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Cardiolipin remodeling maintains the inner mitochondrial
membrane in cells with saturated lipidomes
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Abstract Cardiolipin (CL) is a unique, four-chain Unsaturated lipidome Saturated lipidome
phospholipid synthesized in the inner mitochondrial S PG
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drome (BTHS). Yeast has been used extensively as a
model system to characterize CL metabolism, but
mutants lacking its two remodeling enzymes, Cldlp
and Tazlp, exhibit mild structural and respiratory
phenotypes compared to mammalian cells. Here, we
show an essential role for CL remodeling in the
structure and function of the IMM in yeast grown
under reduced oxygenation. Microaerobic fermenta-
tion, which mimics natural yeast environments,
caused the accumulation of saturated fatty acids and,
under these conditions, remodeling mutants showed
a loss of IMM ultrastructure. We extended this
observation to HEK293 cells, where phospholipase A,
inhibition by Bromoenol lactone resulted in respira-
tory dysfunction and cristae loss upon mild treatment
with exogenous saturated fatty acids. In microaerobic
yeast, remodeling mutants accumulated unre-
modeled, saturated CL, but also displayed reduced
total CL levels, highlighting the interplay between
saturation and CL biosynthesis and/or breakdown.
We identified the mitochondrial phospholipase A,
Ddllp as a regulator of CL levels, and those of its
precursors phosphatidylglycerol and phosphatidic
acid, under these conditions. Loss of Ddllp partially
rescued IMM structure in cells unable to initiate CL
remodeling and had differing lipidomic effects
depending on oxygenation. Bl These results introduce
a revised yeast model for investigating CL remodel-
ing and suggest that its structural functions are
dependent on the overall lipid environment in the
mitochondrion.

Supplementary key words mitochondria
cardiolipin e lipid saturation « Barth syndrome

+ phospholipids -

Cardiolipin (CL) is a mitochondrially synthesized
phospholipid (PL) whose structure contains two phos-
phates and four acyl chains. In eukaryotes, CL is syn-
thesized from the condensation of mitochondrial
phosphatidylglycerol (PG) and cytidine diphosphate
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diacylglycerol (DAG), both of which are derived from
phosphatidic acid (PA) that is imported from the
endoplasmic reticulum (ER) (I). CL makes specific in-
teractions with electron transport chain (ETC) proteins
and their super complexes, which are required for
optimal function of the ETC and ATP synthesis (2-5).
Depending on its chemical environment, CL can
behave as a nonbilayer lipid due to its negative spon-
taneous curvature (6). Through this property, CL could
also function in shaping the morphology of the inner
mitochondrial membrane (IMM) (7), particularly its
highly curved folds (cristae), and in mitochondrial
fission-fusion dynamics (8-12).

The acyl chain composition of CL is determined post-
synthetically through a remodeling pathway. In
humans, heart CL typically contains four linoleic acid
(18:2) chains while in the brain and gut there is a wider
distribution of CL acyl chain identities, with oleic acid
(18:1, OA) the most common (13-15). Despite this relative
heterogeneity, the most abundant form of CL in every
organism contains unsaturations on each acyl chain (14,
16). CL acyl chain composition results from the coor-
dinated action of two types of remodeling enzymes,
phospholipases and a transacylase, responsible for
converting immature CL, which contains saturated
chains, to a mature, tetra-unsaturated form of CL
(17-20). Phospholipase Ay (iPLAj) enzymes first initiate
CL remodeling by deacylation of nascent CL into
monolysocardiolipin (MLCL) (21, 22). The transacylase
tafazzin (TAZ) then catalyzes the reacylation of MLCL
into a homogeneously unsaturated CL by transferring
unsaturated acyl chains from mitochondrial PLs (17, 23).
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Abnormal CL compositions have been linked to human
pathologies and are thought to drive mitochondrial
dysfunction (24, 25).

CL remodeling is lost in patients with Barth syn-
drome (BTHS), an X-linked disease which arises from a
mutation in the TAZ gene (26, 27). BTHS patients have
altered CL profiles, characterized by a reduction in CL,
and increases in MLCL and unremodeled, saturated CL
(28-31). This altered CL composition is thought to cause
BTHS-associated mitochondrial defects resuling in
cardiac and skeletal muscle myopathies, neutropenia,
muscle weakness, and fatigue (32, 33). Multiple model
systems show increases in the MLCL:CL ratio upon
tafazzin loss (21, 34-37), and BTHS diagnosis is often
performed by assessment of this ratio (38). Identifica-
tion of the negative impacts of MLCL in mitochondrial
membranes has led to therapeutic efforts to prevent its
formation. This has been achieved through treatment
with bromoenol lactone (BEL), an iPLLAs inhibitor (39).
BEL mitigates the MLCL:CL ratio in patient lympho-
blasts and stabilizes ETC complexes in HEK293 models
of BTHS (21, 40). However, despite the reduction in
MLCL, BEL-treated cells do not recover respiratory
function to control levels (36). Thus, it remains unclear
if MLCL is the only molecular driver of mitochondrial
dysfunction in BTHS. Notably, BEL-treated cells still
accumulate unremodeled CL (22), whose contribution
to respiratory and morphological defects have yet to be
shown in mammalian mitochondria independently of
MLCL.

Budding yeast (Saccharomyces cerevisiae) has been used
extensively as a model system to investigate CL
remodeling and cellular mechanisms underlying BTHS
(37, 41). While mammals contain multiple CL remodel-
ing processes (24), yeast only perform tafazzin-
mediated remodeling. Unlike mammalian cells, yeast
mutants in the CL synthesis and remodeling pathway
have considerably milder phenotypes. In yeast, a single
phospholipase Ao (Cldlp), conducts the deacylation of
nascent CL to MLCL (42). Tafazzin (Tazlp) then trans-
fers an unsaturated acyl chain from mitochondrial
phosphatidylcholine (PC) to CL to make tetraoleoyl
(18:1) cardiolipin (TOCL) (14, 43, 44), the maximum level
of unsaturation as S. cerevisiae are unable to synthesize
PUFAs. Deletion of the TAZI gene results in increased
MLCL, reduced CL and more saturated CL species
(45-47). Cells lacking Cldlp also lack remodeled CL but
exhibit a milder reduction in its abundance and
increased saturation. They have thus been used as a
system to investigate the contributions of unremodeled
CL to mitochondrial function independent of MLCL
(42, 47). Previous reports have shown that tazIA, but not
cldIA, cells display temperature-sensitive respiratory
growth phenotypes (45, 48-50), increased oxidative
stress (bl), and defective bioenergetic coupling (52).
These phenotypes are less severe than those occurring
from the complete loss of CL in ¢rdIA (53). Despite these
observations, it has been surprising that these mutants
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do not possess altered mitochondrial morphology or
ultrastructure (47). The combined cldIAtazlA strain
contains an identical PL profile to cldIA, extinguishes
the MLCL:CL ratio, and has been shown to rescue res-
piratory defects in tazIA (47, 49, 54).

