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Mitochondria are highly dynamic organelles that continuously divide and fuse. These

dynamic processes regulate the size, shape, and distribution of the mitochondrial network. In

addition, mitochondrial division and fusion play critical roles in cell physiology. This review

will focus on the dynamic process of mitochondrial division, which is highly conserved

from yeast to humans. We will discuss what is known about how the essential components

of the division machinery function to mediate mitochondrial division and then focus on

proteins that have been implicated in division but whose functions remain unclear. We will

then briefly discuss the cellular functions of mitochondrial division and the problems that

arise when division is disrupted.

A dynamin-related protein drives mitochondrial division

Mitochondrial division is driven by Dnm1 in yeast and its homolog Drp1 in higher

eukaryotes. Consistent with a role in the scission of mitochondrial membranes, Dnm1 and

Drp1 belong to a family of dynamin related proteins (DRPs), members of which are large

self-assembling GTPases that function to mediate membrane dynamics in a variety of

cellular processes [1]. The prototypic and most extensively characterized member of the

DRP family is dynamin-1. Likely via the generation of mechanochemical forces, dynamin-1

functions in the scission of endocytic vesicles from the plasma membrane [2, 3].

Dnm1 and Drp1, like all DRPs, possess a highly conserved GTPase domain that adopts the

core fold common to all regulatory GTPases [4–6]. However, DRPs are set apart from

regulatory GTPases by their large size as well as kinetic and structural properties [7]. Two

functionally unique and essential features of DRPs are GTP-driven self-assembly and

assembly stimulated GTP-hydrolysis. Compared to regulatory GTPases, DRPs exhibit lower

affinities for GTP and GDP and faster rates of GTP hydrolysis, especially in the assembled
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state, obviating the need for nucleotide exchange factors and GTPase activating proteins [8,

9].

In addition to the GTPase domain, DRPs are comprised of additional regions predicted to

adopt coiled-coil structures, referred to as the middle domain and GTPase effector domain

(GED) [3, 10]. Both regions participate in intra- and inter-molecular interactions that are

required for self-assembly and assembly-stimulated hydrolysis [11, 12]. Interestingly, the

high resolution structure of the full-length bacterial dynamin-like protein, BDLP, from N.

punctiforme, suggests that the middle and GED regions of the protein do not exist as

structurally distinct domains. Rather, in the BDLP structure, the helixes that comprise the

middle and GED regions run in parallel forming a 4-helix bundle [13]. BDLP is most

closely related to the more distant DRP mitofusin/fzo family, members of which are

involved in mitochondrial outer membrane fusion. Thus, the relevance of the BDLP

structure for the DRP family as a whole and especially for those members more

evolutionarily removed, such as the membrane scission DRPs, awaits verification.

Interestingly, assembled BDLP forms a helical array of repeating T-shaped units similar to

what has been observed in three-dimensional (cryo)-EM reconstructions of assembled

dynamin [13, 14]. For dynamin this repeating T unit is suggested to be a dimer in which the

GTPase domain and the middle and GED regions are predicted to form the head and stalk of

the T, respectively. The helical dynamin cryo-EM reconstruction suggests that the strongest

interactions within and between dimers are mediated by the middle and GED regions [14,

15]. In addition to middle and GED interactions, GTPase-GTPase and GTPase-middle/GED

interactions also contribute to self-assembly, which is critical for DRP function [11, 14, 15].

In yeast, Dnm1 assembles into structures that localize in a dynamic fashion to the cytosol

and to the mitochondrial surface [16–19]. In contrast, the majority of Drp1 in higher

eukaryotes is diffusely dispersed throughout the cytosol, while a small fraction of the protein

is found assembled on mitochondria [20, 21] (Fig. 1). The assembled Dnm1/Drp1 structures

are highly dynamic as there is a continuous exchange of subunits between cytosolic and

assembled Dnm1/Drp1 [18, 22]. Significantly, while division does not occur at all sites of

mitochondrial-associated Dnm1/Drp1 assemblies, Dnm1/Drp1 assemblies are always found

at sites of mitochondrial division [17–21]. What differentiates those structures that go on to

mediate division from those that do not is currently unknown. At any given time, only a

small fraction of Dnm1/Drp1 is participating in division, suggesting roles for these proteins

outside of mitochondrial division.

