substrate. 

When a protein is SUMOylated, this can alter how it is resolved by SDS-PAGE, 

and the expected ~11kDa shift does not always correspond to what is observed. 

I expressed GST-MFF +/-SUMO-1 or SUMO-2 in bacteria, and I detect a band at 

~130kDa (See appendix Figure 8.1). I predict this band to represent mono 

SUMOylated-MFF, since bacteria are unlikely to generate poly-SUMO chains, 

supporting the view that the major band at 140kDa observed in Figure 3.1 is a 

mono-SUMO species. 
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Figure 3.1 MFF is a novel SUMO substrate 

HEK293T cells were transiently co-transfected with GST fusion constructs of the four 

DRP1 receptors (Fis1, MFF, MiD49, MiD51) and either FLAG-SUMO-1 or FLAG-

SUMO-2 for 48hrs. GST-pulldowns were carried out on lysate and resolved by SDS-

PAGE. Blots were probed for FLAG and GST. 4% input taken before IP to assess FLAG 

and GST-receptor expression. 
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3.3.2 MFF is SUMOylated at lysine 151 

To identify the SUMOylated lysine residue(s) of MFF, I analysed the human MFF 

isoform 1 sequence using the online program SUMOplotTM, which identifies 

SUMO consensus sites, based on the consensus SUMO motif ψKxD/E. Three 

lysines were identified as having a high probability of SUMOylation; K114, K151 

and K319 (Figure 3.2A). Lysine 151 had the highest score (Figure 3.2B), so I 

generated a putative SUMOylation-deficient mutant (K151R) by site directed 

mutagenesis in a CFP-MFF construct of MFF human isoform 1. I conducted a 

simple experiment where I lysed HEK293T cells expressing CFP-MFF WT or 

CFP-MFF K151R in buffer +/-2% SDS, previously used to identify modified 

proteins (Rocca et al., 2017). The SDS will assist in retaining covalent 

modification by inhibiting deconjugation (i.e. deSUMOylating, deubiquitinating 

enzymes), whereas in the buffer without SDS, these enzymes will still be active. 

Moreover, this will confirm that the modification observed in Figure 3.1 is covalent 

modification. Figure 3.2C shows that in buffer containing SDS, the modification is 

maintained on wildtype MFF, as evidenced by the molecular weight shift and 

increasing molecular weight species above a major SUMO band, agreeing with 

Figure 3.1. No higher molecular weight band was observed when the SDS was 

omitted and no molecular weight shift was observed for the K151R mutant under 

denaturing conditions, demonstrating that K151R is the site responsible for this 

modification. It is noteworthy that a high exposure is required to detect the higher 

molecular weight species. This indicates that the majority of MFF exists in a non-

modified state (CFP + MFF: 28kDa + 38kDa = ~66kDa), and a small pool of CFP-
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MFF is modified, as seen for other substrates (Martin et al., 2007). Furthermore, 

the size of the modifications on WT MFF are substantial, resolving higher than 

200kDa. I interpret this to mean that K151 is a site of extensive modification. 

 

Figure 3.2 MFF is modified at K151 

A The human sequence of MFF isoform 1 (Uniprot: Q9GZY8-1) was submitted to 

SUMOplot™, identifying SUMOylation consensus motifs based on the amino acid 

sequence ψKxD/E. B K151 was identified as containing the highest probability 

consensus sequence. C HEK293T cells expressing CFP-MFF (WT) or CFP-MFF 

(K151R) were lysed in buffer +/-2% SDS. Total lysate was resolved by SDS-PAGE and 

probed for CFP. Representative of two independent experiments. 
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It cannot be stated from the above experiment that the molecular weight shift is 

exclusively due to SUMOylation, since it has been reported that MFF is subject 

to other modifications, such as ubiquitination (Gao et al., 2015; Lee et al., 2019). 

The experiment only demonstrates modification occurring within a SUMO 

consensus motif. To definitively confirm MFF is SUMOylated at K151, I assessed 

endogenous SUMOylation of CFP-MFF WT and CFP-MFF K151R by carrying out 

CFP immunoprecipitations and probing for endogenous SUMO-1 and SUMO-2/3. 

I also generated a second putative SUMO mutant, E153A, which disrupts the 

SUMO consensus motif by removing the acidic residue in the +2 position. Figure 

3.3 shows that SUMOylation of the K151R and E153A mutants is abolished. The 

endogenous SUMO pattern exhibits a poly-SUMOylation pattern, and generates 

a major species at ~110kDa, with increasing chains forming above, which 

corresponds to the pattern observed in Figure 3.1 and Figure 3.2. The observed 

difference in size of the major species between endogenous and overexpressed 

FLAG-SUMO (Figure 3.1 vs Figure 3.2 and 3.3) of ~140 vs ~110kDa, 

respectively, may be due to the FLAG tag, which affects how the proteins are 

resolved. 

Together, the above data confirm that MFF is poly-SUMOylated by SUMO-1 and 

SUMO-2/3, and that K151 is the only SUMO site of MFF. Moreover, the majority 

of MFF exists in a non-SUMOylated state, and a small proportion exist as mono 

and poly-SUMOylated forms of MFF. 
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Figure 3.3 MFF is SUMOylated by endogenous SUMO at K151 

HEK293T cells were transiently transfected with CFP wildtype (WT) or putative SUMO-

deficient mutants (K151R and E153A). Cells were lysed and supernatant subjected to 

CFP immunoprecipitation. CFP immunoprecipitates were resolved by SDS-PAGE and 

probed for endogenous SUMO-1 (A) (IP and blot shown here was performed by L. Lee) 

and SUMO-2/3 (B). Representative blots of three independent experiments. 
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3.3.3 MFF K151R has reduced ubiquitination 

Since SUMO can form hybrid chains with ubiquitin, and MFF has previously been 

shown to be ubiquitinated (Gao et al., 2015; Lee et al., 2019), I next established 

the ubiquitination state of the SUMO mutant. I carried out CFP-

immunoprecipitation from HEK cells co-expressing CFP-MFF (WT or K151R) and 

HA-ubiquitin. Figure 3.4A shows that wildtype MFF is poly-ubiquitinated, 

exhibiting a similar pattern to SUMOylation of increasing ubiquitin chain length, 

agreeing with previous findings (Lee et al., 2019). K151R also displays the same 

poly-SUMOylation pattern, but overall ubiquitination is reduced by ~60% (Figure 

3.4B). I reasoned this reduction could be due to two possibilities; 1) K151 is a 

direct site of ubiquitination, along with at least one other site or 2) K151 is not a 

direct site of ubiquitination but is required to promote ubiquitination on another 

site. Indeed, SUMO can act as a signal for promoting ubiquitination by recruiting 

a SUMO targeted ubiquitin ligase (STUbL), demonstrating significant cross-talk 

and interplay between the SUMO and ubiquitin system, reviewed in 

Sriramachandran and Dohmen, 2014. To test this possibility, I analysed the 

ubiquitination state of the SUMO mutant E153A. Because ubiquitination sites do 

not generally conform to consensus sites as SUMOylation does, the presence of 

K151 in E153A allows me to investigate the effect of SUMOylation on 

ubiquitination, without removing a potential acceptor residue. Like K151R, E153A 

also exhibited reduced ubiquitination, suggesting that K151 is not a ubiquitin site, 

and that SUMOylation may promote ubiquitination on a separate site. 
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Figure 3.4 The non-SUMOylatable MFF mutant K151R has reduced ubiquitination 

A HEK293T cells were transiently co-transfected for 48hrs with HA-ubiquitin and either 

wildtype (WT) or K151R CFP-MFF. CFP precipitates were probed for HA-ubiquitin. 4% 

input taken. Representative blot of 4 independent experiemnts (the IP and blot in A was 

carried out by L. Lee). B Quantification of total HA-ubiquitination normalised to CFP 

expressed as percentage of wildtype MFF. n=4, t test used to determine significance, 

p**<0.01. C Representative blot of endogenous ubiquitination of wildtype, K151R and 

E153A MFF. HEK293T cells were transiently transfected with indicated CFP-MFF 

constructs. CFP-immunoprecipitation carried out on lysate and probed for endogenous 

ubiquitin. Similar results were independently observed by myself and L. Lee, obtained 

for endogenous and overexpressed ubiquitin. E153A exhibits ~50% reduction in 

ubiquitination (L. Lee, unpublished data). 
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3.3.4 MFF is not modified by SUMO-Ubiquitin chains 

To further explore the possibility that SUMO and ubiquitin form mixed chains on 

MFF, I used an in vitro assay of purified ubiquitin specific peptidase 2 (USP2), 

previously used to cleave ubiquitin chains (Mahul-Mellier et al., 2012; Shan et al., 

2009; Stevenson et al., 2007) and SENP1 to cleave endogenous ubiquitin and 

SUMO, respectively. As expected, treatment of immunoprecipitated wildtype 

CFP-MFF with SENP1 completely removed both SUMO-1 and SUMO-2/3 

reactive bands, and USP2 removed all ubiquitination. Treatment with SENP1 and 

USP2 in combination removed all SUMO and ubiquitin. However, following USP2 

treatment, the majority of SUMO isoforms remained conjugated, and likewise with 

SENP1 treatment ubiquitination was retained (Figure 3.5). These results indicate 

that SUMO and ubiquitin target independent sites in MFF. However, there is an 

apparent discrepancy between these data; when there is no SUMOylation and 

~60% reduction of ubiquitin in the K151R mutant (Figure 3.3 and Figure 3.4), but 

the in vitro assay in Figure 3.5 suggest targeting to different sites. If SUMO and 

ubiquitin do form mixed chains, then in vitro SENP1 treatment would reduce 

SUMO along with any conjugated ubiquitination, and USP2 treatment would have 

the same effect on SUMO. The fact that this is not the case indicates that SUMO 

and ubiquitin target independent sites. 

Combining this with the observation that K151R has reduced ubiquitination 

suggests that SUMO on K151 promotes MFF ubiquitination, but on a separate 

site(s) (see Figure 3.6 for details). One possible ubiquitin site has already been 

identified, corresponding to K302 in isoform 1 (Gao et al., 2015). I also observe 
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reduced ubiquitination of the SUMO mutant E153A (Figure 3.4C), supporting the 

view that SUMOylation promotes ubiquitination. 

 

Figure 3.5 MFF is not modified by SUMO-Ubiquitin hybrid chains 

CFP-MFF (WT) from transiently transfected HEK293T cells was isolated on GFP-TRAP 

beads, pooled and separated equally. Immunoprecipitates were washed in wash buffer 

(50mM Tris, 150mM NaCl, 5mM MgCl2, pH 7.5) and treated with 500nM USP2, 100nM 

SENP1, both enzymes, or wash buffer containing no enzymes at 37ºC for 2hrs, with 

gentle aggitation. CFP acted as a negative control and was incubated in wash buffer. 

Following incubation samples were boiled in 2x sample buffer and resolved by SDS-

PAGE and blotted for endogneous SUMO-1, SUMO-2/3, ubiquitin and CFP. n=2. 
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Figure 3.6 Models of SUMOylation and ubiquitination of MFF 

A Based in the in vitro assay and immunoprecipitations, I propose a mechanism 

whereby SUMOylation of MFF enhances MFF ubiquitination on a site(s) other than 

K151. Illustrated here is one of those sites, K302, previously identified as a ubiquitin 

site (Gao et al., 2015). B USP2 cleaves all ubiquitin but has no/little effect on MFF 

SUMOylation, and SENP1 retains all ubiquitin and abolishes SUMOylation. C Mixed 

chains that unlikely occur on MFF. If this was the case, SENP1 treatment would reduce 

ubiquitination, and USP2 would reduce SUMO. 
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3.3.5 Phosphorylation of MFF enhances SUMOylation 

Proteomic reports confirm that MFF is an AMPK substrate (Chen et al., 2019; 

Ducommun et al., 2015; Toyama et al., 2016), AMPK phosphorylates MFF at two 

sites (serine 155 and 172) which is necessary and sufficient to induce 

mitochondrial fragmentation (Toyama et al., 2016). Interestingly, S155 is in the 

+4 position with respect to the SUMOylation site. This region therefore conforms 

to a phosphorylation-dependent SUMO consensus motif (PDSM), whereby 

phosphorylation enhances SUMOylation (Watts et al., 2007). To test if 

SUMOylation at K151 is influenced by phosphorylation at S155, I engineered two 

further mutants of the original GST-MFF isoform 1 construct: a phospho-null 

(S155A), and a phospho-mimetic (S155D). I also generated the SUMOylation-

deficient E153A mutation in the GST-MFF construct. I then performed GST-

pulldown experiments and assessed modification of MFF with FLAG-SUMO-1. 

Figure 3.7 shows that mimicking phosphorylation at S155 enhanced 

SUMOylation by ~75% above wildtype levels, and more than 2-fold above the 

phospho-null mutant, demonstrating that this region behaves as a PDSM. The 

E153A mutant had significantly reduced SUMOylation, yet interestingly still 

retains ~10% SUMOylation. 

It is important to note here that the analysis carried out in Figure 3.7 (and all 

similar future analysis) is the intensity of FLAG signal normalised to GST. 

Therefore, it is a ratio of SUMOylated species to non-SUMOylated MFF. 
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Figure 3.7 Phosphorylation at S155 enhances MFF SUMOylation 

A HEK293T cells were transiently co-transfected with the indicated GST-MFF 

constructs and FLAG-SUMO-1 (pcDNA 3.1 acted as a negative control). GST 

immunoprecipitates were immunoblotted for FLAG and GST. 4% input lysates were 

taken and immunoblotted for FLAG. B Quantification of FLAG normalised to GST, 

represented as a percentage of wildtype MFF. One-way ANOVA followed by Tukeys 

post hoc test carried out to determine significance. Data generated from three 

independent experiments. p*<0.05, p**<0.005, p****<0.0001. 
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3.3.6 Phosphorylation is upstream of SUMOylation 

It is well established that there is significant crosstalk between phosphorylation 

and SUMOylation, for example phosphorylation promotes the SUMOylation of the 

transcription factors NF-E2 (Su et al., 2012) and HSF-1 (Hietakangas et al., 

2003), whereas phosphorylation of c-Jun and p53 inhibits SUMOylation (Müller 

et al., 2000). To establish that phosphorylation precedes SUMOylation, and to 

test that SUMOylation has no effect on phosphorylation at S155, I used an 

antibody that recognises the AMPK phosphorylation consensus site, which S155 

(but not S172) conforms to. I observed no difference in phosphorylation at S155 

between wildtype and K151R (Figure 3.8), indicating phosphorylation is upstream 

of SUMOylation. 

It has been reported that AMPK phosphorylation of MFF at S155 and S172 

promote fission under stress, linking the phosphorylation state of MFF to 

mitochondrial and bioenergetic stress (Toyama et al., 2016). My findings that 

phosphorylation promotes SUMOylation lead me to hypothesise that an increase 

in SUMOylation would therefore be linked to increased fission. Moreover, since 

AMPK is the major bioenergetic status sensor of the cell (Garcia and Shaw, 

2017), this model would establish a direct link between the bioenergetic state of 

the cell and MFF SUMOylation.  
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Figure 3.8 Phosphorylation is upstream of MFF SUMOylation 

A HEK293T cells were transiently transfected with wildtype (WT), K151R or S155A 

CFP-MFF and immunoprecipitates were resolved by SDS-PAGE and probed for 

phosphorylation at S155 by using a specific AMPK substrate motif antibody. S155A 

used as a negative control to demonstrate the specificity of the antibody. B 

Quantification of WT and K151R phosphorylation at S155 normalised to CFP and 

represented as a percentage of WT. Unpaired Students t test used to determine 

significance (n=3, ns=non significant). 
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3.3.7 Phosphorylation and dephosphorylation of MFF at S155 and S172 

have differential effects on SUMOylation 

To further dissect the role of AMPK phosphorylation on MFF SUMOylation, I 

generated phospho-null and phospho-mimetic mutants at both reported AMPK 

sites, S155 and S172, within the CFP-MFF construct of MFF isoform 1. I also 

generated the previously reported double phospho-null and phospho-mimetics 

(2SA and 2SD, respectively, (Toyama et al., 2016)). In this set of experiments, I 

analysed mono-SUMOylated and higher molecular weight (MW) species 

separately, because in some cases the mono-SUMO species saturated before 

the higher MW species were detected. I therefore obtained different exposures to 

capture the different SUMO modified populations. 

Figure 3.9 shows the total SUMOylation change (average change of mono and 

higher MW), and Figure 3.10 shows the quantification of the mono (arrow) and 

higher MW species (asterisk) separately. This type of analysis revealed that the 

higher MW species changes to a greater extent than the mono-species. 

Consistent with my previous observations in Figure 3.7, S155D enhances total 

MFF SUMO-1-ylation, in this case approximately 2.8-fold above WT levels, and 

~3.7-fold greater than S155A. Phosphorylation at S155 had the greatest effect on 

the higher MW species of SUMO-1, enhancing SUMOylation by over 4-times. 

S155D also increases the higher MW bands for SUMO-2 by ~3.4-fold, and the 

SUMO-2 mono species is significantly greater than S155A. No significant change 

is observed between WT, S155A and 2SA in all cases. The double phospho-

mimetic did not significantly increase SUMOylation levels above wildtype levels, 
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however it did significantly increase total levels of both isoforms above 2SA, and 

the high MW species of SUMO-1 above 2SA. 

The phospho-mimetic at S172 had no effect on SUMOylation. However, S172A 

increases SUMO-1 levels above WT, S155A and 2SA, and S172A enhances the 

SUMO-2 mono species above S155A and 2SA. Interestingly, a similar increase 

in total SUMO-2 is detected for S155D and 2SD, whereas 2SD significantly 

reduced SUMO-1 levels compared to S155D. 
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Figure 3.9 MFF phosphorylation differentially regulates SUMOylation 

A-B HEK293T cells were transiently co-transfected with the indicated CFP-MFF 

constructs and either FLAG-SUMO-1 (A) or FLAG-SUMO-2 (B). CFP 

immunoprecipitates were resolved by SDS-PAGE and probed for FLAG and CFP. 4% 

input probed for FLAG. C-D Quantification of total FLAG signal (average change of 

mono-species and higher MW species (arrow and asterix, respectively) normalised to 
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CFP and expressed as a percentage of wildtype. n=5 (SUMO-1) and n=3 (SUMO-2). 

One-Way ANOVA carried out and Tukey’s post hoc test used to determine significance. 

p*<0.05, p***<0.0005, p****<0.0001. 

 

 

Figure 3.10 Quantification of mono and higher molecular species of MFF 

phospho-mutants 

Graphs showing the individual quantification of the mono (A, C) and higher MW (B, D) 

SUMO populations from Figure 3.9, expressed as a percentage of wildtype normalised 

to CFP. n=5 (SUMO-1) n=3 (SUMO-2). One-Way ANOVA carried out and Tukey’s post 

hoc test used to determine significance. p*<0.05, p**<0.001, p****<0.0001. 
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3.3.8 Phosphorylation at the AMPK sites enhances SUMOylation 

Following the observations made in Figure 3.9, I selected the double phospho-

null 2SA and double-phospho mimetic 2SD as a means to modify MFF 

SUMOylation for the following reasons: 

1. Both sites have been shown to be phosphorylated by AMPK under stress 

(Chen et al., 2019; Detmer and Chan, 2007; Ducommun et al., 2015; 

Toyama et al., 2016), thus I reasoned that using the double mutants will 

be more physiologically relevant and will represent two extreme states of 

MFF; 2SD representing MFF under mitochondrial stress and a pro-fission 

state, whereas 2SA represents MFF under basal conditions.  

