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Abstract
Mitochondrial fusion requires coordinated fusion of the outer and inner membranes. This process leads to exchange of contents, controls the
shape of mitochondria, and is important for mitochondrial function. Two types of mitochondrial GTPases are essential for mitochondrial fusion.
On the outer membrane, the fuzzy onions/mitofusin proteins form complexes in trans that mediate homotypic physical interactions between
adjacent mitochondria and are likely directly involved in outer membrane fusion. Associated with the inner membrane, the OPA1 dynamin-family
GTPase maintains membrane structure and is a good candidate for mediating inner membrane fusion. In yeast, Ugo1p binds to both of these
GTPases to form a fusion complex, although a related protein has yet to be found in mammals. An understanding of the molecular mechanism of
fusion may have implications for Charcot–Marie–Tooth subtype 2A and autosomal dominant optic atrophy, neurodegenerative diseases caused by
mutations in Mfn2 and OPA1.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction
It has been known for decades that mitochondria have
plasticity of form and undergo fusion and fission [1], but only
recently has there been progress in elucidating the molecular
basis of these processes. A breakthrough was the identification
of the fuzzy onions gene product (Fzo) in the fusion of
mitochondria during Drosophila sperm differentiation [2]. Fzo
is the founding member of a family of mitochondrial outer
membrane GTPases essential for mitochondrial fusion from
yeast to mammals [2–4]. Subsequent genetic studies have
identified additional components of the fusion and fission
machinery.
The balance between fusion and fission plays a central role in
controlling mitochondrial morphology. In the absence of fusion,
mitochondria fragment into small spheres due to ongoing
fission [3–6]. Beyond its role in morphology, mitochondrial
fusion is required for mitochondrial function. Mammalian cells
lacking mitochondrial fusion grow slowly due to low respiratory capacity [5]. Mice deficient in mitochondrial fusion die in
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midgestation [4]. Moreover, mutations in components of the
fusion pathway have been implicated in human neurodegenerative diseases: Mfn2 in the peripheral neuropathy Charcot–
Marie–Tooth Disease subtype 2A and OPA1 in autosomal
dominant optic atrophy [7–11].
In this review, we discuss our current understanding of how
mitochondrial membranes fuse. To begin, we outline how lipid
bilayers fuse in the two best-studied experimental systems –
virus-mediated fusion and vesicle fusion – in order to highlight
general principles of membrane trafficking that may be
applicable to mitochondrial fusion.
2. Virus/host membrane fusion
In order for an enveloped virus to gain access to the
cellular compartment, it must direct fusion between the viral
membrane and the host cell membrane. This reaction is
mediated by virally encoded transmembrane glycoproteins
embedded in the viral envelope. Specificity of fusion is
provided by the binding of the viral glycoprotein to specific
cell surface receptors on the host cell. Class I viral fusion
proteins contain a short hydrophobic helix termed the fusion
peptide that is crucial to the fusion reaction. On native virions
(the prefusogenic state), the fusion peptide is buried in a
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hydrophobic pocket in the glycoprotein interior [12,13].
Importantly, this native structure is metastable. That is, it is
stably folded but can be triggered to undergo a conformational
change to a more thermodynamically stable structure. Contact
with host receptors (in the case of HIV-1 gp41) or a pH
change following transport to the endosome (in the case of
influenza HA2) triggers a dramatic structural transition that
results in extension and insertion of the fusion peptide into the
host membrane. In this extended conformation, the transmembrane fusion protein now bridges the viral and host
membrane, although a gap remains between the membranes
[12]. This conformation is a transient intermediate, and the
fusion protein subsequently undergoes a second structural
transition to snap the fusion peptide and transmembrane
regions together. This final structure is highly stable and
results from the pairing of two regions containing hydrophobic heptad repeats, sequence motifs that form coiled-coil-like
structures [12]. In this fusogenic conformation, the viral and
host membranes are forced into close apposition. Therefore,
the charge repulsion between the lipid bilayers is overcome
by coupling membrane apposition with the formation of a
highly stable helical bundle. This sequence of events appears
to occur for a broad range of Class 1 viral fusion proteins
[12,13].
3. SNARE-mediated intracellular fusion
Most intracellular membrane fusion events utilize a very
similar mechanism. Rab GTPases, Rab effector molecules and
SNAREs are the core components of the membrane fusion
machinery [14,15]. Their segregation patterns are largely
responsible for marking membranes that are capable of fusing
with each other. The interaction of Rab GTPases and Rab
effectors in trans provides the initial tethering between
membranes and helps ensure that only the correct pairs of
membranes can proceed to fusion. At this stage, the membranes
are reversibly associated but still separated by a considerable
gap.
