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Phospholipid synthesis in yeast: regulation by
phosphorylation?-2

George M. Carman and Michael C. Kersting

Introduction

Abstract: The yeast Saccharomyces cerevisiae is a model eukaryotic organism for the study of the regulation of
phospholipid synthesis. The major phospholipids (phosphatidylcholine, phosphatidylethanolamine, phosphatidylinositol,
and phosphatidylserine) are synthesized by complementary (CDP-diacylglycerol and Kennedy) pathways. The regula-
tion of these pathways is complex and is controlled by genetic and biochemical mechanisms. Inositol plays a major
role in the regulation of phospholipid synthesis. Inositol-mediated regulation involves the expression of genes and the
modulation of enzyme activities. Phosphorylation is a major mechanism by which enzymes and transcription factors are
regulated, and indeed, key phospholipid biosynthetic enzymes have been identified as targets of phosphorylation. Pro-
tein kinase A phosphorylates CTP synthetase, choline kinase, Mg?*-dependent phosphatidate phosphatase,
phosphatidylserine synthase, and the transcription factor Opilp. CTP synthetase and Opilp are also phosphorylated by
protein kinase C. The phosphorylation of these proteins plays a role in regulating their activities and (or) function in
phospholipid synthesis.
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Résumé : La levure Saccharomyces cerevisiae est un modéle d’ organisme eucaryote servant a étudier la régulation de
la synthése des phospholipides. Les principaux phospholipides (phosphatidylcholine, phosphatidyléthanolamine, phos-
phatidylinositol et phosphatidylsérine) sont synthétisés par des voies métaboliques complémentaires (CDP—diacylglycé-
rol et Kennedy). La régulation de ces voies métaboliques, dans laquelle des mécanismes génétiques et biochimiques
interviennent, est complexe. L'inositol joue un réle crucial dans la régulation de la synthese des phospholipides.

L’ expression de genes et la modulation d’ activités enzymatiques interviennent dans la régulation par I'intermédiaire de
I’inositol. La phosphorylation est un mécanisme important de régulation d’enzymes et de facteurs de transcription e,
en effet, des enzymes clés de la biosynthése des phospholipides sont des cibles de la phosphorylation. La protéine ki-
nase A phosphoryle la CTP synthétase, la choline kinase, la phosphatase de I’ acide phosphatidique dépendante du Mg?*
et la phosphatidylsérine synthase, ainsi que le facteur de transcription Opilp. La CTP synthétase et le facteur Opilp
sont également phosphorylés par la protéine kinase C. La phosphorylation de ces protéines joue un rdle dans la régula-
tion de leurs activités et/ou de leur fonction dans la synthése des phospholipides.

Mots clés : phospholipides, levure, synthése des phospholipides, phosphorylation, protéine kinase A, protéine kinase C.
[Traduit par la Rédaction]

S. cerevisiae have been cloned and characterized, and muta-
tions in these genes have been isolated (Carman and Henry

The yeast Saccharomyces cerevisiae serves as a model
eukaryotic organism for the study of the regulation of phos-
pholipid synthesis (Carman and Henry 1989, 1999; Carman
and Zeimetz 1996; Greenberg and Lopes 1996; Henry and
Patton-Vogt 1998; Paltauf et al. 1992). Almost al of the
structural genes responsible for phospholipid synthesis in

1989, 1999; Carman and Zeimetz 1996; Greenberg and
Lopes 1996; Henry and Patton-Vogt 1998; Paltauf et al.
1992; Zaremberg and McMaster 2002; Zheng and Zou
2001). In addition, many of the enzymes responsible for the
synthesis of phospholipids have been purified and character-
ized (Carman and Henry 1989, 1999; Carman and Zeimetz
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1996; Greenberg and Lopes 1996; Henry and Patton-Vogt
1998; Paltauf et al.1992). The characterization of the wild-
type and mutant genes, along with their encoded enzymes,
has significantly advanced the understanding of phospho-
lipid synthesis and its regulation.

A number of factors regulate phospholipid synthesis in
S cerevisiae. These include water-soluble phospholipid pre-
cursors, nucleotides, lipids, and growth phase (Carman and
Henry 1989, 1999; Carman and Zeimetz 1996; Greenberg
and Lopes 1996; Henry and Patton-Vogt 1998; Paltauf et al.
1992). Phospholipid synthesis regulation is complex and oc-
curs by genetic and biochemical mechanisms. Moreover, reg-
ulation of phospholipid synthesis is interrelated with other
cellular processes, including the metabolism of sphingo-
lipids and triacylglycerols and general nutrient control
(Carman and Henry 1999). In this review, we will discuss
the pathways by which phospholipids are synthesized and
their regulation by inositol. In addition, we will discuss re-
cent advances in the regulation of phospholipid synthesis by
phosphorylation.

Phospholipid biosynthetic pathways in
Saccharomyces cerevisiae

Phospholipids are essential molecules that contribute to
the structure and function of cell membranes. The major
phospholipids found in the membranes of S. cerevisiae in-
clude phosphatidylcholine (PC), phosphatidylethanolamine
(PE), phosphatidylinositol (Pl), and phosphatidylserine (PS)
(Carman and Henry 1989, 1999; Carman and Zeimetz 1996;
Paltauf et al. 1992; Rattray et a. 1975). Mitochondrial mem-
branes also contain phosphatidylglycerol and cardiolipin
(Carman and Henry 1989, 1999; Carman and Zeimetz 1996;
Paltauf et a. 1992; Rattray et al. 1975). The most common
fatty acids esterified to the glycerophosphate backbone of
yeast phospholipids include palmitic acid, palmitoleic acid,
stearic acid, and oleic acid (Bossie and Martin 1989;
McDonough et a.1992; Rattray et a. 1975). The synthesis
of phospholipids in S. cerevisiae occurs by complementary
pathways common to those found in mammalian cells*
(Fig. 1) (Birner and Daum 2003; Carman and Henry 1989,
1999; Paltauf et al. 1992; Voelker 2003). PS, PE, and PC are
synthesized from phosphatidate (PA) by the CDP-
diacylglycerol (DAG) pathway (Fig. 1). The CDS1-encoded
CDP-DAG synthase (Shen et a. 1996) catalyzes the forma-
tion of the energy-rich liponucleotide intermediate CDP-
DAG from PA and CTP (Carter and Kennedy 1966). CDP—
DAG may then donate its phosphatidyl moiety to serine to
form PS (Kanfer and Kennedy 1964). This reaction is cata-
lyzed by the PSS1/CHO1-encoded PS synthase (Kiyono et
al. 1987; Letts et a. 1983; Nikawa et al. 1987b). PE is synthe-
sized from PS by the reaction catalyzed by the PSD1-encoded
(Clancey et al. 1993; Trotter et al. 1993) and PSD2-encoded
(Trotter et a. 1995) PS decarboxylase enzymes. Two
enzymes catalyze the three-step AdoMet-dependent methy-
lation of PE to PC (Bremer and Greenberg 1961). The first
methylation reaction is catalyzed by the PEM1/CHO2-
encoded PE methyltransferase (Kodaki and Yamashita 1987;
Summers et al. 1988) and the last two methylation reactions

63

are catalyzed by the PEM2/OPI3-encoded phospholipid
methyltransferase (Kodaki and Yamashita 1987; McGraw
and Henry 1989).

