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Abstract 

 Mitochondria, the double membrane-walled powerhouses of the eukaryotic cell, are also 

the seats of synthesis of two critical yet prevalent nonbilayer-prone phospholipids, namely 

phosphatidylethanolamine (PE) and cardiolipin (CL). Besides their established biochemical roles 

in the regulation of partner protein function, PE and CL are also key protagonists in the biophysics 

of mitochondrial membrane remodeling and dynamics. In this review, we address lipid geometry 

and behavior at the single-molecule level as well as their intimate coupling to whole organelle 

morphology and remodeling during the concerted events of mitochondrial fission. We present 

evidence from recent experimental measurements ably supported and validated by computational 

modeling studies to support our notion that conical lipids play a catalytic as well as a structural 

role in mitochondrial fission. 
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Introduction 

 All biological membranes comprise a ~30 Å hydrophobic barrier in the form of a lipid 

bilayer (1, 2). Yet, each discrete membrane is composed of an astonishing array of lipids with 

distinctive biochemical composition and biophysical properties, which in conjunction with the 

non-uniform distribution and sorting of select lipid species confer both global and local 

characteristics to that membrane (1, 3). The mitochondria, bounded by two compositionally and 

morphologically disparate membrane bilayers, namely the outer (OMM) and the inner 

mitochondrial membrane (IMM), best exemplify this (4, 5). In this review, we will explore how 

the distinct lipid composition of mitochondrial membranes, and importantly, local variations 

therein, affect the biophysical and mechanical properties of the membrane in order to facilitate and 

catalyze the essential but still poorly understood process of mitochondrial fission. 

 Of endosymbiotic origin from ancient bacteria, the modern day mitochondria of eukaryotic 

cells seldom exist as discrete ‘bean-shaped’ entities as commonly illustrated in textbooks. Instead, 

they form elaborate, interconnected and dynamic networks that continuously undergo coordinated 

cycles of fission and fusion (6-8). Mitochondria, unlike intracellular transport vesicles, cannot be 

created de novo. Therefore, new mitochondria originate from preexisting ones through the 

coordinated processes of mitochondrial growth, elongation and division (Fig. 1a). In this regard, 

mitochondrial fission essentially recapitulates the binary fission of its ancestors. Mitochondrial 

dynamics and morphology are inextricably linked to the organelle’s myriad cellular functions 

including ATP production, regulation of apoptotic cell death, calcium homeostasis, and control of 

reactive oxygen species (ROS) (9, 10). Mitochondrial fission is essential for the partitioning and 

inheritance of mitochondria during cell division, the transport and distribution of mitochondria to 

intracellular regions of high energy demand (e.g. the neuronal synapse), the clearance of damaged 

mitochondrial segments via mitophagy, and the release of pro-apoptotic factors (e.g. cytochrome 

c) into the cytosol during programmed cell death. Conversely, mitochondrial fusion is critical for 

the maintenance of mitochondrial content homogeneity in the cell, and complementation of 

damaged mitochondrial DNA that ensues from environmental insults (11, 12). The constant flux 

and counterbalance of mitochondria between fused and fragmented states maintains cellular 

homeostasis and ensures cell survival. 

 Defects in mitochondrial dynamics are causally linked to numerous human neurological 

disorders, including Alzheimer’s, Parkinson’s and Huntington’s diseases, hereditary ataxia, 

dominant optic atrophy and Charcot-Marie-Tooth disease (13-18). Defects in mitochondrial 

dynamics also affect various aspects of cardiovascular biology, including cardiac development, 

response to ischemia-reperfusion injury, and heart failure (19-24). Furthermore, mitochondrial 

dynamics defects have been directly implicated in a variety of cancers (25-28). A molecular level 

understanding of how mitochondrial fission and fusion occur, and are regulated, is therefore vital 

for targeted therapeutic intervention. 
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Figure 1. Lipid protagonists of mitochondrial fission.  a) Top left. Schematic of Drp1 

recruitment to mitochondria and helical self-assembly around preconstricted division sites. Top 

right. Cartoon illustration of cardiolipin (CL) distribution in mitochondrial membranes and 

Drp1-mediated CL clustering at fission sites.  Bottom. Schematic of CL metabolism at the 

OMM. CL is degraded to phosphatidic acid (PA) and then to diacylglycerol (DAG) by the 

sequential actions of phospholipases - MitoPLD and lipin 1b. Lipids containing saturated acyl 

chains, especially PA, are inhibitory to Drp1-catalyzed mitochondrial fission, whereas native 

mammalian CL that predominantly bears C18:2 unsaturated acyl chains and DAG promote 

fission. b) Cartoon illustration of the overall conical shapes of zwitterionic PE and negatively 

charged CL. Each double bond in the fatty acyl chain, as depicted here for dioleoyl PE or DOPE, 

introduces a rigid 30 kink that tends to increase the cross-sectional area of the phospholipid 

hydrocarbon tails relative to the polar headgroups. c) Assortment of cone-shaped lipids present 

in the OMM. d) Clustering or sequestration of conical lipids spontaneously favors generation of 

negative membrane curvature as illustrated. 

 

1. Mitochondrial lipids – shape matters  

 

 Markedly distinct from other intracellular membranes, zwitterionic (electrically neutral) 

phospholipids phosphatidylcholine (PC; ~40%) and phosphatidylethanolamine (PE; ~35%) 

predominate in mitochondrial membranes and are present in nearly equal proportions constituting 

nearly 75% of the total lipids (1, 3-5). The relative abundance of PE in the mitochondria can be 

traced back to its bacterial origins, wherein PE constitutes 60-80% of the total membrane 

phospholipids, whereas PC, preferred by eukaryotes, is virtually absent (29, 30). Of note, 
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mitochondria synthesize nearly half of the total cellular PE, highlighting the organelle’s oft-

underappreciated role in phospholipid metabolism (3, 4, 31). On the other hand, 

phosphatidylglycerol (PG) (29), a major anionic lipid of bacterial membranes (enriched especially 

in gram-positive bacteria), serves only as a precursor lipid in eukaryotes and is only a very minor 

component of mitochondrial membranes under normal circumstances (4). These differences aside, 

a hallmark feature of both bacterial and mitochondrial membranes is the copious presence of the 

atypical, negatively charged and dimeric phospholipid containing four acyl chains, namely 

cardiolipin (CL) (4, 5) (Fig. 1b). CL, however, is located almost exclusively in the IMM, where it 

constitutes nearly 1 out of 4 lipid molecules (25%) (32-34). Emerging evidence indicates that a 

small proportion of CL (3-10%) is also present at the OMM (4, 32, 34, 35), where it functions both 

as a signaling molecule and as an effector of protein-mediated membrane remodeling (33, 36-43). 

