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ER Connection

Hakjoo Lee, and Yisang Yoon*

Fission and fusion of mitochondrial tubules are the main
processes determining mitochondrial shape and size in
cells. As more evidence is found for the involvement of
mitochondrial morphology in human pathology, it is im-
portant to elucidate the mechanisms of mitochondrial fis-
sion and fusion. Mitochondrial morphology is highly sensi-
tive to changing environmental conditions, indicating the
involvement of cellular signaling pathways. In addition, the
well-established structural connection between the endop-
lasmic reticulum (ER) and mitochondria has recently been
found to play a role in mitochondrial fission. This minire-
view describes the latest advancements in understanding
the regulatory mechanisms controlling mitochondrial mor-
phology, as well as the ER-mediated structural mainten-
ance of mitochondria, with a specific emphasis on mito-
chondrial fission.

INTRODUCTION

Mitochondria are eukaryotic organelles originating from ancient
bacterial endosymbionts, which equipped host cells with a new,
efficient means of energy production utilizing oxygen. In addi-
tion to the well-known bioenergetic role of mitochondria, their
cell biological aspect has drawn a great deal of attention recent-
ly. It is thought that engulfment of bacteria through a phagocytic
process during early endosymbiosis might have contributed to
the unique double membrane structure of mitochondria. Overall
cellular distribution and organization of mitochondria vary great-
ly in different organisms and tissues, presumably as an adapta-
tive process that occurred when eukaryotic cells became multi-
cellular organisms with highly differentiated organ systems, each
having specific functions.

While their appearances are diverse in different tissues, mi-
tochondria in many cell types are highly dynamic. All cellular
membranous organelles have a dynamic nature, changing
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shape and distribution to some degree and communicating struc-
turally and functionally through membrane trafficking. However,
unlike the behavior of other cellular organelles, mitochondrial
dynamics are much more robust and easily observable. They
frequently divide and fuse, and rapidly move to different loca-
tions, displaying a widely varying range of shapes and locations
in a relatively short time frame. These highly dynamic characte-
ristics of mitochondria are suggested to be associated with their
bioenergetic activity, as metabolic and environmental stresses
profoundly influence mitochondrial dynamics. Although mito-
chondrial fission and fusion have been studied for some time
now, the detailed connection between mitochondrial dynamics
and bioenergetic activity is still not fully understood. Recently,
several cellular signaling mechanisms that are evoked in differ-
ent metabolic and environmental conditions were found to re-
gulate mitochondrial dynamics. In this short review, we will
discuss recent developments in understanding the regulatory
mechanisms of mitochondrial morphology with a specific focus
on mitochondrial fission and the role of ER.

MITOCHONDRIAL FISSION AND FUSION BY DRPS

Mitochondria in cells take many shapes, ranging from small
vesicles to large blobs or elongated tubules depending on cell
types. Mitochondria in most cultured mammalian cells are or-
ganized in reticular networks along the cytoskeletal system.
Individual mitochondria undergo frequent fission and fusion,
which occur in balanced frequency to maintain consistent over-
all cellular mitochondrial organization. The main proteins me-
diating fission and fusion of mitochondrial tubules are dynamin-
related proteins (DRPs). Mitochondrial DRPs include dynamin-
related/like protein 1 (Drp1/DLP1), Mitofusin (Mfn), and OPA1
(optic atrophy 1). Drp1/DLP1 mediates mitochondrial fission
whereas Mfn and OPA1 mediate fusion of outer and inner
membranes, respectively. DRPs are evolutionarily conserved.
Most notably in budding yeast, Dnm1 is a DLP1 homologue,
whereas Fzo1 and Mgm1 are homologues of Mfn and OPAT1,
respectively.