After this tethering stage, membrane fusion itself is likely to
be mediated by SNARE proteins residing in the two
membranes. SNAREs are membrane-associated proteins containing a loosely conserved ~60 residue SNARE motif that
contains hydrophobic heptad repeats. SNAREs can be engineered to fuse liposomes [16] and cells [17] and are necessary in
most intracellular membrane fusion systems, although there are
exceptions [15]. Prior to fusion, distinct Q- and R-SNAREs are
segregated between the two membranes and “primed” for
fusion. Following Rab-mediated tethering, the Q-SNAREs
interact specifically with their cognate R-SNARE partners in
trans. The specificity of SNARE pairing further ensures the
fidelity of the fusion reaction [18,19]. The trans SNARE
complex adopts an extremely stable structure, in which four
SNARE motifs form a four helix bundle to draw the two
membranes together [20]. Similar to the viral fusion proteins,
the energetic benefit of forming the trans SNARE structure is
coupled to overcoming the charge repulsion between the
membranes.
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4. General considerations of mitochondrial membrane
fusion
There are several important characteristics of mitochondria
that make their fusion mechanism particularly intriguing. First,
unlike almost all other intracellular fusion events, neither
SNAREs nor the AAA-ATPase NSF have been implicated in
the mitochondrial fusion reaction [21]. Indeed, the three
known mitochondrial fusion molecules appear solely dedicated
to mitochondrial fusion, suggesting the machinery evolved
independently and is uniquely tailored for this organelle.
Interestingly, a different machinery may exist in plants,
because there are no identifiable homologs of the animal
genes involved in fusion [22]. Second, mitochondria have an
outer and inner membrane, with a membrane potential across
the latter. Therefore, the fusion of four sets of lipid bilayers
must be coordinated. Third, unlike viral fusion and most
SNARE-mediated fusion, mitochondrial fusion is homotypic.
This implies a symmetry in the distribution of molecules
between the adjacent membranes and is undoubtedly reflected
in their fusion mechanism. Finally, although the regulation of
mitochondrial fusion is not understood, it is likely to be
influenced by cellular energetic demands, apoptotic stimuli
and developmental cues. Taken together, these characteristics
suggest that mitochondria fuse through a novel mechanism
that reflects their unique endosymbiont origin and double
membrane architecture.
In spite of these unique features, mitochondrial fusion likely
has some general features in common with virus-mediated and
SNARE-mediated membrane fusion. First, the specificity of
membrane fusion is likely determined by the formation of
specific protein complexes formed in trans between the fusing
membranes. As detailed below, mitofusin complexes on the
outer membrane may provide the specificity for homotypic
inter-mitochondrial interactions. Second, conformational
changes in trans protein complexes will likely provide the
energy necessary to appose two negatively charged lipid
bilayers. Again, mitofusins may be critical for this process.
A number of experimental systems have been developed to
study mitochondrial fusion. In some studies, tubulation of
mitochondria is interpreted as evidence for fusion. However, the
assessment of mitochondrial fusion by morphology alone is
risky, because factors other than fusion, such as loss of fission,
can influence the tubulation of mitochondria. Therefore, direct
in vivo assays for fusion are the foundation for most of our
knowledge of the genetic and energetic requirements for
mitochondrial fusion. In yeast, fusion between differentially
labeled mitochondria is scored following mating of a and α
cells [21]. In mammalian tissue culture, cells with distinctly
labeled mitochondria are co-plated and fused by treatment with
polyethylene glycol (PEG). The resulting cell hybrids are scored
for the intermixing of mitochondrial markers [4,23,24].
Alternatively, the diffusion of a photoactivated mitochondrial
GFP can be used to quantitate mitochondrial fusion [25].
Recently, the development of an in vitro mitochondrial fusion
assay has opened the door to integration of genetic and
biochemical approaches [26].
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5. The players
Genetic strategies have identified three core components of
the fusion pathway in yeast (Fig. 1). Two of these genes, Fzo1p
and Mgm1p, encode large mitochondrial GTPases. The third,
Ugo1p, resides in the mitochondrial outer membrane and
interacts with both Fzo1p and Mgm1p. There are two
mammalian homologs of FZO1, termed mitofusins (Mfn1 and
Mfn2) and one homolog of MGM1, OPA1. A mammalian
homolog of UGO1 has not been identified. In yeast, two
additional components, Mdm30p and Pcp1p/Rbd1p, regulate
the activity of Fzo1p and Mgm1p, respectively.
6. FZO family
6.1. FZO family members are required for mitochondrial fusion
Fzo family members are the best candidates for molecules
that directly mediate mitochondrial fusion. Fzo/Mfn mutations
in yeast, flies and mammals completely abolish mitochondrial
fusion, indicating they play essential, conserved roles in fusion
[2,3,5]. In fzo1Δ yeast, even mitochondria that are adjacent to
one another are unable to fuse, suggesting Fzo1p acts at a late
step in the fusion pathway [3]. Similarly, Mfn-null embryonic
fibroblast cell lines (lacking both Mfn1 and Mfn2) have severely