Mitochondria, in addition, feature OMM-IMM contact sites that may contain up to 25% CL (4, 44, 

45). Whether these OMM-IMM contact sites, originally identified by biochemical fractionation 

methods, strictly coincide with that of the more recently identified MICOS (mitochondrial contact 

site and cristae organizing system) protein complex that tethers the IMM to the OMM and also 

possesses inter-membrane phospholipid transfer activity, and/or with ER-mitochondria contact 

sites that mark sites of impending mitochondrial fission is currently unclear (46, 47). The physical 

nature of these contact sites as well as lipid arrangement within these complex structures also 

remains to be elucidated. Nevertheless, as IMM constriction and fission precedes and occurs 

independently of OMM fission (48, 49), the role of OMM-IMM contact sites in mitochondrial 

fission, if any, is likely restricted to phospholipid metabolism and CL redistribution to the OMM. 

Other mechanisms at the OMM, as described below, likely concentrate CL locally to enable 

recruitment and functioning of the mitochondrial fission machinery. Interestingly, lipid 

microdomain (“raft’)-forming sphingolipids and sterols that are found only in trace amounts in 

mitochondria, and that can locally enrich largely unsaturated lipids such as CL indirectly via phase 

separation (37),  are reportedly enriched at ER-mitochondria contact sites (50-52) - noted hotspots 

for both mitochondrial fission and fusion (53).  

 PG and CL are not only synthesized exclusively in the mitochondria but are also confined 

there (3, 4). Mitochondrial membranes also contain other phospholipids, such as 

phosphatidylinositol (PI), phosphatidylserine (PS) and phosphatidic acid (PA), which together 

only constitute a relatively minor fraction (< 10%) of the total lipids. PS, transported from the ER, 

undergoes rapid enzymatic decarboxylation at the IMM to generate PE, whereas PA is either 

shuttled from the ER or is locally generated at the OMM de novo by the action of mitochondrial 

phospholipase D (MitoPLD or PLD6) on OMM-localized CL (Fig. 1a, bottom panel) (4, 54).  PA 

could also be further broken down to diacylglycerol (DAG – an “honorary” phosphate-less 

phospholipid) by the cytosolic PA phosphatase lipin 1b (Fig. 1a, bottom panel), with yet 

unexplored functions at the OMM (55). 

 Of importance, a significant fraction of the lipids present at the mitochondria (or in 

bacterial membranes for that matter) - PE, CL, PA and DAG - all deviate from the conventional 

cylindrical geometry of a typical phospholipid molecule (e.g. PC) (3, 4, 31). Instead, these 

particular lipids assume a patent conical shape owing to the smaller cross-sectional area (or 

volume) of their headgroups relative to their often unsaturated and kinked acyl chains (Fig. 1b, c). 

Therefore, these phospholipid molecules when distributed asymmetrically (disproportionately) 



6 
 

between the monolayers of a lipid bilayer can generate and stabilize high negative membrane 

curvature (Fig. 1d) as well as assume a more energetically favorable nonbilayer configuration, 

such as the inverted hexagonal phase (HII phase), upon sequestration (31, 56, 57). These curvatures 

likely help regulate the shapes of mitochondrial membranes during fission and fusion (58, 59). 

Nonbilayer phases form an integral part of the hemifission or hemi-fusion intermediate requisite 

for leak-free fission or fusion (59, 60). Whereas zwitterionic PE and DAG naturally tend to form 

nonbilayer phases on their own, dianionic CL and PA, owing to the electrostatic repulsion between 

their charged headgroups, necessitate charge neutralization (via hydrogen- or ionic-bonding) by 

partner proteins (or by divalent cations or changes in pH or ionic strength) to facilitate this phase 

transition (56, 59). The conicity and nonbilayer propensity of these lipids is dictated further by 

their acyl chain composition – length and degree of unsaturation – properties that are also regulated 

by acyl chain remodeling enzymes as described below. The essential role of nonbilayer lipids in 

mitochondrial membrane remodeling is underscored by the fact that the simultaneous ablation of 

CL and PE synthesis in eukaryotes is not tolerated (31, 61). Reductions in either CL or PE content 

alone also affect mitochondrial morphology (31). 

 

2. Protein-lipid cooperativity in mitochondrial membrane remodeling. 

 

 Large self-assembling mechanoenzymatic GTPases of the dynamin superfamily (dynamin 

superfamily proteins or DSPs) catalyze both mitochondrial fission and fusion (62, 63). Dynamin-

related protein 1 (Drp1), a soluble DSP located primarily in the cytosol catalyzes mitochondrial 

fission. In response to biochemical and biophysical cues, Drp1 is recruited from the cytosol onto 

the mitochondrial surface via interactions with various protein adaptors (e.g. Fis1, Mff, MiD49/51) 

localized at the OMM (7, 64). Fission occurs at division “hot spots” on the mitochondria where 

ER-derived membrane tubules and associated actin networks enwrap and locally constrict the 

mitochondria (down to ~150 nm diameter from ~500-1000 nm) to create a tubular (cylindrical) 

OMM template suitable for Drp1 assembly and amenable for fission (53, 65-67). At these sites, 

Drp1 constitutes a dynamic helical polymer that self-assembles around the pre-constricted 

membrane tubule and employs GTP hydrolysis-dependent mechanochemical conformational 

changes to constrict the cylindrical membrane bilayer further toward fission (37, 43, 53, 68). 

Nevertheless, the existing paradigm does not invoke a role for direct Drp1-phospholipid 

interactions in fission (64). We propose that this model is incomplete and that it is indeed specific 

and direct Drp1-phospholipid interactions at these sites, as discussed below, which remodels the 

membrane bilayer further for fission. 

 DSPs mitofusin (Mfn1/2) and optic atrophy 1 (OPA1), which unlike Drp1 are both 

transmembrane domain-anchored integral membrane proteins of the OMM and IMM, respectively, 

catalyze the individual mergers (fusion) of these two separate membranes. Although the 

mechanisms of mitochondrial fusion, in comparison to fission, are much poorly understood, 

emerging evidence indicates that coordinated DSP interactions with cone-shaped, nonbilayer-

prone lipids, specifically CL and PA, also play a crucial role in these processes (54, 62, 69, 70). 

Hereafter, we will restrict our discussion to the better mechanistically dissected process of 

mitochondrial membrane fission and the catalytic role of conical lipids. 
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2.1. Drp1-CL/PA interactions in mitochondrial fission 

 

 CL is the signature phospholipid of the mitochondria. Enriched in the IMM, where it 

constitutes nearly 1 out of 4 lipids, CL is nevertheless found in relatively minor but significant 

quantities (3-10%) in the OMM (7, 32). Furthermore, CL content can approach 25% at OMM-

IMM contact sites that speckle the mitochondrial surface (44, 45). In mammalian cells, 

mitochondria surface-exposed CL appears to play a critical role in regulating mitochondrial fission 

(38). CL promotes the helical self-assembly and enzymatic stimulation of Drp1 over membrane 

surfaces in vitro (36-38). The selective degradation of OMM-localized and cytosol-exposed CL to 

PA by mitochondrial phospholipase D (MitoPLD) localized at the mitochondrial surface (54) 

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

governing mitochondrial fission in vivo (38). However, until recently, the mechanism by which 

CL fulfills this role has remained mysterious, given that the existing protein-centric paradigm does 

not invoke a role for direct Drp1-CL interactions in fission (64). Drp1 binds and is also 

enzymatically stimulated by PA and PG, albeit to a much smaller extent relative to CL, even 

though this differential response to phospholipids is acutely sensitive to acyl chain composition 

with unsaturated chains that enhance lateral packing defects in membrane bilayers favored over 

saturated ones (36-38). Indeed, a combination of headgroup electrostatic interactions and coupled 

hydrophobic membrane insertion into the nonpolar acyl chain region is thought to be involved in 

specific Drp1-phospholipid binding, even though evidence for this remains indirect (38). 

