
Mechanisms regulating the acyl chain composition 
of membrane lipids in S. cerevisiae

Mechanismen ter regulatie van de acylketensamenstelling van 
membraanlipiden in S. cerevisiae

Cedric Hubert De Smet





Mechanisms regulating the acyl chain composition 
of membrane lipids in S. cerevisiae

Mechanismen ter regulatie van de acylketensamenstelling van 
membraanlipiden in S. cerevisiae

(met een samenvatting in het Nederlands)

Proefschrift

ter verkrijging van de graad van doctor aan de Univer-
siteit Utrecht op gezag van de rector magnificus, prof.
dr. G.J. van der Zwaan, ingevolge het besluit van het 

college voor promoties in het openbaar te verdedigen 
op vrijdag 7 oktober 2011 des middags te 2.30 uur

door

Cedric Hubert De Smet

geboren op 7 september 1981 te Gent, België

  



Promotor: Prof.dr. J.A. Killian

Co-promotor: Dr. A.I.P.M. de Kroon

Dit proefschrift werd mogelijk gemaakt met financiële steun van het gebied 
Chemische wetenschappen (CW) van de Nederlandse organisatie voor We-
tenschappelijk Onderzoek (NWO).



aan  mapa

“We are in a position similar to that of a mountaineer who is wandering 
over uncharted spaces, and never knows whether behind the peak which 

he sees in front of him and which he tries to scale there may not be another 
peak still beyond and higher up.“

— Max Planck
Where is Science Going? (1932), 200



Beoordelingscommissie

Dr. T. Ferreira, Université de Poitiers, France

Prof. dr. J.B. Helms, Universiteit Utrecht

Prof. dr. B. de Kruijff, Universiteit Utrecht

Prof. dr. G. van Meer, Universiteit Utrecht

Dr. T. Munnik, Universiteit van Amsterdam

Prof. dr. H.A.B. Wösten, Universiteit Utrecht

Paranimfen

Radhakrishnan Panatala Narendranath

Giulia Ravaioli

Reproduced by GVO drukkers & Vormgevers B.V. | Ponsen & Looijen

ISBN 978-90-6464-499-3



Table of contents

Chapter 1 General introduction 9

Chapter 2 A screen for genes involved in acyl chain remodeling of 

phosphatidylcholine in yeast

43

Chapter 3 The yeast acyltransferase Sct1p regulates fatty acid desatu-

ration by competing with the desaturase Ole1p

69

Chapter 4 Yeast cells accumulate excess endogenous palmitate in 

phosphatidylcholine by acyl chain remodeling involving the 

phospholipase B Plb1p

95

Chapter 5 The cardiolipin remodeling transacylase Taz1p uses newly 

synthesized phosphatidylserine as acyl donor in yeast

121

Chapter 6 Summarizing discussion 141

Nederlandse samenvatting 149

Dankwoord 153

Curriculum Vitae 157





1

General introduction



Chapter 1

10

1. Preface
Biological membranes define the boundaries of all living cells and of their organelles. They 
consist of a lipid bilayer matrix, in which the lipids’ hydrophobic acyl chains compose a 
core that is virtually impermeable to polar compounds, and the lipids’ hydrophilic head-
groups interact with the aqueous environment (Fig. 1). The proteins embedded in and asso- 
ciated with the lipid bilayer perform a plethora of functions including the transport of polar 
compounds across the membrane, energy transduction, and the transfer of information in 
signaling pathways in response to external stimuli.  Membranes display a seemingly end-
less variation in lipid composition, among other reasons to foster an optimal environment 
for the membrane proteins functioning in these diverse processes. Membrane lipids can 
be divided in different families based on their molecular structure. The glycerophospho- 
lipids constitute the most abundant family of membrane lipids, and are subdivided in classes 
based on the nature of their headgroup. Glycerophospholipid classes are made up of nu-
merous molecular species, i.e. phospholipid molecules varying in the length and number of 
double bonds in their acyl chains.

This thesis focuses on the fatty acid and glycerophospholipid metabolism of the model 
organism S. cerevisiae, a unicellular eukaryote that is known as baker’s yeast because of its 
use by bakers and brewers. S. cerevisiae’s short life cycle and accessible molecular biology 
make it very suitable for genetic, biochemical and cell biological research. It is probably the 
best understood eukaryotic organism and an ideal model for higher eukaryotes because of 
the many homologies at the genetic and protein level. Importantly for the research reported 
here, glycerophospholipid composition and synthesis are similar in yeast and mammalian 
cells. In addition, baker’s yeast has a very simple fatty acid profile compared to higher eu-
karyotes, rendering it particularly suitable for studying lipids.

In the following chapters, we will seek a better understanding of the mechanisms 
shaping membrane glycerophospholipid composition with the focus on the post-synthetic 
remodeling by acyl chain exchange of the most abundant membrane phospholipid phos-
phatidylcholine (PC). A screen for genes involved in remodeling of PC was performed and 
the selected candidates were further characterized (chapter 2).  One candidate turned out 

membrane 
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acyl chains

Fig.1. Membrane structure. Simplified view of the architecture of a cellular membrane. Lipids and 
membrane proteins are indicated. See text for details. Adapted from http://math.lanl.gov/. 
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to have a function in the regulation of fatty acid desaturation (chapter 3). Overexpression 
of this protein enabled a more sensitive screen for PC remodeling enzymes (chapter 4), and 
shed new light on the acyl chain donor selectivity of a mitochondrial lipid transacylase that 
is defective in the X-linked disorder Barth syndrome (chapter 5).

In the Introduction I will first highlight the importance of the regulation of fatty acyl 
chain composition for membrane function. Next, the different classes of lipids and their 
functions will be introduced. Finally, the biosynthesis and turnover of glycerophospholipids 
in yeast will be reviewed, with emphasis on remodeling of PC by acyl chain exchange. 

2. Fatty acid homeostasis

2.1. The physiological role of regulation of fatty acid desaturation
The properties of the hydrophobic acyl chains of membrane lipids, i.e. their length and num-
ber of unsaturated bonds, are an important determinant of the physical properties of bio-
logical membranes, e.g. their thickness, fluidity and intrinsic curvature. These properties are 
essential for membrane barrier function, the activity of membrane proteins, and dynamic 
processes such as membrane fusion and fission. The gel-to-liquid crystalline phase transition 
temperature of the membrane lipids determines membrane fluidity [1, 2]. The transition 
temperature increases with chain length and degree of saturation of the fatty acyl chains, 
as longer acyl chains interact more tightly while cis-double bonds cause disturbances in the 
acyl chain packing. A poikilothermic organism like the yeast S. cerevisiae readily adapts the 
length and the degree of desaturation of its acyl chains when shifted to another tempera-
ture to sustain membrane fluidity (Table 1, [3]). The degree of desaturation of membrane 
lipids also depends on the function of the membrane they constitute. For example, the inner 
mitochondrial membrane serving important metabolic functions has a higher content of 
unsaturated phospholipid acyl chains than the plasma membrane that shields the cell from 
the extracellular milieu [4]. Accordingly, an increase in overall fatty acid desaturation is ob-
served following a shift of yeast cells from fermentable to non-fermentable carbon source, 
the latter requiring fully developed mitochondria (Table 1, [3, 5]). 

C16:0 C16:1 C18:0 C18:1
SL

30°C 8 49 4 39

37°C 19 38 7 35

SD
30°C 12 48 5 34

Table 1. The fatty acid composition (mol%) of yeast cells depends on carbon source and growth tem-
perature. Wild type BY4741 cells were grown to mid-logarithmic phase on non-fermentable medium 
(synthetic lactate, SL) at 30 and 37⁰C and on fermentable medium (synthetic glucose, SD) at 37⁰C, 
and analyzed for fatty acid content by gas chromatography. The relative abundance (mol%) is shown 
for the fatty acids that constitute at least 1% of total fatty acids. Data from a typical experiment are 
shown.
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2.2. Fatty acid synthesis and elongation in yeast
The yeast fatty acyl chain profile is rather limited compared to its mammalian or plant coun-
terparts that harbor a wide variation of fatty acids differing in length and degree of un-
saturation. It consists mainly of C16 and C18 fatty acids bearing either one or no double 
bond, named palmitic acid (C16:0), palmitoleic acid (C16:1), stearic acid (C18:0), and oleic 
acid (C18:1) (Table 1). Fatty acid synthesis in S. cerevisiae is initiated by the acetyl-CoA car-
boxylase Aac1p and continued by the cytosolic multienzyme fatty acid synthase complex 
consisting of Fas1p and Fas2p that predominantly produces acyl-CoA’s with an acyl chain 
length of 16 or 18 carbon atoms [6]. The ER-based fatty acid elongases Elo1p, Elo2p and 
Elo3p can elongate the acyl-CoA’s up to C26. Although very low in abundance, the resulting 
very long acyl chains are essential as components of sphingolipids and GPI-anchors [7, 8]. 
An independent, nonessential fatty acid synthase complex termed type II FAS is present in 
yeast mitochondria. Mutants defective in mitochondrial fatty acid synthesis are respiratory 
deficient, because they are incapable of synthesizing lipoic acid, an essential cofactor in 
oxidative decarboxylation reactions [9, 10].  

2.3. Regulation of fatty acid desaturation in yeast
Monounsaturated fatty acids account for approximately 70-80% of total fatty acids in yeast 
(Table 1) and are synthesized from saturated fatty acyl-CoA precursors by the endoplasmic 
reticulum (ER)-resident Δ9-fatty acid desaturase Ole1p [3]. The introduction of a double 
bond by Ole1p involves the removal of 2 electrons and protons from adjacent methylene 
groups in the acyl chain, and the subsequent reduction of an O2 molecule to 2H2O, coor-
dinated by a diiron-oxo cluster in the catalytic center of the desaturase and energetically 
driven by the oxidation of NADH [3, 11]. Unsaturated fatty acids are essential in yeast, as an 
ole1 knock-out strain is only viable when unsaturated fatty acids are supplied in the medium 
[12]. The expression of Ole1p is tightly regulated to attain the proper degree of fatty acid 
unsaturation adapted to the ambient temperature, carbon source, the presence of fatty 
acids in the growth medium and oxygen levels [3]. Transcriptional activation and mRNA sta-
bility of Ole1p requires proteolysis of the ER membrane proteins Spt23p and Mga2p. Spt23p 
dimers are ubiquitinated by the E3 ubiquitin ligase Rsp5p, which promotes cleavage of a C-
terminal fragment of the ubiquitinated protein by the 26S proteasome and the subsequent 
release of the soluble 90 kDa fragment by the ubiquitin-selective chaperone/segregase  
Cdc48p/Npl4p/Ufd1p into the nucleus, where it activates the transcription of OLE1 [13, 14]. 
Rsp5p-assisted ubiquitination of Mga2p is only required for release of the transcriptionally 
active p90 form and not for the cleavage by the proteasome [15]. It has been proposed 
that changes in membrane fluidity induce fatty acid mediated repression of OLE1 transcrip-
tion and transient adaptations to cooling [13]. Spt23p may play a role in this regulation, 
since proteolysis of Spt23p is sensitive to the presence of unsaturated fatty acids, and it has 
been suggested that its dimerization, ubiquitination, or proteolysis is sensitive to changes 
in membrane fluidity [13]. However, other sensors of membrane fluidity may exist.  Mga2p 
also functions in destabilizing and stabilizing OLE1 mRNA in cells exposed to unsaturated 
fatty acids and cells in fatty acid free medium, respectively [16, 17]. Disruption of Mga2p 
and Spt23p separately has little effect on growth, but disruption of both causes unsaturated 
fatty acid auxotrophy that can be suppressed by expressing OLE1 from a promoter different 
from the endogenous one [18]. 
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2.4. Regulation of fatty acid desaturation in higher eukaryotes 
Mammalian cells contain two groups of desaturases: the stearoyl-CoA desaturases (SCD) 
that introduce a double bond at the Δ9 position producing mono-unsaturated fatty acids 
such as C18:1, and the Δ5 and Δ6 desaturases (Δ5D and Δ6D) required for the synthesis of 
highly unsaturated fatty acids (HUFA) such as C20:4 n-6 (arachidonic acid) and C22:6 n-3 
(docosahexanoic acid) [19]. The n-x nomenclature refers to the position of the double bond 
closest to the terminal methyl group in the acyl chain. Mammals are not capable of synthe-
sizing HUFA from acetyl-CoA, but instead obtain the precursor poly-unsaturated fatty acids 
(PUFA) linoleic acid (C18:2 n-6) and linolenic acid (C18:3 n-3) in their diet. Since HUFA are 
essential for a variety of physiological functions including skin integrity, eicosanoid signaling, 
and vision and brain functions [19, 20], C18:2 n-6 and C18:3 n-3, which are synthesized by 
plants, are essential fatty acids for mammals.

In contrast to mammals, higher plants display enormous variation in the fatty acids 
they synthesize, and very few fatty acids are common to all plants [21]. In plants, saturated 
and mono-unsaturated fatty acids are incorporated into PC, either direcly via acyl editing 
[22], or via de novo synthesis of PA and conversion into PC [23]. Linoleic and linolenic acid 
are then generated by desaturation of oleic acid that is esterified to PC [24, 25]. The produc-
tion of linoleic and linolenic acid is regulated in response to changes in ambient tempera-
ture, by post-transcriptional modulation of the protein abundance of the short-lived Fatty 
acid desaturases (Fad) [26-28]. Recently, the abundance of Fad3, an enzyme that is involved 
in the last step of linolenic acid biosynthesis, was shown to be regulated by a combination 
of cis-acting degradation signals and the ubiquitin-proteasome pathway [29]. Remarkably, 
uncommon fatty acids are usually only found in plant seed oils, where they accumulate in 
triacylglycerol (TAG) [30]. Plant and mammalian desaturases introduce double bonds via 
biochemical mechanisms comparable to that of Ole1p in yeast.

The mammalian SCD isozymes, and possibly also the Δ5D and Δ6D isozymes, are tran-
scriptionally regulated by sterol regulatory element binding proteins (SREBP) via a mecha-
nism similar to that of OLE1 regulation by Mga2p and Spt23p in yeast [3, 31]. SREBP have 
two isoforms: SREBP-1 and SREBP-2; SREBP-1 activates transcription of genes involved in 
fatty acid synthesis, while SREBP-2 regulates transcription of genes involved in cholesterol 
metabolism [32, 33]. Proteolytic cleavage of the membrane-bound SREBP allows release of 
a functional domain into the nucleus and binding to sterol regulatory elements. SREBP-1 
proteolysis is induced by addition of excess sterols [34] and repressed by a diet rich in un-
saturated fatty acids [35]. Sterol synthesis and fatty acid desaturation, both important deter-
minants of membrane fluidity, thus appear to be co-regulated by SREBPs in mammalian cells 
[33]. Failure to maintain a proper level of fatty acid desaturation has been associated with 
the generation of reactive oxygen species (ROS), activation of de novo ceramide synthesis 
and initiation of apoptosis [36], ultimately leading to insulin resistance and impairment of 
mitochondrial structure/function. Malfunction of the regulation of the fatty acyl chain com-
position of membrane phospholipids has also been associated with obesity [37].

3. Structure and function of lipid classes
The major types of lipids in yeast and many other eukaryotes are in decreasing order of 
abundance the glycerolipids, sterols, and sphingolipids. Based on function we distinguish 
neutral lipids and membrane lipids, the latter comprising (glycero)phospholipids, ergosterol 
and sphingolipids in yeast. In this section the neutral lipids, sphingolipids, and sterols will be 
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discussed briefly, followed by a more elaborate discussion of the structures and functions of 
the glycerophospholipids. The following section applies to S. cerevisiae, unless noted oth-
erwise.

3.1. Neutral lipids
Neutral lipids serve in energy storage. They are not suitable for membrane insertion be-
cause they lack a polar headgroup. Instead they form the hydrophobic core of lipid droplets, 
the fat storage organelles of the cells. The two major neutral lipids in yeast are triacylgly- 
cerols and steryl esters. It was recently shown that free fatty acids are mobilized from TAG 
by the lipase Tgl4p for de novo synthesis of membrane lipids as yeast progresses through 
the cell cycle [38]. 

3.2. Sphingolipids and sterols
De novo synthesis of sphingolipids in yeast starts with the condensation of C16:0-CoA and 
serine by the serine palmitoyltransferase complex [39]. This results in the formation of 
sphingoid bases, which can be coupled to long acyl chains up to C26 to yield ceramides, 
that can in turn be derivatized to complex sphingolipids like inositol phosphorylceramide 
(IPC), mannose-IPC (MIPC) and M(IP)2C [40]. Sphingolipids are most abundant in the plasma 
membrane, Golgi apparatus and vesicles cycling between these compartments. They are 
involved in such diverse processes as endocytosis, apoptosis, inflammation and cell cycle 
regulation [40].

Sterols are essential for yeast viability [41]. They are highly enriched in the plasma 
membrane, where they stretch and order the liquid crystalline acyl chains together with 
sphingolipids, and thus modulate membrane fluidity [42]. Ergosterol is the main yeast ste-
rol and has been associated with vacuole fusion [43] and endocytosis [44, 45], cell bud-
ding and proliferation [46] and respiratory activity [47]. There is evidence that the plasma 
membrane contains distinct liquid-ordered domains, also known as rafts, that are enriched 
in sphingolipids, sterols and certain membrane proteins [48, 49]. Sphingolipids and sterols 
interact specifically in lipid rafts [49], because, unlike glycerophospholipids, sphingolipids 
possess both hydrogen bond acceptors and donors at the membrane-water interface, which 
increase the associative potential with sterols [50]. Lipid rafts freely move around within 
the lipid bilayer and have been implicated as molecular sorting machines capable of affec- 
ting the organization of signal transduction pathways and serving as mediators of entry for 
various pathogens and toxins, including the human immunodeficiency virus (HIV-1) [51]. Re-
cently, evidence was presented supporting a role for segregation of ergosterol-sphingolipid 
domains in trans-Golgi network sorting in yeast [52]. 

3.3. Glycerophospholipids
Glycerophospholipids constitute the bulk of the lipid matrix of cellular membranes. They 
consist of a glycerol backbone with two hydrophobic acyl chains esterified to the sn-1 and 
sn-2 positions and a phosphate or phosphodiester moiety at the sn-3 position (Fig. 2). The 
mitochondrial lipid cardiolipin (CL) is an exception to this rule, as it contains 4 acyl chains. 
Glycerophospholipids are classified according to the structure of their headgroup, which is 
zwitterionic in phosphatidylcholine (PC) and phosphatidylethanolamine (PE), and anionic 
in phosphatidylinositol (PI), phosphatidylserine (PS), phosphatidic acid (PA), phosphatidyl-
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Fig.2. Structures of glycerophospholipids. –X corresponds to the moiety attached to the phosphate 
in the headgroup, CxHy and CmHn correspond to the acyl chains and ‘ʌʌʌʌ’ corresponds to the phos-
phatidate moiety. In cardiolipin, two phosphatidate moieties share a glycerol.

glycerol (PG) and cardiolipin (CL) (Fig. 2). The glycerophospholipid classes each comprise a 
multitude of molecular species defined by the nature of the acyl chains esterified at the sn-1 
and sn-2 positions. Due to their amphipathic molecular structure, glycerophospholipids are 
very suitable for bilayer formation. PC, PI, PS, CL, PG and PA spontaneously assemble in lipid 
bilayers (liposomes) when hydrated at physiological pH. In contrast, PE has non-bilayer pro-In contrast, PE has non-bilayer pro-
pensity due to its small headgroup, and hence may organize in a bilayer or as a hexagonal HII 
phase depending on the composition of the acyl chains with double bonds and longer acyl 
chains promoting the tendency toward negative membrane intrinsic curvature [53-55]. CL 
and PA are also capable of forming non-bilayer structures in the presence of divalent cations 
or at low pH [53-55]. Balancing the membrane intrinsic curvature is important for efficient 
fusion and fission of membranes [56], for proper assembly and function of membrane pro-
teins [57] and for organizing mitochondrial cristae [58]. An excess of non-bilayer lipids could 
interfere with the barrier function of the membrane.  In the following, the cellular functions 
of the individual classes of glycerophospholipids will be discussed. 

3.3.1. Phosphatidylcholine
PC is the most abundant glycerophospholipid in eukaryotic cells (Table 2), and it is an es-
sential lipid. The cross-sectional area of the PC headgroup matches that of the acyl chains 
resulting in a cylindrical molecular shape that is ideally suited for bilayer formation (Fig. 
2, [53]). The importance of PC for stabilizing the membrane bilayer is underscored by the 
cellular response to depletion of PC in yeast that involves integration of shorter and more 
saturated acyl chains in PE to increase its bilayer propensity [59].  In addition to its function 
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as a membrane building block, PC has been implicated in a number of specific cell biological 
processes. Firstly, PC is a source of lipid signaling molecules, as PC hydrolysis can yield ly-
soPC, diacylglycerol (DAG), PA and free fatty acids [60]. Secondly, defects in PC biosynthesis 
in yeast lead to respiratory deficiency implicating PC in mitochondrial function [61]. PC has 
been implicated in the functioning of the mitochondrial glycerol-3-phosphate dehydroge-
nase Gut2p [62]. 

Several human diseases are accompanied by a disturbed PC homeostasis, including 
Gaucher [63] and Alzheimer’s disease [64]. The infant respiratory distress syndrome is at-
tributed to a defect in PC metabolism [65]. It is characterized by insufficient production of 
pulmonary surfactant, a mixture of proteins and lipids that lowers the surface tension at 
the air-liquid interface of alveolar type II cells, preventing their collapse and thus facilitating 
breathing [66]. Pulmonary surfactant also has a role in defense against inhaled pathogens. 
It owes its surface-active properties primarily to its very special lipid composition, with 40% 
dipalmitoylphosphatidylcholine (DPPC) molecules that can be tightly compressed during 
respiration cycles [67, 68]. A lack of DPPC synthesis is one of the causes of respiratory dis-
tress syndrome [69].

Table 2. Glycerophospholipid composition (mol %) of yeast cell homogenates, microsomes and mi-
tochondria. Wild type D273-10B cells were cultured on semi-synthetic lactate medium to the late 
logarithmic phase, subcellular fractionation was performed [267], and glycerophospholipid compo-
sition was determined as described [268]. ‘Other’ glycerophospholipids include PA, PG, PMME and 
PDME. Data taken from [267].   

homogenate microsomes mitochondria

PC
PE 

38
30

51
15

42
34

PS 4 10 1

PI
CL

Other

16
5
7

21
-
3

9
10
4

3.3.2. Phosphatidylinositol
PI is another essential and abundant glycerophospholipid that serves as biosynthetic pre-
cursor for the phosphoinositides that are essential for signal transduction, as they recruit 
proteins containing phosphoinositide-binding domains and serve as precursor of second 
messengers in intracellular signaling pathways [70]. Compared to the other glycerophos-
pholipid classes, PI is most enriched in saturated acyl chains [4], which are incorporated by 
de novo synthesis and post-synthetic acyl chain remodeling [71, 72]. 

3.3.3. Phosphatidylserine
PS is a relatively minor glycerophospholipid (Table 2), but has a pivotal function in glyc-

erophospholipid synthesis as precursor of PE and PC in the CDP-DAG pathway (as detailed in 
section 4.1 of this chapter).  Although PS is not essential in yeast provided that the synthesis 
of PE and PC is sustained [73, 74], PS performs a number of important cell biological func-
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tions [75]. Firstly, it acts as a cofactor for a number of mammalian enzymes, the isoforms of 
protein kinase C being most extensively studied. The C2 domain of these enzymes binds to 
and is activated by PS in the presence of the lipid second messenger DAG [76, 77]. Secondly, 
the transbilayer distribution of PS in the plasma membrane of mammalian cells plays an 
important role in processes like blood coagulation [78], maturation of sperm cells [79] and 
apoptotic signaling [80]. In the default state, PS is restricted to the cytosolic face of the plas-
ma membrane, while during the above processes it becomes exposed on the cell surface.

3.3.4. Cardiolipin and phosphatidylglycerol
CL is a special glycerophospholipid in many respects. Its four acyl chains have a very charac-
teristic composition, mostly containing only two different acyl chains, C16:1 and/or C18:1 
in S.cerevisiae [81]. In human heart, 80% of all CL molecules contain four C18:2 acyl chains 
[82].  CL is special in its localization: while other glycerophospholipids are found in most 
organellar membranes, CL is virtually exclusively localized in mitochondria, primarily in the 
mitochondrial inner membrane (Table 2, [83]), a localization shared with its biosynthetic 
precursor PG. Although not essential [84], CL is important for mitochondrial structure and 
function in various ways, as it e.g. supports the stability and activity of respiratory super-
complexes [85], regulates the leakage and buffering of protons in the inner mitochondrial 
membrane [86], and affects the lateral organization and morphology of cristae by promoting 
the ribbon-like assembly of ATP synthase dimers [87]. CL synthesis is required for efficient 
biogenesis of the cell wall [88] and for proper functioning of the vacuole [89]. Peroxidation 
of unsaturated CL has been linked to inactivation of the mammalian ADP/ATP carrier [90], 
cytochrome c release and apoptosis [91]. A plethora of human diseases is accompanied by 
a disturbed CL metabolism, including diabetes [92], Alzheimer’s disease [93], pneumonia 
[94] and cancer [95], however only the X-linked Barth syndrome is caused by a defect in CL 
metabolism [96, 97]. Barth syndrome patients suffer from severe (cardio)myopathy due to 
a recessive mutant allele of the TAZ gene that results in a dysfunctional version of the CL 
remodeling transacylase Tafazzin. As a result CL contains more saturated acyl chains and 
monolysocardiolipin (MLCL) accumulates at the expense of CL, probably leading to a reduc-
tion in the activity of the respiratory supercomplexes. In a yeast mutant lacking CL, PE and 
PG presumably replace it [98, 99]. As stated above, PG and CL share a negatively charged 
headgroup while PE and CL share non-bilayer propensity, explaining the functional redun-
dancy. In this context it is worth noting that PE and CL synthesis are coordinately regulated 
[100] and that deletion of CRD1 encoding CL synthase and PSD1 encoding the main PE-
synthesizing enzyme is synthetically lethal [101]. 

3.3.5. Phosphatidylethanolamine
The importance of PE for mitochondrial function in yeast is well established, as depletion of 
PE in mitochondria leads to impaired respiration, defects in the assembly of mitochondrial 
protein complexes and loss of mitochondrial DNA [73, 102, 103]. PE is also required for 
delivery of cytoplasmic proteins to the vacuole by autophagy, since covalent binding of PE 
to Atg8p is essential for the assembly of autophagosomes, double membrane vesicles that 
enclose cytoplasmic proteins [104-107]. The transbilayer distribution of PE in the plasma 
membrane of mammalian cells plays a role in the functioning of heart myocytes [108] and 
in the regulation of cytokinesis [109]. In E. coli, PE is involved in the correct folding and ac-
tivity of membrane proteins [110, 111]. In Drosophila, PE controls proteolysis of the sterol 
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response element-binding protein (SREBP) and thereby exerts feedback on the synthesis of 
fatty acids and glycerophospholipids [112]. 

3.3.6. Phosphatidic acid
PA is a key intermediate in glycerolipid synthesis. As described below, synthesis of PA pre-
cedes the synthesis of all other glycerolipids, and the PA content of the ER plays an impor-
tant role in the transcriptional regulation of glycerophospholipid synthesis. PA is a signaling 
molecule and a source of other signaling molecules like lyso-PA and DAG [113]. The produc-
tion of PA by the phospholipase D Spo14p is required for sporulation in yeast [114]. In plant 
cells, PA has been implicated in the regulation of polarized growth, seed germination, and 
responses to hormones and biotic and abiotic stresses [113]. Targets of PA signaling in mam-
malian cells include cell survival, cell proliferation, endocytosis, exocytosis, cell differentia-
tion and defense [113].

4. Glycerophospholipid synthesis in yeast

4.1. Pathways of glycerophospholipid synthesis 
The biosynthesis of glycerophospholipids in yeast is similar to that in higher eukaryotes. The 
formation of PA initiates the synthesis of all glycerophospholipids and of TAG (Fig. 3). The 
first committed step is the transfer of an acyl chain from acyl-CoA to the sn-1 position of 
glycerol-3-phosphate by Gpt2p/Gat1p or Sct1p/Gat2p to produce lysoPA [115]. Sct1p and 
Gpt2p also use dihydroxyacetone phosphate as substrate to produce acyl-DHAP, which is 
converted to lysoPA by Ayr1p. Subsequently a second acyl chain is transferred from acyl-CoA 
to the sn-2 position by Slc1p or Ale1p to yield PA [116]. 

PA can either be dephosphorylated to DAG by Pah1p [117], or converted to CDP-DAG 
by Cds1p (Fig. 3, [118]), both important intermediates for distinct branches of phospholipid 
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synthesis. The DAG kinase Dgk1p plays an important role in regulating the cellular level of 
DAG [119]. DAG is the substrate for TAG synthesis by Dga1p [120] or Lro1p [121], and it con-
tributes to PE and PC synthesis through the CDP-ethanolamine and CDP-choline routes, re-
spectively (the Kennedy pathway) [122]. Interestingly, Cds1p has a dual localization in the ER 
and mitochondria [118, 123], implying that PA is transported from the ER to mitochondria.

CDP-DAG can be converted to PS by Cho1p/Pss1p [124], to PI by Pis1p [125], or to 
phosphatidylglycerol phosphate by Pgs1p [126] (Fig. 3); the conversion of CDP-DAG repre-
sents a major checkpoint in glycerophospholipid synthesis, as will be discussed below. PS, 
which is synthesized by Cho1p in the ER [127], can be decarboxylated to PE either by Psd1p 
in the inner mitochondrial membrane [128] or by Psd2p in the Golgi [129]. 

This implies that decarboxylation of PS necessitates transport of PS to the mito-
chondrial inner membrane or the Golgi. About 90% of PS decarboxylation is catalyzed by 
Psd1p in the inner mitochondrial membrane [130-132], which requires transport of PS into 
mitochondria. This is thought to occur via the mitochondria-associated membrane, an ER 
subfraction that is enriched in Cho1p and closely associated with the mitochondrial outer 
membrane via ER-mitochondria tethering complexes [75, 127, 133]. This transport involves 
transfer of PS to the mitochondrial outer membrane by unknown mechanisms regulated 
by ubiquitination [134], transbilayer movement across the mitochondrial outer membrane, 
and transport across the intermembrane space. Recently, mutants defective in the putative 
Mmm1p/Mdm10p/Mdm12p/Mdm34p ER-mitochondria tethering complex were found to 
display significantly lower PS to PC conversion [133]. Interestingly, PE synthesized in rat liver 
mitochondria appears to originate from a pool of newly synthesized PS, rather than from 
the bulk of cellular PS, suggesting a compartmentalization of PS pools in these cells [135, 
136]. Transport of PS from the ER to the Golgi for PE synthesis by Psd2p involves a docking 
system that requires Pdr17p, a PI transfer protein, and Psd2p in the Golgi membrane [137]. 
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After transfer to the ER, PE can subsequently be methylated in three steps to yield 
PC by two methyltransferases localized to the ER that use S-adenosyl methionine (SAM) as 
methyl donor (Fig. 4). Remarkably, it was shown that PE synthesized in the Golgi by Psd2p 
is preferentially methylated [138]. Cho2p/Pem1p produces phosphatidylmonomethyletha-
nolamine (PMME) and Opi3/Pem2p carries out the second and third methylation, yielding 
phosphatidyldimethylethanolamine (PDME) and PC [139, 140]. The formati on of phospha-[139, 140]. The formati on of phospha-. The formation of phospha-
tidylglycerol phosphate (PGP) in mitochondria by Pgs1p [126] is the committed and rate-
limiting step in the synthesis of PG and CL. Gep4p subsequently dephosphorylates PGP to 
produce PG [141], which is coupled to another CDP-DAG moiety by the CL synthase Crd1p in 
the inner mitochondrial membrane [142, 143]. 

In the CDP-choline pathway, choline is first phosphorylated by Cki1p in the cytosol 
(Fig.4, [144]). The subsequent conversion of phosphocholine to CDP-choline by Pct1p in the 
nuclear periphery [145] is the rate-limiting step of the CDP-choline pathway under condi-
tions of choline limitation [146, 147]. Cpt1p, whose localization has not been unequivo-
cally determined, finally transfers the phosphocholine moiety from CDP-choline to DAG 
yielding PC [148, 149]. The enzymes Eki1p, Ect1p and Ept1p catalyze three similar steps 
in the CDP-ethanolamine route of PE synthesis [150-152]. The CDP-ethanolamine branch 
of the Kennedy pathway is partially redundant with the CDP-choline branch, in that Eki1p 
and Ept1p share overlapping substrate specificities with Cki1p and Cpt1p, respectively [151, 
153]. Eki1p and Ept1p may therefore also contribute to PC synthesis; Ect1p and Pct1p on 
the other hand are specific to PE and PC synthesis, respectively [152, 154]. In the absence 
of exogenous choline the CDP-choline route is active as a recycling pathway that salvages 
choline produced by turnover of PC [155]. 

Interestingly, it has been proposed that the lysoPA molecules synthesized by Sct1p/
Gat2p and Gpt2p/Gat1p have different metabolic fates, with the former preferentially ser- 
ving as substrate for the synthesis of DAG and the latter for the synthesis of CDP-DAG, pos-
sibly related to the differential enrichment of these proteins in distinct ER subfractions [156, 
157].  

4.2. Regulation of phospholipid biosynthesis in yeast
In the following, the mechanisms of transcriptional and post-translational regulation of glyc-
erophospholipid synthesis in yeast will be summarized. 

4.2.1. UASINO regulation 
PA content plays a crucial role in the transcriptional regulation of phospholipid biosynthesis 
genes as high levels of PA in the ER induce the transcription of genes possessing an inositol-
responsive element (UASINO, indicated in Figs. 3 and 4) [158]. The PA phosphatase Pah1p  
and the DAG kinase Dgk1p are key regulators of PA content, which in turn regulates phos-
pholipid biosynthesis [158, 159]. When PA levels are high, the suppressor of transcription 
Opi1p is trapped in the ER by binding to the ER membrane protein Scs2p and PA and thus 
prevented from entering the nucleus [160]. Consequently, Ino2p can activate the transcrip-
tion of  UASINO genes in a complex with Ino4p. When PA levels are reduced, Opi1p is free to 
enter the nucleus, bind to and inhibit Ino2p, and thereby prevent transcriptional activation 
of UASINO containing genes. Inositol supplementation to culture media increases the utiliza-
tion of CDP-DAG for PI synthesis, and as a consequence, the amount of PA available for 
binding Opi1p is decreased and the UASINO containing genes are repressed. The increased 
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synthesis of PI also reduces the activity of the CHO1 PS synthase by reducing the available 
CDP-DAG [161, 162]. Inositol supplementation therefore leads to an increased PI content 
and to decreased PA, PS, PE and PC contents. Additional supplementation of choline and 
ethanolamine exacerbates the UASINO repression by inositol, whereas choline and ethanol-
amine by themselves only have a limited effect [163].

The phospholipid biosynthesis genes controlled by an inositol-responsive element are: 
INO1, CDS1, CHO1, PSD1, CHO2, OPI3, EKI1, EPT1, CKI1 and CPT1 (indicated in Figs. 3 and 4). 
All enzymes of the PE methylation and CDP-choline pathways of PC synthesis contain UASINO 
elements in their promoter regions except for PCT1. OPI1 was identified in a screen for mu-
tants that caused an OverProduction of Inositol phenotype, characterized by the excretion 
of inositol into the growth medium [164], due to the derepression of the INO1 gene that 
shows the strongest upregulation of all UASINO genes. A good example of the physiological 
role of Opi1p-mediated repression of UASINO controlled genes is the downregulation of phos-
pholipid synthesis when cells enter the stationary phase, nutrients become scarce and the 
rate of cell division diminishes [122]. 

4.2.2. Regulation by zinc
The expression of the PIS1 gene is regulated by the zinc-responsive cis-acting element  
(UASZRE) and the zinc-sensing transcriptional activator Zap1p [165]. Zinc depletion results 
in an increase in PI synthesis, which causes a drop in PA content that has a similar effect on 
transcription of UASINO containing genes as inositol supplementation. The ultimate effects 
of zinc depletion are an increase in PI content and a decrease in PE content [166]. The PC 
content does not decrease when choline is present in the medium, probably because up-
regulation of the CDP-choline route compensates for the repression of synthesis through 
the CDP-DAG pathway. 

4.2.3. Regulation by CTP and S-adenosyl-L-homocysteine
CTP content is another important parameter in the regulation of phospholipid synthesis, as 
CTP is the precursor of CDP-DAG, CDP-choline, and CDP-ethanolamine and also the phos-
phate donor for PA synthesis by Dgk1p [167, 168]. An increase in CTP synthesis causes an 
increased rate of PA synthesis and derepression of UASINO containing genes. As the produc-
tion of CDP-choline from CTP and phosphocholine by Pct1p is the rate-limiting step of PC 
synthesis via the Kennedy pathway, changes in CTP concentration directly influence the rate 
of PC synthesis [167].

S-adenosyl-L-homocysteine (AdoHCy) regulates PC synthesis through competitive in-
hibition of the PE methyltransferases Cho2p and Opi3p [169]. AdoHCy is a side product of 
these enzymes and is removed by the AdoHCy hydrolase Sah1p [170]. Downregulation of 
Sah1p therefore leads to the inhibition of PC synthesis, an increase in PA levels and dere-
pression of UASINO containing genes. An increase in TAG synthesis and lipid droplet content 
was also observed [170]. 

4.2.4. Regulation of PC synthesis by Sec14p and the Kap60-Kap95 karyopherin complex 
Sec14p is an essential component of the secretory machinery that exhibits PC and PI trans-
fer activity between membrane vesicles in vitro [171].  Sec14p bound to PC inhibits the ac-
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tivity of Pct1p in vitro and reduces the flux through the CDP-choline route in vivo [172-174]. 
It is thought that Sec14p controls glycerophospholipid homeostasis by binding to PC to keep 
intracellular compartments competent for vesicle trafficking [175]. Increased PC production 
leads to increased binding of Sec14p to PC and inhibition of PC synthesis; decreased PC pro-
duction leads to a reduction in binding and increased PC synthesis.

The activity of Pct1p is also regulated by binding to the Kap60p-Kap95p karyopherin 
complex [176]. Pct1p is thought to form a complex with Kap60p and Kap95p for transiting 
the nuclear pore, as the interaction with Kap60p is essential for entry of Pct1p into the 
nucleus. Exclusion of Pct1p from the nucleus alone, by elimination of its nuclear localization 
signal or by decreasing Kap60p function, is not sufficient to affect PC synthesis. However, 
additional reduction of Kap95p function results in almost complete ablation of PC synthesis 
[176]. 

