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Three different pathways lead to the synthesis of phosphatidylethanolamine (PtdEtn) in yeast, one
of which is localized to the inner mitochondrial membrane. To study the contribution of each of
these pathways, we constructed a series of deletion mutants in which different combinations of the
pathways are blocked. Analysis of their growth phenotypes revealed that a minimal level of
PtdEtn is essential for growth. On fermentable carbon sources such as glucose, endogenous
ethanolaminephosphate provided by sphingolipid catabolism is sufficient to allow synthesis of the
essential amount of PtdEtn through the cytidyldiphosphate (CDP)-ethanolamine pathway. On
nonfermentable carbon sources, however, a higher level of PtdEtn is required for growth, and the
amounts of PtdEtn produced through the CDP-ethanolamine pathway and by extramitochondrial
phosphatidylserine decarboxylase 2 are not sufficient to maintain growth unless the action of the
former pathway is enhanced by supplementing the growth medium with ethanolamine. Thus, in
the absence of such supplementation, production of PtdEtn by mitochondrial phosphatidylserine
decarboxylase 1 becomes essential. In psd1D strains or cho1D strains (defective in phosphatidyl-
serine synthesis), which contain decreased amounts of PtdEtn, the growth rate on nonfermentable
carbon sources correlates with the content of PtdEtn in mitochondria, suggesting that import of
PtdEtn into this organelle becomes growth limiting. Although morphological and biochemical
analysis revealed no obvious defects of PtdEtn-depleted mitochondria, the mutants exhibited an
enhanced formation of respiration-deficient cells. Synthesis of glycosylphosphatidylinosi-
tol-anchored proteins is also impaired in PtdEtn-depleted cells, as demonstrated by delayed
maturation of Gas1p. Carboxypeptidase Y and invertase, on the other hand, were processed with
wild-type kinetics. Thus, PtdEtn depletion does not affect protein secretion in general, suggesting
that high levels of nonbilayer-forming lipids such as PtdEtn are not essential for membrane vesicle
fusion processes in vivo.

INTRODUCTION

The zwitterionic phospholipid phosphatidylethanolamine
(PtdEtn) has a strong tendency to form nonbilayer structures
and is the most abundant phospholipid of this type in eu-
karyotic cells (reviewed by de Kruijff, 1997). The potential of
membranes with high PtdEtn content to undergo laminar-
hexagonal phase transition has been proposed to affect
membrane-membrane contact and bilayer fusion during

processes of vesicle formation and vesicle-mediated protein
trafficking. In addition, nonbilayer lipids may affect integra-
tion of proteins into membranes, their lateral movement
within the membrane, and folding and stabilization of cer-
tain membrane protein complexes.

The most prominent biological system that has provided
both genetic and biochemical evidence for specific roles of
PtdEtn in cell function is Escherichia coli (reviewed by
Dowhan, 1997). In this prokaryote, lack of PtdEtn can be
compensated by elevated levels of cardiolipin (CL) in the
presence of divalent cations, thereby maintaining the poten-
tial of bilayer-to-nonbilayer phase transition of membranes
(Morein et al., 1996). A PtdEtn-deficient E. coli mutant dis-
plays complex phenotypic changes, including filamentous
growth (Mileykovskaya et al., 1998) and decreased activity of
lactose permease. The latter observation was ascribed to
misfolding of the permease due to lack of PtdEtn that acts as
a molecular chaperone for this transporter (Bogdanov et al.,
1999). In vitro, nonbilayer lipids stimulate the activity of the
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reconstituted bacterial protein translocase (van der Does et
al., 2000).

Biosynthesis of PtdEtn in Saccharomyces cerevisiae can be
accomplished by two de novo pathways of phosphatidylser-
ine (PtdSer) formation and decarboxylation and by the cyti-
dyldiphosphate (CDP)-ethanolamine branch of the Kennedy
pathway (Figure 1). In this organism, PtdEtn is synthesized
primarily by the two de novo pathways (reviewed by Daum
et al., 1998). Decarboxylation of PtdSer by phosphatidylser-
ine decarboxylase 1 (Psd1p) occurs in the inner mitochon-
drial membrane (Zinser et al., 1991), whereas phosphatidyl-
serine decarboxylase 2 (Psd2p) was localized to a Golgi/
vacuolar compartment (Trotter and Voelker, 1995).
Methylation of PtdEtn by PtdEtn methyltransferases 1 (Pem1p)
and 2 (Pem2p) yields phosphatidylcholine (PtdCho), the final
product of the de novo route of aminoglycerophospholipid
synthesis.

Ethanolamine (Etn) or choline (Cho) exogenously added to a
yeast culture or endogenously formed through lipolytic processes
is used for PtdEtn or phosphatidylcholine (PtdCho) synthesis via
the Kennedy pathway. The initial enzymes of this branched path-
way, ethanolamine kinase (Eki1p) and choline kinase (Cki1p),
have overlapping substrate specificities with Eki1p being primar-
ily responsible for Etn phosphorylation and Cki1p for Cho phos-
phorylation (Kim et al., 1999). Both gene products together repre-
sent the total cellular ethanolamine and choline kinase activities in
S. cerevisiae. Ethanolamine phosphate (Etn-P) and choline phos-
phate (Cho-P) are activated by reaction with cytidyltriphosphate
(CTP), and cytidyldiphosphate ethanolamine (CDP-Etn) and cyti-
dyldiphosphate choline (CDP-Cho) are finally linked to diacyl-
glycerol to yield PtdEtn and PtdCho. A cpt1D ept1D double mu-
tant, which is defective in the final steps of this pathway, is viable,
suggesting that in yeast the Kennedy pathway is not essential
under standard growth conditions (McGee et al., 1994). The
Kennedy pathway is linked to sphingolipid catabolism
through a reaction catalyzed by dihydrosphingosine-phos-
phate lyase (Dpl1p). This enzyme cleaves phosphorylated
sphingoid base to long chain aldehyde and ethanolamine-
phosphate (Etn-P) (Saba et al., 1997) allowing incorporation
of the latter component into PtdEtn through the Kennedy
pathway (Mandala et al., 1998). This finding is consistent

with the observation of Hikiji et al. (1988) that cho1D cells,
which are defective in phosphatidylserine synthase, accu-
mulated some PtdEtn on choline-supplemented media.

