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Summary

Summary
Mitochondria typically form a dynamic reticular network that responds to
developmental status and energy requirements of the cell through balanced
fission and fusion events, and distribution throughout the cell. While a number
of key mitochondrial morphology proteins have been identified, there remains
little understanding of the precise mechanisms involved. Recent characterisation
of Mitochondrial Dynamics proteins MiD49 and MiD51 has highlighted a role
for these proteins in mitochondrial morphology and distribution as ectopic
expression results in alterations to mitochondrial morphology and subsequent
colocalisation of mitochondria with filamentous actin. This thesis details a
functional analysis of MiD49 and MiD51 to further define the role of these
proteins in mitochondrial morphology.
MiD49 and MiD51 form discrete foci and apparent rings around potential
mitochondrial constriction sites, like that of the mitochondrial fission mediator
Dynamin-related protein 1 (Drp1). Furthermore, expression of MiD49 or MiD51
recruits Drp1 to the mitochondrial surface. Biochemical analysis reveals a direct
interaction between MiD49 and Drp1, suggesting a role for the MiD proteins in
mitochondrial fission. Further evidence supporting a role for MiD49/51 in
mitochondrial fission has been obtained through RNAi and drug studies, with
reduction in Drp1 mitochondrial association and resistance to drug induced
mitochondrial fission following MiD49/51 knockdown. Defects in both
mitochondrial DNA distribution and peroxisomal morphology have also been
observed following MiD over-expression. These defects are concurrent with
mitochondrial ultra-structure alterations and Drp1 degradation, highlighting a
role for these proteins in mitochondrial homeostasis. Preliminary analysis of
MiD49 knockout mouse has been described in an effort to investigate the role of
this protein in the whole organism.
MiD49 and MiD51 are novel mediators of mitochondrial fission which regulate
Drp1 recruitment to mitochondria. They are new members of a growing family
of mitochondrial morphology proteins, providing greater insight into the
complex mechanism of mitochondrial fission and fusion.
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Mitochondrial morphology, distribution, and the
consequences of dysregulation
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1.1

Introduction

Mitochondria are essential compartments of eukaryotic cells. They supply the
cell with ATP through oxidative phosphorylation, synthesise key molecules and
buffer calcium gradients. To ensure efficiency of operation and subsequent
health of the cell mitochondria must be maintained in optimal condition. As part
of this process, mitochondria can be highly dynamic organelles which fuse and
divide in response to environmental stimuli, developmental status, and energy
requirements of the cell (Campello & Scorrano, 2010; Chan, 2006b; Frazier et al,
2006; Margineantu et al, 2002). In most cells, mitochondria form a reticular
network that radiates from the nucleus, creating an interconnected system that
supplies the cell with essential energy and metabolites (Liesa et al, 2009;
Westermann, 2010). However in specialised cells, mitochondrial morphology can
be very different. For example, terminally differentiated sperm cells contain a set
of fused mitochondria that are wrapped around the mid-piece of the flagella
where they provide ATP for movement (Hales & Fuller, 1997; Sutovsky et al,
1996). While this represents an extreme example, the differentiating progenitor
spermatogonia nevertheless require a set of molecules to rearrange the
mitochondrial network into such a configuration. Other adaptations of the
mitochondrial network include the tubular organisation of mitochondria in
myotubes, rearrangements in immune signalling, as well as fragmentation of the
network during mitosis and apoptosis (Detmer & Chan, 2007b; Quintana et al,
2007; Spinazzi et al, 2008). Variations in mitochondrial morphology are primarily
a flux between two extreme states: a reticular network of fused mitochondria
and a fragmented arrangement (Figure 1.1) (Bereiter-Hahn & Voth, 1994). These
events are controlled by the regulation of proteins involved in fission and fusion
events, and the maintenance of mitochondrial distribution (Liesa et al, 2009;
Westermann, 2010). This balance of opposing events affects the inheritance of
mitochondrial DNA (mtDNA), transmission of energy, cellular differentiation,
metabolite maintenance and calcium homeostasis (Chen & Chan, 2005; Chen et
al, 2005; Honda & Hirose, 2003; Nakada et al, 2001). Mutations in genes encoding
proteins directly involved in mitochondrial morphology have been identified in
2
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a number of neurodegenerative disorders (Baloh et al, 2007; Chan, 2006a; Chen et
al, 2007; Lin & Beal, 2006); while a number of other proteins that regulate
mitochondrial dynamics are implicated in neurological disorders including
Huntington’s, Alzheimer’s and Parkinson’s disease (Chan et al, 2011; Song et al,
2011; Wang et al, 2011b; Wang et al, 2009). The presence of additional proteins
that regulate mitochondrial dynamics in higher eukaryotes has highlighted the
complexity of this process.

Figure 1.1 The balance of fission and fusion regulates mitochondrial morphology.
Mitochondria typically form a reticular network that is maintained by the co-ordination of fission
and fusion machinery. Over-expression of pro-fission mediator GFP-Fis1 in COS7 cells causes
mitochondrial fragmentation (left) compared to wild type COS7 controls transfected with matrix
targeted GFP (middle). Over-expression of the Drp1 dominant negative mutant Drp1 K38A results
in disruption of mitochondrial fission and unbiased fusion (right). Mitochondria were visualised
with MitoTracker Red (false coloured green). The balance between a fragmented (left) and fused
(right) state forms the wild type reticular network (middle). Scale bar, 20 µm.

1.2

Mitochondrial Fission and Fusion

1.2.1 Mitochondrial Fusion Machinery
Mitochondrial fusion provides a mechanism by which the organelle population
is maintained homogeneously and facilitates inter-complementation of mtDNA
(Chen et al, 2005). Mitochondria also fuse as part of a cellular stress response
(Tondera et al, 2009). This process requires the co-ordination of both inner and
outer mitochondrial membrane fusion, ensuring that compartmentalisation is
maintained (Meeusen et al, 2006; Meeusen et al, 2004; Sesaki et al, 2003; Song et al,
2009). The key proteins involved in mitochondrial fusion are the outer
membrane GTPases Mitofusins (Mfn1 and Mfn2, Fzo1 in yeast) (Chen et al, 2003;
3
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Hales & Fuller, 1997; Hermann et al, 1998; Ishihara et al, 2004; Rapaport et al,
1998) and the inner membrane GTPase Optic atrophy 1 (OPA1, Mgm1 in yeast)
(Cipolat et al, 2004; Ishihara et al, 2006; Meeusen et al, 2006; Wong et al, 2003) that
co-ordinate double membrane fusion with the activity of additional scaffolding
proteins (Figure 1.2, Table 1).

The Mitofusins are essential for mitochondrial fusion, with loss of Mitofusin
function causing fragmentation of the mitochondrial network (Chen et al, 2005;
Chen et al, 2003). Mitofusins span the mitochondrial outer membrane twice
leading to both a C-terminal coiled-coil domain and an N-terminal GTPase
domain exposed to the cytosol (Rojo et al, 2002; Santel et al, 2003). Mitofusins
have been suggested to facilitate membrane tethering similar to the action of
SNAREs, with both homo and hetero-oligomeric complexes of Mfn1 and Mfn2
formed via the interaction of coiled-coil domains in a GTP dependent manner
(Figure 1.2) (Chen et al, 2005; Detmer & Chan, 2007a; Ishihara et al, 2004; Koshiba
et al, 2004). While both Mfn1 and Mfn2 are capable of facilitating mitochondrial
outer membrane fusion, a growing body of evidence suggests that they share
both complimentary and disparate roles in mitochondrial fusion. Mutations in
the gene encoding Mfn2 have been shown to cause Charcot-Marie-Tooth disease
type 2A (CMT2A), an autosomal dominant neuropathy (Zuchner et al, 2004). In
contrast, no Mfn1 deficient patient has been reported to date. Mfn1 and Mfn2
knockout mouse models exhibit embryonic lethality, with Mfn2 knockout
resulting in the appearance of defective giant placental cells while Mfn1 null
giant placental cells are normal (Chen et al, 2003). Conditional knockout mice
specifically lacking Mfn2 in the cerebellum exhibit a reduction in dendritic
outgrowth and spine formation in purkinje cells, and decreased cell survival
(Chen et al, 2007). Mfn1 conditional knockout mice show no significant defect
(Chen et al, 2007). In addition, mitochondrial fragmentation observed following
loss of either Mfn1 or Mfn2 is morphologically distinct (Chen et al, 2003). These
results suggest differing roles for these proteins in mitochondrial fusion. Indeed,
Mfn1 and Mfn2 have different tethering capabilities, with Mfn1 exhibiting higher
GTP dependent tethering activity than Mfn2 (Ishihara et al, 2004). Furthermore,
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Mfn2 is enriched at the endoplasmic reticulum (ER)-mitochondrial interface, and
silencing of Mfn2 affects both mitochondrial and ER morphologies (de Brito &
Scorrano, 2008). The wealth of information gained from these studies has
provided new insight into the differing roles of the Mitofusins in mitochondrial
fusion; however additional proteins are required to complete fusion of the
double membrane. Optical Atrophy 1 (OPA1, Mgm1 in yeast) is a dynamin-like
protein associated with the inner mitochondrial membrane and is involved in
the maintenance of mitochondrial cristae remodelling and inner membrane
fusion (Figure 1.2) (Cipolat et al, 2004; Ishihara et al, 2006; Wong et al, 2000).

Figure 1.2 Co-ordination of mammalian mitochondrial fusion. Outer membrane fusion is
mediated by Mfn1 and Mfn2. Mfn1/2 homo and heterodimers assemble in trans and form an
organelle tethering complex. Mitofusin binding protein (MIB) negatively regulates
mitochondrial fusion by interacting with Mfn1/2. Mitochondrial phospholipase D (mitoPLD)
facilitates fusion by hydrolysing cardiolipin to produce phosphatidic acid and subsequently
alter membrane curvature. Bax/Bak affect fusion through interaction with Mfn1/2 in response
to cellular signals. Inner membrane fusion is governed by OPA1. In the presence of GTP, the
OPA1 isoforms oligomerize resulting in fusion of the inner membrane. The balance of the
OPA1 isoforms affects membrane stability and remodelling at the inner membrane. OPA1 is
stabilised by the scaffold proteins Prohibitin 2 and SLP-2.

5
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Mutations in the OPA1 gene have been found to cause autosomal dominant
optic atrophy (ADOA) (Alexander et al, 2000; Davies et al, 2007; Delettre et al,
2000). OPA1 is processed into 8 different isoforms and changes in the balance
between long (L) and short (S) isoforms affects mitochondrial fusion (Ishihara et
al, 2006). Increased processing of OPA1 leading to greater levels of soluble SOPA1 isoforms occurs following loss of the mitochondrial membrane potential
and/or the induction of apoptosis, resulting in extensive mitochondrial
fragmentation and disruption of cristae (Duvezin-Caubet et al, 2006; Ishihara et
al, 2006; Song et al, 2007). This fragmentation can be rescued by expression of LOPA1 isoforms (Duvezin-Caubet et al, 2006; Song et al, 2007).

Additional components identified in mitochondrial fusion include Prohibitin 2
and stomatin like protein-2 (SLP-2) (Figure 1.2). These proteins have both been
proposed to act as scaffolds for OPA1 at the inner mitochondrial membrane.
Prohibitin 2 is required for cellular homeostasis and SLP-2 provides protection of
mitochondria during cellular stress (Merkwirth et al, 2008; Tondera et al, 2009).
Deletion of Prohibitin 2 in cells leads to loss of L-OPA1 isoforms and aberrant
mitochondrial cristae morphology, which can be rescued by reintroducing LOPA1, suggesting that Prohibitin 2 is required for stability or maintenance of LOPA1 (Merkwirth et al, 2008). Loss of SLP-2 results in the cleavage of L-OPA1
isoforms and stress induced mitochondrial hyperfusion is blocked, however
mitochondrial morphology under normal conditions is not altered (Hajek et al,
2007; Tondera et al, 2009). SLP-2 has been shown to interact with the prohibitins
(Da Cruz et al, 2008) and Mfn2 (Hajek et al, 2007), and may directly co-ordinate
fusion of the inner and outer membranes following stress stimuli. In yeast, the
outer mitochondrial membrane protein Ugo1 has been identified to have a role
in mitochondrial fusion, with a proposed role in stabilizing Fzo1 and Mgm1 to
facilitate lipid mixing following mitochondrial tethering (Hoppins et al, 2009;
Sesaki & Jensen, 2001). No mammalian homologue of Ugo1 has been identified,
however given that both OPA1 and Mfn1 are required to facilitate fusion of the
mitochondrial double membrane (Cipolat et al, 2004); it is feasible that a
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functional homologue of Ugo1 mediates the interaction between these two
proteins in mammalian cells.

1.2.2 Regulation of mitochondrial fusion
Mitochondria may undergo complete or transient fusion. Transient membrane
fusion is followed by a corresponding fission event (termed “kiss-and-run”) (Liu
et al, 2009). Such events occur with mitochondria tethered to adjacent
cytoskeletal tracks and appear important for bioenergetic maintenance (Liu et al,
2009). Both forms of mitochondrial fusion require co-ordinated regulation of the
fusion machinery. Regulation occurs primarily through the targeted degradation
of the core fusion machinery or by proteolytic cleavage events that change
activity (Figure 1.4). In addition, accessory proteins that modulate the activity of
mitochondrial fusion proteins have also been identified (Table 2). Mitofusin
binding

protein

(MIB)

is

a

member
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dehydrogenase/reductase family and is mainly found in the cytosol with a small
pool at mitochondria (Eura et al, 2006). MIB is proposed to negatively regulate
Mfn1 activity, with exogenous expression of MIB resulting in extensive
mitochondrial fragmentation while knockdown causes mitochondrial fusion
(Eura et al, 2006). A direct interaction between Mfn1/2 and MIB has been
demonstrated through co-immunoprecipitation studies; however how MIB
might regulate Mfn1/2 activity has yet to be determined (Eura et al, 2006).

Mitochondria have an intimate role in apoptosis, with extensive mitochondrial
fragmentation and outer membrane permeabilisation being defined steps in the
apoptotic signalling cascade. Recent studies have revealed that pro-apoptotic
proteins directly influence mitochondrial morphology. Two such proteins are the
pro-apoptotic Bcl-2 family members Bax and Bak. While Bax/Bak-induced
mitochondrial fission has been extensively described as a precursor to apoptosis,
morphological changes to the mitochondrial network are not crucial for
cytochrome c release and apoptosis, suggesting that these events are separate
(Sheridan et al, 2008). Bak is known to associate with mitochondrial outer
membrane proteins to form defined complexes (Lazarou et al, 2010) and has been
found associated with the mitochondrial fusion mediators Mfn1/2 (Brooks et al,
2007). It has been proposed that following apoptotic induction, Bak dissociates
from Mfn2 and exhibits enhanced association with Mfn1 (Brooks et al, 2007).
Apoptotically inactive Bax has also been shown to stimulate mitochondrial
fusion through interaction with Mfn2 (Hoppins et al, 2011; Karbowski et al, 2006).
In the absence of Bax/Bak, Mfn2 distribution is altered and no longer forms
fusion-competent foci on the mitochondrial outer membrane. This suggests that
Bax/Bak expression affects the membrane mobility of Mfn2 (Karbowski et al,
2006). Taken together these data propose a role for Bax/Bak in regulation of
mitochondrial fusion in both healthy and apoptotic cells (Figure 1.2).

The balance of OPA1 isoforms is regulated by the activity of mitochondrial
proteases that target OPA1 at specific cleavage sites upon dissipation of
membrane potential, mitochondrial DNA loss or induction of apoptosis (Ehses et
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al, 2009; Griparic et al, 2007; Ishihara et al, 2006). A number of different proteases
have been identified to process OPA1 at different sites, regulating the balance of
L- and S-OPA1 isoforms. OPA1 is cleaved by the mitochondrial protease
presenilin associated rhomboid-like protease (PARL, Pcp1 in yeast) (Cipolat et al,
2006; Herlan et al, 2003). Following loss of PARL the levels of soluble S-OPA1
isoforms are reduced and mitochondrial cristae become less uniform with wider
junction openings that may accelerate cytochrome c release and subsequently
increase the cell’s susceptibility to undergo apoptosis (Cipolat et al, 2006).
Maintenance of OPA1 isoforms also depends on the matrix localised m-AAA
proteases AFG3L1 and -2 and paraplegin, and subsequent processing by the
peptidase OMA1 following cellular stress stimuli (Ehses et al, 2009; Ishihara et al,
2006). Cleavage of OPA1 is also mediated by the intermembrane space protease
Yme1 (Griparic et al, 2007; Song et al, 2007). Regulation of this cleavage of OPA1
by different proteases depends on access to different process sites and cellular
stress stimuli.

Mdm30 is an F-box motif protein in yeast that serves as a substrate recognition
element for Fzo1 (Cohen et al, 2008). Mdm30 regulates mitochondrial fusion in
yeast through targeted ubiquitination of Fzo1, and subsequent degradation by
the proteasome (Cohen et al, 2008). No mammalian homologue of Mdm30 has
currently been described, however recent studies have identified Mfn1 and Mfn2
as rapid targets for degradation by the E3 ubiquitin ligase, Parkin (Chan et al,
2011). Parkin promotes mitophagy through ubiquitination of mitochondrial
proteins (Narendra et al, 2008; Shimura et al, 2000). Dysfunction of Parkin is a
major cause of familial Parkinson’s disease, and the ensuing accumulation of
damaged mitochondria by defective mitophagy may lead to increased cell death
(Narendra et al, 2008; Shimura et al, 2000). Ubiquitination of Mfn1 and Mfn2 by
Parkin may target mitochondria for mitophagy, with targeted degradation of
Mfn1/2 segregating damaged mitochondria by blocking mitochondrial fusion
(Chan et al, 2011; Gegg et al, 2010).

9

Chapter 1: Introduction

Fusion of the mitochondrial double membrane requires not only the tethering
activity of Mfn1/2, but also significant remodelling of membrane lipids.
Membrane lipid composition can affect the efficiency of fusion, through the
formation of membrane microdomains that facilitate protein binding and
membrane curvature (Furt & Moreau, 2009; Wickner & Schekman, 2008).
Mitochondrial PLD (MitoPLD) is a member of the phospholipase D (PLD) family
of lipid modifying proteins (Choi et al, 2006). MitoPLD promotes mitochondrial
fusion through hydrolysis of the lipid cardiolipin (CL) on the outer
mitochondrial membrane, resulting in the formation of phosphatidic acid (PA)
which facilitates Mfn-mediated fusion (Choi et al, 2006). An increase in PA levels
leads to a negative-feedback mechanism that involves recruitment of the
phosphatase Lipin 1b to mitochondria, conversion of PA to diacylglycerol (DAG)
and stimulation of mitochondrial fission (Huang et al, 2011a). While the
signalling of mitochondrial fission with the production of DAG immediately
following the stimulation of mitochondrial fusion seems contrary, the activity of
MitoPLD may be crucial in the membrane remodelling events that occur during
transient membrane fusion (Huang et al, 2011a). The rapid regulation of
mitochondrial morphology during transient membrane fusion utilises the
activity of both pro-fusion and pro-fission machineries, resulting in the ‘kiss and
run’ phenotype (Liu et al, 2009). MitoPLD activity also describes a specialised
role for mitochondria in the generation of the lipid signalling molecule PA in
germ cells, and the formation of the inter-mitochondrial cement called nuage
(Huang et al, 2011a; Watanabe et al, 2011). Loss of MitoPLD in mice results in
male infertility due to meiotic arrest during spermatogenesis suggesting a highly
specialized role for mitochondrial derived lipid signalling (Huang et al, 2011a;
Watanabe et al, 2011).
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1.2.3 Mitochondrial Fission
Mitochondria cannot be created de novo and therefore mitochondrial growth and
division is essential for proliferation, and ensures that a full complement of
mitochondria is inherited by daughter cells following mitosis (Yaffe, 1999).
Mitochondrial fission is also required to help clear old or damaged mitochondria
from the cell through an autophagic process referred to as mitophagy (Kim et al,
2007). Increased or unregulated mitochondrial fission can cause a heterogeneous
population of organelles with non-uniform mitochondrial DNA distribution,
varied capacity to generate ATP, increased generation of reactive oxygen species
and increased susceptibility of cells to undergo apoptosis (James et al, 2003;
11
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Parone et al, 2008). A growing number of proteins have been identified with roles
in mitochondrial fission (Table 1); however how these proteins coordinate the
fission cascade is currently unknown.

A key protein involved in scission of mitochondria is Dynamin related protein 1
(Drp1, Dnm1 in yeast) (Mozdy et al, 2000; Otsuga et al, 1998; Smirnova et al, 2001;
Smirnova et al, 1998). Recent research into the physiological importance of
mitochondrial fission has highlighted the crucial role Drp1 plays in both the
maintenance of mitochondrial morphology and mitochondrial dynamics
(Ishihara et al, 2009; Wakabayashi et al, 2009). A patient with a dominant
negative Drp1 allele displayed a broad range of abnormalities including poor
brain development, optic atrophy and died at 37 days (Waterham et al, 2007).
The loss of Drp1 in a mouse knockout model results in embryonic lethality, with
embryos showing poorly developed liver and cardiac structures, increased
apoptosis within the deep neural cortex, and compromised synapse formation
(Ishihara et al, 2009; Wakabayashi et al, 2009). These results suggest a role for
Drp1 and hence mitochondrial fission in embryonic and neural development.
Drp1 belongs to the dynamin family of GTPases which are typically involved in
polymerising and constricting membranes (van der Bliek, 1999a). Like dynamins,
Drp1 is found predominantly in the cytosol and shares structural features
common to the dynamin family including a GTPase domain, a GTPase effector
domain (GED) and a central domain (Mozdy et al, 2000; Otsuga et al, 1998;
Smirnova et al, 2001; van der Bliek, 1999a). Drp1 assembles at sites of
mitochondrial fission into multimeric ring complexes to facilitate scission of the
double membrane (Bleazard et al, 1999; Ingerman et al, 2005; Labrousse et al,
1999; Legesse-Miller et al, 2003). These rings subsequently constrict following
GTP hydrolysis to promote division (Lackner et al, 2009; Mears et al, 2011).
Unlike dynamin-1, Drp1 lacks a pleckstrin-homology domain that is implicated
membrane binding (van der Bliek, 1999a). Instead, membrane receptor proteins
are required for the recruitment and assembly of Drp1 at the mitochondrial outer
membrane (Figure 1.3) (Koirala et al, 2010; Lackner et al, 2009; Mozdy et al, 2000;
Otera et al, 2010).
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Figure 1.3 Mammalian mitochondrial fission. Mitochondrial division occurs when cytosolic
Drp1 is recruited to the mitochondrial outer membrane resulting in organelle constriction. Fis1
and Mitochondrial fission factor (Mff) have been proposed to act in recruitment and assembly
of Drp1 at the outer mitochondrial membrane. In the presence of GTP, Drp1 forms concentric
rings around the scission site. GTP hydrolysis causes constriction of the Drp1 rings and
facilitates mitochondrial scission. Other proteins involved in mitochondrial fission include
Endophilin B1 that is proposed to modulate membrane curvature, and Lipin 1b that converts
phosphatidic acid to diacylglycerol (DAG). Intermembrane space MTP18 and outer membrane
GDAP1 also have proposed roles in mitochondrial fission.

In yeast, Dnm1 recruitment from the cytosol occurs through association with the
outer membrane protein Fis1, resulting in the formation of a fission complex and
the scission of the dual mitochondrial membranes (Karren et al, 2005; LegesseMiller et al, 2003; Mozdy et al, 2000; Osteryoung & Nunnari, 2003; Yoon et al,
2003). This interaction occurs with the addition of the adaptor protein Mdv1,
which has a role in co-assembly of Dnm1 into helical structures (Koirala et al,
2010; Lackner et al, 2009). Fis1 contains four tetratrico-peptide repeats (TPR) that
are crucial for interaction with Mdv1, which in turn facilitate Dnm1 binding and
assembly (Zhang & Chan, 2007). While Mdv1 interacts with Dnm1 and Fis1 to
facilitate membrane fission, its function appears to be confined to yeast (Karren
et al, 2005; Tieu & Nunnari, 2000). In mammalian cells a stable interaction
between mammalian Drp1 and Fis1 remains controversial. Over-expression of
Fis1 initiates mitochondrial fragmentation, while knockdown of Fis1 results in
the formation of a highly fused mitochondrial network indicating that fission
13
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becomes blocked while fusion events are unopposed (Karren et al, 2005; Mozdy
et al, 2000; Stojanovski et al, 2004; Yoon et al, 2003). Recently however, targeted
knockdown and conditional knockout of Fis1 in mammalian cells was found to
have little if any effect on mitochondrial morphology, and it was proposed that
previous observations made through RNAi studies were due to off-target effects
(Otera et al, 2010). This conclusion is supported by the finding that Drp1 can still
be recruited to the mitochondrial outer membrane following knockdown of Fis1
(Lee et al, 2004; Wasiak et al, 2007), suggesting other proteins are involved in
mammalian mitochondrial fission. Indeed, a number of new proteins have been
recently identified with roles in mitochondrial fission particularly in higher
eukaryotes (Table 1, Figure 1.3), where cells can be highly differentiated and the
mitochondrial networks must respond to their specific requirements. In vitro
assembly of Drp1 (Dnm1 in yeast) results in the formation of helices that are
smaller than the diameter of mitochondria, suggesting that additional factors are
required to constrict the organelle (Ingerman et al, 2005; Legesse-Miller et al,
2003; Mears et al, 2011; Yoon et al, 2001). The role of the ER in facilitation of
mitochondrial fission has recently been described, providing evidence that
constriction of mitochondria occurs independently of Drp1 (Friedman et al,
2011). This elegant study suggests that ER:mitochondrial contacts mark the site
for Drp1 assembly and that the ER facilitates the initial constriction of
mitochondria, independent of Drp1 (Friedman et al, 2011). This model of
mitochondrial constriction provides new insights into the facilitation of
mitochondrial fission, identifying a key role for the ER in this process (Friedman
et al, 2011).

Mitochondrial protein 18kDa (MTP18) was initially identified as a downstream
target of phosphatidylinositol 3-kinase activation (Tondera et al, 2005; Tondera et
al, 2004). MTP18 is located at the inner mitochondrial membrane with overexpression in cultured cells forming highly fragmented mitochondria, and its
knockdown resulting in mitochondrial fusion and cytochrome c release (Tondera
et al, 2005). MTP18 induced mitochondrial fragmentation is dependent on Drp1
expression, suggesting a role for this protein in Drp1 mediated mitochondrial
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morphology

(Tondera

et

al,

2005).

Mutations

in

Ganglioside-induced

differentiation-associated protein 1 (GDAP1) result in axonal, demyelinating,
and intermediate forms of the peripheral motor and sensory neuropathy
Charcot-Marie-Tooth (CMT) disease (Baxter et al, 2002). GDAP1 is located in the
outer mitochondrial membrane with over-expression causing fragmentation of
mitochondria, and knockdown resulting in fusion of the mitochondrial network
(Niemann et al, 2005). Endophilin B1 is proposed to act downstream of Drp1
activity during mitochondrial fission through lipid remodelling of the outer
mitochondrial membrane (Karbowski et al, 2004b). Endophilin B1 is primarily
cytosolic, with a portion associating with mitochondria similar to Drp1
distribution (Karbowski et al, 2004b). The mitochondrial pool of Endophilin B1
increases following induction of apoptosis, suggesting Endophilin B1 activity is
increased during apoptotic remodelling of the mitochondrial outer membrane
(Karbowski et al, 2004b).

Mitochondrial fission factor (Mff) has been proposed to recruit Drp1 to
mitochondria (Gandre-Babbe & van der Bliek, 2008; Otera et al, 2010). Mff is not
found in yeast, and represents a new component of the mammalian
mitochondrial fission machinery. Mff is located in the outer mitochondrial
membrane and is proposed to have a role in mitochondrial fission independent
of Fis1 (Otera et al, 2010). Over-expression of Mff results in mitochondrial fission
and translocation of the cytosolic pool of Drp1 to mitochondria. Conversely, Mff
knockdown by RNAi results in elongation of mitochondria and a reduction in
Drp1 at the mitochondrial surface (Otera et al, 2010). Co-immunoprecipitation
experiments have established that Mff can interact with Drp1; however the
precise mechanisms have yet to be identified (Otera et al, 2010). Given that
fission is a multi-step process, Mff may have a distinct role in recruitment and
retention of Drp1 at mitochondria.
1.2.4 Regulation of Mitochondrial fission
Drp1 executes mitochondrial fission by a process that requires its recruitment to
the outer mitochondrial membrane, assembly at scission sites, constriction
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leading to fission and subsequent release back into the cytosol (Legesse-Miller et
al, 2003; Mozdy et al, 2000; Smirnova et al, 2001). This cycling activity and the
formation of fission complexes is proposed to be regulated through a number of
post-translational modifications including phosphorylation, S-nitrosylation,
ubiquitylation and sumoylation (Table 2, Figure 1.4) (Cereghetti et al, 2008;
Chang & Blackstone, 2007; Cho et al, 2009; Han et al, 2008; Karbowski et al, 2007;
Taguchi et al, 2007; Zunino et al, 2009). The phosphorylation of Drp1 at different
positions in the GED domain results in varied effects on Drp1 activity.
Phosphorylation of Drp1 at a conserved serine residue (Ser585 in rat, Ser616 in
humans) by Cdk1/cyclin B kinase complex occurs during mitosis reportedly
increasing fission to ensure efficient segregation of mitochondria to daughter
cells (Taguchi et al, 2007). The mitotic kinase Aurora A phosphorylates the small
Ras-like GTPase RALA which mediates its translocation to mitochondria along
with the effector RALBP1 (Kashatus et al, 2011). This enhances phosphorylation
of Drp1 by Cdk1/cyclin B kinase, promoting mitochondrial fission in mitosis
(Kashatus et al, 2011). However since Drp1 is not essential for mitochondrial
inheritance during cell division, the precise role of Drp1 phosphorylation during
mitosis is not clear (Ishihara et al, 2009). Drp1 phosphorylation at Ser637 by
cAMP dependent protein kinase A (PKA) inhibits its GTPase activity, and results
in impaired mitochondrial fission (Chang & Blackstone, 2007; Cribbs & Strack,
2007). Calcineurin has been shown to dephosphorylate Drp1 at the same site
following increases in intracellular calcium (Cereghetti et al, 2008). This in turn
was shown to result in accumulation of Drp1 at mitochondria and increased
fission. Thus calcium based signalling is involved in the regulation of
mitochondrial morphology (Cereghetti et al, 2008). In contrast to these findings,
it

was

found

that

Calcium/calmodulin-dependent

protein

kinase

I

phosphorylated Drp1 at the same residue (brain isoform: Ser600) and caused an
increased association of Drp1 with mitochondria (Han et al, 2008). It is possible
that these kinases also regulate other proteins involved in Drp1 recruitment to
mitochondria allowing for the variability in results.
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Figure 1.4. Post-translational regulation of mammalian mitochondrial morphology. Outer
membrane Mitofusins (Mfn1 and Mfn2) are ubiquitinated by the ubiquitin E3 ligases MARCH5
and Parkin. Drp1 and Fis1 are also targets of MARCH5 and Parkin-mediated ubiquitination.
Alternate processing of OPA1 by OMA1, PARL and m-AAA peptidases generates different
OPA1 isoforms. The balance of these isoforms affects remodelling of the inner membrane. Drp1
activity is also regulated by cyclin dependent kinase 1 (CDK1/cyclinB), Ca 2+/calmodulin
dependent protein kinase 1α (CaMKIα) and cAMP-dependent protein kinase (PKA) that
phosphorylate Drp1, while Calcineurin dephosphorylates Drp1. Drp1 is also sumoylated by
mitochondrial-anchored protein ligase (MAPL) with the interaction of the E2 ligase Ubc9. It is
desumoylated by sentrin-specific protease 5 (SENP5). Bax has also been found to stimulate Drp1
sumoylation.

Nitric oxide acts as a signalling molecule involved in a wide variety of cellular
processes and becomes covalently linked to proteins in a process termed Snitrosylation (SNO). In neuronal cells, nitric oxide treatment results in
mitochondrial ultra-structural changes along with increased fission events
(Barsoum et al, 2006; Cho et al, 2009). Such changes in mitochondrial morphology
are proposed to occur through S-nitrosylation of Drp1 at Cys644, causing an
increase in GTPase activity and dimerization of Drp1 (Cho et al, 2009). Snitrosylation of Drp1 and fragmentation of the mitochondrial network has also
been observed following cellular expression of the ß-amyloid protein (Aβ), a key
mediator of Alzheimer’s disease (Castellani et al, 2010; Cho et al, 2009; Nakamura
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et al, 2010). The formation of Aβ oligomers is proposed to stimulate nitrosative
stress thereby leading to SNO-Drp1 production (Cho et al, 2009).