4.2.5. Regulation by phosphorylation
Post-translational modification of enzymes by phosphorylation also plays a role in regulat-
ing phospholipid biosynthesis [177]. The most important kinase in this regulation is protein 
kinase A, the principal mediator of signals through the Ras-cAMP pathway, that is required 
for proper regulation of growth, progression through the cell cycle, and development in 
response to various nutrients [178, 179]. Protein kinase C and the cyclin-dependent protein 
kinase also play a role [178, 179]. Phosphorylation by protein kinase A leads to downregula-
tion of Cho1p [180], and stimulation of Opi1p [181], CTP synthetase [182] and Cki1p [183]. 
Protein kinase A thus causes an upregulation of PI synthesis at the expense of PS synthesis, 
an increase in DAG synthesis, and activation of the CDP-choline route. Due to the opposite 
effects on the CDP-DAG and the CDP-choline pathway of PC synthesis, overall PC synthesis is 
not affected by protein kinase A regulation [184].

Protein kinase C stimulates or inhibits the activity of CTP synthetase, depending on 
the site of phosphorylation [182], and inhibits the activity of Opi1p [185]. It was recently 
shown that the CDC28 (CDK1)–encoded cyclin-dependent kinase inhibits the membrane as-
sociation and activity of Pah1p [186] and activates the lipase Tgl4p that mobilizes free fatty 
acids from triglycerides for the synthesis of PA, linking lipid synthesis to the cell cycle [38]. 
Recently, the glycerol-3-phosphate (G3P) acyltransferases Sct1p and Gpt2p were shown to 
be phosphorylated [157], presumably to downregulate the enzymes’ activity, however the 
kinases involved have not been identified.

5. ESI-MS/MS and phospholipid metabolism at the level of mo-
lecular species 
This section will introduce the experimental setup for the measurement of molecular spe-
cies profiles of glycerophospholipids and the molecular species selectivity of the PC biosyn-
thesis routes. 

Electrospray ionization tandem mass spectrometry (ESI-MS/MS) has enabled the analy-
sis of the molecular species composition of individual glycerophospholipids in total lipid 
extracts [187], and allowed the quantitative characterization of 95% of the yeast lipidome 
[188]. The technique is based on the collisionally induced dissociation (CID) of the headgroup 
from lipid molecules, and the exclusive recording of the m/z values of molecules that yield 
this phospholipid class-specific fragment. In the case of PC, parent ion scans are performed 
in the positive ion mode for m/z 184, corresponding to the protonated phosphocholine 
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group. As shown in Figure 5, 
the PC species profile in yeast 
is dominated by four species: 
the di-unsaturated 32:2 (con-
taining 2 C16:1 acyl chains), 
34:2 (containing a C18:1 and 
a C16:1 acyl chain) and the 
mono-unsaturated 32:1 (con-
taining a C16:1 and a C16:0 
chain) and 34:1 (containing 
C18:1 and C16:0 or C18:0 and 
C16:1) [189]. Each of these 
species may contain position-
al isomers (except for 32:2 
PC). The species profiles of 
the other major glycerophos-
pholipids are analyzed simi-
larly. PI is recorded in parent 
ion scans for m/z 241 in the 
negative ion mode, as frag-
mentation of PI yields a nega-
tively charged fragment cor-
responding to the headgroup 
minus a H2O moiety with m/z 
241. In contrast, PE and PS do 
not yield characteristic frag-
ments with a nett charge, and 
therefore these phospho- 
lipids are selected based on 
the loss of neutral fragments. 
CID releases a zwitterionic 
headgroup of m/z 141 from 

Fig.5. Stable isotope labeling of PC molecules synthesized by 
PE methylation and the CDP-choline route. (A) The structures of 
the deuterium-labeled phosphocholine headgroups are shown. 
(B) Molecular species profiles of PE, PC synthesized by PE meth-
ylation, steady state PC, and PC synthesized via the CDP-choline 
route. Wild-type yeast cells (BY4742) were labeled for 10 min 
with (methyl-D3)-methionine and (D13)-choline. The steady state 
PE profile was obtained by neutral loss scanning in the positive 
ion mode for m/z 141. Steady state PC, PC newly synthesized by 
methylation of PE, and by the CDP–choline route were analyzed 
by parent ion scanning in the positive ion mode for m/z 184, 193, 
and 197, respectively. Data were taken from [189]. 

PE, and an uncharged headgroup without phosphate moiety of m/z 87 from PS.
Using these methods, Schneiter et al. showed that metabolically related glycerophos-

pholipids display significant differences in their species profile, suggesting that the acyl 
chain profiles are tightly regulated [4]. To investigate the role of the glycerophospholipid 
biosynthesis pathways in determining the molecular species profiles, pulse labeling with 
stable isotope labeled lipid precursors and subsequent ESI-MS/MS analysis was introduced 
[189, 190]. This allows the newly synthesized phospholipid molecules to be distinguished 
from the pre-existing population [191], and showed that the two PC biosynthesis routes, 
PE methylation and the CDP-choline pathway, yield different sets of PC species in yeast (Fig. 
5, [189]) and in hepatocytes [190].  It was proposed that the existence of two biosynthesis 
routes enables flexibility in regulating the molecular species profile of PC [189]. Comparison 
of molecular species profiles for PS, PE and PC in wild type strains and in strains with defects 
in the biosynthesis of PE supported the concept that the lipid biosynthetic enzymes contrib-
ute to the distinctions in their species profiles [192].

To investigate the species-selectivity of the PE methyltransferases Cho2p and Opi3p, 
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PC synthesized through PE methylation was pulse labeled with (methyl-D3)-methionine, 
yielding PC with a headgroup of m/z 193 that was detected by ESI-MS/MS [189]. The resul-
ting molecular species profile was found to be composed almost exclusively of the di- 
unsaturated PC species (Fig. 5). Moreover, the 32:2 species were enriched in newly synthe-
sized PC in comparison to the precursor PE. The preferential conversion of 32:2 PE to PC by 
the methyltransferases was recapitulated in vitro in isolated microsomes [193], indicating 
that it is an intrinsic property of the methyltransferases, of Cho2p in particular [193]. Based 
on these findings, the PE methyltransferases can be viewed as regulators of membrane 
intrinsic curvature: by preferentially methylating 32:2 PE over 34:2 PE they increase the  
average length of the acyl chains in PE and enhance its non-bilayer propensity [193, 194].

The lipid precursor of PC in the CDP-choline pathway, DAG, is also known to confer 
negative curvature stress on the membrane [195], and Cpt1p, the enzyme converting DAG 
and CDP-choline to PC, may therefore also be capable of regulating membrane intrinsic cur-
vature.  Pulse labeling of the CDP-choline route with the precursor (D13)-choline yielded PC 
with a headgroup of m/z 197 and revealed that Cpt1p and Ept1p preferentially produce 32:2 
PC (Fig.5, [196]). The overall pattern of PC produced by the CDP-choline route is much more 
diverse than that produced by PE methylation. PE and PC produced in vivo by Ept1p and 
Cpt1p have different species compositions [196], and in vitro Cpt1p prefers shorter species, 
while Ept1p favors di-unsaturated species [197]. The differences in species compositions 
were consistent with the in vitro results, suggesting that distinct sets of DAG species are 
consumed due to differences in substrate preference.  This disparity in species production 
in vivo suggests that the relative contributions of Ept1p and Cpt1p to PC synthesis affect PC 
species homeostasis. The contribution of Ept1p to net PC synthesis displays large variation 
depending on the strain background, ranging from 5% [155, 198] to 60% [198]. In BY4742, 
the background used in the aforementioned experiments, Ept1p only seems to be respon-
sible for a small fraction of PC synthesis [196]. 

6. Post-synthetic metabolism of glycerophospholipids
Post-synthetic metabolism of glycerophospholipids will be reviewed, with a focus on acyl 
chain remodeling of PC in yeast that is defined as the post-synthetic modification of the PC 
molecular species profile. Turnover via the CDP-choline route, species-selective degrada-
tion and acyl chain exchange may contribute to PC remodeling. Remodeling by acyl chain 
exchange of PE and CL in yeast and of glycerophospholipids in higher eukaryotes is also 
reviewed. 

6.1. Turnover of phosphatidylcholine in yeast
McMaster and Bell discovered that the CDP-choline route utilizes choline derived from 
PC turnover for PC synthesis in the absence of choline in the culture medium [155]. Using 
strains in which reutilization is (partially) blocked by a defective CDP-choline route, Patton-
Vogt et al. showed that PC turnover produces choline via a mechanism consistent with phos-
pholipase D activity, which was assumed to reflect the wild type situation [199]. The choline 
produced by PC turnover is excreted, and the excretion phenotype is exacerbated by inacti-
vation of the SEC14 gene coding for a component of the secretory machinery [199]. Sreeni-
vas et al. demonstrated that the increased choline excretion upon inactivation of SEC14 is 
abolished by deletion of Spo14p/Pld1p, establishing a function for phospholipase D in PC 
turnover [200] (see Fig. 4). Dowd et al. revealed that turnover of PC to glycerophospho-
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choline (GPC), presumably catalyzed by phospholipase B activity, increases when choline 
is added to the culture medium and when cells are shifted from 30 to 37⁰C [201]. Mutants 
defective in the CDP-choline route failed to produce GPC under these conditions, whereas 
mutants defective in the PE methylation route displayed normal induction of GPC produc-
tion. This suggested a metabolic link between phospholipase B-mediated PC turnover and 
PC synthesis via the CDP-choline pathway. However, deletion of the three phospholipases 
B PLB1, PLB2 and PLB3 that had been identified at that time did not affect the production 
of intracellular GPC [201]. A fourth phospholipase B, the ER-resident neuropathy esterase 
homologue Nte1p, was identified by Zaccheo et al., who found that PC turnover to intra-
cellular GPC is virtually absent in an nte1 deletion strain [202]. It was proposed that Nte1p 
specifically degrades PC produced by the CDP-choline pathway, leaving PC synthesized by 
methylation of PE intact, based on the observation that only PC synthesized via the CDP-
choline route is degraded significantly. 

Interestingly, it was observed that deletion of the G3P acyltransferases SCT1 and GPT2 
has opposite effects on the turnover of CDP-choline-derived PC: deletion of the SCT1 gene 
causes a 10-fold decrease in turnover of CDP-choline-derived PC to GPC, whereas deletion 
of GPT2 causes a 5-fold increase [156]. Taken together with the supposed preference of 
Nte1p for degrading CDP-choline-derived PC, these data led to the hypothesis that the PC 
originating from lysoPA synthesized by Sct1p derived from the CDP-choline route and was 
preferentially deacylated by Nte1p [203]. However, it has since been observed that intra- 
cellular GPC accumulates upon inositol deprivation in a pct1 deletion strain, suggesting that 
PE methylation-derived PC can also be subject to phospholipase B activity [204]. 

Nte1p activity is affected by the presence of inositol and choline in the medium [204, 
205] and, in agreement with these observations, Nte1p was recently shown to influence the 
localization of Opi1p and the transcription of UASINO genes [204]. It has been suggested that 
Nte1p has a role in regulating PC levels to maintain competence for vesicle formation, as the 
vesicular PI/PC transport protein Sec14p positively regulates Nte1p-mediated PC degrada-
tion [203, 206]. 

As mentioned above, Plb1p, Plb2p and Plb3p do not have a role in intracellular GPC 
production [201]. In vivo degradation of PC by Plb1p has been observed, but the GPC pro-
duced was released into the culture medium [207]. Degradation of PC by Plb2p has so far 
only been observed in vitro, and Plb3p does not convert PC at a detectable rate [208]. How-
ever, the fact that overexpression of Plb2p confers resistance to lysophosphatidylcholine 
suggests a role for this protein in PC homeostasis in vivo [209]. Plb1p and Plb3p have been 
localized to the plasma membrane and periplasmic space [207, 208], and Plb2p to the plas-
ma membrane, the periplasmic space, and the culture supernatant [208, 209], based on 
enzyme activity. Recently, all three PLB’s were shown to have a role in metabolizing excess 
lysoPC produced by overexpression of a plant phospholipase A2 in yeast cells [210].

The GPC produced by phospholipases B may either be metabolized to choline by the 
phosphodiesterase Gde1p [211, 212] for recycling via the CDP-choline pathway, or serve as 
substrate for the hitherto unidentified acyltransferase that synthesizes 1-acyl lysoPC, which 
can be further acylated by the broad-specificity acyltransferase Ale1p to yield PC [213] (Fig. 
4). 

PC turnover might also involve phospholipase C-catalyzed release of phosphocholine. 
This activity was observed in yeast [214], but the responsible enzyme has not been identi-
fied.
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It is known that the CDP-choline route contributes to the PC molecular species pro-
file via recycling [189]. It is so far unknown whether the degradation of PC to GPC and the 
subsequent re-acylation of GPC play a similar role. The finding that the species profile of 
the unlabeled preexisting PC did not change during a prolonged labeling experiment with 
deuterated PC precursors, argues that species selective degradation does not play a major 
role in determining the PC species composition [189].

6.2. Mechanisms and functions of glycerophospholipid remodeling by acyl 
chain exchange
W.E. Lands first described glycerophospholipid acyl chain exchange in 1960 [215], when he 
observed that lysophosphatidylcholine formed by the action of a phospholipase A2 can be 
reacylated in an acyl-CoA dependent manner (Fig. 4). This two-step process is henceforth 
called ‘the Lands’ cycle’, and it was proposed to adapt the phosphatidylcholine species pro-
file to obtain the desired thickness and fluidity of cellular membranes [216].  Several acyl-
transferases involved in this process have recently been cloned and assigned functions in 
several cellular processes [217]. Variations to the Lands’ cycle include acyl chain exchange 
involving release of both the acyl chains with glycerophosphodiesters as intermediate, as 
proposed for PC in yeast [213], and acyl transfer independently of acyl-CoA catalyzed by 
transacylases that shuttle fatty acids between glycerolipids [218-221]. 

In vivo functions of acyl chain remodeling include adaptation of membrane lipid com-
position to maintain membrane fluidity at the ambient temperature in poikilothermic or-
ganisms [222], or adaptation of the membrane to a certain function, for example in the 
generation of disaturated glycerophospholipid species in pulmonary surfactant required to 
establish the correct surface pressure for breathing [66], and in the synthesis of cardiolipin 
molecular species required for proper mitochondrial functioning [143, 223]. Acyl chain re-
modeling also functions in the regulation of free fatty acid content [220], in particular lev-
els of fatty acids involved in lipid signaling [60] including arachidonic acid, eicosanoids and 
lipid peroxides. Defects in this regulation stemming from increased release or decreased 
incorporation of signaling fatty acids into glycerophospholipids, may result in the induction 
of apoptosis, neural inflammation, oxidative stress, and neurodegeneration [224, 225].  In 
plants, it was recently shown that newly synthesized fatty acids are primarily incorporated 
into glycerophospholipids through acyl chain exchange (called acyl editing). Subsequently, 
they can be subjected to desaturation while esterified to the glycerophospholipid, released 
and used for the acylation of glycerol-3-phosphate in de novo glycerophospholipid synthesis 
[22, 226]. 

6.3. PC remodeling by acyl chain exchange in yeast
Yamada and co-authors were the first to report acyltransferase activities potentially involved 
in acyl chain remodeling of PC in microsomes from Saccharomyces cerevisiae [227]. Selec-
tive acyl chain exchange of both acyl chains in the major glycerophospholipids was shown 
by Wagner and Paltauf to occur in vivo by phospholipase A1 or A2-mediated deacylation and 
subsequent reacylation [228]. Remodeling by acyl chain exchange is required to generate 
the steady state molecular species profile of PC in yeast [189]. PC acyl chain remodeling at 
the sn-1 position of the glycerol backbone was found to be essential for attaining the steady 
state PC species profile in pct1 strains that only synthesize PC through PE methylation [189]. 
PC acyl chain exchange was suggested to play a role in the alteration of the PC species profile 
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upon addition of inositol to the culture medium and upon PC depletion in a cho2opi3 strain 
[59, 205]. 

Recently, PC remodeling in yeast was studied using the choline auxotrophic cho2opi3 
strain cultured in choline-free medium supplemented with short-chain (C8) PC molecules 
[229]. The exogenous PC enabled growth and the short acyl chains at the sn-1 and sn-2 
positions were substituted to yield PC with a molecular species profile similar to that of PC 
in a wild type strain. The presence of PC molecules in which only one short acyl chain was 
substituted indicated that at least part of the PC remodeling was accomplished by acyl chain 
exchange of one acyl chain at a time. Degradation of the exogenous PC to GPC or choline fol-
lowed by reacylation or by recycling through the CDP-choline route, respectively, may also 
have contributed. Moreover it is unknown whether the exogenous PC was first degraded to 
lysoPC and GPC and then internalized or the other way around. Interestingly, this study also 
investigated the involvement of a number of candidate remodeling enzymes. The results 
suggested a role for the acyltransferase Ale1p and argued against involvement of the phos-
pholipases Plb1p, Plb2p, Plb3p and Nte1p. The role of Ale1p in PC remodeling was expected, 
as Ale1p was shown by a number of groups to catalyze acyl transfer to the sn-2 position of 
1-acyl lysoPC [116, 230-233]. 

Recently, the acyl-CoA synthetases Faa1p and Faa4p involved in the recycling of 
free fatty acids generated by phospholipases, were associated with glycerophospholipid  
remodeling [234]. 

In spite of the presence of a number of obvious candidates, the enzyme(s) responsible 
for the phospholipase and acyltransferase or transacylase activities in phosphatidylcholine 
acyl chain remodeling in yeast remain to be identified (Fig. 4). The above studies suggest 
that the assigned phospholipases B are not involved in acyl chain remodeling of exoge-
nously supplied PC. However, this does not exclude the possibility that they are involved in  
remodeling of endogenously synthesized glycerophospholipids (Fig. 4). The triacylglycerol 
lipase Tgl4p localized to the lipid particle displays phospholipase A2 activity toward PC in 
vitro, and is therefore a candidate remodeling enzyme. Phospholipase A1 and A2 activities 
hydrolyzing PC associated with mitochondria were also described, but the responsible en-
zymes remain to be uncovered [235, 236]. The lysophospholipid intermediates may also 
be generated by transacylases, such as the glycerophospholipid: diacylglycerol transacylase 
Lro1p [121, 237] and the cardiolipin remodeling transacylase Taz1p [238]. Lro1p has been 
shown to shuttle acyl chains from PE and PC to DAG in vitro [121, 237]. The acyl donor of 
Taz1p on the other hand is still unknown. 

As stated above, several studies have implicated the Zn2+ sensitive acyl-CoA acyltrans-
ferase Ale1p in PC acyl chain exchange (Fig.4, [116, 229-233]), but it remains to be inves- in PC acyl chain exchange (Fig.4, [116, 229-233]), but it remains to be inves-in PC acyl chain exchange (Fig.4, [116, 229-233]), but it remains to be inves-
tigated whether the activity of Ale1p is required for obtaining the steady state PC species 
profile. ALE1 is synthetically lethal with the acyltransferase SLC1 because of their shared 
function in PA synthesis [116, 230-233]. Slc1p also displays a weak 1-acyl-lysoPC acyltrans-
ferase activity [116]. The major phospholipase B Plb1p displays acyl-CoA independent trans-
acylase activity in vitro, converting 1-acyl-lysoPC into PC [207]. Expression of the mitochon-
drial cardiolipin remodeling transacylase Taz1p in E.coli revealed that this enzyme exhibited 
acyl-CoA independent 1-acyl-lysoPC acyltransferase activity [239]. 
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6.4. Remodeling of other glycerophospholipids in yeast
Remodeling of the mitochondrial glycerophospholipid cardiolipin in yeast is crucial for es-
tablishing the characteristic CL species profile, enriched in C16:1 and C18:1 [81]. This pro-
cess has been studied extensively and involves the transacylase Taz1p [238] and the phos-
pholipase A Cld1p [240]. In the proposed model, Cld1p specifically clips off C16:0 from CL, 
and the generated monolyso-CL is reacylated by Taz1p that presumably does not display any 
acyl chain preference (Fig. 3, [221, 241]). To obtain the steady state CL profile, a yet to be 
identified phospholipase was suggested to deplete CL of C18:0 [240]. 

Deng et al. examined remodeling of short-chain PE molecules supplied in the culture 
medium, in a psd1psd2 strain with impaired PE synthesis [242]. Remodeling of the exoge-
nous PE by exchange of both acyl chains caused evolution toward a wild type PE profile. The 
study revealed that the (potential) phospholipases Plb1p, Plb2p, Plb3p, Nte1p, Spo1p and 
Yor022cp were not required for remodeling of exogenous PE. The acyltransferases Ale1p 
and Slc1p on the other hand were shown to be required for the incorporation of C16 and 
C18 acyl chains at the sn-2 position. Ale1p accounted for most of the observed acyltrans-
ferase activity at the sn-2 position of lysoPE. 

Cst26p/Psi1p is an acyltransferase involved in PI acyl chain remodeling in yeast: it 
transfers C18:0 chains to 2-acyl-lysoPI in vitro in an acyl-CoA dependent manner and it is 
required for the incorporation of C18:0 into PI in vivo [72]. 1-acyl-lysoPA acyltransferase 
activity was also observed for Cst26p [243], and it remains to be investigated whether it also 
accepts other lysophospholipids as a substrate.

6.5. Glycerophospholipid remodeling in mammalian cells
Orchestrated remodeling by acyl chain exchange of glycerophospholipids, including PC, was 
shown to occur at both the sn-1 and sn-2 positions of the glycerol backbone in rat hepa-
tocytes using labeled precursors of fatty acids [244-246]. Kainu et al. obtained detailed in-
formation on the pathways and kinetics involved in remodeling by acyl chain exchange of 
exogenously administered isotope-labeled PE and PS molecules in mammalian cells using 
ESI-MS/MS analysis [247]. Lipids containing atypical acyl chains were rapidly remodeled at 
both the sn-1 and sn-2 positions, yielding a molecular species profile that resembled that 
of endogenous PE and PS. Many of the classes of phospholipases A and acyltransferases 
present in mammalian cells were suggested to contribute to the modulation of the species 
profile of exogenously administered aminophospholipids [247]. 

Mammalian cells contain multiple phospholipases A and acyltransferases [217, 248]. 
Phospholipases A2 have been systematically classified in 16 groups according to sequence 
[248, 249], and in families according to their biochemical properties [250, 251]. These fami-
lies comprise the Ca2+-dependent secreted enzymes, the Ca2+-dependent cytosolic enzymes, 
the Ca2+-independent cytosolic enzymes, the platelet-activating factor acetyl hydrolases, 
and the lysosomal PLA2s. The role of phospholipases A2 in the release of arachidonic acid has 
been studied most extensively [252]. Calcium-dependent cytosolic group IVA PLA2α (cPLA2α) 
was shown to be the critical enzyme for arachidonic acid release [220], while,  depending 
on cell type and stimulation conditions, secreted PLA2  and Ca2+-independent cytosolic 
PLA2 (group VI enzymes) may also contribute [253-256]. Phospholipase A1 activities have 
been detected in many cells and tissues, but few enzymes were identified and characterized. 

The acyltransferases that have been characterized in mammalian cells have distinct 
specificities for lyso-phospholipids, glycerophosphate esters, and fatty acyl-CoA’s. Since 
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they differ in tissue distribution they are held partially responsible for the variations in the 
glycerophospholipid species profiles between tissues and for adapting the membrane com-
position in response to external stimuli [217, 257]. The nomenclature of these acyltrans- 
ferases is based on their specificity for lysophospholipid (or glycerol-3-phosphate) substrates; 
four GPAT (glycerol-3-phosphate acyltransferase) isozymes have been identified, four LPAAT 
(lysophosphatidic acid acyltransferase) isozymes, four LPCAT (lysophosphatidylcholine ac-
yltransferase) isozymes, two LPEAT (lysophosphatidylethanolamine acyltransferase) iso-
zymes, one LPIAT (lysophosphatidylinositol acyltransferase), one LPGAT (lysophosphatidyl- 
glycerol acyltransferase) and one LCLAT (lysocardiolipin acyltransferase) [257]. Most of these 
enzymes are members of the AGPAT (1-acylglycerol-3-phosphate O-acyltransferase) family, 
and contain the same active site motifs that are also prevalent among acyltransferases in 
yeast. A number of other acyltransferases are members of the MBOAT family of membrane-
bound O-acyltransferases that includes the yeast acyltransferase Ale1p. The activity of the 
LPCAT isozymes has been studied most extensively. Some of these enzymes act on multiple 
lysophospholipid substrates; for example, LPCAT1 is responsible for synthesis of the disatu-
rated PC and PG in alveolar type II cells, that is pivotal for the establishment of the proper 
surface tension for breathing [258-260]. LPCAT2 has an important function in synthesis of 
PC and of platelet activating factor in inflammatory cells [261]. LPCAT3 is involved in the 
incorporation of poly-unsaturated fatty acids like arachidonic acid into glycerophospholipids 
[262, 263], and LPCAT4 has a preference for C18:1 [262]. 

Acyl-CoA independent transacylase activities were also shown to be involved in re-
modeling of exogenously administered aminophospholipids. Even though these activities 
were found in mammalian cells a long time ago [218], only one enzyme possessing this 
activity has so far been identified: the CL remodeling transacylase tafazzin [223], a member 
of the AGPAT family and a homologue of yeast Taz1p. CL remodeling in mammalian cells es-. CL remodeling in mammalian cells es-CL remodeling in mammalian cells es-
tablishes the characteristic CL species profile via two post-synthetic mechanisms: the tradi-
tional Lands’ cycle, involving a mitochondrial calcium-independent phospholipase A2 (iPLA2) 
[264] and a human monolysocardiolipin acyltransferase selective for C18:2-CoA [265], and a 
mechanism independent of acyl-CoA that involves Tafazzin [221, 266]. As described in sec-
tion 3.3.4 of this chapter, mutations in human Tafazzin give rise to Barth syndrome. 

7. Scope of the thesis
The research described in this thesis focuses on the mechanisms and enzymes involved in 
attaining the molecular species profiles of glycerophospholipids, PC in particular, in yeast. 
Our adventure in lipid metabolism started with a screen for genes involved in PC acyl chain 
remodeling (chapter 2): we selected 75 candidate phospholipases, acyltransferases and 
transacylases from the databases, and screened deletion strains of each of these for their 
PC species profile. A selection of 11 mutant strains with aberrant PC or PE molecular spe-
cies profiles was subsequently tested for PC remodeling by labeling with deuterium-labeled 
methionine in pulse-chase experiments and detection with ESI-MS/MS. Three of the can-
didates found in the screen, the glycerol-3-phosphate acyltransferase Sct1p, the acyl-CoA 
binding protein Acb1p, and the CL remodeling transacylase Taz1p are further characterized 
in the following chapters. Sct1p is shown to regulate fatty acyl chain desaturation by com-
peting for substrate with the fatty acid desaturase Ole1p in chapter 3. We propose a model 
in which Sct1p sequesters C16:0 molecules into lipids by synthesizing C16:0-lysoPA, and 
thereby shields them from the introduction of a double bond by Ole1p. We also show that 
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the activity of Sct1p is regulated by phosphorylation and we identify a component involved 
in Sct1p phosphorylation. In chapter 4, we show that overexpression of Sct1p dramatically 
increases the extent of PC acyl chain remodeling, and we take advantage of this overexpres-
sion system to study remodeling in more detail. PC remodeling occurs at both the sn-1 and 
sn-2 position of the glycerol backbone, and the phospholipase B Plb1p is required for effi-
cient remodeling. In contrast, Sct1p, Acb1p, the phospholipase B Plb2p and the transacylase 
Lro1p are not required for PC remodeling. In chapter 5, the acyl donor preference of Taz1p is 
investigated. Taking advantage of the Sct1p overexpression system and using pulse labeling 
with deuterium-labeled serine and ESI-MS/MS, we show that deletion of TAZ1 affects the 
species profiles of newly synthesized and steady state PS, suggesting that PS is acyl donor for 
the acylation of monolysocardiolipin by Taz1p. In chapter 6, the main findings of chapters 2 
to 5 are reviewed and discussed with emphasis on the new insights gained in PC acyl chain 
remodeling.
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Abstract

Phosphatidylcholine (PC) is the major membrane glycerophospholipid in most eukaryotes 
including S. cerevisiae. The molecular species composition of PC, i.e. the ensemble of PC 
molecules with acyl chains differing in length and saturation, is crucial for the fluidity and 
thickness of eukaryotic membranes. The two biosynthesis routes, the methylation of PE 
and the CDP-choline pathway, and PC remodeling by acyl chain exchange, contribute to the 
molecular species profile of PC in yeast. Remodeling by acyl chain exchange involves the 
hydrolysis of one or both acyl chains by a phospholipase followed by a reacylation catalyzed 
by an acyl-CoA-dependent acyltransferase. Alternatively, remodeling could proceed via acyl 
chain exchange between glycerolipids catalyzed by a transacylase.  The present study aims 
at identifying the enzymes catalyzing PC acyl chain exchange in yeast. A database search 
yielded 75 candidate genes, of which the corresponding deletion strains were obtained. 
To exclude the contribution of PC turnover via the CDP-choline pathway to the PC species 
profile, the PCT1 gene was deleted in each of the strains. The double deletion strains were 
screened for the species composition of PC and its biosynthetic precursor PE by ESI-MS/MS, 
yielding 18 strains with an aberrant PC and/or PE species profile, including the SCT1, ACB1 
and TAZ1 gene deletion strains that will be pursued in chapters 3 to 5 of this thesis. A subset 
of the strains was examined for PC remodeling in pulse-chase experiments with deuterium-
labeled methionine. We show that the post-synthetic evolution of the PC species profile is 
altered in the slc1pct1, the cst26pct1, the atg15pct1 and the dep1pct1 strains compared to 
the pct1 parent strain. However, PC remodeling was not completely abrogated, indicating 
that none of the corresponding genes is required for PC remodeling. Among the genes af-
fecting the PE but not the PC molecular species profile, YDL057W encoding a putative alpha/
beta hydrolase was found to affect cellular PE levels and to be required for growth on non-
fermentable carbon source. Based on the results, we postulate that the availability of fatty 
acyl-CoA’s plays a major role in acyl chain remodeling of PC, and that PC remodeling serves 
as a mechanism for storing and releasing acyl chains as required. 

Introduction

Glycerophospholipid remodeling by acyl chain exchange involves the release of one or both 
of the acyl chains by a phospholipase, followed by the attachment of another acyl chain 
from acyl-CoA by an acyltransferase. Alternatively, the acyl chain exchange may proceed in 
an acyl-CoA independent manner by transacylases that shuttle acyl chains between glycero- 
lipids. A more detailed description of the mechanisms and functions of this process can be 
found in Chapter 1 of this thesis. The present study focuses on acyl chain remodeling of 
phosphatidylcholine (PC) in the yeast S. cerevisiae. PC is the most abundant glycerophos-
pholipid in the membranes of most eukaryotes including yeast, and its acyl chain compo-
sition is crucial for physical membrane properties such as fluidity and thickness. Baker’s 
yeast has a limited number of about 6200 genes, a short life cycle and accessible molecular  
biology. Yeast deletion mutants for the approximately 5000 non-essential genes are available 
from strain collections such as the EUROpean Saccharomyces Cerevisiae ARchive for Func-
tional Analysis (Euroscarf). Comprehensive phenotypic screening of mutants and assigning 
functions to genes is therefore relatively straightforward in yeast. The lack of ether lipids 
and sphingomyelin in yeast, and its simple fatty acid profile made up for over 95% of acyl 
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chains with 16 or18 carbon atoms containing one or no double bond [1] render this model 
eukaryote particularly suitable for genomic screens addressing phospholipid metabolism. 

The biosynthesis pathways of PC in yeast, the triple methylation of phosphatidyletha-
nolamine (PE) and the CDP-choline pathway, are similar to those in higher eukaryotes (Fig. 
3 in Chapter 1) [2]. The CDP-choline pathway only contributes to net PC biosynthesis when 
choline is supplied exogenously. In the absence of exogenous choline, production of PC re-
lies on the methylation of PE, while the CDP-choline pathway serves to recycle choline from 
PC turnover catalyzed by the phospholipase D Spo14p [3], or by the combined action of the 
phospholipase B Plb1p [4] or Nte1p [5, 6] and the phosphodiesterase Gde1p [6, 7] (Fig. 4 in 
Chapter 1). 

Using pulse-labeling with stable isotope-labeled lipid precursors and subsequent  
analysis by electrospray ionization tandem mass spectrometry (ESI-MS/MS), Boumann et 
al. [21] showed that the molecular species-selectivity of the biosynthesis routes and post-
synthetic acyl chain exchange contribute to the steady state PC molecular species profile 
[8]. It was shown that the PE methylation route primarily generates di-unsaturated PC, that 
the CDP-choline route produces a more diverse PC species profile, and that remodeling by 
acyl chain exchange occurred at the sn-1 position of the glycerol backbone of PC [8]. PC 
remodeling was investigated in strains deleted for the PCT1 gene to render the CDP-choline 
pathway inactive. 

The present study aims at identifying the enzymes involved in acyl chain remodeling 
of PC. We selected 75 candidate genes with potential acyltransferase, transacylase or phos-
pholipase activity and examined whether they are required for attaining the steady state 
PC species profile. For this purpose, the PC molecular species profiles of the corresponding 
deletion strains in a pct1 background were examined by mass spectrometry. ESI-MS/MS was 
the method of choice because it allows the determination of species profiles of individual 
glycerophospholipid classes in complex total lipid extracts [9]. PE is the lipid precursor of 
PC in pct1 cells. To distinguish defects in PC remodeling from upstream effects on lipid acyl 
chain composition, the PE species profiles were also recorded. 18 out of the 75 double dele-
tion strains displayed changes in the PC and/or PE profile. 10 strains that displayed signifi-
cant changes in the PC species profile and/or large changes in the PE species profile were 
subjected to pulse-chase labeling with deuterium-labeled methionine to monitor acyl chain 
remodeling of PC. The genes affecting acyl chain remodeling of PC and/or the molecular 
species composition of PE are reported and discussed. 

Experimental procedures

Selection of candidate genes 
A database search was performed for potential phospholipases, acyltransferases and trans-
acylases involved in acyl chain remodeling of PC, using four criteria: (i) All genes assigned 
with one of the above activities in S. cerevisiae were collected from the Saccharomyces Ge-
nome Database (SGD, www.yeastgenome.org), the Yeast Proteome Database (YPDTM, www.
biobase-international.com), the Comprehensive Yeast Genome Database (CYGD, http://
mips.helmholtz-muenchen.de/genre/proj/yeast/) and the literature (Table 1, subgroups 
1a-d, 1f, 2a, 2b and 2c). (ii) Homologues of these genes in yeast listed in the databases, 
and yeast homologues of phospholipases, acyltransferases and transacylases identified in 
other organisms were included (Table 1, subgroups 1a, 1b, 1e, 2a). Homologues were often 
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members of the same Pfam or Supfam family. The members of a Pfam family share the 
same functional regions called domains, based on sequence alignments and Hidden Markov 
Models [10]. The members of a Supfam family are predicted to code for proteins with struc-
tural homology, based on Hidden Markov Models [11]. A large superfamily is that of the 
alpha/beta hydrolases (Table 1, subgroup 1a). (iii) A number of known acyltransferases and 
transacylases in yeast and other organisms have conserved active site motifs (sn-glycerol-
3-phosphate acyltransferase (GPAT) motifs) [12, 13] and belong to the Pfam family of acyl-
transferases (PF01553; Table 1, subgroup 2b). 12 additional yeast genes with unknown func-
tion possessing these signature motifs were found in a BLAST search by dr. R.A. Coleman 
(personal communication), and were also included. (iv) The above databases also contained 
genes implicated or predicted to be involved in other aspects of lipid metabolism. Out of 
this group, the uncharacterized genes and the genes with a putative role in glycerophos-
pholipid metabolism were selected as candidates (Table 1, group 3). The selection criteria 
yielded 124 candidates in total, 49 of which were dismissed because they were assigned 
functions unrelated to lipid metabolism. The 75 remaining genes are listed in Table 1. 

Strains and culture conditions
For all candidate genes listed in Table 1, the corresponding single deletion strains derived 
from BY4741 (MATa his3Δ1  leu2Δ0  met15Δ0  ura3Δ0) were obtained from Euroscarf, and 
subjected to deletion of the PCT1 gene as detailed below. Strains were maintained on YPD 
agar plates (1% yeast extract, 2% bactopeptone, and 2% glucose) and cultured aerobically in 
semi-synthetic or synthetic lactate medium (SSL  or SL) at 30°C. SSL medium contained per li-
ter: 3 g of yeast extract (Difco), 1 g of glucose, 1 g of KH2PO4, 1 g of NH4Cl, 0.5 g of CaCl2.2H20, 
0.5 g of NaCl, 0.6 g of MgSO4.H2O, 0.3 ml of 1% FeCl3, and 22 ml of 90% lactic acid [14]. SD, 
SL, SG, SE and SGE medium contained per liter: 6.7 g of yeast nitrogen base without amino 
acids (Difco), 20 mg of adenine, 20 mg of arginine, 20 mg of histidine, 60 mg of leucine, 230 
mg of lysine, 20 mg of methionine, 300 mg of threonine, 20 mg of tryptophan, 40 mg of 
uracil, and either 20 g of glucose (SD), 22 ml of 90% (v/v) lactic acid and 1 g of glucose , 20 
ml glycerol, 20 ml ethanol, and both 20 ml glycerol and 20 ml ethanol, respectively. The final 
pH of SSL and SL was adjusted to 5.5 using KOH. Growth was monitored by measuring the 
OD at 600 nm on a single beam spectrophotometer (Pharmacia Biotech Novaspec II). Cells 
were harvested at mid-logarithmic growth phase (OD600 between 0.3 and 0.7). 

Growth phenotypes were analyzed by culturing cells to mid-log phase in YPD, washing 
them twice with water, and spotting 15 µl of cell suspension serially diluted to OD600 values 
of 10-1, 10-2,  10-3, 10-4, and 10-5 onto agar plates containing the indicated medium. Plates 
were incubated at 30°C.