Yeast PtdSer is synthesized from cytidyldiphosphate di-
acylglycerol (CDP-DAG) and serine (Ser) by the action of
PtdSer synthase Cho1p (Figure 1), which is localized to the
endoplasmic reticulum (reviewed by Daum et al., 1998).
Mutants deleted of CHO1 do not contain detectable amounts
of PtdSer and are auxotrophic for Cho or Etn, indicating that
Cho1p is the only PtdSer synthase in yeast and that PtdSer
is not essential (Atkinson et al., 1980). Although PtdSer-
deficient yeast cells are viable, they exhibit a number of
defects such as decreased tryptophan transport activity (Na-
kamura et al., 2000) and abnormal vacuolar function and
morphogenesis (Hamamatsu et al., 1994). Mutants defective
in either of the PtdSer decarboxylases, Psd1p or Psd2p, grow
like wild-type on glucose medium, but psd1 psd2 double
mutants are auxotrophic for Etn or Cho (Trotter and
Voelker, 1995). The fact that cho1 and psd1 psd2 mutants can
be rescued by Cho alone suggested that PtdCho is an essen-
tial lipid, and that PtdEtn is either nonessential or can be
synthesized in adequate amounts from the Etn-P provided
by sphingolipid breakdown. The essentiality of PtdCho was
supported by the observation that strains defective in both
methyltransferases, Pem1p and Pem2p, are auxotrophic for
Cho (Summers et al., 1988; Kodaki and Yamashita, 1989);
thus, PtdEtn alone does not fully substitute for the methyl-
ated phospholipids.

The high level of PtdEtn in mitochondria (Tuller et al.,
1999) and the presence of Psd1p in the inner mitochondrial
membrane suggest a specific requirement of this organelle
for PtdEtn. To investigate the contributions and relative
efficiencies of the three pathways of PtdEtn synthesis de-
scribed above, we 1) genetically dissected each of these
pathways, 2) analyzed the specific role of mitochondrial
PtdEtn production, and 3) studied the efficiency of PtdEtn
import into mitochondria. We demonstrate that the require-
ment for PtdEtn is more stringent on nonfermentable than
on fermentable carbon sources and that PtdEtn is imported
into mitochondria only with moderate efficiency.

Figure 1. Pathways of PtdEtn biosynthesis.
Biosynthesis of PtdEtn in S. cerevisiae occurs by
three pathways, namely, the de novo or CDP-
DAG pathway (thick arrows) via either 1) mi-
tochondrial Psd1p or 2) Psd2p, and 3) the CDP-
ethanolamine branch of the Kennedy pathway
(thin arrows).
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MATERIALS AND METHODS

Yeast Strains, Plasmids, and Culture Conditions
Strains and plasmids used in this study are listed in Table 1. The
open reading frames of PSD1, PSD2, and CHO1 were replaced by
the KanMX4 marker by using a polymerase chain reaction (PCR)-
mediated one-step (PSD1 and CHO1) or two-step (PSD2) gene
replacement strategy (Wach et al., 1994). Positions 4 to 1162 of
PSD1 (total length 1503 bp), positions 21 to 3427 of PSD2 (total
length 3416 bp), and positions 4 to 828 of CHO1 (total length 831
bp) were replaced by using primers listed in Table 2. These
constructs were used for transformation of the diploid wild-type
strain FY1679 (Table 1). Upon tetrad dissection, the deletions
showed 2:2 segregation as monitored by kanamycin resistance.
Diploid and haploid deletion strains were tested for proper in-
sertion of the KanMX4 marker by colony PCR with appropriate
primers (Table 2). Double and multiple deletion mutants were
then obtained by standard genetic methods and verified by col-
ony PCR analysis.

Plasmids pRB1 and pRB2 were isolated from YCp50 (Rose et al.,
1987) and YEp24 (Carlson and Botstein, 1982) yeast genomic librar-
ies by their ability to suppress the Etn-requirement of a psd1D psd2D

double deletion strain. Plasmid pRB1 carries PSD1 and pRB2 con-
tains PSD2 as verified by PCR and restriction mapping. Standard
techniques of E. coli molecular biology were used throughout the
work (Ausubel et al., 1996). Plasmids were introduced into yeast
cells by lithium acetate transformation (Gietz et al., 1992). To con-
firm synthetic lethality of the psd1D psd2D cki1D triple mutant, the
strain was tested for loss of plasmid pRB2 by cultivation on solid
synthetic medium containing 1 mg/ml 59-fluoroorotic acid (PCR,
Gainesville, FL) and 5 mM Etn, Cho, or Ser.

Yeast strains were grown under aerobic conditions at 30°C on YP
medium (1% yeast extract, 2% bacto peptone) containing 2% glucose
(YPD) or lactate (YPLac) as a carbon source. It has to be noted that
YP media contain low amounts of Etn and Cho. Growth tests were
performed on solid synthetic minimal medium (Sherman et al.,
1986) containing 2% glucose, ethanol, or lactate and 2% Bactoagar
(Difco, Detroit, MI). Supplemented media contained 5 mM Etn, Cho,
or Ser unless otherwise stated. To study growth in liquid YP media,
precultures grown to the stationary phase were diluted 1:500 (vol/
vol) in fresh medium, and optical density at 600 nm was measured
at the time points indicated. Respiration-deficient cells (petites) in
YP medium were detected by serial dilution and plating an equal
number of cells on YPD and YPLac medium.

Table 1. Strains and plasmids

Strain or plasmid Relevant genotype Source or reference

FY1679 MATa/MATa ura3-52/ura3-52 TRP1/trp1D63LEU2/leu2 D1 HIS3/his3 D200 Winston et al. (1995)
YRB1 (wt) MATa his3 D200 leu2 D1 trp1 D63 ura3-52 This work
YRB2 As YRB1 except psd1 D<KanMX4 This work
YRB3 As YRB1 except psd2 D<KanMX4 This work
YRB4 As YRB1 except MATa cho1 D<KanMX4 TRP1 This work
YRB5 As YRB1 except psd1 D<KanMX4 psd2 D<KanMX4 TRP1 This work
MSS204 MATa dpl1 D<LEU2 TPS2-LacZ leu2-3,112 ura3-52 trp1 his4 rme1 R.C. Dickson,

