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Abstract

Phosphatidylcholine (PC) is a very abundant membrane lipid in most eukaryotes including the model organism Saccharomyces cerevisiae.
Consequently, the molecular species profile of PC, i.e. the ensemble of PC molecules with acyl chains differing in number of carbon atoms and
double bonds, is important in determining the physical properties of eukaryotic membranes, and should be tightly regulated. In this review current
insights in the contributions of biosynthesis, turnover, and remodeling by acyl chain exchange to the maintenance of PC homeostasis at the level of
the molecular species in yeast are summarized. In addition, the phospholipid class-specific changes in membrane acyl chain composition induced
by PC depletion are discussed, which identify PC as key player in a novel regulatory mechanism balancing the proportions of bilayer and non-
bilayer lipids in yeast.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

The glycerophospholipid phosphatidylcholine (PC) is the
major lipid constituent of the membranes of most eukaryotes
including Saccharomyces cerevisiae, comprising up to 50% of
total phospholipids [1]. Because of its overall cylindrical
molecular shape, PC spontaneously organizes into bilayers [2],
making it ideally suited to serve as the bulk structural element of
biological membranes. In addition to its function as a membrane
building block preserving membrane barrier function, PC has
been implicated in a number of specific cell biological
processes. PC plays an important role in signal transduction
as a source of lipid signaling molecules, such as lysoPC,
phosphatidic acid (PA), and diacylglycerol (DAG) [3,4]. In
yeast defects in the biosynthesis of PC lead to respiratory
deficient cells that form tiny colonies in glucose medium, so-
called petites [5]. Recently, PC was suggested to be involved in
a specific lipid–protein interaction with the yeast mitochondrial
glycerol-3-phosphate dehydrogenase Gut2 based on the results
of a photolabeling approach [6].
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The glycerophospholipid composition of yeast membranes is
similar to that of higher eukaryotes with PC, phosphatidyletha-
nolamine (PE), phosphatidylinositol (PI), phosphatidylserine
(PS), and cardiolipin representing the major classes. The
glycerophospholipid biosynthetic pathways in yeast are well
established and for the most part similar to those in higher
eukaryotes [7]. Combined with the ease of genetic manipula-
tion, this makes yeast the model eukaryote of choice for
studying PC metabolism at the level of the molecular species.

A phospholipid class such as PC is not a single entity: it is
composed of a number of molecular species that vary by the
combinations of acyl chains that are esterified at the sn-1 and
sn-2 position of the glycerol backbone. The repertoire of fatty
acids in Saccharomyces cerevisiae is simple compared to that in
higher eukaryotes and results from synthesis, elongation, and
Ole1p-mediated desaturation. In yeast, phospholipids primarily
contain C16:0, C16:1, C18:0 and C18:1 fatty acids with minor
contributions of C14:0, and C14:1. The saturated acyl chains are
mostly attached at the sn-1 position, while unsaturated fatty
acids predominate at the sn-2 position [8,9].

The phospholipid class composition and the composition of
the lipid acyl chains determine to a large extent the physical
properties of biological membranes. Compositions differ
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Fig. 1. Biosynthetic pathways for the major membrane phospholipids (bold) in
yeast. Enzymes characterized at the gene level contributing to the synthesis of
PC are indicated.
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between different membranes and membrane leaflets, and are
subject to adaptation in response to changing environments,
particularly in unicellular organisms without means of active
mobility such as yeast. The physical properties of membranes
include membrane thickness, intrinsic curvature, and fluidity,
which affect membrane barrier function, the activity of
membrane associated enzymes, and dynamic processes such
as membrane fusion and fission.

In view of the sheer abundance of PC in wild type yeast, the
PC species profile, i.e. the ensemble of PC molecules with
different acyl chain compositions, is a major determinant of the
physical properties of the membrane. The advent of electrospray
ionisation tandem mass spectrometry has greatly facilitated the
analysis of lipid classes at the species level [10]. This reviewwill
focus on the contributions of PC biosynthesis and turnover to
establishing PC homeostasis at the level of the molecular species
in the model eukaryote yeast. Advantages of using baker's yeast
in the analysis of lipids at the level of molecular species by mass
spectrometry include the relatively simple repertoire of acyl
chains, the lack of sphingomyelin and of alkyl-linked glycer-
ophospholipids, the efficient incorporation of (labeled) lipid
precursors, and the absence of other metabolic roles of choline
than that of precursor and degradation product of PC.

