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In healthy cells, mitochondria continually divide and
fuse to form a dynamic interconnecting network. The
molecular machinery that mediates this organelle fis-
sion and fusion is necessary to maintain mitochondrial
integrity, perhaps by facilitating DNA or protein quality
control. This network disintegrates during apoptosis at
the time of cytochrome c release and prior to caspase
activation, yielding more numerous and smaller mito-
chondria. Recent work shows that proteins involved in
mitochondrial fission and fusion also actively participate
in apoptosis induction. This review will cover the recent
advances and presents competing models on how the
mitochondrial fission and fusion machinery may inter-
sect apoptosis pathways.

Apoptosis mediates the catabolism of eukaryotic cells
that is crucial for metazoan development, adult tissue
turnover, host defense pathways, and protection from
cancer. All pathways of apoptosis converge upon the ac-
tivation of caspases, proteases that orchestrate the effi-
cient and noninflammatory demolition of cells. Two
main pathways leading to caspase activation have been
well characterized: the extrinsic route initiated by cell
surface receptors leading directly to caspase 8 activation,
and the intrinsic path that is regulated by mitochondria.
The mitochondrial stage of apoptosis control is upstream
of caspase activation and is mediated by the Bcl-2 family
of proteins. One well understood role of mitochondria in
caspase activation is to regulate the release of proteins
from the space between the inner and outer mitochon-
drial membranes to the cytosol. When cytochrome c is
released from mitochondria, it binds to APAF1 in the
cytosol, activating the assembly of the apoptosome that
activates caspase 9 (Bao and Shi 2007). Other proteins
released from mitochondria, such as SMAC/Diablo, have
less crucial accessory roles in caspase activation, perhaps
most important in long-lived cells (Potts et al. 2005).

Bcl-2 family proteins regulate the release of cyto-
chrome c and other proteins through the outer mito-
chondrial membrane (OMM) (Adams and Cory 2007;
Chipuk and Green 2008). Some members of the Bcl-2
family inhibit apoptosis, such as Bcl-2, Bcl-xL, and Mcl-

1, whereas others, such as Bax and Bak, activate apopto-
sis. Bax and Bak actively induce cytochrome c release
from mitochondria within cells and in cell-free systems,
both of which are inhibited by anti-apoptotic Bcl-2 fam-
ily members. As the anti-apoptotic Bcl-2 family mem-
bers closely resemble the proapoptotic members in
structure, they may function as dominant negative in-
hibitors by binding and inhibiting Bax and Bak. Another
class of disparate proteins including Puma and Bim,
called BH3-only proteins, shares a short motif with Bcl-2
family proteins and regulates their activity. One model
posits that upon apoptosis initiation, BH3-only proteins
are induced and then bind and inhibit anti-apoptotic
Bcl-2 family proteins, allowing pro-apoptotic Bax and
Bak to permeabilize the mitochondrial outer membrane
releasing cytochrome c and other proteins to activate
caspases and induce cell demolition (for review, see
Youle and Strasser 2008).

Prior to, or simultaneous with, cytochrome c release
and upstream of caspase activation, mitochondria frag-
ment into multiple small units. Blocking of this mito-
chondrial fission inhibits cytochrome c release and de-
lays cell death, linking the morphogenesis machinery of
this organelle to cell death induction. This review will
focus on how this fragmentation occurs and particularly
on how mitochondrial fission and fusion machinery may
participate in outer mitochondrial membrane permeabi-
lization and apoptosis activation.

Mitochondrial fission and fusion machinery

Mitochondrial morphology is much more dynamic than
initially thought. In many adherent cell types, mito-
chondria form elongated tubules that continually divide
and fuse to form a dynamic interconnecting network.
The fusion process is critical for maintenance of mito-
chondrial function, as interruption of mitochondrial fu-
sion results in a loss of inner mitochondrial membrane
potential (Chen et al. 2003). Many of the gene products
mediating the fission and fusion processes have been
identified in yeast screens, and most are conserved in
mammals, including the fission mediators Drp1 (Dnm1
in yeast) and Fis1, as well as the fusion mediators Mfn1
and 2 (Fzo1 in yeast) and OPA1 (Mgm1 in yeast) (Wes-
termann 2008). However, mammalian homologs of the
yeast fission mediator Mdv1, the Mdv1 homolog Caf4,
and the yeast fusion mediator Ugo1 have not been found
in mammals. Additional proteins have been found in
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mammals that appear absent in yeast, such as Bax and
the Bax-binding protein, Endophilin B1, which affect mi-
tochondrial morphogenesis and will be considered here
in the context of apoptosis regulation.

Fission machinery in mammalian cells

Dynamin-related protein 1 (Drp1), a large GTPase, me-
diates mitochondrial fission in mammalian cells (for re-
views, see Okamoto and Shaw 2005; Hoppins et al.
2007). It appears to share common mechanisms with its
homolog, dynamin, a protein involved in endosome scis-
sion from the plasma membrane. Dynamin assembles
from the cytosol into spirals around the neck of endo-
somes. These dynamin helices constrict lipid tubules
(Danino et al. 2004) and twist upon GTP cleavage to
mediate lipid tubule scission in vitro if both ends of the
tubule are anchored (Roux et al. 2006). Most Drp1 is
found soluble in the cytosol of cells from where it
shuttles onto and off mitochondria (Smirnova et al. 2001;
Wasiak et al. 2007). Assuming analogy to studies of yeast
Dnm1 (Ingerman et al. 2005), Drp1 assembles into spi-
rals at division sites around the outer mitochondrial
membrane to drive the fission process (Fig. 1). Dnm1
spirals are 109 nm in internal diameter, about five times
larger than dynamin spirals (20 nm i.d.), and matching
the diameter of mitochondrial constriction sites (111
nm) (Ingerman et al. 2005). Mutations that block Drp1
GTPase activity yield dominant negative mutants that
inhibit mitochondrial fission, resulting in excessively
tubular mitochondrial networks due to ongoing fusion
(Otsuga et al. 1998; Smirnova et al. 2001). Thus, Drp1
appears to constrict mitochondria either due to the as-
sembly of the spiral or to subsequent changes in helical
diameter.