Construction of pct1 deletion strains
The PCT1 gene was replaced by the LEU2 marker by homologous recombination. The LEU2 
gene was amplified by hot start PCR from the pRS315 plasmid [15], that was linearized 
with HindIII (Fermentas) and treated with shrimp alkaline phosphatase (Fermentas) to 
prevent the DNA from re-circularizing. The primers used were PCT1-LEU2-1 (5’GCATACGC 
CAGTCACTTTTCTTTATTGTATTGTTTAACTTCGTAAGATGCAAGAGTTCGA3’) and  PCT1-LEU2-2 
(5’GGTTGGTTGAAGGGAGAGAGAAAGAGACGCACAGAGATTCCCTCCTCCTTGTCAATATTA3’), 
with the underlined sequences corresponding to nucleotides upstream and downstream 
(reverse complementary) of the PCT1 gene of S. cerevisiae. The resulting PCR product was 
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used as transforming DNA without prior purification. A modified protocol of Gietz’ high ef-
ficiency LiOAc transformation protocol [16] was used, paying special attention to thoroughly 
mix the cells with the DNA before the incubation with LiOAc, and to handle the cells gently 
after incubation. Transformants were selected on synthetic medium without leucine and 
correct integration of the LEU2 gene was verified by colony PCR [17], using transformed 
colonies treated with zymolyase solution as template. Control PCR was performed with the 
primers A: 5’CGCTTCGTTTCTTAACGCTT3’ and B: 5’TTCGGCTGTGATTTCTTGACC3’, and with 
the primers C: 5’GAAGTCGGTGATGCTGTCG3’ and D: 5’GGTCCTAATCAACTTTCTCTCCTTC3’, 
respectively. Primers A and D hybridize to DNA upstream and downstream (reverse comple-
mentary) of the PCT1 in the chromosome, and primers B and C hybridize to DNA at the start 
(reverse complementary) and the end of the LEU2 gene. The resulting double deletion mu-
tants had the genotype ORF::kanMX4 pct1::LEU2, in addition to the markers of the BY4741 
parent strain.

Lipid analysis by mass spectrometry
Yeast cells were cultured to mid-logarithmic phase in SSL, homogenized by vortexing 
in the presence of glass beads [8], and subjected to lipid extraction [18]. Total lipid ex-
tracts corresponding to 250 nmol phospholipid-phosphorus [19] were dissolved in 200 
µl chloroform:methanol 1:1 (v/v) containing 10 mM ammonium acetate and analyzed in 
electrospray ionization tandem mass spectrometry (ESI-MS/MS) scans on an API3000 triple 
quadrupole instrument (Applied Biosystems). Samples were directly injected at a constant 
flow rate of 3 µl/min by a Harvard Apparatus Pump 11 using a Hamilton Gastight 1710 sy-
ringe (Reno, NE). PC was detected in parent ion scans for m/z 184, PE in neutral loss scans 
for m/z 141 in the positive ion mode, PI in parent ion scans for m/z 241 in the negative 
ion mode, and PS in neutral loss scans for m/z 87 in the negative ion mode. Other settings 
were as previously described [9]. Signal intensities were quantified using Analyst software 
(Applied Biosystems/MDS Sciex), taking into account the three most abundant [M+H]+ iso-
topic signals. An equimolar mixture of relevant PC molecular species (Avanti Polar Lipids) 
indicated that the signal intensities reflect the relative abundance of the PC molecular spe-
cies under the conditions used.  Unless mentioned otherwise, glycerophospholipid species 
profiles were recorded in duplicate, using two independent cultures.

Deuterium labeling and pulse-chase experiments
Cells grown to mid-log phase in SL medium were collected by filtration, washed with the 
corresponding amino-acid free medium, and resuspended at OD600 0.3-0.5 in 300 mL of the 
corresponding medium supplemented with 120 mg/L (0.26 mM) (methyl-D3)-L-methionine 
(Cambridge Isotope Laboratories) instead of 20 mg/l methionine. After 10 min, cells were 
collected by filtration, washed with amino-acid free SL, transferred to 250 mL SL medium 
supplemented with 300 mg/L L-methionine within 3 minutes, and the incubation at 30oC 
was continued. All media used for washing and resuspension were at 30oC. At various time 
points, 50 mL aliquots of cell culture were collected, inactivated by adding KCN, NaF, and 
NaN3 at 15 mM each, stored on ice, and further processed for lipid analysis as described 
above. (methyl-D3)3-PC synthesized during the pulse was detected by ESI-MS/MS as de-
scribed above in parent ion scans for m/z 193. 
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Analysis of glycerophospholipid composition
The steady state phospholipid composition was determined by labeling with [32P]orthophos-
phate. Cells were precultured at 30°C in 3 ml SL or SD medium for 24 h, transferred to 5 ml 
of the corresponding fresh medium containing 10 µCi/ml [32P]orthophosphate (8.5 Ci/mol, 
Perkin Elmer) at OD600 0.002, and cultured for another 24 h. The incorporation was stopped 
by pelleting the cells (corresponding to ~3 OD units) by centrifugation, resuspending them 
in 1 mL 5% trichloroacetic acid and leaving them on ice for 30 min. Cells were once more pel-
leted by centrifugation and washed twice with water. Lipids were extracted [18] and phos-
pholipid analysis of the extracts was performed by two-dimensional HPTLC on silica gel 60 
plates (Merck, FRG) impregnated with 2.4% (w/v) boric acid. The solvent systems used were 
chloroform/methanol/ammonia, 71:25:4 (v/v) for the first dimension, and chloroform/
methanol/acetic acid, 65:25:10 (v/v) for the second dimension [20]. The labeled phosholipid 
spots were located and quantified using a Personal FX PhosphorImager (Bio-Rad).

Results and discussion

Selection of 75 candidate phospholipases, acyltransferases and transacylases potentially 
involved in PC acyl chain remodeling
S. cerevisiae genes with a potential role in PC acyl chain remodeling (Table 1) were selected 
as detailed in the experimental section. The first group, comprising genes encoding estab-
lished and potential (phospho)lipases contained a large subgroup (1a) of genes belonging to 
the superfamily of alpha/beta hydrolases, i.e. genes encoding or predicted to encode pro-
teins with structural homology to proteins with known hydrolase activity [11]. Most genes 
in this group encode proteins containing a nucleophile serine in their putative active site. 
Established lipases in subgroup 1a include Atg15p, a lipase required for autophagy, Bst1p, a 
glycosylphosphatidylinositol (GPI) inositol deacylase, the sterol esterases Say1p [21], Tgl1p 
[22] and Yeh1p [23], the cardiolipin-specific phospholipase A Cld1p [24], the acylglycerol li-
pase Tgl2p [25], the monoglyceride lipase Yju3p [26], and the peroxisomal lipase Lpx1p [27].

The second subgroup of genes with predicted lipase function (1b) belongs to the Pa-
tatin/FabD/lysophospholipase-like superfamily [10, 11], and comprises members of Pfam 
patatin clan and the FabD/lysophospholipase-like superfamily, which contain patatin-like 
lipases and phospholipases B [10]. The triacylglycerol lipases Tgl3p, Tgl4p and Tgl5p and the 
phospholipase B Nte1p [5] are members of the Pfam family of patatin-like phospholipases 
(PF01734), and the phospholipases B Plb1p [4], Plb2p [28, 29], Plb3p [28] and the potential 
lipase Spo1p [30] are members of the Pfam lysophospholipase PLA2_B family (PF01735) 
[10]. The remaining 4 subgroups in the lipase group (1c-f) contain the phospholipase D 
Spo14p [3], two phospholipases C, genes that are homologous to genes encoding known 
phospholipases according to the databases consulted, and a phosphodiesterase (Table 1).  

The second group, containing acyltransferases, transacylases, and potential acyltrans-
ferases or transacylases, includes members of the MBOAT family of membrane-bound 
O-acyltransferases (2a) [31, 32], e.g. Ale1p, a broad specificity acyl-CoA dependent acyl-
transferase that reacylates lyso-phospholipids [33-38]. A large subgroup (2b) of (potential) 
acyltransferases or transacylases contains the four GPAT motifs [12, 13] that were found in 
the glycerol-3-phosphate acyltransferases Sct1p and Gpt2p [39], the 1-acyl-sn-glycerol-3-
phosphate acyltransferase Slc1p [40], the cardiolipin remodeling transacylase Taz1p [41] and 
the acyltransferase Cst26p that is required for incorporation of stearic acid into PI [42]. The 
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Open reading 
frame Gene Function or activity 1

1. Candidates with (predicted) lipase activity

1a. Members of the alpha-beta hydrolase superfamily [11], most of which have a nucleophile 
serine in their active site [69]

YCR068W ATG15 Lipase required for autophagy [58, 59]

YDR058C TGL2 Acylglycerol lipase 2 [25] 

YFL025C BST1 Glycosylphosphatidylinositol (GPI) inositol deacylase [70]

YGR110W CLD1 Cardiolipin-specific phospholipase A 2 [24] 

YGR263C SAY1 Sterol esterase 2 [21]

YKL094W YJU3 Monoglyceride lipase 2 [26];  serine active site [69]

YKL140W TGL1 Sterol esterase [22]

YLR020C YEH2 Sterol esterase [23]

YMR210W / Acyltransferase with a minor role in medium-chain fatty acid 
ethyl ester biosynthesis 2 [66]

YOR084W LPX1 Peroxisomal lipase 2 [27] 

YPL095C EEB1 Acyl-coenzyme A : ethanol O-acyltransferase 2 [66]

YBR204C LDH1 Lipid droplet hydrolase, exhibits triacylglycerol lipase and ester-
ase activity 2 [71];  contains acyltransferase/transacylase (GPAT) 
motifs [12, 13]

YDL057W / Function unknown

YDL109C / Function unknown

YDR125C ECM18 Function unknown

YDR444W / Function unknown

YGL144C ROG1 Function unknown

YGR015C / Function unknown

YGR031W / Function unknown

YHR049W FSH1 Function unknown

YJL068C / Function unknown

YJR107W / Function unknown

YNL115C / Function unknown

YNL320W / Function unknown

YOR059C / Function unknown

YPR147C / Function unknown

Table 1. List of candidates in the screen for genes involved in PC remodeling 
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1b. Patatin-like lipases and phospholipases B (members of the Patatin/FabD/lysophospholipase-
like superfamily [11],[10])

YKR089C TGL4 Multifunctional triacylglycerol lipase, steryl ester hydrolase, 
and Ca2+-independent phospholipase A2; catalyzes acyl-CoA 
dependent acylation of lysoPA to PA [72, 73]

YML059C NTE1 Phosphatidylcholine-specific phospholipase B [5]

YMR006C PLB2 Phospholipase B [28, 29]

YMR008C PLB1 Phospholipase B [4]

YMR313C TGL3 Bifunctional enzyme with triacylglycerol lipase and lysophos-
phatidylethanolamine acyltransferase activity[74, 75]

YOL011W PLB3 Phospholipase B [28]

YOR081C TGL5 Bifunctional enzyme with triacylglycerol lipase and lysophos-
phatidic acid acyltransferase activity [72, 74]

YNL012W SPO1 Function unknown; Potential phospholipase B [30]

 
1c. Phospholipase D

YKR031C SPO14 Phospholipase D [3]

1d. Phospholipases C

YER019W ISC1 Inositol phosphosphingolipid phospholipase C [57]

YPL206C PGC1 Phosphatidylglycerol phospholipase C 2 [76]

 
1e. Potential lipases (based on homology with known lipases)

YBR067C TIP1 Function unknown; Potential lipase [77]

YIL073C SPO22 Function unknown; Potential phospholipase A 3

YJL132W / Function unknown; Potential phospholipase D 3 (homology to 
human phospholipase D)

YNL040W / Function unknown; Potential phospholipase A 3 (has A2 active 
site signature)

YOR022C / Function unknown; Potential phospholipase A [78](homology 
to bovine phospholipase A1)

YPL103C FMP30 Function unknown; Potential phospholipase D (homology to 
human phospholipase D); required for the maintenance of a 
normal cardiolipin level and mitochondrial morphology 2 [79]

 
1f. Phosphodiesterase

YPL110C GDE1 Glycerophosphodiester phosphodiesterase [6, 7]
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2. Candidates with (predicted) acyltransferase or transacylase activity
2a. Members of the Membrane-Bound O-AcylTransferase family

YCR048W ARE1 Acyl-CoA:sterol acyltransferase [80]

YGL084C GUP1 GPI remodeling O-acyltransferase 2 [81]

YOR175C ALE1 Broad specificity lysophospholipid acyltransferase 2 [33-38]

YPL189W GUP2 Involved in glycerol transport [82]

 
2b. (potential) Acyltransferases/transacylases containing conserved acyltransferase motifs 
(GPAT motifs) [12, 13]

YBL011W SCT1 Glycerol-3-phosphate/Dihydroxy acetone phosphate O-acyl-
transferase [39]

YKR067W GPT2 Glycerol-3-phosphate/Dihydroxy acetone phosphate O-acyl-
transferase [39]

YDL052C SLC1 1-acyl-sn-glycerol-3-phosphate acyltransferase [40]

YPR140W TAZ1 Cardiolipin remodeling transacylase [41]

YBR042C CST26 Acyltransferase required for incorporation of stearic acid into 
phosphatidylinositol 2 [42]

YAL028W FRT2 Function unknown

YBR075W  / Function unknown

YDR018C  / Function unknown

YDR107C TMN2 Function unknown

YFL004W VTC2 Function unknown; subunit of the vacuolar transporter chap-
erone [83]

YGR041W BUD9 Function unknown

YHR045W  / Function unknown

YKL187C  / Function unknown

YLR413W  / Function unknown

YOL119C MCH4 Function unknown

YOR093C CMR2 Function unknown

YOR298W MUM3 Function unknown

2c. Other acyltransferases/transacylases

YGR212W SLI1 N-acetyltransferase related to sphinoglipid metabolism [46] 

YLR099C ICT1 1-acyl-sn-glycerol-3-phosphate acyltransferase 2 [45]; member 
of alpha-beta hydrolase superfamily [11]

YNR008W LRO1 Phospholipid:diacylglycerol transacylase [47, 48]

YOR245C DGA1 Diacylglycerol acyltransferase [43, 44]
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3. Candidates with another (predicted) function in lipid metabolism
3a. Candidates with a (potential) function in (regulation of) phospholipid biosynthesis

YAL013W DEP1 Transcriptional regulator of phospholipid metabolism [61]

YBR030W RKM3 Protein-lysine N-methyltransferase [84]; potential function in 
UASino regulation of phospholipid biosynthesis 3

YGL126W SCS3 Function unknown; required for inositol prototrophy, impli-
cated in lipid droplet metabolism [67]

 
3b. Other candidates selected based on a (predicted) function in lipid metabolism

YGR037C ACB1 AcylCoA binding protein [85]

YCL005W LDB16 Function unknown; localized to lipid particle and mitochon-
drion [65, 68]

YOR086C TCB1 Function unknown; potentially lipid binding [86]

1 As described in the Saccharomyces Genome Database (SGD, www.yeastgenome.org), the Yeast Pro-
teome Database (YPDTM, www.biobase-international.com), the Comprehensive Yeast Genome Data-
base (CYGD, http://mips.helmholtz-muenchen.de/genre/proj/yeast/), accessed in June 2006.
2 This function was not revealed until after the selection of the candidates.
3These predictions were adopted from the above databases without literature reference.

diacylglycerol acyltransferase Dga1p [43, 44], the 1-acyl-sn-glycerol-3-phosphate acyltrans-
ferase Ict1p [45], the potential acyltransferase Sli1p [46] and the phospholipid:diacylglycerol 
acyltransferase Lro1p [47, 48], that do not belong to the above subgroups were also in-
cluded in the screen (2c).

The third group consists of genes implicated in phospholipid biosynthesis that do not 
encode predicted phospholipases, acyltransferases or transacylases, and includes genes 
that encode potential lipid-binding proteins (3a, b). 

Each subgroup of candidates was limited to the genes considered relevant to our 
goal. For example, the assigned proteases in the alpha/beta hydrolase superfamily were ex- 
cluded. Interestingly, most subgroups contain a number of genes of which the function was 
unknown at the time of the start of the screen, but have since been shown to serve specific 
functions in lipid metabolism (Table 1, footnote 2). Eight alpha/beta hydrolases (subgroup 
1a), one potential lipase (subgroup 1e), two membrane-bound O-acyltransferases (sub-
group 2a), one acyltransferase containing conserved motifs (subgroup 2b), and one other 
acyltransferase (subgroup 2c) were assigned functions after the start of this study. 

Screen for divergent steady state PC and PE molecular species profiles by ESI-MS/MS
Since none of the selected genes were essential, deletion strains for each of them were 
obtained from Euroscarf. Next, the PCT1 gene was deleted yielding a set of 75 double knock-
out strains. The PC species profile of the double knockout strains was screened by mass 
spectrometry, yielding 8 strains with a PC species profile different from the pct1 strain, i.e. 
profiles in which the average abundance of at least one molecular species deviated by at 
least 5% (of total abundance) from that in the pct1 profile without overlapping error bars 
(representing the variation). The PE species profiles were also recorded because PE is the 
immediate lipid precursor of PC in a pct1 strain. Applying the above criteria to the signal 
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intensities of the PE molecular species, 16 strains displayed an aberrant PE molecular spe-
cies profile. The genes that affected the PC and/or PE profile have been listed in Table 2. The 
corresponding strains were also examined for the species profiles of PS, the main precursor 
of PE in lipid synthesis [49, 50], and PI, the fourth major membrane glycerophospholipid, to 
evaluate whether the induced changes are specific to PC and/or PE (Table 2).

The single and double deletion mutants corresponding to the 18 genes picked up in the 
screen were examined for growth in SL medium at 19, 30 and 37⁰C in serial dilution assays. 
No growth defects were observed with the exceptions of the acb1 strain cultured at 19⁰C (in 
agreement with [51]) and the ydl057w and ydl057wpct1 strains as will be detailed below. 

Remarkably, a number of gene products implicated in PC metabolism were not picked 
up in the screen. These include Plb1p, Plb2p and Lro1p that were previously shown to hy-
drolyze PC in vitro, with Plb1p also involved in glycerophosphocholine production in vivo 

Table 2. Genes that affect the PC and/or PE species profile of pct1 cells 1

Gene deleted
Subgroup 
(Table 1) PC PE PS PI

ACB1 3b + + + * + *

ALE1 2a + - + * - *

ATG15 1a + + + -

CST26 2b + - - * +

DEP1 3a - + + -

GPT2 2a - + - * -

ISC1 1d + + - +

LDB16 3b - + - -

LPX1 1a - + + - *

PLB3 1b - + - * - *

SCS3 3a - + + * -  *

SCT1 2b + + - * -

SLC1 2b + + + +

TAZ1 2b + + + * - *

TAZ1 1a - + + * +

YDL057W 1a - + + * - *

YMR210W 1a - + + - *

YOR093C 2b - + + * -

1 The PC, PE, PS and PI molecular species profiles of pct1 strains with the additional gene deletion indi-
cated, cultured in SSL, were determined by mass spectrometry, as described in the Experimental Pro-
cedures. Molecular species profiles in which the average abundance (n=2) of at least one molecular 
species deviated by ≥5% (of total abundance) from that in the pct1 profile without overlapping error 
bars are indicated with +; PS and PI profiles indicated with * were only measured once.
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[4, 28, 29, 47, 48, 52]. Our results suggest that these enzymes hydrolyze all PC molecular 
species with similar efficiency provided that they are active under the conditions used, and 
provided that their function in PC metabolism is not redundant. The involvement of Plb1p, 
Plb2p and Lro1p in PC acyl chain remodeling is further studied in Chapter 4 of this thesis.

Deletion of TGL3, 4 and 5 was previously shown to alter the PC species profile in strains 
with an active CDP-choline route, and it was suggested that the encoded triacylglycerol 
(TAG) lipases affect remodeling and/or turnover and synthesis of PC by releasing fatty acids 
and diacylglycerol (DAG) [53]. Inactivation of these lipases did not affect the PC or PE species 
profile in the pct1 background (data not shown), suggesting that they contribute to the PC 
species profile by supplying DAG for the CDP-choline route, rather than by a direct effect on 

Figure 1. Molecular species profiles of PC and PE in strains with deletions in genes implicated in PA 
synthesis. The PC (upper panel) and PE (lower panel) species profiles were analyzed by ESI-MS/MS in 
the positive ion mode in parent ion scans for m/z 184, and in neutral loss scans for m/z 141, respec-
tively, for the strains indicated, grown to mid-log phase in SSL. The relative signal intensity, which cor-
responds to the relative abundance for PC, is shown for PC and PE species that contribute at least 1% 
of total PC or PE. Error bars represent the SD (pct1: n=12; sct1pct1, gpt2pct1, slc1pct1 and ale1pct1: 
n=3) and the variation (ict1pct1: n=2). 
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PC remodeling.  Deletion of NTE1 did not alter the PC species profile either, in agreement 
with the phospholipase B Nte1p exclusively degrading CDP-choline derived PC [5, 54].

Interestingly, 3 out of the 8 genes affecting the PC species profile, SCT1, ALE1 and SLC1, 
are involved in PA synthesis. In Figure 1 the PC and PE species profiles of the corresponding 
double knockout strains were compared to those of the pct1 parent strain, gpt2pct1 and  
ict1pct1, GPT2 and ICT1 being two additional genes encoding PA synthesizing enzymes. With 
the exception of ICT1, deletion of the genes involved in PA synthesis affected the PE profile. 
The 5 other genes affecting the PC species profiles were ACB1, ATG15, CST26, ISC1 and TAZ1 
(Fig. 2). The observed differences in PC species profile in the strains deleted for SCT1, SLC1, 
ALE1 and CST26, may reflect a direct involvement in PC acyl chain remodeling, as they were 
not accompanied by parallel changes in the PE species profile (Figs. 1 and 2).

Figure 2. Distribution of PC and PE molecular species in 5 deletion mutants selected for a PC species 
profile different from the pct1 parent strain. The PC (upper panel) and PE (lower panel) species pro-
files, analyzed by ESI-MS/MS as described in the legend of Fig. 1, are shown for the indicated strains 
cultured to mid-log phase in SSL. The relative signal intensity, which corresponds to the relative abun-
dance for PC, is shown for PC and PE species that contribute at least 1% of total PC or PE. Error bars 
represent the SD (n=12 for pct1 and n=3 for the other strains). 
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Pulse-chase labeling to monitor PC remodeling 
To investigate the effect of the gene deletions on PC remodeling, the strains with divergent 
PC species profiles were subjected to pulse-chase labeling with deuterium-labeled methio-
nine. During the pulse the PE methyltransferases incorporated the methyl-D3 moiety origi-
nating from (methyl-D3)-methionine into PC, producing (methyl-D3)3-PC that can be specifi-
cally detected using ESI-MS/MS in parent ion scans for m/z 193 in the positive ion mode. 
During the chase, the molecular species profile of the newly synthesized (methyl-D3)3-PC 
evolved toward the steady state species profile (measured at m/z 184). As previously ob-
served in a pct1 strain [8], the PE methylation pathway synthesizes mainly di-unsaturated PC 
species, and subsequent PC acyl chain remodeling augments the level of mono-unsaturated 
32:1 PC (containing a C16:1 and a C16:0 acyl chain) twofold at the expense of the di-unsatu-
rated 34:2 PC (containing a C16:1 and a C18:1 acyl chain) that is decreased by 20% (Fig. 3A). 

Remodeling by acyl chain exchange must account for the shift of the species profile 
toward the steady state. Species-selective degradation of PC is highly unlikely to account for 
the doubling of 32:1 PC, as it would imply degradation of half of the population of the other 
PC species. Moreover, the species profile of unlabeled PC (m/z 184) did not change during a 
prolonged pulse with (methyl-D3)-methionine up to 3 h [8]. 

In the following, the results of the screen for glycerophospholipid species profiles and 
the pulse-chase experiments will be reported and discussed for the double deletion strains 
that displayed changes in PC and/or PE profile compared to the pct1 strain (Table 2). 

The PA synthesizing enzymes
Deletion of the glycerol-3-phosphate acyltransferase SCT1 caused an almost 50% decrease 
in 32:1 PC, that was not paralleled in the PE species profile (Fig. 1). We therefore hypo- 
thesize that the increase in 32:1 PC observed in pulse-chase experiments (Fig. 3A) is abro-
gated in the sct1pct1 strain. This hypothesis and the role of Sct1p in PC remodeling will be 
tested in chapters 3 and 4 of this thesis, respectively. Deletion of the functional homologue 
of SCT1, GPT2 did not cause major changes in the PC species profile, but did affect the PE 
species profile, as will be discussed below.  ICT1, encoding a lysoPA acyltransferase that is 
important for lipid synthesis during organic solvent stress [45], did not affect the PC or PE 
species profile under the conditions tested (Fig. 1).

SLC1 and ALE1 affect the PC species profile but are not required for PC remodeling
SLC1 and ALE1 encode 1-acyl-lysoPA acyltransferases responsible for the synthesis of PA, 
and deletion of both genes is synthetically lethal. Whereas Ale1p is capable of acylating a 
broad range of lysophospholipids, Slc1p has a strong preference for acylating lyso-PA [35]. 
The steady state PC and PE profiles were dramatically changed upon deletion of SLC1 in the 
pct1 background, most notably by a 26% decrease in 32:2 PC and a three-fold increase in 
36:2 PC (Fig. 1). Conversely, the relative abundance of 32:2 PE was increased by 22% at the 
expense of C34 PE species.  The evolution of the molecular species profile of newly synthe-
sized PC toward the steady state in slc1pct1 was qualitatively similar to that in pct1, except 
for the stronger decrease in the level of 32:2 PC during the chase, that accounts for the 
decrease in 32:2 PC in slc1pct1 (Fig. 3B). Interestingly, deletion of SLC1 induced an increase 
in the level of C32 species in the PS and PI profiles similar to that in the PE profile (compare 
Figs. 4 and 1). This observation was recapitulated in the single slc1 deletion strain (data not 
shown) in agreement with a previous report [35]. SLC1 is the major lysoPA acyltransferase 
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Figure 3. Evolution of the species profiles of newly synthesized PC monitored in pulse-chase experi-
ments with deuterium-labeled methionine in selected strains compared to the steady state profiles. 
The strains indicated were cultured in SL medium, subjected to pulse-labeling with (methyl-D3)-me-
thionine for 10 min, followed by a 180 min chase in the presence of an excess of unlabeled methio-
nine. Samples taken at the indicated time points were analyzed for the molecular species profiles of 
(methyl-D3)3-PC synthesized during the pulse and for steady state PC by ESI-MS/MS parent ion scan-
ning in the positive ion mode at m/z 193 and m/z 184, respectively. The relative abundance of the 
molecular species is expressed as mol% of total PC for the four major molecular species. Error bars 
represent the SD for pct1 (pulse-chase: n=3, steady state: n=4), slc1pct1 (n=3), ale1pct1 (steady state: 
n=4), atg15pct1 (pulse-chase: n=3, steady state: n=5), dep1pct1 (steady state: n=4), and the variation 
for ale1pct1, cst26pct1 and dep1pct1 (pulse-chase: n=2).
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in wild type yeast, and in the absence of SLC1, Ale1p takes over [33-38]. We propose that 
differences in acyl-CoA substrate use by Slc1p and Ale1p account for the differences in the 
glycerophospholipid species profiles of pct1 and slc1pct1. The increased content of C16 at 
the expense of C18 acyl chains in PE, PS and PI in slc1pct1 is in agreement with the in vi-
tro preference of Slc1p for C18:1 [55]. We hypothesize that in the absence of Slc1p more 
C16:1-CoA is consumed for PA synthesis, reducing the pool of C16:1 available for acyl chain 
remodeling of PC, and leading to the net release of C16:1 from newly synthesized PC. How-
ever, as Slc1p exhibits 1-acyl-lysoPC acyltransferase activity in vitro [35], we cannot exclude 
that Slc1p is directly involved in synthesis of 32:2 PC by transferring C16:1 to 1-acyl-lysoPC.

Inactivation of the broad specificity 1-acyl-lysophospholipid acyltransferase ALE1 [33-
38] caused slight decreases in the relative abundance of 32:2 PC and 32:2 PE (Fig. 1). No 
changes in PC remodeling were observed, as the rise in newly synthesized 32:1 PC at the ex-
pense of 34:2 PC in the pulse-chase was preserved in the ale1pct1 strain (Fig. 3C). This may 
imply that PC remodeling by acyl chain exchange occurs predominantly at the sn-1 position, 
or that another enzyme with similar selectivity for acyl chains carries out the acyl transfer to 
1-acyl-lysoPC in the absence of Ale1p. The observed changes in the PE species profiles are 
opposite to the changes in the slc1pct1 strain, and are consistent with increased consump-
tion of C18:1-CoA for PA synthesis when Slc1p is the only 1-acyl-lysoPA acyltransferase. 

Cst26p affects the PC species profile post-synthetically 
The molecular species profile of PC in the cst26pct1 strain showed an increase in the 32:1 
species that was absent from the profiles of PE (Fig. 2), PS and PI (data not shown). An 
increased C16:0 content in PC upon deletion of CST26 was reported earlier by Le Guédard 
et al. [56]. The pulse-chase with deuterium-labeled methionine revealed that this increase 
originated from a stronger rise in the relative abundance of 32:1 PC during the chase, i.e. a 
three-fold increase in cst26pct1 compared to a two-fold increase in pct1 (Fig. 3D), indicating 
that deletion of CST26 increased the extent of PC remodeling. In agreement with Cst26p be-
ing required for the incorporation of C18:0 into PI by acyl chain exchange [56], 36:1-PI was 
virtually absent in cst26pct1 (data not shown). The decreased consumption of C18:0-CoA in 
this strain may reduce the activity of the fatty acid elongases and thus lead to a rise in cel-
lular C16:0 content, which could explain the increase in 32:1 PC (see Chapter 3 for further 
data supporting this hypothesis for cst26pct1). 

Isc1p is not required for acyl chain remodeling of PC 
Deletion of the inositol phosphosphingolipid phospholipase C ISC1 [57] caused an increase 
in 34:2 PC at the expense of 32:1 PC and 34:1 PC (Fig. 2). Parallel changes were observed in 
the PE species profile. The pulse-chase with deuterium-labeled methionine indicated that 
PC remodeling was not affected in the isc1pct1 strain (data not shown). Further studies are 
required to elucidate the mechanism by which Isc1p affects the phospholipid profiles.

Atg15p plays a role in PC metabolism
ATG15 is a lipase localized to the ER and the vacuole that is essential for autophagy [58, 
59], a process in which bulk cytoplasm, including proteins and organelles, is sequestered in 
double-membrane vesicles called autophagic bodies, and transported to the vacuole [60]. 
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Atg15p is thought to be responsible for degrading the membrane of the autophagic bodies 
once they have reached the vacuole, since autophagic bodies accumulate in the vacuole in 
the absence of Atg15p [58, 59]. 

Deletion of ATG15 caused a 20% decrease in 34:2 PC, a 17% decrease in 34:2 PE and a 
72% increase in 32:1 PE (Fig. 2), and changes in the PS profile similar to those in PE (Fig. 4). 
No changes were observed in the PI species profile (data not shown). Deletion of ATG15 in 
a wild type background had similar effects on the species profiles of PC, PE, PS and PI (data 
not shown).  The changes in the PE profile in atg15pct1 were reflected in the profile of newly 
synthesized PC after the 10 min pulse (Fig. 3E). There seemed to be a delay in the post-
synthetic increase in 32:1 PC, suggesting that the rate of PC remodeling may be reduced 
in atg15pct1 (Fig. 3E). Since the changes upon ATG15 deletion are most pronounced in PS 
and PE, it could be speculated that Atg15p hydrolyzes PS and/or PE with a preference for 
C16:0 containing molecular species, and that this release is required for the post-synthetic 
incorporation of C16:0 into PC. The influence of deleting ATG15 on the phospholipid species 
profiles may or may not be a consequence of interfering with autophagy. To address this 
issue, the glycerophospholipid species profiles of two strains lacking other genes essential 
for autophagy that act upstream of ATG15, i.e. atg1pct1 and atg8pct1 were examined. The 
PS (Fig. 4) and PE (data not shown) profiles of these strains were similar to those of the pct1 
strain, demonstrating that the effect of deleting ATG15 is specific and independent of its role 
in autophagy. The role of Atg15p in PC remodeling remains to be elucidated.

Interestingly, atg15 cells exhibited a growth defect in medium containing ethanol as 
the sole carbon source, which was suppressed in atg15pct1 cells (Fig. 6). A comparable al-
beit slightly more pronounced growth defect was observed in atg1 and atg8 cells that was 
not suppressed by deletion of PCT1. These data provide further support for a link between 
Atg15p and PC metabolism. 

The acyl-CoA binding protein Acb1p and the cardiolipin remodeling transacylase Taz1p 
affect the PC and PE species profiles
The acb1pct1 and taz1pct1 strains also displayed changes in the PC and PE species profiles 
(Fig. 2). These strains will be pursued in Chapters 4 and 5, respectively. 

Deletion of 10 candidate genes affected the PE species profile without changing the PC 
species profile
10 gene deletions affected the PE species profile, without changing the PC species profile 
(Table 2).  The PE species profiles of the corresponding double deletion strains are com-
pared to that of the pct1 parent in Figure 5, except for gpt2pct1 (Fig. 1). The dep1pct1 and 
ydl057wpct1 strains were selected for further analysis because the dramatic differences in 
their PE profile suggested a compensatory change in PC remodeling. 

PC remodeling by acyl chain exchange is altered in dep1pct1
Dep1p is a transcriptional regulator of phospholipid biosynthesis genes; in the absence of 
DEP1, the UASINO controlled genes INO1, CHO1 and OPI3 involved in the synthesis of PI, PS 
and PC, respectively, are not properly regulated [61]. In dep1pct1 an increase in 32:1 PE 
was observed (Fig. 5) that was not accompanied by a similar rise in 32:1 PC, suggesting that 
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Figure 4. PS and PI molecular species composition for selected mutant strains. The PS (upper panel) 
and PI (lower panel) species profiles of cells cultured in SSL were analyzed by ESI-MS/MS in the nega-
tive ion mode, in neutral loss scans for m/z 87 and in parent ion scans for m/z 241, respectively. The 
relative signal intensity is shown for the species displayed in Figs. 1, 2 and 5, to facilitate comparison. 
Error bars represent the SD for pct1 (n=4) and the variation for slc1pct1 (n=2). 

PC remodeling may be affected. The pulse-chase with deuterium-labeled methionine con-
firmed this supposition, as there was virtually no change in the relative abundance of 32:1 
PC species during the chase (Fig. 3F). In addition, the remodeling of 32:2 and 34:1 PC was 
different from that in the pct1 strain. It remains to be investigated whether the observed de-
fects in PC remodeling are a consequence of transcriptional regulation of genes involved in 
PC remodeling by Dep1p, or due to increased synthesis of C16:0-containing PE, which could 
reduce the C16:0 available for PC remodeling.  Remarkably, deletion of DEP1 in a wild type 
background did not alter the glycerophospholipid profiles (data not shown). 

Ydl057wp affects the cellular PE content and is required for mitochondrial function
YDL057W encodes a 37 kDa protein of the alpha/beta hydrolase superfamily [11] that does 
not contain any predicted transmembrane domains, and has not been localized. Deletion of 
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YDL057W in the pct1 background caused dramatic changes in the PE species profile, most 
notably a 29% increase in 32:2 PE (Fig. 5). No changes were observed in the PC profile, while 
the PS and PI profiles displayed minor changes (data not shown). Deletion of YDL057W in 
a wild type background had comparable effects on the glycerophospholipid profiles (data 
not shown). Analysis of the phospholipid class composition of the ydl057w deletion strains 
revealed a decrease of the PE content in ydl057w and ydl057wpct1 strains cultured on SL 
medium, compared to the corresponding YDL057W strains (Table 3). The decrease in PE 
content was smaller when the ydl057w and ydl057wpct1 strains were cultured on a fer-
mentable carbon source (SD, data not shown). The ydl057w and the ydl057wpct1 strains 
displayed a growth defect on medium containing non-fermentable but not fermentable car-
bon sources (SL and SGE vs. SD, Fig. 6), indicative of impaired mitochondrial function. The 
growth defect was less pronounced on SL medium, most probably because of the presence 
of 0.1 % glucose in the medium.  Due to the defective growth in SL medium, the results of 
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jected to ESI-MS/MS in the positive ion mode in neutral loss scans for m/z 141. The relative signal 
intensities are shown for PE species that contribute at least 1% of total PE. Error bars represent the SD 
(n=12 for pct1 and n=3 for the other strains). 
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the pulse-chase labeling experiment were not reliable for this strain. As PE is important 
for mitochondrial function [62-64], it can be hypothesized that the decrease in cellular PE 
content and/or the changed PE species profile cause the growth defect.  It is tempting to 
speculate that YDL057W is directly involved in PE metabolism as a phospholipase or acyl-
transferase. However, we cannot exclude that YDL057W indirectly affects PE content by dis-
turbing mitochondrial biogenesis or function.

8 genes affect the abundance of 34:2 PE 
Remarkably, 8 gene deletions induced similar increases in 34:2 PE at the expense of 32:2 PE 
(Fig. 5) with no accompanying changes in the PC profile (data not shown). This indicates that 
PC remodeling compensates for the changes in the PE profile in these strains, resulting in 
steady state 34:2 PC and 32:2 PC levels similar to those of the pct1 parent strain.  PLB3, LPX1 
and YGR015C are (predicted) phospholipases that hence may be involved in the degrada-
tion of PE. Since Plb3p is a phospholipase B that has no phospholipase B activity toward PE 
in vitro [28, 52], the change in PE profile may be an indirect effect. Lpx1p is a peroxisomal 
lipase that has in vitro phospholipase A activity toward bodipy-labeled PC [27]; PE was not 

Figure 6. Growth phenotypes of strains with deletions of ATG genes (A) and of YDL057W (B). Serial 
dilutions of the indicated strains precultured in YPD were spotted on SD, SG, SE, SL or SGE agar plates 
and incubated at 30°C for 4, 8, 13, 7 and 17 days, respectively. The residual growth of the ydl057w 
strains on SL medium was attributed to the presence of 0.1 % glucose in the medium.
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examined as substrate. YGR015C is a predicted lipase of the alpha/beta hydrolase super-
family localized to mitochondria [11, 65]. 

GPT2, YMR210W and YOR093C are predicted acyltransferases, that based on our re-
sults are potentially involved in transferring C16 acyl chains to lyso-PS and/or PE. GPT2 is a 
glycerol-3-phosphate acyltransferase [39], and deletion of this gene was previously shown 
to cause an increase in C18 acyl chains in PE [39]. Ymr210wp is an acyltransferase with a 
minor role in medium-chain fatty acid ethyl ester biosynthesis [66]. Yor093cp is a putative 
acyltransferase based on the presence of GPAT motifs [13]. 