2. They have opposite effects on SUMOylation, thus is a method to 

investigate the extremes of MFF SUMOylation. 

3. Even though other mutants enhance SUMOylation (i.e. S172A, S155D), 

with the double phospho-mutants, I am able to directly determine the 

phosphorylation state of each site, ruling out any confounding issues 

potentially resulting from altered phosphorylation at one site as a 

consequence of mutation of the other. Indeed, since no antibody is 

available to detect phosphorylation at S172 in MFF isoform 1, I therefore 

am unable to determine whether compensatory changes to the 

phosphorylation state of S172 are occuring. 
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I therefore reassessed the effect of wildtype, 2SA and 2SD mutation on MFF 

SUMOylation in further experiments. Figure 3.11 shows that 2SA significantly 

reduces SUMO-1 by ~50%, and the 2SD mutant has significantly enhanced 

SUMOylation of both isoforms; a ~50% increase in total SUMO-1 and ~2.6-fold 

increase in total SUMO-2.  The mono and high MW species show a similar trend.
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Figure 3.11 Phosphorylation of the two MFF AMPK sites S155 and S172 enhances 

MFF SUMOylation 

HEK293T cells were transfected with wildtype, 2SA or 2SD CFP-MFF constructs and 

either FLAG-SUMO-1 or FLAG-SUMO-2. CFP immunoprecipitates were resolved by 

SDS-PAGE and probed for FLAG and CFP (blot in A=SUMO-1, E=SUMO-2). The 

mono SUMO species (B, F) and the higher MW species (C, G) were analysed 

individually and total SUMO change calculated as a mean average of the mono and 

higher MW species (D, H). Different exposures of the FLAG blots were required to 

detect the mono SUMO species and the higher MW species. Data represented as a 

percentage of WT +S.D. n=5 (SUMO1), n=4 (SUMO-2). One-Way ANOVA carried out 

and Tukey’s post hoc test used to determine significance. p*<0.05, p**<0.001, 

p***<0.0005, p****<0.0001.
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3.4 Discussion 

The aim of this chapter was to confirm and characterise the SUMOylation of MFF, 

to identify where it is SUMOylated and how it is regulated. My key findings are: 

Key findings 

• MFF is a novel SUMO substrate, occurring at a single site, K151 

• MFF exists in multiple SUMO states, mono- and poly-SUMOylated 

• The SUMO-deficient mutant K151R has reduced ubiquitination 

• In vitro deconjugation of SUMO has no effect on ubiquitin, and ubiquitin 

deconjugation has no effect on SUMOylation 

• MFF SUMOylation is mediated by a PDSM, and phosphorylation occurs 

upstream of SUMOylation 

• S155 has a greater effect on promoting SUMOylation. S172 alone has no 

effect on SUMOylation 

 

SUMOylation of MFF 

In this chapter I identified that MFF is heavily modified at K151 (Figure 3.2). Many 

previously identified SUMO substrates have distinct band shifts corresponding to 

sequential addition of SUMO molecules, such as with HIF-1α (Matic et al., 2008). 

Mono-SUMO events are generally considered to regulate protein interactions or 

compete with ubiquitin (Ulrich, 2008). With MFF, I observe a “smear” of 

modification above a prominent mono-SUMO species, indicating that MFF exists 

in multiple SUMO states. Moreover, the increasing molecular weight species are 
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observed for both SUMO-1 and SUMO-2/3, and since SUMO-1 poly-

SUMOylation occurs at very low efficiency, if at all (Matic et al., 2010), the SUMO-

1 observed in the higher molecular weight species is likely due to terminating 

SUMO-2/3 chains. It is feasible that MFF is modified at K151 by multiple different 

chain lengths, and possibly different branch structures as well, although mass 

spectrometry analysis would confirm the architecture of the SUMO chains. 

Because SUMO can form hybrid chains with ubiquitin, and since MFF had 

previously been reported to be ubiquitinated (Gao et al., 2015; Lee et al., 2019), 

I wished to establish the nature of the SUMO chain, and whether the SUMO 

modification I was observing was potentially due to SUMO being incorporated into 

ever increasing ubiquitin chains. I ruled out this possibility, and infer that the 

modification on K151, observed in Figure 3.2C, is due to pure SUMO chains, 

based on three lines of evidence: Firstly, the band shift is completely abolished in 

the K151R mutation (Figure 3.2C). Secondly, the in vitro experiment suggests 

non-hybrid chains, and thirdly, both K151R and E153A mutation have abolished 

and significantly reduced SUMOylation, respectively, and comparable reduction 

in ubiquitination. The presence of K151 in the E153A mutant means it can still be 

ubiquitinated, since ubiquitination does not conform to a consensus sequence as 

SUMO does. Therefore, I conclude that SUMOylation is the major modification at 

K151, and ubiquitination occurs on separate sites. 

Very few proteins have been identified as poly-SUMO substrates, and so there is 

little evidence of what the role of large SUMO chains on proteins could be. PML-

SUMO aids the formation of NBs (Hattersley et al., 2011), poly-SUMO chains 
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recruits RNF4 and the proteasome for ubiquitination and initiates degradation 

(Lallemand-Breitenbach et al., 2008; Tatham et al., 2008) and SUMO-2/3 chains 

recruit CENP-E during mitosis (Zhang et al., 2008b). Since MFF is both mono and 

poly-SUMOylated, investigating the role of each of these SUMO species in turn 

will be the basis for further work. 

Role of AMPK in MFF SUMOylation 

Many proteins, mainly transcription factors, are regulated by a PDSM, with only a 

small amount of substrate SUMOylated at any given time. However, since the 

S155A and 2SA mutants retain ~50% SUMOylation, MFF phosphorylation is not 

essential for MFF SUMOylation, rather, it acts to enhance SUMOylation above 

‘basal’ levels. These data raise a number of interesting questions; primarily what 

is the significance of MFF basal SUMOylation? and what is the function of 

enhancing SUMOylation upon AMPK phosphorylation? Furthermore, is the 

increase in SUMOylation due to more MFF proteins becoming SUMOylated, or 

are previously SUMOylated MFF proteins becoming more SUMOylated? These 

possibilities may not be exclusive, and while it is difficult to state conclusively, the 

profile of SUMO signal is similar between conditions, suggesting that there is a 

shift from previously non-SUMOylated MFF to SUMOylated MFF. Moreover, 

there is a greater increase in the higher molecular weight species compared to 

the mono species (Figure 3.11 B, C vs F, G) suggesting a shift to favour poly-

SUMOylation (See schematic Figure 3.12). 
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Figure 3.12 Model of AMPK phosphorylation enhancing MFF SUMOylation 

The majority of MFF exists in a non-SUMOylated state, with some basal 

phosphorylation and SUMOylation. AMPK phosphorylates MFF at two sites, S155 and 

S172, previously shown to promote mitochondrial fission (Toyama et al., 2016). This 

phosphorylation enhances the SUMOylation state of MFF, including both the mono 

SUMOylated species and the higher MW species, although higher MW species are 

favoured. It is important to bear in mind that both SUMO-1 and SUMO-2/3 are increased 

following phosphorylation, and that many possible poly-SUMO chains, and potentially 

branched chains, could be formed. 

 

To show definitively the involvement of AMPK in MFF SUMOylation, I carried out 

preliminary experiments using AMPK-α subunit null HEK cells (Thomas et al., 

2018) and tested the SUMOylation state of WT MFF (see appendix Figure 8.2). 

These preliminary results show that in the AMPK α-null cells, SUMOylation of 

MFF is impaired, however, further repeats are required to confirm this. 
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Does SUMOylation promote ubiquitination via a STUbL? 

How does blocking SUMOylation reduce ubiquitination? I propose a model 

whereby SUMO on MFF enhances ubiquitination on an alternative site via a 

STUbL (see Figure 3.6). One possible candidate for such a mechanism is parkin. 

We and others have reported that MFF is a parkin target, since parkin knockdown 

increases MFF levels (Gao et al., 2015; Lee et al., 2019). The report by Gao et 

al. identified one site of MFF ubiquitination, whereas our data show there are at 

least three (Lee et al., 2019). Gao et al also used CCCP or overexpressed parkin 

to detect ubiquitination, but under our conditions we observed endogenous 

ubiquitin on MFF. These differences could be due to the different isoforms used 

(we used isoform 1 whereas the Gao et al report used isoform 2), which have 

different propensities of parkin recruitment. Parkin knockdown reduces total 

ubiquitination by ~40% on wildtype MFF, whereas the K151R mutant was 

insensitive to further reduction in ubiquitination in the absence of parkin (Lee et 

al., 2019), suggesting that parkin may require the SUMO on K151 to promote 

ubiquitination on an alternative site. This exciting possibility warrants further 

investigation. 

To investigate ubiquitination of MFF further, I generated a K302R mutant, 

corresponding to the ubiquitin site identified by Gao et al, and a combination 

mutant of K151R and K302R (2KR), to determine if both sites are ubiquitin 

acceptors. My rationale was that if the K302R mutation abolishes ubiquitination, 

the remaining ubiquitin on K151R is on K302, and K302 is the only ubiquitin site. 

However, if this is not the case, then MFF contains multiple ubiquitin sites. 
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My data show that all these mutants retain ubiquitination, albeit to a lesser extent 

than WT, demonstrating that MFF isoform 1 has at least three ubiquitin sites (see 

Figure 2f in Lee et al., 2019, published work in appendix). 

Nonetheless, the possibility that SUMO and ubiquitin compete to conjugate at 

K151 cannot be excluded. The blot in Figure 3.2 shows that MFF is heavily 

modified at K151. Moreover, K151R retains approximately half the ubiquitination 

compared to wild type. Assuming equal stoichiometry of SUMO and ubiquitin, if 

this hypothesis were correct, I would expect to see higher bands appearing in the 

K151R condition under denaturing conditions, which would correspond to 

ubiquitination. However, even at high exposure, no such bands were detected. It 

is therefore reasonable to suggest that the signal detected in Figure 3.2 is 

primarily due to SUMOylation. Moreover, the E153A mutant has significantly 

reduced SUMOylation (Figure 3.7), and similar levels of ubiquitination to K151R, 

further supporting the hypothesis that MFF-SUMO promotes ubiquitination. To 

decipher the complex relationship between SUMO and ubiquitin further, and the 

structure of the poly-SUMO chains, mass spectrometry analysis should be carried 

out on WT vs K151R MFF, although due to time limitations, this was beyond the 

scope of the work presented here. 

MFF isoforms 

As discussed in Figure 1.9, the MFF gene encodes multiple splice isoforms. One 

exon junction of human isoform 1 lies very close to the S172 site, changing the 

amino acid sequence following the AMPK site. It cannot be said that the AMPK 

sites which do not conform to the AMPK optimal sequence are necessarily less 
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phosphorylated, since the S172 site still contains much of the AMPK motif 

consensus sequence. Moreover, isoform 2 has the same number of AMPK motif 

elements as isoform 1, and has been shown to be phosphorylated (Toyama et 

al., 2016). Additionally, all isoforms contain the perfect AMPK site at S155, which 

will recruit AMPK. I show that phosphorylation at S155 has the greatest effect on 

SUMOylation, and S172D alone had no effect. However, I do observe that 

combining these phosphorylation events has differential effects on SUMOylation; 

S172D has reduced SUMO-1-ylation compared to S155D, at similar levels to 

2SD. Conversely, 2SD has enhanced SUMO-2-ylation, similar to S155D levels, 

and significantly greater than S172D. 

Differential effects of phosphorylation at S155 and S172 

I speculate that phosphorylation at S172 has differential roles in regulating 

SUMO; it negatively regulates SUMO-1, whereas it has no effect on SUMO-2 (see 

Figure 3.13). Additionally, S172A significantly increased higher MW SUMO-1 

species over 3-fold compared to wildtype. Could this be due to compensatory 

phosphorylation at S155? It is clear that S155 phosphorylation has the greatest 

effect on promoting SUMOylation, but could the double phosphorylation event 

that occurs upon AMPK activation concurrently regulate SUMOylation? Indeed, 

distal phosphorylation sites have been demonstrated to regulate SUMOylation for 

kainate receptors (Chamberlain et al., 2012; Konopacki et al., 2011; Martin et al., 

2007) and STAT1 (Vanhatupa et al., 2008). 
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Figure 3.13 Phosphorylation at S155 and S172 have differential effects on MFF 

SUMOylation 

Based on the SUMO profiles of the various phosphorylation mutants, I predict that 

phosphorylation at S172 has a negative effect on promoting SUMO-1, whereas it has 

no effect on SUMO-2. S172 phosphorylation has no effect in the absence of S155 

phosphorylation. When both sites are phosphorylated, SUMOylation is enhanced, but 

SUMO-1 levels are reduced compared to S155 phosphorylation alone. 

 

Summary 

My data so far leads to a model whereby AMPK phosphorylation enhances MFF 

SUMOylation, and since AMPK activation and phosphorylation of MFF has been 

shown to be involved in fission (Toyama et al., 2016), I therefore hypothesise that 

the increase in SUMOylation has a role in mitochondrial fission. In the next 

chapter I investigate the role of SUMOylation in MFF function. 
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Chapter 4 Investigating the function of 

MFF SUMOylation  
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4.1 Introduction 

MFF is the major DRP1 receptor involved in mitochondrial fission (Loson et al., 

2013; Otera et al., 2010), although all the DRP1 receptors can function 

independently to recruit DRP1 (Osellame et al., 2016). Indeed, MiD49 and MiD51 

localise with DRP1 and MFF at pre-fission sites (Elgass et al., 2015), and MFF 

and DRP1 were detected in a proximity biotinylation assay with MiD51, indicating 

close association between MiD51, DRP1 and MFF (Osellame et al., 2016). The 

role of the MiD proteins is still not clear; knock-down of MiD proteins induces 

mitochondrial elongation, but overexpression of MiD49 or MiD51 promotes DRP1 

recruitment, but counter-intuitively elongates the mitochondrial network as well 

(Loson et al., 2013; Palmer et al., 2011, 2013). These results do not indicate that 

the MiD proteins behave as “canonical” DRP1 receptors, where one would expect 

overexpression to promote fission, and conversely knockdown to lead to 

unopposed fusion, as seen when manipulating MFF or DRP1 expression levels 

(Gandre-Babbe and van der Bliek, 2008; Loson et al., 2013; Otera et al., 2010). 

Overexpression of the MiD proteins enhances the inhibitory phosphorylation 

modification at S637 on DRP1 (Loson et al., 2013). This report suggests that the 

MiD proteins regulate mitochondrial morphology by binding to inactive DRP1 and 

sequestering it on the MOM. A recent report offers an intriguing explanation to the 

complex nature of the MiD protein function, suggesting that MiD proteins facilitate 

the MFF-DRP1 interaction, by functioning as a “molecular bridge” between MFF 

and DRP1 (Yu et al., 2017). MFF can bind to MiD proteins in the absence of 

DRP1, however reduction of MiD levels reduces MFF binding to DRP1, and 
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overexpression has the same effect. They hypothesise that intermediate levels of 

MiD facilitate direct MFF-DRP1 binding, and low levels can not promote this 

interaction, whereas high levels sequester DRP1, in effect “out-competing” MFF 

for DRP1 binding. Thus, this elegant hypothesis provides an explanation for the 

apparently contradictory findings of MiD protein function, and adds increasing 

complexity to the regulation of receptor-receptor and receptor-DRP1 interactions. 

The implication is that to dissect the molecular steps of mitochondrial fission, it is 

necessary to consider the mitochondrial fission machinery as a complex of DRP1, 

in active or inactive states, and different DRP1 receptors having different 

capacities for DRP1 binding, depending on other DRP1 receptors. 

The mitochondrial network is inextricalbly linked to various cellular stresses. 

Mitochondrial fragmentation and cell death occur upon treatment with 

mitochondrial uncouplers or ETC inhibitors, such as CCCP and rotenone (Griparic 

et al., 2007; Otera et al., 2010; Toyama et al., 2016), and oxygen-glucose 

deprivation (OGD) (Guo et al., 2013; Sanderson et al., 2015). Increasing global 

SUMO-2/3 levels is cytoprotective in response to ischemia and OGD (Datwyler et 

al., 2011; Yang et al., 2008) and Guo et al. report the increased global SUMO-2/3 

levels are coupled with a decrease in levels of the deSUMOylating enzyme 

SENP3. Increased SUMOylation of DRP1 by SUMO-2/3 during OGD sequesters 

DRP1 in the cytosol, and upon restoration of oxygen and glucose levels 

(reperfusion) SENP3 levels recover and this leads to cytochrome c release, 

mediated by deSUMOylation of DRP1 by SENP3 and trafficking to the MOM (Guo 

et al., 2013). 
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These reports highlight that protein SUMOylation is a key factor in cellular 

responses to stress, and can have profound effects on mitochondrial morphology 

and cellular health. I therefore wondered how SUMOylation of MFF alters its 

interaction with DRP1 and MiD protiens, and how MFF SUMOylation is affected 

following cell stress. 

4.2 Aims 

Following the characterisation of MFF SUMOylation, and identifying enhanced 

SUMOylation in response to phosphorylation, I next investigated the effects of 

SUMOylation of MFF on binding to DRP1 and MiD proteins. Utilising the 

SUMOylation-deficient mutant K151R and the double phosphorylation mutants 

(2SD and 2SA) as a method to regulate MFF SUMOylation levels, this chapter 

addressed the following: 

• To investigate the binding of DRP1 to MFF, to test if SUMOylation 

correlates with DRP1 binding. 

• Examine MiD binding to investigate if SUMOylation impacts the MiD-MFF 

interaction. 

• If SUMOylation of MFF does affect the pre-fission complex, what is the 

mechanism? 

• To test the effect of SUMOylation of MFF following OGD stress. 
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4.3 Results 

4.3.1 MFF SUMOylation promotes DRP1 binding 

MFF is reported to be major DRP1 receptor (Otera et al., 2010), so I initially 

investigated if the non-SUMOylatable K151R MFF mutant still effectively bound 

to DRP1. I transfected WT and K151R CFP-MFF into HEK293T cells and co-

immunoprecipitated endogenous DRP1. Binding to K151R is significantly 

decreased, displaying approximately 41% binding compared to WT (Figure 4.1) 

suggesting that SUMOylation of MFF promotes binding to DRP1. This agrees with 

the hypothesis stated at the end of section 3.4, whereby phosphorylation by 

AMPK promotes SUMOylation, which then enhances DRP1 binding and 

subsequent mitochondrial fission (See schematic in Figure 4.2). At this point, I do 

not know how SUMO on MFF promotes the binding to DRP1, and I do not know 

whether it is a direct interaction. It is possible there is a weak interaction between 

MFF and DRP1, and between SUMO and DRP1. Therefore the simple model in 

Figure 4.2 illustrates DRP1 bound arbitrarily to SUMOylated-MFF, but I cannot 

state that SUMO has a direct ability to bind to DRP1. 

