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Abstract

Membrane organelles consist of both proteins and lipids. Remodeling of these membrane
structures is controlled by interactions between specific proteins and lipids. Mitochondrial
structure and function depend on regulated fusion and the division of both the outer and inner
membranes. Here, we will discuss recent advances on the regulation of mitochondrial dynamics by
two critical phospholipids, phosphatidic acid and cardiolipin. These two lipids interact with the
core components of mitochondrial fusion and division (Opal, mitofusin, and Drp1) to activate and
inhibit these dynamin-related GTPases. Moreover, lipid modifying enzymes such as
phospholipases and lipid phosphatases may organize local lipid composition to spatially and
temporarily coordinate a balance between fusion and division to establish mitochondrial
morphology.

Keywords

Dynamin-related GTPase; Mitochondrial Division; Mitochondrial Fusion; Membrane;
Phospholipids; Phospholipase; Lipid Phosphatase

Mitochondrial Dynamics: Fusion and Division

Mitochondria play crucial roles in diverse cellular and physiological processes such as
energy production, metabolism, intracellular signaling, cell death, development, and immune
response. In these functions, mitochondria serve as a bioenergetic power plant and a
dynamic signaling hub. It has become increasingly clear that these mitochondrial functions
are important for human health, and defects in these processes lead to pathological
consequences such as metabolic diseases, cancer, autoimmune diseases, and
neurodegenerative diseases [1]. These pathologies can be caused by energy deficits and
reactive oxygen species (ROS) resulting from inefficient oxidative phosphorylation. In
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healthy cells, ROS contribute to signal transduction, but their unregulated overproduction
can damage the mitochondria themselves and other cellular components, leading to overall
deficits in cellular and tissue activities. Therefore, to maintain mitochondrial, cellular, and
physiological health, controlling mitochondrial function and quality is essential. During the
last two decades, studies from many laboratories have demonstrated that mitochondria are
highly dynamic organelles, and their dynamic behaviors are central to the maintenance of
the functional competence and quality of the mitochondria [2]. There are hundreds of
mitochondria in cells, and these mitochondria continuously undergo fusion and division
(Fig. 1). These interactions enable mitochondria to communicate with each other and mix
their contents to regulate the overall quality of the mitochondrial population as a whole.
These processes, termed mitochondrial dynamics, also control the size and number of
mitochondria as they grow by importing proteins from the cytosol and lipids from the
endoplasmic reticulum (ER) [3].

Controlling the number of mitochondria in cells is critical [4]. Each mitochondrion must
have at least one copy of mitochondrial DNA (mtDNA) since it encodes several essential
subunits of the electron transport chain complexes. Oxidative phosphorylation depends on
the components encoded by mtDNA, in addition to the majority of subunits encoded by
nuclear DNA. Creating too many mitochondria by excess division would generate
mitochondria that lack mtDNA and potentially compromise oxidative phosphorylation [5-7].
In contrast, overly connecting mitochondria by fusion produces mitochondria that contain
too many mtDNA molecules, which can be aggregated and unable to function properly [8,
9]. In addition to the number, the size of mitochondria is also important. When mitochondria
become overly enlarged due to unbalanced mitochondrial dynamics, the efficiency of
mitochondrial transport into subcellular regions is decreased. This is particularly obvious in
neurons, which extend long narrow axons and extensively branched dendrites. The lack of
mitochondrial division, which causes the enlargement of mitochondria, blocks their
distribution to axons and dendrites [10, 11]. These distribution defects result in local deficits
in oxidative phosphorylation in the synapses, which require high ATP production for neural
communications. In addition, excessively large mitochondria are resistant to degradation
through mitophagy, likely because autophagosomes are unable to efficiently engulf them
[12, 13]. As a physiological consequence of mitochondrial defects, a deficiency in
mitochondrial division leads to neurodegeneration in neurons such as Purkinje cells in the
cerebellum and dopaminergic neurons in the substantia nigra [14-16]. There are many other
important roles for mitochondrial fusion and division [17-28], which are discussed in other
excellent reviews [29-35]. In this review, we will focus on the mechanisms that control
mitochondrial fusion and division with an emphasis on the emerging roles of mitochondrial
phospholipids.