Assembly of Dnm1/Drp1 is required for its function [23, 24]. A thorough structural

characterization of Dnm1 has provided mechanistic insight into the relationship between

assembly and division [24]. In its GTP-bound form, Dnm1 assembles into extended helical

structures that are markedly different than the slightly curved filaments formed by

nucleotide-free and GDP-bound forms of the protein. While similar to the helices formed by

dynamin [25], the Dnm1 helices possess a larger diameter that, remarkably, is equivalent to

the diameter of mitochondrial constriction sites in vivo. Dnm1 can also assemble on and

constrict artificial liposomes in vitro, forming tubules with diameters similar to

mitochondrial constriction sites in vivo. Thus, these data indicate that GTP-driven Dnm1
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assembly drives mitochondrial membrane constriction. Dnm1 GTPase mutants that are

defective in GTP-binding do not assemble into helices in vitro and do not support division in

vivo [19]. Thus, GTP-mediated structural changes are required for helix formation, which in

turn is required for mitochondrial division.

Two regulatory features of GTP-driven Dnm1 assembly have been revealed by a detailed

kinetic analysis of the hydrolysis activity of the protein, which is intimately tied to self-

assembly [24]. In the early steps of the assembly pathway, Dnm1 assembly is positively

regulated by GTP-dependent conformational changes and proceeds via a rate-limiting

nucleation step. These kinetic features suggest that a rate-limiting event in division is the

regulation of Dnm1 self-assembly. Together, the structural and kinetic characterizations of

Dnm1 support a model in which nucleation-dependent self-assembly of Dnm1 into helices

drives the constriction of the mitochondrial membranes during mitochondrial division.

Drp1 has also been shown to self-assemble in vitro, albeit with less efficiency than Dnm1,

and only into simple rings [20, 26]. This suggests additional factors may be required to

regulate Drp1 self-assembly. The difference in the assembled states of Dnm1 and Drp1 in

vivo also suggest a higher degree of regulation for Drp1 assembly. While Dnm1 is

predominantly found in self-assembled structures, the majority of which are mitochondrial

associated, the bulk of Drp1 is diffusely dispersed in the cytosol [16, 17, 20, 21] (Fig. 1). A

higher degree of regulation may be required to achieve the dramatic and physiologically

relevant variation in mitochondrial structure and dynamics observed in various mammalian

cell types [27]. In addition, a more fine tuned regulation of assembly is likely to be

important in regulating the mitochondrial functions of Drp1 outside of division, such as in

apoptosis. While regulation of assembly may be more complex for Drp1, purified Drp1, like

Dnm1, can assemble on and tubulate liposomes in vitro [26]. Thus, the mechanism of

assembly-driven constriction in mitochondrial division is conserved between yeast and

higher eukaryotes.

While GTP binding is critical for assembly-driven constriction, GTP hydrolysis is likely to

be required for subsequent membrane fission. When GTP is exchanged for a bound non-

hydrolyzable GTP analog, GMPPCP, Dnm1 helices rapidly contort and disassemble [24].

This raises the possibility that structural changes associated with nucleotide hydrolysis may

be used to facilitate fission. A role for nucleotide hydrolysis in membrane fission is

highlighted in studies using the hydrolysis deficient mutant Dnm1K41A [19]. This Dnm1

mutant, which can bind but not hydrolyze GTP, assembles into helices in vitro and on

mitochondria in vivo but does not support division. Thus, GTP binding is sufficient for

assembly, but GTP hydrolysis is critical to complete division. For dynamin, nucleotide

hydrolysis has been coupled to a decrease in the pitch and diameter of the helix [28, 29].