Fig. 1. The mitochondrial fusion complex in yeast. Fzo1p spans the outer
membrane twice, placing the GTPase domain (green ellipse) and three heptad
repeats (blue rods) in position to mediate important steps during fusion. The long
and short isoforms of the dynamin-related GTPase Mgm1p are located in the
intermembrane space and differ in the presence of an N-terminal transmembrane
region. Ugo1p interacts with both Fzo1p and Mgm1p, and may help coordinate
their activities. The mitofusins and OPA1 are the mammalian orthologs of FZO1
and MGM1. Mitofusins contain HR1 and HR2 but lack the most N-terminal
hydrophobic heptad repeat. No mammalian ortholog of UGO1 has been
identified.

fragmented mitochondrial morphology and display no fusion in
the PEG mitochondrial fusion assay [5].
Studies of embryonic fibroblast cell lines derived from Mfn1
mutant and Mfn2 mutant mice indicate that Mfn1 and Mfn2 are
partially redundant molecules [4]. In contrast to Mfn-null cells,
Mfn1-null cells and Mfn2-null cells retain low levels of
mitochondrial fusion [4,5]. Both of these mutant cell lines
also have fragmented mitochondrial morphologies. Mfn1-null
cells have mitochondria that are extremely short and rodshaped, while Mfn2-null cells have mitochondria that range
from small fragments to large spheres and short tubules.
Significantly, a highly tubular mitochondrial population can be
restored in either Mfn1-null, Mfn2-null, or Mfn-null cells by the
over-expression of either Mfn1 or Mfn2 [4,32]. This morphological rescue is accompanied by restoration of full fusion
activity. These data indicate that a single mitofusin is sufficient
for mitochondrial fusion and that the defects observed in the
single mutant cell lines result from the reduced level of total
mitofusin expression rather than the specific requirement for
either molecule.
6.2. The architecture of Fzo family members
Fzo family members encode large transmembrane GTPases
that are distributed uniformly across the mitochondrial outer
membrane. The transmembrane region spans the outer membrane twice, placing the N- and C-terminal portions in the
cytosol where they are in position to mediate important steps
during fusion (Fig. 1) [3,6,27].
Fzo family members share an N-terminal GTPase domain
that includes the canonical G1–G4 motifs. Mutations designed
to block GTP nucleotide binding or hydrolysis completely
block fusion [2–4]. However, despite its required role in fusion,
there is little data that indicates how GTPase activity contributes
to the fusion reaction. The GTPase domain may function in a
regulatory/signaling capacity similar to that of Rab GTPases
during SNARE-mediated fusion. In this model, the nucleotide
state of Fzo/Mfn would regulate the recruitment or activity of
other factors during fusion. Alternatively, Fzo/Mfn could
function in a manner similar to dynamin GTPases, and couple
GTP hydrolysis to a mechanochemical activity such as
membrane deformation or close membrane apposition. Indeed,
it has been suggested that Fzo/Mfn is a dynamin family member
on the basis of its large size, membrane association and ability
to oligomerize [28].
Fzo family members contain two heptad repeat regions, HR1
and HR2, situated on either side of the transmembrane region.
The yeast homolog encodes a third heptad repeat region Nterminal of the GTPase domain that is not found in the
mammalian mitofusins. As discussed previously, hydrophobic
heptad repeats are predicted to form coiled-coil-like structures
and play critical functions in the fusion mechanism of both
SNAREs and viral fusion proteins. Given their location
proximal to the transmembrane region, it is tempting to
speculate that HR1 and/or HR2 might form helical fusogenic
structures analogous to those formed by SNAREs or viral
glycoproteins.
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Like dynamins, Fzo/Mfn molecules are capable of
complex intermolecular interactions. Co-immunoprecipitation
studies have demonstrated that the mitofusins can interact to
form three distinct molecular complexes: Mfn1 homotypic
complexes, Mfn2 homotypic complexes and Mfn1/Mfn2
heterotypic complexes [4,29]. Coexpression of a mitochondrially localized C-terminal construct of Mfn2 can sequester
an otherwise cytoplasmic N-terminal Mfn2 construct [30].
This recruitment is dependent on the presence of both HR1
and HR2 and suggests they may interact with each other
[30]. Additionally, the C-terminus of Mfn2, lacking the
transmembrane region can be immunoprecipitated with the
N-terminus of Mfn2 in a reaction which depends on the
GTPase domain and HR1 [31]. The stoichiometry of these
complexes is unknown and direct interactions have not been
demonstrated.
6.3. Fzo/Mfn forms a trans complex
During both viral and SNARE-mediated fusion, the
formation of specific trans complexes is critical for ensuring
specificity and for mediating membrane apposition. For these
reasons, it is important to understand what trans complexes
form between adjacent mitochondria during mitochondrial
fusion. Because mitochondrial fusion is homotypic, specificity could be achieved by an interaction between the same
protein on adjacent mitochondria. Several lines of evidence
implicate Fzo/Mfn in the formation of a trans complex.
Mfn-null mitochondria fail to fuse with wild-type mitochondria, indicating that mitofusins are required on adjacent
mitochondria [32]. In addition, Mfn1-null mitochondria can
fuse to Mfn2-null mitochondria, suggesting that a trans
Mfn1/Mfn2 complex is also fusion-competent [5]. Finally,
mitochondrial fusion in vitro requires functional FZO1 on
both mitochondria, supporting its role in mediating a trans
complex [26].
The C-terminal HR2 domain of Mfn1 appears to be
important for formation of a trans complex. HR2 forms a
dimeric, anti-parallel coiled coil that is 95 Å long [32]. In
contrast to the fusogenic states of viral fusion proteins and
SNAREs, the anti-parallel HR2 dimer positions the
transmembrane domains on opposite ends of the helical
bundle. Therefore, formation of this structure between
Mfn1 molecules on adjacent mitochondria would tether the
membranes together, but not close enough to directly
mediate fusion. Expression of a truncated Mfn1 lacking the
GTPase domain results in severe mitochondrial clumping
[32]. EM images of these clumped mitochondria reveal
tight and uniform spacing compatible with the length of
the dimeric HR2 coiled coil. Formation of these structures
depends on the HR2 structure and may represent a
tethered intermediate in the fusion pathway [32]. Because
these tethered intermediates are unable to progress to
membrane fusion, the GTPase domain likely acts downstream of mitochondrial tethering. A trans Mfn1 complex
has also been identified in vitro by immunoprecipitation
[33].
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6.4. MDM30 controls Fzo1p levels
MDM30 was identified in a visual screen for non-essential
yeast genes required to maintain normal mitochondrial
morphology [34]. Mdm30p is a member of the F-box family
of proteins, which target substrates to the SCF (Skp1p/Cdc53p/
F-box) ubiquitin ligase complex. Ubiquitinated substrates are
then degraded by the 26S proteasome [35]. mdm30Δ cells have
elevated Fzo1p levels that result in fragmentation and
aggregation of the mitochondrial reticulum [36]. In the zygotic
fusion assay, mdm30Δ cells have no fusion activity, but
mdm30Δ dnm1Δ double mutants (DNM1 is required for
mitochondrial fission) retain some activity, indicating MDM30
is important but not strictly required for mitochondrial fusion
[36].
In the simplest model, Mdm30p could regulate the turnover
rate and the steady-state levels of Fzo1p by directly targeting
Fzo1p for degradation. Alternatively, it has been suggested that
Mdm30p may degrade non-productive Fzo1p fusion intermediates, whose accumulation in mdm30Δ yeast could inhibit fusion
[36]. An important step in testing these models will be to
determine the direct targets of Mdm30p, and specifically if
Fzo1p is one of them. It has not been possible to demonstrate
the presence of ubiquitin conjugated Fzo1p molecules, and it
remains possible that the elevated Fzo1p expression levels in
mdm30Δ yeast is an indirect effect [36]. In addition to
Mdm30p-dependent turnover of Fzo1p, it has also been noted
that Fzo1p degradation following mating factor treatment is
Mdm30p-independent [37]. Therefore, at least two distinct
modes of Fzo1p turnover exist.
7. MGM1/OPA1
7.1. The role of MGM1/OPA1 in mitochondrial fusion
Mgm1p/OPA1 is a member of the dynamin-related protein
(DRP) subfamily. DRPs and classical dynamins all encode
GTPase, middle, and GTPase effector (GED) domains. Unlike
dynamins, DRPs lack a pleckstrin homology and a proline-rich
domain [28]. Several dynamin family members have wellcharacterized roles in membrane fission in diverse cellular
contexts including endocytosis, vesicular trafficking, and
mitochondrial division. During endocytosis, dynamin assembles into a collar around the neck of the invaginating vesicle.
GTP hydrolysis is thought to stimulate constriction or
elongation of the collar, leading to membrane scission. It has
not been determined if Mgm1p shares the membrane-constricting activity of the other dynamin family members, and it is
unclear how such an activity would contribute to mitochondrial
fusion.
The requirement of Mgm1p for mitochondrial fusion in yeast
has been clearly established. mgm1Δ cells display no
mitochondrial fusion, even when the mitochondria are in
close contact, indicating that Mgm1p, like Fzo1p, is required at
a late step in the fusion pathway [38,39]. There has been
significant confusion over the function of OPA1 because,
paradoxically, both over-expression and knock-down of OPA1