Deletion of SCS3, a gene involved in inositol and lipid droplet metabolism [67], and of 
LDB16, a predicted membrane protein of unknown function localized to mitochondria and 
lipid particles [65, 68], also induced an increase in 34:2 PS (not shown) and 34:2 PE (Fig. 5).

Concluding remarks

The present study identified four genes that upon deletion lead to significantly altered PC 
remodeling: SLC1, CST26, ATG15 and DEP1. We have not identified any genes that are strict-
ly required for PC remodeling, in that none of the assayed gene deletions resulted in the 
complete abrogation of PC remodeling, with the possible exception of SCT1 (see Chapters 
3 and 4 of this thesis). This strongly suggests that the genes involved in PC remodeling are 
functionally redundant, i.e. other genes may be capable of performing their function. On 
the other hand, it cannot be excluded that we missed genes required for PC remodeling in 
our selection of candidate genes, although all genes that have been assigned a function in 
glycerophospholipid remodeling by others since the start of this study were included in our 
selection.

We propose that the availability of fatty acyl-CoA’s plays a major role in determining 
acyl chain remodeling of PC, and that PC remodeling functions as a mechanism for storage 
of excess acyl chains and for release of required acyl chains. This hypothesis explains 
the altered PC remodeling in slc1pct1, cst26pct1, atg15pct1, and dep1pct1. slc1pct1 and 
cst26pct1 displayed altered PC remodeling that led to differences in the PC species profile 
that were not observed in the PE species profile. In slc1pct1, 32:2 PC decreases via remodel-
ing, resulting in a lower abundance of 32:2 PC in the steady state profile. We propose that 
consumption of C16:1-CoA for PA synthesis is increased in this strain, limiting its availability 
for PC remodeling. In cst26pct1, 32:1 PC increases to a greater extent than in the pct1 strain, 
resulting in a higher abundance of steady state 32:1 PC. We propose that reduced consump-
tion of C18:0-CoA for PI synthesis in this strain [42] leads to a higher cellular content of 
C16:0 (see Chapter 3 for further data supporting this hypothesis for cst26pct1). dep1pct1 
and atg15pct1 displayed altered PC remodeling that did not lead to differences in the PC 
species profile. We propose that the amount of C16:0-CoA available for remodeling is limit-
ing because of the observed increase in C16:0 in PS and PE in these strains. Alternatively, PC 
remodeling could simply be altered to compensate for the changed PE profile.

Deletion of the 1-acyl-lysophospholipid acyltransferase ALE1 and of the inositol phos-
phosphinoglipid lipase Isc1p did not disturb PC remodeling. The alpha/beta hydrolase 
YDL057W affects PE metabolism, and was required for growth on non-fermentable carbon 
sources. The involvement of ACB1 and TAZ1 in acyl chain remodeling of PC is investigated in 
detail in Chapters 4 and 5 of this thesis. 
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Abstract

The ratio of saturated versus unsaturated fatty acyl chains is crucial for membrane fluidity. 
Regulation of expression of the fatty acid desaturase Ole1p was hitherto the only known 
mechanism governing the degree of fatty acid unsaturation in S. cerevisiae. We report a 
novel mechanism for the regulation of fatty acid desaturation that is based on competi-
tion between Ole1p and the glycerol-3-phosphate acyltransferase Sct1p/Gat2p for the 
common substrate C16:0-CoA. Deletion of SCT1 decreases the content of saturated fatty 
acids, whereas overexpression of SCT1 dramatically decreases the desaturation of fatty 
acids. While overexpression of Ole1p increases desaturation, co-overexpression of Ole1p 
and Sct1p results in a fatty acid composition intermediate between those obtained upon 
overexpression of the enzymes separately. Furthermore, we provide evidence that the ac-
yltransferase Cst26p regulates the activity of Sct1p by phosphorylation. The level of Sct1p 
phosphorylation is increased when cells are supplemented with saturated fatty acids, demon- 
strating the physiological relevance of our findings. To our knowledge, this is the first study 
implicating an acyltransferase in fatty acid homeostasis.

Introduction

The physical properties of a biological membrane are highly dependent on the lipid com-
position, which shows tremendous variation between different membranes and depending 
on conditions [1]. This variation is responsible for the plasticity of biomembranes that plays 
a role in cellular adaptation to the environment, and allows for cellular processes such as 
energy storage, signaling, transport and membrane fusion and fission [1-3]. 

 Membrane fluidity is an important physical property, which is to a large extent de-
termined by the ratio of saturated versus unsaturated fatty acids [4]. Membrane fluidity is 
essential for maintaining the membrane barrier and for optimal functioning of membrane 
proteins [5, 6]. The presence of cis-double bonds in membrane lipid acyl chains causes dis-
turbances in the acyl chain packing that result in a much lower gel-to-liquid crystalline phase 
transition temperature of the membrane. A poikilothermic organism like the yeast S. cere-
visiae readily adapts the degree of desaturation of its acyl chains when shifted to another 
growth temperature to sustain membrane fluidity [6]. The degree of desaturation of mem-
brane lipids also depends on the function of the membrane they constitute. For example, 
the inner mitochondrial membrane harboring the enzyme complexes of the respiratory 
chain contains a higher amount of unsaturated phospholipid acyl chains than the plasma 
membrane that shields the cell from the extracellular milieu [7]. Accordingly, the increase in 
overall fatty acid desaturation observed following a shift of yeast cells from fermentable to 
non-fermentable carbon source reflects the full development of the mitochondrial network 
[8]. 

The yeast fatty acid profile is considerably less complex than its mammalian or plant 
counterparts that contain a wide variation of fatty acids differing in length and degree of 
unsaturation. It consists mainly of C16 and C18 fatty acids bearing either one or no double 
bond. Fatty acid synthesis in S. cerevisiae is initiated by the acetyl-CoA carboxylase Aac1p 
and continued by the cytosolic multienzyme fatty acid synthase complex consisting of Fas1p 
and Fas2p yielding acyl-CoA’s with an acyl chain length of 16 or 18 carbon atoms [9]. The 
ER-based fatty acid elongases Elo1p, Elo2p and Elo3p can elongate the acyl-CoA’s up to C26. 



71

Sct1p and fatty acid desaturation in yeast

Although essential, the very long acyl chains are very low in abundance [10]. 
Monounsaturated fatty acids account for approximately 70-80% of total fatty acids and 

are synthesized from saturated fatty acyl-CoA substrates by the ER-resident Δ9-fatty acid 
desaturase Ole1p. Yeast can modulate the degree of acyl chain desaturation by varying the 
level of Ole1p expression. The expression of Ole1p is regulated at the level of transcrip-
tion by temperature, carbon source, the presence of fatty acids in the growth medium and 
oxygen levels [6]. Transcriptional activation and mRNA stability of Ole1p requires ubiquitin-
mediated cleavage of the homodimeric ER membrane proteins Spt23p and Mga2p by the 
26S proteasome [11]. 

In a screen for gene products involved in acyl chain remodeling of the major mem-
brane lipid phosphatidylcholine (PC) [12], we identified the glycerol-3-phosphate (G3P) acyl-
transferase Sct1p/Gat2p. The SCT1 gene was first characterized as a multicopy suppressor of 
a choline transport mutant also defective in phosphatidylethanoloamine (PE) methylation 
[13], hence the name Suppressor of Choline Transport 1. The 86 kD enzyme Sct1p trans-
fers acyl chains to the sn-1 position of G3P or dihydroxyacetonephosphate (DHAP) in the 
first committed step of glycerophospholipid synthesis, i.e. the production of lysophospha-
tidic acid (lyso-PA) [14]. The homologous protein Gpt2p/Gat1p catalyzes the same reactions 
and deletion of SCT1 and GPT2 is synthetically lethal. Both enzymes are integral membrane 
phosphoproteins localized to the ER [15]. 

In the present study, the analysis of SCT1 deletion and overexpression strains demon-
strates that the function of Sct1p in cellular lipid homeostasis extends beyond PC acyl chain 
exchange. We show that Sct1p is a novel regulator of fatty acid desaturation by competing  
with the desaturase Ole1p for C16:0-CoA and sequestering C16:0 in lipids. The enzyme ac-
tivity of Sct1p is regulated post-translationally by phosphorylation. Moreover, the first com-
ponent regulating Sct1p phosphorylation is reported and the functional relevance of the 
phosphorylation of Sct1p is illustrated in wild type yeast. To our knowledge, this is the first 
time that an acyltransferase is implicated in cellular fatty acid homeostasis.

Experimental procedures

Strains, plasmids, culture conditions, molecular cloning and immunoblotting
The yeast strains and plasmids used in this study are listed in Table S1. Growth media, cul-
ture conditions, the construction of strains and plasmids, and the method used for immu-
noblotting are described in the Supplemental Experimental Procedures.

Pulse-chase labeling with deuterium-labeled methionine
Cells grown to mid-log phase in SL medium were collected by filtration, washed with amino 
acid free SL and resuspended at OD600 0.2-0.4 in 300 mL SL medium supplemented with 120 
mg/L (0.26 mM) (methyl-D3)-L-methionine (Cambridge Isotope Laboratories) instead of 20 
mg/l L-methionine. After 10 min, cells were collected by filtration, washed with amino-acid 
free SL, transferred within 3 minutes to 250 mL SL medium supplemented with 300 mg/L 
L-methionine, and incubation at 30oC was continued. At various time points, 50 mL aliquots 
of cell culture were collected, inactivated by adding KCN, NaF, and NaN3 at 15 mM each, and 
stored on ice until further processing. All media used for washing and resuspension were 
at 30oC.
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Lipid analysis by mass spectrometry
Cell homogenates were obtained by vortexing yeast cells corresponding to ~25 OD600 units 
in the presence of glass beads [12], and subjected to lipid extraction [16]. Total lipid ex-
tracts corresponding to 300 nmol phospholipid-phosphorus [17] were dissolved in 200 µl 
chloroform:methanol 1:1 (v/v) containing 10 mM ammonium acetate and analyzed by elec-
trospray ionization tandem mass spectrometry (ESI-MS/MS) on an API3000 triple quadru-
pole instrument (Applied Biosystems). Samples were injected into the instrument with a 
Hamilton Gastight 1710 syringe and a Harvard Apparatus Pump 11 at a constant flow rate 
of 3 µl/min. PC and (methyl-D3)3-PC were detected in parent ion scans for m/z 184 and 193, 
respectively, in the positive ion mode, PE in neutral loss scans for m/z 141 in the positive ion 
mode, phosphatidylinositol (PI) in parent ion scans for m/z 241 in the negative ion mode, 
and phosphatidylserine (PS) in neutral loss scans for m/z 87 in the negative ion mode. Other 
settings were as previously described [18]. Signal intensities were quantified using Analyst 
software (Applied Biosystems/MDS Sciex), taking into account the three most abundant 
[M+H]+ isotopic signals. An equimolar mixture of biologically relevant PC species (Avanti Po-
lar Lipids) indicated that the signal intensities are representative of the relative abundance 
of PC species under the conditions used. Yeast samples destined for analysis of lyso-PA and 
PA were lyophilized, and subjected to butanol extraction and liquid chromatography-tan-
dem mass spectrometry (LC-MS/MS) as described [19, 20].

Fatty acid analysis
Yeast total lipid extracts prepared as above, and corresponding to 1 µmol of phospholipid 
phosphorus were transesterified by heating at 70°C for 2h in 2.5% (v/v) H2SO4 in methanol. 
The fatty acid methylesters were extracted in hexane and separated on a Trace GC ultra gas 
chromatograph (Interscience) using a Restek Stabilwax column and a temperature gradient 
from 170°C to 210°C. Fatty acid methylesters were identified and signal intensities were 
calibrated using a fatty acid methylester standard (Nu-Chek-Prep, Elysian, MN).

[14C]-acetate labeling and thin layer chromatography 
Cells grown to mid-log phase at 30°C in 5 ml SGR medium without uracil were labeled with 
75 µCi 1-[14C]acetate (56 mCi/mmol, GE Healthcare) for 1 h at 30°C, harvested by centrifuga-
tion, and resuspended in 1 mL 5% trichloroacetic acid. Subsequently, cells were pelleted, 
washed twice with water, homogenized, and subjected to lipid extraction as above.  Lipid 
extracts were subjected to liquid scintillation counting, determination of total phospholip-
id-phosphorus content [17], and analysis of neutral lipid and phospholipid composition by 
thin-layer chromatography (TLC) [21, 22]. The radioactive spots on the TLC plates were vi-
sualized and quantified using a Personal Molecular Imager FX PhosphorImager (Bio-Rad). 
The analysis of the steady-state phospholipid and neutral lipid composition by thin layer 
chromatography (TLC) was as described in the Supplemental Experimental Procedures. 
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Results

Deletion of SCT1 changes the molecular species profile of PC by impairing acyl chain re-
modeling.
In a screen for gene products required for acyl chain remodeling of PC, we examined the ef-
fect of deleting genes encoding (potential) acyltransferases on the molecular species profile 
of PC in a pct1 strain. Cells lacking Pct1p, the enzyme catalyzing the rate-limiting step of the 
CDP-choline pathway, rely on the methylation of PE for the synthesis of PC and require acyl 

Figure 1. Deletion of SCT1 in a pct1 strain modifies the PC species profile by impairing acyl chain 
exchange. (A) The PC species profiles of pct1, sct1pct1 and gpt2pct1 cells grown to mid-log phase in 
SSL, were analyzed by ESI-MS/MS in parent ion scans for m/z 184 in the positive ion mode. The rela-
tive abundance is shown for species that contribute at least 1% of total PC. Error bars represent the 
SD (pct1: n=12; sct1pct1 and gpt2pct1: n=3). (B) pct1 and sct1pct1 cells cultured in SL medium were 
pulse-labeled with deuterium-labeled methionine for 10 min, followed by a 180 min chase with an 
excess of methionine. The species profile of PC synthesized during the pulse was determined at the 
indicated time points by ESI-MS/MS in parent ion scans for m/z 193, and is compared to the steady 
state PC species profile (m/z 184). The relative abundance is shown for the four major PC species as 
mol% of total PC. Error bars represent the SD (n=3).
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chain exchange to obtain the steady state molecular species profile of PC [12]. Among the 
candidate genes were the two G3P acyltransferases SCT1 (GAT2) and GPT2 (GAT1). Figure 
1A shows the PC species profiles of pct1, sct1pct1 and gpt2pct1 cells obtained by ESI-MS/
MS parent ion scanning for m/z 184. Di-unsaturated 32:2 and 34:2 PC, containing two C16:1 
acyl chains and a C16:1 and a C18:1 acyl chain, respectively, were detected as most abun-
dant PC species. The sct1pct1 cells (fig. 1A) showed a 45% decrease in 32:1 PC (C16:1 and 
C16:0) compared to the pct1 parent, which was compensated by slight increases in 34:2 and 
36:2 PC. The PC species profile of the gpt2pct1 strain was similar to that of the pct1 strain 
except for a modest increase in 34:2 PC at the expense of 32:2 PC. Deletion of SCT1 hardly 
affected the molecular species profile of PE, the lipid precursor of PC in pct1 cells (data not 
shown), suggesting that SCT1 affects the PC species profile, the level of 32:1 PC in particular, 
post-synthetically.

To monitor post-synthetic modifications of PC, the cells were cultured on SL medium 
and pulsed for 10 min with deuterium-labeled methionine yielding PC with a (methyl-D3) 3- 
labeled headgroup. The evolution of the molecular species profile of the newly synthesized 
PC during the chase with unlabeled methionine was recorded by ESI-MS/MS parent ion 
scans for m/z 193, and showed an almost two-fold increase in 32:1 PC and a 20% decrease 
in 34:2 PC in the pct1 strain (fig. 1B, left panel), in agreement with [12]. In contrast, in the 
sct1pct1 strain the molecular species profile of newly synthesized PC hardly changed during 
the chase (fig. 1B, right panel), indicating that the remodeling of PC by acyl chain exchange 
was strongly reduced. 

The expression level of catalytically active Sct1p determines the cellular C16:0 content
To elucidate the role of Sct1p in PC remodeling, we first analyzed the fatty acid composi-
tion of the deletion strains sct1pct1 and gpt2pct1 (fig. 2A).  Deletion of SCT1 decreased the 
cellular content of C16:0 by about 50%, which was compensated by an increase in C18:1. 
Deletion of GPT2 did not cause major changes in fatty acid composition. Overexpression of 
Sct1p from an episomal GAL1 promoter in sct1pct1 resulted in a 5-fold increase in C16:0 
content and at least 2-fold increases in C14:0 and C18:0 at the expense of the levels of C16:1 
and C18:1 (fig. 2B). The level of overexpression was estimated at least 30-fold using Sct1p 
with a C-terminal HIS6HA3 tag (fig. 2C). The tag did not significantly influence fatty acid 
composition (fig. 2B). The slower migrating band observed upon overexpression of SCT1 
(fig. 2C, apparent weight ~120 kDa) was previously assigned to the phosphorylated enzyme 
[15]. Overexpression of a catalytically inactive form of Sct1p, containing a mutation of a 
glycine residue in the active site (G253L)[23, 24], did not affect the fatty acid profile (fig. 2B, 
C).  From these results, we conclude that the enzyme activity of Sct1p determines fatty acid 
desaturation. The reduced PC remodeling in sct1pct1 is most likely a consequence of the 
reduced availability of C16:0. 

Overexpression of Sct1p was found to severely reduce growth of the sct1pct1 strain on 
agar plates (fig. 2D). In liquid SGR medium containing a minimal amount of glucose, growth 
of the overexpression strain was reduced to a lesser extent (fig. 2E). Previously, comparable 
growth rates in liquid culture were reported upon overexpression of Sct1p in a gpt2sct1 
double deletion background [15]. Similar effects of Sct1p overexpression on fatty acid com-
position and growth were observed in a wild type background (data not shown).
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Figure 2. The expression level of catalytically active Sct1p determines the cellular content of C16:0 
and affects cell growth. (A) Deletion of the SCT1 gene decreases the cellular C16:0 content. Cells 
from pct1, sct1pct1 and gpt2pct1 strains cultured in SL to mid-log phase were analyzed for fatty acid 
content by GC. (B) Overexpression of SCT1 results in a 4-fold increase of C16:0 content dependent 
on the catalytic activity of Sct1p. Cells from sct1pct1 pYES2 (empty vector control), SCT1pct1 pYES2 
(chromosomal expression), sct1pct1 pYES2-SCT1 (overexpression) and sct1pct1 pYES2-SCT1-HH (over-
expression of tagged version), and sct1pct1 pYES2-SCT1[G253L]-HH (overexpression of a catalytically 
dead mutant) strains were cultured to mid-log phase in SGR. In (A) and (B) the relative abundance 
(mol%) of the 6 major fatty acids is shown with the error bars representing the SD for sct1pct1 (n=3), 
sct1pct1 pYES2 (n=4) and pct1 pYES2 (n=5), and the variation for the other strains (n=2). (C) Western 
blots comparing the levels of HA-tagged Sct1p chromosomally expressed and episomally expressed 
from the GAL1 promotor in the pct1 background (left), and of overexpressed catalytically active 
and inactive Sct1p-HA in sct1pct1 cells (right). Dilution factors of the protein extracts are indicated 
(left); Sec61p served as loading control. (D) Serial dilutions of the indicated strains precultured in SD, 
were spotted on SGR agar plates and incubated at 30oC for 3 days. (E) Growth of sct1pct1 pYES2 and 
sct1pct1 pYES2-SCT1 in liquid SGR medium supplemented with 0.05% glucose. Data averaged from 4 
independent experiments.
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Overexpression of Sct1p increases lipid synthesis and affects glycerolipid composition
The consequences of overexpressing Sct1p and the induced rise in C16:0 for cellular lipid 
content and lipid synthesis of sct1pct1 cells were investigated by comparing the overex-
pression strain to the empty vector control. Overexpression of Sct1p resulted in a 1.6 ± 
0.2-fold (± SD, n=4) increase in phospholipid content based on a comparison of the amount 
of phosphorus recovered in cellular lipid extracts per OD600 unit. To investigate whether the 
rise in phospholipid content resulted from an increase in de novo lipid synthesis, the incor-
poration of [14C]-acetate into lipids was determined. A 1.3 ± 0.2-fold (± SD, n=4) increase 
was observed in the incorporation of [14C]-acetate in the total lipid fraction per OD600 unit 
during 1 h of radiolabeling.  The distribution of the [14C]-label between the phospholipid and 
the neutral lipid fractions was not affected, with 62 ± 7% of the [14C]-label associated with 

Figure 3. The effect of overexpressing Sct1p on the levels and molecular species profiles of lyso-PA 
and PA, and the synthesis of phospholipids and neutral lipids. (A) sct1pct1 cells transformed with 
pYES2 or pYES2-SCT1 were grown to mid-log phase in SGR, subjected to butanol extraction, and the ly-
so-PA and PA species profiles were analyzed by LC-MS/MS (right panels). The abundance of lyso-PA and 
PA in pmol per mg yeast dry weight (left panel) represents the sum of the abundance of all correspon- 
ding species. The error bars show the variation (n=2). (B) Mid-log sct1pct1 cells containing pYES2 or 
pYES2-SCT1 and grown in SGR, were incubated with [14C]-acetate for 1 h and subjected to lipid extrac-
tion. Lipids were analyzed by TLC, and quantified by phosphor imaging as detailed in Experimental 
Procedures. The incorporation of [14C]-acetate in glycerophospholipids (left panel) and neutral lipids 
(right panel) is shown as percentage of the total incorporation in the respective pools with the error 
bars representing the variation (n=2). CL, cardiolipin; DAG, diacylglycerol.
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phospholipids in the empty vector control, versus 52 ± 11% in the overexpression strain (± 
variation, n=2).  ESI-MS/MS analysis revealed that overexpression of Sct1p increased the 
level of its product lyso-PA two-fold, the increase being accounted for by C16:0 lyso-PA (fig. 
3A). The level of phosphatidic acid (PA) increased hardly, if at all, suggesting that the acyla-
tion of lyso-PA is rate-limiting in PA synthesis. The molecular species profile of PA showed 
the appearance of disaturated PA and an increase in 32:1 and 34:1 at the expense of the di-
unsaturated and C18:1-containing PA species (fig. 3A), consistent with the change in cellular 
acyl chain composition. Consistent with the overall increase in cellular lipid synthesis and 
content, [14C]-acetate labeling showed that the synthesis of PA was increased (fig. 3B).  In ad-
dition, the incorporation of [14C]-acetate in PI and triacylglycerol (TAG) increased at the ex-
pense of PE and steryl ester in the phospholipid and neutral lipid classes, respectively, when 
Sct1p was overexpressed (fig. 3B). The changes in phospholipid and neutral lipid synthesis 
were mirrored in the steady state phospholipid and neutral lipid composition (fig. S1A, B).

A comparison of the incorporation of [14C]-acetate in the lipids of pct1 and sct1pct1 
cells cultured in SL medium did not reveal differences in total lipid synthesis, in the distribu-
tion of label between neutral lipids and phospholipids, and in the relative incorporation into 
different phospholipid classes. The relative incorporation of [14C]-acetate into the neutral 
lipid classes was similar to that reported previously for an sct1 deletion strain and its paren-
tal wild type [25], with an increase in the synthesis of TAG in pct1 versus sct1pct1 that was 
comparable to the increase induced by overexpression of Sct1p in sct1pct1 (fig. S1C, fig. 3). 

Similar to PA (fig. 3A), the molecular species profiles of the four major phospho- 
lipid classes revealed increased saturation upon Sct1p overexpression (fig. S2), with rises in 
mono-unsaturated species predominating in PC and PE, and rises in di-saturated species in 
PS and PI, all at the expense of the di-unsaturated species. In decreasing order, the saturated 
acyl chain content increased from 10.5% to 38% in PC, from 18 to 43% in PS, from 40.5 to 
61.5% in PI, and from 8.5 to 25% in PE. 

Co-overexpression of Sct1p and Ole1p reveals competition for the common substrate 
C16:0-CoA
The enzyme activity of Sct1p could enhance fatty acid saturation by sequestering C16:0 
chains into lipids, thus depriving the desaturase Ole1p of its C16:0-CoA substrate. To ad-
dress this possibility Sct1p and Ole1p were co-overexpressed. While overexpression of 
Sct1p caused a decrease in fatty acid desaturation as described above, overexpression of 
Ole1p increased fatty acid desaturation and slightly enhanced fatty acid length (fig. 4A). 
Co-overexpression gave rise to a fatty acid profile intermediate between those of the single 
overexpression strains (fig. 4A). The expression level of Ole1p-Myc was similar in strains 
where pESC-OLE1 was co-transformed with pYES2 or pYES2-SCT1-HH (fig. 4B), and the ex-
pression level of Sct1p in sct1pct1 pYES2-SCT1-HH was not affected by co-transformation of 
pESC-OLE1 (data not shown). Similar fatty acid profiles were obtained when an Ole1p-Myc 
overexpressing strain was co-transformed with the vector encoding the His6HA3-tagged 
version of Sct1p (data not shown). Taken together, these results indicate that the two en-
zymes compete for the shared substrate C16:0-CoA. 

Co-overexpression of Sct1p and Ole1p partially relieved the growth defect of cells 
overexpressing Sct1p  (fig. 4C). Overexpression of Ole1p slightly impaired growth.
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Figure 4. Co-overexpres-
sion of Ole1p and Sct1p re-
veals competition for the 
shared substrate C16:0-CoA. 
(A) sct1pct1 cells transformed 
with the indicated plasmids 
were cultured to mid-log phase 
in SGR and analyzed for their 
fatty acid contents by GC.  The 
relative abundance (mol%) 
of the 6 major fatty acids is 
shown with the error bars rep-
resenting the variation (n=2). 
(B) Western blot analysis of 
the Ole1p expression levels of 
sct1pct1 pYES2 + pESC-OLE1 
and sct1pct1 pYES2-SCT1-HH + 
pESC-OLE1. (c) Serial dilutions 
of sct1pct1 cells transformed 
with the plasmids indicated and 
precultured in SD, were spotted 
on SGR plates and incubated at 
30oC for 3 days. 

The growth phenotype and increased C16:0 content induced by overexpression of Sct1p 
are suppressed by deletion of the ACB1 and CST26 genes; Cst26p affects phosphorylation 
and expression of Sct1p 

To get further insight in the mechanism by which Sct1p regulates fatty acid saturation 
and its biological significance, we screened for suppressors of the growth phenotype caused 
by overexpression of Sct1p.  The screen comprised 10 double knockout strains in which a 
gene involved in lipid metabolism was deleted in the pct1 background, and yielded two sup-
pressors. 

Deletion of ACB1, coding for the yeast acyl-CoA binding protein that has been impli-
cated in the termination of fatty acid synthesis and in fatty acid elongation [26, 27], partially 
restored the growth defect (fig. 5A, left panel), and partially reduced the accompanying 
rise in C16:0 content (fig. 5B) conferred by overexpression of Sct1p. Immunoblot analysis 
verified that the level of overexpression of Sct1p was not affected by deletion of ACB1 (fig. 
5C). Closer inspection of the fatty acid profiles (fig. 5B) reveals the shortening and increased 
unsaturation of the acyl chains characteristic of acb1 strains (Choi et al., 1996). Deletion of 
ACB1 was previously shown to be accompanied by a >5-fold activation of OLE1 transcrip-
tion [26, 28]. Therefore, the partial suppression of the Sct1p overexpression phenotype in  
acb1pct1 cells, i.e. under conditions where untagged Ole1p is expressed from its endog-
enous promoter, supports our conclusion that competition between Sct1p and Ole1p for 
C16:0-CoA determines cellular fatty acid saturation.

 Surprisingly, deletion of CST26/PSI1 fully suppressed the growth phenotype (fig. 5A, 
right panel) and the increase in fatty acid saturation (fig. 5B) induced by Sct1p overexpres-
sion. CST26 codes for a 46 kD protein with homology to acyltransferases (Neuwald, 1997) 
that has been localized to lipid particles [29] and is required for the incorporation of stearic 
acid (C18:0) into PI (Le Guedard et al., 2009). Interestingly, the cst26pct1 cells exhibited a 
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Figure 5. The growth phenotype and in-
creased C16:0 content induced by overex-
pression of Sct1p are suppressed by dele-
tion of the ACB1 and CST26 genes; Cst26p 
affects phosphorylation and expression of 
Sct1p.  (A) Serial dilutions of the indicated 
strains precultured in SD, were spotted on 
SGR plates and incubated at 30oC for 5 days. 
(B) Cells from the indicated strains cultured 
to mid-log phase in SGR  were analyzed for 
fatty acid contents by GC. The relative abun-
dance (mol%) of the 6 major fatty acids is 

shown with the error bars representing the SD for pct1 (n=5) and the variation for acb1pct1 
and cst26pct1 (n=2). (C) Western blot analysis of Sct1p-HA expressed from pYES2-SCT1-HH in 
the strains indicated. 

decrease in C18 content relative to the pct1 strain (fig. 5B). Western blot analysis of the level 
of overexpression of tagged Sct1p showed an at least 2-fold decrease in the total Sct1p-HA 
signal in cst26pct1 as compared to pct1 and sct1pct1 (fig. 5C, right panel). Moreover, the mi-
gration pattern of overexpressed Sct1p-HA in cst26pct1 cells differed from that in pct1 and 
sct1pct1 cells, with the upper band (apparent molecular weight 120 kDa) containing 85% 
of the total Sct1p-HA signal in cst26pct1 versus 55% in pct1 and sct1pct1, as determined 
by densitometry. Since the upper band was shown to correspond to the phosphorylated 
enzyme [15], these findings strongly suggest that phosphorylation inactivates Sct1p, and 
that Cst26p regulates (de)phosphorylation of Sct1p. The suppression of the Sct1p overex-
pression growth phenotype by deleting ACB1 or CST26, was reproduced in a wild type back-
ground (data not shown).

We conclude that deletion of CST26 fully suppresses the growth phenotype and in-

re
la
tiv

e 
ab

un
da

nc
e 

(%
)

fatty acid

pct1 pYES2
pct1 pYES2-SCT1
acb1pct1 pYES2
acb1pct1 pYES2-SCT1
cst26pct1 pYES2
cst26pct1 pYES2-SCT1

pct1
pYES2

acb1pct1 
pYES2-SCT1

acb1pct1 
pYES2

pct1 
pYES2-SCT1

pct1
pYES2

cst26pct1 
pYES2-SCT1

cst26pct1 
pYES2

pct1 
pYES2-SCT1

sc
t1

pc
t1

 

ac
b1

pc
t1

 

95
130

43

34

55
72

170

pc
t1

 

cs
t2

6p
ct

1 

95
130

43

34

55
72

170
Sct1p
-HA

Sec61p

A

B

C

0

20

40

60

14:0 14:1 16:0 16:1 18:0 18:1

sc
t1

pc
t1

 

cs
t2

6p
ct

1 

pYES2-SCT1-HH



Chapter 3

80

crease in C16:0 content conferred by overexpression of Sct1p, by a mechanism that most 
likely involves inactivation of Sct1p by increased phosphorylation and decreased expression. 

Phosphorylation of Sct1p is enhanced by the presence of C16:0 in the culture medium
The above results indicate that the level of 
expression and the phosphorylation state 
of Sct1p are potentially critical parameters 
in regulating fatty acid desaturation. To exa- 
mine whether yeast utilizes these regulatory 
mechanisms to control the activity of chro-
mosomally expressed Sct1p, we monitored 
the expression of chromosomally HIS6HA3-
tagged Sct1p under conditions known to 
influence fatty acid composition. Varying 
the growth temperature from 30 to 37⁰C, 
or the carbon source (glucose versus lac-
tate) [6] did not affect the expression level 
or phosphorylation state of Sct1p (fig. S3). 
A more straightforward way to alter the 
fatty acid composition is by supplementing 
fatty acids to the culture medium. A slow-
migrating band appeared upon addition of 
C16:0 to WT cells in YPD, and the intensity 
of the slow-migrating band increased two-
fold upon addition of C16:0 to pct1 cells in 
SD medium (fig. 6). In contrast, addition of 
C18:1 did not affect the migration pattern 
of Sct1p-HA. Densitometric analysis of the 
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Figure 6. The level of phosphorylation of Sct1p 
is enhanced by the presence of C16:0 in the 
culture medium. Wild type (BY4741 SCT1HH) 
cells were grown to mid-log phase in YPD con-
taining 1% (w/v) Brij35 with or without 0.5 mM 
C16:0 or 0.5 mM C18:1. pct1 SCT1HH cells were 
grown to mid-log phase in SD with 0.2% Brij35 
with or without 0.1 mM C16:0 or 0.1 mM C18:1. 
FA, fatty acid.

blots revealed that 10 and 30% of Sct1p-HA were phosphorylated in the WT and pct1 cells 
grown in the presence of C16:0, respectively, versus 0 and 15% with no added fatty acid or 
C18:1 present. 

Discussion

Based on the results presented, we propose a new mechanism for the control of fatty acid 
desaturation at the level of acyl chain incorporation into PA that is juxtaposed to the regu-
lation of Ole1p activity [6].  We propose that Sct1p shields C16:0-CoA and other saturated 
acyl-CoA’s from the introduction of a double bond by Ole1p by preferentially sequestering 
them into lipids (fig. 7). We furthermore propose that the competition for substrate with 
the desaturase Ole1p is determined by the activity of Sct1p, which in turn depends on the 
expression level and the phosphorylation state of the enzyme. In the following we will dis-
cuss the new competition model and the regulation of Sct1p activity by phosphorylation, in- 
cluding the role of Cst26p, the growth phenotype of Sct1p overexpression strains, the ef-
fects of SCT1 deletion and overexpression on lipid metabolism, and the implications of our 
findings for yeast and higher eukaryotes.
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A new paradigm for regulation of fatty acid desaturation involving competition between 
a desaturase and an acyltransferase
Although the competition for substrate between Sct1p and Ole1p primarily revolves around 
C16:0-CoA, the preferred substrate of Sct1p in vivo [14], our results indicate that also C18:0-
CoA and C14:0-CoA are subject to competition between Sct1p and Ole1p (fig. 2B and 4A). 
Overexpression of Ole1p caused an increase in average acyl chain length as was observed 
previously [30], suggesting that Ole1p promotes elongation to C18:0-CoA by efficient de-
saturation to C18:1-CoA. Consistently, a shortening of fatty acids was observed upon abla-
tion of unsaturated fatty acid synthesis [31]. Overexpression of Sct1p was found to decrease 
the average cellular fatty acid length, suggesting that Sct1p also competes for substrate with 
the fatty acid elongases that use C16:0-CoA as substrate, although it must be noted that the 
role of the fatty acid elongases in the synthesis of C18:0-CoA is not fully established [10]. Ac-
cording to the proposed mechanism, the substrate preferences and the enzyme activities of 
Sct1p, Ole1p and the fatty acid elongases determine the cellular fatty acid composition (fig. 
7). The influence of additional enzymes that consume large amounts of acyl-CoA, including 

C16:0-CoA

Fatty Acid Synthase

C18:0-CoA

C16:0-lysoPAC16:1-CoA

Ole1p

lipids
lipases

elongases

Sct1p

free 
fatty 
acid

acyl-CoA 
synthetases

Acyl-CoA

C18:1-CoA

Figure 7. Proposed mechanism for regulation of fatty acid desaturation by competition for C16:0-
CoA between Sct1p and Ole1p. C16:0-CoA synthesized by the fatty acid synthase is sequestered into 
lipids by Sct1p, and possibly other acyltransferases, decreasing desaturation (orange). Alternatively, 
Ole1p introduces a double bond, yielding C16:1-CoA and increasing desaturation (green).  The elon-
gases produce C18:0-CoA that can be incorporated into lipids by Sct1p or other acyltransferases or 
converted into C18:1-CoA by Ole1p. Free fatty acids originating from lipid degradation by lipases re-
cycle into the acyl-CoA pool after activation by acyl-CoA synthetases. To reduce complexity, elongation 
of acyl-CoA beyond C18 and metabolic fates of acyl-CoA’s other than incorporation into lipids were 
omitted in the cartoon.
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the other enzymes involved in PA synthesis, Gpt2p, Ale1p and Slc1p, remains to be investi-
gated. The fatty acid composition of the gpt2 deletion strain (fig. 2A) and its reported lack of 
substrate preference [14] suggests that Gpt2p is not a major player in regulating the degree 
of fatty acid desaturation. 

Phosphorylation of Sct1p inhibits its activity and is regulated by Cst26p
The finding that the activity of Sct1p is regulated by phosphorylation supports the concept 
of Sct1p as key regulator of fatty acid desaturation in yeast. The G3P acyltransferases Sct1p 
and Gpt2p were recently demonstrated to be phosphoproteins and phosphorylation was 
proposed to regulate their enzyme activity (Bratschi et al., 2009). The enhanced phosphory-
lation and concomitant virtual inactivation of Sct1p observed in the cst26 strain overex-
pressing SCT1 indicates that Sct1p is inactivated by phosphorylation. The decrease in expres-
sion level of overexpressed Sct1p in the cst26 background may be a consequence of degra-
dation of the phosphorylated enzyme. The functional significance of Sct1p phosphorylation 
in determining yeast fatty acid composition is evidenced by the increase in phosphorylation 
of chromosomally expressed Sct1p following exogenous addition of C16:0. Yeast has been 
shown previously to readily incorporate exogenous C16:0 in glycerolipids [32]. The modula-
tion of Sct1p phosphorylation could provide a feed-back mechanism by which yeast controls 
the incorporation of saturated acyl chains into its lipids.

A number of key enzymes in yeast lipid biosynthesis, including CTP synthase, PS syn-
thase and choline kinase, are regulated by phosphorylation involving protein kinases A and 
C [33]. Recently, the Mg2+-dependent PA phosphatase Pah1p was found to be inactivated by 
phosphorylation of an amphipathic helix that controls membrane translocation [34, 35]. The 
major lipase Tgl4p that mobilizes free fatty acids from TAG for the synthesis of PA is activated 
by the cyclin-dependent kinase Cdk1p/Cdc28p linking lipid synthesis to the cell cycle [36]. 
A genome-wide screen identified 16 kinases that use Sct1p as a substrate in vitro including 
the cyclin-dependent kinase Pho85p and the p21-activated kinase Ste20p (Ptacek et al., 
2005). Ste20p has previously been linked to lipid metabolism, as it downregulates sterol 
uptake [37], and binds to and is activated by PA [38]. Therefore, it is tempting to hypothesize 
that Ste20p phosphorylates and deactivates Sct1p as PA levels rise, which would implicate 
Ste20p in the regulation of fatty acid desaturation in addition to its role in sterol homeosta-
sis. Future research should identify the kinase(s) and phosphatase(s) acting on Sct1p and 
elucidate how its regulation by phosphorylation interfaces with other regulatory cascades.     