The mechanism for recruitment of Drp1 to the mito-
chondria for spiral formation and mitochondrial fission
remains unclear. In yeast, this assembly requires Fis1, a
tetratricopeptide domain protein anchored into and
evenly coating the entire OMM (Fig. 1; Suzuki et al.

2003; Dohm et al. 2004). In yeast, Fis1 recruits Dnm1 to
the mitochondria through one of two adaptor proteins,
Mdv1 or Caf4 (Mozdy et al. 2000; Tieu and Nunnari
2000; Griffin et al. 2005). However, orthologs of these
adaptor proteins have not been identified in mammals,
and mammalian Drp1 appears to assemble on mitochon-
dria in the absence of Fis1 (Lee et al. 2004). It remains to
be determined if Drp1 directly binds Fis1, although
cross-linking studies and fluorescence resonance energy
transfer (FRET) techniques are consistent with this hy-
pothesis (Yoon et al. 2003). In mammalian cells, actin
filaments and microtubules also appear to function in
recruitment of Drp1 to mitochondria (Varadi et al. 2004;
De Vos et al. 2005).

It remains unclear how the inner mitochondrial mem-
brane is divided. Mitochondria in certain algae such as
Cyanidioschyzon merolae (Kuroiwa et al. 2006) and the
slime mold Dictyostelium (Gilson et al. 2003) retain ho-
mologs of the prokaryotic GTPase that mediates bacte-
rial division, FtsZ, which assembles in rings within the
mitochondrial matrix compartment (Kuroiwa et al.
2006) to mediate organelle division (Gilson et al. 2003).
Cyanidioschyzon merola also has Drp1 and Mdv1 ho-
mologs (Nishida et al. 2007) that likely mediate OMM
fission, but FtsZ is not found in yeast or mammals. In
organisms lacking FtsZ, based on suborganelle location
in the inner mitochondrial membrane, the dynamin ho-
molog, OPA1, would be a candidate to mediate inner
mitochondrial membrane fission if its dominant activity
in inner mitochondrial membrane fusion can work in
reverse.

Another protein involved in mitochondrial morpho-
genesis in mammals is Endophilin B1 (also called Bif-1
and SH3GLB1), a BAR domain-containing protein that
localizes to the cytosol of cells and interacts with Bax
(Cuddeback et al. 2001; Pierrat et al. 2001). Endophilin
B1, like Endophilin A1 that binds dynamin and partici-
pates in endosome scission, appears to regulate mem-
brane curvature (Peter et al. 2004) and deforms lipid bi-
layers into tubules in vitro (Farsad et al. 2001). Down-
regulation of Endophilin B1 in cells results in OMM
dissociation from the inner mitochondrial membrane,
forming long tubules of OMM (Karbowski et al. 2004b).
As shown in Figure 2, in certain cells lacking Endophilin
B1, nets of interconnected OMM link separated inner
mitochondrial membrane-bound matrix compartments.
This may occur from inner mitochondrial membrane
scission continuing in the absence of OMM scission.
Drp1 appears to activate the inner mitochondrial mem-
brane scission in the Endophilin B1 knockdown cells de-
spite the lack of OMM scission, as the combined Drp1/
Endophilin B1 knockdown yields elongated mitochon-
dria similar to that seen with Drp1 knockdown alone
(Karbowski et al. 2004b).

MTP18 (mitochondria protein, 18 kDa) and ganglio-
side-induced differentiation associated protein 1
(GDAP1) are two additional proteins that influence mi-
tochondrial fission. MTP18, a downstream effector of
phosphatidylinositol 3 kinase (PI3K) signaling, has been
proposed to regulate mitochondrial fission through re-

Figure 1. Mitochondrial fission machinery. Schematic of the
localization of three proteins (Drp1, Fis1, and MARCH5) in-
volved in mitochondrial fission in mammalian cells.
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cruitment of Drp1 to the OMM (Tondera et al. 2004,
2005). Knockdown of MTP18, which localizes to the in-
termembrane space, leads to cytochrome c release from
mitochondria, although whether this effect is direct has
yet to be elucidated (Tondera et al. 2004, 2005). GDAP1
is a mitochondrial outer membrane protein (Pedrola et
al. 2005) that is mutated in Charcot-Marie-Tooth disease
type 4A (CMT-4A). Overexpression of GDAP1 causes
fragmentation of mitochondria with no effect on cell
death (Niemann et al. 2005), while down-regulation of
GDAP1 or the expression of certain patient mutant
forms, which are truncated and no longer localize to mi-
tochondria, tend to elongate mitochondria, indicating
that GDAP1 plays a normal function in mitochondrial
fission.

Fusion machinery in mammalian cells

Mitochondrial fission is normally balanced by fusion. In
yeast, this process has been extensively studied and re-
viewed (Cerveny et al. 2007; Hoppins et al. 2007; Merz et
al. 2007), and here we will consider the fusion machinery
in mammalian cells, omitting Ugo1 identified thus far
only in yeast. Conserved between yeast and mammals,
three large GTPases in the dynamin family, Mfn1, Mfn2,
and OPA1, mediate mitochondrial fusion (Fig. 3). Cell-
free fusion assays indicate that Mfn1 and 2 mediate
OMM fusion whereas OPA1 mediates inner mitochon-

drial membrane fusion (Meeusen et al. 2004, 2006).
OPA1 is localized on the inner mitochondrial mem-
brane, facing the intermembrane space (Olichon et al.
2002). OPA1 in mammals is encoded by a single gene
with eight transcript variants resulting from alternative
splicing (Delettre et al. 2001). The various splice variants
of OPA1 are differentially proteolyzed into long and
short forms, yielding an array of different OPA1 isoforms
in the mitochondria. Cleaved forms of OPA1 are more
loosely attached to the inner mitochondrial membrane
than long forms that retain a hydrophobic domain (Ishi-
hara et al. 2006). Studies of the yeast homolog, Mgm1,
show that the shorter, proteolytically processed form of
Mgm1 is required in combination with the long form to
mediate mitochondrial fusion (Herlan et al. 2003). A va-
riety of proteases including members of the rhomboid
family (Herlan et al. 2003; McQuibban et al. 2003; Sesaki
et al. 2003; Cipolat et al. 2006), parapalegin (Ishihara et
al. 2006), and Yme1 (Griparic et al. 2007; Song et al.
2007) have been implicated in OPA1 processing. OPA1
cleavage is accelerated when the electrochemical poten-
tial across the inner mitochondrial membrane is re-
duced, suggesting that OPA1 processing and thus its ac-
tivity could be regulated to coordinate the energetic state
of mitochondria with organelle morphology (Griparic et
al. 2004; Duvezin-Caubet et al. 2006; Ishihara et al. 2006;
Meeusen et al. 2006).

