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Abstract The unassigned open reading frame YDL142c was
identified to code for cardiolipin synthase, Cls1p. A cls1 deletion
strain is viable on glucose, galactose, ethanol, glycerol and
lactate containing media, although the growth rate on non-
fermentable carbon sources is decreased. Mitochondria of the
cls1 mutant are devoid of cardiolipin but accumulate the
cardiolipin precursor phosphatidylglycerol when grown on non-
fermentable carbon sources. Specific activity of phosphatidylglyc-
erolphosphate synthase in cls1 is reduced to 30^75% of the wild-
type level. Amounts of mitochondrial cytochromes and activity
of cytochrome c oxidase, however, are not affected in the cls1
deletion strain. Collectively, these data indicate that cardiolipin
is not essential for aerobic growth of Saccharomyces cerevisiae.
z 1998 Federation of European Biochemical Societies.

Key words: Cardiolipin; Phosphatidylglycerol;
Phosphatidylglycerolphosphate; Mitochondria;
Cytochrome c oxidase; Yeast

1. Introduction

Cardiolipin (CL), a phospholipid mainly present in the in-
ner mitochondrial membrane of eukaryotes [1] is generally
regarded to be an essential component of mitochondrial func-
tion. In the yeast Saccharomyces cerevisiae CL is an activator
of cytochrome c oxidase [2] and probably involved in the
import of proteins into mitochondria [3]. In higher eukar-
yotes, CL is an e¡ector of the cytochrome P-450-dependent
cholesterol side-chain cleavage enzyme [4], and activates cyto-
chrome c oxidase [5] and the mitochondrial phosphate carrier
protein [6].

Synthesis of CL in yeast (for reviews see [7,8]) requires three
sequential reaction steps. First, phosphatidylglycerolphos-
phate synthase (Pgs1p) catalyzes the synthesis of phospha-
tidylglycerolphosphate (PtdGro-P) from CDP-diacylglycerol
and glycerol-3-phosphate. Then, PtdGro-P phosphatase
(PGPP) dephosphorylates PtdGro-P yielding phosphatidyl-
glycerol (PtdGro) that is ¢nally converted to CL by cardio-
lipin synthase (Cls1p) with CDP-diacylglycerol as a co-sub-
strate. Reactions of this biosynthetic pathway in yeast have
been characterized [9^12], but none of the genes encoding the
respective proteins have been cloned nor have the enzymes
been isolated.

During the European Functional Analysis Network
(EUROFAN) Program [13] a large number of open reading
frames of the yeast S. cerevisiae were disrupted by a standard
technique [14], and null mutants were constructed and char-
acterized. One of the open reading frames studied, YDL142c,
has signi¢cant homology to genes encoding PtdGro-P syn-

thase of various prokaryotic microorganisms. Here we present
biochemical evidence that a yeast mutant with a deletion of
YDL142c is defective in the formation of CL thus identifying
this open reading frame as CLS1.

2. Materials and methods

2.1. Construction of a cls1 deletion strain
The open reading frame YDL142c was replaced by the KanMX4

marker using a PCR-mediated one step gene replacement strategy
[14]. Two hybrid primers, P1: 5P-GGCCTGGTAGCATAGTTTGG-
TCCCTAATAATTTAGTCAATGGTACGCTGCAGGTCGACGGA-
TCCCC-3P and P2: 5P-GGCCTTTTGAAAGTCCTGTTTTCTATC-
TTCGAAATCCTCCTCGGTATCATCGATGAATTCGAGCTCGT-
T-3P, consisting of 41 bp and 44 bp of the YDL142c £anking sequence
at the 5P end and 25 bp of KanMX4 £anking sequence at the 3P end
(italic) were used to synthesize a linear DNA fragment using cosmid
2A7 (provided by L. Baron and Y. Legros) as a template. Positions 4
to 716 of the YDL142c open reading frame (total length 852 bp) were
replaced thus deleting 84% of the gene at the 5P end; the number of
remaining original open reading frame nucleotides on the 5P end was
3, and on the 3P end 137 including the stop codon. This construct was
directly used for transformation of the diploid wild-type strain
FY1679 (MAT a/K, ura3-52/ura3-52, TRP1/trp1v63, LEU2/leu2v1,
HIS3/his3v200). The replacement was veri¢ed twice by Southern
blot analysis using two di¡erent restriction enzymes (HpaI or EcoRI)
to digest the genomic DNA. A 1.36 kb HpaI/SacI fragment in the 5P
region of the open reading frame was used as a probe. Upon tetrad
dissection the deletion showed Mendelian 2:2 segregation as moni-
tored by the KanMX4 marker. A haploid deletion strain (Mat a,
ura3-52, trp1v63, leu2v1, his3v200, cls1: :KanMX4) named cls1 in
the following grew on YPD plates similar to the isogenic haploid
wild-type strain FY1697 (Mat a, ura3-52, trp1v63, leu2v1, his3v200,
CLS1).