The ubiquitin ligase protein MARCH5 (also called MITOL) is proposed to
regulate mitochondrial fission via a Drp1 ubiquitin-dependent switch that
negatively regulates the formation of fission complexes (Karbowski et al, 2007).
Co-immunoprecipitation experiments uncovered a direct interaction between
MARCH5 and Mfn2; and between MARCH5 and ubiquitinated forms of Drp1
and Fis1 (Nakamura et al, 2006; Yonashiro et al, 2006). A pro-fusion role for
MARCH5 was initially suggested as over-expression of MARCH5 in cells led to
increased Fis1 and Drp1 turnover, and altered the balance of the mitochondrial
network towards fusion (Nakamura et al, 2006; Yonashiro et al, 2006). However
in subsequent studies involving silencing of endogenous MARCH5 or overexpression of dominant-negative MARCH5 E3 ligase mutants in cells, Drp1
distribution and mobility was disrupted (potentially due to stabilisation of
mitochondrial fission complexes), resulting in decreased fission events and a
shift towards mitochondrial elongation (Karbowski et al, 2007; Park et al, 2010).
Drp1 and Fis1 have also recently been identified as targets of the E3 ubiquitin
ligase Parkin (Figure 1.4) (Chan et al, 2011; Wang et al, 2011b). Over-expression of
GFP-Parkin in cells results in degradation of Drp1, while silencing of Parkin
causes an increase in Drp1 protein levels (Wang et al, 2011b). This degradation of
Drp1 and Fis1 by Parkin can be inhibited following chemical inhibition of the
proteasome (Chan et al, 2011; Wang et al, 2011b). Since a number of outer
membrane proteins appear to be turned over in a Parkin-dependent manner the
role of Parkin in mitochondrial fission is unclear (Chan et al, 2011; Wang et al,
2011b). The potential role of these proteins in Parkinson’s disease is discussed
below.

SenP5 is a SUMO protease that translocates to mitochondria during mitosis,
desumoylating Drp1 and increasing the labile pool of Drp1 to ensure a full
complement of mitochondria are transmitted to daughter cells (Zunino et al,
2009). Sumoylation of Drp1 is also stimulated by translocation of pro-apoptotic
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Bax to mitochondria resulting in stable Drp1 association with the mitochondrial
outer membrane in a process that is independent of Fis1 (Wasiak et al, 2007).
However, a Drp1 mutant that cannot be sumoylated is still recruited to
mitochondria following apoptotic stimuli, suggesting that SUMO modification
of Drp1 may not be specific to apoptosis (Figueroa-Romero et al, 2009). The
SUMO E2 ligase Ubc9 has been shown to interact with Drp1. This interaction
was abolished in the presence of the GTPase inactive mutant Drp1K38E
suggesting that SUMO1 modification of Drp1 by Ubc9 requires GTPase active
Drp1 (Harder et al, 2004). The mitochondrial outer membrane protein
MAPL/MULAN is a SUMO E3 ligase that acts with Ubc9 to sumoylate Drp1,
enhancing Drp1 stability and mitochondrial fission (Braschi et al, 2009; Harder et
al, 2004; Li et al, 2008b; Neuspiel et al, 2008). The addition of ubiquitin or SUMO
modifiers to Drp1 has been proposed to affect the formation of fission
complexes; however the precise role of these proteins in Drp1 regulation has yet
to be elucidated.

Post-translational

modification

of

proteins

involved

in

mitochondrial

morphology as described here has a significant role in the events that regulate
fission and fusion. While there is a substantial body of research on post
translational

modification

of

key

proteins

involved

in

mitochondrial

morphology, there are a growing number of newly identified proteins for which
there is limited data. For example, MTP18 mRNA and protein expression has
been shown to depend on phosphatidylinositol (PI) 3-kinase activity,
establishing that mitochondria are targets of cellular signalling pathways
(Tondera et al, 2004), however the pathway regulating MTP18 activity has yet to
be described. Adding a further complication is the number of different modifiers
that have been identified to act on a single protein, for example Drp1 (Table 2,
Figure 1.4). These modifiers may respond to specific signalling cues exerting
tight control over mitochondrial morphology, for example during the cell cycle,
following stress, and cellular rearrangements.
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1.3

Mitochondrial Distribution

The importance of efficient transport and distribution of mitochondria
throughout the cell is particularly evident in neuronal cells, where mitochondria
are thought to be required for the development and regulation of synaptic
transmission (Lee & Peng, 2008; Medler & Gleason, 2002). Mitochondria are
involved in the delivery of ATP, metabolites and calcium to distal regions of the
cell (Anesti & Scorrano, 2006; Attwell & Laughlin, 2001; Li et al, 2004; Morris &
Hollenbeck, 1993; Ruthel & Hollenbeck, 2003). Aberrant mitochondrial
morphology and distribution has been observed in patients with a variety of
neurodegenerative disorders (Calkins et al, 2011b; Chan, 2006a; Lin & Beal, 2006;
Orr et al, 2008; Shirendeb et al, 2011; Trushina et al, 2004; Wang et al, 2009). In
addition, loss or down regulation of mitochondrial morphology proteins has also
been shown to cause defects in mitochondrial distribution (Baloh et al, 2007;
Ishihara et al, 2009; Pitts et al, 1999), indicating the complex interplay between
mitochondrial morphology and transport. Efficient regulation of mitochondrial
transport is required to facilitate the redistribution of mitochondria to areas of
high metabolic demand.
1.3.1

Association of Mitochondria with the Cytoskeleton

Mammalian and yeast cells utilise different cytoskeletal scaffolds to facilitate
mitochondrial transport and distribution throughout the cell (Figure 1.5) (Frazier
et al, 2006; Okamoto & Shaw, 2005). Mitochondrial movement in yeast is
predominantly mediated through association with the actin cytoskeleton (Figure
1.5B) (Anesti & Scorrano, 2006; Boldogh & Pon, 2007; Frederick & Shaw, 2007;
Okamoto & Shaw, 2005). Chemical disruption of actin results in loss of linear
movement, and motion appears Brownian (Boldogh et al, 1998; Okamoto &
Shaw, 2005). Transport of mitochondria in yeast during cellular homeostasis and
division involves the mitochondrial actin binding protein (mABP) and the
mitochondrial distribution and morphology proteins (Mdm), in conjunction with
the Arp2/3 actin polymerization complex (Boldogh et al, 1998; Boldogh et al,
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2001). The myosin-related motor protein Myo2 transports mitochondria in
budding yeast, where actin cables are used as the scaffold to transfer
mitochondria to daughter cells (Fortsch et al, 2011; Okamoto & Shaw, 2005; Yaffe,
1999). In mammalian cells, mitochondria principally rely on microtubule based
transport for movement, mediated by the motor proteins kinesin and dynein
(Figure 1.5A) (Pilling et al, 2006; Vale, 2003). Kinesin and dynein are mechanochemical motor proteins that associate with microtubules, transporting
mitochondria throughout the cell in an anterograde and retrograde manner
respectively (Vale, 2003). Mitochondrial movement occurs in a saltatory and
bidirectional manner, suggesting co-ordinated anterograde and retrograde
transport (Hollenbeck & Saxton, 2005). Specific kinesin isoforms kinesin-1
(Kif1B) and kinesin-3 (Kif5B) are the primary motors for mitochondrial
movement, with disruption preventing mitochondrial transport to the cell
periphery (Nangaku et al, 1994; Tanaka et al, 1998; Zhao et al, 2001). The recently
identified kinesin-like protein KLP6 has also been shown to be important for the
maintenance of mitochondrial motility (Tanaka et al, 2011), confirming the role of
kinesin in mitochondrial anterograde transport. Cytoplasmic dynein transports
mitochondria in a retrograde motion towards the nucleus (Pilling et al, 2006).
Cytoplasmic dynein has also been shown to associate with Drp1, and may
negatively regulate mitochondrial fission through control of Drp1 recruitment to
mitochondria (Varadi et al, 2004). Perturbation of dynein results in translocation
of Drp1 to other intra-cellular membranes (Boldogh & Pon, 2007), however
further investigation into the relationship between dynein and Drp1 is required
to understand the nature of this association.
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Figure 1.5 Mitochondrial transport in mammalian and yeast cells. A) Mitochondria are
transported primarily on microtubules in mammalian cells. Movement occurs in a bidirectional
manner with the assistance of adaptor and motor proteins. Regulation of this movement is
especially important in neuronal and nerve cells due to the great distance mitochondria travel
from the cell body. B) Mitochondria are primarily transported on the actin cytoskeleton in yeast
cells. This is crucial for transport from the mother cell to the daughter cell, ensuring
mitochondria are transmitted into the newly formed bud.

1.3.2

Regulation of Cytoskeletal Association

Adaptors for kinesin and dynein directed movement regulate the association of
mitochondria with the cytoskeleton (Anesti & Scorrano, 2006; Pilling et al, 2006).
Microtubule based transport of mitochondria is mediated by the adaptor
proteins Milton and Syntabulin which interact with Kif5, and Kif1 binding
protein (KBP) which interacts with Kif1B (Cai et al, 2005; Cox & Spradling, 2006;
Koutsopoulos et al, 2010a; Wang & Schwarz, 2009; Wozniak et al, 2005). Milton
associates with a mitochondrial Rho-GTPase (Miro) to mediate kinesin based
anterograde transport of mitochondria (Fransson et al, 2006; Glater et al, 2006;
Russo et al, 2009). Miro is anchored in the mitochondrial outer membrane and
contains two GTPase domains flanked by EF-hand calcium binding motifs
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(Fransson et al, 2003; Frederick et al, 2004). The Milton-Miro complex is proposed
to regulate microtubule based transport of mitochondria through sensing of local
calcium concentration by Miro (Fransson et al, 2003; Fransson et al, 2006; Saotome
et al, 2008). Miro may induce kinesin-1 to release or lock into position in response
to local calcium concentration, thereby enabling calcium-dependent docking of
mitochondria (Fransson et al, 2006; Wang & Schwarz, 2009). Docking of
mitochondria to microtubules may also be regulated by syntaphilin (SNPH),
where over-expression of SNPH results in extended docking of axonal
mitochondria to microtubules (Kang et al, 2008). Axonal transport and
distribution of mitochondria is mediated by the adaptor protein Syntabulin (Cai
et al, 2005). Syntabulin interacts with Kif5B to mediate anterograde transport of
mitochondria, and is important for synaptic function (Ma et al, 2009). The
distribution of mitochondria is also regulated by the adaptor protein KBP
(Wozniak et al, 2005). Kif1B activity is proposed to be mediated by KBP,
facilitating correct distribution of mitochondria (Wozniak et al, 2005).

The role of actin and myosin in mammalian mitochondrial transport has
remained unclear, however disruption of microtubules does not completely halt
mitochondrial transport (Knowles et al, 2002). While long range movement of
mitochondria is affected by chemical disruption of microtubules (Pilling et al,
2006), short range movements are still apparent in the presence of actin
(Knowles et al, 2002). In addition, disruption of filamentous actin with
depolymerising agents in axonal cells results in a dramatic change to retrograde
transport (Knowles et al, 2002), providing further evidence of actin-mediated
mitochondrial transport in mammalian cells. The mechano-chemical motors
Myosin Va, MyosinVI and Myosin-XIX (Myo19) are candidates for actin
mediated mitochondrial transport (Pathak et al, 2010; Quintero et al, 2009; Yi et al,
2004). Myosin Va has been proposed to interact with kinesin and dynein,
coupling microtubules to actin in a calcium dependent manner (Yi et al, 2004).
Myosin Va may mediate docking of mitochondria in response to calcium
concentration, with high levels of calcium halting mitochondrial movement
(Saotome et al, 2008; Yi et al, 2004). Myosin Va may also form a complex with
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dynein in the retrograde transport of mitochondria, indicating a role for myosin
in both short range and fast retrograde movement (Lalli et al, 2003). Disruption
of Myosin VI has been shown to increase mitochondrial anterograde transport,
indicating a role for Myosin VI in opposing microtubule based transport of
mitochondria, and potentially mitochondrial docking (Pathak et al, 2010). In
contrast to Myosin VI, over-expression of Myo19 results in increased
mitochondrial motility which is dependent on a functional actin cytoskeleton
(Quintero et al, 2009). With the identification of Myosin Va, MyosinVI and
Myo19, the relationship of mitochondria to actin in mammalian cells is further
established. The challenge for the future is to understand the complex regulation
of mitochondrial motility and movement.

1.4

Mitochondrial morphology and apoptosis

Mitochondrial morphological changes are a key step in the cell responding to
apoptotic stimuli, and initiation of the signalling cascade. Induction of apoptosis
results in cytochrome c release following mitochondrial outer membrane
permeabilisation, but it also causes extensive fragmentation of the mitochondrial
network through fission events (Arnoult, 2007; Estaquier & Arnoult, 2007; Frank
et al, 2001; Karbowski et al, 2002). A number of components of the fission and
fusion machinery including Opa1, Fis1, Drp1, Mfn1 and Mfn2 have been directly
implicated in the regulation of apoptosis (Figure 1.6) (Estaquier & Arnoult, 2007;
Frank et al, 2001; Frezza et al, 2006; James et al, 2003; Olichon et al, 2003; Sugioka
et al, 2004).

Over-expression of Fis1 can directly induce both mitochondrial fragmentation
and apoptosis (James et al, 2003). However Fis1 and/or mitochondrial fission is
not required for apoptosis, since cytochrome c release is prevented in cells overexpressing Fis1 when pro-apoptotic Bax/Bak are inactivated (Alirol et al, 2006;
James et al, 2003). Similarly, dual silencing of Fis1 and OPA1 can protect cells
against apoptotic induction; however this protection is also independent of
mitochondrial fragmentation (Lee et al, 2004). Recent evidence has shown that
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fragmented mitochondria are sensitized to Bax insertion into the outer
membrane during apoptosis, and this can be suppressed by mitochondrial
fusion (Brooks et al, 2010).

Figure 1.6 Role of mitochondrial morphology proteins during apoptosis. Upon apoptotic
stimuli proteins involved in mitochondrial morphology are modified, and mitochondrial fission
is stimulated. This occurs by dephosphorylation of Drp1 by calcineurin which induces Drp1
translocation to mitochondria. Drp1 interacts with Bax, and Drp1 sumoylation is stimulated
which prevents Drp1 dissociation from the outer membrane. Bak interacts with Mfn1, potentially
to prevent mitochondrial fusion. OPA1 is cleaved by PARL to stimulate cristae remodelling. Bax
and Bak oligomerize and stimulate release of cytochrome c and subsequent apoptosis.
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The regulation of Drp1 translocation and association with mitochondria
following apoptotic signalling has been reported to occur through both
phosphorylation and sumoylation of Drp1. As previously mentioned,
dephosphorylation of Drp1 by calcineurin at Ser637 following mitochondrial
depolarisation results in Drp1 recruitment to mitochondria (Cereghetti et al,
2010). Inhibition of calcineurin prevents Drp1 recruitment to mitochondria,
cytochrome c release and mitochondrial fragmentation (Cereghetti et al, 2010).
Phosphorylation of Drp1 by PKA at the same residue results in inhibition of
mitochondrial fission and increased resistance to apoptotic stimuli (Cribbs &
Strack, 2007). These results suggest a key role for regulation of Drp1
phosphorylation in the apoptotic signalling cascade. Depolarised mitochondria
may by segregated from the rest of the mitochondrial network following
calcineurin dephosphorylation of Drp1, while cAMP mediated phosphorylation
of Drp1 by PKA may act to promote cell survival through inhibition of Drp1
activity (Cereghetti et al, 2010; Cribbs & Strack, 2007). Bax and Drp1
colocalisation occurs at sites of mitochondrial fission upon induction of
apoptosis (Frank et al, 2001; Karbowski et al, 2002). Subsequent to Bax
recruitment to mitochondria, Drp1 no longer cycles on and off mitochondria and
becomes locked on the outer membrane following Bax/Bak-dependent
sumoylation (Wasiak et al, 2007). Drp1 has also been shown to stimulate Bax
oligomerization in the presence of cardiolipin following apoptotic stimuli
(Montessuit et al, 2010). Silencing of Drp1 or expression of the GTPase-inactive
dominant negative mutant Drp1K38A delays apoptosis and cytochrome c release,
however it does not prevent Bax translocation to mitochondria. This suggests
that Drp1 mediated mitochondrial fragmentation is not a prerequisite for
apoptosis (Estaquier & Arnoult, 2007; Karbowski et al, 2002; Lee et al, 2004). The
pro-fission protein MTP18 has also been implicated in apoptosis, with silencing
resulting in induction of apoptosis, cytochrome c release and caspase activation
(Tondera et al, 2004). These results are somewhat contrary to the popular opinion
that apoptosis is preceded by mitochondrial fission, as silencing of MTP18
results in fusion of the mitochondrial network (Tondera et al, 2004). Sensitivity to
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apoptosis following MTP18 silencing may be a result of loss of inner membrane
integrity resulting in cytochrome c release, however this remains to be shown.

Mitochondrial dynamics are affected during apoptosis, and the rate of
mitochondrial fusion is reduced following the addition of death stimuli,
independently of caspase activation (Karbowski et al, 2004a). Increased
mitochondrial fusion has also been shown to affect cellular sensitivity to
apoptotic induction, with over-expression of Mfn1 and Mfn2 in cells exhibiting a
protective effect (Sugioka et al, 2004). As discussed previously, the pro-apoptotic
proteins Bax and Bak have been described as having roles in the homeostasis of
mitochondrial morphology however their activity during apoptosis may include
regulation of mitochondrial fusion. Drp1, Mfn2 and Bax have been found to
colocalise at mitochondrial fission sites at the initial stages of apoptosis
(Karbowski et al, 2002), however a direct interaction has yet to be shown. Bak
interacts preferentially with Mfn1 during apoptosis, following dissociation from
Mfn2 (Brooks et al, 2007). This interaction may serve to inhibit Mfn1 pro-fusion
activity and subsequently promote mitochondrial fission. OPA1 cleavage occurs
during the initiation of apoptosis resulting in cristae remodelling and
mobilization of cytochrome c for release following mitochondrial outer
membrane permeabilisation (Arnoult et al, 2005; Frezza et al, 2006; Lee et al,
2004). OPA1 oligomers are proposed to form at cristae junctions, and loss of
these oligomers contributes to cristae rearrangement (Arnoult et al, 2005; Frezza
et al, 2006). The formation of soluble OPA1 isoforms during apoptosis is
regulated by PARL mediated processing and cellular silencing of PARL reduces
the pool of soluble intermembrane space OPA1 (Cipolat et al, 2006). Silencing of
OPA1 or PARL results in fragmentation of mitochondria, cristae remodelling
and increased sensitivity to apoptotic stimuli (Arnoult et al, 2005; Cipolat et al,
2006; Frezza et al, 2006). This sensitivity to apoptosis may be due to the proposed
anti-apoptotic role of soluble OPA1, or loss/imbalance of OPA1 isoforms
resulting in subsequent destabilization of the mitochondrial cristae (Cipolat et al,
2006; Frezza et al, 2006).

27

Chapter 1: Introduction

Mitochondria are essential in the intrinsic apoptotic pathway, with recruitment
and activation of Bax/Bak at mitochondria, and release of cytochrome c key
points of regulation (Sheridan & Martin, 2010). While mitochondrial fission is
observed following apoptotic stimuli, this process can be uncoupled from
Bax/Bak oligomerization and subsequent cytochrome c release (Lee et al, 2004;
Tondera et al, 2004). This separation of Bax translocation from cytochrome c
release and organelle fragmentation raises a fascinating question as to where
Drp1

mediated

mitochondrial

fission

fits

in

apoptosis.

While

silencing/inhibition of Fis1 and Drp1 have been shown to delay apoptosis and
prevent cytochrome c release, apoptosis can ultimately proceed despite loss of
the fission machinery or alterations in the mitochondrial network. Recent
evidence suggests that changes to the mitochondrial outer membrane affect
assembly of the apoptotic machinery and that the regulation of mitochondrial
fission may facilitate apoptosis through mitochondrial membrane remodelling
(Montessuit et al, 2010).

1.5

Mitochondrial morphology and neurodegeneration

With a maturing world population, age-related disorders such as Alzheimer’s,
Huntington’s and Parkinson’s disease are a major concern for society. At present
approximately 1-2% of the population over 60 are clinically diagnosed with
Alzheimer’s or Parkinson’s diseases (Samii et al, 2004; Venda et al, 2010;
Yesavage et al, 2002). In the case of Alzheimer’s disease this estimate
dramatically increases with age, with 25-45% of people over the age of 85
diagnosed with the disease (Bird, 2008; Yesavage et al, 2002). Mitochondrial
dysfunction

has

been

suggested

to

be

a

defining

factor

in

such

neurodegenerative disorders (Beal, 2005). The reliance of proper mitochondrial
function in neurons is particularly high due to their unique electrophysiological
properties and excessive energy demands. As such, any defect in mitochondrial
function may be detrimental to neuronal function.
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1.5.1 Mitochondrial shape and movement in neurons
Changes in mitochondrial morphology can alter the distribution of mitochondria
throughout the cell (Baloh et al, 2007; Chen et al, 2007; Ishihara et al, 2009; Pitts et
al, 1999; Smirnova et al, 1998). Efficient transport is required to ensure
regeneration of old or damaged organelles through fusion with healthy
mitochondria, or alternately target damaged mitochondria for segregation by
fission and subsequent degradation. The importance of mitochondrial dynamics
has been demonstrated in neuronal cells where mitochondria are positioned at
sites of synapse formation, and are proposed to regulate synaptic activity and
axonal growth (Li et al, 2004; Morris & Hollenbeck, 1993; Ruthel & Hollenbeck,
2003). Mitochondria are recruited to the distal region of neurons supplying
growth areas with increased ATP in response to the chemo-attractant nerve
growth factor (Attwell & Laughlin, 2001; Chada & Hollenbeck, 2003; Ruthel &
Hollenbeck, 2003), and to regulate Ca2+ mediated signaling at synapses
(Hollenbeck & Saxton, 2005; Li et al, 2004). Neuronal mitochondria with reduced
membrane potential are recycled back to the cell body, and those with high
membrane potential radiate to the cell periphery, representing a mechanism to
recycle old or damaged organelles (Miller & Sheetz, 2004). Impairment of
mitochondrial dynamics can be detrimental to neuronal cells resulting in loss of
synaptic activity and cell death (Chen et al, 2003; Ishihara et al, 2009; Li et al,
2004). Mitochondrial morphology proteins OPA1 and Mfn2 have identified roles
in neuronal cell function, with mutations in genes encoding these proteins
resulting in autosomal dominant optic atrophy (ADOA) and Charcot-MarieTooth disease type 2A (CMT2A) respectively (Alexander et al, 2000; Delettre et al,
2000; Zuchner et al, 2004). These disorders highlight the significant role
mitochondrial dynamics plays in neuronal health. Neuronal maturity affects the
expression levels of Mfn1 and Drp1, with higher Mfn1 and lower Drp1
expression in young neurons, indicating that the regulation of mitochondrial
morphology occurs in both time and space within neuronal cells (Chang &
Reynolds, 2006). Complete ablation of Mfn2 is embryonic lethal, while cerebellar
loss of Mfn2 results in decreased neuronal spine formation and dendritic growth
in both development and maturity (Chen et al, 2003; Chen et al, 2007). Expression
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of the dominant negative mutant Drp1K38A or wild type OPA1 in dendritic cells
decreases mitochondrial number and spine formation, while over-expression of
Drp1 increases dendrite mitochondrial density and spine formation (Li et al,
2004). The anti-apoptotic protein Bcl-xL has also been described to increase
mitochondrial motility and biomass, and interact directly with Drp1 to enhance
GTPase activity and subsequent synaptic formation in neuronal cells (Berman et
al, 2009; Li et al, 2008a). The implications of these studies are especially
interesting due to the aberrant mitochondrial morphology and distribution
observed in patients with neurodegenerative disorders, such as Parkinson’s,
Alzheimer’s, and Huntington’s diseases, which can also display a loss in
mitochondrial function (Mortiboys et al, 2008; Shirendeb et al, 2011; Trushina et
al, 2004; Wang et al, 2009).
1.5.2 Alzheimer’s disease
Alzheimer’s disease (AD) is the most common form of dementia worldwide and
is clinically characterized by deterioration in memory, language skills and visual
acuity accompanied with behavioral changes and premature death (Castellani et
al, 2010; Santos et al, 2010). The behavioral and psychiatric presentation of AD is
accompanied by a pathology of progressive neuronal and synaptic loss; the
formation of amyloid-β (Aβ) plaques and neurofibrillary tangles (Castellani et al,
2010; Santos et al, 2010). Mitochondrial dysfunction, altered Ca2+ homeostasis
and elevated reactive oxygen species are all features of AD indicating that
mitochondria

have

a

clear

association

with

the

pathogenesis

of

neurodegeneration (Beal, 2005; Santos et al, 2010). Impaired mitochondrial
morphology and distribution in AD neurons has been described, resulting in
collapse of the mitochondrial network and a reduction in mitochondrial number
in neuronal processes (Calkins et al, 2011b; Wang et al, 2008; Wang et al, 2009).
Axonal swelling has been described as an early event in AD, resulting in
abnormal accumulation of mitochondria at these sites prior to any obvious
clinical signs (Stokin et al, 2005). This suggests that the decrease in axonal
mitochondrial transport may be one of the first in vivo detectable signs of AD.
Recent studies have also described a role for the regulation of mitochondrial
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morphology in AD (Figure 1.7). Increased production of the signaling molecule
nitric oxide occurs in AD cortical neurons and subsequent S-nitrosylation (SNO)
of Drp1 results in amplified Drp1 GTPase activity and mitochondrial fission
(Barsoum et al, 2006; Cho et al, 2009; Dorheim et al, 1994).

This enhanced

mitochondrial fission is speculated to be due to the presence of β-amyloid (Aβ)
oligomers which cause increased mitochondrial fragmentation in a nitric oxide
(NO) dependent manner (Cho et al, 2009; Nakamura et al, 2010). In addition to
increased levels of SNO-Drp1 in AD, the levels of other proteins involved in
mitochondrial morphology are also altered. In both fibroblasts and neurons from
AD patients, Drp1 protein levels are decreased (Wang et al, 2008; Wang et al,
2009). Reduction of Drp1 protein levels has also been observed following Aβ
over-expression (Wang et al, 2008). The levels of OPA1, Mfn1 and Mfn2 are also
reduced in the AD neuronal cells, while Fis1 expression is increased (Wang et al,
2009). This change in the expression levels of mitochondrial morphology
proteins is also accompanied by loss of dendritic spine formation in cultured
neuronal cells (Wang et al, 2009). The altered expression of these proteins also
has a significant effect in the distribution of mitochondria (Wang et al, 2009), and
subsequently may have a role in the loss of synaptic activity in AD patients.
Changed expression of Drp1, Mfn1, Mfn2, OPA1 and Fis1 in AD patients may
also be due to a dysfunctional ubiquitin proteasome system as mutant ubiquitin
found in AD has been shown to cause neuritic beading and altered distribution
of mitochondria (Tan et al, 2007). While recent studies have identified
mitochondrial dynamics proteins as targets of K48 linked ubiquitin mediated
degradation (Chan et al, 2011), this has yet to be investigated in AD.

31

Chapter 1: Introduction

Figure 1.7 Mitochondrial morphology in Alzheimer’s disease. A) Normal mitochondrial
morphology and distribution throughout a neuron, with transport of mitochondria to the
synapse vital for correct function. B) Mitochondrial morphology in Alzheimer’s disease.
Mitochondria are fragmented and remain in the cell body and at axonal swellings following
accumulation of Amyloid-β (Aβ). Drp1 is S-nitrosylated increasing GTPase activity, protein
levels of OPA1 and Mfn1/2 are reduced, while Fis1 levels are increased.
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1.5.3 Huntington’s disease
Huntington’s disease (HD) is a progressive neurodegenerative disorder that is
caused by an abnormal polyglutamate expansion in the Huntingtin (Htt) gene, in
which the length of the expansion determines the severity and presentation of
the disease (Andrew et al, 1993; Walker, 2007). Symptoms of HD can present at
any age and include involuntary movement, rigidity and loss of cognitive
function (Ross & Tabrizi, 2011; Walker, 2007). Although the precise mechanisms
of the Htt mediated neurotoxicity are not understood, mutant Huntingtin (mHtt)
undergoes a conformational change resulting in aggregates that may exert toxic
effects in the nucleus, cytoplasm and mitochondria (Ross & Tabrizi, 2011).
Mitochondrial velocity and trafficking in mHtt neurons is diminished both in
vivo and in vitro resulting in a loss of bidirectional movement and abnormal
dynamics (Chang et al, 2006; Orr et al, 2008; Shirendeb et al, 2011; Song et al, 2011;
Trushina et al, 2004). Interestingly, similar defects in mitochondrial transport
were also seen following silencing of endogenous Htt, suggesting Htt may have
a role in mitochondrial trafficking (Trushina et al, 2004). In fact, the motor
proteins kinesin and dynein co-precipitate with mHtt and decreased transport of
mitochondria in HD affected cells may be due to mHtt recruitment of trafficking
machinery (Trushina et al, 2004). Expression of mHtt also results in
mitochondrial shape changes, with increased fragmentation and abnormal
cristae arrangement (Figure 1.8) (Costa et al, 2010; Shirendeb et al, 2011; Song et
al, 2011). Using complimentary models of rat neurons and fibroblasts from
individuals with HD, it has been shown that mutant Htt can bind Drp1 and
cause increased GTPase activity, oligomerization, and increased

Drp1

dephosphorylation (Costa et al, 2010; Song et al, 2011). Dephosphorylation of
Drp1 occurs following increased calcineurin activity, which subsequently
stimulates its translocation to mitochondria (Cereghetti et al, 2008; Costa et al,
2010). mHtt also induces changes in the expression of components of the
mitochondrial morphology machinery, with increased levels of pro-fission
mediators Drp1 and Fis1, while pro-fusion mediators Mfn1/2 and OPA1 have
lower mRNA levels than age-matched, wild type controls (Shirendeb et al, 2011).
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These defects in transport and morphology can rescued by expression of the
GTPase dominant negative Drp1K38A (Song et al, 2011), suggesting that Drp1 has
a key role in the mitochondrial dysfunction observed in HD. This research
provides compelling evidence that Drp1 may be an effective new therapeutic
target for HD neurodegeneration.

Figure 1.8 Mutant Huntingtin alters mitochondrial morphology and trafficking. Huntington’s
disease results in fragmented mitochondria that have reduced velocity and trafficking. The
formation of mutant Huntingtin (mHtt) protein aggregates has been suggested to bind to motor
proteins, preventing their association with mitochondria. mHtt aggregates also result in
increased dephosphorylation of Drp1 by calcineurin, increased levels of the pro-fission proteins
Drp1 and Fis1, and decreased levels of the pro-fusion proteins OPA1 and Mfn1/2.

1.5.4 Parkinson’s disease
Parkinson’s disease (PD) is characterised by progressive loss of dopaminergic
neurons in the substantia nigra pars compacta region of the midbrain, and the
formation of Lewy bodies in the remaining neurons (Abou-Sleiman et al, 2006).
An individual suffering from PD usually presents with postural instability,
tremors at rest and slow movement (Hughes et al, 1992). Although largely
classified as an idiopathic disease, around 10% of patients present as familial
cases; inherited forms of the disease of which there are mutations in known PD
associated genes (Chen & Chan, 2009). Of these genes, Parkin and Pten-induced
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kinase 1 (PINK1) have been shown to be important for mitochondrial function
and quality control (Beilina et al, 2005; Exner et al, 2007; Lee et al, 2010; Valente et
al, 2004). PINK1 is a serine/threonine kinase that localises to the outer
mitochondrial membrane, recruiting the E3 ligase Parkin upon dissipation of
membrane potential and initiating clearance of damaged mitochondria (Jin et al,
2010; Lee et al, 2010; Narendra et al, 2010). Initial studies completed in Drosophila
melanogaster suggested that PINK1 may play a role in mitochondrial fission as
the network appeared fused following expression of PINK1 mutants (Deng et al,
2008; Park et al, 2009; Poole et al, 2008; Yang et al, 2008). The mitochondrial
network could be rescued by the addition of drp-1 or depletion of opa-1 or Mfn2
(Deng et al, 2008; Park et al, 2009; Poole et al, 2008; Yang et al, 2008). However, the
opposite effect is observed in mammalian cells, in which PINK1 depletion causes
mitochondrial swelling and fragmentation in conjunction with a decrease in
membrane potential (Dagda et al, 2009; Exner et al, 2007; Wood-Kaczmar et al,
2008). Mitochondrial fission observed following loss of PINK1 or Parkin function
in human cells is proposed to be mediated by dephosphorylation of Drp1 by
calcineurin, resulting in the promotion of fission complex formation and
fragmentation of mitochondria (Lutz et al, 2009; Sandebring et al, 2009). This
fragmentation can be rescued by expression of the dominant negative Drp1K38A
or over-expression of fusion proteins Mfn2 and OPA1 (Dagda et al, 2009; Lutz et
al, 2009). However, expression of the dominant negative Drp1 increased cell
death, indicating that mitochondrial fission and activation of mitophagy may be
cellular protective mechanisms (Dagda et al, 2009). The E3 ligase activity of
Parkin may also be an important regulator of mitochondrial morphology and
subsequent clearance of mitochondria through mitophagy. The Mitofusins are
rapid targets of Parkin mediated ubiquitination, however they are not crucial for
Parkin mediated mitophagy as mitophagy is still present in Mfn null cells (Chan
et al, 2011). Fis1 and Drp1 have also been identified as targets of Parkin mediated
degradation (Chan et al, 2011; Wang et al, 2011b), suggesting that mitophagy may
be a multi-step process starting with degradation of pro-fusion proteins resulting
in an imbalance of pro-fission proteins, then subsequent clearance of
mitochondria. Given that mitochondrial fragmentation is often a sign of reduced
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cell viability and precludes apoptosis, it is not unreasonable to suggest that the
mitochondrial fragmentation associated with loss of PINK1 and Parkin is due to
aberrant mitophagy.