University of Kentucky
YRB6 MATa psd1 D<KanMX4 psd2 D<KanMX4 dpl1 D<LEU2

his3 leu2 ura3-52
This work

YRB7 psd1 D<KanMX4 dpl1 D<LEU2 his3/4 leu2 ura3-52 This work
YRB8 psd2 D<KanMX4 dpl1 D<LEU2 his3/4 leu2 ura3-52 This work
KS106 MATa eki1 D<TRP1 cki1 D<HIS3 leu2-3,112 ura3-1 trp1-1 his3-11,15 ade2-1 can1-100 Kim et al. (1999)
YRB9 eki1 D<TRP1 cki1 D<HIS3 dpl1 D<LEU2 his3 leu2 trp1-1 ura3 This work
YRB10 MATa/MATa psd1 D<KanMX4/PSD1 psd2 D<KanMX4/PSD2 dpl1 D<LEU2/DPL1

eki1 D<TRP1/EKI1 cki1 D<HIS3/CKI1 his3/his3 leu2/leu2 trp1-1/TRP1 ura3/ura3
This work

YRB11 MATa/MATa psd1 D<KanMX4/PSD1
psd2 D<KanMX4/PSD2 cki1 D<HIS3/CKI1 his3/his3
leu2/leu2 trp1/TRP1 ura3/ura3

This work

YRB12 psd1 D<KanMX4 cki1 D<HIS3 his3 leu2 ura3 This work
YRB13 psd2 D<KanMX4 cki1 D<HIS3 his3 ura3 This work
YRB14 psd1 D<KanMX4 eki1 D<TRP1 his3 leu2 ura3 This work
YRB15 psd2 D<KanMX4 eki1 D<TRP1 his3 leu2 ura3 This work
YRB16 psd1 D<KanMX4 psd2 D<KanMX4 eki1 D<TRP1 his3 leu2 ura3 This work
YRB17 psd1 D<KanMX4 eki1 D<TRP1 cki1 D<HIS3 his3 leu2 trp1-1 ura3 This work
YRB18 psd2 D<KanMX4 eki1 D<TRP1 cki1 D<HIS3 his3 leu2 ura3 This work
YRB19 psd1 D<KanMX4 cki1 D<HIS3 dpl1 D<LEU2 his3 leu2 trp1-1 ura3 This work
YRB20 psd2 D<KanMX4 cki1 D<HIS3 dpl1 D<LEU2 his3 leu2 ura3 This work
YRB21 psd1 D<KanMX4 eki1 D<TRP1 dpl1 D<LEU2 his3 leu2 trp1-1 ura3 This work
YRB22 psd2 D<KanMX4 eki1 D<TRP1 dpl1 D<LEU2 his3 leu2 ura3 This work
YRB23 psd1 D<KanMX4 psd2 D<KanMX4 eki1 D<TRP1 dpl1 D<LEU2 his3 leu2 ura3 This work
YRB24 psd1 D<KanMX4 eki1 D<TRP1 cki1 D<HIS3 dpl1 D<LEU2 his3 leu2 trp1-1 ura3 This work
YRB25 psd2 D<KanMX4 eki1 D<TRP1 cki1 D<HIS3 dpl1 D<LEU2 his3 leu2 ura3 This work
p24-3 3.2 kb PvuII-HindIII fragment with DPL1 cloned into YEp351 cut with SmaI and HindIII R.C. Dickson,

University of Kentucky
pRB1 PSD1 ORF 1 about 3.6 kb 59 and 2.2 kb 39 flanking regions (about 7 kb insert) in YCp50 This work
pRB2 PSD2 ORF 1 about 8.1 kb 59 and 7.3 kb 39 flanking regions (about 19 kb insert) in YEp24 This work
pRB3 2.6 kb SalI-NsiI fragment with PSD1 cloned into YEp352 cut with SalI and PstI This work
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Cell Fractionation
Total homogenates and mitochondria were prepared from sphero-
plasts by published procedures (Daum et al., 1982; Zinser et al.,
1991). Relative enrichment of markers and cross-contamination of
subcellular fractions were assessed as described by Zinser and
Daum (1995).

Analytical Procedures
Lipids were extracted by the procedure of Folch et al. (1957). Indi-
vidual phospholipids were separated by two-dimensional thin-
layer chromatography on Silica gel 60 plates (Merck, Darmstadt,
Germany) by using chloroform/methanol/25% NH3 (65:35:5; per
volume) as first and chloroform/acetone/methanol/acetic acid/
water (50:20:10:10:5; per volume) as second developing solvent.
Phospholipids were visualized on thin-layer chromatography plates
by staining with iodine vapor, scraped off the plate, and quantified
by the method of Broekhuyse (1968). Protein was quantified by the
method of Lowry et al. (1951) using bovine serum albumin as a
standard.

Spectrophotometric quantification of mitochondrial cytochromes
was carried out by the method of Watson et al. (1975) by using a
Hitachi U2310 double beam spectrophotometer. Enzymatic activity
of cytochrome c oxidase was measured as described by Mason et al.
(1973) and that of cardiolipin synthase and phosphatidylglycerol
phosphate synthase as described by Tuller et al. (1998). PtdSer
decarboxylase activity was measured as reported by Kuchler et al.
(1986) with minor modifications: 100 nmol of [3H]PtdSer with a
specific radioactivity of 1.8 mCi/nmol was used as a substrate, and
the assay was performed in 0.1 M Tris-HCl, pH 7.2, containing 10
mM EDTA.

Protein Secretion
Analysis of Gas1p maturation was performed with homogenates of
cells grown to the late logarithmic phase in minimal medium in the
presence of supplements as indicated. Homogenates were prepared
by disintegrating cells with glass beads in a Merkenschlager homog-
enizer under CO2 cooling in the presence of 10 mM Tris-HCl, pH
7.2, 1 mM phenylmethylsulfonyl fluoride (Calbiochem, La Jolla,

CA). Western blot analysis by using a primary rabbit antibody
against Gas1p was performed as described by Haid and Suissa
(1983). Immunoreactive bands were visualized by enzyme-linked
immunosorbent assay with a peroxidase-linked secondary antibody
(Sigma, St. Louis, MO) following the manufacturer’s instructions.