CL is just one of the several bulk PLs in the IMM, and
its functional roles could be dependent on its local lipid
environment. In a previous study, we demonstrated that
CL synthesis was essential for the formation of highly
curved cristae in the IMM under conditions of increased
lipid saturation induced by genetic or environmental
repression of the acyl-CoA desaturase Olelp (55). Oxy-
gen is a substrate of the Olelp reaction and is bound to
the desaturase through a weak, di-iron binding site (56,
57); microaerobic growth thus acts as a natural modu-
lator of lipid saturation. Saturation modulates the extent
of ATP synthase oligomerization at cristae ridges, which
CL mechanically buffers against (55).

Here, we report phenotypes for loss of CL remodel-
ing in yeast cells with saturated lipidomes. We show that
microaerobic growth causes CL remodeling mutants to
show a characteristic loss of cristae membranes in yeast
mitochondria, which were previously only observed in
mammalian models of BTHS. We observe a stronger
dependence of IMM ultrastructure on Cldlp activity
compared to Tazlp, suggesting that accumulation of
unremodeled CL is more deleterious than that of
MLCL for the structure of the yeast IMM in these
conditions. In mammalian cells, we show that iPLA,
inhibition only results in mitochondrial abnormalities
when cotreated with the saturated fatty acid palmitic
acid (Palm). We find that mitochondrial defects in ¢/dIA
yeast cells correspond to a loss of total CL and are
partially rescued by deletion of the gene encoding for
the mitochondrial phospholipase Ddllp, which has
wide-ranging effects on the composition of CL and its
anionic PL precursors.

MATERIALS AND METHODS

Yeast strains and growth conditions

All S. cerevisiae strains used in this study are described in
supplemental Table SI. For aerobic experiments, cells were
grown in complete supplement mixture (CSM) (0.5% ammo-
nium sulfate, 0.17% yeast nitrogen base without amino acids,
and 2% glucose) medium lacking appropriate amino acids for
selection. Yeast mutants were generated by PCR-based ho-
mologous recombination, open reading frames (ORF) were
replaced by either KanMX (TAZI, DDLI), TRPI (CLDI), or HIS3
(ATG32), except for ddlIAtazIA which was generated by
replacing the DDLI ORF with KanMX and the TAZI ORF with
HIS3.

For aerobic growth conditions, cells were grown overnight
in a controlled temperature shaker (200 rpm) at 30°C in CSM
synthetic medium containing 2% glucose using 14 ml culture
tubes (18 mm diameter) with a snap/vent cap (Greiner). Cells
were then backdiluted into 5 ml fresh CSM and then grown
until stationary phase prior to analysis. For microaerobic
growth, cells were first preincubated in CSM containing 2%
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glucose in a controlled temperature shaker overnight at 30°C.
Aerobic overnight cultures were then backdiluted 1:25 into
24 ml fresh CSM media (25 ml total volume) in 27 ml elon-
gated glass culture tubes (Pyrex) and subsequently fitted with
15 mm diameter rubber stopper caps with holes, which were
connected via tubing to a water source to allow gas outflow
while limiting inflow. The tubes were placed in a 30°C incu-
bator (without shaking) and grown for 48 h. After growth,
cells reached an ODgyy of ~0.8-1.0. Os concentration in
microaerobic chambers was estimated to be ~0.2-0.8% of
saturation, as measured with a Clarke electrode. Subsequent
live cell imaging was conducted on aliquots, and cells were
lysed, and flash frozen for lipidomic analysis.

Mammalian cell culture

HEK293 cells (Sigma-Aldrich) were cultured in DMEM
(Gibco) supplemented with 10% fetal bovine serum (FBS,
Gibco) in 37°C incubators containing 5% COs. For BEL
treatment, cells were seeded and grown for 48 h in 25 yM BEL
(Cayman Chemical), 100 pM Palm or both, prior to analysis.
Palm and OA were prepared as previously described (58):
Sodium palmitate or sodium oleate (Thermo Fisher Scientific)
was complexed to fatty acid-free bovine serum albumin (BSA,
Roche). Fatty acids were dissolved 11 in a mixture of 0.1 mM
NaOH in HBSS and ethanol to a concentration of 200 mM,
heated to 65°C, and then added to a 4.4% BSA HBSS solution
that had been heated to 37°C such that the final fatty acid
concentration was 2 mM in a 31 M ratio with BSA. The
mixture was then stirred vigorously and incubated at 37°C for
1 h. The Palm:BSA mixture or 4.4% BSA vehicular control was
diluted into complete DMEM containing 10% FBS to a con-
centration of 100 pM and filtered through a 2 pm poly-
ethersulfone filter (Thermo Fisher Scientific) before use.
Cells were seeded and then grown with complete DMEM
containing Palm complexed to BSA and subjected to analysis
after 48 h. The treatment time was selected as there are no
observable defects to organelle morphology, but an increase
in esterified saturated fatty acids (58). Cells were routinely
tested for mycoplasma.

Confocal microscopy

Live cell microscopy was conducted using Plan-
Apochromat 63x/14 Oil DIC M27 objective on the Zeiss
LSM 880 with an Airyscan detector; image acquisition and
processing was performed with ZEN software (zeiss.com/
microscopy/us/products/software/zeiss-zen.html) using
default processing settings. To assess mitochondrial
morphology in yeast grown in either aerobic or microaerobic
conditions, strains were transformed with IMM-localized
Cox4-GFP, and cells were subsequently grown in CSM con-
taining 2% glucose aerobically overnight prior to backdilution
into fresh media and incubation in aerobic or microaerobic
growth conditions. After 24 h (aerobic) or 48 h (microaerobic)
of incubation, cells were imaged in 8-well coverglass-bottom
chambers (Nunc Lab-Tek) pretreated with concanavalin A
(Sigma-Aldrich). Cells were imaged using a 488 nm laser line.
N > 50 cells in biological triplicates from each condition were
then grouped into either normal, encompassing inter-
connected morphologies, or abnormal, consisting of frag-
mented and completely ablated mitochondrial structures, as
has been previously described (55).