1.6

Subject of this thesis

There are many different roles for mitochondrial morphology proteins in
disease, cell survival and inheritance. The identification of proteins involved in
both the regulation and maintenance of mitochondrial morphology has revealed
the crucial role mitochondrial dynamics plays in the health of the cell. Not
surprisingly, defects in mitochondrial fission and fusion result in aberrant
cellular function, and in some cases cell death. This loss of function is most
apparent in neuronal cells that rely greatly on the correct distribution and
function of mitochondria due to high energy demands of the cell. While a
number of key proteins involved in mitochondrial fission and fusion have been
identified, how these proteins co-ordinate to accomplish remodelling of the
double membrane is not well understood. Each of these proteins may function in
different stages of mitochondrial fission and fusion highlighting the need for
further understanding into the mechanisms that regulate mitochondrial
dynamics.
Mitochondrial Dynamics proteins of 49 and 51 kDa (MiD49 and MiD51) are
homologous proteins that share 45% identity and are N-terminally anchored in
the mitochondrial outer membrane (Osellame, 2010; Simpson et al, 2000).
Homologues of MiD49 and MiD51 are not found in yeast, drosophila or
Caenorhabditis elegans, suggesting that they evolved with an increase in
evolutionary complexity (Palmer et al, 2011). The precise role of MiD49 and
MiD51 in mitochondrial morphology is currently unknown, however the recent
characterisation of these proteins by Laura Osellame during her PhD (Ryan lab)
has described a role for them in mitochondrial morphology and/or distribution
(Osellame, 2010). Over-expression of MiD49 or MiD51 results in fused
mitochondrial tubules, while knockdown of both MiD49 and MiD51 results in a
netlike mitochondrial morphology (Figure 1.9) (Osellame, 2010; Palmer et al,
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2011). Ectopic expression also results in colocalisation of mitochondria with actin
filaments (Osellame, 2010), however the significance of this finding has yet to be
determined. MiD51 has been described to undergo phosphorylation (Gnad et al,
2010), however how this modification might affect the fission process is currently
unknown. These phosphorylated residues are also conserved in MiD49
suggesting that phosphorylation may be important in the function of these
proteins.

Figure 1.9 Mitochondrial morphology following MiD over-expression and knockdown.
MiD51-GFP over-expression results in the formation of fused mitochondrial tubules (left)
compared to wildtype reticular network (centre). Knockdown of MiD49 and MiD51 results in a
netlike morphology (right) that is distinct from that seen following over-expression.

The subject of this thesis is to characterise the role of MiD49 and MiD51 in
mitochondrial morphology, and to identify potential protein-protein interacting
partners. Chapter 3 details the identification of MiD-GFP puncta on the
mitochondrial outer membrane, which led to the discovery of MiD-mediated
recruitment of Drp1. This relationship with Drp1 was then explored through
biochemical analysis in Chapter 4 in an effort to determine the mechanism of
MiD49/51 mediated Drp1 recruitment. The consequences of Drp1 recruitment to
mitochondria and other sub-cellular organelles is explored in Chapter 5, with
MiD51 over-expression resulting in elongation of peroxisomes and redistribution
of mitochondrial DNA. Chapter 6 details the generation and initial
characterisation of a MiD49 knockout mouse, and the mitochondrial phenotype
observed upon over-expression of MiD49/51 in a variety of fusion deficient cell
lines. Chapter 7 explores future directions for further analysis of these proteins
and presents a proposed model of the role of MiD49/51 in mitochondrial
morphology.
37

Chapter 2: Materials and methods

Chapter Two

Materials and Methods

38

Chapter 2: Materials and methods

2.1

Chemical Reagents

General laboratory reagents used during the course of this work were purchased
from Amresco, BDH, Calbiochem, Merck, MP Biomedical and Sigma.

2.2

Molecular Biology Techniques

Unless stated otherwise, general molecular biology techniques were performed
according to Sambrook and Russell (2001).
2.2.1

cDNA clones

cDNAs encoding human MiD49 (SMCR7) and MiD51 (SMCR7L) were obtained
from MRC Geneservice (Nottingham, UK). MiD49 (Accession: Q96C03), MiD51
(Accession: Q9NQG6). MiD49-GFP and MiD51-GFP constructs were generated
by L. Osellame (Osellame, 2010; Palmer et al, 2011). Plasmids encoding mt-GFP
(pOTC-GFP), Tom7-GFP, GFP-Miro1, mt-Dendra2, GFP-Fis1 and huMilt1 have
been reported previously (Johnston et al, 2002; Koutsopoulos et al, 2010b;
Stojanovski et al, 2004; Yano et al, 2000; Yano et al, 1998). HA-Dymple (Drp1)
(Kamimoto et al, 1998) was kindly provided by M. Hagiwara (Nogoya
University, Japan). HA-Endophilin B1 was provided by Luke Collyer (Monash
University, Australia).
2.2.2

Mammalian expression vectors

The mKATE (Shcherbo et al, 2007) vector was kindly provided by Dmitriy
Chudakov (Shermyakin and Ovchinnikov Institute of Bioorganic Chemistry,
Russian Academy of Sciences, Moscow).

39

Chapter 2: Materials and methods

2.2.3

Polymerase Chain Reaction (PCR)

Lyophilised primers were obtained from Sigma. Oligonucleotides were
dissolved in sterile water to a concentration of 10 mol/L. Primers generally
consisted of 15 - 23 annealing bases plus a restriction enzyme site upstream and
4 - 6 additional overhanging bases. Standard PCRs were carried out in a volume
of 100 µL consisting of 1X VentTM Polymerase Buffer (New England BioLabs),
250 µM dNTPs (Promega), 10 mol of both the forward and reverse
oligonucleotide primers (Sigma), 50 - 100 ng of template DNA and 2 U of VentTM
DNA Polymerase (New England Biolabs). Reactions were carried out in an
Applied Biosystems GeneAmp PCR Machine. Parameters for amplification
typically involved an initial denaturation step at 96ºC (1 min), followed by 2
cycles consisting of a denaturation step at 94 ºC (1 min), an annealing step at 48
ºC (2 min) and an extension at 72 ºC (2 min). This was then followed by 23 cycles
consisting of a denaturation step at 94ºC (1 min), a primer annealing step at 50 65ºC (1 min) and an extension step at 72ºC (1-3 min) all reactions were completed
with a final extension at 72 ºC for 2 - 5 min.
2.2.4

Overlap PCR

To generate mutations within the Drp1 coding sequence, site directed
mutagenesis by overlap PCR was employed (Ho et al, 1989). Primers containing
the mutagenic base were designed with a 15 bp region either side of the
introduced mutation complementary to Drp1.
Drp1 internal mutagenic primers used to introduce the desired codon change.
Mutated bases are highlighted in red.

Drp1S600D sense primer:
5’ GTTGCACGAAAACTAGCTGCTCGGGAACAGCGAGAT 3’
Drp1S600D antisense primer:
5’ ATCTCGCTGTTCCCGAGCAGCTAGTTTTCGTGCAAC 3’
Drp1A395D sense primer:
5’ CTATTGACATTTTGACTGACATTAGAAATGCTACTGGTCC 3’
Drp1A395D antisense primer:
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5’ GGACCAGTAGCATTTCTAATGTCAGTCAAAATGTCAATAG 3’
Drp1G363D sense primer:
5’ CTTCGGAGCTATGCGGTGATGCTAGAATTTG 3’
Drp1G363D antisense primer:
5’ CAAATTCTAGCATCACCGCATAGCTCCGAAG 3’
Drp1 full length sense primer:
5’ GCGCGGATCCGAGGCGCTAATTCCTGTCATA 3’
Drp1 full length antisense primer:
5’ GGTGGATCCTCACCAAAGATGAGTCTC 3’

PCR was performed in three separate reactions. The first PCR reaction contained
the sense Drp1 full length oligonucleotide primer and an antisense primer
containing the mutagenic base. The second PCR reaction contained a sense
primer containing the mutagenic base and an antisense Drp1 full length primer.
Following PCR the two resulting products were separated by DNA gel
electrophoresis (Section 2.2.5) and excised from the gel using the Wizard Gel and
PCR clean up kit (Promega). The two PCR products were combined (50-100 ng of
each) and a PCR reaction conducted with the sense and antisense full length
primers for generation of the entire Drp1 open reading frame. During the PCR
reaction the overlapping regions containing the mutation anneal to provide full
length Drp1 template which is subsequently amplified. PCR parameters were as
described in Section 2.2.3. PCR products were cloned into C-terminal GFP vector
(Johnston et al, 2002) at BamHI restriction site.
2.2.5

Agarose gel electrophoresis

PCR products and purified plasmid DNA were separated and analysed via DNA
agarose gel electrophoresis. The percentage of agarose was chosen according to
the size of fragments (bp) being resolved. To prepare the DNA gels, DNA grade
agarose (Scientifix) was dissolved in 1X TAE buffer (0.1 M acetic acid, 1 mM
EDTA, 40 mM Tris-Cl, pH 8.0). For visualisation purposes ethidium bromide
(0.1 µg/mL) was added to the gel. Six times DNA loading dye (50% [v/v]
glycerol, 0.1 mM EDTA, 0.1% [w/v] xylene blue) was added to the DNA
41

Chapter 2: Materials and methods

samples at a ratio of 1:5 and samples loaded alongside 1 kb PLUS DNA Ladder
markers (Invitrogen). Electrophoresis was undertaken in the presence of 1X TAE
running buffer at 120 V. DNA was then subsequently visualised using a UV
transilluminator. Gel extraction of DNA for ligation was performed using the
Wizard DNA gel extraction kits (Promega) according to the manufacturer’s
instructions.
2.2.6

Restriction enzyme digestion

DNA restriction enzyme digests were performed in volumes ranging from 20 50 µL containing DNA sample, 1X restriction enzyme buffer (Promega) and 2 10 U of restriction enzyme (Promega). Reactions were performed at 25 - 37ºC as
per manufacturer instruction, and incubated for 2 - 16 hours.
2.2.7

Ligation reactions

Ligation reactions were performed in a final volume of 15 µL, consisting of
isolated PCR product (200 ng) and plasmid DNA (200 ng), 1X T4 DNA Ligase
buffer (Promega), 3 U (1 µL) of T4 DNA Ligase (Promega) and sterile water up to
the final volume of 15 µL. Ligation reactions were performed at room
temperature for a minimum of 4 hours, overnight at 16C or overnight at 4C.
2.2.8

E. coli competent cell preparation

For routine cloning experiments, ligation samples were transformed into the E.
coli XL1-Blue strain (Stratagene). Chemically competent bacterial cells were
prepared using the Inoue method (Inoue et al, 1990). Briefly, overnight starter
cultures were grown in Luria Bertani medium (LB; 1% [w/v] tryptone, 0.5%
[w/v] yeast extract, 1% [w/v] NaCl, pH 7.0). Starter cultures were inoculated
into 250 ml of LB media and grown and room temperature to an optical density
at 600nm (OD600) of 0.6. Cells were chilled in ice water and isolated by
centrifugation at 4,000 g for 10 min at 4C. Isolated cell pellets were resuspended
in Inoue transformation buffer (55 mM MnCl2, 15 mM CaCl2, 250 mM KCl, 0.5
mM PIPES, pH 6.7) with gentle swirling. Cells were pelleted again at 2,500 g for
10 mins at 4C. The pellet was once more resuspended by swirling in 12 mL of
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ice-cold Inoue buffer. Dimethyl sulfoxide (DMSO, 750 L) was added the cell
solution, swirled and left to stand on ice for 10 mins. The cells were then
aliquoted, snap frozen in liquid nitrogen and stored at -80C.
2.2.9

Bacterial transformation

Competent cells were thawed on ice and aliquoted (100 µL/ transformation).
DNA to be transformed (15 µL of a ligation reaction or 1-10 ng of purified
plasmid DNA) was added to the cell suspension, the contents mixed and
incubated on ice for 30 min. Cells were heat shocked at 42C (90 sec) followed by
an incubation on ice for 2 min. Following this, 500 µL of LB medium was added
and cells were incubated at 37C for 1 h with shaking before being plated on the
appropriate LB selection plates (LB medium supplemented with 1.5% Agar
(Oxoid) and the appropriate antibiotic) and subsequently incubated overnight at
37°C.
2.2.10 Plasmid DNA preparation
High quality, endotoxin free DNA plasmid preparations were prepared using
Wizard DNA columns (Promega), QIAprep Miniprep or QIAprep Midiprep kits
according to the manufacturer’s instructions (Qiagen).
2.2.11 DNA sequencing
Dideoxynucleic acid sequencing was performed by either AGRF Sequencing
Services (Queensland or Melbourne). Sequencing reactions were carried out on
500 - 1000 ng of plasmid DNA with 6.4 µM of the appropriate oligonucleotide
primer.
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2.3

Mammalian Cell Culture

2.3.1

Cell lines

Tissue culture cell lines utilised included COS-7 (African green monkey kidney
cells, SV40 transformed); (Gluzman, 1981), HeLa (human cervical carcinoma
cells); (Scherer & Hoogasian, 1954) and HEK293T cells (human kidney epithelial
cell line, SV40 transformed); (DuBridge et al, 1987). Wildtype mouse embryonic
fibroblasts (MEFs) utilised for Lentiviral transduction were obtained from Dr.
John Silke, La Trobe University (Vince et al, 2007). MEFs expressing 4hydroxytamoxifen inducible MiD51 were generated by L. Osellame during her
PhD (Osellame, 2010). Mfn1 null, Mfn2 null, OPA1 null, Mfn1/2 null and
wildtype MEFs were obtained from ATCCTM, Virginia, USA (Chen et al, 2003;
Cipolat et al, 2004; Harding et al, 2000).
2.3.2

Culturing conditions and cell treatments

Cells were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM; GIBCOBRL) containing 5-10% [v/v] foetal calf serum (FCS), 1% [v/v] penicillin/
streptomycin (ThermoTrace) at 37C under an atmosphere of 5% CO2 and 95%
air. Cells were passaged by with the addition of trypsin solution (GIBCO-BRL)
for 1 min and gentle resuspending of cells in complete DMEM. For microscopy
cells were seeded onto ethanol-sterilised 22mm x 2mm coverslips (Crown
Scientific). For cell treatments, 1 mM MG132 (Cayman Chemical) dissolved in
DMSO was used at a final concentration of 10 μM for 6 hours, while 1 mM
Staurosporine (STS; Sigma) in DMSO was used at a final concentration of 1 μM
for 90 min. For cell treatments with carbonyl cyanide m-chlorophenylhydrozone
(CCCP; Sigma), CCCP 10 mM CCCP dissolved in DMSO was used at a final
concentration of 20 µM for 60 min at 37C. Control cells were treated with equal
volumes of DMSO for the times indicated.
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2.3.3

Transient transfections

The day before transfection, cells were seeded at a confluency of 50 - 60% on 100
mm polystyrene plates (Corning). The following day, transient transfections
were performed using LipofectAMINE 2000 reagent according to the
manufacturer’s instructions (Invitrogen). Briefly, 15 µL of LipofectAMINE 2000
was mixed with 550 µL of incomplete DMEM (lacking antibiotics and FCS) and
incubated at room temperature for 5 min. A separate solution containing 10 µg of
purified plasmid DNA in 550 µL of incomplete DMEM was prepared and
combined with the LipofectAMINE solution, and the mixture was incubated at
room temperature for 20 min to allow for DNA-liposome complexes to form.
Following incubation, 6.4 mL of DMEM containing 5% FCS (minus antibiotics)
was added to the DNA-liposome mixture and the solution overlayed on cells
and incubated overnight at 37C under an atmosphere of 5% CO2 and 95% air.
For transfection of 6 well plates containing ethanol sterilised coverslips the above
procedure was followed, however scaled down for each individual reaction
mixture.

2.4

Generation of MEFs expressing 4-hydroxytamoxifen
inducible MiD49

2.4.1

Generation of Lentiviral transduction particles

Generation, selection and induction of stable MEF cell lines was performed as
previously reported (Dunning et al, 2007). Briefly, transfected HEK293T cells
were used to package the Lentivirus and the resulting supernatants containing
the virus were used for subsequent viral transduction (Section 2.4.2). A plate of
cells was transfected with 5 g pCMV R8.2 vector (encoding structural genes)
and 2 g pGAG4 E20 vector (encoding the viral envelope) and 3g pF UAS MCSMiD49 (Osellame, 2010). A second plate was transfected with 5 g pCMV R8.2
vector, 2 g pGAG4 E20 vector and 3 g pFU Gal4 (expression vector containing
transcription activator).

Forty eight

hours post

transfection the viral

supernantants were isolated from each plate, combined and subsequently
filtered through a 0.45 M membrane.
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2.4.2

Lentiviral transduction of pF UAS MCS-MiD49

Hexabromide (5 g/mL; Sigma) was added to the viral supernatant to facilitate
uptake of the virus (Hodgson & Solaiman, 1996; Okimoto et al, 2001). The MiD49
viral supernatant was then overlayed onto mouse embryonic fibroblasts (MEFs).
Cells were selected 72 hours post transduction by the addition of 5 g/mL
Puromycin (Sigma) in combination with 0.2 g/mL Hygromycin B (Sigma) in
10% DMEM. Virally transduced cells were selected for 5 - 7 days.
2.4.3

Induction of transduced protein

Expression of MiD49 or MiD51 was achieved with the addition of 100 nM 4Hydroxy-Tamoxifen (4HT) dissolved in ethanol (Sigma) to the growth media.
Cells were left to incubate in the presence of 4HT for 24-72 hours. An equal
volume of ethanol was added to control cells.
2.4.4

Isolation of clonal cell populations

Isolation of clonal cells was conducted to generate cell populations with uniform
expression of transduced proteins. Briefly, MiD49 and MiD51 inducible MEFs
were trypsinised (1:250 Trypsin and EDTA, pH 7; GIBCO) and resuspended in 5
mL of DMEM containing 5% FCS and 1% penicillin/ streptomycin. Cells were
counted using a haemocytometer in the presence of 1:1 cell volume of Trypan
blue (Sigma) to stain dead cells. Cells were then diluted to ≤ 1 cell/ 200 uL in 10
% DMEM containing 5% FCS and 1% penicillin/ streptomycin and antibiotics
Puromycin (5 g/mL; Sigma) and Hygromycin B (0.2 g/mL; Sigma). Cells were
aliquoted in 96 well plates (NUNC) with 200 uL per well. Single cell populations
were subsequently expanded.
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2.5

Fluorescence Microscopy

2.5.1

Organelle Staining

At appropriate time points post-transfection, cells were incubated with either 50
nM MitoTracker Red CMXRos (Molecular Probes:), 50 nM MitoTracker Far Red
(Molecular Probes), 2 l/mL PicoGreen (Invitrogen), 10 g/mL Hoechst 33258
(Sigma) or 50 nM LysoTracker Red DND-99 for 20 min. Cells were then rinsed in
phosphate buffered saline (PBS; 0.8% [w/v] NaCl, 0.02% [w/v] KCl, 0.144%
[w/v] Na2HPO4, 0.024% [w/v] KH2PO4, pH 7.4) prior to mounting cover-slips
face-down onto microscope slides.
2.5.2

Immunofluorescence assay

Immunofluorescence assays were performed as previously described (Harlow &
Lane, 1999). Cells were fixed by incubation with 4% [w/v] paraformaldehyde
(BDH chemicals) in phosphate buffered saline (PBS, pH 7.4) for 10 min at room
temperature (RT) or with 100% ice cold acetone for 3 min at -20C.
Paraformaldehyde fixed cells were permeabilised by incubation with PBS
containing 0.2% [v/v] Triton X-100, prior to incubation with primary antibody.
Primary antibodies were made up to the appropriate dilution: 1:500 for  Drp1
(BD Biosciences), 1:200 for  GM130 (BD Biosciences), 1:200 for  B17.2L (inhouse), 1:100 for  Hsp70 (in-house), 1:500 for  Tom20 (monoclonal/polyclonal;
Santa Cruz), 1:200 for  Calreticulin (Abcam), 1:500 for  cytochrome c (BD
Biosciences), 1:3000 for  PEX-14 (David Crane, Griffith University; in-house), in
(3% [w/v] BSA, 0.2% [v/v] Triton X-100 in PBS) and incubated with samples for
1 h at RT. Coverslips were washed three times in 0.2% TX-100/PBS for 5 min
each and then incubated with the secondary antibody. The secondary antibodies
employed included goat anti-rabbit-FITC conjugate (Sigma), goat anti-rabbit
Alexa Fluor 568/ 647 conjugate (Sigma) and goat anti-mouse Alexa Fluor 568/
647 conjugate (Sigma) at a 1:200 dilution (made up in 3% [w/v] BSA, 0.2% [v/v]
Triton X-100 in PBS). Coverslips were washed three times in 0.2% TX-100/PBS
for 5 min each. For nuclear staining, cells were incubated with 10 g/ml Hoechst
33258 (Sigma) in PBS containing 0.2% [v/v] Triton X-100 for 10 min at RT
47

Chapter 2: Materials and methods

followed by mounting of coverslips onto microscope slides in the presence of
mounting medium (90 % glycerol, 50 mM Tris-Cl, pH 8.0, 2.5% [w/v]
triethylenediamine (DABCO)).
2.5.3

Fixation for Electron microscopy

Control, MiD49- and MiD51-inducible MEFs were treated with or without 100
nM 4-HT for 72 hours. Following protein induction, cells were fixed with 2.5%
glutaraldehyde (Sigma) in PBS for 1 h at room temperature. Fixed cells were
washed and then stored in PBS for analysis by transmission electron microscopy
(TEM) by Professor Robert Parton, University of Queensland, Australia. For
visualisation by TEM, cells were treated with 1% osmium tetroxide and 4%
uranyl acetate for contrast (Howes et al, 2010). Cells were then dehydrated in
successive washes of 70%, 90% and 100% ethanol before embedding in resin
(Howes et al, 2010). Cytochemical staining for catalase was conducted as
described previously (Wakabayashi et al, 2009). Briefly, cells were fixed (4%
paraformaldehyde, 0.05% glutaraldehyde, 2.5% sucrose, 3 mM CaCl2, and 100
mM Hepes, pH 7.4) for 1 h. Fixed cells were then stored in PBS for analysis by
TEM by Professor Robert Parton, University of Queensland, Australia. Fixed
cells were subsequently incubated in 2 mg/ml DAB, 0.15% H2O2, and 100 mM
glycine NaOH, pH 10.5, at 37°C for 1 h. Cells were then dehydrated in successive
washes of 70%, 90% and 100% ethanol before embedding in resin and sections
analysed by TEM.
2.5.4

Epifluorescence microscopy

Epifluorescence microscopy was conducted using an Olympus IX8I microscope
equipped with an F-view2 camera and processed using Soft System SIS
(Olympus). GFP or FITC fluorescence was detected using a long pass filter,
MWIBA2. MitoTracker Red or Alexa Fluor 568 was captured on the MF2 filter
and MitoTracker Far Red or Alexa Fluor 647 was captured using the DM-CY5
filter. UV fluorescence was imaged using an MWU filter. Images were taken
using either the 100X objective lens with oil immersion and were processed
using Image J (http://rsb.info.gov/ij/index.html).
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2.5.5

Confocal microscopy

Confocal microscopy was performed with a Zeiss Confocal microscope equipped
with a Confocor 3 system containing an Avalanche PhotoDiode (APD) detector.
Samples were maintained at 37°C on a heated stage in a humidified chamber
with 5% CO2. A Coolsnap-HQ camera (Photometrics) was used to acquire
images. For z-sectioning, the number of slices collected was determined by the
software (slices 0.1 µm apart). Images obtained using the Zeiss Confocal: green
fluorescence was detected using an Argon laser (30 mW), red fluorescence was
detected using a DPSS laser (15 mW), and far red fluorescence was detected
using a HeNe laser (5.0 mW). Live and fixed cells were visualised under the
100X objective lens under oil immersion. All images were processed using Image
J (http://rsbweb.nih.gov/ij/index.html), Zeiss and/or MetaMorph (Visitron
Systems) software.
2.5.6

Colocalisation analysis

Colocalisation analysis of mitochondria with endogenous Drp1 in transfected
COS-7 cells was conducted following single plane image acquisition on the Zeiss
confocal. Images in all experimental groups were obtained with the same
settings, except for detector gain adjustments that were performed to normalize
saturation

levels.

Images

were

analysed

using

Metamorph

software.

Colocalisation statistics were determined from 30 - 35 µm linescans intersecting
mitochondria and presented as Pearson’s Correlation values that vary between 1 to 1 (Karbowski et al, 2007).
2.5.7

Quantitation of organelle length

Quantitation of peroxisome length was adapted from Song et al, (2008). Briefly,
wildtype and MiD51 MEFs were seeded onto coverslips and treated with 100 nM
4-HT for 0 to 72 hours. Cells were then fixed with 4% paraformaldehyde (Section
2.5.2) and immunostained for endogenous cytochrome c and PEX14. Single plane
images were obtained using the Zeiss confocal at the same settings. Analysis of
all images was conducted using Metamorph software. Images were separated
and all further analysis was done on the peroxisome image only. The median
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filter was used to remove sections that were out of focus and thresholded to
identify the objects of interest. Images were then subjected to the binary
operations of “erode” (remove pixels that have few pixels around them),
“skeletonise” (converting the width to a single pixel) and subsequently “remove
single pixels” (to remove any pixels that have no neighbours). From these
skeleton images the average length for the entire image was obtained.

2.6

RNA Interference in COS-7 and HeLa cells

The pSilencer (Ambion) plasmids containing hMiD49 or hMiD51 shRNA
oligonucleotides (Osellame, 2010) were transfected using LipofectAMINE 2000
into COS-7 and HeLa cells (Section 2.3.3). The constructs were transfected in
parallel with control pSilencer vectors expressing a scrambled shRNA sequence
(Ambion) that was not specific to any vertebrate gene as confirmed by BLAST
analysis. The pREP4 vector (Invitrogen) and pREP4 vector containing Drp1
shRNA sequence were obtained from Richard Youle, Bethesda, MD (Lee et al,
2004).

2.7

Subcellular Fractionation

2.7.1

Subcellular fractionation from cultured mammalian cells

Cell extracts were fractionated into cytosol and mitochondria using differential
centrifugation techniques (Simpson, 2003). Tissue culture cells were harvested in
PBS and isolated by centrifugation at 800 g for 5 min at 4ºC. Cell pellets were
resuspended in Solution B (20 mM HEPES, 220 mM Mannitol, 70 mM Sucrose, 1
mM EDTA, 0.5 mM PMSF, pH 7.6), and homogenised (40 strokes) in a hand held
glass homogeniser using a drill fitted pestle. A sample of the homogenate (1/5 of
the total volume) was taken and represented the total sample. The homogenate
was centrifuged at 800 g to pellet nuclear and cellular debris. The resulting
supernatant was centrifuged at 10,000 g to produce a crude mitochondrial pellet
and a cytosolic fraction. The mitochondrial pellet was further washed in Solution
B and centrifuged at 800 g for 5 min at 4ºC. The supernatant was re-centrifuged
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at 10,000 g yielding an enriched mitochondrial fraction. The cytosolic fraction
was subjected to a high speed spin at 100,000 g for 30 min. The supernatant
cytosolic fraction was retained. Protein concentrations (Section 2.7.2) were
determined and equivalent amounts of each sample loaded on SDS-PAGE for
subsequent analysis.
2.7.2

Determination of protein concentration

Whole cell and cytosolic protein concentrations were measured using Coomassie
Brilliant Blue G as described previously (Sedmak & Grossberg, 1977). Samples
were diluted in 1.5 mL 10 mM KPi and 1% [w/v] NaCl (pH 7.0), and mixed at a
1:1 ratio and coomassie reagent (70% [w/v] perchloric acid, 0.06% [w/v]
Coomassie Brilliant Blue G-250). Absorbance was measured at 595 nm and total
protein concentrations calculated using a standard curve of BSA. Mitochondrial
concentrations were determined as described previously (Clarke, 1976). The
absorbance at 280 nm and 310 nm of mitochondria solubilised in 600 μL of 50
mM Tris-HCl containing 0.1 [w/v] sodium dodecyl sulfate (SDS) was measured.
Final protein concentration (mg/ml) was determined with the following
equation: (A280nm – A310nm/ 1.05) x 600 μL/sample volume (μL).

2.8

Mitochondrial Isolation from tissue culture cells

Isolation of mitochondria from tissue culture cells was performed as previously
described (Johnston et al, 2002) and outlined in Section 2.7.1. Isolation of
mitochondria from mouse organs was performed on fresh heart, liver, kidney
and brain tissue. Cell pellets were resuspended in Solution B and homogenised
in a hand held glass homogeniser using a drill fitted pestle. A sample of the
homogenate (1/5 of the total volume) was taken and represented the total
sample. Samples were centrifuged at 700 g for 5 min at 4°C for removal of
cellular and nuclear debris. The supernatant was centrifuged at 7,000 g for 10
min at 4°C yielding a mitochondrial pellet. Isolated mitochondria samples were
washed in Solution B and re-isolated by centrifugation as detailed above.
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Mitochondrial pellets were resuspended in Solution B, protein estimates
determined and stored at -80°C.

2.9

Polyacrylamide Gel Electrophoresis

2.9.1

Tris-Tricine SDS-polyacrylamide gel electrophoresis

Tris-Tricine SDS-PAGE was performed as described previously (Schagger, 2006;
Schagger & von Jagow, 1987). The separation gel consisted of 8 - 16.5%
acrylamide solution (49.5% acrylamide: 1.5% bisacrylamide) in tricine gel buffer
(1 M Tris-HCl, pH 8.45, 0.1% [w/v] SDS) and 13% [w/v] glycerol. A spacer gel
was prepared in parallel consisting of 4 - 11% [v/v] acrylamide solution in
tricine gel buffer. Both separation and spacer gels were polymerised by the
addition of Tetramethylethylene (TEMED; Sigma) and ammonium persulfate
(APS; Crown Scientific). The separation gel was poured into clamped glass
plates and overlayed with the spacer gel prior to polymerisation. After
polymerisation, a stacking gel (4% acrylamide in tricine gel buffer) was applied.
Samples to be analysed were treated with SDS-PAGE loading dye (50 mM TrisHCl, 100 mM dithiothreitol, 2% [w/v] sodium dodecyl sulphate, 10% [w/v]
glycerol, 0.1% [w/v] bromophenol blue, pH 6.8). Electrophoresis was conducted
using Tris-Tricine SDS-PAGE cathode buffer (0.1 M Tris, 0.1 M Tricine, pH 8.45,
0.1% [w/v] SDS) and Tris-Tricine SDS-PAGE anode buffer (0.2 M Tris-Cl, pH
8.8).
2.9.2

Blue native polyacrylamide gel electrophoresis (BN-PAGE)

Blue native polyacrylamide gel electrophoresis (BN-PAGE) was performed as
previously described (Ryan et al, 2001; Schagger, 1995). Gels were prepared by
pouring a 4 - 16% acrylamide gradient gel consisting of 49.5% acrylamide, 1.5%
bisacrylamide, 10% [v/v] glycerol in blue native gel buffer (66 mM -amino ncaproic acid, 50 mM Bis-Tris, pH 7.0). Solutions were polymerised by the
addition of TEMED and APS. After polymerisation of the running gel, a 4%
stacking gel was applied. Samples were solubilised in digitonin buffer (1% [w/v]
digitonin, 20 mM Bis-tris, pH 7.4, 50 mM NaCl, 10% [v/v] glycerol).
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Solubilisation was achieved after 30 min incubation on ice. After centrifugation
at 18,000 g for 5 mins at 4C, 1/10 sample volume of 10X BN loading dye (5%
[w/v] Coomassie blue G, 500 mM 66 mM -amino n-caproic acid, 100 mM BisTris pH 7.0) was added. Empty well buffer (1X BN loading dye in 20 mM BisTris pH 7.4, 50 mM NaCl, 10% [v/v] glycerol) was applied to any empty lanes.
Electrophoresis was performed in the presence of BN Cathode buffer (50 mM
Tricine, 15 mM Bis-Tris pH 7.0, 0.02% [w/v] Coomassie blue G) and BN anode
buffer (50 mM Bis-Tris, pH 7.0). Generally the BN cathode was replaced after 2.5
hours (or after entering the running gel) and then run with a BN cathode buffer
lacking coomassie. Electrophoresis was performed at 100V and 7mA per gel for
14-16 hours. A temperature of 4C was maintained though circulating cooling.

