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Setting the curve: the biophysical properties of lipids in
mitochondrial form and function
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lDepartment of Chemistry and Biochemistry, and the 2Department of Molecular Biology, University of California San
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Abstract Mitochondrial membranes are defined by
their diverse functions, complex geometries, and
unique lipidomes. In the inner mitochondrial mem-
brane, highly curved membrane folds known as
cristae house the electron transport chain and are the
primary sites of cellular energy production. The
outer mitochondrial membrane is flat by contrast, but
is critical for the initiation and mediation of pro-
cesses key to mitochondrial physiology: mitophagy,
interorganelle contacts, fission and fusion dynamics,
and metabolite transport. While the lipid composi-
tion of both the inner mitochondrial membrane and
outer mitochondrial membrane have been character-
ized across a variety of cell types, a mechanistic un-
derstanding for how individual lipid classes
contribute to mitochondrial structure and function
remains nebulous. In this review, we address the
biophysical properties of mitochondrial lipids and
their related functional roles. We highlight the
intrinsic curvature of the bulk mitochondrial
phospholipid pool, with an emphasis on the nuances
surrounding the mitochondrially-synthesized car-
diolipin. We also outline emerging questions about
other lipid classes — ether lipids, and sterols — with
potential roles in mitochondrial physiology.Hl We
propose that further investigation is warranted to
elucidate the specific properties of these lipids and
their influence on mitochondrial architecture and
function.

Supplementary key words phospholipids ¢ mitochondria -
cardiolipin « curvature « plasmalogens « sterols

Mitochondria are prime examples of the complexity
and compositional diversity that define eukaryotic
membranes. As double-membraned organelles, they
contain an outer mitochondrial membrane (OMM) that
envelopes an invaginated inner mitochondrial mem-
brane (IMM). The OMM and IMM are functionally
distinct. The IMM is the main site of ATP synthesis,
with the electron transport chain (ETC) and ATP syn-
thase complexes localized in inward folds of the IMM,
known as cristae. The OMM predominantly acts as a

diffusion barrier for metabolites, cations, and other
molecules into and out of mitochondria (1-3), but more
recently has been implicated in key processes regu-
lating mitochondrial health, such as in mitophagy,
fission/fusion, and maintenance of interorganelle
contacts (4, 5). Corresponding to these differing func-
tions, membrane lipid compositions of the OMM and
IMM are significantly different, particularly in relative
abundances of their phospholipid (PL) classes (6-9).
Numerous studies have shown that the lipidomes of
both membranes are tightly regulated, with defects
associated with disease phenotypes where severe mito-
chondrial dysfunction is observed (10-13). Thus, the
mechanisms by which lipids influence the structure and
function of mitochondrial membranes is an active area
of lipid research.

Both the metabolic functions of mitochondria and
their dynamic cycles of fission and fusion depend on
the formation of highly curved membrane topologies.
A range of studies have demonstrated a direct rela-
tionship between curvature generation by cristae-
shaping proteins, such as ATP synthase dimers and
the mitochondrial contact site and cristae organization
system complex, and the formation of highly curved,
cristae membrane (CM) morphologies (Fig. 1) (14-18).
Here, we focus on analogous roles for lipid-driven
membrane curvature in contributing to mitochondrial
structure and function (15, 19). Elucidation of lipid-
mediated mechanisms for this organelle could explain
the strict regulation of mitochondrial lipids and the
significant phenotypes that arise when they are dysre-
gulated in disease. To this end, we review models for
how individual lipid and bulk membrane properties
influence mitochondrial architecture and how biosyn-
thetic adaptations of these lipids help to maintain
membrane curvature under stressful conditions. We
will begin by considering this phenomenon through the
lens of spontaneous curvatures of mitochondrial PLs,
but will extend our discussion to other lipid classes such
as ether lipids and sterols, both of which have recently
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Fig.1. Ciristae are sites of membrane curvature in mitochondria. (A) Cristae membranes (CM) exhibit high curvature at cristae tips
and cristae junctions as derived from curvature analysis using GAMer 2 software on 3D reconstructions of yeast mitochondrial
membranes derived from multitilt electron tomography. The outer mitochondrial membrane (OMM) and inner boundary mem-
brane (IBM) by contrast are flat, low curvature structures. The 3D reconstruction and GAMer 2 analysis pipeline was conducted as
previously described (19, 22, 23). Scale bars, 50 nm. The formation of highly curved CMs predominantly occurs via membrane
bending by cristae shaping proteins, such as ATP synthase dimers at the cristae tips, which form dense rows along CMs, and OPAl/
MICOS at the cristae junctions. In contrast, the cristae ridges are flatter and house the key components of the ETC. Structures of the
bovine ATP synthase dimer (PDB ID:7AJF) and bovine complex IV (PDB ID:1V54). ETC, electron transport chain; MICOS, mito-
chondrial contact site and cristae organization system; OPAl, optic atrophy protein 1.

been implicated in shaping mitochondrial structure
and function under pathological conditions (20, 21).

MITOCHONDRIA ARE ENRICHED IN
HIGH-CURVATURE, NONBILAYER PLs

The ability to isolate and analyze mitochondria
from biological samples underlies our knowledge of
its lipidome. Mitochondrial purification techniques
were first developed in the 1930s (24) and isolation of
intact mitochondria followed soon after (25-27). Since
then, the isolation of pure, functional mitochondrial
fractions from a variety of sources have become
routine (7, 9, 28). Coupled with the advancement of
LC-MS and LC-MS/MS and shotgun (MS/MS) lip-
idomics platforms, biochemical purification has
allowed for accurate characterization of mitochon-
drial lipidomes from various tissues and organisms
(29-33). Methods exist to biochemically separate OMM
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and IMM fractions of mitochondria (34, 35), which
have been crucial in determining the subcellular
localization of mitochondrial lipid-synthesizing en-
zymes (7), but also in elucidating submitochondrial
lipid distribution (7, 9). These techniques have been
powerful for defining mitochondrial lipidomes to a
more detailed extent than most, if not all, other
organelle membranes. It is important to note that
mitochondrial isolation still yields some contaminants,
especially lipids from closely apposed endoplasmic
reticulum (ER) membranes. Similarly, pure mitoplast
(IMM) or OMM isolations are also challenging (36).
Improvements to mitochondrial isolation techniques
have also been developed, allowing for purer frac-
tionation and lipidome characterization (28, 37).
Therefore, care must be taken when comparing
mitochondrial lipidomes derived from different tis-
sues, organisms or growth conditions, as these can
affect potential impurities.
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The most well-characterized and highly abundant
components of the mitochondrial lipidome are its PLs.
While the mitochondrial phospholipidome is signifi-
cantly dependent on tissue and organism in mammals,
its main constituents are largely conserved, even across
eukaryotic phyla (7). The IMM primarily consists of
phosphatidylcholine (PC), phosphatidylethanolamine
(PE), and cardiolipin (CL), the latter of which is specif-
ically synthesized and localized in the IMM alongside its
precursor phosphatidylglycerol (PG). In comparison,
the OMM consists of higher concentrations of PC and
lower concentrations of PE, with only trace amounts of
CL (9). In mammalian cells and plants, the OMM con-
tains more phosphatidylinositol (PI) than the IMM, but
in the yeast Saccharomyces cerevisiae, more P1 is present in
the IMM (8, 9). Other PLs such as phosphatidic acid (PA)
and phosphatidylserine (PS), which are biosynthetic
precursors of CL and PE, respectively, exist in lower
concentrations in both the OMM and IMM (9). These
PL classes are defined by the structure of their polar
head groups, but can also feature distinctive fatty acyl
chains that vary in length and number of double bonds
(unsaturations).