Mitofusins 1 and 2 (Mfn1, Mfn2) integrate into the
OMM with two transmembrane regions separated by
only two to three amino acids facing the intermembrane
space (Santel and Fuller 2001) orienting their N-terminal
GTPase domain and C-terminal coiled-coil regions to-
ward the cytosol (Rojo et al. 2002). The GTPase activity
of mitofusins is essential for mitochondrial fusion (Hales
and Fuller 1997; Hermann et al. 1998; Santel and Fuller
2001). The C-terminal coiled-coil region of Mfn1 and
Mfn2 mediates tethering between mitochondria through
homo- or heterotypic complexes formed between adja-
cent mitochondria (Chen et al. 2003; Ishihara et al. 2004;
Koshiba et al. 2004; Meeusen et al. 2004).

Several Mfn2-binding proteins have been identified to
date, including certain Bcl-2 family members, MIB, and
Stoml2. Bax and Bak, two pro-apoptotic Bcl-2 family
members, have recently been shown to interact with
Mfn2 and Mfn1 by coimmunoprecipitation and fluores-
cence resonance energy transfer (FRET) studies (Brooks
et al. 2007). Bcl-2, Bcl-xL, and Caenorhabditis elegans
CED-9 have been shown to specifically interact by co-
immunoprecipitation with Mfn2 but not Mfn1 (Delivani
et al. 2006). The interactions between Bcl-2 family mem-
bers and the mitofusins will be discussed in detail in
later sections. Mitofusin-binding protein (MIB), a mem-
ber of the medium-chain dehydrogenase/reductase su-
perfamily, is mainly localized in the cytosol. Knock-
down of MIB leads to elongation of the mitochondrial
network, indicating that MIB regulates mitochondrial
fission (Eura et al. 2006). Stomatin-like protein 2
(Stoml2) was identified in a complex with Mfn2 in
healthy cells (Hajek et al. 2007) and is associated with
the inner mitochondrial membrane facing the inter-

Figure 2. Outer mitochondrial morphology effects of Endo-
philin B1 knockdown. Confocal image of Endophilin B1/Bif1/
SH3GLB1 knockdown by RNA interference in HeLa cells shows
webs of OMM tubules (green) linking fragmented matrix com-
partments (red). Immunofluorescence of OMM is in green (�-
Tom20) and the mitochondrial matrix is shown in red (�-
TRAP1) (image by Chunxin Wang).
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membrane space. Knockdown of Stoml2 reduces mem-
brane potential without affecting mitochondrial mor-
phology.

Mitochondrial phospholipase D (mitoPLD) is another
protein implicated in mitochondrial fusion (Choi et al.
2006). Loss of mitoPLD expression induced by RNA in-
terference (RNAi) leads to fragmentation of the mito-
chondrial network. Overexpression of mitoPLD with a
mutation in the catalytic domain fails to reconstitute
mitochondrial fusion in mitoPLD knockdown cells and
leads to mitochondrial fragmentation in wild-type cells,
indicating that enzyme activity is necessary for mito-
chondrial fusion. MitoPLD is a dimeric enzyme bound to
the OMM through a C-terminal transmembrane anchor
with an N-terminal catalytic domain facing the cytosol.
Based on the topology of mitoPLD, the catalytic domain
may insert into an adjacent OMM and modify lipids fol-
lowing mitofusin-mediated mitochondrial tethering.
MitoPLD has been shown to hydrolyze cardiolipin, gen-
erating phosphatidic acid. While the role of phosphatidic
acid in mitochondrial fusion remains unknown, it may
function to induce membrane curvature or recruit other
proteins to mitochondria through altering the membrane
lipid environment, either of which could play a role in
membrane fusion events.

Post-translational modification of Drp1 and Mfn2

Phosphorylation has recently been identified as an im-
portant post-translational modification to regulate Drp1-
mediated mitochondrial fission. During mitosis, Drp1 is
activated by CDK1/cyclinB phosphorylation of Ser618
(human Drp1; 585 in rat Drp1), resulting in mitochon-
drial fragmentation (Taguchi et al. 2007). Conversely,
Drp1 GTPase activity is inactivated by phosphorylation
at Ser637 (human Drp1; Ser656 in rat Drp1) within the
GTPase effector domain (GED) mediated by cAMP-de-
pendent protein kinase A (PKA), resulting in mitochon-

drial fusion (Chang and Blackstone 2007; Cribbs and
Strack 2007). Thus, Drp1 activity can be positively and
negatively regulated by kinases.

Drp1 also has been shown to be a substrate for su-
moylation and to interact with SUMO1 by yeast two-
hybrid (Harder et al. 2004). Overexpression of SUMO1
leads to excessive Drp1 sumoylation and results in mi-
tochondrial fragmentation (Harder et al. 2004). SENP5, a
SUMO protease, can desumoylate Drp1, and overexpres-
sion of cytosolic SENP5 can reverse SUMO1-induced
mitochondrial fragmentation (Zunino et al. 2007). Thus,
sumoylation of Drp1 appears to positively regulate its
activity in mitochondrial fission.

MARCH5 is a newly identified membrane-spanning
ubiquitin E3 ligase that localizes to mitochondria and
plays a role in regulation of mitochondrial morphology
(Nakamura et al. 2006; Yonashiro et al. 2006; Karbowski
et al. 2007). It contains an N-terminal RING finger do-
main and four transmembrane domains localizing
MARCH5 to the OMM (Fig. 1). The Yonashiro and Na-
kamura groups report that inhibition of MARCH5 activ-
ity by expression of a dominant negative mutant causes
mitochondrial fragmentation (Nakamura et al. 2006; Yo-
nashiro et al. 2006). However, Karbowski and colleagues
subsequently reported that inhibition of MARCH5 in-
creases elongation of and interconnection between mi-
tochondria and causes excessive recruitment of Drp1 to
mitochondria (Karbowski et al. 2007). In contrast to
wild-type MARCH5 that localizes evenly around mito-
chondria, RING mutants of MARCH5 localize in foci
with Drp1 on the mitochondrial surface. Thus,
MARCH5 seems to be involved in mitochondrial fission,
perhaps through disassembly or turnover of Drp1 spirals
at fission sites.