2.10 Immunoblot analysis
2.10.1 Western transfer
Following electrophoresis, gels were transferred using the semi-dry transfer
method described by Harlow and Lane (1999). Proteins separated on BN-PAGE
and SDS-PAGE were transferred onto Polyvinylidene fluoride (PVDF). PVDF
was pre-soaked in methanol for activation. Whatmann 3MM chromatography
paper and PVDF were then pre-soaked in western transfer buffer (39 mM
Glycine, 48 mM Tris, 1.3 mM SDS, 20% [v/v] methanol). Transfers were
assembled by placing three pieces of blotting paper on the cathode electrode
followed by the gel, the PVDF and topped with a further three pieces of
Whatmann

paper.

Air

bubbles

were

removed

by

rolling

the

sandwich with a glass rod and the upper anode electrode was applied. Transfers
were conducted at 250 - 400 mA for 2 hours. PVDF filters were stained with
coomassie stain (40% [v/v] methanol, 0.25% [w/v] Coomassie Blue R) for 5 mins
prior to destaining with PVDF destain (50% [v/v] methanol, 7% [v/v] glacial
acetic acid) to determine transfer efficiency.
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2.10.2 Immuno-decoration
Non-specific binding sites on the PVDF membrane were quenched in Blotto (5%
[w/v] skim milk powder, made up in PBS containing 0.05% Tween-20; Sigma),
for 1 h at room temperature with shaking. Filters were subjected to three rounds
of washing in PBS containing 0.05% Tween-20 at 5 - 10 min each. Membranes
were then incubated with primary antibody at the appropriate dilution
overnight at 4C with gentle agitation. Filters were then washed three times in
PBS followed by incubation with a 1:5000 dilution of the secondary antibody (
rabbit IgG- or  mouse IgG- horse radish peroxidase conjugate; Sigma), for 1 h at
room temperature or overnight at 4C. Filters were subjected to another series of
washes and then overlayed with ECL reagent (Amersham) and the images
captured using a Chemi genius imaging system (SYNGENE or BioRAD).

2.11 Antibodies and reagents
2.11.1 Affinity purification of the mMiD49 antibody
Antibody affinity purification method was provided by Dr Agnieszka Chacinska
(Pfanner Lab, Germany). Purified His-mMiD49ΔN120 was kindly provided by Dr
Julian Pakay (Ryan Lab, LaTrobe University, Australia). His-mMiD49ΔN120 (1 mg
in 1 mL PBS) was resuspended in 1 mL of 4 x SDS-PAGE loading dye. The entire
sample was separated on a 10 – 16.5% Tris-Tricine SDS-PAGE (Section 2.9.1).
Following western transfer to PVDF (Section 2.10.1) the membrane was stained
with coomassie stain and the corresponding band of the correct size was excised
from the membrane. The isolated PVDF strip was destained in total destain (90%
[v/v] methanol, 10% [v/v] acetic acid) and blocked with 3% [w/v] BSA in PBS
for 1 h at room temperature. The filter was subjected to two rounds of washing
in PBS, 2 min each wash. The rabbit sera (2 mL) was diluted in 8 mL of PBS and
allowed to bind to the membrane overnight at 4°C. The filter was subjected to
four rounds of washing in PBS for 2 min each. Bound antibodies were eluted
from the membrane in 1 mL of 100 mM glycine/HCl, pH 2.5 following 10 min
incubation at room temperature with occasional vortexing. The pH of the elution
was neutralised with the addition of 1/10 final volume of 1 M Tris-HCl, pH 8.0
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(100 μL). The filter was subjected to 2 rounds of elution to ensure all bound
antibody was isolated. Samples were stored at 4°C with the addition of 0.02%
[w/v] sodium azide and 1 mg/mL BSA.
2.11.2 Antibodies
Polyclonal antibodies specific to hTom40 were obtained from Masataki Mori
(Kumomoto, Japan). Antibodies specific for GFP, hMiD51, hFis1, CIA30, Hsc70,
NDUFA9, mMiD49 and hMitofusin2 were generated in house. Mff antibody was
obtained from Alexander van der Bleik (UCLA, USA; (Otera et al, 2010). Mfn1
antibody was obtained from Richard Youle (NIH, Bethesda, USA; (Karbowski et
al, 2007). The antibody against OPA1 was from BD Biosciences,  MnSOD from
Millipore,  β-actin antibody was from Sigma, and antibodies against Complex II
70kDa subunit, Complex III subunit Core 1, and Complex V  subunit antibodies
were from Invitrogen.

2.12 Yeast Two Hybrid
2.12.1 Cloning BD-MiD49ΔN120 fusion plasmid
The pGBKT7 vector (Clontech) containing the GAL4 binding domain (BD) was
used to create a GAL4 binding domain-MiD49ΔN120 (BD-MiD49ΔN120) fusion. The
soluble domain of MiD49 minus the transmembrane domain and a predicted
disordered region (amino acids 121 - 454) was PCR amplified and cloned into the
pGBKT7 vector using Nde I and BamH I restriction sites, thereby creating a Cterminal fusion with the GAL4 BD. The pGBKT7 vector contains the constitutive
promoter ADH1, a cMyc epitope tag, and kanamycin and TRP1 (tryptophan
biosynthesis) selection markers.
2.12.2 Yeast strain
The AH109 strain possesses the following genotype: MATa, trp1-901, leu2-3, 112,
ura3-52, his3-200, gal4Δ, gal80Δ, LYS2::GAL1UAS-GAL1TATA-HIS3, GAL2UASGAL2TATA-ADE2, URA3::MEL1UAS-MEL1 TATA-lacZ (James et al, 1996).
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2.12.3 Yeast culturing
All yeast media was prepared as detailed in the Yeast Protocols Handbook
(Clontech) unless stated otherwise. Yeast strains were typically cultured in YPD
medium (2% [w/v] bacto-peptone, 1% [w/v] yeast extract and 2% [w/v]
dextrose) and incubated at 30°C with agitation. Selection of transformants was
conducted in synthetic drop-out (SD medium) medium (0.67% [w/v] yeast
nitrogen base without amino acids, 1X drop out amino acid mix, 2% [w/v]
dextrose, supplemented with 2% agar for agar plates). The 10X drop out
solutions were prepared containing the following nutrients: 0.02% [w/v] LAdenine Hemisulphate, 0.02% [w/v] L-Arginine, 0.02% [w/v] L-Histidine,
0.03% [w/v] L-Isoleucine, 0.1% [w/v] L-Leucine, 0.03% [w/v] L-Lysine, 0.02%
[w/v] L-Methionine, 0.05% [w/v] L-Phenylalanine, 0.2% [w/v] L-Threonine,
0.02% [w/v] L-Tryptophan, 0.03% [w/v] L-Tyrosine, 0.02% [w/v] L-Uracil,
0.15% [w/v] L-Valine, except for the nutrients serving as a selectable marker.
Drop-out mixes were dissolved in dH2O, autoclaved and stored at 4°C.
2.12.4 Small scale yeast transformation
Sequential and simultaneous small scale AH109 yeast transformations were
conducted using the Lithium Acetate (LiAc) mediated transformation protocol
(Gietz et al, 1992). AH109 colonies were inoculated into 10 mL of YPD or SD
medium and incubated overnight at 30°C with shaking at 230 rpm. The OD600 of
the overnight culture was used to inoculate 50 ml of YPD to an OD 600 of 0.2-0.3,
and incubated until an OD600 of 0.4-0.6 was reached. Cells were then centrifuged
and resuspended in 1.5 mL sterile TE/LiAc (10 mM Tris-HCl pH 7.5, 1 mM
EDTA, 100 mM lithium acetate). Aliquots of 100 μL yeast cells were then placed
into 1.5 ml tubes, combined with 0.1-1 μg of plasmid DNA and 0.1 mg of sheared
herring sperm carrier DNA (Promega) and vortexed. Following this, 600 μL of
sterile PEG/LiAc (10 mM Tris-HCl pH 7.5, 1 mM EDTA, 100 mM lithium acetate,
40% [w/v] PEG-3350 (Sigma)) was then added to each tube and vortexed at high
speed for 10 seconds. After incubation at 30°C, 70 μL of DMSO was added, the
cells were heat shocked for 15 min at 42°C, then chilled on ice for 1-2 min. Cells
were isolated by centrifugation, resuspended in 100 μL of sterile TE and the full
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transformation plated onto appropriate SD agar plates and incubated for 3 days
at 30°C.
2.12.5 Protein-protein interaction assay
The pGBKT7 vector (Clontech) containing the GAL4 binding domain (BD) was
used to create a GAL4 binding domain-MiD49ΔN120 (BD-MiD49ΔN120) fusion. The
pGADT7 vector (Clontech) that contains the GAL4 activating domain (AD) was
used to create a GAL4 activating domain-Drp1 (AD-Drp1) fusion containing a
LEU (leucine biosynthesis) selectable marker. The soluble domain of Fis1 was
cloned into the pGADT7 vector (AD-Fis1). All methods employed were
undertaken according to the manufacturer’s instructions (Clontech, CA, USA),
unless stated otherwise. Constructs were co-transformed into the yeast strain
AH109 (Section 2.12.4). Co-transformants were selected on SD/-Leu/-Trp agar
and incubated at 30°C for 3 days. Following selection co-transformants were
grown in SD/-Leu/-Trp minimal media at 30°C overnight and spotted onto
SD/-Leu/-Trp/-His/-Ade + X--Gal (20 μg/mL, Clontech) + 2.5 mM 3-Amino
1,2,4-Triazole (3-AT; Sigma) (Durfee et al, 1993; Fields & Sternglanz, 1994) and
incubated at 30°C for 3 days.

2.13 Crosslinking and co-immunoprecipitation
2.13.1 Co-immunoprecipitation
Co-immunoprecipitation was conducted using GFP-Trap beads (Chromotek),
and protocol was performed as per manufacturer’s instructions. HeLa cells were
transiently transfected with GFP-Miro1, MiD51-GFP or GFP-Fis1 constructs.
Whole cells were isolated at 800 g and resuspended in 500 μL of lysis buffer (10
mM Tris-HCl pH 7.5, 150 mM NaCl, 0.5 mM EDTA, 1% [v/v] Triton X-100, 1
mM PMSF, 1 x protease inhibitor cocktail) and incubated on ice for 30 min. For
cells subjected to cross-linking, extracts were solubilised in 500 μl RIPA buffer
(10 mM Tris-HCl pH 7.5, 150 mM NaCL, 0.1% [w/v] SDS, 1% [v/v] Triton X-100,
1% [w/v] Deoxycholate, 5 mM EDTA, 1 mM PMSF, and 1 x protease inhibitor
cocktail (Roche)). Samples were centrifuged at 16000 g for 5 min and the
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supernatant isolated. The supernatant was made up to 1 ml with dilution buffer
(10mM Tris-HCl pH 7.5, 150 mM NaCl, 0.5 mM EDTA, 1 mM PMSF, 1 x protease
inhibitor cocktail) and incubated with GFP-Trap beads for 1 h at 4ºC. Samples
were eluted in SDS PAGE Lamelli buffer.
2.13.2 Chemical cross-linking
Following transfection HeLa cells were washed with 2 x PBS and subsequently
chemically

cross-linked

at

room

temperature

for

30

min

with

bis(maleimido)hexane (BMH, Thermo Scientific) in PBS. BMH was quenched
with the addition of 20 mM dithiothreitol (DTT) in PBS and incubated at room
temperature for 15 min. The cells were then washed 2 x in PBS and resuspended
in RIPA buffer (10 mM Tris-HCl pH 7.5, 150 mM NaCl, 0.1% [w/v] SDS, 1%
[v/v] Triton X-100, 1% [w/v] Deoxycholate, 5 mM EDTA, 1 mM PMSF, and 1 x
protease inhibitor cocktail (Roche) and incubated on ice for 15 min. Protein
estimates were determined as described in Section 2.7.2.

2.14 SMCR7 knockout mouse
Mouse embryonic stem (ES) cells lacking the MiD49 gene (SMCR7) were
obtained from the International Knockout Mouse Consortium (KOMP,
http://www.knockoutmouse.org/). Mice heterozygote for the SMCR7 gene were
generated

by

the

Australian

Phenomics

Network

(APN,

(http://www.australianphenomics.org.au). Breeding and housing of mice was
conducted at the Latrobe University Animal Research and Training Facility
(LARTF). The mice were maintained in techniplast individually ventilated cages
(IVC), two to six mice per box.
2.14.1 DNA isolation from mouse tissue
At weaning tail and/or ear samples were obtained from mouse pups as per
ethics guidelines (AEC11-30 and AEC09-14B), and DNA isolation performed.
Tail or ear samples were resuspended in 300 μL of 50 mM NaOH and heated at
98ºC for 30 min. Samples were then vortexed and incubated for a further 30 min
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at 98ºC. Following heat treatment, the solutions were neutralised with 30 μL of 1
M Tris-HCl pH 8.0 and centrifuged at 16000 g for 6 min at room temperature.
The supernatant was transferred to a clean tube at stored at -20ºC.
2.14.2 Primer design for genotyping
The presence of the wild type gene was detected by designing primers that are
specific for the SMCR7 gene. Primers were unique to this gene as determined by
BLAST

(Basic

Local

Alignment

Search

Tool,

http://blast.ncbi.nlm.nih.gov/Blast.cgi).
Wild type SMCR7 sense primer:
5’ CTTCCTCTTGGCTAATGCTCGATTG 3’
Wild type SMCR7 antisense primer:
5’ CAGTAGCTAGGGGCTGGCTGAAG 3’
These primers span an intron producing a 415 base pair product.
The presence of the neomycin cassette was detected using primers designed by
VelociGene

for

detection

and

screening

of

knockout

constructs

(http://www.velocigene.com/komp/detail/10452). The sense primer anneals to
the neomycin cassette while the antisense primer anneals downstream of the
cassette insertion resulting in a 335 base pair product.
Cassette sense primer:
5’ TCATTCTCAGTATTGTTTTGCC 3’
Cassette antisense primer:
5’ GAGTTCATTGCTGGTGATGG 3’.
2.14.3 Genotyping PCR protocol
Oligonucleotides were dissolved in sterile water to a concentration of 10
mol/L. PCRs were carried out in a volume of 25 µL consisting of 1X Taq
Polymerase Buffer (New England BioLabs), 6.25 µM dNTPs (Promega), 2.5 pmol
of both the forward and reverse oligonucleotide primers (Sigma), 2 - 4 ul of
template DNA and 1 U of Taq DNA Polymerase (New England Biolabs).
Reactions were carried out in an Applied Biosystems GeneAmp PCR Machine.
Parameters for amplification involved an initial denaturation step at 98ºC (1
59

Chapter 2: Materials and methods

min), followed by 40 cycles consisting of a denaturation step at 96 ºC (30 sec), an
annealing step at 55 ºC (30 sec) and an extension at 72 ºC (30 sec). The reaction
was completed with a final extension at 72 ºC for 2 min.
2.14.4 Mouse embryonic fibroblast generation
Mouse embryos were harvested at E14.5 days. The uterus was surgically
removed into a petri dish containing 2 - 3 mL of Hank’s Balanced Salt Solution
(HBSS; GIBCO)/ 2% FCS. Each embryo was isolated and placed in a separate
petri dish of HBSS/2% FCS. For each embryo, using two 21 gauge needles, the
head and internal organs were removed. The head was retained for subsequent
genotyping analysis. A disposable cell sieve was placed in a gelatine coated plate
(0.1% [v/v] gelatine in PBS) containing 10 ml of DMEM supplemented with 10%
[v/v] FCS, 50 μM beta-mercaptoethanol and 270 μM L-asparagine. The embryo
was gently pushed through the disposable sieve using a 10 mL syringe plunger.
The plate containing the extract was incubated at 37 ºC under an atmosphere of
5% CO2 and 95% air until cells had adhered and grown.

2.15 Trichloroacetic acid precipitation
Proteins were precipitated using trichloroacetic acid (TCA) as described
previously (Rosenberg, 1996). Briefly, samples were precipitated by the addition
of 0.1% [w/v] sodium deoxycholic acid and TCA to a final concentration of 12%
[w/v]. Samples were incubated on ice for a minimum of 30 min and centrifuged
for 20 min in a bench top centrifuge at 4C. The resulting protein pellet was
washed with 100% acetone, air dried and resuspended in SDS-PAGE sample
buffer.
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Chapter Three

MiD49 and MiD51 recruit Drp1 to mitochondria
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3.1

Introduction

Mitochondrial Dynamics proteins of 49 and 51 kDa (MiD49 and MiD51)
respectively, are novel mitochondrial outer membrane proteins that share 45%
sequence identity (Osellame, 2010; Palmer et al, 2011). MiD51 is encoded by the
gene SMCR7L (Smith Magenis Chromosome Region 7-like) and was initially
identified in a random cellular localisation screen of uncharacterised human
proteins (http://gfp-cdna.embl.de/) (Simpson et al, 2000). MiD49 was
subsequently identified due to sequence homology with MiD51, and is encoded
by the gene SMCR7 (Smith Magenis Chromosome Region 7). The gene products
of SMCR7 and SMCR7L are not responsible for Smith Magenis Syndrome (Slager
et al, 2003), and were subsequently renamed MiD49 and MiD51 respectively
(Osellame, 2010; Palmer et al, 2011). Initial characterisation of these proteins by
Laura Osellame as part of her PhD studies, revealed that they are targeted to the
mitochondrial outer membrane, and possess an N-terminal transmembrane
domain, and a large C-terminal cytosolic domain that contains a predicted
disordered region (Osellame, 2010); Figure 3.1).

Figure 3.1 Schematic diagram depicting the topology of MiD49 and MiD51 on the
mitochondrial outer membrane. Mitochondrial Dynamics proteins of 49 and 51 kDa (MiD49 and
MiD51) are located on the outer mitochondrial membrane with N-terminal transmembrane
domains and large C-terminal cytosolic domains. The cytosolic domain contains a region of
predicted disorder adjacent to the transmembrane domain. There is a small N-terminal region
that protrudes into the intermembrane space.
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There is an ~20 amino acid region at the extreme N-terminus of both MiD49 and
MiD51 that is predicted to protrude into the mitochondrial intermembrane
space, however the function of this region is currently unknown. Sequence
analysis showed that MiD51 and MiD49 are found in chordates, while
homologues were not identified in lower eukaryotic model systems including
Caenorhabditis elegans, Drosophila and yeast (Osellame, 2010; Palmer et al, 2011).
These proteins share little sequence homology to other proteins and have no
known protein domains. Analysis of expression array data reveals that both
MiD49 and MiD51 are widely expressed in tissues with highest expression in
heart and skeletal muscle (GeneNote, (Shmueli et al, 2003). Over-expression of
MiD49 or MiD51 results in the formation of long extended mitochondrial tubules
that colocalise with F-actin (filamentous actin) (Osellame, 2010; Palmer et al,
2011), suggesting that these proteins may have a role in mitochondrial
distribution by the actin cytoskeleton. However, the significance of this result is
not clear due to potential artefacts following over-expression. Knockdown of
both MiD49 and MiD51 by RNA mediated interference (RNAi) results in the
formation of a ‘netlike’ mitochondrial network, while knockdown of MiD49 or
MiD51 alone does not significantly alter mitochondrial morphology, suggesting
potential functional redundancy of these proteins (Osellame, 2010; Palmer et al,
2011). The mitochondrial phenotype observed following knockdown of the MiD
proteins is similar to that seen following loss or down regulation of proteins
involved in mitochondrial fission, including Endophilin B1 (Karbowski et al,
2004b), MARCH5 (Karbowski et al, 2007), Fis1 (James et al, 2003; Stojanovski et al,
2004) and Drp1 (Estaquier & Arnoult, 2007; Ishihara et al, 2009; Lee et al, 2004;
Wakabayashi et al, 2009). This suggests that these proteins may have a role in
regulation or maintenance of mitochondrial fission.

Global yeast 2-hybrid screens have identified the protein 14-3-3 interacting
with MiD51, and Ubiquilin 1 and the Proteasome Inhibitor subunit 1 (PI31)
interacting with MiD49 (Jin et al, 2004; Lim et al, 2006; Rual et al, 2005). As these
proteins were identified in large scale screens, the interactions were not
investigated further. The 14-3-3 family of proteins have a wide variety of cellular
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roles including cytoskeletal rearrangement, cell cycle control and cell signalling;
with greater than 200 human 14-3-3 interacting proteins identified (Mackintosh,
2004; Pozuelo Rubio et al, 2004). The multitude of proteins interacting with 14-3-3
proteins suggests that the interaction with MiD51 may not be specific, or that the
14-3-3 proteins are promiscuous in nature. The interaction of MiD49 with
Ubiquilin 1 and PI31, and the potential role MiD49 may play in the ubiquitin
proteasome system has yet to be explored.

MiD49 and MiD51 are members of a growing number of proteins that have a
role in mammalian mitochondrial morphology. Homologues of the yeast Fis1
interacting proteins Mdv1/Caf4 are absent in mammals (Karren et al, 2005;
Koirala et al, 2010; Lackner et al, 2009; Tieu & Nunnari, 2000), suggesting that
there may be functional homologues that mediate mitochondrial fission in
mammalian cells that have yet to be described. In addition, the pro-fission
proteins Mff, MARCHV and Endophilin B1 are also absent in S. Cerevisiae,
highlighting the added complexity found following evolutionary divergence
(Gandre-Babbe & van der Bliek, 2008; Karbowski et al, 2004b; Karbowski et al,
2007; Otera et al, 2010). While a number of key proteins involved in
mitochondrial morphology have been described, the complex regulation of these
mechanisms and how these proteins work together is currently unclear. This
chapter details the investigation of the role of MiD49 and MiD51 in
mitochondrial morphology, with the identification of MiD-GFP localised puncta
on the mitochondrial outer membrane in a manner similar to Drp1. Fluorescence
analysis

identified

MiD49/51-mediated

translocation

of

Drp1

to

the

mitochondrial outer membrane, which was diminished upon knockdown of
these proteins. Confirmation of the interaction between MiD49 and Drp1 was
achieved through directed yeast 2-hybrid assay.
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3.2

MiD49 and MiD51 form foci at mitochondria

While cellular over-expression of MiD49/51 results in a significant change in
mitochondrial morphology, how this relates to the endogenous role of these
proteins is unclear. Both over-expression and knockdown of MiD49 and MiD51
results in the formation of fused tubules (Osellame, 2010), making the role of
these proteins ambiguous. In addition, characterisation of the endogenous role of
MiD49 and MiD51 in mitochondrial morphology has been hampered due to nonspecific antibodies. In an effort to gain insight into the role of MiD49 and MiD51,
COS7 cells were transiently transfected with plasmids encoding either MiD51GFP, Tom7-GFP (Translocase of the outer membrane 7) (Johnston et al, 2002),
GFP-Miro1 (Mitochondrial Rho GTPase 1) (Saotome et al, 2008) or GFP-Fis1
(Fission 1) (Stojanovski et al, 2004). At high levels of expression, MiD51-GFP
induced the formation of fused mitochondrial tubules as seen previously
(Osellame, 2010), while at low expression levels, MiD51-GFP formed localised
puncta at mitochondria that were distributed throughout the network (Figure
3.2). Similar results were also observed for MiD49-GFP (data not shown). This
pattern of localised GFP fluorescence was not seen in cells expressing the
mitochondrial distribution protein GFP-Miro1, pro-fission mediator GFP-Fis1, or
the control protein Tom7-GFP, where GFP fluorescence was seen evenly along
the mitochondrial surface (Figure 3.2). Following low MiD51-GFP expression,
mitochondria also appeared reticular and similar to that seen in the control
Tom7-GFP (Figure 3.2), suggesting that the balance of mitochondrial fission and
fusion was not perturbed. Unfortunately, foci formed by endogenous MiD49/51
could not be analysed due to cross-reacting immune sera.
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Figure 3.2 Low expression of MiD51-GFP reveals localised puncta at mitochondria. COS7 cells
were transiently transfected with MiD51-GFP, Tom7-GFP, GFP-Miro1 or GFP-Fis1 and stained
with MitoTracker Red (red) and Hoechst (blue). Cells were imaged by epifluorescence
microscopy at the same exposure and gain settings, with the exception of MiD51-GFP (high) that
was visualised at lower exposure. The inset seen in the merge panels is magnified in the right
panels. Scale bar: 20 µm.
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To further examine the punctate structures formed by MiD49/51-GFP, high
resolution images were obtained using confocal microscopy with the assistance
of Dr David Laine, LaTrobe University, Australia. COS7 cells were transiently
transfected with plasmids encoding MiD49-GFP and stained with MitoTracker
Red. Linescan analysis of these images revealed that a reduction in MitoTracker
Red was concurrent with an increase in GFP at central areas in a mitochondrion,
consistent with the presence of GFP at a potential mitochondrial constriction site
(Figure 3.3A). Three dimensional reconstruction of z-stacks demonstrated that
low level expression of MiD49-GFP resulted in the formation of both puncta and
rings (Figure 3.3B). The formation of these rings and puncta at the mitochondrial
outer membrane were reminiscent of those formed by Drp1 (Legesse-Miller et al,
2003). These results subsequently led to the investigation of Drp1 distribution in
cells expressing MiD49-GFP or MiD51-GFP.

Figure 3.3 MiD49-GFP forms rings at potential mitochondrial constriction sites. (A) COS7 cells
transfected with a plasmid encoding MiD49-GFP (green) and stained with MitoTracker Red (red)
were analysed by confocal microscopy. Linescan analysis of the inset revealed an increase in GFP
fluorescence where there is a reduction in MitoTracker Red (right panel). Fluorescence is
measured in arbitrary units. Scale bar: 20 µm (left), Scale bar, 2 µm (inset). (B) Reconstruction of
COS-7 mitochondria from (A). Arrows indicate one of the MiD49-GFP rings at a potential
mitochondrial constriction site. Scale bar: 1 μm.
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3.3

MiD49/51 over-expression affects Drp1 distribution

3.3.1

MiD49 and MiD51 alter endogenous Drp1 distribution

Drp1 is localised primarily in the cytosol, and upon induction of fission it is
recruited to the mitochondrial outer membrane where it assembles into higher
order complexes (Ingerman et al, 2005; Lackner et al, 2009; Smirnova et al, 2001).
The cycling if Drp1 on and off the mitochondrial outer membrane to facilitate
scission of the organelle is dependent on GTP hydrolysis and post translational
modification (Cereghetti et al, 2008; Chang & Blackstone, 2007; Cho et al, 2009;
Harder et al, 2004; Ingerman et al, 2005; Smirnova et al, 2001; Wang et al, 2011b).

To examine the potential changes in Drp1 distribution, COS7 cells were
transiently transfected with plasmids encoding MiD49-GFP or GFP-Miro1 and
analysed by immunofluorescence using antibodies against Drp1. In cells
expressing high or low levels of MiD49-GFP, Drp1 was found primarily at
mitochondria (Figure 3.4A). This was in contrast to control cells expressing GFPMiro1, where Drp1 was found largely in the cytosol (Figure 3.4A). The normal
pattern of Drp1 localisation can also be observed in untransfected cells, as seen
in the top centre panel of Figure 3.4A. Similar results were observed in HeLa and
HEK293T cells (data not shown). Colocalisation of Drp1 with mitochondria was
subsequently assessed by confocal microscopy. Pearson’s Correlation analysis of
linescans from cells expressing either MiD49-GFP or MiD51-GFP and stained for
Drp1 revealed a clear increase in colocalisation of Drp1 with mitochondria when
compared to cells over-expressing GFP-Miro1 (Figure 3.4B).
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Figure 3.4 MiD49 and MiD51-GFP alter Drp1 subcellular localisation. (A) COS-7 cells were
transiently transfected with plasmids encoding MiD49-GFP or GFP-Miro1 and analysed by
immunofluorescence assay. Cells expressing MiD49-GFP (low and high fluorescence) or GFPMiro1 were immunostained for Drp1 (red) and stained with Hoechst (blue). Scale bar: 20 µm (B)
Linescans of cell regions were analysed for Drp1 and MiD49/51-GFP or GFP-Miro1 fluorescence
using Metamorph software. Relative fluorescence intensities were measured (n > 45), Drp1
colocalisation with mitochondria was analysed and the degree of association shown as Pearson’s
Correlation units (r) (right panel). (mean ± s.e.m., n = 3).

3.3.2

Formation of MiD51-GFP puncta is not dependent on Drp1

To assess if the formation of MiD51-GFP rings or puncta was dependent on the
presence of Drp1, HeLa cells were depleted of endogenous Drp1 using RNAi
(Lee et al, 2004), and subsequently transfected with a plasmid encoding MiD51GFP. Following down regulation of Drp1, mitochondria exhibited a fused
morphology (Figure 3.5A), presumably due to a reduction in mitochondrial
fission and unbiased fusion events (Lee et al, 2004). Confocal microscopy
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revealed that MiD51-GFP was observed as puncta in cells depleted of Drp1
(Figure 3.5A). Depletion of Drp1 was confirmed by western blotting (Figure
3.5A). Three dimensional reconstruction of z-stacks confirmed that amongst the
puncta, MiD51-GFP rings were evident. It can be concluded that the formation of
these structures is not dependent on Drp1 (Figure 3.5B).

Figure 3.5 MiD51-GFP forms puncta following Drp1 depletion. (A) HeLa cells depleted of Drp1
by RNAi were transfected with a plasmid encoding MiD51-GFP (green) and stained with
MitoTracker Red (red). Scale bar: 20 μm. Western analysis of whole cell extracts from Drp1 RNAi
and control cells confirmed Drp1 knockdown. The mitochondrial protein B17.2L was used as a
loading control (B) MiD51-GFP (green) foci formation in Drp1 depleted HeLa cells from (A) were
analysed by confocal microscopy. Three dimensional reconstruction of z-stacks were obtained
using Metamorph software. Arrow indicates MiD51-GFP ring. Scale bar: 2 μm.

3.3.3

GFP-Drp1 is recruited by MiD49/51

The redistribution of Drp1 following over-expression of MiD-GFP suggested that
Drp1 may be recruited or sequestered by MiD49/51. To determine if this
recruitment of Drp1 to mitochondria could be saturated, GFP-Drp1 was
expressed in cells alone or with MiD49 or MiD51. In control cells, GFP-Drp1 was
found to be predominantly cytosolic, while in most cells over-expressing MiD49
or MiD51, GFP-Drp1 was enriched at mitochondria (Figure 3.6A). Cell counting
of these cells along with cells expressing GFP-Drp1 with the control
mitochondrial outer membrane protein, Milton1 (Koutsopoulos et al, 2010b),
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confirmed these results (Figure 3.6B). Similar results were also observed for cells
co-expressing MiD49- or MiD51-mKate with GFP-Drp1 (data not shown).

Figure 3.6 GFP-Drp1 does not saturate MiD49/51 mediated recruitment. (A) COS-7 cells
expressing GFP-Drp1 alone, or co-transfected with plasmids encoding MiD49 or MiD51 were
stained with MitoTracker Red and Hoechst and visualised by epifluorescence microscopy. Scale
bar: 20 µm. (B) COS-7 cells expressing GFP-Drp1 alone, or co-transfected with plasmids encoding
MiD49, MiD51 or Milton1 were blind counted for GFP-Drp1 localization. (mean ± s.e.m., n = 3,
100 cells counted/ experiment).

To examine the relationship of MiD49 and MiD51 with Drp1 further, mouse
embryonic fibroblasts (MEFs) expressing human MiD49 or human MiD51 under
tamoxifen (4HT) inducible conditions were generated (Dunning et al, 2007;
Osellame, 2010). Clonal populations were isolated to ensure expression levels
were uniform within the cell population. Expression of human MiD51 in these
cells led to the appearance of swollen and fused mitochondrial extensions
(Figure 3.7A). To visualise the recruitment of Drp1 overtime, MiD51 inducible
MEFs were transfected with plasmids encoding GFP-Drp1 and analysed by time
71

Chapter 3:MiD49/51 recruit Drp1 to mitochondria

lapse confocal microscopy. Prior to 4HT addition, GFP-Drp1 was found to be
largely cytosolic, however between 30 minutes and 3 hours after 4HT addition,
GFP-Drp1 was recruited to mitochondria (Figure 3.7B). Mitochondrial fission
was also apparent in induced cells, suggesting that activity of GFP-Drp1 was not
perturbed at the early time point of MiD51 expression (Figure 3.7B). The
recruitment of GFP-Drp1 was not observed in uninduced control cells (Figure
3.7B), or in control cells treated with 4HT (data not shown).