Carboxypeptidase Y maturation was monitored by pulse-chase
labeling and immunoprecipitation essentially as described by Munn
et al. (1999). As minor modifications, cells were grown in synthetic
minimal medium supplemented with 2% glucose and 5 mM Cho,
and samples were taken during the chase period. Invertase secretion
was assayed according to Munn et al. (1999) with the modification
that cells were grown in synthetic minimal medium supplemented
with 5% glucose and 5 mM Cho and induced by resuspension in
synthetic minimal medium containing 0.05% glucose, 2% sucrose,
and 5 mM Cho.

RESULTS

Synthesis of PtdEtn Is Essential in Yeast
To study the requirement for PtdEtn and the relative con-
tribution of the different pathways to PtdEtn synthesis a
series of haploid single and multiple deletion strains with
defects in the different biosynthetic routes of PtdEtn synthe-
sis were constructed (Table 1) and tested for their growth
phenotype on defined media containing different carbon
sources (Table 3). As recognized previously (Atkinson et al.,
1980; Trotter et al., 1995) single deletions of PSD1 and PSD2
did not affect growth on glucose medium, but strains de-
leted in both PtdSer decarboxylases (psd1D psd2D) or PtdSer
synthase (cho1D) were auxotrophic for either Etn or Cho. To
study the effect of the Dpl1p-dependent salvage pathway on
PtdEtn production, and to investigate whether this pathway
is required for psd1D psd2D or cho1D mutants to grow on
Cho-supplemented media, we analyzed the growth pheno-
type of a psd1D psd2D dpl1D triple deletion strain. The triple
mutant was strictly auxotrophic for Etn and could not be
grown by Cho supplementation alone (Table 3). Overexpres-

Table 2. Polymerase chain reaction primers used for synthesis and checking the KanMX4 deletion cassettes

Mutant Primers (59 to 39)

psd1 D S1:TGTTAGCAGATCGCTCAAATCCTTCTTGGTCGTTATTTTTTGAAG
AAGAAGGAAAAGCAAAGCCAGCATGcgtacgctgcaggtcgac
S2:TTGATTGAACCAACATTTGTTGCACCAACAGGAGTCATGCTAAA
AAATCCGTACTTCCAACTACCCAACAatcgatgaattcgagctcg
P1:CGCTTGTCGCAGATAACACG
P2:GGAGACCTGTTTTCTTCCGC

psd2 D P59:AGAAGGAGAAAGACAAAAAAG
P59L:aagctaaacagatctggcgcgccttaTTCGTCGTTGGATGCTCCTG
P39:TCGTATTTTCTGCAAGAGGAC
P39L:gtcgaaaacgagctcgaattcatcgaAAATTGGCTGTAGTTAGTGG
P1:CGAAAAATACAAAGGTTATGTTAG
P2:TTTGATTCCAGTGTGTATTTG

cho1 D S1:GTGATTGTCATTTTTAGTTGTCTATTTGATTCAATCAAAAAACAA
AAATAAAACTATATATTAAAAAATGcgtacgctgcaggtcgac
S2:CATATAAAAGTAGAATAAAAAGTTATATGTACAAATTTTTTTTG
ACGCCAGGCATGAACAAAAACTACTAatcgatgaattcgagctcg
P1:TTCACACGGCACCCTCAC
P2:CAGTAGCATTAGGGGGGG
KanMX4 reverse:ggttgtttatgttcggatgtg

Capitals are homologous to the respective ORF. Small letters are homologous to KanMX4.

R. Birner et al.

Molecular Biology of the Cell1000



sion of Dpl1p from plasmid p24-3 (Table 1) in psd1D psd2D
and cho1D strains relieved their requirement for Etn or Cho
(Table 3). We conclude from these findings that a minimum
of PtdEtn is required for growth on glucose, and that in
psd1D psd2D or cho1D strains this pool of essential PtdEtn can
be provided via Dpl1p-dependent sphingolipid catabolism.

Requirement for PtdEtn Is More Stringent on
Nonfermentable Than on Fermentable Carbon
Sources
In contrast to cultivation on glucose-containing media, a
psd1D mutant strain failed to grow on media with lactate or
ethanol as the carbon source unless it was supplemented
with Etn, Cho, or Ser (Table 3). This defect was fully rescued
by expression of Psd1p derived from the centromeric plas-
mid pRB1 (Table 1) in the psd1D background. Addition of
Etn, Cho, or Ser to the medium improved growth of the
psd1D mutant on nonfermentable carbon sources to some
extent but not to the wild-type level. Whereas Etn and Cho
supplementation should directly enhance PtdEtn and
PtdCho formation through the Kennedy pathway, supple-
mentation with Ser resulted in enhanced PtdSer synthesis as
indicated by the rise of PtdSer from ;10 mol% of total
phospholipids in psd1D psd2D grown on Etn- or Cho-sup-

plemented medium to 17 mol% in cells grown on Ser-sup-
plemented medium (our unpublished results). This elevated
level of PtdSer might increase the substrate level for Psd2p.
The possibility that enhanced serine palmitoyl transferase-
dependent synthesis of sphingoid bases (Nagiec et al., 1994)
and increased hydrolysis of phosphorylated sphingoid bases
by Dpl1p accounted for the Ser auxotrophy was ruled out
because deletion of DPL1 in the psd1D mutant background
did not affect growth on lactate or ethanol in the presence of
Ser (Table 3). Taken together, these results indicate that
enhanced synthesis of PtdSer or increased formation of Ptd-
Etn or PtdCho through the Kennedy pathway can rescue
growth of psd1D mutant cells on nonfermentable carbon
sources. In contrast, psd1D psd2D or cho1D mutants are
strictly auxotrophic for Etn on nonfermentable carbon
sources (Table 3), suggesting that their capacity to synthe-
size PtdEtn through Dpl1p-dependent turnover of sphin-
goid bases was not sufficient to fulfill the elevated require-
ment of PtdEtn under these conditions.