A unique characteristic of the IMM is its enrichment
in PLs whose structure promotes nonbilayer lipid pha-
ses (9). A lipid’s intrinsic spontaneous curvature (c)
describes its preferred geometric packing (38) and, as a
simplified approximation, the shape of its average state
in a relaxed membrane monolayer that is not under
tension. Both lipid phases and ¢ values are generally
measured using scattering techniques, such as small
angle X-ray scattering (SAXS) (39). In SAXS experi-
ments, lipids in suspension yield radially symmetrical
scattering patterns, which can be averaged circum-
ferentially to yield a scattering profile. PLs produce
scattering patterns with concentric rings, which trans-
late into profiles with distinct peaks. The spacing of
these peaks can be used to identify the lipid mesophase
and to determine some of its dimensions. The ¢
parameter has units of inverse length and is defined as
the reciprocal of the radius of an unstressed lipid
monolayer: low curvature (¢ =~ 0) lipids, like PC, form
flat, ordered monolayers that produce lamellar (L,)
phases (40), where lipids are organized into bilayers that
form the basis of cell membrane structure (Fig. 2A).
Negatively curved lipids (¢ < 0) like PE, exhibit
monolayers curved towards the head group and, in
isolation, form nonlamellar phases; where lipid mono-
layers curl to form tubules that pack in a hexagonal
array around water cores (Fig. 2A) (41, 42), termed the
inverted hexagonal phase (Hy). Positively curved lipids
(co > 0) can also adopt nonlamellar lipid phases: at low
lipid concentrations they can form micelles, with
inward-facing hydrophobic cores and polar head
groups facing outward, while at higher concentrations
they tend to adopt hexagonal Hj phases (43).

The ability of lipids to form nonbilayer lipid meso-
phases is the basis for spontaneous curvature
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measurements (40, 41, 46, 47), as the radius of Hy tu-
bules is used to calculate ¢. However, most lipids do not
spontaneously form an Hjy phase. They are thus
included as “guests” in mixtures with a strongly Hy-
forming lipid, like dioleoyl PE (DOPE). The change in
Hy; tubule radius that a guest lipid imparts versus a
pure DOPE system can be used to determine its own ¢
value. Using this method, the curvatures of most major
mitochondrial PLs have been measured (Fig. 2B): CL,
PA, PS, and PG. CL and PA possess negative intrinsic
curvatures, but milder than that of PE; PS exhibits
positive ¢ values; and PG displays a near-zero ¢ (44,
48-51). A notable absence from this list is a curvature
for PI, which has been observed to support the for-
mation of nonlamellar cubic (Q) phases (52), and con-
stitutes up to 15% and 5% of mitochondrial PLs in yeast
and mammalian systems, respectively (9).

Spontaneous curvature measurements of individual
PLs do have some important caveats. Measured curva-
ture values are specific to the chemical environment in
which they are measured. For example, the negative
curvature of anionic lipids PA and CL is dependent on
their ionic environment, as discussed further below
(50, 53). Because they are carried out via measurement
of Hy tubule diameter (Fig. 2A), measured ¢, values of
most lipids take place in predominantly DOPE mono-
layers, a specific chemical environment that is very
different from the distribution of lipids in real cell
membranes. Extrapolation of these values to complex
lipid bilayers in cells assumes a chemical mixing that is
certainly not ideal. Nonetheless, trends in intrinsic
membrane curvature can be imputed by general trends
in the stoichiometry and relative curvatures of lipid
components.

A long-standing question in lipid biology is why do
cells produce so many nonbilayer lipids that can act
against the stability of lamellar membranes. We (45)
and others (54) have observed that organisms generally
maintain the curvature of their lipidome, which can be
extrapolated from the propensity of extracted lipids to
transition from the L, to Hy phase, in response to
changes in the environment. We have defined net lip-
idome curvature as a weighted average of the ¢ value
of all PLs based on their abundance. The maintenance
of this parameter, termed homeocurvature adaptation,
could act alongside homeoviscous adaptation, which
maintains membrane fluidity (55), in dictating the
regulation of lipid metabolism.

An intriguing hypothesis is that lipid transport pro-
cesses act to maintain lipid curvature intracellularly in
an organelle-specific manner. Compared to other or-
ganelles, mitochondria are particularly enriched in
highly curved PE (9) and are the only subcellular loca-
tion of nonbilayer-preferring CL. In mammals,
measured mitochondrial PE/PC ratios (0.8) are higher
than those of organelles such as the ER and Golgi (0.4)
(9). The highly curved IMM also has nearly double the
PE/PC ratio (115) than the relatively flat OMM (0.64)

