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Abstract

The most abundant phospholipids in eukaryotic membranes are phosphatidylcholine (PC),
phosphatidylethanolamine (PE), phosphatidylinositol (PI) and phosphatidylserine (PS). PE is
essential for many types of cells. In the yeast Saccharomyces cerevisiae PE synthesis is
accomplished by a network of reactions which comprise four different pathways. The enzyme
which contributes most to PE formation in the yeast is phosphatidylserine decarboxylase 1
(Psd1p). This enzyme is localized to the inner mitochondrial membrane and catalyzes the
decarboxylation of PS to PE. To obtain a general view of the role of PE in the cell and to
study the effects of an unbalanced PE level, a Apsdl deletion mutant was subjected to DNA
microarray analysis. This approach demonstrated that a number of genes were up-regulated in
a Apsdl deletion strain compared to wild type. To study possible physiological functions of
these specific gene products, we analyzed the growth phenotype on different carbon sources
and the phospholipid profile of the respective mutant strains. This approach identified the
products of the three candidates GPM2, GPH1 and RSB, as possible interaction partners with
PE formation. GPH1, which was investigated in more detail, showed effects in phospholipid
as well as in neutral lipid metabolism. Gphlp has originally been identified as a glycogen
phosphorylase catalyzing degradation of glycogen to glucose in the stationary growth phase
of the yeast. Here, we show that deletion of this gene also causes decreased levels of PC,
triacylglycerols and steryl ester. Surprisingly, depletion of the two non-polar lipids in a Agphl
strain leads to a lack of lipid droplets. Moreover, the stability of the plasma membrane
appears to be compromised in this mutant. In vivo labeling experiments revealed that both
pathways of PC biosynthesis, the CDP-choline and the methylation route, are negatively
affected by a Agphl mutation. These findings suggest that Gphlp plays a regulatory role in

yeast lipid metabolism, although its specific molecular function is currently not known.




Zusammenfassung

Die am hé&ufigsten vorkommenden Phospholipide in eukaryotischen Membranen sind
Phosphatiylcholin (PC), Phosphatidylethanolamin (PE), Phosphatidylinositol (PI1) und
Phosphatidylserin (PS). PE ist fur viele Arten von Zellen essentiell. In der Hefe
Saccharomyces cerevisiae wird die Synthese von PE durch ein Netzwerk von Reaktionen,
welches vier verschiedene Wege umfasst, bewerkstelligt. Das Enzym, das in Hefe am meisten
zur Bildung von PE beitragt ist Phosphatidylserin Decarboxylase 1 (Psd1p). Dieses Enzym ist
an der inneren Mitochondrienmembran lokalisiert und katalysiert die Decarboxylierung von
PS zur Bildung von PE. Um die Rolle von PE in der Zelle und die Auswirkungen eines
erniedrigten PE-Levels genauer zu untersuchen, wurde eine Apsdl Deletionsmutante einer
DNA-Microarray-Analyse unterzogen. Dieser Ansatz zeigte, dass eine Reihe von Genen in
einem Apsdl Deletionsstamm im Vergleich zum Wildtyp hochreguliert waren. Um die
physiologischen Funktionen dieser bestimmten Genprodukte zu analysieren, wurden
Wachstumsphéanotyp auf verschiedenen Kohlenstoffquellen und das Phospholipid Muster der
jeweiligen Mutantenstdmme untersucht. Dieser Ansatz identifizierte GPM2, GPH1 und RSB1
als mogliche Interaktionspartner der Synthese von PE. GPH1, welches né&her untersucht
wurde, zeigte Anderungen im Phospholipidmuster sowie im Stoffwechsel der Neutrallipide.
Gphlp ist als Glycogenphosphorylase bekannt und katalysiert den Abbau von Glykogen in
Glukose in der stationdren Wachstumsphase der Hefe. Hier zeigen wir, dass die Deletion
dieses Gens auch eine Reduktion von PC, Triglyceriden und Sterolester verursacht.
Uberraschenderweise fiihrt diese Reduktion der beiden nicht-polaren Lipide in einer Agphl
Mutante zu einer Reduktion an Lipidpartikel. Darlber hinaus scheint die Stabilitat der

Plasmamembran in dieser Mutante beeintrachtigt zu sein. In vivo Markierungsexperimente




zeigten, dass beide Wege der PC-Biosynthese, der CDP-Cholin und der Methylierungs
Pathway negativ durch eine Agphl Mutation betroffen sind. Diese Erkenntnisse legen nahe,
dass Gphlp eine regulatorische Rolle im Lipidmetabolismus der Hefe spielt, obwohl die

spezifische, molekulare Funktion bis jetzt nicht geklart ist.




General Introduction

General Introduction

Saccharomyces cerevisiae is a widely used model organism to study biochemistry, cell
biology and molecular biology of eukaryotic cells. Although it is phylogenetically distant
from human and mammalian cells, it is an appropriate model because many biosynthetic and
regulatory elements are highly conserved between yeast and human. Additionally, its genetic
tractability and increasing wealth of accessible data makes Saccharomyces cerevisiae the
model system of choice for studies in of many biological fields.

In our lab, we use Saccharomyces cerevisiae to study lipid metabolism. Lipid
metabolism is a complex network in all types of cells. Figure 1 gives an overview of the most
important lipid biosynthetic pathways and the contribution of individual enzymes in yeast.
Lipids fulfill three major functions. First, they are used as source of energy mostly in the form
of triacylglycerols (TG) and steryl esters (SE) which accumulate in lipid droplets under
normal conditions [1]. Secondly, the matrix of cellular membranes is formed by polar lipids,
especially phospholipids, sphingolipids and sterols. Lipids are specifically distributed among
organelles where they contribute to certain cellular processes such as protein sorting or traffic
in the secretory pathway. Finally, lipids can act as cellular messengers. The latter function
may be accomplished by lipids such as diacylglycerols (DG), polyphosphoinositides and
sphingolipids [2].

In Figure 1 the close connection between phospholipid metabolism, neutral lipid
biosynthesis and neutral lipid degradation is shown. Additionally to the enzymes, which
catalyze the synthesis or degradation of lipids, a sophisticated regulatory machinery is

involved in lipid metabolism.
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Figure 1: Lipid synthesis in S. cerevisiae. The figure shows a simplified overview of lipid
synthesis pathways with enzymes involved. Abbreviations: CDP-DG, CDP-diacylglycerol;
CL, cardiolipin; DHAP, dihydroxyacetone phosphate; PA, phosphatidic acid; PC,
phosphatidylcholine; PE, phosphatidylethanolamine; PG, phosphatidylglycerol; PI,
phosphatidylinositol; PS, phosphatidylserine; TG, triacylglycerol; DG, diacylglycerol; SE,
steryl esters; FA, fatty acid.

De novo, all membrane yeast phospholipids are synthesized from phosphatidic acid
(PA), which is also a central metabolite in the synthesis of TG [1]. The PAH1-encoded PA
phosphatase provides DG, which is acylated to TG by the DGAL- and LRO1- encoded acyl-
CoA-dependent and phospholipid-dependent diacylglycerol acyltransferases, respectively
[1,2,3,4].

Enzymes synthesizing and metabolizing lipids and their precursors are present in the

cytosol and membranous organelles, such as the endoplasmic reticulum, mitochondria, and
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lipid droplets [5]. A complex transport machinery from one to the other organelle is required
to keep the lipid composition of each organelle balanced. A prominent example is the plasma
membrane which lacks lipid synthesizing enzymes. Thus, all lipids have to be transported to
the plasma membrane to maintain its physiological role [5,6].

The expression of lipid enzymes is controlled by a variety of conditions including
growth stage, temperature, pH and the availability of nutrients such as carbon, nitrogen,
phosphate, zinc, and lipid precursors. Therefore, the lipid composition can be affected by all
these factors. Mostly, the regulation occurs at the transcriptional level [7].

The main focus of the present Thesis was on phospholipid metabolism. Phospholipids
are the main structural element of biological membranes. They consist of a glycerol backbone
which is esterified with fatty acids in the sn-1 and sn-2 positions. Fatty acids of the
diacylglycerol (DG) moiety represent the hydrophobic part of phospholipids [8,9]. The major
phospholipids of eukaryotes phosphatidylcholine (PC), phosphatidylethanolamine (PE),
phosphatidylserine (PS) and phosphatidylinositol (PI) [9], are found at variable amounts in all
yeast subcellular membranes. Other lipids such as lyso-phospholipids (LPL), PA, cardiolipin
(CL) and phosphatidylglycerol (PG) are only minor components in total cell extracts but may
accumulate in certain subcellular compartments or domains [10,11,12,13,14,15].

In this study, we were most interested in PE, which is an abundant membrane
phospholipid of many organisms. Similar to other phospholipids, PE contributes to various
functions and the integrity of membranes. PE plays a unique role due to its biophysical
properties as a non-bilayer (hexagonal phase) forming lipid [16]. Therefore, PE is involved in
fusion and fission events of membranes [17]. Furthermore, PE acts as a precursor of
glycosylphosphatidylinositol (GPI) anchors [18] and anandamide [N-
arachidonoylethanolamine] [19]. Moreover, PE is involved in vacuolar protein delivery [20],

the activity of various enzymes [21] and possibly in cell signaling [15,22].

11



General Introduction

The biosynthesis of PE comprises a complex network of reactions distributed among
different organelles in the cell. In Saccharomyces cerevisiae, four pathways contribute to PE
biosynthesis, namely (i) decarboxylation of PS catalyzed by phosphatidylserine decarboxylase
1 (Psd1p) in the inner mitochondrial membrane [23,24,25]; (ii) decarboxylation of PS by
Psd2p in a Golgi/vacuolar compartment [26]; (iii) incorporation of ethanolamine through the
CDP-ethanolamine branch of the Kennedy pathway [27] in the endoplasmic reticulum [8,28];
and (iv) synthesis of PE through acylation of lyso-PE catalyzed by the acyl-CoA-dependent
acyltransferase Alelp in the mitochondria-associated membrane (MAM) [29,30]. These four
pathways form PE with different efficiency [10]. Psd1p is the major supplier of cellular and
mitochondrial PE and represents the major cellular PSD activity [26]. Inactivation or deletion
of the PSD1 gene leads to a considerable decrease of PE in total cellular and mitochondrial
membranes [14,31]. This finding suggests that marked amounts of PE found in all cellular
membranes must be derived from mitochondria. However, mechanisms governing PE

distribution within the cell are not well understood.

In chapter 1 of this Thesis a general strategy to investigate phospholipid biogenesis
pathways by using yeast deletion mutants is described. The use of single and multiple mutants
constructed by genetic manipulation which are compromised in individual enzymatic steps or
certain metabolic pathways is discussed. We describe selected cases of yeast research on
phospholipid metabolism with emphasis on our own work dealing with investigations of PE
synthesis. Such studies start with the selection and construction of appropriate mutants and
lead to phenotype analysis, lipid profiling, enzymatic analysis and in vivo experiments.
Comparison of wild type and mutant strains allows us to understand the role of gene products

and metabolic processes in some detail. Such studies are valuable contributions to our
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knowledge of the complex network of lipid metabolism, but also help us to study effects of

lipids on structure and function of cellular membranes.

The second chapter deals with global effects of PE depletion on the gene expression
pattern in Saccharomyces cerevisiae. To study the genome wide effect of an unbalanced
cellular and mitochondrial PE level and in particular the contribution of Psdlp to this
depletion we performed a DNA microarray analysis with a Apsdl deletion mutant. This
approach revealed that 54 yeast genes were significantly up-regulated in the absence of PSD1
compared to wild type. Deletion mutants bearing defects in these 54 candidate genes were
further analyzed for their growth phenotype and phospholipid profile to investigate a possible
link of these mutations to PE deficiency and PSD1 deletion.

Analysis of deletion mutants compromised in these up-regulated genes identified GPH1
as a contributor to lipid metabolism. In chapter 3 we focus on Gphlp (glycogen
phosphorylase 1), which is known to catalyze the release of glucose 1-phosphate from
glycogen in the late stationary growth phase of the yeast to maintain the required energy for
cell activity and growth during periods of nutrient starvation. The activity of glycogen
phosphorylase is regulated by cyclic AMP-mediated phosphorylation of the enzyme. GPH1 is
not essential in yeast. Agphl mutants lack phosphorylase activity and attain higher levels of
intracellular glycogen [32]. Our findings suggest another role of Gphlp in yeast lipid
metabolism, although its specific molecular function remained unclear. This study
demonstrates an unexpected link between carbohydrate and lipid metabolism. The dual role of
Gphlp may be another example for a player in the complex metabolic network of eukaryotic

cells.
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Abstract

The yeast Saccharomyces cerevisiae has become a valuable eukaryotic model organism
to study biochemical and cellular processes at a molecular basis. A common strategy for such
studies is the use of single and multiple mutants constructed by genetic manipulation which
are compromised in individual enzymatic steps or certain metabolic pathways. Here, we
describe selected examples of yeast research on phospholipid metabolism with emphasis on
our own work dealing with investigations of phosphatidylethanolamine synthesis. Such
studies start with the selection and construction of appropriate mutants and lead to phenotype
analysis, lipid profiling, enzymatic analysis and in vivo experiments. Comparing results
obtained with wild type and mutant strains allows us to understand the role of gene products
and metabolic processes in more detail. Such studies are valuable not only for contributing to
our knowledge of the complex network of lipid metabolism, but also of effects of lipids on

structure and function of cellular membranes.
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1. Introduction

Lipids are a versatile class of biomolecules. Variations in aliphatic chain composition
but also in head groups of polar lipids result in the existence of more than 1,000 different lipid
species in any eukaryotic cell [1]. This large variation is accomplished by a relatively small
set of enzymes because cells use only ~5% of their genes and gene products to synthesize all
these lipids [2]. It is well known that lipids fulfill three major functions. First, they are used as
stores of energy mostly in the form of triacylglycerols (TAG) which accumulate in lipid
droplets under normal conditions [3]. Secondly, the matrix of cellular membranes is formed
by polar lipids, especially glycerophospholipids, sphingolipids and sterols. Lipids are
specifically distributed among organelles where they contribute to certain cellular processes
such as protein sorting or traffic in the secretory pathway. Finally, lipids can act as cellular
messengers. The latter function may be accomplished by lipids such as diacylglycerols,
polyphosphoinositides and sphingolipids.

