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Abstract

Distinct dynamin superfamily GTPases catalyze the constant fission and fusion of the elaborate 

mitochondrial networks that navigate the eukaryotic cytoplasm. Long believed to be the singular 

handiwork of dynamin-related protein 1 (Drp1), a cytosolic family member that transiently 

localizes to the mitochondrial surface, the execution of mitochondrial fission is now arguably 

believed to entail membrane remodeling events that are initiated upstream of Drp1 by ER-

associated cytoskeletal networks and completed downstream by the prototypical dynamin, 

dynamin 2 (Dyn2). Recent developments in the field have also placed a sharp focus on the 

membrane microenvironment around the division apparatus and the potential facilitatory role of 

specific lipids in mitochondrial fission. Here, I will review current progress, as well as highlight 

the most visible gaps in knowledge, in elucidating the varied functions of the dynamin superfamily 

in the coordinated events of mitochondrial fission and fusion. The essential roles of protein and 

lipid cofactors are also highlighted.
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Introduction

Originated as an endosymbiont from ancient bacteria approximately 2 billion years ago, the 

modern day mitochondrion is seldom present as a discrete entity in the eukaryotic cell (1,2). 

Instead, the many mitochondria that inhabit the cytoplasmic space form extensive, branched, 

and dynamic networks that are remodeled continuously by the coupled and compensatory 

actions of fission and fusion (3). The fusion, fission and transport of mitochondria, all of 

which occur over cytoskeletal tracks that traverse the extranuclear volume, are collectively 

referred to as ‘mitochondrial dynamics’. Many excellent review articles have articulated on 
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the phenomenology of mitochondrial dynamics, and their implications in physiology and 

disease (4–8). In this review article, I will focus on the structural and functional mechanics 

of mitochondrial fission and fusion, and the putative roles and molecular mechanisms of 

various dynamin superfamily GTPases as ‘catalysts’ and/or ‘effectors’ of mitochondrial 

remodeling.

1. Mitochondrial remodeling: the setting. What, why, where, and how?

What?: Mitochondria, whether present as short, discrete units or organized in long, dynamic 

networks, can be approximated as ‘spherocylinders’ with two hemispherical ends capping a 

cylindrical (tubular) center that may vary greatly in length as well as in girth (diameter). 

Indeed, the mitochondria of most mammalian cells typically vary between approximately 

200 nm to 1 micron in external diameter (9,10). Mitochondrial fission or fragmentation 

therefore entails a massive, local constriction of the bounding mitochondrial outer 

membrane (MOM) from a significantly large external diameter down to less than 4 nm in 

internal diameter to reach the theoretical limit for spontaneous membrane fission (11). 

Correspondingly, mitochondrial fusion initially involves the creation of a localized and 

narrow fusion pore between opposing MOM bilayers that then expands substantially to 

reach the large overall diameter of the tubular mitochondrion (12). Adding further 

complexity to this membrane-remodeling challenge is also the need for a concerted 

constriction, or homotypic fusion, of the MOM-encapsulated mitochondrial inner membrane 

(MIM) that protrudes repeatedly into the mitochondrial matrix as tubular folds of ‘cristae’.

Why?: Mitochondria, unlike intracellular transport vesicles, are not created de novo, i.e. 

from scratch from other donor membrane compartments. Instead, the existing mitochondria 

expand in size (length and girth), coordinately replicate their genome (mtDNA), and 

undergo fragmentation in order to be effectively partitioned into daughter cells during cell 

division (4). Apart from this obvious need, mitochondrial fission also serves many essential 

functions in a postmitotic cell. These include (i) enabling the transport of appropriately sized 

mitochondria along cytoskeletal tracks to various parts of the cell, e.g. down narrow axons to 

the ATP-demanding nerve termini (13), (ii) the excision of irreparably damaged, 

dysfunctional mitochondrial fragments toward ‘mitophagy’ (autophagy of mitochondria) 

(14), and (iiii) facilitating the release of intermembrane space (IMS)-localized pro-apoptotic 

cytochrome c into the cytosol during programmed cell death (15). Mitochondrial fusion, on 

the other hand, ensures organellar content homogeneity via the transcomplementation of 

mtDNA, proteins and lipids, and occurs presumably to combat the propagation of excessive 

reactive oxygen species (ROS)-induced mtDNA damage and dysfunction (4,16–18). The 

rates of mitochondrial fission and fusion in any given cell type are counterbalanced, tightly 

controlled, and are periodically altered in response to various physiological cues and a 

changing intracellular environment. All of the above physiological aspects are reviewed 

extensively in refs. (4–8,18–21).

Where?: Even though mitochondria are distributed indiscriminately throughout the cytosol, 

mitochondrial fission and fusion both occur almost exclusively at regions of ER-

mitochondria-cytoskeleton contact (22–24). Extensively branched and narrow ER membrane 

tubules that emanate from the sheet-like peripheral ER of the perinuclear region intersect 
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and radially enwrap the elongated mitochondria to mark sites of imminent mitochondrial 

division (25). Various bridging protein molecules, including those that ultimately catalyze 

mitochondrial fusion, facilitate the tethering of the tubular ER to the MOM (25–27). 

Importantly, these confined ER-mitochondria interfacial regions constitute focal points for 

the collaborative interaction of membrane-anchored actin-nucleating and actin-polymerizing 

factors that create localized, confined zones of directed actin polymerization (23,24,28). 

Either actin polymerization directed against the MOM surface from the circumnavigating 

ER membrane tubule and/or the contraction of cross-bridged actin-myosin II motor 

filaments networked radially around the mitochondrial tubule is believed to induce the 

greater membrane curvature (smaller diameter) characteristic of these fission-predisposed 

MOM sites. The other component of the cellular cytoskeleton, the microtubules, to which 

the mitochondria are anchored to, facilitate the transportation and distribution of 

mitochondria in mammalian cells (13,29–31). Incidentally, ER-mitochondrial contacts also 

occur on microtubules. Microtubule anchoring may provide the longitudinal membrane 

tension necessary for mitochondrial fission and for the effective separation of the newly 

formed mitochondrial poles (32,33).

How?: Although the ER-mitochondria-actin nexus induces the initial membrane curvature 

on mitochondria to mark sites of future fission, GTPases of the dynamin superfamily termed 

‘dynamin-related proteins (DRPs)’ catalyze the ultimate constriction of mitochondria toward 

fission, or conversely, the close apposition of opposing mitochondrial membranes toward 

fusion (4,34). Key to the act of mitochondrial fission are dynamin-related protein 1 (Drp1), 

and arguably, dynamin 2 (Dyn2), both of which are recruited from their predominantly 

cytosolic locations transiently to mitochondrial fission sites (Fig. 1). A current model depicts 

mitochondrial fission in three hierarchical steps (10,35). The ER-actin network initially 

constricts mitochondria (step 1). Subsequent Drp1 helical self-assembly at ER-

preconstricted fission sites and GTP hydrolysis-driven conformational rearrangements 

constrict the mitochondria further, although not to the point of fission (step 2). Finally, a 

more effective mechanoenzymatic constriction activity from Dyn2 self-assembly at Drp1-

superconstricted regions ultimately catalyzes mitochondrial fission (step 3). Where, whether 

and how one step ends and the other one begins is unclear. How these events are coordinated 

in time and space also remains a mystery. Based on emergent data, we will consider an 

equally plausible non-hierarchical model for mitochondrial fission in the following sections. 

Likewise, key to the act of mitochondrial fusion are two dynamin family GTPases, 

mitofusins (Mfn1/2) and optic atrophy 1 (OPA1), which catalyze the independent fusion of 

the MOM and MIM, respectively. Unlike Drp1 and dynamin 2, Mfn1/2 and OPA1 are each 

anchored to their respective membrane via transmembrane (TM) segments (Fig. 2). Modeled 

on SNARES, the mechanisms of mitochondrial fusion has been divided similarly into 

tethering, docking and fusion steps (12). Using the recently available crystal structures of a 

minimal Mfn construct and their structural and functional resemblance to bacterial dynamin-

like protein (BDLP) and mammalian atlastin (36–39) as a basis, we will speculate as to how 

GTP hydrolysis in Mfn1/2 and OPA1 may be mechanoenzymatically coupled to the distinct 

fusion of the mitochondrial double membrane.
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2. The main cast: the DRPs of fission and fusion

In light of the very recent and exhaustive review articles written on the varied roles of 

dynamin superfamily members in mitochondrial dynamics (18,34), I will restrict my 

discussion here to the salient structural and functional features of the dynamin superfamily 

that delineate their specific roles in mitochondrial fission or fusion.