Conventional dynamin has been shown to function as a
membrane pinching protein at the neck of a vesicle budding
from the plasma membrane as well as other intracellular orga-
nelles through its GTPase activity (Hinshaw, 2000; McNiven et
al., 2000). The mitochondrial DRPs mediate fission and fusion,
presumably through similar membrane remodeling activity. The
mitochondrial fission dynamin DLP1 assembles into a homo-
oligomeric macromolecular complex with a ring-like structure
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(Smimova et al., 2001; Yoon et al., 2001). Mixing DLP1 with
liposomes induces helical assembly of DLP1 onto the liposome
surface to form long lipid tubules, suggesting its membrane
pinching activity (Yoon et al., 2001). More recent in vitro studies
of purified yeast Dnm1 using cryoelectron microscopic analyses
revealed a GTP hydrolysis-mediated membrane remodeling
activity of this protein. This study showed that the diameter of
Dnm1-decorated tubules were significantly decreased by two
fold upon GTP hydrolysis, which was accompanied by rapid
dissociation of Dnm1 from the constricted lipid tubule (Mears et
al., 2011). These structural analyses suggest that Dnm1 exerts
a contractile force on the membrane to mediate mitochondrial
fission. Recently, it has been shown that endoplasmic reticulum
(ER) tubules wrap around and constrict mitochondrial tubules
(Friedman et al., 2011), providing sites at the mitochondrial
tubule to accommodate the Dnm1 ring structure. The role of the
ER in mitochondrial fission and ER-mitochondria contacts will
be further discussed in the later part of this article.

In additon to DLP1/Dnmf1, the inner membrane fusion dyna-
min OPA1 has been shown to tubulate liposomes in vitro (Ban
et al., 2010). However, the mechanism by which this mem-
brane-tubulating activity of OPA1 contributes to inner mem-
brane fusion is not yet known. Considering that fusion requires
mixing of lipid molecules between fusion partners, it is possible
that OPA1 induces the protrusion of a slender lipid tubule at the
tip of the fusing membrane, allowing close contact and subse-
quent breakage of the fusing bilayers. Lipid remixing and the
formation of a new bilayer would form fusion pore that expands
to complete fusion. While outer membrane fusion may involve a
similar activity, no membrane tubulation activity has been iden-
tified for Mfn yet.

PROTEINS WORKING WITH DLP1 IN MITOCHONDRIAL
FISSION

DLP1 is a cytosolic protein that needs to be recruited to mito-
chondria for fission to occur. Unlike conventional dynamin, DLP1
lacks the lipid-binding pleckstrin homology domain, suggesting
that interaction with mitochondrial resident proteins is at play to
assist fission (Mears et al., 2011). In yeast, Fis1 is the mito-
chondrial outer membrane protein, acting as a receptor for the
Dnm1-Mdv1/Caf4 complex. Mdv1 and a similar molecule, Caf4,
are the molecular adaptor protein that links Fis1 and Dnm1 at
the mitochondrial surface (Griffin et al., 2005; Tieu et al., 2002).
The mitochondrial fission process appears evolutionarily diver-
gent, as Mdv1/Caf4-like protein is not present in mammals.
Instead, additional mitochondrial proteins have been found to
act as DLP1 receptors in mammals. Fis1, mitochondrial fission
factor (Mff), mitochondrial dynamics protein of 49 kDa and 51
kDa (MiD49/MiD51), and mitochondrial elongation factor 1
(MIEF1, identical to MiD51) have all been suggested to function
as DLP1 receptors (Otera et al., 2010; Palmer et al., 2011;
2013; Zhao et al., 2011). Fis1 appears to distribute throughout
the outer membrane, whereas Mff and MiDs are punctate on
mitochondrial tubules and exhibit a stronger interaction with
DLP1 than with Fis1. A recent study using null cell lines for Fis1
and/or Mff indicates that Fis1 and Mff contribute to DLP1 locali-
zation and oligomerization at the mitochondria independently of
each other, with Mff having a more predominant role (Loson et
al., 2013). In addition, MiD49 and MiD51 appear to mediate
DLP1 recruitment in the absence of Mff and Fis1 (Loson et al.,
2013). Several cellular signaling mechanisms have been found
to regulate DLP1 recruitment and mitochondrial fission.
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REGULATION OF MITOCHONDRIAL FISSION

