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A B S T R A C T

Previous studies have shown that the cardiolipin (CL)-deficient yeast mutant, crd1Δ, has decreased levels of
acetyl-CoA and decreased activities of the TCA cycle enzymes aconitase and succinate dehydrogenase. These
biochemical phenotypes are expected to lead to defective TCA cycle function. In this study, we report that
signaling and anaplerotic metabolic pathways that supplement defects in the TCA cycle are essential in crd1Δ
mutant cells. The crd1Δ mutant is synthetically lethal with mutants in the TCA cycle, retrograde (RTG) pathway,
glyoxylate cycle, and pyruvate carboxylase 1. Glutamate levels were decreased, and the mutant exhibited glu-
tamate auxotrophy. Glyoxylate cycle genes were up-regulated, and the levels of glyoxylate metabolites succinate
and citrate were increased in crd1Δ. Import of acetyl-CoA from the cytosol into mitochondria is essential in
crd1Δ, as deletion of the carnitine-acetylcarnitine translocase led to lethality in the CL mutant. β-oxidation was
functional in the mutant, and oleate supplementation rescued growth defects. These findings suggest that TCA
cycle deficiency caused by the absence of CL necessitates activation of anaplerotic pathways to replenish acetyl-
CoA and TCA cycle intermediates. Implications for Barth syndrome, a genetic disorder of CL metabolism, are
discussed.

1. Introduction

Cardiolipin (CL) is synthesized in the mitochondrial inner mem-
brane and interacts with many mitochondrial proteins and protein
complexes [1,2]. The yeast Saccharomyces cerevisiae has been a pow-
erful tool for studying CL function. Yeast mutants lacking CL are viable,
although they exhibit growth defects during stressful conditions, e.g. in
response to elevated temperature [3,4]. The CL synthase mutant, crd1Δ,
which does not synthesize CL, exhibits numerous defects in

mitochondrial function, including bioenergetics [5,6], protein import,
membrane potential homeostasis [7], and assembly of outer membrane
complexes [8]. In addition to mitochondrial membrane and bioener-
getic functions, recent reports indicate that CL plays a key role in iron
homeostasis and energy metabolism. The crd1Δ mutant exhibits de-
fective Fe-S biogenesis resulting in decreased activity of Fe-S enzymes
[9]. These include two that function in the TCA cycle, aconitase and
succinate dehydrogenase. Furthermore, acetyl-CoA levels are decreased
in the crd1Δ mutant as a result of a defect in the pyruvate
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dehydrogenase (PDH) bypass pathway [10]. These studies predict that
the TCA cycle is impaired in CL-deficient cells.

The TCA cycle is an amphibolic pathway that is critical for oxidation
of acetyl-CoA and for the production of reducing equivalents used by
oxidative phosphorylation complexes to generate ATP. In yeast cells
actively growing on glucose, the TCA cycle is required for the genera-
tion of reducing equivalents as well as for the production of metabolites
that support biosynthesis of amino acids, porphyrin, and pyrimidines,
which are essential building blocks of macromolecules required for
cellular growth [11,12]. When TCA metabolites are limiting, signaling
and metabolic anaplerotic pathways may be utilized to replenish them.
One such pathway is the mitochondrial retrograde (RTG) pathway, a
signal transduction mechanism whereby mitochondria communicate
with the nucleus [13,14]. The RTG pathway modulates the expression
of nuclear genes required to replenish key TCA cycle metabolites, in-
cluding α-ketoglutarate [15]. As α-ketoglutarate is a direct precursor
for the synthesis of glutamate, the RTG pathway plays a key role in
glutamate biosynthesis, and all three RTG mutants (rtg1Δ, rtg2Δ, and
rtg3Δ) are glutamate auxotrophs [16–18]. Sufficient glutamate pro-
duction is essential, as glutamate and its downstream metabolite, glu-
tamine, provide all of the nitrogen used in biosynthetic reactions [19].

In addition to regulating gene expression through the RTG pathway,
metabolic routes are utilized to replenish TCA cycle intermediates.
These include the glyoxylate cycle, carboxylation of pyruvate to ox-
aloacetate (via pyruvate carboxylase), β-oxidation, and the carnitine
shuttle (Fig. 1). In cells with dysfunctional mitochondria, there is a
concomitant increase in peroxisome biogenesis and the expression of
genes involved in these anaplerotic pathways, which can compensate
for a defective TCA cycle by producing acetyl-CoA, succinate, and ci-
trate [15].

