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Mitochondria continually change shape through the combined actions of fission, fusion, and
movement along cytoskeletal tracks. The lengths of mitochondria and the degree to which
they form closed networks are determined by the balance between fission and fusion rates.
These rates are influenced by metabolic and pathogenic conditions inside mitochondria and
by their cellular environment. Fission and fusion are important for growth, for mitochondrial
redistribution, and for maintenance of a healthy mitochondrial network. In addition, mito-
chondrial fission and fusion play prominent roles in disease-related processes such as apo-
ptosis and mitophagy. Three members of the Dynamin family are key components of the
fission and fusion machineries. Their functions are controlled by different sets of adaptor
proteins on the surface of mitochondria and by a range of regulatory processes. Here, we

review what is known about these proteins and the processes that regulate their actions.

itochondrial movement and fission were

first observed with light microscopy al-
most 100 years ago (Lewis and Lewis 1914).
For a long time, these observations remained
something of a curiosity and they were all but
forgotten when electron microscopy popular-
ized the idea that mitochondria exist as isolated
sausage-shaped organelles floating in a sea of cy-
toplasm. Renewed appreciation for mitochon-
drial dynamics emerged some 20 or 30 years ago
when technological advances made it much eas-
ier to track mitochondria in live cells. Careful
observations, first with phase contrast micros-
copy, then with vital dyes and finally with tar-
geted fluorescent proteins, showed that mito-
chondria continually divide and fuse, even in
resting cells (Johnson et al. 1981; Bereiter-
Hahn and Voth 1994; Rizzuto et al. 1996). Their
lengths are determined by the balance between

fission and fusion. Mitochondrial morpholo-
gies can change dramatically by shifting this bal-
ance. In some cells they fuse together, forming
a single closed network, whereas in other cells
or under different circumstances mitochondria
convert into large numbers of small fragments.
Because of these morphological changes mito-
chondria are now known to be very dynamic.
The importance of frequent mitochondrial
fission and fusion events for cell survival was
also not fully appreciated until fairly recently.
Obvious reasons, such as accommodating cell
growth, cell division, and the redistribution of
mitochondria during differentiation, did not
fully explain why mitochondria fuse nor did
they explain the high frequencies of these occur-
rences. However,in morerecentyears, thebiolog-
ical relevance of these phenomena has become
clear with the discovery of human diseases that
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are caused by mutations in fission and fusion
proteins and the discovery of numerous connec-
tions with apoptosis and mitophagy (Wester-
mann 2010; Chan 2012; Nunnari and Suoma-
lainen 2012; Youle and van der Bliek 2012).
Mitochondrial fission and fusion are now con-
sidered cornerstones for cell survival because
of their contributions to health and disease.

DYNAMIN FAMILY MEMBERS THAT
MEDIATE MITOCHONDRIAL FISSION
AND FUSION

The main mitochondrial fission and fusion pro-
teins are members of the Dynamin family (Fig.
1). The first mitochondrial Dynamin was named
Mgml, because mutations in the yeast gene
cause a mitochondrial genome maintenance de-
fect (Jones and Fangman 1992). This mitochon-
drial DNA (mtDNA) distribution defect was lat-
er shown to be a secondary consequence of
defects in mitochondrial inner membrane fu-
sion (Wong et al. 2000). Localization studies
also showed that Mgm1 is anchored in the mi-
tochondrial inner membrane with the bulk of
the protein facing the mitochondrial inner mem-
brane space (Wonget al. 2000). A human homo-
log of Mgm1 was discovered through sequence
homologies and through genetic mapping of a
late onset neurodegenerative eye disease, named
Dominant Optic Atrophy (DOA). The human
homolog was named Opal for the optic atrophy

Fusion

Fission

Figure 1. Functions of the mitochondrial Dynamin
family members. Mitofusins mediate mitochondrial
outer membrane fusion in mammals. Opal mediates
mitochondrial inner membrane fusion. Drp1, which
cycles between the cytosol and the mitochondrial
outer membrane, mediates mitochondrial fission.

defects (Alexander et al. 2000; Delettre et al.
2000).

Fusion of mitochondrial outer membranes
is mediated by a different set of Dynamin family
members. The first of these was discovered in
Drosophila sperm cells, where it was named
fuzzy onions for the onion-like and fuzzy ap-
pearance of unfused mitochondria in electron
micrographs of these mutants (Hales and Fuller
1997). A second mitochondrial outer mem-
brane protein, named Marf, was later shown to
mediate fusion in other cell types (Dorn et al.
2011). The sequences of Marf and fuzzy onions
are similar, but their expression patterns are dif-
ferent so the mutants have different phenotypes:
fuzzy onions mutants are sterile whereas Marf
mutants are lethal (Dorn et al. 2011). Yeast and
Caenorhabditis elegans each have only one fuzzy
onions or Marf homolog (Fzolp and FZO-1,
respectively) (Hermann et al. 1998; Rapaport
et al. 1998). Mammals do have two homologs
(the Mitofusins Mfn1 and Mfn2), but those are
often expressed in the same cells (Santel and
Fuller 2001; Chen et al. 2003). Although some
functional differences between Mfnl and Mfn2
have been observed, both of these proteins are
also able to support mitochondrial fusion by
themselves, suggesting that they fulfill partially
redundant functions in this process (Chen et al.
2003).