2. 1. Collaring Drp1 and Dyn2 in mitochondrial fission—Although classical 

dynamins (Dyn1, 2 and 3) are the prototypical (founding) dynamin-related proteins (DRPs) 

based on which others are described, Drp1 is the archetypal DRP (the perfect example) (40). 

Drp1 is more ancient in evolutionary origin and considered ancestral to the classical 

dynamins (41).

The notion that Drp1 functions as a ‘mechanochemical noose’ to constrict and divide 

mitochondria is however modeled largely on dynamin. Disruption of Drp1 activity either in 

yeast or in mammalian cells results in defective mitochondrial fission and a hyperfused 

mitochondrial network, an effect comparable in principle to the accumulation of trapped 

endocytic pits in nerve cells expressing disrupted dynamin activity (42–47). Electron-dense 

bands of Dnm1p (the yeast Drp1 homolog) observed at mitochondrial division sites (44) 

were likened to the electron-dense collars of mutant dynamin wrapped around the base of 

trapped endocytic pits at the presynaptic termini of temperature-sensitive shibire flies (46). 

Similar to dynamin, purified mammalian Drp1 and yeast Dnm1p were also shown to 

assemble into helical polymers in vitro (albeit with distinct geometries), and constrict 

tubular membrane templates over which they are assembled (albeit to different extents) upon 

GTP hydrolysis (48–52).

DRPs are large, modular GTPases that self-assemble into organized arrays, helical or 

otherwise, for function (Fig. 1A). Fission DRPs (e.g. classical dynamins and Drp1), which 

constitute polymers of a helical geometry over membranes are structurally and functionally 

distinct from fusion DRPs (e.g. Mfn1/2 and OPA1) that largely form organized, flat lattices 

as discussed below (53–56).

Fission DRPs dynamin and Drp1 contain a highly conserved N-terminal GTPase domain 

that characteristically homodimerizes in a nucleotide-dependent manner to cooperatively 

hydrolyze GTP (57,58) (Fig. 1A, top). GTPase domain dimerization occurs between 

adjacent rungs of the helical dynamin/Drp1 polymer and couples cooperative GTP 

hydrolysis to mechanoenzymatic membrane tube constriction (59). A four-helical bundle or 

‘stalk’ composed of discontinuous middle (MD) and GTPase effector (GED) regions 

participates in lateral DRP-DRP self-interactions and establishes the helical geometry of 

dynamin/Drp1 self-assembly (60–63). The stalk connects the GTPase domain that is located 

farthest from the membrane surface to membrane-proximal lipid-binding regions that 

interact peripherally with the membrane bilayer (Fig. 1A, bottom). The stalk communicates 

with the GTPase domain via another discontinuous but short three-helical bundle called the 

‘bundle signaling element or BSE’ (Fig. 1A, top). The BSE undergoes a dramatic 

conformational rearrangement relative to the GTPase domain in a so-called ‘powerstroke’ 

(59), which affects the geometry of stalk-mediated self-assembly and presumably allows for 

underlying membrane tube constriction toward fission (64–69). The GTPase domain, BSE 
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and stalk thus constitute a conserved ‘mechanochemical core’ in both dynamin and Drp1. 

Whether and how such conformational rearrangements in fission DRPs drive membrane 

remodeling and fission are heavily debated and remain areas of intense investigation (70).

Regardless, key structural and functional differences distinguish Drp1 from classical 

dynamins. Despite a highly conserved active site (~75% similarity with dynamin) (Fig. 1B), 

Drp1 exhibits a ~10-fold-lower rate of cooperative GTP hydrolysis compared to Dyn1 (~200 

min−1 for dynamin (71) versus ~20 min−1 for Drp1 (72)) upon helical self-assembly on 

target membranes. These kinetics likely reflect a ~10-fold greater KM (Michaelis constant) 

of Drp1 GTP hydrolysis (~200 μM) relative to Dyn1 (~20 μM) (73–75). A structural 

comparison of the Drp1 and Dyn1 GTPase domains provides a plausible explanation for this 

disparity. An overlay of the primary and 3D structures of the respective GTPase domains 

reveals the presence of a unique stretch of residues in Drp1 called the ‘80-loop’ (Fig. 1B, 

1C). Absent in classical dynamins, 80-loop counterparts only exist in the DRPs of lower 

eukaryotes. These include Dnm1p and Vps1p from Saccharomyces cerevisiae and Dyn A 

from Dictyostelium discoideum (76). Connecting two β-strands of the central β-sheet, this 

loop is pronouncedly longer in Drp1 compared to dynamin and is positioned at the rim of 

the GTPase domain (Fig. 1C). The Drp1-specific 80-loop is also subject to alternative 

splicing and may include 13 additional residues called the ‘A-insert’ in select Drp1 splice 

variants (Fig. 1B) (73,77–79). A biochemical and biophysical comparison of the short 

(without A-insert) and long (with A-insert) ‘80-loop’ splice variants has further revealed a 

dramatically reduced cooperativity of GTP hydrolysis for the long variant compared to the 

short variant (by greater than 5-fold) (73). The collective data therefore suggest the Drp1-

specific 80-loop functions to regulate the nucleotide-dependent, inter-rung dimerization of 

the GTPase domain (73). The 80-loop, identified as a potential binding site for either protein 

partners (76) or divalent cations (58), might function thus as a ‘kinetic timer’ to increase the 

residence time of the helical Drp1 polymer over mitochondrial fission sites by favoring Drp1 

self-assembly over rapid, GTP hydrolysis-driven polymer disassembly (80). The above 

Drp1-specific structural and kinetic properties could be pertinent to the observed longer 

time-scale Drp1-mediated mechanoenzymatic constriction of mitochondria relative to 

dynamin (10). Moreover, the presence of 80-loop-to-80-loop dimerization contacts in the 

crystal packing of minimal Drp1 GTPase domain dimers suggests that these interactions 

might constitute an additional or an alternate interface for Drp1 self-assembly (58). Owing 

to its proximity to the BSE and a high density of negative charges at its tip, the 80-loop is 

also proposed to regulate BSE movement during the Drp1 ‘power stroke’ (58). The role and 

mechanism of the Drp1-specific 80-loop awaits further structural and functional elucidation.

Likewise, a structural and functional comparison of the Drp1 and dynamin stalks has 

revealed distinct alternate and preferential modes of stalk-mediated self-assembly. Crystal 

structures of nearly full-length dynamin and Drp1 have revealed that the stalks interact via 

distinct interfaces to establish the geometry of helical self-assembly (60–63). A largely 

hydrophobic ‘interface 2’ common to both Drp1 and dynamin positions two protein 

monomers in a crisscross fashion at the stalk midbody to create the dimeric building blocks 

of self-assembly (Fig. 1A, bottom). In dynamin, interfaces 1 and 3, located at the top and 

bottom of the stalk (Fig. 1A), proximal to the BSE and the membrane-binding region, 

respectively, participate in ‘end-to-end’ dimer-dimer interactions in a manner that registers a 
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tilt between the dimers and favors uniform helical self-assembly. Consistently, interface 3-

disrupting mutations in Dyn1 give rise to either linear dimeric arrays, as seen in the crystal 

lattice of interface 3-mutated Dyn1 (61), or helical polymers of a non-uniform geometry as 

observed on membrane templates (71,72). By contrast, an interface 3-perturbing mutation in 

Drp1 (C505A) remarkably does not disrupt Drp1 helical polymerization on membranes, 

suggesting an alternative and preferential Drp1-specific mode of stalk-mediated self-

assembly. A unique assembly interface described for Drp1, interface 4, that permits a ‘back-

to-back’ interaction of the dimeric stalks, instead of a ‘side-by-side’ one (Fig. 1D) (53,62), 

likely mediates this alternative self-assembly mode.