Figure 3.7 GFP-Drp1 is recruited to mitochondria following induction of MiD51. (A) MEFs
before 4-hydroxytamoxifen (-4HT) and 24h after (+4HT) induction of MiD51 were stained with
MitoTracker Red and visualized by fluorescence microscopy. Western analysis of whole cell
extracts confirmed MiD51 induction. B17.2L was included as a loading control. (B) MiD51 MEFs
were transfected with a plasmid encoding GFP-Drp1, and analysed by time lapse confocal
microscopy. Cells were incubated with MitoTracker Far Red and representative images are
shown of uninduced (- 4HT, top panels) and induced (+ 4HT, lower panels) cells. Scale bar: 20
µm.
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3.3.4

MiD49 and MiD51 alter Drp1 isoform 1 and isoform 3 distribution

Drp1 contains domains that are common to the Dynamin family, including a
GTPase domain, a middle domain and a GTPase effector (GED) domain (Figure
3.8) (van der Bliek, 1999a). Different isoforms of Drp1 exist due to alternative
splicing of the transcript, including a neuronal specific isoform (isoform 1) and
the non-neuronal isoform 3 (Kamimoto et al, 1998; Smirnova et al, 1998; Yoon et
al, 1998). The neuronal Drp1 isoform contains a 37 amino acid insert (Figure 3.8)
(Kamimoto et al, 1998; Smirnova et al, 1998). Both these isoforms have been
shown to interact with mitochondria and facilitate mitochondrial fission
(Smirnova et al, 1998). The specific role of the different Drp1 isoforms is currently
unknown, however it has been suggested that alternative splicing may mediate
interaction with different binding partners (Uo et al, 2009).

Figure 3.8 Schematic of Drp1 isoforms 1 and 3. Drp1 contains a GTPase domain, a middle
domain and a GTPase effector (GED) domain that are common to the Dynamin family of
proteins. Isoform 1 is neuronal specific, where isoform 3 is a non-neuronal isoform. The brain
specific Drp1 contains a 37 amino acid insert due to alternative splicing of the gene product.

To determine if MiD49- or MiD51-GFP mediated Drp1 recruitment was specific
to a Drp1 isoform, COS7 cells were transiently transfected with plasmids
encoding MiD51-GFP and HA-tagged Drp1 isoform 1 or Drp1 isoform 3. In cells
expressing MiD51-GFP, HA-Drp1 isoform 1 and isoform 3 were found
predominantly at mitochondria, while in control cells HA-Drp1 was found
primarily in the cytosol (Figure 3.9). Similar results were also found for cells
expressing MiD49-GFP (data not shown) suggesting that MiD49/51 mediated
recruitment of Drp1 is not isoform specific. Control cells expressing HA-tagged
Endophilin B1 (Karbowski et al, 2004b) showed no change in HA-Endophilin B1
localisation with co-expression of MiD51-GFP (Figure 3.9).
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Figure 3.9 MiD51-GFP alters Drp1 distribution independent of isoform. COS7 cells were
transfected with plasmids encoding HA-Drp1 isoform 1 (red), HA-Drp1 isoform 3 (red) or HAEndophilin B1 (red) alone or with MiD51-GFP (green). Cells were immunostained for HA
epitope. Control cells were also immunostained for mitochondrial Hsp70 (green). Cells were
stained with Hoechst (blue) to visualise the nucleus and and visualised by epifluorescence
microscopy. Scale bar: 20 µm.

3.4

Drp1 activity is reduced following MiD49/51 RNAi

COS7 cells were analysed for Drp1 localisation following RNAi mediated
knockdown of MiD49 and MiD51. Following transfection of COS7 cells with
plasmids encoding MiD49 and/or MiD51 RNAi constructs, Drp1 was
immunostained and subcellular localisation analysed by confocal microscopy
(Figure 3.10A). Colocalisation of Drp1 with mitochondria was quantified by
Pearson Correlation analysis of linescans. Drp1 association with mitochondria
was significantly reduced following both single and dual knockdown of MiD49
and MiD51, while analysis of the control cytosolic protein Hsc70 did not show
significant alterations in its distribution (Figure 3.10B).
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Figure 3.10 Drp1 is reduced at mitochondria following knockdown of MiD49 and MiD51. (A)
Confocal imaging of COS7 cells co-transfected with plasmids encoding either scrambled or MiD
specific RNAi, along with mt-Dendra2 to visualize mitochondria. Cells were fixed and
immunostained for Drp1 or Hsc70. Scale bar: 20 µm (B) Confocal images of COS7 cells cotransfected with either scrambled or MiD specific RNAi constructs, along with mt-Dendra2. Cells
were immunostained for Drp1 or Hsc70 and linescans of mitochondria were subsequently
analysed for colocalisation. Relative fluorescence intensities were measured (n > 37). Drp1 or
Hsc70 colocalisation with mitochondria was determined and the degree of association shown as
Pearson’s Correlation units (r). (mean ± s.e.m., n = 3).
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CCCP, a proton ionophore that uncouples mitochondrial membrane potential, is
known to block mitochondrial fusion leading to unopposed Drp1-dependent
mitochondrial fission in cells (Ishihara et al, 2003; Legros et al, 2002; Malka et al,
2005). If MiD49 and MiD51 are involved in regulating Drp1 activity, it would be
expected that their knockdown in cells would also block CCCP-induced
mitochondrial fragmentation. As can be seen (Figure 3.11A, B), knockdown of
MiD49 and MiD51 led to an approximate 4-fold reduction in CCCP-induced
fragmentation suggesting that Drp1 activity is reduced. This reduction in CCCPinduced fragmentation was similar to that seen following knockdown of Drp1
(Figure 3.11B). As expected, control cells exhibited a fragmented mitochondrial
network following CCCP treatment (Figure 3.11).

Figure 3.11 MiD49/51 knockdown reduces Drp1 activity at mitochondria. (A) HeLa cells were
transfected with plasmids encoding scrambled, MiD49/MiD51 RNAi or Drp1 RNAi, and then
incubated for 60 min with either 20 μM CCCP or DMSO. Cells were then fixed and probed for
cytochrome c. Images were obtained by fluorescence microscopy. Scale bars: 20 μm. (B) HeLa
cells from (A) were blind counted for mitochondrial morphology (mean ± s.e.m., n = 3, 100 cells
counted/experiment).
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3.5

Yeast 2-hybrid analysis of MiD49 interacting partners

3.5.1

Yeast 2-hybrid system to detect protein-protein interactions

The yeast 2-hybrid system detects protein-protein interactions by transcriptional
activation of reporter genes. Transcription of these reporter genes occurs by the
association of a bait protein fused to the binding domain (BD) interacting with
prey proteins fused to the activating domain (AD) of the GAL4 transcriptional
activator (Chien et al, 1991). When two proteins interact, the GAL4
transcriptional activator initiates in vivo transcription of reporter genes (Chien et
al, 1991). The yeast strain AH109 employed in this study is a MATa haploid
auxotrophic strain that is unable to synthesise the amino acids leucine,
tryptophan, histidine and adenine (James et al, 1996). There are four reporter
genes that are transcribed by the GAL4 transcriptional activator encoding for
His3p that is involved in histidine biosynthesis, MEL1 and lacZ that are involved
in -galactosidase and β-galactosidase synthesis respectively, and Ade2p which
is involved in adenine biosynthesis (James et al, 1996). Endogenous GAL4 and
GAL80 genes have been deleted from the AH109 strain, preventing interference
of native regulatory proteins with the inducible reporter system in the yeast 2hybrid assay (Harper et al, 1993; James et al, 1996). Protein interaction can be
detected by growth on minimal media and induction of colour reactions
following the addition of the chromogenic substrate X--gal.

The first 120 amino acids of MiD49 contain the mitochondrial targeting signal, a
transmembrane domain and a predicted region of disorder (Figure 3.12). It was
hypothesised that this region of disorder may reduce specificity of the
interaction, and subsequently a plasmid encoding the BD fused to MiD49 lacking
the first 120 amino acids (BD-MiD49N120) was generated for use in the yeast 2hybrid assay. Expression of the fusion construct in AH109 cells was confirmed
by western blotting (Figure 3.12).
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Figure 3.12 Predicted disorder region in MiD49 is removed for yeast 2-hybrid assay. (A)
Sequence alignment of MiD49 and MiD51. Conserved residues are in bold and predicted
transmembrane anchors are underlined. The predicted region of disorder is denoted by the
dashed border. (B) Schematic of the fusion construct of the binding domain fused to MiD49
lacking the first 120 amino acids. Expression of the fusion construct was confirmed by western
blotting.

3.5.2

Protein-protein interaction assay of MiD49ΔN120 and Drp1

To determine a direct interaction between MiD49 and Drp1, a directed yeast 2hybrid assay was employed. Using high stringency nutritional selection, a direct
interaction between MiD49ΔN120 and Drp1 was observed as the presence of
growth on selective media, as seen with the positive control p53 and the large Tantigen (Figure 3.13). There was no observed interaction between MiD49ΔN120
and the soluble domain of hFis1 or the large T-antigen, as seen with the negative
control Lamin and the large T-antigen (Figure 3.13).
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Figure 3.13 MiD49ΔN120 and Drp1 interact directly. The interaction between a truncated form of
MiD49 (MiD49ΔN120) and Drp1 was examined using a yeast two-hybrid assay. Under high
stringency nutritional selection (SD –Leu/-Trp/-His/-Ade + 2.5 mM 3-AT and X--gal), a direct
interaction between MiD49 ΔN120 and Drp1 was observed like that of the positive control, p53 and
large T-antigen. MiD49ΔN120 did not interact with the soluble domain of hFis1 or the large Tantigen like the negative control Lamin and T-antigen.
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3.6

Discussion

Mitochondrial fission requires a number of steps to complete scission of the
double membrane organelle, including organelle constriction, assembly of the
fission complex, Drp1 mediated GTP hydrolysis, lipid rearrangement and finally
division (Friedman et al, 2011; Fukushima et al, 2001; Furt & Moreau, 2009;
Huang et al, 2011a; Lackner et al, 2009; Mozdy et al, 2000). It is now apparent that
this process involves a number of proteins that are active at different stages of
mitochondrial fission, however how these proteins work together is currently
unclear. MiD49 and MiD51 are two mitochondrial outer membrane proteins that
were found to induce morphological changes to the mitochondrial network
following their over-expression (Osellame, 2010). However, it was not known
how these proteins influenced the known mediators of the fission-fusion
machinery.
MiD49/51 over-expression recruits Drp1 to mitochondria
Following over-expression of MiD49/51-GFP, the largely cytosolic GTPase Drp1
translocated to mitochondria. This redistribution of Drp1 occurred following
both high and low levels of MiD ectopic expression, suggesting that MiD49 and
MiD51 have a role in regulating Drp1 mediated mitochondrial fission. These
results are similar to those seen following over-expression of Mff or MARCH5
ring domain mutants that modulate Drp1 association with mitochondria
(Karbowski et al, 2007; Otera et al, 2010). While MiD49/51-GFP stimulated Drp1
translocation to mitochondria, the eventual formation of fused mitochondria
suggested that Drp1 lost functionality. In fact, GFP-Drp1 no longer formed foci
at mitochondria following co-expression with MiD49 or MiD51, suggesting that
assembly of the fission complex is affected due to retention of Drp1 by
MiD49/51. Consistent with this, high levels of MiD49- or MiD51-GFP expression
caused Drp1 to accumulate at the mitochondrial peri-nuclear region, and highly
fused mitochondrial tubules radiated out towards the cell periphery. However at
low levels of MiD49- or MiD51-GFP over-expression, mitochondrial morphology
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was not significantly altered indicating that Drp1, while recruited to
mitochondria, was still active. This was apparent in cells induced to express
MiD51, where (at least in early stages of MiD51 expression) recruitment of GFPDrp1 stimulated mitochondrial fission. Confirmation of a direct interaction
between Drp1 and MiD49 was achieved through a directed yeast 2-hybrid assay,
however it cannot be excluded that MiD49/51 may regulate other proteins such
as Mff or Fis1 which also influence Drp1 action.
MiD49/51 form foci at mitochondria
Mff, Drp1 and Mfn2 form foci on the outer mitochondrial membrane where they
colocalise with Bax following apoptotic stimulation (Karbowski et al, 2002; Otera
et al, 2010). Drp1 is also able to form concentric rings that constrict following
GTP hydrolysis, facilitating scission of the mitochondrion (Ingerman et al, 2005;
Lackner et al, 2009; Mears et al, 2011). Following membrane scission, some Drp1
remains with mitochondria (Labrousse et al, 1999), leading to the possibility that
Drp1 disassembly requires further cues. These cues are likely to involve posttranslational modification of Drp1 and/or may require direct interactions with
other proteins. The formation of rings and patches observed following low levels
of expression indicates that MiD49/51-GFP may form a scaffold or higher
ordered structure at potential sites of fission. MiD49/51-GFP patches were also
observed at the tips of a mitochondrion as seen with Drp1 (Labrousse et al, 1999),
presumably due to recent fission events. The formation of these structures
occurred following depletion of Drp1, suggesting that the MiD proteins act
independently of Drp1 association with mitochondria. However as residual
levels of Drp1 remained following RNAi mediated knockdown, confirmation of
this result in Drp1 null cells is required.
MiD49/51 knockdown reduces Drp1 at mitochondria
A difficulty in discerning the role of MiD49 and MiD51 in mitochondrial
morphology has been the presence of fused mitochondrial tubules upon both
over-expression and knockdown. While morphologically distinct, the presence
of fused mitochondria suggests either an induction of fusion or down regulation
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of fission upon both knockdown and over-expression of MiD49 and MiD51. The
reduction of MiD49 and MiD51 by RNAi led to the formation of net-like
mitochondria, similar to the morphology observed following knockdown of the
pro-fission proteins Endophilin B1 (Karbowski et al, 2004b), Fis1 (Stojanovski et
al, 2004), Drp1 (Smirnova et al, 2001) and Mff (Gandre-Babbe & van der Bliek,
2008; Otera et al, 2010). Down regulation of MiD49 and/or MiD51 resulted in
decreased Drp1 levels at mitochondria, causing a reduction in mitochondrial
fission and unbiased fusion of the mitochondrial network. The greatest reduction
of Drp1 at mitochondria was seen following loss of both MiD49 and MiD51,
suggesting that these proteins are functionally redundant. In further support of a
role for MiD49/51 in Drp1 mediated fission, knockdown of MiD49/51 protected
against Drp1 mediated mitochondrial fragmentation in cells treated with the
proton ionophore CCCP. This indicates that Drp1 activity at mitochondria was
reduced. Similar effects have also been observed following reduction of Mff
levels, while down regulation of Fis1 does not protect against CCCP induced
mitochondrial fragmentation (Gandre-Babbe & van der Bliek, 2008; Otera et al,
2010). Subsequently, mitochondrial fission is disrupted upon both overexpression and knockdown of MiD49/51, resulting in fusion of the
mitochondrial network.

The translocation of Drp1 to mitochondria following MiD49 or MiD51 overexpression clarifies a role for these proteins in mammalian mitochondrial fission.
With the identification of a number of proteins involved in Drp1 mediated
mitochondrial fission, how might MiD49 and MiD51 fit into the current model?
Over-expression of MiD49 and MiD51 results in the formation of highly fused
mitochondrial tubules that are varied in width and colocalise with filamentous
actin (Osellame, 2010; Palmer et al, 2011). The formation of these morphologically
distinct tubules may occur due to increased anchoring on the cytoskeleton. In
addition, Drp1 is proposed to be transported to mitochondria along actin
filaments (De Vos et al, 2005). The recruitment of Drp1 to mitochondria following
MiD49/51 over-expression may induce the attachment of mitochondria to actin
(Osellame, 2010). However, Drp1 was not frequently found at the periphery of
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the mitochondrial network following high levels of MiD49/51 over-expression,
suggesting that other factors mediating this association are involved. Mff is the
proposed mammalian receptor for Drp1; however its precise role in Drp1
recruitment, assembly and/or scission is not clear. The formation of MiD49/51GFP rings suggests that these proteins may facilitate assembly of Drp1 oligomers
at mitochondria. While knockdown of MiD49/51 reduced Drp1 at mitochondria,
this may occur due to disruption of the fission complex and subsequent release
of Drp1 back to the cytosol despite the presence of endogenous Mff. Further
analysis of the relationship between Mff and MiD49/51 is required to determine
the precise role of MiD49/51 mediated Drp1 recruitment, and how these
proteins fulfil their role in Drp1 mediated mitochondrial fission. Accessory
proteins are also likely to be involved in the formation of initial constriction sites
for Drp1 polymerisation. This stems from in vitro studies where purified Drp1
and its yeast ortholog Dnm1p polymerized into rings and spirals approximately
35-110 nm (Bossy et al, 2010; Ingerman et al, 2005; Smirnova et al, 2001), while
mammalian mitochondria have a diameter exceeding ~500 nm. MiD49/51 may
have evolved in higher eukaryotes due to increased mitochondrial diameter,
resulting in the need for additional proteins to mediate mitochondrial
constriction and Drp1 nucleation. Mitochondrial fission may be facilitated by the
ER (Friedman et al, 2011), with MiD49 and MiD51 potentially acting as accessory
proteins for the subsequent assembly of Drp1. This chapter details the
identification of MiD49 and MiD51 interaction with Drp1, and subsequent
stimulation of Drp1 to the mitochondrial surface. This clarifies a role for these
proteins in mitochondrial fission, adding further insight into the complex
regulation of mitochondrial division. A proposed model of MiD49/51 action at
mitochondria will be discussed further in Chapter 7.
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Chapter Four

Mechanistic analysis of MiD49/51 mediated Drp1
recruitment
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4.1

Introduction

Initial models of mammalian mitochondrial fission were based on findings from
yeast studies. In yeast, Dnm1 recruitment and assembly at mitochondria is
mediated by the membrane receptor Fis1 and the adaptor proteins Mdv1/Caf4
(Griffin et al, 2005; Karren et al, 2005; Koirala et al, 2010; Mozdy et al, 2000; Naylor
et al, 2006; Otsuga et al, 1998; Tieu & Nunnari, 2000). Fis1 is localised to both
mitochondrial and peroxisomal outer membranes, and peroxisomal fission is
driven by a common mechanism involving Dnm1 and Mdv1 (Kuravi et al, 2006;
Motley et al, 2008). Structural analysis of yeast Fis1 revealed the presence of a
tricopeptide repeat (TPR) like domain, where six -helices form a hydrophobic
pocket that has been shown to be important for protein-protein interaction
(Suzuki et al, 2003; Suzuki et al, 2005). The adaptor proteins Mdv1/Caf4 bind to
the concave surface of Fis1 via a long heptad repeat (HR) that forms an
antiparallel coiled-coil at the N-terminus (Cerveny & Jensen, 2003; Koirala et al,
2010; Zhang & Chan, 2007). Mdv1 promotes the assembly of Dnm1 following
binding to Fis1, and stimulates Dnm1 polymerisation and subsequent
constriction of the mitochondrial membrane (Bhar et al, 2006; Ingerman et al,
2005; Lackner et al, 2009). The C-terminus of Mdv1 mediates the interaction with
Dnm1 through a predicted WD-40 -propeller domain (Cerveny & Jensen, 2003;
Tieu et al, 2002). The N-terminus of yeast Fis1 forms a rigid structure that binds
to a hydrophobic pocket, and mediates the interaction with Mdv1 (Suzuki et al,
2005). In human Fis1, the N-terminus is more flexible and cannot bind the
hydrophobic pocket (Suzuki et al, 2005), indicating divergence of Fis1 action at
the mitochondrial outer membrane. Furthermore, the human form of Fis1 cannot
restore function in mutant yeast lacking endogenous Fis1 (Stojanovski et al, 2004;
Suzuki et al, 2005), potentially due to the loss of interaction with Mdv1. There are
no identified mammalian homologues of the adaptor proteins Mdv1 and Caf4,
suggesting that there are potentially additional proteins regulating Drp1
association with mammalian mitochondria. The proposed mammalian Drp1
receptor, Mff, contains two short N-terminal repeats that have been suggested to
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act as a binding site for Drp1, and these repeats are proposed have a similar role
to the WD-40 repeats of Mdv1 (Gandre-Babbe & van der Bliek, 2008; Otera &
Mihara, 2011; Otera et al, 2010). Mff also contains a central coiled-coil domain
that is required for correct targeting of the protein, however the precise role of
this domain is currently unknown (Otera et al, 2010).
The specific role of MiD49 and MiD51 in mitochondrial fission is not known.
However, mitochondrial fission requires a number of steps, including organelle
constriction, Drp1 recruitment, Drp1 oligomerizatation, stabilisation of the
fission complex prior to scission of the organelle and disassembly of the fission
complex. Thus MiD49/51 may be involved at any of these steps. In the absence
of structural data, the functional role of MiD49 and MiD51 in mitochondrial
fission was assessed through analysis of Drp1 mutants, the ability of MiD49/51
truncation mutants to affect Drp1 localisation, and apoptotic recruitment of
Drp1. Drp1 oligomerization states were examined following MiD49/51
knockdown or over-expression, and the capacity of MiD49/51-GFP to form
higher order oligomers was assessed. The results of these studies are presented
in this Chapter.
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4.2

MiD49- and MiD51-GFP form higher order
complexes

The formation of MiD49/51-GFP puncta and rings as seen by fluorescent
analysis of transfected cells suggests that MiD49 and MiD51 may form
multimeric assemblies. To examine potential MiD protein complexes, whole cell
lysates from HeLa cells transfected with plasmids encoding MiD49-GFP or
MiD51-GFP were examined on Blue Native PAGE (BN-PAGE). Antibodies
raised against MiD49 and MiD51 do not detect either the endogenous or overexpressed protein on BN-PAGE, therefore complexes were analysed by in-gel
scan, with excitation at 488 nm and emission at 520 nm to detect GFP
fluorescence. The majority of the MiD49/51-GFP signal was detected at ~150
kDa (as indicated by an arrow; Figure 4.1A), suggesting that these proteins
electrophorese primarily as a dimer. A minor fraction of the MiD49-GFP signal
was detected as a ladder of higher molecular weight bands, observed in the
presence and absence of the reducing agent DTT (Figure 4.1A), indicating that
these complexes are not due to non-specific interaction of free thiol groups
during sample preparation. However, membrane proteins often migrate slower
than soluble proteins, potentially due to the association with lipids that are not
disrupted under mild detergent conditions (Wittig et al, 2010). Stability of these
complexes was subsequently assessed following the addition of SDS and DTT.
The observed MiD49/51-GFP complexes were partially disrupted following the
addition of SDS and DTT. A MiD49-GFP signal was detected at ~150 kDa, ~300
kDa and ~450 kDa following SDS and DTT treatment (Figure 4.1B). A minor
MiD51-GFP complex appeared to form a single distinct band at approximately
600 kDa in the absence of SDS and DTT (Figure 4.1B). This band was partially
disrupted by the addition SDS resulting in signals detected at ~200 kDa and ~300
kDa (Figure 4.1B). Following the addition of SDS and DTT, a MiD51-GFP signal
was detected at ~150 kDa and ~300 kDa (Figure 4.1B).
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Figure 4.1 MiD49- and MiD51-GFP form higher molecular weight complexes. A) Whole cell
extracts from cells expressing MiD49- or MiD51-GFP were solubilised in 1% digitonin in the
presence and absence of the reducing agent dithiothreitol (DTT) and separated on BN-PAGE.
Dimer is indicated by an arrow. Multimeric complexes are indicated with an asterisk. GFP
fluorescence was detected using a Typhoon scanner at 520nm. B) Samples from A) were
solubilised in 1% digitonin and subsequently treated with 0, 0.1, 0.5 or 1% SDS prior to
separation on BN-PAGE. Samples treated with 1% SDS were incubated in the absence or
presence of DTT. GFP fluorescence was detected using a Typhoon scanner at 520nm. Dimer is
indicated by an arrow. Multimeric complexes are indicated with an asterisk.
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4.3

Drp1 is enriched at mitochondria following MiD51
expression

To biochemically assess the change in Drp1 distribution following MiD51
expression, MiD51 inducible mouse embryonic fibroblasts (MEFs) were analysed
by immunofluorescence and western blotting before (-4HT) or after (+4HT, 24
hours) MiD51 induction. Immunofluorescence analysis of endogenous Drp1
distribution revealed the translocation of Drp1 to mitochondria following MiD51
over-expression (Figure 4.2A), as seen following MiD51-GFP ectopic expression
in cells (Chapter 3). Immunoblot analysis of these cells following subcellular
fractionation supported these results, with an enrichment of Drp1 evident in the
mitochondrial fraction following MiD51 induction, in comparison to the control
(Figure 4.2B). However, complete enrichment of Drp1 in the mitochondrial
fraction was not observed following MiD51 induction (Figure 4.2B). The
association of Drp1 with mitochondria is transient, cycling on and off the
mitochondrial membrane, stimulated by post-translational modification and/or
GTP hydrolysis (Cereghetti et al, 2008; Figueroa-Romero et al, 2009; Labrousse et
al, 1999; Smirnova et al, 2001). Subsequently, mechanical isolation of
mitochondria and differential centrifugation may disrupt the transient
interaction of Drp1 with the mitochondrial outer membrane.
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Figure 4.2 Drp1 is enriched at mitochondria following MiD51 induction. A) MEFs before (4HT) and 24h after (+4HT) induction of MiD51 were immunostained for mitochondrial B17.2L
and Drp1 and visualized by fluorescence microscopy. Scale bar: 20 μm. B) Immunoblot analysis
of whole cell (W), mitochondrial (M) and cytosolic (C) fractions from MEFs before and after
MiD51 expression. Cytosolic Hsc70 and mitochondrial B17.2L served as controls.

4.4

Mfn2 co-immunoprecipitates with MiD51-GFP

To investigate potential protein binding partners of MiD51-GFP, coimmunoprecipitation was performed under mild conditions to maintain proteinprotein interactions. Cells were transfected with plasmids encoding GFP-Miro1,
MiD51-GFP or GFP-Fis1, and whole cell lysates were prepared. Following coimmunoprecipitation and western analysis, Drp1 did not co-precipitate with the
control proteins or with MiD51-GFP under these conditions (Figure 4.3),
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suggesting that the interaction observed by immunofluorescence between MiD51
and Drp1 may be transient. Similar results have been reported for the proposed
Drp1 receptors, Mff and Fis1, with chemical crosslinking utilised to demonstrate
co-immunoprecipitation of Mff and Drp1, and between Fis1 and Drp1
(Kobayashi et al, 2007; Otera et al, 2010; Yoon et al, 2003). To investigate if MiD51GFP interacted with additional components of mitochondrial fission and/fusion,
potential co-precipitation of Fis1 or Mfn2 was also assessed. Mfn2 was found to
co-precipitate with MiD51-GFP, while Mfn2 did not co-precipitate with the
control proteins GFP-Miro1 or GFP-Fis1 (Figure 4.3).

Figure 4.3 MiD51-GFP co-immunoprecipitates with endogenous Mfn2 but not Drp1. HeLa
cells were transfected with plasmids encoding GFP-Miro1, MiD49-GFP and GFP-Fis1. Whole cell
lysates were subjected to co-immunoprecipitation. Western analysis was conducted with
antibodies against Mfn2, Drp1, GFP and Tom22 and Fis1.
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The control protein Tom22, an import receptor of the outer membrane (Saeki et
al, 2000), and Fis1 also did not co-precipitate with GFP-Miro1, MiD51-GFP or
GFP-Fis1, indicating that the observed elution of Mfn2 was specific to MiD51GFP expression. MiD49-GFP and Mfn2 did not co-precipitate, suggesting that
this interaction is specific to MiD51-GFP (data not shown). Detection of Mfn1
could not be achieved due to cross reactive immune sera.

4.5

Drp1 co-immunoprecipitates with MiD49-GFP

In order to confirm a direct interaction between MiD49 and Drp1, a coimmunoprecipitation approach was employed. In an effort to stabilise the
potential interaction between MiD49 and Drp1, cells transfected with plasmids
encoding GFP-Fis1, MiD49-GFP or GFP-Miro1 were chemically cross-linked by
the addition of the homobifunctional cross linker BMH. Proteins from whole cell
lysates were then partially denatured and subjected to co-immunoprecipitation
and western analysis. The cross-linked species of Drp1 co-precipitated with
MiD49-GFP as indicated by an arrow in Figure 4.4, while Drp1 was not detected
in the elutions of the control proteins GFP-Fis1 and GFP-Miro1 (Figure 4.4). The
cross-linked species was evident at the approximate size of 180 kDa, however a
higher molecular weight band was also evident indicating possible multiple
Drp1 monomers cross-linked with MiD49-GFP (Figure 4.4). A minor pool of
uncross-linked Drp1 also co-precipitated with MiD49-GFP (Figure 4.4),
potentially due to uncross-linked Drp1 co-precipitating along with MiD49-GFPDrp1 cross-linked species. The stoichiometry of the interaction between MiD49GFP and Drp1 is currently unknown. The control protein Tom40 (an import
component) was not co-precipitated by GFP-Fis1, MiD49-GFP or GFP-Miro1
(Figure 4.4). These results indicate a direct interaction between MiD49-GFP and
endogenous Drp1, however this interaction is likely to be transient as Drp1 was
not co-precipitated in the absence of chemical crosslinking (Figure 4.3).
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Figure 4.4 Endogenous Drp1 co-immunoprecipitates with MiD49-GFP following chemical
crosslinking. HeLa cells were transfected with plasmids encoding GFP-Fis1, MiD49-GFP and
GFP-Miro1. Cells were chemically cross-linked with 20 μM BMH and subjected to coimmunoprecipitation. Western analysis was conducted with antibodies against Drp1, GFP and
Tom40. Arrow indicates cross-linked species.

4.6

Prolonged expression of MiD49- or MiD51-GFP
reduces Mitofusin and Fis1 protein levels

Knockout or prolonged knockdown of Drp1 has been shown to result in a
reduction in protein levels of Mfn1 and Mfn2 (Ishihara et al, 2009; Mopert et al,
2009). It has been suggested that this reduction in Mfn1/2 is a cellular
compensatory response following loss of Drp1 mediated mitochondrial fission,
and subsequent unbiased mitochondrial fusion events (Ishihara et al, 2009). To
examine the effect on pro-fusion proteins Mfn1/2 following MiD49- or MiD51-
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GFP over-expression, whole cell extracts of HeLa cells transfected with plasmids
encoding MiD49-GFP, MiD51-GFP, GFP alone or Drp1 RNAi were analysed by
western blotting 5 days following initial transfection. Expression of GFP and
GFP fusion proteins was confirmed, while a reduction in Drp1 protein levels was
evident in cells expressing Drp1 RNAi (Figure 4.5). A decrease in Mfn1 and
Mfn2 protein levels was evident following Drp1 RNAi expression compared to
control (Figure 4.5). Prolonged over-expression of MiD49-GFP or MiD51-GFP
also resulted in a reduction in Mfn1 and Mfn2 protein levels, comparable to the
reduction observed following Drp1 knockdown (Figure 4.5). There was no
change in endogenous MiD49 protein levels following MiD51 over-expression
and Drp1 knockdown compared to control, however degraded MiD49-GFP was
present in cells expressing MiD49-GFP due to proteolytic cleavage of GFP
(Figure 4.5).

Figure 4.5 Prolonged expression of MiD49- or MiD51-GFP reduces Mitofusin and Fis1 protein
levels. HeLa cells were transfected with plasmids encoding GFP, Drp1 RNAi, MiD49-GFP or
MiD51-GFP. Five days post initial transfection, cells were harvested and whole cell extracts were
analysed by western blotting with antibodies against Drp1, GFP, B17.2L, Mfn1, Mfn2, MiD49,
Tom40 and Fis1.
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Following prolonged over-expression of MiD49- or MiD51-GFP, protein levels of
Fis1 were also reduced, while this reduction was not observed following Drp1
knockdown or in cells expressing GFP alone (Figure 4.5). Mitochondrial B17.2L
and Tom40 served as loading controls (Figure 4.5).

4.7

Drp1 oligomerization is not affected upon MiD overexpression or knockdown

Oligomerization of Drp1 depends on a number of factors including posttranslational modification, GTP binding, and middle domain mediated higher
order assembly (Chang et al, 2010; Ingerman et al, 2005; Mishra et al, 2011; Yoon
& McNiven, 2001; Zunino et al, 2009). To determine if over-expression of MiD49
resulted in altered Drp1 oligomers, whole cell extracts were analysed by western
blotting following chemical crosslinking. There was no change in the ability of
Drp1 to form higher order oligomers in cells expressing MiD49-GFP when
compared to control cells expressing GFP-Miro1 (Figure 4.6A). Following
increased cross-linker concentration, the presence of a dimeric species was
prominent in all samples (Figure 4.6A). There were also apparent higher
molecular weight oligomers that did not appear different in size or abundance in
cells expressing MiD49-GFP compared to controls (Figure 4.6A). Similar results
were obtained with MiD51 inducible MEFs in the absence and presence of
MiD51 induction (data not shown). A similar approach was taken to examine
Drp1 oligomerization following knockdown of MiD49 and MiD51 by RNAi. In
comparison to control cells, there was no observed difference in the amount or
size of Drp1 oligomers following knockdown of MiD49 and MiD51 compared to
the scrambled control (Figure 4.6B). These results suggest that MiD49 and MiD51
do not affect the assembly of Drp1 into higher order oligomers.
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Figure 4.6 MiD49/51 over-expression does not affect Drp1 oligomerization. A) HeLa cells
transfected with plasmids encoding MiD49-GFP or GFP-Miro1 were chemically cross-linked with
BMH at a range of concentrations. Whole cell lysates were subjected to SDS-PAGE and
subsequent western analysis with an antibody against Drp1. B) HeLa cells were transfected with
plasmids encoding either scrambled or both MiD49 and MiD51 RNAi targets. Following
chemical crosslinking with 0 or 20 μM BMH, whole cell lysates were analysed by western
blotting with antibodies against Drp1, Tom40 and Mfn2.
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4.8

The C-terminus of MiD49/51 mediates Drp1
recruitment

Next, a series of MiD49/51 C-terminal truncation fusion proteins were generated
to assess the role of the C-terminus on MiD49/51 induced mitochondrial
morphology and/or Drp1 recruitment to mitochondria. Two of these truncation
mutants were designed to remove predicted helices as determined by the
bioinformatic program Predict Protein (MiD49C32, MiD51C34, and MiD49C61,
MiD51C63) (Rost et al, 2003; Rost et al, 2004). Smaller truncations of MiD49 and
MiD51 were generated to disrupt predicted C-terminal  helices (MiD49C12,
MiD51C14) (Figure 4.7).