This constriction has been proposed to provide the mechanochemical force necessary for

fission. Data suggests that the hydrolysis-driven constriction of the dynamin helix may be a

consequence of a rotary movement of the helical turns relative to one another or a

conformational change involving the sliding and twisting of individual subunits of the

dynamin helix, which are not mutually exclusive possibilities. Such twisting movements

would likely place a strain on the lipid bilayer that could result in fission [15, 30]. Indeed,

dynamin can drive the scission of lipid tubules in a GTP hydrolysis-dependent manner [30].
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Interestingly, however, hydrolysis-driven constriction alone is not sufficient for membrane

scission; tension along the lipid tubule is also required [30].

Thus, the current working model of mitochondrial division is that after Dnm1/Drp1 is

targeted to mitochondria, it undergoes GTP-driven assembly into helical structures, and this

self-assembly drives membrane constriction. In turn, self-assembly also stimulates GTP

hydrolysis, which is likely to evoke conformational changes within the Dnm1/Drp1 helix

that complete membrane fission (Fig. 2). Although it is the master regulator of

mitochondrial division, in vivo, Dnm1/Drp1 alone is not sufficient to mediate this process.

A myriad of players have been identified that are required for or help to facilitate Dnm1/

Drp1-driven mitochondrial division.

Targeting of the mitochondrial division dynamin

Dnm1-dependent mitochondrial division requires additional players to target the

mitochondrial division dynamin to the mitochondrial surface. In yeast, there are at least

three ways in which Dnm1 can be targeted to the mitochondrial outer membrane; however,

not all means of targeting result in efficient mitochondrial division.

Fis1/Mdv1-dependent targeting was the first targeting mechanism to be identified and to

date is the only one known to be essential for division. Fis1 is anchored to the mitochondrial

outer membrane via a C-terminal transmembrane domain [31]. The N-terminus of the

protein, which is exposed to the cytosol, adopts a super helical tetratricopepetide-like (TPR)

fold [32–34]. Consistent with the known role of TPR motifs in mediating protein-protein

interactions, Fis1 interacts with and consequently recruits Mdv1 to the mitochondrial outer

membrane [31, 35–40]. Mdv1 is comprised of 3 regions: an N-terminal extension that

contains a helix-loop-helix motif that interacts with Fis1, a central coiled-coil region that

mediates Mdv1 homo-oligomerization, and a C-terminal WD repeat predicted to form a

seven-bladed propeller that interacts with Dnm1 [35, 36, 40–42]. Thus Mdv1 serves as a

bridge between mitochondrial-associated Fis1 and soluble Dnm1.

Fis1 also functions to target Dnm1 to the mitochondrial outer membrane via its interaction

with the Mdv1 paralog Caf4 [37]. Caf4 possesses the same domain architecture as Mdv1 and

participates in analogous intra- and inter-molecular interactions. While structurally similar,

Mdv1 and Caf4 are not functionally redundant as recruitment mediated by Caf4 alone is not

productive and mitochondrial division is severely compromised in these cells. In contrast,

cells lacking Caf4 exhibit wild type mitochondrial morphology and division rates [37]. At

present, the role of Fis1/Caf4-dependent targeting of Dnm1 in mitochondrial division is

unknown and clearly non-essential. There is evidence to suggest that the Fis1/Caf4 complex

may play a role in establishing and/or maintaining a cell cortex-directed orientation of a

subset of Dnm1 clusters that may have a physical attachment to the cell cortex [43].

Although the biological significance of such cortex tethering is unclear at this point, it is

conceivable that tethering may serve a function in mitochondrial motility and retention

during transport of the organelle to the incipient bud.