The yeast mitofusin, Fzo1, and likely Mfn1 and 2, is
regulated by ubiquitination. During mating, yeast mito-
chondria fragment and Fzo1 levels decrease. Interest-
ingly, this loss of Fzo1 is attenuated by chemical inhibi-

Figure 3. Mitochondrial fusion machin-
ery. Schematic of the submitochondrial lo-
calization of mammalian proteins in-
volved in mitochondrial fusion in healthy
cells, including the mitofusins, OPA1,
mitoPLD, and Bak (see key). Insert shows
the localization of proteases proposed to
function in OPA1 cleavage. Presenilin-as-
sociated rhomboid-like (PARL) is one
member of the rhomboid family.
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tion (Neutzner and Youle 2005) or genetic inactivation
(Escobar-Henriques et al. 2006) of the proteasome. Thus,
Fzo1 appears to be removed from the OMM and degraded
as a specific regulatory mechanism. During vegetative
growth, Fzo1 has been shown to be Lys48 ubiquitinated
(Neutzner et al. 2007), suggesting the model of a protea-
some-mediated degradative process on the outer mito-
chondrial membrane, resembling that of the ER-associ-
ated degradation (ERAD) pathway of membrane-span-
ning protein removal and degradation. Expression levels
of mammalian Mfn1 and 2 can be increased by treating
cells with proteasome inhibitors (Karbowski et al. 2007),
suggesting that the ubiquitin proteasome pathway also
regulates mitofusins in mammals.

Role of mitochondrial fission machinery in apoptosis

Fission machinery plays a critical role in programmed
cell death

Mitochondrial fission is an early event during apoptosis,
occurring before caspase activation and membrane bleb-
bing. The process occurs very close in time to cyto-
chrome c release, either just prior to or simultaneously,
as fragmented mitochondria can readily be seen retain-
ing cytochrome c (Fig. 4). Although this fragmentation
appears to be universally associated with apoptosis, ex-
cessive mitochondrial fission can occur in the absence of
apoptosis, such as that which occurs upon exposure to
uncoupling agents that disrupt inner mitochondrial
membrane electrochemical potential. FCCP-induced mi-
tochondrial fragmentation, for example, is reversible
upon drug removal, leaving normal mitochondria and
healthy cells. Other stimuli, such as viral infection, also
can induce mitochondrial fragmentation that is not
linked to apoptosis. For instance, expression of a cyto-
megaloviral protein that interacts with Bcl-2 family
members to block apoptosis at the mitochondria (Ar-
noult et al. 2004; Poncet et al. 2004; Karbowski et al.
2006), vMIA (viral mitochondria-localized inhibitor of
apoptosis), leads to fragmentation of the mitochondrial
network while functioning to block cell death (McCor-
mick et al. 2003). Thus, while apoptosis is only one of a
variety of conditions that induce mitochondrial fission,
it appears to be invariably associated with mitochondrial
fragmentation. Moreover, the excessive mitochondrial
fission appears to be a requisite step in intrinsic apopto-
sis pathways, at least for the normal rate of cytochrome
c release and caspase activation, as several components
of the mitochondrial fission machinery, Drp1, Fis1, and
Endophilin B1, have been implicated in programmed cell
death progression.

Drp1 mediates cytochrome c release during apoptosis

Upon apoptotic stimulation, Drp1 is recruited to the mi-
tochondrial outer membrane (Frank et al. 2001; Breck-
enridge et al. 2003; Arnoult et al. 2005b; Wasiak et al.
2007), where it colocalizes with Bax and Mfn2 at fission
sites (Karbowski et al. 2002). Drp1 function is required
for apoptotic mitochondrial fission, as expression of a
dominant negative mutant (Drp1K38A) or down-regula-

tion of Drp1 by RNAi delays mitochondrial fragmenta-
tion, cytochrome c release, caspase activation, and cell
death (Frank et al. 2001; Breckenridge et al. 2003; Lee et
al. 2004; Germain et al. 2005; Barsoum et al. 2006). Simi-
larly, a cell line with an endogenous loss of activity mu-
tation in Drp1 displays resistance to hydrogen peroxide-
induced cell death, an apoptotic process (Tanaka et al.
2006). Inhibiting Drp1 activity by RNAi (Lee et al. 2004;
Germain et al. 2005) inhibits apoptosis at a unique step,
downstream from Bax translocation and prior to cyto-
chrome c release, placing Drp1 very close to the site of
action of Bax on mitochondria.

Post-translational modification of Drp1 regulates
its role in apoptosis

Expression of a phosphomimetic mutant Drp1 S656D in
cells leads to mitochondrial elongation and increased re-
sistance to staurosporine- and etoposide-mediated apo-
ptosis (Cribbs and Strack 2007). On the other hand,
elimination of the conserved PKA phosphorylation site
with an S656A mutation in Drp1 results in increased
mitochondrial fragmentation and a higher sensitivity to
apoptotic stimuli (Cribbs and Strack 2007).

Figure 4. Cytochrome c release during apoptosis. Confocal im-
age of multiple HeLa cells treated with actinomycin D and z-
VAD-FMK (caspase inhibitor). Green represents cytochrome c
immunofluorescence. (1) Healthy cells with long mitochondria
and cytochrome c present in mitochondria. (2) During early
stages of apoptosis, mitochondria fragment while some cyto-
chrome c is retained in mitochondria. (3) Progressively later
stages of apoptosis also have fragmented mitochondria, but cy-
tochrome c is beginning to become visible in the cytosol. (4)
Following complete release, cytochrome c is no longer within
the mitochondria (image by Mariusz Karbowski). The time
course for cytochrome c has been shown to be relatively fast and
complete, indicating that mitochondrial fragmentation occurs
immediately prior to or during the cytochrome c release pro-
cess.
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Drp1 sumoylation is also linked to apoptosis. During
apoptosis, Drp1 sumoylation increases (Wasiak et al.
2007), along with increased Drp1 association with the
OMM and increased mitochondrial fission. This study
demonstrates Drp1 association with mitochondria is sta-
bilized in a Bax/Bak-dependent manner after mitochon-
drial fragmentation but prior to cytochrome c release.
Thus, post-translational modifications of Drp1 impact
cell sensitivity to apoptosis and further link the mito-
chondrial fission machinery with programmed cell death.