Acetyl-CoA in the peroxisome can enter the glyoxylate cycle, which
has been described as a “modified TCA cycle” [20]. The glyoxylate
cycle incorporates 2 units of acetyl-CoA into one unit of the four‑carbon
dicarboxylic acid, succinate (Fig. 1). This stepwise process is mediated
by five enzymes, which are located both inside and outside of the
peroxisome [21]. These include malate dehydrogenase (Mdh2), citrate
synthase (Cit2), aconitase (Aco1), isocitrate lyase (Icl1), and malate
synthase (Mls1) (Fig. 1). The reactions catalyzed by the first three en-
zymes listed above also occur in the TCA cycle, while the last two en-
zymatic reactions are unique to the glyoxylate cycle. At the start of the
cycle, an acetyl-CoA unit is condensed with oxaloacetate (via Cit2) to
form citrate, which undergoes isomerization (via Aco1) to isocitrate.
Icl1 cleaves the six‑carbon isocitrate to form succinate and glyoxylate.
Succinate, the net product of the glyoxylate cycle, is transported into

mitochondria by the succinate-fumarate transporter (Sfc1) [22], where
it is used to replenish intermediates of the TCA cycle. Alternatively,
glyoxylate is condensed with an acetyl-CoA unit by Mls1 to generate
malate, which is oxidized by Mdh2 to form oxaloacetate that can be
recycled for another round of the glyoxylate cycle [21]. Most of the
yeast glyoxylate cycle mutants, including icl1Δ, mls1Δ, cit2Δ, aco1Δ,
and mdh2Δ, are viable and do not exhibit growth defects when grown
on glucose [23]. Oxaloacetate can also be synthesized from pyruvate by
pyruvate carboxylase [24,25]. It can then enter the mitochondrial
matrix and be utilized in the TCA cycle, or it can be converted to citrate
by the glyoxylate cycle and then exported to the mitochondria (Fig. 1).

Acetyl-CoA can also be produced from β-oxidation of fatty acids,
which occurs only in peroxisomes in yeast [26]. Acetyl-CoA produced
from β-oxidation can be utilized in the glyoxylate cycle to synthesize
metabolites required for the TCA cycle, or it can be transported out of
peroxisomes and into mitochondria through the carnitine shuttle
[27–29]. In this pathway, acetyl-CoA is converted to acetylcarnitine by
the carnitine acetyltransferase, Cat2 in peroxisomes, or Yat1/Yat2 in
the cytoplasm. Acetylcarnitine is transported into mitochondria by the
inner-membrane carnitine-acetylcarnitine translocase (Crc1) and con-
verted back to carnitine and acetyl-CoA by mitochondrial Cat2 [29,30].
Mitochondrial acetyl-CoA can then enter the TCA cycle (Fig. 1).

In wild-type yeast cells, most anaplerotic pathway mutations are not
lethal. However, in the current study, we demonstrate for the first time
that the mitochondrial retrograde pathway, glyoxylate cycle, and car-
nitine shuttle are essential for the viability of cells lacking CL, which are
deficient in TCA cycle enzymes and acetyl-CoA synthesis.

2. Material and methods

2.1. Yeast strains and growth media

The S. cerevisiae strains used in this study are listed in Table 1.
Single deletion mutants were obtained from the yeast knockout deletion
collection (Invitrogen). Synthetic complete medium contained adenine
(20.25mg/l), arginine (20mg/l), histidine (20mg/l), leucine (60mg/
l), lysine (200mg/l), methionine (20mg/l), threonine (300mg/l),
tryptophan (20mg/l), uracil (20mg/l), yeast nitrogen base without
amino acids (Difco), and either glucose (2%) (YNBD), or galactose (2%)
(YNBG) as a carbon source. Synthetic dropout medium contained all
ingredients mentioned above but lacked the indicated amino acids.
Sporulation medium contained potassium acetate (1%), glucose
(0.05%), and the essential amino acids required for sporulation. Com-
plex medium contained yeast extract (1%), peptone (2%), and glucose