PE and PC are aso synthesized by way of the CDP-
ethanolamine and CDP—chaline branches, respectively, of the
Kennedy pathway (Fig. 1). The EKI1-encoded ethanolamine
kinase (Kim et a. 1999) and the CKIl1l-encoded choline
kinase (Hosaka et a. 1989) enzymes catalyze the phospho-
rylations of ethanolamine and choline with ATP to form
phosphoethanolamine and phosphocholine, respectively. The
ECT1l-encoded phosphoethanolamine cytidylyltransferase
(Min-Seok et da. 1996) and the PCT1/CCT1-encoded
phosphocholine cytidylyltransferase (Tsukagoshi et a. 1987)
enzymes activate phogphoethanolamine and  phosphocholine
with CTP to form CDP—ethanolamine and CDP—chaline, respec-
tively. CDP-ethanolamine and CDP—chaline react with DAG to
form PE and PC, respectively, by reactions catalyzed by the
EPT1-encoded ethanolamine phosphotransferase (Hjelmstad and
Bell 1988, 1991) and the CPT1-encoded choline phospho-
transferase (Hjelmstad and Bell 1987, 1990) enzymes.

The PISl-encoded Pl synthase (Nikawa et a. 1987a;
Nikawa and Yamashita 1984) catalyzes the formation of Pl
by displacing CMP from CDP-DAG with inositol (Paulus
and Kennedy 1960). The inositol used for this reaction is de-
rived from glucose-6-phosphate via the reactions catalyzed
by the INO1-encoded inositol-1-phosphate synthase (Dean-
Johnson and Henry 1989; Klig and Henry 1984) and the
INM1-encoded inositol-1-phosphate phosphatase (Murray
and Greenberg 2000). CDP-DAG is aso used for the syn-
thesis of cardiolipin. In the cardiolipin pathway (not shown
in Fig. 1), the PGSL-encoded phosphatidylglycerophosphate
synthase (Chang et al. 1998a) displaces CMP from CDP-
DAG with glycerol-3-phosphate to form phosphatidylglyce-
rophosphate. This molecule is dephosphorylated by a
phosphatase to form phosphatidylglycerol. The CRD1/CLSI-
encoded cardiolipin synthase (Chang et al. 1998b; Jiang et
al. 1997; Tuller et al. 1998) generates cardiolipin by catalyz-
ing areaction between phosphatidylglycerol and CDP-DAG.

The CTP required for the synthesis of the activated, energy-
rich phospholipid pathway intermediates CDP-DAG, CDP-
ethanolamine, and CDP—choline is derived from UTP viathe
reaction catalyzed by the URA7-encoded (Ozier-
Kalogeropoulos et al. 1991) and URA8-encoded (Ozier-
Kalogeropoulos et al. 1994) CTP synthetase enzymes. The
DAG used for the synthesis of PE and PC via the Kennedy
pathway is derived from PA by the reaction catalyzed by
Mg?*-dependent PA phosphatase (Carman 1997). DAG is
also used for the synthesis of triacylglycerols (Carman 1997).

The CDP-DAG pathway is primarily used by wild-type
cells for the synthesis of PE and PC when they are grown in
the absence of ethanolamine or choline (Carman 1989;
Carman and Henry 1989, 1999; Henry 1982; Paltauf et al.
1992). Yet, the Kennedy pathway contributes to the synthe-
sis of PE and PC under this growth condition (Henry and
Patton-Vogt 1998; Kim et al. 1999; Patton-Vogt et al. 1997).
For example, the PC synthesized via the CDP-DAG pathway
is constantly hydrolyzed to free choline and PA (Patton-Vogt
et al. 1997; Xie et al. 1998) by the SPO14/PLD1-encoded
(Rose et al. 1995; Waksman et al. 1996) phospholipase D

4In mammalian cells, PS is synthesized by an exchange reaction between PE or PC with serine (Vance 1996).
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Fig. 1. Pathways for the synthesis of phospholipids in Saccharomyces cerevisiae. The pathways shown for the synthesis of phospho-
lipids include the relevant steps discussed in the text. The CDP-DAG and Kennedy pathways are indicated. The known genes that code
for enzymes catalyzing individual steps in the pathway are also indicated. PA, phosphatidate; CDP-DAG, CDP-diacylglycerol; P,
phosphatidylinositol; PS, phosphatidylserine; PE, phosphatidylethanolamine; PC, phosphatidylcholine; P-choline, phosphocholine; P-
ethanolamine, phosphoethanolamine; DAG, diacylglycerol; TAG, triacylglycerol.
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enzyme. Free choline is incorporated back into PC via the
CDP—choline branch of the Kennedy pathway, and PA isin-
corporated into phospholipids via reactions utilizing CDP-
DAG and DG (Carman and Henry 1999; Carman and
Zeimetz 1996; Paltauf et al. 1992).

The Kennedy pathway assumes a critical role in phospho-
lipid synthesis when enzymes in the CDP-DAG pathway are
defective (Carman and Henry 1989, 1999; Greenberg and
Lopes 1996; Paltauf et al. 1992). Mutants in the CDP-DAG
pathway require choline for growth and synthesize PC by
way of CDP—choline (Atkinson et al. 1980a, 1980b; Kodaki
and Yamashita 1987, 1989; McGraw and Henry 1989; Sum-
mers et al. 1988; Trotter et al. 1995; Trotter and Voelker
1995). Mutants defective in the synthesis of PS (Atkinson et
al. 1980a, 1980b) or PE (Trotter et al. 1995; Trotter and
Voelker 1995) can also synthesize PC if they are supple-
mented with ethanolamine. The ethanolamine is used for PE
synthesis by way of CDP—ethanolamine. The PE is subse-
guently methylated to form PC.

Regulation of phospholipid synthesis by
inositol

Regulation of phospholipid synthesis by inositol has been
extensively characterized and reviewed (Carman and Henry
1989, 1999; Carman and Zeimetz 1996; Greenberg and Lopes
1996; Henry and Patton-Vogt 1998; Paltauf et al. 1992). A
summary of this regulation is presented here. When inositol
is supplemented to the growth medium of wild-type cells,
the level of Pl increases whereas the levels of PS, PE, and
PC decrease (Kelley et al. 1988; Klig et al. 1985). These
changes are due to genetic and biochemical mechanisms.
The expression of genes encoding enzymes responsible for
the synthesis of Pl and PC is regulated by inositol (Carman

[Kennedy Pathway}

Table 1. Phospholipid synthesis genes that are regu-
lated by inositol supplementation.

Gene Enzyme

INO1 Inositol-1-phosphate synthase
CDs1 CDP-DAG synthase
PSSI/CHO1 PS synthase

PSD1 PS decarboxylase
PEM1/CHO2 PE methyltransferase
PEM2/OPI3 Phospholipid methyltransferase
CKI1 Choline kinase

CPT1 Choline phosphotransferase

Note: The genes listed contain UAS,o element(s) to
which the Ino2p-Ino4p complex binds to drive maximal ex-
pression of the indicated enzymes when cells are grown in
the absence of inositol. The repression of these genes in re-
sponse to inositol supplementation is mediated by Opilp.