One important proviso is that, in contrast to some
nonmammalian examples below, inhibition of Drp1 in
mammalian systems is typically incomplete and repre-
sents a delay rather than a block. This may reflect that
inhibition of Drp1 activity is itself lethal or damaging to
mammalian cells and/or that Drp1 is only indirectly
connected to the activity of Bax and Bak that more cen-
trally mediates programmed cell death. Drp1 impact on
Mfn1/2, OPA1, or even Miro-1, an OMM GTPase re-
cently found to mediate caspase activation in Drosophila
(Yi et al. 2007), may be the key. If death stimuli are so
great that Bcl-xL only partially protects cells, Drp1 inhi-
bition may have little effect on cell viability even when
an inhibition of cytochrome c release is apparent (Parone
et al. 2006).

Beyond mammals, Drp1 is essential for programmed
cell death in a number of other eukaryotes, including
fungi, round worms, and flies. In the filamentous asco-
mycete Podospora anserina, an experimental model of
aging, a link has been made between mitochondrial dy-
namics, apoptosis, and life-span control (Scheckhuber et
al. 2007). Aging of P. anserina correlates with a disrup-
tion of the normally filamentous mitochondrial network
into punctate units. Through subtractive hybridization
analysis, Scheckhuber and colleagues identified an in-
creased expression of a gene encoding a Drp1 ortholog,
PaDnm1p, during the senescent phase of aging that cor-
relates with the increase in mitochondrial fragmentation
(Scheckhuber et al. 2007). Notably, strains lacking
PaDnm1 display an 11-fold increase in mean life span.
Reintroduction of PaDnm1 reverts this phenotype. Also,
reorganization of mitochondrial DNA, a molecular hall-
mark of aging in P. anserina, is not observed in the
PaDnm1 mutants. Similarly, generation of reactive oxy-
gen species (ROS) is decreased in the PaDnm1 deletion
strain, possibly due to a higher efficiency of oxidative
phosphorylation in the longer, filamentous mitochon-
dria. Also, PaDnm1 deletion strains are resistant to the
exogenous DNA damaging agent, etoposide. The impact
of mitochondrial dynamics on aging has been also shown
in Saccharomyces cerevisiae through deletion of the
Dnm1 or Fis1 genes (Scheckhuber et al. 2007). These
deletion strains displayed an increased life span and im-
proved fitness of old mother cells.

While the roles in unicellular organisms are less clear
than in metazoans, yeast are considered to undergo a
type of programmed cell death (Hardwick and Cheng
2004). For example, yeast may require cell death path-
ways to respond to environmental stress or infection by
pathogens. Dnm1, the yeast ortholog of Drp1, has been

shown to promote mitochondrial fission and cell death
following exposure to environmental stress (Fannjiang et
al. 2004). Also, most yeast strains are persistently in-
fected by associated satellite dsRNA M viruses (“M
killer viruses”) that are transmitted to new hosts via
cell–cell fusion during mating. It has been shown that
yeast cells are susceptible to M1 and M2 killer strains,
while mutants lacking Dnm1 are significantly resistant
to cell death induced by these viruses (Ivanovska and
Hardwick 2005). These studies show the existence of cell
death pathways in yeast that involve the mitochondrial
fission machinery.

C. elegans displays well-defined developmental pro-
grammed cell deaths that utilize an established genetic
pathway involving Bcl-2 family members and caspases
(Metzstein et al. 1998). In this model it has been found
that reduction of Drp1 activity using the dominant-nega-
tive Drp1 mutant (Drp1K40A) causes the inappropriate
survival of ∼15% of the cells normally destined to die,
equivalent to the number of cells that survive with weak
loss-of-function mutations in known pro-apoptotic
genes ced-3, ced-4, and egl-1. On the other hand, over-
expression of drp1(wt) during embryogenesis results in
increased mitochondrial fragmentation and apoptosis in
∼20% of cells normally destined to survive (Jagasia et al.
2005).

Two recent studies have shown that Drp1-mediated
fragmentation of the mitochondrial network during ap-
optosis is also conserved in Drosophila melanogaster
(Abdelwahid et al. 2007; Goyal et al. 2007). Disruption of
the mitochondrial network has been shown to occur in
vivo during physiological developmental programmed
cell death and when primary fly cells cultured in vitro
are exposed to a variety of apoptotic stimuli, including
etoposide, actinomycin D, cyclohexamide, and C6-cer-
amide (Goyal et al. 2007). Interestingly, inhibition of
Drp1 using RNAi-mediated knockdown or genetic mu-
tants inhibited both the induction of mitochondrial frag-
mentation and cell death (Goyal et al. 2007). The central
nervous system is enlarged in Drp1 mutant flies, also
indicating that developmental cell death requires the mi-
tochondrial fission machinery (Goyal et al. 2007). Ex-
pression of Hid and Reaper in fly cells has been shown to
result in alterations in mitochondrial morphology and
cytochrome c release (Abdelwahid et al. 2007). It has
been demonstrated that these changes are related to
caspase activation, although not as a direct consequence
since caspase activation alone does not result in these
mitochondrial disruptions. Furthermore, decreasing
Drp1 activity by mutation decreases embryo sensitivity
to apoptosis (Abdelwahid et al. 2007).

Most recently, an inhibitor of Dnm1, called mdivi-1,
identified using yeast screens of chemical libraries, has
been found to block mitochondrial division in yeast and
mammalian cells (Cassidy-Stone et al. 2008). Upon apo-
ptosis induction, mdivi-1 inhibits Drp1 translocation to
mitochondria, cytochrome c release, and the appearance
of phosphatidylserine on the outer cell membrane, a
classic marker of dying cells. Importantly, this com-
pound also blocks Bax- and Bid-mediated permeabiliza-
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tion of isolated mitochondria, showing very direct evi-
dence for a role of Drp1 in Bax-mediated permeabiliza-
tion of mitochondria.

