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Cardiolipin (CL), the signature phospholipid of mitochon-
drial membranes, plays an important role in mitochondrial
processes and bioenergetics. CL is synthesized de novo and
undergoes remodeling in the mitochondrial membranes. Per-
turbation of CL remodeling leads to the rare X-linked genetic
disorder Barth syndrome, which shows disparities in clinical
presentation. To uncover biochemical modifiers that exacerbate
CL deficiency, we carried out a synthetic genetic array screen to
identify synthetic lethal interactions with the yeast CL synthase
mutant crd1A. The results indicated that crd1A is synthetically
lethal with mutants in pyruvate dehydrogenase (PDH), which
catalyzes the conversion of pyruvate to acetyl-CoA. Acetyl-CoA
levels were decreased in the mutant. The synthesis of acetyl-
CoA depends primarily on the PDH-catalyzed conversion of
pyruvate in the mitochondria and on the PDH bypass in the
cytosol, which synthesizes acetyl-CoA from acetate. Consistent
with perturbation of the PDH bypass, crd1A cells grown on ace-
tate as the sole carbon source exhibited decreased growth,
decreased acetyl-CoA, and increased intracellular acetate
levels resulting from decreased acetyl-CoA synthetase activ-
ity. PDH mRNA and protein levels were up-regulated in
crd1A cells, but PDH enzyme activity was not increased, indi-
cating that PDH up-regulation did not compensate for
defects in the PDH bypass. These findings demonstrate for
the first time that CL is required for acetyl-CoA synthesis,
which is decreased in CL-deficient cells as a result of a defec-
tive PDH bypass pathway.

Cardiolipin (CL)* is a unique phospholipid with dimeric
structure that constitutes about 15% of the total phospholipid
in mitochondria (1-4). CL is synthesized de novo in the inner
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mitochondrial membrane (5) and undergoes remodeling in
which saturated fatty acyl chains are replaced with unsaturated
fatty acids (6, 7). CL plays an important role in maintenance of
mitochondrial structure, interaction with mitochondrial mem-
brane proteins, respiration and stability of respiratory chain
supercomplexes (8 -10), and other mitochondrial functions
such as protein import and maintenance of the membrane
potential (11-13). Loss of CL perturbs mitochondrial bioener-
getics and decreases ATP synthesis (12, 14—16). Aberrant CL
remodeling due to mutation of tafazzin, the transacylase that
remodels CL, leads to the severe genetic disorder Barth syn-
drome (BTHS) (17). Loss of tafazzin results in decreased total
CL, increased monolysocardiolipin, and aberrant CL species
(18-20). In yeast, tafazzin mutant phenotypes are not due to
aberrant CL species but more likely result from decreased total
CL/increased monolysocardiolipin (21, 22). The clinical pres-
entation of BTHS includes cardio- and skeletal myopathy,
neutropenia, 3-methylglutaconic aciduria, growth retardation,
abnormal mitochondria, and defective oxidative phosphoryla-
tion (23). However, disparities in the clinical manifestation are
characteristic of the disorder (24-26), indicating that physio-
logical modifiers affect the phenotype associated with CL
deficiency.

To identify modifiers that exacerbate CL deficiency, we car-
ried out a synthetic genetic array (SGA) screen with the yeast
CL synthase mutant crdIA, which lacks CL. A striking finding
was that crd1A cells exhibited genetic interaction with mutants
of pyruvate dehydrogenase (PDH), which converts pyruvate to
acetyl-CoA (27). PDH null mutants are viable because acetyl-
CoA can be synthesized by the cytosolic PDH bypass pathway.
This pathway culminates in the acetyl-CoA synthetase-cata-
lyzed conversion of acetate to acetyl-CoA, which is shuttled
into the mitochondria. Other routes to acetyl-CoA synthesis
include oxidative degradation of amino acids (28), decarboxy-
lation of pyruvate (29), and oxidation of fatty acids (30). Syn-
thetic lethality with PDH mutants could be explained by a
requirement for CL in one or more alternate routes to acetyl-
CoA synthesis. In this study, we demonstrate that crdIA cells
have reduced acetyl-CoA levels, diminished ability to utilize
acetate, and decreased activity of acetyl-CoA synthetase, con-
sistent with a defective PDH bypass pathway. Interestingly,
gene expression and protein levels of PDH were increased, but
PDH enzyme activity remained unaltered, indicating that up-
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FIGURE 1. Functional classification of genes exhibiting synthetic lethality with crd1A. A, synthetic lethal interactions identified by the SGA screen were
classified by biological process based on gene ontology. B, synthetic lethal partners of crd1A identified eight biological processes. Genes that are functionally

related radiate from a central point.

regulation of PDH expression is unable to compensate for
defects in the PDH bypass in CL-deficient cells. These results
show for the first time that CL is required for synthesis of
acetyl-CoA.

Results

Genome-wide Synthetic Lethal SGA Screen with crd1A—The
genome-wide synthetic lethality screen (31) was performed
using SGA methodology by mating the query strain (BY4742
MATa canlAcrdiA) to the yeast deletion set and selecting
double mutants at two different temperatures (30 and 37 °C).
In the query strain, the crdIA mutation was linked to the
dominant selectable marker (/RA3 and the reporter con-
struct MFA Ipr-HIS3, which is expressed only in MATa cells.
This strain (MATa) was separately crossed with the array of
all 4800 deletion mutants in the MA Ta background, in which
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the deletion is linked to the dominant selectable marker for
geneticin resistance, KanMX. The MAT« strain was lys™
met™, and the MATa strain was met™ lys™. Diploids were
selected on plates lacking both lysine and methionine, and
sporulation was induced. Haploid spore progeny were
transferred to the synthetic medium lacking histidine, which
allows for selective germination of MATua cells. Following two
rounds of selection, the MATa cells were transferred to
medium lacking uracil and containing geneticin. Synthetic
interaction was indicated by decreased growth of the haploid
progeny.