2.2. Strains, culture conditions, and isolation of mitochondria
Haploid and diploid wild-type S. cerevisiae FY1679, and the hap-

loid cls1 deletion strain (see above) were cultivated under aerobic
conditions at 30³C on YP media containing 2% glucose, galactose,
ethanol, glycerol or lactate as carbon sources. Spheroplasts and mi-
tochondria were prepared as previously described [15].

2.3. Analytical procedures
CL synthase activity was determined essentially as described by

Tamai and Greenberg [12] with some minor modi¢cations. In brief,
the assay contained 100 mM Tris-HCl, pH 9.0, 0.037% Triton X-100,
20 mM MgCl2, 0.1 mM CDP-diacylglycerol and 0.2 mM [14C]PtdGro
(¢nal speci¢c activity 4U103 dpm/nmol) in a total volume of 0.35 ml.
The assay was started by addition of 150^300 Wg mitochondrial pro-
tein. The incubation was carried out at 37³C, and samples of 0.1 ml
were taken after 0, 10 and 20 min. The reaction was stopped by
addition of 3 ml chloroform/methanol (1:2, v/v) and 0.7 ml 1%
perchloric acid, lipids were extracted for 1.5 h and washed three times
with 2 ml 1% perchloric acid. Radioactively labeled products formed
during the in vitro assay were separated by thin-layer chromatography
[11] using chloroform/methanol/glacial acetic acid (65:25:8; per vol.)
as a developing solvent. The products were localized by radio-scan-
ning using a Tracemaster 20 Automatic TLC-Linear Analyzer (Bert-
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hold). For quanti¢cation bands were scrapped o¡ the TLC plate and
radioactivity was measured by liquid scintillation counting.

Radioactively labeled PtdGro used for the assay described above
was isolated from a 500 ml culture of the cls1 deletion strain that was
pre-grown for 24 h on YP-glycerol medium and incubated for 30 min
with 0.1 mCi [14C]palmitate (speci¢c activity 60 mCi/mmol). Cells
were disintegrated with glass beads and [14C]-labeled lipids were ex-
tracted by the procedure of Folch et al. [16]. [14C]PtdGro was sepa-
rated from other lipids by preparative thin-layer chromatography us-
ing the solvent system described above and recovered from TLC
plates by extraction in chloroform/methanol (1:2; v/v).

PtdGro synthase activity was measured as described by Kelly and
Greenberg [11]. The assay mixture contained 0.05 M MESWHCl, pH
7.0, 0.06% Triton X-100, 0.1 mM MnCl2, 0.2 mM CDP-diacylglycerol
and 0.5 mM [14C]glycerol-3-phosphate (¢nal speci¢c activity 8U103

dpm/nmol) in a total volume of 0.35 ml. The assay was started by
addition of 150^600 Wg mitochondrial protein. Incubations were car-
ried out at 30³C, and samples of 0.1 ml were taken after 0, 5 and 10
min. Lipids were extracted with 3 ml chloroform/methanol (1:2; v/v)
and 0.7 ml 1% perchloric acid as described above. Radioactively la-
beled products formed during the in vitro assay were separated by
thin-layer chromatography [10] using chloroform/methanol/glacial
acetic acid/water (25:15:2:4; per vol.) as a developing solvent. The
products were localized by radio-scanning and quanti¢ed by liquid
scintillation counting.