Single deletions of EKI1 or CKI1, which encode the initial
enzymes of the Kennedy pathway, did not affect growth of
mutants deleted for PSD1 or PSD2 on glucose medium
(Table 3). On lactate or ethanol containing medium, how-
ever, a psd1D eki1D double mutant was auxotrophic for Etn,
Cho, or Ser, and a psd1D cki1D mutant strain was a strict Etn
auxotroph (Table 3), indicating that Etn is more specifically
used as a substrate by Eki1p than by Cki1p. Moreover, the
psd1D cki1D dpl1D mutant grew on Etn-, and the psd1D eki1D
dpl1D mutant grew on Etn, Cho, or Ser-supplementation
(Table 3). As expected, a psd1D cki1D eki1D triple mutant
failed to grow on Etn-, Cho-, or Ser-supplemented synthetic
lactate or ethanol medium, because Psd2p and Dpl1p did
not provide enough PtdEtn for cells grown on nonferment-
able carbon sources. Thus, Psd2p in combination with either
Eki1p or Cki1p was sufficient for maintaining the required
pool of PtdEtn for cells grown on lactate or ethanol. In the
absence of both Psd1p and Psd2p, Etn-utilization was more
efficient by Cki1p than by Eki1p. A psd1D psd2D cki1D triple
deletion was lethal (Table 3), whereas a psd1D psd2D eki1D
triple deletion strain grew like a psd1D psd2D double mutant
on lactate (except for a slightly higher requirement for Etn)
and a psd1D psd2D eki1D dpl1D quadruple deletion mutant
grew on fermentable and nonfermentable carbon sources
supplemented with Etn. Thus, the function of Eki1p and
Dpl1p in a psd1D psd2D cki1D triple mutant background was
not sufficient for growth, whereas psd1D psd2D with intact
Cki1p could grow if given appropriate supplementation.

PtdEtn Level in Mitochondria Is Growth Limiting
on Nonfermentable Carbon Sources
To quantify the effects of mitochondrial and extramitochon-
drial de novo synthesis of PtdEtn, we followed growth of
mutants with defects in PtdEtn synthesis in liquid YP media
(Figure 2). Consistent with the observations made on de-
fined solid media, more Etn was required on nonferment-
able than on fermentable carbon sources for strains deficient
in biosynthesis of PtdEtn. Etn supplementation of YPLac
enhanced growth of psd1D psd2D and cho1D mutants to a
level comparable to that of psd1D but not further. Growth of
psd1D on YPLac was not further enhanced by Etn supple-
mentation because YPLac contains low amounts of Etn and
Cho. These data suggest that, in the absence of mitochon-

Table 3. Carbon source dependent auxotrophies of strains with
defects in PtdEtn biosynthesis grown on defined solid media

Strain
Auxotrophy on

glucose
Auxotrophy on
lactate/ethanol

Wild type None None
psd1D None Etn or Cho or Ser
psd2D None None
psd1Dpsd2D Etn or Cho Etn
cho1D Etn or Cho Etn
psd1D psd2D dpl1D Etn Etn
psd1D psd2D 1 2m DPL1 None None
cho1D 1 2m DPL1 None None
psd1D dpl1D None Etn or Cho or Ser
psd2D dpl1D None None
psd1D eki1D None Etn or Cho or Ser
psd1D cki1D None Etn
psd1D cki1D eki1D None Lethala
psd2D eki1D None None
psd2D cki1D None None
psd2D cki1D eki1D None None
psd1D cki1D dpl1D None Etn
psd1D eki1D dpl1D None Etn or Cho or Ser
psd2D cki1D dpl1D None None
psd2D eki1D dpl1D None None
psd1D psd2D cki1D Lethal Lethal
psd1D psd2D cki1D eki1D Lethal Lethal
psd1D psd2D cki1D dpl1D Lethal Lethal
psd1D cki1D eki1D dpl1D None Lethala
psd2D cki1D eki1D dpl1D None None
psd1D psd2D cki1D eki1D dpl1D Lethal Lethal
psd1D psd2D eki1D Etn or Cho Etn
psd1D psd2D eki1D dpl1D Etn Etn
cki1D eki1D dpl1D None None

apoor growth on full medium
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drial production of PtdEtn, namely, in psd1D or cho1D
strains, transport of PtdEtn to mitochondria becomes
growth limiting. Under these conditions, the increased re-
quirement of PtdEtn cannot be satisfied by supply with
extramitochondrially synthesized PtdEtn. This notion was
confirmed by determining the phospholipid composition of
isolated mitochondria of the various mutant strains grown
on lactate with or without supplementation of 5 mM Etn
(Table 4). This analysis revealed that the growth rate of the
different strains on lactate correlated with the mitochondrial
PtdEtn content. In a psd1D strain, mitochondrial PtdEtn was
reduced to ;25% of the corresponding wild-type level; in
psd1D psd2D and cho1D strains, PtdEtn was reduced even
more dramatically to an apparently minimal level of 1–2%.
This decrease of PtdEtn is compensated for by elevated

levels of PtdCho, PtdSer, and phosphatidylinositol (PtdIns).
Etn supplementation did not increase the PtdEtn content of
mitochondria significantly, indicating that the low amount
of PtdEtn available in the extramitochondrial space is not
preferentially imported into mitochondria, but rather used
for production of PtdCho through the methylation pathway.
The predominant role of Psd1p in supplying mitochondria,
relative to the total cell homogenate, with PtdEtn is apparent
from the significant enrichment of PtdEtn in mitochondria in
strains with intact PSD1 (Table 4). In contrast, mitochondria
from psd1D, psd1D psd2D, or cho1D mutants have a PtdEtn
level more comparable to that found in nonmitochondrial
subcellular membranes.

In mitochondria of psd1D and psd1D psd2D mutants, the
CL content is also reduced to ;50% of the Etn-supple-

Figure 2. Growth of strains with defects in PtdEtn
biosynthesis. Wild-type (M), psd1D (E), psd2D (‚),
psd1D psd2D (F), and cho1D (Œ) strains were grown
on YPLac (A), YPLac supplemented with 5 mM Etn
(B), YPD (C), and YPD supplemented with 5 mM
Etn (D).