As expected, the SGA screen identified a large number of
potential synthetic interactions, including 105 synthetic lethal
interactions at 30 °C and 65 lethal interactions at 37 °C. These
were grouped based on biological function (Fig. 14 and Tables
1 and 2). Validation of the screen is reflected in the identifica-
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TABLE 1

Synthetic interaction with crd1A at 30 °C
Genes were identified as synthetically lethal with the crd1A mutant at 30 °C. The identified genes are grouped based on biological function (using GO SLIM Mapper from
Saccharomyces Genome Database).

GO term

Frequency

Gene(s)

Molecular function unknown
Hydrolase activity
Transferase activity

Structural molecule activity

Ion binding

Structural constituent of ribosome
Transmembrane transporter activity

RNA binding

Oxidoreductase activity

DNA binding

Lipid binding

GTPase activity

mRNA binding, peptidase activity

ATPase activity, signal transducer activity
Cytoskeletal protein binding

Enzyme regulator activity

Small conjugating protein binding

Kinase activity

Protein binding transcription factor activity
Nucleic acid binding transcription factor activity
Lyase activity

Transferase activity, transferring glycosyl groups
Transcription factor binding

Phosphatase activity

Nuclease activity, ligase activity

Enzyme binding, chromatin binding
Hydrolase activity, acting on glycosyl bonds
Protein transporter activity

Protein binding, bridging
Nucleotidyltransferase activity

Unfolded protein binding
Guanyl-nucleotide exchange factor activity

19 out of 105 genes,18.1%
15 out of 105 genes,14.3%
13 out of 105 genes,12.4%

11 out of 105 genes,10.5%
10 out of 105 genes, 9.5%
7 out of 105 genes, 6.7%
7 out of 105 genes, 6.7%
7 out of 105 genes, 6.7%
6 out of 105 genes, 5.7%
6 out of 105 genes, 5.7%
6 out of 105 genes, 5.7%
4 out of 105 genes, 3.8%
4 out of 105 genes, 3.8%
4 out of 105 genes, 3.8%
3 out of 105 genes, 2.9%
3 out of 105 genes, 2.9%
3 out of 105 genes, 2.9%
3 out of 105 genes, 2.9%
3 out of 105 genes, 2.9%
3 out of 105 genes, 2.9%
3 out of 105 genes, 2.9%
3 out of 105 genes, 2.9%
2 out of 105 genes, 1.9%
2 out of 105 genes, 1.9%
2 out of 105 genes, 1.9%
2 out of 105 genes, 1.9%
1 out of 105 genes, 1%

1 out of 105 genes, 1%

1 out of 105 genes, 1%

1 out of 105 genes, 1%

1 out of 105 genes, 1%

1 out of 105 genes, 1%

ERP2, ERP1, VBA4, NBP2, MIT1, RMD6, HMFI, CGR1, SOHI, MDS3, EMC5, HOS4,
RAX2, SPHI, NKP2, ESC8, APM4, SGO1, TCO89

RRTI2, DYN2, BNA7, PTC2, RSR1, VMA16, MYO3, OCT1, DBRI, DNM1, ELP6,
MSGS5, RHO2, ARL3, KRE6

SAS4, BUDI6, UTR2, GUPI, NMA2, KTR7, TPK3, RTT109, RCK2, KTRS, MET?2,
MUMS3

RPL21A, IMG2, STES, RSM24, RPL22B, CHCI, CLCI, RPL27A, PIR3, RPS12, RTC6

SHS1, BMH2, STES, GIC2, RTF1, ATG27, ISAL, ROM2, ISA2

RPL21A, IMG2, RSM24, RPL22B, RPL27A, RPS12, RTC6

FCY22, VPS73, VMAI6, JENI, COX7, YVCI, TOMS

SROY, RMD9, RTF1, RIM4, ELP6, THPI, CBC2

SDH4, ERG4, SOD2, COX7, GRX5

RRN10, BMH2, ECM22, THP1, TYE7, DIG1

RVS161, STES, GIC2, ATG27, ROM2, TCBI

RSRI, DNMI, RHO2, ARL3

SRO9, RMD9, RRT12, OCTI

VMA16, ELP6, RSR1, ROM2

RVS161, BUD6, TPM1

GIC2, BUD6, IRA2

SLAI, STP22, VPS36

BUDI6, TPK3, RCK2

SSN2, RTFI, STBI

RRNI0, ECM22, TYE7

AROI10, ENOL, PSD1

UTR2, KTR7, KTRS

STBI1, DIGI

PTC2, MSG5

DBRI, ARG1

GIC2, TOS4

KRE6

TOMS

SLAI

NMA2

$SQ1

ROM2

TABLE 2
Synthetic interaction with crd1A at 37 °C

Genes were identified as synthetically lethal with the crd1A mutant at 37 °C. The identified genes are grouped based on biological function (using GO SLIM Mapper from
Saccharomyces Genome Database).

GO term

Frequency

Gene(s)

Molecular function unknown

Transferase activity

Kinase activity

Oxidoreductase activity

Hydrolase activity

RNA binding

Structural constituent of ribosome

DNA binding

Lipid binding

Transcription factor binding

Structural molecule activity

Ion binding

Translation factor activity, nucleic acid binding

Enzyme regulator activity

ATPase activity

Transmembrane transporter activity

mRNA binding, peptidase activity

Protein transporter activity, protein binding transcription

Nucleic acid binding transcription factor activity,
nucleotidyltransferase activity