Fig. 1. Metabolic pathways for replenishing TCA
cycle intermediates. The TCA cycle carries out the
oxidation of acetyl-CoA for the production of redu-
cing equivalents. Additionally, TCA cycle inter-
mediates are precursors for other biosynthetic path-
ways (not shown). Anaplerotic pathways such as
pyruvate carboxylase (PYC1) and the glyoxylate
cycle can generate oxaloacetate, succinate, and ci-
trate, which can directly replenish TCA cycle inter-
mediates diminished by utilization in biosynthetic
pathways. Peroxisomal and cytosolic acetyl-CoA de-
rived from β-oxidation and acetate may be imported
into the mitochondria by the carnitine shuttle
through the carnitine acetylcarnitine translocase
(CRC1). Genes that are synthetically lethal or sick
with crd1Δ are in bold. For simplicity, the glyoxylate
cycle is depicted inside of the peroxisome, but several
enzymes are cytosolic [21].
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(2%) (YPD). Solid medium was prepared by adding 2% agar. Cells used
for carnitine, β-oxidation, and enzyme assays were grown on minimal
glucose medium (YNBD), inoculated at A600 0.2 in YNB with 0.3%
glucose medium, and grown for 8 h. Finally, the strains were inoculated
into rich oleate medium (YPO; 1% yeast extract, 2% peptone, 0.12%
oleic acid, 0.2% Tween 80) at an A600 of 0.05 and grown for 16 h.

2.2. Construction of double mutants and assessment of synthetic genetic
interaction

The crd1Δ::URA3 mutant was crossed with mutants of the opposite
mating type obtained from the yeast deletion collection. The hetero-
zygous diploids were selected on dropout medium lacking methionine
and lysine, sporulated, and tetrads were dissected. Synthetic interaction
between crd1Δ and deletion mutants was determined by examining the
growth of the double mutant compared to isogenic parent strains and
wild-type cells on YPD.

2.3. Sample preparation, metabolite extraction, NMR spectroscopy analysis
and quantification

Cells were cultured in YNBG until stationary phase. Cells were
collected, and metabolites were extracted by vortexing with 70%
ethanol. After centrifugation, supernatants were filtered by Amicon®
Ultra-0.5 mL centrifugal filters (Millipore) to remove large particles

(> 3 kDa). Samples were dried under vacuum (Savant DNA 120) and
metabolites were analyzed by NMR spectroscopy as mentioned else-
where [31]. Briefly, samples were prepared by adding D2O and re-
ference buffer to the dried samples. The 1H NMR spectroscopy was
conducted at 600MHz in an Agilent spectrophotometer (Agilent
Technologies, Santa Clara, CA) at 25 °C, using the nuclear overhauser
effect spectroscopy (NOESY) pulse sequence with presaturation. Meta-
bolite identification and quantification were conducted using Chenomx
NMR Suite 7.6 software (Chenomx Inc., Edmonton, Canada).

2.4. β-Oxidation assay

Cells grown on oleate as the sole carbon source were washed with
water and resuspended in phosphate buffered saline (PBS) to an A600 of
2.5. Aliquots of 20 μl of cell suspension were used for fatty acid β-
oxidation measurements in 200 μl of medium containing PBS plus
10 μM [1-14C]-palmitate or [1-14C]-octanoate. Reactions were allowed
to proceed for 6 or 12min at 30 °C, followed by termination of reactions
by adding 100 μl of 1.3M perchloric acid. Radiolabeled CO2 was
trapped overnight in 500 μl of 2M NaOH. The 14C-labelled β-oxidation
products were subsequently collected after extracting the acidified
material with chloroform/methanol/heptane as described [32] and
quantified in a liquid scintillation counter. The β-oxidation capacity of
wild-type cells grown on oleate in each experiment was taken as a re-
ference (100%).

Table 1
Yeast strains used in this study.

Strains Genotype Source or Ref.