 Drp1 selectively binds phospholipids via its intrinsically disordered variable domain (VD) 

(37, 41, 71). Recent in vitro reconstitution experiments have shown that the Drp1 VD in isolation 

preferentially interacts with CL (71), and that in full-length Drp1, the VD functions to cluster or 

sequester CL underneath the growing Drp1 helical scaffold (37). Furthermore, Drp1 also enhances 

the nonbilayer propensity of cone-shaped lipids CL and PE in a GTP-dependent manner to create 

highly narrow and local membrane tubule constrictions prone to hemifission, and subsequently, to 

fission (37). However, as no high-resolution information on VD-phospholipid interactions is 

currently available, the functional ramifications of VD-CL interactions in mitochondrial 

membrane remodeling and fission remain unclear. How Drp1 distinguishes between CL and PA, 

both cone-shaped, dianionic phospholipids, is also unknown. We suggest that differences in 

intrinsic curvature (DOPA has the highest known negative membrane curvature (72)) and conicity 

- a measure of the degree of acyl chain exposure to the lipid-water interface) underlies this 

difference. In other words, greater acyl chain interactions of the VD via membrane insertion may 

precipitate stronger Drp1-phospholipid binding and coupled enzymatic stimulation. 

 

2.2. CL/PA metabolism and regulation of Drp1 function 

 

 OMM-localized CL, the presumed lipid target of Drp1 in fission, is also enzymatically 

degraded to PA by the action of MitoPLD, an integral membrane protein of the OMM whose active 

site faces the cytosol (54). Overexpression of MitoPLD and enhanced PA production inhibits 

fission (38). Interestingly, Drp1 also interacts directly with MitoPLD suggesting that Drp1 

modulation of MitoPLD activity and vice versa helps create a lipid microenvironment that 

regulates fission (38). Interestingly, PA is further broken down to DAG by the action of a PA 
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phosphatase, lipin 1b, a cytosolic protein recruited to the mitochondrial surface, whose activity 

conversely promotes fission (55). How DAG, an uncharged lipid that primarily functions as a 

second messenger in the cell, functions to regulate Drp1 function remains unclear. Yet, it is 

conceivable that the accumulation of cone-shaped DAG (Fig. 1c) around the fission apparatus 

induces local packing defects in the bilayer to enable Drp1 membrane insertion and facilitate the 

nonbilayer lipid topological transition essential for membrane hemifission, and subsequently, 

fission. Thus, CL, PA and DAG around the division apparatus likely regulate mitochondrial 

fission. 

 

2.3. Role of acyl chain remodeling in mitochondrial fission. 

 

 Enzymes that modify phospholipid acyl chains also regulate mitochondrial fission. 

Chemical inhibition of lipid desaturases, which convert saturated acyl chains to unsaturated forms, 

also inhibits mitochondrial fission in vivo (38). Conversely, overexpression of a PA-preferring 

phospholipase A1 (PA-PLA1), which converts PA to lyso-PA (LPA), promotes fission presumably 

through the generation of LPA-facilitated high positive membrane curvature underneath the Drp1 

scaffold (73). Indeed, in reconstitution experiments in vitro, native CL primarily bearing 

unsaturated C18:2 acyl chains (tetralinoleoyl CL or TLCL) is substantially more effective than 

C14:0 tetramyristoyl CL (TMCL) in promoting Drp1 helical self-assembly, CL sequestration 

under the growing Drp1 scaffold,  stimulation of Drp1 GTPase activity, GTP-dependent 

nonbilayer propensity and membrane constriction (37). 

 

2.4. Consensus roles of lipids in mitochondrial fission 

 Taking into account all of the above observations, it appears a combination of protein-

mediated membrane curvature stress with a coincident internal membrane strain induced by the 

concentration of curvature-prone lipid species helps destabilize membranes for fission. This model 

is derived from a synthesis of a number of key observations as outline above, which all indicate 

for the key role of lipid shape, lipid packing, membrane structure, and the careful regulation 

thereof. Thus, the presence of highly conical and unsaturated CL, PA and DAG species, at high 

local concentrations appears to place the lipid bilayer under a curvature strain, thus generating 

local hydrophobic packing defects in the membrane surface.  

 We speculate that the hydrophobic packing defects exposed by the more prominently cone-

shaped unsaturated CL, PA and DOG species allow for a more dynamic and reversible interaction 

of the Drp1 VD with the membrane bilayer core. Conversely, we surmise that saturated acyl chain-

bearing CL, PA and DAG either elicit an irreversible insertion of Drp1 VD into the membrane 

bilayer core stabilized by strong hydrophobic acyl chain interactions, or alternatively prevent Drp1 

VD membrane insertion and associated Drp1 conformational rearrangements due to the tighter 

lipid packing.  Indeed, experimental evidence clearly indicates the stronger lateral packing 

interactions between the saturated acyl chains prevent these phospholipids from being reorganized 

(mobilized) and laterally sequestered during Drp1 self-assembly (37). 
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 How adaptor proteins and phospholipids cooperate with Drp1, mechanistically, to mediate 

mitochondrial fission remains an unresolved mystery, and poses a fundamental gap in our 

understanding of mitochondrial dynamics.  

 In the following sections, we delve into the mechanics of protein-lipid cooperativity in 

mitochondrial fission based on membrane energetics and computational modeling approaches. 

 

3. Membrane energetics: computational modeling and predictions 

 

 Mitochondrial dynamics entail largescale deformations of the bounding membrane 

bilayers. In effect, these membranes can be considered and modeled as 2D surfaces since the 

average bilayer thickness of ~5 nm is significantly smaller than their in-plane dimensions (74). A 

key feature of lipid bilayers is that they behave as elastic surfaces when they bend and stretch. 

Remarkably, however, these bilayers behave as ‘in-plane fluids’ as the constituent lipid molecules 

possess the translational freedom to move around in stark contrast to solid surfaces. The primary 

energetic cost to deform lipid bilayers therefore comes from the bending and stretching of lipids. 

These modes of deformation alter the separation between polar lipid headgroups and regulate the 

amount of exposure of nonpolar lipid hydrocarbon tails to the aqueous medium, which also 

changes the energetic state of the lipids (74).  