Critical Phospholipids for Mitochondrial Dynamics: Phosphatidic Acid and

Cardiolipin

Mitochondria consist of two distinct, but physically connected membranes: the outer and
inner membranes. The primary lipid components in the mitochondrial membrane are
phospholipids, while sphingolipids and cholesterols are relatively uncommon compared to
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other membranes such as the plasma membrane [36, 37]. Two major phospholipids in the
mitochondrial membranes are phosphatidylcholine (PC) and phosphatidylethanolamine,
each of which contributes 30-40% of the total phospholipids in the mitochondria [38, 39]. In
addition, the mitochondrial membranes contain relatively small amounts of
phosphatidylglycerol, phosphatidylserine, and phosphatidic acid (PA) [38, 39]. Interestingly,
levels of phosphatidylinositol vary in different organisms: they are relatively high in yeast
mitochondria (~15%) and low in rat livers and plant mitochondria (~5%) [38, 39].
Cardiolipin (CL), a mitochondria-specific phospholipid with a unique structure of four acyl
chains, comprises 10-15% of the total mitochondrial phospholipids [38, 39]. CL is
synthesized from PA that is transported from the ER to the mitochondrial inner membrane
(Fig. 2). In the inner membrane, PA is converted to CL via multiple enzymatic reactions. A
fraction of CL is transported to the outer membrane (Fig. 2), likely through a CL-binding,
intermembrane space-located nucleoside diphosphate kinases, NDPK-D, and/or contact sites
between the outer and inner membranes and [40, 41]. In the outer membrane, CL can be
converted back to PA by a mitochondria-localized phospholipase D, MitoPLD (Fig. 2) [42].
CL in the inner membrane is important for maintaining large protein complexes such as the
electron transport chain complexes and the protein import machinery of the inner membrane.
CL also regulates apoptosis via the activation of caspases-8 and Bax on the outer membrane
and the retention of cytochrome c in the cristae of the inner membrane [43]. Furthermore,
recent studies have revealed that PA and CL control mitochondrial division and fusion and
coordinate the balance between these dynamic processes. We will discuss the roles of these
phospholipids in mitochondrial dynamics below.

Roles of Cardiolipin in Mitochondrial Fusion

As described above, CL is synthesized in the inner membrane of mitochondria. It has been
shown that CL plays important roles in the fusion of the mitochondrial inner membrane
through the biogenesis and assembly of a dynamin-related GTPase that mediates
mitochondrial fusion (Opal in mammals and Mgm1 in yeast) (Fig. 1 and 3) [44-50]. A
recent study also demonstrated that CL is directly involved in membrane fusion through
interactions with Opal [51]. In addition to their role in inner membrane fusion, Opal and
Mgmd1 also facilitate outer membrane fusion, likely through interactions with outer
membrane proteins such as mitofusin in mammals and Fzol and Ugol in yeast [52-56].