 

 

 



Investigating the function of MFF SUMOylation 

156 

 

 

Figure 4.1 Non-SUMOylatable MFF displays reduced DRP1 binding 

A HEK293T cells were transiently transfected with CFP-MFF wildtype or K151R. CFP 

co-immunoprecipitates were resolved by SDS-PAGE and probed for endogenous 

DRP1. B Quantification of DRP1 binding to MFF, normalised to CFP and expressed as 

a percentage of WT +/- S.D. t test used to determine significance, n=6, p****<0.0001.
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Figure 4.2 SUMO-MFF mediated model of DRP1 recruitment 

Model of phosphorylation dependent SUMOylation of MFF facilitating the recruitment 

of DRP1 and subsequent fission of the mitochondria. Upon bioenergetic stress, 

activated AMPK phosphorylates MFF at S155 and S172, which subsequently enhances 

MFF SUMOylation. This SUMOylation can then promote MFF’s ability to bind to DRP1. 

Position of DRP1 binding to MFF with respect to SUMO on MFF is unkown. 

 

 

4.3.2 MFF phosphorylation null and mimetic mutants have reduced DRP1 

binding 

Following the observation that DRP1 binding to K151R is reduced, I next 

investigated the binding of DRP1 to the phosphorylation mutants. Surprisingly, 

DRP1 binding to 2SA and 2SD was ~63% and ~48% compared to WT, similar to 

K151R-DRP1 binding levels (Figure 4.3). According to my hypothesis (Figure 4.2) 

enhanced SUMOylation follows AMPK phosphorylation, leading to DRP1 

recruitment and fission. The K151R and 2SA binding data agree with this 

hypothesis, however, one would expect enhanced DRP1 binding to 2SD. 

Therefore, these results suggest that the level of MFF SUMOylation does not 

directly correlate with DRP1 binding.  
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Figure 4.3 MFF SUMO and phosphorylation mutants reduce DRP1 binding 

A HEK293T cells were transiently transfected with the indicated CFP-MFF constructs. 

CFP immunoprecipitates were resolved by SDS-PAGE and probed for endogenous 

DRP1. B Quantification of DRP1 binding. Data expressed as a percentage of wildtype 

control and normalised to CFP. One way ANOVA and Tukey’s post hoc test carried out 

to determine significance. Data generated from 6 independent experiments, p*<0.05, 

p***<0.0005. No significant difference found between K151R, 2SA, 2SD. 
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4.3.3 MiD49 contains a SUMO interacting motif 

As outlined above, MiD proteins (MiD49, MiD51), DRP1 and MFF are localised at 

pre-fission foci on the MOM (Elgass et al., 2015; Osellame et al., 2016) and MiD 

proteins promote the binding to MFF and DRP1 (Yu et al., 2017). These reports 

prompted me to investigate a potential role of the MiD proteins to offer an 

explanation to the DRP1 binding data in Figure 4.3. I wondered whether 

SUMOylation of MFF has a role in regulating the MFF-MiD interaction, and 

whether any of the DRP1 receptors contain a SUMO interacting motif (SIM) which 

could mediate this interaction. I used a non-conjugatable form of SUMO lacking 

the di-glycine di-peptide (∆GG), which in effect behaves as “free” SUMO i.e. that 

can bind via a SIM, but not covalently conjugate to the target protein. I observed 

MiD49 binding to SUMO-1-∆GG, suggestive of a non-covalent interaction 

between MiD49 and SUMO-1, whereas non of the other DRP1 receptors 

interacted with SUMO-∆GG (Figure 4.4). 
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Figure 4.4 MiD49 contains a SIM 

HEK293T cells were transiently co-transfected with human GST-FIS1, GST-MFF, GST-

MiD49 (mouse) or GST-MiD51 (mouse), and either YFP, YFP-SUMO1-∆GG or YFP-

SUMO2-∆GG. GST pulldown carried out on supernatant and samples were blotted for 

YFP and GST. n=1 for all receptors. Individual repeat of just MiD49 confirms  interaction 

with SUMO-1 (see appendix 8.4). 
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4.3.4 MFF phosphorylation reduces MiD49 binding 

The exciting result of MiD49 non-covalently interacting with SUMO-1 offered the 

possibility that SUMOylation of MFF may enhance its interaction with MiD49 via 

the SIM. In this case the increased MFF SUMOylation, in response to 

phosphorylation, could increase association between MFF and DRP1-MiD49, 

thus increasing the amount of trimeric complexes? I tested the binding of the MFF 

mutants to endogenous MiD49 in HEK293T cells and detected a ~three-fold 

increase of MiD49 binding to 2SA compared to 2SD (150.2% vs 43.8%) (Figure 

4.5A, B). I also tested binding between MiD and K151R, and observe enhanced 

binding to myc-MiD49 and MiD51-HA (Figure 4.5C and D). If MiD49 was binding 

to SUMOylated MFF via a SUMO-SIM interaction, I would expect reduced binding 

to K151R, and 2SD to bind more than 2SA. Unexpectedly, I observed the reverse, 

and from this I conclude that SUMOylating MFF impairs the MiD interaction. 
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Figure 4.5 MFF phosphorylation and SUMOylation reduces MiD49 binding 

A HEK293T cells were transfected with wildtype, 2SA or 2SD CFP-MFF constructs for 

2 days. CFP immunoprecipitations carried out on lysate, resolved by SDS-PAGE and 

blotted for endogenous MiD49. Dotted lines indicate splicing from a larger blot. B 

Quantification of MiD49 binding normalised to CFP. One-Way ANOVA followed by 

Tukey’s post hoc test used to determine significance. n=3, p*<0.05. C-D HEK293T cells 

were transfected with GST or CFP-MFF wildtype and K151R and either myc-MiD49 (C) 

or MiD51-HA (D). GST/CFP pulldowns carried out on lysate, resolved by SDS-PAGE 

and blotted for either myc or HA. Representative of two independent experiments. 



Investigating the function of MFF SUMOylation 

163 

Comparing Figure 4.3B and Figure 4.5B, there is an altered ratio of MiD49/DRP1 

binding to 2SA and 2SD. The phosphorylation mutants both bind DRP1 to similar 

levels, however, within the complex of DRP1-MiD49-MFF, there is proportionally 

more MiD49 to DRP1 (~2.5-fold) within the 2SA complex compared to 2SD. Since 

K151R also has enhanced MiD binding (approximatey 2.6-fold compared to WT, 

based on experiments with myc-MiD49 (Figure 4.5C)), I hypothesise that 

SUMOylation reduces the binding between MFF and MiD49, altering the ratio of 

MiD49 within the pre-fission complex, illustrated in Figure 4.6.  highlights that 

pulldowns of the mutants show similar amounts of DRP1 binding, but exhibit 

altered MiD49 binding. 
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Figure 4.6 Conceptual representation of ratios of fission proteins within pre-

fission complexes under differential MFF PTM’s  

Pie charts represent comparative ratios of MiD49 and DRP1 bound to MFF within the 

trimeric complex under different MFF PTM’s. 2SA and 2SD mutants have comparable 

DRP1 binding, however 2SD has reduced MiD49 binding compared to 2SA. Therefore, 

there is a change in the abundance of MiD49 within the trimeric complexes, where 2SD 

MFF will associate with comparatively lower amounts of MiD49 than 2SA. This leads to 

an increase in the DRP1/MiD49 ratio, which could conceptually lead to enhanced 

fission, if proportionally more DRP1 is bound to MFF and not MiD49 within this complex. 
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4.3.5 Oxygen/Glucose deprivation enhances global SUMO-2/3 conjugation, 

decreases SENP3 levels, and enhances MFF SUMOylation 

To test the effect of metabolic stress on SUMOylation in general, and 

SUMOylation of MFF, I used OGD to model ischemia, as has previously been 

used to induce mitochondrial dysfunction and fragmentation (Almeida et al., 2002; 

Guo et al., 2013; Sanderson et al., 2015). After challenging HEK cells with 1hr 

OGD, SENP3 levels decrease ~50% (Figure 4.7A, C) and global SUMO-2/3 

conjugation is increased ~70% (Figure 4.7B, D), in agreement with previous 

findings (Guo et al., 2013). Many different time points have previously been used 

to induce mitochondrial dysfunction following OGD challenge, from 5 minutes to 

3hr (Almeida et al., 2002; Rousset et al., 2015; Wappler et al., 2013). OGD insult 

to primary neurons activates AMPK very rapidly (within 5 minutes), which persists 

for up to 1.5hr (Rousset et al., 2015). With the evidence linking AMPK activation 

and SUMO changes occurring after OGD, and that prolonged stress at 3hr 

induces greater mitochondrial dysfunction than 1hr OGD, I investigated whether 

SUMOylation of MFF is sensitive to a more prolonged OGD treatment. I 

transfected HEK293T cells with wildtype CFP-MFF and challenged with 2hr OGD. 

SUMO-1 conjugation to MFF increased (almost doubling, Figure 4.7C) following 

OGD, although further repeats will be required to confirm this. 
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Figure 4.7 Oxygen/Glucose deprivation increases global SUMO-2/3 conjugation, 

decreases SENP3 levels and increases SUMO-1 conjugation to MFF 

HEK293T cells were challenged with OGD for 1 hr, lysed and total protein probed for 

SENP3 (A) and SUMO-2/3 levels (B). Quantification of total SENP3 protein levels (C) 

and SUMO-2/3 levels (D) normalised to β actin and expressed as a percentage of 

control. n=3, p*<0.01, p**<0.01. E HEK293T cells were transfected with wildtype CFP-

MFF for 2 days. 2hrs prior to lysis cells were challenged with OGD (performed by N. 

Rawlings). CFP-immunoprecipitates were probed for SUMO-1 (representative of 2 

independent experiments). 
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4.3.6 MFF SUMOylation promotes DRP1 binding under mitochondrial 

stress 

Following the observation that global SUMOylation increases following OGD 

stress (Figure 4.7B) and that MFF SUMOylation increases under OGD (Figure 

4.7E), I hypothesised that the increase in the SUMOylation state of MFF under 

stress promotes DRP1 binding, thus facilitating mitochondrial fission, as outlined 

in Figure 4.2. To test this hypothesis, I investigated DRP1 binding to wildtype and 

K151R MFF following mitochondrial depolarisation with rotenone. Figure 4.8 

shows the effects of rotenone for 1hr, which has previously been used to induce 

AMPK-mediated MFF phosphorylation and mitochondrial fission (Toyama et al., 

2016). DRP1 binds to the K151R mutant at a reduced level compared to wildtype 

MFF (as previously demonstrated in section 4.3.1), and this difference is 

exacerbated upon rotenone treatment from ~50% binding under control 

conditions to <15% after treatment. This suggests that the ability of MFF to be 

SUMOylated under mitochondrial stress (ETC inhibition) facilitates the increase 

in DRP1 binding. Unfortunately, due to time limitations, I could not carry out 

sufficient repeats for statistical analysis. Nonetheless, I observed a comparable 

trend in two similar experiments using either rotenone (250ng/mL for 15 minutes) 

or CCCP (20μM for 30 minutes) and believe this is a potentially important result 

that would form the basis for further investigation. 
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Figure 4.8 DRP1 binding to MFF wildtype and K151R during rotenone treatment 

HEK293T cells were transiently transfected with GST-MFF wildtype or K151R for 

48hrs. 1hr prior to lysis, cells were treated with 250ng/mL rotenone (DMSO acted at 

vehicle control). Cells were lysed and GST-pulldown carried out on lysate, resolved by 

SDS-PAGE and blotted for endogenous DRP1 and GST. Lysate probed for DRP1 and 

AMPK activation.  
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4.4 Discussion 

In this chapter my aim was to biochemically investigate the function of MFF 

SUMOylation. My key findings are: 

• K151R, 2SA and 2SD MFF mutants have reduced DRP1 binding 

• SUMOylation is a negative regulator of MiD binding 

• MFF 2SA has enhanced MiD binding compared to 2SD 

• MiD49 contains a SIM 

• SUMO-2/3 conjugation increases and SENP3 decreases following OGD 

• SUMO-1 conjugation to MFF increases following OGD 

• Under mitochondrial stress using ETC inhibitors, DRP1 binding is further 

reduced to K151R compared to control conditions 

 

SUMOylation and DRP1 binding 

My finding that the MFF mutants K151R, 2SA and 2SD all have reduced binding 

to DRP1 was initially perplexing. Although the reduced K151R and 2SA binding 

agrees with the hypothesis presented in Figure 4.2, the reduced DRP1-MFF 

(2SD) interaction does not. Toyama et al show that 2SD fragments mitochondria 

without stress (I confirmed the findings of Toyama et al. that the 2SD mutant 

induces decreased mitochondrial size in neuronal dendrites compared to 2SA 

(See appendix Figure 8.3)), and so it has since been assumed that the MFF 

phosphorylation increases DRP1 binding capacity. However, what the Toyama et 

al report failed to demonstrate was an increased interaction, since they only report 
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mitochondrial imaging data. They also show that using cells depleted of 

endogenous Fis1, MFF and MiD51, the phospho-deficent MFF mutant can recruit 

DRP1 to comparable levels as wildtype MFF, but fails to increase recruitment 

under stress. This is in line with my data, since the experiments in Figure 4.3 were 

carried out under basal conditions and 2SA can bind to DRP1. However, since 

endogenous MiD49 was still present, it is possible that what Toyama et al 

observed is not direct recruitment of DRP1 to MFF, but altered interactions 

between the re-expressed MFF and endogenous MiD49, and consequent 

differences in the capacity of this complex for DRP1 recruitment and its ability to 

proceed to fission.  

What is further perplexing is that all mutants have reduced DRP1 binding 

compared to wildtype. Could “restricting” MFF to the extremes of SUMOylation 

and phosphorylation only allow observation of a sub-set of interactions, whereas 

wildtype MFF can occupy all states, and therefore the higher DRP1 binding is 

observed? Potentially, maximal binding of DRP1 to MFF may require switching 

between the PTM states of MFF, something which each of the mutants are 

deficient in. Moreover, this raises the question of the different states i.e. PTMs of 

DRP1 binding to the three mutants. Figure 4.3 shows total DRP1, but does not 

inform on whether the interacting DRP1 is phosphorylated at S616, S637 or 

SUMOylated. This could account for the observed no differences in total DRP1 

binding, but it is possible that I co-immunoprecipitated more active DRP1 with 

2SD, and more inhibited DRP1 with 2SA and K151R. Repeats of the experiments 
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and blotting for phosphorylated forms of DRP1 as a proportion of total DRP1, and 

using a SUMOylation-deficient mutant of DRP1 will be for future work. 

Roles of MiD proteins 

My data indicate that the canonical “binary” model of increased DRP1 binding to 

mitochondrial receptors leads to increased fission is an over simplification. DRP1 

continuously cycles between the cytosol and puncta on the MOM (Wasiak et al., 

2007).  This suggests a very dynamic system, regulated by PTMs of DRP1 which 

alter its stability at the MOM. Indeed, individual puncta of DRP1 and the DRP1 

receptors MiD49, MiD51 and MFF show a high degree of co-localisation at pre-

fission sites. Intriguingly, during live cell imaging experiments, MiD foci were 

observed to undergo cycles of constriction and relaxation before complete fission 

(Elgass et al., 2015), suggesting that these are “primed” sites and that a fission 

stimulus can rapidly elicit fission. Moreover, MFF and MiD proteins localise in 

puncta even in the absence of DRP1 (Otera et al., 2010; Palmer et al., 2011). 

Therefore, current data in the literature support a model of complex DRP1-

receptor interactions in regulating the pre-fission complex, and my data suggest 

that PTMs of the receptors can alter pre-fission complexes. 

Yu et al. offer an explanation for the apparent discrepency in observations of 

knockdown and overexpressed MiD proteins, both of which cause mitochondrial 

elongation (Yu et al., 2017). In essence, these findings point to a model where 

the abundance of MiD proteins confers a biological outcome; too much MiD 

protein and they sequester DRP1. Too little MiD protein leads to inadequate pre-

fission complexe formation, and an inability for MFF to efficiently bind DRP1. Of 
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course, in a biologial setting under basal conditions the MiD protein levels are 

relatively stable. But could proximity of the proteins in relation to each other confer 

such a biological response? 

I show that MiD49 binding to MFF 2SA and K151R is higher than 2SD, and predict 

that the MFF-DRP1 interaction is mediated by decreased binding to or 

displacement of MiD proteins from MFF-DRP1, regulated by SUMOylation. This 

incorporates the observations that DRP1 is inhibited by MiD proteins, and that 

displacing MiD from MFF-DRP1 promotes fission. Upon inspection of the DRP1 

and MiD49 binding data, it is clear that even though MFF 2SA and 2SD bind to 

similar amounts of DRP1, more MiD49 is incorporated in the 2SA complex (see 

Figure 4.6). One can start to build a model whereby DRP1 is sequestered by MiD 

in a pre-fission complex, and then following a fission stimulus, MFF becomes 

phosphorylated and then SUMOylated, MiD is displaced and “hands-over” DRP1 

to MFF. The increase in direct MFF-DRP1 binding then represents a fission 

competent complex (Figure 4.9). 
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Figure 4.9 Model of mitochondrial fission: Does MFF SUMOylation act as a 

molecular switch? 

Based on previously published data and my own findings, I propose a model of 

mitochondrial division which is regulated by MFF SUMOylation: 

1. Pre-fission complexes consist of DRP1 bound to MiD proteins, which is bound 

to non-phosphorylated/non-SUMOylated MFF. 

2. AMPK phosphorylation of MFF at S155 and S172 enhances SUMOylation. 

3. Increased SUMOylation displaces MiD from the complex, resulting in a high 

proportion of DRP1 bound to MFF. SUMO-MFF bound to DRP1 represents a 

fission competent complex. 

 

What this model does not address is the state of DRP1 and how it is removed 

from MiD and binds to MFF. One possibility is via the SUMO-1 interacting motif I 

identified on MiD49. DRP1 was elegantly shown to cycle from the cytosol to the 

MOM, with a half-time of ~50 seconds residency at mitochondria (Wasiak et al., 

2007). DRP1-SUMO-1 is stabilised at MOM under apoptotic conditions (Prudent 

et al., 2015; Wasiak et al., 2007), so could the SIM on MiD49 be binding to the 
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cycling DRP1, and thus offer a mechanism of recruiting specifically SUMOylated 

DRP1 to pre-fission sites? Generating a MiD49 SIM mutant and investigating 

DRP1 recruitment under basal and stress conditions would reveal a possible 

SUMO regulated mechanism of DRP1 recruitment. Moreover, Figure 4.9 

examines MiD49, since that is what was mainly investigated in Figure 4.5, yet 

there are two MiD proteins, both of which were demonstrated to facilitate the 

DRP1-MFF interaction (Yu et al., 2017), and in FRET analysis MiD51 is in closer 

proximity to MFF and DRP1 compared to MiD49 (Elgass et al., 2015). Osellame 

et al. elegantly show that MiD51 and MFF have antagonising effects in an in vitro 

experiment on DRP1 GTPase activity; MFF + DRP1 enhance GTPase activity 

above DRP1 alone. MiD51 + DRP1 reduce DRP1 activity compared to just DRP1. 