Multiple mechanisms have been identified that regulate DLP1
to alter mitochondrial fission. These include transcriptional regu-
lation, proteasomal degradation, reversible phosphorylation, su-
moylation, S-nitrosylation, and O-glycosylation (Cho et al., 2009;
Gawlowski et al., 2012; Guo et al.,, 2013; Hom et al., 2011;
Nakamura et al., 2006; Wasiak et al., 2007; Yonashiro et al.,
2006). Among these, reversible phosphorylation of DLP1 has
been most extensively studied. DLP1 has two known phospho-
rylation sites that regulate its activities (Fig. 1). Both phosphory-
lation sites are located at the C-terminal domain, with the 2
sites located 20 amino acids apart. The upstream phosphoryla-
tion site (Sercoki) is phosphorylated by CDK1 and ERK1/2, and
PKCS5 (Qi et al., 2011; Taguchi et al., 2007; Yu et al., 2011),
whereas the downstream site (Serpxa) is phosphorylated by
cyclic AMP-dependent protein kinase (PKA), calcium/calmo-
dulin-dependent protein kinase lo (CaMKla) and Rho-associa-
ted coiled coil-containing protein kinase 1 (ROCK1) (Chang
and Blackstone, 2007; Han et al., 2008; Wang et al., 2012a).

Reversible phosphorylation of DLP1
PKA-phosphorylated DLP1 shows decreased GTPase activity
(Chang and Blackstone, 2007) and localizes to the cytosol,
resulting in elongated mitochondria due to decreased fission
(Fig. 1). Starvation, stress, exercise, and B-adrenergic activa-
tion have been shown to increase PKA-mediated DLP1 phos-
phorylation (Cribbs and Strack, 2007; Gomes et al., 2011). In
both neurons and cardiomyocytes, A kinase anchoring protein
1 (AKAP1, also known as AKAP121) at the mitochondrial sur-
face targets PKA to the outer mitochondrial membrane and
enhances DLP1 phosphorylation to inhibit mitochondrial fission
(Kim et al., 2011; Merrill et al., 2011). Under hypoxic conditions,
however, the ubiquitin ligase Siah2 ubiquitinates AKAP1 for
degradation, decreasing DLP1 phosphorylation and thus in-
creasing fission (Kim et al.,, 2011). In a parallel mechanism,
AKAP1 also binds to Fis1 to prevent DLP1 recruitment. Hypox-
ic degradation of AKAP1 allows the DLP1-Fis1 interaction,
resulting in enhanced mitochondrial fission (Kim et al., 2011).
PKA-phosphorylated DLP1 is dephosphorylated by the Ca?'-
dependent phosphatase calcineurin (Cribbs and Strack, 2007).
Mitochondrial depolarization caused by FCCP or arachidonic
acid increases cytosolic Ca* concentration to activate calcineu-
rin. The dephosphorylated DLP1 then localizes to mitochondria
and fragments mitochondria (Cereghetti et al., 2008) (Fig. 1).
Neuronal death following oxygen-glucose deprivation depends
on the DLP1-calcineurin interaction through the calcineurin-
docking motif found in DLP1 (Slupe et al., 2013). Calcineurin
protein level is also under tight regulation by miR-499, a micro-
RNA that is abundant in cardiac tissue. Increasing miR-499
decreases calcineurin level and increases DLP1 phosphoryla-
tion, inducing mitochondrial elongation and protecting the car-
diac tissue from ischemia-reperfusion injury (Wang et al., 2011).
In addition to calcineurin, protein phosphatase 2A (PP2A) has
also been implicated as a phosphatase for PKA-phosphory-
lated DLP1 in neurons (Fig. 1). The process of DLP1 phospho-
rylation and dephosphorylation by PKA and PP2A in develop-
ing neurons has been shown to regulate dendritogenesis and
synaptogenesis, respectively, by altering mitochondrial Ca®*
buffering capacity (Dickey and Strack, 2011). Furthermore, the
mitochondrial phosphoglycerate mutase/protein phosphatase
PGAMS5 has been shown to dephosphorylate the phospho-
Serpka Of DLP1, resulting in mitochondrial fragmentation during
necrosis that is induced by TNF-q, reactive oxygen species
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Fig. 1. Two serine residues in the DLP1 molecule that regulate mitochondrial fission. The C-terminal amino acid sequence of DLP1 contains
two serine residues that undergo phosphorylation. Two purple boxes, sp1 and sp2, are regions of alternative splicing that produces different
sizes of spliced variants. Kinases that phosphorylate DLP1 and increase fission are in blue color. DLP1 phosphorylation by PKA decreases
fission. Dephosphorylation of PKA-phosphorylated DLP1 increases fission.