Saccharomyces cerevisiae is extremely tolerant with respect
to its membrane lipid composition. Acyl chain compositions of
yeast cells differ significantly between different wild type
strains [11], and vary with the culture medium [9,12], and the
carbon source used to culture the cells [13]. Moreover, the lipid
composition is easily manipulated by culturing yeast in the
presence of specific fatty acid supplements [14,15]. The fact
that of the major phospholipid classes only PI [16], PE [17,18],
and some form of methylated PE (i.e. PC, its monomethylated
precursor PMME, or its dimethylated precursor PDME) [19,20]
are essential, underscores the versatility of yeast in adapting its
membrane lipid composition. The final part of this review will
address the role of PC in the interplay between phospholipid
class and acyl chain composition in yeast membranes. New
insights obtained in a PC biosynthesis mutant point to a
regulatory mechanism for balancing the membranes' contents
of bilayer and non-bilayer lipids in order to maintain membrane
intrinsic curvature in an optimal range.

2. Biosynthesis of PC

2.1. Two biosynthetic pathways

The biosynthesis of PC in yeast proceeds via two pathways
(reviewed in [7]). PC is the end product of the CDP–DAG
route for phospholipid synthesis (Fig. 1), in which CDP–DAG
is first converted to PS by PS synthase (Cho1p/Pss1p) in the
ER and in one of its subdomains, the mitochondria associated
membrane (MAM) [21]. Subsequently, PS is decarboxylated to
PE by a PS decarboxylase, either by Psd1p localized in the
mitochondrial inner membrane [22]or by Psd2p localized in
the Golgi/vacuole [23]. Finally, PE is methylated to PC in three
steps by two methyltransferases localized to the ER that use S-
adenosyl methionine (SAM) as methyl donor. The first
methylation is catalyzed by PE methyltransferase (Pem1p/
Cho2p) yielding phosphatidylmonomethylethanolamine
(PMME), and the second and third by phospholipid methyl-
transferase (Pem2p/Opi3p) yielding phosphatidyldimethyletha-
nolamine (PDME) and PC, respectively [19,24,25].

In the second pathway, the CDP–choline branch of the
Kennedy pathway, PC is produced from diacylglycerol and
choline (Fig. 1). Choline is first phosphorylated by the cytosolic
kinase Cki1p. Next, phosphocholine is converted to CDP–
choline by Pct1p, a membrane-associated enzyme localized to
the nuclear periphery [26–28], in the rate-limiting step of the
CDP–choline pathway under conditions of choline limitation
[27]. The cholinephosphotransferase Cpt1p of which the
subcellular localization has not been unequivocally determined
yet [28,29], catalyzes the final step in which the phosphocholine
moiety is transferred to diacylglycerol yielding PC. Diacylgly-
cerol derives from the dephosphorylation of PA [30,31], from
turnover of phosphoinositides by phospholipase C [32], from
deacylation of triacylglycerol [33], and from the transfer of the
inositol phosphate head group from PI to ceramide yielding
inositol phosphorylceramide in sphingolipid biosynthesis
(reviewed in [34]). Cki1p and Cpt1p share overlapping
substrate specificities with their counterparts from the CDP–
ethanolamine pathway, Eki1p and Ept1p, respectively, that may
also contribute to PC synthesis [35,36]. These pairs of enzymes
most likely evolved from common ancestors by whole genome
duplication [37]. In contrast, Pct1p and the cytidylyltransferase
from the CDP–ethanolamine pathway Ect1p do not show cross-
pathway activity [38,39].

The net contribution of the CDP–choline route to cellular PC
depends on, and increases with the availability of choline in the
culture medium [27]. Exogenous choline is taken up by active
transport via the high affinity transporter Hnm1p [40]. In the
absence of exogenous choline the CDP–choline route is active
in recycling choline from PC turnover, as was deduced from the
increased incorporation of radiolabeled phosphate in PC in wild
type as compared to cpt1 cells cultured in the absence of
choline, while the incorporation of radiolabel from serine was
unaffected [41].
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Radiolabeling of yeast cells with phospholipid precursors
followed by subcellular fractionation has been used to assess the
contributions of the PC biosynthetic pathways to the PC pools
in subcellular compartments. These studies revealed that the
proportions of PC produced by the two routes are similar in total
cellular membranes, microsomes, and mitochondrial mem-
branes, suggesting that PC is evenly distributed from a single
pool [42,43]. Consistent with this notion, the molecular species
profiles of PC in different subcellular membranes are similar
[44,45].