Figure 4.7 Sequence of C-terminal truncations of MiD49 and MiD51. Secondary structure
prediction with the program Predict Protein revealed the presence of predicted  helices (bold).
MiD49 and MiD51 C-terminal truncations were designed to disrupt the C-terminal predicted
helix with loss of the C-terminal 12 and 14 amino acids for MiD49 and MiD51 respectively
(MiD49C12, MiD51C14). Larger truncations (MiD49C32, MiD49C61, MiD51C34 and MiD51C63)
were designed to remove predicted C-terminal  helices.

Mitochondrial morphology following over-expression of MiD51C14-GFP was
observed as fragmented or perinuclear collapsed (Figure 4.8). The formation of a
perinuclear collapsed morphology following over-expression of full length
MiD49 or MiD51 has been observed previously (Osellame, 2010). Loss of the Cterminal 14 amino acids from MiD51 resulted in a loss of MiD51 induced
mitochondrial fusion, compared to MiD51-GFP high expression mitochondrial
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phenotype (Figure 4.8). In addition, the formation of puncta or rings was not
observed upon low level expression of MiD51C14-GFP compared to the full
length control (Figure 4.8), suggesting that the C-terminus of MiD51 may be
important for formation of these structures. The fragmentation of the
mitochondrial network observed upon low level expression of MiD51C14-GFP
was typically accompanied by partial recruitment of Drp1 to mitochondria
(Figure 4.8). However, there remained a pool of Drp1 in the cytosol in some cells
in contrast to the significant recruitment of Drp1 observed following full length
MiD51-GFP expression (Figure 4.8, Chapter 3). Examples of Drp1 distribution in
cells expressing low levels of MiD51C14-GFP are shown in Figure 4.8. High level
expression of MiD51C14-GFP resulted in loss of MiD51 mediated recruitment of
Drp1 to the mitochondrial surface, and the distribution of Drp1 in these cells was
similar to control cells expressing GFP-Miro1 and untransfected cells (Figure
4.8). Comparable results were observed following MiD49C12-GFP expression,
and for larger C-terminal truncations of both MiD49 and MiD51 as described in
Figure 4.7 (data not shown). Similar results were also observed following coexpression of the MiD49/51-GFP C-terminal truncation proteins with HA-Drp1
or GFP-Drp1, whereupon over-expressed Drp1 fusion proteins exhibited a
primarily cytosolic localisation (data not shown). Homeostatic Drp1 association
with the mitochondrial outer membrane was not lost following expression of the
truncation constructs (Figure 4.8), suggesting that these proteins are not acting in
a dominant negative fashion.
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Figure 4.8 C-terminal truncation of MiD51 prevents ‘puncta’ formation and Drp1 recruitment.
COS7 cells expressing GFP-Miro1, full length MiD51-GFP or C-terminally truncated MiD51C14GFP (green) were fixed with paraformaldehyde and immunostained for endogenous Drp1 (red).
Nucleus was stained with Hoechst (blue). Cells were visualised by fluorescence microscopy.
Scale bar: 20 µm.
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4.9

Disruption of Drp1 middle domain prevents MiD51
mediated recruitment

In an effort to gain insight into the mechanism by which MiD51 mediates Drp1
recruitment, a number of different Drp1 mutants were examined for localisation
following MiD51 expression. Association of Drp1 with the mitochondrial outer
membrane requires a functional GTPase domain, with mutation of residue K38
within the GTPase domain resulting in cytosolic aggregation of Drp1 (Pitts et al,
1999; Smirnova et al, 2001; Smirnova et al, 1998; Yoon et al, 2001). Expression of
MiD51 in MEFs resulted in the recruitment of GFP-Drp1K38A to mitochondria
(Figure 4.9), suggesting that MiD51 stimulated recruitment of Drp1 to
mitochondria is not dependent on Drp1 GTPase activity. Dephosphorylation of
Drp1 at residue S600 (S637 in isoform 1) has been shown to mediate
translocation of Drp1 from the cytosol to mitochondria (Cereghetti et al, 2008).
The phosphomimetic GFP-Drp1S600D was recruited to mitochondria following
MiD51 expression (Figure 4.9), indicating that MiD51 mediated recruitment of
Drp1 is independent of phosphorylation state at S600. However, Drp1 dominant
negative middle domain mutants were not found at mitochondria following
induction of MiD51 (Figure 4.9). Mutation in the middle domain of Drp1 at
residues G363 and A395 have been shown to inhibit higher order
oligomerization of Drp1, resulting in loss of association with mitochondria and
elongation of the mitochondrial network (Chang et al, 2010; Waterham et al,
2007). These results suggest that MiD51 retention of Drp1 at the mitochondrial
outer membrane is dependent on the capacity for Drp1 to assemble into higher
order oligomers.

100

Chapter 4: Mechanistic analysis of MiD49/51

Figure 4.9 GFP-Drp1 middle domain mutants are not stimulated to mitochondria by MiD51.
MiD51 inducible MEFs were transfected with plasmids encoding GFP-Drp1, GFP-Drp1K38A,
GFP-Drp1S600D, GFP-Drp1G363D or GFP-Drp1A395D. Uninduced (-4HT) and MiD51 induced
(+4HT) cells were stained with MitoTracker Red (red) and Hoechst (blue). Cells were visualised
by fluorescence microscopy. Scale bar: 20 µm.

4.10 MiD49/51 knockdown does not prevent apoptotic
recruitment of Drp1
Loss of Drp1 at mitochondria has been shown to attenuate apoptosis, resulting in
a delay in cytochrome c release (Frank et al, 2001; Lee et al, 2004). The reduction
in Drp1 at mitochondria following RNAi mediated knockdown of MiD49 and
MiD51 (Chapter 3), led to the investigation of Drp1 recruitment to mitochondria
during apoptosis. Apoptotic stimulation of Drp1 recruitment to mitochondria
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has been observed following cellular treatment with staurosporine (STS) (Frank
et al, 2001). Treatment of cells with STS resulted in the association of Drp1 with
mitochondria, despite knockdown of both MiD49 and MiD51 (Figure 4.10).
These results were comparable to those observed in control cells following STS
treatment (Figure 4.10). This was in contrast to the reduction of Drp1 at
mitochondria following knockdown of both MiD49 and MiD51 in the absence of
apoptotic stimuli (Chapter 3, Figure 4.10). These results suggest that knockdown
of MiD49 and MiD51 does not affect recruitment of Drp1 upon induction of
apoptosis, indicating that the MiD proteins may have a role in mitochondrial
fission during cellular homeostasis. In addition, these results indicate that there
are additional proteins involved in Drp1 recruitment to mitochondria
independent of MiD49/51.

Figure 4.10 Knockdown of MiD49/51 does not prevent Drp1 recruitment to mitochondria
following induction of apoptosis. HeLa cells were transfected with plasmids encoding either
scrambled or both MiD49 and MiD51 shRNA, along with mitoDendra2 as a transfection marker.
Cells were treated with or without 1 µM staurosporine (STS) and subsequently immunostained
for Drp1. Nuclei were stained with Hoechst (blue). Scale bar: 20 µm.
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4.11 Discussion
Structural analysis of Fis1, Dnm1 and Mdv1 has provided significant insight into
the mechanism of Dnm1 association with the mitochondrial outer membrane in
yeast (Koirala et al, 2010; Mears et al, 2011; Suzuki et al, 2003; Zhang & Chan,
2007). However, the application of these models to mammalian mitochondrial
fission is limited by the apparent divergence of Fis1 function (Suzuki et al, 2005),
and the lack of mammalian homologues of the adaptor proteins Mdv1/Caf4.
MiD49 and MiD51 over-expression results in Drp1 recruitment/stabilisation at
the mitochondrial outer membrane, however how these proteins influence Drp1
localisation and function at a molecular level was unknown.
MiD49/51 form complexes on BN-PAGE
The formation of MiD49/51-GFP rings and patches observed by fluorescence
microscopy (Chapter 3), and the similarity between these structures and those
observed with GFP-Drp1 (Labrousse et al, 1999), indicated the potential
formation of higher order complexes. The majority of MiD49/51-GFP was found
at the approximate size of 150 kDa, indicating that the primary species was
probably a dimer. MiD49/51-GFP higher order complexes were partially
dissociated in the presence of ionic detergent, due to disruption of lipid-protein
interaction or non-covalent protein interactions. Following this, a minor complex
was also observed at the approximate size of 300 kDa, potentially indicating
MiD49/51-GFP tetramer formation. The presence of MiD49/51-GFP dimers is
consistent with results obtained by 2-dimensional BN-PAGE analysis performed
by L. Osellame during her PhD (Osellame, 2010). In addition, V5-tagged MiD51
(independently termed MIEF1) dimers and oligomers were also demonstrated
following non-reducing SDS-PAGE and chemical crosslinking, suggesting that
these proteins have the capacity to oligomerize (Zhao et al, 2011). Additional
MiD49/51-GFP complexes were also observed. These complexes were of
different sizes, suggesting that they may contain different components. In
addition, these complexes responded differently to treatment with ionic
detergent and DTT, suggesting different mechanisms of stability of these
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interactions. The sample examined on BN-PAGE represents a population of
transfected cells. One explanation for the low amount of oligomeric MiD49/51GFP detected may be due to the high expression level of these proteins, resulting
in the inability to interact with endogenous protein partners. The formation of
puncta and rings is observed only in those cells expressing low levels of
MiD49/51-GFP; subsequently the oligomers may represent only the proportion
of cells with low levels of MiD49/51-GFP expression. Fis1, Mff and Drp1 have
been shown to form protein complexes on BN-PAGE, however they are not
found in complexes of the same size, suggesting the presence of additional
proteins (Gandre-Babbe & van der Bliek, 2008). The formation of MiD49/51
endogenous complexes, and the identity of additional proteins within these
complexes remains to be confirmed.
The association of MiD51-GFP with Mfn2
The relationship between mitochondrial fission and fusion mediators is complex,
and recent evidence highlights the interplay of these proteins to co-ordinate
mitochondrial morphology and maintain cellular homeostasis. Transient
interaction between mitochondria requires rapid remodelling of the inner and
outer membranes, and Mfn-mediated mitochondrial fusion can be rapidly
followed by mitochondrial fission (Huang et al, 2011a; Liu et al, 2009). Heptad
repeat 1 of Mfn2 interacts with the Drp1 C-terminal coiled coil domain, and Drp1
has been proposed to act as a regulatory factor for mitochondrial fusion (Huang
et al, 2011b). Drp1 is also recruited to the mitochondrial surface upon activation
of the apoptotic cascade, where it is proposed to colocalise with Bax and Mfn2
foci (Karbowski et al, 2002; Wasiak et al, 2007), while the soluble form of Bax
positively regulates mitochondrial fusion through interaction with Mfn2
(Hoppins et al, 2011). Dual regulation of fission and fusion mediators also occurs
via the E3 ligase MARCHV, which is proposed to modulate mitochondrial fusion
through interaction with Mfn2 and ubiquitinated forms of Drp1 (Karbowski et al,
2007). Drp1 and Mfn1/2 have also been shown to be targets for Parkin mediated
degradation, stimulating mitochondrial remodelling prior to mitophagy (Chan et
al, 2011; Wang et al, 2011b). The observed interaction between MiD51-GFP and
Mfn2 suggests that MiD51 may have a role in modulation of both fission and
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fusion mediators. In addition, an interaction between MiD49-GFP and Mfn2 was
not observed, indicating potential functional diversity between these two
proteins.
A role for the ER in mitochondrial fission has been recently described, with ER
mediated constriction of mitochondria occurring upstream of Drp1 recruitment
and assembly (Friedman et al, 2011). Mfn2 tethers mitochondria to the ER,
facilitating calcium uptake (de Brito & Scorrano, 2008), and potentially coordinating mitochondrial constriction. MiD51 may be involved in Mfn2
mediated tethering of mitochondria, and subsequent assembly of Drp1 at sites of
mitochondrial fission. It will be crucial to examine if the interaction between
MiD51 and Mfn2 is present under steady state conditions, or if the association is
purely stimulated upon over-expression of the fission mediator and ultimately
induction of mitochondrial fission. The association of MiD51 with the ER is
discussed further in Chapter 5. Alternately, MiD51 may be active during
transient mitochondrial fission and fusion, or as a regulatory protein facilitating
the activity of Mfn2 and Drp1. Further analysis of the potential role of MiD51 in
transient mitochondrial fission/fusion remains to be explored, however analysis
of MiD49- or MiD51-GFP expression in a variety of knockout cell lines is
presented in Chapter 6.
MiD49/51 interaction with Drp1
A direct interaction between MiD49-GFP and endogenous Drp1 was confirmed
by co-immunoprecipitation following chemical crosslinking. In addition,
enrichment of Drp1 at mitochondria following MiD51 expression was
demonstrated following subcellular fractionation. The enrichment of Drp1 at
mitochondria was diminished following loss of the extreme C-terminus of
MiD49- and MiD51-GFP as visualised by immunofluorescence, whereupon
mitochondrial fission was stimulated at low expression levels, presumably due
to the presence of active Drp1. An independent study also presented similar
results following truncation of the C-terminal 32 amino acids from MiD51
(MIEF1), with reduced levels of Drp1 eluted following co-immunoprecipitation
(Zhao et al, 2011). These results suggest that the MiD49- and MiD51-GFP induced
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Drp1 recruitment/stabilisation is partially dependent upon the C-terminus of
MiD49/51. However, while mitochondrial fusion was not observed, Drp1
recruitment was not lost in all cells expressing C-terminal truncations of MiD49
or MiD51, suggesting that additional factors may be involved. In addition,
endogenous MiD49/51 was present in these cells, and it is possible that the
endogenous protein was capable of complimenting the truncated versions.
Bioinformatic analysis of the C-terminus of MiD49 and MiD51 with the
Eukaryotic Linear Motif (ELM) server (Puntervoll et al, 2003), revealed the
presence of two motifs that are common to the endocytic pathway (Table 3).

Figure 4.11 Position of Y-based and Endosome sorting signal motifs at the C-terminus of
MiD49 and MiD51. Amino acid sequence of MiD49 and MiD51 C-terminus. Residues
highlighted in pink denote the predicted Y-based sorting signal. Residues highlighted in green
denote the predicted Endosome-Lysosome-Basolateral sorting signal. Predictions were
determined using the ELM server.

The Y-based sorting signal and Endosome-sorting signal motifs are present in
both MiD49 and MiD51 within the C-terminal 12 and 14 amino acids
respectively. These motifs are found in proteins that interact with adaptor
protein complexes, which facilitate plasma membrane invagination, clathrinmediated endocytosis and subsequent vesicle trafficking (Heilker et al, 1999;
Kirchhausen, 1999). Scission of the endocytic vesicle from the plasma membrane
is initiated by the recruitment and activity of cellular dynamins (Hinshaw &
Schmid, 1995; McMahon & Boucrot, 2011; Sweitzer & Hinshaw, 1998). While
there is currently no evidence for the involvement of the MiD proteins in
endocytosis, these motifs are potentially relevant to the interaction of MiD49/51
with unidentified adaptor-like proteins that facilitate Drp1 recruitment or
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retention at mitochondria. Alternately, these motifs may be important in the
interaction or MiD49 and MiD51 with proteins that mediate membrane binding
of Drp1, as the adaptor protein complexes in clathrin-mediated endocytosis are
known to bind phosphoinositides (Kirchhausen, 1999). While Drp1 contains the
GTPase, GED and middle domains that are common to the dynamin
superfamily, it lacks a pleckstrin homology domain that facilitates binding to
phospholipids (Mears et al, 2011; van der Bliek, 1999b). Further investigation of
the relevance of these motifs through site directed mutagenesis may identify key
residues involved in MiD49/51-Drp1 interaction at the outer mitochondrial
membrane.
Translocation of Drp1 to mitochondria upon stimulation of apoptosis was not
affected upon knockdown of MiD49/51, suggesting that MiD49 and MiD51 are
not required during apoptosis. Fis1 may act as the active Drp1 receptor under
apoptotic conditions (Ciarlo et al, 2010). Subsequently, the reduction of
MiD49/51 disrupts the homeostatic association of Drp1 with mitochondria,
while upon induction of apoptosis Drp1 may be recruited by Fis1 or Mff,
providing separate mechanisms to control these processes. The reduction in
Mfn1/2 and Fis1 levels following prolonged expression of MiD49- or MiD51GFP is consistent with a loss of Drp1 mediated fission, as knockdown and
knockout of Drp1 also result in down regulation of Mfn1/2 (Ishihara et al, 2009;
Mopert et al, 2009). This provides further evidence that MiD49/51 overexpression phenotype occurs due to a loss of productive Drp1 at mitochondria.
Drp1 oligomerization and MiD49/51
Drp1 middle domain mutants were not recruited to mitochondria following coexpression with MiD51, while Drp1 with mutations in the GTPase domain and
the GED domains were. Mutations in the Drp1 middle domain are proposed to
cause defects in higher order assembly of Drp1 at mitochondria, while dimer
and tetramer formation are not affected (Bhar et al, 2006; Chang et al, 2010).
Analysis of Drp1 oligomerization by size exclusion chromatography and
multiangle laser light scattering revealed the formation of higher order species
that correspond to 16 – 31 MDa in size (Chang et al, 2010). While no change in
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Drp1 oligomerization upon MiD49/51 over-expression or knockdown was
detected on SDS-PAGE, the formation of higher order species would not be
detected using this method due to size limitations. These results indicate that for
recruitment or retention at mitochondria following MiD49/51 expression, Drp1
requires the capacity to form higher order species. Taken together, these results
suggest that MiD49 and MiD51 be involved during assembly of the scission
complex.
The complex regulation of Drp1 association with mitochondria highlights the
precise control required to maintain mitochondrial morphology (Chang &
Blackstone, 2010; Santel & Frank, 2008). This complexity is further compounded
in mammalian systems, where additional proteins have evolved to regulate Drp1
mediated mitochondrial fission (Karbowski et al, 2004b; Karbowski et al, 2007;
Otera et al, 2010). With the identification of new mediators of mitochondrial
fission, understanding of this process is beginning to unfold. The interaction of
MiD49 and MiD51 with Drp1 and Mfn2 respectively, potentially places these
proteins at the nexus of mitochondrial fission and fusion. Further analysis of the
individual roles of MiD49 and MiD51 may highlight unique roles within
mitochondrial morphology, as found with Mfn1 and Mfn2 (Liesa et al, 2009).
Alternately, the MiD proteins may facilitate membrane constriction and
subsequent interaction of Drp1 with the mitochondrial membrane, via ER
localised Mfn2. A proposed model of MiD49/51 action will be discussed further
in Chapter 7.
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Chapter Five

Peroxisome elongation and Drp1 degradation are
stimulated by MiD49/51
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5.1

Introduction

Mitochondria form a dynamic cellular network that enables rapid and
specialised response to the energy and metabolic and requirements of the cell. To
facilitate this rapid response to cellular cues, mitochondrial morphology is
highly plastic allowing the formation of varied networks depending on cell type
and developmental status of the cell (Liesa et al, 2009; Westermann, 2010).
Examples of this variation can be seen in the wrapping of fused mitochondria at
the base of the sperm flagellum, the tight packing of discrete mitochondria
within cardiac myocytes, and the formation of highly fragmented networks
during mitosis (Bereiter-Hahn & Voth, 1994; Detmer & Chan, 2007b; Hales &
Fuller, 1997; Sutovsky et al, 1996).

Mitochondria are not unique organelles in possessing the capacity to respond to
environmental cues. The diversity of peroxisome morphology and abundance
can be seen throughout different species, tissues, and in response to various
signals (Islinger et al, 2010; Schrader & Yoon, 2007). Peroxisomes have
generalised functions of β-oxidation of very long chain fatty acids (VLCFA),
lipid biosynthesis and hydrogen peroxide metabolism (van den Bosch et al,
1992). In mammalian cells peroxisomes and mitochondria are metabolically
linked through functional roles in lipid biogenesis, fatty acid degradation and
reactive oxygen species (ROS) metabolism, resulting in communication and cross
talk between these organelles (Nagotu et al, 2010; Schrader & Yoon, 2007). The
biogenesis of mitochondria and peroxisomes is connected through a common
transcriptional cofactor PGC-1 (peroxisome proliferator activated receptor γ
coactivator-1) that activates both mitochondrial and peroxisome gene
transcription (Bagattin et al, 2010; Garnier et al, 2005; Liesa et al, 2008; Soriano et
al, 2006; Valle et al, 2005; Wu et al, 1999), allowing co-ordinated proliferation.

The relationship between these two organelles is further established by the dual
localization of proteins to both mitochondria and peroxisomes. In mammalian
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cells, the mitochondrial pro-fission proteins Mff, Drp1 and Fis1 are also located
at peroxisomes (Gandre-Babbe & van der Bliek, 2008; James et al, 2003;
Kobayashi et al, 2007; Koch et al, 2003; Koch et al, 2005; Mozdy et al, 2000; Otsuga
et al, 1998; Smirnova et al, 2001; Stojanovski et al, 2004). Mammalian peroxisome
proliferation occurs following initial elongation of peroxisomes, followed by
constriction and division. The PEX11 proteins are proposed to be involved in the
initial steps of peroxisome proliferation, facilitating elongation of the organelle
prior to fission (Koch et al, 2004; Koch et al, 2003; Koch et al, 2010). Subsequent
fission of peroxisomes involves a number of discrete steps that are common to
mitochondrial fission, including Drp1 recruitment and association with Fis1 at
the outer membrane (Kobayashi et al, 2007; Koch et al, 2003; Koch et al, 2005;
Smirnova et al, 2001; Stojanovski et al, 2004). Direct communication between
mitochondria and peroxisomes has also been shown to occur through the
formation of mitochondrial derived vesicles (MDV), with detection of
Mitochondria-anchored Protein Ligase (MAPL) positive vesicles budding from
mitochondria and fusing with a subset of peroxisomes (Neuspiel et al, 2008).
Membrane scission through lipid modification in both mitochondria and
peroxisomes also occurs through a similar mechanism, with the conversion of
phosphatidic acid (PA) to diacylglycerol (DAG) resulting in the formation of
complexes that promote membrane remodelling (Guo et al, 2007; Huang et al,
2011a).

This intricate relationship between mitochondria and peroxisomes is highlighted
in disease states, where perturbations in one organelle can affect the other. A
patient reported with a mutation in the mitochondrial pro-fission protein Drp1
exhibited elongated mitochondria and peroxisomes, and elevated VLCFA in
blood plasma (Waterham et al, 2007). Similar morphological defects were
reported for Drp1 knockout mouse models (Ishihara et al, 2009; Wakabayashi et
al, 2009). Conversely, knockout of the peroxisomal protein PEX5 which causes a
loss of functional peroxisomes results in changes to mitochondrial ultra-structure
and respiratory chain activity, in addition to the accumulation of cytosolic
VLCFA (Baumgart et al, 2001; Dirkx et al, 2005).
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While a number of the components involved in peroxisomal morphology have
been identified, the complex regulation and precise mechanisms have yet to be
elucidated. Fis1 was originally proposed to be the receptor for Drp1 at the outer
membrane of both organelles (James et al, 2003; Kobayashi et al, 2007; Koch et al,
2005; Yoon et al, 2003). However, more recent results suggest that

Fis1 is

dispensable for Drp1 mediated mitochondrial fission (Otera et al, 2010). In
addition, loss of Fis1 does not prevent Drp1 association with mitochondria,
suggesting that other proteins may be involved in this process (Lee et al, 2004;
Wasiak et al, 2007). Mff is a proposed mitochondrial and peroxisomal receptor
for Drp1 in mammalian cells, with knockdown of Mff resulting in mitochondrial
and peroxisomal elongation (Gandre-Babbe & van der Bliek, 2008; Otera et al,
2010). Over-expression of MiD49 or MiD51 retains Drp1 at the mitochondrial
surface, highlighting them as potential Drp1 receptors. Due to the dual
localisation of a number of mitochondrial proteins at peroxisomes, the potential
role of MiD49 and MiD51 in peroxisomal morphology was investigated. This
chapter details the effect of MiD49 and MiD51 on the morphology of other
subcellular organelles including peroxisomes. Sustained over-expression of
MiD49/51 results in the formation of elongated peroxisomes, however
MiD49/51 are not found at peroxisomes. This suggests that ectopic expression of
MiD49/51 prevents Drp1 localisation to peroxisomes. This loss of mitochondrial
and peroxisomal fission is potentially due to MiD49/51-mediated sequestration
of Drp1 which is followed by proteasomal degradation of Drp1. MiD49/51 also
induce movement of mitochondrial DNA (mtDNA) into discrete regions within
mitochondria, possibly due to perturbation of inner mitochondrial membrane
connections and nucleoid stability.
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5.2

The effect of MiD49/51 over-expression on
subcellular organelles

To observe the effect of MiD51 over-expression on the morphology of subcellular
organelles, mouse embryonic fibroblasts (MEFs) were induced to over-express
MiD51 over a period of 72 hours. Cells were stained with LysoTracker Red and
MitoTracker green, or fixed with paraformaldehyde and immunostained for the
Golgi or ER in addition to mitochondrial markers Tom20 or cytochrome c. The
Golgi network visualised as a perinuclear cluster, appeared to have a normal
morphology following 72 hours MiD51 induction (+ 4HT) compared to the
uninduced (- 4HT) control (Figure 5.1A). There were also no morphological
changes in the Golgi network at the earlier time points of 24 and 48 hrs following
MiD51 induced expression (data not shown). Likewise, there were no detectable
changes in morphology or subcellular distribution of lysosomes following
MiD51 induction compared to the uninduced control (Figure 5.1B). Similar
results were obtained for wildtype and MiD49 MEFs (data not shown).

Mitochondria have been shown to have a relationship with the ER, with
mitochondrial tethering to the ER occurring through Mfn2 contact sites (de Brito
& Scorrano, 2008). ER association with mitochondria has also recently been
identified to have a role in constriction of mitochondrial tubules prior to Drp1
mediated fission (Friedman et al, 2011). As the induction of MiD49 and MiD51
results

in

both

the

elongation

of

the

mitochondrial

network

and

recruitment/retention of Drp1, it was hypothesised that morphology of the ER
and ER/mitochondrial contact may also be affected. As can be seen in Figure
5.1C, there was no clear difference in ER morphology between uninduced and
induced MEFs. These results were also replicated for both wildtype and MiD49
inducible MEFs (data not shown).
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Figure 5.1 MiD51 over expression does not affect Golgi, lysosome or ER morphology. A)
Mouse embryonic fibroblasts (MEFs) before (- 4HT) and 72 hours after (+ 4HT) MiD51 induction
were fixed with paraformaldehyde and immunostained with antibodies against Tom20
(mitochondria) and GM130 (cis-Golgi). B) MEFs before (- 4HT) and 72 hours after (+ 4HT)
MiD51 induction were stained with MitoTracker green and LysoTracker Red. C) MEFs before (4HT) and 72 hours after (+ 4HT) MiD51 induction were fixed with paraformaldehyde and
immunostained with antibodies against Calreticulin (ER) and cytochrome c. Nuclei were stained
with Hoechst (blue). Scale bar: 20 µm. Cells were visualised via fluorescence microscopy.
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5.3

Analysis of peroxisome morphology following
MiD49/MiD51 over-expression

Drp1 has a dual role in both mitochondrial and peroxisomal fission, with the
formation of Drp1 puncta at regions of organelle division (Koch et al, 2003;
Smirnova et al, 2001; Smirnova et al, 1998). Fis1 and Mff are also localised to
peroxisomes, with a model of mammalian peroxisomal fission describing Drp1,
Fis1 and PEX11 dependent formation of the fission complex at peroxisomes
(Gandre-Babbe & van der Bliek, 2008; Kobayashi et al, 2007; Koch et al, 2005). Mff
also appears to act as a Drp1 receptor at peroxisomes since its knockdown also
blocks peroxisomal fission (Otera et al, 2010). As MiD49 and MiD51 overexpression recruits Drp1 to the mitochondrial surface, their potential role in
Drp1-mediated peroxisomal fission was investigated.

Wildtype and MiD51 MEFs were treated with 4HT for 0 - 72 hours, and
peroxisome morphology assessed by immunofluorescence and confocal imaging.
Representative images of MiD51 MEFs from 0 and 72 hrs post 4HT induction are
shown here (Figure 5.2A). MiD49/51 are not found on peroxisomes (K. Elgass
and L. Osellame, unpublished observations), suggesting that they have a
primary role in regulating mitochondrial dynamics. However, following
extended over-expression of MiD51, the length of peroxisomes were found to be
increased (Figure 5.2A). Quantification of peroxisome length confirmed that
there was an increase in peroxisome length that positively correlated with
MiD51 induction (Figure 5.2B). There was some variation in peroxisome length
in wildtype cells following 48 hours 4HT treatment; however this was distinct
from that recorded following MiD51 induction (Figure 5.2B). The change in
peroxisome length was accompanied with a decrease in the total number of
peroxisomes present in each cell (Figure 5.2C).
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Figure 5.2 Elongated peroxisomes are formed following MiD51 over-expression. A) MEFs
before (- 4HT) and 72 hrs after (+ 4HT) MiD51 induction were fixed with paraformaldehyde and
immunostained with antibodies against cytochrome c (mitochondria, red) and PEX14
(peroxisomes, green). Cells were analysed by confocal microscopy. Scale bar: 20 µm. B) wildtype
and MiD51 MEFs were treated with 4HT for 0, 24, 48 and 72 hrs. Cells were fixed with
paraformaldehyde and immunostained with antibodies against PEX14 and cytochrome c.
Confocal images of peroxisomes were analysed with Metamorph software. Average peroxisome
length was determined per image (mean ± s.e.m., n = 3, > 15 images per experiment/per
condition). C) Confocal images from B) at 0 and 72 hrs post 4HT were analysed with Metamorph
software. Average peroxisome number was determined per cell (mean ± s.e.m., n = 3, > 13 cells
per experiment/per condition).
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There was a minor decrease in peroxisome number in uninduced MiD51 MEFs
compared to wildtype cells. This may be due to some basal expression of
exogenous MiD51 in this clonal population, resulting in a minor perturbation of
peroxisomal fission. While MiD51 expression was not detected by western
analysis under these conditions, this may be hampered by cross reactivity of the
immune sera. Alternately, these variations may be due to small sample size and
natural variation in peroxisome number. Nevertheless, the peroxisome number
observed following MiD51 induction was clearly reduced which correlated with
the increase in peroxisome length (Figure 5.2C).