(ROS), and calcium ionophore (Wang et al., 2012b) (Fig. 1).

CaMK1a has been shown to phosphorylate DLP1 at the
same site (Sefpxa) upon Ca?" influx through voltage-dependent
calcium channels in neurons (Han et al., 2008) (Fig. 1). Addi-
tionally, ROCK1 also directly interacts with and phosphorylates
DLP1 at Serpka under high glucose conditions in kidney podo-
cytes and endothelial cells (Wang et al., 2012a). Interestingly,
despite phosphorylating the same site, CaMKlo- and ROCK1-
mediated phosphorylations result in enhanced fission, the op-
posite effect of PKA-phosphorylation (Fig. 1).

The other phosphorylation in DLP1

The upstream serine residue Sercpki of DLP1 is phosphory-
lated by the mitosis-promoting factor CDK1/cyclin B (Taguchi et
al., 2007) (Fig. 1). CDK1-phosphorylated DLP1 induces mito-
chondrial fragmentation at the onset of mitosis to facilitate even
distribution of mitochondria to daughter cells. DLP1 phosphory-
lation by CDK1 is initiated by the mitotic kinase Aurora A. Auro-
ra A activates the small GTPase RALA, which in turn translo-
cates to mitochondria along with the RALA effector RALBP1
and DLP1. RALBP1 also brings CDK1/cyclin B to DLP1 for
phosphorylation (Kashatus et al., 2011). Instead of dephospho-
rylation, DLP1 undergoes degradation through a cell cycle E3
ubiquitin ligase, APC/C (anaphase-promoting complex/cyclo-
some), to restore tubular mitochondria upon exit from mitosis
(Horn et al., 2011). Another cell cycle-dependent kinase, CDKS5,
is also implicated in phosphorylation at this site in neurons
(Strack et al., 2013) (Fig. 1). Under conditions of hypertension
and oxidative stress, protein kinase C3 (PKC8) phosphorylates
DLP1 at Sercpk1 (Fig. 1). This PKC3-mediated DLP1 phospho-
rylation is associated with mitochondrial fragmentation and cell
death in oxidative stress conditions (Qi et al., 2011). Sercpk1
may also be phosphorylated by the MAP kinase ERK1/2 to
increase mitochondrial fission under conditions of high glucose-
induced Ca?" increase (Yu et al., 2011) (Fig. 1).

ROLE OF THE ER IN REGULATING MITOCHONDRIAL
STRUCTURE

The ER is the largest membranous organelle in the cell. It is the
intracellular Ca®* store and functions in syntheses of secretory
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proteins, lipids, and other membranous organelles. Early elec-
tron micrographs often found the ER and mitochondria in tight
apposition. This close physical contact between the ER and
mitochondria turned out to be a reflection of the close functional
connection of these two organelles, which plays a significant
role in cellular physiopathology. The space between the ER
and mitochondria at such points of apposition is reported to be
10-25 nm (Csordas et al., 2006). This close association can be
biochemically isolated as the mitochondria associated mem-
brane (MAM) fraction, and is functionally implicated in lipid ex-
change and Ca®* transfer (Helle et al., 2013; Raturi and Sim-
men, 2013).

ER-associated mitochondrial fission

As mentioned earlier, these ER-mitochondria contacts contri-
bute to mitochondrial fission. In both yeast and mammalian
cells, ER tubules have been found to wrap around mitochondria,
marking sites for fission (Friedman et al., 2011). The ER-asso-
ciated formin INF2 induces actin assembly at the ER-mitochon-
dria contact, which drives constriction of mitochondrial tubules.
This ER-mediated mitochondrial constriction is independent of
DLP1 and Mff, and rather it is an initial event providing sites for
DLP1 recruitment and assembly for fission (Friedman et al.,
2011; Korobova et al., 2013). As for the molecular composition
of the ER-mitochondria contact sites participating in mitochon-
drial fission, a distinct structure in budding yeast called ER mi-
tochondria encounter structure (ERMES) has recently been
implicated in mitochondrial fission (Murley et al., 2013).