In this report, we focus on the biosynthesis of glycerophospholipids, which are major
structural lipids in eukaryotic membranes, and on use of the yeast, S. cerevisiae, as a valuable
experimental system to study this process. The tractable genetics of S. cerevisiae has allowed
identification and characterization of many structural and regulatory genes involved in
synthesis and metabolic conversion of phospholipids [4,5]. Phospholipid synthesis in yeast is
governed by a network of reactions which are subject to strict regulation by genetic and
biochemical mechanisms. Moreover, distinct spatial organization within the cell plays an
important role in the coordinated process of lipid synthesis. Not surprisingly, phospholipid
synthesis is also linked to the metabolism of other major lipid classes including fatty acids,
triacylglycerols, sterols and sphingolipids [6]. It has also to be noted that phospholipid

synthesis in yeast is affected by growth conditions which influence the expression of enzymes
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and/or modulate their catalytic activities. As examples, expression of phospholipid
biosynthetic genes in yeast is controlled by carbon sources, nutrient availability, growth
phase, pH and temperature. Finally, posttranslational modifications of gene products,
especially phosphorylation of key proteins involved in phospholipid synthesis, affect
metabolism of phospholipids and the balance between certain lipid precursors and final
products of lipid biosynthetic pathways [4,7,8,9,10,11,12].

The use of S. cerevisiae gene deletion strains has become a standard method for
biochemical, cell biological and molecular biological studies. Standard methods of gene
deletion based on PCR techniques and yeast cell transformation are well established [13,14],
and complete collections of yeast deletion mutants covering non-essential genes are available
[15]. Here, we describe the use of such mutants to study yeast phospholipid metabolism with
emphasis on the biosynthesis of one of the major yeast phospholipids,
phosphatidylethanolamine (PE). All methods presented here are easy to use and can be
applied with minor modifications to mutants that affect other aspects of phospholipid
metabolism.

Figure 1 gives an overview of phospholipid biosynthetic pathways and the contribution
of individual enzymes in yeast. The functions of most of these enzymes have been confirmed
by analysis of mutants and/or by biochemical studies. The complex regulatory mechanisms in
phospholipid biogenesis has recently been reviewed in Carman and Han [16]. Major
phospholipids of the yeast are phosphatidylcholine (PC), phosphatidylethanolamine (PE),
phosphatidylserine (PS) and phosphatidylinositol (PI), which are found at variable amounts in
all yeast subcellular membranes. Other lipids such as lyso-phospholipids (LPL), phosphatidic
acid (PA), cardiolipin (CL) and phosphatidylglycerol (PG) are only minor components in total
cell extracts but may accumulate in certain subcellular compartments or domains

[17,18,19,20,21,22].
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Figure 1. Phospholipid synthesis in S. cerevisiae. The figure shows a simplified overview of
phospholipid synthesis pathways with enzymes involved. Abbreviations: CDP-DAG, CDP-
diacylglycerol; CL, cardiolipin; DHAP, dihydroxyacetone phosphate; PA, phosphatidic acid,;
PC, phosphatidylcholine; PE, phosphatidylethanolamine; PG, phosphatidylglycerol; PI,
phosphatidylinositol; PS, phosphatidylserine; TAG, triacylglycerol.
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Among the phospholipids described above, PE plays specific roles because it is unique
regarding its biophysical properties as a non-bilayer (hexagonal phase) forming lipid [23].
Furthermore, a complex network of reactions distributed among different organelles leads to
its formation. Four pathways contribute to yeast PE biosynthesis, which are: (i)
decarboxylation of PS catalyzed by phosphatidylserine decarboxylase 1 (Psd1p) in the inner
mitochondrial membrane [24], (ii) decarboxylation of PS by Psd2p in a Golgi/vacuolar
compartment [25], (iii) incorporation of ethanolamine through the CDP-ethanolamine branch

of the Kennedy pathway [26] in the endoplasmic reticulum [27,28], and (iv) synthesis of PE
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through acylation of lyso-PE catalyzed by the acyl-CoA-dependent acyltransferase Alelp in
the mitochondria-associated membrane (MAM) [29,30]. These four pathways contribute to
PE synthesis with different efficiencies [17], but they compensate each other in case of

mutations introduced into one or the other route of PE formation.

Here we describe standard methods commonly used for the analysis of mutants affected
in PE metabolism. Description of these techniques will start with growth phenotype analysis
of mutant strains and lead to lipid profiling, in vivo pathway analysis and measurement of
enzymatic activities in vitro. To study the four pathways of PE synthesis described above (see
Figure 1), usage of different mutants is required. Whereas Apsdl, 4psd2 and Aalel single
deletions are sufficient to interrupt the respective pathways, a Ackil4dpll4ekil triple mutant
IS necessary to silence the CDP-ethanolamine branch of the Kennedy pathway of PE
synthesis. Reasons for this requirement are the overlapping substrate specificity of the choline
and ethanolamine kinases Ckilp and Ekilp on one hand [31,32] and the fact that
ethanolamine phosphate can be provided through sphingolipid degradation by the action of
dihydrosphingosine phosphate lyase, Dpllp [33,34]. Combination of the different mutations
allows turning down more than one of the four possible pathways of PE synthesis. It has to be
noted, however, that a minimal level of PE is essential for viability, and all PE biosynthetic

pathways cannot be interrupted at the same time.

Phenotype analysis is one of the fundamental tools of genetics. In many cases, a
particular phenotype or a set of phenotypic features is indicative of the function of a gene
product. Usually, phenotypic analysis of a mutant strain starts with assays of growth
characteristics, as shown for mutant strains bearing deletions of genes that function in the

different PE biosynthesis pathways (Figure 2).
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Figure 2. Growth of yeast strains bearing defects in phosphatidylethanolamine biosynthesis
depends on the carbon source. Cell suspensions of strains listed in the figure were spotted on
YPD, YPLac, MMGIu and MMLac with or without 5 mM ethanolamine. Incubation was
carried out at 30°C. YPD, complex glucose media; YPLac, complex lactate media; MMGlu,
minimal glucose media; MMLac, minimal lactate media; Etn, ethanolamine. Reproduced
from ref. [35] with permission of the publisher.

As mentioned above, a minimal level of PE is essential for yeast cell viability. Mutants
lacking one of the PS decarboxylases, Psdlp or Psd2p, respectively, grow like wild type as
long as they are cultivated on a fermentable carbon source such as glucose. On a non-
fermentable carbon source, e.g. lactate, the requirement for PE increases. Under these

conditions, even the single deletion of PSD1 leads to a growth defect. This result indicates
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that Psd1p is the major supplier of PE. Enhanced proliferation of mitochondria in cells grown
on non-fermentable carbon sources can be correlated with the importance of PE for cell
respiration [36]. A 4psdl4psd2 double mutant is viable but becomes auxotrophic for
ethanolamine or choline on glucose media [37], indicating that the other two pathways of PE
formation, especially the CDP-ethanolamine pathway, can compensate for this defect. When
cells are grown under conditions that demand more PE with lactate as a carbon source, rescue
of Apsdl4psd2 by ethanolamine supplementation is much less effective [36]. These results
also indicate that the efficiency of PE import into mitochondria is limited. Taken together,
these simple but well-designed growth phenotype analyses lead to a number of conclusions

related to the physiological relevance of PE biosynthetic pathways in yeast [27,35,36].

The next step to understand the role of lipid biosynthetic enzymes in cellular
metabolism is lipid profiling. For our routine analysis of yeast phospholipids we use two-
dimensional thin-layer chromatography and lipid phosphorus estimation as outlined in detail
in Subheading 3.2.3 (Thin-Layer Chromatography and Phospholipid Quantification). In wild
type homogenate, the major phospholipids are PC, PE and Pl and PS (Table 1) [17]. PC
accounts for approximately 50% and PE for approximately 25% of total cellular
phospholipids. In 4psdl and Apsd2, and even more pronounced in Apsdl4psd2 deletion
strains, a reduction of the cellular PE content was observed [17,18,19,20,21,22]. In contrast,
the phospholipid patterns of Ackilddplldekil (CDP-ethanolamine pathway mutant) and

Aalel strains largely resembled wild type [17].
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Table 1. Lipid composition of cell homogenate from wild type (FY1679; Euroscarf,
Frankfurt, Germany) and yeast strains bearing defects in PE formation grown on YPD. It has
to be noted that complex YPD medium contains small amounts of ethanolamine and choline
which serve a substrates for the CDP-ethanolamine/choline pathway. PC,
phosphatidylcholine; PE, phosphatidylethanolamine; PIl, phosphatidylinositol; PS,
phosphatidylserine; LPL, lysophospholipids; DMPE, dimethylphosphatidylethanolamine; PA,
phosphatidic acid; CL, cardiolipin. Reproduced with adaptations from ref. [17] with
permission of the publisher.

% of total phospholipids

Strain PC PE Pl PS LPL DMPE PA CL
FY1679 4757 2436 1219 6.89 140 5.49 087 1.23
Apsdl 5432 1862 1324 765 117 3.58 0.66 0.75
Apsd?2 5465 1695 1360 893 161 2.77 043 1.06
Apsd1Apsd2 64.28 7.46 11.74 10.69 143 131 1.63 1.48
AckilAdpllAekil 48.24 2891 1157 427 1.20 2.82 125 174
Aalel 49.85 2253 11.97 6.75  2.50 3.88 1.00 1.52

ApsdlApsd24alel 6780 553 1091 1151 1.85 0.58 111  0.70

This result confirmed the dominant role of Psd1p and Psd2p in cellular PE formation
and suggested that the CDP-ethanolamine pathway and acylation of lyso-PE are only of minor
importance in cells harboring functional PS decarboxylases, at least under standard culture
conditions (YPD, complex glucose media) [17]. Such data allow estimation of the
contributions of different PE biosynthetic routes to total formation of PE in yeast under
different physiological conditions.

As mentioned above, growth of yeast cells on non-fermentable carbon sources, e.g.
lactate, challenges the cellular requirement of PE mainly through the enhanced proliferation
of mitochondria. Under such stringent conditions (minimal medium/lactate with
ethanolamine) the cellular PE level of Ackiladplldekil was reduced to 17% of total
phospholipids compared to 15% in Apsd14psd2 and 25% in wild type. We can conclude from

this result that also the CDP-ethanolamine pathway, besides Psd1lp, is an important route for
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cellular PE formation. The decrease in cellular PE was mainly compensated by elevated levels
of PC. Interestingly, an increased level of cellular PE was found in Aalel [35]. Alelp had
been identified as a lyso-PE acyltransferase [29,30]. The reason for the increased PE level in
the deletion strain may be the broad substrate specificity of Alelp [38,39,40] and/or
compensation of the Aalel deletion by other PE forming routes [35].

Whereas lipid profiling of yeast cells provides information about a steady state situation
in the cell, in vivo labeling experiments reflect the dynamic processes of lipid formation
and/or turnover. Formation of PE in vivo can be measured by labeling experiments with
radioactive  serine introduced into the decarboxylation/methylation route of
aminoglycerophospholipid biosynthesis; and with radiolabeled ethanolamine incorporated
into PE via Kennedy pathway (see Figure 1, and Subheading 3.3, In vivo labeling of
aminoglycerophospholipids) [19]. When yeast cells are cultivated in the presence of
[*H]serine, PS is formed as the first component in the lipid biosynthetic sequence, which is
then converted by PS decarboxylases Psd1lp and/or Psd2p to PE. Further conversion of PE
leads to PC through three-fold methylation. It has to be noted that enzymes involved in the
decarboxylation/methylation route of aminoglycerophospholipid biosynthesis are localized to
different subcellular compartments, namely the ER and mitochondria or Golgi, respectively.
Consequently, translocation of substrates and intermediates between organelles is required.
Not unexpectedly, incorporation of radiolabeled serine into PE strongly depends on the
presence or absence of Psdlp and Psd2p. Deletion of each of these enzymes, respectively,
reduces incorporation of label into PE. The amount of [®H]serine incorporated into PE in the
Apsdl strain is decreased to ~30% and in 4psd2 mutants to ~70% of wild type [19,21,22,25].
The observation that deletion of PSD1 has a stronger effect on PE synthesis than deletion of
PSD2 is in line with growth phenotype and lipid analyses described above. In a Apsd14psd?2

mutant, which completely lacks PS decarboxylase activity, [*H]serine is significantly
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accumulated in PS, but nevertheless low levels of radioactivity are incorporated into PE. This
observation supports the view that radiolabel in the form of [*H]serine incorporated into
sphingolipids through the action of serine palmitoyltransferase ends up in ethanolamine
phosphate during sphingolipid turnover [25]. Ethanolamine phosphate can directly serve as a
substrate for enzymes of the Kennedy pathway. Double labeling of whole cells with
[*H]serine and [**C]ethanolamine in combination with the use of mutants bearing defects in
the different PE biosynthetic pathways allows us to estimate the contribution of each pathway
to total cellular PE formation.

Labeling of aminoglycerophospholipids in vivo using intact, metabolizing yeast as
described above can be complemented by experiments using permeabilized yeast cells [36].
These cells do not proliferate but still metabolize. This technique allows dissection of
individual steps of the biosynthetic routes of PS, PE and PC formation. The advantage of this
system is the possibility to introduce reagents which cannot enter intact cells. Again, the use
of different labeled aminoglycerophospholipid precursors and mutants contributes to a better
understanding of the complete PE biosynthetic network.