For analysis of mitochondrial membrane potential in yeast
strains, aliquots of aerobic or microaerobic cells were incu-
bated with 200 nM of membrane potential sensitive dye
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tetramethylrhodamine ethyl ester (Thermo Fisher Scientific
T669). Cells were first incubated in the dark with dye for
20 min at room temperature followed by three washes in
water prior to imaging with a 561 nm laser line at 0.2% laser
power. Relative levels of tetramethylrhodamine ethyl ester
fluorescence were quantified in the midplane of N = 20 cells
in each condition using Image] (imagejnet/software/fiji/).
Analysis of mitochondrial nucleoids was performed by
staining cells with SYBR Green I (SGI, Thermo Fisher Sci-
entific S7563). Cells were first washed with PBS prior to
staining with SGI (1:10,000) for 10 min at room temperature
in the dark. After staining, cells were washed 3 times with
PBS prior to imaging using a 488 nm laser line at 0.1% laser
power. The number of nucleoids per cell were quantified in
N > 50 cells. Relative levels of reactive oxygen species (ROS)
were determined in each strain in aerobic or microaerobic
conditions by staining with 20 pM of ROS-sensitive dye
(HoDCFDA, Thermo Fisher Scientific) for 30 min covered
from light. Cells were then washed 3 times with PBS prior to
imaging using a 488 nm laser line at 1% laser power. 2',7’
dichlorofluorescein  intensity ~was quantified from
N = 20 cells in each condition. For each image, a subsequent
differential interference contrast image was taken to ensure
that dead cells were not included in the quantification. For
staining of vacuole membranes, cells were grown in either
CSM containing 2% glucose until stationary phase (aerobic),
for 48 h (microaerobic) or for 72 h in CSM containing 3%
glycerol. Cells were then stained with 10 yM FM4-64 (Med-
ChemExpress) for 30 min in a 30°C shaker in the dark prior
to washing once with medium. Cells were then resuspended
in fresh media and incubated in a 30°C shaker in the dark
for 90 min. After incubation, cells were washed twice with
media prior to imaging using a 561 nm laser line at 1% laser
power.

For HEK293 samples, cells were first seeded into individual
35 mm Mattek dishes and subjected to treatment with either
100 pM Palm, 2.5 pM BEL or a combination of both, for 48 h
prior to staining with 200 nM Mitotracker Deep Red (Thermo
Fisher Scientific) for 30 min. Cells were then washed three
times with HBSS, resuspended in clear DMEM containing 10%
FBS without phenol red, and imaged using a 633 nm excita-
tion at 0.2% laser power.

Lipidomics analysis

Mass spectrometry-based lipid analysis was performed by
Lipotype GmbH as previously described (59, 60). Lipids were
extracted using a chloroform/methanol procedure (61).
Samples were spiked with internal lipid standard mixture
containing: cardiolipin 14:0/14:0/14:0/14:0 (CL), ceramide
181;2/17:0 (Cer), diacylglycerol 17:0/17:0 (DAG), lysophos-
phatidate 17:0 (LPA), lysophosphatidyl-choline 12:0 (LPC),
lysophosphatidylethanolamine 17:1 (LPE), lysophosphatidyli-
nositol 17:1 (LPI), lysophosphatidylserine 17:1 (LPS), phospha-
tidate 17:0/14:1 (PA), phosphatidylcholine 17:0/14:1 (PC),
phosphatidylethanolamine 17:0/14:1 (PE), phosphatidylgly-
cerol 17:0/14:1 (PG), phosphatidylinositol 17:0/14:1 (PI), phos-
phatidylserine 17:0/14:1 (PS), ergosterol ester 13:0 (EE),
triacylglycerol 17:0/17:0/17:0 (TAG). After extraction, the
organic phase was transferred to an infusion plate and dried
in a speed vacuum concentrator. The dry extract was resus-
pended in 75 mM ammonium formate in chloroform/
methanol/propanol (1:2:4, V:V:V). All liquid handling steps
were performed using Hamilton Robotics STARIet robotic
platform with the Anti Droplet Control feature for organic
solvents pipetting.
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Samples were analyzed by direct infusion on a QExactive
mass spectrometer (Thermo Fisher Scientific) equipped with
a TriVersa NanoMate ion source (Advion Biosciences).
Samples were analyzed in both positive and negative ion
modes with a resolution of Ry, ,, = 200 = 280,000 for MS and
Ry, = 200 = 17,500 for MSMS experiments, in a single
acquisition. MSMS was triggered by an inclusion list encom-
passing corresponding MS mass ranges scanned in 1 Da in-
crements (62). Both MS and MSMS data were combined to
monitor EE, DAG, and TAG ions as ammonium adducts;
lysophosphatidyl-choline and PC as an formiate adduct; and
CL, lysophosphatidylserine, PA, PE, PG, phosphatidylinositol,
and PS as deprotonated anions. MS only was used to monitor
lysophosphatidate, lysophosphatidylethanolamine, and lyso-
phosphatidylinositol as deprotonated anions; Cer as formate
adduct.

Data were analyzed with in-house developed lipid identi-
fication software based on LipidXplorer (lifs-tools.org/
lipidxplorer) (63, 64). Data post processing and normaliza-
tion were performed using an in-house developed data
management system. Only lipid identifications with a signal-
to-noise ratio >5, and a signal intensity 5-fold higher than in
corresponding blank samples were considered for further
data analysis.

Respirometry

For analysis of respiration in HEK293 cells, cells were
treated for 48 h prior to analysis on the Agilent Seahorse XF
pro (Agilent Technologies). Subsequently, 15000 cells were
seeded in biological replicates (n = 4) into 96 well Seahorse
cell culture microplates (Agilent Technologies) pretreated
with fibronectin (5 pg/ml). Samples were analyzed using the
Seahorse Cell Mito Stress Test, with sequential addition of
oligomycin (L5 pM), carbonyl cyanide-p-trifluoromethoxy
phenylhydrazone (1 pM) and a Rotenone/Antimycin A
mixture (0.5 pM). Analysis was performed on respiration rates
after treatments with inhibitors to readout basal, ATP-linked,
maximal and proton leak respiration rates. After the assay,
cells were trypsinized and mixed with trypan blue and cell-
counted to normalize respiration rates.

Electron microscopy

After growth in CSM with 2% glucose, aerobic or micro-
aerobic yeast cells were filtered and fixed in a 3% glutaral-
dehyde solution for 1 h at room temperature and then at 4 °C
overnight. Fixed samples were then treated with 0.25 mg/ml
zymolyase 20T for 1 h at room temperature prior to washing
twice with 0.1 M sodium cacodylate buffer. Samples were then
embedded prior to imaging using a JEOL 1400 transmission
electron microscope. HEK293 cells were first cultured to
confluency in each treatment condition prior to fixation in
prewarmed 4% glutaraldehyde solution for 30 min at room
temperature. Samples were then refixed and embedded prior
to imaging using a JEOL 1400 transmission electron
microscope.

Image] software was utilized to measure cristae tubule
lengths and outer mitochondrial membrane areas from thin
section images. For morphological quantification, N = 40
mitochondria were counted in each condition and assigned
either tubular, shortened, or flat/empty structural features.
Flat/empty structures included mitochondria bereft of cristae
as well as those with IMM structures that were adjacent to the
outer mitochondrial membrane. Cristae lengths were deter-
mined from N = 30 mitochondria in each condition. For
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analysis of cristae density in HEK293 cells, N = 30 mito-
chondria were analyzed.