and Henry 1989, 1999; Greenberg and Lopes 1996; Henry
and Patton-Vogt 1998; Howe et al. 2002; Paltauf et al. 1992)
(Table 1). These genes are maximally expressed when
inositol is absent from the growth medium and repressed
when inositol is supplemented to the growth medium. Re-
pression by inositol supplementation is enhanced by the in-
clusion of ethanolamine or choline in the growth medium
(Carman and Henry 1989, 1999; Greenberg and L opes 1996;
Henry and Patton-Vogt 1998; Paltauf et al. 1992). Inositol-
mediated regulation involves the regulatory proteins Ino2p,
Inodp, and Opilp (Carman and Henry 1989, 1999;
Greenberg and Lopes 1996; Henry and Patton-Vogt 1998;
Paltauf et a. 1992). Ino2p (Nikoloff et al. 1992) and Inodp
(Hoshizaki et al. 1990) are positive transcriptional regulators
whereas Opilp (White et a. 1991) is a negative tran-
scriptional regulator. Regulation of phospholipid synthesis
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by inositol is mediated via a UAS\o cis-acting element(s)
(Carman and Henry 1989; Kodaki et a. 1991; Lopes et al.
1991; Schuller et al. 1992, 1995) present in the promoters of
the structural genes encoding phospholipid synthesis en-
zymes (Ambroziak and Henry 1994; Carman and Henry
1989, 1999; Greenberg and Lopes 1996; Henry and Patton-
Vogt 1998; Paltauf et al. 1992). The UAS\o element con-
tains a consensus-binding site (5'-CANNTG-3') for an
Ino2p—Inodp heterodimer, which is required for maximum
expression of the coregulated UAS,\o-containing genes
(Carman and Henry 1999; Greenberg and Lopes 1996; Henry
and Patton-Vogt 1998; Hirsch and Henry 1986; Loewy and
Henry 1984; Schwank et al. 1995). Opilp mediates repres-
sion of the coregulated phospholipid synthesis genes through
the UAS\o element (Bachhawat et al. 1995) but not by di-
rect interaction (Wagner et al. 1999).

The increased level of Pl in response to inositol
supplementation is primarily due to a biochemical mecha-
nism (Kelley et al. 1988). Given the low intracellular levels
of inositol and the relatively high K,,, value for inositol, the
synthesis of Pl by the Pl synthase enzyme is regulated by
the availability of inositol (Kelley et al. 1988). Moreover,
inositol is an inhibitor of the PS synthase enzyme (Kelley et
al. 1988). This regulation also contributes to the decrease in
the synthesis of PS and ultimately PE and PC (Kelley et al.
1988).

Regulation of phospholipid synthesis by
phosphorylation

Covalent modification by phosphorylation is a major mech-
anism by which the activity of an enzyme or a regulatory pro-
tein is controlled (Calkhoven and Ab 1996; Hung et al. 1997;
Kaffman et a. 1998; Karin and Hunter 1995; Komeili and
O’ Shea 1999; Liu et a. 2000). Enzyme phosphorylation can
affect catalytic activity and (or) subcellular localization.
Phosphorylation of a regulatory protein can control its local-
ization, stability, or interaction with DNA or other proteins.
Data indicate that phospholipid synthesis in yeast is regu-
lated by phosphorylation. Some of this phosphorylation is
mediated by protein kinases A and C.

In S cerevisiae, protein kinase A is the principal mediator
of signals transmitted through the Ras-cAMP pathway (Broach
and Deschenes 1990; Thevelein 1994). Protein kinase A ac-
tivity is required for proper regulation of growth, progres-
sion through the cell cycle, and development in response to
various nutrients (Broach and Deschenes 1990; Thevelein
1994). Protein kinase A consists of two catalytic subunits
(encoded by TPK1, TPK2, and TPK3) and two regulatory
subunits (encoded by BCY1). Elevated cCAMP levels, which
are controlled by adenylate cyclase (encoded by CYR1) via
the Ras—cCAMP pathway, promote dissociation of the regula-
tory subunits from the catalytic subunits, thus allowing the
catalytic subunits to phosphorylate a variety of substrates
(Broach and Deschenes 1990; Thevelein 1994). Some of
these substrates are enzymes responsible for the synthesis of
phospholipids and the transcription factor Opilp (Table 2).

The activation of the Ras-CAMP pathway in S cerevisiae
results in a number of changes in lipid metabolism (Kinney
et al. 1990; Quinlan et al. 1992). These changes include an
increase in Pl synthesis at the expense of PS synthesis and
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an increase in the synthesis of DAG (Kinney et al. 1990;
Quinlan et a. 1992). The decrease in PS synthesis may be
attributed to inhibition of PS synthase by protein kinase A
mediated phosphorylation (Kinney et a. 1990; Kinney and
Carman 1988). The increase in DAG synthesis may be at-
tributed to stimulation of Mg?*-dependent PA phosphatase
by protein kinase A mediated phosphorylation (Quinlan et
al. 1992). The increase in Pl synthesis is not due to the
phosphorylation of Pl synthase by protein kinase A (Kinney
et al. 1990). Instead, PI synthesis increases because of aloss
of competition of Pl synthase and PS synthase for their com-
mon substrate CDP-DAG because of down-regulation of PS
synthase by phosphorylation (Kinney et al. 1990). Although
the PS synthase reaction in the CDP-DAG pathway is
down-regulated by protein kinase A phosphorylation, the
overal synthesis of PC is not affected by the activation of
the Ras—CAMP pathway (Kinney et al. 1990). The phospho-
rylation and stimulation of CTP synthetase, choline kinase,
and PA phosphatase by protein kinase A is consistent with
the increased utilization of the CDP—choline branch of the
Kennedy pathway for PC synthesis under this condition.
This hypothesis is supported by the fact that phosphorylation
site mutants of CTP synthetase (Choi et al. 2003; Park et al.
2003) and choline kinase (Yu et a. 2002) exhibit a decrease
in the synthesis of PC by the CDP—choline branch of the
Kennedy pathway.

Protein kinase C, which is encoded by the PKC1 gene, is
essential for progression of the S cerevisiae cell cycle
(Levin et al. 1990) and plays a role in cell wall formation
(Levin and Bartlett-Heubusch 1992). In mammalian cells,
protein kinase C plays a centra role in the regulation of a
host of cellular functions through its activation by growth
factors, hormones, and other agonists (Kaibuchi et al. 1985;
Persons et al. 1988; Rozengurt et al. 1984). These functions
include cell growth and proliferation (Kaibuchi et al. 1985;
Persons et al. 1988; Rozengurt et al. 1984). The yeast CTP
synthetase and Opilp proteins are phosphorylated by protein
kinase C (Table 2). The analysis of phosphorylation site mu-
tants that are defective in phosphorylation has shown that
protein kinase C plays a role in the regulation of phospho-
lipid synthesis.

Phosphorylation of phospholipid
biosynthetic enzymes and the
transcriptional regulatory protein Opiip

In this section of the review, we will discuss the phospho-
rylation of individual enzymes and of the transcriptional reg-
ulatory protein Opilp.

CTP synthetase phosphorylation

The URA7-encoded CTP synthetase is phosphorylated on
multiple serine residues in vivo (Yang and Carman 1995). In
vitro studies have shown that CTP synthetase is a substrate
for protein kinase A (Yang and Carman 1996) and protein
kinase C (Yang et al. 1996; Yang and Carman 1995). These
phosphorylations result in the stimulation of CTP synthetase
activity by a mechanism that increases catalytic turnover
(Yang et al. 1996; Yang and Carman 1995, 1996). In addi-
tion, phosphorylation facilitates nucleotide substrate-dependent
tetramerization of the enzyme (Pappas et a. 1998) and
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Table 2. Phosphorylated proteins of yeast (Saccharomyces cerevisiae) phospholipid metabolism.

Protein kinase(s) Effect on
Enzyme Gene involved Phosphorylation site(s) function
CTP synthetase URA7 Protein kinase A Ser424 Stimulation
Protein kinase C Ser3, Ser®™, Ser*?4, and Ser*™  Stimulation
Ser330 Inhibition
Choline kinase CKl1 Protein kinase A Ser30 and Ser® Stimulation
45-kDa Mg?*-dependent PA Unknown Protein kinase A Unknown Stimulation
phosphatase
PS synthase CHOL/PSSL  Protein kinase A Unknown Inhibition
Opilp transcription factor OPI1 Protein kinase A Ser®! and Ser?! Stimulation
Protein kinase C Ser?6 Inhibition

causes a decrease in the sensitivity of the enzyme to inhibi-
tion by CTP (Yang et al. 1996; Yang and Carman 1996).
Tetramerization and product inhibition are major mechanisms
by which CTP synthetase is regulated (Ostrander et al. 1998;
Pappas et al. 1998; Yang et al. 1994).