Mitochondrial lipids and their curvatures 3
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Fig. 2. Mitochondrial lipids and their SAXS-derived intrinsic curvatures. A: Shown is a schematic depiction of an X-ray scattering
setup. The interference pattern on the detector can be used to determine the structures of lamellar (L,) and inverted hexagonal (Hy)
lipid phases from their corresponding SAXS intensity profiles. The distinctive Bragg peaks for each phase are noted. Spontaneous
curvatures (¢) of guest lipids (typically <20 mol %) are measured in hosted mixtures with DOPE. The radius of the neutral plane (R,,)
is extracted from the peak location in the Hy; scattering profile. The value of ¢ varies inversely with R, (¢ = —1/R,,). B: SAXS analysis
has been performed on many mitochondrial PLs as hosted mixtures with DOPE. While tetra-oleoyl CL (TOCL) and dioleoyl PA
(DOPA) exhibit negative curvatures in the presence of Ca®* ions (%), PC and PG exhibit curvature values close to 0. Shown are
curvatures of palmitoyl-oleoyl (PO) species, the most common species in mammalian cells. Di-oleoyl PS (DOPS) and lysolipids exhibit
positive ¢ values. Plotted values of ¢ were acquired from SAXS analysis summarized in (44). Plasmenyl PE (PPE) ¢ values were
reported in (45). C: Increasing levels of acyl chain saturation within a PL class drives ¢, values in the negative direction. Here, data for
PC lipids analyzed in water is plotted. Values derived from (44). CL, cardiolipin; DOPE, dioleoyl phosphatidylethanolamine; PA,
phosphatidic acid; PC, phosphatidylcholine; PE, phosphatidylethanolamine; PG, phosphatidylglycerol; PL, phospholipid; PS, phos-

phatidylserine; SAXS, small angle X-ray scattering.

(56), suggesting a particular preference of highly
curved lipids. Given the predominance of unsaturated
acyl chains, discussed further below, the IMM is thus
specialized for large, negative lipid curvatures (“high-
curvature lipids”) compared to the rest of the cell.
How could lipid curvature translate to membrane
curvature? High-curvature lipids do not necessarily
impart any morphological effects on a bilayer if they
are evenly distributed within and between both leaflets;
in this case the curvature stress of each monolayer
cancels out. Instead, lipids can act through mechanisms
that are somewhat analogous to proteins that shape
membrane curvature upon asymmetric binding, scaf-
folding, oligomerization, and crowding (57, 58). Firstly,
the asymmetric distribution of curved lipids in the in-
ner and outer leaflet of membranes can contribute to a
curvature stress, which is balanced by net bending of a
bilayer (Fig. 3). This may be particularly relevant for

4 . Lipid Res. (2024) 65(10) 100643

the IMM where CL is likely enriched in one IMM leaflet
(59-61). Lateral heterogeneity or organization of high-
curvature lipids on one leaflet can also be relevant
for generating and supporting localized membrane
curvature (62, 63) (Fig. 3), similar to BAR domain pro-
teins (64) whose curvature generation depends on
scaffolding. Measured enrichment of CL into high-
curvature regions of liposomes undergoing deforma-
tion suggests such a phenomenon for this PL class, as
discussed further below (65). Membrane curvature can
also arise from the unbalanced distribution (number
asymmetry) of lipids between leaflets (Fig. 3), which
causes a differential stress between leaflets that can be
alleviated by membrane bending, as has been described
in the plasma membrane (66, 67). Such an imbalance
could be relevant at sites at which PLs are transported
from the ER, as well as through the activity of phos-
pholipases (68), scramblases, and flippases (69).

SASBMB
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Fig. 3. Modalities of lipid-derived membrane curvature generation. The identification of the importance of membrane curvature
in shaping cellular functions has necessitated analysis of pathways leading to curvature generation. Lipids can generate membrane
curvature via 1) compositional differences between the two leaflets (leaflet asymmetry), for example, having more high-curvature
lipids in the inner leaflet versus the outer leaflet. In the IMM, this could manifest as having more PE and CL compared to the outer
leaflet 2) clustering of high-curvature lipids across a membrane (lateral heterogeneity), thus promoting local deformations and 3) an
imbalance in the number of lipids (leaflet density) across a membrane, which drives surface area expansion of one leaflet leading to
generation of curvature. CL, cardiolipin; IMM, inner mitochondrial membrane; PE, phosphatidylethanolamine.

Interestingly, a mitochondrial-localized scramblase, PL
scramblase 3, has been identified to facilitate trans-
IMM flipping of CL (70-72), while a recent study has
also shown that OMM-localized VDAC1/2 can facilitate
PL scrambling across the OMM (73).

All of these mechanisms can act alongside and be
promoted by local deformations imposed by curvature-
generating proteins. In particular, CL has been shown
to cluster around deforming proteins (74), such as optic
atrophy protein 1 (75), which could act together in
contributing to IMM morphology. Nonbilayer lipids,
especially CL, interact directly with many mitochon-
drial proteins and their complexes (18, 76-78) and could
thus stabilize curvature-generating protein machinery.
Lipid curvature is also thought to modulate the
conformation and dynamics of membrane proteins,
such as ion channels, through changes to the bilayer’s
lateral pressure profile and elasticity (79). While largely
unexplored for mitochondrial proteins, this phenome-
non could be especially relevant in the IMM given its
enrichment in high-curvature lipids.

MITOCHONDRIAL PL. METABOLISM PATHWAYS
TO SUPPORT MEMBRANE ARCHITECTURE

Mitochondria synthesize a portion of the major
cellular PLs within their membranes. Biosynthetic ma-
chinery for PE, CL, and PG are present within the IMM,
while other PL classes, PC, PI, PA, and PS, are synthe-
sized in the ER and then imported into mitochondria at
contact sites and ER subfractions called mitochondrial
associated membranes (Fig. 4) (71, 80, 81). While PE can
also be synthesized in the ER through the cytidine
diphosphate (CDP)-ethanolamine arm of the Kennedy
pathway (82), the mitochondrial pool of PE is generated
from the decarboxylation of imported PS by
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phosphatidylserine decarboxylase 1 (Psdl in yeast, PISD
in humans) in the IMM (Fig. 4) (81, 83-86). The synthesis
of CL begins with delivery of PA from the OMM to the
IMM via the Upsl-Mdm35 complex (yeast) or the
TRIAP1/PRELI complex (human) (87-90), where it is
converted to CDP diacylglycerol (CDP-DAG) by a CDP-
DAG synthase, Tam41l (TAMM41 in humans) (91, 92).
CDP-DAG is then converted into PG via PG phosphate
by the sequential action of PG phosphate synthase and
a protein tyrosine phosphatase, mitochondria 1 in
humans, and Pgsl and Gep4 in yeast (91, 93-95). Finally,
CL synthase (Crdl in yeast, CLS] in mammals), gener-
ates CL through a condensation reaction between PG
and CDP-DAG (Fig. 4) (96-98).