RESULTS

Microaerobic growth conditions promote IMM
biogenesis and saturated lipidomes

Native yeast environments, like rotting fruit or
fermentation vessels, feature lower oxygen levels
compared to those often utilized in laboratory studies. In
mammalian cells, reduction of oxygen results in hypoxic
stress that renders a loss to mitochondrial morphology
(65). We were thus surprised to observe that yeast grown
in microaerobic conditions featured mitochondria with
elongated cristae, in contrast to shorter structures
commonly seen in aerobically grown cells (Fig. 1A).
These elongated cristae are more likely to be sheet-like,
with greater resemblance to mammalian mitochondria
(Fig. 1B), while shorter cristae in aerobic cells likely
correspond to tubular structures as has been previously
described (67). Cristae elongation could be ascribed to
increased expression of genes involved in mitochondrial
biogenesis and ETC complexes, but analysis of RNA-seq
data previously acquired (66) showed decreased
expression of all major ETC components and ATP syn-
thase subunits under microaerobic conditions (Fig. 1C).
Instead, increases in expression were observed for the
CL remodeling genes, CLDI and TAZI, suggesting a
heightened role for this pathway under low oxygen
(Fig. 1C). Changes in expression of CL remodeling en-
zymes was not observed for CL synthase itself (CRDI) and
were exclusive to cells subjected to extended long-term
microaerobic growth, rather than short-term hypoxia
(supplemental Fig. SIA). These observations suggested
that CL remodeling could respond to changes in mito-
chondrial lipids during long-term low oxygen exposure,
a hallmark of natural yeast fermentation.

Growth in low oxygen has been shown to increase
the presence of saturated fatty acids through inhibition
of fatty acid desaturases (68, 69). In yeast, a reduction in
oxygen inhibits the activity of the sole lipid desaturase,
Olelp (56, 57). As a result, microaerobic yeast cells have
reduced levels of unsaturated PLs with 1 or 2 double
bonds (DB) and increased levels of fully saturated PLs
with 0 DB (Fig. 1D). Elevated levels of saturated lipids
have been associated with the induction of ER stress
responses in mammalian cells, such as the unfolded
protein response. However, we observed no elevated
unfolded protein response activation or changes to ER
morphology under microaerobic conditions
(supplemental Fig. SIB, C), suggesting that they do not
represent a condition of fatty acid stress. Indeed, for
highly abundant PLs like PC or PE, microaerobic yeast
lipidomes better mimic the acyl chain profile of
mammalian cells with saturated s»n-I and unsaturated sn-
2 chains (supplemental Fig. S2), in contrast to di-
unsaturated PLs in yeast grown under high aeration
(65). In CL, we observed a major change in the
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Fig. 1. Microaerobic yeast feature elongated cristae structures and are enriched in CL. A: Thin-section TEM images of mito-
chondria from yeast grown in glucose medium under aerobic and microaerobic conditions. Scale bars, 1000 nm. Insets scale bar,
500 nm. B: Microaerobic cells have increased cristae length, more resembling those of the mammalian cell line HEK293. Cristae
lengths were quantified relative to the width of the inner boundary membrane from N = 30 mitochondria per condition.
##EP < 0.0001 unpaired ¢ test of aerobic versus microaerobic yeast. Error bars indicate SD. C: Gene expression changes in cells under
microaerobic versus aerobic growth implicates an increase in CL remodeling, but not CL biosynthesis. Reduced expression was
observed for ETC components and proteins involved in mitochondrial biogenesis. RNA-seq data were originally collected and
described in (66), data are available at the gene expression omnibus (accession number: GSE94345). D: Microaerobic yeast cells
possess more saturated PLs (DB 0) compared to aerobic cells as determined from lipidomic analysis on whole cells (n = 3). Error bars
indicate SD. E: Left: Microaerobic yeast cells contain higher CL saturation (DB 1 and DB 2), but also an increase in total CL abundance
(right). Relative levels of CL were determined by lipidomics (n = 3). *P = 0.,0007 unpaired ¢ test of aerobic versus microaerobic cells.

CL, cardiolipin; ETC, electron transport chain; PL, phospholipid; TEM, transmission electron microscopy.

unsaturation profile from predominantly 4 DB in aer-
obic conditions to 2 DB in microaerobic conditions
(Fig. 1E). This change was coupled with a 2-fold increase
in total CL abundance. Thus, microaerobic growth is
characterized by a proliferation in mitochondrial
cristae alongside an accumulation of saturated CL,
potentially necessitating elevated activity of the
remodeling pathway.

Requirements for CL remodeling under
microaerobic conditions driven by lipid saturation
We first asked if the increased levels of lipid satu-
ration under microaerobic growth may provide an
elevated role for CL remodeling in maintaining
mitochondrial structure, as hinted by the increased
expression of CLDI and TAZI under these conditions
(Fig. 1C). In microaerobic conditions, we observed
aberrant mitochondrial morphologies and reduced
outgrowth in glucose for remodeling mutants, partic-
ularly in cldIA and cldIAtazIA, that were not present
under aerobic growth (Fig. 2A-C). TEM analysis also
revealed shortened cristae tubules for tazIA and a
complete absence of cristae structures in cld/A and
cldIAtazIA cells in microaerobic conditions (Fig. 2D).
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These cells instead featured flat IMMs that we previ-
ously observed in c¢rdIA yeast, which lack CL, grown
under microaerobic conditions or in backgrounds
where lipid saturation was increased genetically (55).
The effect of microaerobic growth on mitochondrial
morphology was rescued by medium supplementation
with OA (supplemental Fig. S3A-C). Exogenous sup-
plementation of Palm, but not OA, resulted in
abnormal mitochondrial morphology in aerobic cul-
tures bereft of CL remodeling (supplemental Fig. S3D),
indicating that CL remodeling phenotypes under
microaerobic conditions were the direct result of lipid
saturation.