Together, these results suggest that Drp1, perhaps in
concert with other components of the fission or fusion
machinery, contributes to the process that mediates mi-
tochondrial membrane permeabilization. Membrane fu-
sion events typically utilize pore-forming domains to
initiate the melding of lipid bilayers, and such pore form-
ers that are presumably involved in mitochondrial fusion
may be hijacked by the apoptosis machinery to perme-
abilize mitochondria. This hijacking may occur at the
point when Bax and Bak meet Drp1 in fusion/fission foci
on mitochondria (Fig. 5A).

An alternative model is suggested by the finding that
Drp1 variably affects mitochondrial release of different
proteins. For example, cytochrome c release may be
blocked more efficiently than Smac/DIABLO in Drp1-
depleted cells (Parone et al. 2006; Estaquier and Arnoult
2007). A model originally suggested by Scorrano and col-
leagues (Scorrano et al. 2002) states that mitochondrial
fission and fusion components regulate mitochondrial
cristae to effect release of intermembrane space proteins
that may be selectively retained by tight membrane
junctions within cristae where they approach the OMM
(Fig. 5B). Consistent with this model, Drp1 has been
shown to regulate cristae remodeling initiated by the
pro-apoptotic BH3-only protein Bik that may control cy-
tochrome c release from within inner mitochondrial
membrane cristae folds (Germain et al. 2005).

Fis1 regulates cell death and senescence

Down-regulation of either Fis1 or Drp1 inhibits mito-
chondrial fission and reduces apoptosis, but they appear

to act at different steps in the pathway, as only down-
regulation of Fis1 inhibits Bax translocation and confor-
mational change (Lee et al. 2004). Reduction of Fis1 ex-
pression levels using shRNA also results in senescence-
associated phenotypic changes, including a reduction in
cell proliferation, increased cellular granularity, and flat-
tening of cells, in addition to the mitochondrial pheno-
type of sustained elongation (Lee et al. 2007). Cell senes-
cence can occur following extended cell proliferation and
division (replicative senescence) or due to sublethal
stresses (stress-induced premature senescence). Interest-
ingly, reduction of Fis1 expression acts as a sublethal
stress, as prolonged mitochondrial elongation is associ-
ated with increased ROS levels and a loss of mitochon-
drial membrane potential. Simultaneous or sequential
depletion of Fis1 and the fusion protein OPA1 reverses
the elongation phenotype and the induction of senes-
cence, providing strong evidence that excessive mito-
chondrial fusion is the cause of senescence-associated
cellular changes. However, apoptosis resistance is not
reversed by simultaneous knockdown of Fis1 and OPA1,
showing that the apoptosis phenotype is not an indirect
consequence of the senescent state of the cells or directly
due to the excessive fission of the mitochondria (Lee et
al. 2004).

Fis1 overexpression induces mitochondrial fission and
apoptosis (James et al. 2003), further linking Fis1 and cell
death. However, it is important to note that overexpres-
sion of proteins can lead to a number of nonphysiological
stresses, and overexpression of a variety of OMM pro-
teins, such as Tom20, can induce mitochondrial frag-
mentation. Fis1K148R, which has a point mutation in
the region protruding into the intermembrane space, re-
tains the ability to fragment mitochondria but fails to
induce cell death (Alirol et al. 2006), suggesting that the

Figure 5. Competing models of mitochondrial mor-
phogenesis machinery and apoptosis progression. (A)
Mitochondrial foci model. From left to right, Bax (or-
ange) translocates to mitochondria and coalesces into
foci with Drp1, mitofusins, and Bak (see key), leading
to mitochondrial division and release of cytochrome
c (small red circles) from mitochondrial stores. (B)
Cristae model of apoptosis. Drp1 (yellow) forms con-
striction sites on the OMM (left), then small amounts
of cytochrome c from the intermembrane space are
released through Bax/Bak pores (middle). (Right) Fi-
nally, cristae undergo remodeling, opening the junc-
tions to release the larger amount of cytochrome c
stored within the matrix.
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function of Fis1 in mitochondrial fission and apoptosis
can be separated.

Role of Endophilin B1/Bif-1/SH3GLB1 in Bax activity
and apoptosis

Bax translocates to mitochondria during apoptosis and
concentrates into foci on the mitochondrial surface
when cells become committed to die (Youle and Strasser
2008). Sites on mitochondria where Bax forms foci typi-
cally colocalize with foci of Drp1 (and Mfn2) and fre-
quently become sites of mitochondrial division
(Karbowski et al. 2002). Discovered independently by
two groups using yeast two-hybrid screens for Bax-bind-
ing proteins (Cuddeback et al. 2001; Pierrat et al. 2001),
Endophilin B1 (also known as Bif1 and SH3GLB1) is a
protein that directly links mitochondrial morphogenesis
processes with apoptosis induction. Endophilin B1 binds
Bax in yeast as well as in mammalian cells, although the
latter interaction seems to be only transiently main-
tained following apoptosis induction (Takahashi et al.
2005). Endophilin B1−/− mice display an increased rate of
spontaneous tumor development (Takahashi et al. 2007),
and either Endophilin B1 RNAi or knockout suppresses
both Bax translocation and cytochrome c release induced
by apoptotic stimuli in cultured cells (Takahashi et al.
2005). Furthermore, Endophilin B1 is required in healthy
cells for the maintenance of OMM morphology
(Karbowski et al. 2004b), the same membrane that is
breached during apoptosis. Interestingly, Endophilin B1
is able to alter membrane curvature (Farsad et al. 2001)
and therefore may change the mitochondrial membrane
shape to induce Bax insertion and oligomerization dur-
ing apoptosis. Bax insertion into membrane bilayers is
promoted by lipids that change monolayer curvature (Ba-
sanez et al. 2002), suggesting that translocation of Endo-
philin B1 to the OMM during apoptosis may promote
Bax insertion into specific regions of the mitochondrial
membrane through altering the OMM curvature. Addi-
tionally, Endophilin B1 contains an SH3 domain that, in
analogy with Endophilin A1 interacting with dynamin,
might bind the PXXP motifs in mitofusins or Drp1. Most
recently, cells from Endophilin B1−/− mice were found to
be deficient in autophagy, and Endophilin B1 was found
localized partially in foci on autophagosomes (Takahashi
et al. 2007) suggesting connections between mitochon-
drial fission and autophagy, as recently made with Drp1
inhibition (Twig et al. 2008).