Mitochondrial outer membrane fusion is
almost always coordinated with inner mem-
brane fusion. There are, however, some in-
stances in which outer membrane fusion can
occur without concomitant inner membrane
fusion as, for example, when mutations or loss
of membrane potential block inner membrane
fusion whereas outer membrane fusion can still
occur (Olichon et al. 2003). Localized loss of
membrane potential and its effects on inner
membrane fusion may explain why the matrix
compartments in larger mitochondrial net-
works sometimes have breaks, whereas their
outer membranes appear to be fully fused
(Twig et al. 2006). The physiological relevance
of these observations has not yet been explored.

Unlike the fusion machinery, which has
both outer and inner membrane components,
it would appear that most higher eukaryotes
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and yeast use a single Dynamin family member
for mitochondrial fission. This Dynamin-like
protein is largely cytosolic, but can cycle on
and off of the mitochondrial outer membrane.
Homologs of this protein were discovered with
genetic screens for mitochondrial morpholo-
gy defects in yeast (yeast Dnml) and through
functional analyses of different Dynamin fami-
ly members in C. elegans and mammalian cells
(Bleazard et al. 1999; Labrousse et al. 1999;
Smirnova et al. 2001). The mammalian protein
was alternatively named Drpl, DnmlL, DLP1,
Dymple, and DVLP1 (Shin et al. 1997; Imoto
et al. 1998; Kamimoto et al. 1998; Smirnova
et al. 1998; Yoon et al. 1998). Here we refer to it
asDrp1, because this is the most commonly used
name.

The Drpl homologs have a domain struc-
ture that is characteristic of the Dynamin family
(Fig. 2). Each one has a GTPase domain fol-
lowed by a middle domain, a variable domain,
and a GTPase effector domain (GED) (Praefcke
and McMahon 2004). The variable domain, also
referred to as insert B, is generally required for
binding to the target membrane. In the fission

Mitochondrial Fission and Fusion

Dynamins, this domain binds to adaptor pro-
teins on the mitochondrial surface. The lipid-
binding domain in the fusion proteins, Mgm1
and Opal, is specific for cardiolipin (Meglei
and McQuibban 2009), whereas the outer mem-
brane fusion proteins, Fzol and Mitofusins,
each have two frans-membrane segments that
serve as membrane anchors (Hoppins et al.
2007).

The conserved middle domain and the GED
of Dynamin family members fold back on each
other to form a stalk (van der Bliek and Payne
2010). As a result, the GTPase domain is direct-
ed away from the membrane. Biophysical, cryo-
electron microscopy, and X-ray crystallography
studies showed that Dynamin family members
assemble into multimeric spirals through a se-
ries of binding interactions between the stalks
of different subunits (Chappie et al. 2010; Gao
et al. 2010). Once a spiral completes a turn,
contacts between the GTPase domains of adja-
cent rungs trigger GTP hydrolysis (van der Bliek
and Payne 2010). This enzymatic activity drives
conformational changes within the multimers
causing constriction of the spiral (Mears et al.
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Figure 2. Schematic diagrams of fission and fusion proteins. (A) The main Dynamin family members in
mammals, Drpl, Mfnl, Mfn2, and Opal are shown with their different protein domains. Each one has a GTPase
domain, a middle domain, and a GED, which together form the canonical Dynamin structure. The GED in
Mitofusins is not as well conserved, but it still has coiled-coil segments, suggesting that it can participate in
multimeric assembly. The variable domain in Drpl, which most likely serves as a mitochondrial targeting
sequence, is replaced by trans-membrane segments (tms) in the Mitofusins and by a cardiolipin binding domain
in Opal. (B) Adaptor proteins that can bind to drp1 on the surface of mitochondria. Each one has a membrane
anchor (tms), but they have different protein interaction domains, suggesting that they are functionally distinct.
(C) Tlustration of the multiplicity of Drp1 receptors on the surface of mammalian mitochondria.
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2011). Constriction driven by the mitochondri-
al fission Dynamins severs both mitochondrial
inner and outer membranes.

Electron microscopy (EM) studies have pro-
vided insight into the mechanisms of mitochon-
drial fission. Like Dynamin, the yeast Drpl
homolog Dnm1 can tubulate membranes by as-
sembling into large multimeric spirals that wrap
around those tubules (Ingerman et al. 2005).
There are, however, two striking differences with
the Dynamin spirals. First, the diameter is much
larger. Instead of the 50 nm for Dynamin, these
spirals have an average diameter of 120 nm (In-
german et al. 2005; Mears et al. 2011). This large
diameter is enough to wrap around a double
membrane structure, which would be formed
by constrictions in mitochondria when both in-
ner and outer membranes are still intact. How
might the spiral generate the additional force
needed to sever both membranes? Cryo-EM
data show that Dnm1 forms “two-start” helices,
perhaps accommodating the larger initial diam-
eter, but it might also provide more force be-
cause the two intertwined spirals would have
more contact points (Mears et al. 2011).