The membrane-interacting pleckstrin homology (PH) domain of dynamin and the 

intrinsically disordered variable domain (VD) of Drp1, in their unliganded states (i.e. non-

membrane-bound states), function to auto-inhibit the premature higher-order self-assembly 

of dynamin/Drp1 in solution via the steric occlusion of one or more self-assembly interfaces 

(60–63,80). Deletion of the dynamin PH domain and the Drp1 VD, which mimics the 

autoinhibition-relieved, membrane-bound state of dynamin/Drp1 in solution, has clearly 

revealed the differential preferred interfaces and geometries of Drp1 and Dyn1 self-assembly 

(63,80). Whereas dynaminΔPH more efficiently forms helical polymers in solution relative 

to WT in keeping with the essential role of the now-exposed interface 3 in promoting helical 

dynamin self-assembly (63), Drp1ΔVD, by contrast, forms curvilinear polymers composed 

seemingly of interface 4-assembled dimeric subunits (Fig. 1D) (80). The intrinsically 

disordered VD thus appears to occlude interface 4 instead of, or in addition to, interface 3 in 

full-length Drp1. The inherent flexibility of the interface 4-assembled Drp1 polymer, in 

contrast to the interface 3-assembled curvature-restricted dynamin polymer, may be relevant 

for the curvature-adaptability of Drp1 self-assembly over the mitochondrial surface as well 

as over the progressively constricting mitochondrial fission sites in vivo (10,72,81). 

Nevertheless, the relative contributions and roles of these distinct interfaces in Drp1 function 

remain unresolved and awaits further mechanistic dissection.

The Drp1 VD also referred to as ‘insert B’ or ‘B-insert’ occurs in place of the dynamin PH 

domain. The VD is however absent in the Drp1 crystal structure, and is not structurally 

resolved in the current cryo-EM structure of membrane-bound yeast Dnm1p, leaving an 

apparent 3-to-4-nm gap (empty space) between the protein density and the membrane 

surface (52). This has given rise to speculation that Drp1/Dnm1p may not interact directly 

with the membrane bilayer, and may necessitate partner protein interactions (discussed later) 

for membrane anchoring (53). In support of this notion, a direct interaction between the 

yeast Dnm1p VD and its cognate mitochondrial membrane adaptor, Mdv1p, has been 

previously established (82). Regardless, recent studies have indicated that the Drp1 VD, 

which shares only 9% identity with the yeast Dnm1p VD (82), binds membrane 

phospholipids directly with a preference for the mitochondria-specific phospholipid, 

cardiolipin (CL) (72,83,84). Whereas the nature and functional consequence of Drp1 VD-

membrane interactions are poorly understood, at least four Lys (K) residues located within 

the VD have been implicated in specific CL binding(83). Whether VD interactions with 

membranes and adaptors are mutually exclusive is unclear.
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The VD, similar to the GTPase domain 80-loop, is subject to alternative splicing and varies 

in length between 111–148 amino acid residues among Drp1 splice variants. Intriguingly, 

recent studies have shown that the Drp1 VD splice variants differ significantly in their 

preferred geometry of helical self-assembly over membranes, with a longer VD correlating 

with a narrower helical diameter (73). These data suggest that the unstructured VD by nature 

of its variable hydrodynamic bulk functions as a ‘fulcrum’ or a ‘pivot’ to direct Drp1 self-

assembly in defined helical geometries. The VD is also the site of multiple post-translational 

modifications (e.g. sumoylation) (79,83), which may further regulate the geometry of Drp1 

self-assembly (85). The roles and mechanisms of the VD in regulating Drp1 function awaits 

further structural and functional examination.

Despite the relative wealth of information available for the structured and globular dynamin 

PH domain (~125 amino acid residues) and its role in dynamin-catalyzed endocytic vesicle 

scission (86–89), its apparent essential role in Dyn2-catalyzed mitochondrial fission remains 

unclear (10). The dynamin PH domain binds to negatively charged phospholipids, and 

exhibits specificity for phosphatidylinositol-4,5-biphosphate (PIP2), an essential lipid 

present typically at the plasma membrane. Although there are sparse studies implicating the 

involvement of PIP2 and its phosphatase, synaptojanin 2 in mitochondrial membrane fission 

(90–92), this has not been further investigated. Whether the Dyn2 PH domain binds other 

negatively charged phospholipids present on the mitochondrial surface, including cardiolipin 

(CL) and phosphatidic acid (PA), to anchor Dyn2 for mechanoenzymatic membrane 

constriction and fission is unknown. Incidentally, Dyn1 has been previously shown to 

selectively and deeply insert into PA-containing lipid monolayers (93). PH domain-

membrane insertion is critical for dynamin-catalyzed membrane fission during endocytosis 

(88).

Classical dynamins including Dyn2, but not Drp1, contain a C-terminal unstructured 

proline-rich domain (PRD) (Fig. 1A, top). Dyn2 is initially recruited to endocytic fission 

sites at the plasma membrane via PRD interactions with the Src-homology 3 (SH3) domains 

of protein partners (94,95). Subsequent interactions of the PH domain with PIP2 on the 

highly curved membrane necks of invaginated endocytic pits promotes helical dynamin self-

assembly for fission (96). Although the PRD is essential for Dyn2’s purported role in 

mitochondrial fission (10), the identity of its recruitment partners at mitochondrial fission 

sites remains elusive. A few likely candidates include SH3- and BAR (Bin/Amphiphysin/

Rvs) domain-containing proteins such as sorting nexin 9 (SNX9) (97) and endophilin B1 

(98) that localize to the mitochondria. However, their roles in mitochondrial fission are not 

firmly established.

Two binding partners common to Drp1 and Dyn2 are the actin cytoskeleton and 

microtubules, both of which are intimately associated with the mitochondria (79,81,99,100). 

Drp1 and Dyn2 both directly bind filamentous actin via their stalk regions, and robustly 

induce actin bundling and dynamics (100,101). The potential roles of these cytoskeletal 

elements in the localization and dynamics of Drp1 and Dyn2 at mitochondrial fission sites, 

as well as in force generation and membrane fission remain unexplored (102).
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2. 2. TM-anchored DRPs of mitochondrial fusion—Unlike dynamin and Drp1 that 

share a common structural framework and a nearly identical domain arrangement, fusion 

DRPs Mfn1/2 and OPA1, remarkably, are architecturally dissimilar to each other (Fig. 2A, 

top). This likely reflects the unique physicochemical environments of the MOM versus the 

MIM as well as the additional roles of these DRPs in maintaining the distinct morphology 

and interactions of these two disparate membranes (4,6,103). Mfn1 is found exclusively at 

the MOM surface where it participates in homotypic or heterotypic interactions with Mfn1 

or Mfn2 on opposing mitochondria (6,104). On the other hand, Mfn2 is also present at the 

ER membrane, and may be essential for ER-mitochondria membrane tethering at contact 

sites (26). OPA1 likewise also plays a critical role in maintaining the tubular morphology of 

the numerous ‘cristae’ that involute the MIM. IMS-facing OPA1 participates in membrane 

tethering interactions across the length of the cristae lumen and maintains cristae 

morphology (6). Full-length Mfn1/2 and OPA1 are both anchored via conventional TM 

segments to their respective membranes even though the locations of these TM segment(s) 

relative to the GTPase domains are topologically reversed between the two (Fig. 2A, top) 

(4).