Lyase activity/ligase activity

Methyltransferase activity, histone binding

Helicase activity

Small conjugating protein binding

Protein binding transcription factor activity

Protein binding, bridging

Unfolded protein binding

Guanyl-nucleotide exchange factor activity

24 out of 65 genes, 36.9%

14 out of 65 genes, 21.5%

5 out of 65 genes, 7.7%
4 out of 65 genes, 6.2%
4 out of 65 genes, 6.2%
4 out of 65 genes, 6.2%
3 out of 65 genes, 4.6%
3 out of 65 genes, 4.6%
3 out of 65 genes, 4.6%
3 out of 65 genes, 4.6%
3 out of 65 genes, 4.6%
3 out of 65 genes, 4.6%
2 out of 65 genes, 3.1%
2 out of 65 genes, 3.1%
2 out of 65 genes, 3.1%
2 out of 65 genes, 3.1%
2 out of 65 genes, 3.1%
2 out of 65 genes, 3.1%
2 out of 65 genes, 3.1%

2 out of 65 genes, 3.1%
2 out of 65 genes, 3.1%
1 out of 65 genes, 1.5%
1 out of 65 genes, 1.5%
1 out of 65 genes, 1.5%
1 out of 65 genes, 1.5%
1 out of 65 genes, 1.5%
1 out of 65 genes, 1.5%

DEPI1, PRMSY, FIG2, HBT1, RTN1, PMP3, RAD34, EAFI, ITC1, EMP24,
OSTS, TED1, MAD2, ABM1I, BUD28, COQY9, REC102, PAU4,
AIM34, MDM12, MAM3, TMA16, PRM3, NCA2

DPB3, GRX1, SAT4, PAAI, DBF2, MET14, ELM1, TGL4, ERG6, GTO3,
PSK2, PSHI, TUM1I, NATS

SAT4, DBF2, MET14, ELM1I, PSK2

PDBI1, GRX1, TSA1, GCY1

GET3, TIF2, CPS1, TGL4

EFT2, TIF2, GCY1, LEO1

RPL27A, RPS24B, RPS4A

DPB3, BDF2, MIG2

SWH1, TCB2, YPRO97W

BDF2, GAL80, SIN4

RPL27A, RPS24B, RPS4A

SWH1I, LEOI, YPRO97W

EFT2, TIF2

GALS80, CLN2

GET3, TIF2

FLC2, HUT1

GCY1, CPS1

KAP114, LEO1

MIG2, DPB3

DSDI1, ADE6
ERG6, BDF2
TIF2

GGA1

LEOI

INP1

TSA1

GET3

tion of mutants previously shown to be synthetically lethal with  previously shown to require CL, including cell wall biogenesis,
crdIA, including psdIA (32), tomSA (13), and get3A (33). Syn-  Fe-S biogenesis, mitochondrial protein import, morphology,
thetic lethal mutants were also identified in cellular functions and supercomplex formation (Fig. 1B).
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Cell wall biogenesis was previously shown to require a func-
tional CL pathway (34, 35). CL mutants exhibit temperature-
sensitive growth that is associated with defects in the cell wall
(34, 35). Previous studies reported that the PKC-SIt2 cell integ-
rity pathway and glucan synthase activity require the synthesis
of mitochondrial phospholipids phosphatidylglycerol and/or
CL (35). pgs1A cells, which are blocked in the first step of CL
synthesis, have reduced glucan synthase activity and decreased
protein levels of the glucan synthase catalytic subunit. In addi-
tion, activation of Slt2, the downstream effector of the PKC-
activated cell integrity pathway, is defective in the mutant. In
this light, it was interesting that the SGA screen identified
KRE6, which encodes an integral membrane protein required
for B-1,6-glucan biosynthesis (36). Disruption of KRE6 results
in perturbation of cell wall biogenesis and decreased growth on
fermentable carbon source. Mutants of other genes involved in
the cell integrity pathway were also identified in the screen,
including MSGS5, PIR3, RHO2, ROM2, and UTR2.

The synthetic lethality screen also identified mutants in
mitochondrial processes that have been shown to require CL
(Fig. 1B). Previous studies indicated that the loss of CL leads to
perturbation of mitochondrial and cellular iron homeostasis
(37). This study identified synthetic lethal interaction with ISA 1
and ISA2, which encode a protein required for maturation of
mitochondrial Fe-S proteins, and with GRXS and SSQ1, which
are required for assembly of Fe-S clusters. These findings sup-
port a role for CL in Fe-S cluster formation and/or transfer of
Fe-S clusters to apoproteins. crd1A was also synthetically lethal
with a mutant in SOD2, which codes for mitochondrial manga-
nese superoxide dismutase, an enzyme that protects cells
against oxygen toxicity (38, 39). Disruption of SOD2 in the CL
mutant may lead to lethality due to severe oxidative stress
or accumulation of free radicals. The ¢rd1A mutant exhibits
increased reactive oxygen species, and SOD2 may play a pivotal
role in scavenging free radicals in the mutant (40). Synthetic
lethality was also observed with OCTI, which encodes the
mitochondrial intermediate peptidase required for processing
inside mitochondria. This enzyme indirectly plays a role in
mitochondrial iron homeostasis (41—43).

The SGA screen identified synthetic lethal interaction with
TOMS, which is required for import of mitochondrial proteins.
Genetic interaction of crd1A with TOMS5 was shown in previ-
ous studies and is consistent with findings of decreased import
of proteins into mitochondria in crd1A cells (12, 13). The mito-
chondrial distribution and morphology complex in the outer
mitochondrial membrane are required for protein import,
maintenance of mitochondrial DNA and morphology, and
exchange of phospholipids between the ER and mitochondrial
membrane through the ER-mitochondria encounter structure
complex (44). The SGA screen identified synthetic lethality
with MDM12, consistent with the previous finding (33).
Mutants of other genes involved in mitochondrial morphology
were also identified, including DNM1 and MIGI. Taken
together, these interactions support a role for CL in tethering of
the mitochondrial membrane and ER (33).