Remarkably, Cst26p was found to be required for maintaining the dephosphorylat-
ed, active state of Sct1p under conditions of Sct1p overexpression. Cst26p/Psi1p was only 
recently identified as an acyl-CoA dependent acyltransferase involved in the acyl chain 
remodeling of PI, incorporating C18:0 at the sn-1 position [39]. The decreased cellular C18 
content in cst26pct1 (fig. 5B) is consistent with the loss of C18:0-CoA consumption by Cst26p 
reducing the activity of the elongases by a decrease in the substrate-to-product ratio. The 
inactivation of overexpressed Sct1p upon deletion of CST26 could reflect a feedback mecha-
nism to decrease the cellular content of saturated fatty acids when their incorporation into 
PI is impaired. Cst26p may inhibit the kinase or activate the phosphatase acting on Sct1p via 
its impact on the molecular species profile of PI or downstream phosphoinositides. Alterna-
tively Cst26p may be a dual function protein with independent roles in PI metabolism and in 
the regulation of Sct1p activity.  
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Growth defect and adaptation of membrane lipid composition 
The extent of the decrease in fatty acid desaturation correlates with the severity of the re-
duction of growth in the co-overexpression experiment (fig. 4), indicating that the increased 
acyl chain saturation plays a pivotal role in the growth defect conferred by Sct1p overex-
pression. The dramatic increase in fatty acyl chain saturation probably reduces membrane 
fluidity, impairing membrane processes. The growth phenotype and the increase in fatty 
acid saturation observed in liquid culture (fig. 2) resemble the effects of switching-off fatty 
acid desaturation by inactivating heme synthesis [31], a condition inducing ER stress [40].

Overexpression of Sct1p results in increased synthesis of PA and a consequent overall 
increase in cellular lipid content. In contrast to deletion of SCT1, overexpression does not 
affect the relative rates of synthesis of TAG versus sterolesters in the neutral lipid fraction 
[25]. Among the glycerophospholipids the synthesis of PI increases at the expense of PE. The 
PI synthase Pis1p may have a preference for C16:0-containing CDP-DAG and hence convert 
more CDP-DAG into PI upon Sct1p overexpression. Alternatively, the increase in PA synthesis 
due to Sct1p overexpression may derepress the UASINO genes, enhancing the production of 
inositol that in turn promotes the synthesis of PI at the expense of PS, the biosynthetic pre-
cursor of PE [41, 42]. Irrespective of the mechanism involved, lowering the PE content con-
tributes to maintaining membrane fluidity when yeast faces a rise in saturated acyl chains, 
as the smaller dimensions of the PE headgroup allow tighter packing of acyl chains than the 
headgroups of other phospholipids [43]. Cells overexpressing Sct1p not only reduce their PE 
content, but also seem to protect PE from the excess of C16:0, as the change in saturation 
is smaller in PE than in the other major phospholipids. The rise in PI/PE ratio in response to 
increased saturation is fully consistent with the finding that overexpression of PI synthase 
suppresses the growth defect conferred by a mutation in the RSP5 gene impairing fatty acid 
desaturation [44].  

It is worth noting that the increase of C16:0 in PE reduces its non-bilayer propensity 
[45, 46]. As a consequence, overexpression of Sct1p renders PE more suitable as a bilayer 
forming lipid, which may account for the discovery of the SCT1 gene as a multicopy suppres-
sor of a mutant defective in PC synthesis [13]. The increase in fatty acid saturation probably 
allowed PE to substitute for PC and rescue cell growth. This is to our knowledge the first time 
that these results receive an adequate explanation.

PC is the preferred phospholipid for accommodating C16:0 upon overexpression of 
Sct1p in the pct1 deletion background. In the absence of an active CDP-choline route, PC 
acquires C16:0 acyl chains from its precursor PE and by acyl chain remodeling (fig. 1B and 
chapter 4, fig. 3A, lower panel). Compared to the methylation of PE, the CDP-choline route 
more readily incorporates C16:0 into PC [12]. The latter property may account for the con-
nection between turnover of PC through the CDP-choline route and Sct1p activity reported 
previously. Deletion of SCT1 was shown to result in a 10-fold decrease in the turnover of 
PC through the CDP-choline route, whereas deletion of GPT2 caused a 5-fold increase in 
turnover of PC through the CDP-choline route [25]. Our observation that the extent of phos-
phorylation of chromosomally expressed Sct1p is higher in pct1 than in wild type cells (fig. 
6) may reflect this connection. Taken together, these findings substantiate the incorporation 
of C16:0 into PC as an adaptation to changes in fatty acid composition and assign PC a func-
tion as reservoir of C16:0.  Interestingly, mutants disturbed in the synthesis of TAG become 
sensitive to exogenous C16:0 when the PE methylation pathway is inactivated [54].  
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Regulation of fatty acid desaturation in mammalian cells may involve a glycerol-3-phos-
phate acyltransferase 
Mammalian cells harbor 4 glycerol-3-phosphate acyltransferase (GPAT) isoenzymes, mito-
chondrial GPAT1 and GPAT2 and microsomal GPAT3 and GPAT4, which contain the same 
active site motifs as their yeast functional homologues [23, 47]. GPAT1 seems to have a 
specificity for C16:0-CoA similar to that of Sct1p [48], whereas the other GPATs do not show 
pronounced substrate preferences. Interestingly, GPAT1-deficient mice display a reduced 
stearoyl-CoA desaturase 1 (SCD1) expression [49] and overexpression of GPAT1 in mice spe-
cifically induces expression of SCD1 by an unknown mechanism not secondary to increased 
de novo lipogenesis [50]. These observations are consistent with regulation of SCD1 in  
response to changes in fatty acid saturation conferred by GPAT1, and hint at a mechanism 
of competition for substrate between GPAT1 and SCD1 similar to that between Sct1p and 
Ole1p in yeast. Disturbances in the expression level and function of GPAT1 and SCD1 and 
the resulting variation in fatty acid desaturation have been implicated in apoptosis, insulin 
resistance and obesity, stressing the importance of a proper balance between saturated and 
unsaturated fatty acids [2, 51-53]. The present study provides evidence that the activity of a 
G3P acyltransferase is a novel parameter in maintaining this balance.
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Supplemental Information

Supplemental experimental procedures

Strains and culture conditions
The yeast strains listed in Table S1 were maintained on YPD agar plates (1% yeast extract, 
2% bactopeptone, and 2% glucose). Strains harboring the pYES2 and/or pESC-HIS plasmids 
were obtained using the high-efficiency transformation protocol [1] and maintained on 
plates containing synthetic glucose medium (SD) lacking uracil and/or histidine, respectively. 
Synthetic medium contained per liter: 6.7 g of yeast nitrogen base without amino acids 
(Difco), 20 mg of adenine, 20 mg of arginine, 20 mg of histidine, 60 mg of leucine, 230 mg of 
lysine, 20 mg of methionine, 300 mg of threonine, 20 mg of tryptophan, 40 mg of uracil, and 
either 20 g of glucose (SD) or 22 ml of 90% (v/v) lactic acid and 1 g of glucose, adjusted to pH 
5.5 using KOH (synthetic lactate medium, SL ). Strains were cultured aerobically at 30°C in 
semi-synthetic lactate medium (SSL, [2]) or in SL. Strains containing the pYES2 and/or pESC-
HIS plasmids were cultured in SD without uracil and/or histidine, respectively, for 24 h, then 
shifted to synthetic galactose-raffinose (SGR) medium at OD 0,02 containing 1% raffinose 
and 2% galactose to induce the GAL1 promoter and cultured for another 24 h. Growth was 
monitored by measuring the OD at 600 nm on a single beam spectrophotometer (Pharmacia 
Biotech Novaspec II). Cells were harvested at mid-logarithmic growth phase (OD600 between 
0.3 and 0.7).

Growth phenotypes were analyzed by culturing cells to mid-log phase in SD, washing 
them twice with water, and spotting 15 µl of cell suspension serially diluted to OD600 values 
of 10-1, 10-2, 10-3, 10-4, and 10-5 onto agar plates containing SGR. Plates were incubated at 
30°C for 2 to 5 days as indicated.

To compare Sct1p expression patterns in the presence and absence of exogenous fatty 
acids, cells were cultured for 16h in YPD or SD and then transferred to YPD containing 1% 
(w/v) Brij35 with or without 0.5 mM C16:0 or 0.5 mM C18:1, or to SD containing 0.2% Brij35 
with or without 0.1 mM C16:0 or 0.1 mM C18:1 at OD600 0.002. Cells were grown for another 
24h, harvested at mid-logarithmic growth phase and subjected to western blotting as de-
scribed below.  

Molecular Biology
The PCT1 gene was deleted in the strains BY4741, sct1, gpt2, acb1 and cst26 (Table S1) to 
yield the corresponding knockout strains by LEU2 insertion in PCR-mediated gene disruption 
using primers PCT1-LEU2-1 and -2 (Table S2) as previously described [3]. 
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Chromosomal SCT1 was tagged with a His6HA3 epitope by amplification of the 6His-
3HA-loxP-KanMX-loxP cassette from the pU6H3HA plasmid [4] with primers SCT1-HH-1 and 
-2 (Table S2) and subsequent insertion in the BY4741 and pct1 strains (Table S1). 

The pYES2 (Invitrogen) and pESC-HIS (Stratagene) vectors were used to construct galac-
tose-inducible overexpression vectors in which the expression of His6HA3-tagged Sct1p and 
Myc-tagged Ole1p was under control of the GAL1 promoter (Table S1). The pYES2-SCT1-HH 
overexpression vector was constructed by amplification of SCT1-6His-3HA from pct1 SCT1-
HH chromosomal DNA using primers pYES-SCT1-1 and -2 (Table S2), and insertion of the 
amplified fragment into the BamHI and XhoI restriction sites of pYES2 (Table S1). The pESC-
OLE1 vector was constructed by amplification of OLE1 from BY4741 chromosomal DNA with 
primers pESC-OLE1-1 and -2 and insertion of the amplified fragment into the ApaI restriction 
site of pESC-HIS plasmid (Stratagene)

An inactive version of His6HA3-tagged Sct1p was obtained by introducing a mutation 
of Gly to Leu in the active site (Table S2) [5, 6]. Site-directed mutagenesis was performed 
using a QuickChange Site-Directed Mutagenesis Kit (Stratagene) with the pYES2-SCT1-HISHA 
plasmid and primers SCT1-G253L-1 and -2 to construct the pYES2-SCT1[G253L]-HISHA vec-
tor [5].

Correct integration of PCR-amplified fragments in the genome was verified by PCR. Cor-
rect amplification of the genes inserted in the vectors was verified by DNA sequencing.

Analysis of lipid composition by TLC
Steady-state phospholipid and neutral lipid composition was analyzed by TLC [7, 8] using lip-
id extracts corresponding to 300 nmol phospholipid-phosphorus. Spots were visualized with 
I2 vapour, and phospholipid containing spots were scraped off.  The amount of inorganic
phosphorus in TLC spots was measured according to Rouser et al. (1970) after destruction in 
70% perchloric acid for 3h at 180oC.

Western blotting
Logarithmically growing cells were harvested, washed, resuspended in 0.1 M NaOH and in-
cubated at room temperature for 5 min, pelleted, resuspended in SDS-PAGE sample buffer 
containing 4% β-mercaptoethanol and incubated for 4 min at 95°C [9]. Samples correspon- 
ding to 10 µg of protein (as determined by the Pierce BCA protein assay kit using Pierce YPER 
as detergent and BSA as a standard) were analyzed by 10% SDS-PAGE followed by Western  
blotting with antibodies against HA (mouse anti-HA 12CA5, Roche Diagnostics), Myc (mouse 
anti c-Myc IgG 9E10, sc-40, Santa Cruz Biotechnology) and Sec61p (kind gift from dr. R. 
Schekman, UC Berkeley) using horseradish peroxidase-conjugated secondary antibodies, 
followed by detection with SuperSignal West Pico Chemiluminescent Substrate (Pierce). 
Densitometry was performed using the ImageJ software (http://rsbweb.nih.gov/ij/)
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Supplemental Tables

Table S1: Yeast strains and plasmids used in this study 

Strain/plasmid Genotype Source

BY4741 MATa  his3Δ1  leu2Δ0  met15Δ0  ura3Δ0 Euroscarf
sct1 Isogenic to BY4741 except sct1::kanMX4 Euroscarf
gpt2 Isogenic to BY4741 except gpt2::kanMX4 Euroscarf
acb1 Isogenic to BY4741 except acb1::kanMX4 Euroscarf
cst26 Isogenic to BY4741 except cst26::kanMX4 Euroscarf
pct1 Isogenic to BY4741 except pct1::LEU2 This study
sct1pct1 Isogenic to BY4741 except pct1::LEU2 sct1::kanMX4 This study
gpt2pct1 Isogenic to BY4741 except gpt2::kanMX4 pct1::LEU2 This study
acb1pct1 Isogenic to BY4741 except acb1::kanMX4 pct1::LEU2 This study
cst26pct1 Isogenic to BY4741 except cst26::kanMX4 pct1::LEU2 This study
BY4741 SCT1-HH Isogenic to BY4741 except SCT1-6His-3HA-loxP-KanMX-loxP This study
pct1 SCT1-HH Isogenic to BY4741 SCT1-HH except pct1::LEU2 This study

pYES2 High copy vector containing the GAL1 promoter and the 
URA3 gene Invitrogen

pYES2-SCT1 pYES2 containing the SCT1 gene [10] 

pYES2-SCT1-HH pYES2 containing the SCT1  gene with a C-terminal His6-
HA3 tag This study

pYES2-SCT1[G253L]
HH

pYES2 containing the SCT1 gene with a C-terminal His6-HA3 
tag and a Gly to Leu mutation at amino acid 253 This study

pESC-HIS High copy vector containing GAL1 and GAL10 promoters 
and the HIS3 gene Stratagene

pESC-OLE1 pESC-HIS containing the OLE1 gene with a C-terminal Myc 
tag behind the GAL1 promoter This study
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Table S2: Primers used in this study
Primer Sequence

PCT1-LEU2-1 

PCT1-LEU2-2

5’GCATACGCCAGTCACTTTTCTTTATTGTATTGTTTAACTTCGTAAGATGCAAGAGTTC 
GA3’ (1) 

5’GGTTGGTTGAAGGGAGAGAGAAAGAGACGCACAGAGATTCCCTCCTCCTTGT 
CAATATTA3’ (1)

SCT1-HH-1

SCT1-HH -2    

5’GAAGAAGAGGAAGAAGAAGAAGAAGGGAAAGAAGGAGATGCGTCCCACCACCAT 
CATCATCAC3’ (1)

5’GATTTAGTTTCTAGTATCTTCACCGTCAGTAAATGGCAT ACTATAGGGAGACCGGCA 
GATC3’ (1)

pYES-SCT1-1 

pYES-SCT1-2

5’GCGTCTCGGATCCATGCCTGCACCAAAACTCACGG3’(2) 

5’GCGTCTCCTCGAGTCGACTCATTAAGCGTAGTCTG3’ (2)
pESC-OLE1-1 

pESC-OLE1-2

5’GGGCCCATGCCAACTTCTGGAAC3’ (2)

5’GGGCCCACAAAGAACTTACCAGTTTCG3’ (2)
SCT1-G253L-1 

SCT1-G253L-2

5’GGGATCTTTCCTGAACTTGGATCCCACGACAGAAC3’ (3) 

5’GTTCTGTCGTGGGATCCAAGTTCAGGAAAGATCCC3’ (3)

(1) Underlined sequences correspond to nucleotides upstream and downstream (reverse 
complementary) of the PCT1 and SCT1 gene.
(2) Underlined sequences correspond to beginning and ending (reverse complementary) sequences of 
the SCT1-HISHA and the OLE1 gene.
(3) Bases in bold italics correspond to changes in the sequence to introduce a point mutation and a 
BamHI site.
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Supplemental Figures
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Figure S1. The effect of Sct1p overexpression on phospholipid and neutral lipid composition (A, B), 
and the effect of deleting SCT1 on the synthesis of neutral lipids (C).  sct1pct1 pYES2 and pYES2-SCT1 
cells were grown to mid-log phase in SGR. Lipids were extracted and analyzed by TLC. (A) The relative 
abundance of glycerophospholipids as % of total phospholipid phosphorus was determined by phos-
phorus determination; the error bars represent the variation (n=2). (B) TLC plate showing the neutral 
lipid composition of sct1pct1 cells overexpressing Sct1p vs. the empty vector control; Ori, origin; PL, 
phospholipid; ST, sterol; DAG, diacylglycerol; FA, fatty acid; STE, steryl ester. (C) pct1 and sct1pct1 cells 
were grown to midlog phase in SL, incubated with [14C]-acetate for 1 h and subjected to lipid extrac-
tion. Lipid extracts were analyzed by TLC, and lipids quantified by phosphor imaging as detailed in 
Materials and methods. The incorporation of [14C]-acetate in neutral lipids is shown as percentage of 
the total incorporation in the respective pools. 
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Figure S2. The effect of Sct1p overexpression on the molecular species profiles of the four major 
glycerophospholipids. Total lipid extracts of sct1pct1 pYES2 and pYES2-SCT1 cells grown to mid-log 
phase in SGR, were analyzed by ESI-MS/MS for PC (parent ion scans for m/z 184 in the positive ion 
mode), PS (neutral loss scans for m/z 87 in the negative ion mode), PE (neutral loss scans for m/z 141 in 
the positive ion mode), and PI (parent ion scans for m/z 241 in the negative ion mode). (A) ESI-MS/MS 
spectra of PC with the highest peak set at 100%. (B) Molecular species composition of the phospho-
lipid classes indicated, expressed as relative signal intensity (percentage of the total signal intensity), 
which corresponds to the relative abundance of the molecular species for PC; error bars represent the 
variation (n=2).
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Abstract

Phosphatidylcholine (PC) is the major membrane glycerophospholipid in most eukaryotes. 
In the yeast S. cerevisiae, the molecular species profile of PC is determined by the molecular 
species-selectivity of the biosynthesis routes and by acyl chain remodeling. Overexpression 
of the glycerol-3-phosphate acyltransferase Sct1p was previously shown to induce a strong 
increase in the cellular content of palmitate (C16:0) that is incorporated in all major glycero-
phospholipids (chapter 3). Using stable isotope labeling, the present study shows that wild 
type yeast incorporates excess C16:0 into PC via the methylation of phosphatidylethanol-
amine (PE), the CDP-choline route, and post-synthetic acyl chain exchange. Overexpression 
of Sct1p in a pct1 background greatly increased the extent of remodeling, and presents a 
unique tool to perform mechanistic studies on PC acyl chain exchange. Yeast strains lacking 
the PCT1 gene were used to preclude the contribution of synthesis and turnover via the 
CDP-choline pathway to the PC species profile. The exchange of acyl chains occurs at both 
the sn-1 and sn-2 positions of the glycerol backbone of PC, and requires the phospholipase 
B Plb1p for optimal efficiency, implicating glycerophosphocholine (GPC) as intermediate. In 
contrast, Sct1p, the acyl-CoA binding protein Acb1p, the Plb1p homologue Plb2p, and the 
glycerophospholipid:triacylglycerol transacylase Lro1p are not required for PC remodeling. 
The results indicate that remodeling occurs via similar mechanisms in the overexpression 
and the empty vector control strain. We propose that PC is continously de- and reacylated, 
with the extent of acyl chain remodeling depending on the difference in acyl chain composi-
tion between de novo synthesized PC and the ambient composition of acyl chains available 
for exchange. 

Introduction

Glycerophospholipid remodeling by acyl chain exchange was first described in mammalian 
cells in 1960 by W.E. Lands [1], who discovered that lysophosphatidylcholine formed by the 
action of a phospholipase A2 can be reacylated by an acyltransferase in an acyl-CoA depen-
dent reaction. This two-step process of acyl chain exchange, dubbed ‘the Lands’ cycle’, was 
presented as a possible mechanism for fine-tuning the phosphatidylcholine species profile 
to modify the thickness and fluidity of cellular membranes [2]. A similar process was shown 
to occur in yeast, where exogenously administered fatty acids are incorporated into glycero- 
phospholipids via phospholipase A-dependent acyl chain exchange [3]. Acyltransferases 
with varying specificities for acyl-CoAs and lysophospholipids have recently been cloned 
and assigned functions in several cellular processes [4]. Alternatively, the acyl transfer in 
glycerophospholipid remodeling occurs independently of acyl-CoA by transacylases that 
shuttle fatty acids between glycerolipids [5-8]. Physiological functions of acyl chain re- 
modeling include adaptation of membrane lipid composition to maintain membrane fluidity 
at the ambient temperature in poikilothermic organisms [9], regulation of free fatty acid 
content [7], in particular levels of fatty acids involved in lipid signaling [10], the generation 
of disaturated glycerophospholipid species in pulmonary surfactant required to establish 
the correct surface pressure for breathing [11], and the synthesis of cardiolipin molecular 
species required for proper mitochondrial functioning [12]. It was recently shown that the 
incorporation of newly synthesized fatty acids into glycerophospholipids in plants primarily 
proceeds through acyl chain exchange, rather than by de novo synthesis of phosphatidic 
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acid (PA) [13, 14]. 
Our research has focused on the mechanism, the enzymes involved and the function of 

acyl chain remodeling of PC in the model eukaryote S.cerevisiae. Phosphatidylcholine (PC) 
is the most abundant glycerophospholipid in most eukaryotic membranes. Its cylindrical 
molecular shape renders PC ideally suited for bilayer formati on [15] and its acyl chain com-olecular shape renders PC ideally suited for bilayer formati on [15] and its acyl chain com-shape renders PC ideally suited for bilayer formation [15] and its acyl chain com-
position is crucial for membrane properties like fluidity and thickness. Baker’s yeast’s short 
life cycle and accessible molecular biology make it very suitable for genetic and biochemi-
cal research. In addition, yeast lacks ether lipids and sphingomyelin, and  has a simple fatty 
acid profile compared to higher eukaryotes, as it contains mostly 16 or 18 carbon atom acyl 
chains with either one or no double bond [3], facilitating research on acyl chain remodeling 
of PC.

PC biosynthesis in yeast, as in higher eukaryotes, occurs via the triple methylation of 
PE or via the CDP-choline pathway (Fig. 1) [16]. The CDP-choline pathway only contributes 
to net PC biosynthesis when choline is supplied exogenously. In the absence of exogenous 
choline, net production of PC relies on the methylation of PE, while the CDP-choline path-
way serves to recycle choline from PC turnover catalyzed by the phospholipase D Spo14p 
[17], or by the combined action of the phospholipase B Plb1p [18] or Nte1p [19, 20] and the 
phosphodiesterase Gde1p [20, 21] (Fig. 1). 

PE PC

CDP-choline
pathway

Spo14p

lysoPC

choline

PA

PE methylation
GPC

Gde1p

Plb1p/Nte1p
PLA

acyltransferase

DAG

Cho2p, Opi3p

Cki1p

Pct1p

Cpt1p

Ale1p

G-P

PLB

Acyl chain
remodeling*

Figure 1. Metabolism of PC in yeast. PC biosynthesis in yeast occurs via triple methylation of PE cata-
lyzed by Cho2p and Opi3p, or via the CDP-choline pathway involving Cki1p, Pct1p and Cpt1p. Turnover 
of PC to choline is mediated by Spo14p or the concerted action of Plb1p/Nte1p and Gde1p. Acyl 
chain remodeling of PC may proceed by deacylation to lysoPC or GPC by Plb1p, Nte1p, or other phos-
pholipases A and/or B, and subsequent reacylation by acyltransferases. Ale1p transfers acyl chains 
to the sn-2 position of 1-acyl lysoPC. *Alternatively, the de- and reacylation reactions in acyl chain 
remodeling can be catalyzed by transacylases.  
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Phosphatidylcholine acquires its molecular species profile, i.e. its specific composition 
of acyl chains, by the molecular species-selectivity of the biosynthesis routes and by post-
synthetic acyl chain exchange [22]. Using pulse-labeling with stable isotope-labeled lipid 
precursors and subsequent analysis by electrospray ionization tandem mass spectrometry 
(ESI-MS/MS), Boumann et al. showed that the PE methylation route primarily generates di-
unsaturated PC, whereas the CDP-choline route produces a more diverse PC species profile 
[22]. Remodeling by acyl chain exchange at the sn-1 position of the glycerol backbone was 
required to generate the steady state PC species profile. PC remodeling was investigated in 
strains deleted for the PCT1 gene to render the CDP-choline pathway inactive. These strains 
only synthesize PC through PE methylation, and require acyl chain remodeling for attaining 
the steady state PC species profile [22]. PC remodeling in yeast may involve exchange of one 
or both acyl chains (Fig. 1), as it was recently demonstrated that glycerophosphocholine 
(GPC) can be reacylated to PC [23]. The enzyme(s) responsible for the acyl transfer to the 
sn-1 position of GPC remain(s) to be identified. The broad specificity acyl-CoA dependent 
acyltransferase Ale1p catalyzes acyl transfer to the sn-2 position of 1-acyl lysoPC [24-28] .

In a screen designed to identify the phospholipases, acyltransferases and/or trans- 
acylases required for acyl chain exchange of PC (Fig. 1), we found that deletion of the SCT1 
(GAT2) gene coding for a glycerol-3-phosphate acyltransferase, impaired PC remodeling 
(chapter 3). The reduction of the extent of PC remodeling was attributed to the change 
in cellular fatty acid composition induced by SCT1 deletion, in particular the almost 50% 
decrease of the C16:0 content. Here Sct1p is shown not to be required for PC remodeling. 
Overexpression of Sct1p caused a dramatic increase in the cellular content of C16:0 that 
was reflected in the molecular species composition of all major phospholipid classes. In the 
present study, we investigated how the surplus C16:0 produced upon Sct1p overexpression 
is incorporated into PC. Under conditions of SCT1 overexpression a strong enhancement 
of the extent of PC remodeling by acyl chain exchange was observed. Taking advantage 
of the more sensitive read-out of PC remodeling provided by strains overexpressing SCT1, 
we examined the contributions of acyl chain exchange at the sn-1 and sn-2 position, and 
the involvement in PC remodeling of a number of candidate genes that previously have 
been implicated in PC metabolism. Plb1p, an enzyme with phospholipase B activity [18], is 
shown to be essential for efficient remodeling of PC. The other candidates tested, the acyl-
CoA binding protein Acb1p, the phospholipase B Plb2p, and the phospholipid:triacylglycerol 
transacylase Lro1p are not required for PC remodeling.

Experimental procedures

Strains and culture conditions
The strains and plasmids used in this study have been listed in Table 1. Single deletion strains 
were obtained from Euroscarf, and the PCT1 gene was deleted by PCR-mediated gene dis-
ruption as described previously (chapter 2). Strains were maintained on YPD agar plates (1% 
yeast extract, 2% bactopeptone, and 2% glucose). Strains harboring the pYES2 or derived 
pYES2-SCT1 plasmid [29] were obtained by a high-efficiency transformation protocol [30] 
and maintained on agar plates containing synthetic glucose medium (SD) lacking uracil. Syn-
thetic medium contained per liter: 6.7 g of yeast nitrogen base without amino acids (Difco), 
20 mg of adenine, 20 mg of arginine, 20 mg of histidine, 60 mg of leucine, 230 mg of lysine, 20 
mg of methionine, 300 mg of threonine, 20 mg of tryptophan, 40 mg of uracil, and either 20 
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Table 1. Yeast strains and plasmids used in this study 

Strain/plasmid Genotype Source

BY4741 (WT) MATa  his3Δ1  leu2Δ0  met15Δ0  ura3Δ0 Euroscarf

pct1 isogenic to BY4741 except pct1::LEU2 Chapter 3

sct1pct1 isogenic to BY4741 except pct1::LEU2 sct1::kanMX4 Chapter 3

acb1pct1 isogenic to BY4741 except acb1::kanMX4 pct1::LEU2 Chapter 3

plb1 isogenic to BY4741 except plb1::kanMX4 Euroscarf

plb2 isogenic to BY4741 except plb2::kanMX4 Euroscarf

lro1 isogenic to BY4741 except lro1::kanMX4 Euroscarf

plb1pct1 isogenic to BY4741 except plb1::kanMX4 pct1::LEU2 This study

plb2pct1 isogenic to BY4741 except plb2::kanMX4 pct1::LEU2 This study

lro1pct1 isogenic to BY4741 except lro1::kanMX4 pct1::LEU2 This study

pYES2 High copy vector containing the GAL1 promoter and the 
URA3 gene 

Invitrogen

pYES2-SCT1 pYES2 containing the SCT1 gene [58]

g of glucose (SD) or 22 ml of 90% (v/v) lactic acid and 1 g of glucose, adjusted to pH 5.5 using 
KOH (synthetic lactate medium, SL). Strains were routinely cultured aerobically at 30°C in SL. 
Strains containing the pYES2 or pYES2-SCT1 plasmids were cultured in SD without uracil for 
24 h, then shifted to synthetic galactose-raffinose (SGR) medium containing 0.05% glucose, 
1% raffinose and 2% galactose to induce the GAL1 promoter, and cultured for another 24 h. 
Growth was monitored by measuring the OD at 600 nm on a single beam spectrophotom-
eter (Pharmacia Biotech Novaspec II). Cells were harvested at mid-logarithmic growth phase 
(OD600 between 0.3 and 0.7). 

Growth phenotypes were analyzed by culturing cells to mid-log phase in SD, washing 
them twice with water, and spotting 15 µl of cell suspension serially diluted to OD600 values 
of 10-1, 10-2, 10-3, 10-4, and 10-5 onto agar plates containing SGR. Plates were incubated at 
30°C for 3 days.

Deuterium labeling, pulse-chase experiments and lipid extraction
Cells grown to mid-log phase in SL or SGR medium were collected by filtration, washed with 
the corresponding amino-acid free medium, and resuspended at OD600 0.3-0.5 in 300 mL 
of the corresponding medium supplemented with 120 mg/L (0.26 mM) (methyl-D3)-methi-
onine (Cambridge Isotope Laboratories) instead of 20 mg/l methionine. After 10 minutes, 
cells were collected by filtration, washed with amino acid free SL or SGR, transferred to 250 
mL SL or SGR medium supplemented with 300 mg/L L-methionine within 3 minutes, and 
incubation at 30oC was continued. At various time points, 50 mL aliquots of cell culture were 
collected, inactivated by adding KCN, NaF, and NaN3 at 15 mM each, and stored on ice until 
further processing. All media used for washing and resuspension were at 30oC. Wild type 
cells were also pulsed for 10 min with 0.3 mM D13-choline (Cambridge Isotope Laboratories) 
in SGR medium.  

Yeast cells corresponding to ~30 OD600 were homogenized by vortexing in the presence 
of glass beads [22], and subjected to lipid extraction [31]. Total lipid extracts were analyzed 
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for phospholipid-phosphorus content [32], and analyzed by mass spectrometry, treated 
with phospholipase A2, or analyzed for fatty acid content.

Treatment of lipid samples with phospholipase A2 
To analyze the acyl chains esterified at the sn-1 position of PC, dried total lipid extracts cor-
responding to 200 nmol of phospholipid-phosphorus were hydrated in 600 µL 10 mM Tris-
HCl pH 8.0, 1.0 mM CaCl2, and 10 units of bee venom phospholipase A2 (Sigma) were added. 
After incubation for 30 min at 37 °C, which allowed complete hydrolysis of endogenous PC, 
as judged by the disappearance of the PC signal from the mass spectra, 5 mL of chloroform/
methanol (2:1 v/v) and 1 ml 2-propanol was added. The solvents were evaporated under a 
flow of nitrogen in a water bath at 60oC prior to analysis by mass spectrometry.

Lipid analysis by mass spectrometry
Total lipid extracts, including those treated with phospholipase A2, were dissolved in 200 
µl chloroform:methanol 1:1 (v/v) containing 10 mM ammonium acetate and analyzed in 
electrospray ionization tandem mass spectrometry (ESI-MS/MS) scans on an API3000 tri-
ple quadrupole instrument (Applied Biosystems). Samples were injected at a constant flow 
rate of 3 µl/min by a Harvard Apparatus Pump 11 using a Hamilton Gastight 1710 syringe 
(Reno, NE). Detection of PC, (methyl-D3)3-PC and (D13-choline)-PC was performed in parent 
ion scans for m/z 184, 193 and 197, respectively, in the positive ion mode. PE was detected 
in neutral loss scans for m/z 141 in the positive ion mode, phosphatidylinositol (PI) in parent 
ion scans for m/z 241 in the negative ion mode, and phosphatidylserine (PS) in neutral loss 
scans for m/z 87 in the negative ion mode. LysoPC obtained by phospholipase A2 treatment 
and endogenous lysoPC were detected using the settings for PC analysis. Other settings 
were as previously described [33]. Signal intensities were quantified using Analyst software 
(Applied Biosystems/MDS Sciex), taking into account the three most abundant [M+H]+ iso-
topic signals. An equimolar mixture of relevant PC molecular species (Avanti Polar Lipids) 
indicated that the signal intensities reflect the relative abundance of the PC molecular spe-
cies under the conditions used. 

Calculation of the acyl chains esterified at the sn-2 position of PC
The profile of acyl chains esterified at the sn-2 position of PC in the pct1 pYES2-SCT1 strain 
was estimated by subtracting the relative abundances of the sn-1 acyl chains determined as 
above from the calculated total acyl chain composition of PC. The latter was based on the 
PC molecular species profiles obtained with ESI-MS/MS, and the following assumptions: 
100% of the 28:1-PC molecules contain a C14:1 and an C14:0 acyl chain, 100% of  the 28:0-
PC molecules contain 2 C14:0 acyl chains, 75% of the 30:1-PC molecules contain a C16:0 
and a C14:1 acyl chain and 25% contain a C16:1 and a C14:0 acyl chain, 100% of the 32:2-
PC molecules contain 2 C16:1 acyl chains, 100% of the 32:1-PC molecules contain a C16:1 
and a C16:0 acyl chain, 100% of 32:0-PC molecules contain a C16:0 and a C16:0 acyl chain 
100%, 100% of 34:2-PC molecules contain a C18:1 and a C16:1 acyl chain, 90% of 34:1-PC 
molecules contain a C16:0 and a C18:1 acyl chain and 10% contain a C16:1 and a C18:0 acyl 
chain, 100% of 34:0-PC molecules contain a C18:0 and a C16:0 acyl chain, 100% of 36:2-PC 
molecules contain 2 C18:1 acyl chains, and 100% of 36:1-PC molecules contain a C18:1 and 
a C18:0 acyl chain. The percentages were chosen based on the total cellular fatty acyl chain 
content (chapter 3), and on the prevalence of acyl chain combinations in the molecular spe-
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cies profile of PC measured in yeast cultured under similar conditions [34]. The percentages 
of 30:1-PC and 34:1-PC were adjusted to minimize/avoid negative values for the abundance 
of C16:0 and C18:0 esterified at the sn-2 position of (methyl-D3)3-PC after the 10 min pulse 
with (methyl-D3)-methionine. 

Fatty acid analysis
Yeast total lipid extracts corresponding to 1 µmol of phospholipid phosphorus were pre-
pared as above, and transesterified by heating at 70°C for 2 h in 2.5% (v/v) H2SO4 in metha-
nol. The resulting fatty acid methylesters were extracted in hexane and separated on a Trace 
GC ultra gas chromatograph (Interscience) fitted with a Restek Stabilwax column, using a 
temperature gradient from 170°C to 210°C. Signal intensities were calibrated using a fatty 
acid methylester standard (Nu-Chek-Prep, Elysian, MN).

Results

Both biosynthesis routes contribute to the increased saturation of PC upon overexpression 
of Sct1p 
Overexpression of Sct1p from the GAL1 promoter in wild type cells (Fig. 2, lower panel) in-
creased the levels of the mono-unsaturated molecular species 32:1 PC (containing a C16:1 
and a C16:0 acyl chain) and 34:1 PC (containing either C18:1 and C16:0 or C16:1 and C18:0 
acyl chains) at the expense of  the di-unsaturated species 32:2 PC (C16:1 and C16:1) and 
34:2 PC (C16:1 and C18:1), that were detected as most abundant PC molecular species in 
the empty vector control (Fig. 2, upper panel), in agreement with previous results (chapter 
3). To investigate the contributions of the PC biosynthesis routes to the incorporation of 
saturated acyl chains into PC, wild type cells overexpressing Sct1p were pulsed with deu-
terium-labeled methionine and choline. The methyl groups from (methyl-D3)-methionine 
and D13-choline were incorporated into PC via PE methylation and the CDP-choline path-
way yielding PC molecules with headgroups corresponding to m/z 193 and 197, respec-
tively, that were specifically detected by ESI-MS/MS. In the empty vector control strain, the 
PE methylation route mainly produced the di-unsaturated species 32:2 and 34:2, whereas 
the CDP-choline route produced a more diverse species profile (Fig. 2, upper panel), as re-
ported by Boumann et al. [22]. When Sct1p was overexpressed, the relative abundance of 
the mono-unsaturated PC species produced by PE methylation increased two-fold at the 
expense of the di-unsaturated species, which remained the most abundant (Fig. 2, lower 
panel). In contrast, the molecular species profile of newly synthesized PC from the CDP-
choline route was dominated by the mono-unsaturated species, and even contained small 
amounts of disaturated PC. Thus both PC biosynthesis routes contribute to the accumula-
tion of C16:0 in PC following overexpression of Sct1p. However, the steady state PC profile 
in both strains cannot be accounted for by the two biosynthesis routes exclusively. In the WT 
pYES2 strain, the abundance of most species could result from approximately equal contri-
butions of both routes, with the exception of 34:1 and 36:1 PC. In the WT pYES2-SCT1 strain, 
the steady state molecular species distribution suggests that the CDP-choline route is the 
major contributor, however, the steady state abundance of 32:1, 34:0 and 36:1 PC does not 
comply with this notion. Therefore, molecular species-selective turnover and/or acyl chain 
exchange must contribute to the PC steady state profile.
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Figure 2. Both PC biosynthesis pathways contribute to the accumulation of C16:0 in PC upon overex-
pression of Sct1p. Comparison of the molecular species profile of steady state PC to those of PC newly 
synthesized by PE methylation and the CDP-choline pathway in WT pYES2 and WT pYES2-SCT1 cells 
cultured in SGR medium. Cells labeled with (methyl-D3)-methionine or D13-choline for 10 min were 
analyzed for the molecular species profiles of the newly synthesized (methyl-D3)3-PC and (D13-choline)-
PC, and for steady state PC, by ESI-MS/MS parent ion scanning in the positive ion mode at m/z 193, 
m/z 197, and m/z 184, respectively. The relative abundance of the molecular species is expressed as 
mol% of total PC for the molecular species that constitute at least 1% of total PC in either strain. Error 
bars represent the SD (n=4). 