 The cost to bend a bilayer in essence relies on two curvatures - the mean curvature and the 

Gaussian curvature (75, 76). In the context of mitochondrial fission, these curvatures are better 

understood by analyzing the shape of a spherocylinder (Fig. 2) – a cylinder capped by hemispheres 

at either end - the typical shape of the mitochondria. For the purposes of the forthcoming arguments 

and ease of understanding, let us first consider an equatorial ring on the hemispherical surface (Fig. 

2). The curvature along this ring is given by the rate of change of the unit surface normal along the 

curve. Let us then consider an arc that subtends an angle 𝜃 at the center of the ring. The orientation 

of the unit normals at the two end points differ by the angle 𝜃. Thus, the rate of change of the unit 

normal vector over the arc is given by 𝜃/(R 𝜃)=1/R. Hence, the curvature along the ring is equal 

to 1/R, where R is the radius of curvature. Next, we consider a perpendicular ring. Since the 

hemisphere possesses rotational symmetry about the longitudinal axis, the rate of change of unit 

normal along this curve is also equal to 1/R. With these curvatures along the two perpendicular 

rings, we can now compute the mean and Gaussian curvatures at the point of intersection. The 

mean curvature is given by the average ½(1/R+1/R), which is equal to 1/R, and the Gaussian 

curvature is given by the product of (1/R)*(1/R), which is equal to 1/R2. Next, we consider the 

cylindrical domain. First, we consider a ring in the circumferential direction (green curve) (Fig. 

2). This ring has the same geometrical properties as that of the ring along the hemisphere, and 

hence has a curvature equal to 1/R. Next, we consider a straight line along the longitudinal 

direction (magenta curve) (Fig. 2) and perpendicular to the circumferential ring. As we move along 

the straight line, the unit normal does not change, and hence, both the rate of change of the unit 

normal and the curvature along the longitudinal direction vanish. Thus, for a cylinder, the mean 

curvature is given by ½(1/R+0) = 1/2R, and the Gaussian curvature is given by (1/R)*(0)=0. 

 Using these curvatures, the energy to bend a membrane can be represented by the most 

commonly used model, called the Helfrich-Canham model (75, 76). In this model, the bending 

energy per unit surface area of the membrane is given by: 
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 𝑊𝑏 =
𝜅(2𝐻−2𝐻0)2

2
+ 𝜅̅K     (1) 

 

where 𝜅, 𝜅̅ are bending moduli and 𝐻0 is the preferred curvature of lipids, called the spontaneous 

mean curvature. For the majority of lipids, membranes have a 𝜅 of around 20 kBT and 𝜅̅ is around 

-20 kBT (77), where kB is the Boltzmann’s constant and T is absolute temperature. While 𝜅 has 

been estimated from experimental methods, experimental validation of 𝜅̅ is still pending. The 𝐻0 

represents an effective curvature that membranes might possess depending on the composition of 

the lipids. It depends on two key factors. First, is the shape of the lipids. If the lipids have a conical 

shape and are present in different concentrations in the two bilayer leaflets, they would have a 

tendency to bend the membrane and would hence give rise to a non-zero 𝐻0. Second, the propensity 

to bend the membrane depends on the density of such cone-shaped lipids. A higher density of 

cone-shaped lipids would lead to a larger 𝐻0 forcing the membrane to bend more. The energy per 

unit area to stretch lipid membranes is given by: 

 

 𝑊𝑠 = 𝜅𝑎
𝜙2

2
       (2) 

 

where, 𝜙 is the dimensionless areal stretch and  𝜅𝑎 is the stretch modulus. For lipid membranes, 𝜅𝑎  

is around 55-70 kBT/nm2 or 230-290 mN/m (78).  

 The above mathematical theory, depending on the local curvatures and dilation, accounts 

for the macroscopic features of membranes. However, in certain biological processes, internal 

structure of the membrane characterized by the tilting of lipids with respect to surface normal can 

become a critical player. This need primarily arises in the presence of geometrical constraints 

imposed onto a bilayer by embedded proteins and/or membrane morphology.  For example, the 

presence of membrane-inserted protein structures could regulate the orientation of the adjacent 

lipids. If these protein segments are tilted in some fashion relative to the plane of the bilayer, the 

neighboring lipids would exhibit a similar tilt. Alternatively, the extreme bending of bilayer 

leaflets during membrane fission and fusion events could force lipids to tilt in order to minimize 

hydrophobic packing defects. The energetics of such deformations therefore necessitate a revised 

membrane model that accounts for the energetic cost of lipid tilting and bending, and the interplay 

between them (79-81). 
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Figure 2. Curvatures of lipid bilayers. The energy to bend mitochondrial membranes is 

determined by two curvatures: the mean curvature and the Gaussian curvature. We discuss these 

curvatures for the hemispherical and cylindrical domains of a mitochondrion-like surface. The 

curvature along a curve is given by the rate of change of the unit normal vector along the curve. 

The black arrows show the orientations of two unit normals along a ring with radius 𝑅 (blue 

curve). These vectors make an angle 𝜃 with respect to each other, and therefore, the rate of 

change of unit normal can be computed as: 
𝜃

𝑅𝜃
=

1

𝑅
. Since the sphere has rotational symmetry, a 

perpendicular ring (orange curve) also has the same curvature 
1

𝑅
. Thus, for the hemispherical 

domain, the mean curvature is given by 
1

2
(

1

𝑅
+

1

𝑅
) =

1

𝑅
, and the Gaussian curvature is given by 

1

𝑅
×

1

𝑅
=

1

𝑅2. For the cylindrical domain, the circumferential ring (green curve) has the same 

curvature 
1

𝑅
 as that for the hemispherical rings. For the perpendicular curve (red curve), which 

is a straight line, the unit normal remains unchanged and hence, the curvature in the longitudinal 

direction is zero. Therefore, for the cylindrical domain, the mean curvature is given by 
1

2
(

1

𝑅
+ 0) =

1

2𝑅
, and the Gaussian curvature is given by 

1

𝑅
× 0 = 0.  

   

 

3.1. The mechanics of mitochondrial fission 

 

 3.1.1. Mitochondrial squeezing and creation of membrane superconstrictions 

 The Helfrich-Canham model has been previously employed to investigate the pre-

constriction of the OMM in the presence of ER-associated actin forces (82). This study showed 

that a force of 10-20 pN force from actin filaments would be required to constrict the OMM, a 

prediction that is in the physiological range. Our own recent studies based on an extension of 

Helfrich-Canham model illustrated the potential role of cone-shaped lipids in mitochondrial fission 

(83). Our study simulated the shape transition of the OMM from the initial spherocylindrical 

geometry to a squeezed shape with a central superconstriction mimicking the mitochondrial 



12 
 

division site (Fig. 3). This study revealed that cone-shaped lipids such as CL, PE and DAG could 

have a significant impact on the constriction of mitochondria. Based on lipid geometry, the study 

assumed that the cone-shaped lipids preferentially aggregated in the negatively curved inner (IMS-

facing) leaflet of the OMM immediately adjacent to where Drp1 self-assembles. Invoking a 

spontaneous curvature field from the cone-shaped lipids led to a geometric instability that enabled 

a rapid shape transition from a tubular shape to a higher constricted shape (Fig. 3). This 

cooperativity between cone-shaped lipids and Drp1 to induce instability was observed during both 

the actin-driven and Drp-driven constriction phases. For the case of Drp1-mediated fission, 

incorporation of CL-induced negative curvature underneath the protein coat further facilitated the 

instability and constriction (Fig. 3). In addition to precipitating constriction, the study also showed 

that cone-shaped lipids induce structural plasticity during shape transition. In the absence of lipid 

aggregation, the shape change of a spherocylidner exhibited an elastic response. In other words, if 

the protein forces or curvatures were removed, which would represent their depolymerization, the 

shape elastically rebounded back to the original undeformed spherocylindrical geometry. 