The two PC biosynthetic pathways in yeast can substitute for
one another. Mutants in which the methylation of PE is impaired
have wild type PC levels and grow at almost wild type rates
provided that choline is supplied in the medium [19,46].
Mutants lacking a functional CDP–choline pathway increase
the rate of phospholipid synthesis via the CDP–DAG route, and
exhibit only a slightly slower rate of growth [5,47]. What would
be the advantage for yeast to maintain two PC biosynthetic
pathways? So far, few functional differences between the two
PC biosynthetic routes have been reported. The long held view
that inactivation of the CDP–choline route but not of the
methylation pathway suppresses the temperature-sensitive
secretion defect of sec14ts mutants, was refuted [48].

From the perspective of PC as bulk membrane lipid, the
availability of two biosynthetic routes could offer versatility in
Fig. 2. (A) Metabolic labeling with deuterium-labeled precursors to distinguish PC
structures corresponding to the phosphocholine head groups, that are scanned for in
species profiles of PE, PC, and newly synthesized PC in total lipid extracts of wild-
(D13)-choline, determined by ESI-MS/MS. The steady state PE profile was obtained
(black bars), PC newly synthesized by methylation of PE (blue bars), and by the CDP–
mode for m/z 184, 193, and 197, respectively. Data were taken from Ref. [49].
regulating the molecular species composition of PC, provided
that the methylation of PE and the CDP–choline yield different
products in terms of PC molecular species. Recent findings
from this laboratory summarized below indicate that this is
indeed the case.

2.2. PC biosynthesis at the molecular species level

The technique of electrospray ionisation tandem mass
spectrometry (ESI-MS/MS) has enabled quantitative analysis
at the molecular species level of individual phospholipid classes
in total lipid extracts, by taking advantage of class-specific
fragmentations upon collisionally activated dissociation (CID)
[10]. By applying this technique to yeast lipid extracts, it was
demonstrated that phospholipid classes that are metabolically
closely related have significant differences in acyl chain
profiles, indicating that the molecular species profiles of
phospholipid classes are tightly regulated [44].

The molecular species of PC are detected by parent ion
scanning form/z 184 in the positive ion mode [10]. In this mode,
all molecular ions that upon CID release a fragment of m/z 184
corresponding to the protonated phosphocholine headgroup, are
recorded. The PC species profile in yeast contains four
prominent components (Fig. 2B, black bars): di-unsaturated
32:2 (containing two C16:1 acyl chains) and 34:2 (containing a
molecules synthesized by the two biosynthetic routes, showing the fragment
parent ion scans of the PC molecular species by ESI-MS/MS. (B) Molecular

type yeast cells (BY4742), labeled for 10 min with (methyl-D3)-methionine and
by neutral loss scanning in the positive ion mode for m/z 141. Steady state PC
choline route (red bars) were analyzed by parent ion scanning in the positive ion
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C16:1 and a C18:1 acyl chain), and the mono-unsaturated
species 32:1 (composed of C16:0 and C16:1) and 34:1
(composed of C16:0 and C18:1 and/or of C18:0 and C16:1)
[49]. Note that with the exception of 32:2, these components
may correspond to two (32:1 and 34:2) or four (34:1) molecular
species due to positional isomers.

Pulse labeling of cells with stable isotope-labeled lipid
precursors and subsequent analysis by ESI-MS/MS allows
distinction between newly synthesized and pre-existing
pools of most phospholipid classes, based on the difference
in molecular mass conferred by the isotope labels [49,50].
The contributions of the methylation of PE and the CDP–
choline pathway to the PC species profile were distin-
guished by pulsing wild type yeast for 10 min with
deuterium-labeled (methyl-D3)-methionine and (D13)-choline,
respectively (Fig. 2A). Whereas PE methylation predomi-
nantly yielded di-unsaturated PC, the CDP–choline route
produced a more diverse profile of PC species (Fig. 2B).
The steady state distribution of PC molecular species in wild
type cells could not be fitted to any weighted average of the
species profiles contributed by the two biosynthetic pathways
(Fig. 2B), implicating other metabolic processes such as
species-selective turnover and/or acyl chain remodeling of PC
[49].