Mitochondrial fusion machinery and apoptosis

Mitofusins and apoptosis

Mitochondrial fragmentation during apoptosis may re-
sult from excessive fission and/or insufficient fusion.
The accumulation of Drp1 on mitochondria during apo-
ptosis suggests that a stimulation of the fission rate may
mediate the mitochondrial fragmentation process. How-
ever, mitochondrial fusion directly measured using a

photoactivatable GFP method was found to be blocked
during apoptosis at the point of Bax foci formation on the
mitochondrial outer membrane (Karbowski et al. 2004a).

More direct evidence also indicates that inhibiting mi-
tochondrial fusion promotes apoptosis. Silencing of
Mfn1 or Mfn2 results in mitochondrial fragmentation
and an increase in sensitivity to apoptotic stimuli (Sug-
ioka et al. 2004). Furthermore, overexpression of Mfn1 or
2, in addition to increasing mitochondrial connectivity,
results in delayed Bax activation, cytochrome c release,
and apoptotic death, suggesting a role for mitofusins in
cell death.

Overexpression of a dominant active Mfn2, with the
residues within the GTPase P-loop of Mfn2 replaced by
those of activated Ras (Mfn2G12V), was found to inhibit
apoptosis better than wild-type Mfn2 (Neuspiel et al.
2005). Mfn2G12V displays increased nucleotide ex-
change rates and reduced levels of hydrolysis compared
with wild-type Mfn2, indicating a state of constitutive
binding to GTP, which impacts apoptosis but does not
further increase mitochondrial fusion activity (Neuspiel
et al. 2005; Jahani-Asl et al. 2007). Another Mfn2 mu-
tant, which has a mutation in one of the three conserved
residues exposed to the mitochondrial intermembrane
space (Mfn2W631P), is unable to protect cells from apo-
ptosis induced by staurosporine and UV treatment (Neu-
spiel et al. 2005). However, the protection is recovered
with a double mutant containing both the Mfn2G12V
and Mfn2W631P substitutions.

Mfn2 has also been shown to inhibit the ERK/MAPK
signaling pathway (Chen et al. 2004). An Mfn2 mutant
lacking the C-terminal coiled-coil domain, which is re-
quired for mitochondrial fusion activity, still inhibits
ERK1/2 activation (Chen et al. 2004), indicating that
Mfn2 regulation of ERK1/2 signaling is independent of
its role in mitochondrial fusion. Since ERK activation
has been shown to mediate induction of apoptosis
(Cheung and Slack 2004), Mfn2 may protect cells by in-
hibiting ERK signaling independent of Mfn2 mitochon-
drial fusion activity. Two recent studies have shown that
overexpression of Mfn2 in heart muscle cells (Shen et al.
2007) or vascular smooth muscle cells (Guo et al. 2007)
induces apoptosis through inhibition of Ras–PI3K–Akt
signaling. Here, Mfn2 is suggested to act in a pro-apopto-
tic manner.

OPA1 is required to protect cells from apoptosis

Loss of OPA1 induces spontaneous apoptosis of cells,
providing another important link between apoptosis and
mitochondrial morphogenesis (Olichon et al. 2003). This
pioneering study found that Bcl-2 overexpression inhib-
its the cell death caused by OPA1 RNAi, placing the role
of mitochondrial fusion in cell death upstream of mito-
chondrial outer membrane permeabilization. Overex-
pression of OPA1 prevents mitochondrial fission and
protects cells from apoptotic death occurring through
the mitochondrial pathway, but not apoptosis induced
through the extrinsic pathway circumventing the mito-
chondria (Frezza et al. 2006). OPA1 mutants lacking
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functional GTPase and C-terminal GTPase effector do-
mains (GED) are unable to protect cells from cell death
(Frezza et al. 2006). These domains are required for the
OPA1 mitochondrial fusion activity (Cipolat et al. 2004),
suggesting these two functions, protection against apo-
ptosis and mitochondrial fusion, could be linked. How-
ever, ectopic OPA1 expression also protected Mfn1,
Mfn2 double-knockout cells without reversing their
fusion deficit, indicating that OPA1 can block apopto-
sis independently of mediating mitochondrial fusion.
The mammalian opa1 gene has eight RNA transcript
variants from alternative splicing of exons 4, 4b, and 5b
(Delettre et al. 2001). Knockdown of OPA1 transcripts
using 4, 4b, and 5b siRNAs suggested that OPA1 tran-
scripts containing exon 4 are important for mitochon-
drial fusion, while those variants containing exons 4b or
5b function to regulate cytochrome c release (Olichon et
al. 2007).

OPA1, cristae remodeling, and apoptosis

Down-regulation of OPA1 not only induces spontaneous
apoptosis and mitochondrial fragmentation, it also dis-
rupts normal cristae structure (Olichon et al. 2003; Ar-
noult et al. 2005a; Frezza et al. 2006). Therefore, since
the bulk of the cytochrome c seems to be localized
within cristae in healthy cells, it has been suggested that
complete cytochrome c release from the mitochondria
cannot occur without cristae remodeling (Scorrano et al.
2002). Cristae junctions appear to be held together by
OPA1 oligomers comprised of integral inner membrane
long forms and more soluble protease-processed short
forms. Incubating isolated mitochondria with tBid in-
duces a disruption of OPA1 oligomers (Frezza et al. 2006)
and alters cristae morphology (Arnoult et al. 2005a;
Frezza et al. 2006). Furthermore, the tBid-induced in-
crease of cytochrome c release into the intermembrane
space from within the cristae is blocked by overexpres-
sion of OPA1, whereas expression of an Opa1 gene mu-
tated in the GTPase domain increases the width of cris-
tae junctions (Frezza et al. 2006). Taken together, these
data suggest that GTPase activity is important for the
oligomerization of OPA1 isoforms and in retaining cyto-
chrome c in the mitochondrial matrix.