FGY3 MATa, ura3–52, lys2–801, ade2–101, trp1-Δ1, his3-Δ200, leu2-Δ1 [4]
FGY2 MATa, ura3–52, lys2–801, ade2–101, trp1-Δ1, his3-Δ200, leu2- Δ1, crd1Δ::URA3 [4]
BY4741 MATα, his3Δ1, leu2Δ0, ura3Δ0, met15Δ0 Invitrogen
BY4742 MATα, his3Δ1, leu2Δ0, ura3Δ0, lys2Δ0 Invitrogen
CG922-a MATa, lys2–801, ade2–101, trp1Δ1, his3Δ200, leu2Δ1, crd1Δ::URA3 Invitrogen
CG923-α MATα, lys2–801, ade2–101, trp1Δ1, his3Δ200, leu2Δ1, crd1Δ::URA3 Invitrogen
crd1Δ MATa, his3Δ1, leu2Δ0, met15Δ0, ura3Δ0, crd1Δ::KanMX4 Invitrogen
mls1Δ MATa, his3Δ1, leu2Δ0, met15Δ0, ura3Δ0, mls1Δ::KanMX4 Invitrogen
cit2Δ MATa, his3Δ1, leu2Δ0, met15Δ0, ura3Δ0, cit21Δ::KanMX4 Invitrogen
crc1Δ MATa, his3Δ1, leu2Δ0, met15Δ0, ura3Δ0, crc1Δ::KanMX4 Invitrogen
sfc1Δ MATa, his3Δ1, leu2Δ0, met15Δ0, ura3Δ0, sfc1Δ::KanMX4 Invitrogen
cit1Δ MATa, his3Δ1, leu2Δ0, met15Δ0, ura3Δ0, cit1Δ::KanMX4 Invitrogen
cit3Δ MATa, his3Δ1, leu2Δ0, met15Δ0, ura3Δ0, cit3Δ::KanMX4 Invitrogen
idh1Δ MATa, his3Δ1, leu2Δ0, met15Δ0, ura3Δ0, idh1Δ::KanMX4 Invitrogen
lsc1Δ MATa, his3Δ1, leu2Δ0, met15Δ0, ura3Δ0, lsc1Δ::KanMX4 Invitrogen
lsc2Δ MATa, his3Δ1, leu2Δ0, met15Δ0, ura3Δ0, lsc2Δ::KanMX4 Invitrogen
sdh1Δ MATa, his3Δ1, leu2Δ0, met15Δ0, ura3Δ0, sdh1Δ::KanMX4 Invitrogen
sdh2Δ MATa, his3Δ1, leu2Δ0, met15Δ0, ura3Δ0, sdh2Δ::KanMX4 Invitrogen
mdh1Δ MATa, his3Δ1, leu2Δ0, met15Δ0, ura3Δ0, mdh1Δ::KanMX4 Invitrogen
pyc1Δ MATa, his3Δ1, leu2Δ0, met15Δ0, ura3Δ0, pyc1Δ::KanMX4 Invitrogen
pyc2Δ MATa, his3Δ1, leu2Δ0, met15Δ0, ura3Δ0, pyc2Δ::KanMX4 Invitrogen
rtg1Δ MATa, his3Δ1, leu2Δ0, met15Δ0, ura3Δ0, rtg1Δ::KanMX4 Invitrogen
rtg2Δ MATa, his3Δ1, leu2Δ0, met15Δ0, ura3Δ0, rtg2Δ::KanMX4 Invitrogen
rtg3Δ MATa, his3Δ1, leu2Δ0, met15Δ0, ura3Δ0, rtg3Δ::KanMX4 Invitrogen
mls1Δcrd1Δ MATa, his3Δ1, leu2Δ0, met15Δ0, ura3Δ0, mls1Δ::KanMX4, crd1Δ::KanMX4 This study
cit2Δcrd1Δ MATa, his3Δ1, leu2Δ0, met15Δ0, ura3Δ0, cit21Δ::KanMX4, crd1Δ::KanMX4 This study
crc1Δcrd1Δ MATa, his3Δ1, leu2Δ0, met15Δ0, ura3Δ0, crc1Δ::KanMX4, crd1Δ::KanMX4 This study
sfc1Δcrd1Δ MATa, his3Δ1, leu2Δ0, met15Δ0, ura3Δ0, sfc1Δ::KanMX4, crd1Δ::KanMX4 This study
cit1Δcrd1Δ MATa, his3Δ1, leu2Δ0, met15Δ0, ura3Δ0, cit1Δ::KanMX4, crd1Δ::KanMX4 This study
cit3Δcrd1Δ MATa, his3Δ1, leu2Δ0, met15Δ0, ura3Δ0, cit3Δ::KanMX4, crd1Δ::KanMX4 This study
idh1Δcrd1Δ MATa, his3Δ1, leu2Δ0, met15Δ0, ura3Δ0, idh1Δ::KanMX4, crd1Δ::KanMX4 This study
lsc1Δcrd1Δ MATa, his3Δ1, leu2Δ0, met15Δ0, ura3Δ0, lsc1Δ::KanMX4, crd1Δ::KanMX4 This study
lsc2Δcrd1Δ MATa, his3Δ1, leu2Δ0, met15Δ0, ura3Δ0, lsc2Δ::KanMX4, crd1Δ::KanMX4 This study
sdh1Δcrd1Δ MATa, his3Δ1, leu2Δ0, met15Δ0, ura3Δ0, sdh1Δ::KanMX4, crd1Δ::KanMX4 This study
sdh2Δcrd1Δ MATa, his3Δ1, leu2Δ0, met15Δ0, ura3Δ0, sdh2Δ::KanMX4, crd1Δ::KanMX4 This study
mdh1Δcrd1Δ MATa, his3Δ1, leu2Δ0, met15Δ0, ura3Δ0, mdh1Δ::KanMX4, crd1Δ::KanMX4 This study
pyc1Δcrd1Δ MATa, his3Δ1, leu2Δ0, met15Δ0, ura3Δ0, pyc1Δ::KanMX4, crd1Δ::KanMX4 This study
pyc2Δcrd1Δ MATa, his3Δ1, leu2Δ0, met15Δ0, ura3Δ0, pyc2Δ::KanMX4, crd1Δ::KanMX4 This study
rtg1Δcrd1Δ MATa, his3Δ1, leu2Δ0, met15Δ0, ura3Δ0, rtg1Δ::KanMX4, crd1Δ::KanMX4 This study
rtg2Δcrd1Δ MATa, his3Δ1, leu2Δ0, met15Δ0, ura3Δ0, rtg2Δ::KanMX4, crd1Δ::KanMX4 This study
rtg3Δcrd1Δ MATa, his3Δ1, leu2Δ0, met15Δ0, ura3Δ0, rtg3Δ::KanMX4, crd1Δ::KanMX4 This study
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2.5. Carnitine acetyltransferase (Cat2) assay