The screen also determined that deletion of transporters of
lactate, pyruvate, or acetate, including JEN1 and ESBP6, causes
agrowth defect in crd 1A cells. The transfer of soluble molecules
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pdald E1 a pyruvate dehydrogenase + -
pdb1A E1 B pyruvate dehydrogenase +

lat1A E2 dihydrolipoamide acetyltransferase +

Ipd14 E3 dihydrolipoamide dehydrogenase + +
pdx14 E3 binding protein X +

FIGURE 2. Genetic interaction of PDH mutants with crd71A. A, cells were
pre-cultured in YPD overnight, diluted, plated in equal number on YNBD, and
incubated at 30 or 37 °C for 3-5 days. B, synthetic interaction between CRD1
and PDH mutants was determined by examining growth of the double
mutant compared with isogenic parental strains and wild type.

and substrates across mitochondrial membranes requires ani-
onic phospholipid, especially CL (45). A possible explanation
for the observed synthetic lethal interactions between trans-
porters and crdIA is that CL is required for association of these
transporters with the membrane.

The stabilization of supercomplexes was previously shown to
require CL (10, 48). CL mutants exhibit decreased activity of
ADP/ATP carrier protein and decreased association of this
enzyme with supercomplexes (12, 16). Interestingly, this study
determined that mutants of COX7, MGRI, and NCA2 synthet-
ically interact with c¢rd1A. Cox7 is a subunit of cytochrome ¢
oxidase (complex IV); Mgrl is a subunit of the mitochondrial
i-AAA protease, and Nca2 regulates expression of ATP syn-
thase. These proteins play an important role in electron trans-
port and ATP synthesis. Synthetic interaction with crdIA
supports a role for CL in assembly and stabilization of super-
complexes and association with ATP synthase. In Saccharomy-
ces cerevisiae, with electron transport chain complex deficiency
is not lethal because cells can grow on glucose by fer-
mentation and synthesize ATP by substrate level phosphoryla-
tion (50). Synthetic lethality with electron transport chain
and ATP synthesis mutants suggests that CL mutants exhibit
defects in fermentative metabolism. Consistent with this, we
have shown previously that the loss of mitochondrial DNA (and
hence elimination of mitochondrial respiration) in crdIA cells
leads to decreased growth on glucose as well as activation of the
retrograde pathway, consistent with mitochondrial dysfunc-
tion (51).

Loss of CL Leads to Decreased Acetyl-CoA Synthesis—The
SGA screen revealed that crdIA is synthetically lethal with
pdblA at 37 °C (the E18 subunit of PDH), as shown in Fig. 24.
This finding was striking, as it suggested for the first time that
CL may play a role in the synthesis of acetyl-CoA. We screened
all mutants of the PDH complex for synthetic lethality with
crdIA. In S. cerevisiae, PDH is an ~8-MDa multienzyme com-
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plex (52) consisting of multiple copies of the following three
enzymes: pyruvate dehydrogenase (E1) (Pdalp, and Pdblp) (53,
54); dihydrolipoamide acetyltransferase (E2) (Latlp) (55); and
dihydrolipoamide dehydrogenase (E3) (Lpdlp) (56). A fourth
component, protein X (Pdx1p), does not appear to have a cata-
lytic function but is probably involved in assembly of the com-
plex (57). Double mutants (crd1ApdhA) were tested for growth
at elevated temperatures. The crdIA mutant in this genetic
background (BY4741) can grow at 37 °C but not at 39 °C (58).
With the exception of E3, all PDH mutants were synthetically
lethal with ¢rd 1A, including mutants of E1 and E2 subunits and
protein X of the PDH complex (Fig. 2B). Because acetyl-CoA
synthesis depends primarily on pyruvate utilization by PDH in
the mitochondria and the PDH bypass in the cytosol, decreased
growth of the double mutants suggested that crd 1A cells exhibit
defective synthesis of acetyl-CoA by the PDH bypass.
Acetyl-CoA levels were measured in wild-type and crdIA
cells at optimal (30 °C) and elevated (35, 37, and 39 °C) temper-
atures. The acetyl-CoA levels in crdIA were decreased at ele-
vated temperatures relative to levels in wild-type cells. At 39 °C,
an 80% reduction was observed in crd1A cells (Fig. 3). Previous
studies reported that the PDH bypass pathway predominates
over the mitochondrial PDH pathway during fermentative
growth (59 — 64), suggesting that decreased acetyl-CoA levels in
crd1A cells are likely due to perturbation of this pathway.
PDH Bypass Deficiencies in crdlA—During fermentative
growth, the PDH bypass in the cytoplasm converts pyruvate to
acetaldehyde, which is converted to acetate. In the final step,

*%
~ 0.5 - .
w 3
]
‘? 0.4 - . *
g 0.3 - l -
<° 0.2 mcrd1A
o
Z 01
(%]
< o — I— iﬁ—-ﬁ

30°C 35°C 37°C 39°C

FIGURE 3. Decreased acetyl-CoA levels in crd1A cells. Wild-type and crd7A
cells were grown at the indicated temperatures in YPD until the cells reached
an A, of 1. Cells were pelleted, and acetyl-CoA was extracted using glutaryl-
CoA as an internal standard. The clarified extract (10 wl) was analyzed by
HPLC-MS/MS. Data shown are mean = S.D. (n = 6) (¥, p < 0.05; **, p < 0.01).

A crd1A B

WT

Glucose

Acetate

acetyl-CoA synthetase catalyzes the conversion of acetate to
acetyl-CoA (27, 65-68). We explored the possibility that
decreased acetyl-CoA levels in the crd1A mutant resulted from
perturbation of the PDH bypass. Consistent with a defective
PDH bypass pathway (69 —71), crd1A cells exhibited decreased
growth (Fig. 44) and an increased doubling time (Fig. 4B) on
medium containing acetate as the sole carbon source.
Decreased growth was likely not due to defective uptake of ace-
tate, as intracellular acetate levels were significantly increased
in crd 1A cells relative to wild type (Fig. 5). The accumulation of
acetate suggested that cells were defective in the conversion of
acetate to acetyl-CoA. In agreement with this, crdIA cells
grown on acetate medium exhibited an ~50% decrease in
acetyl-CoA levels (Fig. 6A) and an ~45% decrease in acetyl-
CoA synthetase activity (Fig. 6B). These results indicate that CL
deficiency leads to a decreased synthesis of acetyl-CoA by the
PDH bypass route as a result of defective acetyl-CoA synthetase
activity.