ERMES is a multi-protein complex found in yeast (Kornmann
et al., 2009). The ER protein Maintenance of mitochondrial
morphology 1 (Mmm1), the cytosolic protein Mitochondrial dis-
tribution and morphology 12 (Mdm12), and mitochondrial outer
membrane proteins Mdm10 and Mdm34, are major compo-
nents of ERMES. Mdm12 and Mdm34 physically tether ER and
mitochondria through interaction with Mmm1 and Mdm10 pro-
teins (Burgess et al., 1994; Kornmann et al., 2009). Deletion of
any of these four proteins causes failure to form the ERMES
complex, and also causes tubular mitochondria to become one
or more large spheres, suggesting that ERMES plays a role in
controlling mitochondrial morphology (Boldogh et al., 2003;
Burgess et al., 1994; Sogo and Yaffe, 1994; Youngman et al., 2004).
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Moreover, ERMES distributes adjacent to replicating mitochon-
drial DNA complex (nucleoid), and disruption of ERMES results
in disorganized nucleoids and severe mtDNA instability (Hane-
kamp et al., 2002; Hobbs et al., 2001; Meeusen and Nunnari,
20083). Indeed, ER-associated mitochondrial fission has recent-
ly been found coupled with mitochondrial DNA division through
ERMES (Murley et al., 2013). In this finding, ERMES foci were
localized to sites where mitochondria were constricted and
divided. Gem1, a mitochondrial outer membrane-associated
Rho-like small GTPase, was found to be associated with this
process by releasing mitochondria from their ER contacts, the-
reby facilitating proper mitochondrial distribution after division.
Gemf is a yeast homologue of the mammalian Miro that func-
tions as a calcium sensor in mitochondrial transport along the
cytoskeleton (Cai and Sheng, 2009; Macaskill et al., 2009;
Wang and Schwarz, 2009), suggesting the involvement of cy-
toskeleton in ER-associated mitochondrial fission. In addition,
ER-associated mitochondrial fission occurred at sites where
newly replicated mitochondrial nucleoids were segregated,
which distributed nucleoids to the newly formed mitochondrial
tips. These findings provide a new model of mitochondrial fis-
sion in which ERMES serves as a spatial link between mito-
chondrial fission and nucleoid segregation for proper distribu-
tion of replicated mitochondrial DNA.

Although ERMES has not been identified in mammals, re-
lated observations in mammalian cells suggest functional con-
servation of a similar structure in coupling of fission and nucle-
oid segregation. Knockdown of the fission protein DLP1 causes
aggregation of nucleoids (Ban-Ishihara et al., 2013). Interes-
tingly, the nucleoid clustering contributes to the formation of
tightly stacked cristae, preventing cytochrome c release in
apoptotic stimulation (Ban-Ishihara et al., 2013). Miro-1 is also
shown to localize at sites where the ER and mitochondria cros-
sover, suggesting that a mechanism similar to ERMES-
associated mitochondrial fission also exists in mammalian sys-
tem (Kornmann et al., 2011).

Interestingly, a recent study suggests that the ER may also
be involved in mitochondrial fission independently of DLP1.
Infection by Listeria monocytogenes or treatment with pore-
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forming Listeria toxin listeriolysin (LLO) causes rapid and re-
versible mitochondria fragmentation (Stavru et al., 2011). The
LLO-induced mitochondrial fragmentation occurs at ER cross-
ing sites. Furthermore, inhibition of actin polymerization during
the LLO treatment decreases mitochondrial fragmentation,
similar to INF2-mediated mitochondrial fission that requires
actin assembly (Stavru et al., 2011; 2013). However, upon LLO
treatment, DLP1 oligomers are lost from mitochondria and Mff
is rapidly degraded, indicating that LLO-mediated mitochondrial
fragmentation does not require conventional fission machinery.