However, cristae junctions in hypercondensed mito-
chondria are wide enough to allow a small protein, like
cytochrome c, to pass into the intermembrane space
(Reed and Green 2002). Other retention mechanisms
may play roles in inhibiting cytochrome c release from
permeabilized mitochondria such as binding of cyto-
chrome c to cardiolipin (Ott et al. 2002). Using the higher
resolution technique of transmission electron micros-
copy to study changes in the ultrastructure of cristae
upon apoptotic stimulation, it has been concluded that,
although remodeling of the inner mitochondrial mem-
brane occurs during apoptosis, it occurs after cyto-
chrome c release (Sun et al. 2007). The cristae remodel-
ing was also found to require active caspases, as it was
blocked by a general caspase inhibitor, placing the pro-
cess downstream from cytochrome c release.

OPA1 is released from mitochondria following the re-
lease of cytochrome c (Arnoult et al. 2005a). Arnoult and
colleagues have proposed the model that initial leakage
of soluble OPA1 results in alteration in cristae structure
due to disruption of OPA1 oligomers at cristae junctions,
thereby promoting the release of additional pools of
OPA1 and cytochrome c into the cytosol (Arnoult et al.
2005a). However, Drp1K38A blocks OPA1 release from
mitochondria (Estaquier and Arnoult 2007), suggesting
that the release is downstream from Drp1 and mitochon-
drial fragmentation during apoptosis. Thus, there is evi-
dence for and against each of the models in Figure 5,
suggesting that additional hypotheses for how mitochon-
drial morphogenesis proteins modulate apoptosis should
be considered.

Bcl-2 family members regulate mitochondrial
morphology in healthy cells

While Bax and Bak have an established proapoptotic ca-
pacity, a recent study demonstrates a role for these pro-
teins in healthy cells in the regulation of mitochondrial
fusion (Karbowski et al. 2006). In Bax/Bak double-knock-
out (DKO) cells, mitochondrial fusion is reduced and in-
hibition of Drp1 activity using the dominant negative
inhibitor, Drp1K38A, or RNAi does not promote elonga-
tion of mitochondria, indicating that Bax and Bak acti-
vate mitochondrial fusion without interfering with the
normal fission process. Consistent with this model,
Mfn2 complex assembly, mobility, and distribution
along mitochondria in healthy cells is altered by the
presence of Bax and Bak (Karbowski et al. 2006).

Consistent with the evidence that Bax and Bak can
activate Mfn2 to promote mitochondrial fusion, Bax and
Bak were shown to bind Mfn1 and Mfn2 in healthy cells,
indicating that they may regulate mitofusin function
through direct interaction (Brooks et al. 2007). However,
this likely amounts to a minor fraction of Bax in healthy
cells, as most Bax appears monomeric in the cytosol.
Interestingly, Brooks et al. demonstrated that the affinity
of Bak for Mfn2 decreases while the affinity for Mfn1
increases during apoptosis (Brooks et al. 2007). Upon ap-
optotic stimulation, Bax translocates to mitochondria.
Thus, it is curious that no change in Bax–Mfn2 interac-
tion is seen during apoptosis (Brooks et al. 2007). It is
unclear how Bax and Bak may function to promote mi-
tochondrial fusion in healthy cells and also participate in
mitochondrial fission during apoptosis. Bax and Bak both
change submitochondrial localization and conformation
during apoptosis, which likely alters their interaction
with proteins such as Mfn2 and Endophilin B1 and, con-
sequently, their effects on the mitochondrial morpho-
genesis machinery.

Other Bcl-2 family members have been shown to in-
teract with Mfn2. CED-9, the Bcl-2 homolog in C. el-
egans, suppresses apoptosis by binding CED-4, the
APAF1 homolog. During apoptosis, EGL-1, the C. el-
egans BH3-only protein, binds to CED-9, releasing
CED-4 to promote cell death. Delivani and colleagues
show that expression of CED-9, as well as Bcl-xL, results
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in mitochondrial fusion through direct interactions with
Mfn2 (Delivani et al. 2006). CED-9 overexpressed in
mammalian cells causes mitochondrial fusion without
inhibiting apoptosis, decoupling these two processes
(Delivani et al. 2006). This study also shows that mito-
chondrial morphology is abnormal in CED-9 mutant
worms, supporting a role for anti-apoptotic Bcl-2 pro-
teins in maintenance of the mitochondrial network in
healthy cells.

A cytomegalovirus-encoded protein, vMIA, inhibits
apoptosis through interaction with the pro-apoptotic Bax
and Bak proteins (Arnoult et al. 2004; Poncet et al. 2004;
Karbowski et al. 2006). Based on its primary sequence,
vMIA has very little similarity to Bcl-xL, although both
proteins protect cells from a variety of apoptotic stimuli
(Goldmacher et al. 1999). vMIA expression also leads to
a dramatic disruption of the mitochondrial network (Mc-
Cormick et al. 2003). The anti-apoptotic and mitochon-
drial phenotypes possibly occur through inactivation of
Bax and Bak, which are required for mitofusin-dependent
fusion. Supporting this, ectopic Bax is able to reverse the
fragmented phenotype resulting from vMIA expression,
whereas expression of Bax lacking the BH3 domain,
which renders Bax inactive in apoptosis induction, is un-
able to elongate mitochondria when vMIA is expressed
(Karbowski et al. 2006). Interestingly, a mutation in the
BH3 domain of Bak also alters its ability to change con-
formation and dissociate from Mfn2 during apoptosis
(Brooks et al. 2007). Taken together, these studies sug-
gest a possible connection between the function of the
Bax and Bak BH3 domains in both promoting apoptosis
as well as regulating mitochondrial morphology in
healthy cells.

Summary

The identity and mechanisms of the molecular ma-
chines mediating mitochondrial fission and fusion are
rapidly becoming understood. This affords tools to ex-
plore the proposed physiological roles of mitochondrial
morphogenesis in, for example, protein and DNA quality
control, programmed cell death, aging, autophagy, and
ROS production. Evidence from a variety of experiments
indicates that the morphology of mitochondria per se is
not directly involved in apoptosis, but members of the
fission and fusion machinery are. However, the molecu-
lar basis for this role remains unknown. A unifying hy-
pothesis for the function of Bcl-2 family proteins is cur-
rently lacking, as they are thought to regulate apoptosis
in C. elegans and mammals by different mechanisms.
Understanding how Bcl-2 family members are linked to
the mitochondrial fission and fusion machinery may re-
veal a common underlying function.
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