However, if the cone-shaped lipids were allowed to aggregate, as assumed in the model, the 

spherocylinder showed a plastic response and continued to remain in the superconstricted state, 

even upon the removal of protein forces and curvatures. This plasticity induced by cone-shaped 

lipids could play an important role in imparting robustness to the fission reaction.   

 

Figure 3. Lipid-catalyzed mitochondrial constriction. a) The undeformed shape of a 

mitochondrion resembles a spherocylinder. Under the action of ER/actin forces and helical Drp1 

self-assembly (red boxes), the mitochondrion undergoes constriction. However, if the 



13 
 

aggregation and curvature generation from conical lipids is assumed in the adjacent domains 

(magenta boxes), the mitochondrion undergoes dramatic geometric instabilities that induce a 

snap-through shape transition and constriction. The aggregation of cone-shaped lipids (yellow 

heads) further impart plasticity to the superconstricted geometry, preventing the elastic response 

of reverting to the original shape even upon transient removal of protein forces and curvatures. 

b and c) Localization of cone-shaped lipids in the outer (cytosol-facing) leaflet underneath the 

Drp1 scaffold and in the inner (IMS-facing) leaflet in the adjacent regions with negative 

spontaneous curvatures catalyzes buckling and constriction.    

 

 In the light of these findings, a natural and critical question arises: what is the extent to 

which cone-shaped lipids should aggregate in these regions in order to catalyze buckling and 

constriction? Based on known estimates of the preferred curvatures of PE and CL, the study 

estimated that not more than a 4% increase in the concentration of cone-shaped lipids in the internal 

leaflet of the OMM (Fig. 3; magenta boxes) immediately adjacent to the Drp1-constricted 

membrane region is required to induce instability (83). This could possibly occur due to multiple 

factors. One possibility is that cone-shaped lipids owing to their intrinsic negative curvature could 

mobilize to these regions flanking the Drp1 polymer. Curvature-mediated lipid dynamics has 

indeed been revealed in several experimental and theoretical studies (84-89). While lipid 

partitioning due to curvature is estimated to be weak because of entropic effects (79), the minimal 

segregation could be sufficient to trigger instability and remodel membranes as indicated in the 

computational study (83).  With regard to the external leaflet of the OMM, Drp1 was demonstrated 

to cluster CL underneath its helical scaffold during self-assembly (37). Drp1-mediated CL 

clustering was also shown to be essential for the formation of highly narrow membrane 

constrictions (37).  

 

3.1.2. Events that likely precipitate mitochondrial fission. 

 While cone-shaped lipids could function in concert with membrane remodeling proteins to 

play a structural role in mitochondrial constriction, they may possibly also play an even greater 

role in the catalysis (acceleration) of mitochondrial fission. Fission entails the leak-free merger of 

the two highly constricted tubular bilayer leaflets via a nonbilayer hemifission intermediate, and 

the concomitant separation of the newly formed mitochondrial poles to create two daughter 

mitochondria.  

 The effect of cone-shaped lipids and spontaneous curvature on the stability of membrane 

necks has been analyzed in detail in ref. (90). This study suggests that presence of cone-shaped 

lipids in the opposite leaflet, which generates a negative spontaneous curvature, destabilizes the 

neck and promotes membrane fission. Thus, the presence of conical lipids immediately adjacent 

to the protein-constricted membrane region as described above could further play a crucial role in 

resolving the metastable nonbilayer hemifission intermediate and help dissociate the newly formed 

daughter mitochondrial poles. The transition pathway that precipitates leak-free fission of the 

OMM is illustrated in Fig. 4 (91, 92). The first step involves the formation of the pre-fusion state, 

where the highly compressed inner monolayer of the constricted membrane tubule makes physical 

self-contact. The next step is a rapid transition to a metastable nonbilayer hemifission intermediate 
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state in which the lipids of the inner monolayer undergo mixing leaving the outer monolayers 

intact. The final step involves the energetically favorable dissociation of the negative curvature-

strained connecting diaphragm formed by the outer monolayers eventually giving rise to two 

separated bilayers. It is important to note that while this fission mechanism may sound similar to 

that of the fission of endocytic vesicle necks at the plasma membrane, there are some clear 

differences. In the case of mitochondrial fission, the transition proceeds from a region of high 

positive radial curvature underneath the Drp1 scaffold towards high negative curvature in the 

flanking regions. Hence, the presence of cone-shaped lipids in the leaflet that generates negative 

spontaneous curvature would tend to catalyze fission. By contrast, as demonstrated in the case of 

endocytic vesicle fission (93-95), the generation of positive spontaneous curvature alone is 

sufficient to promote fission (96). This is so because, in the case of vesicle fission, the shape 

transition occurs in the reverse order from (c) to (a) as illustrated in Fig. 4.   

 The role of lipid composition in promoting membrane fission has also been investigated in 

ref. (97). This study explored the link between lipid composition and Gaussian curvature, and 

predicted its impact on membrane fission. The study found that the presence of two lipid species 

of disparate densities (concentration) lowers the Gaussian rigidity in the neck region if the lipid 

species of lower density (in our case, CL) aggregates in the region of positive Gaussian curvature 

(underneath the Drp1 scaffold). This localization is predicted to destabilize the neck and promote 

fission. In multi-lipid systems, the presence of cone-shaped (CL and PE) and cylindrical lipids 

(PC) together can also promote lipid tilting and create an energetically less costly pathway toward 

fission. The role of lipid tilting in facilitating the topological transformations that precipitate 

fission was revealed in this study. 