Overexpression of Sct1p enhances the extent of PC remodeling
Since it is impossible to distinguish the roles of recycling via the CDP-choline route, selective 
turnover and acyl chain exchange in the evolution of the molecular species profile of newly 
synthesized PC in the wild type background, the CDP-choline route was inactivated by delet-
ing the PCT1 gene. Inactivation of the CDP-choline pathway hardly affected the PC species 
profile (compare Figs. 2 and 3A) [22].

Cells from the pct1 strain were pulsed with deuterium-labeled methionine and the 
evolution of the labeled PC (m/z 193) toward the steady state PC profile (m/z 184) was 
monitored during a chase with excess unlabeled methionine (Fig. 3A). In agreement with 
earlier reports ([22] and chapter 3), the levels of 32:1 and 34:1 PC increased almost two-
fold during the chase in the pct1 pYES2 control strain, while the level of 34:2 PC decreased 
by 16% of total (methyl-D3)3-PC (Fig. 3A, upper panel). In the strain overexpressing Sct1p, 
the saturated acyl chain content of newly synthesized PC after the 10 min pulse was 18.5%, 
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compared to 6.5% in the control strain.  This increase in saturation is due to the increased 
saturation of PE, the precursor of PC (Fig. 3B). The differences in species profile between 
steady state PE and newly synthesized PC in both pct1 strains reflect the preferred methyla-
tion of di-unsaturated PE by the PE methyltransferases [35]. In addition, overexpression of 
Sct1p enhanced the post-synthetic incorporation of C16:0 and other saturated acyl chains 
into PC, which led to a further increase in the mono-unsaturated species 32:1 and 34:1 PC 
at the expense of 32:2 and 34:2 PC (Fig. 3A, lower panel). The abundance of other molecular 
species harboring saturated acyl chains also increased during the chase, including disatu-
rated species that are absent in the empty vector control. This resulted in a steady state PC 
profile containing 41% saturated acyl chains, compared to 15.5% in the control strain. In 
the overexpression strain, 56% of all saturated acyl chains in steady state PC were acquired 
post-synthetically and 44% from de novo synthesis, and a similar distribution was observed 
in the control strain.

We define PC remodeling as the evolution of the molecular species profile of newly 
synthesized PC to the steady state profile as monitored by parent ion scanning for m/z 193. 
Please note that the detected changes in species profile underestimate the actual acyl chain 
exchange as only net changes in the molecular species profile are recorded. Remodeling 
resulting in e.g. the two acyl chains changing positions within a PC molecule is not detected. 

Figure 3C shows the kinetics of the evolution of the 4 major PC species during the 
chase. Assuming first order reaction kinetics, the t1/2 values for reaching the steady state 
levels were derived from the slopes of linear fits of ln(At/A0) versus time where At is the 
increase or decrease in abundance of a species at time t and A0 the total post-synthetic 
increase or decrease in abundance of that species required to attain the steady state level. 
The resulting t1/2 values were 30 min for 32:1 PC and 60 min for 32:2, 34:2 and 34:1 PC.  Ex-
trapolating the linear fits to the start of the pulse, it was estimated that at least 38% of the 
newly synthesized PC molecules are subjected to remodeling in attaining the steady state PC 
profile. Similarly, it was estimated that at least 19% of newly synthesized PC was remodeled 
in the empty vector control strain (data not shown). Thus, the relative amount of remodeled 
PC molecules was doubled following Sct1p overexpression.

PC remodeling occurs at both the sn-1 and sn-2 position of the glycerol backbone 
The increased acyl chain remodeling under conditions of overexpression of Sct1p provided 
us with unique opportunities for mechanistic studies on PC remodeling. To clarify the mecha- 
nism of remodeling, we investigated its occurrence at the sn-1 and sn-2 position of the glycerol 
backbone by treatment of lipid extracts with phospholipase A2. Compared to the empty vec-
tor control, overexpression of Sct1p caused a 2.5-fold increase in C16:0 and an almost 2-fold 
increase in C18:0 at the sn-1 position of steady state PC at the expense of the unsaturated 
acyl chains, rendering C16:0 the most abundant acyl chain at sn-1 (Fig. 4A and B). A similar 
2.5-fold increase in C16:0 at the sn-1 position was detected in newly synthesized PC after 
the 10 min pulse (Fig. 4B). The remodeling at the sn-1 position was greatly enhanced by 
Sct1p overexpression and resulted in a further increase of C16:0 at the sn-1 position by 56%, 
a 42% decrease of C16:1, and rises in C14:0 and C18:0 (Fig. 4B). As previously observed [22], 
the control strain displayed increases in C16:0, C18:1 and C18:0 at the expense of C16:1 at 
the sn-1 position during the chase, indicating that remodeling was qualitatively similar in 
both strains.

The acyl chain composition at the sn-2 position was determined by subtracting the 
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Figure 3. Overexpression of Sct1p enhances the extent of PC remodeling. (A) Evolution of the mo-
lecular species profile of newly synthesized PC compared to the steady state profile in pct1 pYES2 and 
pct1 pYES2-SCT1 cells cultured in SGR medium. Cells were subjected to pulse-labeling with (methyl-
D3)-methionine for 10 min, followed by a 180 min chase in the presence of an excess of unlabeled me-
thionine. Samples taken at the indicated time points were analyzed for the molecular species profiles 
of (methyl-D3)3-PC synthesized during the pulse and steady state PC by ESI-MS/MS parent ion scanning 
in the positive ion mode at m/z 193 and m/z 184, respectively. The relative abundance of the molecu-
lar species is expressed as mol% of total PC for the molecular species that constitute at least 1% of 
total PC in either strain. Please note the different scales of the y-axis in the upper and lower panel. 
Error bars represent the SD for steady state PC (n=9) and the variation for the pulse-chase data (n=2). 
(B) Molecular species profiles of PE in pct1 pYES2 and pct1 pYES2-SCT1 cells cultured in SGR medium. 
Total lipid extracts were analyzed for PE by neutral loss scanning in the positive ion mode at m/z 141. 
Error bars represent the SD (n=6). (C) The time course of the evolution of the relative abundance of 
the four most abundant PC molecular species in pct1 pYES2-SCT1 cells during the chase. Error bars 
represent the SD for steady state PC (n=9) and the variation for the pulse-chase data (n=2).

relative abundances of the acyl chains esterified at the sn-1 position (Fig. 4B) from the total 
acyl chain content of PC (Fig. 3A), and revealed that remodeling also occurs at the sn-2 po-
sition in the SCT1 overexpression strain, most notably 10 and 16% of the C16:1 and C18:1 
acyl chains present after the pulse, respectively, were replaced by C16:0 during the chase 
(Fig. 4C). Remarkably, the steady state acyl chain composition at sn-2 was not yet attained 
after the 3 h chase, in contrast to the steady state acyl chain composition at sn-1, indicating 
that remodeling at sn-2 is slower than at sn-1. In agreement with a previous study [3], it was 
observed that C18:1 is almost exclusively esterified at the sn-2 position of PC. In summary, 
the incorporation of C16:0 in PC by acyl chain remodeling both at the sn-1 and sn-2 position 
is strongly increased upon overexpression of Sct1p. 

Sct1p is not required for the post-synthetic incorporation of C16:0 into PC. 
The pronounced effect of the level of expression of Sct1p on acyl chain remodeling of PC, 
urged us to examine whether Sct1p is required as acyltransferase in PC remodeling, in ad-
dition to its role in determining the cellular C16:0 content. Deletion of SCT1 was previously 
shown to impair PC remodeling (chapter 3), as the increase in the level of 32:1 PC at the 
expense of 34:2 PC observed during the chase of pct1 cells cultured in SL medium (forth-
coming Fig. 6, lower panel) was virtually absent in sct1pct1 cells (Fig. 5, upper panel). How-
ever, pulse-chase labeling with deuterium-labeled methionine of the sct1pct1 pYES2 strain 
cultured on SGR medium (Fig. 5, lower panel) and of sct1pct1 on synthetic glucose medium 
(not shown) revealed that the incorporation of C16:0 in PC by acyl chain remodeling was not 
completely abolished, as slight increases in 32:1 and 34:1 PC were observed. Furthermore, an 
increase in 36:2 PC was observed post-synthetically in sct1pct1 cultured on SL (Fig. 5, upper 
panel). Phospholipase A2 treatment of these samples and subsequent mass spectrometry 
analysis revealed that remodeling resulted in a net decrease of C16:1 and a net increase of 
C18:1 at the sn-1 position with reverse changes at the sn-2 position (data not shown). The 
enrichment of C18:1 at the sn-1 position accounts for the observed rise in 36:2 PC. Taken 
together, these data indicate that Sct1p is not required for PC acyl chain exchange. Instead, 
Sct1p affects remodeling indirectly via its role in fatty acid homeostasis (chapter 3).

The acyl-CoA binding protein Acb1p is not required for acyl chain remodeling of PC.
The acyl-CoA binding protein Acb1p has been implicated in remodeling of glycerophospho-
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Figure 4. PC remodeling by acyl chain exchange occurs primarily but not exclusively at the sn-1 po-
sition in the pct1 strain overexpressing Sct1p. (A) ESI-MS/MS spectra of 1-acyl lysoPC derived from 
steady state PC in pct1 pYES2-SCT1 and pct1 pYES2 cells cultured on SGR with the highest peak set to 
100%. Total lipid extracts were treated with phospholipase A2, and analyzed by parent ion scanning for 
m/z 184 as detailed in the experimental section. (B) Acyl chain exchange at the sn-1 position of newly 
synthesized PC in pct1 pYES2 and pct1 pYES2-SCT1 cells cultured in SGR medium. Cells were subjected 
to a pulse-chase experiment as described in the legend to Fig. 1. Total lipid extracts were treated with 
phospholipase A2 and analyzed for 1-acyl lysoPC by ESI-MS/MS. The relative abundance of the 1-acyl 
lysoPC molecular species was determined for newly synthesized PC after the 10 min pulse and 180 
min of chase, and for steady state PC by parent ion scanning at m/z 193 and m/z 184, respectively. (C) 
Estimated exchange of the 4 major acyl chains occurring at the sn-2 position of newly synthesized PC 
in pct1 pYES2-SCT1 cells cultured in SGR medium. The relative abundance of the acyl chain present at 
the sn-2 position was calculated by subtracting the relative abundancies of the acyl chains esterified 
at the sn-1 position (Fig. 2B) from the total acyl chain content of PC that was based on the PC profiles 
shown in Fig. 3 and normalized to 200%, as detailed in the experimental section. Error bars shown for 
the steady state represent the variation (n=2).
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Figure 5. Sct1p is not required for the post-synthetic incorporation of C16:0 into PC. Evolution of the 
molecular species profile of newly synthesized PC compared to the steady state profile in sct1pct1 
cells cultured in SL medium (upper panel) and SGR medium (lower panel). Cells were subjected to a 
pulse-chase experiment as described in the legend to Fig. 1 and the PC species profile was measured 
by ESI-MS/MS parent ion scanning at m/z 193 for newly synthesized PC and at m/z 184 for steady state 
PC. The relative abundance of PC molecular species is expressed as mol% of total PC. Error bars in the 
upper panel represent the SD of the data obtained for steady state PC (n=4) and pulse-chase (n=3); 
error bars in the lower panel represent the SD (n=5) for steady state PC and the variation (n=2) for the 
pulse-chase data.

lipids, because depletion of ACB1 causes an increase in the abundance of lysophospholipids, 
potential intermediates of acyl chain remodeling [36]. Moreover, deletion of ACB1 causes an 
increase in the level of C14 and C16 acyl chains at the expense of C18 [37] that is reflected 
in the species profiles of the glycerophospholipids, including PC [38, 39]. To examine the 
potential role of Acb1p in PC remodeling, an acb1pct1 strain was subjected to a pulse-chase 
experiment with deuterium-labeled methionine (Fig. 6, upper panel). As expected, the mo-
lecular species profiles of steady state and newly synthesized PC after the 10 min pulse 
contained more C28 and C30 PC species than the pct1 parent strain. The gradual increase 
in 32:1 PC at the expense of 34:2 PC characteristic for remodeling in the pct1 strain (Fig. 6, 
lower panel) was retained in the acb1pct1 strain, demonstrating that Acb1p is not required 
for PC remodeling. 
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Plb1p is required for efficient acyl chain remodeling of PC in yeast overexpressing Sct1p.   
Overexpression of Sct1p presented us with a more sensitive read-out of PC remodeling that 
is particularly useful for detecting potential remodeling defects in mutants. Remodeling 
was monitored in selected yeast strains overexpressing Sct1p and carrying a deletion of a 
gene potentially involved in PC remodeling. The involvement of the PC hydrolyzing enzymes 
Plb1p, Plb2p and Lro1p was tested. Plb1p displays phospholipase B activity toward PC in 
vitro [18] and produces glycerophosphocholine in vivo [40], making it an obvious candi-
date for involvement in PC remodeling. Deletion of PLB1 did not affect the growth rate of 
the empty vector control and the Sct1p overexpression strain in liquid SGR medium and 
on agar plates (data not shown). Figure 7A compares the time course of the evolution of 
newly synthesized PC in plb1pct1 pYES2-SCT1 (open symbols) and pct1 pYES2-SCT1 (closed 
symbols) for the 4 major PC species. The evolution of all molecular species that represent 
more than 1% of total PC is shown in Figure S1 (lower panel). Although the steady state PC 

Figure 6. The acyl-CoA binding protein Acb1p is not required for acyl chain remodeling of PC. Evolu-
tion of the molecular species profile of newly synthesized PC compared to the steady state profile in 
acb1pct1 (upper panel) and pct1 (lower panel) cells cultured in SL medium. Cells were subjected to a 
pulse-chase experiment as described in the legend to Fig. 1 and the PC species profile of newly syn-
thesized PC and steady state PC was measured by ESI-MS/MS parent ion scanning at m/z 193 and m/z 
184, respectively. The relative abundance of PC molecular species is expressed as mol% of total PC for 
the molecular species that constitute at least 1% of total PC in one of the strains. Error bars represent 
the SD (n=6) for steady state PC and the variation (n=2) for the pulse-chase data in the upper panel, 
and the SD (n=4 for steady state PC and n=3 for the pulse-chase data) in the lower panel.
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and PE profiles (Fig. S2) and the overall acyl chain composition of both strains were similar 
(Table 2), the 3 h chase in plb1pct1 pYES2-SCT1 was not sufficient to attain the steady state 
PC profile, indicating a defect in remodeling due to the absence of Plb1p. Extrapolation of 
the species abundances toward the start of the pulse in linear fits of ln(At/A0) versus time 
as above revealed that only 15% of PC molecules synthesized during the 10 min pulse were 
remodeled after 3 h of chase in plb1pct1 as compared to 31% in the pct1strain. PLB1 dele-
tion caused an at least two-fold increase in the t1/2 values for remodeling of the four major 
PC species (not shown). 

Deletion of PLB1 had a qualitatively comparable effect on remodeling in the empty 
vector control strain (compare Fig. S1, upper panel to Fig. 2A), indicating that Plb1p is also 
involved in PC remodeling in this background. Moreover, ESI-MS/MS parent ion scanning  
at m/z 184 of total lipid extracts revealed that the sum of the signal intensities of ions
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Figure 7. Plb1p is required for ef-
ficient acyl chain remodeling of 
PC in yeast overexpressing Sct1p.  
(A) The time course of the evolu-
tion of the relative abundance 
for the four major PC species in 
plb1pct1 pYES2-SCT1 cells (open 
symbols) is compared to that in 
pct1 pYES2-SCT1 cells (closed 
symbols, taken from Fig. 3C). Cells 
were subjected to a pulse-chase 
experiment as described in the 
legend to Fig. 1 and the PC spe-
cies profile was measured by ESI-
MS/MS parent ion scanning at 
m/z 193 for newly synthesized PC 
and at m/z 184 for steady state 
PC. The relative abundance of PC 
molecular species is expressed 
as mol% of total PC for the four 
most abundant PC molecular 
species. Error bars represent 
the variation (n=2). (B) Dele-
tion of PLB1 reduces the cellular 
content of lysoPC in pct1 cells. 
The signal intensity of endog-
enous lysoPC is shown relative 
to that of the total of choline-
containing lipid species as de-
termined by ESI-MS/MS parent  
ion scanning in the positive ion 
mode at m/z 184. pct1 pYES2, 
plb1pct1 pYES2, pct1 pYES2-SCT1 
and plb1pct1 pYES2-SCT1 cells 
were cultured in SGR medium and 
lipid extracts were subjected to 
analysis by ESI-MS/MS. Error bars 
represent the variation between 
two independent experiments.
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corresponding to lysoPC species relative to the total signal was four-fold higher in the pct1 
background than in the plb1pct1 background, regardless of the expression level of Sct1p 
(Fig. 5B). Apparently, deletion of PLB1 caused a decrease in cellular lysoPC content, con-
sistent with its role in PC remodeling. We conclude that Plb1p is required for efficient  
remodeling of PC. 

The phospholipase B Plb2p and the transacylase Lro1p are not required for acyl chain 
remodeling of PC.
PC acyl chain remodeling was monitored in plb2pct1 and lro1pct1 strains overexpressing 
Sct1p. Deletion of PLB2 or LRO1 did not affect the growth rate of the empty vector control 
and the Sct1p overexpression strain in liquid SGR medium or on agar plates (not shown). 
Plb2p is a homologue of Plb1p that hydrolyzes glycerophospholipids including PC in vitro 
[40, 41]. The finding that overexpression of Plb2p confers resistance to lysoPC [41] suggests 
a role for Plb2p in PC metabolism. The pulse-chase experiment with deuterium-labeled  
methionine in plb2pct1 pYES2-SCT1 revealed that the evolution of the species profile of 
newly synthesized PC toward the steady state profile was similar to that in pct1 pYES2-
SCT1 (data not shown). Interestingly, deletion of PLB2 did affect the steady state profiles of 
PC, PE and PS molecular species by decreasing the content of saturated acyl chains under 
conditions of overexpression of Sct1p (Fig. S2). The changes were largest in PS, the glycero-
phospholipid that is decarboxylated to yield PE in the major biosynthesis route for PE [42, 
43]. Most notably, the level of 34:2 PS increased two-fold and the content of disaturated PS 
species was halved. Deletion of PLB2 in the Sct1p overexpression strain reduced the levels 
of lysoPS and lysoPE relative to PS and PE by 50% (data not shown), and led to a small but 
significant decrease in total cellular saturated acyl chains, as the C16:1 content increased at 
the expense of C16:0 (Table 2). 

Lro1p is a glycerophospholipid:diacylglycerol transacylase that transfers the acyl chain 
esterified at the sn-2 position of PC or PE to DAG to yield TAG [44, 45]. The evolution of the 
species profile of newly synthesized PC toward the steady state profile in the pulse-chase 
with deuterium-labeled methionine in lro1pct1 pYES2 and lro1pct1 pYES2-SCT1 was similar 
to that in the corresponding pct1 strains (data not shown). However, deletion of LRO1 did 
increase the 34:2 content of the steady state species profile of PC and of its biosynthetic 
precursors PE and PS in both the overexpression and the control strain (Fig. S2). The increase 
in 34:2 PE was most pronounced, and occurred at the expense of the mono-unsaturated 
species 32:1 and 34:1 PE in the overexpression strain, and at the expense of 32:2 in the 
empty vector control. 

Discussion

The present study shows that excess C16:0 produced by overexpression of the glycerol-
3-phosphate acyltransferase Sct1p is incorporated into PC with similar contributions of 
de novo synthesis and PC remodeling in a pct1 strain. Overexpression of Sct1p greatly en-
hanced the extent of PC acyl chain remodeling, providing a unique system for investigating 
the mechanism of the process. Acyl chain remodeling of PC occurs at both the sn-1 and 
sn-2 position of the glycerol backbone and requires the phospholipase B Plb1p for optimal 
efficiency. Sct1p, the acyl-CoA binding protein Acb1p, the phospholipase B Plb2p, and the 
transacylase Lro1p are not required for PC remodeling. 
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Overexpression of Sct1p was previously found to result in a strong increase in the cel-
lular C16:0 content (see Table 2) and to induce a severe growth defect on SGR medium agar 
plates (chapter 3). The growth defect was much less pronounced in liquid medium con- 
taining 0.05% glucose (doubling time of 4.4 h vs 3.3 h for the empty vector control), allowing 
us to culture the cells and obtain the results reported. Following overexpression of Sct1p, an 
increase in saturated acyl chain content was observed in all major membrane phospholipids 
with the largest increase in PC.

Stable isotope labeling of newly synthesized PC revealed that the incorporation of ex-
cess C16:0 into PC proceeds via the PE methylation route, the CDP-choline pathway and PC 
remodeling in a wild type strain, and via PE methylation and PC remodeling in a pct1 strain. 
Although the PE methyltransferases produce more mono-unsaturated PC species following 
the increase in cellular C16:0 content, their preference for converting di-unsaturated PE spe-
cies [35] is preserved. The CDP-choline route exhibits less species selectivity and produces 
primarily mono-unsaturated PC species under conditions of Sct1p overexpression, most 
likely reflecting the rise in saturated acyl chain content of the DAG pool. A comparable pro-
duction of mono-unsaturated PC by the CDP-choline route was previously observed when 
choline was added back to cho2opi3 cells following the rise in acyl chain saturation in re-
sponse to PC depletion [46]. Since labeling with choline affects the rate of PC turnover, acyl 
chain exchange and molecular species-selective degradation of PC cannot be distinguished 
from PC turnover via the CDP-choline route in wild type cells [47]. The post-synthetic me-
tabolism of PC was therefore studied in the pct1 background lacking the CDP-choline route. 

Remodeling of the PC acyl chain profile, defined as the evolution of the species profile 
of newly synthesized (methyl-D3)3-PC toward the steady state PC profile in pct1 cells, could 
be due to exchange of one or both of the acyl chains. In addition, degradation of (methyl-
D3)3-PC to GPC or choline, without recycling of the (methyl-D3)3-choline moiety into PC may 
contribute provided that the degradation is molecular species selective. We consider a ma-
jor contribution of species-selective degradation to PC remodeling unlikely for the following 
reasons. Firstly, the abundance of the mono-unsaturated species increased almost two-fold 
during the chase, which could only result from species-selective degradation if almost half 
of the entire population of newly synthesized PC were degraded. Several publications argue 
against the occurrence of extensive degradation of PC synthesized by the methylation of PE. 
Zaccheo et al. [19] did not observe significant degradation of PC synthesized by PE methylation  
in a wild type strain cultured at 37⁰C during 4 h in the presence of 10 mM choline, whereas 
PC synthesized by the CDP-choline route was turned over with a t1/2 of about 1.5 h. These 
findings indicate that there is little degradation of PE-derived PC to choline destined for 
recycling via the CDP-choline route. Moreover, Fernandez-Murray et al. [48] found that less 
than 5% of the 3H-methyl  label incorporated into PC by the PE methyltransferases during 
continuous labeling of pct1 cells in media containing inositol at 25⁰C was associated with 
choline, phosphocholine and GPC, indicating that there is little degradation of PC in pct1 
cells. Secondly, in the strain overexpressing Sct1p, disaturated molecular species are absent 
in the profile of newly synthesized PC and only appear during the chase, which can only be 
the result of acyl chain exchange. Thirdly, the species profile of pre-existing unlabeled PC 
(m/z 184) did not change during prolonged labelling of PC with (methyl-D3)-methionine, 
indicating that PC is not subject to species-selective degradation [22]. We conclude that 
the post-synthetic adaptation of the PC species profile in the pct1 strain is due to acyl chain 
exchange with GPC and/or lyso-PC as intermediate(s).

Taking advantage of the Sct1p overexpression tool to increase the extent of PC  
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remodeling, we showed that the exchange of acyl chains for C16:0 occurs both at the sn-1 
and the sn-2 position of the glycerol backbone, with acyl chain exchange at the sn-1 position 
proceeding faster and accommodating more C16:0 than acyl chain exchange at the sn-2 po-
sition. Wagner and Paltauf showed that fatty acids taken up from the culture medium are ef-
ficiently and predominantly incorporated at the sn-2 position of pre-existing PC [3]. The dif-
ferences in remodeling of PC with exogenous and endogenous fatty acids can be attributed  
to differences in metabolic channeling. The exogenous fatty acids are first activated to acyl-
CoA by the acyl-CoA synthetases, and most of the resulting C16:0-CoA is desaturated prior 
to incorporation into lipids [3]. 

 The finding that Plb1p, an enzyme known to hydrolyze PC to GPC in vivo and in vitro 
[18, 49], is required for efficient PC remodeling, argues in favor of GPC as intermediate in 
PC acyl chain exchange. However, since lysoPC may be a short-lived intermediate in the 
degradation of PC by Plb1p, it cannot be excluded that remodeling does not involve GPC 
formation, and instead occurs via 1-acyl- and 2-acyl-lysoPC intermediates exclusively. The 
difference in the apparent rate of incorporation of C16:0 at the sn-1 and sn-2 position does 
not argue against remodeling via GPC, as it may reflect a stronger preference for trans-
ferring C16:0 to the sn-1 position. Such differences in acyl chain selectivity between the 
acyltransferase(s) or transacylase(s) transferring acyl chains to the sn-1 and sn-2 positions 
is in agreement with the greater abundance of saturated fatty acids at the sn-1 position [3], 
and also with the reported preference of the major 1-acyl-lysoPC acyltransferase Ale1p for 
unsaturated acyl-CoA’s in vitro [28, 50].

The results show that the extent of PC remodeling depends upon the cellular C16:0 
content. Whereas deletion of SCT1 causes a decrease in cellular C16:0 with a concomitant 
decrease in the extent of PC remodeling, overexpression of Sct1p has the opposite effect. As 
the process is qualitatively similar in the Sct1p overexpression strain and the empty vector 
control, the extent of PC acyl chain exchange appears not to be affected by the level of Sct1p 
expression. In both strains C16:1 and C18:1 are replaced by C16:0 to an extent that accounts 
for about 50% of the saturated acyl chain content of steady state PC. Based on the data we 
propose that the pool size of available C16:0 determines the extent of C16:0 incorporation 
into PC and hence the extent of detectable acyl chain exchange, i.e. PC remodeling, rather 
than that it affects the rate and extent of the acyl chain exchange.  This notion is supported 
by the fact that the lysoPC content is similar in the Sct1p overexpression strain and the 
empty vector control. As a corollary we propose that PC is continuously de- and reacylated 
in yeast. Reacylation is a stochastic process with the nature of the re-attached acyl chain de-
pending on availability. As a consequence the net, visible effect of the acyl chain exchange, 
i.e. PC remodeling, reflects the difference in acyl chain composition between de novo syn-
thesized PC and the ambient composition of acyl chains available for exchange. Whether the 
contribution of de- and reacylation of PE methylation-derived PC to PC homeostasis is simi-
lar in pct1 and wild type cells remains unknown. The similar evolution of the species profile 
of PC newly synthesized by PE methylation to the steady state profile observed in pct1 and 
wild type cells (our unpublished results) with the reported absence of significant recycling of 
PE-derived PC via the CDP-choline pathway in wild type yeast [19] argues in favor. 

In the absence of Plb1p, PC remodeling by acyl chain exchange is slowed down, in-
dicating that Plb1p deacylates PC. The decrease in lysoPC content upon deletion of PLB1 
supports a role for Plb1p in PC hydrolysis. Since the activity of Plb1p is localized to the 
plasma membrane and the periplasmic space [18, 25, 40], and since the synthesis of PC 
by the methylation of PE occurs in the ER [51], part of the PC acyl chain exchange  requires 
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transport of PC from the ER to and possibly across the plasma membrane by the secretory 
pathway or other routes [52]. Subsequently, the lysoPC or GPC formed may have to be re-
imported across the plasma membrane by Dnf2p/Lem3p [25] or the permease Git1p [53], 
respectively, followed by reacylation at the site of the acyltransferases and/or transacylases 
involved. The requirement for transport may explain the slow rate of PC remodeling. 

Other candidate PC hydrolyzing enzymes include the phospholipase B Plb2p, a ho-
mologue of Plb1p, and the transacylase Lro1p. The results we obtained for the PLB2 dele-
tion mutant indicate that Plb2p is not required for hydrolysis of PC in remodeling. The data 
rather suggest that Plb2p hydrolyzes PS, and possibly PE, in accordance with its activity in 
vitro [49]. The hydrolysis of PS and PE by Plb2p may allow for the subsequent incorporation 
of C16:0 into these lipids in the Sct1p overexpression strain. We speculate that the C16:0-
CoA that is not incorporated into PS and PE in the plb2 deletion strain remains available for 
desaturation, explaining the decrease in cellular C16:0 content (Table 2). 

A role for the phospholipases B Plb3p and Nte1p in PC remodeling in pct1 cells awaits 
testing, but is considered unlikely as Plb3p does not degrade PC in vitro [49], and Nte1p 
reportedly acts exclusively on PC synthesized through the CDP-choline route [19]. 

Lro1p was shown to use PC and PE as acyl donor for the acylation of DAG to TAG in 
vitro, with a preference for PE [44, 45]. Deletion of LRO1 did not affect PC remodeling. How-
ever, it did increase the levels of the 34:2 species in the molecular species profiles of PS, PC, 
and most notably, PE, consistent with Lro1p transferring C18:1 acyl chains from PE in vivo, 
in agreement with its in vitro preference. The lysoPE produced could be reacylated with the 
available acyl chains. Hence, and consistent with our results, this would imply that C18:1 is 
exchanged for C16:1 in PE in the empty vector control, and for C16:0 in the Sct1p overex-
pression strain in the presence of Lro1p. The changes in the PC and PS profiles may be due to 
indirect effects, as these glycerophospholipids are metabolically related to PE. Alternatively, 
PC and PS may also function as acyl donors for Lro1p. To our knowledge, this is the first study 
that sheds light on the in vivo substrate selectivity of Lro1p.

The acyltransferases involved in PC remodeling remain unknown. Stalberg et al. [23] 
characterized a GPC acyltransferase activity synthesizing 1-acyl-lysoPC in cellular extracts 
from wild type and pct1 cells. The corresponding enzyme that remains unidentified is a 
prime candidate for reacylating the sn-1 position of GPC or 2-acyl-lysoPC in PC remodeling. 
Sct1p was shown not to be required for PC remodeling in agreement with the results ob-
tained in vitro by Stalberg et al. [23]. The same study showed a requirement for Ale1p in the 
acylation of 1-acyl-lysoPC in vitro. Although Ale1p reportedly has a preference for unsatu-
rated acyl-CoA in vitro [28, 50], it may play a role in the slow incorporation of C16:0 at the 
sn-2 position of PC. The partial suppression of the growth defect of a PLB1 overexpressing 
strain by overexpression of ALE1 [27] is consistent with this role. Other candidates include 
the lyso-PA acyltransferase Slc1p [24], the cardiolipin acyltransferase Taz1p [54], and the 
lipase Tgl4p [55] that display 1-acyl-lysoPC activity in vitro. 

It was previously suggested that the acyl-CoA binding protein Acb1p may be in-
volved in transport of acyl-CoA’s toward acyltransferases involved in glycerophospholipid  
remodeling [36]. We now show that Acb1p is not required for acyl chain remodeling of PC. 

 Recently, PC remodeling of exogenously administered (methyl-13C)3-di-C8:0 PC was 
studied taking advantage of the short chain PC suppressing the choline auxotrophy of a 
cho2opi3 strain. The short-chain PC molecules were remodeled at the sn-1 and sn-2 posi-
tions of the glycerol backbone to yield PC with a molecular species profile similar to that of 
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PC in a wild type strain, as was demonstrated by the detection of (methyl-13C)3-PC species 
containing a C8 and a C16 acyl chain as intermediate [56]. Triple deletion of PLB1, PLB2 and 
PLB3 in the cho2opi3 background did not affect the di-C8:0-PC dependent growth, indicating 
that these genes were not required for PC acyl chain exchange [56], in agreement with our 
results. Interestingly, deletion of ALE1 did confer a partial defect in di-C8:0-PC dependent 
growth. 

The finding that the increase in saturated fatty acyl chain content upon overexpression 
of Sct1p is larger in PC than in other glycerophospholipids (see chapter 3), indicates that 
PC is important for storing excess C16:0. This is in agreement with the observation that 
mutants disturbed in neutral lipid synthesis become sensitive to exogenous C16:0 upon 
inactivation of the PE methylation pathway for PC synthesis [57]. As PC acyl chain exchange 
contributes significantly to the accumulation of C16:0 in PC, we hypothesize that this process 
is instrumental in balancing the cellular content of free acyl chains and by inference that PC 
buffers acyl chain composition. 

Overexpression of Sct1p provides a unique tool to modulate the acyl chain composi-
tion of yeast and an effective means to visualize acyl chain exchange. Application of this tool 
may eventually enable the identification of all enzymes involved in PC remodeling. Ultimate-
ly, this should result in the construction of a yeast strain incapable of PC acyl chain exchange, 
which should shed light on the function of PC remodeling and reveal the importance of PC 
acyl chain remodeling relative to turnover via the CDP-choline route in wild type. 
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Figure S1. PC remodeling in plb1pct1. Evolution of the molecular species profile of newly synthesized 
PC compared to the steady state profile in plb1pct1 pYES2 (upper panel) and plb1pct1 pYES2-SCT1 
(lower panel) cells cultured in SGR medium. Cells were subjected to a pulse-chase experiment as de-
scribed in the legend of Fig. 1, and the PC species profile was measured by ESI-MS/MS parent ion scan-
ning at m/z 193 for newly synthesized PC and at m/z 184 for steady state PC. The relative abundance 
of PC molecular species is expressed as mol% of total PC for the molecular species that constitute at 
least 1% of total PC in one of the strains. Error bars represent the SD for steady state PC (n=4), and the 
variation for the other data (n=2).
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Figure S2. Molecular species profiles of PC, PE and PS of selected strains, containing (A) the Sct1p 
overexpression vector and (B) the empty vector.  Cells were grown to mid-log phase in SGR, and lipids 
were extracted and analyzed by ESI-MS/MS for PC (parent ion scans for m/z 184 in the positive ion 
mode), PE (neutral loss scans for m/z 141 in the positive ion mode), and PS (neutral loss scans for m/z 
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shown as relative abundance for PC and as relative signal intensity for PE and PS; error bars represent 
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Abstract

The mitochondrial glycerophospholipid cardiolipin (CL) is enriched in unsaturated fatty 
acids, which is important for its function. Post-synthetic acyl chain remodeling of CL is es-
sential for enhancing its unsaturated acyl chain content, and involves shuttling of fatty acids 
between CL and other glycerophospholipids, catalyzed by the transacylase tafazzin. Muta-
tions in the human tafazzin gene lead to Barth syndrome, an X-linked disorder characterized 
by cardiomyopathy, skeletal myopathy, neutropenia and growth retardation. In yeast, CL 
remodeling involves release of a C16:0 acyl chain by the phospholipase Cld1p to produce 
monolysocardiolipin (MLCL), followed by reacylation by the tafazzin homologue Taz1p. The 
present study addresses the identity of the acyl donor glycerophospholipid(s) for the acyla-
tion of MLCL by Taz1p/tafazzin. Using labeling of newly synthesized glycerophospholipids 
with deuterium-labeled precursors combined with detection by electrospray ionization tan-
dem mass spectrometry (ESI-MS/MS), we show that deletion of TAZ1 does not affect acyl 
chain remodeling of phosphatidylcholine (PC). However, it does affect the molecular species 
profiles of newly synthesized and steady state phosphatidylserine (PS), phosphatidyletha-
nolamine (PE), and PC, with the most pronounced effect on newly synthesized PS. Based 
on the results, we propose that Taz1p deacylates newly synthesized PS thereby limiting the 
amount of PS available for PS decarboxylation by Psd1p in the inner mitochondrial mem-
brane. This hypothesis is supported by earlier studies showing that deletion of TAZ1 causes 
an increase of newly synthesized PS, and explains why localization of Taz1p to the outer 
mitochondrial membrane is crucial for its function. 

Introduction

CL is a dimeric phospholipid that contains four acyl chains and is for the most part located 
in the inner mitochondrial membrane [1, 2]. CL is important for mitochondrial structure and 
function, as it affects the lateral organization and morphology of cristae by promoting the 
ribbon-like assembly of ATP synthase dimers [3], supports the stability and activity of respi-
ratory supercomplexes [4], and regulates proton transport across the inner mitochondrial 
membrane [5]. CL has a very characteristic fatty acyl chain composition, enriched in unsatu-
rated fatty acids. In human heart 80% of all CL molecules contain four C18:2 acyl chains [6], 
while yeast CL contains almost exclusively C16:1 and C18:1 [7]. Remodeling by acyl chain 
exchange is crucial for obtaining these specific fatty acid compositions.

In mammalian cells, CL remodeling involves the shuttling of fatty acids between CL and 
other glycerophospholipids by the acyl-CoA independent transacylase tafazzin [8, 9] . Muta-
tions in the human tafazzin gene cause Barth syndrome, an X-linked disorder with symptoms 
such as cardiomyopathy and skeletal myopathy, neutropenia and growth retardation [10]. 
At the molecular level, Barth syndrome patients display severely decreased levels of mito-
chondrial cardiolipin, accumulation of MLCL, and a CL molecular species profile enriched 
in saturated acyl chains [11]. In addition to tafazzin, a mitochondrial calcium-independent 
phospholipase A2 (iPLA2) [12], and an MLCL acyltransferase selective for C18:2-CoA have 
been implicated in remodeling of CL in mammalian cells [13].

In yeast, CL remodeling involves the specific release of C16:0 from CL by the phospholi-
pase A Cld1p [14], and reacylation of the resulting MLCL by the yeast homologue of tafazzin 
Taz1p [15]. Based on the analysis of CL remodeling in an acb1 mutant, the reacylation of 
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MLCL by Taz1p was proposed to occur without acyl chain preference [16], as was found for 
the transacylase reactions catalyzed by the human, rat liver and Drosophila tafazzin homo-
logues [9, 17].