Although less is known about the mecha-
nisms of fusion, genetic data show that the fu-
sion Dynamins are needed on both of the op-
posing membranes. Current models suggest
that the fusion Dynamins from opposing mem-
branes dimerize and then pull the membranes
together with a SNARE-like mechanism (Koshi-
ba et al. 2004). Alternative mechanisms, howev-
er, have not yet been ruled out. It remains pos-
sible that the fusion Dynamins assemble into
spirals on membranes like the other Dynamin
family members. Protruding membrane tubules
formed by this process might then be mated by
contacts between opposing Dynamin spirals
(Devay et al. 2009). Forced contacts between
the convex lipid surfaces at the tips of the Dy-
namin spirals could be fusogenic, similar to the
forced contacts between opposing convex mem-
branes during SNARE-mediated fusion. Time
will tell whether fusion Dynamins use either of
these mechanisms or perhaps use a totally dif-
ferent mechanism.

Isolated mitochondria have been used to
study biophysical requirements for mitochon-

drial inner and outer membrane fusion pro-
cesses (Meeusen et al. 2006). As expected, both
processes require GTP, but only inner membrane
fusion requires membrane potential. The rea-
sons for this last requirement are not yet clear.
More importantly, it was shown that fusion Dy-
namins are required on both opposing mem-
branes and that these Dynamins can form large
protein complexes during the fusion process
(Meeusen et al. 2006). There are, as of yet, no
good in vitro assays to study mitochondrial fis-
sion, but the analogies with classical Dynamin,
aswellas EM studies of Drp1 homologs on mem-
branes and studies with selective inhibitors have
been remarkably informative. Several drugs, like
Dynasore, inhibit both Dynamin and Drp1 (Ma-
cia et al. 2006), but there are also more selective
drugs, like Mdivi-1, which only inhibit Drp1 ho-
mologs (Cassidy-Stone et al. 2008). Mdivi-1 has
been used to study the role of Drpl in cyto-
chrome ¢ release during apoptosis and it may
represent a new class of drugs with therapeutic
potential (Tanaka and Youle 2008).

ADAPTOR PROTEINS

Genetic screens for mutations that suppress fu-
sion defects led to the discovery of additional
fission proteins in yeast. One of the fission pro-
teins that came out of these screens is Fis1, which
has two tetratrico peptide repeat (TPR) do-
mains and a carboxy-terminal hydrophobic seg-
ment that anchors this protein in the mitochon-
drial outer membrane (Mozdy et al. 2000). The
second protein discovered with the genetic
screens was Mdv1, which is a cytosolic protein
with a poorly defined amino-terminal segment
followed by a series of withdrawal ( protein motif
of approximately 40 amino acids ending with
trypophan (W) and aspartic acid (D) [WD])
motifs (Tieu et al. 2002; Cerveny and Jensen
2003). The amino terminus of Mdv1l binds to
Fis1 on the surface of mitochondria, whereas the
WD repeats form a 3 propeller structure that
binds to and recruits the yeast Drpl homolog
Dnml to the surface of mitochondria (Koirala
et al. 2010). Yeast has a second Mdv1-like pro-
tein, Caf4, which is partially redundant with
Mdv1 (Griffin et al. 2005). These proteins are
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the only known adaptors for Dnm1 on mito-
chondria in yeast.

The situation in higher eukaryotes is more
confusing. Higher eukaryotes have no obvious
Mdv1 homologs, but they do have Fis1 homo-
logs. The functions of Fis1 in higher eukaryotes
were, however, brought into question by genetic
data showing that Fis1 is not required for fission
(Otera et al. 2010). A number of alternative re-
ceptors for Drpl have been proposed. Among
these are Mff, Mid49, Mid51/Mief, and GDAP1
(Fig. 2). Mff was first isolated with a small in-
terfering RNA (siRNA) screen for mitochondri-
al morphology defects (Gandre-Babbe and van
der Bliek 2008). It is a relatively small protein
with a shortamino-terminal repeat, a coiled-coil
segment, and a carboxy-terminal hydrophobic
segment that anchors the protein in the mito-
chondrial outer membrane, similar to the tail
anchor of Fisl. Subsequent work with a mistar-
geted protein in mammalian cells showed that
Mffis sufficient to act as a Drp1 receptor (Otera
et al. 2010). Knockdown and overexpression
studies of Mid49, Mid51/Mief, and GDAP1
have independently shown effects on mitochon-
drial fission, suggesting that there are multiple
ways to control fission (Niemann et al. 2005;
Palmer et al. 2011; Zhao et al. 2011). This was
confirmed in a recent paper showing that Fisl,
Mff, Mid49, and Mid51/Mief act in a partially
redundant way to promote Drp1-dependent fis-
sion (Loson et al. 2013). Interestingly, Fisl and
Mff are also present on peroxisomes, consistent
with results showing that peroxisome fission is
mediated by Drp1 in higher eukaryotes (Gandre-
Babbe and van der Bliek 2008). It seems likely
that this part of the fission machinery can act
independently. It is not yet clear whether the
other fission adaptors or receptors take part in
redundant pathways or act at different steps in
the same pathway.