A single gene encodes Opal and Mgm1, but multiple forms are created through alternative
splicing (Opal) and proteolytic processing (both Opal and Mgm1) [57]. There are two
major forms, long and short. The long forms (L-Opal/Mgm1) carry a transmembrane
domain at their N-terminus that is integral to the mitochondrial inner membrane, leaving the
majority of the protein in the intermembrane space. The short forms (S-Opal/Mgm1) are
produced by proteolytic cleavages of the transmembrane domain of the long forms, leaving
soluble proteins in the intermembrane space. The production of these two forms is balanced
to create both forms. Of these two forms, the long forms play a major role in fusion, while
the short forms have been suggested to be involved in both fusion and division. A complete
loss of the long forms leads to the inhibition of mitochondrial fusion.
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The import of Opal/Mgm1 into mitochondria is mediated by the translocase of the inner
membrane (TIM23 complex) and presequence translocase-associated motor (PAM) [58]. CL
is important for maintaining the TIM complex; decreased levels of CL lead to a partial
dissociation between TIM23 complex and PAM and cause Mgm1 to be partially inserted
into the inner membrane [49]. This inhibits Mgm1 processing, because the transmembrane
domain that contains the cleavage site is not fully inserted into the inner membrane; instead,
another alternative transmembrane domain stays in the inner membrane, creating L-Mgml1,
but not S-Mgm1 [44, 59]. This incomplete biogenesis of Mgm1 results in a decrease in
mitochondrial fusion. It has been suggested the role of CL in Mgm1 biogenesis is shared
with another phospholipid, PE, and the decreased production of PE decreases the production
of S-Mgm1 and mitochondrial fusion [47, 48]. This shared function of CL and PE in the
production of S-Mgm1 may explain the observation that the production of S-Mgm1 is only
modestly decreased in yeast mutants lacking CL synthase [47, 60].

CL is also involved in the assembly of Opal and Mgm1. The GTPase activity of dynamins
and dynamin-related proteins can be stimulated by their oligomerization. Liposome-
containing CL binds to purified Opal and Mgm1, stimulating their assembly into liposomes
[45, 46, 50, 61]. The oligomerization activates S-Opal and S-Mgm1 to hydrolyze GTP.
However, a more direct role of CL in Opal-mediated fusion awaited discovery in a recent
study in which L-Opal was purified and assessed for its function during fusion together with
CL [51]. In this study, recombinant L-Opal was purified from the silk worm and
reconstituted into liposomes. L-Opal drives the fusion of liposome-containing CL /n7 vitro.
This fusion is mediated by the heterotypic interactions of L-Opal and CL, but not by
interactions between the L-Opal proteins themselves. These findings are consistent with
previous observations that purified mitochondria from wild type and Opal knockout cells
can fuse in vitro. S-Opal alone does not fuse liposomes, even in the presence of CL, but it
does stimulate fusion when L-Opal is also present. Demonstrating the importance of this
mechanism in cells, a cell based mitochondrial fusion assay showed that both Opal and CL
are necessary for efficient mitochondrial fusion.

Role for CL in Mitochondrial Division

CL is also present in the outer membrane and regulates mitochondrial division mediated by
another dynamin-related GTPase, Drpl, which is a cytosolic protein that is recruited to the
mitochondria through interactions with integral outer membrane proteins such as Mff,
Mid49, Mid51, and Fisl (Fig. 1) [2, 62]. Drpl constricts the mitochondria after assembly
into spiral oligomers on the surface. Distinct from endocytic dynamin, which binds to
phosphatidylinositol 4,5-bisphosphate, P1(4,5)P2, via a pleckstrin homology domain, Drpl
lacks a known lipid-binding domain, but binds to CL and PA. First we will discuss the role
of CL in mitochondrial division. The roles PA plays in mitochondrial division, as well as
fusion, are described in a later section of this review. The interaction of Drp1 with CL
involves the variable domain (also called the B-insert) [63, 64]. CL has been shown to
stimulate the oligomerization of Drpl and oligomerization-induced GTP hydrolysis, similar
to the effect of CL on S-Opal (Fig. 4) [65-67]. The oligomerization of Drpl on liposomes
induces their tubulation, which may be relevant to the formation of the mitochondrial
division machinery that wraps around and constricts the mitochondrial tubules. Supporting
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this notion, GTP hydrolysis by Drpl promotes the constriction of the lipid tubules formed by
Drp1 oligomerization [64, 67, 68]. Interestingly, the variable domain is important for the
tubulation of liposomes that contain CL. However, the removal of the variable domain
stimulates the oligomerization of Drpl, but does not affect the tubulation of liposomes that
lack CL [67]. These data may indicate that CL inhibits the assembly of Drpl and the
tubulation of liposomes, and that the binding of CL to the variable domain releases this
inhibitory effect. While CL stimulates Drp1, Drpl also affects the organization of CL in the
membrane. Recombinant Drpl can affect the two-dimensional distribution of CL in
synthetic liposomes in a GTP-dependent manner, and it induces CL clustering [64]. Such
CL-enriched lipid domains could provide for hot spots of mitochondrial division by locally
activating Drpl [64]. The CL-stimulated GTPase activity of Drpl is synergistically
enhanced in the presence of the major Drpl receptor/effector Mff, suggesting that CL and
Mff act together to potentiate mitochondrial division, and may create spatial specificity for
the membrane remodeling reaction at the hot spots where these two components are
concentrated [68].