Phylogenetically related more closely to BDLP than to dynamin or Drp1, Mfn1/2 adopts the 

recurrent ‘U-shaped’ polypeptide configuration with the N-terminal GTPase domain and the 

extreme C-terminal helical region present in close proximity, exposing the bulk of Mfn1/2 

thus to the cytosol (36,37,105). The solitary four-helical bundle ‘stalk’ of dynamin/Drp1 

(Fig. 1A, bottom) is effectively replaced in Mfn1/2 by a bipartite four-helical bundle 

composed of helical bundles 1 (Fig. 2A, bottom) and 2 (HB1 and HB2; termed ‘neck’ and 

‘trunk’, respectively, in BDLP) (36–38). Loop segments that connect the helices of HB1 and 

HB2, by analogy to BDLP, function seemingly as a collective, flexible ‘hinge’ to effect 

dramatic ‘swivel-like’ nucleotide-dependent conformational rearrangements that displace 

HB1 and HB2 relative to each other (36–38,106). Replacing the ‘paddle’ segments located at 

the base of the BDLP trunk that peripherally interact with membranes are two closely 

spaced TM segments of inverse topology at the base of HB2 in Mfn1/2 that permanently 

integrate these DRPs permanently into the MOM bilayer (105).

Although the functional requirement of the TM anchoring of Mfn1/2, as opposed to the 

peripheral association of BDLP, in relation to membrane tethering and fusion is yet unclear, 

a mechanism based partly on models for BDLP in bacterial membrane fusion and for atlastin 

(39,107) in ER membrane fusion has been proposed for Mfn1/2. The recently solved 3D 

structures of a minimal Mfn1 construct containing only the GTPase domain and HB1 are 

virtually identical to that of the GTPase and neck domains of full-length BDLP (36–38). 

Based on this observation and the dramatic conformational rearrangements that ensue in 

full-length BDLP upon GTP hydrolysis, as observed under different nucleotide-bound 

structural states (106), a similar order of events is envisaged for Mfn1/2 (105,108). In this 

model, Mfn1/2 present in a GTP-bound ‘open’ conformation, which positions HB1 and HB2 

in an ‘end-on’ arrangement, mediates the in trans tethering of opposing MOM bilayers via 

the transition state-dependent dimerization of GTPase domains across the two membranes. 

Subsequent GTP hydrolysis and inorganic phosphate (Pi) release, in yet another ‘power 

stroke’, effect a dramatic buckling of this elongated structure to a ‘closed’ conformation 
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which forces HB1 and HB2 to adopt a more ‘side-by-side’ arrangement, presumably thus 

pulling the two tethered membrane bilayers closer together for fusion. Consistent with this 

model, recent cryo-electron tomography (cryo-ET) studies of isolated yeast mitochondria 

trapped at various stages of the fusion process reveal three distinct steps in the mechanism of 

Mfn1/2 (Fzo1p in yeast)-mediated MOM fusion (12). The first step involves ‘membrane 

tethering’ wherein the MOM tips of opposing mitochondria are bridged at an intermembrane 

distance of ~7 nm by an organized, dense lattice of Mfn1/2 molecules emanating from both 

partner membranes. This likely corresponds to the open, GTP-bound (nonhydrolyzable 

GMP-PNP-stabilized) conformation of Mfn1/2 paired across the two membrane bilayers via 

the transition state-dependent in trans dimerization of the GTPase domains. The second step 

involves ‘membrane docking’, wherein the bridging Mfn1/2 lattice is reorganized upon GTP 

hydrolysis and/or GDP/Pi release into a ‘docking ring’ that outlines the periphery of the area 

of contact between the now more closely juxtaposed MOM bilayers with an intermembrane 

distance of ~1–3 nm (down from ~7 nm in the GTP-bound state). Although no protein 

density is observed at the regions of closest approach between the membranes, it is 

nevertheless posited that a transition to the closed, GDP-bound conformation, coupled to 

Mfn1/2 lattice disassembly and reorganization, facilitates this transition. Interestingly 

however, the Mfn1/2 molecules that constitute the docking ring at the edges of these contact 

areas still maintain an intermembrane distance of ~7 nm, which might reflect a reversal to 

the GTP-bound open conformation post-membrane docking and -lattice reorganization. The 

third and final step involves ‘membrane fusion’ wherein a partial disassembly of the docking 

ring catalyzes the formation of a toroidal membrane pore of ~40-nm diameter between the 

docked membrane bilayers that may possibly expand further to complete MOM fusion. 

What maintains membrane docking in the absence of protein density, or how the Mfn1/2 

lattice-to-docking-ring transition is accomplished, or whether the Mfn1/2 molecules that 

constitute the docking ring undergo yet another round of nucleotide-dependent structural 

transition to catalyze pore formation, remain unknown. How the fusion pore is expanded 

further around the periphery of membrane contact in the face of docking ring disassembly is 

still a mystery. Regardless, together these studies have provided unprecedented insight into 

the plausible mechanisms of MOM fusion, and have offered several starting points for 

further mechanistic exploration.

In contrast to Mfn1/2, mammalian OPA1 contains a single TM segment at its extreme N-

terminus that connects to the more centrally located, IMS-facing GTPase domain via an 

intervening coiled-coil (CC) region (Fig. 2A, top). Remarkably, however, C-terminal to the 

GTPase domain, OPA1 is more similar to dynamin/Drp1 than to Mfn1/2 or BDLP (4). Like 

dynamin and Drp1, OPA1 contains well-defined MD and GED regions that are connected by 

a putatively unstructured polypeptide region akin to the Drp1 VD. Although no high-

resolution structures are yet available for OPA1 and no detailed mechanisms proposed, such 

domain arrangement would essentially place the GTPase domain in close proximity to the 

membrane with the stalk and the unstructured region positioned at a distance away from the 

membrane surface, a topography essentially opposite to that of dynamin/Drp1 or Mfn1/2. 

Interestingly however, TM-anchored full-length OPA1 (referred to as long OPA1 or l-OPA1) 

can also be proteolytically cleaved by proteases YME1L and OMA1 to generate a soluble 

form of OPA1 (referred to as s-OPA1) that resides in the IMS (109), and which could 
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peripherally interact with membranes in a more typical dynamin/Drp1-like topography. This 

plausible alternate topography or ‘orientation-switch’ of s-OPA1 may be relevant to its 

purported role in mitochondrial fission as suggested previously (109) and discussed further 

below. Moreover, unlike in the case of Mfn1/2, OPA1 is not required on both opposing 

membranes for MIM fusion suggesting that OPA1-OPA1 trans-interactions are not required 

for membrane tethering (110). This observation raises the possibility that TM-anchored 

OPA1 may interact directly with specific lipids on the opposing MIM, likely through the 

unstructured polypeptide region located at the base of its stalk (Fig. 2B), in order to tether 

and fuse membranes. A very recently published study indeed corroborates this notion (111).

Notwithstanding the paucity of information on mammalian OPA1, much structural and 

functional insight have been gleaned from studies of its yeast ortholog, Mgm1p. Mgm1p, 

which likewise undergoes proteolytic processing to yield l-Mgm1p and s-Mgm1p variants, 

however does not exhibit any basal GTPase activity unless the long and short variants are 

paired in a heterotypic manner via their GTPase domains (54). Moreover, whereas both l-
Mgm1p and s-Mgm1p can participate in homotypic interactions across opposing MIM, their 

heterotypic pairing occurs only on the same MIM (54). These data, by analogy to Mfn1/2, 

suggest that the transition between membrane tethering and the GTP hydrolysis-dependent 

membrane docking and fusion steps for OPA1 is not progressive (or automatic) and relies 

critically on the balance (ratio) of long and short variants at MIM fusion sites. Regardless, an 

l-OPA1 variant incapable of being proteolytically cleaved to generate s-OPA1 was shown to 

be sufficient for both mitochondrial fusion and cristae maintenance in mammalian cells 

(109). How or whether l-OPA1 exhibits GTPase activity in a more physiological setting is 

unknown. s-OPA1, incompetent for membrane fusion in the absence of l-OPA1 either in 
vitro or in vivo, is however sufficient for the maintenance of cristae morphology (112). 

Furthermore, s-OPA1 expression has been shown to promote mitochondrial fission instead 

of fusion indicating that s-OPA1 activity at the MIM maybe somehow coupled to Drp1 

activity at the MOM for a concerted fission of the mitochondrial double membrane (109). 

Indeed, very recent data suggest that a MOM-independent, OPA1-regulated constriction of 

the MIM is a priming event for mitochondrial division (113). In contrast to s-OPA1, s-

Mgm1p is sufficient for liposome fusion in vitro (56).