A combination of biochemical and molecular methods has
been used to identify phosphorylation sites in CTP synthe-
tase (Park et al. 1999, 2003). Ser?* has been identified as a
target site for protein kinase A (Park et al. 1999) and protein
kinase C (Choi et al. 2003). Ser®, Ser3%0, Ser®™ and Ser®
are also target sites for protein kinase C (Park et al. 2003).
Analysis of serine to alanine mutations has shown that phos-
phorylation at one site affects the phosphorylation of the en-
zyme at another site (Choi et al. 2003; Park et al. 2003). For
example, phosphorylation of Ser®* by protein kinase A or
protein kinase C is required for maximum phosphorylation
and stimulation by protein kinase C (Choi et al. 2003).
Moreover, a mutant analysis has shown that the phosphory-
lation of CTP synthetase at different sites has opposite ef-
fects on enzyme activity. The phosphorylation of CTP
synthetase at Ser®, Ser®>* Ser?*, and Ser*®* results in the
stimulation of CTP synthetase activity whereas phosphory-
lation at Ser3® results in the inhibition of activity (Choi et
al. 2003; Park et a. 1999, 2003). This regulation is physio-
logically relevant with respect to phospholipid synthesis. The
phosphorylation of these sites correlates with the increase
(Ser®, Ser®, Ser®?*, and Ser*®) or decrease (Ser®®) in PC
synthesis via the CDP—choline branch of the Kennedy path-
way (Choi et al. 2003; Park et al. 2003). The mechanism for
this regulation has been attributed to the availability of CTP
for phosphocholine cytidylyltransferase (Choi et al. 2003;
Park et al. 2003), the rate-limiting enzyme in the CDP-
choline branch of the Kennedy pathway (Kent and Carman
1999; McMaster and Bell 1994; Vance 1991).

Choaline kinase phosphorylation

Choline kinase is phosphorylated on multiple serine resi-
dues in vivo, and some of this phosphorylation is mediated
by protein kinase A (Kim and Carman 1999). In vitro, pro-
tein kinase A phosphorylates choline kinase on a serine resi-
due, and this phosphorylation results in a stimulation of
choline kinase activity by a mechanism that increases cata-
Iytic turnover (Kim and Carman 1999). The results of bio-
chemical and mutagenesis experiments have shown that
protein kinase A phosphorylates choline kinase at Ser® and
Ser® with the former being the major site of phospho-

rylation (Yu et al. 2002). Experiments using S30A and S85A
mutants have revealed that the phosphorylation of Ser¥°
(alone and in combination with Ser®) is responsible for the
major regulation of choline kinase activity in vivo. More-
over, the phosphorylation of choline kinase at these residues
regulates the synthesis of PC via the CDP—choline branch of
the Kennedy pathway (Yu et a. 2002).

PA phosphatase phosphorylation

Two membrane-associated forms (45 and 104 kDa) of the
Mg?*-dependent PA phosphatase have been isolated from
S cerevisiae (Carman 1997; Lin and Carman 1989; Morlock
et al. 1991). These enzymes are regulated differentialy by
phosphorylation (Quinlan et al. 1992). The 45-kDa Mg?*-
dependent PA phosphatase (Morlock et al. 1991) is phospho-
rylated by protein kinase A whereas the 104-kDa enzyme
(Lin and Carman 1989; Morlock et al. 1991) is not phospho-
rylated (Quinlan et al. 1992). The 45-kDa enzyme is phos-
phorylated on a serine residue, which results in a stimulation
in Mg?*-dependent PA phosphatase activity. The site(s) of
phosphorylation has not been determined. Studies with bcyl
and cyrl mutants defective in protein kinase A activity indi-
cate that this phosphorylation occurs in vivo (Quinlan et al.
1992). Moreover, activation of the Ras-CAMP pathway re-
sults in an increase in the synthesis of DAG and triacyl-
glycerol (Quinlan et a. 1992), which is consistent with the
stimulation of 45-kDa Mg?*-dependent PA phosphatase by
protein kinase A phosphorylation (Carman 1997).

PS synthase phosphorylation

PS synthase is phosphorylated by protein kinase A on a
serine residue (Kinney and Carman 1988). This phospho-
rylation results in a reduction in PS synthase activity.
Studies with becyl and cyrl mutants of the Ras—cCAMP path-
way have shown that the phosphorylation of PS synthase is
relevant in vivo (Kinney and Carman 1988). Moreover, in
vivo experiments have shown that under conditions where
PS synthase is phosphorylated by protein kinase A, the syn-
thesis of Pl increases at the expense of PS and its derivatives
PE and PC (Kinney et al. 1990). The target site(s) of
phosphorylation has not yet been identified.

Opilp phosphorylation

In vivo labeling experiments have shown that Opilp is a
phosphoprotein  (Sreenivas et a. 2001; Sreenivas and
Carman 2003). In vitro studies using a maltose-binding pro-
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tein (MBP) — Opi1p fusion protein have shown that Opilpis
a substrate for protein kinase A (Sreenivas and Carman
2003) and protein kinase C (Sreenivas et al. 2001). Ser®! and
Ser®! are major phosphorylation sites for protein kinase A
(Sreenivas and Carman 2003), and Ser?® is a major protein
kinase C phosphorylation site (Sreenivas et a. 2001). The
physiological consequence of the phosphorylation of Opilp
at Ser?, Ser3!, and Ser?®! has been examined by measuring
the effects of S26A, S31A, and S251A mutations on the ex-
pression of the INO1l gene, which contains the UAS\o
element. The B-galactosidase activity driven by an INO1-
CYC-lacZ reporter gene in opi 1A mutant cells expressing the
S31A and S251A mutant Opilp proteins is elevated in the
absence and presence of inositol when compared with cells
expressing wild-type Opilp (Sreenivas and Carman 2003).
The S26A mutation has the opposite effect on INO1 expres-
sion (Sreenivas et al. 2001). These data support the conclu-
sion that phosphorylation of Opilp at Ser® and Ser®!
mediates the stimulation of the negative regulatory function
of Opilp whereas phosphorylation at Ser?® attenuates Opilp
function (Sreenivas et a. 2001; Sreenivas and Carman
2003). Thus, signals transmitted through the Ras-cAMP and
the protein kinase C signaling pathways appear to regulate
expression of INO1 by opposing mechanisms. Additional
studies will be required to determine whether the phospho-
rylation of Opilp plays a role in the regulation of other
UAS,\yo-containing genes.

The precise mechanism by which phosphorylation via
protein kinases A and C mediate Opilp regulatory activity is
not yet known. Although Opilp mediates its negative regula-
tory activity through the UAS,\o element (Bachhawat et a.
1995), the target of Opilp has been a mystery because this
does not occur by direct interaction (Graves and Henry
2000; Wagner et a. 1999). The recent work of Wagner et al.
(2001) has shown that Opilp interacts with the pleiotropic
repressor Sin3p and with the phospholipid synthesis positive
transcription factor Ino2p. The availability of the phospho-
rylation site mutants will permit further studies on the role
of phosphorylation by protein kinases A and C on Opilp
interactions with Sin3p and Ino2p and understanding its
repressor function in regulating phospholipid synthesis.