Table 4. Phospholipids of strains with defects in PtdEtn biosynthesis

Strain Growth medium

Phospholipids in mitochondria and cell homogenate (mol%)

PA PtdSer PtdIns PtdCho PtdEtn CL Others

M H M H M H M H M H M H M H

Wild type YPLac 1 2 1 6 13 17 51 53 25 18 7 3 2 1
psd1D YPLac 1 2 6 7 13 21 67 58 6 8 5 3 2 1

YPLac 1 Etn 1 1 6 6 13 10 63 69 9 9 8 4 1 1
psd2D YPLac 1 1 4 7 12 15 45 55 27 17 9 3 1 2
psd1D psd2D YPLac 1 2 5 7 24 27 64 60 1 1 4 3 1 0

YPLac 1 Etn 1 2 9 10 1 11 67 69 3 3 9 4 1 1
cho1D YPLac 1 2 ND ND 25 28 64 61 2 5 6 2 2 2

YPLac 1 Etn 1 2 ND ND 9 17 77 69 6 7 5 3 2 2

M, mitochondria; H, homogenate; ND, not detected.
Mean values of two independent measurements are shown. Mean deviations are less than 5%.
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mented control (Table 4). To investigate whether the low
PtdEtn content in mitochondria directly affects the activity of
enzymes involved in CL biosynthesis, we performed in vitro
enzyme assays for CL synthase and phosphatidylglycero-
phosphate (PtdGro-P) synthase. After growth on YPLac
without Etn supplementation specific activity of PtdGro-P
synthase was twice as high in mitochondria of psd1D psd2D
(0.81 6 0.04 nmol/min 3 mg protein) compared with the
wild-type (0.44 6 0.03 nmol/min 3 mg protein), whereas
the specific activity of CL synthase was similar in mitochon-
dria of both strains (0.081 6 0.011 nmol/min 3 mg protein).
Thus, the observed reduction of CL is not due to reduced
activities of the enzymes involved in the biosynthesis of this
phospholipid.

PtdEtn Depletion Does Not Cause Obvious Damage
to Mitochondrial Membranes
To examine whether enzymes of the respiratory chain de-
pend on the mitochondrial content of PtdEtn we measured
the specific activity of cytochrome c oxidase in mitochondria
of psd1D, psd1D psd2D, cho1D, and psd2D deletion strains
grown on YPLac with or without Etn supplementation. In all
mutants tested this enzyme activity was similar to wild-type
(0.19 6 0.01 mmol/min 3 mg). Furthermore, spectroscopic
analysis displayed a similar content of cytochromes aa3, b,
and c in all of these strains (our unpublished results). Fi-
nally, the mitochondrial protein pattern and morphology
were not affected by PtdEtn depletion either. The latter
observation was made by using the green fluorescent pro-
tein (GFP)-tagged mitochondrial matrix protein CoxIVp
(kindly provided by R.E. Jensen, John Hopkins University of
Medicine, Baltimore, MD), and the membrane potential-
dependent fluorescent dyes MitoTracker CMXRos (Molecu-
lar Probes, Eugene, OR) and 4-(4-dimethylaminostyryl)-N-
methyl-pyridinium iodide (Molecular Probes) as probes.
Similarly, electron microscopic analysis did not show any
obvious structural alterations of mitochondria or other or-
ganelles in the psd1D strain (our unpublished results). These
results demonstrate that the mitochondrial defect of PtdEtn-
depleted strains is not due to gross changes of their mito-
chondrial membranes.

Reduced Level of PtdEtn Induces Formation of
Respiration-deficient Cells (Petites)
An increased rate of respiration-deficient cell (petite) forma-
tion is a common phenotype of various mutants defective in
lipid biosynthesis. This phenotype was described for cho1D
(Atkinson et al., 1980) and psd1D mutant strains (Trotter et al.,
1993), suggesting that mitochondria are more sensitive to
alterations of their phospholipid composition than other
organelles. Our results presented here confirm and extend
these observations. Cultures of cells lacking the capacity to
form mitochondrial PtdEtn (psd1D, psd1D psd2D, and cho1D)
contained ;50% petites after 2 d of growth in YPD medium,
irrespective of Etn supplementation. The observation that
spontaneously produced petite cells are growth arrested on
nonfermentable carbon sources but remain fully viable for
up to 4 d, allowed us to determine the rate of spontaneous
petite formation by counting the number of petite cells at
two different time points. In YPLac medium ;10% of the
cells lacking mitochondrial PtdEtn synthesis formed petites

independent of growth phase and Etn supplementation (Ta-
ble 5). Thus, during each cell division ;10% of psd1D , psd1D
psd2D, and cho1D cells become respiratory deficient. After
three to four rounds of subculturing these strains on glu-
cose-containing medium (YPD), petites accumulated and the
entire culture became respiratory deficient.

As a control, we examined whether the poor growth of
strains with defects in PtdEtn biosynthesis on nonferment-
able carbon sources was due to a reduction of their viability.
For this purpose psd1D, psd1D psd2D, cho1D, psd2D mutant
strains and wild-type were grown to mid-logarithmic
growth phase on lactate (YPLac) with or without Etn sup-
plementation and stained with acridine orange (Molecular
Probes). Viability was close to 100% in all cultures, indicat-
ing that deficiency of PtdEtn directly or indirectly leads to
cessation of growth on nonfermentable carbon sources but
not to cell death.

Overproduction of Psd1p in Wild-Type Does Not
Affect the Mitochondrial Phospholipid Composition
Because the amount of PtdEtn in mitochondria of the psd1D
mutant seems to be growth limiting, we examined whether
1) this parameter is also growth limiting in wild-type, and
2) whether the amount of mitochondrial PtdEtn can be in-
creased over the wild-type level by overexpression of Psd1p.
The haploid wild-type strain YBR1 transformed with the 2 m
plasmid pRB3 carrying PSD1 (Table 1) and the control strain
bearing the empty vector grew with almost identical rate on
YPLac. Surprisingly, the phospholipid composition of mito-
chondria and cell homogenate was not affected by overex-
pression of Psd1p (our unpublished results), even though
the specific activity of PtdSer decarboxylase in vitro was
13-fold increased in the cell homogenate (3.7 nmol/min 3
mg protein) and 17-fold in mitochondria (27.6 nmol/min 3
mg protein) over wild-type. These observations indicate that
mitochondrial production of PtdEtn is most likely limited by
the rate of import of PtdSer into mitochondria but not by the
activity of Psd1p.

Table 5. Respiration deficiency (petite formation) after cultivation
of cells to the midlogarithmic (midlog.) and stationary growth phase
(stat.) on lactate

Strain
Growth
medium

Petites (%)
midlog.

Petites (%)
stat.