Finally, in vitro measurements of enzyme activities can be used to confirm the
efficiency of biosynthetic steps and the effects of mutations. It has to be noted that enzyme
activities measured in vitro do not necessarily reflect the situation in vivo due to regulatory
effects that may escape detection in the test tube. In the case of PS decarboxylases, however,
results obtained in vitro largely match in vivo data [22,25]. The assay used for these
measurements (see Subheading 3.4, PS decarboxylase activity assay in vitro) is a standard
procedure described by Kuchler et al. [18]. PS decarboxylase activity can be measured in total
cell extracts as well as in isolated subcellular fractions.

In summary, the use of mutants in yeast lipid research has led to better knowledge about

individual steps of lipid formation, and also to a deeper understanding of the links between
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pathways in a more global way. As an example, Horvath et al. [35] recently described a novel
physiological link between triacylglycerol (TAG) and PE metabolism in yeast. The bridging
enzyme between these two pathways is the phospholipid:diacylglycerol acyltransferase
Lrolp, which forms TAG from diacylglycerol and a fatty acid derived from a phospholipid,
preferentially from PE. Using the set of PE biosynthesis mutants described above, the
contribution of the four different PE biosynthetic pathways to TAG formation was analyzed.
Interestingly, it was found that the CDP-ethanolamine pathway of PE formation contributes
most to the cellular TAG level, whereas mutations in the other pathways for PE synthesis
display only minor effects. Such experiments broaden our view of lipid metabolism and set
the stage to understand this complex network of reactions including their regulation in more

detail.

2. Materials
2.1. Equipment and Supplies

1. Microsyringe (Hamilton, Bonaduz, Switzerland).

2. 12 ml Pyrex glass vials with Teflon liner caps.

3. Table top shaker for test tubes (IKA® Vibrax VXR).

4. Glass tubes (20 ml) with ground neck.

5. Silica gel 60 TLC plates (Merck, Darmstadt, Germany).

6. TLC chamber (Springfield Mill, UK) with saturation paper (e.g., Whatman filter
paper).

7. lodine vapor chamber.

8. Incubator (Heraeus).
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9. Table-top centrifuge (Hettich Rotina 46 R, Heraeus Frescol7).

10. Merckenschlager homogenizer (Braun-Melsungen) with fitting glass bottles, and glass
beads (0.25-0.30 mm diameter; Sartorius).

11. Scintillation counter Packard 1500 Tri-Carb®.

12. Plastic vials for liquid scintillation counting.

2.2. Reagents

1. Medium for yeast cell cultivation: YPD (2% glucose, 2% peptone and 1% yeast
extract).

2. Medium for yeast cell cultivation: YPLac (2.6% lactate, 2% peptone and 1% yeast
extract, pH 5.5 with KOH)

3. Medium for yeast cell cultivation: MMGIu (2% glucose, 0.67% yeast nitrogen base
and amino acid mixture).

4. Medium for yeast cell cultivation: MMLac (2.6% lactate, 0.67% yeast nitrogen base
and amino acid mixture, pH 5.5 with KOH).

5. Solvents: chloroform and methanol, analytical grade

6. Washing solution for lipid extraction: 0.034% MgCl,; 2N KCI/MeOH (4:1; v/v).

7. Washing solution for lipid extraction: artificial upper phase (CHCIl3/MeOH/H,0;
3:48:47; per vol).

8. 0.26% ammonium heptamolybdate tetrahydrate/ANSA (500:22; v/v).

9. ANSA solution: 40.0 g K,S,0s, 0.63g 8-anilio-1-naphthalenesulfonic acid, 1.25 g
Na,SOj3 in 250 ml water

10. L-[*H]serine  (21.99 Ci  mmol™®,  Perkin  Elmer, Boston, MA).
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11. [*C]ethanolamine (2.9 mCi mmol™, Perkin Elmer, Boston, MA).

12. Scintillation cocktail (Packard Bio-Science, Groningen, The Netherlands) with 5%

H.0.

3. Methods

3.1

3.2

3.2.1

Growth-phenotype analysis (see Note 1)

5 ml YPD are inoculated with 10 ul of an overnight culture and incubated for ~16
hours at 30°C with shaking.

The culture is diluted to an ODggo 1 with sterile water and dilutions (1, 1/10, 1/100,
1/1000, 1/10000) are prepared in 96-well microtiter plates.

4 ul of the suspensions are spotted on agar plates. Alternatively, a sterile stamp can be
used.

Agar plates are incubated at 30°C for a few days depending on the medium and the

strain.

Lipid analysis
Preparation of cell homogenate

Homogenate is prepared from a minimum of 50 ml culture of full or selective media.
Cells are inoculated from a 48 h preculture to an ODgg 0f 0.1 and grown to the early
stationary phase at 30°C with shaking (see Note 2).

After harvesting at 4,500 x g for 5 min, cells are washed with distilled water.
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3.2.2

Cells are suspended in 10 mM Tris/HCI, pH 7.5, 1 mM EDTA (ml/g CWW) and
protease inhibitor phenylmethylsulfonyl fluoride (stock solution 1 M PMSF in DMSO)
(2 pl/g cell wet weight)

Cells are disintegrated with glass beads in a Merckenschlager homogenizer for 3 min
under CO; cooling.

The cell extract is transferred to a fresh tube and cleared of glass beads, unbroken cells
and cell debris by centrifugation at 2,500 x g for 5 min at 4°C. The supernatant
fraction represents the homogenate.

Proteins are quantified using the method of Lowry et al. [41] or Bradford [42].

Lipid extraction

Lipids from the homogenate are extracted using the method of Folch et al [43].
Solvents should be handled with care and work should be performed in a fume hood.
Following the procedure of Folch et al. [43] an aliquot of the sample (~3 mg protein)
is added to 3 ml of CHCI3:MeOH (2:1; v/v) in a Pyrex glass tube.

Lipids are extracted to the polar organic phase by vigorous shaking with a table top
rotary shaker (IKA® Vibrax VXR) at room temperature for 30 min.

Proteins and polar substances are removed by consecutive washing steps with 1 ml
0.034% MgCl,, 1 ml of 2 N KCI/MeOH (4:1; v/v), and 1 ml of an artificial upper
phase (CHCIl3:MeOH:H,0; 3:48:47; per vol.). These solutions are added to the
extracts and incubated with shaking for 10 min (see Note 3)

After each washing step samples are centrifuged for 3 min at 2,500 x g in a table-top
centrifuge, and the aqueous phase is removed by aspiration (see Note 3).

Washing steps are repeated until no protein intermediate layer is formed any more.

Finally, lipids are dried under a stream of nitrogen and stored at -20°C.
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3.2.3 Thin-Layer Chromatography and Phospholipid Quantification

1. Phospholipids are separated by 2D TLC due to different properties of their head
groups. Lipids are dissolved in 50 pl CHCIs/MeOH (2:1; v/v) and applied as single
spot to a TLC plate (10x10 cm) approximately 1-1.5 cm distant from a corner. TLC
plates can be loaded using a Hamilton syringe or a sampler pipette.

2. For the first dimension, CHCI3/MeOH/25% NH; (65:25:6; per vol.) is used as a
solvent, and for the second dimension CHCls/acetone/MeOH/acetic acid/H,O
(50:20:10:10:5; per vol.). Separations usually take 50 min/10 cm distance on TLC
plates for each dimension.

3. Phospholipids are visualized by staining with iodine vapor in a saturated chamber for
some minutes (Figure 3). Spots are marked with a pencil. The iodine vapor develops
after putting a spoonful of solid crystals of iodine into the chamber. Staining of TLC

plates should be done in a fume hood.
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Figure 3. Separation of yeast phospholipids by two dimensional TLC. Left: schematic
overview of phospholipid separation by two dimensional TLC. Middle: Two dimensional
TLC of phospholipids from wild type yeast. Right: Two dimensional TLC of phospholipids
from a ApsdiApsd2 double mutant. The arrows point to the spot of PE. Abbreviations: LPL,
lyso-phospholipids; PI, phosphatidylinositol; PS, phosphatidylserine; PA, phosphatidic acid;
PC, phosphatidylcholine; PE, phosphatidylethanolamine; FA, fatty acids; PG,
phosphatidylglycerol; DMPE, dimethylethanolamine; CL, cardiolipin.
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3.3

. For destaining of spots, TLC plates are incubated in a heating chamber (~50-60°C) for

a few minutes.

. Phospholipids can be quantified from TLC plates after removal of the iodine staining.

The plate is moistened with deionized water, phospholipid spots are scrapped off and

transferred to a phosphate free glass tube with ground neck (see Note 4).

. The lipid phosphorus of the respective spot can be measured by subjecting the sample

to hydrolysis as described by Broekhuyse [44]. In brief, 0.2 ml of conc. H,SO4/72%
HCIO,4 (9:1; v/v) are added to each sample. Hydrolysis is performed at 180°C in a
heating block for 30 min. Please note that this step has to be performed in a hood due

to formation of acidic fumes!

. Samples are cooled to room temperature, and 4.8 ml freshly prepared 0.26%

ammonium heptamolybdate tetrahydrate/ANSA (500:22; v/v) is added. Tubes are
closed with phosphate-free glass caps, and after vigorous vortexing, samples are

heated to 100°C for 30 min in an oven.

. Finally, samples are cooled to room temperature and centrifuged briefly in a table-top

centrifuge at 1,000 x g to sediment the silica gel. The intensity of the blue color in the
supernatant is a measure for lipid phosphorus. Samples are measured
spectrophotometrically at a wavelength of 830 nm using a blank spot from the TLC

plate without phospholipid as a control. Inorganic phosphate is used as a standard.

In vivo labeling of aminoglycerophospholipids

. Cells are inoculated from a 48 h preculture to an ODggo 0f 0.1 and grown to stationary

phase at 30°C in YPD with shaking.

. 10 ODgqp units of cells are divided into three equal portions and put into three sterile

Pyrex tubes, harvested by centrifugation and suspended in 500 ul of fresh YPD.
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10.

11.

12.

13.

14.

15.

Then, cells are incubated for 30 min at 30°C with shaking.

10 uCi L-[*H]serine or 2 uCi [**C]ethanolamine are added to the cultures (see Note 5).
The cultures are incubated for 10, 20 and 30 min, respectively, at 30°C with shaking
and then immediately cooled to 4°C to stop cellular metabolism (see Note 6).

After centrifugation and washing with ice cold water, cells are deep frozen with liquid
nitrogen.

To extract lipids, cells are vortexed for 60 min together with 1.5 ml of glass beads and
2 ml CHCI3/MeOH (2:1; viv).

After centrifugation, the supernatant is transferred to a fresh Pyrex tube.

Glass beads are washed with 2 ml CHCI3/MeOH (2:1; v/v) and centrifuged; and
supernatants are combined.

Supernatants are washed as described in Subheading 3.2.2 (Lipid extraction).

Lipids are dissolved in 50 pl CHCI3/MeOH (2:1; v/v) and spotted on TLC plates.

For the analysis of PS, PE and PC, lipids are separated by one-dimensional TLC using
CHCI3/MeOH/25%NH; (50:25:6; per vol.) as developing solvent (Figure 4).
Phospholipids are visualized by staining with iodine vapor in a saturated chamber for
some minutes and marked with a pencil. For destaining, TLC plates are incubated in a
heating chamber (~50-60°C) for a few minutes.

Bands of PS, PE and PC are scraped off the plate and transferred into liquid
scintillation vials with LSC SAFETY Cocktail (Packard Bioscience B.V., Meriden,
USA) plus 5 vol.% water and incubated for at least 1 hour.

Radioactivity is determined by liquid scintillation counting in a Packard 1500 Tri-

Carb® liquid scintillation analyzer.
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Figure 4. Separation of phospholipids by one dimensional TLC. CHCIl3/MeOH/25% NH3
(65:25:6; per vol.) is used as solvent. Left: schematic overview of phospholipid separation by
one dimensional TLC. Right: one dimensional TLC of phospholipids from wild type and
Apsd1Apsd?2 double mutant.

3.4  PS decarboxylase activity assay in vitro
3.4.1 Preparation of the substrate

1. [*H]Phosphatidylserine is used as a substrate for PS decarboxylase measurements. It
is synthesized in vitro in a solution consisting of 200 ul 1M Tris/HCI (pH 8), 200 pl
50 mM NH,O0H (in 2% Triton X-100), 200 pul 6 mM MnCl,, 10 ul 20 mM CDP-DAG,
200 pl 5 mM L-serine and 20 UCi L-[*H]serine.

2. To start the reaction, 1 ml of wild type homogenate containing 10 mg protein (see
Subheading 3.2.1, Preparation of cell homogenate) is added and the sample is
vortexed.

3. Samples are agitated for 60 min in a 30°C water bath using a magnetic stirrer.
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3.4.2

The reaction is stopped by adding 20 ml CHCI3/MeOH (2:1; v/v) and vigorous
vortexing. Then, the sample is incubated for 10 min at room temperature.

After centrifugation for 5 min at 2,500 x g in a table-top centrifuge, the aqueous phase
Is removed by aspiration.

The lower polar phase is washed five times with 2N KCI/MeOH (4:1; v/v).

Finally, the product is dried under a stream of nitrogen and dissolved in 2 mi
CHCI3/MeOH (2:1; viv).

The radioactivity of the sample is determined by liquid scintillation counting in a
Packard 1500 Tri-Carb® liquid scintillation analyzer using LSC SAFETY Cocktail

(Packard Bioscience B.V., Meriden, USA) plus 5 vol.% water.

Enzyme assay

For PS decarboxylase assays, the substrate (displaying radioactivity corresponding to
40,000 dpm) is put into a glass tube with ground neck and dried under a stream of
nitrogen. 500 pl 0.2 M Tris/HCI (pH 7.2), 20 mM EDTA is added, and the sample is
ultrasonicated for 7 min in a water bath.

The glass tube containing the substrate is put into a water bath (30°C) with agitation,
and the reaction is started by adding 500 pl of homogenate (2 mg of protein in 10 mM
Tris/HCI, pH 7.5, 1 mM EDTA).

At different time points (0, 10 and 20 min), 200 ul samples are transferred to a Pyrex-
tube containing 4 ml CHCI3/MeOH (2:1; v/v) to stop the reaction.