 Another factor that can promote fission is membrane tension. Presence of tension can 

facilitate disintegration of the lipid diaphragm shown in panel b (Fig. 4). Indeed, a sufficient 

increase in tension was estimated to spontaneously develop at the rim of this central lipid 

diaphragm (92). Other key sources of tension in biological membranes include external pushing 

and pulling forces from cytoskeletal elements – actin (pushing force) (66, 82) and microtubules 

(pulling force) (62, 98) in the case of mitochondrial fission – that could be coupled to the 

aggregation of curvature-strained conical lipids. Heterogeneity in membrane composition has 

indeed been shown to alter membrane tension (99). Spatial variations in membrane tension have 

also been confirmed by recent experimental studies (100). 
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Figure 4. Pathway to OMM fission. a) The 

superconstricted geometry where opposing 

sides of the OMM bilayer come into close 

contact. IMM fission precedes OMM fission 

and occurs independently of Drp1. Cone-

shaped lipids of the OMM are depicted in 

yellow. The positive curvature in the radial 

dimension in the center and the negative 

curvature in the adjacent domains help in 

reaching the pre-fusion state. b) An 

intermediate hemifission state created by 

fusion of opposed inner leaflet regions, which 

leads to lipid mixing and creation of a lipid 

diaphragm. c) The final state where the 

hemifission intermediate is resolved to create 

two daughter mitochondria.  Presence of 

conical lipids in the outer and inner leaflets 

generates spontaneous curvatures that 

energetically favor membrane fission.  

 

Conclusions and perspectives 

 It is increasingly clear that lipids, especially asymmetrically shaped ones such as PE, are 

not simply passive constituents of membranes, but are instead active drivers, both catalytically and 

structurally, of dynamic membrane remodeling events that culminate in fission. Lipid-centric 

biophysical studies are therefore essential to explore the molecular link between lipid and protein 

dynamics during membrane remodeling. It may also be insightful to quantify inter- and intra-

leaflet lipid dynamics during mitochondrial fission both experimentally and computationally. It is 

important to note that similar to fission, lipid-protein cooperativity could also play a crucial role 

in mitochondrial fusion. Indeed, mitochondria, which contain varied membrane architectures and 

undergo dramatic membrane reshaping events, might yet prove to be the ideal system to reveal 

basic membrane mechanics that might be relevant to other membrane systems. 

Acknowledgements 

A.A. is supported by National Science Foundation grants CMMI 1562043 and CMMI 1727271. 

R.R. is supported by National Institutes of Health R01 grant GM121583. 



16 
 

References 

1. van Meer G, Voelker DR, & Feigenson GW (2008) Membrane lipids: where they are and 

how they behave.  Nat Rev Mol Cell Biol 9(2):112-124 . 

2. White SH & Wimley WC (1999) Membrane protein folding and stability: physical 

principles.  Annu Rev Biophys Biomol Struct 28:319-365 . 

3. van Meer G & de Kroon AI (2011) Lipid map of the mammalian cell.  J Cell Sci 124(Pt 

1):5-8 . 

4. Osman C, Voelker DR, & Langer T (2011) Making heads or tails of phospholipids in 

mitochondria.  J Cell Biol 192(1):7-16 . 

5. Daum G (1985) Lipids of mitochondria.  Biochim Biophys Acta 822(1):1-42 . 

6. Chan DC (2012) Fusion and fission: interlinked processes critical for mitochondrial health.  

Annu Rev Genet 46:265-287 . 

7. Richter V, Singh AP, Kvansakul M, Ryan MT, & Osellame LD (2015) Splitting up the 

powerhouse: structural insights into the mechanism of mitochondrial fission.  Cell Mol Life 

Sci 72(19):3695-3707 . 

8. Labbe K, Murley A, & Nunnari J (2014) Determinants and functions of mitochondrial 

behavior.  Annu Rev Cell Dev Biol 30:357-391 . 

9. Roy M, Reddy PH, Iijima M, & Sesaki H (2015) Mitochondrial division and fusion in 

metabolism.  Curr Opin Cell Biol 33:111-118 . 

10. Wai T & Langer T (2016) Mitochondrial Dynamics and Metabolic Regulation.  Trends 

Endocrinol Metab 27(2):105-117 . 

11. Westermann B (2010) Mitochondrial fusion and fission in cell life and death.  Nat Rev Mol 

Cell Biol 11(12):872-884 . 

12. Youle RJ & van der Bliek AM (2012) Mitochondrial fission, fusion, and stress.  Science 

337(6098):1062-1065 . 

13. Chen H & Chan DC (2009) Mitochondrial dynamics--fusion, fission, movement, and 

mitophagy--in neurodegenerative diseases.  Hum Mol Genet 18(R2):R169-176 . 

14. Nunnari J & Suomalainen A (2012) Mitochondria: in sickness and in health.  Cell 

148(6):1145-1159 . 

15. Girard M, et al. (2012) Mitochondrial dysfunction and Purkinje cell loss in autosomal 

recessive spastic ataxia of Charlevoix-Saguenay (ARSACS).  Proc Natl Acad Sci U S A 

109(5):1661-1666 . 

16. Niemann A, Ruegg M, La Padula V, Schenone A, & Suter U (2005) Ganglioside-induced 

differentiation associated protein 1 is a regulator of the mitochondrial network: new 

implications for Charcot-Marie-Tooth disease.  J Cell Biol 170(7):1067-1078 . 

17. Kandimalla R & Hemachandra Reddy P (2015) Multiple Faces of Dynamin-related Protein 

1 and Its Role in Alzheimer's Disease Pathogenesis.  Biochim Biophys Acta  . 

18. Burte F, Carelli V, Chinnery PF, & Yu-Wai-Man P (2015) Disturbed mitochondrial 

dynamics and neurodegenerative disorders.  Nat Rev Neurol 11(1):11-24 . 

19. Ong SB, et al. (2010) Inhibiting mitochondrial fission protects the heart against 

ischemia/reperfusion injury.  Circulation 121(18):2012-2022 . 

20. Ong SB & Hausenloy DJ (2010) Mitochondrial morphology and cardiovascular disease.  

Cardiovasc Res 88(1):16-29 . 

21. Kane LA & Youle RJ (2010) Mitochondrial fission and fusion and their roles in the heart.  

J Mol Med (Berl) 88(10):971-979 . 



17 
 

22. Giedt RJ, Yang C, Zweier JL, Matzavinos A, & Alevriadou BR (2012) Mitochondrial 

fission in endothelial cells after simulated ischemia/reperfusion: role of nitric oxide and 

reactive oxygen species.  Free Radic Biol Med 52(2):348-356 . 

23. Parra V, et al. (2008) Changes in mitochondrial dynamics during ceramide-induced 

cardiomyocyte early apoptosis.  Cardiovasc Res 77(2):387-397 . 

24. Knowlton AA & Liu TT (2015) Mitochondrial Dynamics and Heart Failure.  Compr 

Physiol 6(1):507-526 . 

25. Kong B, et al. (2015) Mitochondrial dynamics regulating chemoresistance in 

gynecological cancers.  Ann N Y Acad Sci 1350:1-16 . 

26. Mitra K (2013) Mitochondrial fission-fusion as an emerging key regulator of cell 

proliferation and differentiation.  Bioessays 35(11):955-964 . 

27. Caino MC & Altieri DC (2015) Cancer cells exploit adaptive mitochondrial dynamics to 

increase tumor cell invasion.  Cell Cycle 14(20):3242-3247 . 

28. Ferreira-da-Silva A, et al. (2015) Mitochondrial dynamics protein Drp1 is overexpressed 

in oncocytic thyroid tumors and regulates cancer cell migration.  PLoS One 

10(3):e0122308 . 