Wild type YPLac 1 0
psd1D YPLac 13 9

YPLac 1 Etn 13 10
psd2D YPLac 1 0
psd1D psd2D YPLac 15 8

YPLac 1 Etn 14 9
cho1D YPLac 14 9

YPLac 1 Etn 13 8

Mean values of two independent dilutions are shown. Mean devi-
ations are ,10%.
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PtdEtn Is Required for Glycosylphosphatidylinosi-
tol (GPI)-Anchor Synthesis, but not for Secretion of
carboxypeptidase Y (CPY) and Invertase
PtdEtn is the precursor for the Etn-P bridge that links the
GPI-anchor to the carboxyl-terminal amino acid of proteins
(Menon and Stevens, 1992). Thus, depletion of PtdEtn was
expected to affect the formation of GPI-anchored proteins.
To test this prediction, we studied maturation of the GPI-
anchored Gas1p in strains deleted of one or both PtdSer
decarboxylases on synthetic glucose medium supplemented
with Etn or Cho. Western blot analysis (Figure 3A) revealed
that the 100-kDa Gas1p-precursor of the endoplasmic retic-
ulum accumulated in the psd1D psd2D double mutant. The
precursor band appeared strongest, and the amount of the
mature 125-kDa Golgi form of Gas1p was reduced concom-
itantly, when the strain was grown with Cho supplementa-
tion, i.e., when the level of PtdEtn was decreased to the
minimum of less than 1 mol% of total phospholipids com-
pared with 20 mol% of wild-type. The Gas1p precursor
accumulated, although in a less pronounced way, in the
Etn-supplemented psd1D psd2D mutant, supporting the view
that Etn is the more efficient precursor for maintaining the
PtdEtn pool in this strain.

Because GPI-anchor–linked and –unlinked Gas1p precur-
sor of the endoplasmic reticulum is not separated by gel
electrophoresis, the analysis described above did not dis-
criminate between a defect in GPI-anchor biosynthesis or a
defect in sorting or transport of GPI-anchored proteins from
the endoplasmic reticulum to the Golgi. For this reason, we

investigated whether PtdEtn deficiency affects the secretory
pathway in general by measuring the kinetics of CPY mat-
uration and the rate of invertase secretion in psd1D psd2D
grown on synthetic glucose medium supplemented with
Cho. Mature CPY was formed in psd1D psd2D and wild type
with similar kinetics (Figure 3B). External and internal in-
vertase activities were also similar in both strains (Figure 4).
These results demonstrate that secretion, in general, is not
affected by PtdEtn deficiency. Thus, PtdEtn appears to be
required for GPI-anchor biosynthesis, although we cannot
exclude that the sorting of GPI-anchored proteins into se-
cretory vesicles is specifically affected by the altered lipid
environment of compartments involved in this process.

DISCUSSION

The spatial separation of the PtdEtn biosynthetic pathways
and their different efficiencies explain why the various bio-
synthetic routes are not equally well suited to meet the
requirements for PtdEtn in yeast on fermentable and non-
fermentable carbon sources. A minimum level of PtdEtn, as
formed through sphingolipid turnover, is sufficient for
growth on glucose provided that PtdCho is synthesized
from Cho via the CDP-Cho (Kennedy) pathway. On nonfer-
mentable carbon sources, a higher level of cellular PtdEtn is
required, and mitochondrial synthesis of PtdEtn by Psd1p
becomes paramount. Under these conditions, psd1D psd2D
and cho1D deletion mutant strains are strictly auxotrophic
for Etn because the formation of endogenous Etn-P by Dpl1p

Figure 3. Processing of Gas1p and CPY in
PtdEtn depleted cells. (A) Western blot analysis
of Gas1p from wild-type (lane 1), psd1D (lane 2),
psd2D (lane 3), and psd1D psd2D (lanes 4 and 5)
cells grown on synthetic medium. Growth of
psd1D psd2D was supplemented with Etn (lane 4)
or Cho (lane 5). (B) CPY was immunoprecipi-
tated at 0, 15, and 30 min from wild-type and
psd1D psd2D cells during a pulse-chase experi-
ment with cells grown on synthetic medium
supplemented with Cho.

Figure 4. Secretion of invertase in PtdEtn-
depleted cells. External (M) and internal (‚)
invertase activities of wild-type (A) and psd1D
psd2D (B) strains grown on Cho-supplemented
synthetic medium were determined after in-
duction (see MATERIALS AND METHODS)
at the time points indicated.
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is not sufficient to synthesize the amount of PtdEtn that is
required. Similarly, the Psd2p pathway alone does not pro-
vide enough PtdEtn for growth of a psd1D strain on nonfer-
mentable carbon sources, and increased PtdSer biosynthesis
(with exogenous Ser) or the Kennedy pathway (with exog-
enous Etn or Cho) becomes essential. We conclude from
these results 1) that PtdEtn production through the Kennedy
pathway is more efficient than decarboxylation of PtdSer by
Psd2p, and/or 2) that transport of PtdEtn into mitochondria
is growth rate-limiting and less efficient from the site of
Psd2p action than from the site where PtdEtn is synthesized
through the Kennedy pathway. It has to be noted, however,
that neither of these enzymatic steps has yet been unambig-
uously localized.

On glucose media, the Kennedy pathway is only essential
when cells lack Cho1p or both Psd1p and Psd2p. In a psd1D
psd2D background, deletion of CKI1 is lethal, whereas dele-
tion of EKI1 causes only a higher requirement for Etn, espe-
cially on nonfermentable carbon sources. A psd1D cki1D
double mutant does not efficiently use Cho as a source for
PtdCho biosynthesis because Eki1p appears to be specific for
Etn and has a rather poor Cho kinase activity. Furthermore,
deletion of CKI1 (Kim et al., 1999), in contrast to deletion of
EKI1, reduces the activity of the Cho and Etn transporter
Ctr1p and may thus contribute to the synthetic lethality of a
psd1D psd2D cki1D triple mutant. In contrast to psd1D and
psd1D eki1D, the psd1D cki1D mutant does not grow on Ser-
supplemented media containing nonfermentable carbon
sources. In psd1D cki1D cells, the enhancement of PtdSer
synthesis is probably insufficient for growth because of the
limited capacity of this strain to recycle Cho formed by
phospholipase D. These results also support the view that
Eki1p has low Cho kinase activity, resulting in a decreased
level of PtdCho in psd1D cki1D cells that cannot be compen-
sated by increased formation of other lipids. Without taking
into account specific effects of EKI1 and CKI1 deletion on
transport of Etn and Cho, and a possible regulatory interac-
tion of pathways of PtdEtn biosynthesis, we can define a
ranking for the efficiency of the different PtdEtn biosynthetic
routes in yeast as follows: Psd1p . Cki1p . Psd2p .
Eki1p . Dpl1p.