Interestingly, Num1-dependent targeting, the third mechanism by which Dnm1 is targeted to

the mitochondria, is independent of Fis1 [44]. Num1 is a large 313 kD protein that is
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anchored to the cell cortex via a C-terminal pleckstrin homology domain [45, 46]. While

Num1 has long been known to function in nuclear segregation [45], a function for Num1 in

mitochondrial division and distribution has recently been uncovered [44]. In the absence of

Num1, mitochondrial division is attenuated but not completely disrupted as is seen in the

absence of the essential division proteins, Dnm1, Mdv1, and Fis1. Thus, while not essential

for division, Num1 facilitates division by an unknown mechanism. Num1 colocalizes with a

subset of mitochondrial associated Dnm1 assemblies and these are mutually exclusive of

those that contain Mdv1. Interestingly, in a fraction of cells that lack both Dnm1 and Num1,

a defect in mother cell mitochondrial retention is observed suggesting a role for both

proteins in mitochondrial retention/inheritance. Num1, through its interaction with Dnm1,

might therefore provide a link between mitochondrial division and inheritance. In addition,

the interactions of Num1 with tubulin and dynein as well as with the actin nucleator Bni1

link cytoskeletal elements with mitochondrial division and distribution [47]. A link between

division and the cytoskeleton may be functionally important, as interactions with the

cytoskeleton could generate tension along mitochondrial tubules that may be critical for

membrane scission [30]. Although targeting of Dnm1 via the Fis1/Caf4 or Num1 pathways

alone is not sufficient for consequent fission of mitochondrial membranes, it is possible that

Dnm1 recruited by these pathways could then go on to participate in Fis1/Mdv1-dependent

fission.

The requirements for Drp1 targeting in higher eukaryotes, which possess only a Fis1

homolog, are less clear. It has been suggested that human Fis1 (hFis1) functions in part to

directly target Drp1 to the mitochondrial outer membrane. Consistently, hFis1 and Drp1

have been shown to interact [48–50]. However, Drp1 recruitment is not altered in cells in

which levels of hFis1 are depleted suggesting additional mechanisms to target Drp1 exist in

higher eukaryotes [51]. Interestingly, targeting of Drp1 is dramatically increased following

stimulation of apoptosis suggesting that Drp1 targeting even in homeostatic conditions may

require factors whose activity and/or expression is increased during apoptosis [52–54]. In

addition, the mitochondrial targeting of Drp1 may be facilitated by cytoskeletal elements;

disruption of the actin cytoskeleton and inactivation of the dynein/dynactin complex both

disrupt targeting of Drp1 to the mitochondrial surface [55, 56].

Post-targeting roles for essential mitochondrial division proteins

While hFis1 may not be required to target Drp1 to the mitochondrial surface, mitochondrial

division is blocked when hFis1 levels are reduced suggesting that hFis1 also functions

downstream of Drp1 targeting [32, 51, 57]. Interestingly, overexpression of hFis1 results in

mitochondrial fragmentation suggesting hFis1 activity is rate limiting in division [48, 57,

58].

In yeast the post-targeting roles/requirements of Fis1 are less clear. Fis1 is suggested to be

present in the division complex but is uniformly distributed along the mitochondrial surface;

Fis1 does not appear to accumulate in clusters at sites of division as is seen for Dnm1 and

Mdv1 [31, 59]. Therefore, if present in the division complex, it is there at substoichiometric

levels. Interestingly, in vitro a direct interaction between Fis1 and Dnm1 in the absence of

Mdv1 has been observed when residues that comprise the extreme N-terminal helix of Fis1
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are removed, but the in vivo significance of this observation is not known [39]. This small

helix, known as the N-terminal arm, binds to a groove in the concave surface of the Fis1

TPR motif suggesting that the N-terminal arm may regulate access to a Dnm1 binding site

[33, 40]. While not likely to participate in targeting, as Fis1-dependent targeting requires

Mdv1 or Caf4, a Fis1-Dnm1 interaction may function to regulate Dnm1 activity post-

targeting.