Up-regulation of PDH Expression Does Not Compensate for
Defective PDH Bypass in crdIA—PDH and PDH bypass null
mutants are viable, indicating that either pathway suffices to
synthesize acetyl-CoA. Published studies have shown that cells
compensate for a defective PDH bypass by up-regulating PDH
gene expression and increasing PDH protein levels (59, 71-73).
The crd 1A mutant exhibited more than 2-fold increased mRNA
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FIGURE 5. Increased acetate levels in crd 1A cells. Wild-type and crd1A cells
were grown in YNBA at 30 °C, and intracellular acetate levels were deter-
mined as described under “Experimental Procedures.” Data shown are
mean * S.D. (n = 6) (***, p < 0.001).
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FIGURE 4. Decreased growth of crd1A cells on acetate. A, cells were pre-cultured overnight in YNBD and diluted, plated in equal number on YNBD and YNBA,
and incubated at 30 °C for 3-5 days. B, growth in liquid YNBA was determined by measuring Ass,. The growth curve values are an average of at least three

experiments £ S.D., n =3.
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FIGURE 6. Perturbation of PDH bypass in crd1A cells. Wild-type and crd1A cells were grown in YNBA at 30 °C to the logarithmic phase. A, acetyl-CoA levels
were determined as described under “Experimental Procedures.” Data shown are mean = S.D. (n = 6) (**, p < 0.01). B, enzyme activity (units/mg) of acetyl-CoA
synthetase was assayed as described under “Experimental Procedures.” Data shown are mean * S.D. (n = 6) (***, p < 0.001).

levels of PDH genes, including PDA1, PDBI, LATI1, LPD1, and
PDX1 (Fig. 7A). Protein levels of Pdb1, Latl, Lpdl, and Pdx1
were also elevated in crdIA cells, although levels of Pdal were
not (Fig. 7B). However, despite increased PDH mRNA and pro-
tein, the enzyme activity of PDH was not increased in crdIA
cells (Fig. 7C). One possible explanation for this is that CL is
required for optimal PDH enzyme activity. Consistent with
this, PDH enzyme activity is increased when reconstituted in
the presence of CL (Fig. 7D). Taken together, these experiments
indicate that PDH does not compensate for defects in the PDH
bypass in CL-deficient cells.

Discussion

In this study, we identified mutants that are synthetically
lethal with the CL mutant crd 1A, which may thus identify phys-
iological modifiers of CL deficiency. The most striking finding
was synthetic lethality of crdIA and PDH mutants, as this sug-
gested for the first time that CL is required for the synthesis of
acetyl-CoA. In agreement with this, acetyl-CoA levels were
decreased in CL-deficient cells (Fig. 3). The likely mechanism
underlying this defect is perturbation of the PDH bypass, as
crd1A cells grown on medium containing acetate as the sole
carbon source exhibited decreases in growth, acetyl-CoA levels,
and activity of acetyl-CoA synthetase (Figs. 4 and 6). Acetyl-
CoA synthetase is localized in the outer mitochondrial mem-
brane. Optimal activity of the enzyme may be dependent on
interaction with CL, which is present in small amounts in the
outer membrane (13, 74, 75).

Consistent with previous studies showing increased PDH
expression in response to perturbation of the PDH bypass, PDH
mRNA and protein levels were increased in crd1A cells. How-
ever, this response did not lead to increased PDH enzyme activ-
ity. Several possibilities could account for this finding. Import
of PDH into the mitochondria may be decreased in CL-defi-
cient cells, which exhibit decreased import of some mitochon-
drial proteins (12, 13). Alternatively, PDH stability and/or
enzymatic activity may require association with CL in the mito-
chondrial membrane (75). This is supported by our finding that
in vitro activity of PDH is increased when reconstituted in the
presence of CL (Fig. 7D).

Based on these results, we propose the following model to
account for decreased acetyl-CoA synthesis in crdIA cells (Fig.
8). The two common routes for acetyl-CoA synthesis are
through direct conversion of pyruvate, either by the PDH
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bypass under fermentative conditions (76) or PDH under res-
piratory conditions (29). These routes complement each other
when either pathway is defective. Under fermentative condi-
tions, CL-deficient cells cannot convert acetate to acetyl-
CoA, resulting in decreased acetyl-CoA levels. The cellular
response to decreased acetyl-CoA in crdIA cells is increased
PDH gene expression and protein synthesis. However, in the
absence of CL, PDH enzyme activity is not increased, result-
ing in decreased acetyl-CoA levels.

The synthetic interactions identified by the SGA screen pro-
vided additional support for the role of CL in Fe-S biogenesis
and cell wall synthesis. Studies have shown that crdIA cells
exhibit defective Fe-S biogenesis resulting in perturbation of
iron homeostasis (37). Defective Fe-S biogenesis leads to
decreased activity of Fe-S enzymes, including the TCA cycle
enzymes aconitase and succinate dehydrogenase, which in turn
leads to deficiencies in the TCA cycle. This study identified
genes that are involved in assembly of the Fe-S cluster and mat-
uration of mitochondrial Fe-S proteins, further supporting a
role for CL in Fe-S biogenesis. The CL pathway was also shown
to be required for cell wall synthesis (34, 35). The cell wall integ-
rity mitogen-activated protein kinase Slt2 is not phosphorylat-
ed in the pgsIA mutant, which is blocked in the first step of the
CL pathway, synthesis of phosphatidylglycerol phosphate. Per-
turbation of the PKC pathway in pgsIA leads to the breakdown
of glucan and chitin in the cell wall. This study identified syn-
thetic lethality of crd1A with a mutant in the cell wall biogenesis
gene KRES6, further supporting the role of CL in maintaining
cell integrity. In addition, the screen also identified genes
involved in mitochondrial protein import, mitochondrial mor-
phology, and transport of metabolites, which supports previous
findings that CL is required for these cellular processes.

