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Abstract

Eukaryotic cells maintain the overall shape of their mitochondria by
balancing the opposing processes of mitochondrial fusion and fission.
Unbalanced fission leads to mitochondrial fragmentation, and un-
balanced fusion leads to mitochondrial elongation. Moreover, these
processes control not only the shape but also the function of mito-
chondria. Mitochondrial dynamics allows mitochondria to interact
with each other; without such dynamics, the mitochondrial popula-
tion consists of autonomous organelles that have impaired function.
Key components of the mitochondrial fusion and fission machinery
have been identified, allowing initial dissection of their mechanisms
of action. These components play important roles in mitochondrial
function and development as well as programmed cell death. Dis-
ruption of the fusion machinery leads to neurodegenerative disease.
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INTRODUCTION

In the past several years, there have been
tremendous advances in our understanding
of the molecular basis of mitochondrial dy-
namics. It is now well established that mi-
tochondria are highly dynamic organelles
whose morphology, distribution, and activ-
ity can be regulated by fusion and fission.
Several components of the core fusion and
fission machinery have been identified, and
experimental systems have been developed
to understand their molecular mechanism of
action.

In addition to this molecular understand-
ing, genetic studies have revealed the impor-
tance of these processes in normal cell func-
tion, mammalian development, and human
disease. Mitochondrial fusion is necessary for
normal respiratory function in cells, and per-
turbations in fusion lead to developmental de-
fects in mice and neurodegenerative disease in
humans. This review emphasizes advances in
our understanding of mitochondrial dynamics
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in mammals, although work in other systems
is discussed when relevant.

THE FUSION MACHINERY

In mammalian cells, mitochondria take on a
wide variety of shapes, ranging from long,
interconnected tubules to individual, small
spheres (Bereiter-Hahn & Voth 1994). In cul-
tured fibroblasts, the mitochondrial popula-
tion consists mostly of short and long tubules,
which constantly migrate along their long
axes along microtubule tracks (Chen & Chan
2004). These migrations are saltatory, consist-
ing of movements back and forth along the
tracks. In some cell types, the actin cytoskele-
ton is also used for transport (Hollenbeck &
Saxton 2005). While migrating along these
tracks, a pair of mitochondria can encounter
each other end to end and fuse. Even though
an organized cytoskeleton is important as a
scaffold for organizing the distribution and
movement of mitochondria, itis not necessary
for maintaining the tubular shape or fusion of
mitochondria (Mattenberger et al. 2003).

In molecular genetic studies, an initial
molecular inroad into a biological pathway
can greatly accelerate the identification of
additional genes. In the case of mitochon-
drial dynamics, it was the identification of the
Drosophila mitofusin gene, Fzo, in sperm mi-
tochondrial fusion (Hales & Fuller 1997) that
drove rapid advances in our knowledge of the
molecular basis of mitochondrial fusion and
fission. The yeast mitofusin homolog, Fzol,
was found to function similarly in mitochon-
drial fusion (Hermann et al. 1998, Rapaport
et al. 1998), and genetic screens for extra-
genic suppressors of fusion mutants led to
the identification of key molecules involved
in mitochondrial fission (Fekkes et al. 2000,
Mozdy et al. 2000, Tieu & Nunnari 2000).
Details of yeast mitochondrial dynamics can
be found in other excellent reviews (Meeusen
& Nunnari 2005, Okamoto & Shaw 2005,
Shaw & Nunnari 2002). Much of the fusion
and fission machinery is conserved in mam-
mals (Chen & Chan 2004).
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Mitofusins: Mfnl and Mfn2

Mitofusins are conserved, large GTPases lo-
calized to the mitochondrial outer membrane
(Chen et al. 2003, Rojo et al. 2002, Santel
& Fuller 2001). In mammals, there are two
closely related mitofusin homologs, Mfn1 and
Min2. Their essential role in mitochondrial
fusion has been established through the gen-
eration of mice with targeted mutations (Chen
etal. 2003). Cells lacking Mfn1 or Mfn2 have
greatly reduced levels of mitochondrial fusion
(Chen et al. 2005, Chen et al. 2003). Because
of ongoing mitochondrial fission, the mito-
chondrial population in mutant cells is highly
fragmented. In the absence of both Mfn1 and
Mfn2, there is absolutely no mitochondrial fu-
sion, resulting in complete loss of mitochon-
drial tubules and poor mitochondrial function
(Chen et al. 2005).

Min1 and Mfn2 appear to play similar roles
in mitochondrial fusion. Both molecules are
necessary for normal levels of mitochondrial
fusion, but in cultured fibroblasts Mfn1 plays
a more active role (Chen et al. 2005). Fibrob-
lasts lacking Mfnl have more severely frag-
mented mitochondria and show less residual
mitochondrial fusion than do those lacking
Mifn2. Minl and Mfn2 can functionally re-
place each other. Cells lacking Mfnl can
be rescued by overexpression of Mfn2; con-
versely, cells lacking Mfn2 can be rescued by
overexpression of Mfn1. Moreover, Mfn-null
cells can be fully rescued by overexpression
of either mitofusin. These results clearly in-
dicate that the mitofusin homologs have very
similar biochemical activities. It is likely that
the cell-type-specific dependence for either
Minl or Mfn2, such as the requirement for
Mifn2 in the placenta (Chen et al. 2003), is a
consequence of their relative expression levels
in different tissues. In spite of the functional
similarities of Mfnl and M2, some differ-
ences in these molecules have been detected.
OPAL1 function shows a dependence on Mifn1
but not on Mfn2 (Cipolat et al. 2004), and
Min1 shows more activity in a mitochondrial
tethering assay (Ishihara et al. 2004).

GTPase HR1 TM HR2
Mfn1 — ] 3
GTPase HR1 TM HR2
Mfn2 . P—= oo—
OPA1 MTS HR  GTPase HR
—
Figure 1

The mammalian mitochondrial fusion machinery. Schematic of Minl1,
Mfn2, and OPAL. All three proteins contain GTPase domains and
hydrophobic heptad repeat (HR) regions. The transmembrane (TM)
segments of the mitofusins are unusually long and contain charged residues
that are thought to allow a U-turn in the mitochondrial outer membrane,
so that almost the entire protein faces the cytosol (see Figure 2).