A standout enzymatic characteristic of the mitochondrial fusion DRPs compared to the 

fission DRPs is the marked absence of a robust GTPase activity. The minimal Mfn1 GTPase 

domain-HB1 construct exhibits a maximal basal turnover rate of between ~0.3–3.0 per 

minute depending on the experimental conditions used (36,37), whereas OPA1 or Mgm1p, 

which exhibits discernible basal GTPase activity only in the short, soluble form, turns GTP 

over at a maximal rate of ~1.0 per minute (54,55,114). A structural comparison of the Mfn1 

GTPase domain with that of Drp1 reveals the molecular bases of their disparate enzymatic 

activities (Fig. 2A, bottom). In contrast to Drp1, the active site of Mfn1 is exposed with a 

flat guanine-nucleotide binding interface. A signature motif of the fission DRPs termed the 

‘guanine cap’ or ‘G5’, which arches over the binding pocket and tightly wraps the 

nucleotide is completely missing in Mfn1 explaining the relatively poor affinity for guanine 

nucleotides (36,37). In addition, the Mfn1 nucleotide-binding pocket is shielded by a bulky 

Trp residue (W239), conserved only in BDLP, that requires dislocation by incoming GTP for 

the proper docking of the nucleotide (36). Furthermore, the GTPase domain dimerization 
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interface stabilized in the presence of transition state analogs, GDP/AlF4
− or GDP/BeF3

−, is 

substantially smaller in Mfn1 in comparison to dynamin (~995 Å2 vs. 2,500 Å2), and is 

stabilized primarily by electrostatic interactions versus exclusive hydrophobic, in trans 
interactions in dynamin (36). The reduced GTP hydrolysis rates of the fusion DRPs, by 

disfavoring lattice disassembly, may facilitate the formation of an appropriate area of initial 

intermembrane contact between opposing mitochondria to achieve stable membrane 

tethering. Subsequent cooperative GTP hydrolysis-driven lattice reorganization and 

membrane docking accomplishes membrane fusion. How Mfn1/2 GTPase activity is 

spatiotemporally coordinated toward productive membrane fusion warrants further 

investigation.

In contrast to dynamin and Drp1 that utilize defined stalk interfaces to direct helical self-

assembly over tubular membrane templates, Mfn1/2 and OPA1 (Mgm1p) primarily 

constitute organized and extended ‘flat lattices’ on membrane surfaces (54–56). Although 

not much is known ultrastructurally about MOM-anchored Mfn1/2 in this regard, dimeric 

building blocks of MIM-anchored s-Mgm1p (OPA1 ortholog) have been shown to self-

organize in a triangular, trimer-of-dimers arrangement (54). These hexamers (trimer-of-

dimer subunits) ultimately form the higher-order repeating unit of the extended protein 

lattice. Hexamer-hexamer stacking interactions between opposing membranes presumably 

achieve membrane tethering with an intermembrane distance of ~15 nm (55,56). GTP 

binding has been shown to reorganize and spatially constrict this lattice to apparently 

promote membrane docking, whereas GTP hydrolysis has been shown to drive membrane 

fusion (56). Contradicting results have been obtained for Mfn1 in that the deletion of the TM 

segment has been shown to either ablate (37) or have no tangible effect (36) on the 

nucleotide-independent formation of Mfn1 dimers. Regardless, in the presence of either 

GTP or transition-state GTP analogs, Mfn1 dimers form higher-order complexes specifically 

via GTPase domain dimerization suggesting a similar mechanism to s-Mgm1p (36). A role 

for HB2, previously implicated in membrane tethering (115), has now been suggested in 

nucleotide-independent Mfn1 dimerization (36). Detailed high-resolution structural studies 

are in order to unravel the distinct mechanisms of fusion DRP self-assembly as well as 

identify their discrete nucleotide-dependent conformational transitions during membrane 

fusion.

Despite the lack of high-resolution structural data, specific ‘K’ residues within the putative 

unstructured region of s-Mgm1p (the structural equivalent of Drp1 VD) have been 

implicated in the binding of fusogenic membrane phospholipids, CL and PA (55). PA is a 

minor component of the MIM, whereas CL is highly enriched, and constitutes nearly 20% of 

the MIM phospholipids (116,117). Interestingly, K724 and K795 in s-Mgm1p (55), whose 

alanine substitutions abrogate lipid binding both in vitro and in vivo, are highly conserved in 

mammalian OPA1 (K792 and K847 in OPA1, respectively) (Fig. 2B) and likely perform 

similar functions. Similar to s-Mgm1p, s-OPA1 interacts with CL-enriched liposomes, 

which likewise stimulates OPA1 GTPase activity through the promotion of membrane 

tethering (114). Likewise, TM-anchored l-Mgm1p also preferentially partitions into CL-

containing membranes (54). Whether this association also involves the unstructured region is 

not known as no correlated stimulation of GTPase activity is observed. Of interest, both s-

Mgm1p and s-OPA1 can interconvert between flat lattices and protein-decorated membrane 
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tubes (a la Drp1) suggesting alternate modes of membrane interactions (56,114). Whether 

this entails a toggle-like mechanism involving reversible unstructured region-membrane 

interactions remains unexplored. In addition, s-Mgm1p has also been shown to induce GTP-

stimulated local membrane bending (ruffling) of liposomes suggesting an intrinsic capacity 

for fusogenic membrane remodeling (118). In the case of Mfn1/2, the local production of PA 

by enzymatic CL hydrolysis facilitates Mfn1/2-mediated MOM fusion (119), although 

whether Mfn1/2 interacts directly with PA is unknown. In the case of ER atlastin, it has been 

shown that the extreme C-terminal helix inserts into the membrane bilayer and may 

contribute to membrane bending (120). Whether a functional equivalent exists in Mfn1/2 is 

yet unclear.

3. The functional mechanics of mitochondrial fission

In this section, I will discuss the current hierarchical model for mitochondrial membrane 

remodeling and the emergent data that outline a different scenario. I will posit alternative 

mechanisms at play that may be involved in mitochondrial membrane fission.

3. 1. The ER-cytoskeleton-mitochondrion nexus: the first cut is the deepest—
Recent work indicates that the ER orchestrates mitochondrial division, both spatially and 

temporally, by organizing and regulating curvature-inducing and force-generating protein 

molecules at fission sites (22–24,28). The initial finding that mitochondrial division in both 

yeast and mammalian cells occur at sites of ER tubule circumscription of mitochondria led 

to the subsequent discovery that the mitochondria, which approximate ~500 nm in overall 

diameter, are preconstricted to a significantly smaller diameter (<200 nm) exclusively at ER-

mitochondria contact sites (22). This occurs independently of Drp1 (Dnm1p), but is 

dependent on ER-associated actin (23). In yeast, these preconstrictions range between ~150–

200 nm in diameter, which closely approximates the diameter of the Dnm1p helices formed 

over negatively charged membranes in vitro (52), albeit in the absence of GTP hydrolysis. 

What this size-correspondence would be in mammalian cells is still not clear since 

mammalian Drp1 with its multiple splice variants displays a much more dynamic range of 

helical diameters, ranging from ~50-nm to ~150 nm in diameter even in the absence of GTP 

hydrolysis (73). Regardless, the ER-actin-mediated constriction of mitochondria is 

hypothesized to generate a cylindrical membrane template that is well suited for Drp1/

Dnm1p helical self-assembly (22) (Fig. 3). Actin filament formation at the ER-mitochondria 

interface is nucleated and elongated cooperatively by ER-anchored inverted formin 2 (INF2) 

and MOM-associated Spire1C (24,28). Actin filament elongation in the radial direction of 

the mitochondria is proposed to exert pressure on the MOM to drive mitochondrial 

constriction (Fig. 3). What restricts this constriction to a specific diameter, or whether actin 

polymerization comes to an arrest at this stage, as postulated, is however unclear. It may be 

that the turgor pressure of the mitochondria coupled with the mechanical resistance of the 

mitochondrial double membrane to bending counteracts any further actin-mediated 

constriction; that is until Drp1 self-assembly facilitates further remodeling utilizing 

unconventional mechanisms as described below. ER tubule-mitochondria contact also 

depend on microtubules (32). A SNARE, syntaxin 17 (Syn17), which localizes to ER-

mitochondria contact sites, directly binds both microtubules and Drp1 and may function to 

colocalize ER tubules and Drp1 at future fission sites (121). Syn17-mediated bridging of ER 
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tubule-associated microtubules to specifically GTP- and adaptor-bound Drp1 at ER-

mitochondria contact sites (121) could further contribute mechanical forces for localized 

mitochondrial constriction and fission.