Summary and future directions

In the yeast S cerevisiae, phospholipids are synthesized by
the CDP-DAG pathway and the Kennedy pathway. These
pathways are regulated by genetic and biochemical mecha
nisms. Expression of several enzymes responsible for the syn-
thesis of Pl and PC is regulated by inositol supplementation.
Key enzymes that catalyze reactions in the phospholipid bio-
synthetic pathways have been identified as targets of phos-
phorylation. Protein kinase A phosphorylates the enzymes
CTP synthetase, choline kinase, Mg?*-dependent PA phos-
phatase, and PS synthase and the transcription factor Opilp.
CTP synthetase and Opilp are also phosphorylated by pro-
tein kinase C. The phosphorylation of these proteins plays a
role in regulating their activities and (or) function in
phospholipid synthesis.

While a great deal is known about genetic regulation by
inositol, we have only begun to understand the role of phos-
phorylation in regulating phospholipid synthesis in S. cere-
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visiae. A computer analysis of the yeast database predicts
that additional enzymes involved in phospholipid synthesis
are targets of phosphorylation, not only by protein kinases A
and C but also by other protein kinases (e.g., protein kinase
G, casein kinases | and Il, glycogen synthase kinase-3, cal-
modulin kinase I1). Identification of phosphorylation sitesin
phospholipid biosynthetic enzymes and the protein kinases
involved will lead to the isolation of phosphorylation site
mutants. The analysis of these mutants will further our un-
derstanding of how phosphorylation regulates phospholipid
synthesis.

Acknowledgements

We thank Gil-Soo Han and Avula Sreenivas for their help-
ful suggestions on this manuscript. This work was supported
by United States Public Health Service grants GM-28140
and GM-50679 from the National Institutes of Health.

References

Ambroziak, J., and Henry, SAA. 1994. INO2 and INO4 gene prod-
ucts, positive regulators of phospholipid biosynthesis in Saccha-
romyces cerevisiae, form a complex that binds to the INO1
promoter. J. Biol. Chem. 269: 15 344 — 15 349.

Atkinson, K., Fogel, S., and Henry, SA. 1980a. Yeast mutant defec-
tive in phosphatidylserine synthesis. J. Biol. Chem. 255: 6653—
6661.

Atkinson, K.D., Jensen, B., Kolat, A.l., Storm, E.M., Henry, SA,,
and Fogel, S. 1980b. Yeast mutants auxotropic for choline or
ethanolamine. J. Bacteriol. 141: 558-564.

Bachhawat, N., Ouyang, Q., and Henry, S.A. 1995. Functional char-
acterization of an inositol-sensitive upstream activation sequence
in yeast. A cis-regulatory element responsible for inositol—choline
mediated regulation of phospholipid synthesis. J. Biol. Chem.
270: 25087 — 25 095.

Birner, R., and Daum, G. 2003. Biogenesis and cellular dynamics
of aminoglycerophosphalipids. Int. Rev. Cytol. 225: 273-323.
Bossie, M.A., and Martin, C.E. 1989. Nutritional regulation of
yeast delta-9 fatty acid desaturase activity. J. Bacteriol. 171:

6409-6413.

Bremer, J., and Greenberg, D.M. 1961. Methy!| transfering enzyme
system of microsomes in the biosynthesis of lecithin (phos-
phatidylcholine). Biochim. Biophys. Acta, 46: 205-216.

Broach, J.R., and Deschenes, R.J. 1990. The function of RAS genes
in Saccharomyces cerevisiae. Adv. Cancer Res. 54: 79-139.

Calkhoven, C.F, and Ab, G. 1996. Multiple steps in the regulation of
transcription-factor level and activity. Biochem. J. 317: 329-342.

Carman, G.M. 1989. Phosphatidylcholine metabolism in Saccharo-
myces cerevisiae. In Phosphatidylcholine metabolism. Edited by
D.E. Vance. CRC Press, Inc., Baca Raton, Fla. pp. 165-183.

Carman, G.M. 1997. Phosphatidate phosphatases and diacylglycerol
pyrophosphate phosphatases in Saccharomyces cerevisiae and
Escherichia coli. Biochim. Biophys. Acta, 1348: 45-55.

Carman, G.M., and Henry, S.A. 1989. Phospholipid biosynthesisin
yeast. Annu. Rev. Biochem. 58: 635-669.

Carman, G.M., and Henry, S.A. 1999. Phospholipid biosynthesis in
the yeast Saccharomyces cerevisiae and interrelationship with
other metabolic processes. Prog. Lipid Res. 38: 361-399.

Carman, G.M., and Zeimetz, G.M. 1996. Regulation of phospholipid
biosynthesis in the yeast Saccharomyces cerevisiae. J. Biol. Chem.
271: 13293 — 13296.

Carter, JR., and Kennedy, E.P. 1966. Enzymatic synthesis of cytidine
diphosphate diglyceride. J. Lipid Res. 7: 678-683.

© 2003 NRC Canada



68

Chang, S.C., Heacock, PN., Clancey, C.J.,, and Dowhan, W. 1998a.
The PEL1 gene (renamed PGSL) encodes the phosphatidylglyce-
rophosphate synthase of Saccharomyces cerevisiae. J. Biol. Chem.
273: 9829-9836.

Chang, S.C., Heacock, PN., Mileykovskaya, E., Voelker, D.R., and
Dowhan, W. 1998h. Isolation and characterization of the gene
(CLS1) encoding cardiolipin synthase in Saccharomyces
cerevisiae. J. Biol. Chem. 273: 14 933 — 14 941.

Choi, M.G,, Park, T.S., and Carman, G.M. 2003. Phosphorylation
of Saccharomyces cerevisiae CTP synthetase at Ser*?* by protein
kinases A and C regulates phosphatidylcholine synthesis by the
CDP—choline pathway. J. Biol. Chem. 278: 23 610 — 23 616.

Clancey, C.J,, Chang, S.-C., and Dowhan, W. 1993. Cloning of a
gene (PSD1) encoding phosphatidylserine decarboxylase from
Saccharomyces cerevisiae by complementation of an Escherichia
coli mutant. J. Biol. Chem. 268: 24 580 — 24 590.

Dean-Johnson, M., and Henry, S.A. 1989. Biosynthesis of inositol
in yeast. Primary structure of myo-inositol-1-phosphate synthase
(EC 5.5.1.4) and functional analysis of its structural gene, the
INOL1 locus. J. Biol. Chem. 264: 1274-1283.

Graves, JA., and Henry, S.AA. 2000. Regulation of the yeast INO1
gene: the products of the INO2, INO4 and OPI1 regulatory genes
are not required for repression in response to inositol. Genetics,
154: 1485-1495.

Greenberg, M.L., and Lopes, JM. 1996. Genetic regulation of
phospholipid biosynthesis in Saccharomyces cerevisiae. Microbiol.
Rev. 60: 1-20.

Henry, S.AA. 1982. Membrane lipids of yeast: biochemica and genetic
studies. In The molecular biology of the yeast Saccharomyces. me-
tabolism and gene expression. Edited by JN. Strathern, EW.
Jones, and JR. Broach. Cold Spring Harbor Laboratory, Cold
Spring Harbor, N.Y. pp. 101-158.

Henry, SA., and Patton-Vogt, JL. 1998. Genetic regulation of
phospholipid metabolism: yeast as a model eukaryote. Prog. Nu-
cleic Acid Res. 61: 133-179.

Hirsch, J.P, and Henry, S.A. 1986. Expression of the Saccharomyces
cerevisiae inositol-1-phosphate synthase (INO1) gene is regulated
by factors that affect phospholipid synthesis. Mol. Céll. Bial. 6:
3320-3328.

Hjelmstad, R.H., and Bell, R.M. 1987. Mutants of Saccharomyces
cerevisiae defective in sn-1,2-diacylglycerol cholinephospho-
transferase: isolation, characterization, and cloning of the CPT1
gene. J. Biol. Chem. 262: 3909-3917.