The membrane topology of mitofusins
makes them good candidates for molecules in-
volved in outer membrane fusion (Figure 1
and 2). Both the N- and C-terminal regions
of these proteins protrude from the mitochon-
drial outer membrane into the cytosol (Rojo
etal. 2002). This topology implies a U-shaped
transmembrane domain, and consistent with
this, the transmembrane domain is unusu-
ally long and interrupted by several charged
residues. The N-terminal domain of mito-
fusins contains a GTPase domain followed
by a hydrophobic heptad repeat region, HR1.
The C-terminal region contains a second hy-
drophobic heptad repeat region, HR2. As dis-
cussed below, the HR1 and HR2 regions likely
play important roles in the fusion reaction.

OPAl

Mammalian OPA1 was initially identified as
the gene mutated in autosomal dominant op-
tic atrophy (DOA), a common cause of in-
herited visual loss (Alexander et al. 2000,
Delettre et al. 2000). OPAI and the yeast ho-
molog Mgml are dynamin family GTPases
that are located within the mitochondrial in-

Hydrophobic
heptad repeat
(HR): protein motif
consisting of a
seven-residue repeat,
designated abcdefg, in

termembrane space and are associated with ~ which the zand d
the inner membrane (Griparic et al. 2004, risiig:reisl are
Herlan et al. 2003, Olichon et al.. 2002, Satoh Eydroph}(,)bic
etal. 2003, Wong et al. 2000) (Flguljes 1 and DOA: dominant
2). The OPALI gene produces multiple pro- optic atrophy

tein isoforms, owing to extensive alternative
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Mitochondrial tethering by Mifn1. Mfn1 is localized to the mitochondrial
outer membrane, with most of the protein exposed to the cytosol.
Homotypic interactions between Mfn1 molecules spanning adjacent
mitochondria are mediated by the HR2 region (blue cylinders) and result in
tethering of the mitochondrial outer membranes. The HR2 crystal
structure is shown below, indicating that the transmembrane domains are
separated by the 95 A antiparallel coiled coil. The lower portion of this
figure is adapted from Koshiba et al. 2004. Although events subsequent to
tethering are unclear, note that the GTPase domains are in a position to
modify the HR2 structure. OPAL (purple oval), located in the
intermembrane space and associated with the inner membrane, is the best
candidate for direct involvement in inner membrane fusion.

MTS:
mitochondrial
targeting sequence

RNAi: RNA
interference
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splicing that yields eight mRNA isoforms
(Delettre et al. 2001). In addition, by analogy
with the yeast homolog Mgm1p (see below),
OPA1 may be posttranslationally processed to
yield additional isoforms.

Like mitofusins, OPA1 is essential for mi-
tochondrial fusion. Knockdown of OPAI by
RNA interference (RINAI) leads to mitochon-
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drial fragmentation that is due to loss of mi-
tochondrial fusion (Chen et al. 2005, Cipolat
et al. 2004, Griparic et al. 2004). In addition
to loss of fusion, OPA1 RNAI also leads to se-
vere aberrations in cristae structure (Griparic
et al. 2004, Olichon et al. 2003). Our under-
standing of OPALI function is complicated by
the fact that OPAI overexpression can lead to
mitochondrial fragmentation or elongation,
depending on the experimental system (Chen
etal. 2005, Cipolat et al. 2004, Griparic et al.
2004, Olichon et al. 2003).

Genetic and biochemical studies in yeast
indicate that posttranslational processing of
Mgmlp into two isoforms is important for
its function, and a model for regulation of
this processing has been proposed (Herlan
et al. 2004). Unprocessed Mgmlp has an
N-terminal mitochondrial targeting sequence
(MTY) followed by an extended hydropho-
bic region. The MTS targets the N termi-
nus of Mgmlp to the translocation machin-
ery of mitochondrial inner membrane (TIM
complex), where it is cleaved on the matrix
side by the mitochondrial processing pepti-
dase (MPP). After this cleavage, lateral exit
from the TIM complex results in the forma-
tion of the long form of Mgmlp, I-Mgmlp.
If exit is delayed, the hydrophobic region of
Mgmlp is pulled into the inner membrane,
where it is further processed by the mito-
chondrial rhomboid protease, Rbd1p/Pcplp,
to form the short form of Mgmlp, s-Mgmlp
(Herlan et al. 2003, 2004; McQuibban et al.
2003; Sesaki et al. 2003a). Therefore, the ki-
netics of sorting Mgmlp out of the TIM
complex may determine the relative ratios
of I-Mgmlp and s-Mgmlp. The regulation
of Mgmlp processing is an important issue
because the ratio of I-Mgmlp to s-Mgmlp
affects mitochondrial dynamics and neither
isoform by itself is sufficient for normal mi-
tochondrial morphology. It will be interest-
ing to determine whether these insights on
Mgmlp processing apply to OPAIL. It has
been proposed that the mammalian ortholog
of Rbd1p/Pcplp, PARL, may be involved in
OPAL1 processing (McQuibban et al. 2003),
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but this proposal remains to be experimentally
confirmed.

THE FISSION MACHINERY

Components of the mitochondrial fission
pathway were first identified in yeast genetic
screens (Bleazard et al. 1999, Fekkes et al.
2000, Mozdy et al. 2000, Tieu & Nunnari
2000) and in studies of a dynamin-related
protein in the worm (Labrousse et al. 1999).
Extension of these studies into mammalian
cells has identified dynamin-related protein
1 (Drpl) and Fisl as components of the
mammalian mitochondrial fission machinery
(James et al. 2003, Smirnova et al. 2001, Yoon
etal. 2003).

Dynamin-Related Protein 1

Drpl isakey component of the mitochondrial
fission machinery. Much of Drpl1 is in the cy-
tosol, but a subpool is localized to punctate
spots on mitochondrial tubules, and a sub-
set of these spots mark future sites of fission
(Smirnova et al. 2001). Inhibition of Drpl by
expression of a dominant-negative mutant or
by RINAI leads to increased length and in-
terconnectivity of mitochondrial tubules, sec-
ondary to inhibition of fission (Lee et al. 2004,
Smirnova et al. 2001). Drpl contains several
domains characteristic of dynamin family GT-
Pases, including a GTPase domain, a cen-
tral domain, and a GTPase effector domain
(GED) (Figure 3).