Significant defects in cristae architecture are often
interlinked with respiratory dysfunction in mitochon-
dria. Since direct measurement of cellular respiration
in microaerobic conditions is challenging, we instead
tested other proxies of yeast mitochondrial function:
outgrowth on nonfermentable carbon sources
(ethanol/glycerol), membrane potential, reactive oxy-
gen species (ROS), and mitochondrial DNA (mtDNA)
nucleoid formation. While no changes to growth on
ethanol/glycerol were observed in remodeling mutants
in aerobic growth conditions, ¢ldIA and cldIAtazlA were
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cultures were grown in aerobic (lgfi) or microaerobic (right) conditions prior to serial dilution onto YPD agar plates, which were
incubated under standard conditions. D: CL remodeling mutants exhibit altered ultrastructure of cristae under microaerobic
conditions. Left thin section TEM of cldIA and cld1AtazIA microaerobic cells showed mitochondria with long, circular IMM structures
that spanned the length of the outer mitochondrial membrane and resemble flat cristae structures. Mitochondria from tazIA cells
showed shortened cristae tubules (marked with arrows). WT cells possessed mitochondria with elongated (>200 nm) cristae sheets, as
shown in Figure 1. Scale bars, 250 nm. Right. types of cristac/IMM observed by TEM were quantified from N > 40 mitochondria in
each condition. E: Microaerobic cells lacking Cldlp are unable to grow on nonfermentable carbon sources. Liquid cultures in glucose
medium were grown in either aerobic (lfi) or microaerobic conditions (right) prior to serial dilutions on YPEG agar plates, which were
incubated under standard conditions. Only cells with functional mitochondria can form colonies on ethanol/glycerol as a carbon
source in YPEG. F: Mitochondrial potential was assayed under aerobic or microaerobic conditions. Maximum intensity of mito-
chondria in cells stained with 200 nM TMRE was measured using line profile analysis at the midplane of each cell, N = 20 per
condition. ¥*P = 0.0008, *P = 0.0162, and **P = 0.0091 and unpaired ¢ test for cldIA, cldIAtazIA, and tazIA, respectively against WT. G:
Loss of CL remodeling dampens ROS levels under microaerobic conditions. ROS was assayed by microscopy after incubation of
aerobic or microaerobic cells with 20 pM HoDCFDA dye. Intensity was determined using line profile analysis at the midplane of each
cell. N = 20 cells were analyzed per condition. *P = 0.0249, P < 0.0001 unpaired ¢ test of tazIA, cldIA, and cld1AtazIA, respectively
against WT. H: Cells containing unremodeled CL exhibit increased numbers of mtDNA nucleoids compared to WT under
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unable to grow after preculture in microaerobic con-
ditions, indicating significant mitochondrial dysfunc-
tion (Fig. 2E). In all CL remodeling mutants, we also
observed decreases in membrane potential (Fig. 2F),
ROS levels (Fig. 2G), and the number of mtDNA nu-
cleoids (Fig. 2H) due to their clustering as has been
described previously (55, 70, 71) (Fig. 2E and
supplemental Fig. S4), all which imply mitochondrial
defects. Akin to our examination of cristae structure,
mitochondrial dysfunction was heightened in cld/A and
cld1Ataz1A backgrounds compared to tazIA, implying a
greater role for loss of CL remodeling than accumu-
lation of MLCL under microaerobic conditions.

BTHS mutations drive mitochondrial abnormalities
under microaerobic conditions

We next asked whether specific patient-derived
BTHS mutants in tafazzin could drive changes in
mitochondrial morphology. While mitochondrial de-
fects in tazIA were lower than those of cldIA and
cld1AtazlA under microaerobic conditions, fazIA cells
still exhibited significant perturbations compared to
WT (Fig. 2B, F-H). To test whether specific BTHS mu-
tations accrued a similar effect on the mitochondria in
these conditions, we used a previously described set of
yeast strains that express TAZI harboring mutations in
conserved regions of human TAZ that also occur in
BTHS (34, 46). These two BTHS-associated mutations,
A88R and G230R, occur in the conserved acyl-
transferase domain and the membrane anchor region
respectively. A8SR and G230R feature defective Tazlp
higher-order organization, causing cells to exhibit in-
creases in MLCL and reductions in CL (34). Under
aerobic conditions, BTHS mutants did not elicit alter-
ations to mitochondrial morphology, function, or ul-
trastructure (Fig. 3A-D). However, under microaerobic
growth, both mutants displayed altered IMM
morphology, reduced potential, and a loss of cristae
ultrastructure (Fig. 3A-D). These results demonstrate
that BTHS-associated mutations can drive alterations to
the yeast IMM when cells are grown under reduced
oxygenation.

Interactions between CL remodeling and lipid
saturation are extendable to mammalian cells

With the strong interaction between Cldlp loss and
microaerobic yeast growth, we asked whether inhibi-
tion of CL remodeling leads to loss of IMM ultra-
structure in other cell types exposed to elevated lipid
saturation. While no homolog of Cldlp exists in
mammalian cells, the iPLAy family of enzymes con-
ducts an identical deacylation reaction on CL (21). We
hypothesized that iPLAs inhibition would elicit a

similar sensitivity of mitochondrial structure to lipid
saturation as we had observed in yeast. To test this, we
treated HEK293 cells with the iPLAy inhibitor BEL,
which has been shown previously to prevent MLCL
formation by instead increasing the levels of nascent,
unremodeled CL (22). To induce changes in lipid satu-
ration, we fed cells with the saturated fatty acid Palm
complexed to BSA at 100 pM, a concentration that does
not induce any independent changes to mitochondrial
functions (58, 72). We observed that BEL + Palm-
treated cells exhibited respiratory dysfunction as well
as perturbed mitochondrial morphology and ultra-
structure (Fig. 4A-C), which was not displayed in in-
dependent treatments of each compound or upon
treatment with unsaturated OA  (supplemental
Fig. SSE-G). These results corroborate our findings in
yeast and suggest that the inhibition of CL remodeling
deacylation may be particularly sensitive to environ-
mental saturated lipid levels.

Remodeling is coupled to total CL levels in
microaerobic conditions

We next sought to delineate the lipidic drivers that led
to mitochondrial dysfunction in yeast CL remodeling
mutants under microaerobic, but not aerobic, growth
conditions. Under aerobic conditions, we observed a
~50% reduction in CL levels in each of the CL remod-
eling mutants compared to WT, and no changes to the
CL precursor PG (Fig. 5A). Contrastingly, under micro-
aerobic conditions, no CL was detected in c¢ldIA or
cldIAtazIA mutants and a ~75% reduction in CL was
observed in tazIA (Fig. 5B). This loss in CL levels was
coupled with increased PG, which suggested an inhibi-
tion of CL synthase. However, abrogation of CL synthesis
in ¢rdIA cells under microaerobic conditions produced
much greater levels of PG, to ~3% of all PLs (55), sug-
gesting that inhibition of Crdlp is not the only factor
contributing to loss of CLin cldIA or cld1AtazIA. We note
that our analysis did not include quantification of MLCL,
so we preclude that changes in its levels also occur under
microaerobic growth.