2.3. Species-selectivity of the PC biosynthetic enzymes

ESI-MS/MS combined with stable isotope labeling has
enabled detection at the species level of the substrates used by
phospholipid biosynthetic enzymes in vivo. To investigate the
influence of the methyltransferases on the species profile of the
PC they produce, the species profile of PC newly synthesized
by the methylation pathway was compared to that of its
precursor PE that was determined by neutral loss scanning in the
positive ion mode for m/z 141. In this scanning mode, all
molecular ions that upon CID loose a neutral fragment of m/z
141 corresponding to the phosphoethanolamine headgroup are
recorded [10]. Compared to the species profile of cellular (or
microsomal) PE that is dominated by 32:2 PE (∼20%) and 34:2
PE (∼65%), the derived newly synthesized PC is enriched in
the 32:2 species (∼35%, Fig. 2B), suggesting that the
methyltransferases preferentially convert 32:2 PE. When the
species composition of the PE precursor pool was varied, by
using different carbon sources or a phospholipid biosynthetic
mutant strain, similar enrichments were observed in newly
synthesized PC [51].

A similar preferential conversion of 32:2 PE to PC was
detected in vitro, upon labeling isolated microsomes with S-
(methyl-D3)-adenosyl-methionine, indicating that it is an
intrinsic property of the methyltransferases in microsomes,
and that it is not due to species-selectivity in the intermembrane
transport processes required to supply the methyltransferases
with PE [51]. PE is for the most part synthesized by
mitochondrial Psd1p and by Psd2p in the Golgi/vacuole
[17,23], and its conversion to PC requires intermembrane
transport to the ER (reviewed in [52]. Consistent with the above
notion, a recent analysis of the species distributions of the
aminoglycerophospholipids in yeast subcellular fractions did
not reveal species-selectivity in interorganelle phospholipid
transport [45]. The preferential methylation of 32:2 PE is for the
most part conferred by Cho2p with a minor contribution by
Opi3p [51].

Interestingly, it was recently reported that deletion of the
PSD2 gene reduced the contribution of PE methylation to
cellular PC production to a much larger extent than deletion of
PSD1 [42], while Psd1p is generally considered the main source
of PE synthesis in yeast [17,53]. Pulse labeling with stable
isotope labeled L-serine of psd1 and psd2 mutants and analysis
of the labeled PE species synthesized by ESI-MS/MS could
shed a light on the possibility that differences in species
composition between the PE pools produced by Psd1p and
Psd2p account for the preferred methylation of PE derived from
Psd2p. The similarity in PE species profiles between psd1 and
psd2 strains [45] seems to argue against this possibility.

In contrast to the methyltransferases [54], the aminoalcohol
phosphotransferases catalyzing PC synthesis in the CDP–
choline route, Cpt1p and Ept1p, retain enzyme activity in the
presence of detergents. The substrate specificities of Cpt1p and
Ept1p were assayed in vitro, in a mixed micellar system
containing chemically defined DAG species [55]. The conver-
sion rate of Cpt1p was highest for the shorter species
(32:2>32:0∼34:1>36:2), whereas Ept1p showed the highest
activity toward di-unsaturated species (36:2>32:2>34:1).

Due to the small size and rapid turnover of the cellular
DAG pool, it is not possible to examine the precursor–
product relationships at the species level in the CDP–
choline pathway in intact cells. ESI-MS/MS analysis of PC
newly synthesized by ept1 and cpt1 cells during a pulse
with (D13)-choline revealed that Cpt1p and Ept1p produce
the four major PC species in different ratios with 32:2 PC
and 34:2 PC as most abundant species, respectively [56].
The differences in the species profiles were consistent with
the above in vitro results [55], arguing that they result from
differences in substrate specificity. Yet, it cannot be
excluded that Ept1p and Cpt1p consume distinct sets of
DAG species due to different subcellular localizations giving
access to separate pools of DAG differing in species
composition.