29. Epand RM & Epand RF (2011) Bacterial membrane lipids in the action of antimicrobial 

agents.  J Pept Sci 17(5):298-305 . 

30. Epand RM & Epand RF (2009) Lipid domains in bacterial membranes and the action of 

antimicrobial agents.  Biochim Biophys Acta 1788(1):289-294 . 

31. Basu Ball W, Neff JK, & Gohil VM (2018) The role of nonbilayer phospholipids in 

mitochondrial structure and function.  FEBS Lett 592(8):1273-1290 . 

32. Ha EE & Frohman MA (2014) Regulation of mitochondrial morphology by lipids.  

Biofactors 40(4):419-424 . 

33. Frohman MA (2015) Role of mitochondrial lipids in guiding fission and fusion.  J Mol 

Med (Berl) 93(3):263-269 . 

34. Horvath SE & Daum G (2013) Lipids of mitochondria.  Prog Lipid Res 52(4):590-614 . 

35. Chu CT, et al. (2013) Cardiolipin externalization to the outer mitochondrial membrane acts 

as an elimination signal for mitophagy in neuronal cells.  Nat Cell Biol 15(10):1197-1205 

. 

36. Macdonald PJ, et al. (2014) A dimeric equilibrium intermediate nucleates Drp1 reassembly 

on mitochondrial membranes for fission.  Mol Biol Cell 25(12):1905-1915 . 

37. Stepanyants N, et al. (2015) Cardiolipin's propensity for phase transition and its 

reorganization by dynamin-related protein 1 form a basis for mitochondrial membrane 

fission.  Mol Biol Cell 26(17):3104-3116 . 

38. Adachi Y, et al. (2016) Coincident Phosphatidic Acid Interaction Restrains Drp1 in 

Mitochondrial Division.  Mol Cell 63(6):1034-1043 . 

39. Ugarte-Uribe B, Muller HM, Otsuki M, Nickel W, & Garcia-Saez AJ (2014) Dynamin-

related protein 1 (Drp1) promotes structural intermediates of membrane division.  J Biol 

Chem 289(44):30645-30656 . 

40. Ugarte-Uribe B, Prevost C, Das KK, Bassereau P, & Garcia-Saez AJ (2018) Drp1 

polymerization stabilizes curved tubular membranes similar to those of constricted 

mitochondria.  J Cell Sci 132(4) . 

41. Bustillo-Zabalbeitia I, et al. (2014) Specific interaction with cardiolipin triggers functional 

activation of Dynamin-Related Protein 1.  PLoS One 9(7):e102738 . 



18 
 

42. Li XX, Tsoi B, Li YF, Kurihara H, & He RR (2015) Cardiolipin and its different properties 

in mitophagy and apoptosis.  J Histochem Cytochem 63(5):301-311 . 

43. Kamerkar SC, Kraus F, Sharpe AJ, Pucadyil TJ, & Ryan MT (2018) Dynamin-related 

protein 1 has membrane constricting and severing abilities sufficient for mitochondrial and 

peroxisomal fission.  Nat Commun 9(1):5239 . 

44. Ardail D, et al. (1990) Mitochondrial contact sites. Lipid composition and dynamics.  J 

Biol Chem 265(31):18797-18802 . 

45. Simbeni R, Pon L, Zinser E, Paltauf F, & Daum G (1991) Mitochondrial membrane contact 

sites of yeast. Characterization of lipid components and possible involvement in 

intramitochondrial translocation of phospholipids.  J Biol Chem 266(16):10047-10049 . 

46. Schorr S & van der Laan M (2018) Integrative functions of the mitochondrial contact site 

and cristae organizing system.  Semin Cell Dev Biol 76:191-200 . 

47. Tatsuta T & Langer T (2017) Intramitochondrial phospholipid trafficking.  Biochim 

Biophys Acta Mol Cell Biol Lipids 1862(1):81-89 . 

48. Cho B, et al. (2017) Constriction of the mitochondrial inner compartment is a priming 

event for mitochondrial division.  Nat Commun 8:15754 . 

49. Chakrabarti R, et al. (2017) INF2-mediated actin polymerization at the ER stimulates 

mitochondrial calcium uptake, inner membrane constriction, and division.  J Cell Biol  . 

50. Sorice M, et al. (2009) Cardiolipin-enriched raft-like microdomains are essential activating 

platforms for apoptotic signals on mitochondria.  FEBS Lett 583(15):2447-2450 . 

51. Hayashi T & Fujimoto M (2010) Detergent-resistant microdomains determine the 

localization of sigma-1 receptors to the endoplasmic reticulum-mitochondria junction.  Mol 

Pharmacol 77(4):517-528 . 

52. Arasaki K, et al. (2015) A Role for the Ancient SNARE Syntaxin 17 in Regulating 

Mitochondrial Division.  Dev Cell 32(3):304-317 . 

53. Friedman JR, et al. (2011) ER tubules mark sites of mitochondrial division.  Science 

334(6054):358-362 . 

54. Choi SY, et al. (2006) A common lipid links Mfn-mediated mitochondrial fusion and 

SNARE-regulated exocytosis.  Nat Cell Biol 8(11):1255-1262 . 

55. Huang H, et al. (2011) piRNA-associated germline nuage formation and spermatogenesis 

require MitoPLD profusogenic mitochondrial-surface lipid signaling.  Dev Cell 20(3):376-

387 . 

56. Ortiz A, Killian JA, Verkleij AJ, & Wilschut J (1999) Membrane fusion and the lamellar-

to-inverted-hexagonal phase transition in cardiolipin vesicle systems induced by divalent 

cations.  Biophys J 77(4):2003-2014 . 

57. Marrink SJ & Mark AE (2004) Molecular view of hexagonal phase formation in 

phospholipid membranes.  Biophys J 87(6):3894-3900 . 

58. Joshi AS, Thompson MN, Fei N, Huttemann M, & Greenberg ML (2012) Cardiolipin and 

mitochondrial phosphatidylethanolamine have overlapping functions in mitochondrial 

fusion in Saccharomyces cerevisiae.  J Biol Chem 287(21):17589-17597 . 

59. Burger KN (2000) Greasing membrane fusion and fission machineries.  Traffic 1(8):605-

613 . 

60. Frolov VA, Shnyrova AV, & Zimmerberg J (2011) Lipid polymorphisms and membrane 

shape.  Cold Spring Harb Perspect Biol 3(11):a004747 . 



19 
 

61. Gohil VM, Thompson MN, & Greenberg ML (2005) Synthetic lethal interaction of the 

mitochondrial phosphatidylethanolamine and cardiolipin biosynthetic pathways in 

Saccharomyces cerevisiae.  J Biol Chem 280(42):35410-35416 . 

62. Ramachandran R (2018) Mitochondrial dynamics: The dynamin superfamily and 

execution by collusion.  Semin Cell Dev Biol 76:201-212 . 

63. Ramachandran R & Schmid SL (2018) The dynamin superfamily.  Curr Biol 28(8):R411-

R416 . 