No similar collection of adaptors or recep-
tors has been found for mitochondrial fusion
proteins with the possible exception of Ugol in
yeast. Ugol is an integral mitochondrial outer
membrane protein that colPs with the inner and
outer membrane fusion proteins (Sesaki and
Jensen 2004). It may help coordinate the two
membrane fusion events, but higher eukaryotes
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have no obvious Ugol homologs. The proapo-
ptotic BH3 protein Bax is required to maintain
Mitofusin tetramers in mammalian cells, but
it is unclear whether Bax affects Mitofusin
assembly or is directly involved in the fusion
process (Karbowski et al. 2006). In addition,
a cytosolic medium-chain dehydrogenase/re-
ductase named MIB for Mitofusin binding
protein was shown to selectively inhibit the
functions of Mfn1 causing mitochondrial elon-
gation with knockdown and fragmentation
when it was overexpressed in mammalian cells
(Eura et al. 2006). Last, it was found that the
lipid metabolizing enzyme mitoPLD functions
downstream from Mitofusins during mito-
chondrial fusion, potentially providing a link
between fission and fusion (Choi et al. 2006).
The role of this protein is discussed in more
detail in the section on the regulation of fission.
It remains possible that other, as yet undiscov-
ered, proteins control fusion, but so far the data
suggest that the control of fusion is much sim-
pler than the control of fission.

REGULATION OF FISSION BY
PHOSPHORYLATION AND
UBIQUITINATION

Mitochondrial fission proteins are regulated
by a range of protein modifications, including
phosphorylation, ubiquitination, sumoylation,
and nitrosylation. Different kinases control
the activities of Drpl by phosphorylating this
protein at three different sites. These sites in-
clude Ser616, which is phosphorylated by pro-
tein kinase C (PKC) &, Rock kinase, CDK1/
Cyclin B or CAMK-Ia (Taguchi et al. 2007; Han
etal. 2008; Qi et al. 2011; Wang et al. 2012), and
Ser637, which is phosphorylated by protein
kinase A (PKA) (Chang and Blackstone 2007;
Cribbs and Strack 2007). Phosphorylation of
Ser616 is likely to activate fission, because it
promotes binding to other fission proteins,
whereas phosphorylation of Ser637 could be an
inactivating step (Chang and Blackstone 2010).
The third site in Drp1 is Ser693, which is phos-
phorylated by GSK3@ to inhibit mitochon-
drial fission during apoptosis (Chou et al.
2012). This residue is in the GED, where it
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most likely affects Drp1 oligomerization or GTP
hydrolysis.

Ser616 and Ser637 are both toward the end
of the variable domain. It is likely that the var-
iable domain is in close contact with mitochon-
drial outer membrane proteins, so phosphory-
lation at these sites may regulate the association
of Drpl with mitochondria by changing the
contacts with mitochondrial outer membrane
proteins or with the membrane itself. This con-
cept is supported by the enhanced binding of
Drpl to Fisl when Ser616 is phosphorylated by
CAMK-I (Han et al. 2008), followed by the pu-
tative inactivation step by PKA, which is local-
ized to mitochondria through the A-kinase ac-
tivating protein (AKAP) Rab32 in mammals
(Alto et al. 2002; Merrill et al. 2011). The phos-
phate on Ser637 is removed by Calcineurin
(PP2A), which is a calcium-activated cytosolic
phosphatase (Cribbs and Strack 2007; Cere-
ghetti et al. 2008). These observations suggest
that phosphorylation regulates the cycling of
Drpl between cytosol and the mitochondrial
outer membrane.

After Drpl is primed for another round of
fission by phosphatases, it needs a trigger to ini-
tiate the fission event, for example, by the phos-
phorylation of Ser616. Because PKC is one of
the kinases that can phosphorylate Ser616 and
different PKC isoforms are generally activated
by calcium and diacylglycerol, this trigger may
react to localized signals. Diacylglycerol is pro-
duced on mitochondria by Lipin1, which can be
activated by phosphatidic acid on mitochondria
(Huangetal. 2011). Phosphatidic acid in turn is
produced by mitoPLD during mitochondrial
fusion (Choi et al. 2006). These different steps
suggest a cycle in which fusion is quickly fol-
lowed by fission through the sequential actions
of mitoPLD, Lipinl, PKC, and Drpl. This se-
quence fits remarkably well with live cell imag-
ing studies in which it was shown that fission
often follows fusion, more or less at the same
place and within 20 min (Twig et al. 2008). It is
tempting to speculate that these live images
show results of the regulatory pathway outlined
in this paragraph.

Alternative fission-inducing pathways may
also exist because the conditions that activate

some of the other kinases that phosphorylate
Drpl do not necessarily come from fusion.
There is, for example, massive fragmentation
when cells are treated with carbonyl cyanide
m-chlorophenyl hydrazone (CCCP) or with
apoptosis-inducing drugs (Frank et al. 2001;
Ishihara et al. 2003). This fragmentation results
from all but complete mobilization of Drp1 and
a large number of fission events without corre-
sponding fusion events. It has been suggested
that calcium release from depolarized mito-
chondria may activate Calcineurin (Cribbs
and Strack 2007; Cereghetti et al. 2008), whereas
apoptosis-induced fission may rely on calcium
release from the ER (Scorrano et al. 2003). Oth-
er pathways may exist, but they all seem to lead
to Drpl1 at the center of the mitochondrial fis-
sion apparatus.