Many in vitro biochemical and biophysical studies have demonstrated that Drpl can induce
tubulation and the constriction of liposomes, but not complete scission or small vesicle
formation. A recent study has shown that the constriction mediated by Drpl does not
complete the scission reaction in cells; dynamin-2, which is known to function in the
scission of endocytic vesicles from the plasma membrane, is recruited to the mitochondrial
division sites and completes the mitochondrial scission [69]. These sequential fission
reactions by the two dynamin proteins are consistent with their biochemical properties in
terms of the diameter of the spiral oligomers. While Drpl and its yeast homolog Dnm1
assembles into spirals with a diameter of 50-60 nm, dynamin-2 filaments can more narrowly
constrict, to a 10-20 nm diameter [67, 70].

Role of PA in Mitochondrial Fusion

PA is a rare component of the mitochondrial membrane (~5%) that is predominantly
produced in the ER and transferred to the outer mitochondrial membrane through an ER-
mitochondrial contact site as described above (Fig. 2) [43, 71, 72]. PA is also generated from
CL in the outer mitochondrial membrane by MitoPLD [42]. PA serves as both a precursor
for other phospholipids as well as a signaling molecule in mitochondria as well as other
membranes. Because PA lacks a headgroup, it can create a negative membrane curvature.
Recent studies have shown that PA regulates both mitochondrial fusion and division in the
outer membrane [73-75]. While the inner mitochondrial membrane carries Opal in
mammals, the outer membrane has two related dynamin-related GTPases, mitofusins 1 and 2
(Fig. 1). It has been shown that mitofusins mediate the tethering of the outer membranes of
two mitochondria in addition to membrane fusion (Fig. 1) [76]. Studies have shown that the
PA generated by MitoPLD induces mitochondrial fusion downstream of this tethering step
between two mitochondria (Fig. 3) [73, 74]. MitoPLD overexpression induced mitochondrial
aggregation, suggesting mitochondria fusion, while the suppression of MitoPLD using
SiRNA led to mitochondrial fragmentation. Similarly, overexpression of lipin 1b, a PA
phosphatase that converts PA to DAG, induces the fragmentation of mitochondria. Similar to
lipin 1b, PA-PLA1L (PA-preferring phospholipase Al), which mediates the conversion of PA
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to lysoPA, regulates mitochondrial morphology [77]. Its overexpression fragments
mitochondria, while its knockdown elongates mitochondrial tubules. In contrast to
MitoPLD, both lipin 1b and PA-PLAL are mainly located in the cytosol [73, 77]. These two
lipid-modifying enzymes are likely recruited to the outer membrane for their function. These
data taken together strongly suggest that PA, but not DAG or LPA, control mitochondrial
morphology. It has been proposed that PA stimulates mitochondrial fusion by creating a
negative curvature in the opposing mitochondrial outer membrane [78]. It is also possible
that PA more directly regulates the function of mitofusin in membrane fusion. MitoPLD may
not function alone in the regulation of PA in the outer membrane. MitoPLD interacts with
two related outer membrane proteins, MIGA1 and MIGA2 [79]. Miga proteins
(Mitoguardian) were originally identified as proteins necessary for the maintenance of
photoreceptor cells in Drosgphila. The mammalian homologs, MIGA1 and MIGAZ2, are
required for mitochondrial fusion, similarly to MitoPLD. It has been suggested that
MIGAL/2 stabilizes the level of MitoPLD dimerization in the outer membrane [79].
Suggesting a role for PA-regulated mitochondrial dynamics in tumorigenesis, mitochondrial
division and fusion are regulated during KRAS-driven cellular transformation [80, 81], and
the expression of MitoPLD is induced by the oncogenic transcriptional factor MYC [82].
Interestingly, MitoPLD is structurally similar to phosphodiesterase and exhibits
endoribonuclease activity for single-stranded RNAs [83, 84] and phospholipase activity for
CL [74].