Oleate-grown cells (20ml) were washed twice and pelleted. The cell
homogenate was prepared by disrupting the cell pellet in 500 μl of 0.9%
NaCl with 200 μl of glass beads for 5min by vortexing at 4 °C. Cell
debris was removed by centrifugation for 1min at 13,000 rpm. For
measurement of carnitine acetyltransferase, the assay mixture (final
volume of 100 μl) was composed of 40mM HEPES (2M; pH 7.4), 0.1%
Triton-X-100, 1mM carnitine, 60 μM acetyl-CoA, 200,000 dpm [1-C14]-
acetyl-CoA, and 40 μl of homogenate. The reaction mixture was in-
cubated for 10min at 28 °C. The reaction was stopped with 500 μl of
ice-cold ethanol and acetylcarnitine was separated from acetyl-CoA
with an AG11-X8 column. The column was washed twice with 500 μl
ethanol and [1-C14]-acetyl-carnitine was measured.

2.6. Carnitine-acetylcarnitine translocase (CACT) assay

Carnitine acetylcarnitine translocase activity was measured in
spheroplasts prepared from wild-type or mutant cells grown on oleate.
Activity measurements were performed in a medium containing 1.2M
sorbitol, 50mM KPi pH 7.5, 1mM EDTA, 200,000 d.p.m. [1-14C] acet-
ylcarnitine (5 μM) and digitonized (20 μg/ml) spheroplasts (100 μg
protein). This digitonin concentration selectively permeabilizes the
plasma membrane, as demonstrated by complete release of the cyto-
solic marker enzyme phosphoglucose isomerase (PGI), whereas in-
tracellular membranes of mitochondria and peroxisomes remain intact
[33]. Reactions were allowed to proceed for 10min at 28 °C, and sub-
sequently stopped by the addition of 100 μl 1.3M perchloric acid.
Radiolabeled CO2 was trapped overnight in 500 μl of 2M NaOH.

2.7. Carnitine measurement

Oleate-grown cells (20ml) were washed twice and disrupted by
vigorously vortexing for 30min at 4 °C with ~200 μl of glass beads in
an end volume of 400 μl. Cell debris (75 μl) was mixed and subse-
quently deproteinized with 500 μl acetonitrile and centrifuged for
15min at 12,000 rpm. The resulting supernatant was dried under ni-
trogen at 45 °C and subsequently derivatized in 100 μl butanol–HCl for
15min at 60 °C. Samples were dried under nitrogen at 45 °C and re-
dissolved in 140 μl acetonitril. Free carnitine was measured as de-
scribed by [34].

2.8. Quantitative PCR (qPCR)

Cultures (10ml) were grown to the stationary growth phase, cells
were harvested, and total RNA was isolated using the RNeasy Plus Mini
kit from Qiagen. Complementary DNA (cDNA) was synthesized using a
Transcriptor First Strand cDNA Synthesis Kit (Roche Applied Science)
according to the manufacturer's recommendations. qPCRs were per-
formed in a 25 μl volume using Brilliant III Ultra-Fast SYBR Green qPCR
Master Mix (Agilent Technologies, Santa Clara, CA). The primers for
qPCR are listed in Table 2. PCRs were initiated at 95 °C for 10min for
denaturation followed by 40 cycles consisting of 30 s at 95 °C and 60 s at
55 °C. RNA levels were normalized to the ACT1 gene encoding actin.
Relative values of mRNA transcripts are shown as fold change relative
to indicated controls. Primer sets were validated according to the
Methods and Applications Guide from Agilent Technologies. Optimal
primer concentrations were determined, and primer specificity of a
single product was monitored by a melt curve following the amplifi-
cation reaction. All primers were validated by measurement of PCR
efficiency and have calculated reaction efficiencies between 90 and
110%.