Several other forms of protein modification
may regulate mitochondrial fission. The mem-
brane-bound E3 ligase March5 may regulate
Drpl through ubiquitination (Karbowski et al.
2007). Another membrane-bound E3 ligase,
Mulan or Mapl, was proposed to regulate Drpl
through sumoylation (Braschi et al. 2009), and
NO-dependent nitrosylation of a Drp1 has been
proposed to activate fission in a way that pro-
motes neurodegeneration in Alzheimer’s pa-
tients (Cho et al. 2009). These alternative forms
of regulation are still somewhat controversial.
March5 and Mulan were both reported to have
other targets, whereas the effects of nitrosylation
were brought into question by independent in-
vestigators (Nakamura et al. 2006; Bossy et al.
2010). Further investigations may help deter-
mine which of these mechanisms are physiolog-
ically relevant regulators of Drpl.

COORDINATION OF MITOCHONDRIAL
FISSION WITH THE CYTOSKELETON, ER,
AND ITS ROLE IN APOPTOSIS

Frequent close contacts between mitochondria
and ER in mitochondrion-associated mem-
branes (MAMs) have been studied for years
(Rowland and Voeltz 2012). They are known
to contribute to lipid and calcium transfer be-
tween these organelles, but their relevance for
mitochondrial fission was only recently discov-
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ered through high-resolution light microscopy
of live cells (Friedman et al. 2011). These images
showed that ER tubules often cross paths with
mitochondria at points of impending fission or
they wrap around mitochondria at those points
(Friedman et al. 2011). In this report, it was also
shown that the contacts between ER and mito-
chondria are made and that mitochondria are
still constricted at those sights when the recruit-
ment of Drpl to mitochondria is prevented by
siRNA for Drpl or for Mff. These results sug-
gested that ER might play an active role during
the earliest stages of fission, well before Drpl-
mediated severing of the membrane. This sug-
gestion was nicely confirmed by the recent dis-
covery that the ER protein INF-2 can promote
mitochondrial fission by inducing constric-
tion before Drpl is recruited to mitochondria
(Korobova et al. 2013). INF-2 is a Formin-like
protein that triggers actin filament assembly.
Actin was previously shown to be important
for mitochondrial fission through studies with
inhibitors (De Vos et al. 2005), but the connec-
tions with the fission apparatus were only now
coming into focus.

Evidence for contributions from ER to mi-
tochondrial fission also comes from earlier work
on apoptosis. Cytochrome c is released through
Bax-lined pores at sites of Drp1-mediated mito-
chondrial fission (Montessuit et al. 2010). Inter-
estingly, Bax also affects calcium release from the
ER, which might then affect Drp1-mediated fis-
sion, and it induces cleavage of the ER protein
Bap31 (Iwasawa et al. 2011). Bap31 has been
shown to be enriched in MAMs and it can co-
immunoprecipitate with Fis1, suggesting that it
is part of a larger fission complex (Simmen et al.
2005; Iwasawa et al. 2011). Although the molec-
ular details have not yet been worked out, these
studies suggest that the MAM is somehow in-
volved in the regulation of cytochrome c release
during apoptosis and that Drpl plays a central
role in this process. Because apoptosis is an end
point that does not require functional organ-
elles, this process may have co-opted certain
parts of the MAM in abnormal ways.

There may be other connections between
the MAM and mitochondrial fission or fusion.
The yeast Miro homolog Gem1p was shown to

Mitochondrial Fission and Fusion

regulate contacts between the ER and mito-
chondria (Kornmann et al. 2011); but in higher
eukaryotes, Miro regulates mitochondrial trans-
port along microtubules through interactions
with dynein and the adaptor Milton (Glater et
al. 2006). It is not yet clear to what extent these
functions overlap. The small GTP-binding pro-
tein Rab32, which recruits PKA for inactivation
of Drpl, was also shown to regulate the MAM,
perhaps through its ability to recruit PKA, but
the targets of these proteins on the ER are not
yet known (Bui et al. 2010). Although this area
is still in its infancy, it is already clear that
the MAM plays a central role in mitochondrial
fission.