Role of PA in Mitochondrial Division

In addition to mitochondrial fusion, recent studies have shown that PA also regulates
mitochondrial division through interactions with Drpl (Fig. 4) [75, 85]. The interaction of
Drpl with PA entails the PA headgroup and its acyl chains. Intriguingly, even though Drpl is
a soluble protein, it specifically recognizes the saturated acyl chains of PA and preferentially
binds to saturated PA over unsaturated PA [75, 85]. These findings suggest that part of Drpl
penetrates the hydrophobic core of the lipid bilayer. Furthermore, the recognition of the
headgroup and acyl chains can be mechanistically separated: Drpl binds to liposomes that
consist of both unsaturated PA and saturated PC, but not to liposomes that consist of only
one or the other. This unique coincident lipid interaction inhibits Drp1 during mitochondrial
division [75]. PA and the saturated acyl chains of phospholipids block Drpl after its
oligomerization onto mitochondria, and this inhibition of Drp1 makes the mitochondria
resistant to the division induced by mitochondrial stress. In contrast to CL, which activates
Drp1 oligomerization and GTPase activity, the interactions of Drpl with saturated PA does
not increase GTP hydrolysis. Increased levels of PA produced by MitoPLD overexpression
or increased levels of saturated phospholipids produced by chemical inhibitors of stearoyl-
CoA desaturase 1, which converts saturated acyl chains to unsaturated forms, induces the
accumulation of Drp1 oligomers onto mitochondria without productive division, leading to
the continuous assembly of Drpl on mitochondria (Fig. 4) [75]. It has been proposed that
saturated PA blocks the GTPase activity of Drpl after oligomerization, potentially creating a
primed state in the division machinery. Because CL is largely unsaturated, the PA that
MitoPLD generates from CL is expected to be unsaturated. Therefore, the coincident
interaction involving PA and saturated phospholipids would be physiologically relevant. In
addition to MitoPLD generating PA, PA is also imported into mitochondria from the ER
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through ER-mitochondria contact sites [71, 86]. Since mitochondrial division often occurs at
these inter-organelle contact sites and Drp1 oligomers localize to these regions [87-89], we
expect that the PA imported from the ER also plays a critical role in mitochondrial division.
It would be exciting to determine exactly how ER-derived PA contributes to mitochondrial
division at the interfaces.

In addition to PA, Drpl also directly interacts with the PA-producing enzyme MitoPLD in
the outer membrane (Fig. 4) [75]. This protein-protein interaction suggests that PA is locally
produced in the vicinity of Drpl oligomerized on the mitochondria to create a lipid
microenvironment, making this PA/saturated phospholipid-mediated regulation spatially
selective and efficient (Fig. 4), as PA is transferred to the inner membrane as a precursor to
other phospholipids. This potential regulatory mechanism of MitoPLD may also be
important for mitochondrial fusion, since MitoPLD associates with mitofusin 1 and Opal
[75]. As described above, PA stimulates mitofusin-mediated mitochondrial fusion, and
mitofusin 1 cooperates with Opal to fuse mitochondria. Therefore, MitoPLD may
mechanistically couple the inhibition of mitochondrial division to the stimulation of
mitochondrial fusion, generating robust changes in mitochondrial morphology in response to
intracellular signal transduction, the extracellular environment, and mitochondrial stress.
This mechanism likely accounts for the previous observation that mitochondria have hot
spots where they frequently fuse and divide.