Is the role of CL in acetyl-CoA synthesis relevant to BTHS
and other cardiac disorders? Acetyl-CoA interconnects meta-
bolic pathways that are crucial for cardiac energy metabolism
(77). Mutations in the human E1-« subunit of the PDH com-
plex, which is homologous to yeast PDAI, lead to Leigh’s
syndrome, which is characterized by hypertrophic cardiomy-
opathy, among other phenotypes (78).° Mutations in mito-
chondrial acetyl-CoA synthetase (AceCS1 and AceCS2) impair
acetyl-CoA synthesis and induce cardiac hypertrophy (75, 80).

°R. E. Frye and P. J. Benke (2008) Pyruvate dehydrogenase complex defi-
ciency, personal communication.
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FIGURE 7. PDH activity is not increased in crd1A cells. Cells were pre-cultured in YPD overnight, diluted, plated in equal numbers on YNBD, and incubated
at30or 37 °Cfor 3-5 days. A, mRNA levels of PDH genes from cells grown in YPD at 30 °C to the logarithmic phase were quantified by qPCR. Values are reported
as fold change in expression compared with wild type. Expression was normalized to the mRNA levels of the internal control ACT1. Data shown are mean = S.D.
(n=6) (¥, p < 0.05; **, p < 0.01; ***, p < 0.001). B, anti-HA antibody was used to detect HA-tagged proteins in cell lysates by Western blotting analysis. 50 ug
of total protein was loaded for each sample, and a-tubulin was used as an internal control. The molecular masses are as follows: tubulin, 50 kDa; PDA1, 39.4 kDa;
PDB1,43.3 kDa; LAT1, 69 kDa; LPD1, 54 kDa; and PDX1, 37 kDa (top). The levels of PDH protein were quantified using ImageJ software (bottom). Data shown are
mean = S.D. (n = 3) (¥, p < 0.05; **, p < 0.01). C, enzyme activity (units/mg) of PDH was assayed in cell extracts as described under “Experimental Procedures.”
Data shown are mean = S.D. (n = 6). D, enzyme activity (units/mg) of PDH was assayed in the presence or absence of CL as described under “Experimental
Procedures.” Data shown are mean = S.D. (n = 6) (¥, p < 0.05; ***, p < 0.001).
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FIGURE 8. Model, perturbation of acetyl-CoA synthesis in crd71A cells. In the proposed model, loss of CL leads to decreased acetyl-CoA synthetase enzyme
activity, resulting in accumulation of acetate and decreased synthesis of acetyl-CoA by the PDH bypass. To compensate for defects in the PDH bypass, PDH
gene expression and protein synthesis are increased in CL-deficient cells. However, PDH activity is not increased, possibly because mitochondrial import,
enzymatic activity, or assembly of PDH inside the mitochondria requires CL. Thus, a defective PDH bypass pathway results in decreased synthesis of acetyl-CoA,
which is not compensated by PDH.
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TABLE 3
Yeast strains used in this study

Cardiolipin and Acetyl-CoA Synthesis

Strains Genotype Source or Ref.
Y5563 MATa, his3A1, leu2A0, ura3A0, met15A0, LYS2™, lypIA, canlA:MFAIpr-HIS3 Tong et al. (31)
BY4741 MATa, his3A1, leu2A0, ura3A0, met15A0 Invitrogen
BY4742 MATa, his3A1, leu2A0, ura3A0, lys2A0 Invitrogen
crd1AcanlA MATa, his3A1, leu2A0, lys2A0, crd1A:URA3, canlA:MFA1pr-HIS3 This study
VGY1 MATa, his3A1, leu2AO0, lys2A0, ura3A0, crd1A::URA3 Gohil et al. (32)
CG922-a MATa, lys2-801, ade2-101, trp1Al, his3A200, leu2A1, crd1A::URA3 Invitrogen
CG923-a MATaq, lys2-801, ade2-101, trpI1Al, his3A200, leu2A1, crdl1A::URA3 Invitrogen
pdalA MATa, his3A1, leu2A0, met15A0, ura3A0, pdalA::KanMX4 Invitrogen
pdbIA MATa, his3A1, leu2A0, met15A0, ura3A0, pdblA:KanMX4 Invitrogen
latIA MATa, his3A1, leu2A0, met15A0, ura3A0, lat1A:KanMX4 Invitrogen
IpdIA MATa, his3A1, leu2A0, met15A0, ura3A0, Ipd1A:KanMX4 Invitrogen
pdxIA MATa, his3A1, leu2A0, met15A0, ura3A0, pdx1A:KanMX4 Invitrogen
acsIA MATa, his3A1, leu2A0, met15A0, ura3A0, acs1A:KanMX4 Invitrogen
acs2A MATa, his3A1, leu2A0, met15A0, ura3A0, acs2A:KanMX4 Invitrogen
pdalAcrdIA MATa, his3A1, leu2A0, met15A0, ura3A0, pdalA:KanMX4, crd1A:KanMX4 This study
pdblAcrdlA MATa, his3A1, leu2A0, met15A0, ura3A0, pdb1A:KanMX4, crd1A:KanMX4 This study
latlAcrdIA MATa, his3A1, leu2A0, met15A0, ura3A0, latlA:KanMX4, crd1A::KanMX4 This study
Ipd1AcrdIA MATa, his3A1, leu2A0, met15A0, ura3A0, lpd1A::KanMX4, crdlA:KanMX4 This study
pdx1AcrdIA MATa, his3A1, leu2A0, met15A0, ura3A0, pdx1A:KanMX4, crd1A::KanMX4 This study
acslAcrdIA MATa, his3A1, leu2A0, met15A0, ura3A0, acs1A:KanMX4, crd1A:KanMX4 This study
acs2Acrd1A MATa, his3A1, leu2A0, met1SA0, ura3A0, acs2A:KanMX4, crdlA:KanMX4 This study