REGULATION OF MITOCHONDRIAL
FUSION BY PROTEOLYTIC CLEAVAGE
AND UBIQUITINATION

Mitochondrial fusion proteins are regulated
by proteolysis and ubiquitination. The pre-
dominant form of regulation for mitochondrial
outer membrane fusion Dynamins is inactiva-
tion through ubiquitin-mediated degradation,
whereas the functions of inner membrane fu-
sion Dynamins are altered by proteolytic cleav-
age at a select few sites. The ubiquitin-mediated
degradation of yeast Fzol is triggered by the ac-
tions of two mitochondrial outer membrane F-
box proteins (Fritz et al. 2003; Neutzner and
Youle 2005; Durr et al. 2006). Fzo1 accumulates
when either one of these F-box proteins is mu-
tated, suggesting that they promote Fzol turn-
over. Fzo1 is degraded by the proteasome as part
of the yeast mating response, suggesting that
regulation through turnover is physiologically
relevant (Neutzner and Youle 2005). In higher
eukaryotes, ubiquitin-mediated degradation of
the mitochondrial fusion machinery is induced
by stress. When mitochondria lose membrane
potential, Mitofusins are degraded by PTEN-
induced putative kinase 1 (Pink1)- and Par-
kin-mediated ubiquitination during mitophagy
(Youle and Narendra 2011). After ubiquitina-
tion, these proteins are extracted by the AAA
protein p97 and then degraded by the protea-
some (Tanaka et al. 2010), as discussed in more
detail elsewhere in this issue. The degradation
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of Mfn2 can also be induced by other kinds
of stress, such as Doxorubicin, which triggers
ubiquitination by the E3 ligase Huwel (Lebou-
cher et al. 2012), or during muscle wasting with
increased Mfn2 ubiquitination by the E3 ligase
Mulan (Lokireddy et al. 2012). These results
show tight temporal control of Mitofusin levels
through different stress-induced pathways.

The mitochondrial inner membrane fusion
dynamins, Mgm1 in yeast, EAT-3 in C. elegans,
and Opal in mammals are also proteolytically
cleaved but the effects are very different. These
proteins each have a mitochondrial targeting
sequence that is cleaved on import, whereas
the bulk of the protein remains exposed to the
intermembrane space (Wong et al. 2000; Oli-
chon et al. 2002). In yeast, approximately half
of the protein is further cleaved by the mito-
chondrial inner membrane rhomboid protease
Pcpl to generate a short and a long form (Esser
et al. 2002; Herlan et al. 2003; Sesaki et al. 2003).
Thelong form retains a membrane anchor at the
amino terminus, whereas the short form loses
this membrane anchor. The ratio of short to
long forms is determined by the energy status
of mitochondria (Herlan et al. 2004). Although
the functional consequences of this form of reg-
ulation are not yet known, both short and long
forms of Mgm1 are needed for fusion between
mitochondria. C. elegans and Drosophila homo-
logs of Mgm1 are also cleaved by a rhomboid
protease (van der Bliek AM, unpubl.) (McQuib-
ban et al. 2006). It was initially reported that
mammalian Opal is also cleaved by a rhomboid
protease (Cipolat et al. 2006), but subsequent
experiments with knockout cells for this rhom-
boid did not show an effect on Opal (Griparic
etal. 2007). Instead, Opal is cleaved by a differ-
ent set of proteases in a complex pattern govern-
ed by alternative splicing of the Opal mRNA.

Mammals have eight different Opal iso-
forms generated by alternative splicing (Oli-
chon et al. 2007). Differences between the iso-
forms result from the presence or absence of
several short exons near the amino terminus.
These exons replace the single rhomboid cleav-
age site in lower eukaryotes with three different
proteolytic cleavage sites in mammals. The S1
cleavage site is present in all isoforms, whereas

S2 and S3 cleavage sites are present in approxi-
mately half of the isoforms (Fig. 3). Those
with S2 or S3 sites are constitutively cleaved by
the large intermembrane space AAA-protease
YmelL (Griparic et al. 2007; Song et al. 2007).
As a result, mammalian cells typically have a 50/
50 ratio of short (YmelL cleavage products) and
long (uncleaved) forms of Opal, similar to the
distribution in lower eukaryotes. However,
mammalian cells also have an S1 site, which is
present in all isoforms and is only cleaved when
mitochondria lose membrane potential, have
low levels of ATP, or lose some of the other
quality-control mechanisms (mutations in the
AFG3L2 protease or the Prohibitin chaperone)
(Baricault et al. 2007; Merkwirth et al. 2008;
Ehses et al. 2009). This inducible cleavage is
mediated by the small inner membrane Zn-pro-
tease Omal (Ehses et al. 2009; Head et al. 2009).
Omal cleaves all remaining long forms of Opal
within minutes after treatment with CCCP
or other drugs that affect mitochondrial ATP
production (Fig. 3). Omal-mediated cleavage
of Opal prevents inner membrane fusion and
it may cause some changes in cristae architec-
ture, well before other stress-management sys-
tems, such as the Pink1 Parkin pathway, are ac-
tivated. The reasons for first shutting down the
inner membrane fusion machinery are not yet
clear.

ADDITIONAL ROLES OF FUSION PROTEINS

The phenotypic effects of mutations in mito-
chondrial inner and outer membrane fusion
proteins are strikingly different. This was noted
for yeast Fzol and Mgm1, where Mgm1 appears
to have additional functions in helping to pre-
serve mtDNA and cristae morphology (Guan
et al. 1993; Meeusen et al. 2006). Differences
in viability and tissue-specific effects have also
been noted with mutations in the analogous
C. elegans and Drosophila proteins (Kanazawa
et al. 2008; Yarosh et al. 2008). Whereas homo-
zygous mutations in mice are lethal, there are
differences in the most severely affected stages
and in heterozygous animals (Chen et al. 2003;
White et al. 2009). Humans with disease-caus-
ing mutations in Mitofusins or Opal are gen-
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by these mutations are different: mutations in
Opal cause optic atrophy through progres-
sive loss of retinal ganglion cells, whereas mu-
tations in Mfn2 cause a form of peripheral neu-
ropathy (Charcot-Marie-Tooth disease CMT2A)
(Chan 2012).