Although CL remodeling and the role of tafazzin/Taz1p have been extensively studied 
in yeast and mammalian cells, the lipid(s) used as acyl donor by tafazzin/Taz1p remains un-
known. Transfer of acyl chains from exogenously supplied PE and PC to MLCL was observed 
in mitochondria from rat liver and human lymphoblasts, and this transfer was decreased in 
Barth syndrome patients [8]. Accordingly, in Barth syndrome patients, the species profiles 
of PE and PC are altered in heart tissue and in lymphoblast mitochondria [18, 19]; however, 
the acyl chain composition of other phospholipids was not examined. Purified Drosophila 
tafazzin was shown to be capable of utilizing various acyl chains and phospholipid classes as 
substrates [9, 17, 20], which has sparked the idea that the composition of the lipid environ-
ment rather than the substrate specificity of tafazzin determines the CL species profile [9, 
21]. In the proposed mechanism, tafazzin governs the equilibrium distribution of acyl chains 
in mitochondrial phospholipids based on differences in free energy between molecular spe-
cies [21].

In the present study, we investigated the potential role of Taz1p in acyl chain remodel-
ing of the major membrane glycerophospholipid PC, because PC could serve as acyl donor 
in the acylation of MLCL, and because Taz1p is capable of acylating lysoPC upon expression 
in E.coli [22]. A pct1 strain overexpressing Sct1p was used as strain background to allow for 
a sensitive read-out of PC remodeling in pulse-chase experiments with deuterium-labeled 
methionine followed by ESI-MS/MS analysis. Overexpression of Sct1p was previously shown 
to increase the cellular C16:0 content (Chapter 3), and to enhance the extent of PC remodel-
ing by acyl chain exchange (Chapter 4). We show that Taz1p is not required for remodeling 
of PC. However, interestingly the saturated acyl chain content of PC, PE, and particularly 
of PS was decreased upon deletion of TAZ1 in the Sct1p overexpression background. To 
investigate the origin of the decreased saturation of PS and PE, the effect of deleting TAZ1 
on the molecular species profile of newly synthesized PS and PE was analyzed in stable 
isotope labeling experiments with deuterium-labeled serine. This approach was first used 
in a study on mitochondrial import and decarboxylation of PS in baby hamster kidney (BHK) 
cells by Heikinheimo and Somerharju [23]. Deletion of TAZ1 affected the molecular species 
profiles of newly synthesized PS and PE, with the largest changes occurring in the acyl chain 
composition of newly synthesized PS. Based on the results and supported by data from the 
literature, the hypothesis is put forward that PS is Taz1p’s preferred acyl donor. 

Experimental procedures

Strains and culture conditions
The strains and plasmids used in this study have been listed in Table 1. Single deletion strains 
were obtained from Euroscarf, and the PCT1 gene was deleted by PCR-mediated gene dis-
ruption as described in chapter 2 of this thesis. Strains were maintained on YPD agar plates 
(1% yeast extract, 2% bactopeptone, and 2% glucose). Strains harboring the pYES2 or de-
rived pYES2-SCT1 [24] plasmid  were obtained by a high-efficiency transformation protocol 
[25] and maintained on agar plates containing synthetic glucose medium (SD) lacking uracil. 
Synthetic medium contained per liter: 6.7 g of yeast nitrogen base without amino acids 
(Difco), 20 mg of adenine, 20 mg of arginine, 20 mg of histidine, 60 mg of leucine, 230 mg 
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of lysine, 20 mg of methionine, 300 mg of threonine, 20 mg of tryptophan, 40 mg of uracil, 
and either 20 g of glucose (SD) or 22 ml of 90% (v/v) lactic acid and 1 g of glucose, adjusted 
to pH 5.5 using KOH (synthetic lactate medium, SL). Strains were cultured aerobically at 
30°C in semi-synthetic lactate medium (SSL, [26]) or in SL. Strains containing the pYES2 or 
pYES2-SCT1 plasmids were cultured in SD without uracil for 24 h, then shifted to synthetic 
galactose-raffinose (SGR) medium at OD600 0.02 containing 0.05% glucose, 1% raffinose and 
2% galactose to induce the GAL1 promoter, and cultured for another 24 h. Growth was 
monitored by measuring the OD at 600 nm on a single beam spectrophotometer (Pharmacia 
Biotech Novaspec II). Cells were harvested at mid-logarithmic growth phase (OD600 between 
0.3 and 0.7). 

Growth phenotypes were analyzed by culturing cells to mid-log phase in SD, washing 
them twice with water, and spotting 15 µl of cell suspension serially diluted to OD600 values 
of 10-1, 10-2, 10-3, 10-4, and 10-5 onto agar plates containing SGR. Plates were incubated at 
30°C for 3 days.

Labeling of newly synthesized PC with deuterium-labeled methionine
Cells grown to mid-log phase in SL or SGR medium were collected by filtration, washed with 
the corresponding amino-acid free medium, and resuspended at OD600 0.3-0.5 in 300 mL of 
the corresponding medium supplemented with 120 mg/L (0.26 mM) (methyl-D3)-L-methi-
onine (Cambridge Isotope Laboratories) instead of 20 mg/l methionine. After 10 minutes, 
cells were collected by filtration, washed with amino acid free SL or SGR, transferred to 250 
mL SL or SGR medium supplemented with 300 mg/L L-methionine within 3 minutes, and 
incubation at 30oC was continued. At various time points, 50 mL aliquots of cell culture were 
collected, inactivated by adding KCN, NaF, and NaN3 at 15 mM each, and stored on ice until 
further processing. All media used for washing and resuspension were at 30oC.
 
Labeling of newly synthesized PS and PE with deuterium-labeled serine
Cells grown to mid-log phase in SGR medium were collected by filtration, washed with ami-
no acid free SGR, and resuspended at OD600 0.3-0.5 in 100 mL of SGR medium supplemented 
with 100 mg/L D3-L-serine (Cambridge Isotope Laboratories). After 20 and 60 minutes, 50 
mL aliquots were inactivated by adding KCN, NaF, and NaN3 at 15 mM each, and stored on 
ice until further processing.

Lipid extraction and mass spectrometry analysis of PC, PE, PS and phosphatidylinositol  
(PI )
Yeast cells corresponding to ~30 OD600 units were homogenized by vortexing in the presence 
of glass beads [27], and subjected to lipid extraction [28]. Total lipid extracts were analyzed 
for phospholipid-phosphorus content [29] and samples corresponding to 300 nmol phos-
pholipid phosphorus were dissolved in 200 µl chloroform:methanol 1:1 (v/v) containing 10 
mM ammonium acetate and analyzed in electrospray ionization tandem mass spectrometry 
(ESI-MS/MS) scans on an API3000 triple quadrupole instrument (Applied Biosystems). Sam-
ples were directly injected at a constant flow rate of 3 µl/min by a Harvard Apparatus Pump 
11 using a Hamilton Gastight 1710 syringe (Reno, NE). Detection of PC and (methyl-D3)3-PC 
was performed in parent ion scans for m/z 184 and 193, respectively, in the positive ion 
mode. PE and D3-PE were detected in neutral loss scans for m/z 141 and 144, respectively, in 
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the positive ion mode, and PS and D3-PS in neutral loss scans for m/z 87 and 90, respectively, 
in the negative ion mode. Detection of PI was performed in parent ion scans for m/z 241 in 
the negative ion mode. Other settings were as previously described [30]. Signal intensities 
were quantified using Analyst software (Applied Biosystems/MDS Sciex), taking into account 
the three most abundant [M+H]+ isotopic signals. An equimolar mixture of relevant PC mo-
lecular species (Avanti Polar Lipids) indicated that the signal intensities reflect the relative 
abundance of the PC molecular species under the conditions used. 

Lipid extraction and mass spectrometry analysis of CL, MLCL and phosphatidylglycerol 
(PG) species profiles
Total lipid extracts were prepared from 10 mg (dry weight) of freeze-dried cells [31] and 
dissolved in 150 µl of chloroform:methanol:water (50:45:5, v/v/v) containing 0.01% (w/v) 
NH4OH. 5 µl of this solution was analyzed by high performance liquid chromatography - 
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Figure 1. Deletion of TAZ1 in a pct1 strain affects the molecular species profiles of PC and PE. The 
PC (upper panel) and PE (lower panel) molecular species profiles of pct1, taz1pct1 and cld1pct1 cells 
grown to mid-log phase in SSL, were analyzed by ESI-MS/MS in the positive ion mode, in parent ion 
scans at m/z 184 for PC and in neutral loss scans at m/z 141 for PE. The relative signal intensity cor-
responding to the relative abundance in the case of PC, is shown for species that contribute at least 
1% of total PC. Error bars represent the SD for pct1 (n=12) and for taz1pct1 (PC, n=4; PE, n=3) and the 
variation for cld1pct1 (n=2). 
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mass spectrometry (HPLC-MS) as described [31]. Phospholipids were separated on a silica 
HPLC column using a linear gradient between chloroform:methanol (97:3, v/v) and metha-
nol/water (85:15, v/v), and the HPLC eluent was introduced into a TSQ Quantum AM mass 
spectrometer (Thermo Electron Corporation). Mass spectra of co-eluting MLCL, CL and PG 
were recorded during the corresponding retention time in the HPLC elution profile in the 
negative ion mode with the following settings: source collision-induced dissociation, 10 V; 
spray voltage, 3.0 kV; and capillary temperature, 300 °C. 

Fatty acid analysis
Yeast total lipid extracts prepared as above, and corresponding to 1 µmol of phospholipid 
phosphorus were transesterified by heating at 70°C for 2 h in 2.5% (v/v) H2SO4 in methanol. 
The fatty acid methylesters were extracted in hexane and separated on a Trace GC ultra gas 
chromatograph (Interscience) using a Restek Stabilwax column and a temperature gradient 
from 170°C to 210°C. Fatty acid methylesters were identified and signal intensities were 
calibrated using a fatty acid methylester standard (Nu-Chek-Prep, Elysian, MN).

Results

Deletion of TAZ1 in a pct1 strain modifies the PC and PE species profiles
In Chapter 2 of this thesis, genes encoding (potential) phospholipases, acyltransferases and 
transacylases were screened for their effect on the molecular species profile of PC and PE in 
a pct1 background, to identify genes involved in acyl chain remodeling of PC. pct1 cells lack 
the CDP-choline route for PC synthesis, and therefore rely on the methylation of PE for the 
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Figure 2. Deletion of TAZ1 does not affect PC remodeling. Evolution of the molecular species profile 
of newly synthesized PC compared to the steady state profile in taz1pct1 and pct1 cells cultured in SL 
medium. Cells were pulse-labeled with deuterium-labeled methionine for 10 min, followed by a 180 
min chase in the presence of excess unlabeled methionine. Samples taken at the indicated time points 
were analyzed for the molecular species profiles of (methyl-D3)3-PC and steady state PC by ESI-MS/MS 
parent ion scanning in the positive ion mode at m/z 193 and m/z 184, respectively. The relative abun-
dance is shown for the four major PC species as mol% of total PC. Error bars represent the SD (n=3) for 
pct1 and the variation for taz1pct1 (n=2).
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synthesis of PC and require acyl chain exchange to obtain the steady state molecular species 
profile of PC [27]. The screen included the CL remodeling enzymes Cld1p and Taz1p. The 
taz1pct1 strain cultured on SSL medium displayed a 20% increase in 34:2 PC at the expense 
of 32:2 PC as compared to the pct1 strain (Fig. 1, upper panel). Similar changes were ob-
served in the PE species profile (Fig. 1, lower panel). On the other hand, deletion of the CLD1 
gene encoding the phospholipase involved in CL remodeling, did not give rise to significant  
differences in the PC and PE profile. 

Taz1p is not required for PC remodeling 
To investigate whether the changes in the PC profile caused by deleting TAZ1 were due 
to a defect in the post-synthetic evolution of the species profile of newly synthesized PC, 
a pulse-chase with deuterium-labeled methionine was performed. During a 10 min pulse, 
(methyl-D3)3-PC was synthesized that was monitored for changes in molecular species pro-
file by parent ion scanning for m/z 193 during a chase with excess unlabeled methionine. 

0

20

40

28:1 28:0 30:1 30:0 32:2 32:1 32:0 34:2 34:1 34:0 36:2 36:1

0

20

40

28:1 28:0 30:1 30:0 32:2 32:1 32:0 34:2 34:1 34:0 36:2 36:1

taz1pct1

pct1

PC molecular species

re
la
tiv

e 
ab

un
da

nc
e 

(%
)

10 min pulse
10 min chase
30 min chase
60 min chase
180 min chase
steady state PC

Figure 3. Deletion of TAZ1 in an Sct1p overexpression background does not interfere with PC re-
modeling. Evolution of the molecular species profile of newly synthesized PC compared to the steady 
state profile in taz1pct1 pYES2-SCT1 (upper panel) and pct1 pYES2-SCT1 (lower panel) cells cultured in 
SGR medium. Cells were subjected to a pulse-chase experiment and lipids were analyzed as described 
in the legend of Fig. 2. The relative abundance of PC molecular species is expressed as mol% of total 
PC for the molecular species that constitute at least 1% of total PC in one of the strains. Error bars 
represent the SD in the steady state PC profiles of taz1pct1 (n=6) and pct1 (n=9), and the variation in 
the pct1 pulse-chase data (n=2).



Chapter 5

128

The evolution of the molecular species profile of newly synthesized PC to the steady state 
profile (measured at m/z 184) during the chase is defined as PC remodeling. Remodeling 
of the 4 major PC species was not impaired in taz1pct1 (Fig. 2): the increase in 32:1 PC at 
the expense of 34:2 PC remained unaffected. To detect effects on PC remodeling with en-
hanced sensitivity, the evolution of the species profile of newly synthesized PC to the steady 
state PC profile was monitored in the Sct1p overexpression background (see Chapter 4). PC 
remodeling in taz1pct1 pYES2-SCT1 was similar to that in pct1 pYES2-SCT1, as the relative 
changes in the abundance of the molecular species during the chase were comparable (Fig. 
3). However, deletion of TAZ1 did affect the molecular species profile of PC newly synthe-
sized by PE methylation after the 10 min pulse, with the changes reflecting those in the  
corresponding PE species profile (Fig. 4). It can therefore be concluded that the differences 
in the PC species profile following deletion of TAZ1 are due to the changes in the molecular 
species profile of its precursor PE rather than to a defect in PC remodeling. 

Deletion of TAZ1 in an Sct1p overexpression background alters the species profile of PS but 
not that of PI
To examine whether the differences in the PE and PC species profile are specific, the effect of 
deleting TAZ1 on the species profiles of the four major glycerophospholipids was examined 
in the Sct1p overexpression background. Figure 4 shows that Taz1p affects the species pro-
files of PC, PE and most notably, PS. Deletion of TAZ1 resulted in a decrease of the saturated 
acyl chain content in PS by 22%, and in a 63% increase of 34:2 PS, with according, though 
less pronounced changes in the PE and PC species profiles. In the empty vector control 
strain, deletion of TAZ1 led to an increase in C34 species at the expense of C32 in PC, PE and 
PS (Fig. S1), in agreement with the PC and PE profiles of cells cultured in SSL (Fig. 1). The PI 
species profile was not affected by deletion of TAZ1. The overall fatty acyl chain composi-
tions of taz1pct1 pYES2-SCT1 and taz1pct1 pYES2 as determined by gas chromatography of 
the fatty acid methylesters from transesterified total lipid extracts, were similar to those of 
pct1 pYES2-SCT1 and pct1 pYES2, respectively (data not shown).

Effect of overexpression of Sct1p on the species profiles of CL and PG in pct1 and taz1pct1 
strains
CL remodeling is required to obtain the high level of unsaturated acyl chains in CL. We  
examined the effect of the increased cellular C16:0 content following Sct1p overexpression 
on CL remodeling by recording the species profiles of CL, MLCL and PG in pct1 and taz1pct1 
strains. Overexpression of Sct1p in pct1 cells caused increases in the relative signal intensity 
of the CL clusters containing C16 acyl chains and of the CL species containing saturated acyl 
chains, indicating that overexpression of Sct1p also increased the C16:0 content of CL (Fig. 
5, upper 2 panels). The signal intensity of CL clusters containing less than 66 carbon atoms 
in their acyl chains increased relative to the CL clusters containing longer acyl chains, and CL 
species containing 2 and 3 double bonds in their acyl chains increased at the expense of CL 
species containing 4 double bonds (see enlargements of the C66 and C68 CL clusters in the 
insets in Fig. 5). Furthermore the data suggest that overexpression of Sct1p increased the 
level of PG relative to that of CL.

Deletion of TAZ1 led to the accumulation of MLCL at the expense of CL, and to an in-
crease in saturated and shorter acyl chains in CL as reported previously [15], irrespective 
of the overexpression of Sct1p (compare lower 2 to upper 2 panels in Fig. 5). The effects of 
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Figure 4. Effect of deleting TAZ1 in an Sct1p overexpression background on the species profiles of 
PC, PE, PS and PI. Molecular species profiles of PC, PE, PS and PI are shown for pct1 pYES2-SCT1 and 
taz1pct1 pYES2-SCT1 cells. Total lipid extracts of cells grown to mid-log phase in SGR, were analyzed 
by ESI-MS/MS for PC (parent ion scans for m/z 184 in the positive ion mode), PE (neutral loss scans 
for m/z 141 in the positive ion mode), PS (neutral loss scans for m/z 87 in the negative ion mode), and 
PI (parent ion scans for m/z 241 in the negative ion mode). The relative signal intensities of PC, PE, PS 
and PI molecular species, corresponding to the relative abundance of the molecular species for PC, is 
shown for the molecular species that constitute at least 1% of total PC in one of the strains. Error bars 
represent the variation for taz1pct1 PS (n=2) and the SD for the other data (pct1 PC: n=10, PE: n=6, PS: 
n=6, PI: n=4, taz1pct1 PC: n=6, PE: n=5, PI: n=4).

Sct1p overexpression and TAZ1 deletion on the molecular species profile of the remaining 
CL appear to be additive, as illustrated by the rises of the relative levels of C58 and C60 CL 
clusters and of CL species containing 1 and 2 double bonds (Fig. 5, compare lower 2 panels). 
Overall the direction of the change in acyl chain saturation in CL conferred by deleting TAZ1 
was opposite to that in the PC, PE and PS species profiles. The relative signal intensities of 
the MLCL clusters in taz1pct1 and of the C32 and C34 PG species are indicative of accumula-
tion of C16:0 in MLCL and PG upon overexpression of Sct1p.  

Stable isotope labeling reveals that Taz1p affects the species profile of newly synthesized 
PS and PE
To investigate the mechanism by which Taz1p affects the species profiles of PS and PE, new-
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Figure 5. Overexpression of Sct1p affects the CL species profile in pct1 and taz1pct1 strains. HPLC-MS 
spectra for CL, MLCL and PG species are shown for total lipid extracts of cells grown to mid-log phase 
in SGR. The intensity of the highest peak in each panel was set at 100%. Clusters of CL and MLCL spe-
cies are indicated by the total number of carbon atoms in their acyl chains. The major PG species are 
indicated. Enlargements of the C66 and C68 CL clusters, with the CL species indicated, are shown in 
the insets. As CL and MLCL are doubly charged, m/z values species correspond to half of the molecular 
mass. The unassigned peaks in the spectra do not correspond to MLCL, CL or PG species. 

ly synthesized PS and PE were pulse-labeled with deuterium-labeled serine. De novo PS 
synthesis in the presence of D3-serine yielded D3-PS, and subsequent PS decarboxylation 
produced D3-PE. The larger m/z values of the headgroups of these molecules allowed spe-
cific detection by ESI-MS/MS. Typical spectra obtained for newly synthesized PS and PE in  
taz1pct1 pYES2 cells labeled with D3-serine for 20 min are shown in Fig. 6A, and quanti-
fied in the upper panels of Fig. 6B. Comparison of the species profiles of D3-PS and D3-PE 
indicates that the di-unsaturated PS species were preferentially decarboxylated to PE, and 
that 32:2 PS was more efficiently converted than 34:2 PS. The disaturated PS species that 
appeared upon overexpressing SCT1 were not favoured as substrate by the decarboxylases 
(Fig. 6B). Importantly, deletion of TAZ1 affected the species profile of D3-PS and, albeit to a 
lesser extent, that of D3-PE, after 20 min of labeling in both the empty vector control and the 
overexpression strain (Fig. 6B). The saturated acyl chain content in D3-PS and D3-PE was de-
creased by 20 and 10% in the empty vector strain, and by 31 and 22% in the overexpression 
strain, respectively. Similar results were obtained for cells that were labeled with D3-serine 
for 60 min (Fig. S2). 

Effect of deleting TAZ1 on the molecular species profile of the pre-existing unlabeled PS 
after labeling with D3-serine
The decrease in saturated acyl chain content induced by deletion of TAZ1 in the Sct1p over-
expression background was larger in newly synthesized PS than in steady state PS (31 versus 
22%, compare Figs. 6B and 4). To get further insight in the time course of the evolution of 
the PS species profile, the pre-existing unlabeled PS was analyzed after labeling with D3-
serine. The species profile of this “older” PS pool was different from that of steady state 
PS, with the largest differences in the levels of 34:2 and disaturated 32:0 and 34:0, in the 
taz1pct1 pYES2-SCT1 strain in particular (Fig. 7). The data show  that the saturated acyl chain 
content of PS increased post-synthetically, and that the increase was more pronounced in 
taz1pct1 than in pct1 under conditions of SCT1 overexpression.The data (Figs. 6 and 7) also 
show that the effect of TAZ1 deletion on the PS species profile diminishes with aging of the 
PS pool (to a reduction of 16%  in saturated acyl chain content in pre-existing PS), indicating 
that the presence of Taz1p specifically affects the pool of newly synthesized PS. No increase 
in saturation was observed when comparing the pre-existing unlabeled PS pool after D3-
serine labeling with steady state PS in the empty vector control strains (data not shown).

Discussion

We have studied the role of the transacylase Taz1p in glycerophospholipid metabolism at 
the molecular species level in a pct1 strain episomally overexpressing SCT1 from the GAL1 
promoter. It is shown that deletion of TAZ1 in the Sct1p overexpression background causes 
a decrease in the C16:0 content of PC, PE and particularly, PS. The decreased C16:0 content 
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Figure 6. Stable isotope labeling 
reveals that Taz1p affects the spe-
cies profile of newly synthesized 
PS and PE. Cells cultured to mid-
log phase in SGR were labeled with 
D3-serine for 20 min, subjected to 
lipid extraction, and analyzed for 
the molecular species profiles of 
newly synthesized PS (D3-PS) and 
PE (D3-PE) by ESI-MS/MS neutral 
loss scanning in the negative ion 
mode for m/z 90 and in the posi-
tive ion mode for m/z 144, respec-
tively. (A) ESI-MS/MS spectra of 
D3-PS and D3-PE in taz1pct1 pYES2 
cells with the highest peak set at 
100%. The unassigned peaks in 
the spectra do not correspond to 
PS or PE species. (B) Relative signal 
intensities are shown for D3-PS and 
D3-PE molecular species that con-
stitute at least 1% of total D3-PS 
and D3-PE in the indicated strains. 
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is apparent in the molecular species profiles of newly synthesized PS and PE obtained after 
labeling with D3-serine for 20 min, and is larger in PS than in PE, indicating that the presence 
of Taz1p primarily affects the PS species profile, and that the changes in species profile are 
transmitted to PE via PS decarboxylation. In turn, the changes in PE are transmitted to PC 
via the PE methylation pathway, because deletion of TAZ1 does not affect PC remodeling. As 
deletion of TAZ1 has similar effects on the acyl chain composition of CL  in strains containing 
the Sct1p overexpression vector and the empty vector (Fig. 5), and affects the species pro-
file of newly synthesized PS in both strains (Fig. 6), we propose that our findings regarding 
Taz1p function also apply to strains expressing Sct1p from the endogenous promoter. Sct1p 
overexpression did increase the level of PG relative to that of CL, which is consistent with the 
earlier observation that the cardiolipin synthase Crd1p prefers substrates with unsaturated 
acyl chains [16].

The PS decarboxylase Psd1p localized to the mitochondrial inner membrane is the main 
contributor to cellular PE [32, 33]. PS is synthesized from CDP-diacylglycerol and serine 
catalyzed by Cho1p in the ER and one of its subdomains, the mitochondria associated 
membrane (MAM), in which Cho1p is enriched [34]. Mitochondrial import of PS has been 
proposed to occur at contact sites between ER/MAM and the mitochondrial outer mem-
brane [35-37] and may involve ER-mitochondria tethering complexes [38]. Comparison of 
the species profiles of newly synthesized PS and PE in the D3-serine labeling experiments 
(Fig. 6) indicates preferential decarboxylation of the PS molecular species in the order 
32:2>34:2~32:1>34:1>32:0. This order is fully consistent with data obtained previously in 

Figure 7. Effect of TAZ1 deletion on the pre-existing pool of PS after labeling with D3-serine. The 
steady state species profiles of PS in pct1 and taz1pct1 cells overexpressing Sct1p are compared to the 
species profiles of unlabeled PS following incubation with D3-serine in cells grown to mid-log phase 
in SGR. The relative signal intensity of the PS molecular species was determined by ESI-MS/MS in the 
negative ion mode for m/z 87. The molecular species distribution of the pre-existing PS was averaged 
from spectra obtained after 20 and 60 min of D3-serine labeling. Error bars represent the SD for pct1 
steady state (n=6) and the variation for the other samples (n=2). 
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BHK cells, demonstrating that the rate of PS decarboxylation reflects the rate of PS trans-
location to mitochondria, which is inversely correlated with the hydrophobicity of PS mo-
lecular species [23, 39]. This suggests that similar to PS decarboxylase from BHK cells, yeast 
Psd1p is not selective for PS molecular species, and, as a consequence, that the preferential 
import of hydrophilic PS species by mitochondria to a large extent determines the steady 
state species profiles of PS and PE (compare Figs. 4 and 6). It may also account for the 
preference of the mitochondrial import system for newly synthesized over pre-existing PS 
found in yeast [37] and in rat liver mitochondria [40, 41]. The reduced content of PE in SCT1-
overexpressing cells (Chapter 3) can be attributed to a reduction in the decarboxylation of 
PS due to reduced mitochondrial import resulting from the increased hydrophobicity of the 
PS molecular species. On the other hand, analysis of the steady state phospholipid composi-
tion of yeast mitochondrial membranes and microsomes at the level of the molecular spe-
cies suggested that the enzyme specificities rather than intermembrane transport processes 
determine the species patterns of the aminoglycerophospholipids [42].

Remarkably, deletion of TAZ1 caused a 31% decrease in saturated acyl chain content 
of newly synthesized PS, a 22% decrease in that of steady state PS, and a 16% decrease in 
that of pre-existing, unlabeled PS in D3-serine labeling experiments. As the labeling was per-
formed in the presence of an excess of D3-serine, it is safe to assume that the pre-existing 
unlabeled PS pool is hardly replenished with new unlabeled PS, and hence represents the 
metabolically older pool of PS molecules. The data indicate that Taz1p predominantly af-
fects the species profile of newly synthesized PS, and that the induced changes diminish 
as PS metabolism proceeds. Since Taz1p is localized to the mitochondrial membranes [43-
45], of which the PS content is below 2% of total phospholipids [46], the only way in which 
Taz1p can influence the molecular species composition of cellular PS is by competing with 
Psd1p for newly imported PS. In the presence of Taz1p, the PS pool available for PS decar-
boxylation is smaller, and the preferential decarboxylation of di-unsaturated PS species has 
a larger impact on the PS species profile than in its absence, particularly on the decrease of 
the level of unsaturated PS species. Based on the data from the SCT1 overexpression strains, 
we conclude that in the absence of Taz1p the evolution of the molecular species profile of 
PS is delayed. 

Accordingly, we postulate that Taz1p preferentially releases acyl chains from newly 
synthesized PS and transfers them to MLCL, thereby limiting the amount of PS available 
for conversion to PE by Psd1p (Fig. 8). The use of newly imported (hydrophilic) PS species 
as acyl donor confers acyl chain selectivity to the reacylation of MLCL, in agreement with 
Taz1p exhibiting no inherent acyl chain preference [14, 16]. Although it cannot be excluded 
that Taz1p also uses other phospholipid classes as acyl donor, PS should suffice as source 
of unsaturated acyl chains for re-acylating MLCL, based on the extensive PS import into 
mitochondria for PE synthesis. Moreover, considering enzyme structure and specificity it is 
tempting to speculate that the active site of Taz1p would more easily accommodate a nega-
tively charged than a zwitterionic phospholipid next to CL.

The notion of degradation of newly synthesized PS to lysoPS by Taz1p is supported by 
data from Gu et al. showing that the amount of PS synthesized in a taz1 deletion strain cul-
tured on a non-fermentable carbon source during a 15 min pulse with 32P-orthophosphate is 
almost doubled compared to wild type, resulting in increases in steady state 32P-labeling of 
PS and PE [15]. Analysis of the phospholipid composition of taz1 cells by Testet et al. yielded 
consistent results [22]. A link between post-synthetic metabolism of PS and CL is further 
supported by the observation that a strain lacking Cld1p and therefore not able to generate 
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Figure 8. Remodeling of CL by Taz1p in the outer and inner mitochondrial membrane with PS as acyl 
chain donor. PS is synthesized in the ER and mitochondria associated membrane (MAM) by Cho1p and 
transported to the outer mitochondrial membrane (OM), where it can be deacylated by Taz1p that 
utilizes the released acyl chains for the reacylation of MLCL produced by Cld1p. The lysoPS (LPS) pro-
duced could be reacylated by Taz1p or the acyltransferase Ale1p, or be degraded by phospholipases 
B (Plb). Taz1p competes for PS with Psd1p that decarboxylates PS to PE in the inner mitochondrial 
membrane (IM). CL remodeling using PS as acyl donor may also occur in the IM. 

MLCL, showed an increased PS content [14]. Moreover, strains deleted for the genes CRD1 
[47, 48] and GEP4 that are essential for CL synthesis [49] display increased mitochondrial 
levels of PE, indicating that mitochondrial PS decarboxylation is increased in the absence of 
CL. In support of our hypothesis, purified Drosophila tafazzin catalyzes the transfer of C18:1 
groups from PS to lysoPC (dr. Michael Schlame, personal communication).

The lysoPS released by Taz1p could be reacylated by an acyl-CoA dependent acyltrans-
ferase or by Taz1p (Fig. 8). Candidate acyltransferases include Ale1p and Slc1p, that display 
1-acyl-lysoPS acyltransferase activity in vitro [50, 51]; moreover, Ale1p is enriched in MAM 
[52]. However, since Taz1p decreases the cellular level of PS [15], a large part of the lyso-PS 
produced must be degraded, e.g. by the phospholipases B Plb1p, Plb2p and/or Plb3p, that 
display in vitro lysophospholipase activity [53-55].

The proposed preferential hydrolysis of PS by Taz1p provides a rationale for the dual 
localization of Taz1p to the interface of both the inner and outer mitochondrial membrane 
facing the intermembrane space [44]. The conversion of PS to PE by Psd1p occurs with very 
high efficiency [56], and in order for Taz1p to have sufficient access to PS en route to Psd1p 
in the mitochondrial inner membrane (Fig. 8), its localization in the mitochondrial outer 
membrane may be crucial.  Several studies indicate that proper intramitochondrial localiza-
tion of Taz1p is essential for its function. Single residue mutations in yeast Taz1p that mimic 
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mutations in human tafazzin causing Barth syndrome were found to mistarget to the mito-
chondrial matrix and to render the enzyme non-functional [44]. Moreover, two Drosophila 
isoforms of tafazzin with full transacylase activity in vitro and localized to mitochondria did 
not fully restore the phenotype of tafazzin-deficient mutant fruit flies, and it was suggested 
that this was a consequence of their specific intramitochondrial localization [17]. Although 
CL is enriched in the mitochondrial inner membrane, part of it has been localized to the 
outer membrane [46, 57], where it serves a function in the assembly of β-barrel proteins 
[57]. Based on the above results that suggest that submitochondrial localization of human 
and Drosophila tafazzin is essential for their function, we propose that these enzymes also 
deacylate PS in the mitochondrial outer membrane.

Taking advantage of SCT1 overexpression to manipulate the cellular acyl chain composi-
tion, evidence was obtained implicating PS as preferred acyl donor in the Taz1p-catalyzed 
re-acylation of MLCL. By slowing down intermembrane transport of PS, the rate limiting step 
in PS decarboxylation by Psd1p, the overall increased hydrophobicity of newly synthesized 
PS conferred by the overexpression of Sct1p, enabled us to achieve sufficient time resolu-
tion in the D3-serine labeling experiments to detect the role of Taz1p in the evolution of the 
PS species profile. 
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Figure S1. PC, PE, PS and PI species profiles in pct1 pYES2 and taz1pct1 pYES2 cells. Total lipid extracts 
of the indicated strains grown to mid-log phase in SGR were analyzed by ESI-MS/MS for PC (parent 
ion scans for m/z 184 in the positive ion mode), PE (neutral loss scans for m/z 141 in the positive ion 
mode), PS (neutral loss scans for m/z 87 in the negative ion mode), and PI (parent ion scans for m/z 
241 in the negative ion mode). The relative signal intensity of PC, PE, PS and PI molecular species, 
which corresponds to the relative abundance of the molecular species for PC, is shown for the molecu-
lar species displayed in Figure 4, to facilitate comparison. Error bars represent the SD (pct1 PC: n=9, PE: 
n=7, PS: n=5, PI: n=4; taz1pct1 PC: n=6, PE: n=5, PS: n=4, PI: n=4).
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Figure S2. Prolonged stable isotope labeling of newly synthesized PS and PE. Cells cultured to mid-log 
phase in SGR were labeled with D3-serine for 60 min and analyzed for the molecular species profiles 
of newly synthesized PS (D3-PS) and PE (D3-PE) by ESI-MS/MS neutral loss scanning in the negative ion 
mode at m/z 90 and in the positive ion mode at m/z 144, respectively. The relative signal intensity is 
shown for the D3-PS and D3-PE molecular species that constitute at least 1% of total D3-PS and D3-PE. 
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Summary of the results presented in this thesis
The goal of the research described in this thesis was to identify the genes/enzymes involved 
in phosphatidylcholine (PC) remodeling. A database search yielded 75 candidates with (po-
tential) phospholipase, acyltransferase or transacylase activity, for which knock-outs were 
produced in the pct1 deletion background. The resulting double deletion strains were 
screened for PC and phosphatidylethanolamine (PE) species profiles, as described in chap-
ter 2. This screen allowed us to narrow down the selection to 10 candidate strains for which 
the evolution of the species profile of PC newly synthesized via PE methylation toward the 
steady state profile was followed in a pulse-chase with deuterium-labeled methionine. 6 
strains were identified that displayed aberrant remodeling: slc1pct1, cst26pct1, acb1pct1, 
atg15pct1, sct1pct1, and dep1pct1. In chapter 3, we showed that the fatty acid composition 
is changed in the sct1pct1, cst26pct1 and acb1pct1 strains, and we therefore concluded that 
PC remodeling in these strains is disturbed because of changes in cellular fatty acid content. 
Deletion of CST26 alters fatty acyl chain length, while deletion of SCT1 and ACB1 alters fatty 
acyl chain length and, most notably, fatty acid desaturation. Based on the species profiles of 
other glycerophospholipids beside PC, it was hypothesized that the aberrant remodeling in 
the other 3 strains is also induced by altered availability of acyl chains. 

In-depth study into the role of the glycerol-3-phosphate/dihydroxyacetone phosphate 
acyltransferase Sct1p [1] in regulating lipid acyl chain composition in chapter 3 showed that 
Sct1p regulates fatty acyl chain desaturation, as deletion and overexpression of SCT1 dra-
matically change the acyl chain composition. We show that it does so by competing with 
the fatty acid desaturase Ole1p (Ch. 3, Fig. 7), as co-overexpression of OLE1 and SCT1 gives 
rise to a saturated acyl chain content intermediate between that for overexpression of each 
of the genes separately. Sct1p activity is regulated by phosphorylation in response to addi-
tion of C16:0 acyl chains to the medium, and phosphorylation is mediated by Cst26p. How 
Cst26p regulates Sct1p phosphorylation and whether this function is related to the function 
of Cst26p in PI metabolism [2] and in regulation of fatty acid length (Ch. 3), remains to be 
investigated. 

Our finding that Cst26p affects the phosphorylation state and the activity of Sct1p 
sheds new light on the observation of Shui et al. that the 1-acyl-lyso-phosphatidic acid acyl- 
transferase activity utilizing saturated acyl chains is decreased upon deletion of CST26 [3]. 
We propose that it is the reduction in Sct1p activity that leads to a decrease in saturated acyl 
chains available for phosphatidic acid (PA) synthesis by established 1-acyl-lyso-PA acyltrans-
ferases, rather than Cst26p itself being responsible for the 1-acyl-lyso-PA acyltransferase 
activity selective for saturated acyl chains, as concluded by the authors. 

Overexpression of Sct1p dramatically increases the cellular C16:0 content, and this 
excess C16:0 is incorporated into all glycerophospholipids: PA, phosphatidylserine (PS), PE, 
PC, phosphatidylinositol (PI) (Ch. 3, Figs 3 and S2), phosphatidylglycerol (PG), and cardiolipin 
(CL) (Ch. 5, Fig. 5). In chapter 4 we show that the extra C16:0 is incorporated into PC via both 
biosynthesis routes, and via enhanced remodeling. The increase in the extent of remodeling 
allowed us to visualize PC acyl chain remodeling much more clearly. Using this system we 
showed that remodeling occurs at both the sn-1 and sn-2 position of the glycerol backbone, 
and that the phospholipase B Plb1p is required for efficient remodeling. Plb2p and Lro1p 
were shown not to be required for PC acyl chain remodeling. Plb1p is the first enzyme that is 
shown to be directly involved in PC acyl chain remodeling, most probably by releasing both 
acyl chains to produce glycerophosphocholine (GPC). However, in the plb1pct1 strain, the 
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steady state PC species profile is not altered; it only takes longer to attain the steady state 
PC profile. The plb1pct1 strain was therefore not picked up in the first screen described in 
chapter 2, and we can conclude that a more thorough screening in the overexpression back-
ground is required, also of candidates that do not alter the PC profile, to identify enzymes 
directly involved in remodeling. 

In chapter 5, we have studied the acyl donor selectivity of Taz1p, a CL remodeling 
transacylase. Species profiles of steady state glycerophospholipids and of newly synthesized 
glycerophospholipids labeled with deuterium-labeled precursors indicate that PS is the 
preferred acyl donor of Taz1p, and that Taz1p determines the availability of PS for decar- 
boxylation by Psd1p (Ch. 5, Fig. 8). This postulate is substantiated by data from the literature 
that indicate involvement of Taz1p in PS metabolism. Analysis of the in vitro acyl donor selec- 
tivity of Taz1p, of glycerophospholipid metabolism in strains deleted for TAZ1 and other lipid 
metabolism genes, and of the intramitochondrial localization of Taz1p (see Ch. 5, discussion) 
should enable verification of the acyl donor preference of Taz1p for PS. 