Extraction of lipids is performed as described in Subheading 3.2.2 (Lipid extraction).
After drying samples under a stream of nitrogen they are dissolved in 50 l

CHCI3/MeOH (2:1; v/v) and spotted onto a TLC plate.
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6. PE formed during incubation is isolated by TLC and analyzed as described above

(Subheading 3.3, In vivo labeling of aminoglycerophospholipids).

4, Notes

1. A summary of phenotypes which can be easily screened and is associated with
primary or suppressor mutations was provided by Hampsey [45].

2. It is very important that all strains tested are in the same growth phase, because the
lipid composition varies strongly at different stages of yeast cultivation.

3. For subsequent analysis of lipids by TLC it is very important to remove all protein
aggregates by discarding the upper aqueous phase as well as the protein interface
layer. Alternatively, the lower polar phase can be transferred to a fresh Pyrex tube by
using a glass pipette.

4. Note that all tubes and pipettes have to be free of phosphate contaminations. Such
contamination would lead to incorrect measurements. For this reason, phosphate free
detergent and ddH,O has to be used for all steps.

5. As a variation of this assay 0.1 pCi [methyl-**C]choline chloride or 0.5 pCi [1-
14CJacetic acid can be used to label lipids. Exogenously added choline incorporates
into PC via CDP-choline pathway, and acetate is used as a substrate for fatty acid
synthesis.

6. Time points can be varied depending on the problem to be addressed. Early time
points mainly represent the synthesis rate of a phospholipid. To obtain steady-state
data cells are incubated with labeled precursors for several hours. As an example, 20
ml YPD are inoculated to ODggo 0.1 from a 48 hours preculture, and 10 pCi L-

[*H]serine, 2 UCi [**C]ethanolamine, 0.1 pCi [methyl-**C]choline chloride or 0.5 pCi
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[1-*C]acetic acid, respectively, per ml culture are added. Then, cells can be cultivated
to the late logarithmic or even to the stationary growth phase. 10 ODggo units are

harvested in a Pyrex tube and lipids are extracted as described above.
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Abstract

In the yeast, Saccharomyces cerevisiae, the synthesis of the essential phospholipid
phosphatidylethanolamine (PE) is accomplished by a network of reactions which comprises
four different pathways. The enzyme contributing most to PE formation is the mitochondrial
phosphatidylserine decarboxylase 1 (Psd1p) which catalyzes conversion of phosphatidylserine
(PS) to PE. To study the genome wide effect of an unbalanced cellular and mitochondrial PE
level and in particular the contribution of Psdlp to this depletion we performed a DNA
microarray analysis with a Apsd1 deletion mutant. This approach revealed that 54 yeast genes
were significantly up-regulated in the absence of PSD1 compared to wild type. Surprisingly,
marked down-regulation of genes was not observed. A number of different cellular processes
in different subcellular compartments were affected in a Apsdl mutant. Deletion mutants
bearing defects in all 54 candidate genes, respectively, were analyzed for their growth
phenotype and their phospholipid profile. Only three mutants, namely Agpm2, Agphl, Arsbl,
were affected in one of these parameters. The possible link of these mutations to PE

deficiency and PSD1 deletion is discussed.
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Introduction

Phosphatidylethanolamine (PE) is an essential phospholipid in many types of cells
from bacteria to man. In the yeast, Saccharomyces cerevisiae, depletion of PE which is one of
the major cellular and mitochondrial phospholipids causes dysfunction of respiration, defects
in the assembly of mitochondrial protein complexes, and loss of mitochondrial DNA [1,2,3].
Moreover, PE plays a specific role due to its unique biophysical properties as a non-bilayer
(hexagonal phase) forming lipid [4]. The biosynthesis of PE comprises a complex network of
reactions distributed among different organelles in the cell. Four pathways contribute to PE
biosynthesis in yeast, namely (i) decarboxylation of phosphatidylserine (PS) catalyzed by
phosphatidylserine decarboxylase 1 (Psd1p) in the inner mitochondrial membrane [5,6,7]; (ii)
decarboxylation of PS by Psd2p in a Golgi/vacuolar compartment [8]; (iii) incorporation of
ethanolamine through the CDP-ethanolamine branch of the Kennedy pathway [9] in the
endoplasmic reticulum [10,11]; and (iv) synthesis of PE through acylation of lyso-PE
catalyzed by the acyl-CoA-dependent acyltransferase Alelp in the mitochondria-associated
membrane (MAM) [12,13]. These four pathways form PE with different efficiency [14].
Psd1p is the major supplier of cellular and mitochondrial PE and represents the major cellular
PSD activity [8]. Inactivation or deletion of the PSD1 gene leads to a considerable decrease of
PE in total cellular and mitochondrial membranes [1,15]. This finding suggests that marked
amounts of PE found in all cellular membranes must be derived from mitochondria. However,
mechanisms governing PE distribution within the cell are not well understood.

To obtain a more global insight into the biosynthesis of PE, its regulation and the role
of PE in organelle membranes with special emphasis on the biosynthetic capacity of Psd1p we
performed DNA microarray analysis using a Apsdl deletion strain. Here we show that a

relatively small number of genes were affected in such a mutant. The corresponding gene
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products are involved in various cellular processes including transport, carbohydrate
metabolism, stress response and energy metabolism. Moreover, a number of unassigned ORFs
were detected during this analysis. In a more detailed analysis, genes and gene products either
affecting growth or lipid metabolism were selected from this screening. Three mutants
bearing deletions of GPM2, GPH1 and RSB1 were analyzed in some more detail for their

possible link to PE or lipid metabolism.

Materials and Methods

Strains and culture conditions

The wild type yeast strains Saccharomyces cerevisiae BY4741 and BY4742 and all
deletion mutants in the BY4741 background were obtained from the Euroscarf strain
collection (Frankfurt, Germany) (see Table 1). Strains were cultivated on YPD media
containing 1% yeast extract, 2% peptone and 2% glucose under aerobic conditions with

shaking at 30°C.

Table 1. Yeast strains. All deletion strains used in this study are in the BY4741 background.

Strain Genotype Source

BY4741 MATa his3A1 leu2A0 met15A0 ura3A0 Euroscarf

BY4742 MATa his3A1 leu2A0 lys2A0 ura3A0 Euroscarf

BY4742 [pUG35-GPH1-GFP]  MATa his3A1 leu2A0 lys2A0 ura3A0 [pUG35- This study
GPH1]

BY4742 [pUG35-RSB1-GFP] MATa his3A1 leu2A0 lys2A0 ura3A0 [pUG35- This study
RSB1]

BY4742 [pUG35-GPM2-GFP]  MATa his3A1 leu2A0 lys2A0 ura3A0 [pUG35- This study
GPM2]
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Growth tests on fermentable and non-fermentable carbon sources were performed on
solid media containing 1% yeast extract, 2% peptone, and 2% agar supplemented with 2%
glucose, 2.66% lactate, 2% glycerol or 8 mM sorbitol, respectively. For SDS resistance assays
on solid media, 0.05% SDS was added to the media immediately prior to pouring plates.
MMLac (minimal medium with lactate) culture plates contain 0.67% yeast nitrogen base
without amino acids, 0.073% amino acid mix, 2.66% lactate, adjusted to pH 5.5 with KOH
and 2% agar.

The BY4742 wild type strain harboring recombinant plasmids was grown in uracil-
free minimal medium (0.67% yeast nitrogen base, 2% glucose and amino acid stock) or in
uracil- and methionine-free minimal medium for induction of the MET25-promotor. For
growth phenotype analysis cell suspensions of overnight cultures grown in YPD were spotted
at dilutions 1, 1/10, 1/100, 1/1000 and 1/10000 on YPD, YPLac, MMLac, YPGlycerol,

YPSorbitol and YPD with 0.05% SDS. Incubations were carried out at 30°C.

Strain constructions

GPH1, GPM2 and RSB, respectively, were cloned into the plasmid pUG35 (provided
by J. Hegemann and U. Guldener) with standard genetic methods. pUG35 allows a C-terminal
in-frame fusion of the yEGFP3 encoding open reading frame to the gene. The expression of
the fusion protein is under control of the MET25-promoter, and under methionine restriction
the inserted gene is expressed at high yield. The genes GPH1, GPM2 and RSB1 were
amplified from yeast chromosomal DNA of the strain S. cerevisiae BY4741 by PCR under
standard conditions using the proof reading Ex Taq™-DNA polymerase (Takara). The
sequence specific primers used are listed in Table 2. Primers for GPH1 amplification include
a BamHI or a Clal restriction enzyme recognition sequence, respectively. The GPM2 PCR-

product was cut with BamHI and Hindlll and the RSB1 PCR-product with BamHI and Sall to
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facilitate the subsequent cloning of the amplified DNA into the specific sites of the pUG35
vector. Genes were sequenced by LGC Genomics (Berlin, Germany). BY4742 was

transformed with the cloned vector by the lithium acetate method [16].

Table 2. PCR primers for amplification

Recognition sites for restriction enzymes are underlined

Primer Sequence
GPH1BamHIf 5 -CGCGGATCCTGAACAATGCCGCCAGCTAGTAC-3
GPH1Clalr 5-CCCATCGATAGTCACTGGTTCAACGTTCCAAATG-3
RSB1BamHIf 5-CGCGGATCCGGTGGTATGGTACCGAACCTTC-3
RSB1Sallr 5-CCCGTCGACAAGTTTAGCCTTCTTTTTAGAGGAAAC-3

GPM2BamHIf 5-CGCGGATCCATGACTGCAAGCACACCATCCAA-3
GPM2HindllIr 5 -CCCAAGCTTAGGATTTTTTATGAAACCCTCATTACGG-3’

Isolation of plasma membrane and mitochondria

Yeast cells were grown aerobically in YPD to the early stationary phase at 30°C.
Then, cells were disrupted with glass beads using a Merckenschlager homogenizer under
CO,-cooling. Cell extracts were cleared of glass beads, unbroken cells and cell debris by
centrifugation at 2,500 x g for 5 min. The supernatant fraction represented the homogenate.
Crude plasma membrane was isolated essentially as described by Serrano [17] and further
purified as reported by van den Hazel et al. [18] and Pichler et al. [19].

To isolate mitochondria, spheroplasts were prepared and homogenized in breaking
buffer consisting of 0.6 M mannitol, 10 mM Tris, pH 7.4 and 1 mM PMSF by using a Dounce
homogenizer as described previously [20]. Unbroken cells and debris were removed by
centrifugation at 3,000 x g for 5 min. The resulting supernatant was used to isolate

mitochondria by published procedures [21].
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Relative enrichment of markers and cross-contamination of subcellular fractions were
assessed as described by Zinser and Daum [22]. Protein was quantified by the method of
Lowry et al. [23] using bovine serum albumin (BSA) as standard. SDS-PAGE was carried out
as published by Laemmli [24]. Western blot analysis of proteins from subcellular fractions
was performed as described by Haid and Suissa [25]. Immunoreactive bands were visualized
by enzyme-linked immunosorbent assay using a peroxide-linked secondary antibody (Sigma-

Aldrich, St Louis, MO) following the manufacturer’s instructions.

RNA preparation

For the preparation of RNA, BY4741 and Apsdl were pre-grown overnight. For main
cultures, inoculations to an ODggo 0f 0.1 in fresh medium were made by diluting pre-cultures.
Cells were grown to the logarithmic phase and harvested by centrifugation. Cell pellets were
shock frozen in liquid nitrogen and stored at -70°C till use. Total RNA was isolated using an
RNeasy Kit (Qiagen) including DNase | treatment according to the manufacturer’s
instructions. Yeast lysates were prepared by mechanical disruption of cells using a bead mill.
Integrity of RNA was tested by agarose gel electrophoresis and determination of the 260 to
280 nm absorbance ratio. The RNA concentration was estimated by measuring the absorbance

at 260 nm.

Microarray analysis

For expression profiling, 1 pg of total RNA was linearly amplified and biotinylated
using the One-Cycle Target Labeling Kit (Affymetrix, Santa Clara, CA) according to the
manufacturer’s instructions. 15 pg of labeled and fragmented cRNA were hybridized to
Affymetrix Yeast 2.0 Gene Chip® arrays (Affymetrix). After hybridization, the arrays were

washed and stained in a Fluidics Station 450 (Affymetrix) with the recommended washing
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procedure. Biotinylated cRNA bound to target molecules was detected with streptavidin-
coupled phycoerithrin, biotinylated anti-streptavidin IgG antibodies and again streptavidin-
coupled phycoerithrin according to the manufacturer’s protocol. Arrays were scanned using
the GCS3000 Gene Chip scanner (Affymetrix) and GCOS 1.4 software. Scanned images were
subjected to visual inspection to test for hybridization artifacts and proper grid alignment, and
analyzed with Microarray Suite 5.0 (Affymetrix) to generate report files for quality control.
Statistical data analysis was performed using the bioconductor packages “affy” and
“limma” [26,27]. Initially, the expression data from all arrays were normalized with RMA
[28] to yield log2-transformed signal values. The assay was performed in two independent
experiments with two and four samples, respectively. A batch effect was observed (data not
shown). A linear model was generated including the factors “batch” and “strain” to correct for
this effect. The signal values were then averaged for the individual subgroups and differences
in the expression level were calculated as x-fold change. Differences between Apsdl and
BY4741 strains were extracted and analyzed with the moderated T-test (empirical Bayes
method). Transcripts with an at least two-fold change of expression level and a p-value of less
than 0.05 were regarded as differentially expressed. Functions of differentially expressed
transcripts were annotated using the latest array annotation in the NetAFFX analysis center

(www.affymetrix.com/analysis/index.affx).

Bioinformatic analysis
To retrieve information about ORFs of interest, the Saccharomyces Genome Database

(SGD, http://www.yeastgenome.org/) was queried. The SGD tool GO Slim Mapper [28] was

used to assign the general Gene Ontology (GO) terms to identified ORFs. Genes were

categorized by wusing the SGD GO Slim Mapper (http://db.yeastgenome.org/cqi-

bin/GO/goTermMapper) to define the biological processes, molecular functions and cellular
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components of gene products, in conjunction with GO annotations for yeast gene products

curated by the SGD.