2.9. Acetyl-CoA determination

Cells were grown to the logarithmic growth phase and a sample

(3ml) of the culture was centrifuged at 1700 g. Pellets were re-
suspended in 1ml ddH2O and centrifuged for 1min at 9300 g. The re-
sulting cell pellet was subjected to cell lysis and the lysed samples were
rapidly quenched with 130 μl of 45:45:10 acetonitrile/methanol/
H2O+0.1% glacial acetic acid and spiked with 10 μmol l−1 glutaryl-
CoA as an internal standard. The resuspended extract was incubated on
ice with intermittent vortexing for 15min. An equal molar volume of
ammonium hydroxide was added post incubation to neutralize the
acetic acid, and each extract was centrifuged for 3min at 15,700 g,
transferred to a new 1.5ml microcentrifuge tube and centrifuged for
5min at 15,700 g. The clarified extract (10 μl) was injected for HPLC-
MS/MS analysis.

3. Results

3.1. crd1Δ cells exhibit TCA cycle defects

Previous reports of decreased acetyl-CoA and defective activities of
Fe-S-requiring TCA cycle enzymes in crd1Δ cells have established an
intriguing link between CL and the TCA cycle, leading to the prediction
that further disruption of the TCA cycle in crd1Δ would exacerbate the
growth defects observed in these cells. To test this possibility, TCA cycle
mutants were screened for synthetic lethality with crd1Δ. Consistent
with the prediction, lsc1Δcrd1Δ, lsc2Δcrd1Δ, sdh1Δcrd1Δ, sdh2Δcrd1Δ,
and mdh1Δcrd1Δ mutants showed synthetic lethality at 37 °C (Fig. 2A).
Double mutants of crd1Δ cells with mutations in CIT1, CIT3, and IDH1,
which are redundant enzymes, exhibited a less severe (synthetically
sick) phenotype at 37 °C. Glutamate, which is synthesized from α-ke-
toglutarate, was significantly decreased in crd1Δ cells (Fig. 2B). Con-
sistent with this, growth of crd1Δ at 39 °C was restored by supple-
mentation of glutamate (Fig. 2C). These phenotypes are consistent with
a defective TCA cycle in the crd1Δ mutant.

3.2. The RTG pathway is essential for growth of crd1Δ cells

Decreased activity of the TCA cycle in crd1Δ cells suggested that the
RTG pathway may be required to ameliorate the glutamate deficiency.
The requirement for the RTG pathway is demonstrated by synthetic
lethality of crd1Δ cells with rtg1Δ, rtg2Δ, and rtg3Δ mutants at 37 °C
(Fig. 4A).

3.3. The glyoxylate cycle and pyruvate carboxylase 1 are essential in crd1Δ
cells

As discussed above, the glyoxylate cycle is an anaplerotic pathway
that synthesizes TCA cycle intermediates independent of the TCA cycle
enzymes. Interestingly, glyoxylate cycle genes were up-regulated in
crd1Δ cells.MLS1, which encodes malate synthase, was significantly up-
regulated about two-fold in the BY4741 genetic background. In the
FGY3 genetic background [3], in which CL deficiency leads to a more

Table 2
Primers used for qPCR analyses.

Gene Primer Sequence

ACT1 Forward GATTCTGAGGTTGCTGCTTTG
Reverse TTGACCCATACCGACCATGA

TDH1 Forward AAGGGTACTGTTTCCCATGAC
Reverse CAAGTTAGCTGGGTCTCTTTCT

CIT2 Forward TCGTTATATGGCTCAGCGTAAG
Reverse CCAGGTGCTACCTCGTATATTG

ICL1 Forward GGTGGGACGCAATGTTCTAT
Reverse CTGTTGGAAGTCTGGGTAGTTAG

MLS1 Forward GGCCAACTTGCCCACTATTA
Reverse CAAAGATGGAAGCGCTGATTG

MDH2 Forward GTCCCAGTGATGGTTTCTAACA
Reverse TGACACCCATGATCCTTCTTTC
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severe phenotype than in BY4741, mRNA levels of CIT2, ICL1, in ad-
dition to MLS1, were elevated (Fig. 3). Consistent with increased ex-
pression of these enzymes, the glyoxylate cycle metabolites succinate
and citrate were elevated as well (Fig. 5). Deletion of glyoxylate genes
was found to be lethal in crd1Δ cells. The mls1Δ mutant was syntheti-
cally lethal with crd1Δ cells even at the optimal growth temperature of
30 °C, as reflected by the inability to form colonies from single cells at
this temperature (Fig. 4B). Other mutants of the glyoxylate cycle, in-
cluding cit2Δ and sfc1Δ, were synthetically lethal with crd1Δ at 37 °C
(Fig. 4C). Pyruvate carboxylase, an anaplerotic enzyme that produces
oxaloacetate in the cytoplasm, was also determined to be essential in
crd1Δ cells, as pyc1Δ was synthetically lethal with crd1Δ at 37 °C, al-
though crd1Δpyc2Δ was viable (Fig. 2A).