But interestingly when all three are together, they exhibit similar activity to MiD51 

+ DRP1, with the addition of MFF having no effect. This demonstrates that MFF 

and MiD51 function to alter DRP1 activity, and when together, MiD51 can supress 

MFF (Osellame et al., 2016). This supports the concept that DRP1 receptors can 

work cooperatively to impact the function of DRP1, and highlights the potential 

importance of MFF SUMOylation to remove inhibitory MiD binding from pre-

fission complexes to allow fission to proceed. Figure 4.5D indicates an increase 

in MiD51 binding to K151R, which fits with the model of increasing SUMOylation 

promoting fission. Future experients will confirm the interaction between MFF 

SUMO/phosphorylation mutants and MiD51, and how MiD51 will fit into the model 

in Figure 4.9. 
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MFF SUMOyaltion and stress 

I observe during 1hr OGD that SENP3 levels decrease and SUMO-2/3 

conjugation increases, agreeing with previous findings (Guo et al., 2013). I also 

detect an increase in SUMO-1 conjugation to MFF after 2hrs of OGD, indicating 

that an increase in SUMOylation is related to bioenergetic stress. Unfortunately, 

I do not have an accompanying blot showing AMPK activation increase under 

OGD, although AMPK activation after 2hrs OGD is well characterised (Mungai et 

al., 2011; Rousset et al., 2015). OGD induces severe mitochondrial dysfunction, 

exhibited by a reduction in complex I activity, ATP levels are depleted, ∆ψm is 

reduced, oxidative stress is increased, followed by cell death (Almeida et al., 

2002). Following 1hr of OGD, Wappler et al observe large and more swollen 

mitochondria, but with no change in the levels of Mfn1/2, OPA1, DRP1 or Fis1, 

but following 3hrs OGD, DRP1 and Mfn2 protein levels decreased whereas Mfn1 

levels increased and the cristae folds were unstructured (Wappler et al., 2013). 

90 minutes of OGD induces similar mitochondrial dysfunction in primary neurons, 

with mitochondria appearing more punctate. Furthermore, OPA1 processing was 

observed to favour smaller isoforms, indicative of inhibited fusion (Baburamani et 

al., 2015). These findings indicate that OGD has profound impacts on 

mitochondrial dynamics, and that increasing the duration of insult increases the 

detrimental effect. 

Further work is required to dissect the role of MFF SUMOylation in OGD. It would 

be interesting to carry out OGD over a time course and analyse in parallel 

experiments the changes of SUMO conjugation (especially of SUMO-2/3), AMPK 
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activation and AMPK phosphorylation of MFF at S155, DRP1/MiD binding and 

mitochondrial morphology. Additionally, it would be interesting to test how MFF 

SUMOylation responds to reperfusion stress, since DRP1 deSUMOylation by 

SENP3 upon reperfusion was shown to promote fragmentation (Guo et al., 2013). 

Further work is required to reconcile the SUMOylation states of DRP1 and MFF 

under different stress conditions. 

OGD is not the only mitochondrial stress I attempted to use to investigate MFF 

SUMOylation. Previous reports demonstrate a significant increase in MFF 

phosphorylation upon 1hr treatment with ETC inhibitors and AMPK activators 

(Ducommun et al., 2015; Toyama et al., 2016), and so AMPK phosphorylation-

induced MFF SUMOylation would be predicted to be a stress response as well. 

In my hands, I could not detect an increase in SUMOylation of MFF with rotenone 

or CCCP at a treatment time of 1hr. The fact that I can detect an increase following 

2hrs OGD may reflect different responses to stress. Moreover, I did not observe 

an increase in S155 phosphorylation, and in fact detected high basal MFF 

phosphorylation (Figure 3.8). This could be due to several possibilities; I used 

MFF isoform 1, whereas these reports used either mouse isoform 4 (Ducommun 

et al., 2015), or human MFF isoform 5. Additionally, I used HEK293T cells, 

whereas the Ducommum et al. report used primary mouse hepatocytes, and 

Toyama et al. used MEF cells. The HEK293T cells used here may have reduced 

sensitivity to stress or high basal AMPK activation, whereas the primary 

hepatocytes and MEF cells may be more sensitive to stress. Indeed, differences 

between primary cells and cell lines have been noted (Alge et al., 2006; Pan et 
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al., 2009). Alternatively, this could also reflect differences in the phosphorylation 

capacity of the different MFF isoforms. Finally, a 1hr time treatment with 

mitochondrial poisons such as rotenone or CCCP may be too long to observe 

SUMOylation. Whereas phosphorylation may persist, SUMOylation is very labile, 

and may occur very suddenly, carry out its function, then be deSUMOylated. It 

will be interesting to use shorter time treatments to try to “capture” the increased 

SUMO species following mitochondrial inhibition. To overcome the potential 

insensitivity of cell lines, future experiments will be performed using primary cells 

or growing cell lines in galactose instead of glucose, to shift the cells’ metabolism 

to depend more on OXPHOS instead of glycolysis, making mitochondria more 

active and potentially more susceptible to mitochondrial poisons. 

I have preliminary data suggesting that MFF SUMOylation is required under ETC 

inhibition to promote DRP1 binding (Figure 4.8). The further reduction of DRP1 to 

K151R under stress conditions and AMPK activation indicates that MFF 

SUMOylation promotes DRP1 binding, and therefore mitochondrial fission. I 

believe this notion agrees with my model illustrated in Figure 4.9, and offers a 

future line of investigation of investigating the role of MFF SUMOylation under 

increased AMPK activation and fission states. It would be insightful to replicate 

this experiment and assess MiD49 binding under stress conditions to test if 

SUMOylation is required for the displacement of these inhibitory proteins under 

mitochondrial stress conditions. 

I cannot definitively rule out the possibility that it is phosphorylation, rather than 

SUMOylation, of MFF that is eliciting the differences in MiD binding presented in 
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Figure 4.5. Nonetheless, I observe an increase in MiD binding to K151R, which 

is still phosphorylated (Figure 3.8), implying that it is SUMOylation, and not 

phopshorylation, eliciting the effect. To unequivically distinguish the roles of 

SUMO and phosphorylation, a SUMOylation-deficient mutant could be generated 

in the 2SD and 2SA construct i.e. K151R/2SA and K151R/2SD, and the same 

experiments carried out to establish if the effects are additive, or independent of 

one another. 

 

 

Summary 

In summary, SUMOylation of MFF does not correlate directly with increased 

DRP1 binding, and is inversely correlated with MiD49 binding. My data contradicts 

the hypothesis of Toyama et al. that phosphorylating MFF increases DRP1 

binding, and I have developed a working model of SUMOylation modulating pre-

fission complex ratios of MiD49/DRP1, and that phosphorylation induced 

SUMOylation  in fact reduces MiD binding and promotes a more direct binding of 

MFF to DRP1. I also have preliminary data showing that SUMO conjugation to 

MFF increases under stress, and that this is required for DRP1 binding under 

mitochondrial stress conditions. 
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Chapter 5 Exploring the role of MFF 

SUMOylation in Mitochondrial 

Morphology 
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5.1 Introduction 

The mitochondrial network is highly responsive to the metabolic state of the cell 

and dynamically reacts to a wide range of chemical, metabolic, environemntal, 

infectious and genetic stressors. Understanding how the mitochondrial network 

responds to challenge, and the pathways that orchestrate them, will further our 

understanding of these dynamic organelles, and shed light on the transition from 

physiological to pathological mitochondrial behaviour (Eisner et al., 2018). 

Defining how the morphology of the mitochondrial network changes is a key 

research goal, but attempts to define mitochondrial morphology often fall short of 

capturing the true nature of the mitochondrial network. A common approach is to 

use fluorescence confocal microscopy of fixed cells, providing a “snap shot” of 

the mitochondria, and then scoring the morphology into groups, such as long, 

short, tubular, circular, collapsed, net-like etc. However, arbitary and subjective 

descriptions fequently fail to reflect the nature of the mitochondria, they are open 

to interpretation, and there is little consistency in the literature on what constitutes 

the different morphological groups. Furthermore, a single cell will exhibit many 

different types of mitochondrial morphology at any given time, so how does one 

decide? Some investigations employ a morphometric analyse approach, for 

example Loson et al. used mitochondrial length/interconnectivity, by measuring 

the number of discrete mitochondria and dividing by total mitochondrial area 

(Loson et al., 2013). Although perhaps better than the subjective scoring 

approach, is this a valid method to determine length/connectivity, and how useful 

is such a description? The analysis was only carried out in the periphery of the 
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MEF cell, where the mitochondria can be easily discerned, therefore introduces 

a level of subjectivity and may disregard other information. 

More recently, automated methods have been developed to rapidly generate 

high-throughput categorisation from wide-field images of morphology, motion and 

membrane potential (Leonard et al., 2015; Zahedi et al., 2018). This approach 

removes observer bias and generates complex data sets from a vast number of 

cells that can be scaled to large pharmacological/toxicological evaluation. 

However, it still categorises cells based on morphology descriptions (rod, puncta, 

network, large/round, swollen), and thus its ability to identify subtle changes in 

mitochondrial morphology and the application to confocal or high-resolution 

imaging in smaller scale experiments is questionable. Other reports have 

quantified the mitochondrial network, such as number and length of individual 

branches, thus in principal describing the mitochondrial network changes in 

numerical terms (Peng et al., 2011; Song et al., 2008; Sukhorukov et al., 2012). 

Given these caveats, to analyse the effect of MFF SUMOylation on mitochondrial 

morphology, I decided to use a more objective method which aimed to more fully 

represent the true nature of the mitochondrial structure. A recent report by Valente 

and colleagues developed a simple method to be used on confocal images and 

ImageJ software to analyse the mitochondrial network (Valente et al., 2017). I 

adapted the Valente approach (see material and methods section 2.9.3) to better 

represent my raw images of the mitochondrial network and carried out my own 

analysis of the network on wildtype and MFF-null MEF cells. 



Exploring the role of MFF SUMOylation in Mitochondrial Morphology 

182 

Due to the exceptional size and complexity of neuronal architecture, coupled with 

the high energy requirement of these cells, the mitochondria face an extreme 

challenge in meeting the neurons bioenergetic demand. Neuronal morphology 

requires long distance trafficking of healthy and functional mitochondria to distal 

dendrites and axon terminals, reviewed in Misgeld and Schwarz, 2017. 

Intriguingly, mitochondria in axons and dendrites exhibit different sizes; in 

general, mitochondria in axons are small and punctate with a sparse distribution, 

whereas in dendrites they are longer, more tubular and occupy more of the 

dendritic length (Chang et al., 2006; Lewis et al., 2018). However, the significance 

and regulation of this difference is not well understood. The rates of fusion and 

fission events in axons are regulated to maintain the mitochondria at an optimal 

size; longer mitochondria are more likely to undergo a fission event, whereas 

short mitochondria are more likely to undergo fusion, thus avoiding extremes of 

mitochondrial length in the axon (Cagalinec et al., 2013). 

The significance and mechanism of the differential mitochondrial size in neuronal 

compartments is unclear. However, recent work has reported that MFF is 

responsible for maintaining axonal mitochondrial size (Lewis et al., 2018). MFF-

knockdown increases the size of axonal mitochondria, which increase 

mitochondrial Ca2+ buffering capacity, leading to decreased neurotransmitter 

release and axonal branching (Lewis et al., 2018). Surprisingly, given the wide 

cellular distribution of MFF, Lewis et al report no effect on the dendritic 

mitochondria upon MFF knockdown. These data raise the question of what is the 



Exploring the role of MFF SUMOylation in Mitochondrial Morphology 

183 

mechanism of regulating mitochondrial size in axons vs dendrites, and is there 

compartment-specific regulation of MFF? 

5.2 Aims 

Fusion and fission maintain mitochondrial size in neurons, and my biochemical 

findings suggest SUMOylated MFF promotes fission. To explore this further, I 

developed a simple ImageJ macro, based on a previous methodology (Valente et 

al., 2017), to objectively quantify the mitochondrial morphology of mouse 

embryonic fibroblasts (MEF) deficient in MFF (previously described in Loson et 

al., 2013), as a background to characterise wildtype MEF vs MFF-null MEFs. I 

also wished to investigate the role of MFF SUMOylation in neuronal mitochondrial 

morphology. My specific aims were to: 

• Quantify DRP1 co-localisation with mitochondria in WT vs MFF-null MEF 

cells. 

• Objectively quantify the mitochondrial morphology in MEF WT vs MFF-null 

using the new ImageJ macro. 

• Determine the effects of the SUMOylation-deficient mutant K151R on 

mitochondrial morphology and DRP1 recruitment by generating wildtype 

and K151R rescue MEF cells and reassess mitochondrial morphology and 

DRP1 recruitment. 

• Using transient transfection, investigate the effects of WT and K151R MFF 

on mitochondrial morphology in the axons and dendrites of primary 

hippocampal neurons. 
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5.3 Results 

5.3.1 MFF recruits/stabilises DRP1 at mitochondria 

Using MEF cells null for all isoforms of MFF (a kind gift from D. Chan, see Figure 

5.1C), I assessed DRP1 recruitment to the mitochondria using mitotracker and 

fixed staining for endogenous DRP1. In WT MEF cells, DRP1 is predominantly 

cytosolic, with a small proportion of large, bright puncta colocalising with the 

mitochondria. In the absence of MFF, DRP1 recruitment is significantly impaired, 

and the remaining DRP1-mitochondrial puncta are fewer in number, and display 

reduced size and intensity (Figure 5.1A), agreeing with previous observations 

(Loson et al., 2013; Otera et al., 2010). I quantified the co-localisation of DRP1 

with mitotracker using the Manders co-efficient. The MFF-null MEF cells exhibit 

~50% reduction in co-localisation (Figure 5.1B). 

The MFF-null MEFs also exhibit a much more elongated, tubular network, 

compared to wildtype cells, where the mitochondria exist as shorter, more 

fragmented structures, as previously reported (Loson et al., 2013; Otera et al., 

2010). I then proceeded to objectively analyse the network using the parameters 

described in the methods section. 
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Figure 5.1 MFF is required for DRP1-mitochondrial recruitment 

A MEF cells were incubated with far red mitotracker for 30 minutes before fixation and 

stained for endogenous DRP1. Insets are enlargements of highlighted areas. 10µm 

scale bar. B Manders co-efficient of DRP1-mitotracker co-localisation. Unpaired t-test 

used to determine significance, p*<0.0001. Data expressed as the Manders co-efficent 

±S.D and generated from three independent experiments (n=79 cells WT, n=80 cells 

MFF-null). C MFF blot of total lysate, showing MEF MFF-null cells are complete knock-

outs for all MFF isofoms. 
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5.3.2 MFF is required to maintain mitochondrial morphology 

I analysed the mitochondrial morphology of WT vs MFF-null cells using the macro 

I developed (see 2.9.3 for details). Figure 5.2 shows that the average branch 

number is doubled in the absence of MFF with ~20 branches, compared with WT 

cells which have approximately 10 branches. The length of the mitochondria also 

increased in MFF-null cells to ~1.8µm, whereas in WT cells the average 

mitochondria length is ~1.4µm. Considering the extremes of these parameters, 

the largest structures identified in MFF-null cells was ~160 branches and 17µm 

in length, compared to ~60 branches for WT and 11µm. As expected, I detected 

a significant decrease of ~38% in the free-end index in the absence of MFF, 

demonstrating greater connectivity of the mitochondrial network. Moreover, the 

weighted circularity index is significantly reduced by approximately 41%, 

indicating more elaborate and less uniform structures. 

Lenti-viral expression of wildtype CFP-MFF in the MFF-null cells restored the 

DRP1 recruitment, confirming that the impaired DRP1 recruitment phenotype is 

due to loss of MFF. The CFP-MFF was localised across the mitochondria, and 

was also observed as bright puncta, which often co-localised with DRP1 puncta, 

agreeing with previous findings (Otera et al., 2010). This was accompanied by a 

restoration of the mitochondrial morphology (insufficient data for analysis). 

Furthermore, this shows that the CFP-MFF isoform 1 is functional and sufficient 

to recruit DRP1. Taken together, these data show that MFF plays a major role in 

regulating the recruitment/stabilisation of DRP1, and consequent regulation of 

mitochondrial morphology. MFF is required to maintain the length and number of 
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branches, and mitochondria become more connected and elaborate in overall 

shape in the absence of MFF. 

 

Figure 5.2 MFF is required to maintain mitochondrial morphology 

The following morphological parameters were used to assess mitochondrial 

morphology of wildtype vs MFF-null MEFs: A Mean number of branches per network. 

B Mean mitochondrial length. C Free end index . D Maximum number of branches. E 

Maximum mitochondria length. A, C-F: Mann-Whitney non-parametric test (data not 

normally distributed. n=71 cells WT, n=74 cells MFF-null). B: Students unpaired t-test 

(n=79 cells WT, n=79 cells MFF-null). Data gathered from three independent 

experiments and expressed as mean values ±S.D.  p*<0.0001. 
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Figure 5.3 CFP-MFF isoform 1 rescues MFF deficient MEFs 

MFF-null MEFs were infected with CFP-MFF isoform 1 using lenti virus. Cells were 

treated with mitotracker far red for 30 minutes, fixed and stained for endogenous DRP1 

and GFP. Right panels show zoom of highlighted area, arrows indicate sites of CFP-

MFF and DRP1 puncta co-localisation. Scale bar 10µm. 

 

I believe the macro I have developed here is a more robust, objective and 

improved representation of the mitochondrial network. Unfortunately, due to time 

constraints, insufficient data was gathered for the rescue experiments of WT vs 

K151R MFF, but the preliminary data in Figure 5.3 is promising and demonstrates 

that the CFP-MFF construct is functional. In future experiments, this type of 

analysis can be carried out on MFF-null cells expressing wildtype or K151R, the 
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consideration being similar expression levels between WT and K151R, at 

approximately endogenous MFF levels. 