The observed increase in peroxisome length and reduction in peroxisome
number following MiD51 induction is similar to that observed following Drp1
knockout or knockdown (Koch et al, 2004; Li & Gould, 2003; Wakabayashi et al,
2009; Waterham et al, 2007), suggesting that Drp1 may not be either present, or
functional, at peroxisomes. Similar results were observed following overexpression of MiD49 in MEFs, however peroxisomes did not continue to
elongate past 48 hours of protein expression, in comparison to controls (data not
shown). This may indicate a functional difference between MiD49 and MiD51 in
the capacity to sequester Drp1, or it may be due to different expression levels in
the two cell lines. Further investigation of any change in peroxisomal activity
and protein profile following MiD49/51 induction may discern differing effects
on peroxisomes.
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5.4

MiD49/MiD51 knockdown and peroxisomes

To determine if peroxisome morphology was affected following knockdown of
MiD49 and MiD51, HeLa cells were transfected with plasmids encoding either
scrambled or both MiD49 and MiD51 shRNA and assessed for peroxisome
morphology by immunofluorescence. Confocal images revealed that following
MiD49/51 knockdown, fusion of the mitochondrial network occurred as
expected (Figure 5.3A). Peroxisomes in MiD49/51 knockdown cells exhibited a
similar fragmented morphology in comparison to control cells, with no
significant difference in peroxisome length (Figure 5.3A, B). However,
peroxisome number per cell significantly increased following MiD49/51
knockdown in comparison to cells transfected with plasmids encoding the
scrambled control (Figure 5.3C). These results suggest that loss of MiD49/51
may lead to up-regulation of peroxisomal biogenesis. The reduction of Drp1 at
mitochondria following MiD49/51 knockdown (Chapter 3) may also increase
Drp1 availability at peroxisomes. However, as Drp1 over-expression does not
increase peroxisome fission (Koch et al, 2004); additional factors are likely to be
required to stimulate peroxisome biogenesis. Mitochondrial dysfunction and
alteration in expression of proteins involved in mitochondrial morphology have
been shown to result in peroxisome proliferation (Butow & Avadhani, 2004;
Kobayashi et al, 2007; Motley et al, 2008) so this effect is not without precedent.
Alternately, the observed increase in peroxisome number may be due to a
change in cell size. Following MiD49/51 knockdown, some cells appeared to
increase in size in comparison to the scrambled control (Figure 5.3A), and
subsequently larger cells may contain a greater number of peroxisomes. A
possible increase in average cell volume or size was not assessed here.
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Figure 5.3 MiD49/51 knockdown does not alter peroxisome length. A) HeLa cells were
transfected with plasmids encoding either scrambled or both MiD49 and MiD51 shRNA, and cotransfected with mt-DsRed (false coloured green) as a transfection marker. At 72 hours post
transfection cells were fixed with paraformaldehyde then immunostained for PEX14
(peroxisomes, red). Scale bar: 20 µm. B) Confocal images from A) were analysed with
Metamorph software to calculate average peroxisome length. (mean ± s.e.m., n = 3, > 13 cells per
experiment/per condition). C) Confocal images from A) were analysed with Metamorph
software to calculate average peroxisome number per cell. (mean ± s.e.m., n = 3, > 13 cells per
experiment/per condition).
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5.5

Drp1 recruitment to mitochondria depletes the Drp1
peroxisomal pool

Over-expression of MiD51 or MiD49 results in the recruitment/sequestration of
Drp1 at the mitochondrial outer membrane. This may prevent Drp1 being
available for peroxisomal fission thereby causing the observed elongation of
peroxisomes. However, the increase in peroxisome length observed may also be
due to additional factors including Drp1 degradation, post translational
modification or modulation of GTPase activity, subsequently preventing Drp1
activity at peroxisomes. To determine if the observed peroxisome elongation is
due to loss of Drp1 at peroxisomes, MiD51 uninduced (-4HT) and induced
(+4HT) MEFs were analysed by immunofluorescence. In contrast to control cells,
cells expressing MiD51 did not contain Drp1 at peroxisomes and the
peroxisomes adopted an elongated morphology (Figure 5.4A). In the same cells,
Drp1 predominantly colocalised with mitochondria in discrete regions (Figure
5.4B). The intensity of Drp1 detected also appeared to be reduced subsequent to
MiD51 induction. These results suggest that, following extended MiD51
induction, peroxisomal elongation occurred due to loss of Drp1 association with
peroxisomes. To ensure that Drp1 detection at peroxisomes was not affected by
loss of antibody detection, MiD51 MEFs were transfected with a vector
expressing GFP-Drp1 and subsequently analysed. As seen with endogenous
Drp1, GFP-Drp1 was no longer found at peroxisomes following treatment with
4HT, and was almost exclusively mitochondrial (Figure 5.5). These results also
demonstrate that ectopic expression of Drp1 is incapable of reversing the fused
peroxisome morphology (Figure 5.5).
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Figure 5.4 MiD51 over-expression sequesters Drp1 at mitochondria and prevents association
with peroxisomes. MiD51 MEFs were treated with 4HT for 0 or 72 hrs. Cells were then stained
with MitoTracker Far Red to visualise mitochondria, and fixed with paraformaldehyde and
immunostained for peroxisomes (PEX14: red) and Drp1 (green). A) Drp1 is no longer present at
peroxisomes following MiD51 induction (+ 4HT), compared to uninduced (- 4HT) control. B) The
same cells as in A) were examined for colocalisation of Drp1 with mitochondria. Drp1 is depleted
from the cytosol and localises at discrete regions on mitochondria following MiD51 induction.
Scale bar: 20 µm.
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Figure 5.5 GFP-Drp1 is not present at peroxisomes following MiD51 induction. MiD51 MEFs
were transfected with constructs encoding GFP-Drp1 (green) and subsequently treated with 4HT
for 0 or 72 hrs. Cells were then stained with MitoTracker Far Red to visualise mitochondria, and
fixed with paraformaldehyde and immunostained for peroxisomes (PEX14, red). Confocal
images of uninduced (- 4HT) and induced (+ 4HT) cells were obtained. Scale bar: 20 µm.

The cellular signal that induces Drp1 recruitment/association with peroxisomes
is not known, however the proposed Drp1 receptors at peroxisomes are Fis1 and
Mff (Kobayashi et al, 2007; Koch et al, 2005; Otera et al, 2010). Over-expression of
Fis1 results in increased fragmentation and biogenesis of peroxisomes,
suggesting an active role in Drp1 dependent peroxisome fission (Kobayashi et al,
2007; Koch et al, 2005). To determine if ectopic expression of Fis1 could reverse
the fused peroxisomal phenotype observed following MiD51 induction, MiD51
MEFs were transfected with GFP-Fis1. GFP-Fis1 localises to both mitochondria
and peroxisomes as reported previously (Kobayashi et al, 2007; Koch et al, 2005;
Stojanovski et al, 2004; Yoon et al, 2003), and can be seen to colocalise with
peroxisomes in both fragmented (- 4HT) and elongated phenotypes (+ 4HT)
(Figure 5.6). Further analysis is currently being conducted to determine if Mff
and/or Fis1 at peroxisomes can affect MiD51 induced peroxisome elongation.
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Figure 5.6 GFP-Fis1 cannot reverse MiD51 induced peroxisome elongation. MiD51 MEFs were
transfected with a plasmid encoding GFP-Fis1 (green) and then treated with 4HT for 0 or 72 hrs.
Cells were then fixed with paraformaldehyde and immunostained for peroxisomes (PEX14, red)
and cytochrome c (mitochondria). Confocal images of uninduced (- 4HT) and induced (+ 4HT)
cells were obtained. Scale bar: 20 µm.

5.6

Drp1 is targeted for proteasomal degradation
following MiD51 over-expression

Drp1 activity is modulated by a variety of post translational modifications
including ubiquitination, sumoylation and phosphorylation (Cereghetti et al,
2008; Cribbs & Strack, 2007; Figueroa-Romero et al, 2009; Han et al, 2008; Harder
et al, 2004; Karbowski et al, 2007; Wang et al, 2011b; Wasiak et al, 2007). It is
possible that MiD51 over-expression may induce Drp1 recruitment through one
of these post translational modifications. Alternately, MiD49/51 may retain Drp1
at the mitochondrial surface, and their over-expression could prevent Drp1
recycling. The apparent reduced levels of total Drp1 following MiD51 overexpression, led to the investigation of cellular levels of Drp1 over a time course
following MiD51 induction. Whole cell extracts from cells treated with 4HT for 0
- 72 hours were analysed by western blotting (Figure 5.7A). MiD51 expression
was detected following 4HT addition, with increased protein levels detected at
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72 hours post induction (Figure 5.7A). There was also a decrease in the total
amount of Drp1 at 48 and 72 hours after induction of MiD51 (Figure 5.7A). While
Drp1 degradation was not observed following long term expression of
MiD49/51-GFP (Chapter 4), this may be due to differences in expression level
within the cell population following transient transfection, or due to disruption
caused by the presence of GFP. There was a reduction in the levels of Mfn1 and
Mfn2 following MiD51 induction (Figure 5.7A), as seen following long term
transfection of MiD49/51-GFP (Chapter 4). There were no changes in the levels
of Manganese superoxide dismutase (MnSOD) (Figure 5.7A), suggesting that
increased ROS production and subsequent upregulation of MnSOD did not
occur (Hu et al, 2005; Li et al, 2010).

Figure 5.7 Prolonged over-expression of MiD51 results in the reduction of Drp1, Mfn1, and
Mfn2 protein levels. A) MiD51 MEFs were treated with 4HT for 0, 24, 48 and 72 hrs. Whole cell
lysates were then subjected to SDS-PAGE and protein levels detected by western blotting using
antibodies against OPA1, Drp1, Mfn1, Mfn2, MiD51, β-actin, MnSOD and Tom20. B) MiD51
MEFs were treated as in A). Following this, cells were treated with 10 µM MG132 for 6 hours.
Whole cell lysates were then subjected to SDS-PAGE and protein levels detected by western
blotting using antibodies against OPA1, Drp1, Mfn1, Mfn2, MiD51, β-actin, MnSOD and Tom20.
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Similarly, the outer membrane marker protein Tom20 (translocase of the outer
membrane) and β-actin were included as loading controls and revealed no
change over time. However at 24 hours post MiD51 induction, a change in OPA1
isoforms was apparent, with the appearance of additional smaller isoforms (SOPA1) in MiD51 expressing cells compared to the uninduced control (Figure
5.7A). To establish if the reduction in Drp1 was due to down regulation of gene
expression or protein degradation, this experiment was repeated in the presence
of the proteasome inhibitor MG132 (Lee & Goldberg, 1998). Induction of MiD51
was still observed in the presence of MG132 (Figure 5.7B). MG132 treatment
resulted in the cleavage of OPA1, with increased levels of S-OPA1 isoforms in all
samples (Figure 5.7B), consistent with previous observations (Ehses et al, 2009).
Following MG132 treatment, Drp1 protein levels were increased at 48 and 72
hours post MiD51 induction in comparison to earlier time points and untreated
cells (Figure 5.7A, B). The protein levels of Mfn1 remained depleted in the
presence of MG132 at 48 and 72 hours post MiD51 induction compared to earlier
time points, while the level of Mfn2 appeared similar in all treated samples
(Figure 5.7B). The levels of control proteins Tom20, β-actin and MnSOD were not
changed. These results suggest that following 48 hours induction of MiD51, Drp1
is targeted for degradation by the ubiquitin-proteasome system. These results
also indicate that 24 hours post MiD51 induction, Mfn1 and Mfn2 are targeted
for degradation.

5.7

MiD51 stimulates mitochondrial elongation, ultrastructural changes, and peroxisomal fusion

Cleavage of OPA1 has been shown to regulate mitochondrial morphology, with
the balance of long and short isoforms implicated in maintenance and
remodelling of the mitochondrial inner membrane (Cipolat et al, 2004; Ishihara et
al, 2006; Wong et al, 2000). Increased levels of S-OPA1 isoforms occurs following
loss of mitochondrial membrane potential and/or the induction of apoptosis,
resulting in rearrangement of the mitochondrial inner membrane (DuvezinCaubet et al, 2006; Ishihara et al, 2006; Song et al, 2007). The appearance of S125
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OPA1 in MiD51-induced MEFs led to the examination of the mitochondrial
infrastructure by electron microscopy. Wildtype and MiD51 inducible MEFs
were treated with 4HT, fixed and analysed by Professor Robert Parton
(University of Queensland) using transmission electron microscopy (TEM).
MiD51 expression induced the formation of fused, elongated mitochondria in
which the cristae appeared normal, and these tubules were often seen adjacent to
the ER (Figure 5.8A). The appearance of ER association with mitochondria
following MiD51 expression is interesting following the recent report describing
the role of the ER in mitochondrial fission (Friedman et al, 2011). ER patches at
mitochondria were frequently visible following MiD51 induction, while they
were not readily evident in control cells (Figure 5.8A). An alternate explanation
for this is that formation of the extended mitochondrial tubules results in ease of
detection of ER patches due to increased mitochondrial size. Also observed was
the presence of swollen ‘giant’ mitochondria in which cristae appeared
significantly reduced or absent (Figure 5.8A). To analyse peroxisome
morphology, wildtype and MiD51 inducible MEFs were treated with 4HT, fixed
and analysed by Professor Robert Parton (University of Queensland) using TEM
following catalase staining. Catalase staining revealed that peroxisome
morphology was largely round in wildtype cells, while in MEFs over-expressing
MiD51, peroxisomes appeared elongated (Figure 5.8B). This elongation of
peroxisomes is consistent with results obtained by immunofluorescence analysis
(Section 5.3).
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Figure 5.8 MiD51 induction causes mitochondrial elongation and cristae disruption. A)
Wildtype (A, A’) and MiD51 MEFs (B, B’, C, C’) were treated with 4HT for 72 hours, sectioned
and examined by TEM. B) Wildtype (A, A’) and MiD51 MEFs (B, B’, C, C’) were treated with
4HT for 72 hours. Peroxisomes were identified by cytochemical staining for catalase with DAB
(as indicated by arrows). Cells were sectioned and an analysed by TEM. Scale bar: 2µm.
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5.8

MiD51 alters mitochondrial DNA distribution

The formation of swollen or ‘giant’ mitochondria has been previously observed
following loss of Drp1, with associated changes in OPA1 processing and Mfn1/2
protein levels (Mopert et al, 2009). Giant mitochondria formed following loss of
autophagy or induction of senescence have reduced membrane potential and
decreased mitochondrial DNA (mtDNA) (Navratil et al, 2008; Yoon et al, 2006).
These cells also exhibit changes in the levels of proteins involved in
mitochondrial morphology including OPA1, Fis1 and Mfn1/2 (Navratil et al,
2008; Yoon et al, 2006). Giant mitochondria have also been observed in patients
diagnosed with cardiomyopathy, possibly due to loss of clearance mechanisms
or oxidative damage from increased ROS (Kanzaki et al, 2010; Tandler et al, 2002;
Terman et al, 2004). The presence of swollen mitochondria, as observed by
fluorescence and electron microscopy, led to the examination of mtDNA
distribution in cells following MiD51 over-expression. To examine distribution of
mtDNA in cells, wildtype and MiD51 MEFs were stained with PicoGreen which
detects mitochondrial and nuclear DNA (Ashley et al, 2005). In wildtype and
uninduced MiD51 MEFs, mitochondrial nucleoids were found throughout the
mitochondrial network, with almost every mitochondrion containing at least one
mtDNA nucleoid (Figure 5.9A). Following ectopic expression of MiD51, the
mitochondrial network forms elongated tubules and swollen or bulbous
mitochondria (Figure 5.9A). These swollen mitochondria contained high levels of
mtDNA, while the remaining network was depleted of mtDNA nucleoids
(Figure 5.9A). Similar results were obtained following induction of MiD49 MEFs
and in HeLa cells transfected with a plasmid encoding untagged MiD51 (data
not shown). This observed accumulation/redistribution of mtDNA is in contrast
to the loss of mtDNA observed following decreased autophagy or induction of
senescence (Navratil et al, 2008; Yoon et al, 2006). The accumulation of mtDNA
may be associated with the rearrangement or loss of cristae observed through
EM (Figure 5.8A).
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Figure 5.9 Changes in MiD49/51 expression alters mtDNA distribution and nucleoid number.
A) Wildtype and MiD51 MEFs were treated for 0 or 24 hours with 4HT and then stained with
MitoTracker Red (red) to visualise mitochondria and PicoGreen (green) to visualise nuclear and
mtDNA. B) HeLa cells were transfected with plasmids encoding either scrambled or both MiD49
and MiD51 shRNA, and co-transfected with mt-DsRed. At 72 hours post transfection cells were
stained PicoGreen (green). Cells were imaged with fluorescence microscopy. Scale bar: 20 µm.
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However, loss of mtDNA from other areas of the network that contain intact
cristae suggests that this process is a potentially active rearrangement rather
than passive. Decreased mtDNA copy number has been shown to occur upon
down regulation of the mitochondrial fission apparatus (Malena et al, 2009;
Parone et al, 2008). Subsequently, distribution of mtDNA was also examined by
PicoGreen staining following knockdown of MiD49 and MiD51. Depletion of
MiD49 and MiD51 by RNAi resulted in a fused mitochondrial network as seen
previously (Figure 5.9B). mtDNA was observed throughout the mitochondrial
network, however the number of mtDNA nucleoids appeared reduced in highly
fused regions of the network in comparison to control cells (Figure 5.9B).

Mitochondrial DNA encodes 13 subunits of the respiratory chain, and
perturbations in mtDNA are known to affect the biogenesis of complexes I, III-V
(Mimaki et al, 2011). To examine if the respiratory chain was affected by the
change in mtDNA distribution observed following MiD51 over-expression, the
protein levels of the complexes of the respiratory chain were assessed by blue
native (BN-) PAGE. There were no changes in the protein levels of complexes I,
II, III or V of the mitochondrial respiratory chain following MiD51 induction, nor
in their supercomplexes (Figure 5.10). Despite the redistribution of mtDNA
following MiD49/51 over-expression, these results suggest that mtDNA
transcription was not affected. Due to the stability of these complexes, additional
analysis is required to determine if protein levels of the respiratory chain are
affected following prolonged MiD49/51 over-expression.
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Figure 5.10 MiD51 over-expression does not affect the respiratory chain. MiD51 MEFs were
treated for 0, 48 or 72 hours with 4HT. Following protein induction, mitochondria were
harvested and solubilised in 1% digitonin and subjected to BN-PAGE. Protein levels were
detected by western blotting using antibodies against NDUFA9, 70 kDa subunit, Core I and α
subunit.
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5.9

Discussion

Correct cellular function requires cross talk between subcellular organelles to
ensure efficient transmission of cellular signals, metabolites and proteins. This is
demonstrated by the intimate relationship of mitochondria with the ER and with
peroxisomes (Baumgart et al, 2001; de Brito & Scorrano, 2008; Dirkx et al, 2005;
Friedman et al, 2011). Perturbations to mitochondrial morphology have been
demonstrated to influence ER and peroxisome morphology and function,
highlighting the crucial role of mitochondrial morphology in cellular
homeostasis (de Brito & Scorrano, 2008; Ishihara et al, 2009; Kobayashi et al,
2007; Koch et al, 2004; Wakabayashi et al, 2009; Waterham et al, 2007). This
chapter details the role of MiD49 and MiD51 in peroxisome morphology and
mtDNA distribution.
Association of mitochondria with the ER
The major roles of mitochondrial/ER contact have been proposed to be
maintenance of calcium homeostasis and metabolite transfer (Csordas et al, 2010;
de Brito & Scorrano, 2008; Pizzo & Pozzan, 2007; Zampese et al, 2011). However
recently, association of the ER with mitochondria was elegantly shown to also
occur at sites of mitochondrial membrane constriction and fission (Friedman et
al, 2011). This ER association with mitochondria is proposed to facilitate
membrane constriction and subsequent fission, possibly by marking the site for
Drp1 assembly at the mitochondrial outer membrane (Friedman et al, 2011).
While there was no change in the morphology of the ER network following
MiD49/51 over-expression, further analysis may reveal a relationship between
the MiD proteins and the ER. The formation of localised patches of MiD-GFP at
regions of constriction which recruit Drp1 (Chapter 3), may indeed occur at sites
of ER contact. This contact may be abolished or obscured following high levels of
MiD expression. Interestingly, Mff puncta were observed at sites of ER contact
with mitochondria independent of Drp1 (Friedman et al, 2011). However, Mff is
not required for the formation of these contact sites since these contacts persisted
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following Mff knockdown (Friedman et al, 2011). The apparent increase in ER
association as observed by EM, hints to a potential role for MiD49 and MiD51 in
this process. This relationship with the ER may be mediated by the interaction
between Mfn2 and MiD51 (Chapter 4), as Mfn2 is proposed to tether the ER to
mitochondria (de Brito & Scorrano, 2008). The potential role of MiD51 in this
process awaits further investigation.
Drp1 degradation as a consequence of MiD49/51 over-expression
Peroxisomes are proposed to elongate and form fused tubules prior to division
and proliferation, in a process that is mediated by PEX11 (Koch et al, 2004; Koch
et al, 2003; Koch et al, 2010). The division of peroxisomes is then completed
following Drp1 mediated scission (Koch et al, 2004). While MiD49 and MiD51 are
not detected at peroxisomes, over-expression and knockdown of these proteins
significantly altered peroxisome morphology and/or number. The increase in
peroxisome length following over-expression of MiD49 and MiD51 is similar to
that seen following perturbation of the mitochondrial fission mediators Fis1, Mff
and Drp1 (Ashrafian et al, 2010; Ishihara et al, 2009; Kobayashi et al, 2007; Koch et
al, 2004; Koch et al, 2005; Li & Gould, 2003; Wakabayashi et al, 2009; Waterham et
al, 2007). The depletion of Drp1 at peroxisomes was accompanied by MiD51mediated, proteasome-dependent degradation of Drp1. Subsequently, the
increase in peroxisome length following MiD51 over-expression may be due to
targeted degradation of Drp1 that accumulated at mitochondria. Ubiquitination
of Drp1 is known to be mediated by the E3 ligases MARCH5/MITOL and Parkin
(Karbowski et al, 2007; Nakamura et al, 2006; Park et al, 2010; Wang et al, 2011b;
Yonashiro et al, 2006). Parkin ubiquitination of Drp1 targets it for degradation by
the proteasome (Wang et al, 2011b). Tom20 has also been shown to be rapid
targets for Parkin mediated ubiquitination following uncoupling of the
mitochondrial membrane potential (Chan et al, 2011). There was no change in the
level of Tom20 following MiD51 induction suggesting that MiD51 mediated
degradation of Drp1 does not occur due to Parkin activity. However MEFs have
very low levels of endogenous Parkin (Matsuda et al, 2010), therefore this would
need to be confirmed in the presence of exogenous Parkin and uncoupling of the
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ubiquitinate Drp1, facilitating subcellular trafficking and recruitment/assembly
of Drp1 at mitochondria (Karbowski et al, 2007; Park et al, 2010). Loss of
MARCH5/MITOL by RNAi results in down regulation of Drp1 mediated
mitochondrial fission and the induction of cellular senescence (Karbowski et al,
2007; Park et al, 2010). Could MiD49 and MiD51 have a role in Drp1
ubiquitination and subsequent stabilisation of the fission complex? MiD49/51 do
not possess homology to known E3 ligases or ubiquitin-like proteins, however
MiD49 has been shown to interact with Ubiquilin 1 via yeast 2-hybrid screens
(Lim et al, 2006; Rual et al, 2005). Ubiquilin 1 is a type II ubiquitin-like protein
and contains both ubiquitin-like and ubiquitin-associated domains (Ko et al,
2002; Ko et al, 2004; Mah et al, 2000). Ubiquilin 1 associates with poly-ubiquitin
chains and interacts with the proteasome, suggesting that it may have a role in
directing ubiquitinated substrates for degradation (Ko et al, 2004). MiD49/51
could potentially interact with Ubiquilin 1 to facilitate Drp1 targeting to the
proteasome. Alternately, MiD49/51 could trap Drp1 at mitochondria, resulting
in degradation of Drp1 by cellular clearance mechanisms. Regardless of its
action, the role of the MiD proteins in Drp1 degradation provides further insight
into the potential function of these proteins in mitochondrial fission.
Peroxisome number and mitochondrial dysfunction
Peroxisome biogenesis and subsequent proliferation have been found to be
stimulated upon over-expression of the mitochondrial fission mediator Fis1 and
PGC-1 (Bagattin et al, 2010; Kobayashi et al, 2007). PGC-1 and PGC-1β are
transcriptional co-activators that have also been implicated in mitochondrial
morphology, stimulating transcription of Mfn2 in addition to a number of genes
involved in the electron transport chain and metabolism of ROS (Garnier et al,
2005; Liesa et al, 2008; Soriano et al, 2006; Valle et al, 2005). The increase in
peroxisome number following MiD49/51 knockdown may be due to ROS
accumulation following mitochondrial dysfunction. Mitochondrial dysfunction
and loss of cellular respiration in yeast has been described to result in
proliferation of peroxisomes, potentially as a compensation of disrupted
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metabolic pathways (Butow & Avadhani, 2004). Upregulation of PGC-1 occurs
following oxidative stress resulting in increased expression of proteins in the
electron transport chain and MnSOD (Valle et al, 2005). PGC-1 also stimulates
peroxisome biogenesis and remodelling through stimulation of β-oxidation and
PEX11 protein transcription (Bagattin et al, 2010). The observed increase in
peroxisome number may be due to mitochondrial dysfunction following
knockdown of MiD49/51. Alternately, this increase in peroxisome number may
be due to increased cell size/volume following MiD49/51. Further analysis is
required to determine the significance of this result, with quantitation of cell size
and volume following MiD49/51 knockdown, and activity of PCG-1.
MiD49/51 and OPA1 cleavage
The cleavage of OPA1, formation of swollen mitochondria, and the
redistribution of mtDNA following MiD51 over-expression suggests remodelling
of the inner mitochondrial membrane may occur. Loss of Drp1 has been shown
to induce OPA1 cleavage and the formation of mitochondrial bulges in a manner
similar to those seen following MiD49/51 induction (Ishihara et al, 2009; Mopert
et al, 2009). This was associated with down regulation of the fusion proteins
Mfn1/2 (Ishihara et al, 2009; Mopert et al, 2009). Cleavage of OPA1 occurs due to
mitochondrial dysfunction, loss of mitochondrial membrane potential and/or
induction of apoptosis (Duvezin-Caubet et al, 2006; Ishihara et al, 2006; Song et al,
2007). Mitochondrial membrane potential following MiD51 induction did not
appear to be dissipated, as seen by uptake of the potentiometric dyes (data not
shown). There was also no observed upregulation of the ROS scavenger MnSOD,
indicating that mitochondrial dysfunction due to increased ROS had occurred.
This suggests that the cleavage of OPA1 is a consequence of inactive Drp1 at the
mitochondrial surface, potentially as a compensation for loss of active
mitochondrial fission machinery.
mtDNA and mitochondrial fission
Silencing of OPA1-exon4b disrupts mtDNA distribution throughout the
network, resulting in the formation of ‘clumpy nucleoids’ that are similar to
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those seen following MiD49/51 over-expression (Elachouri et al, 2011). OPA1exon4b is embedded in the inner mitochondrial membrane, and co-precipitates
with the mtDNA associated protein Transcription Factor A (TFAM), suggesting
a role for OPA1-exon4b isoform in mtDNA nucleoid anchoring (Elachouri et al,
2011). Over-expression of MiD51 and subsequent loss of Drp1 activity results in
cleavage of OPA1; potentially causing disruption of OPA1 mediated nucleoid
anchoring. Disruption of mitochondrial fission and subsequent remodelling of
mitochondria has been suggested to cause dissociation of the outer and inner
mitochondrial membranes (Mopert et al, 2009). This in turn could effect OPA1
organisation, however the fused mitochondrial tubules as seen by EM contained
intact cristae suggesting that the redistribution of mtDNA was not a result of
cristae rearrangement. Additionally, MiD49 and MiD51 have small N-terminal
domains that are located in the intermembrane space (Osellame, 2010; Palmer et
al, 2011). The function of these domains is currently unknown, although a
speculative role for these regions may be in association with inner membrane
assemblies, with over-expression resulting in disruption of these connections.
The mtDNA loss observed following MiD49/51 knockdown provides further
evidence that Drp1 is not functional in the absence of MiD49 and MiD51, as
down-regulation of Drp1 also results in loss of mtDNA (Parone et al, 2008). The
potential role of MiD49 and MiD51 in mtDNA arrangement and stability is a
new avenue for investigation, and highlights the importance of mitochondrial
fission in mtDNA maintenance.

This chapter provides further clarification of the role of MiD49 and MiD51 in
mitochondrial morphology, and the implications for

dysregulation of

mitochondrial fission on other organelles. The degradation of Drp1 following
MiD51 over-expression provides evidence for the role of MiD49 and MiD51 in
ubiquitin mediated degradation of Drp1. The regulation of Drp1 association with
mitochondria by MiD49/51 effects both peroxisome fission and number, further
highlighting the intimate relationship between mitochondrial and peroxisomal
morphology. This data contributes to our understanding of MiD49/51 mediated
fission and Drp1 recruitment, and potential new insights into the stability of
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mtDNA nucleoid arrangement. The role of mitochondrial morphology and
mtDNA maintenance has significant implications for aging and disease, as an
intact fission and fusion machinery is crucial for mtDNA distribution within the
network, and to reduce the effect of mutant mtDNA load (Legros et al, 2004;
Malena et al, 2009). The relationship of the MiD proteins to both inner membrane
maintenance, mtDNA stability and activation of the proteasome places these
proteins at a potentially crucial junction in mitochondrial fission.
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6.1

Introduction

Following the advent of genetic manipulation of murine embryonic stem (ES)
cell lines (Thompson et al, 1989), the generation of mouse models of disease has
provided a wealth of information on gene function and disease progression. This
technology has allowed for analysis of complex multifactorial diseases including
those which often present late in life or during acute stages of illness, such as
Alzheimer’s, Huntington’s and Parkinson’s disease (Calkins et al, 2011a; Du et al,
2010; Menalled, 2005; Stichel et al, 2007). In addition, ablation of a specific gene
allows assessment of the consequences of gene loss on morphology, physiology
and phenotype during mouse development. These models are also useful to
understand disease progression and identify potential therapeutic targets for
prevention or treatment (Calkins et al, 2011a; Chiu et al, 2011; Davies et al, 2007;
Himeno et al, 2011; Wang et al, 2011a; Williams et al, 2011). A number of murine
gene knockout and gene mutant models have been generated to investigate
proteins involved in mitochondrial morphology including Mfn1, Mfn2, Drp1
and OPA1 (Chen et al, 2003; Davies et al, 2007; Ishihara et al, 2009; Wakabayashi
et al, 2009; Williams et al, 2011). Loss of Mfn1 or Mfn2 results in embryonic
lethality, demonstrating the essential role of these proteins in development
(Chen et al, 2003). Differential roles of Mfn1 and Mfn2 were uncovered through
the finding of specific cellular defects found following knockout of genes
encoding these proteins, with loss of Mfn2 resulting in aberrant formation of
giant placental cells, while Mfn1-null giant placental cells were normal (Chen et
al, 2003). In addition, the mitochondrial morphologies observed in Mfn1 and
Mfn2 null embryonic fibroblasts were morphologically distinct (Chen et al, 2003).
Mfn1-/- cells harboured small uniform spherical mitochondria, while Mfn2-/cells contained fragmented mitochondria that varied in size, thus suggesting
divergent roles for these proteins in mitochondrial fusion (Chen et al, 2003). Drp1
has also been shown to be essential for vertebrate development, with knockout
mice showing embryonic death at E10.5 – E12.5 (Ishihara et al, 2009;
Wakabayashi et al, 2009). Embryos exhibited abnormal cerebellar development,
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significantly reduced size, and poorly developed liver and cardiac structures
(Ishihara et al, 2009; Wakabayashi et al, 2009). In a model of Autosomal Dominant
Optic Atrophy, a nonsense mutation of OPA1 at exon 8 resulting in protein
truncation was found to be embryonic lethal in homozygous mice by day 14.5,
with heterozygous mutant mice exhibiting onset of optic nerve degeneration, a
reduction in visual acuity and reduced dendritic branching (Davies et al, 2007;
Williams et al, 2011).
RNAi mediated knockdown of MiD49 and MiD51 results in mitochondrial
elongation and a reduction in Drp1 at the mitochondrial surface (Osellame, 2010;
Palmer et al, 2011) (Chapter 3). However, the observed co-immunoprecipitation
of Mfn2 by MiD51-GFP, but not MiD49-GFP, suggests that the MiD proteins may
have distinct roles in the mediation of mitochondrial morphology (Chapter 4).
In addition, due to the lack of specific antibodies, much of the analysis of these
proteins has been conducted using over-expression systems. This chapter
describes preliminary analysis of a MiD49 gene knockout mouse in an effort to
gain further insight into the endogenous role of MiD49. In addition, the effect of
MiD49- and MiD51-GFP expression on mitochondrial morphology and Drp1
recruitment in mitochondrial fusion deficient cell lines was also examined in an
effort to reconcile the role of these proteins in mitochondrial fusion and fission.
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6.2

Generation of MiD49 gene knockout mice

Generation of mouse ES cells lacking the MiD49 gene (SMCR7, chromosome 11
B2; 11) was performed by the International Knockout Mouse Consortium (IKMC,
http://www.knockoutmouse.org/) under the Knockout Mouse Project (KOMP)
(Austin et al, 2004; Collins et al, 2007; Valenzuela et al, 2004). Loss of the
endogenous allele in C57BL/6NTac ES cells was performed through
homologous recombination of a Bacterial Artificial Chromosome targeting vector
that replaced endogenous SMCR7 gene with a selection cassette insertion
(Valenzuela et al, 2004) (Figure 6.1). Heterozygous MiD49 gene knockout mice
were

then

generated

by

the

Australian

Phenomics

Network

(http://www.australianphenomics.org.au). SMCR7 knockout mouse ES cells were
microinjected into C57BL/6N mouse blastocysts to generate chimeric mice that
harboured the SMCR7 gene knockout (Thompson et al, 1989).

Figure 6.1 VelociGene generation of SMCR7 gene knockout ES cells. Knockout of endogenous
SMCR7 gene was performed by homologous recombination of a Bacterial Artificial Chromosome
containing a selection cassette flanked by 3’ and 5’ sequences homologous to upstream and
downstream sequence of the gene. Insertion of the selection cassette was performed through
homologous recombination resulting in an allele lacking SMCR7.
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Mice containing a high degree of chimerism were then bred with wildtype mice
to obtain germline transmission of the SMCR7 mutant allele, with the resulting
production of mice heterozygous for disruption of the SMCR7 allele.
Heterozygote MiD49-/+ mice were then bred in house to obtain MiD49-/homozygous knockout mice, where both SMCR7 alleles were deleted (Figure
6.2).