While Mdv1 is also required to target Dnm1 to the mitochondrial surface, the protein’s

function in mitochondrial division clearly extends beyond serving to simply bridge the

Dnm1-Fis1 interaction. Interestingly, Mdv1 accumulates at nascent division sites following

the targeting of Dnm1 and, importantly, Mdv1 remains present with Dnm1 at the time of

division [19]. A mutation in the WD domain of Mdv1, Mdv1N544R, that strengthens the

Dnm1-Mdv1 interaction supports division complex assembly but not membrane scission

[19]. Thus targeting alone is not sufficient; a dynamic Dnm1-Mdv1 interaction is required to

facilitate fission. Interestingly, cytological and yeast two hybrid studies indicate that Mdv1

preferentially interacts with the GTP-bound, assembled form of Dnm1 suggesting that Mdv1

may facilitate division by promoting/nucleating the assembly of Dnm1 into higher-order

division competent structures [19, 36].

Additional regulators of mitochondrial division

While great progress has been made in dissecting the functions of the core components of

the division machinery, the future of the field lies in understanding how the function of these

proteins is regulated/modulated by other protein factors.

In yeast, elucidating the functional significance of the Dnm1-Caf4 and Dnm1-Num1

interactions will likely provide insight into potential roles for Dnm1 outside of its active role

in mitochondrial division. Thus, although saturated genetic selections in yeast have likely

identified all of the essential components of the division machinery, additional players that

regulate/modulate the activities of these essential components will likely be identified.

In higher eukaryotes, numerous proteins have been implicated in regulating the process of

mitochondrial division. In the mammalian system, the next challenge will be to place these

players into a cohesive pathway for mitochondrial division and to identify their roles more

precisely.

One potential division effector is endophilin B1 (Bif-1/SH3GLB1), which acts downstream

of Drp1 in the maintenance of mitochondrial morphology. Depletion of endophilin B1

causes mitochondria to be more connected, a phenotype consistent with attenuated

mitochondrial division [60]. Endophilin B1 interacts with the pro-apoptotic protein Bax, and

like Bax, endophilin B1 translocates to and forms clusters on the mitochondrial surface that

co-localize with Drp1 following the induction of apoptosis [60–62]. Interestingly,

endophilin B1 belongs to an endophilin family of proteins that self-assemble to form

filaments that remodel membranes and, as in the case of endophilin A, co-assemble with

dynamin to promote endocytosis [63, 66]. Like other endophilins, endophilin B1 possesses

an N-BAR domain; such domains are thought to sense and/or induce membrane curvature

[64, 65], which is consistent with the ability of endophilin B1 to tubulate liposomes in vitro
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[66]. Thus, endophilin B1 may function to remodel mitochondrial membranes during

mitochondrial division.

Mff (mitochondrial fission factor) was recently identified as a regulator of mitochondrial

division [67]. Similar to hFis1, Mff is a C-tail anchored protein of the mitochondrial outer

membrane whose depletion attenuates mitochondrial division. Interestingly, the two proteins

exist in separate complexes suggesting independent roles in division. While the role of Mff

in mitochondrial division is unknown, it has been postulated to function in the assembly

and/or organization of division complexes.

GDAP1, ganglioside-induced differentiation associated protein 1, and MTP18 have also

been proposed to function as effectors of mitochondrial division. Overexpression of

GDAP1, an integral protein of the mitochondrial outer membrane, promotes mitochondrial

fragmentation. Mutations in GDAP1 are associated with Charcot-Marie-Toothe disease type

4A. Overexpression of the disease alleles does not cause mitochondrial fragmentation

suggesting a link between impaired mitochondrial division and disease [68]. Overexpression

of MTP18, a resident of the inner membrane space, also promotes mitochondrial

fragmentation. This coupled with the fact that depletion of MTP18 results in elongation of

mitochondria as well as in a reduction of mitochondrial associated Drp1 assemblies suggests

a regulatory role for MTP18 in mitochondrial division [69, 70]. Additional insight into the

functions of both GDAP1 and MTP18 is required to establish whether these proteins are

indeed bona fide components/regulators of mitochondrial division.