 

5.3.3 MFF SUMOylation is required to maintain mitochondrial size and 

distribution in dendrites 

Mitochondrial size differs between the axon and dendrites; axonal mitochondria 

are more punctate and sparsely distributed, whereas dendritic mitochondria can 

be extremely long in length and occupy a greater percentage of the dendrite 

(Chang et al., 2006; Lewis et al., 2018). Using the tubeness and thresholding 

method described in materials and methods, I carried out my own analysis of the 

mitochondria in primary hippocampal neurons by transfection of neurons with the 

mitochondrial-targeted fluorescent protein Mito DS-Red and staining for the axon 

with ankyrin-G (Figure 5.4A). In the axons I observe round, sparse mitochondria 

of on average ~1µm2 in area and approximately 1 mitochondrion every 5µm. In 

the dendrites the mitochondria are much longer, reaching an average area of ~2.6 

µm2, but with a comparable density along the dendrite (Figure 5.4D, E). My 

analysis of the mitochondria are in close agreement with previous findings (Chang 

et al., 2006). 
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Figure 5.4 Differential mitochondrial size in axons and dendrites of primary 

hippocampal neurons 

A Representative confocal image of a DIV 14 primary hippocampal neuron transfected 

with Mito DS-Red (red) and stained for the axonal initial segment with ankyrin-G 

(magenta). Scale bar 20µm. Expanded fields of the highlighted axon (B) and dendrite 

(C) show the raw image, processed image following tubeness analysis and threshold 

image. Scale bar 10µm. Mitochondrial area (D) and density (E) of axon and dendrites 

show mean values +/- S.D. Data gathered from 16 neurons from two independent 

cultures. Average number of approximately 64 axonal mitochondria and 350µm per 

cell, averge approximately 70 dendritic mitochondria along ~470µm per cell. 
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To test whether SUMOylation influences mitochondrial morphology in neurons, I 

transiently transfected primary hippocampal neurons with the CFP-MFF WT or 

K151R mutant along with Mito DS-Red. Both CFP-MFF constructs localise to 

mitochondria in both axons and dendrites (Figure 5.5A, B). Enlargements in the 

right-hand panels show GFP, mito DS-Red and merge. I analysed the area and 

density of mitochondria and observed a significant increase in dendritic 

mitochondrial size between wildtype and K151R MFF expressing cells, 

approximately 3.25µm2 to 4µm2, respectively. In WT expressing cells the dendritic 

mitochondrial density is 1.31 mitochondria/10µm, whereas it is significantly 

reduced to 1.17 mitochondria/10µm in the SUMO mutant expressing cells, a 

percentage decrease of approximately 12%. Axonal mitochondrial area and 

density are comparable between WT and K151R (Figure 5.5E, F). 
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Figure 5.5 MFF SUMOylation is required to maintain dendritic mitochondrial size 

and distribution 

DIV 14 hippocampal neurons were co-transfected for two days with A 1µg CFP-MFF 

wildtype or B K151R, and 1µg Mito DS-Red. Following fixation, neurons were stained 

for ankyrin-G (magenta) and GFP (green) to enahnce CFP signal. Scale bar 20µm. 

Enlargements show axonal and dendritic sections, scale bar 10µm. Mitochondrial area 

(C) and mitochondrial density (D) analysed for axons and dendrites. Data gathered 

from four independent cultures, 6-8 cells analysed per condition, per experiment (n=26 

WT, n=26 K151R. Average for axons per cell: 61 mitochondria, 400µm. Average for 

dendrites per cell: 85 mitochondria, 680µm. p*<0.05). 
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5.4 Discussion 

In this chapter I present an improved method to quantitatively analyse 

mitochondrial morphology, based on more useful parameters and less subjective 

descriptions. Although, due to time constraints, insufficient data was gathered for 

rescue experiments to assess mitochondrial morphology upon expression of the 

non-SUMOylatable K151R MFF mutant under basal and stressed conditions, 

preliminary observations of CFP-MFF wildtype indicate that this construct can 

rescue the MFF-null mitochondrial phenotype. Furthermore, I analysed the 

mitochondrial size in axons and dendrites in primary hippocampal neurons, and 

investigated the effect of SUMO-deficient MFF on mitochondrial morphology in 

neurons. My key findings for the analysis of MFF-deficient MEF cells and neuron 

mitochondrial analysis are: 

Key findings 

• MFF promotes recruitment/stabilty of DRP1 to mitochondria 

• MFF decreases mitochondrial length and branch number 

• MFF increases the numebr of free ends and increases circularity 

• Axonal mitochondria are shorter and more sparsely distributed, whereas 

dendritic mitochondria are longer and occupy a greater volume of the 

neurite 

• MFF-SUMO mutant K151R increases the size and decreases the density 

of dendritic mitochondria, with no effect on axonal mitochondria 

 



Exploring the role of MFF SUMOylation in Mitochondrial Morphology 

195 

MFF promotes DRP1 recruitment/stability of DRP1 at mitochondria 

My findings of reduced DRP1 colocalisation with mitochondria in the absence of 

MFF agree with many previous observations (Gandre-Babbe and van der Bliek, 

2008; Loson et al., 2013; Otera et al., 2010). However, is this decrease in 

colocalisation a recruitment deficiency, or a result of reduced DRP1 stabilty at 

mitochondria? Is MFF required for one, or both? Could the loss of MFF decrease 

the half-life of DRP1 at the MOM, therefore reduce its stability, with no impact on 

DRP1 binding to MOM? Conversley, is MFF responsible for the initial recruitment 

of DRP1 to the MOM, and loss of MFF thus reduces DRP1 associating with the 

MOM in the first place? All four of the DRP1 receptors play a role in DRP1 

recruitment and mitochondrial morphology, although to different extents (Loson 

et al., 2013; Osellame et al., 2016), and when MFF is dislocalised to the plasma 

membrane, DRP1 colocalises at the plasma membrane, indicating that MFF 

alone is sufficient to recruit DRP1 (Otera et al., 2010). I observe smaller and 

dimmer mitochondrial DRP1 puncta in MFF-null cells, as previously reported 

(Loson et al., 2013), suggesting that MFF helps to promote the stability of DRP1. 

Taken together, is seems that MFF can both promote DRP1 recruitment and 

increase the size and intensity of DRP1 puncta, although further experiments 

such as FRAP and live cell imaging to assess the cycling behaviour and half-life 

of DRP1 at the MOM in MFF ablated cells will be required to conclusively establish 

this. 
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MFF and mitochondrial morphology 

Mitochondrial morphology is inextricably linked to mitochondrial function, 

appropriate responses to metabolic demand and cellular health. The importance 

of mitochondrial dynamics is underscored by mutations in proteins responsible 

for fusion, fission and mitophagy resulting in disease  (Eisner et al., 2018). To fully 

assess the intricate, and sometimes subtle changes that occur under different 

stress states, robust methods are required to faithfully represent the nature of 

mitochondrial morphology, without introducing observer bias or subjectivity. In 

this chapter I analysed mitochondrial morphology of WT and MFF-null MEFs. The 

effect of MFF on mitochondrial morphology is well characterised, therefore this 

offered an opportunity to develop an imaging method and see how it correlates 

with previous observations. Depletion of MFF has been stated to cause “formation 

of closed mitochondrial networks” and the network “had fewer free ends” (Otera 

et al., 2010) or “mitochondria in MFF-null cell lines are severly elongated and 

interconnected” and “have long or net-like mitochondria relative to wildtype” 

(Loson et al., 2013). Indeed, this is what I also observe, but as previously 

mentioned, such decriptions are subjective and therefore their validiity is open to 

question. Using a macro of ImageJ plug-ins, I assessed six parameters of 

mitochondrial morphology. As discussed in the methods section, there are various 

steps involved in the pre-processing to generate a sharp image. I was satisfied 

that the skeleton faithfully represented the mitochondrial morphology, and was 

effective at separating objects and connecting structures, especially in larger 

structures. 
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MFF reduces the number of branches within networks by ~50% and there is 

almost a 30% increase in the length of mitochondria. Lack of MFF also generates 

more extreme lengths and branched structures; 17µm and ~160 branches 

compared to 11µm and ~60 branches in wildtype cells. Finally, the number of free 

ends is reduced by approximately 38% and the circularity is also reduced by 

~41%. With such quantitative detail, one can build a picture of what the “average” 

mitochondria in the MFF-null and wildtype cells look like i.e. how many branches 

the networks have, how long the mitochondria are, the number of free ends etc… 

Based on these findings, it is clear that MFF promotes fission and suppresses 

extreme fusion, which when unopposed results in extreme lengths of 

mitochondria. In addition, the increased branch number and reduced free end 

index (greater connectivity) implies that MFF has roles in regulating mitochondrial 

architecture as well. Unopposed fusion also leads to branching of networks, 

resulting in more elaborate and less uniform structures, and so MFF prevents 

such excessive branched structures. 

Rescue experiments 

As mentioned in section 5.3.2, I tried rescue experiments in the MFF-null MEF 

background with CFP-MFF WT and K151R constructs. Unfortunately, due to time 

constraints I could not fully characterise these cells. However, preliminary 

experiments were promising, demonstrating that the CFP-WT MFF expressing 

cells did increase DRP1 recruitment to the mitochondria, and exhibited a reduced 

mitohondrial elongation phenotype. For future experiments, generating a stable 

cell line of MFF wildtype and SUMOylation-deficient mutant in the MFF-null MEF 
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cells will be a very useful tool for dissecting how MFF-SUMOylation affects 

mitochondrial morphology. Such experients can be carried out under basal and 

stressed conditions, and if carried out in conjunction with biochemical analysis of 

DRP1 and MiD interaction, as discussed in Chapter 4, will provide a coherent and 

systematic analysis of the role of SUMOylation of MFF under basal and stress 

conditions. It is worth noting that since MFF is a pro-fission protein, 

overexpression or under-expression compared to endogenous levels will alter the 

mitochondrial morphology. Therefore, care should be taken to ensure even 

expression of wildtype and K151R MFF, which is often difficult to achieve with 

transfection, so the use of viral titrations should be used for the generation of a 

stable cell line. 

Axonal versus dendritic regulation of mitochondria 

Knockdown of MFF leads to unopposed fusion events in the axon, resulting in a 

dramatic increase in mitochondrial length and occupancy along the axon (Lewis 

et al., 2018). What is surprising from this report is that MFF is present in both 

axons and dendrites, so could this be a result of compartment-specific regulation 

of MFF? Is MFF more active in axons, and in dendrites less active, or dispensible? 

I observe that K151R expression increases dendritic mitochondrial size and 

reduces density, with no effect on the mitochondria in axons. An increase in 

mitochondrial size agrees with my biochemical data, since K151R has reduced 

binding to DRP1 and enhanced MiD binding, which will inhibit DRP1 function and 

compete with MFF for DRP1 binding, leading to enlarged mitochondria. However, 

this does not explain why K151R expression only affects dendritic mitochondria. 
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The Lewis et al report identified that MFF is important for axons and not dendrites, 

whereas my data show that MFF SUMOylation is imortant for dendrites and not 

axons. In close agreement with my findings, Toyama et al. observe fragmented 

mitochondria upon phospho-mimetic MFF expression in the dendrites, whereas 

the phospho-null MFF had no effect (Toyama et al., 2016). They did not report 

any findings regarding the axons. I carried out preliminary experiments and 

observe a similar trend in the dendrites, and no effect on the axons (See appendix 

Figure 8.3). K151R trafficked to both compartments, so this is not due to 

differential MFF-SUMO localisation. Taken together, this shows that complete 

depletion of MFF only affects axons, whereas PTM of MFF by SUMO or 

phosphorylation primarily affects dendrites. I hypothesise that this could be a 

result of three, not necessarily exclusive, factors: firstly, MFF SUMOylation has 

different roles or is differentially regulated in the two compartments, secondly, 

MFF SUMOylation is dispensable for axonal mitochondria, thirdly, axons have a 

greater capacity for self-correcting mitochondrial size. 

Elegant experiments by Cagalinec et al. demonstrate the cyclic nature of fusion 

and fission events in primary cortical neuronal axons, where ~85% of fusion 

events are followed by fission, and vice versa. Therefore matching the rates of 

fusion and fission prevent extremes of axonal mitochondrial size (Cagalinec et 

al., 2013). The authors identify a “self-correcting” mechanism to regulate 

mitochondrial size, which involves fusion followed by fusion if mitochondria are 

too small, whereas if mitochondria are too large, fission would be followed by a 

subsequent fission event, with the rate of fission exponentially increasing with 
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mitochondrial length (Cagalinec et al., 2013). This self-correcting mechanism will 

maintain a homogenous population of mitochondria in the axon. This mechanism 

can perhaps offer an explanation as to why I do not detect any change in axonal 

mitochondria upon expressing MFF. The fusion rate could be reduced to match 

the fission rate of K151R expression. Whether a similar rate-matching mechanism 

occurs in dendrites to maintain mitochondrial size is unknown. Indeed, upon 

DRP1 depletion by siRNA, the fusion/fission rate was not altered (Cagalinec et 

al., 2013), but reduced the sensitivity of large mitochondria to undergo non-cyclic 

fission. Could the greatly impaired fission upon DRP1 and MFF depletion in axons 

be such a drastic decrease in fission efficiency that the cells cannot correct for it? 

Indeed, would inhibiting fusion to such an extent be even more detrimental to the 

cell? The K151R MFF mutant can still bind to ~50% DRP1 compared to wildtype, 

and so is unlikely to be as drastic as complete loss of MFF, and so in axons, the 

self-correcting mechanism may compensate. Carrying out live cell imaging 

experiments in the axons and dendrites will provide evidence of the effects on 

fusion and fission rates with WT vs K151R MFF expressing neurons. 

Chang et al. demonstrate that modulating neuronal activity has profound effects 

on mitochondrial morphology. Interestingly, axonal and dendritic mitochondria 

respond in opposite directions; following 24hr TTX treatment (a blocker of voltage-

gated sodium channels) mitochondria in axons had reduced occupancy, whereas 

dendritic mitochondria had increased occupancy, accompanied with increased 

length (Chang et al., 2006). What this study demonstrates is that different 

mechanisms regulate mitochondrial size between the axons and dendrites. Such 



Exploring the role of MFF SUMOylation in Mitochondrial Morphology 

201 

differences may explain why the Lewis et al. report, and my own findings, observe 

differences in axons vs dendrites upon modulation of MFF, highlighting the 

possibility that MFF is differentially regulated in the different compartments. My 

finding that SUMOylation of MFF is important in the dendrites and not the axons 

offers the possibility that PTM of the mitochondrial fission machinery is regulated 

differently in the different neurite types. It would be interesting to test the 

modulation of synaptic activity on MFF SUMOylation and see if MFF-SUMO 

conjugation is altered, and how this corresponds to the changes observed by 

Chang et al. 

K151R reduces dendritic mitochondrial density 

I also observe a small but significant decrease in the density of mitochondria 

along the dendritic processes, but no effect was detected in axons (Figure 5.5F) 

Is this difference due to altered trafficking or docking? Without live cell imaging I 

cannot state one or the other, but differences in the axon and dendrite can provide 

some indication. The Miro-Milton complex is responsible for mitochondrial 

trafficking, and is sensitive to Ca2+ concentrations, where high concentrations 

cause complex rearrangement which inhibit movement (Schwarz, 2013; Sheng 

and Cai, 2012). Once paused, proteins such as syntaphilin in the axon can anchor 

mitochondria to microtubules, however, syntaphilin is absent in the dendrites 

(Kang et al., 2008). So, could the axonal mitochondria be more resistant to 

changes in movement due to increased anchoring of syntaphilin, whereas 

dendritic mitochondria are more sensitive and more easily trafficked? In addition, 

positioning of mitochondria is important for the development of dendritic spines 
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following stimulation, and promoting fission enhances spine formation (Fukumitsu 

et al., 2015; Li et al., 2004). So, conceptually, if inhibition of fission be expression 

of K151R reduced spine density, then the mitochondria would potentially be more 

sparsely distributed, since there are less spines to supply with ATP. Of course, 

this is speculation, and imaging of the spines with a post-synaptic maker such as 

post-synaptic density-95 would reveal how the mitochondria are positioned with 

respect to spines. Moreover, larger mitochondria have a greater Ca2+ buffering 

capacity, as reported for axonal mitochondria (Lewis et al., 2018). So the 

elongated mitochondria of K151R expressing cells could therefore reduce 

synaptic activity and spine formation, and therefore have an impact on the 

positioning of mitochondria. Future work to unravel these observations should 

include staining of post-synaptic markers and assessing mitochondrial 

localisation to these sites, coupled with Ca2+ imaging to establish the buffering 

capacity of the elongated mitochondria. 

Comparing Figure 5.4D, E with Figure 5.5E, F shows that when neurons were 

transfected with WT MFF, mitochondrial area and density increase compared to 

untransfected neurons. It is well established that MFF is a pro-fission protein, in 

cell lines and primary neurons (Gandre-Babbe and van der Bliek, 2008; Lewis et 

al., 2018; Loson et al., 2013; Otera et al., 2010). The discrepency between my 

observations of MFF expression in neurons and those of others could be due to 

time/efficiency of expression. Future expriments would involve knockdown of 

endogenous MFF, followed by rescue experiments with wildtype and K151R MFF 
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back to endogenous levels. This will remove any background MFF which may 

mask the function of the re-expressed MFF constructs. 

 

Summary 

MFF is the major DRP1 fission receptor, having roles in DRP1 

recruitment/stability at the MOM, and in reducing the length of mitochondria and 

the number of branches in networks. MFF SUMOylation is involved in regulating 

neuronal mitochondrial size and density, however this is limited to dendrites. 

These findings highlight the important role of regulating MFF SUMOylation and 

its potential implications for synaptic activity, and dendritic spine and branch 

formation. 
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6.1 Summary of Research 

The aims of the work presented in this thesis were to establish: 

• where and when MFF is SUMOylated 

• the regulatory pathways involved 

• the functional outcomes of this modification 

The initial approaches I took were to use biochemical methods, site directed 

mutagenesis and immunoprecipitations to identify the site(s) of SUMOylation. 

Following this, I aimed to determine how this modification affects DRP1 binding 

and MiD binding, previously characterised interactors of MFF. I propose a 

mechanism of sequential fission steps incorporating MFF SUMOylation as a key 

mechanism regulating mitochondrial fission. Furthermore, I show that SUMO-

deficient MFF is required to maintain mitochondrial size and density in dendrites, 

but intriguingly not in axons. Together, my data indicate that SUMOylation of MFF 

is a pro-fission PTM with roles in maintaining compartment-specific mitochondrial 

size and distribution in neurons. Outlined below is a summary of my key findings, 

with respect to previous literature and suggestions for future work. 

6.1.1 Regulation of MFF SUMOylation 

I identified a single site at K151 responsible for SUMO conjugation to MFF, and 

show that MFF is mono and poly-SUMOylated, which are completely abolished 

in the K151R mutant (Figure 3.2). Interestingly, K151R, and another SUMOylation 

mutant E153A, also exhibit reduced ubiquitination. However, using an in vitro 

assay, I established that K151 is unlikely to be a direct ubiquitination site, and that 
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the interplay between SUMO and ubiquitin may be via a STUbL mechanism, 

whereby the SUMO chain recruits a ubiquitin ligase that ubiquitinates MFF at a 

separate site. Parkin has previously been show to ubiquitinate MFF during 

mitophagy (Gao et al., 2015) but parkin knockdown had no effect on K151R (Lee 

et al., 2019). Unpublished observations by L. Lee show that parkin can non-

covalently interact with SUMO-1 and SUMO-2/3, indicative of a SIM, so parkin 

may ubiquitinate MFF via a STUbL mechanism. Moreover, MFF still retained 

ubiquitin after parkin knockdown, indicating that other ubiquitin ligases modify 

MFF (Lee et al., 2019). Of possible candidates, MARCH5 ubiquitinates many 

mitochondrial proteins (Karbowski et al., 2007; Nakamura et al., 2006; Yonashiro 

et al., 2006), and RNF4 has been shown to act as a STUbL on poly-SUMOylated 

substrates such as PML (Tatham et al., 2008), so would be a logical focus for 

future work. 

Since parkin knockdown had no effect on K151R, we initially interpreted these 

data to suggest that parkin acts at this site. However, my evidence suggests that 

the ubiquitin ligase(s) utilise the SUMO chain of K151 to ubiquitinate another site. 