For both classes of mitochondrial produced PLs (CL
and PE), the respective precursor PLs (PG and PS) are of
milder curvature compared to their final biosynthetic
products. Could this be a specific demand of the IMM for
high-curvature lipids? In mice, loss of CL or mitochon-
drial PE leads to embryonic lethality (99, 100) and
knockdown of PISD results in mitochondrial fragmen-
tation and reduced respiration (101). Indeed, coordinated
depletion of both CL and mitochondrial PE (via Psdl) in
yeast has also been shown to be synthetically lethal (102),
potentiating the idea of a specific requirement for
negative lipid curvature within mitochondria. Both CL
and PE have both been shown to interact with, and are
required for optimal activity of major curvature-
generating complexes in the IMM, such as ATP syn-
thase and ETC super complexes (76-78, 103-105). How-
ever, loss of Crdl or Psdl in yeast does not perturb
organization of ATP synthase (32, 104) nor does their
absence cause significant changes to cristae ultrastruc-
ture under common growth conditions (32, 104). How-
ever, when yeast cells are grown microaerobically or
genetically altered to increase saturated lipids, loss of
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Fig. 4. Mitochondrial CL and PE biosynthesis occur in the direction of increasing negative curvature. CL and PE synthesis occurs in
the mitochondria from imported precursors PA and PS respectively. For CL synthesis, PA is transferred from the OMM to the IMM
by the TRIAPI-PRELIDI complex in humans and by Upsl-Mdm35 in yeast. In the IMM, it is then converted to PG by PG synthase
and a PG phosphatase. PG is then converted to de novo CL by CL synthase. For PE synthesis, imported PS is transferred from the
OMM to IMM by Ups2 in yeast and by an unidentified mechanism in humans. PS is then decarboxylated into PE by PISD in humans
and Psdl in yeast. The magnitude of intrinsic curvatures for CL and PE (in A™) are higher than their respective precursors, sug-
gesting that mitochondrial lipid metabolism corresponds to increasing negative lipidome curvature in the IMM. CL, cardiolipin;
IMM, inner mitochondrial membrane; OMM, outer mitochondrial membrane; PA, phosphatidic acid; PE, phosphatidylethanolamine;

PG, phosphatidylglycerol; PS, phosphatidylserine.

Crdl1 causes the collapse of CMs, leaving cells with a flat
IMM and mitochondria lacking respiratory capacity (19).

ACYL CHAIN HOMEOSTASIS IN
MITOCHONDRIAL PLs

Canonically, the acyl chain composition (length and
unsaturation) of PLs regulates their fluidity (106).
Increasing the abundance of unsaturated lipids has been
shown to increase membrane fluidity and concomitantly
respiration (107), potentially by speeding of diffusion
coupled reactions in the ETC (108). Less appreciated than
its effect on membrane fluidity, acyl chain composition
also impacts the intrinsic curvatures of lipids. Numerous
scattering-based studies, predominantly on PC and PE
lipids, have demonstrated that changing the length and
unsaturation of PLs alter their Hyy transition tempera-
tures and ¢ values (Fig. 2C) (109, 110). In general, more
unsaturated acyl chains decrease ¢ and cause PLs to
undergo Hy; transitions at lower temperatures (110) due
to the increased volume of highly disordered acyl chains.
This is especially the case for PLs that contain long
polyunsaturated fatty acids (111).

Although head group heterogeneity within cells is
well characterized, emerging evidence suggests that
mitochondrial membranes are also defined by a high
degree of acyl chain unsaturation. In yeast, mitochon-
dria are particularly enriched in unsaturated PLs in
comparison to the whole cell (7), and contain very low
levels of saturated PLs, even upon genetic inhibition of

6  J Lipid Res. (2024) 65(10) 100643

desaturases (19). PLs containing disaturated acyl chains
can form lamellar gel (Lg) phases in the absence of
sterols (110, 112), which could be especially disruptive in
mitochondria due to their leakiness and reduced dy-
namics. One mechanism for this selectivity is an import
preference of unsaturated PLs, particularly PS for PE
synthesis, from ER to mitochondria at membrane con-
tact sites (113). The preferential import and decarbox-
ylation of unsaturated PS as a substrate for PE synthesis
has been observed in yeast and mammalian cells
(113-115). In addition, compared to other organelles,
mitochondria are buffered against changes to mem-
brane fluidity imposed by exogenous treatment with
saturated fatty acids (SFAs), implying mechanisms
preventing the accumulation of saturated lipids in the
mitochondria (116).

The exogenous addition of SFAs is a common model
for metabolic disorders and results in mitochondrial
dysfunction and cytochrome ¢ release in cell culture
(117,118). Mice and rats fed a diet high in SFAs also show
reduced respiratory capacity and increased reactive
oxygen species (ROS) production (119-121). Mitochon-
drial dysfunction is a hallmark of pathologies such as
nonalcoholic fatty liver disease and obesity, where
excessive SFAs lead to progression of the disease
(122-124). Despite the breadth of these studies, the spe-
cific mechanisms governing the effects of SFA accu-
mulation in mitochondria and subsequent lipidic
adaptations have remained debated. Using a set of yeast
strains that feature genetically controlled desaturate
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activities, we found that a critical saturation level in
mitochondria causes respiration loss through disas-
sembly of ATP synthase dimers and oligomers (19).
While cells generally compensated for increased satu-
ration by decreasing the PE/PC ratio, we observed the
opposite trend in the mitochondrion, a major increase
in the PE/PC ratio. This change is counter to the
maintenance of membrane fluidity, because PE has a
higher melting temperature than PC. Instead, it acts to
increase lipidome negative curvature (Fig. 5), poten-
tially to compensate for loss of ATP synthase oligomers
that shape CM ridges.

While numerous studies have demonstrated a sig-
nificance for the cellular PE/PC ratio in maintaining
membrane fluidity in disease conditions (125-127), spe-
cific changes to this ratio in mitochondria have been
less well-investigated. One particularly intriguing study
demonstrated that the loss of PE N-methyltransferase
in mice, which is responsible for production of 30%
hepatic PC, increased resistance to high-fat
diet-induced obesity (128). The authors ascribed this
phenomenon to increased mitochondrial PE and
decreased mitochondrial PC, leading to increased res-
piratory capacity in PE N-methyltransferase™~ mice.
These results exemplify a specific mitochondrial
requirement for high-curvature PE over PC lipids.

SFA2 SFA3

Acyl Chains

=
_|

crd1A

Headgroup

e

Mitochondrial-related phenotypes have frequently
been observed in several disease conditions (e.g,
nonalcoholic fatty liver disease, obesity, and diabetes
mellitus type 2) (129-132), but the specific changes and
regulation of mitochondrial PE/PC and subsequent
effects on mitochondrial performance still remains to
be elucidated. Mitochondrial-specific lipidomic analysis
in lipid-driven disease states could be important for
further unraveling PL homeostasis under metabolic
stress.