Phospholipid analysis

Phospholipids were extracted from the homogenate containing 3 mg protein or from
mitochondria and plasma membrane fractions containing 2 mg protein, respectively, by the
procedure of Folch et al. [29] using 3 ml chloroform/methanol (2:1, v/v). Individual
phospholipids were separated by two-dimensional thin-layer chromatography (TLC) on silica
gel 60 plates (Merck, Darmstadt, Germany) using chloroform/methanol/25% NH3 (50:25:6;
per vol.) as first, and chloroform/acetone/methanol/acetic acid/water (50:20:10:10:5; per vol.)
as second developing solvents. Lipids were stained with iodine vapor, scraped off the plate,

and quantified by the method of Broekhuyse [30].

Fluorescence microscopy

Fluorescence microscopy was performed to localize the C-terminally GFP-tagged
proteins Gphlp, Rsblp and Gpm2p within the cell. The yeast strains carrying fusion proteins
were grown at 30°C in uracil- and methionine-free minimal medium. At different time points
samples were taken. Fluorescence microscopic analysis was performed using a Zeiss Axiovert
35 microscope with a 100-fold oil immersion objective, a UV lamp and a detection range

between 450 and 490 nm. Images were taken with a CCD camera.
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Results

Influence of PSD1 deletion on gene expression in Saccharomyces cerevisiae

The present study was aimed at identifying genes of the yeast Saccharomyces
cerevisiae whose expression levels were changed in response to PE depletion and deletion of
the major producer of PE in the cell, Psdlp. The genome-wide expression pattern was
analyzed using cDNA microarrays (Affymetrix gene chip system). Among 5,841 open
reading frames (transcripts) examined, 54 genes were significantly up-regulated in a Apsdl
deletion strain. Significant down-regulation of genes was not observed under these conditions.
The list of genes and their expression levels (x-fold change values) are shown in the
Supplementary Table S1. The logFC (log fold change) values were in the range from -6.09

(PSD1) to +2.72 (DANL1). All 54 up-regulated ORFs encode for non-essential proteins.

Analysis of ORFs affected by PSD1 deletion

ORFs detected by the above mentioned assay were bioinformatically analyzed using
SGD GO slim mapping [28]. This bioinformatic tool sorted the 54 ORFs according to their
contribution to biological processes, molecular function and subcellular localization (Tables
3-5). Among the up-regulated genes a large fraction was related to transport, carbohydrate
metabolism, generation of precursor metabolites and energy, and response to stress (Table 3).
23 ORFs with unknown biological process were also up-regulated under PE limitation. As
molecular function, 18 ORFs were related to catalytic enzyme activities, namely hydrolase,
transferase, oxidoreductase, phosphatase and isomerase activity (Table 4). Five ORFs were
assigned to transporter activity. Other molecular functions of genes identified were lipid
binding, RNA binding, protein binding, transcription regulator activity, signal transducer

activity, DNA binding and enzyme regulator activity. The molecular function of 28 ORFs is
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unknown. The largest group of gene products was localized to the cytoplasm, followed by the
nucleus, plasma membrane, cell wall and mitochondrion (Table 5). In addition, some ORFs
are assigned to the vacuole, endoplasmic reticulum, cytoplasmic-membrane bound vesicles,
ribosomes and lipid droplets. Subcellular localization of 14 gene products is unknown.

Taken together, the bioinformatic analysis described above showed that depletion of
PE in yeast cells appears to affect a number of biological processes. The fact that all genes
were up-regulated upon deletion of PSD1 suggests compensatory gain-of-function. Such a
response appears logical for organelle membrane associated gene products (see Table 5)
whose activity may at least in part depend on the presence of PE in the membrane
environment. VVarious enzymes and transport related proteins (see Table 4) might be affected
in that way. How PE levels in the cell may affect the activity of cytosolic proteins is less
obvious. In these cases, secondary effects may be regarded as the reason for this finding.
Interestingly, a number of up-regulated genes belong to the so-called seripauperin multigene
family (PAU3, PAU15, PAU16, PAU19, PAU21 and PAU22). These gene products are mostly
located in the subtelomeric regions of chromosomes [31]. Although the exact role of PAU
genes and their gene products is still unclear, they are considered to be induced by stress and
anaerobiosis [32]. PAU genes are extremely homologous to each other and also share
homology with Tir and Dan proteins. TIR4 and DAN1 were also overexpressed in a Apsdl
deletion mutant. Tir and Dan proteins are also induced by anaerobiosis [33,34]. Due to the
large number of protein family members most likely with overlapping functions single
mutations of these genes do not lead to obvious phenotypes. The link of PAU, TIR and DAN
genes to PSD1 may reflect the importance of Psd1p for respiratory function. Recent work by
Bottinger et al. [35] showed that respiration is compromised in a Apsdl mutant.

Overexpression of Pau, Tir and Dan proteins might be a compensatory reaction on this defect.
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Table 3. GO slim terms Biological Process of the set of up-regulated genes in the absence of

PSD1

Biological Process

Genes

Biological process

BDH2, FMP23, PAU3, GPM2, UGX2, PAUS5, YGRO066C, SET4,

unknown YJRO05C-A, YKLO71W, PAU16, YLR149C, TMA10, YMR317W, PAU19,
YTP1, TIR4, YOR289W, FRES5, PAU21, PAU22, PAU15, YLR346C
Transport PDR15, FIT1, HXK1, ARN1, ARN2, HXT5, DAN1, RSB1, HES1, FIT2,

FIT3, RTC2

Carbohydrate metabolic
process

GLC3, HXK1, AMS1, SOL4, TDH1, TSL1, PGM2, GPH1

Cellular homeostasis

ARN1, ARN2, TIS11 ,PGM2, FIT1, FIT2, FIT3

Generation of precursor
metabolites and energy

GLC3, HXK1, TDH1, PGM2, GPH1

Response to stress

HSP26, HSP12, XBP1, TSL1, DDR2

Cofactor metabolic
process

SOL4, ARN2, GTO3

Membrane organization
and biogenesis

RSB1, HES1, HSP12

RNA metabolic process

RTC3, TIS11

Response to chemical
stimulus

PDR15, HSP12

Protein folding HSP26
Cell v_vaII organization ECM4
and biogenesis

Vitamin metabolic sOL4
process

Signal transduction GPG1
Sporulation YNL194C
Vesicle-mediated HES1
transport

Anatomical structure HESL
morphogenesis

N_uclear Qrganlzatlon and GSP2
biogenesis

Response to starvation PHMS8
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Table 4. GO slim terms Molecular Function of the set of up-regulated genes in the absence of

PSD1

Molecular Function

Genes

Molecular function unknown

FMP23, PAU3, GPM2, UGX2, FIT1, PAU5, YGR066C, RTC3,
PAU15, SET4, YJR005C-A, DAN1, YKLO71W, PAU16,
YLR149C, TMAL10, YLR346C, YMR317W, PAU19, YNL194C,
YTP1, DDR2, TIR4, YOR289W, FIT2, FIT3, PAU21, PAU22

Hydrolase activity

PDR15, AMS1, SOL4, TSL1, RSB1, GSP2

Transferase activity

GLC3, HXK1, ECM4, TSL1, GTO3, GPH1

Transporter activity

PDR15, ARN1, ARN2, HXT5, RTC2

Oxidoreductase activity

BDH2, TDH1, FRES

Lipid binding HES1, HSP12
RNA binding TIS11, HSP26
Phosphatase activity PHMS, TSL1
Isomerase activity PGM2
Protein binding HSP26
Transcription regulator activity XBP1

Signal transducer activity GPG1

DNA binding XBP1
Enzyme regulator activity TSL1

Table 5. GO slim terms Cellular Component of the set of up-regulated genes in the absence of

PSD1

Cellular Component

Genes

Cytoplasm

BDH2, FMP23, HSP26, RTC2, GPM2, GLC3, PHMS8, HSP12,
HXK1, AMS1, SOL4, ARN1, ARN2, RTC3, TDH1, YKLO71W,
ECM4, TIS11, TMA10, YLR346C, TSL1, PGM2, GTOS,
YNL194C ,DDRZ2, RSB1, YOR289W, FRES, GPH1, PAUS

Cellular component unknown

PAU3, UGX2, GPG1, YGR066C, PAU15, SET4, YJR005C-A,
PAU16, YLR149C, YMR317W, PAU19, HES1, PAU21, PAU22

Nucleus

BDH2, HSP26, PHM8, HSP12, SOL4, RTC3, XBP1, TIS11,
TMA10, GSP2, YOR289W

Plasma membrane

HSP12, ARN2, HXT5, RSB1, ARN1, TDH1, YNL194C

Cell wall

FIT1, TDH1, DAN1, TIR4, FIT2, FIT3

Mitochondrion

FMP23, RTC2, TDH1, YLR346C, FRE5

Vacuole

AMS1 DDR2, RTC2

Endoplasmic reticulum

YNL194C, RSB1

Cytoplasmic membrane-bounded

. ARN1, ARN2
vesicle
Ribosome TMA10
Lipid droplet TDH1
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Phenotype analysis of deletion mutants compromised in genes up regulated in Apsdl

Mutants deleted of genes which were found to be up-regulated in Apsdl were tested
for their growth phenotype on different media. Fermentable and non-fermentable carbon
sources were used for these tests. It has to be noted that on non-fermentable carbon sources
like lactate and glycerol the requirement for PE increases due to intense proliferation of
mitochondria and the importance of PE for cell respiration [1]. Under these conditions even a
single deletion of PSD1 leads to a growth defect (Figure 1). Additionally, osmotic stability of
strains on sorbitol and SDS sensitivity was analyzed. Surprisingly, most of the 54 mutants
tested did not show changes in their growth behavior compared to wild type (data not shown).
Only Agpm2 and Agph1 deletion mutants exhibited growth defects on certain media. Whereas
Agpm2 grew on YPD with glucose as carbon source as wild type, a slight growth defect was
observed on non-fermentable, suggesting a respiratory defect in these cells. A strong growth
defect of Agpm2 was observed in the presence of SDS indicating decreased stability of the
plasma membrane and/or cell wall. Gphlp seems to play also a role in respiration and cell
wall/plasma membrane organization because of the strongly reduced growth of the deletion
mutant on lactate and SDS containing media. The Agphl deletion mutant also exhibits

osmotic instability on sorbitol.

59



Chapter 2

YPLac
Figure 1. Growth analysis of
WT yeast strains deleted of genes
up-regulated in the absence of
fpsud PSDI
Agpm2 Strains as indicated were grown
on YPD, YPLac, MMLac,
Agph1 YPGlycerol, YPSorbitol, and
YPD with 0.05% SDS. Cell
MMLac YPGlycerol suspensions of strains listed were
spotted at dilutions 1, 1/10, 1/100,
WT 1/1000, and 1/10000. Incubation
ApH was carried out at 30°C.
Agpm?2
Agphl1
YPSorbitol YPD 0.05% SDS
WT
Apsdl
Agpm2
Agphl

Phospholipid analysis of deletion mutants compromised in genes up-regulated in Apsdl

To estimate the possible involvement of the up-regulated genes in phospholipid
metabolism we established phospholipid profiles of all deletion mutants. In wild type
homogenate, the major phospholipids were phosphatidylcholine (PC), PE and
phosphatidylinositol (P1) (Table 6). Lysophospholipids (LPL), phosphatidic acid (PA),
cardiolipin (CL) and dimethylphosphatidylethanolamine (DMPE) were present only at minor
amounts. As shown before [2,3,15,36,37] deletion of PSD1 causes a depletion of PE in the
cell homogenate and mitochondria compared to wild type. Interestingly, no major changes in
the PE level were observed in total cell extracts of mutants detected of genes which were up-

regulated in the absence of PDS1. Only in a strain deleted of RSB1 a slight decrease of PE
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Table 6. Phospholipid composition of cell-free homogenate, mitochondria and plasma membrane
from cells grown on YPD. CF, cellular fraction; LPL, lysophospholipids; Pl, phosphatidylinositol;

PS, phosphatidylserine; PE, phosphatidylethanolamine; PC, phosphatidylcholine; CL, cardiolipin;

DMPE, dimethylphosphatidylethanolamine; PA, phosphatidic acid. Mean values of at least three

measurements and standard deviations are shown.
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was measured which was accompanied by an increase in Pl, PS and PA (see Table 6).
However, changes in the phospholipid pattern were also detected in Agpm2 and Agphl. In
Agpm2 these changes were moderate, but in Agphl markedly increased levels of PI, DMPE
and PA mainly at the expense of PC were detected.

To address possible effects of the lipid profile on respiration and osmotic stability as
suggested by the growth phenotype analysis (see Figure 1) we analyzed isolated
mitochondrial and plasma membrane fractions of the respective strains. In the Agpm2 mutant,
a 75% reduction of the DMPE level in mitochondria was observed resembling the effect in
Apsdl. DMPE is an intermediate product in the methylation pathway from PE to PC catalyzed
by Cho2p and Opi3p. Surprisingly, PC levels in the homogenate and especially in
mitochondria of Agpm2 were increased over the wild type suggesting that production of PC
through the alternative biosynthetic route, the so-called Kennedy pathway, was enhanced. As
another marked feature of the Agpm2 strain the CL level in mitochondria was increased. No
significant changes were observed in the phospholipid pattern of the plasma membrane.

Major changes in mitochondria of the Agphl mutant were reduction of the PC and
DMPE levels and an increase of Pl and CL. The reduction of PC was even more pronounced
in the plasma membrane, where it was reduced to 60% of wild type. The decrease in the PC
level was compensated by increased amounts of PE, Pl and PA. Deletion of the RSB1 gene
caused a dramatic increase in Pl in the homogenate over the wild type at the expense of PC
and PE. Changes in Pl and PC levels were also detected in mitochondria, whereas the plasma

membrane was not affected.