486

E.E. Griffin et al. / Biochimica et Biophysica Acta 1763 (2006) 482–489

result in fragmentation of the mitochondrial network [5,40–42].
In one experimental system, OPA1 expression leads to
increased tubulation [42]. While the over-expression phenotype
remains to be resolved, it is clear that mitochondrial
fragmentation in OPA1 knock-down cells results from a block
in membrane fusion activity [5,42].
In addition to the defects in fusion, cells lacking OPA1 have
highly disorganized cristae [40,41]. Similarly, mgm1Δ yeast
have dramatically swollen and poorly involuted cristae [38].
These observations raise the issue of whether the fusion defects
in Mgm1p/OPA1-deficient cells might be secondary to
disorganization of the mitochondrial inner membrane. However, the cristae defects in mgm1Δ cells are largely suppressed
in dnm1Δ mgm1Δ cells, but these cells nevertheless are
completely defective for mitochondrial fusion [38,39]. Taken
together, these observations implicate Mgm1p/OPA1 directly in
the fusion reaction.

mgm1Δ cells [43]. The ratio of the two isoforms is critical
for fusion because mutations which cause differences in the
ratio of the two isoforms cause defects in mitochondrial
morphology [43–46]. Allelic complementation between
temperature-sensitive mgm1 mutants indicate Mgm1p is
multimeric, and it would be interesting to know if the two
isoforms interact with each other, or if they form distinct
complexes [39].
OPA1 in mammalian cells is also localized to the
mitochondrial inter-membrane space and is peripherally
associated with the inner membrane [40,49]. The mammalian
homolog of Rbd1p/Pcp1p, PARL, is indeed localized to
mitochondria. However, its putative role in OPA1 processing
remains to be confirmed. An additional complication is that
extensive alternative splicing results in 8 mRNA isoforms
[8,50].
7.3. UGO1

7.2. Maturation of Mgm1p
Correct processing of Mgm1p is critical to its function in
mitochondrial dynamics. In yeast, proteolytic processing results
in a long and a short isoform, l-Mgm1p and s-Mgm1p.
Unprocessed Mgm1p contains an N-terminal mitochondrial
targeting sequence (MTS) followed by an extended hydrophobic region. After translation in the cytosol, Mgm1p is targeted to
the mitochondrial inner membrane by the MTS [43]. The MTS
is inserted through the inner membrane and into the matrix,
where it is cleaved by the mitochondrial processing peptidase
(MPP), resulting in l-Mgm1p [43]. l-Mgm1p is believed to be
anchored in the inner membrane through the N-terminal
hydrophobic domain, leaving the rest of the protein facing the
inter-membrane space.
Mgm1p can be also be processed by the rhomboid-like
protease Rbd1p/Pcp1p to yield s-Mgm1p [43–46]. Rhomboids
are a functionally conserved family of intramembrane proteases
best characterized for their processing of epidermal growth
factor receptor ligands in Drosophila [47]. s-Mgm1p remains
membrane associated in the IMS, although whether s-Mgm1p is
associated with the IMS face of the IM or OM is unclear [43]. It
has been proposed that sorting of Mgm1p in the inner
membrane is responsible for the production of l-Mgm1p versus
s-Mgm1p [46]. During cleavage of the MTS, the N-terminus of
Mgm1p lies within the translocon of the inner membrane (TIM).
If Mgm1p exits laterally out of the TIM complex, l-Mgm1p is
produced. If Mgm1p exit is delayed, further insertion of the
hydrophobic domain allows processing by Rbd1p/Pcp1p to
produce s-Mgm1p. This model is consistent with the observation that l-Mgm1p and s-Mgm1p do not have a precursor–
product relationship [48].
rbd1/pcp1Δ cells produce only l-Mgm1p [43–45]. These
cells display severely fragmented mitochondrial morphology,
indicating l-Mgm1p is not sufficient to support normal levels
of mitochondrial fusion. Assessing the activity of s-Mgm1p
is more difficult because it lacks a MTS. However, sMgm1p targeted to mitochondria by fusion of a heterologous
N-terminal MTS fails to complement the fusion defect in