Various post-translation modifications, including ubiquitination, sumoylation, and

phosphorylation also have been convincingly shown to play regulatory roles in

mitochondrial division. MARCH5, an E3 ubiquitin ligase of the mitochondrial outer

membrane, ubiquitinates both Drp1 and hFis1 [71, 72]. While the exact role of

ubiquitination is unknown, it has been postulated that ubiquitination by MARCH5 may

regulate the stability and/or activity of these proteins. Additionally, MARCH5 may also

regulate the subcellular trafficking of Drp1 and/or division complex assembly/disassembly

as the mitochondrial association of Drp1 is substantially increased when dominant negative

forms of MARCH5 are expressed [73].

In addition to being ubiquitinated, Drp1 is a substrate for sumoylation. Increased

sumoylation of Drp1, mediated by overexpression of SUMO1 or depletion of the SUMO

protease SENP5, stabilizes Drp1, and this stabilization coincides with mitochondrial

fragmentation [74, 75]. Thus, sumoylation may regulate division by modulating the cellular

levels of Drp1. Interestingly, sumoylation, like ubiquitination, may also regulate the

subcellular trafficking of Drp1. The increased and stable association of Drp1 with the

mitochondrial membrane observed following stimulation of apoptosis coincides with

increased sumoylation of the protein [22].

Phosphorylation of Drp1 by a number of different kinases also regulates its activity and

cellular distribution. Two sites of phosphorylation have been identified in Drp1, Ser616 and

Ser637 (amino acids corresponding to splice variant 1). Ser616 is phosphorylated in mitosis

by Cdk1/cyclin B1 [76]. Phosphorylation at this site has been proposed to stimulate

Lackner and Nunnari Page 7

Biochim Biophys Acta. Author manuscript; available in PMC 2014 June 30.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



mitochondrial division in mitosis, which may serve as a possible mechanism to ensure equal

transmission of mitochondria to daughter cells. Ser637 is phosphorylated by cAMP-

dependent protein kinase (PKA) and calcium/calmodulin-dependent kinase I (CaMKI) and

dephosphorylation is mediated by calcineurin [50, 77–79]. The effects of phosphorylation at

this site are unclear as contradicting data has been reported. Three studies provide evidence

that phosphorylation at this site inhibits mitochondrial division, possibly as a result of

reduced Drp1 GTPase activity and/or inhibition of the translocation of Drp1 to mitochondria

[77–79]. In contrast, another group reports that phosphorylation of Ser637 stimulates both

the translocation of Drp1 to mitochondria and mitochondrial division [50]. Thus although

the exact mechanism of regulation via phosphorylation is unclear, it is likely that

phosphorylation of Drp1 can be used as a means to positively and negatively regulate its

function in division.

Cellular roles of mitochondrial division

A fundamental role of mitochondrial division in all types of cells is to maintain the proper

cellular distribution of mitochondria. In both yeast and higher eukaryotes, disruption of

mitochondrial division leads to an extensively interconnected and collapsed mitochondrial

network that leaves many areas of the cell devoid of the organelle. This altered distribution

likely has some effects on cellular homeostasis in yeast. There is a modest defect in

mitochondrial DNA inheritance in mitotic cells that lack Dnm1 [80]. In addition, in

sporulating yeast cells that lack the essential mitochondrial division proteins there are

defects in mtDNA inheritance as well as in the inheritance of the mitochondrial

compartment itself [81]. In higher eukaryotes, more adverse effects are seen when

mitochondrial distribution is disrupted as a result of attenuated mitochondrial division. In C.

elegans loss of Drp1 activity results in embryonic lethality due in part to improper

mitochondrial segregation [21]. Mitochondrial segregation defects are also observed during

Drosophila spermatogenesis when Drp1 activity is disrupted [82]. Thus, maintenance of

mitochondrial distribution is likely to be crucial for development in higher eukaryotes.