Subcellular localization of Gphlp, Gpm2p and Rshb1p analyzed by fluorescence microscopy
According to the SGD GO Slim Mapper (see Methods section), Gphlp, Gpm2p and

Rsb1p are localized to the cytosol of yeast cells. This view was only partially confirmed in
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our fluorescence microscopy analysis of yeast strains bearing the respective GFP-tagged
hybrids. Figure 2 demonstrates localization of GFP-Gpm2p throughout the cytoplasm. In
contrast, GFP-Rsb1p was localized to the cell periphery in the form of distinct spots in or
close to the plasma membrane. These spots may be specific domains of the plasma membrane
or parts of the ER which are closely associated with the plasma membrane (plasma membrane

associated membranes; PAM) [19].

Gpm2p-GFP

»
bl

Rsb1p-GFP

Figure 2. Subcellular localization of Gpm2p-GFP and Rsblp-GFP by fluorescence
microscopy.

Fluorescence microscopy was carried out as described in the Methods section. Cells were
grown in minimal medium —ura —met at 30°C to the late exponential phase and GFP
fluorescence (left panel) was detected as described. Corresponding transmission microscopy
of cells is shown in the right panel Subcellular distribution of Gpm2p-GFP (upper lane) and
Rsb1p-GFP (lower lane) is shown. The size of the scale bar is 1 um.

Fluorescence microscopy revealed that GFP-Gphlp is localized to distinct spots in the
cytoplasm (Figure 3). Gphlp is a glycogen phosphorylase, which degrades glycogen as

carbohydrate source under conditions of nutrient limitation in the stationary phase and was

reported to be associated with glycogen particles [38,39]. The present study confirms this
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localization of GFP-Gphlp. We also studied the subcellular distribution of GFP-Gphlp

during various growth phases of the cell, namely in the lag phase (5h), middle (15h) and late

(22h) exponentially phase and late stationary phase (55 h). Whereas only single dots of the

fluorescent signal were detected in cells during the early growth phases, older cells (55h

cultures) contained more of these particles. Additionally, diffuse fluorescence was observed

throughout the cytoplasm, but not in the vacuole and in the nucleus. We excluded GFP-Gphlp

accumulation in lipid droplets because staining of cells with Nile Red did not overlap with the

signals of GFP-Gph1p (data not shown).

Figure 3. Subcellular localization
of Gphlp-GFP by fluorescence
microscopy.

Fluorescence  microscopy  was
performed as described in the
legend to Figure 2. GFP
fluorescence (left panel) and
transmission  microscopy  (right
panel) of cells bearing a Gphlp-
GFP hybrid are shown. Cells were
grown in minimal medium —ura —
met at 30°C and pictures were
taken from cells at early (5h),
middle (15h) and late (22h)
exponentially phase and at the late
stationary phase (55h). The size of
the scale bar is 1 um.

64



Chapter 2

Discussion

In the yeast Saccharomyces cerevisiae as in most other eukaryotic cells, the major
membrane phospholipids are PC, PE, Pl and PS. Phospholipid metabolism is governed by a
complex network of reactions which are subject to strict genetic and biochemical regulation
(for recent review see [40]). ER and mitochondria are major sites of phospholipid synthesis
[41] whereas other compartments such as the plasma membrane are devoid of phospholipid
synthesizing enzymes [20]. Such membranes rely completely on the supply of lipids from
other organelles.

The present study was focused on the global role of PE in the yeast and designed to
study the genome wide response of Saccharomyces cerevisiae to PE depletion caused by
deletion of PSD1. Psd1p is the major producer of PE in the yeast and localized to the inner
mitochondrial membrane where it catalyzes decarboxylation of PS to PE [5,6,7]. For the
present study a DNA-microarray analysis with a Apsdl deletion mutant was performed. As
described in the Results section, 54 genes were identified which were up-regulated in a Apsdl
deletion strain compared to wild type. The respective gene products serve several functions in
diverse biological processes (see Tables 3-4). This large variety reflects the possible direct or
indirect involvement of PE in many different cellular processes. As a matter of fact, DNA-
microarray analysis provides information about genetic interactions, whereas functional links
between reactions catalyzed by potentially interacting partner gene products are often hard to
pinpoint. To narrow down the list of candidate genes which were detected in the DNA-
microarray analysis we focused on growth phenotype and lipid analysis of mutants deleted of
the identified genes. Surprisingly, only three mutants out of the collection of 54 candidates
showed significant changes in growth phenotype and/or lipid profile, namely those affected in

GPM2, GPH1 and RSB1.
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Gpm2p (glycerate phosphomutase 2) has been predicted as a non-functional
homologue of Gpmlp which catalyzes the interconversion of 3-phosphoglycerate and 2-
phosphoglycerate in the early glycolytic pathway of the yeast [42]. However, the fact that
GPM2 was subject to transcriptional regulation and the Agpm2 deletion mutant exhibited
growth defects on fermentable and non-fermentable carbon sources rather qualified GPM2 as
a functional gene. Despite these findings, a straight forward role of Gpm2p in phospholipids
synthesis or regulation was not detected by our analyses. A slight growth defect of the Agpm2
deletion mutant on lactate may explain a possible involvement of Gpm2p in respiration or
energy metabolism, supported by some changes in the mitochondrial phospholipid pattern.
The strong sensitivity to SDS (see Figure 1) of Agpm2 and the altered levels of DMPE and PC
in bulk membranes may be an indication for a link to membrane lipid metabolism and
function.

Gphlp (glycogen phosphorylase 1) is localized to particles present in the cytoplasm
(see Figure 3). This finding is in line with the physiological role of Gphlp which catalyzes the
release of glucose 1-phosphate from glycogen and associates with glycogen particles [38,39].
In the stationary phase the distribution of GFP-tagged Gphlp was changing and the number of
spots increased. This observation is most likely due to glycogen particle degradation under
condition of starvation. Gphlp is known to be activated by a phosphorylase kinase and a
CAMP dependent protein kinase, whereas glucose 6-phosphate, a product of glycolysis,
inhibits Gphl1p [38]. Therefore, Gphlp becomes only active when glucose 6-phosphate levels
are decreasing. Whether or not these known functions of Gphlp are correlated with the novel
observation that this protein is obviously also involved in the regulation of lipid metabolism
(see Table 6) remains to be demonstrated. The growth defect of Agphl on non-fermentable
carbon sources and in the presence of SDS (see Figure 1) combined with the changes of the

lipid profile both in bulk membranes and especially in the plasma membrane (see Table 6)
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strongly supports this view. More detailed studies are currently in progress (Gsell et al.,
manuscript in preparation).

Among the short-listed candidate genes affected by PSD1 deletion, RSB1 is the only
one with a direct link to lipid metabolism. It was suggested that Rsblp (resistance to
sphingoid long-chain base) is involved in lipid translocation across the plasma membrane
[43,44,45]. 1t was suggested that Rsb1p may function as a transporter or flippase translocating
LCBs (sphingoid long-chain bases) from the cytoplasmic side to the extracytoplasmic side of
the plasma membrane [43]. Furthermore, it was found that the expression of Rsblp was
increased in cells with altered phospholipid asymmetry of the plasma membrane to
compensate for compromised membrane functions by inappropriate distribution of LCBs
between the inner and outer leaflet [46]. This finding may be linked to the observed up-
regulation of RSB1 under depletion of PE caused by PSD1 deletion. Depletion of PE in Apsdl
causes changes in the phospholipid pattern of the plasma membrane. To compensate for
possible defects due to these changes, expression of RSB1 may be enhanced to maintain
membrane stability. In a Arsb1l mutant the phospholipid pattern of the plasma membrane was
not changed (see Table 6). However, moderate changes in the total cell extract and also in
mitochondria such as decrease of PE and PC accompanied by an increase in Pl might indicate
an influence of Rsb1p on cellular lipid homeostasis.

In summary, our study identified a network of genes linked to function of PSD1 in the
yeast. Processes affected by depletion of PE appear to wide spread (see Table 3-5) although
defects may be secondary effects of changes in membrane behavior caused by PE depletion.
At least in the cases of GPM2, GPH1 and RSBL1, a direct link to lipid metabolism and growth

phenotype was established.
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Abstract

In a previous study we identified up-regulation of the yeast GPH1 gene under conditions of
phosphatidylethanolamine  depletion caused by deletion of the mitochondrial
phosphatidylserine decarboxylase 1 (Gsell et al., manuscript submitted). Gphlp has originally
been identified as a glycogen phosphorylase catalyzing degradation of glycogen to glucose in
the stationary growth phase of the yeast. Here we show that deletion of this gene causes
decreased levels of phosphatidylcholine, triacylglycerols and steryl esters. Depletion of the
two non-polar lipids in a Agphl strain leads to a lack of lipid droplets. Moreover, in such
mutants the stability of the plasma membrane appears to be compromised. In vivo labeling
experiments revealed that both pathways of phosphatidylcholine biosynthesis, the CDP-
choline and the methylation route, are negatively affected by a Agphl mutation. These
findings suggest that Gphlp plays a regulatory role in yeast lipid metabolism, although its

specific molecular function remained unclear.
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Introduction

Cellular lipids fulfill three major functions. First, they provide a depot and source of
energy especially in the form of triacylglycerols (TG) and steryl esters (SE) which are stored
in lipid droplets [1]. Secondly, certain classes of lipids such as glycerophospholipids, sterols,
sphingolipids and glycolipids are important components of biological membrane. Finally,
lipids can act as cellular messengers [2]. Depending on the environmental and nutritional
conditions one or the other function of lipids becomes paramount. Importantly, pathways of
lipid storage/mobilization and membrane lipid biosynthesis are interlinked thus providing a
means to switch within lipid metabolism to the required branches. As examples, fatty acids
from TG and/or SE can either be used for energy production through [-oxidation or as
building blocks for the synthesis of membrane lipids. Diacylglycerol (DG), the other
degradation product of TG hydrolysis, can be utilized as a substrate for phospholipid
synthesis and consequently a key intermediate in membrane lipid formation [2,3,4,5,6] but
also as a second messenger.

As a consequence of the above mentioned scenario, lipid metabolism is a highly
complex network of reactions which are subject to sophisticated regulation. During the last
few years our laboratory focused on the central role of the phospholipid
phosphatidylethanolamine (PE) in lipid metabolism. PE is essential in the yeast
Saccharomyces cerevisiae and one of the major phospholipids besides phosphatidylcholine
(PC), phosphatidylinositol (PI) and phosphatidylserine (PS). The mitochondrial
phosphatidylserine decarboxylase 1 (Psdlp) is the major producer of PE catalyzing the
decarboxylation of PS to form PE [7,8]. The other three pathways of PE synthesis, namely
decarboxylation of PS by Psd2p [9], the CDP-ethanolamine branch of the so-called Kennedy

pathway [10], and synthesis of PE through acylation of lyso-PE catalyzed by the acyl-CoA-
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dependent acyltransferase Alelp [11] are less efficient under standard growth conditions.
Inactivation or deletion of the PSD1 gene leads to a considerable decrease of PE in total
cellular and mitochondrial membranes and to a number of cellular defects [12,13].

To investigate effects of PE depletion caused by Apsdl deletion on a genome wide basis
we performed DNA microarray analysis of a Apsd1l mutant and compared its gene expression
pattern with wild type (Gsell et al. manuscript submitted). This analysis revealed up-
regulation of 54 genes in the Apsd1l mutant. One of the genes highlighted in this analysis was
GPH1. Further analysis of the growth phenotype and phospholipid composition suggested a
possible involvement of GPH1 in lipid metabolism. Gphlp was originally identified as
glycogen phosphorylase 1 catalyzing the release of glucose 1-phosphate from glycogen in the
late stationary growth phase of the yeast to maintain the required energy for cell activity and
growth during periods of nutrient starvation. The activity of glycogen phosphorylase is
regulated by cyclic AMP-mediated phosphorylation of the enzyme. GPH1 is not essential in
yeast, but Agphl mutants lacking the phosphorylase activity exhibit increased levels of
intracellular glycogen [14].

In previous studies it has been shown that Gphlp is localized on so-called glycogen
particles [14,15] whose size and amount are changing during the growth phases of the yeast
cell (Gsell et al., manuscript submitted). Glycogen, which is a storage form of carbon and
energy, consists of branched glucose polymers and is synthesized by many different
organisms [15]. Degradation of glycogen occurs when energy is required for cell activity and
growth during stationary phase. In the yeast, expression of GPHL1 is induced at the end of the
logarithmic growth phase. Almost simultaneously intracellular glycogen starts to accumulate
as long as carbon sources are present. This finding suggested an important role of Gphlp in
glycogen utilization as a reserve energy source during periods of nutrient starvation. Gphlp is

inhibited by glucose 6-phosphate, and its activity is regulated by reversible phosphorylation
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[14]. The Agphl deletion mutant accumulates large amounts of glycogen during the stationary
phase and shows rapid chronological aging and low stress tolerance [16].

A more detailed analysis of GPH1 and its gene product presented here shows that the
Agph1l deletion mutant exhibits decreased PC levels in total cell homogenates and especially
in the plasma membrane. Moreover, deletion of GPH1 caused changes in the metabolism of
non-polar lipids. It appears that Gphlp is involved in specific branches of lipid metabolism
but at the same time has more global effects on cell metabolism. The multiple function of

Gph1p with emphasis on regulating aspects in lipid metabolism is discussed.

Materials and Methods

Strains and media

The yeast strains used in this study are listed in Table 1. Cells were grown in liquid
YPD media (1% yeast extract, 2% peptone and 2% glucose) under aerobic conditions with
shaking at 30°C. Growth tests on solid media were performed on 1% yeast extract, 2%
peptone, and 2% agar supplemented with 2% glucose, 2.66% lactate (adjusted to pH 5.5 with
KOH), 2% glycerol or 8 mM sorbitol, respectively. For SDS resistance assays on solid media,
0.05% SDS was added to the media immediately prior to pouring plates. MMLac (minimal
medium with lactate) culture plates contained 0.67% yeast nitrogen base without amino acids,
0.073% amino acid mix, 2.66% lactate, adjusted to pH 5.5 with KOH and 2% agar.