FZO1 and MGM1 are just two of the ~340 genes required
for respiration in S. cerevisiae. They are unique, however,
because their respiration defect can be suppressed by
mutations in the mitochondrial fission pathway [51–54].
This property of mitochondrial fusion mutants enabled the
identification of UGO1 as a third component of the fusion
pathway [55]. Ugo1p is a 58-kDa protein embedded in the
mitochondrial outer membrane, with the N-terminal region
facing the cytosol and the C-terminal region facing the intermembrane space [55]. Ugo1p contains two energy transfer
motifs found in mitochondrial carrier proteins. However, no
Ugo1p homologs have been identified outside of fungi,
suggesting that its role in mitochondrial fusion is not
conserved.
Ugo1p, Fzo1p and Mgm1p assemble into a fusion complex.
The N-terminal cytoplasmic domain of Ugo1p binds Fzo1p
near its transmembrane region, and the C-terminal half of
Ugo1p binds Mgm1p in the inter-membrane space [56].
Indeed, Ugo1p is required for the formation of a Fzo1p/
Mgm1p complex [39,56]. Interestingly, the GTPase activities
of Fzo1p and Mgm1p are not required for binding to Ugo1p,
suggesting that Ugo1p binding does not require the GTPase
cycles of either protein [56]. Based on these data, Ugo1p may
provide a scaffold for the assembly of a fusion complex that
spans the outer and inner membranes, and could provide a link
that coordinates their fusion. The requirement for this
interaction would explain why Mgm1p is required for outer
membrane fusion despite its inter-membrane space localization
[38].
8. Ergosterol
Ergosterol is a membrane-associated sterol with a recently
established role in vacuolar and peroxisomal fusion. Interestingly, several lipids including ergosterol, PI(3)P, PI(4,5)P2, and
diacylglycerol (DAG) organize specific vacuolar membrane
subdomains where fusion proteins are concentrated [57].
Disruption of ergosterol biosynthesis leads to vacuolar fusion
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defects both in vitro and in vivo [58]. Similarly, ergosterol, PI(3)
and PI(4,5)P2 inhibitors block peroxisomal fusion in vitro by
preventing fusion proteins from dynamically partitioning in
membrane subdomains [59].
A striking conclusion from two recent genome wide
screens for morphology defects in yeast is the identification
of severe mitochondrial morphology defects in mutants of the
ergosterol biosynthesis pathway. These mutants all possess
fragmented or aggregated mitochondria, suggesting a fusion
defect [34,63]. Although a direct role in fusion has not been
established with either the zygotic or in vitro mitochondrial
fusion assay, an intriguing possibility is that ergosterol is
necessary to organizing fusion molecules into subdomains in
the outer membrane. Both Fzo1p and Ugo1p are uniformly
distributed across the outer membrane, so either other
unknown components or fusion-active subpopulations of
these proteins may be concentrated into ergosterol-rich
domains.
9. How are outer and inner membrane fusion coordinated?
The double membrane architecture of mitochondria means
that fusion necessarily entails merging four membranes into two
membranes. Time-lapse imaging studies in vivo indicate that
outer and inner mitochondrial membrane fusion are tightly
coordinated. Manipulation of mitochondrial fusion in vitro,
however, has distinguished outer membrane and inner membrane fusion as two mechanistically distinct processes [26].
Under limiting GTP concentrations, mitochondria in vitro
will fuse their outer membranes, but not inner membranes.
Supplementation with a GTP regenerating system allows for
subsequent inner membrane fusion [26].
Similarly, outer membrane fusion can be distinguished from
inner membrane fusion in mammalian cells. Dissipation of
mitochondrial membrane potential has been reported to block
mitochondrial fusion [24,60,61]. Surprisingly, this effect is
specific for inner membrane fusion. Treatment of human 143B
cells with an H+ ionophore (CCCP) or a K+ ionophore
(valinomycin) blocked inner membrane but not outer membrane fusion [62]. In contrast, CCCP treatment in vitro nearly
completely blocks outer membrane fusion in yeast [26]. It will
be interesting to determine whether the membrane fusion
defects observed with depolarized mitochondria are due to a
direct mechanistic role of membrane potential during the
fusion process, or secondary to inner membrane ultrastructural
defects observed following depolarization.
The requirement for high levels of GTP for inner
membrane fusion in vitro implicates a GTPase in inner
membrane fusion. A likely candidate is the inter-membrane
space GTPase Mgm1p. As discussed above, because Mgm1p
is necessary for outer membrane fusion in vivo, it has not been
possible to address its role specifically in inner membrane
fusion [38]. Because the in vitro mitochondrial fusion assay
allows distinction between outer membrane and inner
membrane fusion, it should be useful in addressing this
issue through the use of temperature-sensitive alleles of
MGM1.
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10. Perspectives
Based on the studies discussed, the outlines of a model for
mitochondrial fusion can be proposed to motivate future
studies. It seems likely that Fzo1p/Mfns and Mgm1p/OPA1
are core components of the fusion machinery. Fzo1p/Mfn on the
outer membrane appears to mediate homotypic interactions
between mitochondria. They play a direct role in at least
tethering mitochondria to each other, and may have subsequent
roles in membrane merger. Based on its location, Mgm1p/OPA1
is the best candidate for mediating inner membrane fusion. It is
unclear how its putative dynamin-like properties would
contribute to fusion. One possibility is that OPA1 is important
in tubulation of the inner membrane during the fusion process.
In yeast, Ugo1p may help to coordinate outer membrane fusion
by Fzo1p with inner membrane fusion by Mgm1p, but nothing
is known about its possible counterpart in mammalian cells.
A clear priority for the future is the identification of new
components of the fusion pathway. Genetic screens in yeast
have been very successful in identifying much of the core
machinery, and these can now be complemented with
biochemical approaches. In the near future, it may be possible
to identify the core mitochondrial fusion machinery and to
determine how it mediates apposition and fusion of mitochondrial membranes. To achieve this goal, a combination of
structural information and in vitro reconstitution using purified
components will be necessary.
Acknowledgments
Work in D. Chan's laboratory is funded by the NIH
(GM062967), the Muscular Dystrophy Association, and the
United Mitochondrial Disease Foundation. D. Chan is a Bren
Scholar.
References
[1] A.L. Lehninger, The Mitochondrion, W. A. Benjamin, Inc., New York,
1965.
[2] K.G. Hales, M.T. Fuller, Developmentally regulated mitochondrial fusion
mediated by a conserved, novel, predicted GTPase, Cell 90 (1997)
121–129.
[3] G.J. Hermann, J.W. Thatcher, J.P. Mills, K.G. Hales, M.T. Fuller, J.
Nunnari, J.M. Shaw, Mitochondrial fusion in yeast requires the
transmembrane GTPase Fzo1p, J. Cell Biol. 143 (1998) 359–373.
[4] H. Chen, S.A. Detmer, A.J. Ewald, E.E. Griffin, S.E. Fraser, D.C. Chan,
Mitofusins Mfn1 and Mfn2 coordinately regulate mitochondrial fusion and
are essential for embryonic development, J. Cell Biol. 160 (2003)
189–200.
[5] H. Chen, A. Chomyn, D.C. Chan, Disruption of fusion results in
mitochondrial heterogeneity and dysfunction, J. Biol. Chem. 280 (2005)
26185–26192.
[6] D. Rapaport, M. Brunner, W. Neupert, B. Westermann, Fzo1p is a
mitochondrial outer membrane protein essential for the biogenesis of
functional mitochondria in Saccharomyces cerevisiae, J. Biol. Chem. 273
(1998) 20150–20155.
[7] C. Alexander, M. Votruba, U.E. Pesch, D.L. Thiselton, S. Mayer, A.
Moore, M. Rodriguez, U. Kellner, B. Leo-Kottler, G. Auburger, S.S.
Bhattacharya, B. Wissinger, OPA1, encoding a dynamin-related GTPase,
is mutated in autosomal dominant optic atrophy linked to chromosome
3q28, Nat. Genet. 26 (2000) 211–215.