Hjelmstad, R.H., and Bell, R.M. 1988. The sn-1,2-diacylglycerol
ethanolaminephosphotransferase of Saccharomyces cerevisiae.
Isolation of mutants and cloning of the EPT1 gene. J. Biol.
Chem. 263: 19 748 — 19 757.

Hjelmstad, R.H., and Bell, R.M. 1990. The sn-1,2-diacylglycerol
cholinephosphotransferase of Saccharomyces cerevisiae. Nucle-
otide sequence, transcriptional mapping, and gene product anal-
ysis of the CPT1 gene. J. Biol. Chem. 265: 1755-1764.

Hjelmstad, R.H., and Bell, RM. 1991. sn-1,2-Diacylglycerol choline-
and ethanolaminephosphotransferases in Saccharomyces cerevisiae.
Nucleotide sequence of the EPT1 gene and comparison of the
CPT1 and EPT1 gene products. J. Biol. Chem. 266: 5094-5103.

Hosaka, K., Kodaki, T., and Yamashita, S. 1989. Cloning and char-
acterization of the yeast CKI gene encoding choline kinase and its
expression in Escherichia coli. J. Biol. Chem. 264: 2053-2059.

Hoshizaki, D.K., Hill, JE., and Henry, SAA. 1990. The Saccha-
romyces cerevisiae INO4 gene encodes a small, highly basic
protein required for derepression of phospholipid biosynthetic
enzymes. J. Biol. Chem. 265: 4736-4745.

Howe, A.G., Zaremberg, V., and McMaster, C.R. 2002. Cessation
of growth to prevent cell death due to inhibition of phosphati-

Biochem. Cell Biol. Vol. 82, 2004

dylcholine synthesis is impaired a 37 degrees C in
Saccharomyces cerevisiae. J. Biol. Chem. 277: 44 100 — 44 107.

Hung, W., Olson, K.A., Breitkreutz, A., and Sadowski, |. 1997.
Characterization of the basal and pheromone-stimulated phospho-
rylation states of Stel2p. Eur. J. Biochem. 245: 241-251.

Jiang, F., Rizavi, H.S., and Greenberg, M.L. 1997. Cardiolipin is
not essential for the growth of Saccharomyces cerevisiae on fer-
mentable or non-fermentable carbon sources. Mol. Microbiol.
26: 481-491.

Kaffman, A., Rank, N.M., O'Neill, E.M., Huang, L.S,, and O’ Shea,
E.K. 1998. The receptor Msn5 exports the phosphorylated tran-
scription factor Pho4 out of the nucleus. Nature (London), 396:
482-486.

Kaibuchi, K., Takai, Y., and Nishizuka, Y. 1985. Protein kinase C
and calcium ion in mitogenic respone of macrophage-depleted
human peripheral lymphocytes. J. Biol. Chem. 260: 1366—1369.

Kanfer, JN., and Kennedy, E.P. 1964. Metabolism and function of
bacterial lipids. I1. Biosynthesis of phospholipids in Escherichia
coli. J. Biol. Chem. 239: 1720-1726.

Karin, M., and Hunter, T. 1995. Transcriptional control by protein
phosphorylation: signal transmission from the cell surface to the
nucleus. Curr. Biol. 5: 747-757.

Keley, M.J, Bailis, A.M., Henry, SA., and Carman, G.M. 1988.
Regulation of phospholipid biosynthesis in  Saccharomyces
cerevisiae by inositol. Inositol is an inhibitor of phosphatidylserine
synthase activity. J. Biol. Chem. 263: 18 078 — 18 085.

Kent, C., and Carman, G.M. 1999. Interactions of pathways for
phosphatidylcholine metabolism, CTP synthesis, and secretion
through the Golgi apparatus. Trends Biochem. Sci. 24: 146-150.

Kim, K.-H., and Carman, G.M. 1999. Phosphorylation and regula-
tion of choline kinase from Saccharomyces cerevisiae by protein
kinase A. J. Biol. Chem. 274: 9531-9538.

Kim, K., Kim, K.-H., Storey, M.K., Voelker, D.R., and Carman,
G.M. 1999. Isolation and characterization of the Saccharomyces
cerevisiae EKI1 gene encoding ethanolamine kinase. J. Biol.
Chem. 274: 14 857 — 14 866.

Kinney, A.J., and Carman,G.M. 1988. Phosphorylation of yeast
phosphatidylserine synthase in vivo and in vitro by cyclic AMP-
dependent protein kinase. Proc. Natl. Acad. Sci. U.S.A. 85:
7962—7966.

Kinney, AJ., Baelee, M., Singh Panghaal, S, Keley, M.J,
Gaynor, PM., and Carman, G.M. 1990. Regulation of phospho-
lipid biosynthesis in Saccharomyces cerevisiae by cyclic AMP-
dependent protein kinase. J. Bacteriol. 172: 1133-1136.

Kiyono, K., Miura, K., Kushima, Y., Hikiji, T., Fukushima, M.,
Shibuya, 1., and Ohta, A. 1987. Primary structure and product
characterization of the Saccharomyces cerevisiae CHO1 gene
that encodes phosphatidylserine synthase. J. Biochem. 102:
1089-1100.

Klig, L.S., and Henry, S.A. 1984. Isolation of the yeast INO1 gene:
located on an autonomously replicating plasmid, the gene is
fully regulated. Proc. Natl. Acad. Sci. U.S.A. 81: 3816-3820.

Klig, L.S., Homann, M.J., Carman, G.M., and Henry, SA. 1985. Co-
ordinate regulation of phospholipid biosynthesis in Saccharomyces
cerevisae: pleiotropically congdtitutive opil mutant. J. Bacteriol.
162: 1135-1141.

Kodaki, T., and Yamashita, S. 1987. Yeast phosphatidylethanolamine
methylation pathway: cloning and characterization of two distinct
methyltransferase genes. J. Biol. Chem. 262: 15 428 — 15 435.

Kodaki, T., and Yamashita, S. 1989. Characterization of the methyl-
transferases in the yeast phosphatidylethanolamine methylation
pathway by selective gene disruption. Eur. J. Biochem. 185: 243—
251,

© 2003 NRC Canada



Carman and Kersting

Kodaki, T., Nikawa, J., Hosaka, K., and Yamashita, S. 1991. Func-
tional analysis of the regulatory region of the yeast phos-
phatidylserine synthase gene, PSS. J. Bacteriol. 173: 7992—7995.

Komeili, A., and O’ Shea, E.K. 1999. Roles of phosphorylation
sites in regulating activity of the transcription factor Pho4. Sci-
ence (Washington, D.C.), 284: 977-980.

Letts, V.A., Klig, L.S., Bae-Leg, M., Carman, G.M., and Henry, S.A.
1983. Isolation of the yeast structural gene for the membrane-
associated enzyme phosphatidylserine synthase. Proc. Natl. Acad.
Sci. U.SAA. 80: 7279-7283.

Levin, D.E., and Bartlett-Heubusch, E. 1992. Mutants in the
S cerevisiae PKC1 gene display a cell cycle-specific osmotic
stability defect. J. Cell Biol. 116: 1221-1229.

Levin, D.E., Fields, F.O., Kunisawa, R., Bishop, J.M., and Thorner,
J. 1990. A candidate protein kinase C gene, PKC1, is required
for the S. cerevisiae cell cycle. Cell, 62: 213-224.

Lin, Y.-P, and Carman, G.M. 1989. Purification and characterization
of phosphatidate phosphatase from Saccharomyces cerevisiae. J.
Biol. Chem. 264: 8641-8645.