Further analysis of acyl chain composition revealed
changes in CL resulting from the interplay of remod-
eling and saturation. Under aerobic conditions, ¢/dIA
and cld1AtazIA accumulate CL containing 3 DB instead
of 4 DB; tazIA also accumulated 3 DB CL as the prin-
cipal species but also contained more saturated CL with
low levels of 2 or 1 DB (Fig. 5C). Thus, all remodeling
mutants under aerobic growth retain a highly unsatu-
rated CL (3 DB) as the predominant species. In contrast,
microaerobic growth altered the CL saturation levels
from 4 DB to 2 DB in WT cells, while the most abun-
dant CL molecule in microaerobic tazIA was

microaerobic conditions. To image mtDNA nucleoids, cells were stained with SYBR Green I (SGI). The number of individual nu-
cleoids in each cell were quantified using image] software, N = 50 per condition. ¥*P = 0.0005, ****P < 0.0001 unpaired ¢ test of cldIA,
tazlA and cld1Ataz1A respectively against WT. IMM, inner mitochondrial membrane; CL, cardiolipin; TMRE, tetramethylrhodamine
ethyl ester; ROS, reactive oxygen species; YPD, yeast extract peptone dextrose; YPEG, yeast extract peptone ethanol glycerol.
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Fig. 3. BTHS-associated Tazlp mutations exhibit abnormal mitochondrial architecture under microaerobic conditions. A: Cells
expressing BTHS mutations in conserved regions of Tazlp (BTHS mutants) show abnormal mitochondrial morphology under
microaerobic, but not aerobic, growth conditions. Shown are example images of 2D and 3D projections of cells expressing IMM-
localized Cox4-GFP. Scale bars, 2 pm. B: Quantification of the relative amount of morphological defects in tazIA strains rescued
with Tazlp harboring BTHS mutants compared to those rescued by WT Tazlp. N > 50 cells were quantified in biological triplicates
in either aerobic or microaerobic growth conditions. *P = 0.0018 unpaired ¢ test of empty vector against WT in microaerobic
conditions. ¥*¥P = 0.0002 for A88R and G230R Tazlp against WT in microaerobic conditions. Error bars indicate SD. C: Microaerobic
growth results in reduced membrane potential in BTHS mutants compared to rescue. Cells were stained with 200 nM TMRE prior to
imaging. **P = 0.0006 unpaired ¢ test of G230R Tazlp against WT Tazlp under microaerobic conditions. *P = 0.0027 and 0.0078
unpaired ¢ test of WT against empty vector and A88R Tazlp, respectively. D: The BTHS rescue mutants, ASSR and G230R, exhibit
flat and empty inner membranes specifically under microaerobic conditions, while retaining cristae tubules under aerobic growth.

Scale bars, 500 nm. IMM, inner mitochondrial membrane; BTHS, Barth syndrome; TMRE, tetramethylrhodamine ethyl ester.

predominantly saturated (1 DB) (Fig. 5D). These results
aligned with our previous observations that high levels
of genetically induced lipid saturation induced signifi-
cant mitochondrial defects, increased CL saturation to 1
DB, and drove a 2-fold depletion in CL levels without
changing PG abundance or saturation (55). They sug-
gest that a combination of increased CL saturation and
reduced abundance could drive mitochondrial abnor-
malities under microaerobic conditions.

Interactions between the phospholipase Ddllp and
the remodeling pathway

The loss of CL in cldIA backgrounds, but lack of
accumulation of PG to ¢rdIA levels, suggested that CL
could be degraded when the remodeling pathway is
absent under microaerobic conditions. We first
considered whether mitophagic flux to the vacuole
could drive CL degradation, as there is some evidence
linking CL. composition to mitophagy (73, 74). To test
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this, we measured the incorporation of mitochondrial
Cox4-GFP intensity within the vacuole. As a compari-
son, we grew cells in glycerol for 72 h, which induces
mitophagy (75), and used a mitophagy-incapable atg32A
background as a control for the inhibition of mitoph-
agy (76). Under glycerol growth conditions, WT, cldIA,
and tazIA all exhibited Cox4-GFP signal within the
vacuole, while Cox4-GFP signal in aig32A was at the
periphery of the cell and not in the vacuole
(supplemental Fig. S5). Neither WT nor CL remodeling
mutants exhibited any vacuolar Cox4-GFP signal under
microaerobic conditions. Thus, CL loss is unlikely to
result from robust mitophagy under these conditions.
An alternative hypothesis is that CL can be specif-
ically cleared through phospholipase activity. In BTHS
patient-derived cell lines and Drosophila, defects in
remodeling are proposed to drive enhanced turnover
of CL via degradation from MLCL (77). However, loss
of Cldlp, which prevents MLCL production, reduces CL
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Fig. 4. iPLA, inhibition in saturated lipid environments results in mitochondrial dysfunction. A: Seahorse respirometry of
HEK?293 cells treated with 2.5 pM bromoenol lactone (BEL) and 100 pM palmitate (Palm) results in reduced cellular respiration and a
defective mitochondrial stress response. ATP-linked respiration is calculated from the decrease in oxygen consumption rate upon
oligomycin (Oligo.) injection. The spare respiratory capacity is an indicator of the cellular response to increased energetic demand
and is defined as the difference between maximal and basal respiration. Defects in ATP-linked respiration and spare respiratory
capacity are indicative of general ETC dysfunction in BEL + Palm cells. Wells containing 15,000 cells were treated in biological
replicates (n > 3) for 48 h prior to analysis. ***P < 0.0001 and **P = 0.0019 unpaired ¢ test of BEL + Palm against Ctrl for ATP-linked
respiration and spare respiratory capacity respectively. Error bars indicate SD. B: The combined treatment of BEL and Palm
(BEL + Palm) results in fragmented mitochondria. HEK293 cells were treated as in (A) for 48 h prior to imaging using 200 nM
Mitotracker DeepRed FM. Scale bars, 5 pm. C: Left BEL + Palm results in empty mitochondria with few cristae, while all other
conditions showed no defects in cristae density. Scale bars, 500 nm. Right cristae density was measured for N = 30 mitochondria in
each condition. Error bars indicate SD. ***P < 0.0001 unpaired ¢test of BEL + Palm against Ctrl. ETC, electron transport chain; iPLA

phospholipase Ay, BEL, bromoenol lactone; Palm, palmitate.

levels in yeast, suggesting other mechanisms of break-
down. Apart from Cldlp, only the mitochondrial
phospholipase A;, Ddllp, has been implicated with pu-
tative CL hydrolase activity in yeast. Ddllp has activity
toward PA, PG, PC, and PE as substrates (78, 79), but has
also been shown to act on TOCL and MLCL (79).

We asked if loss of Ddllp could restore mitochondrial
function in remodeling mutants that exhibit reduced
CL. Under aerobic conditions, ddlIA cells exhibited
fragmented mitochondrial structures (Fig. 6A), as has
been previously described (79). Surprisingly, mito-
chondrial fragmentation was mitigated in cldIAddlIA
and ddlIAtazIA cells, suggesting an interaction between
Ddllp and the remodeling pathway. Under micro-
aerobic conditions, ddlIA, cldIAddiIA, and ddllAtazlA
cells all exhibited significantly aberrant IMM mor-
phologies (Fig. 6A). However, short cristae tubules were
observed in c¢ldIAddlIA under microaerobic conditions,
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unlike cldIA cells that feature a flat IMM (Fig. 6B). In
microaerobic conditions, both ddlIA and cldIAddlIA
cells exhibited similar cristae structures and average
lengths to tazIA (Fig. 6B, C). When microaerobically
grown cldIAddlIA cells were spotted on ethanol/glyc-
erol plates, they regained viability that was lost in cldIA
(Fig. 6D). Loss of Ddllp can therefore partially rescue
IMM structure and function in ¢ldIA backgrounds un-
der microaerobic conditions.