Fis1
The other key component of the mam-
malian mitochondrial fission machinery is
Fisl. Overexpression of Fisl leads to mito-
chondrial fragmentation that is dependent on
Drpl (James et al. 2003, Yoon et al. 2003).
Knockdown of Fisl causes elongation of mi-
tochondrial tubules, much as with inhibition
of Drpl (Lee et al. 2004).

Fisl is a small protein that is uniformly lo-
calized to the outer membrane of mitochon-

GTPase Central GED
Drp1 %
TPR TM
Fis1
Figure 3

The mammalian mitochondrial fission machinery.
Schematic of Drpl and Fisl. Drpl has domains
typical of dynamin family GTPases, including a
GTPase domain, a central domain, and a GTPase
effector domain (GED). Fisl is a small
mitochondrial outer membrane protein whose
N-terminal region faces the cytosol (see Figure
4). This cytosolic domain (red and pink) forms a
six-helix bundle that includes two central
tetratricopeptide (TPR) repeats (pink).

dria through a single C-terminal transmem-
brane domain; most of the protein faces the
cytosol (Figures 3 and 4). The cytosolic do-
main of Fis1 consists of six antiparallel helices
that form a helical bundle (Dohm et al. 2004,
Suzuki etal. 2003, 2005). The central four he-
lices consists of two tandem tetratricopeptide
repeats (TPRs), a helix-turn-helix motif. One
surface of the helical bundle is concave and
is thought to act as a binding site for a small
peptide ligand.

OTHER PLAYERS

Several other molecules have been pro-
posed to regulate mitochondrial dynamics
in mammals. Endophilin Bl is a BAR (Bin,
amphiphysin, Rvs) domain—containing pro-
tein thought to be involved in mitochondrial
fission (Karbowski et al. 2004b). BAR do-
mains interact with lipid membranes and form
crescent-shaped dimers with an intrinsic cur-
vature (McMahon & Gallop 2005). Because
recombinant BAR domains can tubulate lipid
membranes, the BAR domain may both sense
membrane curvature as well as force curvature
onto membranes. Knockdown of endophilin
B1 by RNAIi leads to a range of mitochon-
drial morphology abnormalities suggestive of
a defect in fission (Karbowski et al. 2004b).
Cells depleted for endophilin B1 show a mix-
ture of tubules and spheres, often with unusual
interconnections. Most strikingly, some cells
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Drp1 localization

Mitochondrial fission by Fis1 and Drp1. () Fis1 resides uniformly on the mitochondrial outer
membrane; most of the protein faces the cytosol. Drp1 (green ovals) exists both in the cytosol and on
mitochondria in punctate spots (not shown). (b) Initial constriction of mitochondrial tubules occurs in a
Drp1/Dnml-independent manner. (¢) In some cases, this constriction coincides with Drp1 localization,
and (4) Drpl probably further constricts the mitochondrial tubule to mediate membrane fission. (e) After
fission is completed, the Drpl complex is localized to the end of one of the daughter mitochondria prior
to disassembly. Initial constriction of mitochondria and Drpl localization are independent events; the
diagrams are not meant to imply that they occur sequentially. Only a subset of Drpl punctae on

mitochondria proceeds to actual fission.

contain long, thin tubules that stain for outer
membrane markers but not matrix markers.
These observations indicate a dissociation of
the mitochondrial outer membrane from the
inner membrane and suggest that endophilin
B1 may have a role in the control of outer
membrane dynamics. However, the pheno-
types generated by endophilin B1 depletion
are distinct from the classic fission defects
that occur in downregulation of Fis1 or Drpl,
and it remains to be determined whether en-
dophilin B1 is directly involved in mitochon-
drial fission.

Chan

The mitochondrial membrane protein
MTP18 is another molecule that appears to
play a role in mitochondrial fission (Tondera
et al. 2005). The topology of this protein re-
mains to be definitively determined, but the
protein contains three putative transmem-
brane domains and is not exposed to the
outside of mitochondria. Overexpression of
MPT18 leads to mitochondrial fragmenta-
tion, and downregulation leads to mitochon-
drial elongation. It will be interesting to test
whether endophilin Bl or MTP18 interacts
with components of the fission machinery.
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GDAP (ganglioside-induced differentiation
associated protein), Miro (mitochondrial-
Rho-GTPase)-1, and Miro-2 are additional
molecules that control mitochondrial mor-
phology and are discussed below.

MOLECULAR MECHANISM

Fusion Mechanism

Studies on virus-mediated and SNARE-
mediated membrane fusion have highlighted
some common themes in the fusion of bio-
logical membranes (Bonifacino & Glick 2004,
Eckert & Kim 2001). First, the specificity of
membrane fusion is ensured by the formation
of specific protein complexes in t7ans between
the donor and acceptor membranes. In the
case of enveloped viruses, a subunit of the
viral glycoprotein binds to a cell surface re-
ceptor on the host cell. In vesicle trafficking,
the binding of Rab GTPases to their effec-
tor proteins provides initial specificity. This
binding results in loose association of the two
membrane compartments. In a subsequent
step, formation of trans SNARE complexes
between R- and Q-SNARESs on the two mem-
branes provides an additional layer of speci-
ficity. Second, membrane merger is driven by
formation of highly stable helical bundles. For
example, in vesicle fusion, the formation of the
trans SNARE complex results in a highly sta-
ble four-helix bundle that directly forces the
donor and acceptor membrane bilayers into
close proximity.