488

E.E. Griffin et al. / Biochimica et Biophysica Acta 1763 (2006) 482–489

[8] C. Delettre, G. Lenaers, J.M. Griffoin, N. Gigarel, C. Lorenzo, P.
Belenguer, L. Pelloquin, J. Grosgeorge, C. Turc-Carel, E. Perret, C.
Astarie-Dequeker, L. Lasquellec, B. Arnaud, B. Ducommun, J. Kaplan,
C.P. Hamel, Nuclear gene OPA1, encoding a mitochondrial dynaminrelated protein, is mutated in dominant optic atrophy, Nat. Genet. 26
(2000) 207–210.
[9] K. Kijima, C. Numakura, H. Izumino, K. Umetsu, A. Nezu, T. Shiiki, M.
Ogawa, Y. Ishizaki, T. Kitamura, Y. Shozawa, K. Hayasaka, Mitochondrial
GTPase mitofusin 2 mutation in Charcot–Marie–Tooth neuropathy type
2A, Hum. Genet. 116 (2005) 23–27.
[10] V.H. Lawson, B.V. Graham, K.M. Flanigan, Clinical and electrophysiologic features of CMT2A with mutations in the mitofusin 2 gene,
Neurology 65 (2005) 197–204.
[11] S. Zuchner, I.V. Mersiyanova, M. Muglia, N. Bissar-Tadmouri, J. Rochelle,
E.L. Dadali, M. Zappia, E. Nelis, A. Patitucci, J. Senderek, Y. Parman, O.
Evgrafov, P.D. Jonghe, Y. Takahashi, S. Tsuji, M.A. Pericak-Vance, A.
Quattrone, E. Battaloglu, A.V. Polyakov, V. Timmerman, J.M. Schroder,
J.M. Vance, Mutations in the mitochondrial GTPase mitofusin 2 cause
Charcot–Marie–Tooth neuropathy type 2A, Nat. Genet. 36 (2004)
449–451.
[12] D.M. Eckert, P.S. Kim, Mechanisms of viral membrane fusion and its
inhibition, Annu. Rev. Biochem. 70 (2001) 777–810.
[13] J.J. Skehel, D.C. Wiley, Coiled coils in both intracellular vesicle and viral
membrane fusion, Cell 95 (1998) 871–874.
[14] J.S. Bonifacino, B.S. Glick, The mechanisms of vesicle budding and
fusion, Cell 116 (2004) 153–166.
[15] D. Ungar, F.M. Hughson, SNARE protein structure and function, Annu.
Rev. Cell Dev. Biol. 19 (2003) 493–517.
[16] T. Weber, B.V. Zemelman, J.A. McNew, B. Westermann, M. Gmachl,
F. Parlati, T.H. Sollner, J.E. Rothman, SNAREpins: minimal machinery
for membrane fusion, Cell 92 (1998) 759–772.
[17] C. Hu, M. Ahmed, T.J. Melia, T.H. Sollner, T. Mayer, J.E. Rothman,
Fusion of cells by flipped SNAREs, Science 300 (2003) 1745–1749.
[18] J.A. McNew, F. Parlati, R. Fukuda, R.J. Johnston, K. Paz, F. Paumet,
T.H. Sollner, J.E. Rothman, Compartmental specificity of cellular
membrane fusion encoded in SNARE proteins, Nature 407 (2000)
153–159.
[19] F. Parlati, J.A. McNew, R. Fukuda, R. Miller, T.H. Sollner, J.E. Rothman,
Topological restriction of SNARE-dependent membrane fusion, Nature
407 (2000) 194–198.
[20] R.B. Sutton, D. Fasshauer, R. Jahn, A.T. Brunger, Crystal structure of a
SNARE complex involved in synaptic exocytosis at 2.4 A resolution,
Nature 395 (1998) 347–353.
[21] J. Nunnari, W.F. Marshall, A. Straight, A. Murray, J.W. Sedat, P. Walter,
Mitochondrial transmission during mating in Saccharomyces cerevisiae
is determined by mitochondrial fusion and fission and the intramitochondrial segregation of mitochondrial DNA, Mol. Biol. Cell 8 (1997)
1233–1242.
[22] M.B. Sheahan, D.W. McCurdy, R.J. Rose, Mitochondria as a connected
population: ensuring continuity of the mitochondrial genome during plant
cell dedifferentiation through massive mitochondrial fusion, Plant J. 44
(2005) 744–755.
[23] F. Legros, A. Lombes, P. Frachon, M. Rojo, Mitochondrial fusion in
human cells is efficient, requires the inner membrane potential, and is
mediated by mitofusins, Mol. Biol. Cell 13 (2002) 4343–4354.
[24] Y. Mattenberger, D.I. James, J.C. Martinou, Fusion of mitochondria in
mammalian cells is dependent on the mitochondrial inner membrane
potential and independent of microtubules or actin, FEBS Lett. 538 (2003)
53–59.
[25] M. Karbowski, D. Arnoult, H. Chen, D.C. Chan, C.L. Smith, R.J. Youle,
Quantitation of mitochondrial dynamics by photolabeling of individual
organelles shows that mitochondrial fusion is blocked during the Bax
activation phase of apoptosis, J. Cell Biol. 164 (2004) 493–499.
[26] S. Meeusen, J.M. McCaffery, J. Nunnari, Mitochondrial fusion intermediates revealed in vitro, Science 305 (2004) 1747–1752.
[27] S. Fritz, D. Rapaport, E. Klanner, W. Neupert, B. Westermann, Connection
of the mitochondrial outer and inner membranes by Fzo1 is critical for
organellar fusion, J. Cell Biol. 152 (2001) 683–692.