Mammalian cell culture experiments and
work with model organisms, such as C. elegans,
Drosophila, and mice, shed light on the func-
tional differences between mitochondrial inner
and outer membrane fusion proteins. In mam-
mals, loss of both inner and outer membrane
fusion proteins promotes cytochrome c release

inner membrane fusion protein Opal are much
more severe (Olichon et al. 2003; Arnoult et al.
2005). Mutations in C. elegans and Drosophila
Opal homologs also severely impact growth
and survival, much more so than mutations in
the outer membrane fusion proteins, but not
through apoptosis. These organisms do not re-
lease cytochrome ¢ release as part of their
apoptotic program. Instead, the C. elegans and
Drosophila mutants become very sensitive to re-
active oxygen species (ROS) producing agents
such as Paraquat (Kanazawa et al. 2008; Yarosh
et al. 2008). This effect is distinct from the
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fusion defect, because complete loss of the
C. elegans Opal homolog is not suppressed by
fission defects (Kanazawa et al. 2008). Similar
dual functions were proposed for mammalian
Opal and yeast Mgml (Cipolat et al. 2006;
Meeusen et al. 2006).

Clues to this second function of Opal come
from mammalian cell culture experiments. Im-
munogold-labeled EM shows that only 8% of
Opal localizes to the rim, where fusion is likely
to take place (Griparic et al. 2004). The remain-
ing 92% of the Opal protein is inside cristae.
Partial loss of Opal at early time points after
transfection with siRNA causes some changes
in mitochondrial morphology (alternate swell-
ing and constriction of mitochondrial tubules
and swollen cristae), consistent with defects
in cristae maintenance (Griparic et al. 2004). It
has been suggested that Opal may reside at the
necks of cristae (cristae junctions), because
those have the same diameter as Dynamin rings
(Frezza et al. 2006), but this is not supported
by the even distribution of Opal distributed
throughout cristae as detected with Immuno-
EM (Griparic et al. 2004). Instead, it seems likely
that Opal somehow helps maintain cristae
morphology, similar to the proposed functions
of Mitofilin and ATP synthase (Rabl et al. 2009).
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Swelling of cristae morphologies could promote
ROS production, for example, by dislodging dif-
ferent parts of the respiratory supercomplex
(Schafer et al. 2006). Increased ROS production
might also promote apoptosis in mammalian
cells by oxidizing cardiolipin, which then pro-
motes the release of cytochrome ¢ from the in-
ner membrane (Ott et al. 2007).

PATHOGENIC EFFECTS OF MUTATIONS
IN FISSION AND FUSION PROTEINS

With live cell microscopy of mammalian cells,
it was shown that mitochondria primarily exist
as solitary units that periodically fuse with other
mitochondria (Twig et al. 2008) (Fig. 4). These
fusion events are often rapidly followed by
fission, which can be asymmetric, because the
daughter mitochondria often have different
membrane potentials. This could to be a sorting
event, giving rise to some mitochondria with a
heavy load of defective components (Youle and
van der Bliek 2012). Mitochondria that cannot
recover membrane potential because of these
defects become targets for Pink1- and Parkin-
mediated degradation (Narendra et al. 2010). As
discussed in more detail elsewhere in this collec-
tion and also touched on in this paper, a range

Mitophagy

®

A

N Depolarized |
N, !

e 0

AN s

. A -
\ Polarized VT [ 2 i
Q \ Fusion v
\
\

Solitary ~ .

Q

/" Recovery
/

Figure 4. Mitochondrial life cycle. Live cell imaging showed that mitochondria often exist as solitary units. They
do occasionally fuse to other mitochondria but fusion is often followed within 20 min by fission at the same
place. Fission can give rise to daughter mitochondria with different membrane potentials, suggesting that fission
is preceded by a sorting event. Daughter mitochondria with lower membrane potential often recover, allowing
them to rejoin the mitochondrial network by fusion, but persistently low membrane potential will inhibit fusion
and cause elimination through mitophagy. (The figure was created from data adapted from Twig et al. 2008.)
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of human diseases has been connected with mu-
tations in these pathways. Many of these diseases
are neurodegenerative (Parkinson’s, Charcot-
Marie-Tooth, Dominant Optic Atrophy, and
Alzheimer’s), but effects on other tissues have
also been observed (diabetes, ischemia reperfu-
sion, and liver disease) (Liesa et al. 2009; Chan
2012; Nunnari and Suomalainen 2012).