OUTSTANDING QUESTIONS ABOUT CL
CURVATURE

Unlike all other PLs, CL contains two phosphates in
its head group linked by a glycerol bridge and has four
acyl chains (133). The difference in cross-sectional area
between the polar head and hydrophobic tails was long
proposed to give rise to a conical-like structure with a
negative ¢. However, the specifics of CL curvature
remain contentious. One previous area of controversy
is the ionization state of CL. Early work using pH
titration experiments supported the model that the two
phosphodiester groups of CL exhibited disparate pKa
values, thus favoring the formation of the monoanionic
form at physiological pH (134, 135), this model is
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Fig. 5. Lipid metabolism mutants show spontaneous curvature adaptations in mitochondria. Tuning of PL saturation through
manipulation of desaturase expression generated yeast strains designated as saturated fatty acid (SFA) with progressively increasing
levels of SFAs. In isolated mitochondria from each strain, we observe increased levels of PE and reduced PC. This increase in PE
results in increased magnitude of curvature (top). Other perturbations, such loss of CL through genetic deletion of CL synthase
(crdIA), results in milder extrapolated lipidome curvature (bottom). Here, net curvature is defined as the average of ¢ values of all
PLs weighted to their abundance. For calculation of net curvature, only lipids with ¢ from similar SAXS measurements were utilized
(44). Lipidomic analysis was conducted on isolated mitochondria from yeast strains as described in (19). CL, cardiolipin; PC, phos-
phatidylcholine; PE, phosphatidylethanolamine; PG, phosphatidylglycerol; PL, phospholipid; SAXS, small angle X-ray scattering.
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attractive due to its suggestion of the proton-trapping
capabilities of the CL head group, implying a basis
for its interaction with ETC components (136). However,
more recent studies have definitively demonstrated
that both phosphate groups exhibit strong dibasic acid
characteristics with similarly low pKa values, thus fa-
voring CL’s dianionic behavior at physiological pH
(137-140). This is relevant to the curvature properties of
CL as the mono and dianionic forms of CL would have
different intrinsic curvature properties, given the
reduced charge repulsion of the former. Multiple
studies have demonstrated that the packing of CL is
significantly affected by pH (141-143), which may be
relevant for influencing its curvature properties in
locally acidic environments of the intermembrane
space.

In bacterial membranes, CL localizes to higher cur-
vature pole regions (144-146). Similarly, CL enriches in
nanotubes derived from giant unilamellar vesicles
generated by micropipette aspiration (65); extrapola-
tion of intrinsic curvature from these experiments
yielded a large magnitude value (—0.11 A™) consistent
with curvature-based sorting and clustering of CL.
However, measurement of the spontaneous curvature
of tetra-oleoyl CL in water using SAXS shows a ¢, close
to zero (50). A stepwise increase of Ca** concentration
results in nonlamellar properties and more negative
values of ¢ (50, 53, 112, 147), although still milder than
those for DOPE (44). Interestingly, Ca®* levels have
been shown to influence CL shape in pure lipid systems,
but not in binary mixtures with PC (148, 149). Recent
molecular dynamics (MD) simulations on mitochondrial
model membranes suggest that CL curvature is
dependent on the counterion distribution of H;O™,
implying its dependence on the electrochemical envi-
ronment surrounding CL (150). Numerous pathologies
exhibit changes in mitochondrial levels of Ca®, largely
due to mitochondrial permeability transition pore
opening (151, 152) or dysfunction to the mitochondrial
calcium uniporter (153, 154), however, the direct effect
of altered Ca** on CL abundance and IMM composi-
tion has yet to be established.

One caveat with spontaneous curvature measure-
ments is that the collective behavior of multiple lipids
within a bilayer might not be captured as hosted mix-
tures in the Hy phase. The clustering of CL into areas
of high-curvature experimentally, described above, and
in MD simulations have demonstrated its curvature-
dependent partitioning (19, 146, 155). These results sug-
gest that the spatial organization of CL could be rele-
vant for understanding its interplay with membrane
curvature in the IMM. An additional factor contrib-
uting to CL function could be its asymmetric distribu-
tion across the IMM. Experimental evidence using
inverted IMM vesicles and measurements with the CL-
binding dye nonyl acridine orange have produced
disparate results, with some studies suggesting an
enrichment of CL in the outer (intermembrane
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space—facing) leaflet of the IMM (59, 60, 156), while
others propose its enrichment to be on the inner (ma-
trix-facing) leaflet (157). However, nonyl acridine or-
ange binding could be nonspecific (158) and
experiments measuring asymmetry of lipids like CL are
inherently challenging. CL biosynthesis occurs on the
inner leaflet of the IMM (159), but its remodeling by
Tafazzin that is discussed further below, has been
shown to occur on the outer leaflet of the IMM
(160-162). Indeed, the leaflet distribution of CL may be
dynamic and change in response to mitochondrial
stress. Therefore, understanding the stimuli-driven
changes in CL distribution may also be valuable to
understanding mitochondrial lipid remodeling in dis-
ease states.

Above, we stipulated that the biosynthesis of mito-
chondrial lipids follows a general pattern of increasing
intrinsic curvature. Another example of this phenom-
enon is in the remodeling process of CL acyl chains,
which occurs exclusively in the IMM. De novo CL syn-
thesized from the condensation of CDP-DAG and PG
contains more saturated acyl chains compared to
remodeled CL, so remodeled CL has a larger negative
spontaneous curvature than de novo synthesized CL
(32, 163). This nascent CL is then deacylated by a
phospholipase Ay (PLAs) enzyme into mono-
lysocardiolipin (MLCL), a 3-chained CL (164).
Numerous enzymes with PLAy activity conduct this
reaction in mammalian cells, but only Cldl has been
shown to deacylate CL in yeast (165). A transacylase
known as tafazzin transfers an unsaturated acyl chain
from PC to MLCL to form remodeled, unsaturated CL
(166-168). Importantly, nonbilayer lipid environments
promote Tafazzin activity (166), indicating a potential
feedback loop for increasing lipid curvature in the
IMM via CL remodeling. In the heart, the CL acyl chain
composition is extremely tightly regulated, with linoleic
acid (18:2) making up ~80% of CL acyl chains (169).
Interestingly, the predominant acyl chain identity of
CL is significantly dependent on tissue, with oleic acid
(18:1) being more common in the colon and duodenum
(169), while the brain exhibits a wider range of CL acyl
chain identities (170). Regardless of some variations in
acyl chain composition across tissues, CL generally
contains unsaturation(s) on each acyl chain, a phe-
nomenon also conserved in other organisms such as
plants and yeast (171, 172). This is in contrast with other
PLs, which typically feature a saturated sn-1 chain.