Liu, C, Yang, Z., Yang, J., Xia, Z., and Ao, S. 2000. Regulation of
the yeast transcriptional factor PHO2 activity by phosphorylation.
J. Biol. Chem. 275: 31972 — 31 978.

Loewy, B.S., and Henry, S.AA. 1984. The INO2 and INO4 loci of
Saccharomyces cerevisiae are pleiotropic regulatory genes. Mol.
Cell. Biol. 4: 2479-2485.

Lopes, JM., Hirsch, J.P, Chorgo, PA., Schulze, K.L., and Henry,
S.A. 1991. Analyses of sequences in the INO1 promoter that are
involved in its regulation by phospholipid precursors. Nucleic
Acids Res. 19: 1687-1693.

McDonough, V.M., Stukey, JE., and Martin, C.E. 1992. Specificity of
unsaturated fatty acid-regulated expression of the Saccharomyces
cerevisae OLEL gene. J. Biol. Chem. 267: 5931-5936.

McGraw, P, and Henry, S.AA. 1989. Mutations in the Saccharomyces
cerevisiae OPI3 gene: effects on phospholipid methylation,
growth, and cross pathway regulation of phospholipid synthesis.
Genetics, 122: 317-330.

McMaster, C.R., and Bell, R.M. 1994. Phosphatidylcholine bio-
synthesis via the CDP-choline pathway in Saccharomyces
cerevisiae. Multiple mechanisms of regulation. J. Biol. Chem.
269: 14 776 — 14 783.

Min-Seok, R., Kawamata, Y., Nakamura, H., Ohta, A., and Takagi,
M. 1996. Isolation and characterization of ECT1 gene encoding
CTP:phosphoethanolamine cytidylyltransferase of Saccharomyces
cerevisiae. J. Biochem. 120: 1040-1047.

Morlock, K.R., McLaughlin, JJ., Lin, Y.-P, and Carman, G.M.
1991. Phosphatidate phosphatase from Saccharomyces cerevisiae.
Isolation of 45-kDa and 104-kDa forms of the enzyme that are
differentially regulated by inositol. J. Biol. Chem. 266: 3586—
3593.

Murray, M., and Greenberg, M.L. 2000. Expression of yeast INM1
encoding inositol monophosphatase is regulated by inositol, car-
bon source and growth stage and is decreased by lithium and
valproate. Mol. Microbiol. 36: 651-661.

Nikawa, J., and Yamashita, S. 1984. Molecular cloning of the gene
encoding CDP — diacylglycerol — inositol 3-phosphatidyl trans-
ferase in Saccharomyces cerevisiae. Eur. J. Biochem. 143: 251—
256.

Nikawa, J., Kodaki, T., and Yamashita, S. 1987a. Primary structure
and disruption of the phosphatidylinositol synthase gene of
Saccharomyces cerevisiae. J. Biol. Chem. 262: 4876-4881.

Nikawa, J., Tsukagoshi, Y., Kodaki, T., and Yamashita, S. 1987b. Nu-
cleotide sequence and characterization of the yeast PSS gene en-
coding phosphatidylserine synthase. Eur. J. Biochem. 167: 7-12.

69

Nikoloff, D.M., McGraw, P, and Henry, S.A. 1992. The INO2 gene
of Saccharomyces cerevisiae encodes a helix—{oop-helix protein
that is required for activation of phospholipid synthesis. Nucleic
Acids Res. 20: 3253.

Ostrander, D.B., O'Brien, D.J., Gorman, JA., and Carman, G.M.
1998. Effect of CTP synthetase regulation by CTP on phospho-
lipid synthesis in Saccharomyces cerevisiae. J. Biol. Chem. 273:
18 992 — 19 001.

Ozier-Kaogeropoulos, O., Fasiolo, F., Addline, M.-T., Callin, J., and
Lacroute, F. 1991. Cloning, sequencing and characterization of the
Saccharomyces cerevisae URA7 gene encoding CTP synthetase.
Mol. Gen. Genet. 231: 7-16.

Ozier-Kalogeropoulos, O., Adeline, M.-T., Yang, W.-L., Carman,
G.M., and Lacroute, F. 1994. Use of synthetic lethal mutants to
clone and characterize a novel CTP synthetase gene in Saccha-
romyces cerevisiae. Mol. Gen. Genet. 242: 431-439.

Paltauf, F.,, Kohlwein, SD., and Henry, SA. 1992. Regulation and
compartmentalization of lipid synthesis in yeast. In The molecular
and cdlular biology of the yeast Saccharomyces: gene expression.
Edited by E.W. Jones, JR. Pringle, and JR. Broach. Cold Spring
Harbor Laboratory, Cold Spring Harbor, N.Y. pp. 415-500.

Pappas, A., Yang, W.-L., Park, T.-S., and Carman, G.M. 1998.
Nucleotide-dependent tetramerization of CTP synthetase from
Saccharomyces cerevisiae. J. Biol. Chem. 273: 15 954 — 15 960.

Park, T.-S., Ostrander, D.B., Pappas, A., and Carman, G.M. 1999.
Identification of Ser*®* as the protein kinase A phosphorylation
site in CTP synthetase from Saccharomyces cerevisiae. Biochem-
istry, 38: 8839-8848.

Park, T.-S., O'Brien, D.J., and Carman, G.M. 2003. Phosphorylation
of CTP synthetase on Ser®, Ser®30, Ser®™ and Ser*™ regulates
the levels of CTP and phosphatidylcholine synthesis in Saccha-
romyces cerevisiae. J. Biol. Chem. 278: 20 785 — 20 794.

Patton-Vogt, J.L., Griac, P, Sreenivas, A., Bruno, V., Dowd, S.,
Swede, M.J,, and Henry, SA. 1997. Role of the yeast phospha
tidylinositol/phosphatidylcholine transfer protein (Secl4p) in phos-
phatidylcholine turnover and INO1 regulation. J. Biol. Chem.
272: 20873 — 20 883.

Paulus, H., and Kennedy, E.P. 1960. The enzymatic synthesis of
inositol monophosphatide. J. Biol. Chem. 235: 1303-1311.

Persons, D.A., Wilkison, W.O., Bell, R.M., and Finn, O.J. 1988.
Altered growth regulation and enhanced turmorigencity of NIH
3T3 fibroblasts transfected with protein kinase C-1 cDNA. Cell,
52: 447-458.

Quinlan, J.J., Nickels, J.T., J., Wu, W.-I., Lin, Y.-P, Broach, JR.,
and Carman, G.M. 1992. The 45-kDa and 104-kDa forms of
phosphatidate phosphatase from Saccharomyces cerevisiae are
regulated differentially by phosphorylation via cAMP-dependent
protein kinase. J. Biol. Chem. 267: 18 013 — 18 020.

Rattray, J.B., Schibeci, A., and Kidby, D.K. 1975. Lipids of yeast.
Bacteriol. Rev. 39: 197-231.

Rose, K., Rudge, SA., Frohman, M.A., Morris, A.J., and Engebrecht,
J. 1995. Phospholipase D signdling is essential for meiosis. Proc.
Natl. Acad. Sci. U.SA. 92: 12151 — 12 155.

Rozengurt, E., Rodriquez-Pena, A., Coombs, M., and Sinnet-Smith,
J. 1984. Diacylglycerol stimulates DNA synthesis and cell divi-
sion in mouse 3T3 cells; role of Cat*-senstive phospholipid-
dependent protein kinase. Proc. Natl. Acad. Sci. U.SA. 8L
5748-5752.

Schuller, H.J.,, Hahn, A., Troster, F., Schutz, A., and Schweizer, E.
1992. Coordinate genetic control of yeast fatty acid synthase
genes FASL and FAS2 by an upstream activation site common to
genes involved in membrane lipid biosynthesis. EMBO J. 11:
107-114.