3. 2. Constriction by Drp1: so near yet so far?—Yeast Dnm1p helices in the absence 

of essential protein and lipid partners constrict negatively charged tubular membrane 

templates to an outer diameter of only about 70 nm implying that Dnm1p/Drp1 does not 

have the dynamic range to constrict membranes to the point of fission (52). Yet, subsequent 

studies with mammalian Drp1 on either artificial or physiologically relevant membrane 

templates have shown that Drp1 can indeed constrict membrane tubes down to ~30 nm or 

less upon GTP hydrolysis (49,122). The dynamic range of Drp1 is therefore comparable to 

that of prototypical Dyn1, which upon GTP binding superconstricts membrane tubes from 

~50 nm outer diameter down to ~37 nm (~3.7 nm luminal diameter; the theoretical limit for 

spontaneous fission) (66). For reasons yet unclear however, Drp1, unlike dynamin, does not 

mediate the complete fission of membrane tubules (122). On membrane tubes containing a 

physiologically relevant mixture of phospholipids, including CL and PE relevant to 

mitochondrial morphology and fission (117), Drp1 self-assembly in the constant presence of 

GTP has been shown create similarly narrow but localized ‘superconstrictions’ (<30 nm 

diameter) that are primed for fission (122). Interestingly, the generation of localized Drp1-

mediated superconstrictions entail the sequestration, clustering and non-bilayer phase 

transition of negative curvature-promoting cone-shaped CL, alongside PE, by the Drp1 VD 

(122). It is therefore plausible that the sequestration of cone-shaped lipids at ER-

mitochondria contact sites upon Drp1 self-assembly partially counteracts the bending 

resistance of the mitochondria and augments the high negative membrane curvature required 

for a deeper ER-actin-mediated constriction (123)(Fig. 3). Thus, ER-actin and Drp1 may 

function cooperatively, and not in a strictly hierarchical manner, to create and stabilize 

mitochondrial superconstrictions. Interestingly, actin filaments directly bind Drp1 and 

promote Drp1 GTPase activity, which likely enhances the cooperative membrane remodeling 

(81,101).

3. 3. Actin’ like dynamin in mitochondrial fission—Yeast do not possess a classical 

dynamin like Dyn2, yet exhibit mitochondrial fission. Therefore, the role of Dyn2 in 

mammalian mitochondrial fission is likely tailored for a regulatory purpose instead of for 

direct membrane remodeling. In the current hierarchical model for mitochondrial fission, 

Dyn2 is proposed to superconstrict membrane tubules that are preconstricted by Drp1(10). 

This however may create an ‘area conflict’ for Drp1 and Dyn2 helical self-assembly. In vivo 
imaging data of Dyn2-depleted mitochondria reveal transient splitting of Drp1 puncta, which 

apparently then bridge a naked, superconstricted membrane tube of ~70 nm diameter 

awaiting Dyn2 arrival for further progression toward fission (10). How such an energetically 

unfavorable tubular membrane configuration is stabilized in the absence of a protein coat is 

nevertheless a mystery. Actin dynamics at fission sites (124), essential for mitochondrial 

division, likely mediates this splitting of the dynamic Drp1 scaffold and applies tensile 

forces to stabilize these tubular membrane intermediates. Furthermore, actin has been shown 

to stimulate Drp1 GTPase activity in collaboration with MOM-anchored Drp1 partner 

proteins (e.g. Mff, see below) and may facilitate Drp1 disassembly (81). Interestingly, the 
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only recognized binding partner of Dyn2 that exists at mitochondrial fission sites is actin 

itself (100). Dyn2, via mechanisms yet unexplored, likely regulates actin dynamics at these 

sites to resolve Drp1-superconstricted tubular membrane intermediates toward fission (Fig. 

3). Actin directly binds to the dynamin middle domain whose accessibility in turn is 

regulated by the PH domain (60,61). The dynamin PRD, even in the absence of binding 

partner interactions, regulates dynamin GTPase activity (125). Thus, all of these regulatory 

Dyn2 activities are found essential for mitochondrial fission (10). The proposed hierarchical 

mechanochemical role of Dyn2 in mitochondrial fission may therefore not be a foregone 

conclusion but demands further scientific verification. Furthermore, it is not clear whether 

Dyn2 recruitment to fission sites necessitates helical Drp1 self-assembly (10). Why this 

Dyn2-dependent mechanism operates in mammals but not in yeast is an unresolved mystery.

4. The supporting cast: the essential protein and lipid cofactors of mitochondrial fission

Although Drp1 can directly bind negatively charged membrane phospholipids including CL 

under favorable conditions in vitro (72,83,84), recruitment of cytosolic Drp1 to 

mitochondria in vivo relies critically on its interactions with various MOM-anchored 

transmembrane protein adaptors (receptors), namely mitochondrial fission factor (Mff), 

mitochondrial dynamics proteins of 49 and 51 kDa (MiD49/51), and fission factor 1 (Fis1) 

(18). Among these, Mff and MiD49/51 play a more prominent role in mammalian cells 

(126). Mff and MiD49/51 are found exclusively in metazoans (MiD49/51 only in chordate 

metazoans) and do not have orthologs in yeast (127,128). Moreover, MiD49/51 strictly 

localizes to the mitochondria, whereas Mff and Fis1 are also present in peroxisomes, which 

in turn depend on Drp1 for fission (129). MiD49 and MiD51 are largely redundant in 

structure and function, although a controversial and unresolved regulation of MiD51 activity, 

but not of MiD49, by cytosolic ADP has been proposed (126,127,129–132). The role of Fis1 

in mammals remains controversial. Although Fis1 is essential for Dnm1p recruitment to 

mitochondria in yeast (133), it is largely dispensable for Drp1 recruitment and mitochondrial 

fission in mammalian cells (126,134,135). Nevertheless, the absence of Fis1 in mammalian 

cells perturbs mitophagy and apoptosis through mechanisms that are yet unclear (126,136–

139).

Mff and MiD49/51 can independently recruit Drp1 to mitochondria in vivo to promote 

fission (129,135). Mff and MiD49/51 also bind Drp1 independently in vitro and can promote 

Drp1 self-assembly even in the absence of membranes (75,130,131,140). However, in vivo, 

knockdown of each adaptor substantially reduces Drp1 mitochondrial recruitment, and the 

combined ablation of Mff and MiD49/51 completely abrogates Drp1 mitochondrial 

localization (141). These data suggest MOM CL (present at <10 % of total phospholipids) 

cannot by itself recruit Drp1, and that Drp1-CL interactions occur either coincidentally with, 

or downstream of, Drp1 recruitment by protein adaptors. Interestingly, Mff has also been 

shown to preferentially partition into CL-enriched membranes in vitro (73) and may 

facilitate such an interaction. Whether this holds true also for MiD49/51 remains to be 

determined.