Dysregulation of CL acyl chain composition has been
observed in several pathologies (173-175) the most
famous of which is Barth syndrome (BTHS), a rare X-
linked disease caused by mutations in TAFAZZIN, which
manifests predominantly as cardiomyopathy, skeletal
myopathy as well as neutropenia (11, 176-178). Notably,
BTHS patients exhibit significantly aberrant cristae
morphologies, providing early evidence of the specific
requirement of CL for shaping IMM structure (179,
180). Lipidomic evidence has shown that BTHS patients
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have reduced CL levels in addition to increases in
MLCL and saturated nascent CL (181-184). Numerous
studies across several model systems have observed
elevated MLCL levels upon TAFAZZIN mutation
(185-188), and that its presence negatively impacts ETC
organization and respiration (187, 189, 190). However,
mitigating the MLCL:CL ratio through treatment with
the iPLA, inhibitor bromoenol lactone still results in
reduced respiratory capacity, despite rescue of ETC
organization (185, 191). This suggests that the presence
of more saturated nascent CL or reduced CL levels
themselves may still cause significant mitochondrial
dysfunction independently of MLCL. We have
observed that under conditions of increased lipid
saturation, loss of CL deacylation by PLA, deletion in
yeast (Cldl) or inhibition in HEK293 (iPLAy) cells results
in mitochondrial dysfunction (192), suggesting that the
lipid environment may directly impact the interplay
between CL remodeling and mitochondrial function
even in low MLCL:CL conditions.

One explanation for a lack of mitochondrial rescue in
BTHS cells with ameliorated MLCL:CL ratios could lie in
the relative properties of MLCL and nascent CL
compared to mature CL. While an experimental mea-
surement of ¢ from MLCL is lacking, SAXS and NMR
studies have demonstrated that MLCL has greater pref-
erence for the L, phase compared to tetra-unsaturated
CL (193, 194). Further, coarse-grained MD simulations
have estimated a small positive ¢, for MLCL (195). Indeed,
a recent study has demonstrated by a combination of
cryogenic electron microscopy and MD analysis that the
reduced curvature of MLCL compared to remodeled CL
restricts the membrane remodeling capabilities of optic
atrophy protein 1 (75), which may be a significant
contributor to cristae deformation in BTHS. By com-
parison, X-ray diffraction analysis of fully saturated CL
molecules has been conducted for tetrapalmitoyl-
cardiolipin, (16:0);) and tetramyristoyl-cardiolipin
(14:0)4) (112, 196). Both tetramyristoyl-cardiolipin and
tetrapalmitoyl-cardiolipin have high melting tempera-
tures and exhibit gel phase characteristics at physiolog-
ical temperatures, although a ¢ value has yet to be
extracted from hosted mixtures in PE. Indeed, while no
fully saturated CL molecules have been observed in
BTHS patients, an increase in partially saturated
palmitoyl-oleoyl CL (16:0018:19) has been found (184).
Therefore, biophysical measurements of MLCL and
palmitoyl-oleoyl CL. may be informative. In addition,
studies on the morphological and respiratory defects
caused by more saturated CL molecules separately from
those of MLCL could be important in untangling some
of the mechanisms underlying BTHS pathologies.

In addition to altered CL compositions in BTHS,
more recent studies have shown that changing CL
levels has been implicated as a marker of aging (94, 197,
198). However, conflicting effects have been observed
with a dependency on tissue. In aged skeletal muscle
mitochondria of mice, a significant increase in highly
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unsaturated CL content was observed (33). On the other
hand, several studies have reported decreases in CL
content in brain mitochondria of aged mice (198-202)
and in rat hearts (203-206). CL synthesis or degradation
thus appears to be correlated with lifespan. In the
fungus Podospora anserina, loss of CL synthase markedly
affects culture survivability (207). Similarly, ablation of
CL levels in S. cerevisiae (through removal of Pgsl or
Crdl) resulted in reduced longevity, further implicating
CL’s crucial role in aged cells (208). A common expla-
nation for these observed changes in longevity and
reduction in CL content is through increased CL per-
oxidation (94, 209, 210), and notably, observed re-
ductions in linoleic acid (18:2) incorporation into CL in
aged rat hearts are coupled with increases in docosa-
hexaenoic acid (22:6) and arachidonic acid (20:4), which
are peroxidizable fatty acyl chains (211). However, other
mechanisms, such as ETC dysfunction, cytochrome ¢
release, and alterations to the mitochondrial bilayer
independent of CL peroxidation may also be a conse-
quence of reduced CL and altered CL composition in
aged cells (173). Indeed, in a P. anserina model of aging,
supplementation of linoleic acid was essential to main-
taining the longevity phenotype of mitochondrial
contact site and cristae organization system—depleted
cells in the absence of CL remodeling (212). Further-
more, results in S. cerevisiae, which does not metabolize
polyunsaturated fatty acids, also demonstrate a reduc-
tion in cell viability in conditions of altered CL meta-
bolism, suggesting a possible peroxidation-independent
mechanism (94, 208). Despite these interesting obser-
vations, a definitive mechanism by which CL reduction
occurs and the general role of CL in bulk mitochon-
drial membrane properties in aging remains
mysterious.