Proper mitochondrial distribution is also critical for neuronal function. In neurons,

mitochondria are distributed from the cell body to distant regions of the cell such as

dendrites and the synaptic region of the axon, locations where mitochondrial functions such

as ATP production and calcium buffering are in high demand [83]. Disruption of Drp1

function in neurons drastically reduces the numbers of synaptic and dendritic mitochondria,

and as a result, sustained neurotransmission and dendritic morphogenesis, respectively, are

disrupted [84, 85]. While the essentiality of the mitochondrial division proteins in mammals

has not been directly assessed using mouse knock-out models, a lethal mutation in human

Drp1 that causes early infant mortality has been reported, underscoring the essential role this

process plays in humans [86].

Recently, it has been shown that disruption of mitochondrial division in mammalian cells

results in general mitochondrial dysfunction: loss of membrane potential, increase in ROS,

increase in oxidized proteins, and loss of mitochondrial DNA [87–90]. These sub-lethal

stresses have been shown to induce senescence-associated phenotypic changes within cells

[87, 88]. Thus mitochondrial division plays an important role in maintaining normal cellular

function. These observations raise the possibility that mitochondrial division proteins are
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more directly involved in the regulation of mitochondrial function in cells. It has also been

proposed that these phenotypes may be a consequence of the role division may play in

protecting mitochondria from excessive damage [90]. Data suggests that mitochondrial

division may be required to isolate damaged regions of the mitochondrial tubule and/or to

create an appropriately sized substrate for autophagasome formation [89, 90]. Once severed

from the mitochondrial network, damaged mitochondrial fragments are not able to refuse

with the network due to their low membrane potential and thus remain isolated [89].

Evidence suggests that these damaged mitochondria are then targeted for autophagic

degradation. Thus, mitochondrial division may function in quality control of the

mitochondrial compartment [91].

Drp1 is less assembled at steady state likely in part because Drp1 self-assembly and/or

assembly associated conformational changes have been harnessed in mammalian cells to

integrate mitochondrial division with cellular signaling pathways. In contrast to yeast, where

Dnm1 is mostly assembled at steady state, the assembly and targeting of Drp1 can be

markedly stimulated under certain physiological conditions, resulting in an increase in Drp1-

dependent mitochondrial division (Fig 1). For example, increases in cytosolic calcium

levels, triggered by depolarization of mitochondria, changes in the cellular membrane

potential, or release of ER calcium stores, promote the assembly and mitochondrial targeting

of Drp1 and consequent mitochondrial fragmentation [50, 53, 77]. The functional

significance of this increase in mitochondrial division as a response to calcium is unclear.

However, it does suggest that regulation of Drp1 activity provides a means to regulate the

shape and function of the mitochondrial network. In addition to calcium signaling, which is

used in a variety of cellular processes, other intracellular signaling pathways may be used to

regulate Drp1 activity, perhaps via post-translation modifications of Drp1.

Regulation of Drp1 activity is known to be functionally important in mitochondrial mediated

or intrinsic apoptosis. A critical event in intrinsic apoptosis is mitochondrial outer membrane

permeabilization (MOMP), which releases factors from the inner membrane space (IMS),

such as cytochrome c, that mediate downstream cell death pathways [92–94]. Concurrent

with MOMP, Drp1 self-assembly and mitochondrial targeting are increased resulting in

increased mitochondrial division and fragmentation [22, 52, 53]. Inhibition of Drp1-

dependent mitochondrial division delays and partially inhibits apoptosis [51, 52]. This raises

the possibility that Drp1-mediated mitochondrial fragmentation may be required to regulate

apoptosis. However, a recent study that makes use of a small molecular inhibitor of Drp1

assembly, mdivi-1, provides evidence that the role of Drp1 in apoptosis extends beyond its

role in division [95]. Treatment of cells with mdivi-1 blocks the assembly and mitochondrial

translocation of Drp1 and thus the mitochondrial fragmentation normally observed

following the induction of apoptosis. Attenuation of cytochrome c release is also observed in

these cells, consistent with a role for Drp1 activity in MOMP. Significantly, mdivi-1 also

blocks the release of cytochrome c from isolated mitochondria in cell free MOMP assays

where mitochondrial division does not occur. Thus, these data indicate that Drp1 plays a

direct and critical role in MOMP that is independent of its role in division. Consistently,