3.4. Carnitine-acetylcarnitine translocase is essential in crd1Δ cells

Acetyl-CoA that is produced from acetate in the cytosol and fatty
acid oxidation in the peroxisome must be transported across the

mitochondrial membrane by the carnitine shuttle in order to be avail-
able for mitochondrial metabolism. Genetic interaction studies in-
dicated that the carnitine-acetylcarnitine translocase mutant crc1Δ ex-
hibited synthetic lethality with crd1Δ at 37 °C (Fig. 4D), indicating that
CL-deficient cells require the carnitine shuttle to maintain mitochon-
drial acetyl-CoA levels. In agreement with this, growth of crd1Δ at
elevated temperature was restored by supplementation of carnitine or
acetylcarnitine (Fig. 6A). Unlike the glyoxylate cycle, which was up-
regulated in crd1Δ cells, activities of carnitine acetyltransferase and
carnitine-acetylcarnitine translocase in the mutant were similar to those
of wild-type cells (Fig. 6B, C). Carnitine levels were marginally, but not
significantly, reduced (~14%) in crd1Δ cells (Fig. 6D). These findings
suggest that crd1Δ cells depend on carnitine-mediated acetyl-CoA
transport from the cytoplasm to support mitochondrial metabolism.

3.5. β-Oxidation can restore growth of crd1Δ

Acetyl-CoA can be generated through β-oxidation of fatty acids in

Fig. 2. Metabolic deficiencies in crd1Δ. (A)
Genetic interaction between crd1Δ and TCA
cycle mutants. Cells were pre-cultured in
YPD overnight, serially diluted, plated on
YNBD, and incubated at 37 °C for 4 days. (B)
Glutamate levels were determined by NMR
spectroscopy and quantified by CHENOMX
NMR suite (n=3). (C) Glutamate supple-
mentation rescues the temperature-sensitive
phenotype of crd1Δ. Cells were pre-cultured
overnight in YPD at 30 °C, washed and
plated onto synthetic medium with or
without 0.05% glutamate and incubated at
39 °C for 4 days. (**, p < 0.01).

Fig. 3. crd1Δ exhibits increased expression of glyoxylate
cycle genes. Total RNA was extracted from WT and crd1Δ
cells, in FGY3 and BY4741 strain backgrounds, grown to
stationary phase in YPD at 30 °C. mRNA levels of glyox-
ylate cycle genes were determined by real-time PCR with
MDH2 as a control. Expression was normalized to the
mRNA levels of the internal control ACT1. Values are
mean ± S.D. from three independent experiments with
technical duplicates. (*, p < 0.05; **, p < 0.01).
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addition to synthesis from pyruvate and acetate. β-oxidation activity in
crd1Δ cells was similar to that of wild-type (Fig. 7A), and supple-
mentation of oleate rescued crd1Δ temperature sensitivity (Fig. 7B).
Our previous study indicated that acetyl-CoA levels in crd1Δ cells are
decreased to about 11% of wild-type levels when grown on glucose at
39 °C [10]. In contrast, levels of acetyl-CoA at 39 °C in crd1Δ cells
supplemented with oleate were about 74% of levels in wild-type cells
(Fig. 7C). These findings suggest that energy deficits in crd1Δ cells can
be rescued by β-oxidation.

4. Discussion

In this study, we report for the first time that yeast cells lacking the
phospholipid CL exhibit TCA cycle-associated defects that necessitate
utilization of the mitochondrial retrograde RTG signaling pathway as
well as activities of metabolic anaplerotic pathways, including the
glyoxylate cycle, pyruvate carboxylase, and the carnitine shuttle for
viability.