Numerous recent studies in cancer biology have also
found unique adaptations of CL abundance and acyl
chain composition in tumor tissue (213). The relative
changes between CL seem to be tissue-specific. De-
creases in CL abundance have been observed in sub-
cutaneously grown brain tumors in mice (214) and in
liver tumors (215), while a concomitant increase in the
saturation of CL species was exhibited in the latter.
More surprisingly, increases in CL have been observed
in thyroid and liver tumors (216, 217) as well as in
mitochondrial lipid extracts of human pancreatic and
colon cancers (218). While specific analysis of mito-
chondrial lipidomes in cancer are rare, studies on pa-
tient hepatoma mitochondria have shown an increase
in acyl chain saturation (219) and a major increase in the
cholesterol:PL. ratio (220), implying increased mem-
brane rigidity. In hepatoma mitochondrial extracts, a
decrease in CL was commonly observed (219, 221),
however a concomitant increase in mitochondrial PE
levels suggests a possible adaptation to curvature ho-
meostasis. The large observed increase in CL content in
colon cancer may be somewhat related to a unique
relationship between CL, oxygen, and lipid saturation.
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The colon contains lower Os levels than highly
oxygenated tissues such as the heart and lung (222).
Reduced oxygenation alters cellular lipid composition
through inhibition of stearoyl-CoA desaturase 1 activ-
ity, resulting in an accumulation of SFAs (223, 224).
Indeed, the essentiality of CL synthesis in low oxygen
fitness has been shown in a recent genome-wide screen
of intestinal T-cells (225). It is important to note the
differences in SFA levels and ETC activities in cultured
cells and tissues (226, 227), which may differentially
affect glycolytic and respiratory metabolic rates as a
result of glucose availability, as delineated by the
crabtree effect (228, 229). These metabolic differences
should be considered when analyzing lipidic changes
from cell culture and tissues.

Our group has used yeast cells under low oxygen as a
model for mitochondrial adaptations to increases in
saturated lipids (19, 192). Natural yeast fermentation
conditions are microaerobic and laboratory strains
thrive under such conditions when provided glucose.
Microaerobic yeast feature higher levels of saturated
acyl chains across the entire lipidome, featuring PLs
with predominantly saturated sn-1 chains, as in
mammalian cells. This is in contrast to yeast grown
under high laboratory aeration, which feature unsatu-
rated sn-1 and sn-2 chains. Somewhat surprisingly, low
oxygen growth drives a major expansion in the yeast
IMM, leading to the formation of sheet-like CMs that
also better mimic those observed in mammalian cells.
Under these conditions, we observed a major (>2-fold)
increase in CL levels and the expression of the CL
remodeling pathway (19). Both CL synthesis and
remodeling pathways are essential for CM ultrastruc-
ture under microaerobic growth, in contrast to highly
aerated conditions where their loss yields more subtle
phenotypes (32). Notably, increases in CL under
microaerobic growth do not correspond to increases in
ETC complexes, which are downregulated due to lack
of oxidative phosphorylation, arguing against a sole
function of CL in stabilizing mitochondrial protein
complexes. These results suggest that the synthesis and
remodeling of CL, which supports its biophysical
properties, is required to maintain the morphology of
the IMM in a manner that is dependent on the sur-
rounding lipidome.

UNEXPLORED FUNCTIONS FOR EMERGING
LIPID CLASSES IN THE MITOCHONDRION

While glycerophospholipids like PC, PE, and CL
make up the bulk of the mitochondrial lipidome, roles
for other lipid classes could become emerging areas of
mitochondrial research. We highlight two lipid classes:
1) ether-linked PLs termed plasmalogens and 2)
cholesterol and other sterols, as components that could
strongly influence mitochondrial membrane proper-
ties and have established connections with human
diseases.
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Unearthing the role of ether lipid metabolism in
health and disease is a rapidly emerging area of lipid
biology. Plasmalogens are PLs that contain an alkenyl
ether, often referred to as a vinyl ether, linkage at the
sn-l position, in contrast to the ester linkages found in
canonical PLs (230-232). Plasmalogens can make up 15%
of cellular PLs and are particularly enriched in the
brain, but are also found to lesser extents in the heart,
skeletal muscle, and liver (233). Plasmenyl PE (PPE)
species predominate in the brain and are specifically
enriched in the frontal and parietal cortices (233). On
the other hand, ether-linked PC species are compara-
tively scarce in the brain but are present in larger
quantities in heart and skeletal muscle (233). The first
steps of plasmalogen biosynthesis from dihydroxyace-
tone phosphate, (DHAP) occur in peroxisomes, while
the reduction of 1-alkyl DHAP is catalyzed by an alkyl
DHAP reductase that is found in both peroxisomes and
ER. The remaining steps of plasmalogen synthesis
resemble glycero-PC and PE synthesis and occur in the
ER (234), with the notable exception of the last step in
their synthesis: the introduction of the vinyl ether
unsaturation via the ER desaturase TMEM189 (235).

Plasmalogens have been reported to be bulk com-
ponents of mitochondrial membranes but measure-
ments of their abundances have yielded conflicting
results. PPE has been reported to comprise as high as
40% (236), or as low as 10% (237) of the total mito-
chondrial PE pool. Similarly, one study reported plas-
menyl PC to make up 20% of the mitochondrial PC
pool (236), while another study using brown adipose
tissue mitochondria from mice observed undetectable
levels (237). Importantly, these studies were conducted
on isolated mitochondria from different sources, and
plasmalogen levels vary significantly between tissues
(233), and thus may lead to significant variation in re-
ported mitochondrial plasmalogen lipidomes. Lip-
idomic characterization of plasmalogens is also
challenging due to their instability and associated dif-
ficulties in their handling and quantification. There-
fore, additional careful studies are required to
elucidate their subcellular distributions. The transport
mechanisms of ether lipids are also unexplored, so it is
unclear by what mechanism they could enter mito-
chondria. This is a key question, because plasmalogens
have been proposed to serve as antioxidants, an effec-
tive sink for mitochondrial-generated ROS, and thus as
potential regulators of lipid peroxidation (233, 238).
This dynamic could underlie their emerging roles in
ferroptosis (239). The oxidation-prone vinyl ether
linkage could also explain why decreases in plasmal-
ogen levels have been correlated with inflammation,
neuropathology, and aging (233, 240, 241).

The vinyl ether linkage bequeaths plasmalogens with
unique biophysical properties that have received less
attention, yet could be especially relevant for the IMM.
PPE membranes show a reduced L, to Hj; transition
temperature compared to diacyl PE (242-244), implying
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a higher propensity to form nonlamellar structures.
Analysis of extracted lipids from plasmalogen-deficient
strains of Megasphaera elsdenii, a common bacterium of
the intestinal tract, showed no L, to Hy; transition in a
temperature sweep up to 95°C, while plasmalogen-
containing strains began to exhibit a transition after
50° C (245). Similarly, introduction of PPE biosynthesis
into Escherichia coli cells causes a decrease in the L, to Hy;
transition temperature (45). The nature of PPE’s pro-
motion of nonlamellar phases is still an open question.
Based on early analyses of the PPE Hy; phase, the vinyl
ether linkage on the snl position was suggested to
contribute to minimizing the interstitial region between
hydrophobic chains Hyy tubules, which relieves the en-
ergetic cost of packing these chains, similar to the ca-
pacity of bulky hydrophobic molecules (tricosene and
tetradecane) to act as relaxants (246). However, these
analyses were performed on extracted PPE with vary-
ing acyl chain compositions. More recently, our group
found that synthetic PPE has in fact a larger negative ¢
than diacyl PE, consistent with its high Hy propensity.
PPE thus features the highest curvature of any PL class
(45). Whether the ¢ difference between PE and PPE is
sufficient to explain its Hy phase is still an open
question.