Two opposing trends in fission and fusion
rates are used to counter different levels of stress:
increased fusion and/or decreased fission helps
overcome low levels of stress, whereas decreased
fusion and/or increased fission occurs with
high levels of stress. Low levels of stress are
seen with starvation, during which mitochon-
drial fission is inhibited to protect cells from
excessive autophagosomal degradation of mito-
chondria (Gomes et al. 2011; Rambold et al.
2011). Similar effects are achieved by increasing
the rates of fusion, which occurs when cells are
treated with low levels of toxins. This phenom-
enon is called stress-induced mitochondrial hy-
perfusion (SIMH) (Tondera et al. 2009). SIMH
is distinct from other forms of fusion because it
relies on a specific subset of fusion proteins
(Mfnl, L-Opal, SLP2). Interestingly, knock-
down of YmelL, which increases the proportion
of L-Opal in a cell, also increases the numbers
of fused mitochondria, suggesting that this
treatment leads to SIMH as well (Griparic et al.
2007). Increased fusion and decreased fission
are likely beneficial because the functions of par-
tially defective mitochondrial can be restored by
mixing the contents as a form of complementa-
tion.

As discussed before, fission rates are dras-
tically increased during apoptosis or when mi-
tochondria lose membrane potential. In mam-
malian cells, fusion is then also blocked by
Omal-mediated cleavage of Opal (Ehses et al.
2009; Head et al. 2009). Similar steps may occur,
but much less frequently, in normal cells to
eliminate unsalvageable mitochondria through
mitophagy (Franketal. 2012). In these defective
mitochondria, the Mitofusins are eventually
eliminated by Pink1- and Parkin-mediated deg-
radation (Youle and Narendra 2011). Parkin-
son’s disease can be caused by mutations in
Pinkl or Parkin, which most likely lead to the

Mitochondrial Fission and Fusion

accumulation of damaged mitochondria. These
damaged mitochondria may eventually kill the
cell through ROS or other toxic agents in the
dopaminergic neurons of Parkinson’s patients
(Chinta and Andersen 2008). Paradoxically,
however, another neurodegenerative disease,
the peripheral neuropathy Charcot-Marie-Tooth
disease CMT2A, is caused by mutations in a
Mitofusin (Bradbury 2004). So the Mitofusins
that inappropriately remain active in Parkin-
son’s disease are actually defective in patients
with Charcot-Marie-Tooth disease. Perhaps
the initial fusogenic stress response is more im-
portant for cell survival in peripheral neurons,
whereas the elimination of malfunctioning parts
through mitophagy is more important for the
survival of dopaminergic neurons.

SOME EVOLUTIONARY CONSIDERATIONS

Lower eukaryotes, such as Dictyostelium and
Trypanosomes, have Dynamin homologs that
affect mitochondrial fission, but there is no ob-
vious distinction in these organisms between
Dynamins involved in organelle fission and
those involved in membrane traffic, unlike the
yeast Dynamins Vpsl and Dnm1 or Dynamin
and Drpl in higher eukaryotes (Wienke et al.
1999; Chanez et al. 2006). This lack of special-
ization may reflect an early stage in eukaryotic
evolution. Bacteria also have Dynamin-like pro-
teins. The closest Dynamin relatives appear to
be a bacterial Dynamin-like protein (BDLP) in
Nostoc punctiforme and dynA in Bacillus sub-
tilus. Structural studies with BDLP suggest that
it can form spirals around membrane tubules,
similar to the Dynamin spirals in higher eukary-
otes (Low et al. 2009), whereas dynA is able to
fuse membranes in vitro (Burmann et al. 2011).
Although bacteria are not known to have inter-
nal organelles or membrane traffic and these
proteins are on the wrong side of the membrane
for Drp1-like fission, membrane fusion may be
needed at a late stage of cytokineses. Moreover,
it was recently shown that dynA affects ftsZ-me-
diated bacterial fission, but this was only detect-
ed with additional mutations in bacterial Flotil-
lin homologs (Dempwolff et al. 2012). These
new data suggest that bacterial Dynamins play
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a nonessential role during cytokinesis. It will be
interesting to see whether these proteins are di-
rectly involved in bacterial cell division and
whether this might help us better understand
mitochondrial fission and fusion.

The apparent lack of a mitochondrial in-
ner membrane fission apparatus in higher eu-
karyotes raises some evolutionary questions as
well. The endosymbiont that gave rise to mito-
chondria most likely had an elaborate inner
membrane fission machinery, similar to the
ftsZ-based fission apparatus of present-day a
proteobacteria. Indeed, some lower eukaryotes
like Dictyostelium and primitive algae still have
mitochondrial ftsZ homologs, along with a Dy-
namin homolog for outer membrane fission
(Takahara et al. 1999; Gilson et al. 2003; Kiefel
et al. 2004). The presence of ftsZ in the mito-
chondria of certain algae, but not in the mito-
chondria of higher plants or animals, suggests
that ftsZ was independently lost in plants and
animals after these kingdoms diverged, but well
before the emergence of the most modern phy-
la. It is tempting to speculate that the loss of
inner membrane fission proteins was facilitated
by a change in the environment, such as the
dramatic increase in oxygen levels that more
or less coincides with this time (Canfield et al.
2007), but other environmental factors have not
been ruled out.

CONCLUDING REMARKS

The main components of the mitochondrial
fission and fusion machinery are Dynamin fam-
ily members. Keeping these machineries fully
functional is important for cell survival. The
plethora of regulatory mechanisms that control
their actions are just now being pieced together.
Disruptions in these processes lead to a range of
neurodegenerative and other diseases.
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