Lipids of mitochondria were extracted by the procedure of Folch et
al. [16]. Individual phospholipids were separated by two-dimensional
thin-layer chromatography on Silica gel 60 plates (Merck, Darmstadt,
Germany) using chloroform/methanol/25% NH3 (65:35:5; per vol.) as
¢rst, and chloroform/acetone/methanol/acetic acid/water (50:20:10:
10:5; per vol.) as second developing solvent. Phospholipids were

visualized on TLC plates by staining with iodine vapor, scraped o¡
the plate, and quanti¢ed by the method of Broekhuyse [17].

Protein was quanti¢ed by the method of Lowry et al. [18] using
bovine serum albumin as standard. Spectrophotometric quanti¢cation
of mitochondrial cytochromes was carried out by the method of Wat-
son et al. [19] using a Hitachi U2310 double beam spectrophotometer.
Enzymatic activity of cytochrome c oxidase was measured as de-
scribed by Mason et al. [20].

3. Results and discussion

Screening of databases revealed signi¢cant homology of the
yeast open reading frame YDL142c to genes of prokaryotic
microorganisms encoding PtdGro-P synthases. Biochemical
experiments carried out with a yeast mutant bearing a large
deletion of YDL142c, however, demonstrated that this open
reading frame did not encode yeast PtdGro-P synthase, but
instead encodes CL synthase, Cls1p.

A cls1 mutant constructed by deletion of YDL142c is viable
on solid media with either glucose or glycerol as carbon
source. The deletion strain is not temperature-sensitive, not
a¡ected by high salt concentration in the medium, and does
not exhibit a petite growth phenotype on solid media. In
liquid media the cls1 mutant exhibited growth rates similar
to the corresponding wild-type haploid strain FY1679 when
glucose (Fig. 1A) or galactose (data not shown) were used as
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Fig. 1. Growth characteristics of the cls1 mutant. The cls1 deletion strain (b) and the corresponding haploid wild-type strain FY1679 (E) were
grown on liquid media containing 2% glucose (A), 2% ethanol (B), 2% glycerol (C), or 2% lactate (D), respectively. Growth was monitored by
measurement of optical density (OD) at 600 nm.

Table 1
Enzymatic activities of cardiolipin synthase and phosphatidylglycerolphosphate synthase in mitochondria of the cls1 deletion strain grown on
di¡erent carbon sources

Carbon source Speci¢c activity (nmol/minUmg)

Cardiolipin synthase Phosphatidylglycerolphosphate synthase

FY1679 cls1 FY1679 cls1

Glucose 0.023 þ 0.009 n.d. 0.28 þ 0.03 0.09 þ 0.01
Ethanol 0.160 þ 0.020 n.d. 2.90 þ 0.14 2.10 þ 0.02
Glycerol 0.093 þ 0.006 n.d. 2.00 þ 0.07 0.90 þ 0.14
Lactate 0.081 þ 0.011 n.d. 1.65 þ 0.05 0.90 þ 0.05

Mean values of three independent measurements are shown. F1679 is the haploid wild-type strain corresponding to cls1.
n.d., not detectable.
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carbon sources. In contrast, the deletion strain grew markedly
slower than wild-type on ethanol (Fig. 1B), glycerol (Fig. 1C)
or lactate (Fig. 1D). These results indicate that YDL142c is
not an essential gene, but deletion of CLS1 a¡ects aerobic
metabolism on non-fermentable carbon sources.