Recent literature has stipulated an interplay between
plasmalogens and maintenance of mitochondrial
function. Deletion of PEX26, reduces cellular levels of
ether PLs, including mitochondrial PPE and alkyl ether
PC (PC-O), and mitochondrial volume (236). Interest-
ingly, an increase to CL levels was observed, which may
compensate for the curvature lost by the reduction in
mitochondrial PPE. Notably, these changes occurred
independently of alterations to mitochondrial PC and
PE levels. Supplementation of plasmalogen precursors
reinstated mitochondrial plasmalogen levels and also
rescued mitochondrial morphology, suggesting an
important interaction between plasmalogens and
mitochondrial structure. In the context of disease,
recent studies have shown significant alterations to
plasmalogen levels in BTHS (247, 248). A Tafaxin
knockdown mouse model exhibited a major reduction
in plasmenyl PC in the heart and PPE in the brain (247,
248), while BTHS patient lymphoblasts exhibited re-
ductions in PPE (248). The depletion of brain PPE levels
occurs despite no change to CL levels, suggesting a
potential for non-CL effects in BTHS. More recently,
Bozelli et al. tested whether administration of ether lipid
precursors would ameliorate mitochondrial lipid
defects in BTHS lymphoblasts. Interestingly, the au-
thors observed a restoration of mitochondrial
potential, and an increase in CL levels, implying that
regulation of plasmalogen and CL levels may be
interlinked (249).

Among non-PL. membrane components, sterols are
the most abundant in mitochondrial membranes. The
predominant sterol in humans is cholesterol, while
fungi and plants contain structurally similar molecules,
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ergosterol, and phytosterols. Despite sterol synthesis
originating in the ER, cholesterol is primarily trans-
ported to later secretory compartments and the plasma
membrane (250). However, sterol levels are still
considerable in mitochondria, albeit lower than at the
plasma membrane or Golgi; they are also more abun-
dant in the mitochondria of organisms such as plants
and yeast than in mammalian cells (9, 250). Mitochon-
dria are the sites of crucial sterol-requiring processes,
such as steroid and oxysterol synthesis (21, 251). It is an
open question to what extent sterols support the
structure and dynamics of mitochondrial membranes,
given that they impact nearly all aspects of membrane
biophysical properties. Indeed, cholesterol accumula-
tion within mitochondria has been shown to induce
mitochondrial dysfunction predominantly through
disruption of the respiratory chain and ROS homeo-
stasis (252-255). In addition, reduced ATP synthesis is
observed in conditions of increased mitochondrial ste-
rol content, but is ameliorated when normal levels are
restored, suggesting a link between sterol abundance
and respiratory metabolism (256). In yeast, ergosterol
levels have also been correlated with the maintenance
of mtDNA (257).

Paradoxically, sterols stiffen membranes (258, 259),
but can also act to stabilize highly curved membrane
structures in a range of systems. Sterols themselves have
a large, negative ¢, owing to their small head groups,
but their biophysical properties are based on their in-
teractions with neighboring lipids, as they strongly in-
fluence the confirmations and phase properties of acyl
chains. Many studies have demonstrated the role of
cholesterol and other sterols in rigidifying membranes
and promoting ordered phases (259, 260). However,
cholesterol also contributes to the adoption of the Hy
phase in DOPC monolayers (261), and the destabiliza-
tion of PE Hy phases (262, 263), suggesting potential
roles in modulating lipid topologies that resemble
nonlamellar phases, which are particularly relevant for
membrane fission/fusion. It has also been proposed
that the negative spontaneous curvature of sterols can
contribute to dynamic softening due to their sorting
into regions of high curvature (63). Such a redistribu-
tion could be especially relevant for stabilizing fusion
or fission pores (264). A classical biological example of
the role of cholesterol in high-curvature membranes is
in clathrin-mediated endocytosis. It has long been
observed that cholesterol depletion disrupts clathrin-
mediated endocytosis, but more recent evidence has
suggested that cholesterol is specifically required for
membrane curvature generation at the endocytic pit
neck, thereby regulating scission events for proper
vesicle fission (265). Based on this evidence, it is plau-
sible that cholesterol could play a similar role in cur-
vature generation for mitochondrial fission, or
maintaining lipid curvature in CMs. Interestingly,
cholesterol accumulation in mouse liver mitochondria
results in altered cristae shapes (254), and cholesterol
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increases dynamin-related protein 1 activity at inter-
mediate levels of CL in vitro, suggesting a potential in
dynamin-related protein l-mediated mitochondrial
fission (266).

CONCLUSIONS AND OUTLOOK

While it has been over 30 years since the metabolism
and biophysical properties of many mitochondrial
lipids were first characterized, we are only now begin-
ning to understand the functional implications of these
analyses in shaping mitochondrial structure and func-
tion. Here, we review some of the biophysical proper-
ties of mitochondrial PLs and propose that their
spontaneous curvatures are one parameter in which
their metabolism and regulation can be understood. We
propose that further application of biophysical tech-
niques and modeling approaches could help bridge the
gap between our understanding of lipid metabolism
and physiology in the mitochondrion. Application of
techniques like SAXS to directly measure the proper-
ties of lipids from biological samples (45) could be
further applied to biochemically isolated mitochondria
in conjunction with classic lipidomic approaches. Such
analyses can be especially valuable in disease models
associated with mitochondrial dysfunction. In addition,
the advent of high-resolution electron microscopy an-
alyses of membrane topology in mitochondria has
enabled quantitative analysis of membrane curvatures
and other geometric parameters (19, 22, 23, 267). These
data can be used as the basis for models of mitochon-
drial metabolism and ATP generation (268) that can
connect mitochondrial topological and functional
changes with associated changes in lipidome properties
in disease states. In this review, we have summarized a
variety of literature that has observed aberrant mito-
chondrial topologies in lipid-driven disorders, implying
interplay between lipid composition and morphology/
function in mitochondria. We posit that the afore-
mentioned advances in biophysical measurements of
lipidome properties will propel an understanding of
the regulatory mechanisms governing these
pathologies. B
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