© 2003 NRC Canada



70

Schuller, H.J.,, Richter, K., Hoffmann, B., Ebbert, R., and Schweizer,
E. 1995. DNA binding site of the yeast heteromeric 1no2p/Ino4p
basic helix-oop-helix transcription factor: structural require-
ments as defined by saturation mutagenesis. FEBS Lett. 370:
149-152.

Schwank, S., Ebbert, R., Rautenstrauss, K., Schweizer, E., and
Schuller, H.J. 1995. Yeast transcriptional activator INO2 inter-
acts as an Ino2p/Inodp basic helix— oop—helix heteromeric com-
plex with the inositol/choline-responsive element necessary for
expression of phospholipid biosynthetic genes in Saccharomyces
cerevisiae. Nucleic Acids Res. 23: 230-237.

Shen, H., Heacock, PN., Clancey, C.J., and Dowhan, W. 1996. The
CDS1 gene encoding CDP — diacylglycerol synthase in Saccha-
romyces cerevisiae is essential for cell growth. J. Biol. Chem.
271: 789-795.

Sreenivas, A., and Carman, G.M. 2003. Phosphorylation of the yeast
phospholipid synthesis regulatory protein opilp by protein kinase
a. J. Biol. Chem. 278: 20 673 — 20 680.

Sreenivas, A., Villa-Garcia, M.J,, Henry, S.A., and Carman, G.M.
2001. Phosphorylation of the yeast phospholipid synthesis regu-
latory protein Opilp by protein kinase C. J. Biol. Chem. 276:
29915 — 29 923.

Summers, E.F., Letts, V.A., McGraw, P, and Henry, SA. 1988.
Saccharomyces cerevisiae cho2 mutants are deficient in phos-
pholipid methylation and cross-pathway regulation of inositol
synthesis. Genetics, 120: 909-922.

Thevelein, JM. 1994. Signal transduction in yeast. Yeast, 10: 1753~
1790.

Trotter, PJ., and Voelker, D.R. 1995. |dentification of a non-mito-
chondrial phosphatidylserine decarboxylase activity (PSD2) in
the yeast Saccharomyces cerevisiae. J. Biol. Chem. 270: 6062—
6070.

Trotter, PJ., Pedretti, J., and Voelker, D.R. 1993. Phosphatidylserine
decarboxylase from Saccharomyces cerevisiae. Isolation of mu-
tants, cloning of the gene, and creation of a null alele. J. Biol.
Chem. 268: 21 416 — 21 424.

Trotter, PJ., Pedretti, J.,, Yates, R., and Voelker, D.R. 1995. Phos-
phatidylserine decarboxylase 2 of Saccharomyces cerevisiae.
Cloning and mapping of the gene, heterologous expression, and
creation of the null alele. J. Biol. Chem. 270: 6071-6080.

Tsukagoshi, Y., Nikawa, J., and Yamashita, S. 1987. Molecular clon-
ing and characterization of the gene encoding cholinephosphate
cytidylyltransferase in Saccharomyces cerevisiae. Eur. J. Biochem.
169: 477-486.

Tuller, G., Hrastnik, C., Achleitner, G., Schiefthaler, U., Klein, F,
and Daum, G. 1998. YDL142c encodes cardiolipin synthase
(Cldlp) and is non-essential for aerobic growth of Saccharomyces
cerevisiae. FEBS Lett. 421: 15-18.

Vance, D.E. 1991. Phospholipid metabolism and cell signalling in
eucaryotes. In Biochemistry of lipids, lipoproteins and mem-
branes. Edited by D.E. Vance and J. Vance. Elsevier Science
Publishers B.V., Amsterdam, Netherlands. pp. 205-240.

Biochem. Cell Biol. Vol. 82, 2004

Vance, D.E. 1996. Glycerolipid biosynthesis in eukaryotes. In Bio-
chemistry of lipids, lipoproteins and membranes. Edited by D.E.
Vance and J. Vance. Elsevier Science Publishers B.V., Amster-
dam, Netherlands. pp. 153-181.

Voelker, D.R. 2003. New perspectives on the regulation of inter-
membrane glycerophospholipid traffic. J. Lipid Res. 44: 441-449.

Wagner, C., Blank, M., Strohmann, B., and Schiiller, H.J. 1999.
Overproduction of the Opil repressor inhibits transcriptional acti-
vation of structural genes required for phospholipid biosynthesis
in the yeast Saccharomyces cerevisiae. Yeast, 15: 843-854.

Wagner, C., Dietz, M., Wittmann, J., Albrecht, A., and Schuller,
H.J. 2001. The negative regulator Opil of phospholipid bio-
synthesis in yeast contacts the pleiotropic repressor Sin3 and the
transcriptiona activator Ino2. Mol. Microbiol. 41: 155-166.

Waksman, M., Eli, Y., Liscovitch, M., and Gerst, J.E. 1996. |denti-
fication and characterization of a gene encoding phospholipase
D activity in yeast. J. Biol. Chem. 271: 2361-2364.

White, M.J., Hirsch, J.P, and Henry, S.A. 1991. The OPI1 gene of
Saccharomyces cerevisiae, a negative regulator of phospholipid
biosynthesis, encodes a protein containing polyglutamine tracts
and a leucine zipper. J. Biol. Chem. 266: 863-872.

Xie, Z.G., Fang, M., Rivas, M.P, Faulkner, A.J., Sternweis, PC.,,
Engebrecht, J., and Bankaitis, V.A. 1998. Phospholipase D activ-
ity is required for suppression of yeast phosphatidylinositol trans-
fer protein defects. Proc. Natl. Acad. Sci. U.SA. 95: 12346 —
12 351.

Yang, W.-L., and Carman, G.M. 1995. Phosphorylation of CTP
synthetase from Saccharomyces cerevisiae by protein kinase C.
J. Biol. Chem. 270: 14 983 — 14 988.

Yang, W.-L., and Carman, G.M. 1996. Phosphorylation and regula-
tion of CTP synthetase from Saccharomyces cerevisiae by pro-
tein kinase A. J. Biol. Chem. 271: 28 777 — 28 783.

Yang, W.-L., McDonough, V.M., Ozier-Kaogeropoulos, O., Adeline,
M.-T., Flocco, M.T., and Carman, G.M. 1994. Purification and
characterization of CTP synthetase, product of the URA7 gene in
Saccharomyces cerevisiae. Biochemistry, 33: 10 785 — 10 793.

Yang, W.-L., Bruno, M.E.C., and Carman, G.M. 1996. Regulation
of yeast CTP synthetase activity by protein kinase C. J. Biol.
Chem. 271: 11 113 — 11 119.

Yu, Y., Sreenivas, A., Ostrander, D.B., and Carman, G.M. 2002.
Phosphorylation of Saccharomyces cerevisiae choline kinase on
Ser®® and Ser® by protein kinase A regulates phosphati-
dylcholine synthesis by the CDP-choline pathway. J. Biol.
Chem. 277: 34 978 — 34 986.

Zaremberg, V., and McMaster, C.R. 2002. Differential partitioning
of lipids metabolized by separate yeast glycerol-3-phosphate acyl-
transferases reveals that phospholipase D generation of phospha-
tidic acid mediates sensitivity to choline-containing lysolipids and
drugs. J. Biol. Chem. 277: 39 035 — 39 044.

Zheng, Z., and Zou, J. 2001. The initia step of the glycerolipid
pathway: identification of glycerol 3-phosphate/dihydroxyacetone
phosphate dual substrate acyltransferases in Saccharomyces
cerevisiae. J. Biol. Chem. 276: 41 710 — 41 716.

© 2003 NRC Canada