Advanced imaging techniques have revealed that Mff and MiD51 colocalize at ER-

mitochondria contact sites to direct Drp1-mediated mitochondrial fission (22,142). 
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Furthermore, recent studies have indicated that MiD51 (a.k.a. MIEF1) and Mff interact with 

each other to constitute a ternary complex with Drp1 (126). These data suggest that Mff and 

MiD51 function cooperatively with Drp1 to mediate mitochondrial fission. Paradoxically 

however, MiD51 and Mff exert opposite effects on Drp1 GTPase activity (126). On 

membranes, Mff copolymerizes with Drp1 to stimulate Drp1 GTPase activity, whereas Drp1 

copolymerization with MiD51 suppresses Drp1 GTPase activity (126). In a ternary mixture 

containing Drp1, Mff and MiD51, MiD51 effectively reduces the Mff-stimulation of Drp1 

GTPase activity (126). Based on the observation that the presence of the VD inhibits stable 

Drp1-Mff interactions in vitro (140,143), it has been proposed that a displacement of the VD 

via upstream CL interactions promotes subsequent Drp1-Mff co-assembly. Yet, in other 

studies, Mff has been shown to also bind full-length Drp1 and stimulate Drp1 GTPase 

activity independent of CL, suggesting that Drp1 VD-CL interactions conversely occur 

downstream of Drp1-Mff interactions (73,81). MiD51 suppression of Mff-stimulated 

GTPase activity also occurs independent on CL (126), indicating that Drp1-phospholipid 

interactions likely occur post-adaptor recruitment. This could explain why only a subset of 

the dynamic Drp1 puncta found on the mitochondrial surface, where Drp1 is necessarily 

associated with both protein adaptors and phospholipids, progress toward fission (81). The 

reduced rate of GTP hydrolysis effected by MiD51 may stabilize Drp1-Mff complexes on 

the mitochondrial surface until an appropriate membrane microenvironment, e.g. ER-

mitochondrial contact site, is encountered to effect Drp1 VD-CL interactions and progress 

toward productive fission. MiD49/51 may thus function as a ‘kinetic timer’ of mitochondrial 

fission. How these adaptors cooperatively regulate Drp1 function, both spatially and 

temporally, and link their differential activities toward mitochondrial fission remains to be 

determined.

CL is the signature phospholipid of the mitochondria. Enriched in the mitochondrial inner 

membrane (MIM) where it constitutes nearly 1 out of 5 lipids, CL is also found in relatively 

minor but significant quantities (3–10%) in the mitochondrial outer membrane (MOM) 

(18,116). Furthermore, CL content can approach 25% at MIM-MOM contact sites that 

speckle the mitochondrial surface (144). CL promotes the helical self-assembly and 

enzymatic stimulation of Drp1 over membranes independent of protein adaptors in vitro 
(72,122,145). In mammalian cells, MOM surface-exposed CL likewise appears to play a 

critical role in regulating mitochondrial fission. Degradation of CL to phosphatidic acid (PA) 

by Drp1-associated, MOM-localized mitochondrial phospholipase D (mitoPLD) inhibits 

Drp1 polymers in fission, firmly establishing a role for mitochondrial surface-localized CL 

and CL metabolism in mitochondrial fission (145). Degradation of PA to cone-shaped, but 

uncharged, diacylglycerol (DAG) by the enzyme ‘lipin’ relieves this inhibition and instead 

promotes mitochondrial fission, presumably through the DAG-mediated stabilization of 

negative membrane curvature (117,145). Yeast devoid of CL still exhibit mitochondrial 

fission (146,147). CL-deficient yeast however accumulate phosphatidylglycerol (PG), which 

is a CL precursor and a minor anionic lipid under normal conditions (148,149). Similar to 

CL in various biophysical properties, PG likely compensates for the lack of CL and rescues 

mitochondrial fission. A similar scenario may also play out in CL-deficient mammalian 

cells, which also do not exhibit an overt mitochondrial phenotype (150). Regardless, the 

mechanism by which CL fulfills its role in mitochondrial fission warrants further 
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exploration, given that the existing paradigm does not invoke a role for specific Drp1-

phospholipid interactions (53). The nature, molecular identity, specificity, hierarchy and 

functional consequences of Drp1 VD-phospholipid interactions in mitochondrial fission also 

remain largely unknown.

5. The CL link to coupled mitochondrial fusion

Conversion of CL to fusogenic PA at the MOM surface, while inhibiting Drp1-mediated 

mitochondrial fission (145), remarkably promotes Mfn1/2-mediated mitochondrial fusion 

(119). Thus, CL metabolism at the MOM functions a bi-functional ‘on/off toggle’ to govern 

the balance of mitochondrial fission and fusion. Whether PA-producing mitoPLD, which 

physically associates with Drp1 (145), also interacts with Mfn1/2, or whether Drp1 and 

Mfn1/2 colocalize (or possibly even associate) in the same microenvironment to respond 

oppositely to metabolic cues is unknown. CL, owing to its greater shape polymorphism 

(bilayer and non-bilayer orientations) could either be fusogenic or pro-fission (117). MIM 

CL organization could regulate OPA1 topography (orientation) at the MIM by promoting 

either fusogenic lattice formation (via l-OPA1 N-terminal TM-anchoring) or fission-prone 

MIM tubulation (via s-OPA1 unstructured region peripheral membrane interactions). Thus, 

CL organization at the MIM can function as a ‘topographical switch’ for OPA1 and 

coordinately balance MIM fission and fusion. In yeast, Ugo1p, a MOM-associated protein 

functions to coordinate MOM and MIM fusion by physically bridging MOM Fzolp (Mfn1/2 

ortholog) to MIM Mgm1p (OPA1 ortholog) and additionally participates in lipid mixing at 

fusion sites (4). A similar molecule is however yet to be discovered in mammals. Regardless, 

whether such a collusion exists among DRPs in executing the finely tuned balance of fission 

and fusion in mitochondrial dynamics is yet to be thoroughly investigated.

Concluding remarks

The last decade has witnessed the evolution of the field of mitochondrial dynamics from 

mostly phenomenology and physiology (or pathophysiology) to precise structures and 

mechanisms. The advent of high-resolution 3D structures (snapshots) for most, if not all, of 

the molecular players involved have provided ideal vantage points for an elaborate 

investigation of their intricate biochemical and biophysical mechanisms. Yet as outlined 

above, much is unknown about how these protein activities are coordinated in space and 

time. For instance, despite the availability of the Drp1 (ΔVD) structure, much remains 

unknown about how Drp1 interacts specifically with membrane phospholipids, a critical 

facet of its function. Furthermore, the structural transitions in Drp1 that precede or follow 

interactions with either adaptor proteins or phospholipids, as well as the order of molecular 

events required for productive mitochondrial fission remain unclear. How adaptor proteins 

and phospholipids cooperate with Drp1, mechanistically, to mediate mitochondrial fission 

remains unresolved, and poses a fundamental gap in our understanding of mitochondrial 

dynamics. The newly established roles of Dyn2 and ER-actin dynamics in mitochondrial 

fission also warrant a deeper mechanistic investigation. How fission and fusion DRPs 

assemble and function disparately, yet coordinate their activities to sustain the mitochondrial 

fission-fusion balance still remains to be deciphered. With the ongoing revolution in high-

resolution electron cryo-microscopy (cryo-EM), and the application of highly sophisticated 
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biophysical approaches to investigate protein and membrane dynamics, greater mechanistic 

insight might be just around the corner.
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Figure 1. 
Fission DRPs. (A) (Top) Domain arrangements of Drp1 and dynamin. BSE, bundle 

signaling element; PH, pleckstrin homology domain; GED, GTPase effector domain; PRD, 

proline-rich domain. (Bottom) Colour-coded representation of the Drp1ΔVD dimer crystal 

structure (PDB 1D: 4BEJ). The location of interface 2 that mediates Drp1/dynamin 

crisscross dimerization and of interfaces 1 and 3 that mediate dimer-dimer interactions 

during self-assembly are shown. The location of the membrane-interacting VD is 

represented by a dotted loop at the base of the molecule. (B) Sequence alignment of the 

GTPase domains of Drp1 (green) and dynamin 1 (Dyn1; gray). Residue numbering 

corresponds to Drp1. The location and sequence of the 80-loop A-insert present in select 

Drp1 splice variants is indicated. Region in Dyn1 corresponding to the Drp1 80-loop is 

highlighted in red. (C) An overlay of the Drp1 (green; PDB ID:4H1U) and Dyn1 (gray; PDB 

ID: 2X2E) GTPase-GED fusion crystal structures clearly distinguishes the Drp1-specific 80-

loop as a conspicuous structural feature that regulates Drp1 activity. (D) (left) Negative-stain 

EM images of Drp1ΔVD polymers. Scale bar, 50 nm. Inset shows 2D class average 

projection. Inset scale bar, 10 nm. (middle) A top-down view of interface 4-mediated linear 

filament formation in Drp1ΔVD. The putative locations of the domains are colour-coded as 

in panel A. (right) Model of the distinct modes of stalk-mediated dynamin and Drp1 

polymerization on membrane tubes. Assembly interfaces are numbered adjacent to their 

locations.