[28] G.J. Praefcke, H.T. McMahon, The dynamin superfamily: universal
membrane tubulation and fission molecules? Nat. Rev., Mol. Cell Biol. 5
(2004) 133–147.
[29] Y. Eura, N. Ishihara, S. Yokota, K. Mihara, Two mitofusin proteins,
mammalian homologues of FZO, with distinct functions are both
required for mitochondrial fusion, J. Biochem. (Tokyo) 134 (2003)
333–344.
[30] M. Rojo, F. Legros, D. Chateau, A. Lombes, Membrane topology and
mitochondrial targeting of mitofusins, ubiquitous mammalian homologs of
the transmembrane GTPase Fzo, J. Cell Sci. 115 (2002) 1663–1674.
[31] S. Honda, T. Aihara, M. Hontani, K. Okubo, S. Hirose, Mutational analysis
of action of mitochondrial fusion factor mitofusin-2, J. Cell Sci. 118 (2005)
3153–3161.
[32] T. Koshiba, S.A. Detmer, J.T. Kaiser, H. Chen, J.M. McCaffery, D.C.
Chan, Structural basis of mitochondrial tethering by mitofusin complexes,
Science 305 (2004) 858–862.
[33] N. Ishihara, Y. Eura, K. Mihara, Mitofusin 1 and 2 play distinct roles in
mitochondrial fusion reactions via GTPase activity, J. Cell Sci. 117 (2004)
6535–6546.
[34] K.S. Dimmer, S. Fritz, F. Fuchs, M. Messerschmitt, N. Weinbach, W.
Neupert, B. Westermann, Genetic basis of mitochondrial function and
morphology in Saccharomyces cerevisiae, Mol. Biol. Cell 13 (2002)
847–853.
[35] R.J. Deshaies, SCF and Cullin/Ring H2-based ubiquitin ligases, Annu.
Rev. Cell Dev. Biol. 15 (1999) 435–467.
[36] S. Fritz, N. Weinbach, B. Westermann, Mdm30 is an F-box protein
required for maintenance of fusion-competent mitochondria in yeast, Mol.
Biol. Cell 14 (2003) 2303–2313.
[37] A. Neutzner, R.J. Youle, Instability of the mitofusin Fzo1 regulates
mitochondrial morphology during the mating response of the yeast
Saccharomyces cerevisiae, J. Biol. Chem. 280 (2005) 18598–18603.
[38] H. Sesaki, S.M. Southard, M.P. Yaffe, R.E. Jensen, Mgm1p, a dynaminrelated GTPase, is essential for fusion of the mitochondrial outer
membrane, Mol. Biol. Cell 14 (2003) 2342–2356.
[39] E.D. Wong, J.A. Wagner, S.V. Scott, V. Okreglak, T.J. Holewinske, A.
Cassidy-Stone, J. Nunnari, The intramitochondrial dynamin-related
GTPase, Mgm1p, is a component of a protein complex that mediates
mitochondrial fusion, J. Cell. Biol. 160 (2003) 303–311.
[40] L. Griparic, N.N. van der Wel, I.J. Orozco, P.J. Peters, A.M. van der Bliek,
Loss of the intermembrane space protein Mgm1/OPA1 induces swelling
and localized constrictions along the lengths of mitochondria, J. Biol.
Chem. 279 (2004) 18792–18798.
[41] A. Olichon, L.J. Emorine, E. Descoins, L. Pelloquin, L. Brichese, N. Gas,
E. Guillou, C. Delettre, A. Valette, C.P. Hamel, B. Ducommun, G. Lenaers,
P. Belenguer, The human dynamin-related protein OPA1 is anchored to the
mitochondrial inner membrane facing the inter-membrane space, FEBS
Lett. 523 (2002) 171–176.
[42] S. Cipolat, O. Martins de Brito, B. Dal Zilio, L. Scorrano, OPA1
requires mitofusin 1 to promote mitochondrial fusion, Proc. Natl. Acad.
Sci. U. S. A. 101 (2004) 15927–15932.
[43] M. Herlan, F. Vogel, C. Bornhovd, W. Neupert, A.S. Reichert, Processing
of Mgm1 by the rhomboid-type protease Pcp1 is required for maintenance
of mitochondrial morphology and of mitochondrial DNA, J. Biol. Chem.
278 (2003) 27781–27788.
[44] G.A. McQuibban, S. Saurya, M. Freeman, Mitochondrial membrane
remodelling regulated by a conserved rhomboid protease, Nature 423
(2003) 537–541.
[45] H. Sesaki, S.M. Southard, A.E. Hobbs, R.E. Jensen, Cells lacking Pcp1p/
Ugo2p, a rhomboid-like protease required for Mgm1p processing, lose
mtDNA and mitochondrial structure in a Dnm1p-dependent manner, but
remain competent for mitochondrial fusion, Biochem. Biophys. Res.
Commun. 308 (2003) 276–283.
[46] M. Herlan, C. Bornhovd, K. Hell, W. Neupert, A.S. Reichert, Alternative
topogenesis of Mgm1 and mitochondrial morphology depend on ATP and
a functional import motor, J. Cell Biol. 165 (2004) 167–173.
[47] S. Urban, J.R. Lee, M. Freeman, Drosophila rhomboid-1 defines a family
of putative intramembrane serine proteases, Cell 107 (2001) 173–182.
[48] K.A. Shepard, M.P. Yaffe, The yeast dynamin-like protein, Mgm1p,