For growth phenotype analysis cell suspensions of overnight cultures grown on YPD
were spotted at dilutions 1, 1/10, 1/100, 1/1000 and 1/10000 on YPD, YPLac, MMLac,

YPGlycerol, YPSorbitol and YPD with 0.05% SDS. Incubations were carried out at 30°C.
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Table 1
Yeast strains used in this study

Strain Genotype Source/reference
BY4741 Mata his3A1 leu2A0 met15A0 ura3A0 Euroscarf
Agphl Mata his3A1 leu2A0 met15A0 ura3A0 gphlA::KanMX4 Euroscarf
Apsdl Mata his3A1 leu2A0 met15A0 ura3A0 psd1A::KanMX4 Euroscarf
AgphlApsdl Mata his3A1 leu2A0 met15A0 ura3A0 gphlA::KanMX4 This study

psd1A::His3MX6

Strain constructions

Inactivation of the PSD1 gene in a Agphl deletion mutant was performed by
transformation of the Apsdl::His3MX6 disruption cassette as described by Longtine et al.
[17]. The His3MX6 disruption cassette was amplified from the pFA6a-His3MX6 plasmid
using the primers PSD1-koF 5’-
gccagttaagaacgcecttggcgcaagggaggacgctectccggatceccgggttaattaa-3>  and  PSD1-koR - 57°-
caggtatgtggttccaagtgtttgtcge -3°.

The disruption cassette was amplified by PCR under standard conditions using the proof
reading Ex Taq"-DNA polymerase (Takara). The cassette was introduced into the respective
strain by lithium acetate transformation [18]. Correct insertion of the cassette was tested by
growing strains on selective media. Identity of strains was confirmed by marker-dependent

growth, colony PCR and sequencing.

Isolation of plasma membrane and mitochondria

Yeast cells were grown aerobically in YPD to the early stationary growth phase at 30°C.
Then, cells were disrupted with glass beads using a Merckenschlager homogenizer under
CO,-cooling. Cell extracts were cleared of glass beads, unbroken cells and cell debris by

centrifugation at 2,500 x g for 5 min. The supernatant fraction represented the homogenate.
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Crude plasma membrane was isolated essentially as described by Serrano [19] and further
purified as reported by van den Hazel et al. [20] and Pichler et al. [21].

To isolate mitochondria, spheroplasts were prepared and homogenized in breaking
buffer consisting of 0.6 M mannitol, 10 mM Tris, pH 7.4 and 1 mM PMSF by using a Dounce
homogenizer as described previously [22]. Unbroken cells and debris were removed by
centrifugation at 3,000 x g for 5 min. The resulting supernatant was used to isolate
mitochondria by published procedures [23].

Relative enrichment of markers and cross-contamination of subcellular fractions were
assessed as described by Zinser and Daum [24]. Protein was quantified by the method of
Lowry et al. [25] using bovine serum albumin (BSA) as standard. SDS-PAGE was carried out
as published by Laemmli [26]. Western blot analysis of proteins from subcellular fractions
was performed as described by Haid and Suissa [27]. Immunoreactive bands were visualized
by enzyme-linked immunosorbent assay using a peroxide-linked secondary antibody (Sigma-

Aldrich, St. Louis, MO) following the manufacturer’s instructions.

Lipid analysis

Lipids from yeast cells were extracted as described by Folch et al. [28]. For
phospholipid analysis 3 mg protein from total cell homogenate or 2 mg protein from
mitochondria and plasma membrane fractions, respectively, were extracted using 3 ml
chloroform/methanol (2:1; per vol.). Individual phospholipids were separated by two-
dimensional thin-layer chromatography (TLC) on silica gel 60 plates (Merck, Darmstadt,
Germany) using chloroform/methanol/25% NH;3; (50:25:6; per vol.) as first, and
chloroform/acetone/methanol/acetic acid/water (50:20:10:10:5; per vol.) as second developing
solvents. Phospholipids were stained with iodine vapor, scraped off the plate, and quantified

by the method of Broekhuyse [29].
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For quantification of neutral lipids, lipid extracts were applied to Silica Gel 60 plates,
and chromatograms were developed in an ascending manner by a two-step developing system
[30]. First, chromatograms were developed using light petroleum/diethyl ether/acetic acid
(70:30:2; per vol.) and then light petroleum:diethyl ether (49:1; per vol.) as solvents. To
visualize separated bands, TLC plates were dipped into a charring solution consisting of 0.63
g MnCl;, x 4H,0, 60 ml water, 60 ml methanol and 4 ml concentrated sulfuric acid, briefly
dried and heated at 100°C for 20 min. Then, lipids were quantified by densitometric scanning
at 400-650 nm with triolein, cholesteryl ester and ergosterol as standards, using a Shimadzu
dual-wave length chromatoscanner CS-930. For DG analysis chromatograms were developed

in chloroform/acetone/acetic acid (45:4:0.5; per vol.) with diolein as standard.

Metabolic labeling of phospholipids and neutral lipids

Labeling of aminoglycerophospholipids in vivo was determined by following the
incorporation of L-[3H]serine or [methyl-**C]choline chloride, respectively, into PS, PE and
PC as described [13,31]. An equivalent of 10 ODgy from an overnight culture (~1 ml,
corresponding to 1.45 x 108 cells) was harvested in a Pyrex tube, washed once, suspended in
500 pl YPD and incubated for 30 min at 30°C. Cells were labeled with 10 pCi [3H]serine
(21.99 Ci-mmol™, Perkin-Elmer, Boston, MA) or 10 uCi [methyl-**C]choline chloride (54
mCi-mmol™, Perkin Elmer Boston, MA), respectively, for 1 hour at 30°C. Samples were put
on ice, harvested by centrifugation and shock frozen with liquid nitrogen.
Chloroform/methanol (2:1; per vol.) and glass beads were added to the cell pellets and
samples were vigorously shaken on an IKA® Vibrax VXR for 1 hour. Then, lipids were
extracted by the method of Folch et al. [28]. Individual phospholipids were separated by TLC
on Silica gel 60 plates (Merck, Darmstadt, Germany) with chloroform/methanol/25% NH3

(50:25:6, per vol.) as developing solvent. Spots on TLC plates were stained with iodine vapor,
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scraped off and suspended in 8 ml scintillation cocktail (Packard Bio-Science, Groningen, the
Netherlands) containing 5% water. Radioactivity was determined by liquid scintillation
counting using a Packard TriCarb® Liquid Scintillation Analyzer.

To estimate the incorporation of [1-**Cacetic acid in vivo into total phospholipids and
non-polar lipids an equivalent of 10 ODggo from an overnight culture was harvested, washed
and suspended in 500 pl YPD. After an incubation of 30 min at 30°C, cells were labeled with
0.5 pCi [1-*CJacetic acid (55.3 mCi mmol™, Perkin Elmer, Boston, MA) for 0, 10, 20, 30, 60
and 120 min, respectively. Lipids were extracted as described above and individual lipids
were separated by TLC with light petroleum/diethyl ether/acetic acid (70:30:2; per vol.) and
then light petroleum/diethyl ether (49:1; per vol.) as solvents. Radioactivity was determined

as described above.

Electron microscopy of yeast cells

For ultrastructural inspection, cells were harvested in the early stationary growth phase
by centrifugation and washed three times with double-distilled water. Subsequently, cells
were fixed for 5 min in a 1% aqueous solution of KMnO, at room temperature, washed with
distilled water, and fixed in a 1% aqueous solution of KMnO, for 20 min again. Fixed cells
were washed three times in distilled water and incubated in 0.5% aqueous uranylacetate
overnight at 4°C. Samples were dehydrated in a graded series of acetone (50, 70, 90 and
100%) and gradually infiltrated with increasing concentrations of Spurr resin (30, 50, 70 and
100%) mixed with acetone for a minimum of 3 h for each step. Samples were finally
embedded in pure, fresh Spurr resin and polymerized at 60°C for 48 h. Ultrathin sections of

80 nm were stained with lead citrate and viewed with a Philips CM 10 electron microscope.
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Fluorescence microscopy of lipid particles

Nile Red staining was performed as described by Greenspan et al. [32]. Yeast strains
were grown to the early stationary growth phase and stained with Nile Red dissolved in
ethanol. Microscopic pictures visualized using a fluorescence microscope (Axiovert 35, Carl
Zeiss, Jena, Germany) with the filter set 14 (Zeiss). Nile Red fluorescence of lipid droplets

was detected at an emission wavelength of 590 nm with a 100-fold oil immersion objective.

In vivo mobilization of neutral lipids

To measure the mobilization of neutral lipids, cells were pre-grown for 24 h in minimal
medium containing 0.67% yeast nitrogen base without amino acids, 0.073% amino acid mix
and 2% glucose as the carbon source. Then, fresh minimal medium was inoculated with the
pre-grown culture to an ODgy Of 3, and cerulenin (final concentration 10 pg/ml) was added
from an ethanolic stock solution. Control incubations contained the equivalent volume of
ethanol only. At time points indicated, aliquots of the culture were withdrawn, and an
equivalent of 10 ODggo Were harvested by centrifugation on a table-top centrifuge. The pellet
was washed and shock frozen with liquid nitrogen. Lipids were extracted and analyzed as

described above.
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Results

Growth phenotype analysis

To obtain more insight into the possible involvement of the GPH1 gene product in lipid
metabolism and especially in PE synthesis we performed a number of tests addressing growth
behavior and lipid profiling of a Agphl mutants strain. First, Agphl and Apsdl single deletion
mutants as well as a AgphlApsdl double mutant were tested for their growth phenotype on
different media. Fermentable and non-fermentable carbon sources were used for these tests.
Additionally, osmaotic stability of strains on sorbitol and SDS sensitivity was analyzed.

As shown in Figure 1, Agphl and Apsdl mutants grow like wild type on glucose-
containing media. Growth of the AgphlApsdl double mutant on this medium is slightly
decreased. Previous work from our laboratory has shown that the requirement for PE in
Saccharomyces cerevisiae is more stringent on non-fermentable carbon sources (lactate,
glycerol) than on glucose due to intense proliferation of mitochondria and the importance of
PE for cell respiration [12,31]. The expected effect with a single deletion of PSD1 was
confirmed (see Figure 1). In contrast, the Agphl mutant grew like wild type on YPLac.
Growth inhibition of the Agph1Apsdl double mutant on lactate full medium appears to reflect
the effect of the Apsdl deletion. Growth of the three strains on glycerol full medium was
roughly the same as on YPLac. On lactate minimal medium with (MMLac) neither the two
single mutants nor the double mutant were viable indicating that under these stringent
conditions defects became evident. Growth on sorbitol containing plates revealed that Agphl
as well as Apsdl mutants became slightly instable. Most interestingly, the Agphl deletion
mutant was highly sensitive to SDS. Such an effect was not observed with the Apsdl strain.
This result suggested that in Agphl the plasma membrane and/or the cell wall were

compromised.
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YPD YPLac

WT BY4741

Apsdl

Agph1
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MMLac YPGlycerol
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YPSorbitol YPD 0.05% SDS

WT BY4741

Apsd1

Agphl

Agph1Apsd1

Figure 1. Growth analysis of Apsdl, Agphl and Agph1Apsdl deletion mutants.

Strains as indicated were grown on YPD, YPLac, MMLac, YPGlycerol, YPSorbitol, and
YPD with 0.05% SDS. Cell suspensions of strains listed were spotted at dilutions 1, 1/10,
1/100, 1/1000, and 1/10000. Incubation was carried out at 30°C.

Phospholipid analysis of total cell homogenate and subcellular fractions

To estimate the possible involvement of Gphlp in phospholipid metabolism we

measured phospholipid profiles of Agph1, Apsdl and Agph1Apsdl and compared to wild type.

Since phenotype analysis suggested possible effects of the GPH1 deletion on respiration and

osmotic stability (see Figure 1) we analyzed lipids from mitochondrial and plasma membrane

fractions of those strains.
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In wild type homogenate, the major phospholipids were PC, PE and PI (Table 2).
Lysophospholipids ~ (LPL), phosphatidic acid (PA), cardiolipin (CL) and
dimethylphosphatidylethanolamine (DMPE) were present only at minor amounts. In the
homogenate from the Agphl mutant the amount of PC was reduced by ~15% compared to
wild type. This decrease was compensated by an increase in Pl and DMPE. As shown
previously [13,33,34,35,36], deletion of PSD1 caused a depletion of PE in the cell
homogenate. Also in this case, the level of PI was increased. The Agph1Apsdl double mutant
exhibited a similar phospholipid pattern as the Apsdl single mutant, although the PC level
was also slightly reduced.

A decrease of PC was also observed in mitochondria and in the plasma membrane from
Agph1 deletion mutant which was accompanied by a slight increase of PE and PI. The marked
effect observed in these two subcellular fractions of Apsdl was the decrease of PE. The
phospholipid pattern of the AgphlApsdl double mutant was similar to the Apsdl single
mutant. Since the plasma membrane does not contain phospholipid synthesizing enzymes [22]
all phospholipids need to be imported from other cellular compartments. The fact that the
ratio of PC to PE in the plasma membrane of the Agphl mutant (0.30) is markedly lower than
in wild type plasma membrane (0.56), and that there are comparable values in the homogenate
(1.53 in Agphl and 1.69 in wild type), indicate that transport of both phospholipids to the
plasma membrane does not occur randomly. It may be hypothesized that the more pronounced
depletion of PC in the plasma membrane is due to disturbed transport processes. Interestingly,
however, the total amount of phospholipids was significantly increased in the Agphl mutant
over the wild type (Figure 2). Specific enhancement of membrane proliferation was not found

in Agphl as will be discussed below.
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Table 2: Phospholipid composition of cell-free homogenate, plasma membrane and mitochondria

from cells grown on YPD. CF, cellular fraction; LPL, lysophospholipids; PI, phosphatidylinositol; PS,

phosphatidylserine; PE, phosphatidylethanolamine; PC, phosphatidylcholine; CL, cardiolipin; DMPE,

dimethylphosphatidylethanolamine; PA, phosphatic acid. Mean values of at least three measurements

and standard deviations are shown.
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Figure 2. Total amount of phospholipids in cell-free homogenate in BY4741 and Agphl
deletion mutant.