Enzymatic analysis showed that CL synthase activity is
missing in mitochondria of the cls1 mutant (Table 1). In
wild-type, speci¢c activity of Cls1p depends on the carbon
source. Cultivation of yeast on non-fermentable carbon sour-
ces resulted in signi¢cantly higher CL synthase activity than
growth on glucose. Similarly, speci¢c activity of PtdGro-P
synthase in mitochondria of wild-type cells also depends on
the carbon source (Table 1). These results are in agreement
with data previously presented by Gaynor et al. [21] who
showed that in yeast grown on non-fermentable carbon sour-
ces the activity of PtdGro-P synthase is increased. The level of
CL present in mitochondria of these cells was signi¢cantly
higher than in cells grown on glucose, which is in line with
our data obtained with wild-type cells (Table 2). In mitochon-
dria of cls1 the speci¢c activity of PtdGro-P synthase in vitro
was only 30 to 75% of the wild-type control depending on the
carbon source used for cultivation. In wild-type and in the
cls1 mutant, however, in vitro reaction products formed in
the PtdGro-P synthase assay were the same, namely
PtdGro-P and PtdGro. Both wild-type and mutant enzyme
activities strictly depend on CDP-diacylglycerol as a co-sub-
strate and are equally inhibited by 5 mM Mg2�. The decrease
of PtdGro-P synthase activity is not due to the lack of CL
which may act as a possible activator, because addition of CL
to the assay mixture had no stimulatory e¡ect (data not
shown). It is most likely that the expression of PtdGro-P
synthase is reduced in the cls1 mutant as a consequence of
the lack of CL synthase.

Lipid analysis of isolated mitochondria revealed that the
cls1 strain lacked detectable amount of CL regardless of the
carbon source on which cells were cultivated (Table 2). In
mitochondria of cls1 grown on non-fermentable carbon sour-
ces lack of CL was partially compensated for by increased
levels of PtdGro. When cls1 was grown on glucose mitochon-
dria did not contain detectable amounts of PtdGro. Under
these conditions the CL biosynthetic pathway seems to be
repressed as suggested by decreased PtdGro-P synthase activ-
ity in mitochondria (see Table 1). In wild-type cells PtdGro
was not detectable under all growth conditions indicating that

in vivo PtdGro-P synthase is the rate-limiting step in the bio-
synthesis of CL. The lack of CL caused by deletion of the
CLS1 gene generally led to increased amounts of PtdEtn and
phosphatidic acid (PA) and a decreased level of PtdCho in
mitochondria.

Cellular growth, consumption of nutrients and energy pro-
duction of S. cerevisiae cultivated under aerobic conditions
largely depend on a functioning respiratory chain. Cyto-
chrome c oxidase (cytochrome aa3) is the component of this
pathway that is most sensitive to changes in the lipid compo-
sition of mitochondrial membranes. It has been suggested that
CL is essential for cytochrome c oxidase activity in yeast [2].
The fact that the cls1 deletion strain can grow under various
conditions (see above) despite the lack of detectable CL rather
suggests that this phospholipid is not absolutely required for
mitochondrial respiration. In mitochondria of the cls1 mu-
tant, amounts of cytochrome c, cytochrome aa3 (cytochrome
c oxidase) and cytochrome b were similar to wild-type (Table
3). The activity of cytochrome c oxidase was not a¡ected by
the lack of detectable CL in mitochondria of cls1 (Table 3).

Conclusively, deletion of the yeast CLS1 gene does not lead
to gross cellular defects. Other lipids, most likely PtdGro, or
PtdEtn and PA, whose levels are increased in mitochondria of
the cls1 mutant strain, may thus at least in part functionally
replace CL. Aerobic growth of yeast cells, however, seems to
pro¢t from the presence of CL, because growth rates of the
cls1 deletion strain were markedly reduced on non-ferment-
able carbon sources compared to wild-type (see Fig. 1). Re-
duced growth of cls1 on ethanol, glycerol or lactate may thus
re£ect an increased requirement of CL for respiration.