This observation raised the interesting questions: 

• Would it follow that increasing SUMOylation increases ubiquitination? 

• What role would this pathway have? 

The ubiquitin-K63 link is observed on MFF, which is reduced in the absence of 

parkin, but interestingly, MFF lacks the major degradative signal of K48-ubiquitin 

linkages (Lee et al., 2019 (appendix, figure 4BC)). This finding suggests that the 

substantial ubiquitin modifications on MFF are atypical, with potentially non-
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degradative roles (Komander and Rape, 2012). Exploring the nature of the 

ubiquitin modifications with different antibodies and by mass spectrometry would 

reveal new functions and the architecture of MFF PTMs. 

The K151 region conforms to the well characterised PDSM, whereby 

phosphorylation at S155 by AMPK promotes SUMOylation, of both the mono and 

poly-SUMO species. However, the phospho-null S155D and 2SA still retain some 

SUMOylation, demonstrating that phosphorylation is not obligatory for SUMO 

conjugation. This indicates that SUMOylation is not an “all or nothing” event, 

rather, I suggest that phosphorylation shifts the balance towards conjugation. 

Another important focus for future research will be to determine the phosphatases 

and deSUMOylating enzymes involved. In initial work, I showed that global 

SUMO-2/3 levels are inversely related to SENP3 levels during OGD, and SUMO-

1 (and presumably SUMO-2/3) levels of conjugation of MFF increase, hinting that 

SENP3 is responsible, but this will require further investigation. 

6.1.2 MFF SUMOylation as a stress response 

I observed that MFF SUMOylation is enhanced following phosphorylation at 

S155. This site, along with S172, have previously been identified as AMPK sites 

(Chen et al., 2019; Ducommun et al., 2015; Toyama et al., 2016), suggesting that 

an increase in MFF SUMOylation upon phosphorylation is a stress response. 

Indeed, SUMOylation of DRP1 increases following various stress insults (Guo et 

al., 2013; Prudent et al., 2015; Wasiak et al., 2007), and global SUMO-2/3 

conjugation increases upon stress (Saitoh and Hinchey, 2000). 

To test the hypothesis that SUMOylation of MFF is a stress response, I 
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investigated DRP1 binding to wildtype and K151R following mitochondrial 

depolarisation with rotenone. Figure 4.8 shows the effects of rotenone for 1hr, 

which has previously been used to induce AMPK-mediated MFF phosphorylation 

and fission (Toyama et al., 2016). Rotenone treatment induces a further reduction 

in binding between DRP1 and K151R compared to wildtype, agreeing with my 

hypothesis that increased SUMOylation following stress and AMPK activation 

promotes mitochondrial fission. I believe this is a potentially important result that 

would form the basis for further investigation. 

At the 1hr time point previously used to induce MFF phosphorylation, 

mitochondria have already undergone fragmentation and it has been reported 

that MFF remains phosphorylated (Toyama et al., 2016). However, I was unable 

to replicate this observation to detect an increase in MFF phosphorylation nor a 

concomitant increase in SUMOylation upon rotenone or CCCP treatment. 

Importantly, however, an increase in MFF conjugation by SUMO-1 was observed 

under OGD stress (Figure 4.7E). This could be due to differences in the stressors 

used and the activation of different pathways, or the rate at which the 

mitochondria respond. Moreover, this could reflect the labile nature of 

SUMOylation, and not be due to a lack of SUMOylation. Consistent with what is 

known about SUMOylation of many other proteins (Hay, 2004) it seems likely that 

a transient increase in MFF SUMOylation may occur after stress, carry out a 

cellular function, and then be deSUMOylated, as has been shown for the NF-κB 

essential modulator (NEMO), a regulatory unit in the NF-κB signalling pathway. 

In response to genotoxic stress, NEMO is SUMOylated and trafficks to the 
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nucleus. NEMO is then deSUMOylated and subsequently ubiquitinated, which is 

important for nuclear export and activation of NF-κB (Hay, 2004; Huang et al., 

2003). This study demonstrates that SUMOylation of NEMO is transient and 

stress can induce sequential PTMs. Future experiments should investigate a 

“time-window” early in AMPK-activation to capture the peak of the MFF-

SUMOylation increase. 

6.1.3 MFF SUMOylation – fine tuning the fission rate? 

DRP1 exists in a SUMOylated and deSUMOylated state, and continuously cycles 

from the cytosol to the MOM, where SUMOylation of DRP1 by SUMO-1 stabilises 

DRP1 during apoptotic stress and promotes its association with the MOM (Harder 

et al., 2004; Wasiak et al., 2007), whereas DRP1 modification by SUMO-2/3 

during OGD prevents MOM association (Guo et al., 2013). Thus, a theme 

emerges of basal SUMOylation having a role in constitutive regulation, and 

certain stimuli shift the balance between the SUMO conjugated state and non-

SUMO state, inducing an enhanced/reduced biological effect. Such a mechanism 

could occur for SUMO regulation of MFF, whereby MFF exists in multiple 

SUMOylated states (mono and poly-SUMOylated), and the shift to SUMOylated 

species elicits the enhanced biological response of increased fission. Importantly, 

as mentioned, this is not an “all or nothing” process, since I observe SUMOylation 

even of the phospho-null mutant, the SUMO state of MFF can be considered as 

an increasing “scale” of SUMOylation which fine-tune the fission rate. 

The “SUMO enigma” is the observation that only a small proportion of available 

substrate is SUMOylated at a given time, but SUMO mutants can have large 
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effects on protein function. It is proposed that SUMOylation can alter protein 

interaction/complex formation, but not be required to maintain the new interaction  

(Hay, 2005). My findings suggest that the shift to SUMO conjugation leads to 

disassociation of MiD proteins from pre-fission complexes, which relieves the 

inhibition on DRP1, and promotes fission, and so SUMO induces reorganisation 

of the pre-fission complex into a fission-competent complex. The proposed 

mechanism presented in Figure 6.1 and bullet-pointed below is a testable 

hypothesis that incorporates and attempts to reconcile my findings with previous 

literature. Note the additions made compared to Figure 1.10. 
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Figure 6.1 Conceptual SUMO-regulation of mitochondrial fission 

Schematic of mitochondrial fission, regulated by SUMOylation of DRP1 and MFF, 

incorporating the findings presented in this thesis. A DRP1 cycling is mediated, in part, 

by SUMOylation. SUMO-1-DRP1 is stabilised at the MOM. Is this mediated by the SIM 

on MiD49? B MFF exists in multiple SUMO and non-SUMO states. AMPK 

phosphorylation promotes SUMOylation of mono and poly-SUMO species. What are 

the deSUMOylating SENP(s) and phosphatase(s)? C DRP1 receptors interact in pre-

fission complexes. The trimeric complex of DRP1-MiD-MFF is the major complex. Is 

DRP1 SUMOylated in this complex? MiDs can sequester inactive DRP1 at the MOM 

(illustrated here is MiD49, yet both MiD proteins can sequester DRP1), and upon AMPK 

phosphorylation of MFF and increased SUMOylation, MiD is dissociated and DRP1 

assembles onto MFF, which promotes fission. Does DRP1 undergo PTM between MiD 

binding and MFF binding? 
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Steps in the hypothesis of SUMO-mediated mitochondrial fission: 

• DRP1 cycles from the cytosol to the MOM. SUMO-1 stabilises DRP1 at the 

MOM. SENP5 deconjugates SUMO-1, inhibiting fission (Harder et al., 

2004; Wasiak et al., 2007; Zunino et al., 2007, 2009). 

• SUMO-2/3 conjugation sequesters DRP1 in the cytosol, deconjugation by 

SENP3 promotes fission (Guo et al., 2013, 2017). 

• Although MFF is primarily non-SUMOylated, it can be modified in multiple 

different ways (mono, poly-SUMO, ubiquitin chains etc). 

• AMPK phosphorylation at S155 and S172 enhances SUMOylation of both 

SUMO isoforms and both mono and poly-SUMO modifications. 

• Under basal conditions, DRP1-MiD-MFF exist as a trimeric complex (Yu et 

al., 2017), with MiD proteins inhibiting DRP1 GTPase activity (Osellame et 

al., 2016), and may act to promote DRP1 assembly (Palmer et al., 2011).  

• Upon MFF SUMOylation, the MiD proteins dissociate from the complex, 

and there is a “hand-over” of DRP1 to MFF (Yu et al., 2017). 

• MFF promotes higher order assembly of DRP1 and activates its GTPase 

activity (Palmer et al., 2011). 

 

6.1.4 MFF SUMOylation in neurons 

I show that MFF SUMOylation is required for maintaining mitochondrial size and 

density in dendrites, but not in axons, demonstrating that under basal conditions, 

SUMOylation regulates mitochondrial dynamics. As discussed in 5.4, this finding 
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raises three possibilities; firstly, MFF SUMOylation has different roles or is 

differentially regulated in the two compartments; secondly, MFF SUMOylation is 

dispensable for axonal mitochondria; thirdly, axons have a greater capacity for 

self-correcting mitochondrial size, which is MFF SUMOylation-independent. 

These possible explanations may not be exclusive. However, they differ from the 

report of Lewis et al, who show that MFF is necessary for axonal mitochondria, 

but is dispensable for regulating dendritic mitochondrial size (Lewis et al., 2018). 

On the other hand, Toyama et al observe that expression of wildtype and 

phosphomimetic MFF (2SD) reduce the area of dendritic mitochondria, whereas 

2SA has no effect. They do not report whether similar effects were observed in 

axons (Toyama et al., 2016). Therefore, to more extensively corroborate my 

findings, I carried out transient over-expression of 2SA and 2SD in primary 

neurons and observed a similar trend, where 2SD decreases dendritic 

mitochondrial area compared to 2SA, and no change was observed in axons (see 

appendix Figure 8.3). 

Cagalinec et al identified axonal mitochondria size self-regulation, whereby large 

mitochondria are more likely to undergo successive fission, whereas small 

mitochondria are more likely to under multiple rounds of fusion (Cagalinec et al., 

2013). To my knowledge, no such study has investigated a similar mechanism in 

dendrites. But the fact that the axon vs. dendrite mitochondrial size differs, the 

fusion and fission machinery must be differentially regulated. My findings indicate 

a dependence on MFF SUMOylation in dendritic mitochondria, and whether MFF 

SUMOylation is dispensable for axons, or whether they have a greater self-
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correcting mechanism, is yet to be determined. An interesting and practical way 

to address this question is with live cell imaging to follow fusion and fission events, 

as Cagalinec et al performed, to see if MFF K151R expression alters the fusion 

and fission rates in dendrites. 

It is difficult to deduce a reason for the reduced mitochondrial density in K151R 

expressing neurons, since trafficking and mitochondrial morphology are coupled 

(Saotome et al., 2008). Further work is required to investigate the Ca2+ buffering 

capacity, trafficking, spine density and dendritic branch formation, all of which 

have been shown to be regulated by mitochondria dynamics, to determine 

whether MFF SUMOylation regulates these processes, and thus has an impact 

on mitochondrial density (Fukumitsu et al., 2015; Li et al., 2004). 

6.1.5 Mitochondrial morphology analysis 

I have presented here a workflow to quantitatively analyse mitochondrial 

morphology. I used MFF-null MEF cells to test this approach, with the aim of 

generating a wildtype and K151R rescue cell line. Unfortunately, due to time 

constraints, insufficient data for the K151R rescue was generated, however, 

preliminary observations of wildtype GFP-MFF expressing cells showed that 

DRP1 recruitment to the MOM was increased. As discussed in 5.4, MFF promotes 

fission and suppresses aberrant fusion, which if unopposed results in extreme 

lengths of mitochondria. MFF also has roles in regulating mitochondrial 

architecture, by decreasing branch number. Generating wildtype and K151R (and 

other mutants) rescue cells in the MFF-null background and carrying out the same 

analysis, coupled with live-cell imaging of DRP1 fluorescence recovery, will 
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dissect how the PTMs of MFF affect overall mitochondrial morphology and DRP1 

recruitment. 

6.1.6 MFF and disease 

Rare mutations of MFF result in a truncation of the protein that lacks the 

transmembrane domain, causing Leigh-like syndrome in infants who exhibit 

developmental delay, microcephaly, and progressively developed spasticity and 

optic and peripheral neuropathy (Koch et al., 2016; Shamseldin et al., 2012). 

Whether this is specific loss of axonal mitochondrial regulation, leading to reduced 

neurotransmitter release and axonal branching, as previously shown using MFF 

knockdown (Lewis et al., 2018), remains to be confirmed. I have generated one 

of these patient mutations (E153Afs*5 – a frameshift causes a premature stop 

codon at amino acid 158), and so investigating mitochondrial morphology and 

dynamics in primary neurons with this construct will be the basis for future work, 

to hopefully provide insight to the pathogenesis of this disease. 

An investigation into the binding of DRP1 to MFF demonstrated that using a short 

10 amino acid peptide can specifically disrupt the DRP1-MFF interaction. 

Treatment of SH-SY5Y cells and primary neurons with this peptide induces an 

increase in oxidative stress, mitochondrial depolarisation, a dose-dependent 

decrease in oxygen consumption and reduces mitochondrial mobility in neurons 

by ~40% (Kornfeld et al., 2018). Interestingly, disruption of the DRP1-MFF 

interaction accelerated survival decline in a mouse model of Huntington’s 

disease. This is in contrast to similar work which showed that inhibition of the 

Fis1-DRP1 interaction is beneficial in a model of amyotrophic lateral sclerosis 



General Discussion 

216 

(Joshi et al., 2018). This suggests that MFF-mediated fission is necessary in 

neurodegenerative disease, whereas Fis1 mediated fission is detrimental. 

Therefore, could modulating the DRP1-MFF interaction by adjusting 

SUMOylation offer therapeutic benefit? If promoting MFF binding to DRP1 

enhances mitochondrial mobility, mitochondrial function and reduces oxidative 

stress, then it follows that enhancing SUMOylation would confer a similar 

protective effect. Moreover, pathological proteins associated with AD and PD 

have been implicated in disrupting mitochondrial function (Briston and Hicks, 

2018), and unpublished data from the Henely lab indicate SENP3 levels are 

increased in PD brains and DRP1 levels are decreased in AD brains, suggesting 

disrupted SUMOylation and mitochondrial dynamics under pathological 

conditions. 

Future work will investigate how MFF-SUMOylation is affected in various disease 

contexts (treatment with amyloid-β, α-synuclein, OGD), whether SUMOylation of 

MFF has a role under these conditions, and whether it can be targeted to rescue 

mitochondrial dysfunction. 
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6.2 Outstanding Questions 

The model presented in Figure 6.1 raises many questions, several of which are: 

• What enzymes are required for MFF deSUMOylation? 

• What are the PTM of DRP1 when bound directly to MFF in the fission 

competent complex? Do they regulate the switch from a pre-fission 

complex to a fission-competent one? 

• Does the SUMO on MFF directly recruit DRP1, thus promote binding? 

• Does phosphorylation of MFF have roles beyond promoting SUMOylation? 

What is the significance of S172 reducing MFF-SUMO-1 (Figure 3.13), 

does S172 phosphorylation have a different role to S155 phosphorylation? 

• What role does the SIM on MiD49 have? 

• Since 2SA MFF still retains some SUMOylation, what is the significance of 

this “basal” SUMOylation? 

• Does phosphorylation and/or SUMOylation alter MFF structure/MFF-MFF 

interactions to promote DRP1 binding and to reduce MiD binding? 

Additionally, more broad questions regarding the role of MFF SUMOylation: 

• Why does MFF SUMOylation only affect dendritic mitochondria? 

• Does increasing SUMOylation increase parkin-mediated ubiquitination, 

and thus have a role in mitophagy? 

• Would decreasing MFF SUMOylation promote fusion? 

• Is there an inter-organelle function of MFF SUMOylation? 

• Could manipulation of MFF SUMOylation be targeted for therapeutic 

benefit? 
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6.3 Future Work 

Future work would address the outstanding questions outlined in Figure 6.1.  

The PTM state of DRP1 

Antibodies against phosphorylation of DRP1 at S616 and S637 and DRP1 

phosphorylation and SUMOylation mutants (S637A/D, S616A/D, 4KR) are 

available to investigate the PTM state of DRP1. Carrying out 

immunoprecipitations and assessing them as a proportion of total DRP1 bound 

to the MFF mutants will reveal the PTM and activity state of DRP1 in the 

complexes. Furthermore, generating phospho-null and phospho-mimetics with 

the addition of the K151R mutation will help to delineate the contribution of 

phosphorylation and SUMOylation to MFF function. 

MFF deSUMOylation and dephosphorylation pathway 

Since OGD increases SUMO-2/3 levels and decreases SENP3 levels, with effects 

on DRP1 SUMOylation (Guo et al., 2013, 2017), it is possible that the increase in 

MFF SUMOylation following OGD is due to reduced SENP3 levels. Carrying out 

knockdown and overexpression of the different SENPs and investigating SUMO-

1 and SUMO-2/3 conjugation to MFF will reveal the deSUMOylation pathway. 

Likewise, investigation into the phosphatases involved in the dephosphorylation 

of MFF would inform on the negative regulation of MFF-SUMO signalling. This 

will add greater insight into the cell signalling pathways and regulation of MFF, 

since SENPs are sensitive to different stresses (Stankovic-Valentin et al., 2016). 

To definitively determine the roles of SUMOylation and phosphorylation, 

phosphorylation mutants (2SA and 2SD) should be generated in combination with 
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the SUMO-deficient K151R mutant. This will delineate potential differences in the 

function of MFF SUMOylation and phosphorylation. Moreover, combinations of 

S155 and S172 phosphorylation mutants (i.e. S155D and S172A, S155A and 

S172D) and investigation into DRP1 and MiD49 binding would address potential 

differences between these phosphorylation sites, as has been demonstrated for 

DRP1 S616 and S637 (Cereghetti et al., 2008). 

In vitro assays 

The in vitro deSUMOylation assay will be a useful tool to specifically remove 

SUMO without the need for mutation. Isolating deSUMOylated MFF onto beads 

and investigating binding to DRP1 and MiD proteins (either endogenous or 

overexpressed) would definitively reveal the dependence of SUMO on these 

interactions. Likewise, bacterial expression can be used to investigate direct 

binding. However, bacteria can only generate the mono SUMO species of MFF 

(appendix Figure 8.1), but this would provide a simplified system to investigate 

the direct binding between DRP1 and MiD proteins, and also identify any 

differences between the mono and poly-SUMOylated MFF. Manipulation of 

SENP6 has been used to increase and decrease poly-SUMO chains (Hattersley 

et al., 2011). Similar experiments could be used to investigate the role of the 

SUMO chain of MFF. 