We next conducted lipidomic analysis on aerobic and
microaerobic cells of ddlIA in the presence and absence
of CL remodeling mutants (Fig. 7). We focused on the
abundances and compositions of the PLs involved in
the CL biosynthetic pathway: PA, PG, and CL, all of
which have been shown to be substrates for Ddllp
in vitro (Fig. 7A). Under aerobic conditions, removal of
DDLI in WT and CL remodeling-deficient backgrounds
increased CL, but also PA and PG (Fig. 7B). In ¢ldIA and

Effects of saturated fatty acids on cardiolipin remodeling 9
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Fig. 5. Differential lipidic changes under aerobic and microaerobic conditions in CL remodeling mutants. A: Under aerobic
conditions, removal of CL remodeling enzymes results in decreased CL levels without changes to the precursor PG. Error bars
indicate SD (n = 3). B: Under microaerobic conditions, loss of CL remodeling enzymes results in a significant depletion of CL in tazIA
cells and ablation of CL levels in ¢ldiA and cldIAtazIA cells. A concomitant increase in PG levels was observed in each mutant,
consistent with inhibition of CL synthase. Error bars indicate SD (n = 3). C: Aerobic CL remodeling mutants exhibit a shift in the CL
profile from 4 DB to 3 DB. Error bars indicate SD (n = 3). D: Microaerobic cells have more saturated CL molecules (4 DB to 2 DB), and
removal of Tazlp shifts the saturation level of CL to predominantly 1 DB. No data are shown for ¢/dIA and cld1Ataz1A samples, as

these predominantly had no detectable CL. Error bars indicate SD (n = 3). CL, cardiolipin; PG, phosphatidylglycerol.

tazIA backgrounds, deletion of DDLI returned CL to
WT levels, which may explain the rescue of mito-
chondrial morphology observed under aerobic growth
(Fig. 6A). Major increases in PA and PG were observed
in cldIAddlA and ddlIAtazIA, but only minor changes
in ddlIA (Fig. 7B), suggesting that the increase in CL
synthesis could be driven by increased PA in the
absence of CL remodeling. Under microaerobic con-
ditions, Ddllp-deficient cells showed minimal CL levels
in all backgrounds (Fig. 7C). Notably, increased PG was
observed in ddlIA and tazIAddlIA, but not in cldIAddlIA,
suggesting increased flux toward CL synthesis in
cld1AddlIA without increasing CL levels, indicative of
an alternative mechanism of CL loss. Increases in PA,
however, were observed in all backgrounds (Fig. 7C).
While CL and PG are exclusively localized to mito-
chondria in yeast, PA is not, and we note that this
analysis did not directly measure mitochondrial PA.
In addition to modifying PL biosynthesis, loss of
Ddllp drove differential changes to PL acyl chain
composition under aerobic and microaerobic growth.
In aerobic conditions, DDL1 deletion affected the CL
chain composition of remodeling mutants. Most
notably, a large increase in DB 2 CL was observed in
ddlIAtazIA compared to tazIA cells (Fig. 7D and
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supplemental Fig. S6A). There was also a consistent
appearance of fully saturated PG in each of the ddlIA
mutants, which were not observed in any of the
parental strains (Fig. 7E). Under microaerobic condi-
tions, PG and PA saturation levels also increase in ddlIA
backgrounds (Fig. 7F and supplemental Fig. S6B). Minor
changes were observed to CL saturation under micro-
aerobic conditions, but the low overall levels of CL
made these difficult to define (supplemental Fig. S6B).
Taken together, these data suggest that Ddllp could
modulate CL levels through activity on its precursors
PA and PG.

DISCUSSION

In this study, we address why removal of CL
remodeling enzymes do not render any morphological
or ultrastructural phenotype in yeast (47). We showed
that CL remodeling is essential for mitochondrial
structure and function under microaerobic growth
conditions, in which the yeast lipidome is defined by
increases in lipid saturation. Microaerobically grown
remodeling mutants exhibited a loss of highly curved
cristae in the IMM, which resemble structures observed
in BTHS patients (32) but are not seen in aerobically
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IMM, inner mitochondrial membrane; PG, phosphatidylglycerol; TEM, transmission electron microscopy; YPD, yeast extract peptone

dextrose; YPEG, yeast extract peptone ethanol glycerol.

grown yeast mutants. cldIA showed a depletion in CL
levels and phenotypes mimicked the severity of
microaerobic ¢rdIA cells that we described previously
(55). We extended this observation to mammalian cells,
where the abundance of cristae in BEL-treated
HEK293 cells was reduced upon a mild treatment of
exogenous saturated fatty acids. These data support a
model that the role of CL remodeling can be depen-
dent on the overall fatty acid metabolism of cells. They
also suggest that the function of the yeast remodeling
pathway could be to act during microaerobic growth, a
natural condition that promotes lipid saturation.

Yeast cells grown under vigorous laboratory aeration
have high levels of unsaturated lipids, which may mask
the defects associated with the removal of CL remodel-
ing enzymes. Under aerobic conditions, remodeling
mutants retain high levels of CL unsaturation (3 DB)
because the substrates for CL synthesis are predomi-
nantly di-unsaturated (supplemental Fig. S2). Under
microaerobic conditions, CL in tazIA is predominantly
saturated (1 DB) and CL is lost in ¢/dIA (Fig. 5B, D). These
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differences could have significant effects on the prop-
erties of CL. While fully unsaturated CL (TOCL) can
adopt high-curvature nonlamellar phases (80-82), fully
saturated—tetra-palmitic (16:0) or tetra-myristic (14:0)—
CL exhibit gel phases (82, 83) that are likely unsuitable
for functions in the IMM. The number of saturated acyl
chains incorporated in CL could thus drive significant
changes in its biophysical properties, which may be
crucial for proper cristae assembly. Proteins complexes
like MICOS and ATP synthase dimers also contribute to
IMM curvature (84-86) and their decreased expression
during microaerobic conditions might act as an addi-
tional factor in increasing the dependence on PL
composition for shaping IMM morphology. The pre-
dominant unsaturated form of MLCL (47) also adopts
lamellar phases, indicating a reduced curvature than
remodeled CL (87-89), and fails to interact with ETC
complexes and supercomplexes (77).