While Cpt1p does not have significant ethanolamine
phosphotransferase activity, Ept1p can transfer both phos-
phoethanolamine and phosphocholine to DAG [36]. The nature
of the CDP–aminoalcohol donor does not influence the
selectivity in DAG substrate use by Ept1 neither in vitro [55],
nor in vivo [56]. The relative contributions of Ept1p and Cpt1p
to PC synthesis via the CDP–choline route will affect PC
species homeostasis. The species profile of newly synthesized
PC in the ept1 strain was almost identical to that in the parental
wild type, and differed significantly from that obtained in the
cpt1 strain in which 34:2 PC was the major species [56],
indicating that Ept1p does not contribute substantially to PC
biosynthesis in the BY4742 strain background. The contribu-
tion of Ept1p to net PC synthesis was previously found to
depend on the strain background, varying from 5% or less [41]
to as much as 60% [57].



Fig. 3. Metabolic fates of PC in vivo. PC can be degraded by a phospholipase D
(Spo14p) or by phospholipases B (Plb1p, Nte1p) and a phosphodiesterase
(Gde1p) to yield choline that can be reincorporated into PC via the CDP–choline
pathway. Remodeling of PC by acyl chain exchange most likely proceeds via
deacylation to lysoPC followed by reacylation as indicated. The enzymes
catalyzing acyl chain exchange remain to be identified.
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3. Metabolic fates of PC

The steady state distribution of PC molecular species in wild
type cells cannot be accounted for by contributions of the two
biosynthetic pathways only (Section 2.2; [49]. The steady state
PC species profiles of yeast strains lacking either of the two PC
biosynthesis routes (pct1 and cho2opi3) are very similar to wild
type even though the methylation of PE and the CDP–choline
route produce the PC species in different ratios [49,56].
Therefore additional processes have to be involved in main-
taining PC homeostasis at the species level. The acyl chain
composition of the (newly synthesized) PC pool could be
remodeled by species-selective degradation, and/or by
exchange of acyl chains. Sections 3.1 and 3.2 provide an
overview of the metabolic conversions of PC, and comment on
their potential influence on the PC species profile.

3.1. PC degradation

Knowledge on the metabolic processes downstream of PC
synthesis in yeast is fairly limited. The turnover of PC by the
SPO14-encoded phospholipase D yields phosphatidic acid
and choline, and is essential for sporulation [58,59]. Moreover,
Spo14p activity is essential for yeast suppressor mutants that
bypass the essential requirement for Sec14p in secretion
[60,61]. The only other phospholipase D activity in yeast that
so far escaped identification at the gene level preferentially
cleaves PE and PS [62,63]. PC also serves as substrate for
phospholipases B yielding glycerophosphocholine (GPC) and
two fatty acids (see also review by Patton-Vogt in this issue).
Yeast contains at least 4 genes encoding phospholipases B,
neither of which is essential. Plb1p is localized at the plasma
membrane and in the periplasmic space, and was shown to
deacylate PC in vivo with the GPC produced released into the
culture medium [64]. Plb2p and Plb3p are homologous to Plb1p
and also localize to the cell surface. Plb2p was shown to
degrade PC only in vitro [65,66], while Plb3p does not convert
PC at a detectable rate [66].

The phospholipase B Nte1p, a homologue of human neu-
ropathy target esterase localized to the ER, is responsible for
intracellular GPC production [67]. Its activity is induced by the
presence of choline in the culture medium and by raising the
growth temperature to 37 °C, conditions that enhance PC syn-
thesis by the CDP–choline route and not the methylation
pathway [68]. Intriguingly, Nte1p selectively degrades PC
produced by the CDP–choline pathway, not by the methylation
of PE [67,68]. The cause of this selectivity is presently not
understood. Interestingly, deletion of the GPT2 (GAT1) and
SCT1 (GAT2) genes encoding the major glycerol-3-phosphate
acyltransferases (Fig. 1), enhance and decrease the deacylation
of CDP–choline-derived PC to GPC, respectively [69]. Re-
cently, the GDE1 gene was identified that encodes the phos-
phodiesterase responsible for metabolizing intracellular GPC to
choline [70,71]. Whether reacylation of GPC occurs is not
known.