Figure 6.2 Breeding of MiD49 heterozygote mice to generate a SMCR7 gene knockout mouse.
Breeding of MiD49 heterozygote mice results in progeny that contain both wild type SMCR7
alleles (+/+), a wildtype and a mutant allele (-/+), or both mutant alleles (-/-) resulting in the
generation of wildtype mice, mice heterozygous for the SMCR7 mutant allele and mice
homozygous for the SMCR7 mutant allele.

Validation of SMCR7 gene knockout was conducted by PCR amplification of the
wildtype SMCR7 gene or the Neomycin insertion cassette resulting in the
formation of 415 and 335 base pair products respectively (Figure 6.3A).
Following breeding of heterozygote mating pairs, DNA was extracted from
tissue samples of the progeny and analysed by PCR. Genotyping of filial mouse
generations was determined by PCR amplification of the wildtype SMCR7 gene
only (wildtype), the amplification of both the wildtype SMCR7 gene and the
neomycin insertion cassette (heterozygote), or amplification of the insertion
cassette only (knockout). An example of litter genotyping can be seen in Figure
6.3B.
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Figure 6.3 Genotyping strategy to detect the presence of the wildtype SMCR7 gene or the
neomycin cassette. A) SMCR7 gene wildtype primers were designed to amplify a 415 base pair
region of the gene spanning an intron (WT Fwd and WT Rev). PCR detection of the Neomycin
insertion cassette was achieved with a forward primer specific for the cassette, and a reverse
primer downstream of the gene insertion resulting in a 335 base pair product (Neo Fwd and Neo
Rev). B) Genotyping of progeny from breeding of mice heterozygous for the SMCR7 gene. PCR
amplification of both the wildtype SMCR7 gene and neomycin cassette was conducted for each
tissue sample and analysed by agarose gel electrophoresis. Amplification of wildtype gene only
= wildtype (+/+), amplification of both wildtype gene and neomycin cassette = heterozygote (/+), and amplification of neomycin cassette only = homozygous knockout (-/-). Wildtype (WT)
and no template (B) PCR reactions were amplified as controls.
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6.3

Tissue analysis of MiD49 knockout mice

Breeding of MiD49-/+ mice resulted in the generation of 19 litters from four filial
generations. MiD49-/- and MiD49-/+ mice were viable, and no distinct
macroscopic phenotype was observed in comparison to wildtype mice. The
inheritance ratio of the mutant SMCR7 allele was determined from 123 progeny
of MiD49-/+ breeding pairs. Genotyping of progeny revealed the presence of 38
wildtype mice, 59 MiD49-/+ mice, and 26 MiD49-/- mice, resulting in a ratio of
1.28:2.00:0.88 (wildtype:heterozygote:knockout). This inheritance ratio was
similar to the expected Mendelian ratio of 1:2:1 and there was no statistically
significant deviation (2 = 2.54, d.f.= 2, p > 0.05), indicating that there was no
defect in transmission of the mutant SMCR7 allele. To confirm knockout of the
endogenous MiD49 protein, whole cells and mitochondria were harvested from
brain, kidney, heart and liver tissues of MiD49-/- and wildtype mice, and
subsequently analysed by SDS-PAGE and western blotting. Confirmation of
genotype was performed by PCR analysis of tissue samples, with amplification
of the endogenous SMCR7 gene only detected in the wildtype sample, and
amplification of the neomycin cassette only detected in the MiD49 -/- sample
(Figure 6.4A). Analysis of expression array data revealed expression of MiD49
throughout tissues, with highest expression in the heart and skeletal muscle
(GeneNote, (Shmueli et al, 2003). Endogenous mouse MiD49 (mMiD49) was
detected in whole cells and mitochondria isolated from wild type heart tissue,
while no signal was detected in the MiD49-/- samples as expected (dashed box,
Figure 6.4B). A weaker signal was also detected in wildtype liver and kidney
whole cell samples, while no mMiD49 was detected in whole cell or
mitochondrial fractions from brain tissue of wildtype and MiD49-/- samples
(dashed box, Figure 6.4B).
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Figure 6.4 Analysis of MiD49 protein levels in wildtype and knockout mice. A) Genotyping of
wildtype and MiD49-/- mice selected for tissue analysis. PCR amplification of both the wildtype
SMCR7 gene and neomycin cassette was conducted for each sample (arrow). Amplification of
wildtype gene only = wildtype (+/+) and amplification of neomycin cassette only = homozygous
knockout (-/-).Wildtype (WT) and no template (B) PCR reactions were amplified as controls.
Samples were analysed by agarose gel electrophoresis. B) Western analysis of whole cell and
mitochondrial fractions harvested from brain, kidney, heart and liver tissue from wildtype and
MiD49-/- mice from A). Comparison of protein levels was conducted with antibodies against
mouse MiD49 (mMiD49). Dashed box indicates mouse MiD49 (mMiD49) signal. Asterisk
indicates non-specific band. C) Western analysis of whole cell and mitochondrial fractions from
B). Comparison of protein levels was conducted with antibodies against Drp1, Mfn2, OPA1,
NDUFA9 and MnSOD.
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There was also a band detected at the same size as mMiD49 in MiD49-/- whole
cell samples from liver, however this band was absent in the mitochondrial
fraction, indicating that this may represent a cross reactive protein of a similar
size that is present in whole cells but not found at mitochondria (hatched box,
Figure 6.4B). Multiple non-specific bands were also detected with the mMiD49
antibody sera, with a strong non-specific band at a higher molecular weight than
mMiD49 present in all samples (asterisk, Figure 6.4B).

To determine if loss of MiD49 affected the steady state levels of other proteins
involved in mitochondrial morphology, immunoblotting for Drp1, OPA1, and
Mfn2 was performed. There was no apparent change in the levels of Drp1, OPA1
or Mfn2 in the MiD49-/- samples compared to the wildtype controls (Figure
6.4C). In addition, there did not appear to be any change in OPA1 isoforms in
knockout

samples

compared

to

wildtype

control

(Figure

6.4C).

The

mitochondrial proteins NDUFA9 (a complex I subunit) and MnSOD
(mitochondrial manganese superoxide dismutase) were included as loading
controls (Li et al, 1995; McKenzie & Ryan, 2010). Littermates from 4th generation
filial breeding were analysed by Australian Phenomics Network Histopathology
and Organ Pathology (http://www.australianphenomics.org.au/services/pathology/)
service for both macroscopic and microscopic alterations following loss of
MiD49. At nine weeks of age, a MiD49+/+, a MiD49-/+ and two MiD49-/- mice
were examined. The comprehensive analysis of organs and blood revealed no
significant differences of MiD49-/+ and MiD49-/- mice in comparison to the
wildtype control (data not shown).
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6.4

Analysis of mouse embryonic fibroblasts from
wildtype, MiD49+/- and MiD49-/- mice

To analyse the effect of MiD49 knockout on subcellular morphology, timed
mating of MiD49-/+ mice was conducted. At day E14.5 embryos were harvested
and a sample of tissue used for genotyping. PCR analysis of 10 embryos from a
single litter revealed the presence of two wildtype embryos, five MiD49 -/+
embryos, and three MiD49-/- embryos (Figure 6.5A). The remaining tissue from
each embryo was homogenised, and primary cell cultures established (Figure
6.5B). Mitochondrial morphology was analysed by staining with MitoTracker
Red. The localisation of mtDNA with PicoGreen was investigated in MiD49-/MEFs due to the apparent loss of mtDNA observed following knockdown of
MiD49 and MiD51 in HeLa cells (Chapter 5). In addition, loss of mtDNA has also
been observed following depletion of Drp1 (Parone et al, 2008). Should loss of
MiD49 affect Drp1 dependent mitochondrial fission, mtDNA may also be
affected. Mitochondrial morphology and mtDNA distribution of MiD49-/+ and
MiD49-/- mouse embryonic fibroblasts were not morphologically distinct in
comparison

to

wildtype MiD49+/+

MEFs

(Figure

6.5B). Mitochondrial

morphology appeared reticular in all cellular samples, indicating that loss of
endogenous MiD49 does not affect mitochondrial fission or fusion homeostasis
(Figure 6.5B). These results are consistent with those observed following RNAi
mediated knockdown of MiD49 in COS7 cells, where knockdown of both MiD49
and MiD51 was required to observe perturbation to mitochondrial morphology
(Osellame, 2010). Mitochondrial DNA distribution was observed throughout the
mitochondrial network in all cell samples (Figure 6.5B).
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Figure 6.5 Mitochondrial morphology and mtDNA distribution is not altered in MiD49 -/MEFs. A) Genotype analysis of E14.5 embryos utilised for generation of MEF cell lines. PCR
amplification of both the wildtype MiD49 gene and neomycin cassette was conducted for each
sample. PCR analysis revealed the presence of two wildtype (+/+), five heterozygote (-/+), and
three homozygous knockout (-/-) embryos. Wildtype (WT) and no template (B) PCR reactions
were amplified as controls. Samples were analysed by agarose gel electrophoresis. B) MEFs from
A) were stained with MitoTracker Red (red) and PicoGreen (green) and visualised by
fluorescence microscopy. Examples of MiD49 +/+, MiD49 -/+ and MiD49 -/- cells are shown. Scale
bar: 20 µm.
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6.5

MiD49/51-GFP expression in fusion deficient cells

Recently, Zhao et al., (2011) demonstrated that over-expression of MiD51
(MIEF1) induced mitochondrial fusion in cells that were depleted of Mfn2. The
authors subsequently postulated that MiD51 has a profusion role independent of
Mfn2 (Zhao et al, 2011). However, given that both Mfn1 and OPA1 are also
involved in mitochondrial fusion, and that MiD49 was not analysed, further
investigation is required. In the study presented here, knockout cell lines were
utilised rather than cells depleted of factors by RNAi. Mitochondrial
morphology following MiD49- or MiD51-GFP over-expression was investigated
in MEFs lacking OPA1, Mfn1, Mfn2, or Mfn1/2. Following transfection with
MiD49-GFP or MiD51-GFP, the highly fragmented mitochondrial network of
OPA null MEFs did not appear to be altered, in comparison to control cells
expressing mitochondrially targeted GFP (mt-GFP) (Figure 6.6). Mitochondrial
extensions were formed in both Mfn1-/- and Mfn2-/- MEFs following overexpression of MiD49-GFP or MiD51-GFP, in comparison to the fragmented
network observed in control and untransfected cells (Figure 6.7). The
mitochondrial fusion induced by MiD49-GFP or MiD51-GFP in Mfn1-/- and
Mfn2-/- null MEFs was analogous to that observed following MiD51-GFP overexpression in wildtype MEFs (Figure 6.6, 6.7). In contrast, over-expression of
either MiD49-GFP or MiD51-GFP in MEFs lacking both Mfn1 and Mfn2 (Mfn1-//Mfn2-/-) did not result in mitochondrial fusion in comparison to control cells
(Figure 6.7).
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Figure 6.6 Analysis of mitochondrial morphology in wildtype and OPA1 -/- MEFs following
MiD-GFP expression. Wildtype and OPA1-/- MEFs were transfected with plasmids encoding
either mitochondrially targeted GFP (mt-GFP), MiD49-GFP or MiD51-GFP. Cells were fixed with
paraformaldehyde and immunostained with antibodies against Tom20 (red) and stained with
Hoechst (blue), and visualised by fluorescence microscopy. Scale bar: 20 µm.

150

Chapter 6: Gene knockout analysis

Figure 6.7 Analysis of mitochondrial morphology in Mfn1-/-, Mfn2-/- and Mfn1/Mfn2-/- MEFs
following MiD49- or MiD51-GFP expression. Mfn1-/-, Mfn2-/- and Mfn1/Mfn2-/- MEFs were
transfected with plasmids encoding either mt-GFP, MiD49-GFP or MiD51-GFP. Cells were fixed
with paraformaldehyde and immunostained with antibodies against Tom20 (red) and stained
with Hoechst (blue), and visualised by fluorescence microscopy. Scale bar: 20 µm.
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Subcellular localisation of Drp1 was also analysed in MEFs lacking OPA1, Mfn1,
Mfn2 or both Mfn1/2 to determine if recruitment of Drp1 was still stimulated by
MiD49/51. The recruitment of Drp1 to mitochondria was observed in wildtype
and all knockout MEFs following over-expression of MiD51-GFP (Figure 6.8).
Similar results were also observed in MEFs lacking OPA1, Mfn1, Mfn2 or both
Mfn1/2 following over-expression of MiD49-GFP (data not shown). This
recruitment of Drp1 to mitochondria was distinct from those cells transfected
with plasmids encoding mt-GFP and in untransfected cells, where Drp1 was
observed as largely cytosolic (Figure 6.8). Following high expression level of
MiD51-GFP, the endogenous Drp1 signal also appeared to be reduced in all cell
lines (Figure 6.8). This reduction may be due to degradation of Drp1, however
further analysis is required to confirm Drp1 total levels in MiD51-GFP
transfected cells compared to controls. These results demonstrate that
MiD49/51-GFP induce the formation of mitochondrial extensions in a manner
dependent on OPA1, and either Mfn1 or Mfn2, while Drp1 recruitment to
mitochondria following MiD49/51-GFP over-expression does not require the
profusion proteins OPA1, Mfn1 or Mfn2.
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Figure 6.8 Analysis of Drp1 distribution in knockout cell lines expressing MiD51-GFP.
Wildtype (WT), OPA1 null, Mfn1 null, Mfn2 null and Mfn1/2 null MEFs were transfected with
plasmids encoding either mt-GFP or MiD51-GFP. Cells were fixed with paraformaldehyde and
immunostained with antibodies against Drp1 (red) and stained with Hoechst (blue), and
visualised by fluorescence microscopy. Scale bar: 20 µm.
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6.6

Discussion

The generation of gene knockout mice has been utilised as a powerful tool in
molecular biology, enabling the analysis of loss of protein function within an
entire organism. The systematic approach taken by projects such as KOMP has
facilitated the generation of mouse knockout models in an effort to determine the
function of all genes within the genome (Austin et al, 2004). Generation of a
MiD49-/- mouse was undertaken in an effort to describe the role of endogenous
MiD49 within a whole organism, in addition to analysis of loss of gene function
at a cellular level. At the time of this study, ES cell lines harbouring a MiD51
knockout were unavailable.
MiD49 knockout mouse
Genetic loss of MiD49 did not result in any significant alterations to mouse
development when compared to age and sex matched wildtype mice. There
were no observed phenotypic changes to organ size or tissue composition, and
no significant changes in cellular composition of whole blood. Western analysis
of mitochondria isolated from a variety of murine tissues revealed no changes in
protein levels of other components of mitochondrial fission and fusion
machinery tested, although this analysis was not exhaustive and additional
investigation is required. The lack of an identifiable phenotype from murine
knockout models is not unique, and in fact it has been estimated that ~ 10-15% of
all knockout mice exhibit no phenotype (Barbaric et al, 2007). This may occur due
to a number of reasons including variability in testing or genetic redundancy
(Barbaric et al, 2007). Due to time constraints only a preliminary analysis of this
mouse strain was conducted, and it is conceivable that phenotypic alterations
may be present that were not identified by initial examinations. Additional
phenotype testing includes behavioural analysis, stress response of both the
animal and within specific organs, and detailed analysis of specialised cell
function, just to name a few. It is also possible that phenotypes may become
apparent in older animals and hence another form of analysis could include
monitoring many of these aspects as the animals get older. Additional
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investigation is also required in female mice to rule out any sex bias in results, as
current tissue and histological examinations were conducted on male mice only.
The highest levels of mMiD49 protein was demonstrated in heart tissue, in
support of the results reported following expression array analysis (Shmueli et
al, 2003). Subsequently, additional examination of heart function may reveal
phenotypic alterations in the MiD49-/- mouse heart that were not detected by
initial macromorphological evaluations.
Mitochondrial morphology and mtDNA distribution in MiD49-/- mice
There were no observed alterations to mitochondrial morphology or mtDNA
distribution in MiD49-/- primary MEFs compared to heterozygote and wildtype
controls. The lack of an observable phenotype of the MiD49-/- MEFs may be due
to the functional redundancy of MiD49 and MiD51, acting within the same
pathway or within the same complex. The mitochondrial phenotype following
knockdown of either MiD49 or MiD51 in COS7 cells is not significantly different
from wildtype reticular network (Osellame, 2010). In addition, the amount of
Drp1 at mitochondria following loss of both MiD49/51 is significantly reduced
when compared to the loss of either MiD49 or MiD51 alone (Chapter 3). Loss of
mtDNA was observed in HeLa cells following knockdown of both MiD49 and
MiD51, possibly due to loss of Drp1 mediated fission (Chapter 5) (Parone et al,
2008). These results indicate that the effect of loss of MiD49 and MiD51 on
mitochondrial morphology and Drp1 recruitment may be cumulative. Genetic
redundancy can be partial or cumulative, with more than one protein
contributing to the same pathway or function (Barbaric et al, 2007; Thomas,
1993). An example of this can be found in the role of the Mitofusins, with Mfn1
and Mfn2 redundant for mitochondrial fusion (Chen et al, 2003). A distinct role
for Mfn2 has also been described in the tethering of mitochondria to the ER (de
Brito & Scorrano, 2008), demonstrating that while both Mitofusins are capable of
facilitating mitochondrial fusion this is not their sole function. Could MiD49 and
MiD51 act in a similar way? Current evidence obtained from knockdown of
MiD49 and MiD51 suggests that the function of these proteins may well be
cumulative (Chapter 3) (Osellame, 2010; Palmer et al, 2011). To investigate this
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further, the generation of a MiD51 knockout mouse is currently underway, with
future plans involving the production of MiD49/51 double knockout mice. In
addition, further analysis of MiD49-/- cell line will also include knockdown of
endogenous MiD51, and subsequent analysis of mitochondrial morphology and
Drp1 distribution.
MiD49/51 and mitochondrial fusion deficient cells
The over-expression of MiD51-GFP in OPA1, Mfn1, Mfn2 and Mfn1/2 null MEFs
has provided some intriguing preliminary data. The current research into the
function of MiD49 and MiD51 in mitochondrial morphology raises the question
as to whether these proteins regulate mitochondrial fission or fusion, and
possibly both processes. Cells over-expressing MiD49 or MiD51 were unable to
form mitochondrial extensions in the absence of both Mfn1 and Mfn2, or in the
absence of OPA1, indicating that MiD49/51 do not actively promote fusion
independent of these proteins. Mitochondrial fusion stimulated by OPA1 overexpression has been shown to require Mfn1 but not Mfn2 (Cipolat et al, 2004),
suggesting that Mfn1 and OPA1 are the primary regulators of mitochondrial
fusion. However, both Mfn1 and Mfn2 are capable of independently mediating
mitochondrial fusion through the formation of homotypic and heterotypic
complexes (Chen et al, 2005). A physical interaction between OPA1 and Mfn1/2
has been demonstrated by co-immunoprecipitation (Guillery et al, 2008);
however the precise role of OPA1 in mediation of mitochondrial fusion is not
clear. Mitochondrial outer membrane fusion can proceed in the absence of OPA1
(Song et al, 2009), however elongation of mitochondria does not occur.

Fusion of the mitochondrial outer membrane upon MiD49/51 over-expression in
OPA1-/- MEFs remains to be explored; however elongation of mitochondria does
not occur. MiD mediated recruitment of Drp1 was observed in all cell lines
following MiD-GFP over-expression, suggesting that this process is not
dependent on the presence of OPA1, Mfn1 or Mfn2. The formation of
mitochondrial extensions upon MiD49/51 over-expression was not stimulated
by Drp1 recruitment alone, as mitochondrial fusion was not observed in Mfn
double knockout MEFs. These results suggest that the observed mitochondrial
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fusion following MiD-GFP over-expression requires an active fusion apparatus.
Whether fusion is stimulated by MiD49/51 in these cell lines due to inactivation
or loss of Drp1, or activation of fusion through association with the Mitofusins
remains to be explored. Mfn2 was found to co-immunoprecipitate with MiD51GFP (Chapter 4), indicating a direct interaction between these proteins.
However, mitochondrial extensions and Drp1 recruitment were observed in
Mfn2-/- MEFs over-expressing MiD51-GFP, indicating that this interaction is not
required to facilitate MiD-induced alterations in mitochondrial morphology and
Drp1 distribution.

In their investigation of MiD51 (MIEF1), Zhao et al., (2011) suggested that the
formation of mitochondrial extensions following MiD51 over-expression was
due to stimulation of mitochondrial fusion independent of the Mitofusins (Zhao
et al, 2011). A limitation of this study was that MiD51 induced mitochondrial
morphology upon loss of Mfn1, or both Mfn1/2 was not investigated. In
addition, Zhao et al., (2011) did not investigate the role of the MiD51 homologue,
MiD49. The results presented here demonstrate that MiD49/51-GFP overexpression stimulated mitochondrial elongation in a manner dependent on an
active fusion machinery. The results are consistent with the over-expression of
MiD proteins blocking fission by impairing the function of Drp1 and leading to
unopposed fusion events.
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Concluding remarks
Proteins involved in both the regulation and maintenance of mitochondrial
morphology have crucial roles in maintaining the health of the cell (Campello &
Scorrano, 2010; Liesa et al, 2009). The mitochondrial network is largely
maintained by a balance between fission and fusion events. The tight regulation
of these opposing forces enables the network to rapidly respond to specific
cellular signals. The plasticity of the mitochondrial network also allows the
formation of morphologically distinct networks within specialised cells. For
example, the typical reticular mitochondrial network in mouse embryonic
fibroblasts is distinct from the tightly packed mitochondria within cardiac tissue
(Kane & Youle, 2010; Westermann, 2010). In addition, mitochondria do not exist
autonomously within the cell, and a number of key mitochondrial morphology
proteins are also found at the ER and peroxisomes (de Brito & Scorrano, 2008;
Gandre-Babbe & van der Bliek, 2008; Kobayashi et al, 2007; Koch et al, 2005; Li &
Gould, 2003; Otera et al, 2010). Subsequently, the dysregulation of proteins
involved in mitochondrial dynamics can also affect the morphology and function
of other subcellular organelles (de Brito & Scorrano, 2008; Otera et al, 2010;
Wakabayashi et al, 2009). Despite advances made in the understanding of
mitochondrial dynamics, the precise mechanisms involved remain elusive. A
number of questions remain outstanding, including how the mitochondrial
fission and fusion proteins are co-ordinated to maintain the reticular network,
and the identification of the signalling pathways that regulate their activity.

At the beginning of this study, MiD49 and MiD51 had been identified as new
mediators of mitochondrial morphology (Osellame, 2010), however the
mechanism by which they affected mitochondrial shape and distribution
remained elusive. In addition, the formation of fused mitochondrial tubules
upon both over-expression and knockdown of MiD49 and MiD51 (Osellame,
2010), resulted in difficulty interpreting the function of these proteins within
mitochondrial morphology. Work presented in this thesis has demonstrated that
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over-expression of MiD49/51 resulted in recruitment of Drp1 to mitochondria,
while a direct interaction between Drp1 and MiD49 was confirmed by coimmunoprecipitation and a directed yeast 2-hybrid assay. In addition, Zhao et
al., (2011) demonstrated a direct interaction between Drp1 and MiD51 (MIEF1)
(Zhao et al, 2011). In support of these results, reduction of MiD49/51 by RNAi
also resulted in reduced Drp1 association with mitochondria. These results
suggested that MiD49 and MiD51 are important for Drp1 dependent
mitochondrial fission, and this was shown using live cell imaging of fibroblasts
induced to express MiD51. It was also demonstrated that in order for MiD49/51
to influence Drp1 localisation in cells, Drp1 must have the capacity to
oligomerize, indicating that MiD49/51 may have a role in the association or
assembly of Drp1 at the mitochondrial outer membrane. These results are similar
to those reported for the newly identified Drp1 receptor protein, Mff (Otera et al,
2010). Therefore, could MiD49/51 act as Drp1 receptor proteins, in addition to
Mff and Fis1? While the interaction between Fis1 and Dnm1 is mediated by
adaptor proteins Mdv1/Caf4 in yeast (Karren et al, 2005; Motley et al, 2008; Tieu
et al, 2002), homologues of these adaptors have not been identified in higher
eukaryotes.

Mitochondrial fission occurs through a multi-step process that involves the
recruitment of Drp1 to the mitochondrial outer membrane, assembly of the
fission complex, scission of the double membrane and subsequent disassembly
and release of Drp1 (Labrousse et al, 1999; Mozdy et al, 2000). It is conceivable
that a number of proteins regulate these steps to co-ordinate the complex
division of the mitochondrial double membrane. While post-translational
modification and interaction with the membrane receptors Mff/Fis1 are
described to recruit Drp1 to mitochondria (Chang & Blackstone, 2010; Otera et al,
2010; Yoon et al, 2003), proteins involved in the subsequent steps of membrane
fission have yet to be elucidated. In addition, both Mff and Fis1 are C-tail
anchored proteins that reside in the outer membrane of peroxisomes and
mitochondria, and interact with Drp1 via their N-terminal domains (GandreBabbe & van der Bliek, 2008; Stojanovski et al, 2004). In contrast to this,
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MiD49/51 are localised only at mitochondria (L. Osellame and K. Elgass,
unpublished), where they are N-terminally anchored in the outer mitochondrial
membrane (Osellame, 2010). While purified Drp1 forms helical structures when
mixed with liposomes in vitro (Lackner et al, 2009; Mears et al, 2011), the
assembly of Drp1 at mitochondria requires additional proteins to mediate the
interaction. MiD49/51 may regulate the association of Drp1 specifically with
mitochondria, providing a cellular mechanism to discern commitment to
mitochondrial or peroxisomal fission. This work identified MiD49/51 as
mediators of mammalian mitochondrial fission.

Further clarification of the role of MiD49/51 in cells was determined through
investigation of proteasome-dependent degradation of Drp1, and the analysis of
MiD49/51 induced mitochondrial morphology in a variety of fusion deficient
cell lines. Upon over-expression of MiD49/51, Drp1 is no longer functional at
mitochondria, as demonstrated through the loss of localised foci upon MiD49/51
stimulated recruitment. This loss of functionality results in the formation of
mitochondrial extensions and subsequent proteasome-dependent degradation of
Drp1. The formation of these mitochondrial extensions upon MiD49 or MiD51
over-expression is dependent on the presence of Mfn1 or Mfn2, and OPA1,
demonstrating that an intact fusion apparatus is required. Thus, following
MiD49/51 over-expression fission is impaired and fusion continues, thereby
resulting in an interconnected mitochondrial network. Due to the degradation of
Drp1 that is trapped at mitochondria, peroxisomes elongate due to a loss of
fission (Figure 7.1). The loss of a functional fission complex at mitochondria
subsequently results in unbiased fusion, and the formation of fused
mitochondrial tubules. Knockdown of MiD49/51 prevents the assembly of Drp1
at mitochondria, also resulting in unbiased fusion and a fused mitochondrial
network. It is currently unclear if the observed degradation of Drp1 following
MiD49/51 over-expression is mediated directly by MiD49/51, or if Drp1 loss is a
consequence of non-functional Drp1 trapped at mitochondria, which is
subsequently cleared by the cell. Given that Drp1 is targeted for degradation
only following long term expression of MiD51, this indicates that Drp1
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proteasomal-dependent degradation may not be directly mediated by MiD51,
but a consequence of extended over-expression. Further investigation of
MiD49/51 stimulated degradation of Drp1 is currently being pursued to
determine the identification of the E3 ligase that ubiquitinates Drp1 upon
MiD49/51 over-expression.

Recently, a role for the ER in mitochondrial constriction was proposed, in a
manner independent of Drp1 and Mff (Friedman et al, 2011). The association of
mitochondria with the ER is important for the transfer of phospholipids and
calcium (de Brito & Scorrano, 2008; Vance, 2003). Mfn2 is enriched at the ERmitochondria interface and is proposed to tether mitochondria to the ER to
facilitate calcium transfer (de Brito & Scorrano, 2008). Work conducted in this
study also demonstrated a direct interaction between Mfn2 and MiD51. MiD51
may facilitate the mitochondria-ER interface through interaction with ER
localised Mfn2 (Figure 7.1). This association may then mediate the formation of
Drp1 at ER-mitochondria constriction sites, leading to mitochondrial fission. An
alternate hypothesis is that MiD51 may in fact act as a biological switch between
fission and fusion, to mediate transient fission and fusion events through
regulation of Drp1 and Mfn2 (Liu et al, 2009). In addition, an interaction between
Mfn2 and Drp1 was recently proposed, describing a pro-fusion role for Drp1
(Huang et al, 2011b). While further analysis of the MiD51-Mfn2 interaction is
required, mitochondrial fusion was still seen in Mfn2-/- cells over-expressing
MiD51, and Drp1 was recruited to mitochondria. This demonstrates that an
interaction between Mfn2 and MiD51 is not necessary to induce mitochondrial
extensions or Drp1 recruitment. The mechanism that modulates interaction of
MiD49 and MiD51 with Drp1 and Mfn2 is currently under investigation.
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Figure 7.1 Proposed model of MiD49/51 effect on mitochondrial and peroxisomal morphology
upon over-expression. Over-expression of MiD49/51 results in the formation of rings on the
mitochondrial outer membrane that may act as a scaffold for Drp1. Drp1 is recruited to
mitochondria by Mff, and stabilised on the outer mitochondrial membrane by interaction with
MiD49/51. Drp1 is subsequently degraded by the proteasome following retention at
mitochondria, resulting in elongation of peroxisomes (P).
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At endogenous levels, MiD49/51 may act to stabilise the formation of the fission
complex at the mitochondrial outer membrane (Figure 7.2). In support of this,
MiD49/51 knockdown in cells reduces Drp1 levels at mitochondria, despite the
presence of endogenous Mff. However, knockdown of Mff also reduces Drp1 at
mitochondria, regardless of the presence of endogenous MiD49/51 (Otera et al,
2010), suggesting that both Mff and MiD49/51 may be required for Drp1
recruitment/assembly at mitochondria. Zhao et al., (2011) demonstrated that
MiD51 can recruit Drp1 to mitochondria following depletion of Mff, Mfn2 or
Fis1 in cells, suggesting that MiD51 may act upstream or independently of Mff
and Fis1. Alternately, MiD49/51 may facilitate Mff mediated recruitment of
Drp1, or over-expression of MiD51 may bypass the necessity for Mff activity.
Zhao et al., (2011) also demonstrated that MiD51 (MIEF1) interacts directly with
Fis1, potentially in an inhibitory capacity. While the interaction of MiD51 and
Fis1 was not replicated in this investigation, it cannot be excluded that
MiD49/51 may functionally associate with either Mff or Fis1 in order to affect
Drp1 activity. Based on their results, Zhao et al., (2011) suggest that MiD51
inhibits mitochondrial fission through interaction with Fis1 and Drp1. However,
the formation of a fused mitochondrial network upon knockdown of MiD49 and
MiD51 observed in this investigation contradicts this hypothesis, and supports a
pro-fission role for MiD51.

This investigation has provided significant insight into the role of MiD49 and
MiD51 in mitochondrial fission. However, a number of questions remain
outstanding, including the nature of the association with Mfn2 and Drp1, and
the precise relationship with other pro-fission factors including Mff and Fis1. In
addition, much of the analysis of MiD49/51 function has been extrapolated from
results obtained following over-expression. In order to gain further insight into
the endogenous role of MiD49 and MiD51, generation of a MiD51 knockout
mouse is currently underway, with plans to breed this mouse with the MiD49
knockout mouse described in this study, thereby generating a MiD49/51 double
knockout mouse. This will provide invaluable information into the endogenous
role of these proteins within a whole organism.
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Figure 7.2 Proposed model of the role of MiD49/51 in Drp1 dependent mitochondrial fission.
Mitochondrial constriction and future sites of fission are marked by ER:mitochondria association.
The association of the ER with mitochondria is mediated through Mfn2 tethering, and potentially
MiD51 association. MiD49/51 stabilise formation of the fission complex. Mff mediates
recruitment of Drp1, to the mitochondrial outer membrane where Drp1 oligomerization
proceeds, facilitating active scission complex formation. Fis1 may mediate the interaction
between Drp1 and Mff.
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Conclusion
Recent advances in the field of mitochondrial morphology have provided
significant insight into the complex processes of mitochondrial fission and
fusion. It is becoming clear that these processes, and the effects of dysfunction of
mitochondrial morphology proteins, need to be examined within the whole cell
and preferably within an organism. This is demonstrated with the proposed role
of the ER in mitochondrial constriction (Friedman et al, 2011), and in the effect of
mitochondrial dysfunction on peroxisome morphology and biogenesis (Ishihara
et al, 2009; Nagotu et al, 2010; Wakabayashi et al, 2009). These examples
exemplify the necessity to examine beyond a single organelle. Communication
and shared pathways between sub-cellular organelles is crucial to correct cellular
function. The reliance on mitochondria and its positioning also varies within
specific cells, with the energetic and metabolic requirements placing different
demands on function. Indeed, the dependence of correct regulation of
mitochondrial morphology in neuronal cells places the mitochondrial dynamics
field at the forefront of investigations into neurodegeneration. MiD49 and MiD51
are newly identified mediators of mitochondrial fission, and provide an exciting
new avenue of investigation to understand how this process is conducted and
regulated within mammalian systems.
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