SUMO-SIM interactions in fission 

DRP1 contains putative SIM motifs (appendix Figure 8.5) the capacity for non-

covalent SUMO interaction. Disruption of these SIM motifs by mutagenesis and 

interrogation of the binding to SUMOylated MFF will establish whether DRP1 
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binds directly to the SUMO on MFF. Unfortunately, there is no structure of MFF 

available, and so it is difficult to predict the DRP1-MFF interface. A structure has 

recently been solved for DRP1 binding to MiD49, which shows extensive contact 

between the two proteins, with DRP1 contacting four MiD49 proteins (Kalia et al., 

2018). Although beyond the scope of this thesis, structural modelling could inform 

on the steric possibility of the SIM on MiD49 recruiting DRP1-SUMO. Also, 

mutation of the SIM on MiD49 and investigation of ability to bind to DRP1 will 

elucidate whether the MiD-DRP1 interaction is SUMO-SIM dependent. For 

predicted SIMs on MiD49, see appendix Figure 8.5. 

Investigating MFF-SUMOylation, DRP1 and MiD binding, and fission 

As previously discussed, carrying out parallel experiments of DRP1 binding, 

AMPK activation, MFF phosphorylation and SUMOylation changes during 

different stressors (i.e. CCCP, rotenone, OGD) over different time courses will 

reveal how MFF SUMOylation is regulated and links to DRP recruitment and 

mitochondrial morphology changes. Shorter time points should be carried out 

when using mitochondrial depolarisation reagents, since after longer time points, 

SUMOylation may have already been deconjugated. 

Generating stable cell lines in the previously characterised MFF-null cells of the 

various MFF mutants will be a powerful tool for future experiments. Investigating 

the effects on mitochondrial polarisation, ATP levels, oxygen consumption and 

DRP1 cycling, in parallel with the experiments mentioned above, will provide a 

comprehensive understanding of the effects of MFF PTM on mitochondrial 

function. The work throughout this thesis has focused on MFF SUMOylation 



General Discussion 

221 

promoting fission, but conversely, would decreasing SUMOylation of MFF 

promote fusion, and increase the association with MiD proteins? Future work will 

investigate MFF SUMOylation and the fission complex balance under stress that 

promotes mitochondrial fusion. 

MFF SUMOylation in neurons 

To further investigate mitochondrial dynamics in neurons, knockdown of 

endogenous MFF followed by rescue with MFF mutants (SUMO, phosphorylation 

and disease mutant) should be carried out. This will be a more conclusive 

experimental set-up than the overexpression experiments presented in this 

thesis, since silencing of endogenous MFF will remove any residual effect it may 

play on fission. Live cell imaging of neurons and assessing mobility, localisation 

to synapses, and fusion-fission rates, will reveal the role of MFF PTMs. 

Furthermore, similar experiments could be carried out under stress conditions (i.e. 

OGD, mitochondrial depolarisation, amyloid beta, α-synuclein) and expression of 

the disease MFF mutant (E153Afs*5) to investigate how MFF modifications and 

known disease mutants play a role in mitochondrial stress response in neurons. 

MFF at ER-mitochondrial contact sites? 

Finally, the mitochondria form significant contact with the endoplasmic reticulum 

(ER), where the ER can wrap around the mitochondria at pre-fission sites, which 

reduces the mitochondrial diameter and is predicted to aid formation of the DRP1 

helix (Friedman et al., 2011). These ER-mitochondrial contact sites are important 

of lipid and  Ca2+ homeostasis (Wu et al., 2018). ER-mitochondrial contact sites 

are maintained by protein “tethers” between the ER and mitochondrial outer 
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membranes, termed ER-mitochondria encounter structure (ERMES), and these 

contacts are not transient events, but highly regulated (Murley and Nunnari, 

2016). MFF localises to these ER-mitochondrial contact pre-fission sites, in a 

DRP1 independent manner (Friedman et al., 2011). Could MFF be involved in ER 

tethering, like the Fis1-Bap31 interaction (Iwasawa et al., 2011), and could the 

large SUMO and ubiquitin chains facilitate these interactions? Mass spectrometry 

of MFF wildtype vs SUMO mutant would reveal new avenues of investigation, and 

potentially identify non-mitochondrial protein interactions. 

 

6.4 Conclusions 

In conclusion, the work presented here provides new insight into the regulation of 

mitochondrial dynamics. I have shown that the previous finding of MFF 

phosphorylation promoting DRP1 binding is incorrect and present a model of MFF 

SUMOylation regulating pre-fission complexes by reducing binding to the 

inhibitory MiD proteins. This work highlights the complex nature of PTM regulation 

of mitochondrial proteins, and its potential influence on protein complex function 

and mitochondrial morphology. Additionally, I show that MFF SUMOylation is 

important to regulate dendritic mitochondrial size and density, with no effect on 

axonal mitochondria, suggesting differential roles or regulation of MFF 

SUMOylation in neuronal compartments. I propose a testable model of MFF-

SUMO mediated mitochondrial division, which will be the basis for future work. 
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Chapter 8 Appendix 

Here I have included supplementary data that, either due to time constraints, lack 

of repeats or not central to the main narrative was not included in the main results 

sections, but nonetheless are of interest and may lead to new avenues of 

investigation. Included at the back is published work , reporting parkin-mediate 

ubiquitination of MFF in its constitutive turnover (Lee et al., 2019). 

Bacterial MFF SUMOylation 

It is unlikely that bacteria can maintain a SUMO chain, so the SUMO-MFF band 

in bacteria expressing SUMO and MFF (Figure 8.1 ) is likely a mono SUMO-MFF 

species, and due to steric effects, resolves higher than expected. 

 

Figure 8.1 Bacterial MFF SUMOylation assay 

GST and GST-MFF expressing contructs were transformed into bacteria in presence 

or absence of a construct expressing SUMO-1, E1 and E2. GST-MFF expression was 

activated by 0.5mM IPTG and incubated at room temperature for 6hrs. Cells were lysed 

in 1x sample buffer, sonicated and boiled. Lysate resolved and probed for MFF 

expression, method described in Uchimura et al., 2004. 
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MFF SUMOylation in AMPK α-null cells 

To more directly test the importance of AMPK-mediated phosphorylation of MFF 

on SUMOylation, I used HEK cells null for both AMPK-α subunits, a kind gift from 

Professor Jeremy Tavaré (Thomas et al., 2018). I tested modification of wildtype-

MFF with SUMO-1 and observed SUMOylated MFF is almost completely 

abolished by ablation of AMPK. 

 

 

Figure 8.2 MFF SUMOylation in AMPK-α null 

cells 

AMPK-α subunit-null or control HEK cells were 

trasiently tranfected with wildtype CFP-MFF for 2 

days. GFP immunoprecipitation carried out on 

lysate and resolved by SDS-PAGE and probed for 

endogenous SUMO-1. Lysate was probed for 

SUMO-1 and AMPK-α, n=1. 
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Effect of MFF 2SA and 2SD on neuronal mitochondria 

To confirm previous observations that MFF double phospho-mimetic (2SD) acts 

as a gain of function (Toyama et al., 2016), I transiently transfected 2SA and 2SD 

CFP-tagged MFF constructs into primary hippocampal neurons. I observe smaller 

mitochondria with 2SD, and larger mitochondria in 2SA expressing cells, 

confirming previous findings. 

 

Figure 8.3 MFF phosphorylation-induced mitochondrial changes in neurons 

DIV 14 hippocampal neurons were co-transfected for two days with 1µg Mito DS-Red 

and either CFP-MFF 2SA or 2SD. Following fixation, neurons were stained for ankyrin-

G and GFP to enahnce CFP signal. Scale bar 20µm. Mitochondrial area and 

mitochondrial density analysed for axons and dendrites. Data gathered from one 

culture, 7 cells analysed per condition. 
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Non-covalent interaction between SUMO-1 and MiD49 

I repeated the blot in Figure 4.4 with just MiD49, and confirm the observation 

made that MiD49 non-covalently interacts with SUMO-1. 

 

Figure 8.4 MiD49 contains a SIM for SUMO-1 

HEK293T cells were transiently co-transfected with 

GST-MiD49 (mouse) and either YFP, YFP-SUMO1-

∆GG or YFP-SUMO2-∆GG for 48hrs. GST pulldown 

carried out on supernatant and samples were blotted 

for YFP and GST. 4% lysate blotted for YFP. 
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Putative SUMO Interacting motifs (SIM) of DRP1 and MiD49 

 

 

Figure 8.5 Putative SIM motifs in human DRP1 and MiD49 

The DRP1 and MiD49 sequences (Uniprot entries: O00429 and Q96C03, respectively) 

were input into the Joined Advanced SUMOylation Site and Sim Analyser (JASSA, 

www.jassa.fr) which identifies possible regions of SUMOylation and SIMs. Both DRP1 

and MiD49 contain sites of possible SIM motifs, and so should be investigated further 

as having potential roles in the regulation of SUMO-mediated mitochondrial dynamics. 
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Abstract

The mitochondrial outer membrane protein Mitochondrial Fission Factor (Mff) plays a key

role in both physiological and pathological fission. It is well established that at stressed or

functionally impaired mitochondria, PINK1 recruits the ubiquitin ligase Parkin which ubiquiti-

nates Mff and other mitochondrial outer membrane proteins to facilitate the removal of

defective mitochondria and maintain the integrity of the mitochondrial network. Here we

show that, in addition to this clearance pathway, Parkin also ubiquitinates Mff in a PINK1-

dependent manner under non-stressed conditions to regulate constitutive Mff turnover. We

further show that removing Parkin via shRNA-mediated knockdown does not completely

prevent Mff ubiquitination under these conditions, indicating that at least one other ubiquitin

ligase contributes to Mff proteostasis. These data suggest that that Parkin plays a role in

physiological maintenance of mitochondrial membrane protein composition in unstressed

cells through constitutive low-level activation.

Introduction

Mitochondria are double membrane-bound organelles that generate 90% of cellular ATP [1].

In most cells, mitochondria form extensive and dynamic networks, undergoing continuous

cycles of fission and fusion. This creates a highly adaptable and efficient energy transfer system

to rapidly deliver ATP to where it is most needed [2]. In addition, fission plays a central role in

the sequestration and selective degradation of defective mitochondria by mitophagy [3, 4].

Mitochondrial fission and fusion are both tightly regulated processes that are largely orches-

trated by GTPases. Dynamin and dynamin-related protein (Drp) mediate fission [5, 6]

whereas fusion of the mitochondrial outer and inner membranes is driven by the GTPases

mitofusins (Mfn) 1 and 2 and Opa1, respectively [7].

Dynamin-related protein 1 (Drp1) is a predominantly cytosolic protein with only ~3%

bound to mitochondria under basal conditions [8]. Nonetheless, in cells lacking functional

Drp1 the equilibrium between fission and fusion is perturbed, leading to highly elongated and

interconnected mitochondria, largely localised in perinuclear clusters [9]. During cell stress,
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rates of fission and fragmentation increase, causing the release of pro-apoptotic cytochrome c
from mitochondria, a process that can be delayed by mutation or deletion of Drp1 [10].

Because Drp1 lacks the membrane targeting PH-domain present in conventional dyna-

mins, it requires membrane-bound adaptor/receptor proteins to recruit it to the mitochondrial

outer membrane (MOM) [11]. Four mitochondrial Drp1 receptors have been identified; Fis1,

MiD49, MiD51 and Mff [12]. Of these, Fis1 is dispensable for mammalian mitochondrial fis-

sion [13]. The MiD proteins are specific to higher eukaryotes and although they can each

recruit Drp1 to mitochondrial fission sites [14, 15] it remains unclear if MiD proteins facilitate

fusion or inhibit fission [16]. Mff facilitates the majority of Drp1 recruitment and is the best

characterised Drp1 receptor. It is a ~35kDa protein with a single C-terminal transmembrane

domain and interacts with Drp1 via its N-terminus [17]. Like Drp1-null cells, Mff-knockout

cells have grossly elongated mitochondria under basal conditions, and attenuated fragmenta-

tion and apoptosis following stress [18].

Parkin is a ubiquitin ligase that is inactive in the cytosol but is recruited to damaged/depo-

larised mitochondria where it is activated by the MOM protein PTEN-induced protein kinase

1 (PINK1). PINK1 is basally maintained at very low levels by rapid proteolytic degradation

soon after mitochondrial import [19, 20]. However, loss of membrane potential in damaged or

defective mitochondria inhibits PINK1-proteolysis, resulting in its accumulation on the outer

membrane, where it phosphorylates mitochondrial ubiquitin at Serine 65 and triggers mito-

phagy via a multi-step process [21, 22].

Briefly, PINK1-phosphorylated ubiquitin (pUb) binds to and alters the conformation of

Parkin. This makes Serine 65 within the Ubiquitin-like domain (UbL) of Parkin accessible for

PINK1-mediated phosphorylation, which initiates a cascade of subsequent conformational

changes exposing the catalytic site of Parkin [22–24]. In a positive-feedback loop, Parkin ubi-

quitinates mitochondrial proteins, providing further substrates for PINK1-mediated phos-

phorylation, which then recruit more Parkin [25, 26]. For example, mitophagy induced by the

mitochondrial proton gradient uncoupler carbonyl cyanide m-chlorophenyl hydrazine

(CCCP) is largely dependent on Parkin-mediated, non-selective ubiquitination of mitochon-

drial proteins with K48- and K63-linked ubiquitin chains [27, 28]. Mitochondrial depolarisa-

tion leads to PINK1 accumulation on the surface of mitochondria that recruits Parkin to

indiscriminately tag MOM proteins with K48- linked ubiquitin chains, marking them for exci-

sion and proteasomal degradation [27, 29]. The remaining portion of the mitochondrion is

then tagged with K63-linked ubiquitin that recruits phagosomal adaptors including p62 [30]

resulting in the engulfment of the organelle into an autophagosome prior to lysosomal fusion

and degradation [31, 32]. Thus, this elegant quality control mechanism identifies damaged

mitochondria and targets proteins for degradation.

Moreover, in cells lacking functional PINK1 and/or Parkin, mitochondria undergo frag-

mentation due to excessive Drp1-mediated fission [33–35]. However, the roles of Parkin in

non-stressed mitochondria have not been extensively investigated. Here we show that, inde-

pendent of stress-induced mitophagy, Mff is ubiquitinated by Parkin and at least one other E3

ligase under basal conditions. Our data indicate that Parkin-mediated ubiquitination triggers

lysosomal degradation of Mff, suggesting a role for Parkin in homeostatic maintenance of Mff

levels and mitochondrial integrity.

Materials and methods

Molecular biology

21bp short hairpin (shRNA) constructs used in Figs 1–4: targeting human shParkin: 5’-
ACCAGCATCTTCCAGCTCAAG-3’
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non-specific shControl: 5’- AACGTACGCGGAATACTTCGA-3’
were cloned under a H1 promoter into a modified pSUPER vector co-expressing mCherry

driven by a PGK promoter. Alternative Parkin shRNAs (S1 Fig) were cloned in the same way,

with target sequences:

5’- GCTTAGACTGTTTCCACTTAT-3’ (Parkin (Berger))

5’-AACTCCAGCCATGGTTTCCCA-3’ (Parkin (other)).

Parkin (Berger) target sequence was previously published [36]. Other Parkin shRNA target

sequences were designed as part of this study. PINK1 knockdown was performed using MIS-

SION esiRNA human PINK1 (EHU057101, Sigma Aldrich). Mff knockdown (S2 Fig) was

Fig 1. The PINK1/Parkin pathway is involved in Mff stability. a) HEK293T cells were transfected with either shRNA targeting

human Parkin or a scrambled control shRNA. Western blots for Mff, Parkin and β-actin. N = 4–7. b,c) Quantitative analysis of Mff and

Parkin levels using Student’s unpaired t-test. d) HEK293T cells were transfected with either siRNA targeting human PINK1 or a control

siRNA (firefly luciferase). Western blots for Mff, PINK1, Parkin and β-actin. N = 4. e,f,g) Quantitative analysis of Mff, PINK1 and

Parkin levels. Data presented as mean ± SEM. �� p< 0.01, ��� p< 0.001, ���� p< 0.0001.

https://doi.org/10.1371/journal.pone.0213116.g001
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performed using siRNA with the target sequence 5’- CCAUUGAAGGAACGUCAGA-3’
(Eurofins genomics). Firefly Luciferase siRNA was used as a negative control (MISSION

esiRNA Firefly Luciferase, EHUFLUC, Sigma Aldrich).

The open reading frame of human Mff (isoform I, accession number: Q9GZY8) was cloned

into pECFP between 5’ KpnI and 3’ BamHI restriction sites. CFP-Mff expression was driven

by a CMV promoter. The open reading frame of human Parkin (full length, accession number:

O60260) was cloned into pcDNA3.1(+) between 5’ HindIII and 3’ BamHI restriction sites. Par-

kin expression was driven by a CMV promoter. CFP-Mff K151R, K302R and 2KR, Parkin

S65A and S65D were generated by site-directed mutagenesis.

HEK293T cell culture and transfection

Human Embryonic Kidney (HEK293T) cells were obtained from The European Collection of

Cell Cultures (ECACC). Cultures were maintained at 37˚C in a humidified cell culture incuba-

tor, supplied with 5% CO2, in Dulbecco’s Modified Eagle’s Medium (Lonza) supplemented

with 10% (v/v) Foetal Bovine Serum (Sigma) and 2mM L-Glutamine (Gibco). For transfection,

cells were plated on dishes pre-coated with 0.1mg/mL poly-L-lysine to promote adhesion.

Lipofectamine 2000 transfection reagent (Invitrogen) was used according to manufacturer’s

protocol. Cells were lysed 48 hours (protein over-expression) or 72 hours (protein knock-

down) post-transfection.

Protein biochemistry

For immunoblotting, cells were lysed in sample buffer (1x concentrate) containing 2% SDS

(w/v), 5% glycerol (v/v), 62.5mM Tris-HCl pH6.8 and 5% (v/v) 2-β-mercaptoethanol. Lysates

were heated to 95˚C for 10 minutes prior to gel electrophoresis. For immunoprecipitation,

cells were lysed in lysis buffer containing 20mM Tris pH7.4, 137mM NaCl, 2mM sodium pyro-

phosphate, 2mM EDTA, 1% (v/v) Triton X-100, 0.1% (w/v) SDS, 25mM β-glycerophosphate,

10% glycerol (v/v), 1x cOmplete protease inhibitor cocktail (Roche) and 20mM N-Ethylmalei-

mide (NEM, Sigma). Lysates were incubated with GFP-Trap agarose beads (ChromoTek) at

4˚C for 90 minutes with gentle agitation. Beads were pelleted, washed 3 times with wash buffer

(lysis buffer without protease inhibitor cocktail or NEM) and unbound material aspirated. 2x

concentrate sample buffer was used to elute immunoprecipitated proteins from the beads.

Samples were heated to 95˚C for 10 minutes prior to gel electrophoresis.