When choline is absent from the culture medium, turnover of
PE-derived PC by phospholipases D and/or B, yields choline for
use in the CDP–choline pathway [41], thus contributing to the
species composition of PC (Fig. 3). Whether Spo14p, Plb1p,
and Nte1p are species-selective and thereby directly affect the
PC species profile has not been documented. However, it is
tempting to speculate that the exclusive degradation of CDP–
choline derived PC by Nte1p is based on species selectivity.
During prolonged labeling with deuterated PC precursors, no
change in species profile of the pre-existing PC pool was
observed in wild type cells cultured at 30 °C, arguing against the
occurrence of extensive species selective degradation [49].

3.2. PC remodeling by acyl chain exchange

Remodeling by acyl chain exchange is generally thought to
proceed via deacylation to a lyso-phospholipid intermediate by
a phospholipase A (or B), followed by an acyl-CoA dependent
reacylation by an acyltransferase. Alternatively, acyl chain
shuffling via transacylation may occur in which a phospholipid
serves as acyl chain donor and a lysophospholipid as the
acceptor [72].

Reports on phospholipases A in yeast are scarce. Mitochon-
dria-associated Ca2+-independent phospholipases A1 and A2
hydrolyzing PC were reported [73,74], however, so far no
gene–enzyme relationships were established. Another reaction
yielding lyso-PC is the transfer of an acyl chain from PC to
DAG to synthesize triglycerides, which is catalyzed by the
phospholipid-diacylglycerol acyltransferase Lro1p in vitro
[75,76].

Yamada and coauthors [8] were the first to report acyl-CoA
dependent sn-1-acyl-glycero-phosphocholine (sn-1-acyl-GPC)
and sn-2-acyl-GPC acyltransferase activities in Saccharomyces
cerevisiae that were localized to microsomes. Wagner and
Paltauf [9] provided evidence for the occurrence of phospho-
lipase A-mediated deacylation followed by reacylation in vivo,
by incubating yeast cells with radiolabeled palmitic and oleic
acid. Already after 2 min, incorporation of both acyl chains was
detected in the major phospholipid classes, the extent of
labeling being highest in PI and PC. Subsequent esterification
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and transesterification of the free fatty acid and the lysoPC,
respectively, obtained after treating the PC fraction with
phospholipase A2, revealed that oleic acid was almost
exclusively incorporated at the sn-2 position of PC (99%).
The preferential incorporation at the PC sn-2 position of the
label from palmitic acid that for the most part had been
converted to palmitoleic acid, was slightly less (90%). Although
this study does not provide quantitative information as to the
relative importance of acyl chain exchange in establishing the
PC species profile, it was the first to show selective acyl chain
exchange.

Richard and McMaster [77] characterized a microsomal,
acyl-CoA dependent lysoPC acyltransferase activity utilizing a
broad range of sn-1-lysoPC acyl chain lengths. In addition, they
demonstrated lysoPC acyltransferase activity in vivo by the
conversion of radiolabeled sn-1-O-alkyl-GPC to PC in a plb1
strain. Apart from exhibiting phospholipase B activity, Plb1p
was shown to have acyl-CoA independent transacylase activity
as demonstrated by its ability to convert sn-1-lyso-PC into PC
in vitro [64]. Recently, the TAZ1 gene product, a predicted
acyltransferase localized to the mitochondrial outer membrane
[78] and implicated in acyl chain remodeling of cardiolipin [79],
was shown to exhibit acyl-CoA independent sn-1-lysoPC
acyltransferase activity upon expression in E. coli [80]. The
enzyme activity was found associated with the mitochondrial
fraction from wild type cells but not from a taz1 deletion
mutant.

To study PC remodeling in vivo, we used a pct1 strain,
lacking a functional CDP–choline route to preclude recycling
into PC of choline originating from degradation of PC
synthesized by the methylation of PE. Labeling pct1 cells for
10 min with (methyl-D3)-methionine followed by ESI-MS/MS
analysis of the newly synthesized PC, revealed a species profile
dominated by 32:2 and 34:2 PC and containing relatively minor
proportions of 32:1 and 34:1 PC. During continued labeling,
the species profile of deuterated PC gradually evolved to a
profile resembling that of steady state PC with at least twice the
initial amounts of 32:1 and 34:1 [49]. Species selective
degradation alone is unlikely to account for this process, as it
would involve degradation of some 50% of newly synthesized
PC. This leaves remodeling by acyl chain exchange as the more
plausible mechanism. ESI-MS/MS analysis of lysoPC after
treatment of the pct1 lipid extracts with phospholipase A2,
revealed the substitution of C16:1 acyl chains esterified at the
sn-1 position of newly synthesized PC by other acyl chains,
unequivocally demonstrating the contribution of acyl chain
remodeling by acyl chain exchange to the PC species profile
[49]. In Fig. 3 the metabolic conversions of PC have been
summarized.