Other ER-mitochondria contacts

The dynamin related fusion protein Mfn2 has been shown to
reside in the ER membrane and is tethered to Mfn1 or Mfn2 in
the mitochondria, forming an ER-mitochondria contact (de Brito
and Scorrano, 2008). This Mfn2-mediated tethering is important
for mitochondrial Ca®* uptake from the ER (de Brito and
Scorrano, 2008). However, the aforementioned ER-associated
mitochondrial fission does not require Mfn2, suggesting that
other types of ER-mitochondria contacts may exist for fission in
mammals (Friedman et al., 2011). Interestingly, MARCHS5/ MITOL,
a mitochondrial outer membrane-associated E3 ubiquitin ligase,
interacts with the fission proteins DLP1 and Fis1 (Karbowski et
al., 2007; Nakamura et al., 2006; Yonashiro et al., 2006) and
activates Mfn2 GTPase activity on mitochondria to increase
ER-mitochondria contact (Sugiura et al., 2013). Because MITOL
downregulation leads to elongated mitochondria (Karbowski et
al., 2007; Sugiura et al., 2013), it is of interest to determine
whether the mitochondrial elongation occurs through modifica-
tions of fission/fusion factors, through weakened ER-mitochon-
dria contacts for fission, or through a combination of both.

The MAM fraction contains proteins involved in lipid synthe-
sis, ER Ca® regulation, and mitochondrial Ca** release and
uptake (Raturi and Simmen, 2013), suggesting the presence of
these proteins at the ER-mitochondria contacts. The chaperon
Glucose-Regulated Protein 75 (GRP75) forms a ternary com-
plex with the inositol-1,4,5-triphosphate receptor (IP3R) of the
ER, and voltage-dependent anion channel 1 (VDAC1) of the
mitochondrial outer membrane (Szabadkai et al., 2006). Inte-
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restingly, the outer membrane protein Mdm10 of the yeast
ERMES is structurally related to VDAC, suggesting some simi-
larity in ER-mitochondria contact amongst yeast and higher
eukaryotes (Flinner et al., 2013).

In addition, Fis1 at the mitochondrial outer membrane inte-
racts with Bap31, a protein sorting factor at the ER membrane
to form a Fis1-Bap31 complex under normal conditions. During
Fis1 overexpression-induced apoptosis, procaspase-8 cleaves
Bap31 into p20Bap31 in the Fis1-Bap31 complex. Fis1 or Bap31
downregulation decreases the apoptosis induced by exogen-
ous apoptosis inducers such as actinomycin D and etoposide.
Caspase-8 activation by the Fis1-Bap31 complex is an early
event of apoptosis and is found to be independent of mitochon-
drial fission (lwasawa et al., 2011). It remains unclear whether
these above-mentioned interactions are components of one
physical subunit complex such as ERMES, or whether they
exist in separate functional complexes.

CONCLUSION

This review has touched upon mechanisms and regulation of
mitochondrial fission. Although we limited our discussion to the
phosphorylation-mediated regulation of mitochondrial fission,
many other mechanisms have been reported to regulate not
only mitochondrial fission but also fusion. Because fission and
fusion must be balanced to maintain proper mitochondrial mor-
phology and distribution, the regulatory mechanisms of mito-
chondrial fission and fusion are predicted to intersect at some
points in the signaling cascade.

With a view to the bigger picture, autophagic removal of mi-
tochondria (mitophagy), although it is not discussed here, is
known to be closely connected to mitochondrial dynamics. In
considering mitochondrial homeostasis, the connection be-
tween mitochondrial dynamics and biogenesis cannot be ig-
nored. Therefore, mitochondrial biogenesis, dynamics, and mito-
phagy would constitute the components of mitochondrial ho-
meostasis in order to properly maintain mitochondrial function,
potentially through common regulatory mechanisms. A recent
development elucidating the role of the ER in mitochondrial
fission has provided new insights as to structural and functional
communication between the two organelles. While the detailed
mechanisms of ER-associated mitochondrial fission need to be
investigated further, the already-recognized role of the ER-
mitochondrial contact (MAM) in lipid and Ca®* transfer may be
an important factor in mitochondrial fission as well. Although the
role of the MAM in ER-mediated mitochondrial fission is not yet
established, the specific lipid environment formed on the mito-
chondrial surface through ER-mitochondria lipid exchange may
attract necessary fission proteins. In addition, Ca®* is a well-
known regulator of both mitochondrial function and dynamics.
Given the gaining traction of current research on ER-mitochon-
drial contacts, a considerable advance in this aspect of mito-
chondrial dynamics can be expected in near future.
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