A physiological role for PC remodeling
Identifying all enzymes involved in PC remodeling should allow us to produce a mutant 
strain that is devoid of PC remodeling, which should facilitate the elucidation of the physio- 
logical role of PC remodeling. We already have several clues: the findings that C16:0 is pref-
erentially incorporated into PC versus other glycerophospholipids (Ch. 3, Fig. S2), and that 
PC remodeling is sensitive to the cellular acyl chain content suggests that PC remodeling 
serves as a mechanism for storage of acyl chains. This supposition implies that the PC spe-
cies profile is flexible and can be altered without much harm. This is a controversial state-
ment, as the fluidity and thickness of eukaryotic membranes depend to a large extent on 
the species profile of PC, which is the most abundant membrane lipid in most eukaryotes. 
However, we hypothesize that the species profile of PC is regulated less tightly than that 
of other lipids, such as CL that is enriched in unsaturated acyl chains, as suggested by the 
following data. We have performed most of our experiments with cells cultured on non-
fermentable media, on which fully developed mitochondria are required for the supply of 
energy, and PC remodeling is required to attain the steady state PC species profile. Interest-
ingly, remodeling was not required to obtain the steady state PC species profile in pct1 cells 
cultured on a fermentable carbon source (data not shown), suggesting that PC remodeling 
may function specifically to regulate distribution of acyl chains between glycerophospho- 
lipids in mitochondrial membranes. 

A possible role for ER stress and apoptosis in induction of the growth defect caused by 
Sct1p overexpression

An interesting question that should be considered in future research is why overex-
pression of Sct1p results in a severe growth defect (Ch. 3, Fig. 2). As argued in chapter 3, the 
fact that the severity of growth reduction correlates with the observed decrease in fatty acid 
desaturation in our experiments, suggests that the increase in saturated acyl chain content 
is responsible for the defective growth. Although it cannot be excluded that the observed in-
crease in lysoPA content (Ch.3, Fig. 3) contributes to the growth defect, we propose that the 
decrease in acyl chain desaturation is the major malefactor, as it has been linked to various 
cellular defects. In chapter 3, we propose that membrane fluidity may be reduced, and that 
this may impair membrane processes. This is not the only possible explanation, as distur-
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bances in fatty acid desaturation have also been linked to induction of ER stress and apop-
tosis. An increase in fatty acid saturation comparable to what we observed (saturated acyl 
chain content of about 55%), was previously shown to induce ER stress and the unfolded  
protein response [4, 5]. The authors disrupted heme biosynthesis to deplete cells of un-
saturated fatty acids and ergosterol and found that the resulting increase in saturated fatty 
acids triggered ER stress. Therefore ER stress may also play a role in compromising yeast 
growth upon Sct1p overexpression. This may explain the difference in growth we observed 
in medium with and without 0.05% glucose; the cells growing with glucose may experience 
a more gradual onset of galactose-induced overexpression of Sct1p, which may allow them 
to initiate the unfolded protein response (UPR) and maintain ER integrity. ER stress and UPR 
were also induced when saturated fatty acids were added exogenously [5]. 

It has been established that exogenous addition of saturated fatty acids like palmitic 
acid is not as harmful to yeast cells as the addition of unsaturated fatty acids like oleic acid 
[6, 7]. The reason probably lies in the fact that ingested saturated fatty acids can be sub-
jected to elongation and desaturation, resulting in a fatty acid profile closely resembling the 
endogenous spectrum. Remarkably, this is the other way around in mammalian cells, which 
tend to apoptose when presented with high amounts of saturated fatty acids. One possible 
reason for this could be the fact that exogenously added saturated fatty acids are not easily 
incorporated into triacylglycerol for storage in mammalian cells [8], and may therefore com-
promise storage of dietary lipid in lipid droplets by adipose tissue and trigger accumulation 
of toxic saturated lipids in the cytoplasm [8-10]. Another reason could be that most mam-
malian cells do not have an active PE methyltransferase pathway for PC synthesis, which 
is known to increase tolerance to exogenous fatty acids in yeast [7]. Induction of toxicity 
by saturated fatty acids in mammalian cells has been shown to involve incorporation into 
ceramide, or generation of reactive oxygen species, or both [11-13]. This may lead to impair-
ment of mitochondrial function, and ultimately to insulin resistance [14]. Disturbances in in-
sulin signaling related to imbalances in fatty acid desaturation may also be caused by chang-
es in membrane fluidity, which lead to changes in lateral mobility of receptors, including  
the insulin receptor [15]. Upon addition of C16:0 to cardiomyocytes, a decrease in CL con-
tent was observed [16],  allegedly because saturated fatty acids are poor substrates for CL 
synthesis. It was proposed that this may compromise mitochondrial membrane integrity 
and result in cytochrome c release. In this thesis, it is shown that excess C16:0 is incorpo-
rated into CL (Ch. 5, Fig. 5), and that the CL content is decreased (Ch. 3, Fig. S2, panel A) 
upon overexpression of Sct1p. I therefore hypothesize that Sct1p overexpression may lead 
to cytochrome c release and programmed cell death, a process that has previously been 
observed in yeast upon addition of acetic acid [17]. ER stress may also contribute to in- 
ducing apoptosis, as observed upon palmitic acid treatment of pancreatic beta-cells [18, 
19].

Incorporation of C16:0 into PC as an adaptation mechanism to Sct1p overexpression
As the increase of saturated acyl chain content is greater in PC than in any other glycero-
phospholipid, and as both biosynthesis and remodeling of PC contribute to the incorpora-
tion of C16:0 into PC upon Sct1p overexpression, incorporation of C16:0 into PC could be 
a cellular adaptation mechanism to the decreased fatty acid desaturation. This is in agree-
ment with the observation that mutants disturbed in neutral lipid synthesis become sensi-
tive to exogenous C16:0 upon inactivation of the PE methylation pathway for PC synthesis 
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[7]. Disturbances in the incorporation of C16:0 into PC in the Sct1p overexpression back-
ground are therefore expected to interfere with yeast growth. A simple way to do this is by 
inactivating the CDP-choline pathway for PC synthesis by deleting the PCT1 gene. Most of 
our experiments have been performed in a pct1 knockout background, because this facili-
tates the study of PC acyl chain remodeling, however, in figure 1 of chapter 4, we show that 
the contribution of the CDP-choline route to incorporation of C16:0 into PC is greater than 
that of the PE methylation route. This is because the enzymes involved in PE methylation 
have specificity for production of di-unsaturated PC species, whereas the production of PC 
species via the CDP-choline route appears to be highly dependent on the species composi-
tion of the DAG pool. 

Consistently, the growth defect caused by overexpression of Sct1p was slightly less 
pronounced in the WT strain with an active CDP-choline route than in the pct1 strain (data 
not shown). Moreover, pct1 pYES2 + pESC cells cultured in synthetic (SGR) medium without 
uracil and histidine to maintain both empty vectors, displayed a marked growth defect com-
pared to the corresponding sct1pct1 pYES2 + pESC double deletion strains (data not shown), 
indicating that pct1 cells have difficulty in metabolizing lysoPA synthesized by Sct1p under 
these conditions. Based on these observations, we propose that the PA species originating 
from Sct1p give rise to DAG species enriched in C16:0, which are preferentially converted to 
PC via the CDP-choline route. This is in agreement with the observation of Zaremberg et al. 
that flux through the CDP-choline route is decreased in sct1 deletion strains and increased in 
gpt2 deletion strains (Gpt2 is a paralogue of Sct1p, see Ch. 1, Fig. 3) [20], and indicates that 
synthesis and turnover of PC via the CDP-choline route is important for coping with the  cel-
lular fatty acid content in SCT1 cells. Moreover, we observed that phosphorylation of Sct1p 
is increased in pct1 cells (Ch. 3, Fig. 6), suggesting regulation of Sct1p activity in response to 
deficiency of the CDP-choline route.

Metabolic separation of PC derived from PE methylation and from the CDP-choline route 
I propose that PC acyl chain remodeling, a process that is suitable for incorporation of sat-
urated acyl chains into PC, partially takes over the role of the CDP-choline route in pct1 
strains. PC acyl chain remodeling is required to adapt the species profile of PC synthesized 
via the PE methylation route to the steady state profile in a pct1 strain, and presumably also 
in WT strains (Ch. 4). Two key questions related to this issue remain to be answered: first 
of all, does acyl chain remodeling also contribute to the species profile of PC synthesized 
via the CDP-choline route? A pulse-chase experiment with deuterium-labeled choline re-
vealed that the species profile of PC newly synthesized via the CDP-choline route evolved 
toward the steady state species profile (data not shown), indicating that it is also subject to 
acyl chain remodeling. However, the involvement of species-selective degradation of newly 
synthesized CDP-choline derived PC must also be considered before we can answer this 
question conclusively.

Assuming that acyl chain remodeling also contributes to the species profile of  PC syn-
thesized via the CDP-choline route, I propose the following routes for the post-synthetic 
metabolism of PC based on data obtained in this thesis and from the literature (Fig. 1). 
CDP-choline derived PC is subject to hydrolysis by the phospholipases Nte1p and Plb1p. The 
GPC produced is reacylated by acyltransferases that remain to be identified, or degraded to 
choline by Gde1p, and recycled via the CDP-choline route. On the other hand, PE methyla-
tion derived PC is hydrolyzed by Plb1p in acyl chain remodeling, and not by Nte1p [21, 22] 



Chapter 6

146

PC

GPC

Plb1p

PE

Gde1p
?

PC

choline PC

 Nte1p /
 Plb1p

Spo14p

Nte1p /
  Plb1p

Spo14p

lysoPC
?

Figure 1. Non-exhaustive model for post-synthetic metabolism of PC highlighting the central role 
of glycerophosphocholine (GPC). PC can be synthesized by PE methylation or the CDP-choline route 
(dashed lines). PC synthesized via PE methylation can be hydrolyzed to choline by Spo14p, or to GPC by 
Plb1p. The GPC produced can be further degraded to choline by Gde1p, and recycled via the CDP-cho-
line route, or reacylated to PC. PC synthesized via the CDP-choline route can be degraded to choline by 
hydrolysis by Spo14p, or to GPC by Plb1p or Nte1p. Acyl chain remodeling of PE methylation derived 
PC, which involves hydrolysis by Plb1p and subsequent reacylation, is set in bold. PC originating from 
PC remodeling may be hydrolyzed by Nte1p, Plb1p or Spo14p. 

(Fig. 1). 
This brings us to the second key question: how is the metabolic separation of PC de-

rived from the PE methylation route and PC derived from the CDP-choline route attained? 
Or, in other words, how is PC produced by PE methylation excluded from degradation by 
Nte1p? The localization of the phospholipases B involved in PC hydrolysis may play a role 
in this metabolic channeling, as Plb1p is localized to the plasma membrane and the peri-
plasmic space [23], whereas Nte1p is localized to the ER [22]. PE methylation in the ER 
primarily produces di-unsaturated PC molecules [24], which may be transported out of the 
ER in secretory vesicles to be remodeled at the plasma membrane, and therefore shielded 
from turnover catalyzed by Nte1p. In agreement with this hypothesis, it has been proposed 
that di-unsaturated PC species contribute to providing the correct membrane composition 
required for protein delivery via the Golgi to the plasma membrane [4]. It was hypothesized 
that increasing the amount of diunsaturated PC species in secretory vesicles, in concert with 
the relative ergosterol concentration, affects membrane curvature. This was based on the 
propensity of di-unsaturated PC/sterol mixtures to adopt the hexagonal HII phase [25-27]. 
Enrichment of PC produced by PE methylation in secretory vesicles is further supported by 
the detection of PE methylation intermediates monomethylphosphatidylethanolamine and 
dimethylphosphatidylethanolamine in the Golgi [28]. Moreover, the PE methyltransferase 
Opi3p was detected in secretory vesicles [29], suggesting that they may harbor synthesis of 
di-unsaturated PC species. 

I therefore propose that di-unsaturated PC produced by PE methylation is preferentially 
delivered to the plasma membrane in secretory vesicles, and that this transport may play a 
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role in the metabolic channeling of PE methylation derived PC toward acyl chain remodeling  
and its sequestration from turnover catalyzed by Nte1p. Alternatively, PC may be trans-
ported to the plasma membrane via non-vesicular mechanisms [30], and di-unsaturated 
PC species produced by PE methylation may be preferred for non-vesicular transport be-
cause they are more hydrophilic. As the CDP-choline route also produces di-unsaturated PC  
molecules, these may also be transported to the plasma membrane for acyl chain re- 
modeling.  

Preferential transport of di-unsaturated PC may also contribute to the selective re-
duction of unsaturated acyl chains in PC due to remodeling, as di-unsaturated PC species 
may be preferentially degraded by Plb1p in vivo because they are transported to the plas-
ma membrane. As previously mentioned, reacylation of the produced GPC or lysoPC most 
probably reflects the availability of acyl chains, and therefore gives rise to a more diverse 
PC species profile, and a dramatic increase in C16:0 content in PC in strains overexpressing 
Sct1p. Alternatively, the GPC produced by Plb1p may be degraded further to choline by 
Gde1p in the cytoplasm [31], followed by recycling through the CDP-choline route (Fig. 1). 
It remains to be investigated how the metabolic fate of GPC is determined, as the choice 
between degradation and reacylation may constitute a key checkpoint in PC homeostasis. 
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De grenzen van alle levende cellen en van de celorganellen, intracellulaire compartimenten 
met specifieke functies, worden gedefinieerd door membranen, die bestaan uit een dubbel-
laag van vetachtige moleculen genaamd lipiden. In de lipide bilagen zijn eiwitten ingebed 
die onder andere zorgen voor transport van hydrofiele stoffen over de membraan en voor 
communicatie tussen de cel en de buitenwereld. De meeste membraanlipiden behoren tot 
de klasse van de glycerofosfolipiden, die bestaan uit een naar buiten gericht hydrofiel (wa-
terminnend) deel en naar elkaar toe gerichte hydrofobe (watervrezende) vetzuurstaarten 
(zie Ch. 1, Fig. 1). Het hydrofiele deel heeft interactie met de waterige omgeving, terwijl het 
hydrofobe deel de membraan in staat stelt een beperkt doorlaatbare barrière te vormen 
tussen cel en omgeving. De glycerofosfolipiden worden ingedeeld in klassen op basis van de 
identiteit van het hydrofiele deel (zie Ch. 2, Fig. 2). Het onderzoek beschreven in dit proef-
schrift behandelt de totstandkoming van de samenstelling van de hydrofobe vetzuurketens 
van glycerofosfolipiden in de cellulaire membranen van bakkersgist, in het bijzonder van 
de meest voorkomende klasse van glycerofosfolipiden in eukaryote (kernhoudende) cellen, 
fosfatidylcholine (PC). De vetzuurketens kunnen verschillen in lengte en aantal dubbele bin-
dingen, en deze eigenschappen bepalen de dikte en vloeibaarheid van de membraan, die 
van invloed zijn op de werking van membraaneiwitten en de barrièrefunctie. De centrale 
onderzoeksvraag in het onderzoek beschreven in dit proefschrift was: welke genen en eiwit-
ten zijn betrokken bij remodeling via acylketenuitwisseling in PC? Omdat PC zo abundant is 
in eukaryote membranen, is de acylketensamenstelling zeer belangrijk voor de membraan-
eigenschappen van deze cellen. 

We hebben ervoor gekozen het onderzoek te verrichten met de modeleukaryoot Sac-
charomyces cerevisiae, een ééncellige schimmel die al eeuwen gebruikt wordt voor het ma-
ken van brood en alcoholische dranken, en beter bekend staat onder de naam (bakkers)
gist. Gist is ook populair bij wetenschappers omdat het een relatief korte levenscyclus heeft, 
waardoor snel resultaten verkregen kunnen worden, en omdat het genetisch eenvoudig 
te manipuleren is, wat moleculair biologische studies vergemakkelijkt. Bovendien bestaat 
er een schat aan literatuur over de celbiologie en biochemie van gist die geraadpleegd kan 
worden, en is in het verleden maar al te vaak gebleken dat conclusies uit experimenten met 
gist over basale cellulaire mechanismen geëxtrapoleerd kunnen worden naar hogere orga-
nismen, zoals zoogdieren en en planten. Een bijkomend voordeel voor onze studies is dat de 
vetzuurketensamenstelling van gist veel eenvoudiger is dan die van hogere organismen, wat 
een groot voordeel is bij het interpreteren van de resultaten. 

Eerder onderzoek heeft aangetoond dat de biosyntheseroutes van PC in gist de acylke-
tensamenstelling van PC beïnvloeden, en dat daarnaast ook post-synthetische remodeling 
via acylketenuitwisseling nodig is om de steady state acylketensamenstelling te bereiken.  
Acylketenuitwisseling omvat het weghalen van 1 of meerdere acylstaart(en) door fosfoli-
pases, enzymen die de esterbinding tussen de acylketen en het glycerolskelet van een fos-
folipide molecuul verbreken, gevolgd door verestering van nieuwe acylstaarten aan de vrij-
gekomen hydroxylgroep(en) door acyltransferases. Transacylases, enzymen die acylketens 
uitwisselen tussen lipiden, kunnen ook een rol spelen in dit proces. 

Bij de start van het onderzoek dat tot dit proefschrift heeft geleid, hebben we (poten-
tiële) fosfolipases, acyltransferases en transacylases gescreend op hun betrokkenheid bij PC 
remodeling (zie Ch. 2). Uit de literatuur en internetdatabases zijn 75 kandidaatgenen gese-
lecteerd. Vervolgens zijn giststammen gekocht waarin deze genen uitgeschakeld waren, en 
werd nog het PCT1 gen uitgeschakeld dat betrokken is bij PC biosynthese, waardoor alle PC 
in deze stammen gesynthetiseerd wordt uit fosfatidylethanolamine (PE), een ander glycero-
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fosfolipide. Van elk van de resulterende dubbelmutanten is de acylketensamenstelling van 
PC en PE geanalyseerd met behulp van massaspectrometrie, waaruit bleek dat 18 stammen 
significante verschillen vertoonden in de vetzuurketensamenstelling van PC en/of PE. Labe-
ling van nieuw gesynthetiseerd PC met stabiele isotopen en analyse van de evolutie van de 
acylketensamenstelling naar de steady state samenstelling met behulp van massaspectro-
metrie toonde aan dat de remodeling via acylketenuitwisseling verstoord was in 6 van deze 
stammen. In geen enkele van de stammen was PC remodeling volledig uitgeschakeld, maar 
de sct1pct1 stam vertoonde bijna geen remodeling meer.

Sct1p katalyseert de eerste stap in de biosynthese van glycerolipiden, namelijk de over-
dracht van acylketens van acyl-CoA naar glycerol-3-fosfaat om lyso-fosfatidezuur (lysoPA) te 
vormen. In hoofdstuk 3 is onderzocht waarom deletie van SCT1 zo’n sterk effect heeft op PC 
remodeling. Er werd vastgesteld dat de totale cellulaire vetzuurketensamenstelling gewij-
zigd is in de sct1pct1 stam in vergelijking met de pct1 stam, wat het effect van SCT1 deletie 
op PC remodeling kan verklaren. In hoofdstuk 4 is aangetoond dat er nog steeds enige PC re-
modeling plaatsvindt in sct1pct1, consistent met het indirecte effect van SCT1. Het cellulaire 
gehalte aan palmitinezuur (een vetzuur met 16 koolstofatomen en 0 dubbele bindingen, 
hierna C16:0 genoemd) is in sct1pct1 maar half zo hoog als in pct1. Overexpressie van SCT1 
in sct1pct1 leidde tot een viervoudige verhoging van het C16:0 gehalte ten koste van de on-
verzadigde vetzuren, en tot een verlaging van de groeisnelheid. De enzymatische activiteit 
van Sct1p is nodig om deze effecten te verkrijgen. De wijziging in vetzuursamenstelling werd 
gedeeltelijk tenietgedaan door simultane overexpressie van het enige enzym in gist dat dub-
bele bindingen in vetzuren introduceert, de desaturase Ole1p. Uit deze resultaten is gecon-
cludeerd dat Sct1p een regulator van vetzuuronverzadiging is, en dat het deze functie kan 
uitvoeren door in competitie te treden met Ole1p voor het gemeenschappelijk substraat 
C16:0-CoA. Sct1p beschermt C16:0-CoA tegen de introductie van een dubbele binding door 
C16:0-lysoPA te synthetiseren en zo C16:0 in lipiden op te slaan (zie Ch. 3, Fig. 7). Deletie 
van het CST26 gen dat codeert voor een acyltransferase onderdrukte het groeidefect en de 
wijziging in vetzuursamenstelling veroorzaakt door overexpressie van Sct1p volledig. Naast 
deze effecten leidde deletie van CST26 ook tot de vrijwel volledige fosforylering van het tot 
overexpressie gebrachte Sct1p en tot een lager niveau van overexpressie. Deze resultaten 
tonen aan dat fosforylering Sct1p inactiveert, en dat Cst26p een regulator is van de fosfory-
lering van Sct1p. Toevoeging van C16:0 aan het medium leidde tot verhoogde fosforylering 
van Sct1p in wild type gistcellen, wat erop wijst dat onze bevindingen over regulatie van 
vetzuuronverzadiging door Sct1p biologisch relevant zijn. 

De overmaat aan C16:0 die geproduceerd wordt door overexpressie van Sct1p wordt 
ingebouwd in alle glycerofosfolipiden, maar er komt meer C16:0 terecht in PC dan in andere 
glycerofosfolipiden (Ch. 3, Fig. S2). In hoofdstuk 4 tonen we dat C16:0 in PC ingebouwd 
wordt via synthese en remodeling, wat erop duidt dat PC remodeling een mechanisme kan 
zijn om de cellulaire C16:0 homeostase te regelen, namelijk door C16:0 in PC in te bouwen 
als er een overmaat aanwezig is en door C16:0 uit PC vrij te maken voor inbouw in andere 
lipiden indien nodig. Het effect van remodeling op de acylketensamenstelling van PC is veel 
groter in Sct1p overexpressiestammen, en daarom zijn deze ideaal om remodeling te visu-
aliseren en te bestuderen. In Sct1p overexpressiestammen hebben we kunnen bepalen dat 
beide acylketens van PC moleculen uitgewisseld worden bij remodeling, en dat de fosfolipa-
se B Plb1p hierbij betrokken is, aangezien deletie van PLB1 PC remodeling vertraagt. Plb1p 
knipt wellicht beide acylketens van PC, waarna andere acylketens in de plaats gezet kunnen 
worden door een acyltransferase of transacylase. Ook werd aangetoond dat de fosfolipase 
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Plb2p, de transacylase Lro1p en het acyl-CoA bindend eiwit Acb1p niet nodig zijn voor PC 
remodeling. 

In hoofdstuk 5 hebben we dankbaar gebruik gemaakt van het systeem van overexpres-
sie van Sct1p om remodeling van het glycerofosfolipide cardiolipine (CL) door de transa-
cylase Taz1p te bestuderen. Cardiolipine is een bijzonder glycerofosfolipide, omdat het 4 
acylketens heeft en bijna uitsluitend voorkomt in mitochondriën, de ‘energiecentrales’ van 
de cel. Daarnaast heeft CL ook een zeer bijzondere acylketensamenstelling: zowel in gist als 
in zoogdiercellen is CL verrijkt in onverzadigde acylketens. De specifieke acylketensamen-
stelling van CL wordt in gist bereikt door hydrolyse van verzadigde acylketens uit CL door de 
fosfolipase Cld1p, gevolgd door uitwisseling van willekeurige acylketens door Taz1p tussen 
monolyso-CL en een ander glycerofosfolipid. Taz1p is de gisthomoloog van het zoogdieren-
zym Tafazzin. Mutaties in Tafazzin leiden bij mensen tot Barth syndroom, een erfelijke ziekte 
gekoppeld aan het X chromosoom die gekenmerkt wordt door cardiomyopathie, skeletale 
myopathie, tekort aan witte bloedcellen en groeivertraging. Onze studie van Taz1p functie in 
de Sct1p achtergrond wijst erop dat Taz1p bij voorkeur acylketens uit het glycerofosfolipide 
fosfatidylserine (PS) overzet naar monolyso-CL, en dat het daarmee de hoeveelheid mito-
chondriëel PS beschikbaar voor synthese van fosfatidylethanolamine (PE) in de mitochon-
driële binnenmembraan bepaalt. Het voorgestelde mechanisme geeft een rationale voor de 
localisatie van Taz1p in het mitochondriële buitenmembraan. 

Het in dit proefschrift beschreven onderzoek geeft nieuwe inzichten over de manier 
waarop de vetzuurketensamenstelling van membraanlipiden gereguleerd wordt. Ten eerste 
wordt een nieuw concept voorgesteld voor regulatie van vetzuurverzadiging via competitie 
tussen een acyltransferase en een desaturase voor geactiveerde vetzuren. Zoals in de dis-
cussie van hoofdstuk 3 beargumenteerd, is dit concept wellicht ook relevant voor zoogdier-
cellen. Dit onderstreept het belang van dit onderzoek, aangezien regulatie van vetzuuron-
verzadiging bij zoogdiercellen gerelateerd is aan de ontwikkeling van diabetes en obesitas. 
Ten tweede biedt het onderzoek ook nieuwe inzichten in de remodeling van PC en CL: PC 
remodeling omvat uitwisseling van beide acylketens van PC moleculen en de fosfolipase 
B Plb1p is hierbij betrokken; de transacylase Taz1p betrokken bij CL remodeling blijkt een 
voorkeur te hebben voor PS als acyldonor.



Dankwoord



154

Hier zit ik dan, het allerlaatste stukje te schrijven voor dit proefschrift. De voorbije periode 
was heel druk, en ik zal blij zijn als het eindelijk allemaal af is, maar toch besef ik ook dat ik 
de onvoorwaardelijke focus op het afwerken van mijn proefschrift zal missen. Als je bezig 
bent met een project dat zo belangrijk is dat het al de rest moeiteloos overstijgt, dan is je 
leven eigenlijk heel simpel. Er breekt straks een nieuw leven aan, met heel veel mogelijk- 
heden, die ik met beide handen zal aannemen, en waarin ik hopelijk de juiste keuzes zal 
maken. Maar nu maak ik nog even gebruik van de focus op mijn proefschrift om de mensen 
te bedanken die me geholpen hebben om hier te geraken.

Allereerst wil ik Toon, mijn co-promotor bedanken. Dankzij jouw begeleiding ben ik de 
wetenschapper geworden die ik nu ben. We hebben samen geen makkelijke tijd doorge-
maakt. Bijna meteen na mijn start in Utrecht kwamen er de problemen rond je aanstelling, 
die je gelukkig hebt kunnen oplossen, maar die toch soms een beetje een domper op de 
feestvreugde waren. In het tweede jaar van mijn aanstelling brak voor mij ook een moeilijke 
tijd aan in het lab: de proeven lukten niet en er kwamen maar geen resultaten, wat me soms 
wat moedeloos maakte en ook onze communicatie bemoeilijkte. Maar het verhaal heeft 
een happy end, want we hebben het project samen weer op de goede baan gezet, en dit 
heeft ertoe geleid dat er in het laatste jaar van mijn aanstelling heel veel mooie resultaten 
naarboven gekomen zijn. Van dat laatste jaar herinner ik me vooral ook de proeven die 
we samen gedaan hebben op de 3de. Het was voor mij heel bijzonder om die proeven sa-
men met jou te kunnen doen. Gelukkig was alle 32P straling uiteindelijk toch nog goed voor 
een tabel in hoofdstuk 2. Daarnaast maakte je altijd tijd om mijn resultaten (of het gebrek 
eraan), presentaties of manuscripten kritisch te bekijken, en was je altijd zeer begaan met 
de voortgang van het project. Ook dit proefschrift heb je heel grondig nagekeken, en het 
gebrek aan fouten en onvolledigheden is dus mede aan jou te danken. Je gaf me ook de kans 
om leuke opleidingen te volgen, zoals Yeast Genetics & Genomics in Cold Spring Harbor en 
Persoonlijke Ontwikkeling en Presentatie in Amsterdam, twee zeer verschillende cursussen 
die beide heel veel bijgedragen hebben aan mijn opleiding. 

Antoinette, mijn promotor, bedank ik vooral om haar positieve houding ten opzichte 
van mij en mijn werk. Het was leuk om iemand te hebben die de voortgang vanaf de zijlijn 
meevolgde, en bij wie ik steeds kon aankloppen als er iets mis was (hoewel ik dat zelden 
gedaan heb). Het onderwerp van dit proefschrift ligt redelijk ver van jouw eigen onder-
zoek, maar toch toonde je steeds interesse voor mijn project en stond je steeds klaar om te 
helpen waar nodig. Ook Ben wil ik bedanken om steeds weer interesse te tonen voor mijn 
resultaten, om me te leren om nieuwe bevindingen steeds in het grotere geheel van het 
project te plaatsen, en om me aan te sporen steeds goed na te denken over wat een resul-
taat nu betekent, hoe slecht de proef er ook moge uitzien. 

Aangezien de resultaten voor dit proefschrift voor het overgrote deel afkomstig zijn 
uit proeven met massaspectrometrie en gaschromatografie, en de instrumenten hiervoor 
niet aanwezig zijn in de onderzoeksgroepen Biochemie van Membranen en Membraan En-
zymologie, hing de goede afloop van dit proefschrift ook in grote mate af van samenwerking 
met groepen waar de instrumentatie en expertise wel voorhanden was. Allereerst heb ik 
met Martijn en Cees kennis gemaakt met massaspectrometrie op de instrumenten van de 
groep Biomolecular Mass Spectrometry and Proteomics. Maar de opzet van dit project wou 
dat ik verdere proeven deed in de Lipidomics faciliteit van de groep Biochemistry and Cell 
Biology bij de faculteit Diergeneeskunde. Het overgrote deel van de resultaten die in dit 
proefschrift voorgesteld worden zijn afkomstig van de API3000 die daar staat. Bernd zorgde 
voor de omkadering, en Jos en Martin hielpen me bij het instellen van de massaspectro- 
meters en losten mijn problemen met de instrumenten op. Dit laatste geldt trouwens ook 
voor Jeroen en Chris. Martin, bedankt voor al je inzet om de autosampling aan de praat te 
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krijgen voor het meten van mijn samples. Jammer dat het niet gelukt is, maar gelukkig ben 
ik er zo ook geraakt. Daarnaast, en vooral voor hoofdstuk 3, was ook de gaschromatograaf 
in de practicumzaal van het departement Scheikunde een heel belangrijk apparaat voor mij. 
Daar kreeg ik hulp van Stephan en vooral van Paul, die steeds tijd maakte om mijn vragen te 
beantwoorden, ook als ik soms in herhaling viel. 

Voor andere metingen hadden we dan weer hulp nodig van mensen buiten Utrecht. 
The analysis of the species profiles of PA and lysoPA in chapter 3 were performed at the 
University of Regensburg (Germany) by Gerhard Liebisch and Max Scherer. Thank you for 
the very efficient collaboration, the data are a very nice addition to this thesis. We hope it 
will soon be published. De species profielen van CL, MLCL en PG zijn dan weer uitgevoerd in 
het lab van Fred Vaz in het AMC in Amsterdam. Dankjewel om tijd voor ons vrij te maken in 
een voor jou duidelijk heel drukke periode, Fred!

De reorganisatie betekende voor Toon, een daarom ook voor mij, dat we aan de slag 
konden bij de groep Membrane Enzymology. In deze context wil ik graag Gerrit bedanken 
om ons een plaats te geven in zijn groep, een beslissing die mijn doctoraat misschien wel 
gered heeft. Bij ME kreeg ik al bijna meteen een bachelor studente, Bieneke. De goeie erva- 
ring met haar spoorde me aan op zoek te gaan naar nog meer knappe studentes. Het sa-
menwerkingsverband voor een Erasmus-project met Prof. Gianni Balliano van de universi- 
teit van Torino (Italië) was nog maar net getekend toen Giulia al in het lab stond. Giu, it was 
great fun to have you as a student in the lab. Even more than that, I had the feeling that we 
were really partners in crime, working together for the same good. It is amazing how quickly 
you learned to perform experiments faultlessly and to plan your work independently. It’s a 
pity that the Atg15 project ran into a dead end after you left, partially due to a lack of time 
on my side. However, I hope that somebody else can continue it someday, as I still find it 
a very interesting line of research. Om mijn mannelijke collega’s nog wat meer jaloers te 
maken besloot ik aan prof. Balliano te vragen of hij nog een studente kon sturen. En ja hoor, 
even later was Elisa daar, en werd Per helemaal gek van jaloezie. Elisa, there should be a 
picture of you in the dictionary next to the word ‘diligent’. Thank you for doing all those 
thousands of growth assays that I did not have time to do, and for maintaining your focus to 
deliver high quality results. Some of your results are shown in chapter 3 of this thesis, and 
will also be presented in the ‘hopefully very soon to be published paper’ for which you are 
the second author. I’m glad to see that all your hard work paid off. 

Mijn ervaring met gist en lipiden was zeer beperkt toen ik in Utrecht aankwam, maar 
gelukkig had ik met Martijn een goede leermeester die me de knepen van het vak kon leren. 
Jij reikte me vol overgave de belangrijkste tools aan voor mijn werk met gist en massaspec-
trometrie, en legde daarmee de basis voor veel van mijn verdere proeven. Bedankt! Pieter 
en Jacob waren er gelukkig ook nog om me te helpen in het lab en om me moed in te praten 
als er weer eens een transformatie of kolonie-PCR mislukt was. Eenmaal aangekomen bij 
Membrane Enzymology bleek western blotting dan weer een heel belangrijke techniek te 
gaan worden voor de voortgang van mijn project. De mooie plaatjes in hoofdstuk 3 zijn 
mede te danken aan Matthijs, die me alle geheimen van het runnen van gels, blotten en 
ontwikkelen verklapte. 

Ook Ruud en Tine leverden een bijdrage aan de proeven voor dit proefschrift; Ruud 
door culturen te maken voor massaspectrometrie analyse voor hoofdstuk 5, en Tine door 
groei assays te maken als controle voor de resultaten in hoofdstuk 3. Ruud, hopelijk komt er 
nog iets moois uit de GC profielen en blots die je nu aan het maken bent. Tine, we hebben 
jammer genoeg nooit samen in het lab gestaan en daarom heb ik je niet zoveel kunnen leren 
of uitleggen. Ik hoop dat je project de goede kant opgaat en dat ook jij je ‘transformatie-lag’ 



156

(een beproeving die blijkbaar weggelegd is voor meerdere van Toons AiO’s) doorkomt. 
In both the Biochemistry of Membranes and the Membrane Enzymology groups I have 

had the luck of always sharing the office with friendly and calm people. I would like to thank 
them all for the pleasant moments we shared together. In the beginning I was sitting in 
the technician room together with Martijn, Rutger and Mandy so that I could use Mandy’s 
computer and pick Martijn’s brain about yeast lab work. Then I moved to the very peaceful 
and quiet east wing where I had a relaxing time with Diana and Jacques, and from where 
we often undertook the trek toward the lab together. Not for long though, as the reorgani-
zation urged me to move to the north wing, where I got a warm welcome from Pavel and 
Guillaume, and where I later welcomed Susanne and KD. I would also like to thank all the 
members of the groups Biochemistry of Membranes and Membrane Enzymology that I have 
not mentioned yet for the pleasant atmosphere in the lab, for the drinks and dinners we 
had together, the carnival trip to Cologne, the questions and suggestions at work discus-
sions, helping me with instruments in the lab, etc. Thank you (in no particular order) Erica, 
Andrea, Robin, Tania, Yvonne, Nick, Lucie, Thomas, Mobeen, Vincent, Robert, Eefjan, Per, 
Sylvia, Sandra, Patricia, Catheleyne, Joost, Maarten, Hanka, Fikadu, Seléne, Ana and Joep. 
RK deserves a special mentioning in this regard. I really enjoyed all the lunches we had to-
gether, especially when Giulia was around, and it was nice to see how you took a liking to my 
undergraduate students. Thanks for accepting the challenge to be my paranimf with such 
pleasure. I wish you all the best together with Leonie!

I would also like to thank Lukas Huber here, because he gave me the opportunity to 
work in his lab in Innsbruck on a very fascinating project. Thank you also for giving me the 
time to finish my PhD right now. I can’t wait until I graduate and can focus all my attention 
on endocytosis. 

Tineke, zonder jou had ik wellicht niet zo snel een baan gezocht in Nederland. Ik heb 
genoten van onze tijd samen in het Surinaamse ghetto genaamd Amsterdam Zuidoost. 
Het was altijd fijn om na het werk bij jou thuis te kunnen komen. Bedankt voor al je liefde 
en steun, ook op de (helaas vele) momenten dat ik slecht gezind was. Ik hoop dat je in je  
nieuwe leven gelukkig bent en veel successen kent in je onderzoek.

De 6c aanmodderaars bedank ik voor alle klimreisjes door de jaren heen, waarin we ons 
steeds goed geamuseerd hebben, topcondities of niet. Klimke doen, kampvuur, pintje/wijn- 
tje, meer moet dat niet zijn. Deze reisjes waren voor mij altijd een verademing na de stress 
op het werk, en ik hoop dat we deze traditie toch een beetje kunnen doorzetten nu ik in 
Innsbruck woon. Een bijzondere vermelding gaat hier natuurlijk uit naar Katalien en Tom, in 
wiens gezellige huis in Gentbrugge ik mocht komen wonen tijdens een (voor mij, maar niet 
alleen voor mij) heel moeilijke periode. Bedankt voor jullie luisterend oor wanneer het niet 
goed ging met de thesis of met ‘je weet wel wat’. Ook Joachim en Lies wil ik graag extra be-
danken, voor de deur die altijd openstond voor een babbel of een film op groot scherm, na 
de yoga of op andere avonden. Bedankt ook Vince en Ellen en alle andere Gentse klimmers.
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en begripvol te zijn voor mij, ook als het me tegenzit en ik minder goed gezind ben. Ik hoop 
dat je snel een nieuwe uitdaging vindt, in België of ergens anders! En ook mama en papa, 
aan wie dit proefschrift opgedragen is, omdat ze me gemaakt hebben tot de persoon die ik 
vandaag ben, iemand die de laatste tijd steeds vaker versteld staat van zijn eigen kunnen. 
Jullie wisten natuurlijk allang dat ik het allemaal in mij had, en het is net dat vertrouwen dat 
ik nodig had om hier te geraken. Ik hoop dat jullie trots op me zijn. Bedankt voor al jullie 
liefde, en voor alle zorg en steun die jullie me geven wanneer nodig. 
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