4. The role of PC in balancing membrane lipid composition

From the perspective of overall membrane lipid homeostasis,
both PC biosynthetic routes are complementary in that they
affect the balance between bilayer and non-bilayer favouring
lipids. The lipid precursors of the bilayer preferring lipid PC in
the methylation and the CDP–choline pathway, PE and DAG,
respectively, are both type II lipids that have a conical molecular
shape resulting from the comparatively small cross-sectional
area of the polar headgroup, and consequently confer negative
curvature stress to biological membranes [81]. Isolated type II
lipids organize as reversed non-lamellar structures such as the
hexagonal HII phase when hydrated [2]. Membrane intrinsic
curvature is important for membrane processes such as fusion
and fission, and for the proper assembly and function of
membrane proteins (reviewed in [82]). In yeast, the importance
of type II lipids in membrane function is supported by the
finding that a reduced PE content in mutants defective in PE
synthesis, is deleterious for growth [17,18]. Moreover, it was
recently found that deletion of the two genes encoding
mitochondrial enzymes producing non-bilayer phospholipids,
CRD1 and PSD1, is synthetically lethal [83]. On the other
hand, an (local) excess of type II lipids could interfere with the
barrier function of the membrane. In contrast to PE, DAG is
only a minor membrane lipid. However, as DAG has been
implicated in protein secretion from the Golgi complex [84] and
in vacuole fusion [85], regulation of local DAG levels is
required.

To understand the role of PC in membrane lipid homeostasis,
the response to a gradual lowering of the PC content was
investigated by depriving the choline auxotroph cho2opi3
mutant of choline [20]. Cell growth continued at a normal rate
for 4–5 generations until the PC level had dropped below 2% of
total phospholipids. In this time window a remarkable shift in
cellular acyl chain composition occurred with the acyl chains
becoming shorter and more saturated. The changes were largest
in PE, the most abundant phospholipid under conditions of PC
depletion (Fig. 4A). The bilayer to hexagonal HII phase
transition temperature of isolated PE fractions increased from
about 20 °C to 50 °C as the PE level rose from 20% to 50% of
total phospholipids [20], in agreement with shortening and
increased saturation of the acyl chains decreasing the non-
bilayer propensity of PE [86].

The concomitant shortening and increased saturation of the
acyl chains do not reflect a unidirectional change in membrane
fluidity. On the contrary, to maintain membrane fluidity in
response to decreasing temperatures, shortening and increased
desaturation of the acyl chains were reported [87,88]. The
isothermal changes in acyl chain composition in response to PC
depletion are consistent with the need to keep intrinsic mem-
brane curvature in an optimal range by maintaining the right
balance between bilayer and non-bilayer preferring phospholi-
pids (Fig. 4B) [20], an established regulatory mechanism in
prokaryotes [89].

Changes in PE/PC ratios reported in yeast cultures
supplemented with specific fatty acids support the proposed
regulatory mechanism for membrane intrinsic curvature.
Growth on myristoleic acid (C14:1) induced an enormous
increase in the PE/PC ratio of wild type yeast as compared to
growth on C16:1 (4.1 vs. 0.8) [90], counterbalancing the de-
crease in non-bilayer propensity of PE resulting from shorter
acyl chains. Similarly, the PE/PC ratio of a fatty acid auxotroph
was higher when supplemented with trans C16:1 than with cis
16:1 (1.1 vs. 0.6) [15] to compensate for the loss of non-bilayer



Fig. 4. (A) The increase in PE content induced by PC depletion in cho2opi3 cells
is accompanied by shortening and increased saturation of the PE acyl chains.
The ratios of C16 to C18, and of unsaturated to saturated (UFA/SFA) acyl chains
were calculated from ESI-MS/MS data, and plotted against the PE content
expressed as percentage of total phospholipids. Data points are connected with
dashed lines to guide the eye. Data were taken from ref. [20]. (B) Schematic
representation of the molecular shapes of the major membrane phospholipids
and of the changes in membrane lipid composition occurring during PC
depletion in cho2opi3 cells. As the content of the bilayer lipid PC drops and the
level of the non-bilayer lipid PE increases, PE looses non-bilayer propensity,
depicted here by a reduction in cone shape, in order to keep membrane intrinsic
curvature balanced. See text for further comments.
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propensity of PE with trans unsaturated fatty acyl chains.
Conversely, the PE content tends to decrease when yeast is
supplemented with unsaturated fatty acids of increasing length
and degree of unsaturation [14], which enhance the non-bilayer
propensity of PE.