E.E. Griffin et al. / Biochimica et Biophysica Acta 1763 (2006) 482–489

[49]

[50]

[51]

[52]

[53]

[54]

[55]
[56]

functions on the mitochondrial outer membrane to mediate mitochondrial
inheritance, J. Cell Biol. 144 (1999) 711–720.
D. Arnoult, A. Grodet, Y.J. Lee, J. Estaquier, C. Blackstone, Release of
OPA1 during apoptosis participates in the rapid and complete release of
cytochrome c and subsequent mitochondrial fragmentation, J. Biol. Chem.
280 (2005) 35742–35750.
M. Satoh, T. Hamamoto, N. Seo, Y. Kagawa, H. Endo, Differential
sublocalization of the dynamin-related protein OPA1 isoforms in
mitochondria, Biochem. Biophys. Res. Commun. 300 (2003) 482–493.
K.L. Cerveny, J.M. McCaffery, R.E. Jensen, Division of mitochondria
requires a novel DMN1-interacting protein, Net2p, Mol. Biol. Cell 12
(2001) 309–321.
P. Fekkes, K.A. Shepard, M.P. Yaffe, Gag3p, an outer membrane protein
required for fission of mitochondrial tubules, J. Cell Biol. 151 (2000)
333–340.
A.D. Mozdy, J.M. McCaffery, J.M. Shaw, Dnm1p GTPase-mediated
mitochondrial fission is a multi-step process requiring the novel integral
membrane component Fis1p, J. Cell Biol. 151 (2000) 367–380.
Q. Tieu, J. Nunnari, Mdv1p is a WD repeat protein that interacts with the
dynamin-related GTPase, Dnm1p, to trigger mitochondrial division, J. Cell
Biol. 151 (2000) 353–366.
H. Sesaki, R.E. Jensen, UGO1 encodes an outer membrane protein
required for mitochondrial fusion, J. Cell Biol. 152 (2001) 1123–1134.
H. Sesaki, R.E. Jensen, Ugo1p links the Fzo1p and Mgm1p GTPases for
mitochondrial fusion, J. Biol. Chem. 279 (2004) 28298–28303.

489

[57] R.A. Fratti, Y. Jun, A.J. Merz, N. Margolis, W. Wickner, Interdependent
assembly of specific regulatory lipids and membrane fusion proteins into
the vertex ring domain of docked vacuoles, J. Cell. Biol. 167 (2004)
1087–1098.
[58] M. Kato, W. Wickner, Ergosterol is required for the Sec18/ATP-dependent
priming step of homotypic vacuole fusion, EMBO J. 20 (2001)
4035–4040.
[59] T. Boukh-Viner, T. Guo, A. Alexandrian, A. Cerracchio, C. Gregg, S.
Haile, R. Kyskan, S. Milijevic, D. Oren, J. Solomon, V. Wong, J.M.
Nicaud, R.A. Rachubinski, A.M. English, V.I. Titorenko, Dynamic
ergosterol- and ceramide-rich domains in the peroxisomal membrane
serve as an organizing platform for peroxisome fusion, J. Cell. Biol. 168
(2005) 761–773.
[60] N. Ishihara, A. Jofuku, Y. Eura, K. Mihara, Regulation of mitochondrial
morphology by membrane potential, and DRP1-dependent division and
FZO1-dependent fusion reaction in mammalian cells, Biochem. Biophys.
Res. Commun. 301 (2003) 891–898.
[61] F. Legros, F. Malka, P. Frachon, A. Lombes, M. Rojo, Organization and
dynamics of human mitochondrial DNA, J. Cell. Sci. 117 (2004) 2653–2662.
[62] F. Malka, O. Guillery, C. Cifuentes-Diaz, E. Guillou, P. Belenguer, A.
Lombes, M. Rojo, Separate fusion of outer and inner mitochondrial
membranes, EMBO Rep. 6 (2005) 853–859.
[63] K. Altmann, B. Westermann, Role of essential genes in mitochondrial
morphogenesis in Saccharomyces cerevisiae, Mol. Biol. Cell 16 (2005)
5410–5417.