Concluding Remarks

During the last 20 years, many protein components that mediate mitochondrial dynamics
have been identified. In addition, the posttranslational modifications of these proteins in
response to a variety of signals and stress have been characterized. However, there are many
crucial open questions regarding the role of lipids and their regulation in the membrane
remodeling processes in mitochondria (see Outstanding Questions). Because protein-lipid
interactions are fundamental to membrane fusion and fission, a deeper understanding of their
interaction mechanisms and the functions of these interactions is essential to elucidate a
comprehensive view of the mechanism of mitochondrial dynamics. We still do not fully
know about the functional microenvironments created by specific lipids and proteins in the
outer and inner mitochondrial membranes. Considering the structurally defined micro-
domains in mitochondria such as ER-mitochondria contact sites, outer-inner membrane
contact sites, and inner membrane cristae, how the assembly and disassembly of lipid micro-
domains for mitochondrial dynamics are coordinated in mitochondria in relation to these
intra-mitochondrial structures would be an exciting future topic in the field.

Outstanding Questions

What is the distribution of PA and CL in the mitochondrial outer membrane during
mitochondrial fusion and division? It would be exciting to visualize PA and CL
using their biosensors.

How are interactions of MitoPLD with Drpl and mitofusin 1 and Opal regulated?
Do these interactions contribute to the maintenance of a balance between fusion
and division?
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How do ER-mitochondria contact sites and outer membrane-inner membrane
contact sites regulate the delivery of PA and CL to the outer membrane?

How are biosynthesis, transport and distribution of PA and CL regulated in
response to intracellular and extracellular signaling and stress that affect
mitochondrial dynamics?

Do mitochondrial dynamics and morphology control the production, trafficking
and localization of lipids?
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Trends

Mitochondrial fusion and division play important roles in mitochondrial size,
number, distribution, function, and turnover.

Cardiolipin promotes both mitochondrial division and inner membrane fusion.

Phosphatidic acid inhibits mitochondrial division and stimulates mitochondrial
outer membrane fusion.

Recent studies identified phospholipases and lipid phosphatases such as MitoPLD,
PA-PLA1, and lipin 1b that control the levels of cardiolipin and phosphatidic acid
in mitochondria.

Lipid-modifying enzymes could provide mechanisms that coordinate
mitochondrial dynamics.
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Figure 1. Mitochondrial fusion and division
Tethering and fusion of the mitochondrial outer membrane (OM) is mediated by mitofusin

(Mfn) 1 and 2. Inner membrane (IM) fusion is mediated by heterotypic interaction of Opal
and CL. To initiate mitochondrial division, Drpl GTPase is recruited to mitochondria via
interactions with its receptor proteins located in the outer membrane (e.g., Mff, Mid49/51
and Fis1). Drpl is then oligomerized into filaments that wrap around the mitochondria.
Finally, GTP hydrolysis drives the constriction of Drpl spirals and severs mitochondria.
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ER

Figure 2. Biosynthesis of PA and CL
The abundance and localization of PA and CL are controlled by their synthesis, turnover and

transport in mitochondria. PA is synthesized in the endoplasmic reticulum (ER) and
transported to the mitochondrial outer membrane. A fraction of PA is further transported to
the inner membrane, where it is converted to cytidine diphosphate diacylglycerol (CDP-
DAG), phosphatidylglycerolphosphate (PGP) and then phosphatidylglycerol (PG). PG and
CDP-DAP are combined to generate CL by cardiolipin synthase. In turn, a portion of the CL
is exported to the outer membrane and converted to PA by MitoPLD.
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Figure 3. Regulation of mitochondrial fusion by PA and CL
In the outer membrane, PA stimulates the mitofusin-mediated fusion. In the inner

membrane, CL stimulates and mediates Opal-mediated fusion.
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Figure 4. Regulation of mitochondrial division by PA and CL
CL in the outer membrane stimulates oligomerization of Drpl to promote mitochondrial

division. In contrast, PA restrains oligomerized Drpl to inhibit mitochondrial division.
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