64. Bui HT & Shaw JM (2013) Dynamin assembly strategies and adaptor proteins in 

mitochondrial fission.  Curr Biol 23(19):R891-899 . 

65. Otera H, Ishihara N, & Mihara K (2013) New insights into the function and regulation of 

mitochondrial fission.  Biochim Biophys Acta 1833(5):1256-1268 . 

66. Korobova F, Ramabhadran V, & Higgs HN (2013) An actin-dependent step in 

mitochondrial fission mediated by the ER-associated formin INF2.  Science 

339(6118):464-467 . 

67. Ji WK, Hatch AL, Merrill RA, Strack S, & Higgs HN (2015) Actin filaments target the 

oligomeric maturation of the dynamin GTPase Drp1 to mitochondrial fission sites.  Elife 

4:e11553 . 

68. Mears JA, et al. (2011) Conformational changes in Dnm1 support a contractile mechanism 

for mitochondrial fission.  Nat Struct Mol Biol 18(1):20-26 . 

69. Kameoka S, Adachi Y, Okamoto K, Iijima M, & Sesaki H (2018) Phosphatidic Acid and 

Cardiolipin Coordinate Mitochondrial Dynamics.  Trends Cell Biol 28(1):67-76 . 

70. Ban T, et al. (2017) Molecular basis of selective mitochondrial fusion by heterotypic action 

between OPA1 and cardiolipin.  Nat Cell Biol 19(7):856-863 . 

71. Lu B, et al. (2018) Steric interference from intrinsically disordered regions controls 

dynamin-related protein 1 self-assembly during mitochondrial fission.  Sci Rep 8(1):10879 

. 

72. Kooijman EE, et al. (2005) Spontaneous curvature of phosphatidic acid and 

lysophosphatidic acid.  Biochemistry 44(6):2097-2102 . 

73. Baba T, et al. (2014) Phosphatidic acid (PA)-preferring phospholipase A1 regulates 

mitochondrial dynamics.  J Biol Chem 289(16):11497-11511 . 

74. Boal D & Boal D (2012) Mechanics of the Cell (Cambridge University Press). 

75. Canham PB (1970) The minimum energy of bending as a possible explanation of the 

biconcave shape of the human red blood cell.  J Theor Biol 26(1):61-81 . 

76. Helfrich W (1973) Elastic properties of lipid bilayers: theory and possible experiments.  Z 

Naturforsch C 28(11):693-703 . 

77. Hu M, Briguglio JJ, & Deserno M (2012) Determining the Gaussian curvature modulus of 

lipid membranes in simulations.  Biophys J 102(6):1403-1410 . 

78. Phillips R, Kondev J, Theriot J, & Garcia HG (2012) Physical Biology of the Cell (Garland 

Science) p 1088. 

79. Hamm M & Kozlov MM (2000) Elastic energy of tilt and bending of fluid membranes.  

Eur Phys J E 3(4):323-335 . 

80. Fournier JB (1999) Microscopic membrane elasticity and interactions among membrane 

inclusions: interplay between the shape, dilation, tilt and tilt-difference modes.  Eur Phys 

J B 11(2):261-272 . 

81. Terzi MM & Deserno M (2017) Novel tilt-curvature coupling in lipid membranes.  J Chem 

Phys 147(8):084702 . 



20 
 

82. Manor U, et al. (2015) A mitochondria-anchored isoform of the actin-nucleating spire 

protein regulates mitochondrial division.  Elife 4 . 

83. Irajizad E, Ramachandran R, & Agrawal A (2019) Geometric instability catalyzes 

mitochondrial fission.  Mol Biol Cell 30(1):160-168 . 

84. Mukhopadhyay R, Huang KC, & Wingreen NS (2008) Lipid localization in bacterial cells 

through curvature-mediated microphase separation.  Biophys J 95(3):1034-1049 . 

85. Kamal MM, Mills D, Grzybek M, & Howard J (2009) Measurement of the membrane 

curvature preference of phospholipids reveals only weak coupling between lipid shape and 

leaflet curvature.  Proc Natl Acad Sci U S A 106(52):22245-22250 . 

86. Renner LD & Weibel DB (2011) Cardiolipin microdomains localize to negatively curved 

regions of Escherichia coli membranes.  Proc Natl Acad Sci U S A 108(15):6264-6269 . 

87. Sakuma Y, Urakami N, Taniguchi T, & Imai M (2011) Asymmetric distribution of cone-

shaped lipids in a highly curved bilayer revealed by a small angle neutron scattering 

technique.  J Phys Condens Matter 23(28):284104 . 

88. Koldso H, Shorthouse D, Helie J, & Sansom MS (2014) Lipid clustering correlates with 

membrane curvature as revealed by molecular simulations of complex lipid bilayers.  PLoS 

Comput Biol 10(10):e1003911 . 

89. Boyd KJ, Alder NN, & May ER (2017) Buckling Under Pressure: Curvature-Based Lipid 

Segregation and Stability Modulation in Cardiolipin-Containing Bilayers.  Langmuir 

33(27):6937-6946 . 

90. Kozlov MM (2001) Fission of biological membranes: interplay between dynamin and 

lipids.  Traffic 2(1):51-65 . 

91. Kozlovsky Y & Kozlov MM (2002) Stalk model of membrane fusion: solution of energy 

crisis.  Biophys J 82(2):882-895 . 

92. Kozlovsky Y, Chernomordik LV, & Kozlov MM (2002) Lipid intermediates in membrane 

fusion: formation, structure, and decay of hemifusion diaphragm.  Biophys J 83(5):2634-

2651 . 

93. Shnyrova AV, et al. (2013) Geometric catalysis of membrane fission driven by flexible 

dynamin rings.  Science 339(6126):1433-1436 . 

94. Mattila JP, et al. (2015) A hemi-fission intermediate links two mechanistically distinct 

stages of membrane fission.  Nature 524(7563):109-113 . 

95. Bashkirov PV, et al. (2008) GTPase cycle of dynamin is coupled to membrane squeeze 

and release, leading to spontaneous fission.  Cell 135(7):1276-1286 . 

96. Kozlovsky Y & Kozlov MM (2003) Membrane fission: model for intermediate structures.  

Biophys J 85(1):85-96 . 

97. Chen CM, Higgs PG, & MacKintosh FC (1997) Theory of fission for two-component lipid 

vesicles.  Physical Review Letters 79(8):1579-1582 . 

98. Moore AS & Holzbaur ELF (2018) Mitochondrial-cytoskeletal interactions: dynamic 

associations that facilitate network function and remodeling.  Curr Opin Physiol 3:94-100 

. 

99. Agrawal A & Steigmann DJ (2009) Modeling protein-mediated morphology in 

biomembranes.  Biomech Model Mechanobiol 8(5):371-379 . 

100. Shi Z, Graber ZT, Baumgart T, Stone HA, & Cohen AE (2018) Cell Membranes Resist 

Flow.  Cell 175(7):1769-1779 e1713 . 

 