Denaturing SDS-PAGE was performed on 10–15% (v/v) poly-acrylamide gels. Western

blotted PDVF membranes were blocked in 5% (w/v) non-fat milk powder or 4% (w/v) Bovine

Serum Albumin (BSA, Sigma) in PBS-T. Primary antibodies used were: Parkin (mouse mono-

clonal, 1:1000, Santa Cruz sc-32282), Mff (mouse monoclonal, 1:1000, Santa Cruz sc-398731),

PINK1 (rabbit monoclonal, 1:1000, Cell Signaling D83G 6946), ubiquitin (mouse monoclonal,

1:1000, P4D1 3936S), Mfn2 (rabbit monoclonal, 1:1000, Cell Signaling, D2D10 9482S), Mid49

(rabbit polyclonal, 1:1000, ProteinTech, I64I3-I-AP), VDAC (rabbit polyclonal, 1:1000, Santa

Fig 2. Parkin ubiquitinates Mff at K151 under basal conditions. a) HEK293T cells were co-transfected with CFP-Mff or GFP and shRNA

(scrambled control or Parkin-targeting). Western blots of GFP-immunoprecipitation. CFP-tagged Mff immunoprecipitates with

endogenous, covalently attached ubiquitin. b) Knockdown of Parkin significantly reduces Mff ubiquitination. N = 9. Analysed using

unpaired two-tailed Students’ t-test. Data presented as mean ± SEM. p< 0.001. c) GFP-immunoprecipitations of exogenously expressed

CFP-Mff WT or K151R in HEK293T cells reveal that the K151R mutant has significantly reduced endogenous ubiquitination compared to

the WT. d) Quantitative analysis showing that knockdown of Parkin significantly reduces ubiquitination of WT CFP-Mff, but not CFP-Mff

K151R. N = 6. Analysed using ordinary two-way ANOVA with Tukey’s correction for multiple comparisons with a pooled variance. �

p< 0.05, �� p� 0.01. e,f) Input and GFP-immunoprecipitations from HEK293T cells transfected with CFP-Mff WT or mutants showing

that K151 and K302 are not the only sites of Mff ubiquitination. Replacement of lysine 151 or 302 with arginine reduces, but does not

abolish, ubiquitination. Double replacement of K151 and K302 (2KR) also does not abolish ubiquitination, indicative of at least 1 other site.

https://doi.org/10.1371/journal.pone.0213116.g002
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Cruz, FL-283 sc-98708), Fis1 (rabbit monoclonal, 1:1500, ProteinTech, 10956-1-AP), LC3

(rabbit polyclonal, 1:1000, Cell Signaling, 2775S), GFP (rat monoclonal, 1:10,000, Chromotek

3H9), β-actin (mouse monoclonal, 1:10,000, Sigma-Aldrich A5441). For protein detection,

membranes were incubated with HRP-conjugated secondary antibodies (1:10,000; Sigma-

Aldrich) and visualised by enhanced chemiluminescence. Protein bands were quantified by

densitometry using ImageJ (NIH). Mff- and Parkin-antibody specificity was validated by

endogenous protein knockdown (S1 and S2 Figs).

Results

Knockdown of PINK1 or Parkin increase levels of Mff

We first investigated the effects of Parkin knockdown on Mff by transfecting HEK293T cells

with plasmids encoding an shRNA sequence targeted to the human Parkin transcript

Fig 3. Parkin mediates PINK1-dependent degradation of Mff. a) HEK293T cells were transfected with either scrambled shRNA (control) or

shRNA targeting human Parkin. Prior to lysis 72 hours post-transfection, cells were treated with 25μg/mL cycloheximide (CHX) for 0, 6, 12 or

24 hours (0-hour CHX received 24-hour DMSO treatment). Lysates were then Western blotted for Parkin, Mff and β-actin. b) Quantitative

analysis of (a), data presented as mean ± SEM. Analysed using unpaired two-tailed Student’s t-tests. N = 4. �� p< 0.01, ��� p< 0.001, ����

p< 0.0001. c) HEK293T cells were transfected with WT or mutant Parkin. Prior to lysis 48 hours post- transfection, cells were treated with

25μg/mL cycloheximide (CHX) for 6 hours (control treated with DMSO for 6 hours). Lysates were then Western blotted for Mff, Parkin and β-

actin. d) Quantitative analysis of (c), data presented as mean ± SEM. Analysed using one-way ANOVA with Tukey’s correction for multiple

comparisons with a pooled variance. N = 3. � p< 0.05, �� p< 0.01, ��� p< 0.001.

https://doi.org/10.1371/journal.pone.0213116.g003
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(shParkin) or a control shRNA sequence. shParkin reduced Parkin levels to 6% of control lev-

els 72 hours after transfection (Fig 1A and 1C). Consistent with Parkin-mediated degradation

of Mff there was a corresponding increase in levels of Mff (Fig 1A and 1B). To exclude the

Fig 4. Parkin mediated degradation of Mff is lysosome-dependent. a) HEK293T cells were co-transfected with CFP-Mff or GFP and

shRNA (scrambled control or Parkin-targeting). Western blots of GFP-immunoprecipitation. As in Fig 2, knockdown of Parkin

reduces total Mff ubiquitination. b) Samples from (a), showing no co-immunoprecipitation of K48-linked ubiquitin with CFP-Mff. c)

Samples from (a), showing co-immunoprecipitation of a single K63-linked ubiquitinated CFP-Mff species. d) HEK293T cells were

transfected with untagged Parkin. Prior to lysis 48 hours post- transfection, cells were treated with DMSO (control), bortezomib (BTZ,

proteasomal inhibitor, 1μM) or bafilomycin (Baf, lysosomal inhibitor, 100nM) for 6 hours. Lysates were then Western blotted for Mff

and other mitochondrial membrane proteins. e) Quantitative analysis of (d), data presented as mean ± SEM. Analysed using ordinary

two-way ANOVA with Dunnett’s correction for multiple comparisons. N = 3. � p< 0.05, ��� p< 0.001.

https://doi.org/10.1371/journal.pone.0213116.g004
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possibility of the Mff increase being due off-target effects of the Parkin shRNA, two further

Parkin shRNAs were generated and tested in HEK293T cells, with the same effect on Mff levels

(S1 Fig).

To determine if the effect of Parkin on Mff levels was PINK1-dependent we next knocked

down PINK1 in HEK293T cells [1–3]. 72 hours post-transfection, PINK1 was significantly

knocked down to 30% of control values (Fig 1D and 1F). As expected, loss of PINK1 also sig-

nificantly increased total levels of Mff (Fig 1E). Moreover, total levels of Parkin were unaffected

by knockdown of PINK1, indicating that it is Parkin activity, rather than expression, that

causes the increase in Mff (Fig 1G).

Knockdown of Parkin reduces steady-state ubiquitination of Mff

Parkin has been reported to ubiquitinate Mff at K251 in HEK293 cells over-expressing HA-

tagged Parkin and treated with CCCP to induce mitochondrial depolarisation [30]. Our data

suggest that the PINK1/Parkin pathway may also control Mff levels in the absence of global or

applied cell stress. To determine if endogenous Parkin regulates Mff expression under basal,

non-stressed conditions, HEK293T cells were co-transfected with CFP-tagged Mff and shRNA

targeting Parkin or a scrambled control. 72 hours after transfection, cells were lysed and

CFP-Mff retained on GFP-Trap agarose beads. Steady-state levels of Mff ubiquitination were

significantly decreased by Parkin knockdown (Figs 2A and 1B). These data demonstrate a role

for Parkin in Mff ubiquitination that is not dependent on global mitochondrial stress.

Parkin ubiquitinates Mff at K151

A recent study has reported that Mff is phosphorylated by AMPK at conserved sites S155 and

S172 (highlighted in S2 Fig) [37]. We hypothesised that, given its conservation and density of

modifiable residues, this region could be a ‘hotspot’ for Mff post-translational modifications.

We therefore selected K151 as an alternative possible target for ubiquitination. To specifically

test if Parkin ubiquitinates Mff at K151 under basal conditions, HEK293T cells were co-trans-

fected with CFP-Mff WT or a mutant in which lysine 151 had been replaced with a non-ubi-

quitinatable arginine (K151R), and either Parkin-targeting or control shRNA. 72 hours post-

transfection, cells were lysed and GFP-Trap agarose beads used to precipitate CFP-Mff. Once

again, knockdown of Parkin reduced levels of WT Mff ubiquitination (Fig 2C and 2D). How-

ever, Parkin knockdown had no significant effect on ubiquitination of CFP-Mff K151R, indi-

cating that under these conditions Parkin preferentially ubiquitinates Mff at K151 (Fig 2C and

2D). Interestingly, while, CFP-Mff K151R had significantly reduced ubiquitination compared

to WT, some ubiquitin modification was still present.

The Mff isoform used in the study by Gao et al [30] was isoform II (291 amino acids) which

is a truncated protein, lacking a large portion of the N-terminus as well as a central region.

Here we used Mff isoform I, which is the full-length protein comprising 342 amino acids.

Accounting for these differences in the length of the isoforms, K251 in Isoform II corresponds

to K302 in Isoform I (S2 Fig). We therefore generated a CFP-Mff mutant in which lysine 302

was replaced with arginine (K302R). HEK293T cells were co-transfected with CFP-Mff WT or

K302R. 48 hours post-transfection, cells were lysed and GFP-Trap agarose beads used to pre-

cipitate CFP-Mff. Mutation of Mff K302 to arginine (K302R) reduced, but did not abolish, ubi-

quitination of Mff isoform I (Fig 2E and 2F). Furthermore, replacing both K151 and K302

with arginines (K151R and K302R; 2KR) also fails to abolish Mff ubiquitination (Fig 2E and

2F). These results indicate that Mff isoform I has several sites of ubiquitination under non-

stressed conditions which include K151 and K302, as well as at least one other lysine.
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Parkin mediates PINK1-dependent turnover of Mff

Our results show that Parkin knockdown significantly decreases Mff ubiquitination and

increases Mff levels. We next directly tested the role of Parkin in Mff degradation. HEK293T

cells were transfected with Parkin-targeting shRNA or a scrambled shRNA control. Prior to

lysis 72 hours post-transfection, cells were treated with the protein translation inhibitor cyclo-

heximide (CHX) for up to 24 hours. In cells expressing control shRNA ~90% of Mff was

degraded within 24 hours, with a half-life of ~5 hours. In the Parkin knockdown cells, how-

ever, the rate of degradation was dramatically slower, increasing the half-life of Mff to ~24

hours (Fig 3A and 3B). Taken together, these data indicate that Parkin-mediated ubiquitina-

tion plays a role in physiological Mff degradation under non-stressed conditions.

Parkin ligase activity requires phosphorylation at S65 by PINK1 [22]. To further investigate

the roles of Parkin and PINK1 in Mff turnover, we generated phospho-null (S65A) and phos-

pho- mimetic (S65D) untagged Parkin S65 mutants. We reasoned that Parkin S65A would be

unable to efficiently translocate to mitochondria or catalyse ubiquitin-transfer due to its PIN-

K1-insensitivity, whereas Parkin S65D would be constitutively active.

HEK293T cells were transfected with WT, S65A or S65D Parkin. Prior to lysis 48 hours post-

transfection, cells were treated with CHX or DMSO (vehicle control) for 6 hours. Samples were

then Western blotted for Mff (Fig 3C and 3D). Levels of over-expressed Parkin WT, S65A and

S65D relative to endogenous Parkin under the same conditions are shown in S3 Fig. Consistent

with a PINK1-dependent role for Parkin in Mff turnover, expression of Parkin WT or S65D

resulted in significant loss of Mff during 6 hours of inhibited protein translation, whereas Parkin

S65A had no effect on Mff levels compared to control. These data demonstrate that PINK1-me-

diated activation via phosphorylation of Parkin at S65 is required for its activity in Mff turnover.

Parkin mediates specific lysosomal degradation of Mff

To establish whether constitutive Parkin-mediated degradation of Mff is mediated via the lyso-

some or the proteasome, we used GFP-Trap immunoprecipitation to pull down CFP-Mff

from cells expressing control or Parkin-targeting shRNA. These samples were then probed for

total ubiquitin, K48-linked ubiquitin and K63-linked ubiquitin (Fig 4A, 4B and 4C respec-

tively). Indicative of Mff not being a proteasome substrate, no K48-linked ubiquitin was

detected on CFP-Mff (Fig 4B). However, a single K63-linked ubiquitin-reactive species was

present (Fig 4C), which was reduced in the absence of Parkin, suggesting a role for the lyso-

some in Parkin-mediated degradation of Mff.

We next investigated the mechanism of Parkin-mediated degradation of Mff by transfecting

HEK293T cells with untagged WT Parkin and treating with the proteasomal inhibitor bortezo-

mib [38] or bafilomycin, which inhibits fusion of the autophagosome and lysosome [39] for 6

hours. Over-expression of Parkin WT compared to non-transfected samples is shown in S3B

Fig. The efficacy of proteasomal inhibition by 1μM bortezomib was demonstrated by the accu-

mulation of high molecular weight ubiquitin conjugates and a reduction of free ubiquitin com-

pared to DMSO or bafilomycin treatment (S3 Fig). The efficacy of autophagic inhibition by

100nM bafilomycin was confirmed by an increase in LC3-ii/i ratio (S3 Fig). Consistent with

Parkin mediating lysosomal degradation of Mff, bafilomycin significantly increased Mff levels,

whereas bortezomib treatment had no effect (Fig 4D and 4E). Interestingly, other MOM pro-

teins tested (Mfn2, Mid49, VDAC) were not affected by bafilomycin, while Fis1 was increased

by both proteasomal and lysosomal inhibition (Fig 4D and 4E). VDAC and Mfn2 have both

been reported to be ubiquitinated by Parkin during induced mitophagy, yet neither were

increased by inhibition of mitophagy under the basal conditions of this experiment [32, 40].

These data therefore suggest that under conditions of basal mitophagy, the Parkin-mediated
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turnover of Mff far exceeds that of other MOM proteins, which could be indicative of an addi-

tional selective Parkin-mediated degradative pathway.

Discussion

Our data show that under basal conditions endogenous Parkin ubiquitinates Mff at K151. For

this ubiquitination and subsequent Mff degradation Parkin needs to be activated by PINK1-de-

pendent phosphorylation at S65. This Parkin-mediated ubiquitination of Mff coincides with Par-

kin-mediated Mff degradation, suggesting that Mff turnover is regulated by a Parkin-dependent,

ubiquitin-mediated pathway. Mff is not a substrate of K48-linked ubiquitination but is a sub-

strate of K63-linked ubiquitination. Furthermore, inhibition of the lysosome, but not the protea-

some, rescues Mff from Parkin-mediated degradation. These data support a model in which

Parkin-mediated degradation of Mff occurs via K63-linked ubiquitination and the lysosome.

Interestingly, this activity appears to be in addition to mitophagy, in which depolarised mito-

chondria recruit Parkin to indiscriminately ubiquitinate MOM proteins prior to their degrada-

tion. Of the five MOM proteins assayed in Parkin-overexpressing cells, only Mff and, to a lesser

extent, Fis1 were significantly rescued from degradation by inhibition of the lysosome (Fis1 was

also rescued by proteasomal inhibition). Mfn2, Mid49 and VDAC were not significantly

changed, despite Mfn2 and VDAC being known targets of CCCP-induced, Parkin-mediated

mitophagy [32, 40, 41]. These data may indicate that mitophagy is not solely responsible for the

changes we observe. Thus, we propose that Parkin may have a selective effect on the turnover of

Mff, in addition to its role in mitophagy-dependent Mff degradation. The degradation of Mff by

Parkin under basal conditions, together with its inactivity toward other known substrates under

the same conditions, suggest that Parkin-mediated degradation of Mff is a regulatory mechanism

independent of stress-dependent mechanisms. Moreover, since PINK1 is maintained at low lev-

els in the MOM of healthy mitochondria, we propose that this mechanism plays a critical back-

ground role in maintaining mitochondrial integrity in the absence of induced stress.

Intriguingly, our data demonstrate that K302 is not the sole site of ubiquitination of Mff iso-

form I, and we identified an additional ubiquitination site at K151. However, even in mutants in

which both K151 and K302 were ablated, residual Mff ubiquitination remained, indicating the

presence of at least one other ubiquitination site. Moreover, our observation that ubiquitination

of CFP-Mff K151R is unaffected by Parkin knockdown strongly suggests that the sole, or at least

predominant, site of Parkin-mediated ubiquitination under non-stressed conditions is K151.

Our data, combined with previous reports of Mff ubiquitination and phosphorylation [30,

37] indicate Mff is subject to multiple post-translational modifications and suggest that the

region around K151 could be an important regulatory ‘hotspot’. Given its role as the primary

receptor for Drp1 in mitochondrial fission, further work will be needed to elucidate how these

modifications, and the interplay between them, regulate Mff abundance and activity in health

and disease.

Supporting information

S1 Fig. Validation of Parkin antibody and knockdown constructs. a) Parkin antibody and

shRNA are specific. HEK293T cells were transfected with control (scrambled sequence)

shRNA or shRNA targeting human Parkin. Cells were lysed 72 hours post-transfection and

lysates used for Western blotting with anti-Parkin antibody (Santa Cruz sc-32282). A single

band of around 55kDa was detected (predicted MW: 52kDa), which was abolished by Parkin

shRNA.

b) Effect of Parkin knockdown on Mff is specific. HEK293T cells were transfected with control

(scrambled sequence) shRNA or one of 3 shRNAs targeting human Parkin. Cells were lysed 72
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hours post-transfection and lysates used for Western blotting with anti-Parkin antibody (Santa

Cruz sc-32282) and anti-Mff antibody (Santa Cruz sc-398731). shRNA construct target

sequences: Parkin (blue) 5’-ACCAGCATCTTCCAGCTCAAG-3’, Parkin-Berger (purple)

5’-GCTTAGACTGTTTCCACTTAT-3’, Parkin-other (red) 5’-AACTCCAGCCATGGTTTCC
CA-3’. Parkin (Berger) shRNA target sequence taken from [4].

c) Partial sequence alignments of human Parkin (Uniprot: O60260) and shRNAs, coloured as

in a) and b).

(TIF)

S2 Fig. Mff isoform alignment. a) Mff antibody is specific. HEK293T cells were transfected

with control (Firefly luciferase) siRNA or human Mff siRNA (5’-CCAUUGAAGGAACGUCAG
ATT-3’, Eurofins genomics). Cells were lysed 72 hours post-transfection and lysates used for

Western blotting with anti-Mff antibody (Santa Cruz sc-398731). No bands were detected in

Mff knockdown cells.

b) Alignment of all five isoforms of human Mff. Isoform I (green, 342 amino acids) is the lon-

gest and was used to generate CFP-Mff constructs. Isoform II (orange, 291 amino acids) was

used in the study by Gao et al. Residue numbers are given according to their position in Iso-

form I. S155 and S172 are present in all isoforms of Mff (red). K151 (blue) and K302 (purple)

are also present in all isoforms. Alignment produced using ClustalOmega. Uniprot identifiers

are as shown (Q9GZY8).

(TIF)

S3 Fig. Parkin over-expression and further controls for Figs 3 and 4. a) Samples from Fig

3C (over-expressing Parkin WT, S65A or S65D, in the presence of CHX) alongside non-trans-

fected HEK293T cells in the presence of CHX. Lysates probed for Parkin, Mff and β-actin.

b) Samples from Fig 4D (over-expressing Parkin WT, in the presence of DMSO, BTZ or Baf)

alongside non-transfected HEK293T cells in the presence of DMSO. Lysates probed for Par-

kin, ubiquitin, LC3 and β-actin.

c) Quantitative analysis of (c), data presented as mean ± SEM. Analysed using ordinary one-

way ANOVA with Tukey’s correction for multiple comparisons with a pooled variance. N = 3.
� p< 0.05.

(TIF)
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