TABLE 4
Primers used for qPCR analyses

Gene Primer sequence
ACTI Forward ACGTTCCAGCCTTCTACGTTTCCA
Reverse CGTGAGTAACACCATCACCGGAA
PDAI Forward ATTGATGGGTAGAAGAGCCGGTGT
Reverse AGGCGTCCTCGTTCTTGTATTGGT
PDBI1 Forward TCCCATCATTTGGTGTTGGTGCTG
Reverse TGGAACATCGGCACCAGTAACTCT
LATI Forward AGGAACTAGTCAAGCGTGCCAGAA
Reverse TCCACAGCGACCCTTTCAACAGTA
LPDI1 Forward AGAGCCAAGACCAACCAAGACACT
Reverse CATTTCACCGGCATTTGGACCGAT
PDX1 Forward GCAGCCAAGCCAATCTTGAACAGA
Reverse TTGGAACCAGATGGCGCAATTTCC

Cardiomyopathy and heart failure are generally caused by
depletion of cardiomyocyte ATP and impaired energy homeo-
stasis (79, 81). Elucidating the role of CL in acetyl-CoA synthe-
sis may shed light on the wide disparities in clinical phenotypes
observed in patients with BTHS and other cardiac disorders.

Experimental Procedures

Yeast Strains, Plasmids, and Growth Media—The yeast
S. cerevisiae strains used in this study are listed in Table 3. Sin-
gle deletion mutants were obtained from the yeast knock-out
deletion collection (Invitrogen). Double mutants were obtained
by tetrad dissection. Synthetic complete (YNB) medium con-
tained adenine (20.25 mg/liter), arginine (20 mg/liter), histidine
(20 mg/liter), leucine (60 mg/liter), lysine (200 mg/liter), methi-
onine (20 mg/liter), threonine (300 mg/liter), tryptophan (20
mg/liter), uracil (20 mg/liter), yeast nitrogen base without
amino acids (Difco), and glucose (2%) (YNBD) or sodium ace-
tate (2%) (YNBA). Synthetic dropout medium contained all
ingredients mentioned above but lacked specific compounds
required for selection. Sporulation medium contained potas-
sium acetate (1%), glucose (0.05%), and the essential amino
acids. Complex medium contained yeast extract (1%), peptone
(2%), and glucose (2%) (YPD). Solid medium was prepared by
adding 2% agar. To construct the crd1AcaniA starting strain, a
1.8-kb CANI deletion cassette was amplified from Y5563 by
sense primer (5'-TAGGGCGAACTTGAAGAATAACC-3')
and antisense primer (5'-ACGAAAAATGAGTAAAAATTA-
SASBMB
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TCTT-3') and inserted into the genome of BY4741 (MATa)
with the disruption confirmed by PCR. The canlA mutant was
then crossed to BY4742 (MATa) to obtain an MAT«a canlA
strain by tetrad analysis. The CRD1 gene in the canlA mutant
(MATa) was disrupted by a 1.8-kb URA3 fragment released
from the PUC19 plasmid digested using Pvull. The disruption
of CRD1 was confirmed by PCR, Southern blotting, and phos-
pholipid analysis.

SGA—The MATa canlAcrdlA mutant was crossed to the
array of deletion mutants in the MATa background, in which
the deletions are linked to the dominant selectable marker for
geneticin resistance, KanMX4. Diploids were selected, and
sporulation was induced. Haploid spore progeny were
transferred to synthetic medium lacking histidine, which
allowed for selective germination of M A Ta cells. Following two
rounds of selection in His— synthetic medium, double mutant
MATa progeny were selected in Ura— medium supplemented
with geneticin. Independent confirmation of synthetic lethality
was carried out by tetrad analysis to rule out false positives and
false negatives (31). Synthetic interaction between CL and dele-
tion mutants was determined by examining growth of the dou-
ble mutant compared with single mutants and wild type on
YPD.

Acetyl-CoA Determination—Cells were grown to the loga-
rithmic growth phase, and samples (3 ml) of the culture were
centrifuged at 1700 X g. Pellets were resuspended in 1 ml of
double distilled H,O and centrifuged for 1 min at 9300 X g. The
resulting cell pellets were lysed and rapidly quenched with 130
wl of 45:45:10 acetonitrile/methanol/H,O + 0.1% glacial acetic
acid and 10 wmol liter ' glutaryl-CoA as an internal standard.
The resuspended extracts were incubated on ice with intermit-
tent vortexing for 15 min. An equal molar volume of ammo-
nium hydroxide was added postincubation to neutralize the
acetic acid, and each extract was centrifuged for 3 min at
15,700 X g, transferred to a new 1.5-ml microcentrifuge tube,
and centrifuged for 5 min at 15,700 X g. The clarified extract (10
wl) was injected for HPLC-MS/MS analysis (46, 47).