While this work was in progress, Dowhan and coworkers
(manuscript in preparation) identi¢ed, in an approach di¡er-
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Table 2
Phospholipid composition of mitochondria of the cls1 deletion strain grown on di¡erent carbon sources

% of total mitochondrial phospholipids

Glucose Ethanol Glycerol Lactate

FY1679 cls1 FY1679 cls1 FY1679 cls1 FY1679 cls1

PA 1.7 þ 0.5 2.5 þ 0.3 1.5 þ 0.10 3.0 þ 0.6 0.4 þ 0.1 3.7 þ 0.3 1.7 þ 0.3 6.9 þ 1.5
LysoPtdEtn 1.5 þ 0.1 2.4 þ 1.1 1.8 þ 0.80 1.4 þ 0.9 0.1 þ 0.1 1.0 þ 0.1 0.7 þ 0.3 0.5 þ 0.1
LysoPL 3.5 þ 0.3 3.0 þ 0.5 1.9 þ 0.6 1.2 þ 0.5 0.9 þ 0.2 0.8 þ 0.1 1.5 þ 0.1 2.2 þ 0.3
PtdSer 3.3 þ 0.5 4.5 þ 0.4 2.0 þ 0.3 3.1 þ 0.4 2.0 þ 0.3 1.3 þ 0.2 2.3 þ 0.8 2.6 þ 0.5
PtdIns 20.5 þ 0.9 20.2 þ 0.8 10.8 þ 1.2 12.9 þ 1.9 11.9 þ 1.1 9.0 þ 1.0 10.9 þ 0.5 13.0 þ 1.8
PtdEtn 22.7 þ 2.7 28.7 þ 1.7 29.0 þ 1.6 35.8 þ 1.4 25.6 þ 2.5 35.7 þ 1.5 26.4 þ 0.8 32.0 þ 1.5
DMPtdEtn 6.1 þ 0.3 6.1 þ 1.8 0.71 þ 0.3 1.1 þ 0.4 n.d. n.d. 0.26 þ 0.2 n.d.
PtdCho 33.4 þ 0.8 32.5 þ 1.9 38.2 þ 1.8 33.1 þ 1.7 42.3 þ 2.2 35.1 þ 2.5 39.8 þ 0.6 31.0 þ 2.2
PtdGro n.d. n.d. n.d. 8.3 þ 0.4 n.d. 13.3 þ 1.1 n.d. 11.9 þ 1.1
CL 7.2 þ 0.2 n.d. 15.0 þ 1.1 n.d. 17.0 þ 1.3 n.d. 15.7 þ 0.9 n.d.

PA, phosphatidic acid; LysoPtdEtn, lysophosphatidylethanolamine; LysoPL, lysophospholipids; PtdSer, phosphatidylserine; PtdIns, phospha-
tidylinositol ; PtdEtn, phosphatidylethanolamine; DMPtdEtn, dimethylphosphatidylethanolamine; PtdCho, phosphatidylcholine; PtdGro,
phosphatidylglycerol; CL, cardiolipin. Mean values of three independent measurements are shown. n.d., not detectable.

Table 3
Mitochondrial cytochromes of the cls1 deletion strain

Amounts of cytochromes (nmol/mg protein)

FY1679 cls1

Cytochrome c 0.36 þ 0.04 0.34 þ 0.05
Cytochrome aa3 0.07 þ 0.01 0.06 þ 0.01
Cytochrome b 0.18 þ 0.02 0.23 þ 0.03

Speci¢c activity (Wmol/minUmg protein)

Cytochrome c oxidase 0.10 þ 0.02 0.12 þ 0.02

Mitochondria were prepared from cells grown on 2% ethanol. Mean
values of two independent measurements are shown.
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ent from ours, the yeast genes PGS1, encoding PtdGro-P
synthase, and CLS1, encoding CL synthase. In contrast to
cls1 mutants, yeast strains bearing a PGS1 deletion are not
viable on non-fermentable carbon sources. A pgs1 mutant
exhibits major dysfunction of mitochondria due to the lack
of PtdGro and CL that cannot be replaced by other lipids.
During preparation of this manuscript, Jiang et al. [22] re-
ported identi¢cation of CLS1 and the growth phenotype of
a cls1 deletion strain. Results obtained by Dowhan and co-
workers and Jiang et al. [22] are similar to ours con¢rming
that CL is largely dispensable for cellular growth, aerobic
metabolism and membrane integrity of the yeast S. cerevisiae.
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