Mitochondrial fusion probably shares
these two general features, and mitofusins ap-
pear to be involved in both. Mfnl and Mfn2
are required for mitochondrial fusion, and
they are located in the mitochondrial outer
membrane, where they can initiate the in-
teraction of mitochondria with each other.
Importantly, mitofusins are required on adja-
cent mitochondria during the membrane fu-
sion event (Koshiba et al. 2004). In mito-
chondrial fusion assays, mitochondria lacking
mitofusins cannot fuse with mitochondria
from wild-type cells. In yeast, Fzol is also

MISSING COMPONENTS OF THE
MAMMALIAN FUSION AND FISSION
MACHINERY

Several prominent components of the mitochondrial fusion
and fission machinery (Ugol, Mdvl, Caf4) identified in yeast
do not have obvious counterparts in mammals. In the yeast
mitochondrial fusion pathway, Fzol and Mgm1 both are phys-
ically associated with Ugol, an outer membrane protein es-
sential for fusion (Sesaki & Jensen 2001, Sesaki et al. 2003b,
Wong et al. 2003). It has been proposed that Ugol may coor-
dinate fusion of the outer and inner membranes. In the fission
pathway, two key yeast components are absent from the mam-
malian system. Mdvl is a WD40 repeat—containing protein
that is essential for mitochondrial fission (Shaw & Nunnari
2002, Tieu & Nunnari 2000). A WDA40 repeat is a short, ~40-
residue motif, also called a WD or (3-transducin repeat, thatis
multimerized to form a 3-propeller structure that often serves
as a scaffold for protein-protein interactions. Fisl is localized
uniformly on the mitochondrial outer membrane and works
through Mdvl and a related protein, Caf4, to recruit Dnm1l
to punctate spots on mitochondria (Griffin et al. 2005). Mdvl
(Tieu etal. 2002) and Caf4 (Griffin et al. 2005) both physically
interact with Fisl and Dnm1, thereby allowing them to act as
molecular adaptors in the assembly of the fission complex. In
the absence of Mdvl and Caf4, it is unclear how the mam-
malian fission machinery is assembled on the mitochondrial
surface.

required on both mitochondria in vitro
(Meeusen et al. 2004). Moreover, Mfnl and
Mfn2 form both homotypic and heterotypic
complexes that can be detected by immuno-
precipitation (Chen et al. 2003, Eura et al.
2003). Homotypic Mfnl complexes, homo-
typic Mfn2 complexes, and heterotypic Mfn1-
Mifn2 complexes are all competent for fusion
(Chen et al. 2005).

It is therefore likely that mitofusins form
complexes in trans, that is, between adja-
cent mitochondria (Figure 3). Biochemical
studies indicate that the C-terminal region
of Mfnl, containing the hydrophobic hep-
tad repeat region HR2, can oligomerize with
itself and with the analogous HR2 region
from Mifn2. Structural studies indicate that
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Mfnl HR2 forms a 95 A, dimeric antipar-
allel coiled coil with transmembrane regions
on either end (Koshiba et al. 2004). In a
trans complex, such a structure would lead to
close apposition of mitochondria but would
still leave a significant gap. This structure
is fundamentally different from the helical
bundles formed during virus-mediated fusion
and vesicle fusion, in which the membrane-
spanning segments are forced into direct ap-
position. Therefore, the Mfn1 crystal struc-
ture likely represents a conformation of Mfn1
involved in the tethering of mitochondria, but
not actual fusion. In vitro assays also sup-
port a role for Mfnl in mitochondrial teth-
ering (Ishihara et al. 2004). Fusion would
require a conformational change that medi-
ates closer apposition of mitochondrial mem-
branes. Such a conformational change may
occur by nucleotide-dependent changes in
the GTPase domain or may involve other
proteins.

Mitochondrial fusion involves mixing of
matrix contents, indicating that both the outer
and inner membranes must coordinately fuse.
The coordination of outer and inner mem-
brane fusion is a remarkable feat, given the
complex geometry of the inner membrane.
Extensive electron microscopic tomography
has revealed that the internal structures of
mitochondria are quite variable, depending
on the cell type, and are more complicated
than initial models have suggested (Frey &
Mannella 2000). A portion of the inner mem-
brane (termed the inner boundary mem-
brane) is positioned closely parallel to the
outer membrane. However, the inner mem-
brane has numerous invaginations (cristae)
whose geometry can range from tubules to
complex, interconnected plates. In general,
these invaginations are connected to the in-
ner boundary membrane by narrow tubules
termed crista junctions. Given these geo-
metric considerations, inner membrane fu-
sion likely would occur at the inner bound-
ary membrane because this part of the inner
membrane lies closest to the outer membrane.

Chan

It is commonly assumed that outer and in-
ner membrane fusion are tightly coordinated.
However, by experimental manipulation, the
two processes can be uncoupled, suggesting
that they are mechanistically distinct. In an
in vitro yeast mitochondrial fusion assay, outer
membrane fusion required close association
of mitochondria, low levels of GTP, and a
proton gradient across the inner membrane
(Meeusen etal. 2004). In contrast, progression
to inner membrane fusion required additional
GTP and an intact electrical gradient across
the inner membrane. It is not known whether
the requirement for membrane potential re-
flects a basic aspect of the fusion mechanism or
whether it is secondary to structural effects on
the inner membrane. In cultured mammalian
cells, mitochondrial fusion is disrupted by H*
or K* jonophores that perturb the mitochon-
drial membrane potential (Ishihara etal. 2003,
Legros et al. 2002, Mattenberger et al. 2003).
Upon closer examination, it was found that
these ionophores allow outer but not inner
membrane fusion (Malka et al. 2005). Re-
markably, such uncoupling can also be ob-
served in untreated cells, suggesting that in-
ner and outer membrane fusion may not be as
tightly coordinated as commonly is assumed
(Malka et al. 2005).

The machinery mediating inner mem-
brane fusion is unknown, but it is likely that
OPAL1 plays a role because of its essential role
in fusion (Chen et al. 2005, Cipolat et al.
2004) and association with the inner mem-
brane (Griparic et al. 2004, Satoh et al. 2003).
Although OPA1/Mgm1 are notexposed to the
cytosol, cells lacking OPALI or yeast lacking
Mgml have no detectable outer membrane
fusion (Chen et al. 2005, Sesaki et al. 2003b).
At this poing, it is not clear whether the de-
fect in outer membrane fusion reflects an in-
trinsic role in that fusion event or rather a
consequence of normal outer and inner mem-
brane coupling. There are few clues to the
molecular mechanism of OPA1. The homol-
ogy of OPA1 to dynamin family GTPases sug-
gests that it may be involved in controlling
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curvature or tubulation of the inner mem-
brane, and indeed loss of OPA1 leads to se-
vere defects in cristae structure (Griparic et al.
2004, Olichon et al. 2003).