The second part of this study was focused on possible
roles of PtdEtn in yeast, especially in mitochondria. Growth
analysis of the various mutant strains revealed a require-
ment of PtdEtn for mitochondrial function. Consistent with
such a function of PtdEtn, we found that the growth defects
of psd1D , psd1D psd2D, and cho1D strains on lactate medium
correlated with the PtdEtn content in the mitochondria of
these strains. Because Etn supplementation and thus stimu-
lation of the Kennedy pathway did not have a pronounced
effect on the PtdEtn content of mitochondria from psd1D,
psd1D psd2D, and cho1D mutant strains, we conclude that in
addition to its limited formation, PtdEtn is also insufficiently
supplied to mitochondria, and thus becomes growth limit-
ing, when mitochondrial synthesis of PtdEtn is absent. This
observation is in line with previous results from our labo-
ratory obtained by pulse-chase labeling, which showed that
PtdEtn produced by Psd2p or via the Kennedy pathway can
be imported into mitochondria, although only at a low rate
(Bürgermeister et al., 2000). However, extramitochondrial
PtdEtn formed in strains lacking Psd1p does not accumulate
in the extramitochondrial space even under Etn supplemen-

tation, because it is more efficiently methylated to PtdCho
than imported into mitochondria (our unpublished results).

Phospholipid biosynthesis is coordinately regulated in re-
sponse to inositol availability. Some key enzymes of lipid
biosynthesis are repressed by exogenous inositol and dere-
pressed when inositol becomes limiting (reviewed by Henry
and Patton-Vogt, 1998). Deletion of CHO1 or PSD1 results in
a derepression of phospholipid biosynthetic genes and in
overproduction and excretion of inositol (Opi-phenotype).
Etn supplementation of cho1D or psd1D relieves this Opi-
phenotype and restores regulation in response to inositol
(Griac, 1997). This regulatory circuit appears to account for
the increased level of PtdIns in psd1D psd2D and cho1D
strains through derepression of IN01, encoding for inositol-
1-phosphate synthase, and may also be responsible for the
decreased formation of CL in psd1D and psd1D psd2D mu-
tants on YPLac (Table 5). Like Ino1p, but unlike CL synthase,
PtdGro-P synthase has been shown to be regulated in re-
sponse to inositol (Greenberg et al., 1988; Shen and Dowhan,
1998). This regulation explains the increased in vitro activity
of PtdGro-P synthase, but the unchanged activity of CL
synthase, in mitochondria of psd1D and psd1D psd2D strains
(see RESULTS). The discrepancy between in vitro activities
of enzymes involved in CL formation and the decreased
content of CL may be explained as a result of direct compe-
tition of PtdIns synthase, PtdSer synthase, and PtdGro-P
synthase for the common substrate CDP-DAG or by non-
competitive inhibition of PtdSer synthase by inositol (Kelley
et al., 1988). This hypothesis is in line with the observation
that lack of PtdSer biosynthesis in cho1D cells results in the
formation of wild-type levels of CL, while at the same time
PtdIns biosynthesis is induced. Furthermore, the PtdSer con-
tent of a psd1D psd2D strain grown in the presence of Etn
supplementation is significantly higher than that in cells
grown without Etn supplementation, i. e., when CDP-DAG
is preferentially used for PtdIns biosynthesis (Table 4). Thus,
there appears to be no direct link between the growth phe-
notype on lactate of mutants with defects in PtdEtn biosyn-
thesis and the CL content of mitochondria (Figure 2; Table
4), but rather an indirect link through regulatory phenom-
ena. It is noteworthy, however, that the sum of CL and
PtdEtn might be important for maintaining yeast mitochon-
drial function, as has been shown previously for E. coli
membranes (Rietveld et al., 1993). This hypothesis is sup-
ported by the observation that a yeast strain bearing a mu-
tation of the CL synthase gene CRD1 exhibits an elevated
level of PtdEtn (Tuller et al., 1998), and the fact that deletions
of CHO1 and PGS1 (PtdGro-P synthase) are synthetically
lethal (Janitor et al., 1996).

No obvious defects of mitochondrial morphology, mem-
brane potential, or respiratory enzymes were detected as a
consequence of a low PtdEtn content. The growth defects of
psd1D, psd1D psd2D, and cho1D strains on nonfermentable
carbon sources are at least partly due to the spontaneous
formation of respiration-deficient cells. We do not know at
present whether the mitochondrial genome is completely
lost (r0) or only partly deleted (r2) in these strains. We can
also only speculate as to whether this defect is due to a
reduced efficiency of anchoring the nucleoid to the inner
mitochondrial membrane or to more direct effects on the
replication/partitioning apparatus itself. The viability of
PtdEtn biosynthesis mutants is not reduced on nonferment-
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able carbon sources, indicating that the severe growth defect
of psd1D psd2D and cho1D strains is due to a dramatically
decreased growth rate, but not to cell death. These results
support data reported by Griac et al. (1996), who observed a
similar effect with a cho1 mutant grown in the absence of Etn
or Cho. The cessation of growth may result from an indirect
effect of PtdEtn depletion, e.g., reduced ATP synthesis, or
may be the consequence of a more direct effect, such as a
membrane status-dependent control mechanism for growth.

Studies using an ept1D cpt1D double deletion mutant (Me-
non and Stevens, 1992) revealed that PtdEtn but not Etn,
Etn-P, or CDP-Etn is the precursor for GPI-anchor biosyn-
thesis. Our data support this result in that depletion of
PtdEtn leads to a maturation defect of Gas1p. GPI-anchor
biosynthesis is essential in yeast (Orlean et al., 1994), which
may be one reason for the requirement of a minimum level
of PtdEtn. Most remarkably, however, the general secretory
pathway is not affected by PtdEtn deficiency (Figures 3B and
4). This finding is surprising because the unique biophysical
property of PtdEtn to form nonbilayer structures has been
thought to affect vesicle-mediated protein trafficking (de
Kruijff, 1997). It seems unlikely that the residual amount of
less than 1 mol% PtdEtn of total phospholipids in the psd1D
psd2D strain can fulfill this biophysical requirement. Instead,
it appears that in yeast PtdEtn is largely dispensable as a
structural component of membranes, and that compensatory
effects that are presently unknown may maintain the bio-
physical properties of the membranes required for cell via-
bility.
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