Acetate Measurement—Cells were grown to the logarithmic
phase, and samples (1 ml) of the culture were centrifuged at
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TABLE 5
Primers used for C-terminal tagging of proteins

5" F2-pdal-HA tag
3’ R1-pdal-HA tag
5' F2-pdb1-HA tag
3" F2-pdb1-HA tag
5' F2-latl1-HA tag
3’ F2-latl1-HA tag
5" F2-lpd1-HA tag
3’ F2-Ipd1-HA tag
5' F2-pdx1-HA tag

3’ F2-pdx1-HA tag

5' Forward HA tag

3’ Reverse HA tag

3" HA-KMX-D-general
3’ HA tag-Diag

CGGATCCCCGGGTTAATTAA
GAATTCGAGCTCGTTTAAAC

GGGACGTCATACGGATAGCC

TCCCTGAAGATACTTGGGACTTCAAAAAGCAAGGTTTTGCCTCTAGGGAT CGGATCCCCGGGTTAATTAA
GAATATCATGCGATCACAGCACTATTATTTTATTTTTCCTTACGATTTAA GAATTCGAGCTCGTTTAAAC
CTGATACTCCAACCATCGTTAAAGCTGTCAAAGAAGTCTTGTCAATTGAA CGGATCCCCGGGTTAATTAA
AAAGTTCCCTATCTCCTTCTTTCTCTCCTTCCTATTGGATTGAAGTTTAT GAATTCGAGCTCGTTTAAAC
TCATGAAGGAATTGAAAACTGTTATTGAAAATCCTTTGGAAATGCTATTGCGGATCCCCGGGTTAATTAA

ATTTTCTCCAAGATACGCATTTACTGGCGAATTTTATTTTCATTCTAACCGAATTCGAGCTCGTTTAAAC

AAGCATTTAAGGAAGCTAACATGGCTGCCTATGATAAAGCTATTCATTGT CGGATCCCCGGGTTAATTAA
AAGCGGTTCTTCATAAATATATATACTATACTGTTTATTATTTCCTGTTT GAATTCGAGCTCGTTTAAAC
AGGCCAAGGCAAAAAGATTCCTTGATTACGTAAGGGAGTTAGAATCATTT CGGATCCCCGGGTTAATTAA
ATGGCAGTATTGATAATGATAAACTCGAACTGAAAAAGCGTGTTTTTTAT GAATTCGAGCTCGTTTAAAC

GGTAGAGGTGTGGTCAATAAGAGC

5000 X g. Pellets were resuspended in 1 ml of double distilled
H,O and centrifuged for 5 min at 5000 X g. The resulting cell
pellets were lysed. The levels of intracellular acetate in lysed
samples were determined spectrophotometrically by monitor-
ing the conversion of ATP to AMP, coupled to the reduction of
a reporter dye to yield a colored reaction product with strong
absorbance at 450 nm (BioVision Kkit).

Acetyl-CoA Synthetase Activity—Acetyl-CoA synthetase was
measured in cell lysates as described previously (49). The reac-
tion mixture contained 100 mMm Tris-HCl (pH 7.8), 5 mMm
pL-malate, 1 mm ATP, 2.5 mm MgCl,, 0.1 mm coenzyme A, 3
mM NAD™, 2.5 units/ml malate dehydrogenase, 1.25 units/ml
citrate synthase, and 100 mm sodium acetate. The reaction mix-
ture was incubated at 37 °C for 10 min. Acetyl-CoA synthetase
activity was measured spectrophotometrically by determin-
ing the reduction of NAD ™" to NADH by recording the con-
tinuous increase in absorbance at 340 nm at 37 °C. Total
protein was determined using a Bradford assay kit (Pierce)
with BSA as the standard. Acetyl-CoA synthetase enzyme
activity was expressed as units per mg of total protein.

Quantitative PCR (qPCR)—Cultures (10 ml) were grown to
the logarithmic 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 tran-
scriptor first strand ¢cDNA synthesis kit (Roche Applied Sci-
ence) according to the manufacturer’s manual. qPCR was per-
formed in a 25-ul volume using Brilliant III Ultra-Faster SYBR
Green qPCR Master Mix (Agilent Technologies, Santa Clara,
CA). The primers for qPCR are listed in Table 4. PCRs were
initiated at 95 °C for 10 min for denaturation followed by 40
cycles consisting of 30 s at 95 °C and 60 s at 55 °C. RNA levels
were normalized to ACT1. 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 concentra-
tions were determined, and primer specificity of a single prod-
uct was monitored by a melt curve following the amplification
reaction. All primers were validated by measurement of PCR
efficiency and have calculated reaction efficiencies between 95
and 105%.

Gene Tagging, SDS-PAGE, and Western Blotting Analysis—
Strains containing C-terminal HA-tagged Pdal, Pdbl, Latl,
Lpdl, and Pdx1 were derived from the BY4742 wild-type and
crdIA strains by transforming with a PCR product amplified
from pFA6-3HA-TRP1 (TRP marker). The primers used for
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tagging are listed in Table 5. Proteins were extracted from cells
grown to an Agg, of 0.5, separated by 8% SDS-PAGE, trans-
ferred to a PVDF membrane, and analyzed using primary anti-
bodies to the HA tag (1:1000) and to a-tubulin (1:1000) (Santa
Cruz Biotechnology). Proteins were visualized using appropri-
ate secondary antibody conjugated to horseradish peroxidase
(1:3000) and detected using the ECL chemiluminescence sys-
tem (GE Healthcare).

Pyruvate Dehydrogenase (PDH) Activity—PDH activity in cell
extracts was measured spectrophotometrically by determining
the reduction of NAD™ to NADH, coupled to the reduction of
a reporter dye to yield a colored reaction product with an
increase in absorbance at 450 nm at 37 °C (BioVision kit). PDH
enzyme activity was expressed in units per mg of total protein.

To determine the effect of CL on PDH activity, aliquots of
sedimented yeast mitochondria (400 ug of protein) were sus-
pended in 40 ul of 50 mm NaCl and 50 mm imidazole-HCl (pH
7.0). 2 ul of CL (from a stock solution containing 20 mg/ml in
5% digitonin and 50% ethanol) and 1 ul of digitonin (10% in
water) were added to obtain a CL/protein ratio of 1:10 (g/g) and
a digitonin/protein ratio of 0.5 (g/g). After 2 h of incubation on
ice, 10 ul of digitonin (10% stock solution in water) was added to
obtain a digitonin/protein ratio of 3 (g/g), which was sufficient
for quantitative solubilization. The samples were used directly
in PDH activity assays.
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