Drp1 colocalizes with Bax, an essential effector of MOMP, on the mitochondrial outer

membrane suggesting that through its interaction with Bax, Drp1 regulates MOMP by an
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unknown mechanism [96]. Drp1 has also been shown to function in developmental

programmed cell death. Disruption of Drp1 function in both C. elegans and Drosophila

leads to the survival of cells normally slated for death [97, 98]. Thus the role of Drp1 in

programmed cell death is well conserved.

hFis1 is also likely to play a role in the regulation of apoptosis that is distinct from its role in

division. Depletion of hFis1 inhibits Bax translocation to the mitochondrial surface and

delays the onset of apoptosis [51]. Interestingly a separation of function mutation has been

identified in hFis1, hFis1K148R. In contrast to overexpression of WT hFis1, which induces

both mitochondrial fragmentation and apoptosis, hFis1K148R overexpression only induces

mitochondrial fragmentation, not apoptosis [58, 99]. Thus, the functions of hFis1 in division

and apoptosis can be separated. While the mitochondrial division proteins likely have

functions in apoptosis outside of their roles in division, it is conceivable that, while not

required, mitochondrial fragmentation may facilitate MOMP and the progression of

apoptosis.

Dnm1/Drp1 independent mitochondrial division

While Dnm1/Drp1-mediated mitochondrial division is the primary mechanism used to

divide mitochondria, Dnm1/Drp1-independent mitochondrial division has been observed. In

the absence of Dnm1, mitochondrial division can occur in yeast as a result of cytokinesis

suggesting that external forces, akin to those generated by conformational changes of the

Dnm1 helix, are sufficient to promote the scission of both mitochondrial membranes (J.

Nunnari, unpublished data). In addition to cytokinetic mitochondrial division, other means

of Dnm1/Drp1-independent mitochondrial division have also been observed. Mitochondria

fragment in mature tetrads during sporulation in yeast in the absence of Dnm1 [81]. In

mammalian cells, Drp1-independent mitochondrial fragmentation is observed in cells with

decreased levels of LETM1, a mitochondrial inner membrane protein proposed to function

in the regulation of mitochondrial morphology [100]. These observations suggest that novel

mechanisms of mitochondrial division exist in yeast and higher eukaryotes.
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Figure 1. The cellular distribution of Dnm1 and Drp1
A) In yeast, Dnm1 is predominantly found in self-assembled structures, a majority of which

are associated with mitochondria. B and C) Under normal growth conditions (B and B′), the

bulk of Drp1 in COS cells is diffusely dispersed in the cytosol with only a small fraction of

the protein found assembled on mitochondria. Following STS treatment (C and C′), the

assembly and mitochondrial targeting of Drp1 are markedly increased resulting in increased

mitochondrial division and fragmentation. Panels B′ and C′ are a representative region of

each cell shown in panels B and C and are magnified 7-fold. Dnm1 and Drp1 are shown in

green and mitochondria are shown in red. Panels B, B′, C and C′ are reproduced from

Cassidy- Stone et al. 2008, Developmental Cell [95]. Scale bars: (A) 1 μm, (B and C) 10 μm,

(B′and C′) 1 μm.
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Figure 2. A model of Dnm1/Drp1-driven mitochondrial division
Dnm1/Drp1-driven mitochondrial division can be broken down into 3 stages: targeting,

assembly-driven constriction, and hydrolysis-mediated constriction/scission. Briefly, Dnm1/

Drp1 is first targeted to the mitochondrial surface. Once targeted, Dnm1/Drp1 undergoes

GTP-driven assembly into a helical structure, which drives the constriction of the

mitochondrial tubule. GTP-driven assembly also stimulates nucleotide hydrolysis which is

likely to evoke additional conformational changes in the Dnm1 helix that are required for

further constriction and subsequent scission of the mitochondrial membranes. Dnm1/Drp1 is

shown in red and a portion of a mitochondrial tubule is shown in green.
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