A mutation in the RSP5 gene encoding a ubiquitin ligase
involved in the regulation of fatty acid desaturation by Ole1p,
leads to accumulation of saturated fatty acids, and is suppressed
by overexpression of the PIS1 gene encoding PI synthase [91].
The suppression was explained by a restoration of the
unsaturation/saturation ratio of PE that results from rerouting
the saturated fatty acids into PI, and is most likely another
manifestation of the requirement to safeguard PE from loosing
non-bilayer propensity and balance membrane intrinsic
curvature.

PC is not essential in yeast, however, some form of
methylated PE appears to be required for growth. PC deficiency
can be bypassed by its biosynthetic precursor in the methylation
pathway PDME provided that the yeast cells are grown in the
presence of inositol, substrate for the synthesis of PI [19,20].
Like PC, PI is a bilayer forming phospholipid [92] that
compensates for the replacement of PC by PDME that forms
somewhat less stable bilayers [93]. The ability of PMME to
replace PC in the presence of inositol appears to depend on the
strain background [19,20]. A twist to the story came with the
recent report that phosphatidylpropanolamine, a nonnatural,
non-bilayer forming phospholipids, could replace the methy-
lated phospholipids altogether in a cho2opi3 strain [94]. Cells
cultured in the presence of propanolamine exhibit a strong
increase in the level of the bilayer lipid PI, and a shift from C34
to C32 species in the species profile of PE, in keeping with a
regulatory mechanism balancing the proportions of bilayer and
non-bilayer lipids.

The effects exerted by phospholipid class composition on
molecular species composition and vice versa described above,
highlight the role of PC as bilayer stabilizing membrane
constituent counterbalancing type II membrane lipids to
maintain membrane intrinsic curvature in an optimal window.
From the point of view of regulating membrane intrinsic
curvature, the preferential methylation of 32:2 PE over 34:2 PE
to PC described in Section 2.3 [51] could be regarded as
enhancing the non-bilayer propensity of PE. Based on this
notion it is tempting to speculate that the phospholipid
methyltransferases Cho2p and Opi3p may represent first line
regulators of membrane intrinsic curvature.

5. Conclusion and future directions

Biosynthesis, turnover, and acyl chain remodeling of
phospholipids are important determinants of membrane lipid
composition. With the recent advances in the analysis of lipids
by mass spectrometry it is now possible to study lipid
metabolism at the level of the molecular species. Combined
with stable isotope labeling, this allows us to determine the
contributions of the various biosynthetic routes in terms of
phospholipid species, to visualize the substrate selectivity of
individual phospholipid biosynthetic enzymes in vivo, and to
monitor remodeling of acyl chains, as exemplified for PC in
this review. This powerful technology will be an essential tool
in uncovering the identity and function of the remodeling
enzymes that adjust the species composition of PC and other
lipids.

PC is a key player in balancing the proportions of bilayer and
non-bilayer lipids that determine membrane intrinsic curvature.
The balance between bilayer and non-bilayer lipids has been
recognized as a novel criterion in the regulation of yeast
membrane lipid composition. To keep physical membrane
properties such as membrane intrinsic curvature in the optimal
range, yeast must possess an intricate regulatory network for
reciprocally tuning phospholipid class and acyl chain composi-
tion. One of the challenges facing us is to resolve this regulatory
network and the underlying membrane sensors, and to figure
out how it interfaces with the known regulatory mechanisms of
phospholipid and fatty acid biosynthesis [95] [Martin et al. in
this issue; Tehlivets et al. in this issue]. With its unsurpassed
ability to tolerate a wide range of different lipid compositions,
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yeast continues to be a valuable model eukaryote for inves-
tigating membrane lipid homeostasis.
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