Fission Mechanism

Although Fisl and Drpl are clearly required
for mitochondrial fission, there is little known
about their molecular mechanisms of action.
A key unresolved issue is how Drpl is re-
cruited to mitochondria. Drpl is present in
both the cytosol and the mitochondria, with
the mitochondrial pool localized to punctate
spots (Smirnova et al. 2001). A subset of these
spots becomes actual fission sites, and there-
fore the recruitment of Drp1 to mitochondria
is a critical step in initiating the fission pro-
cess. By analogy with yeast Dnml1, it would be
expected that Drpl localization to mitochon-
dria is dependent on Fisl. However, efficient
knockdown of Fisl does not affect Drpl re-
cruitment (Lee et al. 2004).

Most insights about the mechanism of mi-
tochondrial division have come from studies
in yeast. Even in this system, it remains a
mystery how Dnm1 becomes localized to dis-
crete sites on mitochondria. Recruitment of
Dnml depends on Fisl, which is uniformly
localized to the mitochondrial outer mem-
brane (Fekkes et al. 2000, Mozdy et al. 2000,
Tieu & Nunnari 2000). The cytosolic por-
tion of Fis1 has a concave surface that acts as
a binding surface (Karren et al. 2005, Suzuki
et al. 2005). Mdvl and Caf4 act as molec-
ular adaptors by binding to Fisl and Dnm1
(Griffin et al. 2005). Mdv1 appears to be able
to exist both uniformly on mitochondria as
well as in discrete spots that colocalize with
Dnml spots (Cerveny etal. 2001, Griffin etal.
2005, Tieu & Nunnari 2000). Itis unclear how
uniformly localized Fisl can recruit Mdvl or
Dnm1 to discrete spots. One possibility is that
Fisl must become activated before it can re-
cruit Dnm1 and that this activation occurs in a
discontinuous manner. A second possibility is
that additional factors other than Fis1/Mdv1/
Caf4 are used for recruitment of Dnml. A

low level of Dnm1 recruitment occurs in the
absence of Fis1, implying an intrinsic affinity
of Dnml1 for mitochondrial membranes. Per-
haps Dnm1 is able to sense structural features
on the mitochondrial membrane in addition
to Mdvl or Caf4 complexes.

It remains to be resolved how Drpl/Dnm1
mediate fission once recruited to mito-
chondria. Because Drpl is a dynamin fam-
ily GTPase, it is thought to act as a
mechanochemical enzyme that uses GTP hy-
drolysis to drive constriction at mitochondrial
fission sites (Shaw & Nunnari 2002, Smirnova
et al. 2001). This mode of action is analo-
gous to proposed roles of classical dynamin in
constriction of invaginating vesicle necks dur-
ing clathrin-mediated endocytosis (Praefcke
& McMahon 2004). Indeed, Dnml in vitro
shows assembly-dependent GTP hydrolysis
and is able to assemble into spirals with
dimensions consistent with constricted mi-
tochondrial tubules (Ingerman et al. 2005).
Recombinant human Drpl can tubulate ar-
tificial liposomes (Yoon et al. 2001). Only a
small subset of Dnm1 punctae progresses to
actual fission (Legesse-Miller et al. 2003), and
progression probably depends on factors con-
trolling the assembly and activation of Dnm1.
Mdvl1 is likely one such factor because recruit-
mentof Dnm1 to mitochondria in the absence
of Mdvl fails to stimulate fission (Cerveny
& Jensen 2003, Fekkes et al. 2000, Tieu &
Nunnari 2000, Tieu et al. 2002).

However, the model that Drpl/Dnml-
mediated constriction drives fission is com-
plicated by the observation that transient
constrictions commonly occur on yeast mi-
tochondrial tubules in the absence of Dnm1,
indicating that the initial steps of fission
are Dnm1 independent (Legesse-Miller et al.
2003). Studies of mitochondrial fission in the
red alga Cyanidioschyzon merolae also support
a late role for Drpl. In C. merolae, the fission
machinery consists of not only a dynamin-like
protein, CmDnm1, but also the extra compo-
nent CmFtsZ1, an ortholog of the bacterial
division protein FtsZ (Nishida et al. 2003).
CmFtsZ1 is the first marker of mitochondrial
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fission, forming a ring on the matrix side of the
mitochondrial inner membrane before any
constriction has occurred. After initial con-
striction, CmDnm1 is recruited to the cy-
tosolic surface of the outer membrane, where
it is thought to complete the severing of
membranes. This mode of mitochondrial di-
vision resembles chloroplast division in plants,
which involves proteins similar to FtsZ and
Drpl1 acting in a similar order (Osteryoung &
Nunnari 2003). In these cases, the Drp1-like
molecules act late in organelle division.

FtsZ orthologs are also involved in mi-
tochondrial fission in the alga Mallomonas
splendens and in the amoeba Dictyostelinm
discoideurn, but no mitochondrial Drpl-like
molecules have been found (Beech et al. 2000,
Gilson et al. 2003, Kiefel et al. 2004). Thus,
although most organisms use Drpl proteins
to divide mitochondria, there are a few or-
ganisms that use FtsZ-like proteins alone to
divide mitochondria and at least one known
organism (C. merolae) that uses both FtsZ-
and Drpl-like proteins. In cases in which only
Drpl is used, it is not known whether a sep-
arate protein has replaced the FtsZ-like func-
tion in constriction of the inner membrane or
whether only constriction at the outer mem-
brane by Drpl1 is necessary. In support of the
former possibility, imaging studies in yeast in-
dicate that matrix separations, presumably re-
flecting inner membrane remodeling, occur
in the absence of Fisl or Dnm1 (Jakobs et al.
2003). In addition, under certain drug treat-
ments, some mammalian cells similarly can
show inner membrane fission without outer
membrane fission (Duncan et al. 1980).