Cells were grown on YPD until early stationary growth phase at 30°C and disrupted with
glass beads. Lipids were extracted with chloroform/methanol (2:1; per vol.). Black bar,
BY4741; grey bar, Agphl deletion mutant. A) total amount of phospholipids were related to
the amount of proteins. B) total amount of phospholipids were related to cell wet weight.
Inorganic phosphate was used as standard.

Synthesis of PC is down-regulated in the Agph1 deletion mutant in vivo

As described above, the PC level in the Agphl deletion mutant was markedly decreased
over wild type. Since there are two pathways of PC synthesis in Saccharomyces cerevisiae we
wished to estimate which one was affected by the Agphl deletion. PC can be synthesized i)
via the CDP-choline branch of the Kennedy pathway which utilizes choline as a substrate
[10]; and ii) through a three step methylation of PE catalyzed by Cho2p and Opi3p [37,38,39].
To analyze the CDP-choline pathway we labeled cells with [methyl-**C]choline chloride and
measured incorporation of the label into PC. As shown in Figure 3A, the synthesis of PC via

this pathway was reduced to 60% of wild type. Interestingly, however, also the methylation
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pathway was affected by the Agphl deletion (Figure 3B). In this assay, cells were labeled with
L-[3H]serine, and sequential incorporation of the label into PS, PE (catalyzed by Psdlp or
Psd2p), and PC (catalyzed by Cho2p and Opi3p) was measured. Whereas the first two steps in
the biosynthetic route of aminoglycerophospholipids were reduced by 20%, the methylation
of PE to PC in Agphl was approximately only 50% of wild type. In summary, both pathways

of PC synthesis are strongly decreased in the mutant.
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Figure 3. Synthesis of PC is down-regulated in the Agph1 deletion mutant in vivo.

Black bar, BY4741; grey bar, Agphl deletion mutant; A) The so-called Kennedy pathway was
analyzed by counting the incorporation of [methyl-**C]choline chloride into PC. B) To
analyze the methylation pathway the incorporation of L-[3H]serine from PS to PE, catalyzed
by Psd1p or Psd2p, to PC catalyzed by Cho2p and Opi3p was counted. BY4741 was set to
100%. Synthesis of PC via both pathways is reduced to ~60% of wild type in the Agphl
mutant.
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The amount of triacylglycerols and steryl esters are reduced in the Agphl deletion mutant
Changes in the phospholipid profile of Agphl tempted us to speculate that also non-
polar lipid synthesis was affected in this deletion strain. As can be seen from Figure 4 the
amounts of TG and SE were highly reduced in the Agphl mutant. At the same time, the level
of DG in the Agphl mutant was slightly increased over wild type suggesting a possible
involvement of Gphlp in synthesis of TG. The amount of ergosterol was more or less the

same in the mutant and in wild type.
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Figure 4. The amount of triacylglycerols and steryl esters are reduced in the Agphl
deletion mutant.

The wild type and Agphl deletion mutant were grown aerobically until early stationary
growth phase and triacylglycerols, diacylglycerols, steryl esters and ergosterol were analyzed.
Black bar, BY4741; grey bar, Agph1 deletion mutant.

Since TG and SE are the main components of lipid droplets we wished to investigate the

effect of Agphl deletion on the formation of this compartment. Electron microscopic analysis
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of the Agphl mutant showed to our surprise, that lipid droplets were more or less missing in
the mutant strain (Figure 5A). In the wild type strain one to four distinct lipid droplets
appeared in each cell, whereas the Agphl deletion mutant lacked lipid droplets or contained
rare droplets at a very small size. This observation was confirmed by Nile Red staining and
fluorescence microscopy (Figure 5B). The typical fluorescence signal of lipid droplets stained
with Nile Red, which appears as distinct spots was only observed in wild type, whereas in
Agphl only diffuse fluorescence signals in the cellular background were observed.

Electron microscopic inspection of the Agphl mutant (see Figure 5A) also revealed that
the total cell structure including the plasma membrane was not changed. High sensitivity of
the deletion mutant to SDS had been a hint for possible defects of the plasma membrane.

However, such changes were not observed.

Figure 5

The amount and size of lipid
particles are highly decreased in
the Agph1 deletion mutant

A) Transmission electron analysis
of wild type BY4741 and Agphl.
The wild type cell contains nicely
developed lipid particles, whereas
in the Agphl deletion mutant no
lipid particles are visible. Scale bar
1um. B) Nile Red staining and
fluorescence microscopy of wild
type BY4741 and Agphl. There are
distinct fluorescent lipid particles
in each wild type cell, whereas the
Agph1 deletion mutant cells appear
in a diffuse fluorescent signal.
Scale bar 2um.
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Metabolism of non-polar lipids in vivo

The imbalanced amounts of phospholipids and non-polar lipids in the Agphl mutant led
to the assumption that Gphlp may be involved in the regulation of fatty acid distribution
between the different lipid classes. To address this aspect performed in vivo assays addressing
lipid synthesis and turnover in the Agphl mutant. First, we labeled cells with [1-**C]acetic
acid as lipid precursor and measured the incorporation of acetate into non-polar lipids and
phospholipids (Figure 6). Over the time period tested there were no dramatic differences in
the incorporation of [1-*CJacetic acid into the different lipid classes of wild type and Agphl
mutant. Even the incorporation of the label into TG from Agphl was not decreased although

the amount of TG in the mutant is markedly lower than in wild type.
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Figure 6. In vivo synthesis and turnover of lipids

[1-14C]acetic acid incorporation into phospholipids (¢), triacylglycerols (m) and steryl esters
(A) are shown in BY4741 (filled symbols) and Agphl (open symbols). Data are shown of one
performed experiment and are representative.
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The question remained whether an increased turnover of TG in the Agphl mutant might
be the reason for the decreased amount of this lipid in the mutant. To address this question,
we followed mobilization of cellular TG in vivo in the presence of cerulenin, an inhibitor of
fatty acid synthesis in yeast. Under these conditions, TG get mobilized, mainly for the
synthesis of membrane phospholipids [40]. In both Agphl and wild type TG was properly
mobilized, but the initial degradation rate in the mutant was slightly higher. Whereas in wild
type 50% TG was degraded under these conditions within approximately 110 min, the half-
live of TG in Agphl was only 95 min. Thus, the more efficient TG hydrolysis in Agphl may

contribute to the lower level of this lipid in the mutant.

Discussion

Lipid metabolism of the yeast is a complex network of reactions with an even more
complicated regulatory background. Besides genes encoding lipid metabolic enzymes a
number of regulatory genes whose products are involved in synthesis and metabolic
conversion of lipids have been identified (reviewed in [4]). Consequently, synthesis and
metabolism of the major yeast lipid classes, e.g. phospholipids, fatty acids, triacylglycerols,
sterols and sphingolipids are linked to each other [2]. Additionally, lipid synthesis in yeast is
affected by growth conditions which influence the expression of enzymes and/or modulate
their catalytic activities. As examples, expression of phospholipid biosynthetic genes in yeast
is affected by carbon sources, availability of nutrient, growth phase, pH and temperature.
Finally, posttranslational modifications of gene products, especially phosphorylation of key

proteins involved in phospholipid synthesis, affect metabolism of phospholipids and the
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balance between certain lipid precursors and final products of lipid biosynthetic pathways
[5,41,42,43,44,45 46].

In previous studies from our laboratory (Gsell et al., manuscript submitted) GPH1 was
identified as possible regulator gene of yeast lipid metabolism. Gphlp has originally been
identified as a glycogen phosphorylase which catabolizes the branched polysaccharide
glycogen used as storage carbohydrate. In the present study we found more evidence that
Gphlp serves as a regulator of lipid metabolism in yeast. As most remarkable lipid
phenotypic features of a mutant deleted of GPH1 we found decreased formation of TG and
SE, increased synthesis of total phospholipids but a specific decrease of PC biosynthesis (see
Figures 2, 3 and 4 and Table 2). The depletion of TG and SE in Agphl mutant cells leads to
lack of lipid droplets, and the changes in the phospholipid composition, especially in the
plasma membrane, to an increased sensitivity against SDS. At present it is not clear whether
or not carbohydrate metabolism of the yeast and lipid metabolism are linked through the
action of Gphlp. Alternatively, Gphlp may fulfill multiple independent functions which
affect carbohydrate metabolism on one and lipid metabolism on the other hand.

Our results suggest that Gphlp may act as a moderate negative regulator of yeast TG
lipases. The decreased TG level and the increased DG level in the deletion mutant as well as
slightly more efficient TG mobilization in the Agphl deletion mutant may support this view.
It has to be noted, however, that the expression levels of the three yeast genes encoding TG
lipases, TGL3, TGL4 and TGL5, are not up-regulated in the Agphl deletion mutant as
estimated by qRT PCR (data not shown). Depletion of TG and SE are obviously the reason
for the surprising observation that the Agphl mutant lacks lipid droplets. It is even more
surprising that lipid droplets are not formed although some TG and SE are still present in the
mutant cells (see Figures 4 and 5). It can only be speculated that the remaining TG and SE are

spread over internal membranes without leading to initiation of lipid droplet formation.
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The molecular role that is played by Gphlp in lipid metabolism is still obscure. Gphlp
is a phosphatase and degrades glycogen leading to the formation of glucose-1-phosphate. The
question remains whether or not Gphlp may also act as a protein phosphatase possibly
regulating the activity of an enzyme involved in lipid metabolism. There is, however, some
evidence that Gphlp has more than one function in cell metabolism. Examples for such
enzymes in lipid metabolism are the yeast TG lipases Tgl3p, Tgl4p and Tgl5p which serve
simultaneously as lipases and acyltransferases [47]. It has been published before that Gphlp is
mostly active in the stationary phase of a yeast culture and not even expressed earlier [14]. In
contrast, the study pinpointed a number of effects occurring already in earlier growth phases,
e.g. sensitivity against SDS, changes in the lipid pattern and in vivo analysis of lipid formation
and degradation. These results largely exclude that glycogen accumulation directly affects the
lipid metabolism, because in early growth phases glycogen accumulation does not occur.

Finally, we may speculate that Gphlp is involved in the subcellular distribution of lipid
components. The fact that TG, although formed at reduced quantities in Agph1l, is not stored
in lipid droplet may support this view. Additionally, deletion of GPH1 affects the formation
of PC but also its transport to the plasma membrane. It is presently not clear whether the
reduced level of PC in Agphl is caused by the altered levels of TG or SE. Altogether, Gphlp
appears to cause multiple effects in yeast lipid metabolism by molecular mechanisms which

remain elusive.
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Summary and General Discussion

Lipid metabolism of the yeast is a complex network of reactions with an even more
complicated regulatory background. Besides genes encoding lipid metabolic enzymes a
number of regulatory genes whose products are involved in synthesis and metabolic
conversion of lipids have been identified. Consequently, synthesis and metabolism of the
major yeast lipid classes, e.g., phospholipids, fatty acids, triacylglycerols, sterols and
sphingolipids are linked to each other [1]. Additionally, lipid synthesis in yeast is affected by
growth conditions which influence the expression of enzymes and/or modulate their catalytic
activities. As examples, expression of phospholipid biosynthetic genes in yeast is affected by
carbon sources, availability of nutrient, growth phase, pH and temperature. Finally,
posttranslational modifications of gene products, especially phosphorylation of key proteins
involved in phospholipid synthesis, affect metabolism of phospholipids and the balance
between certain lipid precursors and final products of lipid biosynthetic pathways
[2,3,4,5,6,7,8].

In the yeast Saccharomyces cerevisiae as in most other eukaryotic cells, the major
membrane phospholipids are PC, PE, Pl and PS. Phospholipid metabolism is governed by a
network of reactions which are subject to strict genetic and biochemical regulation [9]. ER
and mitochondria are major sites of phospholipid synthesis [10] whereas other compartments
such as the plasma membrane are devoid of phospholipid synthesizing enzymes [11]. Such
membranes rely completely on the supply of lipids from other organelles.

This Thesis was focused on the global role of PE in the yeast and designed to study the
genome wide response of Saccharomyces cerevisiae to PE depletion caused by deletion of
PSD1. Psd1p is the major producer of PE in the yeast and localized to the inner mitochondrial

membrane where it catalyzes decarboxylation of PS to PE [12,13,14].
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To obtain more insight into the genome wide effect of an unbalanced cellular and
mitochondrial PE level and in particular the contribution of Psd1p to this depletion, DNA-
microarray analysis with a Apsdl deletion mutant was performed. This approach revealed that
54 genes were up-regulated in a Apsdl deletion strain compared to wild type. The respective
gene products serve several functions in diverse biological processes. This large variety
reflects the possible direct or indirect involvement of PE in many different cellular processes
and identified a network of genes linked to the function of PSD1 in the yeast. Processes
affected by depletion of PE are wide spread, although defects may be secondary effects of
changes in membrane behavior caused by PE depletion. At least in the cases of GPM2, GPH1
and RSB1 a direct link to lipid metabolism and growth phenotype was established.

Further investigations of GPH1 identified the respective gene product as a possible
regulator of yeast lipid metabolism. Gphlp has originally been identified as a glycogen
phosphorylase. A Agphl deletion mutant shows remarkable lipid phenotypic features.
Depletions of neutral lipids (decreased TG and SE levels) as well as changes in the
phospholipid profile (decreased PC level, increased total amount of phospholipids) were
observed. These findings confirmed the close regulatory connection between neutral lipid and
phospholipid synthesis. At present it is not clear whether or not carbohydrate metabolism of
the yeast and lipid metabolism are directly linked through the action of Gphlp. Alternatively,
Gphl may fulfill multiple independent functions which affect carbohydrate metabolism on
one and lipid metabolism on the other hand, although the molecular role of Gphlp in lipid

metabolism remained unclear.
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