Ramachandran Page 25

Semin Cell Dev Biol. Author manuscript; available in PMC 2019 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
Fusion DRPs. (A) (Top) Domain arrangement of Mfn1/2 versus OPA1. HB1/2, helical 

bundle 1/2; TM, transmembrane region; MTS, mitochondrial targeting sequence. Arrows 

point to the locations of proteolytic cut sites in OPA1 that convert TM-anchored 1-OPA1 

into soluble s-OPA1. (Bottom) Structural overlay of the Drp1 GTPase-GED fusion construct 

(brown) with the Mfn1 GTPase-HB1 fusion construct (blue; PDB ID: 5GOM). The guanine 

cap (G5) that facilitates GTP binding in Drp1 is conspicuously absent in Mfn1. (B) An I-

TASSER (151) predicted structure of OPA1 based on homology to Drp1. The domains are 

colour-coded in correspondence with panel A. Residues 1-245 that include the MTS, TM, 

proteolytic cut sites and coiled-coil (CC) regions are shaded gray. Residues 246-277, 

560-584 and 931-960 form the BSE. Residues 278-559 constitute the GTPase domain core, 

whereas residues 585-754 and 861-930 constitute the middle (MD) and GED regions. The 

largely unstructured region at the base of the molecule correspond to residues 755-860. The 

positions of conserved Lys (K) in OPA1 that in Mgm1p participate in phospholipid binding 

are shown.
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Figure 3. 
Molecular organization at a mitochondrial fission site. Shown is a cartoon illustration of an 

ER tubule-constricted mitochondrial division site accentuating the putative, relative spatial 

arrangement of the key molecular players involved in the mechanics of mitochondrial 

fission.
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	What?: Mitochondria, whether present as short, discrete units or organized in long, dynamic networks, can be approximated as ‘spherocylinders’ with two hemispherical ends capping a cylindrical (tubular) center that may vary greatly in length as well as in girth (diameter). Indeed, the mitochondria of most mammalian cells typically vary between approximately 200 nm to 1 micron in external diameter (9,10). Mitochondrial fission or fragmentation therefore entails a massive, local constriction of the bounding mitochondrial outer membrane (MOM) from a significantly large external diameter down to less than 4 nm in internal diameter to reach the theoretical limit for spontaneous membrane fission (11). Correspondingly, mitochondrial fusion initially involves the creation of a localized and narrow fusion pore between opposing MOM bilayers that then expands substantially to reach the large overall diameter of the tubular mitochondrion (12). Adding further complexity to this membrane-remodeling challenge is also the need for a concerted constriction, or homotypic fusion, of the MOM-encapsulated mitochondrial inner membrane (MIM) that protrudes repeatedly into the mitochondrial matrix as tubular folds of ‘cristae’.Why?: Mitochondria, unlike intracellular transport vesicles, are not created de novo, i.e. from scratch from other donor membrane compartments. Instead, the existing mitochondria expand in size (length and girth), coordinately replicate their genome (mtDNA), and undergo fragmentation in order to be effectively partitioned into daughter cells during cell division (4). Apart from this obvious need, mitochondrial fission also serves many essential functions in a postmitotic cell. These include (i) enabling the transport of appropriately sized mitochondria along cytoskeletal tracks to various parts of the cell, e.g. down narrow axons to the ATP-demanding nerve termini (13), (ii) the excision of irreparably damaged, dysfunctional mitochondrial fragments toward ‘mitophagy’ (autophagy of mitochondria) (14), and (iiii) facilitating the release of intermembrane space (IMS)-localized pro-apoptotic cytochrome c into the cytosol during programmed cell death (15). Mitochondrial fusion, on the other hand, ensures organellar content homogeneity via the transcomplementation of mtDNA, proteins and lipids, and occurs presumably to combat the propagation of excessive reactive oxygen species (ROS)-induced mtDNA damage and dysfunction (4,16–18). The rates of mitochondrial fission and fusion in any given cell type are counterbalanced, tightly controlled, and are periodically altered in response to various physiological cues and a changing intracellular environment. All of the above physiological aspects are reviewed extensively in refs. (4–8,18–21).Where?: Even though mitochondria are distributed indiscriminately throughout the cytosol, mitochondrial fission and fusion both occur almost exclusively at regions of ER-mitochondria-cytoskeleton contact (22–24). Extensively branched and narrow ER membrane tubules that emanate from the sheet-like peripheral ER of the perinuclear region intersect and radially enwrap the elongated mitochondria to mark sites of imminent mitochondrial division (25). Various bridging protein molecules, including those that ultimately catalyze mitochondrial fusion, facilitate the tethering of the tubular ER to the MOM (25–27). Importantly, these confined ER-mitochondria interfacial regions constitute focal points for the collaborative interaction of membrane-anchored actin-nucleating and actin-polymerizing factors that create localized, confined zones of directed actin polymerization (23,24,28). Either actin polymerization directed against the MOM surface from the circumnavigating ER membrane tubule and/or the contraction of cross-bridged actin-myosin II motor filaments networked radially around the mitochondrial tubule is believed to induce the greater membrane curvature (smaller diameter) characteristic of these fission-predisposed MOM sites. The other component of the cellular cytoskeleton, the microtubules, to which the mitochondria are anchored to, facilitate the transportation and distribution of mitochondria in mammalian cells (13,29–31). Incidentally, ER-mitochondrial contacts also occur on microtubules. Microtubule anchoring may provide the longitudinal membrane tension necessary for mitochondrial fission and for the effective separation of the newly formed mitochondrial poles (32,33).How?: Although the ER-mitochondria-actin nexus induces the initial membrane curvature on mitochondria to mark sites of future fission, GTPases of the dynamin superfamily termed ‘dynamin-related proteins (DRPs)’ catalyze the ultimate constriction of mitochondria toward fission, or conversely, the close apposition of opposing mitochondrial membranes toward fusion (4,34). Key to the act of mitochondrial fission are dynamin-related protein 1 (Drp1), and arguably, dynamin 2 (Dyn2), both of which are recruited from their predominantly cytosolic locations transiently to mitochondrial fission sites (Fig. 1). A current model depicts mitochondrial fission in three hierarchical steps (10,35). The ER-actin network initially constricts mitochondria (step 1). Subsequent Drp1 helical self-assembly at ER-preconstricted fission sites and GTP hydrolysis-driven conformational rearrangements constrict the mitochondria further, although not to the point of fission (step 2). Finally, a more effective mechanoenzymatic constriction activity from Dyn2 self-assembly at Drp1-superconstricted regions ultimately catalyzes mitochondrial fission (step 3). Where, whether and how one step ends and the other one begins is unclear. How these events are coordinated in time and space also remains a mystery. Based on emergent data, we will consider an equally plausible non-hierarchical model for mitochondrial fission in the following sections. Likewise, key to the act of mitochondrial fusion are two dynamin family GTPases, mitofusins (Mfn1/2) and optic atrophy 1 (OPA1), which catalyze the independent fusion of the MOM and MIM, respectively. Unlike Drp1 and dynamin 2, Mfn1/2 and OPA1 are each anchored to their respective membrane via transmembrane (TM) segments (Fig. 2). Modeled on SNARES, the mechanisms of mitochondrial fusion has been divided similarly into tethering, docking and fusion steps (12). Using the recently available crystal structures of a minimal Mfn construct and their structural and functional resemblance to bacterial dynamin-like protein (BDLP) and mammalian atlastin (36–39) as a basis, we will speculate as to how GTP hydrolysis in Mfn1/2 and OPA1 may be mechanoenzymatically coupled to the distinct fusion of the mitochondrial double membrane.
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