Mitochondrial fission likely is coordinated
with other cellular processes. The mitochon-
drial genome is organized into discrete struc-
tures termed nucleoids, and fission generally
results in daughter mitochondria that each
contains at least one nucleoid, even in cells
with highly fragmented mitochondria (Legros
etal. 2004, Margineantu et al. 2002). This ob-
servation suggests that fission site determina-
tion may somehow be linked to nucleoid posi-
tion. Mitochondrial fission may also be linked
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to the cell cycle. Morphological studies indi-
cate that cultured mammalian cells in late S
and M phases typically have fragmented mito-
chondria (Barni et al. 1996, Margineantu et al.
2002). Therefore, cells may divide their mito-
chondria to facilitate segregation during cell
division. However, studies in yeast confirm
that mitochondrial inheritance can occur in
the absence of mitochondrial fission (Bleazard
etal. 1999, Sesaki & Jensen 1999).

The roles of Fis1 and Drpl in organelle di-
vision are notlimited to mitochondrial fission.
Both proteins also localize to peroxisomes,
and knockdown of either leads to elongation
of peroxisomes (Koch et al. 2005). As with mi-
tochondria, constriction of peroxisomes, but
not fission, can occur in the absence of Drpl

(Koch et al. 2004).

BIOLOGICAL SIGNIFICANCE
Cell Biology of Fusion and Fission

Several assays have been developed to mea-
sure mitochondrial fusion directly. The most
common method involves artificially fusing
cells with polyethylene glycol (PEG) or a
virus. If two parental cells containing fluores-
cently labeled mitochondria are fused, mito-
chondrial fusion can be quantified in the cell
hybrids by scoring for colocalization of flu-
orophores (Chen et al. 2003, Ishihara et al.
2003, Legros et al. 2002, Mattenberger et al.
2003). In such experiments, extensive mito-
chondrial fusion is detectable a few hours af-
ter cell fusion and is usually complete by 8 h.
This method is conceptually similar to the zy-
gotic assay used to analyze mitochondrial fu-
sion in yeast (Nunnari et al. 1997). Mitochon-
drial fusion can also be quantified through the
use of a mitochondrially localized, photoac-
tivable GFP (Karbowski et al. 2004a). Mito-
chondria in cells expressing such a construct
are only weakly fluorescent, and a laser can be
used to photoactivate the GFP in a small sub-
set of mitochondria. The diffusion of the ac-
tivated GFP to neighboring mitochondria is a
measure of mitochondrial fusion. Mammalian
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mitochondrial fusion has yet to be reconsti-
tuted in vitro, although such an assay has
been developed in yeast (Meeusen et al.
2004).

The morphology of mitochondria depends
on the balance between the opposing pro-
cesses of fusion and fission. Unbalanced fis-
sion leads to fragmentation, and unbalanced
fusion leads to elongation. In cells with re-
duced mitochondrial fusion, mitochondrial
tubules can be restored by simultaneous inhi-
bition of fission (Chen et al. 2003). In normal
development, the control of these processes
can change the shape of mitochondria to suita
particular developmental function. For exam-
ple, developmental upregulation of Fzo dur-
ing Drosophila spermatogenesis leads to fu-
sion of mitochondria to form the Nebenkern
structure, which is important for male fertility
(Hales & Fuller 1997).

In addition to the control of mitochondrial
shape, fusion and fission are also important for
the bioenergetic function of mitochondria. In
cells lacking mitofusins or OPA1, mitochon-
drial function is greatly diminished (Chen
et al. 2005). The mitochondrial population
within individual cells shows heterogeneity in
membrane potential, and oxygen consump-
tion is compromised. As a result, cells without
mitochondrial fusion grow much more slowly
than their wild-type counterparts. Other ge-
netic manipulations that lead to mitochon-
drial fragmentation do not lead to such func-
tional changes, and therefore fusion per se,
apart from mitochondrial shape, appears to
be important for mitochondrial function.

Why mitochondrial fusion is so important
remains to be understood. It is probably be-
cause mitochondrial fusion allows mitochon-
dria within a cell to cooperate with each other
(Chen et al. 2003). In a wild-type cell, high
rates of fusion and fission constantly change
the identity of individual mitochondria. A dis-
crete mitochondrion at one point in time will
be changed at a later time by the addition of
new mitochondrial material through fusion or
by the removal of material through division.
Therefore, mitochondria are not autonomous

organelles; during their lifetime, their bound-
aries are constantly redefined. In cells lack-
ing mitochondrial fusion, mitochondria be-
come autonomous organelles that are unable
to interact with their neighbors. In this case,
defects in mitochondrial function—perhaps
due to depletion of substrates, mitochon-
drial DNA (mtDNA), or metabolites—cannot
be complemented by fusion with healthy
mitochondria.

Mitochondrial fusion can also protect
cells from the detrimental effects of mtDNA
mutations by allowing functional comple-
mentation of mtDNA gene products. Cell
hybrids formed by fusing parental cells carry-
ing different pathogenic mtDNA mutations
have restored respiratory activity (Ono et al.
2001). For unknown reasons, this comple-
mentation does not occur until approximately
two weeks after cell fusion, even though in
PEG fusion assays, mitochondrial fusion can
be detected within a few hours. In animal
models of mtDNA disease, tissues do not
show defective mitochondria until the load
of pathogenic mtDNA is very high (Nakada
et al. 2001). Significantly, in cells with less
than 60% pathogenic mtDNA, all the mito-
chondria are functional, indicating that fusion
protects the function of the mitochondrial
population.

Mitochondrial Dynamics in
Development and Apoptosis

Mitochondrial fusion is an essential process in
mammals. Mice lacking either Mfn1 or Mfn2
die in utero at approximately embryonic day
10.5-11.5 (Chen et al. 2003). Mfn2 mutant
embryos develop normally until placental in-
sufficiency leads to retardation of growth. In
the absence of Mfn2, the trilaminar structure
of the placenta is disrupted. The resulting
placenta has very few trophoblast giant cells,
polyploid cells that provide a number of cel-
lular functions necessary for maintenance of
the embryo.