A general paradigm of BTHS pathophysiology is that
MLCL levels are the primary drivers of ETC dysfunc-
tion and reduced respiratory capacity observed in

Effects of saturated fatty acids on cardiolipin remodeling 11
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Fig. 7. Ddllp activity differentially affects PL. metabolism in aerobic and microaerobic conditions. A: Schematic depiction of the
potential roles of phospholipase A; activity in CL biosynthesis and remodeling pathways based on previously observed biochemical
activities of Ddllp or its mammalian homologue. Ddllp has been implicated in converting CL precursors PA and PG into lyso-PA
(LPA) and lyso-PG (LPG) respectively; and TOCL and MLCL into di-lysocardiolipin (DLCL) which can then be degraded (79). B:
Loss of DDLI in CL remodeling-deficient backgrounds results in increased PA and PG in aerobic conditions, and a smaller increase
in CL levels. For all subsequent analyses in this figure: Error bars indicate SD (n = 3) and *P < 0.05, **P < 0.005, ***P < 0.001 and
#EP < 0.0001 from unpaired t-tests from each background + DDLI. C: Under microaerobic conditions, ddlIA backgrounds exhibit
reduced CL levels, but maintain increases in PG and PA. D: Saturated CL (DB 2) appears in remodeling mutants lacking Ddllp grown
under aerobic conditions. E: Fully saturated PG (DB 0) appears in WT and remodeling mutants lacking Ddllp grown under aerobic
conditions. F: Fully saturated PG (DB 0) increases only in remodeling mutants lacking Ddllp grown under microaerobic conditions.
CL, cardiolipin; MLCL, monolysocardiolipin; PA, phosphatidic acid; PG, phosphatidylglycerol; PL, phospholipid; TOCL, tetraoleoyl
(18:1) cardiolipin.

patients (90, 91). However, mitigation of the MLCL:CL
ratio through BEL treatment still results in perturbed
respiratory capacity in several BTHS models (21, 36, 40).
BEL-treated cells have been shown to have large
amounts of unremodeled CL (22), similar to ¢/dIA yeast.
Our results with ¢/dIA cells under microaerobic condi-
tions and the combined effects of Palm and BEL-
treatment in HEK293 cells support a hypothesis that
the accumulation of unremodeled (saturated) CL could
act as an additional contributor to mitochondrial
dysfunction. If so, availability of exogenous fatty acids
might be a key regulator of phenotypes in CL
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remodeling mutants. Indeed, previous studies in Hel.a
cells lacking TAZ have observed a sensitivity of CL and
mitochondrial function to changing saturated fatty
acid levels (92, 93). Conversely, linoleic acid (18:2) treat-
ment of a BTHS iPSC cardiomyocyte model provided a
comparatively greater rescue of mitochondrial func-
tionality than BEL (36), but was less effective in the
restoration of cardiac function in a BTHS mouse model
(94). Further analyses across a range of systems would
be needed to disentangle the individual contributions
of MLCL and unremodeled CL to mitochondrial
dysfunction. Notably, the analyses performed in this
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study do not quantify MLCL, and therefore we cannot
preclude its role in phenotypes reported here.

The interplay of CL remodeling, biosynthesis, and
potential degradation pathways are another area of
future work. We observed that loss of the mitochon-
drial phospholipase A; Ddllp partially rescued cristae
structures in cldIA backgrounds under microaerobic
growth (Fig. 6). We originally hypothesized that Ddllp
could act to degrade unremodeled CL, leading to the
loss of CL in microaerobic cldIA cells. While ddlIA cells
showed increased CL levels in aerobic growth (Fig. 7B),
they did not under microaerobic conditions (Fig. 7C).
However, increased abundance and saturation of PA
and PG, which are precursors to CL, were observed in
all conditions. One possibility is that the accumulation
of saturated PG and PA may prevent CL synthesis un-
der microaerobic conditions, as they are poor substrates
for CL synthase and cytidine diphosphate-DAG syn-
thase, respectively (95). We previously observed that
high levels of genetically induced lipid saturation
increased CL saturation to 1 DB, and drove a 2-fold
decrease in its abundance, albeit without an accumu-
lation of PG or PA (55). Interestingly, both CL and PL
saturation control the formation of non-lamellar lipid
topologies, which are required for optimal tafazzin ac-
tivity (23), but could also be relevant for the activity of
other steps in CL metabolism.

An open question remains why loss of Ddllp rescues
mitochondrial viability under microaerobic conditions.
One possibility is that increased levels of the anionic
precursors PA or PG might fulfill some of the struc-
tural roles of CL. Testing this model would be aided by
biochemical analyses of purified mitochondria from
microaerobic cells, which currently remains a chal-
lenge. Further experiments are also required to better
define the phospholipase activity of Ddllp in cells. The
mammalian homologs of Ddllp, DDHD1/2, have been
described as preferentially hydrolyzing PA (96), but
activities toward CL have not been reported. Mutations
in DDHDI cause a subtype of hereditary spastic para-
plegia, which specifically exhibits defects in respiratory
capacity and increases in oxidative stress (97), raising
the possibility that DDHDI may also alter CL. composi-
tion, either directly or indirectly through action on CL
substrates. In yeast, regulation of Ddllp might also be
involved in the heightened levels of CL we observe
under microaerobic conditions. These were surprising
given the established correlation between CL synthesis
and oxidative phosphorylation components (19) and the
lack of change in mitochondrial volume we have pre-
viously measured under identical conditions (55). Aer-
obic ddlIA cells accumulate CL to similar levels (~2% of
a PLs in the cell) as microaerobic WT cells, suggesting
that Ddllp might be responsible for regulating CL
levels in response to oxygenation. Previous work has
demonstrated that Aftlp, a transcriptional activator that
is activated in response to low intracellular iron asso-
ciated with hypoxia (98), negatively regulates DDLI

SASBMB

expression and its deletion causes decreased levels of
CL (79). Microaerobic growth could thus lead to acti-
vation of Aftlp, repressing DDLI expression and
increasing CL levels.

Our data support a model that while CL remodel-
ing is dispensable for IMM structure and function in
very unsaturated lipid environments, it is likely
required to maintain the structure of cristae under
conditions of elevated lipid saturation. Both this study
and our previous work (55) have demonstrated the
sensitivity of CL synthesis and remodeling to changes
in the lipidic environment, as both processes become
essential for yeast mitochondria under conditions of
increased saturation, which has also been alluded to
in mammalian cells (93). Such a dynamic could be
relevant for understanding the cell-type specific
phenotypes of BTHS that arise despite the loss of CL
remodeling across a wide range of tissues (99). It
could also play a role in the heterogeneity in BTHS
pathophysiology observed in populations harboring
TAZ mutations (99), given the myriad of dietary and
metabolic factors that control the composition of
circulating and cellular fatty acids. The phenotypes of
the remodeling pathway mutants reported here could
thus inform the interactions between CL and fatty
acid metabolism contributing to mitochondrial
dysfunction.
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