In yeast, the two main routes to replenish intermediates of the TCA
cycle are the glyoxylate cycle and oxaloacetate synthesis from pyruvate
carboxylase [35]. The importance of the glyoxylate cycle and pyruvate
carboxylase to CL-deficient cells is underscored by genetic interactions
of crd1Δ with mutants in Mls1, Sfc1, Cit2, and Pyc1 (Figs. 2A, 4B, 4C),
up-regulated expression of glyoxylate cycle genes (Fig. 3), and in-
creased levels of citrate and succinate (Fig. 5). Several mechanisms may
lead to increased citrate and succinate in crd1Δ cells. Up-regulation of
the glyoxylate pathway, as shown in Fig. 3, is expected to increase

levels of these intermediates. Decreased aconitase and succinate dehy-
drogenase activities, as previously reported in crd1Δ cells [9], could
lead to increased citrate and succinate [36,37]. Finally, activation of
the RTG pathway, which is required for viability of crd1Δ cells
(Fig. 4A), has been shown to be essential for accumulation of these
metabolites [36].

The carnitine shuttle transports acetyl-CoA produced in the cytosol
or peroxisomes into mitochondria. The finding that a mutant in the
carnitine-acetylcarnitine translocase (Crc1) is synthetically lethal with
crd1Δ (Fig. 4D) and that carnitine rescues the growth defect of the
crd1Δ mutant (Fig. 6A) suggests that CL-deficient cells require cytosolic
supplementation of acetyl-CoA for TCA cycle activity. However, the
mitochondrial source of acetyl-CoA production, dehydrogenation of
pyruvate through PDH, is unaffected in the crd1Δ mutant [10].
Therefore, the need for cytosolic acetyl-CoA supplementation suggests
that crd1Δ cells require higher amounts of mitochondrial acetyl-CoA.
The implication of this finding is that PDH activity cannot supply en-
ough acetyl-CoA to support crd1Δ growth. This is consistent with a
previous study indicating that addition of CL to mitochondria isolated
from crd1Δ substantially increased PDH activity [10]. The finding that
oleic acid supplementation rescued growth of crd1Δ cells (Fig. 7B) and
increased acetyl-CoA levels in the mutant from 11% [10] to 74% of
wild-type levels (Fig. 7C) suggests that β-oxidation produces sufficient
acetyl-CoA to alleviate the deficiencies of the mutant when exogenous
substrate is available.

The current study may have implications for the severe genetic
disorder, Barth syndrome, which results from mutations in the CL

Fig. 4. crd1Δ is synthetically lethal with
mutants in the RTG pathway, glyoxylate
cycle, and carnitine shuttle. Genetic inter-
action between crd1Δ and rtg mutants (A),
glyoxylate mutants, (B and C), and carnitine
shuttle mutant crc1Δ (D) was determined.
For experiments in A, C, and D, cells were
pre-cultured in YPD overnight, serially di-
luted, plated on YNBD, and incubated at
37 °C for 4 days. For the experiment in B,
crd1Δmls1Δ cells recovered as tiny colonies
from tetrad dissection were pre-cultured in
YPD overnight, serially diluted, plated on
YPD, and incubated at 30 °C for 4 days.

Fig. 5. Succinate and citrate levels are increased in crd1Δ. Succinate and citrate levels in WT and crd1Δ were analyzed by NMR spectroscopy and quantified by
CHENOMX NMR suite (n=3). (*, p < 0.05; **, p < 0.01).
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remodeling enzyme, tafazzin [38,39]. Loss of tafazzin results in de-
creased levels of CL as well as increased levels of monolysocardiolipin
[40]. Notably, these biochemical phenotypes have been observed across
the evolutionary spectrum in tafazzin-deficient cells, from yeast to
humans. Analysis of the crd1Δ mutant contributes insight specifically
into the biochemical phenotype of loss of CL, which occurs in tafazzin
deficient cells. Importantly, the NMR-metabolomics study that showed
decreased glutamate in the crd1Δ mutant (Fig. 2B) also revealed a
significant decrease in glutamate levels in the yeast tafazzin-deficient
mutant, taz1Δ (data not shown). The clinical presentation of Barth
syndrome includes cardiomyopathy and skeletal muscle weakness, ex-
ercise intolerance, as well as lactic acidosis and other metabolic ab-
normalities [41–43]. Unpublished findings also suggest that BTHS pa-
tients have low levels of specific amino acids [43]. Importantly, the
disorder is characterized by wide disparities in clinical phenotypes,
strongly suggesting that the outcome of CL deficiency is exacerbated by
physiological modifiers [44]. The present study demonstrates that in
yeast, CL deficiencies lead to abnormalities in the TCA cycle that re-
quire anaplerotic pathways to replenish key metabolites. This suggests
the possibility that anaplerotic pathways may be physiological modi-
fiers of Barth syndrome, and may also identify possible routes whereby
metabolic deficiencies may be supplemented.
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