Although these mutant mice could not be
used to study later developmental functions
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of mitofusins, it is likely that mitochondrial
fusion also plays important roles in adult cells.
In several tissues, ultrastructural studies of mi-
tochondrial morphology during tissue differ-
entiation indicate that mitochondria undergo
dramatic morphological transitions, includ-
ing increases in tubule length and intercon-
nectivity that are likely due to developmen-
tally regulated fusion (Chen & Chan 2004).
Because neurodegenerative diseases can be
caused by mutations in human Mfn2 or OPA1
(Alexander et al. 2000, Delettre et al. 2000,
Zuchner et al. 2004), certain neurons likely
are particularly vulnerable to perturbations in
mitochondrial dynamics. In cultures of hip-
pocampal neurons, mitochondria appear to be
recruited into actively growing dendritic pro-
trusions, particularly when the neurons are
activated by depolarization (Li et al. 2004).
Perturbation of mitochondrial dynamics in
this system leads to a reduction in dendritic
spine growth and synapse formation, suggest-
ing that regulated recruitment of mitochon-
dria is important for dendritic structure and
plasticity.

Studies of Drosophila mutants have pro-
vided clues as to why mitochondria are impor-
tant to neurons. Mutations in Drpl or Miro
(mitochondrial-Rho-GTPase) result in dras-
tic reductions in the number of mitochon-
dria that can reach nerve terminals (Guo et al.
2005, Verstreken et al. 2005). Miro is a mito-
chondrial outer membrane protein that con-
tains tandem GTPase domains and EF hands,
Ca’*-binding motifs. Mammals contain two
homologs, Miro-1 and Miro-2, that regulate
mitochondrial morphology (Fransson et al.
2003). The yeast ortholog, Geml, also reg-
ulates mitochondrial morphology through a
pathway separate from mitochondrial fusion
or fission (Frederick et al. 2004). In the case
of Drosophila Miro mutants, the absence of
mitochondria from the neuromuscular junc-
tion leads to structural defects in the synapse
(Guo et al. 2005). For both Miro and Drpl
mutants, the neurons show only modest de-
fects in Ca>* buffering that are aggravated by
prolonged, high-intensity activity (Guo et al.
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2005, Verstreken etal. 2005). The primary de-
fect appears to be the reduced amount of ATP
available at the nerve terminal.

Although mouse mutants of mitochondrial
fission genes have not been reported, it is
likely that mitochondrial fission is also an
essential function. In Cuenorbabditis elegans,
knockdown of Drpl by RNAi leads to very
early embryonic lethality (Labrousse et al.
1999). In addition, mitochondrial fission plays
an important role in apoptosis. In several
models of apoptosis, mitochondria fragment
at the onset of cell death (Breckenridge et al.
2003, Desagher & Martinou 2000, Frank etal.
2001). This fragmentation occurs at approxi-
mately the time that Bax, a proapoptotic Bcl2
family member, translocates to mitochondria,
and before caspase activation. Fragmentation
depends on the activity of Drpl and Fis1, and
inhibition of these molecules reduces the level
of apoptosis (Breckenridge et al. 2003, Frank
et al. 2001, Lee et al. 2004). These events
are likely to be relevant for apoptotic events
in vivo. In C. elegans, developmentally regu-
lated apoptosis also results in mitochondrial
fragmentation thatis Drp1 dependent (Jagasia
et al. 2005). Blockage of Drpl function re-
duces the efficiency of cell death. However,
the proapoptotic role of mitochondrial fission
in cell death is not universal. In ceramide-
induced cell death, Ca* is a key effector that
moves from the endoplasmic reticulum to mi-
tochondria, ultimately leading to mitochon-
drial permeabilization and caspase activation.
This Ca’*-mediated signaling is enhanced
in cells with interconnected mitochondria,
and therefore forced fragmentation of mito-
chondria leads to protection from cell death
(Szabadkai et al. 2004).

Whereas mitochondrial fission often plays
a proapoptotic role, mitochondrial fusion
seems to protect cells from cell death. Mito-
chondrial fusion is reduced following induc-
tion of apoptosis (Karbowski et al. 2004a), and
overexpression of mitofusins can reduce the
level of apoptosis (Sugioka et al. 2004). De-
pletion of OPA1 or mitofusins results in poor
cell growth (Chen et al. 2005) and enhances
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susceptibility to apoptotic stimuli (Lee et al.
2004, Olichon etal. 2003, Sugioka etal. 2004).

Mitochondrial Dynamics in Disease

Mutations in Mfn2 cause Charcot-Marie-
Tooth subtype 2A (CMT?2A), a peripheral
neuropathy characterized by muscle weakness
and sensory loss in the distal limbs (Zuchner
etal. 2004). The most common form of CMT
(CMTT1) involves defects in the Schwann cells
that myelinate the peripheral nerves (Kuhlen-
baumer et al. 2002, Zuchner & Vance 2005).
As a result of Schwann cell dysfunction, pa-
tients have reduced nerve conduction veloc-
ities and show demyelination in nerve biop-
sies. In contrast, patients with CMT2A have
normal nerve conduction velocities, and the
peripheral nerve defect is thought to be ax-
onal, or intrinsic to the motor and sensory
neurons. Despite the pathological distinctions
between the two subtypes, the symptoms are
similar and consist of weakness in the feet,
calves, hands, and forearms. Foot weakness
causes footdrop and a characteristic high gait
to compensate. Long-term imbalance of foot
muscles leads to an abnormally high arch and
hyperextension of the toes, a foot deformity
termed pes cavus, or claw foot. Another ax-
onal type of CM'T with associated optic atro-
phy has also been linked to mutations in Mfn2
(Zuchner et al. 2006).

Most of the M2 mutations causing
CMT?2A reside in or near the GTPase do-
main (Kijima et al. 2005, Lawson et al. 2005,
Zuchner etal. 2004). Because the GTPase do-
main is essential for Mfn2 function, CMT2A
may be due to haploinsufficiency of Mfn2
(Zuchner et al. 2004). However, mice het-
erozygous for Mfn2 do not have neuromuscu-
lar defects (Chen etal. 2003). It is unclear why
long motor and sensory neurons are specifi-
cally affected in CMT2A, given that Mfn2 is
broadly expressed in adult tissues. Hopefully
these issues can be addressed through animal
models.

GDAP1, the gene mutated in CMT4A,
may also be involved in the control of mi-

tochondrial dynamics (Niemann et al. 2005).
Patients with CMT4A exhibit both demyeli-
nation and axonal neuropathy, and consis-
tent with this mixed presentation, GDAP1
is expressed in both Schwann cells and neu-
rons. GDAP1 contains two glutathione-S-
transferase domains and is localized to the
outer membrane of mitochondria. Overex-
pression of GDAP1 leads to mitochondrial
fragmentation thatis dependent on Drp1, im-
plicating involvement of the normal fission
machinery. Reduction of GDAP1 expression
leads to elongation of mitochondrial tubules,
suggesting that GDAPI is involved in mito-
chondrial fission. Disease alleles of GDAP1
either prevent mitochondrial localization or
reduce the mitochondrial fragmentation ac-
tivity of GDAP1.

The most common form of inherited op-
tic atrophy is autosomal dominant optic at-
rophy (DOA), in which patients exhibit bilat-
eral optic nerve atrophy due to loss of retinal
ganglion cells (Delettre et al. 2002). Several
genetic loci have been linked to this disease;
the OPALI is by far the most commonly af-
fected gene (Alexander et al. 2000, Delettre
et al. 2000). In one OPA1 pedigree, mono-
cytes from patients were found to have a
defect in mitochondrial distribution, with mi-
tochondria that clumped instead of being dis-
persed within the cell (Delettre et al. 2000).
Unfortunately, ultrastructural studies of mi-
tochondria in retinal ganglion cells from pa-
tient samples have not been reported. How-
ever, knockdown of OPA1 in cultured retinal
ganglion cells also leads to aggregation of mi-
tochondria (Kamei et al. 2005). As expected,
OPALl is expressed in the retina, although it re-
mains unclear whether it is broadly expressed
there or restricted to retinal ganglion cells (Ju
et al. 2005, Kamei et al. 2005, Pesch et al.
2004).

Given the autosomal dominant nature
of DOA, and the observation that some
OPA1 disease alleles are severely truncated,
haploinsufficiency of OPAI likely accounts
for some cases of DOA (Delettre et al.
2002). Most OPA1 disease alleles, however,
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contain less severe truncations or have
point mutations in the GTPase or cen-
tral domain (http://Ibbma.univ-angers.fr/
eOPAL1/). In such cases, itremains to be deter-
mined whether these alleles have dominant-
negative effects on the remaining wild-type
allele. Other dynamin family GTPases have
been shown to assemble into oligomers, and
mutants with truncations or point muta-
tions often have dominant-negative activ-
ity (Praefcke & McMahon 2004). Clarifi-
cation of these issues has been hampered
by the lack of a straightforward cell-based
system for structure/function analysis of
OPAL.

It has been suggested, on the basis of the
known role of OPALI in regulation of mito-
chondrial dynamics, that OPA1-type DOA is
a mitochondrial disease (Delettre et al. 2002).
Recently, there has been evidence that this dis-
ease may have additional parallels to classic
mitochondrial encephalomyopathy. In some
pedigrees of DOA caused by OPAl muta-
tions, there is associated neurosensory hear-
ing loss, ptosis, and ophthalmoplegia (Payne
et al. 2004). Given the frequent occurrence
of myopathy in mitochondrial disorders, it
would be interesting to determine whether
the ptosis and ophthalmoplegia are due to
muscle defects. Intriguingly, metabolic stud-
ies of OPAl-type DOA patients suggest a

SUMMARY POINTS

deficitin mitochondrial function within skele-
tal muscle (Lodi et al. 2004).

PERSPECTIVES

Although it was an obscure subject a few years
ago, mitochondrial dynamics has emerged as
a fundamental cell biological process with
clearly importantroles in mammalian biology.
With key components of the fusion and fission
machinery in hand, biologists have begun to
make advances in understanding the molecu-
lar mechanisms of these membrane remodel-
ing events. To make further progress, detailed
structural and biochemical knowledge will be
required.

Mitochondrial dynamics is important not
only for control of the shape but also the func-
tion of mitochondria. We must devise new
methods to understand how mitochondria in-
teract with each other and why such inter-
actions are important for the health of the
aggregate mitochondrial population within a
cell. An appreciation of this feature of mito-
chondrial biology will be important for under-
standing why certain cell types, for example
neurons, are particularly dependent on mito-
chondrial dynamics. Given that perturbations
in mitochondrial fusion result in neurodegen-
erative disease, such approaches hold promise
for the improvement of human health.

1. Mitochondria are dynamic organelles whose morphologies are controlled by fusion

and fission.

2. Mitochondrial fusion and fission are essential for normal mitochondrial function,

implying that mitochondria do not function well as autonomous organelles.

3. The mitofusins Mfnl and Mfn2, key components of the mammalian mitochondrial
fusion machinery, are localized to the outer membrane and mediate tethering of

mitochondria during the fusion process.

4. The mammalian mitochondrial fission machinery consists of the outer membrane

protein Fisl and the dynamin-related GTPase Drpl.

5. Mitochondrial dynamics plays important roles in vertebrate development and pro-

grammed cell death.

Chan
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6. Mutations in the mitochondrial fusion machinery lead to two human neurodegen-
erative disorders, Charcot-Marie-Tooth subtype 2A and autosomal dominant optic
atrophy.

FUTURE ISSUES

1. After mitochondrial tethering by mitofusins, how is membrane merger accomplished?
Membrane fusion likely involves rearrangement of the mitofusin tether to force closer
membrane apposition.

. How is inner membrane fusion coupled to outer membrane fusion?
. How is inner membrane structure controlled?
. Can in vitro reconstitution be developed for mammalian mitochondrial fusion?

. Are there functional equivalents for Ugol, Caf4, and Mdvl in mammals?

[, WY, T N VST |

. How is OPA1 posttranslationally processed? By analogy with yeast Mgm1, it is likely
that processing by a mitochondrial protease is important for the regulation of OPA1
function.

7. How is Drpl recruited to mitochondria into punctate spots, and how do some of these
proceed to actual fission?

8. Studies of cells lacking mitofusins or OPALI indicate that autonomous mitochondria
do not function well. Why do mitochondria need to exchange contents?

9. What is the basis for the extreme tissue specificity of CMT2A and DOA, given the
widespread expression of Mfn2 and OPAI1?

10. Why is mitochondrial dynamics so important in neurons?
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